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Preface

Pneumonia is a life-threatening inflammation of the air sacs, small airways, and surround‐
ing connective tissue. Pneumonia is caused by bacterial and viral organisms or by immune
system–related interstitial disease of idiopathic origin. Infectious pneumonia afflicts millions
of people worldwide across age groups. The highest mortality rates occur in children under
5 years of age, the elderly, and critically ill patients in hospitals. Environmental and socioe‐
conomic factors and access to health care underlie differences in morbidity and mortality
rates from pneumonia in different parts of the world. The increasing incidence of antibiotic
resistance and limitations in existing therapies are major public health concerns in the clini‐
cal management of pneumonias.

The book Contemporary Topics of Pneumonia consists of eight chapters that combine systemat‐
ic reviews and investigations; global and clinical perspectives on bacterial, viral, and inter‐
stitial pneumonias; drug resistance; and natural remedies to eradicate carbapenem-resistant
Enterobacteriaceae. In Section I, chapters examine the influence of environmental pollution,
gender and hormonal influences, and the prospect of climate change on epidemiology and
susceptibility to infectious and inflammatory lung disease. In Section II, chapters cover clini‐
cal, epidemiologic, diagnostic, bacteriological, multidrug resistance, and ecological aspects
of community and health care–associated bacterial infections that devastate the efforts of
medical practitioners in critical care facilities. Two chapters in Section II appraise the in‐
creasing prevalence, acquisition, and ecological aspects of carbapenem resistance in the mi‐
crobiome and evaluate the use of essential oils and nonantibiotic adjuvant chemotherapy as
complementary approaches for the treatment of drug-resistant infection. Section III includes
a comprehensive chapter on interstitial pneumonia as an autoimmune connective tissue dis‐
ease and a chapter that reviews viral etiologies of pneumonia.

Written by clinical and research scientists who are directly involved in patient care and re‐
search on pneumonia, the compilation of topics in this book brings together reference, edu‐
cational, and research materials that meet the investigational interests of specialists,
researchers, and students and informational needs of patients and general public. I would
like to thank the authors for their contributions and diligent efforts in preparing the chapters
and Romina Rovan at InTechOpen for facilitating the editorial process.

Zissis C. Chroneos, PhD
Associate Professor of Pediatrics, Microbiology and Immunology,

Pennsylvania State University College of Medicine, USA
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Abstract

Accumulating evidence indicates that exposure to air pollution is associated with increased 
mortality from respiratory disease. Exposure to ambient pollutants, such as ozone, par-
ticulate matter, sulfur dioxide, nitrogen dioxide, and other agents has been associated with 
decrease in lung function and immunity, and with increased rates of hospitalization for 
lung disease, including pneumonia. Furthermore, sex differences in frequency and sever-
ity of pulmonary disease and infection have been reported, suggesting a role of sex hor-
mones in mediating these differences. Pneumonia, which is commonly caused by bacterial 
infection and subsequent lung inflammation leading to hospitalization and death, occurs 
at different rates in men and women. In this context, male and female hormones can have 
direct effects on the immunity system by binding to receptors in immune cells, and these 
responses can be modulated by environmental exposures. This chapter summarizes clini-
cal, animal, and epidemiological studies linking exposure to air pollution and pneumonia 
in both males and females. Understanding sex-specific mechanisms in pneumonia patho-
genesis and environmental responses can help in the development of more effective thera-
peutics and treatment options to reduce negative health outcomes in men and women.

Keywords: sex differences, ozone, particulate matter, air pollution, sex hormones, 
community-acquired pneumonia, environmental exposures

1. Introduction

Regulation of the lung inflammatory response is critical to the successful resolution of pneumo-
nia. Exposure to air pollutants has been linked to negative lung health outcomes, and both male 
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distribution, and reproduction in any medium, provided the original work is properly cited.
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and female sex hormones have been shown to control the lung immune response [1, 2]. This 
chapter combines evidence of three areas: pneumonia infection, air pollution, and hormonal 
control of sex-specific immune responses. We will discuss common pathogens responsible for 
pneumonia and associations with environmental exposures, and lessons learned from animal 
models of infection and exposure to various air pollutants. Together, this information could 
help better explain the differences observed in susceptibility to pneumonia between men and 
women, and help in the development of better treatment options for male and female patients.

2. Pneumonia in the clinic: classification, comorbidities, and  
pathogenesis

2.1. Classification

Pneumonia is classified according to the patient population affected as: (a) community-
acquired pneumonia (CAP), (b) hospital-acquired pneumonia (HAP), (c) ventilator-associ-
ated pneumonia (VAP), and (d) nursing home-associated pneumonia (NHAP) [3]. Of these 
classifications, CAP is the most frequently found, predominantly affecting young children 
because of the immaturity of their immune system, and older adults due to their immunose-
nescence and comorbidities of aging [4].

Community-acquired pneumonia is a common infection that affects the lower respiratory tract 
and it is acquired outside of the hospital or within 48 h of admission, and it is primarily associ-
ated with the presence of a new infiltrate on the chest radiograph [2, 3]. Community-acquired 
pneumonia is often caused by pathogens of the not multidrug-resistant type (MDR), which 
is an important distinction from the other types of pneumonia. However, some patients with 
recent antibiotic therapy could also present infection with MDR organisms [3, 5]. Furthermore, 
most patients are presented with common clinical symptoms, such as fever, cough, pleuritic 
chest pain, and breathing difficulty, although these symptoms can be absent in elderly patients. 
Elderly patients, on the other hand, can also have delirium, abdominal pain, or acute cardiac 
disorders as part of their clinical presentation [4].

2.2. Incidence and risk factors

Despite newer antimicrobial therapy and treatment guidelines, CAP continues to be a sig-
nificant problem associated with high mortality, morbidity, and cost. In the United States 
alone, CAP affects approximately 5.6 million patients annually, and it is the sixth cause 
of death in individuals older than 65 years of age [6, 7]. According to the National Vital 
Statistics Report of the Centers for Disease Control, pneumonia and influenza were listed as 
the eighth leading causes of death in the United States in 2011 [8]. As a result, the economic 
burden of CAP remains significantly high, at more than $17 billion dollars annually in the 
United States [9].

Several risk factors have been associated with CAP, including age and comorbid diseases [10]. 
Furthermore, exposure to air pollution and circulating levels of sex hormones also seem to play 
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an important role in the predisposition of some respiratory infections [11, 12]. Although some 
studies in animals have shown that females are more resistant than males to some bacterial infec-
tions [13, 14], others have shown that these patterns are reversed if animals are pre-exposed to 
environmental pollutants, such as ozone [15–20]. Incidentally, some clinical studies have reported 
that men are more susceptible to developing CAP and receive more intensive care than women, 
and show increased risk to die from pneumonia [21]. Moreover, exposure to air pollution has 
been associated with an increased risk for respiratory disorders due to its negative effects on lung 
function and immunity [22]. In this regard, long-term exposures to air pollutants, such as ozone, 
nitric oxide, and particulate matter in older adults have been linked with increased hospitaliza-
tion rates for CAP [11, 21, 23, 24]. In addition, exposure to diverse environmental agents has 
been linked to negative lung health outcomes in children and adults (Table 1). The mechanisms 
associated with these clinical outcomes will be discussed in the following sections.

Children Adults

Environmental 
exposure

Health outcome Sex differences Environmental 
exposure

Health outcome Sex differences

Secondhand 
smoke

Pneumonia 
(incidence and 
severity)

N/A Particulate matter 
(PM10)

Chronic 
laryngitis

Higher in males

Air pollution Pneumonia, 
Bronchitis

N/A House biomass 
fuel use

Various 
communicable 
respiratory 
disease

Higher in women

Household air 
quality

Pneumonia Higher in males Secondhand 
smoke

Community-
acquired 
pneumonia 
(elderly)

N/A

Air pollution Outpatient visits 
for respiratory 
disease

Higher in females Air pollution Outpatient visits 
for respiratory 
disease

Higher in males

Solid fuel Pneummonia, 
Mortality

Higher in females Air pollution 
(PM2.5, SO2, NO2)

Pneumonia Higher in males 
(smokers)
Higher in females 
(never smokers)

Environmental 
tobacco smoking

Pneumonia 
Chronic 
bronchitis

N/A UV radiation, 
sulfur oxides

Invasive 
pneumococcal 
disease

N/A

Indoor air 
pollution (solid 
fuel cooking, 
keeping large 
animals)

Severe 
pneumonia

N/A Tobacco smoke Sinusitis, middle 
ear infections

Flight attendants

SO2, total 
suspended 
particles

Pneumonia N/A

Table 1. Effects of the environment on respiratory tract health in children and adults and observed sex differences.
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2.3. Pathogenesis of pneumonia

Pneumonia is characterized by a severe inflammation of the peripheral alveolar compartment 
and abnormal filling with fluid consolidation and exudation caused by infection with viruses, 
bacteria, and/or pathogen-related molecules. The most common cause of CAP is bacterial infec-
tion, but the disease can also be triggered by viral agents (Table 2) [6, 25, 26]. Pneumonia-causing 
microorganisms are classified as typical, atypical (zoonotic and non-zoonotic), Gram-negative, 
and viruses. Streptococcus pneumoniae is the most common cause of pneumonia in adults in the 
United States. Nevertheless, other typical organisms are also included with some important asso-
ciations. For example, Haemophilus influenzae is found particularly in patients who smoke or have 
chronic obstructive pulmonary disease (COPD), Moraxella catarrhalis and Staphylococcus aureus are 
often found in pneumonia following influenza infection, and in the form of methicillin-resistant 
Staphylococcus aureus (MRSA) [6]. In addition, atypical pneumonia could be produced by zoo-
notic pathogens, such as Chlamydia psittaci, Francisella tularensis, Coxiella burnetii (also known as 
Q fever) and by non-zoonotic pathogens like Chlamydia pneumoniae, Mycoplasma pneumoniae, and 
Legionella pneumophila. Furthermore, patients with these atypical infections have a more frequent 
presentation of a mild or ambulatory CAP, and also present extrapulmonary manifestations not 
found in CAP caused by typical pathogens [26]. S. pneumoniae colonize the human nasopharynx 
and can be transmitted from animals in captivity to humans [27]. Differences in strains of S. pneu-
moniae are responsible for differences in virulence and the presence of antigens [27].

Community-acquired pneumonia can also be caused by a variety of viral infections. The most 
frequent viruses associated with CAP are influenza A and B, and parainfluenza. Less frequently, 
respiratory syncytial virus (RSV), severe acute respiratory syndrome virus, varicella, hantavirus, 
and adenovirus, are also responsible for CAP. Furthermore, most of these viral infections pres-
ent in combination with multiple bacterial pathogens including S. pneumoniae and C. pneumoniae. 
However, patients with congestive heart failure (CHF) are at increased risk of acquiring CAP 
caused by pure viral infections [6, 25]. Gram-negative bacteria (Pseudomonas aeruginosa, Klebsiella 
pneumoniae, Escherichia coli, Enterobacter spp., and Serratia spp.) are common in patients with CAP 
who have had recent contact with health care environments, such as previous hospitalization, 
probable aspiration, antimicrobial treatment, and pulmonary comorbidities [28]. Table 2 sum-
marizes common associations of pathogens with clinical factors, history, and environmental 
 factors in patients with CAP [4–6, 25, 26].

Typical
Streptococcus pneumoniae, Haemophilus influenza, Moraxella catarrhalis, Staphylococcus aureus

Atypical
Zoonotic: Chlamydia psittaci, Francisella tularensis, Coxiella burnetii
Non-zoonotic: Mycoplasma pneumoniae, Chlamydophila pneumoniae, and Legionella pneumophila

Gram-negative
Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, Enterobacter spp., Serratia spp., Proteus spp.

Viruses
Parainfluenza virus, Influenza virus A and B
Less frequently: Respiratory syncytial virus (RSV), severe acute respiratory syndrome virus, varicella, hantavirus, 
and adenovirus

Table 2. Common pathogens in community-acquired pneumonia.
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The main mechanism of infection in CAP is micro-aspiration from a previously colonized oro-
pharynx, but inhalation of suspended aerosolized microorganism is the route of infection for 
viruses and bacterial agents, such as L. pneumophila and Mycobacterium tuberculosis. However, 
other factors related to the host immune response, the virulence of the infecting organism, 
and the size of the inoculum also define the development of the disease [29]. Furthermore, the 
presence of medical comorbidities, such as chronic respiratory and cardiovascular diseases, 
cerebrovascular diseases, Parkinson’s disease, epilepsy, dementia, dysphagia, HIV infection, 
and chronic renal, or liver disease can also lead to a defective cough, abnormal mucociliary 
clearance, and impaired humoral and local immunity that can influence the pathogenesis 
of pneumonia [30–32]. In addition, lifestyle and social factors including smoking and alco-
hol consumption, contact with pets, households with more than 10 people, interventions of 
upper airways, and poor dental health have also been associated with an increased predis-
position for the development of CAP [10] (Table 3). Smoking affects the respiratory epithe-
lium and the clearance of bacteria from the respiratory tract, increasing the susceptibility to 
respiratory infections, even in passive smokers [33–35]. Alcoholism has also been linked to 
alterations in innate and adaptive immunity [36]. Moreover, nutritional deficiencies appear 
to affect mechanisms of innate immunity, and are associated with the increased risk of CAP 
development and mortality [37–39].

2.4. Gender differences in community-acquired pneumonia

Increasing evidence suggests that sex hormones play a role in the expression of genes 
involved in the regulation of the immune system, which in turn can impact the individ-
ual susceptibility to infectious agents, and incidence of autoimmune diseases [13, 14]. In 
this regard, patients suffering from systemic autoimmune diseases (including systemic 
lupus erythematosus, rheumatoid arthritis, systemic sclerosis, polymyositis/dermato-
myositis, Sjögren’s syndrome, and others) are at increased risk of developing pulmonary 
infection, aspiration pneumonia, and bronchiolitis obliterans organizing pneumonia [40]. 
Furthermore, studies have shown that androgens in males can affect the immune system 
leading to an increased susceptibility to infection and disease caused by parasites, fungi, 
bacteria, and viruses. On the contrary, estrogen leads to an increase of cell-mediated and 
humoral immune responses in females, making them more resistant to some infectious 
diseases [41]. However, the role of estrogen in modulating the immune response remains 
controversial [42, 43].

Remarkably, physiological changes in male and female sex hormone levels (estradiol, tes-
tosterone) play important roles in human lung development, and differences in suscepti-
bility to pulmonary infection are also present at an early age [44–47]. Gender disparities 
are also displayed in expression of surfactant production that appears earlier in female 
than male during lung development, and in the incidence of neonatal conditions of pre-
maturity, such as respiratory distress syndrome and bronchopulmonary dysplasia [48, 49]. 
The earlier presence of surfactant in female neonatal lungs helps open the small airways 
and may contribute to their higher airflow rate observed [50]. Evidence from human stud-
ies suggests that male infants are more susceptible to lung infection, with greater associ-
ated morbidity and mortality than female infants, but the reverse is applied in children 
and adolescents [47, 51, 52]. Regarding respiratory tract infections (RTIs), women are more 
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commonly affected by upper RTIs, such as sinusitis, tonsillitis, and otitis externa. On the 
other hand, men are at higher risk of developing otitis media, croup, and lower RTIs, 
including CAP [11]. Furthermore, these infections are more severe and show poorer out-
comes and more complications in male than female individuals, leading to increased mor-
tality, especially in CAP [21]. To date, the specific contributions of sex hormones or other 
factors, such as exposure to air pollution, socioeconomic, racial, and/or behavioral fac-
tors, obesity, and other comorbidities have only been explored in small studies [24, 53–56]. 
Several other factors including anatomic differences of the respiratory tract, behavioral, 
socioeconomic, and lifestyle factors have also been related with differences in incidence 
and severity of respiratory infections between genders [11, 41]. Table 1 summarizes epide-
miological data on associations of sex and environmental exposures on various lung health 
outcomes including pneumonia in children and adults [10, 27, 57–72].

CAP pathogens Environmental associations/comorbidities

Streptococcus pneumoniae, Gram-negative bacilli, Anaerobes, 
Haemophilus influenzae, Staphylococcus aureus (including 
methicillin-resistant forms), Chlamydophila pneumoniae, 
Mycobacterium tuberculosis

Nursing home resident

Streptococcus pneumoniae (including drug-resistant S. 
pneumoniae), Anaerobes, Gram-negative bacilli

Alcoholism

Streptococcus pneumoniae, Haemophilus influenzae, 
Salmonella, Cytomegalovirus, Cryptococcus, Pneumocystis 
jirovecii, Anaerobes, Mycobacterium tuberculosis

HIV infection

Streptococcus pneumoniae, Haemophilus influenzae, 
Moraxella catarrhalis, Legionella

Chronic obstructive lung disease

Anaerobes, Gram-negative bacilli Aspiration, enteric chemical pneumonitis

Anaerobes Poor dental hygiene

Pseudomonas aeruginosa, Pseudomonas cepacia, 
Staphylococcus aureus

Structural disease of the lung: (bronchiectasis, cystic 
fibrosis)

Streptococcus pneumoniae, Staphylococcus aureus, 
Haemophilus influenzae

Recent influenza infection

Drug-resistant pneumococcus, Pseudomonas aeruginosa, 
Gram-negative bacilli

Recent antibiotic therapy

Chlamydophila psittaci, Cryptococcus neoformans, 
Histoplasma capsulatum

Exposure to birds

Coxiella burnetii (Q fever) Contact with farm animals or parturient cats
Exposure to rabbits

Coccidioides immitis Travel to southwest USA

Histoplasma capsulatum Exposure to bats

Parainfluenza virus, Influenza virus A and B, Respiratory 
syncytial virus (RSV)

Congestive heart failure, mixed infections

Table 3. Common pathogens in community-acquired pneumonia and environmental associations.

Contemporary Topics of Pneumonia8

3. Pneumonia in the laboratory: animal models and mechanisms of 
infection

3.1. Animal models of pneumonia

Wide-ranging research is required to understand the mechanisms underlying pulmonary dis-
eases, such as pneumonia. Studies of human populations, in vitro experiments, and explor-
atory infections of species are needed to advance in the development of new treatments for 
this condition. Animal models have been widely used in the field and have often provided 
insight into the physiological processes associated with the disease.

A variety of species have been used as animal models of pneumonia. Even though some spe-
cies, such as Danio rerio (zebrafish) and Caenorhabditis elegans (roundworm) do not use lungs 
to acquire oxygen, and do not have similar sexual characteristics when compared to humans, 
they can be useful models to provide valuable information about host-pathogen interactions 
in lung disease [73]. Researchers utilize zebrafish as an alternative vertebrate model to study 
the pathogen’s ability to infect the host [74]. Because zebrafish embryos and 3-week old larvae 
look transparent, it is feasible to follow the evolution of lung infection in real time [74–76]. In 
addition, zebrafish have a developed adaptive immune system and a high rate of conserved 
gene orthologs in humans [77, 78]. On the other hand, C. elegans is used as a non-vertebrate 
model for studying lung bacterial agents. Interestingly, the immune system of C. elegans and 
humans has similar signaling cascades in response to infection [79]. Despite anatomical differ-
ences, it is possible to recognize pathogen-specific virulence factors in epithelial surfaces of C. 
elegans, making this model ideal for the study of host defense mechanisms. Likewise, insects, 
such as Drosophila melanogaster (fruit fly) are valuable models of infection for the analysis 
of bacterial pathogenesis and genetic contributions. Insects have an advanced antimicrobial 
defense mechanism and a complex and conserved immune system [80]. In addition, a large 
number of genes that encode for proteins in the immune system are found on the X chro-
mosome, which promote a higher activation of toll and immune deficiency signaling in D. 
melanogaster females than males [81]. Together, all these species possess advantages, such as 
low cost of maintenance, short life span, small size, fast development, and rapid reproduction 
making them feasible models for the study of infectious diseases. However, most pneumonia 
studies performed in animals are conducted in mammals because of their anatomical, genetic, 
and morphological similarities with humans.

Larger mammalian species, such as rabbits, piglets, and primates are ideal for specialized 
experiments when physiological monitoring and therapies are evaluated [82]. Currently, pri-
mates are the only species able to assess primate-specific infectious agents, but due to ethical 
concerns, piglets are the most frequently used model to study ventilator-associated pneumonia 
(VAP). Even though large mammalian animals are phylogenetically close to the human species, 
the disadvantages associated with their use as models is that they are only useful for a limited 
number of studies, and they are expensive to house and feed, slow to breed, and genetically 
diverse. For this reason, infections in the lung have primarily been studied in small mamma-
lian species, predominantly rodents. Rodents are small, inexpensive, and highly reproductive. 
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Inbred strains are preferred to investigate genetically identical groups by facilitating the use of 
molecular approaches to understand the mechanisms of diseases. Since studies in mice have 
become popular in scientific research, the creation of new studies benefit from the extensive 
literature available regarding genetic engineering, immunological responses to pathogens and 
host defenses.

3.2. Strain differences and associated mechanisms

Knowledge of differences among strains of animals in disease models can provide ideal tools 
for the discovery of mechanisms of disease development [83]. A strain is defined as a group of 
genetically identical animals. Laboratory mice are often very diverse in behavior and physiol-
ogy due to a large variety of inbred, outbred, and transgenic strains produced. In laboratory 
mice, this is developed through inbreeding. Different mouse strains show different responses 
to lung infection and environmental exposures, and these can also be affected by sex and age 
[84]. The most common mice strains used for the study of human pneumonia are BALB/c, 
C57BL/6, DBA/2, 129/Sy, CBA/Ca, C3H, SJL, and A/J. In addition, a recently developed strain, 
collaborative cross (CC) is derived from an eight-way cross using several founder strains [85].

A study comparing susceptibility to lung infection in mice reported that, after inducing pneu-
mococcus infection in the respiratory track of various strains, BALB/c mice, which have the 
ability to produce monoclonal antibodies, show no bacteremia and no lethality. Contrarily, 
C57BL/6 and DBA/2 mice, which are widely used inbred strains with opposite genetic suscep-
tibility, showed 50% lethality and an intermediate response to bacteremia. Moreover, strains, 
such as CBA/Ca, C3H, and SJL which are highly susceptible to infection, developed acute bac-
teremia with 100% lethality [86]. In a similar experiment, following pulmonary Klebsiella sp. 
infection, C57BL/6 strain exhibited more susceptibility to bacterial dissemination and lethality 
than 129/Sy mice, a strain widely used in the production of targeted mutations [87]. When 
exposed to Yersinia pestis, BALB/c and C57BL/6 mice succumbed to disease, whereas C3H 
mice were significantly more resistant with 80% survival [88]. Other studies of Pneumocystis 
carinii-induced pneumonia revealed severe effects in C3H mice; moderate effects in BALB/c, 
C57BL/6, B1O.A(2R), AKR/J, and Swiss Webster mice; and mild effects in DBA/2 and DBA/IJ 
mice [89]. Furthermore, most strains were unable to get infected by L. pneumophila. Finally, it 
was discovered that A/J mice are susceptible to L. pneumophila-induced lung infection because 
of the lack of cells specific to the adaptive immune system in these mice [90, 91].

In all these species, innate immune mechanisms defend the airways from a wide array of 
infections that enter the lungs and cause pneumonia. Inbred laboratory mouse strains highly 
differ in their immune response patterns as a result of mutations and polymorphisms. As 
an overall rule, toll-like receptor 4 (TLR4) mutant mice, such as C3H/HeJ are more sus-
ceptible to Gram-negative infections (e.g. K. pneumoniae) than other strains [92]. Moreover, 
some strains including A/J, DBA/2, DBA/1, FVB/NJ, and SWR are more prevalent to develop 
pneumonia after infection with microorganisms, such as Bacillus anthracis, Aspergillus fumig-
atus, and Candida albicans. The latter is due to a mutation in the complement component 5 
(C5), which plays a role in the pathogenesis of autoimmune diseases [93, 94]. However, 
AKR/J mice, which also carry a C5 mutation, are less susceptible to C. albicans infection due 
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to the C. albicans resistance loci that modifies host responses in these mice. In addition, stud-
ies of the Klra natural killer (NK) receptors have demonstrated that Klra15 is expressed in 
129/J mice, and Klra12 is expressed in CBA/J and C3H/He mice. None of these, however, are 
expressed in C57BL/6 mice [95].

Following infection, both human and mouse lungs produce immune mediators, such as 
cytokines, chemokines, and other components of the immune system. A regulator of IL-1β 
that is also highly expressed in mouse and human lungs after infection is prostaglandin E 
(PGE2), and its precursor enzyme cyclooxygenase-2 (COX2) [52]. Studies using depletion of 
alveolar macrophages have demonstrated that these contribute largely to the stimulation 
of pro-inflammatory cytokines, such as IL-6 and TNFα [48]. Moreover, interleukin-1β (IL-
1β) is induced only by strains containing the cholesterol-dependent cytolysin, pneumolysin 
(PLY), a major virulence factor of pneumococci infection [51]. In addition, the levels of toll-
like receptor 2 (TLR2) and toll-like receptor 4 (TLR4) increase after S. pneumoniae infection 
in the Crl:CD1 mouse strain [96]. Both BALB/c mice and human lungs liberate hydrogen 
peroxide leading to DNA damage and apoptosis in lung cells [50, 97].

Viruses can also lead to pneumonia. Influenza A and B viruses are the most common causes 
of pneumonia in adults, but other viruses can contribute to the disease development. The sus-
ceptibility of mice models to influenza viruses depends on the strain of virus used. The most 
commonly used strains in research are A/Puerto Rico/8/1934 (H1N1, PR8) or A/WSN/1933 
(H1N1, HSN). Researchers also use several pandemic viruses, such as the 1918 H1N1 pan-
demic strain, highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype, certain 
H7 subtype viruses, a subset of low pathogenic avian influenza viruses, and the 2009 H1N1 
pandemic strains. After viral infection in mice, several immunomodulatory mediators are 
released including IL-1β, IL-6, IL-8, MCP-1, MIP-1α/β, interferon-gamma inducible protein 
(IP-10) and interferon-beta (IFN-β) in a somewhat strain-specific manner [98–100].

Animal research in viral pneumonia employs either BALB/c or C57BL/6 mice [68]. The major-
ity of laboratory mice are vulnerable to disease and death after infection, whereas, wild mice 
are resistant to exposure. This is due to the lack of the antiviral factor Mx1 protein in inbred 
strains [72]. On the other hand, it is possible for researchers to adapt strains to mouse models. 
DBA/2J and A/J mice are more susceptible to diseases, even with viral isolates that were not 
adapted to mice, than the more frequently used BALB/C and C57BL/6 strains. Even though 
mouse-adapted strains are important to model seasonal H1N1 and H3N2 virus infections, 
certain influenza viruses cause disease in mice without prior adaptation [101]. Therefore, 
the interpretation of research outcomes in a particular strain may not be applicable in other 
strains and molecular pathways in pneumonic mouse lungs may differ.

Typically, Th1 cells are important in the clearance of intracellular pathogens, whereas Th2 
cells are associated with responses to parasites. C57BL/6 mice display a typical Th1-type bias 
to pathogens, whereas other strains, such as BALB/c, A/J, and DBA/2 mice, tend toward a 
Th2 response [102]. These variations may also be reflected in the M1 and M2 macrophage 
responses to antigen stimulation. In addition, the region D7Mit341 to D7Mit247 on mouse 
chromosome 7 has been reported to be a survival trait against illness associated with S. pneu-
moniae. Susceptibility to experimental pneumococcal infection is strain dependent. In this 
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In all these species, innate immune mechanisms defend the airways from a wide array of 
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atus, and Candida albicans. The latter is due to a mutation in the complement component 5 
(C5), which plays a role in the pathogenesis of autoimmune diseases [93, 94]. However, 
AKR/J mice, which also carry a C5 mutation, are less susceptible to C. albicans infection due 
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to the C. albicans resistance loci that modifies host responses in these mice. In addition, stud-
ies of the Klra natural killer (NK) receptors have demonstrated that Klra15 is expressed in 
129/J mice, and Klra12 is expressed in CBA/J and C3H/He mice. None of these, however, are 
expressed in C57BL/6 mice [95].

Following infection, both human and mouse lungs produce immune mediators, such as 
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that is also highly expressed in mouse and human lungs after infection is prostaglandin E 
(PGE2), and its precursor enzyme cyclooxygenase-2 (COX2) [52]. Studies using depletion of 
alveolar macrophages have demonstrated that these contribute largely to the stimulation 
of pro-inflammatory cytokines, such as IL-6 and TNFα [48]. Moreover, interleukin-1β (IL-
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(PLY), a major virulence factor of pneumococci infection [51]. In addition, the levels of toll-
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peroxide leading to DNA damage and apoptosis in lung cells [50, 97].

Viruses can also lead to pneumonia. Influenza A and B viruses are the most common causes 
of pneumonia in adults, but other viruses can contribute to the disease development. The sus-
ceptibility of mice models to influenza viruses depends on the strain of virus used. The most 
commonly used strains in research are A/Puerto Rico/8/1934 (H1N1, PR8) or A/WSN/1933 
(H1N1, HSN). Researchers also use several pandemic viruses, such as the 1918 H1N1 pan-
demic strain, highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype, certain 
H7 subtype viruses, a subset of low pathogenic avian influenza viruses, and the 2009 H1N1 
pandemic strains. After viral infection in mice, several immunomodulatory mediators are 
released including IL-1β, IL-6, IL-8, MCP-1, MIP-1α/β, interferon-gamma inducible protein 
(IP-10) and interferon-beta (IFN-β) in a somewhat strain-specific manner [98–100].

Animal research in viral pneumonia employs either BALB/c or C57BL/6 mice [68]. The major-
ity of laboratory mice are vulnerable to disease and death after infection, whereas, wild mice 
are resistant to exposure. This is due to the lack of the antiviral factor Mx1 protein in inbred 
strains [72]. On the other hand, it is possible for researchers to adapt strains to mouse models. 
DBA/2J and A/J mice are more susceptible to diseases, even with viral isolates that were not 
adapted to mice, than the more frequently used BALB/C and C57BL/6 strains. Even though 
mouse-adapted strains are important to model seasonal H1N1 and H3N2 virus infections, 
certain influenza viruses cause disease in mice without prior adaptation [101]. Therefore, 
the interpretation of research outcomes in a particular strain may not be applicable in other 
strains and molecular pathways in pneumonic mouse lungs may differ.

Typically, Th1 cells are important in the clearance of intracellular pathogens, whereas Th2 
cells are associated with responses to parasites. C57BL/6 mice display a typical Th1-type bias 
to pathogens, whereas other strains, such as BALB/c, A/J, and DBA/2 mice, tend toward a 
Th2 response [102]. These variations may also be reflected in the M1 and M2 macrophage 
responses to antigen stimulation. In addition, the region D7Mit341 to D7Mit247 on mouse 
chromosome 7 has been reported to be a survival trait against illness associated with S. pneu-
moniae. Susceptibility to experimental pneumococcal infection is strain dependent. In this 
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regard, strains from least to most sensitive include BALB/c, DBA/2, C57BL/6, NIH, AKR, 
FVB/N, CSH/He, SJL, and CBA/Ca [103]. The majority of inbred mouse strains are resistant 
to infection with L. pneumophila, however, A/J mice carry the Lgn1-s allele, making them sus-
ceptible to infection [104].

Currently, researchers are taking advantage of the phenotypic and genetic variations avail-
able in CC mice. The CC combines the genomes of eight genetically diverse founder strains, 
such as A/J, C57BL/6 J, 129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/
EiJ [85]. This genetic combination is a significant element for the study on human-host sus-
ceptibility to major diseases, including infections, such as pneumonia [105]. In a recent study, 
scientists used the CC mouse model to determine whether the host genetic background could 
impact the risk of morbidity and mortality to pneumonia caused by infection with P. aeru-
ginosa. In this study, the CC strain reproduced the responses of disease severity commonly 
observed in humans during infection, suggesting that variations in morbidity and mortality 
are highly affected by host genetic factors [105]. Whereas no significant gender differences on 
disease phenotypes were observed, it is important to note the sample size was small. Similar 
variations in morbidity and mortality were found in another study where scientists used CC 
animals to perform a quantitative trait locus mapping of host susceptibility to Klebsiella sp. 
infection in a study where females were found to be less susceptible to infection than males 
[106]. In summary, animal models with high genetic diversity, and large size and number 
of independent recombination are emerging as a powerful tool for genomic studies, helping 
scientists better understand and develop more effective therapies for pneumonia [107].

3.3. Sex differences in pneumonia models

It has been known for several years that sex is a contributing factor in the prevalence and 
development of a number of pulmonary diseases, such as pneumonia [11, 108]. Animal studies 
also suggest that there is a sexual dimorphism after puberty in innate and adaptive immune 
response genes in C57BL/6 mice, with innate immune response genes being highly upregu-
lated in postpubertal male mice but not in female mice. In contrast, postpubertal female mice 
express high levels of adaptive immune response genes, and expression of these genes occurs 
at lower levels in postpubertal male mice [60].

Several studies in animals have reported that increase in circulating levels of estrogens may 
lead to reduced innate immunity, as measured by natural killer cell and macrophage activ-
ity, and a decrease of cytokine release [109–111]. Animal models of infection are the sim-
plest tool available to study sex differences due to high availability of castrated animals and 
hormonal replacement therapies. Multiple studies have demonstrated that susceptibility to 
invasive viral, bacterial, fungal, and parasitic diseases is higher in males than in females in 
all age groups [57, 61, 112, 113]. The concept that males are more susceptible to lung infection 
is further sustained by data from mouse models of bacterial infection, such as Pneumococcal 
pneumonia and Mycobacterium marinum, where female mice display longer survival than male 
mice when exposed to severe sepsis [62, 114]. Infection of C57BL/6 mice with K. pneumoniae 
demonstrated a severe effect in male mice, but not in female mice [19]. In contrast, after infec-
tion with P. aeruginosa, C57BL/6 female mice showed greater weight loss, bacterial load, and 
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higher levels of inflammatory molecules than male mice. In this context, IL-10-deficient male 
mice exhibited elevated levels of bacteria when compared to C57BL/6 male mice. These results 
confirm that both C57BL/6 and IL-10-deficient male mice are more resistant to P. aeruginosa 
infection than female mice [115]. Moreover, external administration of estrogen to adult male 
mice infected with P. aeruginosa resulted in an extreme progression of inflammation and fluid 
infiltration in lung tissue [116].

3.4. Sex-specific mechanisms of infection and immunity

Currently, there is limited understanding of the molecular processes that lead to either 
immune-suppression or stimulation during pneumonia pathogenesis in males and females. 
In general, females display strong humoral immune responses after infection or vaccination 
when compared to males [114]. This is partially due to high levels of CD4+ T cells and varia-
tions in regulatory T cells (Treg) that regulate immune responses during the menstrual cycle 
in women [117]. It is known that estrogen influences transcription of specific genes that alter 
host immunity and promotes the proliferation of Treg during the follicular phase of the ovar-
ian cycle [89, 118]. Because estrogen regulates CD4+ T cell subsets, there is a direct effect on 
Th1/Th2 equilibrium known to be crucial against bacterial and viral infections. On the other 
hand, studies indicate that negative outcomes from infectious pulmonary diseases in males 
is associated with testosterone-induced immunosuppression causing a decrease in T and B 
cell proliferation, and immunoglobulin and cytokine production after puberty [14]. These 
alterations in the adaptive immune system could help explain why men are more susceptible 
than women to some pulmonary diseases caused by infectious agents. However, treatments 
for pneumonia are standardized for both men and women indicating a general lack of under-
standing of sex-based differences.

4. Sex hormones and lung immunity

4.1. Sex hormones and mechanisms of action

Sex and gender differences in clinical disorders are mostly driven by genetics and sex hor-
mones. In order to understand hormonal effects not only in lung diseases, but also in other 
health conditions, it is essential to recognize their mechanisms of action, signaling pathways, 
and active metabolites. The major sex steroid hormones, such as estrogen, progesterone, and 
testosterone are derived from a common lipid precursor, cholesterol, by a complex series 
of reactions catalyzed by multiple enzymes [119]. In brief, cholesterol is converted to preg-
nenolone by the cytochrome P450 enzyme. Pregnenolone, which is a precursor and metabolic 
intermediate in the biosynthesis of the steroid hormones, can be transformed either to pro-
gesterone by the action of 3β-hydroxysteroid dehydrogenase (3β-HSD), or alternatively be 
converted to dehydroepiandrosterone (DHEA) via cytochrome P450c17 action. DHEA can 
turn into androstenedione via 3β-HSD and consequently testosterone or estrone via 17β-HSD 
and aromatase, respectively. Estrone may be further converted to estradiol via 17β-HSD. 
Testosterone can be also transformed into estradiol via aromatase.
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regard, strains from least to most sensitive include BALB/c, DBA/2, C57BL/6, NIH, AKR, 
FVB/N, CSH/He, SJL, and CBA/Ca [103]. The majority of inbred mouse strains are resistant 
to infection with L. pneumophila, however, A/J mice carry the Lgn1-s allele, making them sus-
ceptible to infection [104].

Currently, researchers are taking advantage of the phenotypic and genetic variations avail-
able in CC mice. The CC combines the genomes of eight genetically diverse founder strains, 
such as A/J, C57BL/6 J, 129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/
EiJ [85]. This genetic combination is a significant element for the study on human-host sus-
ceptibility to major diseases, including infections, such as pneumonia [105]. In a recent study, 
scientists used the CC mouse model to determine whether the host genetic background could 
impact the risk of morbidity and mortality to pneumonia caused by infection with P. aeru-
ginosa. In this study, the CC strain reproduced the responses of disease severity commonly 
observed in humans during infection, suggesting that variations in morbidity and mortality 
are highly affected by host genetic factors [105]. Whereas no significant gender differences on 
disease phenotypes were observed, it is important to note the sample size was small. Similar 
variations in morbidity and mortality were found in another study where scientists used CC 
animals to perform a quantitative trait locus mapping of host susceptibility to Klebsiella sp. 
infection in a study where females were found to be less susceptible to infection than males 
[106]. In summary, animal models with high genetic diversity, and large size and number 
of independent recombination are emerging as a powerful tool for genomic studies, helping 
scientists better understand and develop more effective therapies for pneumonia [107].

3.3. Sex differences in pneumonia models

It has been known for several years that sex is a contributing factor in the prevalence and 
development of a number of pulmonary diseases, such as pneumonia [11, 108]. Animal studies 
also suggest that there is a sexual dimorphism after puberty in innate and adaptive immune 
response genes in C57BL/6 mice, with innate immune response genes being highly upregu-
lated in postpubertal male mice but not in female mice. In contrast, postpubertal female mice 
express high levels of adaptive immune response genes, and expression of these genes occurs 
at lower levels in postpubertal male mice [60].

Several studies in animals have reported that increase in circulating levels of estrogens may 
lead to reduced innate immunity, as measured by natural killer cell and macrophage activ-
ity, and a decrease of cytokine release [109–111]. Animal models of infection are the sim-
plest tool available to study sex differences due to high availability of castrated animals and 
hormonal replacement therapies. Multiple studies have demonstrated that susceptibility to 
invasive viral, bacterial, fungal, and parasitic diseases is higher in males than in females in 
all age groups [57, 61, 112, 113]. The concept that males are more susceptible to lung infection 
is further sustained by data from mouse models of bacterial infection, such as Pneumococcal 
pneumonia and Mycobacterium marinum, where female mice display longer survival than male 
mice when exposed to severe sepsis [62, 114]. Infection of C57BL/6 mice with K. pneumoniae 
demonstrated a severe effect in male mice, but not in female mice [19]. In contrast, after infec-
tion with P. aeruginosa, C57BL/6 female mice showed greater weight loss, bacterial load, and 
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higher levels of inflammatory molecules than male mice. In this context, IL-10-deficient male 
mice exhibited elevated levels of bacteria when compared to C57BL/6 male mice. These results 
confirm that both C57BL/6 and IL-10-deficient male mice are more resistant to P. aeruginosa 
infection than female mice [115]. Moreover, external administration of estrogen to adult male 
mice infected with P. aeruginosa resulted in an extreme progression of inflammation and fluid 
infiltration in lung tissue [116].

3.4. Sex-specific mechanisms of infection and immunity

Currently, there is limited understanding of the molecular processes that lead to either 
immune-suppression or stimulation during pneumonia pathogenesis in males and females. 
In general, females display strong humoral immune responses after infection or vaccination 
when compared to males [114]. This is partially due to high levels of CD4+ T cells and varia-
tions in regulatory T cells (Treg) that regulate immune responses during the menstrual cycle 
in women [117]. It is known that estrogen influences transcription of specific genes that alter 
host immunity and promotes the proliferation of Treg during the follicular phase of the ovar-
ian cycle [89, 118]. Because estrogen regulates CD4+ T cell subsets, there is a direct effect on 
Th1/Th2 equilibrium known to be crucial against bacterial and viral infections. On the other 
hand, studies indicate that negative outcomes from infectious pulmonary diseases in males 
is associated with testosterone-induced immunosuppression causing a decrease in T and B 
cell proliferation, and immunoglobulin and cytokine production after puberty [14]. These 
alterations in the adaptive immune system could help explain why men are more susceptible 
than women to some pulmonary diseases caused by infectious agents. However, treatments 
for pneumonia are standardized for both men and women indicating a general lack of under-
standing of sex-based differences.

4. Sex hormones and lung immunity

4.1. Sex hormones and mechanisms of action

Sex and gender differences in clinical disorders are mostly driven by genetics and sex hor-
mones. In order to understand hormonal effects not only in lung diseases, but also in other 
health conditions, it is essential to recognize their mechanisms of action, signaling pathways, 
and active metabolites. The major sex steroid hormones, such as estrogen, progesterone, and 
testosterone are derived from a common lipid precursor, cholesterol, by a complex series 
of reactions catalyzed by multiple enzymes [119]. In brief, cholesterol is converted to preg-
nenolone by the cytochrome P450 enzyme. Pregnenolone, which is a precursor and metabolic 
intermediate in the biosynthesis of the steroid hormones, can be transformed either to pro-
gesterone by the action of 3β-hydroxysteroid dehydrogenase (3β-HSD), or alternatively be 
converted to dehydroepiandrosterone (DHEA) via cytochrome P450c17 action. DHEA can 
turn into androstenedione via 3β-HSD and consequently testosterone or estrone via 17β-HSD 
and aromatase, respectively. Estrone may be further converted to estradiol via 17β-HSD. 
Testosterone can be also transformed into estradiol via aromatase.
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Sex steroids are primarily produced by the gonads (ovaries and testes). Significant evidence 
suggest that production of sex steroids is also found in peripheral tissues of non-reproduc-
tive organs, such as the adrenal gland, heart, breast, and lung implying a dependency 
on the enzymes present in the organs [120, 121]. It is thought that the source of hormone 
production can affect the metabolism, circulation, regulation, and concentration of local 
steroid versus that of circulation, which can play a role in the paradoxical effects observed 
for some sex hormones [43, 122, 123]. One example is the “estrogen paradox”, observed 
in women with pulmonary hypertension. A large number of animal studies have found 
estrogen to be protective in the coronary circulation with better outcomes in female mice, 
and exasperation after ovariectomy. Contrarily, there is a higher prevalence of pulmo-
nary hypertension in women. While some studies in humans have suggested that estrogen 
may increase the risk of portopulmonary hypertension, others have shown that estrogen 
enhances pulmonary vascular remodeling [124].

Circulating levels of testosterone range from 2 to 15 ng/ml or 6 to 50 nM in males, and less 
than 1.5 ng/ml or 5 nM in females throughout life. Even though men produce both estrogen 
and progesterone, the levels of these hormones are significantly higher in women, fluctuating 
from 20 pg/ml estrogen and 0.3 ng/ml progesterone in the follicular phase in non-pregnant 
and postmenopausal women, to 40 ng/ml estradiol and 300 ng/ml progesterone in pregnant 
women [43]. The significance of the oscillations of hormonal levels consists in their contribu-
tion to the local level of any sex steroids. For example, the estrogen produced in tissues may 
become more prominent in postmenopausal women, while the effect of progesterone may 
decline. At present, there is not much information available on this issue relevant to the lung.

4.2. Effect of sex hormones in immune responses and lung development

Currently, there is an increasing evidence for sex differences in incidence, morbidity, and 
mortality of lung diseases. Whether sex steroids play a role in modulating these differences is 
currently under investigation.

Estradiol levels in the fetus emerge in week 20 during the canalicular phase of lung devel-
opment, and rise throughout birth [125]. Differences in estrogen levels have been observed 
in lung maturation, preservation, and regeneration, alveoli development and surfactant syn-
thesis suggesting an active role of estrogen in sexual dimorphism [126–131]. Moreover, it is 
known that estrogen plays a complicated immunomodulatory role in humans and in animal 
models, suppressing inflammation in some states while enhancing it in others [116]. In ani-
mal models, estrogen blocks both B and T cell development, increases thymic atrophy, and 
decreases all developing T cell populations, while it enhances B cell survival in response to 
antigen [132–134]. In humans, hormone replacement therapy reduced the amount of T cells, 
while B cells were unaltered or upregulated in postmenopausal women, increasing the risk 
of developing B cell-dependent autoimmune diseases [123, 135]. Other studies propose that 
estrogen enriches the accumulation of Th1 CD4+ T cells in response to antigen in female 
mice [136]. It was also stated that estrogen inhibits the induction of Th1 pro-inflammatory 
cytokines (IL-12, IFNγ, and TNFα), while it enhances Th2 anti-inflammatory cytokines (IL-4, 
IL-10, and TGFβ) in female mice [137]. However, little is known about how puberty affects 
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lung diseases later in life and how the changes in estrogen levels contribute to the patho-
physiology of pulmonary diseases. This is important because estrogen can cause effects on the 
immune system by binding to estrogen receptors (ER) expressed by immune cells, such as B 
cells, T cells, and macrophages [138]. Variations in the expression of ER in the bronchial and 
alveolar epithelium suggest a role in estrogen signaling, which can contribute to the gender 
dimorphism seen in males and females [130, 131, 139, 140]. In addition, estrogen has the abil-
ity to indirectly stimulate airway and parenchymal responses by acting on airway and alveo-
lar epithelial cells, which are structural cells [141]. In the case of infection with P. aeruginosa, 
researchers found that female mice were more susceptible than males [115]. Furthermore, in 
a study where chronic infection of cystic fibrosis (CF) airway by P. aeruginosa was studied, 
researchers found that estrogen increased the severity of pneumonia in adult CF male mice, 
and proposed two potential mechanisms: enrichment of Th17-regulated inflammation and 
suppression of innate antibacterial defenses [116]. On the contrary, fetal levels of testosterone 
are found on week 9 of gestation during the pseudoglandular phase [125]. In this context, 
elevated levels of androgens, which are any hormones that primarily influence the growth 
and development of the male reproductive system, are found associated with slow fetal lung 
development [142–144]. In this context, studies have shown that anti-androgen flutamide can 
produce high levels of surfactant phospholipid in the male fetal lung, however, androgen 
dihydrotestosterone (DHT) blocks the synthesis of surfactant phospholipid in the female fetal 
lung [1, 145]. The development of male fetal lungs depends on the expression of the androgen 
receptors (AR) [46]. Whether testosterone, and/or its receptors, play a role in modulating sex 
differences in lung diseases, such as pneumonia remains unknown.

5. Pneumonia and air pollution: epidemiological and experimental data

5.1. Outdoor air pollution and lung health

In the last several decades, an accumulative body of epidemiological, toxicological, and 
experimental evidence, including various exposure agents, times, doses, and combinations of 
pollutants, have linked exposure of air pollution to negative cardiovascular and pulmonary 
health effects [146], and infection rates (Table 1). These include increased inflammation, exac-
erbation of pre-existing inflammatory lung disease (e.g. asthma, wheezing, and COPD) and 
allergies, altered lung function and immunity, and increased susceptibility to infection and 
pneumonia. Extensive epidemiological evidence demonstrated inter-individual differences in 
the susceptibility to environmental exposures, with age, gender, and genetic polymorphisms 
significantly contributing to its negative health effects [12]. A summary of the most frequently 
found pollutants and their health effects is summarized in Table 4.

Air pollutants are generally present in the environment as a mixture of several gases and 
particles that are products of combustion of fossil fuels, diesel traffic, wood smoke, and other 
industrial processes. Some sources of domestic energy used around the world, especially in 
developing countries, are the result of combustion of fuels, such as wood, dung, and char-
coal but also result in the generation of large amounts of indoor pollutants including small 
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Sex steroids are primarily produced by the gonads (ovaries and testes). Significant evidence 
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on the enzymes present in the organs [120, 121]. It is thought that the source of hormone 
production can affect the metabolism, circulation, regulation, and concentration of local 
steroid versus that of circulation, which can play a role in the paradoxical effects observed 
for some sex hormones [43, 122, 123]. One example is the “estrogen paradox”, observed 
in women with pulmonary hypertension. A large number of animal studies have found 
estrogen to be protective in the coronary circulation with better outcomes in female mice, 
and exasperation after ovariectomy. Contrarily, there is a higher prevalence of pulmo-
nary hypertension in women. While some studies in humans have suggested that estrogen 
may increase the risk of portopulmonary hypertension, others have shown that estrogen 
enhances pulmonary vascular remodeling [124].

Circulating levels of testosterone range from 2 to 15 ng/ml or 6 to 50 nM in males, and less 
than 1.5 ng/ml or 5 nM in females throughout life. Even though men produce both estrogen 
and progesterone, the levels of these hormones are significantly higher in women, fluctuating 
from 20 pg/ml estrogen and 0.3 ng/ml progesterone in the follicular phase in non-pregnant 
and postmenopausal women, to 40 ng/ml estradiol and 300 ng/ml progesterone in pregnant 
women [43]. The significance of the oscillations of hormonal levels consists in their contribu-
tion to the local level of any sex steroids. For example, the estrogen produced in tissues may 
become more prominent in postmenopausal women, while the effect of progesterone may 
decline. At present, there is not much information available on this issue relevant to the lung.

4.2. Effect of sex hormones in immune responses and lung development

Currently, there is an increasing evidence for sex differences in incidence, morbidity, and 
mortality of lung diseases. Whether sex steroids play a role in modulating these differences is 
currently under investigation.

Estradiol levels in the fetus emerge in week 20 during the canalicular phase of lung devel-
opment, and rise throughout birth [125]. Differences in estrogen levels have been observed 
in lung maturation, preservation, and regeneration, alveoli development and surfactant syn-
thesis suggesting an active role of estrogen in sexual dimorphism [126–131]. Moreover, it is 
known that estrogen plays a complicated immunomodulatory role in humans and in animal 
models, suppressing inflammation in some states while enhancing it in others [116]. In ani-
mal models, estrogen blocks both B and T cell development, increases thymic atrophy, and 
decreases all developing T cell populations, while it enhances B cell survival in response to 
antigen [132–134]. In humans, hormone replacement therapy reduced the amount of T cells, 
while B cells were unaltered or upregulated in postmenopausal women, increasing the risk 
of developing B cell-dependent autoimmune diseases [123, 135]. Other studies propose that 
estrogen enriches the accumulation of Th1 CD4+ T cells in response to antigen in female 
mice [136]. It was also stated that estrogen inhibits the induction of Th1 pro-inflammatory 
cytokines (IL-12, IFNγ, and TNFα), while it enhances Th2 anti-inflammatory cytokines (IL-4, 
IL-10, and TGFβ) in female mice [137]. However, little is known about how puberty affects 
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lung diseases later in life and how the changes in estrogen levels contribute to the patho-
physiology of pulmonary diseases. This is important because estrogen can cause effects on the 
immune system by binding to estrogen receptors (ER) expressed by immune cells, such as B 
cells, T cells, and macrophages [138]. Variations in the expression of ER in the bronchial and 
alveolar epithelium suggest a role in estrogen signaling, which can contribute to the gender 
dimorphism seen in males and females [130, 131, 139, 140]. In addition, estrogen has the abil-
ity to indirectly stimulate airway and parenchymal responses by acting on airway and alveo-
lar epithelial cells, which are structural cells [141]. In the case of infection with P. aeruginosa, 
researchers found that female mice were more susceptible than males [115]. Furthermore, in 
a study where chronic infection of cystic fibrosis (CF) airway by P. aeruginosa was studied, 
researchers found that estrogen increased the severity of pneumonia in adult CF male mice, 
and proposed two potential mechanisms: enrichment of Th17-regulated inflammation and 
suppression of innate antibacterial defenses [116]. On the contrary, fetal levels of testosterone 
are found on week 9 of gestation during the pseudoglandular phase [125]. In this context, 
elevated levels of androgens, which are any hormones that primarily influence the growth 
and development of the male reproductive system, are found associated with slow fetal lung 
development [142–144]. In this context, studies have shown that anti-androgen flutamide can 
produce high levels of surfactant phospholipid in the male fetal lung, however, androgen 
dihydrotestosterone (DHT) blocks the synthesis of surfactant phospholipid in the female fetal 
lung [1, 145]. The development of male fetal lungs depends on the expression of the androgen 
receptors (AR) [46]. Whether testosterone, and/or its receptors, play a role in modulating sex 
differences in lung diseases, such as pneumonia remains unknown.

5. Pneumonia and air pollution: epidemiological and experimental data

5.1. Outdoor air pollution and lung health

In the last several decades, an accumulative body of epidemiological, toxicological, and 
experimental evidence, including various exposure agents, times, doses, and combinations of 
pollutants, have linked exposure of air pollution to negative cardiovascular and pulmonary 
health effects [146], and infection rates (Table 1). These include increased inflammation, exac-
erbation of pre-existing inflammatory lung disease (e.g. asthma, wheezing, and COPD) and 
allergies, altered lung function and immunity, and increased susceptibility to infection and 
pneumonia. Extensive epidemiological evidence demonstrated inter-individual differences in 
the susceptibility to environmental exposures, with age, gender, and genetic polymorphisms 
significantly contributing to its negative health effects [12]. A summary of the most frequently 
found pollutants and their health effects is summarized in Table 4.

Air pollutants are generally present in the environment as a mixture of several gases and 
particles that are products of combustion of fossil fuels, diesel traffic, wood smoke, and other 
industrial processes. Some sources of domestic energy used around the world, especially in 
developing countries, are the result of combustion of fuels, such as wood, dung, and char-
coal but also result in the generation of large amounts of indoor pollutants including small 
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particulates (PM10), nitrogen dioxide (NO2), carbon monoxide (CO), sulfur dioxide (SO2), and 
various hydrocarbons [147]. In this context, individuals who spent time at home, such as 
mothers and their children are at higher risk of developing respiratory infections [148–150]. 
In addition, particulate air pollution released by burning plantations has also been associated 
with pneumonia. For example, in Brazil (one of the main sugar cane producers), the incidence 
of pneumonia-related emergency department visits has found significant increase during 
sugar cane burning periods [151]. Air pollution in countries with high industry factory activ-
ity, such as Taiwan has also been associated with respiratory diseases, with some differences 
in age and gender of the patients affected. In these studies, NO and NO2 were two of the main 
air pollutants related to respiratory diseases, followed by PM10, PM2.5, O3, CO, and SO2. Young 
patients (0–15 years of age) were the most affected by air pollution and meteorology factors, 
followed by elder patients (age ≥66 years), and aged 16–65. A closer look at gender differences 
revealed that women were more affected than men in the young age group and in the eldest 
group, but men were more sensitive between ages 16 and 65 groups [152–155]. Other studies 
have also reported both women and elderly people to be more susceptible to die from air pol-
lution than other population groups [153, 156, 157].

One of the reasons that could explain the increased mortality in women is their high vul-
nerability to autoimmune disorders, some of which are associated with air pollution [158]. 
Moreover, anatomic and physiologic differences between men and women also seem to play 
a role in this disparity. In general, men have higher lean body mass and water content than 
women, which results in an increased distribution volume of soluble substances. On the 
contrary, women have more relative fat mass than men, which gives them a larger distri-
bution volume for fat-soluble substances, and most of the chemical particles in the envi-
ronment are highly lipophilic. Furthermore, important sex differences in the metabolism 
of such substances also exist. For example, most of the CYP enzymes are regulated by sex 

Pollutant Health effects

Ozone Decreased lung function
Increased airway reactivity
Increased lung inflammation
Increased hospital visits for lung disease
Increased mortality

Particulate matter Decreased lung function
Increased respiratory symptoms
Increased mortality

Nitrogen dioxide Increased airway reactivity
Reduced lung function
Bronchitis (children)

Carbon monoxide

Sulfur dioxide Increased respiratory mortality
Increased hospital visits for lung disease
Aggravation of lung disease
Increased lung inflammation

Table 4. Common air pollutants and health effects.
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steroids. As a result, some substances are metabolized faster in women liver cells than men, 
and sometimes the end products are more toxic than the original substance, causing a higher 
toxicity for women due to increased internal exposure [158].

Accumulating epidemiological, clinical, and experimental evidence suggests that exposure 
to air pollutants can have serious effects in metabolic and endocrine function, particularly in 
glucose metabolism [159, 160]. Air pollution, especially traffic-related exposures, NO2, tobacco 
smoke, and particulate matter, have been associated with obesity, type 2 diabetes, and meta-
bolic syndrome with women showing higher susceptibility than men, and children being espe-
cially susceptible [161–164]. Studies conducted in several countries, such as Europe, America, 
and Asia reported strong associations among exposure to air pollutants, insulin resistance, 
obesity, and diabetes with women overrepresented in the affected groups [165–170]. These 
findings have also been recapitulated in animal models, where exposure to particulate matter 
resulted in increased insulin resistance followed by a high-fat diet [171–173], and these effects 
were associated with inflammation triggered by mechanisms involving pulmonary oxidative 
stress [174].

5.2. Metabolic effects of air pollution and their relationship with pneumonia

The relationship between diabetes, obesity, and susceptibility to lung infection and pneu-
monia has also been evaluated in several studies [175]. In these, an increased incidence and 
mortality from pneumococcal pneumonia, influenza, and tuberculosis was strongly associ-
ated with diabetes and obesity [176]. In this context, it is important to mention that obesity 
affects more women than men globally, and that a high body mass index has been directly 
associated with CAP risk in women [177, 178]. Animal models of bacterial infection using the 
leptin-deficient obese mouse have also shown higher susceptibility to pneumonia [179, 180]. 
Finally, an “obesity paradox” in CAP has also been reported extensively, in which obesity is 
associated with a higher incidence of bacterial pneumonia, but increased body mass index 
was associated with increased survival in patients hospitalized with CAP [181].

5.3. Genetic contributions to pneumonia risk and severity

We mentioned earlier studies reporting gender, racial, and population variability in both 
pneumonia incidence and outcome. Therefore, it is highly likely that these differences are the 
result of a complex interplay between both host and pathogen genetic backgrounds together 
with nongenetic factors, such as those discussed above [182]. With the recent development 
of fast and affordable high-throughput sequencing techniques, more studies have begun to 
explore the contributions of host genetics in the context of pneumonia [183–186]. The major-
ity of these have focused on innate immune molecules, such as toll-like receptors and pro-
inflammatory cytokines. Several associations of pneumonia susceptibility and severity with 
single nucleotide polymorphisms in the interleukin-6, interleukin-10, toll-like receptors 
TLR2, TLR4, and TLR9, C-reactive protein (CRP), and nitric oxide synthase 3 (NOS3) genes 
were reported [187–191]. We have summarized these in Table 5. Interestingly, most polymor-
phisms found in the cytokine genes are located in regulatory and promoter regions, where 
they may be affecting binding of transcription factors, such as GATA1-3, SOX, and heat shock 
proteins [183].
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5.4. Pollution models of infection and pneumonia

Air pollution has been shown to exacerbate respiratory diseases, such as pneumonia. Air pol-
lutants that reach the respiratory tract are currently responsible for its genesis, especially par-
ticulate matter having an aerodynamic diameter equal to or less than 10 μm, sulfur dioxide 
(SO2), ground level ozone (O3), nitrogen dioxide (NO2), and carbon monoxide (CO) [192, 193]. 
However, these pollutants may also increase the risk for pneumonia by altering the function 
of alveolar macrophages, epithelial cells, mucociliary clearance mechanisms, particle trans-
port, and local immunity in the lungs [194]. Because of methodological difficulties and ethical 
issues, there are a limited number of studies on the effects of controlled pollutant exposure 
and infection in humans. It has now been almost 50 years since the “infectivity model” has 
been created. This model is based on the study of the effects of pollutants on pulmonary activ-
ity after pollutant exposure with disease and mortality as end-points in animals, particularly 
rodents [147].

The infectivity model is used by researchers to determine the amount and concentration of 
pollutants at which the immune system is compromised and disease is developed. This is 
accomplished by challenging animals with virulent agents either before or after exposure 
to different concentrations of the pollutant. Exposure to NO2 before and after infectious 
challenge in mice show significantly higher death rates [195]. Moreover, mice infected with 
S. aureus and then challenged with NO2 displayed a reduction in lung bactericidal capac-
ity [196]. Exposure to varying concentrations of NO2 affects respiratory tract susceptibil-
ity, macrophage viability, systemic cell-mediated and humoral responses to viral infection 
in CD-1 mice inoculated intratracheally with murine cytomegalovirus [197]. Moreover, the 
number of viral particles capable of generating infection is lower in animals challenged with 
NO2 than in animals exposed to filtered air. In addition, the risk of reinfection is higher in 
mice after NO2 exposure indicating damage in the development of virus-specific immunity 
following a primary infection [198].

Gene SNPs

C-reactive protein rs1205

Interleukin-1 beta rs16944

Interleukin-6 rs1800797, rs1800795

Interleukin-8 rs4073

Interleukin-10 rs1800896, rs1800871, rs1800872, rs5743629

Nitric oxide synthase 3 rs1799983

Toll-like receptor 2 rs5743708

Toll-like receptor 4 rs4986790, rs4986791

Toll-like receptor 9 rs5743836

Table 5. Single nucleotide polymorphisms associated with pneumonia.
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There are several pollution models of pneumonia infection combined with particulate matter 
[199], SO2 [200], CO [201], and other common air pollutants. These models generally involve 
a higher concentration of pollutants than would be normally found in the atmosphere. This 
is often necessary because a higher dose of most pollutants is required for rodents versus 
humans to reach comparable concentrations in the distal lung and generating comparable 
effects on lung function and immunity.

Ozone exposure can impair breathing, induce coughing, reduce lung function, and trigger 
lung diseases, such as pneumonia. The effect of ozone exposure has been associated with 
damage of the entire respiratory epithelia and lung immunity [202]. A study showed that 
mice infected with K. pneumoniae following exposure to 2 ppm of O3 decreased the ability of 
mice to clear bacteria from the lungs, and that ozone-exposed females were more affected 
and showed higher mortality rates than males [17, 18]. Contrarily, in the absence of ozone-
induced oxidative stress, males were more prompted to have a higher level of propagation of 
infection compared to females. These mechanisms appear to be mediated by surfactant biol-
ogy and surfactant protein expression [19].

6. Conclusion

Regulation of the lung inflammatory response is critical to the successful outcome of pneu-
monia. Exposure to air pollutants has been linked to negative lung health outcomes, and sex 
hormones have been shown to mediate the lung immune response, especially during lung 
infection. The negative impact of air pollution on lung health, both in the short and long term, 
is now well accepted, and air quality indexes or scales are available to alert individuals when 
the air quality is at harmful levels. In this chapter, we have discussed experimental and epide-
miological evidence on pneumonia infection incidence in different populations, influences of 
air pollution and environmental exposures, and sex-specific mechanisms involving male and 
female hormones in the context of lung immunity. This information could help researchers 
better explain the differences observed in pneumonia susceptibility and lung health outcomes 
in men versus women. Understanding the biological basis of these differences is critical for 
the development of more effective prevention and management strategies for pneumonia in 
men and women, and could help in the development of better treatment options for these 
patients.
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Abstract

Pneumonia is still a global health concern with high mortality rate, mainly among chil-
dren under 5 years and adults over 65 years. In addition to pathogen virulence, immu-
noevasion capacity, and drug resistance ability, risk factors for the patient include aging, 
comorbidities, malnutrition, and all causes affecting the immune system. The extent to 
which environmental disorders affect the respiratory health is established for chronic 
diseases such as asthma, COPD, and cardiovascular diseases, but less is known about the 
underlying mechanisms of their impact on infectious diseases of the respiratory system. 
This chapter aims to recall the epidemiology, diagnosis, and treatment of pneumonia, 
with a focus on the impact of climate change and related risk factors on acute low tract 
respiratory infections.

Keywords: pneumonia, risk factors, climate change

1. Introduction

Pneumonia is a challenging health concern worldwide and more acutely in developing world, 
where healthcare facilities are less available. It is a leading cause of mortality due to infec-
tious agents. Insufficient or inappropriate treatment contributes to the emergence of pathogen 
resistance to antibiotic or increased mortality. A recent report from UNICEF shows 1.4 million 
deaths per year among children attributable to pneumonia and diarrhea [1]. Both killers remain 
major contributors to child mortality worldwide, and could be fueled by climate change and 
related environmental deleterious effects. Pneumonia, a common lower respiratory infection 
accounted for 2.7 million deaths worldwide [2]; being the leading cause in children under 
5 years, adults over 65 years, and immunocompromised subjects [3].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Abstract

Pneumonia is still a global health concern with high mortality rate, mainly among chil-
dren under 5 years and adults over 65 years. In addition to pathogen virulence, immu-
noevasion capacity, and drug resistance ability, risk factors for the patient include aging, 
comorbidities, malnutrition, and all causes affecting the immune system. The extent to 
which environmental disorders affect the respiratory health is established for chronic 
diseases such as asthma, COPD, and cardiovascular diseases, but less is known about the 
underlying mechanisms of their impact on infectious diseases of the respiratory system. 
This chapter aims to recall the epidemiology, diagnosis, and treatment of pneumonia, 
with a focus on the impact of climate change and related risk factors on acute low tract 
respiratory infections.

Keywords: pneumonia, risk factors, climate change

1. Introduction

Pneumonia is a challenging health concern worldwide and more acutely in developing world, 
where healthcare facilities are less available. It is a leading cause of mortality due to infec-
tious agents. Insufficient or inappropriate treatment contributes to the emergence of pathogen 
resistance to antibiotic or increased mortality. A recent report from UNICEF shows 1.4 million 
deaths per year among children attributable to pneumonia and diarrhea [1]. Both killers remain 
major contributors to child mortality worldwide, and could be fueled by climate change and 
related environmental deleterious effects. Pneumonia, a common lower respiratory infection 
accounted for 2.7 million deaths worldwide [2]; being the leading cause in children under 
5 years, adults over 65 years, and immunocompromised subjects [3].
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According to the setting of occurrence, pneumonia is characterized as community acquired 
(CAP) or nosocomial, the latter occurring in the hospital after at least 48 h of admission or in 
a patient who has been hospitalized within the last 3–6 months and received antimicrobial 
treatment. Hospital-acquired pneumonia (HAP) includes really hospital acquired, ventilator-
acquired pneumonia (VAP), and healthcare-associated pneumonia (HCAP) with extension to 
disease affecting patients in nursing homes and in dialysis services [4].

CAP represents a disease contracted out of the hospital, in the community. Clinical features 
allow the categorization in classic pneumonia due to bacteria such as Streptococcus pneumoniae, 
Haemophilus influenzae type b, Staphylococcus aureus, and viruses such as respiratory syncy-
tial virus (29%) and influenza virus (17%); most prevalent in children and influenza virus 
most common in adults [4]. Atypical pneumonia results from the infection with intracellular 
bacteria such as Chlamydia and Mycoplasma. Nosocomial pneumonia may affect ventilated 
patients or not and the former group is identified as ventilator-associated pneumonia (VAMP) 
with a greater risk of multidrug resistance and subsequent poor prognosis. Pneumonia in the 
immunosuppressed host is a severe form of the disease, which may affect individual what-
ever the setting, with a poorer prognosis due to the underlying immune status.

Many traditional risk factors have been previously identified including extreme age (children 
under 60 months and adults aged ≥65 years), poverty, and comorbidities. Malnutrition, low 
birth weight, nonexclusive breast-feeding, lack of measles vaccination, outdoor and indoor air 
pollution and crowding, mother’s education, parental smoking, vitamin A and/or zinc defi-
ciencies are thought to influence children susceptibility to infections in developing countries. 
Possible additional risk factors thought to increase the susceptibility to respiratory infections 
and allergic diseases include climate change with the potential of affecting dispersion, tim-
ing, and quality of aeroallergens and the lifecycle of some vectors of diseases, high altitude, 
humidity, and concomitant diseases [5, 6].

This chapter aims to recall the epidemiology, diagnosis, and treatment of pneumonia, with a 
focus on the impact of climate change and related risk factors on acute low tract respiratory 
infection (ALTRI).

2. Climate change and respiratory health

The extent to which outdoor and indoor environments affect the respiratory health is estab-
lished for chronic diseases such as asthma, COPD, and cardiovascular diseases, but less is 
known about the underlying mechanisms of their impact on infectious diseases of the respi-
ratory system. Climate change is claimed to be a great global health concern. The impact of 
industrialization and anarchic urbanization in developing countries contributes to high pro-
duction of greenhouse gases, carbon dioxide (CO2), methane (CH4), etc., which affect the earth 
temperature. The monthly average temperature is increasing leading to many weather-related 
events such as heat waves, humidity, precipitations, floods, storms, dry conditions, and wild-
fires, which affect differently the environment and human health between temperate and 
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tropical regions [7, 8]. The increased morbidity and mortality due to ALRTI in children and 
adults over 65 years are linked to many risk factors, the additional effect of weather change 
could be powered by the inadaptability of the metabolism of these vulnerable populations to 
heat stress and temperature variations; emphasizing the need for further research addressing 
health effects of climate variations. Strategies addressing climate change are getting more and 
more relevant to give strong support to clean environment. There is a need to better under-
stand the underlying mechanisms of the human, animal, or plant reactions to the changing 
weather to develop appropriate policies with a real impact on the susceptibility of humans 
to deleterious effects of the phenomenon. New technologies are underdeveloped to address 
the physiological responses of human and animal to the environmental-induced stress and 
survival, relaying on DNA/RNA sequencing as reported by Biggar et al. [9]. Stress biology 
research will allow implementation of targeted responses to the health effects of climate 
change. Direct or indirect health effects act through warming temperatures with increase in 
atmospheric ozone, nitrogen oxide, particulate matter (PM), sulfur dioxide, and ultraviolet 
(UV) radiation, resulting in many conditions such as: exacerbations of chronic respiratory dis-
eases (asthma, COPD) and respiratory infections, as well as nonrespiratory diseases including 
heat stress, water-borne diseases, transmittable diseases (malaria), and malnutrition.

Heat waves, floods, wildfires may influence the incidence of respiratory infection through 
the shift in the epidemiology of climate sensitive pathogens. The threat on global health are 
highlighted by many previous studies such as one report from Australia about an increased 
incidence in childhood pneumonia associated with sharp temperature drops from 1 day to 
the next [10], or the outbreak of Hantavirus, which occurred in Panama in 2000, linked to the 
increase in rodent population attributed to a substantial increase in rainfall [11]. A report from 
Japan about aspergillosis among survivors of tsunami in 2011 is one more illustration of the 
link between climate change and respiratory health [12].

Respiratory infection results from inhaled aerosols or hematogenous spread of pathogens. 
Pathogen-related compounds (virulence, concentration, survival) or host related (immunity, 
comorbidities, aging) play a key role in the incidence and severity of the illness. Climate altera-
tions could impact the disease by affecting the vectors or the host immunity [13]. The seasonal-
ity of respiratory infections has been demonstrated for influenza and streptococcal pneumonia 
during winter months in temperate climate [14, 15]. The later study reported a 2% incidence of 
CAP for all overnight hospital admissions, with a significantly higher rate during winter and 
spring, mainly in December and January [15].

Possible explanations of the seasonality seem to be the closer contact as a result of indoor crowd-
ing, lower humidity, induced variations in the human immune responses, indoor air pollution, 
low exposition to sunlight and ultraviolet (UV) radiation, keeping in mind the bactericidal effect 
of the latter [16]. In tropical regions, climate change also affects the pattern and seasonability of 
infections. Temperature, moisture and dehydration, and UV light greatly influence the pathogen 
cycle and survival in the environment and act on the transmission of air-borne aerosols. Dry air 
and wind-driven atmospheric pollutants could act on mucociliary escalator of the respiratory 
mucosa, impairing its defense mechanisms [17], and there is evidence from animal and human 
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Pathogen-related compounds (virulence, concentration, survival) or host related (immunity, 
comorbidities, aging) play a key role in the incidence and severity of the illness. Climate altera-
tions could impact the disease by affecting the vectors or the host immunity [13]. The seasonal-
ity of respiratory infections has been demonstrated for influenza and streptococcal pneumonia 
during winter months in temperate climate [14, 15]. The later study reported a 2% incidence of 
CAP for all overnight hospital admissions, with a significantly higher rate during winter and 
spring, mainly in December and January [15].

Possible explanations of the seasonality seem to be the closer contact as a result of indoor crowd-
ing, lower humidity, induced variations in the human immune responses, indoor air pollution, 
low exposition to sunlight and ultraviolet (UV) radiation, keeping in mind the bactericidal effect 
of the latter [16]. In tropical regions, climate change also affects the pattern and seasonability of 
infections. Temperature, moisture and dehydration, and UV light greatly influence the pathogen 
cycle and survival in the environment and act on the transmission of air-borne aerosols. Dry air 
and wind-driven atmospheric pollutants could act on mucociliary escalator of the respiratory 
mucosa, impairing its defense mechanisms [17], and there is evidence from animal and human 
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studies for the induced weaknesses of the immune system during winter [18]. Immune system 
is also under influence of adrenocortical hormones known to be more expressed during winter 
season than summer, and increased secretion of steroids is associated with immunodeficiency 
[19]. The rainy period is more prone to water-borne diseases such as cholera following floods 
and storms. The changing pattern in vector and pathogen infectivity, the low exposure to sun-
light during rainy seasons, people spending more time indoor in crowded environment, with 
subsequent seasonal variations in vitamin D levels could explain the seasonability of infectious 
diseases. The deficiency in vitamin D linked to the reduced exposure of skin surface to sunlight 
has harmful effect on human immunity [20, 21] and could increase the vulnerability to infec-
tions, mainly in people at extreme ages.

Previous studies have emphasized the harmful role of ambient air pollution and particulate mat-
ter and the heat effect of high temperature on daily mortality [22, 23]. Climate change stands as 
a new health challenge for the increasing morbidity due to respiratory and cardiovascular dis-
eases worldwide. These changes affect physical and biological systems through environmental 
conditions including air and water pollution, water heating, increasing the risk of transmission 
of water-borne pathogens. The impact of air pollution on chronic respiratory diseases such as 
asthma and COPD is well established. The extent to which weather patterns could influence 
respiratory infections is still debatable. Heat, air pollution, change in quantity and quality of 
aeroallergens, and shift in infectious diseases linked to changing ecology of the pathogens have 
been previously reported as strong risk factors affecting respiratory health. Direct health effects 
of climate changes include heat-related illness, exacerbations of chronic cardiorespiratory dis-
eases such as COPD and asthma due to the changing pattern of environmental exposure [24]. 
Previous epidemiological studies suggest the seasonal variability of respiratory infections, but 
the pathobiology of this link is far from being clearly assessed. Cold and dry conditions in tem-
perate regions power the transmission of influenza and respiratory syncytial viruses, while the 
wet conditions of the tropics seem to reduce the aerosol transmission of the influenza virus [25]. 
Studies addressing the link between climate change and pneumonia still need to be conducted 
worldwide, mainly in poor resource countries and also in the most affected by lack of hygiene 
and unpreparedness. Lower respiratory tract infections seem to be more frequent during win-
ter in temperate areas and during rainy season in tropical regions [25, 26]. Studies in Hong 
Kong [27] and China [28], respectively support the impact of the changing weather pattern on 
the magnitude of respiratory infection and the seeking of emergency healthcare. The pattern of 
seasonality on viral respiratory infections has clearly been reported in temperate countries, but 
data from tropical regions are sparse [29]. The vulnerability of children under the tropics could 
be emphasized by poverty-related conditions such as malnutrition and helminth infections as 
well as poor access to healthcare facilities. Chronic helminth infections stimulate the T-cells to 
produce more Th2 type cytokines (IL-3, IL-5, IL-13) than Th-1 profile (IL-2, IFN-gamma). This 
imbalance could be a possible explanation for the increased susceptibility to bacterial infections 
in affected individuals. Lozano et al. have illustrated the negative role of air and water pollu-
tion linked to storms and floods affecting agricultural products. These authors reported an 
increase in pneumonia deaths in children under 5 years due to malnutrition [30]. Malnutrition 
predisposes to immunosuppression through lack of many elements or oligo-elements such as 
zinc and cupper, involved in the functionality of many components of the immune system. 
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Biggar et al. have illustrated the relevance of studying stress biology to characterize human 
responses to environmental challenges [9]; the way we will act to reduce greenhouse gas emis-
sions will really benefit to global health.

How the climate change could impact on the transmission and outcome of infectious dis-
eases needs to be elucidated for appropriate preparedness of the healthy systems around 
the world. Health effects of air pollution are of concern; atmospheric pollutants in gaseous 
(mainly carbon dioxide, methane, nitrous oxide) or particulate forms may affect respiratory 
system according to their physical properties (solubility), their concentration, and the rate 
and depth of the ventilation of the subject. Use of biomass fuel for cooking in many develop-
ing countries increases the risk of exposure to outdoor or indoor pollution. Biologic agents 
such as fungi in indoor air could trigger the respiratory system through direct toxicity, infec-
tion, or induced immune hyperresponsiveness. Smith et al. have described the risk for pneu-
mococcal infection in children living in a low air exchange rate environment in developing 
countries [31]. There is a body of evidence for the association between the increasing global 
main temperature and increasing global mortality [32]. The heat-related risk of mortality for 
respiratory diseases needs to be addressed for relevant environmental measures focusing on 
the one health concept. Evidence of associations between outdoor heat and respiratory hos-
pitalizations has been reported in previous studies in developed countries, but data are lack-
ing on the harmful effects of climate change on health in developing regions, where global 
warming and progressive population aging are expected with the improved accessibility to 
ARVs and anti-tuberculosis treatments resulting in the reduction of the mortality linked to 
both killers. The role of sociodemographic components and low education as well as poor 
accessibility to healthcare in general are strong modifiers of treatment outcomes suggesting 
the relevance of their regular assessment as risk factors of respiratory illnesses. Along with the 
changing warming climate, the role of air pollution, evidenced in respiratory exacerbations 
of chronic diseases such as asthma, COPD, and cardiovascular diseases, following the inhala-
tion of ozone, SO2, CO2, CH4, and particulate matters (PM10) (from increased forest fires, wild 
urbanization, desertification) with aerodynamic diameters <10 μm is reported in many stud-
ies [32, 33]. Greenhouse gas emissions generated by human activity are pointed as the main 
provider of the changing Earth’s climate through thermal stress, extreme weather events, 
and changing pattern of infectious diseases, suggesting the urgent need to develop strategies 
addressing human, animals, and plants health as a whole (one health concept). The climate 
change is expected to affect mainly vector-borne and water-borne infectious diseases, with a 
potential of increasing the range in case of nonadopting early preventive and warning mea-
sures [34]. Indirect effects of increased warming include shifts in vector-borne illness, increase 
in allergen concentration, loss of biodiversity, degradation of ecosystem, desertification, all 
with a negative impact on human health. Among realistic measures to reduce climate change-
related respiratory morbidity, green structures development has been considered. Whiitford 
et al. [35] and Burgess et al. [36] have reported the environmental benefits of green spaces on 
the stabilization of ecological system and the reduction of the risk of respiratory mortality. 
These authors showed that largest patch percentage of green structures reduces the mortality 
of pneumonia and lower respiratory diseases through the reduction of primary and secondary 
air pollutants; while their fragmentation has deleterious effect by increasing the temperature 
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perate regions power the transmission of influenza and respiratory syncytial viruses, while the 
wet conditions of the tropics seem to reduce the aerosol transmission of the influenza virus [25]. 
Studies addressing the link between climate change and pneumonia still need to be conducted 
worldwide, mainly in poor resource countries and also in the most affected by lack of hygiene 
and unpreparedness. Lower respiratory tract infections seem to be more frequent during win-
ter in temperate areas and during rainy season in tropical regions [25, 26]. Studies in Hong 
Kong [27] and China [28], respectively support the impact of the changing weather pattern on 
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data from tropical regions are sparse [29]. The vulnerability of children under the tropics could 
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imbalance could be a possible explanation for the increased susceptibility to bacterial infections 
in affected individuals. Lozano et al. have illustrated the negative role of air and water pollu-
tion linked to storms and floods affecting agricultural products. These authors reported an 
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zinc and cupper, involved in the functionality of many components of the immune system. 
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and the air pollutants. Green spaces are shown to block secondary air pollutants (ozone and 
PM 2.5). Rationale management of green structures needs to be encouraged in the urbaniza-
tion policies among other preventive measures to improve respiratory health [37–39].

3. Community-acquired pneumonia (CAP): epidemiology, clinical 
feature, and treatment

3.1. CAP: epidemiology

Community-acquired pneumonia (CAP) is still the leading cause of death attributable to 
infectious diseases, and epidemiological data show that its attributable mortality rate remains 
static or is rising, while declining for cardiovascular diseases and many cancers in developed 
countries [40]. Mortality in European adults varies from country to country and based on 
the age, it ranges from 4.5 to 5 per 100,000 in turkey and Georgia to 30 to 35 per 100,000 in 
Portugal and UK [41]. Near a half of under-five deaths worldwide are due to preventable dis-
eases including pneumonia, diarrhea, and malaria with 2.2 million deaths in children under 5 
years in 2012, in Nigeria, Democratic Republic of Congo, India, Pakistan, and China [42]. The 
overall prevalence of CAP in Africa is unknown, due to the lack of standardized protocols 
and reporting. A study in Uganda reported Klebsiella pneumoniae as the prevalent pathogen 
in neonates and S. pneumoniae was the most common etiological agent in those aged between 
3 months and 5 years [43–45].

Outcome of pneumonia is still a health concern, mainly in developing countries, despite the 
development of new antibacterial agents. This phenomenon relays on the emerging antibiotic 
resistance of the pathogen on one hand and on host-related factors (impaired immunity, poor 
hygiene, age, malnutrition, comorbidities) on the other. Innovative approaches through better 
understanding of pathophysiology of the disease and environmental changes, early diagnosis 
techniques, multidisciplinary approach, and host-driven measures (behavior, accessibility to 
health facilities) need to be developed to improve the control of respiratory mortality.

Community-acquired pneumonias is the leading cause of death due to the infectious disease 
in both developed and developing world [22]. Developing countries are also the most affected 
due to many additional conditions such as poverty, low economic access to healthcare, lack 
of appropriate tools for early diagnosis, many socio-cultural barriers, and the unpreparedness 
against environmental changes. A study from Tanzania has identified the negative role of dif-
ficult diagnoses and comorbidities in the prognosis of CAP [46]. Children under 5 years and 
elderly are the most vulnerable population, and 30-day mortality has not been improved since 
the 1950s, despite the availability of new antibiotics [47]. CAP occurs in almost 1–10 per 1000 of 
the adult population each year and more commonly in extreme ages. According to the WHO 
European region report in 2010, lower respiratory tract infections ranked fifth in the global bur-
den disease study [30]. The same report identified infectious diseases, childhood illnesses, and 
maternal causes of death as accounting for 70% of the burden of diseases in sub-Saharan Africa, 
while representing <20% in all others countries. Even reduced compared to two decades ago, the 
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rate of mortality caused by diarrheal and low tract infection diseases remains high and the major 
cause of early deaths in the country. The big five, COPD, asthma, low respiratory tract infections, 
TB, and lung cancer are among the most common causes of severe illness death worldwide.

The lack of standardized protocols and regular statistic reports does not allow the assessment 
of accurate incidence rate of CAP across the sub-Saharan region. In Europe, this incidence rate 
in adults is between 1.07 and 1.2 per 1000 person year and 1.54 and 1.7 per 1000 population 
according to a report by Torres et al. [48]. Older age and underlying comorbidities including 
COPD, cardiovascular and liver diseases, diabetes, cancers as well as all causes of immuno-
suppression (steroids treatment, malnutrition, HIV-AIDS) affect the prognosis of the disease 
and this is highlighted by the CURB 65 criteria in use for assessing the severity of CAP. There 
is a regular increase in the incidence of CAP worldwide, may be associated to demographic 
changes, increasingly aging population, growing poverty, low accessibility to healthcare 
facilities, precarity and war displacements, smoking and alcohol consumption. It is more and 
more clear that air pollution and climate change play important roles in the rising morbidity 
and mortality related to respiratory diseases. The heat stress linked to the warming of the cli-
mate induces environmental changes allowing the emergence of new pathogens worldwide. 
The real involvement of these ecological modifications needs to be addressed.

3.2. Pathophysiology

Pneumonia could result from infectious pathogens including bacteria, viruses, fungi, and para-
sites, or from noninfectious agents, of physical or chemical nature (aspiration pneumonia, gas 
inhalation). The main route for bacterial contamination is bronchogenic dissemination following 
microaspiration of pharyngeal secretions. Hematogenous spread follows bloodstream invasion 
by pathogens; and infection could also spread from contiguous tissues. In the alveolar space, 
host local defenses through humoral or cellular-mediated immune responses or mechanical 
processes (mucociliary escalator, cough reflex) when overwhelmed, allow the infection onset. 
The inflammation in the lung structures results in the release of mediators and accumulation 
of an exudate impairing the local immune system. The thickening of the alveolocapillary mem-
brane alters the gas diffusion, inducing hypoxemia. The mismatch in the ventilation-perfusion 
ratio due to the reduced minute-ventilation increases the hypoxemia. Pneumococcal carriage in 
the posterior nasopharynx is a prerequisite for the development of pneumonia due to S. pneu-
moniae. Human to human transmission occurs through inhaled aerosols or close contact. The 
virulence of the pathogen is carried by factors allowing adhesion to the respiratory epithelium 
and released virulence factors such as pneumolysin and neuraminidase, which can damage the 
lung structures. The concentration of the pathogens is also a requirement for the onset of dis-
ease. Host immunity through humoral- and cell-mediated immunity is the main way of defense. 
Airway epithelium secretes also lactoferrin with the potential of deprecating the pathogen from 
iron, and then impairing the growth of the bacteria. Lysozyme and human defensins are along 
with cathelicidin-related antimicrobial peptides LL-37, also involved in the lysis of bacteria [49]. 
The classic evolution of acute pulmonary inflammatory response will turn in red hepatization, 
gray hepatization, and resolution. Main causes of CAP are S. pneumoniae, M. pneumoniae, H. 
influenzae, C. pneumoniae, Legionella sp., or respiratory virus with influenza A and B, respiratory 
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and the air pollutants. Green spaces are shown to block secondary air pollutants (ozone and 
PM 2.5). Rationale management of green structures needs to be encouraged in the urbaniza-
tion policies among other preventive measures to improve respiratory health [37–39].
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inhalation). The main route for bacterial contamination is bronchogenic dissemination following 
microaspiration of pharyngeal secretions. Hematogenous spread follows bloodstream invasion 
by pathogens; and infection could also spread from contiguous tissues. In the alveolar space, 
host local defenses through humoral or cellular-mediated immune responses or mechanical 
processes (mucociliary escalator, cough reflex) when overwhelmed, allow the infection onset. 
The inflammation in the lung structures results in the release of mediators and accumulation 
of an exudate impairing the local immune system. The thickening of the alveolocapillary mem-
brane alters the gas diffusion, inducing hypoxemia. The mismatch in the ventilation-perfusion 
ratio due to the reduced minute-ventilation increases the hypoxemia. Pneumococcal carriage in 
the posterior nasopharynx is a prerequisite for the development of pneumonia due to S. pneu-
moniae. Human to human transmission occurs through inhaled aerosols or close contact. The 
virulence of the pathogen is carried by factors allowing adhesion to the respiratory epithelium 
and released virulence factors such as pneumolysin and neuraminidase, which can damage the 
lung structures. The concentration of the pathogens is also a requirement for the onset of dis-
ease. Host immunity through humoral- and cell-mediated immunity is the main way of defense. 
Airway epithelium secretes also lactoferrin with the potential of deprecating the pathogen from 
iron, and then impairing the growth of the bacteria. Lysozyme and human defensins are along 
with cathelicidin-related antimicrobial peptides LL-37, also involved in the lysis of bacteria [49]. 
The classic evolution of acute pulmonary inflammatory response will turn in red hepatization, 
gray hepatization, and resolution. Main causes of CAP are S. pneumoniae, M. pneumoniae, H. 
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syncytial (RSV), rhinovirus, and parainfluenza as the most encountered. Fungal infection mainly 
affects immunocompromised patients and parasitic infections are mainly endemic [50]. Clinical 
syndrome of condensation and radiological alveolar syndrome occur in few days. Pathogens 
implicated in nosocomial infection include a larger panel with methicillin-resistant staphylococ-
cus aureus (MRSA), Enterobacteriaceae, and different types with a potential of resistance and 
difficult to treat infections.

3.3. Diagnosis of CAP

Patient with CAP mainly complaints of cough, fever, shivers, pleuritic chest pain of abrupt 
onset. Dyspnea may occur when the involved pulmonary sector is large. Sputum production 
is not rare, of purulent aspect or blood stained. Physical examination may reveal a condensa-
tion syndrome with focal crackles. It is of great importance to consider also extrathoracic signs 
(mouth, nose, ear).

History should be extended to demographic and behavioral considerations (age, gender, style 
and site of living) and comorbidities. CRB65, which is a clinical score for assessment of CAP 
is recommended in many guidelines. It includes data about confusion, respiratory rate, blood 
pressure, and age ≥ 65 years. A CRB65n score of 0 seems a patient at low risk of death and not 
normally requiring hospitalization.

Additional investigations are required to guide the diagnosis setting, such as inflammatory 
markers (leukocytosis and differential counts, ESR, CRP) and etiological identification of 
pathogens through conventional microbiological analyses of samples (sputum, nasotracheal 
aspirates, bronchoalveolar lavage), the latter could be positive in only 15% of cases. The quality 
of the specimen to be examined by gram stain is a prerequisite, and the sputum should contain 
more than 10–25 polymorphonuclear cells by microscopic screening to be suitable. Culture-
based techniques are widely used for the diagnosis of pneumonia. That is the case of blood, 
sputum cultures, or endotracheal aspirates, which can allow pathogen identification and anti-
biotic sensitivity tests. Urinary antigen tests are helpful for S. pneumoniae and L. pneumophila. 
Molecular diagnosis tools are currently more and more used for diagnosis of infectious dis-
eases. CRP, an acute-phase protein during acute inflammation has not proven to be accurate 
in differential diagnosis between bacterial or viral infections; it is nevertheless an indicator of 
response to the treatment. Other biomarkers are being developed, such as procalcitonin, a pro-
hormone elevated in response to bacterial infections. Studies using this biomarker have not 
provided sufficient probes for large clinical use [51]. Otherwise, both biomarkers are useful in 
the assessment of response to treatment and suitability of the antibiotic prescribed.

Serological tests find applicability in the diagnosis of pneumonia due to atypical pathogens 
such as Chlamydia, Mycoplasma, and viral infections, not easy to identify by current culture-
based techniques.

Molecular techniques are now developed ensuring an early diagnosis and sensitivity tests 
for resistance to treatment. Dried blood spots have been used for bacterial identification and 
have proven to be a useful and easily accessible tool for molecular diagnosis in poor resources 
countries [46]. Urinary antigen tests are available for S. pneumoniae and L. pneumophila. 
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Bronchoscopic aspirations are more relevant than sputum samples culture to minimize the 
likelihood of commensal flora.

Chest radiograph demonstrating a peripheral airspace consolidation pattern is relevant in the 
diagnosis of pneumonia. Lung shadowing of lobar pattern associated to air bronchogram is 
common, while centrilobular and peribronchiolar opacity are defining the bronchopneumonia 
pattern. The lower lobes are most commonly affected. Recent literature illustrates the relevance 
of lung ultrasound in the diagnosis of CAP. A multicenter study in 14 European centers has 
shown a sensitivity of 93.4% and a specificity of 97.7% in the confirmation of the diagnosis [52].

The differential diagnosis should consider all illness expressed with dyspnea such as pulmo-
nary embolism, COPD exacerbations, bronchiectasis, exacerbation of fibrosis, or with cough 
and associated fever such as acute bronchitis.

3.4. Complications of CAP and prevention

CAP mortality remains high despite the development of new antibiotics and new tools for 
early-onset diagnosis. Main complications are sepsis and respiratory failure, but about 50% of 
CAP mortality in the first month is due to comorbidities [53]. Respiratory infections through 
hypoxemia and oxidative stress are a potential determinant of cardiovascular adverse events. 
The underlying atherosclerosis as shown by the increased rate of inflammatory biomark-
ers (fibrinogen, CRP, cytokines) in infectious status may impact on prothrombotic vascular 
conditions and subsequent cardiovascular ischemic diseases [54, 55]. The prognosis of acute 
myocardial infarction, cardiac arrhythmias, and heart failure is often worsened by respiratory 
infections according to few previous studies [55–57].

CAP is not simply a local but systemic inflammatory response as expressed by the measur-
able increase in serum biomarkers such as IL-6, IL-8, and TNF-alpha. To improve patients’ 
outcomes, preventive measures are strongly recommended such as smoking cessation inter-
ventions and accurate screening of comorbidities. About a half of CAP mortality within the 
first month is due to the comorbidities such as cardiovascular complications, cancer, chronic 
lower respiratory diseases renal failure, and infections, mainly involving the elderly [58, 59]. 
Cardiovascular mortality contributes for almost 30% of deaths after CAP; that is the case of 
myocardial infarction in a multicenter study by Lichtman et al. reporting a 7.2% of CAP in 
patients admitted to the hospital with an acute myocardial infarction [60]. Cardiac arrhyth-
mias are also observed sometimes induced by the use of macrolides alone or in combination 
therapy [61]. Respiratory infections were more frequent (19 vs. 6%) in a comparison study of 
stroke patients and control [62], suggesting the comorbidity of this condition.

Empyema is a harmful complication of pneumonia occurring mostly in more vulnerable sub-
jects (comorbidities, immune disorders).

Preventive measures through behavioral changes such as smoking cessation and vaccination 
in vulnerable populations such as drepanocytosis patients, COPD, renal insufficiency patients 
with influenza, and pneumococcal vaccines need to be largely implemented to reduce the 
mortality rate.
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is recommended in many guidelines. It includes data about confusion, respiratory rate, blood 
pressure, and age ≥ 65 years. A CRB65n score of 0 seems a patient at low risk of death and not 
normally requiring hospitalization.

Additional investigations are required to guide the diagnosis setting, such as inflammatory 
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pathogens through conventional microbiological analyses of samples (sputum, nasotracheal 
aspirates, bronchoalveolar lavage), the latter could be positive in only 15% of cases. The quality 
of the specimen to be examined by gram stain is a prerequisite, and the sputum should contain 
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based techniques are widely used for the diagnosis of pneumonia. That is the case of blood, 
sputum cultures, or endotracheal aspirates, which can allow pathogen identification and anti-
biotic sensitivity tests. Urinary antigen tests are helpful for S. pneumoniae and L. pneumophila. 
Molecular diagnosis tools are currently more and more used for diagnosis of infectious dis-
eases. CRP, an acute-phase protein during acute inflammation has not proven to be accurate 
in differential diagnosis between bacterial or viral infections; it is nevertheless an indicator of 
response to the treatment. Other biomarkers are being developed, such as procalcitonin, a pro-
hormone elevated in response to bacterial infections. Studies using this biomarker have not 
provided sufficient probes for large clinical use [51]. Otherwise, both biomarkers are useful in 
the assessment of response to treatment and suitability of the antibiotic prescribed.

Serological tests find applicability in the diagnosis of pneumonia due to atypical pathogens 
such as Chlamydia, Mycoplasma, and viral infections, not easy to identify by current culture-
based techniques.

Molecular techniques are now developed ensuring an early diagnosis and sensitivity tests 
for resistance to treatment. Dried blood spots have been used for bacterial identification and 
have proven to be a useful and easily accessible tool for molecular diagnosis in poor resources 
countries [46]. Urinary antigen tests are available for S. pneumoniae and L. pneumophila. 
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pattern. The lower lobes are most commonly affected. Recent literature illustrates the relevance 
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shown a sensitivity of 93.4% and a specificity of 97.7% in the confirmation of the diagnosis [52].
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nary embolism, COPD exacerbations, bronchiectasis, exacerbation of fibrosis, or with cough 
and associated fever such as acute bronchitis.

3.4. Complications of CAP and prevention

CAP mortality remains high despite the development of new antibiotics and new tools for 
early-onset diagnosis. Main complications are sepsis and respiratory failure, but about 50% of 
CAP mortality in the first month is due to comorbidities [53]. Respiratory infections through 
hypoxemia and oxidative stress are a potential determinant of cardiovascular adverse events. 
The underlying atherosclerosis as shown by the increased rate of inflammatory biomark-
ers (fibrinogen, CRP, cytokines) in infectious status may impact on prothrombotic vascular 
conditions and subsequent cardiovascular ischemic diseases [54, 55]. The prognosis of acute 
myocardial infarction, cardiac arrhythmias, and heart failure is often worsened by respiratory 
infections according to few previous studies [55–57].

CAP is not simply a local but systemic inflammatory response as expressed by the measur-
able increase in serum biomarkers such as IL-6, IL-8, and TNF-alpha. To improve patients’ 
outcomes, preventive measures are strongly recommended such as smoking cessation inter-
ventions and accurate screening of comorbidities. About a half of CAP mortality within the 
first month is due to the comorbidities such as cardiovascular complications, cancer, chronic 
lower respiratory diseases renal failure, and infections, mainly involving the elderly [58, 59]. 
Cardiovascular mortality contributes for almost 30% of deaths after CAP; that is the case of 
myocardial infarction in a multicenter study by Lichtman et al. reporting a 7.2% of CAP in 
patients admitted to the hospital with an acute myocardial infarction [60]. Cardiac arrhyth-
mias are also observed sometimes induced by the use of macrolides alone or in combination 
therapy [61]. Respiratory infections were more frequent (19 vs. 6%) in a comparison study of 
stroke patients and control [62], suggesting the comorbidity of this condition.

Empyema is a harmful complication of pneumonia occurring mostly in more vulnerable sub-
jects (comorbidities, immune disorders).

Preventive measures through behavioral changes such as smoking cessation and vaccination 
in vulnerable populations such as drepanocytosis patients, COPD, renal insufficiency patients 
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3.5. Treatment of CAP

Severity assessment is a prerequisite to an accurate decision for the place of care (ICU or 
not). Empirical antibiotic therapy is widely used in the treatment of CAP and should include 
pneumococcal coverage. The promptitude of the treatment (less than 8 h from diagnosis) 
has been shown to improve mortality rate. Few recommendations by the American Thoracic 
Society (ATS) emphasize the relevance of some conditions such as the severity of the pneu-
monia, the previous health status of the patient, the comorbidities, and a previous use of 
antibiotic therapy less than 3 months. The combination therapy or the monotherapy is regu-
larly questioned, but evidence shows the superiority of the combination therapy in severe 
patients [57, 63, 64]. The use of pneumonia severity index and CURB 65 will help to improve 
the outcomes of CAP, by a relevant orientation of the patients. In ambulatory patients with 
mild to moderate disease, monotherapy, and mainly by oral route is a common practice. The 
empirical choice is the class of β-lactamases (amoxicillin) or macrolides in case of allergy to 
the former. Fluoroquinolones in monotherapy, even recommended in some developed coun-
tries such as the North America should be discouraged in the settings where TB is a great 
concern, because of the influence of these drugs on the delay of TB diagnosis and the lack of 
alternative diagnosis tools for smear-negative tuberculosis. Macrolides and doxycycline are 
suitable when mycoplasma or chlamydia are the suspected etiologic agents. A previous his-
tory of antibiotic therapy in the latter 3 months guides the choice for a not yet used antibiotic 
by the patient. This is to minimize the emergence of resistance to antibiotics. In hospitalized 
patients, a part from taking care of the comorbidities, monotherapy using amoxicillin-cla-
vulanic acid may be a choice according to the severity of the illness; combination therapy of 
the latter with advanced macrolides (clarithromycin, azithromycin) is often recommended. 
In case of a risk of aspiration pneumonia (Dementia, Alzheimer, Diphtheria), the clindamy-
cin should be added. Patients admitted in ICU need combination therapy as first choice and 
G3-cephalosporins; or carbapenems are regularly prescribed. The emergence of resistance 
is nevertheless a threat in these critically ill subjects. Adjunctive therapies in hospitalized 
patients include oxygen suppliance if necessary, low doses corticosteroids in suspected 
adrenal insufficiency following the bacteremia phase may be added to improve outcomes. 
Nonsevere CAP could be treated ambulatory with a 7-day monotherapy with oral antibiotics. 
The use of pneumonia severity index and CURB 65 or serum biomarkers may improve the 
prognosis of the illness. Among the biomarkers, the procalcitonin has been assessed in the 
decision of initiation or discontinuation of antibiotic therapy in adults. The discontinuation 
may be applied if the PCT level after 3 days is lower than 0.25 ng/mL or as decreased by more 
than 80–90% relative to the initial value [65].

4. Conclusion

Pneumonia remains a global threat despite the development of newer antibiotics. Early 
diagnosis tools need to be widely available, including easily accessible molecular analyzes. 
The empirical antibiotic treatment should relay on site of care, severity index of the disease, 
comorbidities, cost effectiveness, but also on identifications of new risk factors challenging the 
outcomes of patients such as climate changes.
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3.5. Treatment of CAP

Severity assessment is a prerequisite to an accurate decision for the place of care (ICU or 
not). Empirical antibiotic therapy is widely used in the treatment of CAP and should include 
pneumococcal coverage. The promptitude of the treatment (less than 8 h from diagnosis) 
has been shown to improve mortality rate. Few recommendations by the American Thoracic 
Society (ATS) emphasize the relevance of some conditions such as the severity of the pneu-
monia, the previous health status of the patient, the comorbidities, and a previous use of 
antibiotic therapy less than 3 months. The combination therapy or the monotherapy is regu-
larly questioned, but evidence shows the superiority of the combination therapy in severe 
patients [57, 63, 64]. The use of pneumonia severity index and CURB 65 will help to improve 
the outcomes of CAP, by a relevant orientation of the patients. In ambulatory patients with 
mild to moderate disease, monotherapy, and mainly by oral route is a common practice. The 
empirical choice is the class of β-lactamases (amoxicillin) or macrolides in case of allergy to 
the former. Fluoroquinolones in monotherapy, even recommended in some developed coun-
tries such as the North America should be discouraged in the settings where TB is a great 
concern, because of the influence of these drugs on the delay of TB diagnosis and the lack of 
alternative diagnosis tools for smear-negative tuberculosis. Macrolides and doxycycline are 
suitable when mycoplasma or chlamydia are the suspected etiologic agents. A previous his-
tory of antibiotic therapy in the latter 3 months guides the choice for a not yet used antibiotic 
by the patient. This is to minimize the emergence of resistance to antibiotics. In hospitalized 
patients, a part from taking care of the comorbidities, monotherapy using amoxicillin-cla-
vulanic acid may be a choice according to the severity of the illness; combination therapy of 
the latter with advanced macrolides (clarithromycin, azithromycin) is often recommended. 
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is nevertheless a threat in these critically ill subjects. Adjunctive therapies in hospitalized 
patients include oxygen suppliance if necessary, low doses corticosteroids in suspected 
adrenal insufficiency following the bacteremia phase may be added to improve outcomes. 
Nonsevere CAP could be treated ambulatory with a 7-day monotherapy with oral antibiotics. 
The use of pneumonia severity index and CURB 65 or serum biomarkers may improve the 
prognosis of the illness. Among the biomarkers, the procalcitonin has been assessed in the 
decision of initiation or discontinuation of antibiotic therapy in adults. The discontinuation 
may be applied if the PCT level after 3 days is lower than 0.25 ng/mL or as decreased by more 
than 80–90% relative to the initial value [65].

4. Conclusion

Pneumonia remains a global threat despite the development of newer antibiotics. Early 
diagnosis tools need to be widely available, including easily accessible molecular analyzes. 
The empirical antibiotic treatment should relay on site of care, severity index of the disease, 
comorbidities, cost effectiveness, but also on identifications of new risk factors challenging the 
outcomes of patients such as climate changes.
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Abstract

Carbapenem-resistant Gram-negative organisms are increasingly isolated from lower respi-
ratory tract infections. Limited treatment options are the main problems for physicians and 
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Nosocomial infections caused by Gram-negative bacteria resistant to carbapenems, mostly 
multiple-resistant, represent a challenge due to limited treatment options [2, 3]. Like other 
beta-lactamines, the carbapenems are included in preferred treatment regimens for various 
infectious diseases [4]. Antibiotic-resistant patterns of bacterial isolates from nosocomial 
infections are continuously changed. Therefore, it is of highest interest in finding alternative 
methods for preventing contamination with multidrug-resistant strains. Since ancient times, 
people have had an intuitive feeling that some spices have real benefits not only as air fresh-
eners but also in that era they were the only therapeutic option for many diseases. Thus, they 
correctly guessed that concentrated lotions/oils are not only more efficient but easy to use and 
to store. Essential oils (EOs) from natural products proved their positive effects in various clin-
ical conditions. Although the specific mechanisms of their components are not deciphered, 
many studies demonstrated certain biological activity of some phytochemicals. Terpinen-4-ol 
found in many EOs are demonstrated to act synergistically with chemotherapeutic agents in 
digestive malignancies [5]. There are many studies about antibacterial effects of EOs, mainly 
on supragingival plaque. The results are not constant, for example, some authors do not find 
a positive effect of tea tree oil on supragingival plaque [6].

Antibiotic-resistance genes are nowadays a constant presence not only in the hospital envi-
ronment but are also more and more demonstrated in various ecosystems [7–9]. Antibiotic-
resistance genes naturally already exist in organisms living in most diverse environments. 
Surely, antibiotic-resistance genes have an essential role in maintaining of inter-species equilib-
rium on specific ecosystems [10]. All living things from prokaryotes to eukaryotes are constantly 
exposed to a huge mixture of organic and inorganic compounds. Even if, nowadays, accurate 
methods exist to isolate and to characterize antibiotic-resistant microorganisms, it is not possible 
to calculate the influence of a myriad factors that interfere in every environment. An interesting 
study demonstrated the utility of transmission electron microscopy for observing of aquatic 
microorganism structural abnormalities in different environmental conditions [11]. The terres-
trial ecosystem is also prone to be reshaped by human activities [12]. Intensive farming implies 
antibiotics, so the spread of intestinal bacteria which harbor antibiotic-resistance genes is an 
immediate consequence. This does not imply that once a certain bacteria species is present in a 
certain geographic area its antibiotic-resistance pattern remains unchanged. Atmospheric condi-
tions, notably rainfalls, could contribute to spreading of contaminants from the soil to ground-
water and greatly alter the count of microorganisms. Different bacterial species do not behave 
the same, antibiotic-resistance patterns differently changed, but certain beta-lactamines could be 
used as indicators of antibiotic resistance at least for Escherichia coli [13]. Consequently, it is not 
wrong to include antibiotic-resistance genes into the long list of environmental pollutants [14].

The physicians require bacteriological diagnosis on admission of the patients in ICUs and 
for surveillance of any nosocomial infection. For respiratory infections, Gram smears from 
sputum, endotracheal aspirate, or bronchoalveolar lavage are mandatory. Very often in ICUs, 
respiratory infections are due to carbapenem-resistant Gram-negative bacilli. In our opinion, 
testing volatile EOs, as complementary substances, for prevention of respiratory infections is 
not a futile idea. Finally, last but not least, wide use of antibiotics alters not only the hospital 
environment but also disturbs other ecological niches (water and soil). These topics will be 
our concern in the next sections.
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2. Carbapenem resistance

The carbapenems are sometimes the last-resort antibiotics for treating of extended spec-
trum beta-lactamase (ESBL) producing Gram-negative bacteria. But carbapenem resis-
tance is increasingly reported in Enterobacteriaceae and nonfermenters like Acinetobacter 
spp. or Pseudomonadaceae. Carbapenem resistance is mainly due to carbapenemase (E.C. 
3.5.2.6) production. Structural classification of beta-lactamases implies the primary struc-
ture (sequence homology) and distinguishes four molecular classes of beta-lactamases—
A, C, D (serine beta-lactamases), and B (MBL-metallo beta-lactamase) [15–17]. Functional 
classifications of beta-lactamases are more closer to clinical issues [18, 19] and recognize 
three groups of beta-lactamases: Group 1 (Class C) cephalosporinases; Group 2 (Classes 
A and D) broad-spectrum beta-lactamases, inhibitor-resistant beta-lactamases, extended-
spectrum beta-lactamases, serine carbapenemases, and Group 3 metallo-beta-lactamases. 
So far in this section, we have taken in consideration only different types of beta-lacta-
mases as a resistance mechanism. Besides producing carbapenemases, the reduction of 
carbapenem influx into the periplasma is commonly observed in clinical isolates. Different 
mutations in porins significantly contribute to the failing of drug accumulation at appro-
priate concentration in periplasmic space; therefore, carbapenem resistance is often more 
complex than one thought at the first sight [20]. Readers, who wish to know further details 
regarding carbapenem resistance, should consult excellent papers devoted to this particu-
lar topic [21–24].

3. Microbiological investigations

Microbiological evaluation is mandatory for an adequate therapeutic regimen; accurate iden-
tification of the bacterial species is essential to avoid administration of broad-spectrum anti-
biotics. The optimal recovery of the pathogens ultimately depends on the accuracy of sample 
collection (sputum, endotracheal aspirate, or bronchoscopically obtained specimens by bron-
choalveolar lavage). Bacteriological assessment of lower respiratory tract infections begins 
with care evaluation of Gram-stained smear performed from respiratory tract specimen. The 
low-power scanning provides a first sight of the quality of the sample—for sputum more than 
10 squamous epithelial cells show oropharyngeal contamination. The examination with the 
oil immersion provides more details regarding bacterial morphology. The importance of this 
step in the management of bacterial pneumonia is well recognized. As illustrated in Figures 1 
and 2, it is possible to anticipate the diagnosis toward a nonfermenter or an Enterobacteriaceae. 
Acinetobacters are short Gram-negative nonsporing bacilli but in exponential phase became 
coccoids often arranged in diplo. Many strains are encapsulated and sometimes retain the 
methyl violet in Gram’s stain. The Enterobacteriaceae appear typically as Gram-negative non-
sporing bacilli with parallel sides and rounded ends. There are wide ranges of derivatives 
from this classical appearance, from filamentous rods to coccoids. Some species are encapsu-
lated, for example, Klebsiella, sometimes E. coli.
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Since this chapter is not intended to be a highly elaborate description of bacterial diagnosis of 
Gram-negative bacillary pneumonia, further details about isolation and bacterial identifica-
tion were not be reviewed. However, the microscopic examination of clinical sample offers 
essential clues about the nature of bacterial infection. For busy clinicians—in ICUs the phy-
sicians have always needed a microbiologic response as quickly as possible—these details, 
provided in advance, could make the difference.

4. Therapeutic issues

4.1. Prevention of respiratory contamination

A particular issue of ventilator associated pneumonia (VAPs) is the risk of infection with 
multidrug-resistant strains and carbapenem-resistant bacilli too. Not surprisingly, severely 

Figure 1. High-power examination (1000× magnification). Gram-stained smear of endotracheal aspirate shows Gram-
negative coccobacilli isolated or in diplo (Acinetobacter spp.).

Figure 2. High-power examination (1000× magnification). Gram-stained smear of endotracheal aspirate shows Gram-
negative capsulate rods.
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injured patients—VAPs and burn patients—are most prone to infection with carbapenem-
resistant species. The chief question for carbapenem-resistant Gram-negative bacillary pneu-
monia is how to efficiently prevent them. First of all, could these infections be stopped? In the 
hospital environment, hand hygiene and alcohol-based disinfection remain, undeniably, the 
sanitation gold standard. Rigorous monitoring of patients at admission and an accurate his-
tory are early stages in identification of patients with documented multidrug-resistant strains 
for further isolation or, at least clustering separately to prevent the risk of cross-contamination 
[25, 26]. Respiratory contamination depends on so many circumstances, almost impossible to 
eliminate, that the specific strategies are designed in order to reduce VAP, rather than to elimi-
nate such infections [27]. What else could be taken in consideration apart from already estab-
lished strategies? As it was underlined in introduction, from the ancient times, people are 
aware of the so-called air purification performed intuitively by burning scented substances or 
widespread use of all sorts of perfumes, plant extracts, or spices.

4.2. Antibiotic therapy

Antibiotic regimens of carbapenem-resistant bacillary pneumonia often rely only on few anti-
biotics. Although there is not an ideal therapeutic regimen for the treatment of pneumonia 
due to carbapenem-resistant species, Polymixin B, Tigecycline, and Amikacine remain the 
most valid options [28]. A prerequisite for adequate treatment of VAPs is intravenous admin-
istration of the suitable antibiotic. Aerosolized antibiotics delivery has been experimentally 
studied in order to reduce the side effects of systemic administration of antibiotics. Efficiency 
of these methods relies on the antibiotics’ ability on crossing the alveolar-capillary membrane 
[29]. An abundant literature is devoted to the issue of carbapenem-resistant strains. Because 
antibiotic resistance continuously evolved, clinical guidelines rapidly changed, therefore, a 
unique treatment scheme is almost impossible to establish. Clearly, we must look at the infor-
mation provided by extensive epidemiological studies to up-date infection control and treat-
ment options [30].

4.3. Inhibitory activity of essential oils

In spite of specific protocols implemented in ICUs, it is worthwhile to consider additional 
methods to prevent respiratory contamination. We should be considering the inhibitory effect 
of some essential oils (EOs), underlining the efficiency of volatile substances. EOs are more 
and more regarded as complementary to antibiotic therapy [31–35]. In our previous work, we 
demonstrated the high activity of EOs against E. coli for coriander (Coriandrum sativum L.), 
peppermint (Mentha piperita L.), and juniper (Juniperus communis L.) [36].

4.3.1. Materials and methods

We are interested in evaluating of the efficiency of some EOs against carbapenem-resistant 
Acinetobacter baumannii and E. coli ATCC 25922. A. baumannii is a ubiquitous nonfermenter 
species, found in soil, water, and clinical units, and E. coli is a constant presence of the nor-
mal microbiocenosis of humans and warm-blood animals. Of hundreds of natural products 
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commercially available, without prescription, only 21 volatile extracts (Table 1) were tested 
undiluted by two methods—diffusimetric method and aromatogram—described elsewhere 
[36]. Diffusimetric sensibility testing demonstrates the antibacterial activity by charging 5 mm 
diameter sterile paper disk with 2 or 5 μl of EOs. The aromatogram method is illustrated in 
Figure 3. Each experiment was performed three times at intervals of 2–3 days. The results are 
presented as mean and standard deviation (SD).

No EO Species Family Producer Administration

1 Thyme Thymus vulgaris Lamiaceae Fares Internal use, 
aromatherapy, 
massage

2 Clove Eugenia 
cayophyllata

Myrtaceae Fares Internal use, 
aromatherapy, 
massage

3 Eucalyptus Eucalyptus 
globulus

Myrtaceae Fares Internal use, 
aromatherapy, 
massage

4 Juniper Juniperus 
communis

Cupressaceae Fares Internal use, 
aromatherapy, 
massage

5 Lavander Lavandula 
angustifolia

Lamiaceae Fares Internal use, 
aromatherapy, 
massage

6 Mint Mentha piperita Labiatae Fares Internal use, 
aromatherapy, 
massage

7 Pine Pinus silvestris Pinaceae Fares Internal use, 
aromatherapy, 
massage

8 Rosemary Rosmarinus 
officinalis

Lamiaceae Fares Internal use, 
aromatherapy, 
massage

9 Tea tree Melaleuca 
alternifolia

Myrtaceae Fares Internal use, 
aromatherapy, 
massage

10 Oregano Origanum vulgare Lamiaceae Steaua Divina Internal use, 
aromatherapy, 
massage

11 Negril Nigella sativa Ranunculaceae Steaua Divina Internal use, 
aromatherapy, 
massage

12 Lemon Citrus limonum Rutaceae Steaua Divina Internal use, 
aromatherapy, 
massage

13 Fennel Foeniculi fructus Apiaceae Hofigal Internal use

14 Sage Salvia officinalis Lamiaceae Solaris Aromatherapy, 
massage
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4.3.2. Results

4.3.2.1. Diffusimetric method

Figures 4–7 showing EOs inhibitory activity, demonstrate antibacterial activity for the two 
Gram-negative species tested. Before we comment on the implication of these results, it is 
worth considering the obvious antibacterial effect of some EOs. In particular, it is worth men-
tioning that we obtain more precise results—the smallest SDs—when 5 μl EOs are tested. 

No EO Species Family Producer Administration

15 Sandalwood Santal amyris Rutaceae Herbavit Aromatherapy, 
massage

16 Seeds of apricots Prunus armeniaca Rosaceae Herbavit Internal use

17 Incense Boswellia serrata Burseraceae Bionovativ Internal use

18 Inhalant Pinus sylvestis, Salvia officinalis, 
Chamommilla recutita, Lavandula 
angustifolia extracts, Propolis cera, 
Eucalyptus oil

Tisofit Inhalations

19 Grapefruit Citrus paradisi Rutaceae Solaris Aromatherapy, 
massage

20 Orange Citrus sinensis Rutaceae Solaris Aromatherapy, 
massage

21 Rosewood Aniba rosaeodora Lauraceae Solaris Aromatherapy, 
massage

Table 1. The characteristics of the essential oils.

Figure 3. Aromatogram. In the middle of a sterile paper disk, with diameter of a Petri dish lid, 10 μl of essential oil was 
deposed. After sealing the assembly, the volatile effect was tested.
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Myrtaceae Fares Internal use, 
aromatherapy, 
massage

10 Oregano Origanum vulgare Lamiaceae Steaua Divina Internal use, 
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aromatherapy, 
massage

12 Lemon Citrus limonum Rutaceae Steaua Divina Internal use, 
aromatherapy, 
massage
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4.3.2. Results

4.3.2.1. Diffusimetric method

Figures 4–7 showing EOs inhibitory activity, demonstrate antibacterial activity for the two 
Gram-negative species tested. Before we comment on the implication of these results, it is 
worth considering the obvious antibacterial effect of some EOs. In particular, it is worth men-
tioning that we obtain more precise results—the smallest SDs—when 5 μl EOs are tested. 

No EO Species Family Producer Administration

15 Sandalwood Santal amyris Rutaceae Herbavit Aromatherapy, 
massage

16 Seeds of apricots Prunus armeniaca Rosaceae Herbavit Internal use

17 Incense Boswellia serrata Burseraceae Bionovativ Internal use

18 Inhalant Pinus sylvestis, Salvia officinalis, 
Chamommilla recutita, Lavandula 
angustifolia extracts, Propolis cera, 
Eucalyptus oil

Tisofit Inhalations

19 Grapefruit Citrus paradisi Rutaceae Solaris Aromatherapy, 
massage

20 Orange Citrus sinensis Rutaceae Solaris Aromatherapy, 
massage

21 Rosewood Aniba rosaeodora Lauraceae Solaris Aromatherapy, 
massage

Table 1. The characteristics of the essential oils.

Figure 3. Aromatogram. In the middle of a sterile paper disk, with diameter of a Petri dish lid, 10 μl of essential oil was 
deposed. After sealing the assembly, the volatile effect was tested.
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Figure 4. Diffusimetric method carbapenem-resistant A. baumanii tested by 2 μl EOs (see Table 1 for the coresponding 
numbers).

Figure 5. Diffusimetric method carbapenem-resistant A. baumanii tested by 5 μl EOs (see Table 1 for the coresponding 
numbers).

Figure 6. Diffusimetric method E. coli ATCC 25922 tested by 2 μl EOs (see Table 1 for the coresponding numbers).
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Thymus vulgaris, Eugenia cayophyllata, Origanum vulgare, and Aniba rosaeodora oils not only are 
by far the most effective but also obviously inhibit A. baumannii more efficiently than E. coli. 
Alternatively, Melaleuca alternifolia is slightly more effective against E. coli when diffusimet-
ric method was used. Diffusimetric method also permits observing other important details. 
Although only clear inhibition zone was measured, E. cayophyllata shows residual growing, 
which is not measured and demonstrates a very good inhibitory activity. Also, it demon-
strates an agonist effect in combination with T. vulgaris. Contrary, O. vulgare and Nigella sativa 
show an antagonistic effect.

4.3.2.2. Aromatogram

Aromatogram method (Figures 8 and 9) reveals more interesting evidence of usefulness of 
volatile effects of at least seven essential oils: T. vulgaris, E. caryophyllata, O. vulgare, A. rosaeo-
dora, Lavandula angustifolia, Mentha piperita, and M. alternifolia. Surprisingly, some EOs, like 
mint, proved to be more effective when volatile effect is tested. The susceptibility testing was 
repeated after several weeks, but the results are inconsistent, mostly for mint, which showed 
no inhibitory effect after several weeks after opening the bottle. For other EOs (thyme, clove, 
eucalyptus, oregano, and rosewood) the antibacterial effect was not changed in time. Anyway, 
using single-use vials may be an option.

Synthetic results are listed in Table 2. At first glance, we noticed a remarkable antibacterial 
activity for T. vulgaris, E. caryophyllata, O. vulgare, and A. rosaeodora. Three other EOs could 
be considered as being efficient (M. alternifolia, Lavandula angustifolia, and M. piperita), but 
ten of them proved to have no antibacterial effect at any concentration tested. Eucalyptus 
globulus and J. communis could be considered for topical use, but not for their volatile prop-
erties. Four EOs (E. globulus, Lavandula angustifolia, M. piperita, and Rosmarinus officinalis) 
show multiple resistant colonies inside inhibition zone when E. coli was tested by aromato-
gram. Therefore, we consider them without antibacterial activity when volatile effect is 
considered.

Figure 7. Diffusimetric method E. coli ATCC 25922 tested by 5 μl EOs (see Table 1 for the coresponding numbers).
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Figure 9. E. coli ATCC 25922 tested by 10 μl EOs (see Table 1 for the coresponding numbers).

Figure 8. Aromatogram carbapenem-resistant A. baumanii tested by 10 μl EOs (see Table 1 for the coresponding numbers).
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EOs Carbapenem-resistant A. baumannii E. coli ATCC 25922

2 μl 5 μl 10 μl 2 μl 5 μl 10 μl

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

1 Thyme 38.33 mm 
(10.41)

66.67 mm 
(5.77)

70.00 mm 
(5.00)

28.00 mm 
(3.61)

65.00 mm 
(8.66)

75.00 mm 
(5.00)

2 Clove 21.67 mm 
(6.51)

32.33 mm 
(2.52)

46.67 mm 
(2.89)

19.00 mm 
(5.29)

29.33 mm 
(2.31)

33.33 mm 
(7.64)

3 Eucalyptus 9.67 mm 
(2.52)

16.00 mm 
(3.61)

NI 8.00 mm 
(1.73)

16.00 mm 
(3.46)

NI
mrc

4 Juniper 16.33 mm 
(2.52)

23.00 mm 
(1.73)

NI 14.67 mm 
(4.62)

27.33 mm 
(2.52)

NI

5 Lavander 10.33 mm 
(0.58)

14.67 mm 
(2.52)

19.67 mm 
(5.51)

11.67 mm 
(0.58)

20.33 mm 
(3.51)

NI
mcr

6 Mint 13.67 mm 
(2.31)

20.67 mm 
(6.51)

39.00 mm 
(6.56)

7.00 mm 
(0.00)

15.00 mm 
(1.00)

NI
mcr

7 Pine NI NI NI NI NI NI

8 Rosemary 12.33 mm 
(±4.62)

16.33 mm 
(±1.53)

NI 10.33 mm 
(±3.51)

18.67 mm 
(±1.53)

NI
mcr

9 Tea tree 15.67 mm
(8.14)

24.67 mm 
(3.51)

26.33 mm 
(4.16)

18.33 mm 
(7.64)

23.33 mm 
(2.89)

11.00 mm 
(6.56)

10 Oregano 46.00 mm 
(±2.00)

70.00 mm 
(0.00)

77.67 mm 
(2.52)

29.67 mm 
(0.58)

40.33 mm 
(1.53)

76.00 mm 
(1.73)

11 Negril NI NI NI NI NI NI

12 Lemon NI NI NI NI NI NI

13 Fennel 6.00 mm 
(0.00)

6.33 mm 
(0.58)

NI 6.00 mm 
(0.00)

NI NI

14 Sage NI NI NI NI NI NI

15 Sandalwood NI NI NI NI NI NI

16 Seeds of 
apricots

NI NI NI NI NI NI

17 Incense NI NI NI NI NI NI

18 Inhalant NI NI NI NI NI NI

19 Grapefruit NI NI NI NI NI NI

20 Orange NI NI NI NI NI NI

21 Rosewood 16.00 mm 
(1.00)

32.33 mm 
(11.59)

80.00 mm 
(0.00)

14.67 mm 
(0.58)

30.33 mm 
(9.50)

50.00 mm 
(2.00)

NI—no inhibition; mrc—multiple resistant colonies.

Table 2. The inhibition of carbapenem-resistant A. baumannii and E. coli ATCC 25922 by 21 EOs. The results are reported 
as the mean (SD—standard deviation) of three independent experiments.
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4.4. Discussion

In this study, commercial undiluted EOs were tested. There are some differences on viscosity, 
dispersion, vaporization, and other physical properties that, no doubt, influence the antibac-
terial activity. Although no proof can be given, the presence of antibiotic-resistance genes 
does not influence the efficiency of EOs. Therefore, an intuitive feeling turned our attention to 
the utility of these products in prevention or, why not, treatment of antibiotic-resistant Gram-
negative bacillary respiratory infections. Although there are precise methods for identifying 
the chemicals with antibacterial activity, these are not important for our purpose. Note that 
here we are speaking of a screening of some commercial EOs that anyone can buy with-
out medical prescription. Some authors demonstrate discrepancy of antimicrobial activity of 
EOs from different herbal varieties [37–40]. Of course, as we observed in our study, accurate 
description of physicochemical properties are needed [41], but for clinical purpose, the overall 
activity of EOs is relevant. In our opinion, a plant product should be considered as a distinct 
entity, and we can be certain that each component is synergistic to each other in a manner that 
exceeds the individual action of separated molecules. As we are speaking of living things, 
plant properties greatly depends on geographic area of collection, weather influence, manu-
facturing protocols, preservation conditions, species variety, and so on. Because natural plant 
products are considered safe, diverse possible applications were investigated: in agriculture 
for preventing crop diseases, monitoring soil characteristics [42, 43], or as industrial preserva-
tion solutions [44].

5. Environmental source of carbapenem-resistant strains

5.1. General considerations

Extensive studies are devoted to the ecotoxicity of industrial compounds or of pharma-
ceutical wastes [45]. Even though existing tools permit measurement of the concentration 
of any chemical in a certain geographic area, it is almost impossible to accurately estimate 
the influence of external factors that, no doubt, interfere with the spread or chemical trans-
formation of any substance—like antibiotics. When biology occurs, the problems become 
more complicated. Nowadays, a different approach in follow-up to the intricate relation-
ships of abundant microorganisms from a specific environment is needed. Antibiotics, like 
any other chemicals, do not differ in the way of spreading, accumulation, and changing 
certain environmental characteristics. It is not an exaggeration to state that multidrug-
resistant microorganisms from hospital facilities are the nightmare of health practitioners. 
Analyzing bacterial species one by one provides certain information, but the big picture 
contains much more. Before starting to accumulate new data, there are huge unexplored 
resources, like public databases. Our concern was related to the magnitude of change on 
environmental microbiome by medical activities, especially the use of carbapenems. We 
extensively searched carbapenemases, or similar beta-lactamases, in protein databases 
available, and we compared their similitudes depending on their isolation source. The goal 
of searching similitudes between carbapenemase of clinical samples and their counterpart 
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of  environmental origin was to assess the influence of medical activities in changing soil and 
water microbiota.

5.2. Data collection and methods

Herein, we have focused on comparison of the carbapenemases, from different sources, 
deposited in public databases—NCBI/National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/protein). The preliminary results were briefly presented in the First 
Conference of the Romanian Association of Laboratory Medicine [46]. Carbapenemase sam-
pling was carried out to cover all beta-lactamase classes. In summary, 40 FASTA carbapen-
emase sequences were collected, and then a pairwise sequence alignment (EMBOSS Needle 
Program) and multiple sequence alignment (Clustal Omega tool) were performed [47–49]. 
The default settings were used. Table 3 lists the characteristics of the sequences used for fur-
ther comparisons. Sequences for Classes A, B, and D belonging to Archaea and bacteria were 
selected. Alignment sequence based on protein crystal structure was not possible due to lack 
of crystal structures available for beta-lactamases isolated from environmental samples.

5.3. Results and discussion

The major limit of the present study is the scarcity of carbapenemases of environmental 
source deposited in the public databases. Most of environmental beta-lactamases found 
belong to Classes B and D. The archaeal beta-lactamases found are metallo-hydrolase, and 
metal ions probably contribute to enzymes stability in extreme environmental conditions. 
Searching was extended to Eukaryota domain of life, but any sequences were included in the 
present study. Only two beta-lactamases-like of eukaryotic origin were retrieved—Homo sapi-
ens (NP_057111) and Caenorhabditis elegans (NP_497107). Even they show MBL-folding, their 
similarity with other class B carbapenemases are very low, being more close to one hypotheti-
cal protein from Sulfolobus acidocaldarius (WP_01538554)—20.5% identity with NP_057111; 
23.2% with NP_497107, respectively.

On the other hand, environmental Classes A, B, and D carbapenem-hydrolyzing enzymes are 
very similar with carbapenemases of clinical sources. Some carbapenemases, such as IMI-2, 
IMI-3, NDM-1, or OXA-48, are the same regardless their origin as observed by sequences 
pairwise comparison [50, 51]. For further statistical analysis, identity percent was recovered. 
Student’s t-test assuming unequal sample variance was performed. The limit of this approach 
is due to the differences in the sequences length. The Needle program calculates identity, 
similarity, and score according to number of residues. Anyway, observing the data from 
Table 4, we noticed that environmental serine beta-lactamases are more similar with their 
clinical enterobacterial counterparts than with nonfermenters carbapenemases. The most 
striking differences are observed for subgroups IMI-3 of uncultured bacteria (ALJ52278) iso-
lated from river sediment in China and OXA-48-like of uncultured bacteria (AJF40233) iso-
lated from river sediment in Portugal. For ALJ52278 (IMI-3) beta-lactamase, 73.03% identity 
mean (CI 95 ± 25.33) with Class A carbapenemases of clinical Enterobacteria was noticed. More, 
sequences pairwise comparison reveals 93.50% identity with subgroups IMI-2 (Enterobacter 
asburidae WP_032491237), IMI-2 (E. coli AEU10762), and IMI-14 (Enterobacter hormaechei 
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Class Source Organism (accession number) isolation source Beta-lactamase Residues

Archaea

MBL-fold ES Sulfolobus acidocaldarius (WP_011278945) MBL fold metallo-hydrolase 305

Sulfolobus acidocaldarius (WP_015385554) Hypothetical protein 298

Hadesarchaea archaeon (KUO42968) MBL fold metallo-hydrolase 395

Archaeoglobus fulgidus (WP_010877604) MBL fold metallo-hydrolase 293

Vulcanisaeta distributa (WP_013336995) MBL fold metallo-hydrolase 306

Bacteria

A ES Enterobacter asburiae (AIL29239)/water IMI-2 192

uncultured bacterium (ALJ52278)/river sediment, 
Haithe River, China

IMI-3 280

E Escherichia coli (WP_015059046) GES-20 287

Serratia fonticola (4EV4) SFC-1 E166A mutant 283

Serratia marcescens (1DY6) SME-1 267

Enterobacter asburiae (WP_032491237) IMI-2 292

Escherichia coli (AEU10762) IMI-2 292

Enterobacter hormaechei (APY16311) IMI-14 292

N Pseudomonas aeruginosa (WP_021018677) KPC 293

Pseudomonas aeruginosa (4GNU) GES-5 287

Acinetobacter baumannii (3TSG) GES-14 287

B ES Serratia sp. Sr_CGKV333_2014 (ALL98459)/
poultry flock soil, India

NDM_FIM-like_MBL-B1 270

Acinetobacter junii (YP_009062718)/livestock farms, 
China

NDM-1 (plasmid) 270

Acinetobacter calcoaceticus (YP_009060354)/
livestock farms, China

NDM-1 (plasmid) 270

E Klebsiella pneumoniae (4UWS) VIM-26 266

Klebsiella pneumoniae (5A87) VIM-5 248

Klebsiella pneumoniae (3SPU) NMD-1 265

N Pseudomonas aeruginosa (4NQ2) VIM-2 261

Pseudomonas aeruginosa (AAR15341) SPM-1 276

Pseudomonas aeruginosa (ALU10771) NMD-1 270

Pseudomonas aeruginosa (AGH20684) IMP-15 246

Aeromonas hydrophila (1X8I) CphA complex with 
Biapenem
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APY16311) (data not shown). The Class D carbapenemase AJF40233 (OXA-48-like) displays 
80.35% identity mean (CI 95 ± 34.61) with its clinical Enterobacteria counterparts. Sequences 
pairwise comparison shows 91.00% identity with OXA-48-like (Klebsiella pneumoniae 5FAT 
and K. pneumoniae 4WMC) and 91.70% identity with OXA-244 (K. pneumoniae AGC60012) 
(data not shown). In contrast, for Class B carbapenemases, there are no notable differences 
when comparing environmental carbapenemases with those of clinical Enterobacteria or non-
fermenters of Gram-negative bacilli origin. Particularly, all three NDM-1 carbapenemases of 
environmental sources included in the present study (Table 3) are identical with the car-
bapenemases isolated from K. pneumoniae (3SPU), Enterobacteria, or from the nonfermenter 
Pseudomonas aeruginosa (ALU10771). This is the most obvious illustration of long-term con-
sequences of antibiotics use in livestock farms. Contrary, as it is shown in Table 4, Archaeal 
metallo-hydrolases show low similarities with other Class B carbapenemases.

Multiple sequence alignment of Classes A and D carbapenemases demonstrate that the active-
site residues are very well conserved. Class B carbapenems, which mediate resistance to all beta-
lactamases except aztreonam, are particularly interesting; they are found in bacteria, Archaea, 
and similar proteins, even in eukaryotes. Further, multiple sequence alignment (Figure 10) 

Class Source Organism (accession number) isolation source Beta-lactamase Residues

D ES Escherichia coli (AJA05008)/Halimione portulacoides, 
Portugal

OXA-48 like 215

Citrobacter freundii (AJA05009)/Halimione 
portulacoides, Portugal

OXA-48 like 190

Pantoea eucalypti (AJA05006)/Halimione 
portulacoides, Portugal

OXA-181 173

Uncultured bacterium (AJF40233)/river water, 
Portugal

OXA-48-like 248

E Klebsiella pneumoniae (5FAT) Oxa-48 complex with 
Fpi-1602

243

Klebsiella pneumoniae (4WMC) Oxa-48 complex with 
Avibactam

242

Escherichia coli (3QNC) OXA-10 244

Klebsiella pneumoniae (AGC60012) OXA-244 265

N Pseudomonas aeruginosa (AAQ76282) OXA-50 262

Acinetobacter baumannii (ADB28891) OXA-160 275

Acinetobacter baumannii (4WM9) OXA-24 245

Acinetobacter radioresistens (ACE63186) OXA-23 273

Acinetobacter baylyi (ACH99101.1) OXA-72 275

Table 3. The main characteristics of beta-lactamase sequences.
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Class Source Organism (accession number) isolation source Beta-lactamase Residues
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Environmental samples Enterobacteria Nonfermenters P-value

Identity%
Mean (CI 95)

Identity%
Mean (CI 95)

Class B

Bacteria

Serratia sp. (ALL98459) 51.07 (±70.37) 40.30 (±42.34) 0.65

A.junii (YP_009062718) 51.07 (±70.37) 40.30 (±42.34) 0.65

A. calcoaceticus 
(YP_009060354)

51.07 (±70.37) 40.30 (±42.34) 0.65

Archaea

S. acidocaldarius 
(WP_011278945)

15.47 (±0.75) 15.56 (±3.04) 0.93

S. acidocaldarius 
(WP_015385554)

14.93 (±1.11) 14.48 (±2.88) 0.69

H. archaeon (KUO42968) 11.00 (±5.81) 13.18 (±2.57) 0.25

A. fulgidus (WP_010877604) 15.27 (±2.67) 15.38 (±1.59) 0.89

V. distributa 
(WP_013336995)

16.50 (±1.51) 16.60 (±2.21) 0.91

Class A

E. asburiae (AIL29239) 54.87 (±17.00) 31.40 (±18.06) 0.02

Uncultured (ALJ52278) 73.03 (±26.33) 40.20 (±26.23) 0.03

Class D

E. coli (AJA05008) 69.85 (±29.32) 28.54 (±2.37) 0.02

C. freundii (AJA05009.1) 67.78 (±25.43) 27.94 (±2.63) 0.01

Peucalypti (AJA05006) 60.93 (±21.63) 25.58 (±2.28) 0.01

Uncultured (AJF40233) 80.35 (±34.61) 32.26 (±3.02) 0.02

CI 95—Confidence Intervals 95%.

Table 4. Pairwise comparison of beta-lactamase sequences of environmental sources with Enterobacteria and non-
fermenters carbapenemases.

highlights the notable differences between Archaea and bacteria. Residues involved in Zn2+ 
ions are very well conserved with the exception of Cys221, which is replaced by Asp in 
Archaea. However, nearby Cys residues were noticed. Since their crystal structures are not 
solved, we can just assume their involvement in metal ion binding.

The observation that Archaea contain different beta-lactamases demonstrates that human 
behavior has not profoundly altered natural environment. Or some microorganism communi-
ties have regulatory mechanisms so flexible that rapidly adapt at new environmental factors. For 
example, Acinetobacter is no longer considered just a free-living organism found in soil, water, 
and skin of human and warm-blooded animals, but an important multidrug-resistant pathogen.
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6. Final remarks

Carbapenems remain a valid option for the treatment of ESBL Enterobacteriaceae pneumo-
nia. Prolonged treatments with beta-lactamine associated with other co-morbidities of the 
patients, rapidly changed the phenotypic pattern of resistance.

Essential oils have, no doubt, beneficial effects, but some providers excessively claim many 
possible effects—from antibacterial activity to neurological benefits—not always consis-
tent with reality. Moreover, nowadays, there exists all sort of mixtures, and we can only 
hope that the ingredients are chosen following logical connections between their activities. 
Herein, these problems were not debated, but it is not a trivial question about the valid-
ity of all plant extracts. Just notice that the only mixture tested (an inhalant) proved no 
antibacterial activity, at least against A. baumannii and E. coli strains. On the other hand, 
tyme-clove association proved to be beneficial in Gram-negative bacilli respiratory infec-
tions. The oregano EO has an excellent antibacterial activity, but its effect is antagonized 
by negril EO. Other plant extracts could be added for their anti-inflammatory effect or just 
for changing the scent [52].

One important question arises from here—what else, apart from widely using of antibiot-
ics, could influence the persistence of antibiotic genes in hospital facilities? Industrial wastes 
could remain for a long period of time in the environment, notably in groundwater [8]. 
Carbapenemases from hospital sources are, no doubt, the major factor in the evolution of 
these enzymes, hospital residues being, definitely, a source of wastewater pollution. Further, 
the carbapenemases produced by natural environmental bacteria and Archaea significantly 
contribute to selection of new mutations. Soil bacterial species greatly influences our life; 
therefore, a genome-scale metabolic network [53] has proved to be a valid approach to evalu-
ate the complex dynamics of soil bacterial species, mostly in geographic areas near huge hos-
pitals with many departments. Also, innate resistance to antibiotics has raised over time a 
growing interest for a rational design of new antibacterial compounds [54].

Figure 10. Multiple sequence alignment of Class B beta-lactamase. The cysteine residues involved in the second Zn2+ 
binding, highly conserved in bacteria, are written in white on black background; the residues noticed in Archaea are 
highlighted - the aspartic acid are underlined and  the cysteine are written on grey background.
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7. Conclusion

Carbapenem-resistant Gram-negative bacilli are one of the leading causes of nosocomial 
pneumonia. They are particularly involved in the outbreaks in ICUs. These strains are very 
often multidrug resistant, putting additional pressure on physicians and clinical micro-
biologists. Bacteriological diagnosis provides essential evidence for carbapenem-resistant 
Gram-negative bacillary pneumonia. From the very beginning, the Gram smear from respi-
ratory specimens shows to be indispensable for an accurate diagnosis. Preventing respira-
tory infections in ICUs is a challenging issue; antibiotic prescription for any kind of acute 
respiratory tract infection does not benefit the patients. Besides, carbapenem-resistant 
bacilli already exist not only in clinical units but also alter environmental microbiota. It is 
time for a different approach in dealing with the antibiotic-resistance issues. An endless 
struggle with microorganisms does not work; these tiny creatures have incredible resources 
to deal with any new chemotherapeutic agent. We do not have the slightest idea of the 
long-term impact of widespread antibiotic use on environmental microorganisms. Careful 
analysis of existing data, like the evidence deposited in public databases, and reconsider-
ing the antibacterial efficiency of natural products, such as EOs, could help at dealing with 
multidrug-resistant organisms.
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7. Conclusion

Carbapenem-resistant Gram-negative bacilli are one of the leading causes of nosocomial 
pneumonia. They are particularly involved in the outbreaks in ICUs. These strains are very 
often multidrug resistant, putting additional pressure on physicians and clinical micro-
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Gram-negative bacillary pneumonia. From the very beginning, the Gram smear from respi-
ratory specimens shows to be indispensable for an accurate diagnosis. Preventing respira-
tory infections in ICUs is a challenging issue; antibiotic prescription for any kind of acute 
respiratory tract infection does not benefit the patients. Besides, carbapenem-resistant 
bacilli already exist not only in clinical units but also alter environmental microbiota. It is 
time for a different approach in dealing with the antibiotic-resistance issues. An endless 
struggle with microorganisms does not work; these tiny creatures have incredible resources 
to deal with any new chemotherapeutic agent. We do not have the slightest idea of the 
long-term impact of widespread antibiotic use on environmental microorganisms. Careful 
analysis of existing data, like the evidence deposited in public databases, and reconsider-
ing the antibacterial efficiency of natural products, such as EOs, could help at dealing with 
multidrug-resistant organisms.
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Abstract

Multidrug-resistant (MDR) pneumonia can be problematic and challenging to treat in an 
era of increasing resistance and limited treatment armamentarium. Multidrug-resistant 
pathogens are associated with increased morbidity and mortality, thus early empiric 
appropriate antibiotics are critical for survival. Many factors play a role in the selec-
tion, optimization, and duration of therapy that should be made on an individual basis. 
New technologies such as “rapid diagnostics” may provide the clinician with early phe-
notypic or genotypic result, thus improving early appropriate therapy. The increasing 
antibiotic resistance is a global threat to patients worldwide and is an economic burden. 
In the United States, drug-resistant bacteria cause approximately 2 million cases of ill-
nesses and contribute to 23,000 deaths each year. The inappropriate use of antibiotics has 
contributed to the healthcare burden that ranges from $27 to $42 billion annually. As a 
result, several governmental agencies have placed forth regulatory mandates to enforce 
antimicrobial stewardship programs in acute care hospitals. Education will be vital 
across all healthcare disciplines to ultimately ensure optimal prescribing and reduce the 
emergence of resistance.

Keywords: multidrug-resistant infections, intensive care unit, pneumonia,  
healthcare-associated infections, critically ill patients, antibiotic stewardship

1. Introduction

In this chapter, we will focus on the critically ill patients with Gram-negative pneumonia, the 
prevalence of multidrug resistance, factors associated with patients developing these resistance 
infections. Surveillance, infection control, and early detection by means of utilizing rapid diag-
nostics and other methodologies are important for early prevention of disease. The reader will be 
able to understand how and why the administration of early appropriate empiric antibiotics is 
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1. Introduction

In this chapter, we will focus on the critically ill patients with Gram-negative pneumonia, the 
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key for survival in the critically ill. We will emphasize on the importance of robust antimicrobial 
stewardship programs, which are in accordance with Centers for Disease Control and Prevention 
(CDC) core elements. New regulatory mandates from the Joint Commission (TJC) on antimicro-
bial stewardship programs will require hospitals to be compliant for accreditation. Finally, we 
will end the chapter with an outlook on future antibiotics in Phase III development to aid in the 
combat against multidrug-resistant (MDR) organisms.

2. Global resistance and global economic impact

The preantibiotic era is a reality for many parts around the world, especially among the 
developed countries, driven in part by antibiotic overuse and misuse. Increasing antibiotic 
resistance is a global threat to patients worldwide and an economic burden. According 
to the U.S. Centers for Disease Control and Prevention (CDC), each year in the United 
States, drug-resistant bacteria cause approximately 2 million cases of illnesses and con-
tribute to 23,000 deaths. A key driver has been the inappropriate use of antibiotics, which 
as an avoidable cost and burden to healthcare dollars, ranges from $27 billion to 42 billion 
annually [1, 2]. The Infectious Diseases Society of America (IDSA) white paper entitled 
“Bad Bugs, No Drugs” commented on the declining research investments in antimicrobial 
development, as did an update on this article from clinical infectious disease (CID) in 2009 
[3]. These papers identified certain Gram-negative bacteria that are particularly problem-
atic pathogens, which tend to “escape” the activity of many antibiotics. These problematic 
pathogens are known as, the “ESKAPE” pathogens, which include: Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aerugi-
nosa, Enterobacter species and can Clostridium difficile is also include to the list. In addition 
to the “ESKAPE” pathogens, the prevalence of C. difficile infection (CDI) has risen dramati-
cally in just the last 2 decades. Since 2001, surveillance data has shown a dramatic increase. 
The number of CDI cases (any diagnosis) per 10,000 hospital discharges increased from 
25.0 to 40.0, a 60% increase. However, over the next 4 years (2001–2005), a 92% increase 
was observed (from 40.0 to 76.9) [3–5]. The CDC has placed these resistant pathogens 
into three categories: urgent, serious, and concerning threat levels. Several recent efforts 
have attempted to raise awareness and focus attention on antibiotic overuse in healthcare 
including: the World Health Organization, the CDC, and White House. The White House 
issued executive order 13,676: combating antibiotic-resistant bacteria, which is a road-
map to guide the nation that was issued by President Obama on September 18, 2014. This 
executive order will implement the National Action Plan for Combating Antibiotic-Resistant 
Bacteria, a plan that intends to have major reductions in the occurrence of urgent and seri-
ous threating pathogens, including methicillin-resistant S. aureus (MRSA), carbapenem-
resistant Enterobacteriaceae (CRE), and C. difficile [6]. Recent studies have demonstrated 
that critically ill patients colonized with multidrug-resistant pathogens also have a high 
prevalence of being infected with that particular organism. In such, antimicrobial resis-
tance (AMR) as an independent risk factor also increases morbidity and mortality [7, 8].
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3. Prevalence of MDROs and risk factors in the critically ill

The CDC in 2013 published Antibiotic Resistance Threats in the United States. Regarding the 
level of concern, CDC has, for the first time, prioritized bacteria in this report into one of three 
categories: urgent, serious, and concerning (Table 1).

The CDC has placed carbapenem-resistant Enterobacteriaceae (CRE) as an urgent threat 
level. CRE confers resistance to last-line antibiotics such as carbapenems, by producing 
a β-lactamase enzyme called KPC (K. pneumoniae carbapenemase-producing). The CDC 
reports their laboratories have confirmed CRE in 44 states within healthcare facilities across 
the United States. CRE causes more than 9000 healthcare-associated infections (HAI) annu-
ally, among these the two most common types are carbapenem-resistant Klebsiella and car-
bapenem-resistant E. coli. The percentages of the United States CRE healthcare-associated 
infections for Klebsiella spp. and carbapenem-resistant Escherichia coli are 11 and 2%, respec-
tively. These serious infections contribute to roughly 600 deaths each year [5].

Urgent threats

Clostridium difficile

Carbapenem-resistant Enterobacteriaceae (CRE)

Drug-resistant Neisseria gonorrhoeae

Serious threats

Multidrug-resistant Acinetobacter*

Drug-resistant Campylobacter

Fluconazole-resistant Candida (a fungus)

Extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs)*

Vancomycin-resistant Enterococcus (VRE)

Multidrug-resistant Pseudomonas aeruginosa*

Drug-resistant nontyphoidal Salmonella

Drug-resistant Salmonella Typhi

Drug-resistant Shigella

Methicillin-resistant Staphylococcus aureus (MRSA)*

Drug-resistant Streptococcus pneumoniae*

Drug-resistant tuberculosis*

Concerning threats

Vancomycin-resistant Staphylococcus aureus (VRSA)

Erythromycin-resistant Group A Streptococcus

Clindamycin-resistant Group B Streptococcus

Notes: *MDROs associated with pneumonia. Reproduced from CDC. Antibiotic resistance threats in the United States, 
2013 [5].

Table 1. CDC antibiotic resistance threats in the United States, 2013.
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The first case of K. pneumoniae carbapenemase-producing CRE was reported in North Carolina 
in 2001. Since then, cases have been reported in almost every state. Carbapenemase-producing 
CRE carries antimicrobial resistance genes on mobile plasmids that can move between organ-
isms, thus potentially facilitating a wider and more rapid spread. A clone known as K. pneu-
moniae sequence type 258 was responsible for this global dissemination, particularly in the 
United States. Knowing the genotype level aids in tracking the epidemiology worldwide [9]. 
Guh et al. conducted a 2-year surveillance period, which included 599 incident CRE cases 
that were reported across 7 Emerging Infections Program (EIP) sites (Georgia, Minnesota, 
Oregon, Colorado, Maryland, New Mexico, and New York). They concluded that the overall 
crude incidence CRE was 2.93 per 100,000 populations [10]. The overall CRE incidence may 
be underreported as many hospital laboratories may not preform confirmatory testing [11].

CRE is encountered in patients with extensive healthcare exposure. Patients can be hospital-
ized in an acute short stay hospital, residents of LTCFs (long-term care facilities), LTACHs 
(long-term acute care hospitals), or outpatients with recent healthcare exposure. These 
patients also frequently have multiple comorbidities, poor functional status, recent intrave-
nous antibiotic exposure (within 90 days), and indwelling devices (urinary catheter, mechani-
cal ventilation, indwelling lines). Patients that recover from their acute hospitalization are 
frequently discharged to LTCFs or LTACHs, thus contributing to a viscous cycle [10, 12]. 
LTACHs play an important role in the regional epidemiology of CRE. In a recent study, 30% 
of LTACH residents were colonized with K. pneumoniae carbapenemase-producing CRE. This 
represented a ninefold higher prevalence in LTACHs compared to intensive care unit (ICU) 
patients in acute short-stay hospitals in the same area. Various efforts to reduce the burden of 
CRE in LTACHs have had only a slight impact [13].

Common sites of infection include respiratory, bloodstream, -wounds, and urinary tract. 
Urine is the most common site for infection and colonization. Outcomes associated with CRE 
infections are poor with high mortality rates as high as 50% in some studies. Outcomes vary 
by the site of infection with blood stream infections carrying the highest mortality and urinary 
tract infection the lowest [10, 13].

According to the CDC, Acinetobacter in the United States causes approximately 12,000 health-
care-associated infections annually. Approximately 7000 of these infections are considered to 
be multidrug-resistant Acinetobacter at a staggering 63%, meaning at least three different classes 
of antibiotics no longer cures these infections, which contributes to 500 deaths per year. The 
CDC 2013 publication does not estimate long-term care hospitals or long-term care facilities in 
the prevalence statistics [10]. Others [14] have estimated that there may be as many as approxi-
mately 46,000 cases of Acinetobacter-related infections per year in the U.S. and approximately 
1 million cases per year globally. In the United States, a 2006–2007 report of 463 hospitals par-
ticipating in the National Healthcare Safety Network (NHSN) indicated that infections due to 
Acinetobacter baumannii accounted for 3% of all healthcare-associated infections (HAI). Focusing 
on the ICU, approximately 7% of all HAIs were associated with critically ill patients on mechan-
ical ventilation in the United States, which were caused by Acinetobacter [11].

A further concern is that the prevalence of resistance among Acinetobacter infections is 
increasing. Between 2000 and 2009, the percentage of imipenem-resistant A. baumannii 
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increased from ~5% to an approaching 40%, an increase that has been observed across most 
of U.S. states [15]. Acinetobacter is uniquely able to survive in hospital environments and 
to develop resistance to antibiotics. When combined these attributes result in both a high 
potential for endemicity and epidemicity, resulting in both hospital outbreaks and persis-
tent colonization [16]. Studies have indicated that key sources of Acinetobacter transmission 
within hospital units include the following: hands of hospital personnel, contamination 
of environmental surfaces and medical equipment, environmental shedding by colonized 
patients, procedures that result in a spray of contaminated fluids, and airborne particles are 
believed to play a role in transmission [17].

In critically ill patients, A. baumannii can invade through breaches in skin integrity or airway 
protection. This pathogen is associated with high mortality [18]. Debilitated patients in ICUs 
are especially prone to Acinetobacter infections [15]. High-risk patients include:

a) Severe underlying illness or comorbidities such as diabetes mellitus and chronic lung 
disease.

b) Circumstances of hospitalization, such as length of stay, high workload, and admission to 
units in the acute care center with high a density of infected.

c) Infection or colonization of specific sites, respiratory, urinary, gastrointestinal tracts, 
burns, or surgical wounds.

d) Exposure to prolonged antimicrobial therapy with broad-spectrum antibiotics, which in-
clude carbapenems, fluoroquinolones, aminoglycosides, third generation cephalosporins.

e) Administration of blood product transfusions, enteral feeding and contaminated parenteral 
solutions.

Common sites of infection include respiratory, bloodstream, skin and soft tissue and urine. 
Mortality associated with A. baumannii infections ranges from 7.8 to 23% in general hospital 
patients and from 10 to 43% in ICU patients. Bacteremia has the highest mortality, and in 
hematopoietic stem cell transplantation (HSCT) recipients, mortality rates associated with 
Acinetobacter bacteremia may reach up to 70% [19].

Extended spectrum β-lactamase (ESBLs) producing Enterobacteriaceae produce a hydro-
lytic β-lactamase enzyme that confers resistance to various penicillins, which also include 
extended spectrum cephalosporins. Given the resistance, clinicians’ remaining treatment 
option is a carbapenem antibiotic. Carbapenems are last-line antibiotics, and their use in 
ESBL infections has also contributing to additional resistance [20, 21]. In the United States, 
the CDC reports an estimated 140,000 healthcare-associated Enterobacteriaceae infections 
occur each year. The CDC also reports that approximately 26,000 of these infections are 
caused by ESBL-containing Enterobacteriaceae bloodstream infections, which contribute to 
1700 deaths. The total excess hospital charges per episode of ESBL-bacteraemia are roughly 
$40,000 per occurrence. ESBL-producing Klebsiella spp. and ESBL-producing E. coli are the 
most common and percentage resistant to extended spectrum cephalosporins are 23 and 
14%, respectively [5].
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Sequence type 131 (ST131) is a pathogenic clone of E. coli and it also frequently expresses a 
hydrolytic β-lactamase enzyme called CTX-M-type and has rapidly disseminated worldwide. 
E. coli expressing CTX-M-type enzymes containing ESBLs have been increasingly seen in the 
community [12, 22–26]. Residency of a long-term care facility has been recognized as a promi-
nent risk factor for acquisition of ESBL infections in the community. Various studies have also 
identified ESBL bacteremia as an independent risk factor from exposure to fluoroquinolones, 
first-generation cephalosporins, and finally, a previously known colonization history with an 
ESBL [25, 27]. Patients are 57% more likely to die from bloodstream infections associated with 
ESBL-producing Enterobacteriaceae than those with bloodstream infections caused by a non 
ESBL-producing strain [26].

In a study by Ha et al. [28], they concluded that significant risk factors associated with ESBL-
producing E. coli bacteremia were prior treatment with fluoroquinolones and cephalosporins, 
as previous studies have also demonstrated. Moreover, recent surgery, liver disease, and 
immunosuppressant use were also deemed as significant risk factors. The study resulted in an 
overall 30-day mortality rate of 14.9%. As described previously, the mortality rate was higher 
in patients with ESBL-producing E. coli than in those without ESBL bacteremia (22.1 vs. 12.2%; 
P = 0.02). A multivariate analysis in this study demonstrated an independent risk factor for 
mortality (odds ratio = 3.01, 95% confidence interval 1.45–6.28; P = 0.003) for ESBL bacteremia 
[26, 28].

P. aeruginosa is a common cause of healthcare-associated infections including pneumonia, 
bloodstream infections, urinary tract infections, and surgical site infections. P. aeruginosa can 
easily adapt to the environment it inhabits, this ability can lead to colonization, and ulti-
mately invade the human host defenses and cause serious infections. According to the CDC, 
approximately 7.1% of all healthcare-associated infections in the United States are caused by 
P. aeruginosa. This organism was the second most common cause of pneumonia in the hos-
pital setting, and the third most common cause of Gram-negative bloodstream infections [5]. 
Kollef et al. recently conducted a global prospective epidemiological study on the prevalence 
of P. aeruginosa causing Ventilator-associated pneumonia (VAP). They concluded that global 
incidence was 4.1%, and did not differ among countries significantly [29].

In 2013, the CDC’s National Healthcare Safety Network (NSHN) reported that 8% of all health-
care-associated infections are caused by P. aeruginosa. Among these 8% reported to the NSHN, 
approximately 13% were considered severe healthcare-associated infections caused by MDR 
P. aeruginosa. By definition, MDR is resistance to at least three different antibiotics classes 
(mainly antipseudomonal penicillins, aminoglycosides, cephalosporins, and carbapenems). 
Each year, approximately 51,000 healthcare-associated P. aeruginosa infections occur in the 
United States (according to the CDC). Of these infections, more than 13% are classified as 
multidrug-resistant (MDR) P. aeruginosa and contribute roughly to 400 deaths per year [5].

The true prevalence of multidrug-resistant P. aeruginosa is not well established, mainly because 
there are considerable different definitions used in the literature. Upon reviewing many stud-
ies, they tend to report on both MDR and “pan-drug resistant” P. aeruginosa infections. In 2011, 
a new standardized definition was proposed, which classified Pseudomonas as MDR, XDR, or 
pan drug-resistant (PDR) bacteria. MDR as described above is resistant to at least one antibiotic 
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in three or more classes. Extensively drug-resistant (XDR), resistance to all FDA-approved, sys-
temically active agents except for those known to be substantially more toxic than or inferior 
in efficacy to alternative agents when used to treat susceptible organisms [30]. Finally, PDR, 
defined, is resistant to all commercially available antibiotics in all classes. MDR P. aeruginosa 
should not be synonymous with carbapenem resistance, as multiple mechanisms of can contrib-
ute to resistance. Risk factors for multidrug-resistant (MDR) infections include the following: 
length of hospital stay, prior use of IV antibiotics, history of P. aeruginosa infection, or coloni-
zation within the previous year, bedridden in the intensive care unit, mechanical ventilation, 
history of chronic obstructive pulmonary disease, and malignant disease. Nseir et al. concluded 
that a new patient admission into a previously occupied ICU room with a patient that had either 
MDR P. aeruginosa or A. baumannii was at an independent risk factor for acquisition of those 
pathogenic organisms. Many studies have examined multidrug-resistant infections as an inde-
pendent risk factor for mortality, especially when combined with inappropriate antimicrobial 
therapy [31, 32].

4. Infection control

Environmental reservoirs may be unrecognized as the culprit for outbreaks or ongoing 
sporadic transmission. Recent studies suggest that the risk of acquiring multidrug-resistant 
pathogens such as Acinetobacter spp., Pseudomonas spp., vancomycin-resistant Enterococcus 
(VRE), MRSA, or C. difficile is increased if a new patient admission is placed in a room previ-
ously occupied by a colonized or infected patient with one of the above pathogens [33–38]. 
“Terminal cleans” have been utilized for multidrug-resistant Gram-negative organisms and 
may be integrated with infection control measures, along with surveillance to limit the hori-
zontal transmission of multidrug-resistant organisms.

Environmental survival times of infectious pathogens [39]:

a) MRSA survival time ranges from 7 days to >7 months

b) Acinetobacter survival time ranges from 3 days to >5 months

c) C. difficile survival is >5 months

d) Vancomycin-resistant Enterococcus ranges from 5 days to >4 months

e) E. coli from 2 h to 16 months

f) Klebsiella from 2 h to >30 months.

Environmental surfaces are routinely disinfected in hospitals based on infection control 
policies and procedures. Several factors dictate the type and frequency for these cleanings 
such as surface characteristics, intensity of people traffic, clinical risk, and patient turnover. 
Following a patient discharge that was known to be colonized or infected with a multidrug-
resistant pathogen, a terminal or deep cleaning may be performed. The cleaning regimen 
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hydrolytic β-lactamase enzyme called CTX-M-type and has rapidly disseminated worldwide. 
E. coli expressing CTX-M-type enzymes containing ESBLs have been increasingly seen in the 
community [12, 22–26]. Residency of a long-term care facility has been recognized as a promi-
nent risk factor for acquisition of ESBL infections in the community. Various studies have also 
identified ESBL bacteremia as an independent risk factor from exposure to fluoroquinolones, 
first-generation cephalosporins, and finally, a previously known colonization history with an 
ESBL [25, 27]. Patients are 57% more likely to die from bloodstream infections associated with 
ESBL-producing Enterobacteriaceae than those with bloodstream infections caused by a non 
ESBL-producing strain [26].

In a study by Ha et al. [28], they concluded that significant risk factors associated with ESBL-
producing E. coli bacteremia were prior treatment with fluoroquinolones and cephalosporins, 
as previous studies have also demonstrated. Moreover, recent surgery, liver disease, and 
immunosuppressant use were also deemed as significant risk factors. The study resulted in an 
overall 30-day mortality rate of 14.9%. As described previously, the mortality rate was higher 
in patients with ESBL-producing E. coli than in those without ESBL bacteremia (22.1 vs. 12.2%; 
P = 0.02). A multivariate analysis in this study demonstrated an independent risk factor for 
mortality (odds ratio = 3.01, 95% confidence interval 1.45–6.28; P = 0.003) for ESBL bacteremia 
[26, 28].

P. aeruginosa is a common cause of healthcare-associated infections including pneumonia, 
bloodstream infections, urinary tract infections, and surgical site infections. P. aeruginosa can 
easily adapt to the environment it inhabits, this ability can lead to colonization, and ulti-
mately invade the human host defenses and cause serious infections. According to the CDC, 
approximately 7.1% of all healthcare-associated infections in the United States are caused by 
P. aeruginosa. This organism was the second most common cause of pneumonia in the hos-
pital setting, and the third most common cause of Gram-negative bloodstream infections [5]. 
Kollef et al. recently conducted a global prospective epidemiological study on the prevalence 
of P. aeruginosa causing Ventilator-associated pneumonia (VAP). They concluded that global 
incidence was 4.1%, and did not differ among countries significantly [29].

In 2013, the CDC’s National Healthcare Safety Network (NSHN) reported that 8% of all health-
care-associated infections are caused by P. aeruginosa. Among these 8% reported to the NSHN, 
approximately 13% were considered severe healthcare-associated infections caused by MDR 
P. aeruginosa. By definition, MDR is resistance to at least three different antibiotics classes 
(mainly antipseudomonal penicillins, aminoglycosides, cephalosporins, and carbapenems). 
Each year, approximately 51,000 healthcare-associated P. aeruginosa infections occur in the 
United States (according to the CDC). Of these infections, more than 13% are classified as 
multidrug-resistant (MDR) P. aeruginosa and contribute roughly to 400 deaths per year [5].

The true prevalence of multidrug-resistant P. aeruginosa is not well established, mainly because 
there are considerable different definitions used in the literature. Upon reviewing many stud-
ies, they tend to report on both MDR and “pan-drug resistant” P. aeruginosa infections. In 2011, 
a new standardized definition was proposed, which classified Pseudomonas as MDR, XDR, or 
pan drug-resistant (PDR) bacteria. MDR as described above is resistant to at least one antibiotic 
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in three or more classes. Extensively drug-resistant (XDR), resistance to all FDA-approved, sys-
temically active agents except for those known to be substantially more toxic than or inferior 
in efficacy to alternative agents when used to treat susceptible organisms [30]. Finally, PDR, 
defined, is resistant to all commercially available antibiotics in all classes. MDR P. aeruginosa 
should not be synonymous with carbapenem resistance, as multiple mechanisms of can contrib-
ute to resistance. Risk factors for multidrug-resistant (MDR) infections include the following: 
length of hospital stay, prior use of IV antibiotics, history of P. aeruginosa infection, or coloni-
zation within the previous year, bedridden in the intensive care unit, mechanical ventilation, 
history of chronic obstructive pulmonary disease, and malignant disease. Nseir et al. concluded 
that a new patient admission into a previously occupied ICU room with a patient that had either 
MDR P. aeruginosa or A. baumannii was at an independent risk factor for acquisition of those 
pathogenic organisms. Many studies have examined multidrug-resistant infections as an inde-
pendent risk factor for mortality, especially when combined with inappropriate antimicrobial 
therapy [31, 32].

4. Infection control

Environmental reservoirs may be unrecognized as the culprit for outbreaks or ongoing 
sporadic transmission. Recent studies suggest that the risk of acquiring multidrug-resistant 
pathogens such as Acinetobacter spp., Pseudomonas spp., vancomycin-resistant Enterococcus 
(VRE), MRSA, or C. difficile is increased if a new patient admission is placed in a room previ-
ously occupied by a colonized or infected patient with one of the above pathogens [33–38]. 
“Terminal cleans” have been utilized for multidrug-resistant Gram-negative organisms and 
may be integrated with infection control measures, along with surveillance to limit the hori-
zontal transmission of multidrug-resistant organisms.

Environmental survival times of infectious pathogens [39]:

a) MRSA survival time ranges from 7 days to >7 months

b) Acinetobacter survival time ranges from 3 days to >5 months

c) C. difficile survival is >5 months

d) Vancomycin-resistant Enterococcus ranges from 5 days to >4 months

e) E. coli from 2 h to 16 months

f) Klebsiella from 2 h to >30 months.

Environmental surfaces are routinely disinfected in hospitals based on infection control 
policies and procedures. Several factors dictate the type and frequency for these cleanings 
such as surface characteristics, intensity of people traffic, clinical risk, and patient turnover. 
Following a patient discharge that was known to be colonized or infected with a multidrug-
resistant pathogen, a terminal or deep cleaning may be performed. The cleaning regimen 
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is usually tailored with a disinfectant and strength of choice for that particular pathogen. 
This process usually includes initial removal of all detachable objects from the room, such 
as bedding and curtains. The terminal clean also includes wiping down any ventilation 
components on the ceiling or lighting. Finally, all other surfaces and sites are cleaned down-
ward toward the floor level, and all equipment and items that were removed from the room 
are wiped over with disinfectant before returning to the room. Automated technologies 
have been recently introduced and may offer enhanced decontamination. Although these 
technologies are automated they do not replace routine daily cleaning [39].

In the following study, terminal cleaning, combined with standard infection control polices 
resulted in 70–40% reduction in patients colonized with MDR Enterobacteriaceae. These results 
were attributed to the overall combined intervention. Universal decolonization has been con-
ducted in many ICUs; particularly, after the results of a landmark trial called REDUCE MRSA 
[33]. Huang et al. concluded that routine ICU practice and universal decolonization was more 
effective than targeted decolonization or screening [40]. The universal decolonization was 
effective at reducing rates of MRSA and bloodstream infection from any pathogen. In the 
treatment group, the number needed to treat (to prevent one) bloodstream infection was per 
99 patients. Other technologies have been explored such automated decontamination devices 
which include peroxide and UV light. As mentioned earlier, these automated technologies 
could possibly offer some improvement, but they should not replace routine daily cleaning. 
Common pitfalls for these techniques include additional training of staff, management and 
personnel oversight, logistical complexities, and costs of equipment. Future studies are war-
ranted to evaluate overall costs versus benefits [39].

The Affordable Care Act in 2015 mandated that the hospital-acquired condition (HAC) 
reduction program reduce hospital payments by 1% for hospitals performing at the lowest 
ranked 25% with regard to hospital-acquired conditions. These conditions include Catheter 
Associated Urinary Tract Infections (CAUTI) and Central Line Associated Bloodstream 
Infections (CLABSI). As of 2017, CMS has also added both CDI and MRSA to the program. 
Given that hospitals are now accountable for these conditions, it is imperative that they have 
robust infection control policies and procedures and have also successfully implemented anti-
microbial stewardship programs as defined by the Joint Commission Medication Management 
(MM) Standard MM.09.01.01 [41–43].

5. Surveillance

Surveillance systems allow the evaluation of the local and regional healthcare associated 
infections (HAI) and antimicrobial resistance (AMR) patters. Surveillance systems contribute 
to the early detection of HAI and new patterns of AMR, including identifying new clusters or 
outbreaks. Surveillance is a key component on a local, regional, national, and even on a global 
scale (WHO) for determining these patterns [44]. Knowing and identifying resistance patterns 
can help provide guidance to practitioners by means of antibiograms. Antibiograms give the 
clinician the most appropriate empiric antibiotic information choice while awaiting further 
confirmation by either phenotypic or genotypic means. The CDC will soon require hospitals 
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to report their antimicrobial use and resistance patterns into the National Healthcare Safety 
Network (NSHN). This tracking system is the nation’s most widely used for healthcare-asso-
ciated infection. This process will enable the CDC to benchmark hospitals and assess anti-
microbial use by measuring the Standardized Antimicrobial Administration Ratio (SAAR). 
The measurement is a ratio of observed-to-expected (O-to-E). Ratio values greater than 0, and 
a value of 1.0 suggests equivalency between the observed and predicted antimicrobial use. 
Values above 1.0 may indicate statistically significant excessive antimicrobial use [44]. In addi-
tion to the CDC, many hospital regulatory agencies such as the Joint Commission and CMS 
will be enforcing this element as part of complying with antimicrobial stewardship program 
mandates [42, 43].

6. Mechanisms of resistance

Microorganisms are tenacious at survival, they have been on the Earth for billions of years, 
and their sole existence is based on their ability to adapt to the environment. This ability 
for survival despite the introduction of antibiotics is best described antimicrobial resistance. 
The mechanisms of antimicrobial resistance are as follows: (a) enzymatic degradation of 
antibiotics via hydrolytic enzymes, (b) alteration of bacterial proteins or target sites, and (c) 
changes in membrane permeability to antibiotics either by penetration or by expulsion of 
the actual antibiotic from within the bacteria. Antibiotic resistance can be either plasmid or 
chromosomal mediated. One of the most important mechanisms of resistance to beta-lactams 
is enzymatic hydrolysis of the ring structure resulting in inactivity [45]. The chromosomal 
β-lactamases expression can either be depressed or induced or by the exposure to β-lactam 
antibiotics. Overcoming resistance to β-lactam antibiotics includes the coadministration of 
inhibitors to protect the ring structure, and the development of new antibiotics that are stable 
against enzymatic degradation. By adding a β-lactamase inhibitor to a β-lactam antibiotic, 
this allows the β-lactam to avoid enzymatic hydrolysis and perform its bactericidal effects. 
The following are examples of resistance [45]:

a) Efflux pumps (especially overexpression), which pump the drug out of the cell.

b) Changes in porin protein channels in outer membrane (decreased number or channel 
charge alteration), which decreases drug uptake.

c) Circumvent metabolic pathways.

d) Enzymatic hydrolysis, i.e., beta-lactamases in Enterobacteriaceae, and nonfermentative 
Gram-negatives (Acinetobacter).

e) Change in binding affinity of antibiotic for target, i.e., penicillin-binding proteins, DNA 
topoisomerases, and ribosomal targets.

Bacterial resistance to β-lactam antibiotics as mentioned earlier is mediated via β-lactamases; 
this mode is the primary mechanism of resistance. Ambler molecular classification is used to 
classify β-lactamases and is based on the amino acid sequence and divides the class into four 
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Given that hospitals are now accountable for these conditions, it is imperative that they have 
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Surveillance systems allow the evaluation of the local and regional healthcare associated 
infections (HAI) and antimicrobial resistance (AMR) patters. Surveillance systems contribute 
to the early detection of HAI and new patterns of AMR, including identifying new clusters or 
outbreaks. Surveillance is a key component on a local, regional, national, and even on a global 
scale (WHO) for determining these patterns [44]. Knowing and identifying resistance patterns 
can help provide guidance to practitioners by means of antibiograms. Antibiograms give the 
clinician the most appropriate empiric antibiotic information choice while awaiting further 
confirmation by either phenotypic or genotypic means. The CDC will soon require hospitals 
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to report their antimicrobial use and resistance patterns into the National Healthcare Safety 
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and their sole existence is based on their ability to adapt to the environment. This ability 
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antibiotics via hydrolytic enzymes, (b) alteration of bacterial proteins or target sites, and (c) 
changes in membrane permeability to antibiotics either by penetration or by expulsion of 
the actual antibiotic from within the bacteria. Antibiotic resistance can be either plasmid or 
chromosomal mediated. One of the most important mechanisms of resistance to beta-lactams 
is enzymatic hydrolysis of the ring structure resulting in inactivity [45]. The chromosomal 
β-lactamases expression can either be depressed or induced or by the exposure to β-lactam 
antibiotics. Overcoming resistance to β-lactam antibiotics includes the coadministration of 
inhibitors to protect the ring structure, and the development of new antibiotics that are stable 
against enzymatic degradation. By adding a β-lactamase inhibitor to a β-lactam antibiotic, 
this allows the β-lactam to avoid enzymatic hydrolysis and perform its bactericidal effects. 
The following are examples of resistance [45]:

a) Efflux pumps (especially overexpression), which pump the drug out of the cell.

b) Changes in porin protein channels in outer membrane (decreased number or channel 
charge alteration), which decreases drug uptake.

c) Circumvent metabolic pathways.

d) Enzymatic hydrolysis, i.e., beta-lactamases in Enterobacteriaceae, and nonfermentative 
Gram-negatives (Acinetobacter).

e) Change in binding affinity of antibiotic for target, i.e., penicillin-binding proteins, DNA 
topoisomerases, and ribosomal targets.

Bacterial resistance to β-lactam antibiotics as mentioned earlier is mediated via β-lactamases; 
this mode is the primary mechanism of resistance. Ambler molecular classification is used to 
classify β-lactamases and is based on the amino acid sequence and divides the class into four 

Multidrug-Resistant Gram-Negative Pneumonia and Infection in Intensive Care Unit
http://dx.doi.org/10.5772/intechopen.69377

85



(A, B, C, and D). A, C, and D enzymes utilize serine for β-lactam hydrolysis and class B metal-
loenzymes require zinc bivalent metal ion, usually Zn2+ ions for substrate hydrolysis [46–48].

Example enzymes are as follows:

a) Class A enzymes TEM, SHV, ESBL, CTX-M, KPC, PC1, SME, IMI/NMC, GES/IBC.

b) Class B enzymes MP, VIM, SIM, GIM, SPM, NDM-1.

c) Class C enzymes AmpC, CMY.

d) Class D OXA superfamily (OXA-23, OXA-40 in US outbreaks).

Multidrug efflux mechanisms in bacteria contribute significantly to intrinsic and acquired 
resistance to many antibiotics. Whole genome sequencing has confirmed the broad distribu-
tion of these systems in Gram-negative as well as in Gram-positive bacteria. Multidrug efflux 
systems have given rise to high-level resistance to Gram-negatives, particularly when mul-
tiple mechanisms or resistances are simultaneously produced by a single isolate. The efflux 
system is mediated by transport proteins, which confer resistance antimicrobial agents. The 
tripartite efflux system in Gram-negative bacteria is necessary to expel the antibiotic to the 
outer medium. The system consists of (a) protein localized in the cytoplasmic membrane, (b) 
protein located in the periplasmatic space, and (c) a third protein located in the outer mem-
brane. These active transport proteins are grouped in families, which are based on their amino 
acid sequences and mechanisms. The most identified and studied multidrug efflux systems 
among Gram-negative bacteria are P. aeruginosa and E. coli [49].

7. Early detection

The surviving sepsis guidelines now recommend IV antibiotics to be started within 1 h of sep-
sis recognition and should include combination therapy (at least two classes of antibiotics to 
cover a known or suspected pathogen) for patients with septic shock. Combination therapy 
should not routinely be used for patients without shock. Many studies have demonstrated 
improved survival in early appropriate administration of antibiotics at the first presence of 
septic shock [50]. Kumar et al. concluded for each hour of delay of appropriate antimicrobi-
als resulted in a mean increase in mortality by 7.6%, with a range 3.6–9.9% [51]. Ferrer et al. 
published the results of a large population, which concluded that a delay in first antibiotic 
administration was associated with increased in-hospital mortality in patients with severe 
sepsis and septic shock [45]. It was also noted that there was a linear risk increase in mortal-
ity for every hour delay in antibiotic administration. Another study by Vazquez-Guillamet 
concluded that improved targeting in multidrug-resistant bacteria would have the greatest 
impact on reducing overall mortality. In their study, they calculated the number of patients 
needed to treat and found for every  four patients treated with appropriate antimicrobial 
therapy in severe sepsis and septic shock, it prevents one patient death [52]. The appropri-
ateness of early empiric antibiotics is driven by local hospital-resistance patterns. At times, 
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selection of the most appropriate empiric antimicrobial regimen may be difficult for the 
clinician based, appropriate history, comorbidities, risk factors for resistant pathogens, and 
the complexity of patient transitions of care. Clinicians for decades have depended on phe-
notypic testing that detects the activity of enzymes (i.e., hydrolysis of antibiotics such as 
beta-lactams in vitro) to provide definitive guidance on antimicrobial therapy. These tests 
provide the clinician pathogen identity with sensitivity, which may have a turn-around time 
of up to 72 h. As mentioned above, timing of appropriate antimicrobial therapy is key for 
patient survival in the critically ill, especially with septic shock. New technological advance-
ments in both phenotypic and genotypic testing (molecular tests that detect the resistance 
mechanisms of a specific gene) commonly known as “rapid diagnostics” will be able to pro-
vide detailed information within several hours versus current standards (48–72 h) [53–56].

See Tables 2 and 3.

Procalcitonin (PCT) is an inflammatory biomarker that is an acute phase reactant that reflects 
host response to bacterial infections. PCT synthesis is up regulated in the presence of bacterial 
toxins and certain bacterial pro-inflammatory mediators such as TNFα (tumor necrosis factor 
alpha), interleukin (IL)-1b, IL-6. PCT is neutral to cytokines that are normally released for viral 

Rapid nonnucleic acid–based tests and other phenotypic tests (MHT/CIM)

Manufacturer/product name Methodology Detection results Turnaround time

BioMérieux
Rapidec Carba -NP

Detects pH shifts by 
phenol red indicator that 
occurs when imipenem is 
hydrolyzed

Detects (w/o distinction) 
all three types of 
carbapenemases:
Class A: KPC
Class B: NDM/VIM/IMP
Class D: OXA

<2 h (after positive 
culture growth, ~24–48 h)

BioMerieux
MALDI-TOF MS
VItek—MS
(matrix-assisted laser 
desorption ionization time of 
flight mass spectrometry)

Detects change in native 
carbapenem mass

Provides bacterial (or 
fungal) identification 
at the species, genus, 
or group level (detects 
carbapenemase activity)

2–4 h

Modified Hodge test (MHT) CLSI suggested phenotypic 
confirmatory test.
Enhanced growth = (+) for 
carbapenemase production
No enhanced growth = 
(-) for carbapenemase 
production

Only confirms the presence 
of carbapenemases (does 
not identify specific 
carbapenemase (i.e., KPC 
vs. NDM)

18–24 h (after positive 
culture growth, ~24–48 h)

Carbapenemase Inactivation 
method (CIM)

Phenotypic confirmatory 
test

Only confirms the presence 
of carbapenemases (does 
not identify specific 
carbapenemase (i.e., KPC 
vs. NDM)

If results required within 
same day can be read 
after 6 h, but prefer 
reading results after 
12–24 h (after positive 
culture growth, ~24–48 h)

Table 2. Rapid diagnostic testing methodologies.
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outer medium. The system consists of (a) protein localized in the cytoplasmic membrane, (b) 
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brane. These active transport proteins are grouped in families, which are based on their amino 
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among Gram-negative bacteria are P. aeruginosa and E. coli [49].
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The surviving sepsis guidelines now recommend IV antibiotics to be started within 1 h of sep-
sis recognition and should include combination therapy (at least two classes of antibiotics to 
cover a known or suspected pathogen) for patients with septic shock. Combination therapy 
should not routinely be used for patients without shock. Many studies have demonstrated 
improved survival in early appropriate administration of antibiotics at the first presence of 
septic shock [50]. Kumar et al. concluded for each hour of delay of appropriate antimicrobi-
als resulted in a mean increase in mortality by 7.6%, with a range 3.6–9.9% [51]. Ferrer et al. 
published the results of a large population, which concluded that a delay in first antibiotic 
administration was associated with increased in-hospital mortality in patients with severe 
sepsis and septic shock [45]. It was also noted that there was a linear risk increase in mortal-
ity for every hour delay in antibiotic administration. Another study by Vazquez-Guillamet 
concluded that improved targeting in multidrug-resistant bacteria would have the greatest 
impact on reducing overall mortality. In their study, they calculated the number of patients 
needed to treat and found for every  four patients treated with appropriate antimicrobial 
therapy in severe sepsis and septic shock, it prevents one patient death [52]. The appropri-
ateness of early empiric antibiotics is driven by local hospital-resistance patterns. At times, 
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selection of the most appropriate empiric antimicrobial regimen may be difficult for the 
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notypic testing that detects the activity of enzymes (i.e., hydrolysis of antibiotics such as 
beta-lactams in vitro) to provide definitive guidance on antimicrobial therapy. These tests 
provide the clinician pathogen identity with sensitivity, which may have a turn-around time 
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patient survival in the critically ill, especially with septic shock. New technological advance-
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mechanisms of a specific gene) commonly known as “rapid diagnostics” will be able to pro-
vide detailed information within several hours versus current standards (48–72 h) [53–56].
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infections such as interferon-γ. PCT concentrations are undetectable (less than 0.05 ng/mL). 
However, PCT is immediately released within 2–4 h upon exposure to bacterial toxins. The 
plasma half-life of PCT is approximately 24 h. Concentrations in the literature have varied for 
infected patients; however, as higher max concentrations of PCT are released during infection, 
this tends to correlate with a higher incidence of mortality. In the critically ill baseline PCT 
levels should be obtained with signs and symptoms of infection as a means of trending. A low 
PCT level or an ample decrease from baseline along with clinical review during the course of 
therapy should be interpreted to discontinue antimicrobial therapy. This methodology is part 
of an antimicrobial stewardship program, which reduces unnecessary antibiotics and also 
decreases duration. PCT has been proven to effective and safe in various critically ill patients. 
Many published studies have evaluated the utility of a PCT-guided strategy for determining 
the appropriate time to discontinue and/or de-escalate antibiotics in patients with varying 
severity of illnesses with documented infections. These studies have resulted in decreased 
unnecessary use of antibiotics [50].

Rapid nucleic acid–based tests (molecular test)

Manufacturer/
product name

Methodology Specimen type Organisms 
identified

Resistance 
mechanisms 
identified

Turnaround time

BioFire 
Diagnostics LLC/
Film Array® 
Blood Culture 
Identification 
Panel (BCID)

Multiplex PCR 
(detects 23 
bacterial species, 
four resistance 
mechanisms and 
Candida spp.)

Blood
Other FDA 
Cleared Panels: 
Respiratory, GI, 
Meningitis

Gram-positives:
Staph/Strep/
Enterococcus/
Listeria
Gram-negatives:
Enterobacteriaceae, 
Pseudomonas 
aeruginosa, and 
Acinetobacter 
species.
Fungus:
Candida spp.

mecA
vanA/vanB
blaKPC

1 h (after blood 
culture positivity, 
~8–24 h)

Nanosphere/
Verigene®

Microarray 
(detects 15 
different Gram-
positive targets 
and 14 different 
Gram-negative 
targets (including 
nine resistance 
mechanisms)

Blood
Other FDA 
Cleared Panels: 
Respiratory, GI

Gram-positives:
Staph/Strep/
Enterococcus/
Listeria
Gram-negatives:
Enterobacteriaceae, 
Pseudomonas 
aeruginosa, and 
Acinetobacter 
species

mecA
vanA/vanB
IMP/KPC/NDM
OXA/VIM/
CTX-M ESBLs

2.5 h (after blood 
culture positivity, 
~8–24 h)

Cepheid
GeneXpert 
Carba R

“On demand” 
PCR

Rectal swabs Gram-negative:
Enterobacteriaceae,
Pseudomonas 
aeruginosa, and 
Acinetobacter 
species

IMP/KPC/NDM/
OXA*/VIM
*(Includes OXA-
48, OXA-181, 
OXA-232)

48 min (can test 
directly from 
clinical specimen)

Table 3. Rapid diagnostic testing methodologies.
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8. Treatment

As described earlier, prompt administration with appropriate empiric broad-spectrum anti-
biotics within 1 h of recognizing sepsis or septic shock has shown to improve survival. The 
surviving sepsis guidelines recommend initial selection of antimicrobial therapy to broad 
or “shot gun” approach. This approach ensures that the likely pathogen will be covered. 
If not, survival may decrease as much as fivefold for septic shock if the initial empiric regi-
men fails to cover the offending pathogen [50]. The choice of empiric antimicrobial therapy 
depends on factors related to clinical status, the patient’s history, and local epidemiologic 
factors (see below). Due to the high mortality associated with inappropriate initial therapy, 
empiric treatment choices should be broad initially, with constant evaluation to de-escalate 
the regimen once cultures and results have been determined. The guidelines also address 
several factors in determining the appropriate antimicrobial regimens:

a) The site of infection, pathogen profile, and antimicrobial pharmacokinetics and pharmaco-
dynamics (PK/PD) as it relates to penetration at the site.

b) Prevalence of pathogens in the community, hospital, and specific hospital locations, i.e., 
critical care unit by means of surveillance is an important determinant.

c) The resistance patterns of prevalent pathogens in the form of antibiograms or surveillance 
programs.

d) Status of the patient, i.e., immunocompromised patients such as HIV infection, splenec-
tomy, neutropenia, congenital defects of immunoglobulin, complement, or leukocyte 
dysfunction.

e) Age and patient comorbidities, the presence of invasive devices that compromise the host 
defenses [50].

Since majority of the patients with severe sepsis do have some form of immunocompromised 
status, the broad-spectrum antibiotics should be initiated [50]. Clinicians should assess these 
statuses of β-lactam and carbapenem resistance in their local communities. Physicians should 
also consider adding another Gram-negative coverage to cover Pseudomonas or Acinetobacter 
infections [57]. It holds true for covering for MRSA infections in patients with suspicion or 
risk factors for those infections. In patients who are immunocompromised with immuno-
suppressive medications, neutropenia, liver or renal failure, on total parenteral nutrition the 
coverage for the candida infection needs to be considered [58].

Dosing patients with severe sepsis and septic shock should be centered on pharmacokinetics/
pharmacodynamics (PK/PD) and drug properties as per the recommendation of surviving 
sepsis committee [50]. In most instances, the inability to achieve a therapeutic response can 
be attributed to the failure of optimizing PK/PD, i.e., failure of target attainment by means 
of reduced initial dosing or inadequate achievable troughs with subsequent dosing [59]. For 
optimum dosing for fluoroquinolones and aminoglycoside, it requires to optimize the peak 
plasma level. For aminoglycoside, it can be achieved by 5–7 mg/kg daily gentamicin dose or 
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infections such as interferon-γ. PCT concentrations are undetectable (less than 0.05 ng/mL). 
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plasma half-life of PCT is approximately 24 h. Concentrations in the literature have varied for 
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the appropriate time to discontinue and/or de-escalate antibiotics in patients with varying 
severity of illnesses with documented infections. These studies have resulted in decreased 
unnecessary use of antibiotics [50].
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Manufacturer/
product name

Methodology Specimen type Organisms 
identified

Resistance 
mechanisms 
identified

Turnaround time

BioFire 
Diagnostics LLC/
Film Array® 
Blood Culture 
Identification 
Panel (BCID)

Multiplex PCR 
(detects 23 
bacterial species, 
four resistance 
mechanisms and 
Candida spp.)

Blood
Other FDA 
Cleared Panels: 
Respiratory, GI, 
Meningitis

Gram-positives:
Staph/Strep/
Enterococcus/
Listeria
Gram-negatives:
Enterobacteriaceae, 
Pseudomonas 
aeruginosa, and 
Acinetobacter 
species.
Fungus:
Candida spp.

mecA
vanA/vanB
blaKPC

1 h (after blood 
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“On demand” 
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aeruginosa, and 
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*(Includes OXA-
48, OXA-181, 
OXA-232)

48 min (can test 
directly from 
clinical specimen)
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8. Treatment

As described earlier, prompt administration with appropriate empiric broad-spectrum anti-
biotics within 1 h of recognizing sepsis or septic shock has shown to improve survival. The 
surviving sepsis guidelines recommend initial selection of antimicrobial therapy to broad 
or “shot gun” approach. This approach ensures that the likely pathogen will be covered. 
If not, survival may decrease as much as fivefold for septic shock if the initial empiric regi-
men fails to cover the offending pathogen [50]. The choice of empiric antimicrobial therapy 
depends on factors related to clinical status, the patient’s history, and local epidemiologic 
factors (see below). Due to the high mortality associated with inappropriate initial therapy, 
empiric treatment choices should be broad initially, with constant evaluation to de-escalate 
the regimen once cultures and results have been determined. The guidelines also address 
several factors in determining the appropriate antimicrobial regimens:

a) The site of infection, pathogen profile, and antimicrobial pharmacokinetics and pharmaco-
dynamics (PK/PD) as it relates to penetration at the site.

b) Prevalence of pathogens in the community, hospital, and specific hospital locations, i.e., 
critical care unit by means of surveillance is an important determinant.

c) The resistance patterns of prevalent pathogens in the form of antibiograms or surveillance 
programs.

d) Status of the patient, i.e., immunocompromised patients such as HIV infection, splenec-
tomy, neutropenia, congenital defects of immunoglobulin, complement, or leukocyte 
dysfunction.

e) Age and patient comorbidities, the presence of invasive devices that compromise the host 
defenses [50].

Since majority of the patients with severe sepsis do have some form of immunocompromised 
status, the broad-spectrum antibiotics should be initiated [50]. Clinicians should assess these 
statuses of β-lactam and carbapenem resistance in their local communities. Physicians should 
also consider adding another Gram-negative coverage to cover Pseudomonas or Acinetobacter 
infections [57]. It holds true for covering for MRSA infections in patients with suspicion or 
risk factors for those infections. In patients who are immunocompromised with immuno-
suppressive medications, neutropenia, liver or renal failure, on total parenteral nutrition the 
coverage for the candida infection needs to be considered [58].

Dosing patients with severe sepsis and septic shock should be centered on pharmacokinetics/
pharmacodynamics (PK/PD) and drug properties as per the recommendation of surviving 
sepsis committee [50]. In most instances, the inability to achieve a therapeutic response can 
be attributed to the failure of optimizing PK/PD, i.e., failure of target attainment by means 
of reduced initial dosing or inadequate achievable troughs with subsequent dosing [59]. For 
optimum dosing for fluoroquinolones and aminoglycoside, it requires to optimize the peak 
plasma level. For aminoglycoside, it can be achieved by 5–7 mg/kg daily gentamicin dose or 
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equivalent. For fluoroquinolones, one should consider dosing for ciprofloxacin at 600 mg, 
every 12 hourly and for levofloxacin at 750 mg Q 24 hourly [60–62].

For vancomycin, trough levels of 15–20 mg/L have been advocated. In addition, drugs with a 
low volume of distribution such as vancomycin and colistin, a higher loading dose is suggested 
[63–65]. For the β-lactams, it is the time when the plasma concentration of the drug should be 
above the pathogen minimum inhibitory concentration (MIC) level. It is suggested to have 
the T > MIC (time above the minimum inhibitory concentration) of 60% and greater to have 
good efficacy, but among patients with sepsis a level of T > MIC of 100% may be needed. This 
is achieved by prolonging the infusion either as an extended or continuous infusion [50, 66].

In regard to the duration of antimicrobial therapy, per surviving sepsis guidelines, the dura-
tion of 7–10 days is adequate for most serious infections associated with sepsis and septic 
shock. In the 2016, management of adults with hospital-acquired and ventilator-associated 
pneumonia, 7 days are appropriate for those patients that respond to therapy early on and 
show clinical improvement (see below). Longer courses can be appropriate for patients who 
are slow responders or immunocompromised patients, and patients with MDR organisms, 
some fungal, or viral infections or MRSA [50]. Patients with endocarditis, osteomyelitis and 
larger abscesses may also require longer duration of therapy [50].

Multidrug-resistant pathogens are associated with increased morbidity and mortality and are 
certainly challenging to treat. We have described the surviving sepsis guidelines and recently 
published the 2016 Management of Adults With Hospital-acquired and Ventilator-associated 
Pneumonia: Clinical Practice Guidelines by the Infectious Diseases Society of America. These 
guidelines make recommendations for the diagnosis and treatment of Hospital-acquired 
pneumonia (HAP) and Ventilator-associated pneumonia (VAP) and are evidence-based 
derived from systematic literature reviews (Table 4).

Detailed pathogen recommendation is beyond the scope of this chapter, but we included an 
extensive review on Minocin IV. Minocin IV has an FDA approved indication for Acinetobacter 
spp. and not referenced in the guidelines above, but it has been used with success against 
Acinetobacter, including MDR and XDR strains. MINOCIN® (minocycline) [67] IV has been refor-
mulated, the new formulation contains magnesium sulfate heptahydrate and can be infused in 
as low as 100 mL to as high as 1000 mL over 60 min. It has a new pH of 4.5–6.0 when diluted.

Resistance to β-lactams has resulted in the resurrection of shelf toxic agents, i.e., the poly-
myxins. Tigecycline and sulbactam are not FDA approved for treatment of infections due to 
Acinetobacter. A recent meta-analysis evaluating the use of tigecycline against Acinetobacter 
infections disfavor its use due to an associated higher in-hospital mortality (OR = 1.57, 95% CI 
1.04–2.35; P = 0.03) [68].

Tetracyclines, as a class, have shown consistent in vitro activity against Acinetobacter [20, 21]. 
Increasing levels of multidrug resistance with Acinetobacter have led clinicians to reevalu-
ate certain tetracyclines with good in vitro activity. Studies of minocycline in Acinetobacter 
infections have shown clinical success ranging from 67 to 88% [21, 69–73]. Minocycline has 
approved breakpoints for Acinetobacter set forth by the Clinical and Laboratory Standards 
Institute (CLSI) [54]. These breakpoints are shown in Table 5.
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CLSI recommends separate Acinetobacter susceptibility results for minocycline since surro-
gate testing with other tetracyclines will underestimate susceptibility. Several retrospective 
studies have documented that lower mortality rates seen with combination therapy are used 
against MDR A. baumannii infections.

Minocycline IV has been used in combination therapy to achieve synergistic activity and 
to maximize antimicrobial activity in severely ill patients, or to prevent emergence of resis-
tance [74]. Minocycline and colistin combinations demonstrated bactericidal and synergistic 

A. Gram-positive antibiotics with 
MRSA activity

B. Gram-negative antibiotics with 
antipseudomonal activity: β-lactam–
based agents

C. Gram-negative antibiotics with 
antipseudomonal activity: non–β-
lactam–based agents

Glycopeptides
Vancomycin 15 mg/kg IV q8-12h
(Consider a loading dose of 25–30 
mg/kg × 1 for severe illness)

Antipseudomonal penicillins
Piperacillin-tazobactam 4.5 g IV q6h

Fluoroquinolones
Ciprofloxacin 400 mg IV q8h
Levofloxacin 750 mg IV q24h

OR OR OR

Oxazolidinones
Linezolid 600 mg IV q12h 

Cephalosporins
Cefepime 2 g IV q8h
Ceftazidime 2 g IV q8h 

Aminoglycosides
Amikacin 15–20 mg/kg IV q24h
Gentamicin 5–7 mg/kg IV q24h
Tobramycin 5–7 mg/kg IV q24h

OR OR

Carbapenems
Imipenem 500 mg IV q6hd
Meropenem 1 g IV q8h

Polymyxins
Colistin 5 mg/kg IV × 1 (loading 
dose) followed by 2.5 mg × (1.5 × 
CrCl + 30) IV q12h (maintenance 
dose)
Polymyxin B 2.5–3.0 mg/kg/d divided 
in 2 daily IV doses

OR

 Monobactams
Aztreonam 2 g IV q8h

Notes: Please refer to these guidelines for the compete table, HAP recommendations and detailed pathogen 
recommendations that can be found at: https://www.thoracic.org/statements/resources/tb-opi/hap-vap-guidelines-2016.
pdf

Table 4. Summary of recommendations for suggested empiric treatment options for clinically suspected ventilator-
associated pneumonia.

MIC (µg/mL) Interpretation

≤4.0 Susceptible (S)

8.0 Intermediate (I)

≥16.0 Resistant (R)

Table 5. Clinical and Laboratory Standards Institute MIC and disk breakpoints available for minocycline and Acinetobacter 
spp.
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equivalent. For fluoroquinolones, one should consider dosing for ciprofloxacin at 600 mg, 
every 12 hourly and for levofloxacin at 750 mg Q 24 hourly [60–62].

For vancomycin, trough levels of 15–20 mg/L have been advocated. In addition, drugs with a 
low volume of distribution such as vancomycin and colistin, a higher loading dose is suggested 
[63–65]. For the β-lactams, it is the time when the plasma concentration of the drug should be 
above the pathogen minimum inhibitory concentration (MIC) level. It is suggested to have 
the T > MIC (time above the minimum inhibitory concentration) of 60% and greater to have 
good efficacy, but among patients with sepsis a level of T > MIC of 100% may be needed. This 
is achieved by prolonging the infusion either as an extended or continuous infusion [50, 66].

In regard to the duration of antimicrobial therapy, per surviving sepsis guidelines, the dura-
tion of 7–10 days is adequate for most serious infections associated with sepsis and septic 
shock. In the 2016, management of adults with hospital-acquired and ventilator-associated 
pneumonia, 7 days are appropriate for those patients that respond to therapy early on and 
show clinical improvement (see below). Longer courses can be appropriate for patients who 
are slow responders or immunocompromised patients, and patients with MDR organisms, 
some fungal, or viral infections or MRSA [50]. Patients with endocarditis, osteomyelitis and 
larger abscesses may also require longer duration of therapy [50].

Multidrug-resistant pathogens are associated with increased morbidity and mortality and are 
certainly challenging to treat. We have described the surviving sepsis guidelines and recently 
published the 2016 Management of Adults With Hospital-acquired and Ventilator-associated 
Pneumonia: Clinical Practice Guidelines by the Infectious Diseases Society of America. These 
guidelines make recommendations for the diagnosis and treatment of Hospital-acquired 
pneumonia (HAP) and Ventilator-associated pneumonia (VAP) and are evidence-based 
derived from systematic literature reviews (Table 4).

Detailed pathogen recommendation is beyond the scope of this chapter, but we included an 
extensive review on Minocin IV. Minocin IV has an FDA approved indication for Acinetobacter 
spp. and not referenced in the guidelines above, but it has been used with success against 
Acinetobacter, including MDR and XDR strains. MINOCIN® (minocycline) [67] IV has been refor-
mulated, the new formulation contains magnesium sulfate heptahydrate and can be infused in 
as low as 100 mL to as high as 1000 mL over 60 min. It has a new pH of 4.5–6.0 when diluted.

Resistance to β-lactams has resulted in the resurrection of shelf toxic agents, i.e., the poly-
myxins. Tigecycline and sulbactam are not FDA approved for treatment of infections due to 
Acinetobacter. A recent meta-analysis evaluating the use of tigecycline against Acinetobacter 
infections disfavor its use due to an associated higher in-hospital mortality (OR = 1.57, 95% CI 
1.04–2.35; P = 0.03) [68].

Tetracyclines, as a class, have shown consistent in vitro activity against Acinetobacter [20, 21]. 
Increasing levels of multidrug resistance with Acinetobacter have led clinicians to reevalu-
ate certain tetracyclines with good in vitro activity. Studies of minocycline in Acinetobacter 
infections have shown clinical success ranging from 67 to 88% [21, 69–73]. Minocycline has 
approved breakpoints for Acinetobacter set forth by the Clinical and Laboratory Standards 
Institute (CLSI) [54]. These breakpoints are shown in Table 5.
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CLSI recommends separate Acinetobacter susceptibility results for minocycline since surro-
gate testing with other tetracyclines will underestimate susceptibility. Several retrospective 
studies have documented that lower mortality rates seen with combination therapy are used 
against MDR A. baumannii infections.

Minocycline IV has been used in combination therapy to achieve synergistic activity and 
to maximize antimicrobial activity in severely ill patients, or to prevent emergence of resis-
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MIC (µg/mL) Interpretation

≤4.0 Susceptible (S)

8.0 Intermediate (I)

≥16.0 Resistant (R)

Table 5. Clinical and Laboratory Standards Institute MIC and disk breakpoints available for minocycline and Acinetobacter 
spp.

Multidrug-Resistant Gram-Negative Pneumonia and Infection in Intensive Care Unit
http://dx.doi.org/10.5772/intechopen.69377

91



activity against imipenem-resistant A. baumannii and MDR A. baumannii clinical isolates [75]. 
Combinations of minocycline plus meropenem and minocycline plus colistin were found to 
be synergistic in vitro against XDR A. baumannii. The package insert (PI) has an initial dose of 
200 mg, with subsequent doses of 100 mg administered over 60 min every 12 h. Minocycline 
is very lipophilic compared to other tetracyclines. It has a very unique pharmacokinetic/phar-
macodynamic profile (PK/PD) [67]:

a) Peak concentrations following 200-mg load (mean) = 4.18 μg/mL (range, 2.52–6.63 μg/mL).

b) Trough concentration of (1.4–1.8 μg/mL) with 100-mg dosing every 12 h.

c) These achievable peak and trough serum concentrations with standard human doses of 
minocycline intravenous exceed the mutant prevention concentration of 1 μg/mL, which 
has been reported with Acinetobacter.

d) Half-life of 15–23 h.

e) The mean concentration of minocycline in lung parenchyma has been reported to be 378% 
of that in plasma.

f) Urinary excretion 11%.

g) Renal dysfunction does not appear to alter the maximum serum concentrations of mino 
cycline.

h) Bactericidal activity in combination with carbapenems or colistin against A. baumannii.

9. Importance of antimicrobial stewardship programs, outcomes, and  
new regulatory mandate from the Joint Commission (7 CDC elements)

According to the World Health Organization (WHO), “Antimicrobial resistance threatens the 
effective prevention and treatment of an ever-increasing range of infections caused by bacte-
ria, parasites, viruses, and fungi.” The Centers for Disease Control and Prevention (CDC) has 
identified that 20–50% of all antibiotics prescribed in the U.S. acute care hospitals are either 
inappropriate or unnecessary. The CDC has also stated that “Antibiotics are among the most 
commonly prescribed medications in nursing homes. Up to 70% of long-term care facilities’ 
residents receive an antibiotic every year [76].”

White House held the antibiotic stewardship program in June, 2015, in which the Joint 
Commission participated along with more than 150 major healthcare organizations and other 
relevant organizations for helping to implement changes over the next 5 years to decrease 
the rate of emergence of antibiotic-resistant bacteria, to help detect the resistant strains, help 
preserve the efficacy of existing antibiotics, and also more importantly regulate to prevent the 
spread of resistant infections [76].

The Joint Commission has also developed the antimicrobial stewardship standard for hos-
pitals, critical access hospitals, nursing care centers, ambulatory care organizations, and 
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Official Publication of Joint Commission Requirements New Antimicrobial Stewardship Standard
Applicable to Hospitals and Critical Access Hospitals Effective January 1, 2017 Medication Management (MM)
Standard MM.09.01.01 The critical access hospital has an antimicrobial stewardship program based on current 
scientific literature.

1. Leaders establish antimicrobial stewardship as an 
organizational priority. (See also LD.01.03.01, EP 5)
Note: Examples of leadership commitment to an antimicrobial 
stewardship program are as follows:

• Accountability documents

• Budget plans

• Infection prevention plans

• Performance improvement plans

• Strategic plans

• Using the electronic health record to collect antimi-
crobial stewardship data

2. The critical access hospital educates staff and licensed 
independent practitioners involved in antimicrobial 
ordering, dispensing, administration, and monitoring 
about antimicrobial resistance and antimicrobial 
stewardship practices. Education occurs upon hire or 
granting of initial privileges and periodically thereafter, 
based on organizational need

3. The critical access hospital educates patients, and 
their families as needed, regarding the appropriate use 
of antimicrobial medications, including antibiotics. (For 
more information on patient education, refer to Standard 
PC.02.03.01)
Note: An example of an educational tool that can be used for 
patients and families includes the Centers for Disease Control 
and Prevention’s Get Smart document, “Viruses or Bacteria—
What’s got you sick? At https://www.cdc.gov/antibiotic-use/
community/pdfs/Viruses-or-Bacteria-Factsheet-Eng.pdf

4. The critical access hospital has an antimicrobial 
stewardship
multidisciplinary team that includes the following
members, when available in the setting:

• Infectious disease physician

• Infection preventionist(s)

• Pharmacist(s)

• Practitioner

Note 1: Part-time or consultant staff are acceptable as 
members of the antimicrobial stewardship multidisciplinary 
team
Note 2: Telehealth staffs are acceptable as members of the 
antimicrobial stewardship multidisciplinary team

5. The critical access hospital’s antimicrobial stewardship program includes the following CDC core elements:

• Leadership commitment: Dedicating necessary human, financial, and information technology resources.

• Accountability: Appointing a single leader responsible for program outcomes. Experience with successful pro-
grams shows that a physician leader is effective.

• Drug expertise: Appointing a single pharmacist leader responsible for working to improve antibiotic use.

• Action: Implementing recommended actions, such as systemic evaluation of on-going treatment need, after a set 
period of initial treatment (for example, “antibiotic time out” after 48 h).

• Tracking: Monitoring the antimicrobial stewardship program, which may include information on antibiotic 
prescribing and resistance patterns.

• Reporting: Regularly reporting information on the antimicrobial stewardship program, which may include infor-
mation on antibiotic use and resistance, to doctors, nurses, and relevant staff.

• Education: Educating practitioners, staff, and patients on the antimicrobial program, which may include informa-
tion about resistance and optimal prescribing. (See also IC.02.01.01, EP 1 and NPSG.07.03.01, EP 5)

Note: These core elements were cited from the Centers for Disease Control and Prevention’s Core Elements of Hospital Antibiotic 
Stewardship Programs (https://www.cdc.gov/antibiotic-use/healthcare/pdfs/core-elements.pdf)
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activity against imipenem-resistant A. baumannii and MDR A. baumannii clinical isolates [75]. 
Combinations of minocycline plus meropenem and minocycline plus colistin were found to 
be synergistic in vitro against XDR A. baumannii. The package insert (PI) has an initial dose of 
200 mg, with subsequent doses of 100 mg administered over 60 min every 12 h. Minocycline 
is very lipophilic compared to other tetracyclines. It has a very unique pharmacokinetic/phar-
macodynamic profile (PK/PD) [67]:

a) Peak concentrations following 200-mg load (mean) = 4.18 μg/mL (range, 2.52–6.63 μg/mL).

b) Trough concentration of (1.4–1.8 μg/mL) with 100-mg dosing every 12 h.

c) These achievable peak and trough serum concentrations with standard human doses of 
minocycline intravenous exceed the mutant prevention concentration of 1 μg/mL, which 
has been reported with Acinetobacter.

d) Half-life of 15–23 h.

e) The mean concentration of minocycline in lung parenchyma has been reported to be 378% 
of that in plasma.

f) Urinary excretion 11%.

g) Renal dysfunction does not appear to alter the maximum serum concentrations of mino 
cycline.

h) Bactericidal activity in combination with carbapenems or colistin against A. baumannii.

9. Importance of antimicrobial stewardship programs, outcomes, and  
new regulatory mandate from the Joint Commission (7 CDC elements)

According to the World Health Organization (WHO), “Antimicrobial resistance threatens the 
effective prevention and treatment of an ever-increasing range of infections caused by bacte-
ria, parasites, viruses, and fungi.” The Centers for Disease Control and Prevention (CDC) has 
identified that 20–50% of all antibiotics prescribed in the U.S. acute care hospitals are either 
inappropriate or unnecessary. The CDC has also stated that “Antibiotics are among the most 
commonly prescribed medications in nursing homes. Up to 70% of long-term care facilities’ 
residents receive an antibiotic every year [76].”

White House held the antibiotic stewardship program in June, 2015, in which the Joint 
Commission participated along with more than 150 major healthcare organizations and other 
relevant organizations for helping to implement changes over the next 5 years to decrease 
the rate of emergence of antibiotic-resistant bacteria, to help detect the resistant strains, help 
preserve the efficacy of existing antibiotics, and also more importantly regulate to prevent the 
spread of resistant infections [76].

The Joint Commission has also developed the antimicrobial stewardship standard for hos-
pitals, critical access hospitals, nursing care centers, ambulatory care organizations, and 
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Official Publication of Joint Commission Requirements New Antimicrobial Stewardship Standard
Applicable to Hospitals and Critical Access Hospitals Effective January 1, 2017 Medication Management (MM)
Standard MM.09.01.01 The critical access hospital has an antimicrobial stewardship program based on current 
scientific literature.

1. Leaders establish antimicrobial stewardship as an 
organizational priority. (See also LD.01.03.01, EP 5)
Note: Examples of leadership commitment to an antimicrobial 
stewardship program are as follows:

• Accountability documents

• Budget plans

• Infection prevention plans

• Performance improvement plans

• Strategic plans

• Using the electronic health record to collect antimi-
crobial stewardship data

2. The critical access hospital educates staff and licensed 
independent practitioners involved in antimicrobial 
ordering, dispensing, administration, and monitoring 
about antimicrobial resistance and antimicrobial 
stewardship practices. Education occurs upon hire or 
granting of initial privileges and periodically thereafter, 
based on organizational need

3. The critical access hospital educates patients, and 
their families as needed, regarding the appropriate use 
of antimicrobial medications, including antibiotics. (For 
more information on patient education, refer to Standard 
PC.02.03.01)
Note: An example of an educational tool that can be used for 
patients and families includes the Centers for Disease Control 
and Prevention’s Get Smart document, “Viruses or Bacteria—
What’s got you sick? At https://www.cdc.gov/antibiotic-use/
community/pdfs/Viruses-or-Bacteria-Factsheet-Eng.pdf

4. The critical access hospital has an antimicrobial 
stewardship
multidisciplinary team that includes the following
members, when available in the setting:

• Infectious disease physician

• Infection preventionist(s)

• Pharmacist(s)

• Practitioner

Note 1: Part-time or consultant staff are acceptable as 
members of the antimicrobial stewardship multidisciplinary 
team
Note 2: Telehealth staffs are acceptable as members of the 
antimicrobial stewardship multidisciplinary team

5. The critical access hospital’s antimicrobial stewardship program includes the following CDC core elements:

• Leadership commitment: Dedicating necessary human, financial, and information technology resources.

• Accountability: Appointing a single leader responsible for program outcomes. Experience with successful pro-
grams shows that a physician leader is effective.

• Drug expertise: Appointing a single pharmacist leader responsible for working to improve antibiotic use.

• Action: Implementing recommended actions, such as systemic evaluation of on-going treatment need, after a set 
period of initial treatment (for example, “antibiotic time out” after 48 h).

• Tracking: Monitoring the antimicrobial stewardship program, which may include information on antibiotic 
prescribing and resistance patterns.

• Reporting: Regularly reporting information on the antimicrobial stewardship program, which may include infor-
mation on antibiotic use and resistance, to doctors, nurses, and relevant staff.

• Education: Educating practitioners, staff, and patients on the antimicrobial program, which may include informa-
tion about resistance and optimal prescribing. (See also IC.02.01.01, EP 1 and NPSG.07.03.01, EP 5)

Note: These core elements were cited from the Centers for Disease Control and Prevention’s Core Elements of Hospital Antibiotic 
Stewardship Programs (https://www.cdc.gov/antibiotic-use/healthcare/pdfs/core-elements.pdf)
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office-based surgery practices in standard with the following governmental and professional 
organizations: Centers for Medicare & Medicaid Services (CMS), the CDC, and the Society for 
Healthcare Epidemiology of America (SHEA) (Table 6).

10. Future pipeline in phase III development

There has been emergence and increase of MDR pathogens. Efforts have been made toward ade-
quate treatment, daily de-escalation regimen as well as antibiotic stewardship programs. The 
pipeline for the new drugs is still sparse. Table 7 illustrates the antibiotics that are in the phase 3 
trials. Only very few have an expected activity against the CDC urgent threat potential (Table 7).

11. Conclusion

Antimicrobial resistance has risen at threating levels within the past few decades and has contrib-
uted to an economic burden on healthcare expenditures. Several governmental agencies includ-
ing the WHO, CDC, and the White House are focused on combating antimicrobial resistance 
at various steps. Acquisition of multidrug-resistant organisms in patients has established an 

6. The critical access hospital’s antimicrobial stewardship 
program uses organization-approved multidisciplinary 
protocols (for example, policies and procedures).
Note: Examples of protocols are as follows:

• Antibiotic Formulary Restrictions

• Assessment of Appropriateness of Antibiotics for 
Community-Acquired Pneumonia

• Assessment of Appropriateness of Antibiotics for Skin and 
Soft Tissue Infections

• Assessment of Appropriateness of Antibiotics for Urinary 
Tract Infections

• Care of the Patient with Clostridium difficile (c. -diff)

• Guidelines for Antimicrobial Use in Adults

• Guidelines for Antimicrobial Use in Pediatrics

• Plan for Parenteral to Oral Antibiotic Conversion

• Preauthorization Requirements for Specific Antimicrobials

• Use of Prophylactic Antibiotics

7. The critical access hospital collects, analyzes, and 
reports data on its antimicrobial stewardship program
Note: Examples of topics to collect and analyze data on 
may include evaluation of the antimicrobial stewardship 
program, antimicrobial prescribing patterns, and antimicrobial 
resistance patterns

8. The critical access hospital takes action on improvement opportunities identified in its antimicrobial stewardship 
program. (See also MM.08.01.01, EP 6)

Adopted from https://www.jointcommission.org/assets/1/6/New_Antimicrobial_Stewardship_Standard.pdf.

Table 6. The New Joint Commission antimicrobial stewardship standard: MM.09.01.01.
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office-based surgery practices in standard with the following governmental and professional 
organizations: Centers for Medicare & Medicaid Services (CMS), the CDC, and the Society for 
Healthcare Epidemiology of America (SHEA) (Table 6).

10. Future pipeline in phase III development

There has been emergence and increase of MDR pathogens. Efforts have been made toward ade-
quate treatment, daily de-escalation regimen as well as antibiotic stewardship programs. The 
pipeline for the new drugs is still sparse. Table 7 illustrates the antibiotics that are in the phase 3 
trials. Only very few have an expected activity against the CDC urgent threat potential (Table 7).

11. Conclusion

Antimicrobial resistance has risen at threating levels within the past few decades and has contrib-
uted to an economic burden on healthcare expenditures. Several governmental agencies includ-
ing the WHO, CDC, and the White House are focused on combating antimicrobial resistance 
at various steps. Acquisition of multidrug-resistant organisms in patients has established an 

6. The critical access hospital’s antimicrobial stewardship 
program uses organization-approved multidisciplinary 
protocols (for example, policies and procedures).
Note: Examples of protocols are as follows:

• Antibiotic Formulary Restrictions

• Assessment of Appropriateness of Antibiotics for 
Community-Acquired Pneumonia

• Assessment of Appropriateness of Antibiotics for Skin and 
Soft Tissue Infections

• Assessment of Appropriateness of Antibiotics for Urinary 
Tract Infections

• Care of the Patient with Clostridium difficile (c. -diff)

• Guidelines for Antimicrobial Use in Adults

• Guidelines for Antimicrobial Use in Pediatrics

• Plan for Parenteral to Oral Antibiotic Conversion

• Preauthorization Requirements for Specific Antimicrobials

• Use of Prophylactic Antibiotics

7. The critical access hospital collects, analyzes, and 
reports data on its antimicrobial stewardship program
Note: Examples of topics to collect and analyze data on 
may include evaluation of the antimicrobial stewardship 
program, antimicrobial prescribing patterns, and antimicrobial 
resistance patterns

8. The critical access hospital takes action on improvement opportunities identified in its antimicrobial stewardship 
program. (See also MM.08.01.01, EP 6)

Adopted from https://www.jointcommission.org/assets/1/6/New_Antimicrobial_Stewardship_Standard.pdf.

Table 6. The New Joint Commission antimicrobial stewardship standard: MM.09.01.01.
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 independent risk factor for mortality. Clinical expertise, risk stratification, surveillance, infection 
control, and the use of rapid diagnostics may be key to early identification of resistant pathogens; 
furthermore, appropriate antimicrobial selection and dose optimization via PK/PD are critical in 
improving outcomes and survival. Various studies have demonstrated the correlation between 
survival and appropriate early initial antibiotics. Antimicrobial stewardship programs have been 
shown to reduce antimicrobial resistance and are now considered a regulatory mandate. CMS 
and TJC have developed guidance for accreditation as it relates to demonstrating an effective 
antimicrobial stewardship program, including developing publicly reportable measures.

In recent years, we have seen high-level resistance to last-line agents such as carbapenems. 
Inappropriate usage and a reduced antimicrobial pipeline have driven this crisis. Several 
companies are dedicated to the research and development of new antimicrobials for our 
armamentarium in combating multidrug-resistant organisms and preventing a preantibiotic 
era. Education will be vital across all healthcare disciplines, including to patients, as this will 
ultimately ensure optimal prescribing.
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 independent risk factor for mortality. Clinical expertise, risk stratification, surveillance, infection 
control, and the use of rapid diagnostics may be key to early identification of resistant pathogens; 
furthermore, appropriate antimicrobial selection and dose optimization via PK/PD are critical in 
improving outcomes and survival. Various studies have demonstrated the correlation between 
survival and appropriate early initial antibiotics. Antimicrobial stewardship programs have been 
shown to reduce antimicrobial resistance and are now considered a regulatory mandate. CMS 
and TJC have developed guidance for accreditation as it relates to demonstrating an effective 
antimicrobial stewardship program, including developing publicly reportable measures.

In recent years, we have seen high-level resistance to last-line agents such as carbapenems. 
Inappropriate usage and a reduced antimicrobial pipeline have driven this crisis. Several 
companies are dedicated to the research and development of new antimicrobials for our 
armamentarium in combating multidrug-resistant organisms and preventing a preantibiotic 
era. Education will be vital across all healthcare disciplines, including to patients, as this will 
ultimately ensure optimal prescribing.
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Abstract

Ventilator-associated pneumonia (VAP) is a pulmonary infection that appears after 2 
days of endotracheal intubation and when invasive mechanical ventilation is used. VAP 
is considered the most common nosocomial infection in the intensive care unit (ICU) 
and presents high morbidity and mortality rates, principally when caused by multi-
resistant bacteria. Several risk factors are associated with VAP, including the micro-
biota, advanced age, immunocompromising conditions, pulmonary illness, length of 
mechanical ventilation, the aspiration technique, tracheostomy, supine positioning, 
enteral feeding, previous antibiotic exposure, among other endogenous and exog-
enous factors. The main pathogens are Staphylococcus aureus, Pseudomonas aeruginosa, 
Acinetobacter baumannii, and Enterobacteriaceae members, which are considered poten-
tially multidrug-resistant pathogens. Conventional microbiology methods continue to 
be used for laboratory diagnosis. However, it is necessary to validate rapid and accu-
rate laboratory methods, such as molecular assays that detect multiple gene sequences 
of a wide range of bacterial species and resistance markers. Therefore, the objective of 
this chapter is to review and update several aspects related to VAP, including risk 
factors, etiology, laboratory diagnosis,  bacterial virulence and VAP severity, and anti-
biotic susceptibility.

Keywords: ventilator-associated pneumonia, respiratory infections, nosocomial 
infections, microbiology

1. Introduction

Pneumonia is a serious public health problem associated with high morbidity and mortality 
rates that leads to a significant increase in healthcare costs. It results from an infectious pro-
cess of the lower airways through aspiration or inhalation of pathogenic microorganisms. It 
can be acquired in the community or in the hospital environment, after 48 h of admission [1]. 
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1. Introduction

Pneumonia is a serious public health problem associated with high morbidity and mortality 
rates that leads to a significant increase in healthcare costs. It results from an infectious pro-
cess of the lower airways through aspiration or inhalation of pathogenic microorganisms. It 
can be acquired in the community or in the hospital environment, after 48 h of admission [1]. 
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Hospital-acquired infections usually have a high mortality rate (approx. 20%) when compared 
to the community acquisition (10%), this rate increases even more when it is associated with 
mechanical ventilation [2].

According to the guidelines of the American Thoracic Society, hospital pneumonia is divided 
into ventilator-associated pneumonia (VAP), which develops after 48–72 h of endotracheal intu-
bation and the one that occurs in nonhospitalized patients, but that have constant contact with 
health services [3]. VAP is the infection of the pulmonary parenchyma with onset after 48–72 
h of endotracheal intubation. Early-onset VAP occurs during the first 4 days of mechanical 
ventilation, whereas late-onset VAP occurs on 5 or more days of mechanical ventilation [4–7]. 
VAP corresponds to 70–80% of cases of hospital-acquired pneumonia in intensive care units [1].

VAP is characterized by the presence of new or progressive pulmonary infiltrates, systemic 
alterations such as fever and leukocyte alterations, altered sputum, and diagnosis of an infec-
tious agent [8]. Mortality due to VAP is high, principally because of the association with 
 multidrug-resistance (MDR) bacteria [9]. In pediatrics and neonatology, the frequency of VAP 
is 3–19%, with a mortality rate ranging from 10 to 20% of patients [10].

Many microorganisms can be involved in VAP. In this chapter, data on microbiology of VAP 
are reviewed, including risk factors, etiology, virulence features of main pathogens contribut-
ing to VAP severity, antimicrobial susceptibility, and laboratory diagnosis.

2. Risk factors for VAP

The use of mechanical ventilation is a significant risk factor for hospital-acquired pneumo-
nia associated with aspiration, lowering of consciousness level, excessive management and 
patient transport, and chronic lung disease. The risk of VAP increases by 3% in the first 5 days 
of ventilation, 2% in 5–10 days, and 1% in 10 days of ventilation [11].

Although other routes may lead to VAP, such as hematogenous spread, inhalation of con-
taminated air, and also by extension of an infection of the pleural space, the main entry of 
pathogens into the lower respiratory tract occurs by aspiration of secretions containing micro-
organisms (from oropharynx or reflux of the stomach). Pathogens that cause VAP may be part 
of the upper airway microbiota or are acquired exogenously after hospital admission [8].

Figure 1 shows the different risk factors that are associated with VAP. Among risk factors 
inherent to the host (endogenous), it was observed that patients with advanced age, immu-
nosuppressed individuals or pulmonary diseases have an increased risk for the development 
of VAP [4, 12, 13]. In a multicenter cohort study that analyzed the frequency of VAP among 
middle-aged, elderly, and very elderly patients, it was concluded that the highest frequency 
of VAP was in elderly patients (16.6%), associated to increased mortality among the elderly 
and very elderly (51%) when compared to middle-aged patients (35%) [4].

Long-term mechanical ventilation in patients with acute respiratory distress syndrome 
(ARDS) increases the risk of VAP [5]. Evaluation of the association between ARDS and VAP 
found that 55% of patients with ARDS developed nosocomial infection compared to 28% 
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without the syndrome [14]. Cigarette smoking, inhibition of mucociliary function, and reduc-
tion of cough reflex due to obstruction of airflow make chronic obstructive pulmonary disease 
(COPD) patients more susceptible to ventilation-associated infections [5].

The exogenous risk factors are due to the interventions undergone by the patient in intensive 
care units (ICUs) (Figure 1). Mechanical ventilation equipment is a primary source of infec-
tion, in which respiratory circuit condensations can be sources of microorganisms [8]. The 
endotracheal tube, as well as other invasive devices, promotes bacterial colonization of the 
trachea. Bacteria may have access to the lower respiratory tract through a partial blockage 
around the cuff or through the lumen of the endotracheal tube.

Prolonged intubation may promote the formation of a layer of microorganisms adhered to 
the inner surface of the endotracheal tube. This formation, known as biofilm, represents an 
important virulence mechanism and contributes to pathogen persistence as well as therapeu-
tic failures, since microorganisms in the biofilm state are more resistant to host defenses and 
also metabolically less active, therefore, are more resistant to antibiotics [8, 15]. To inhibit the 
biofilm formation on the surface of polymeric medical devices, many studies have focused on 
the development of new biomaterials with modifications that alter the biophysical interac-
tions of the cell surface or impede biofilm growth. A wide range of new coatings with anti-
microbials, cationic antimicrobial peptides, or metal nanoparticles (e.g., copper, gold, iron, 

Figure 1. Main endogenous and exogenous risk factors for VAP.

Microbiology of Ventilator-Associated Pneumonia
http://dx.doi.org/10.5772/intechopen.69430

107



Hospital-acquired infections usually have a high mortality rate (approx. 20%) when compared 
to the community acquisition (10%), this rate increases even more when it is associated with 
mechanical ventilation [2].

According to the guidelines of the American Thoracic Society, hospital pneumonia is divided 
into ventilator-associated pneumonia (VAP), which develops after 48–72 h of endotracheal intu-
bation and the one that occurs in nonhospitalized patients, but that have constant contact with 
health services [3]. VAP is the infection of the pulmonary parenchyma with onset after 48–72 
h of endotracheal intubation. Early-onset VAP occurs during the first 4 days of mechanical 
ventilation, whereas late-onset VAP occurs on 5 or more days of mechanical ventilation [4–7]. 
VAP corresponds to 70–80% of cases of hospital-acquired pneumonia in intensive care units [1].

VAP is characterized by the presence of new or progressive pulmonary infiltrates, systemic 
alterations such as fever and leukocyte alterations, altered sputum, and diagnosis of an infec-
tious agent [8]. Mortality due to VAP is high, principally because of the association with 
 multidrug-resistance (MDR) bacteria [9]. In pediatrics and neonatology, the frequency of VAP 
is 3–19%, with a mortality rate ranging from 10 to 20% of patients [10].

Many microorganisms can be involved in VAP. In this chapter, data on microbiology of VAP 
are reviewed, including risk factors, etiology, virulence features of main pathogens contribut-
ing to VAP severity, antimicrobial susceptibility, and laboratory diagnosis.

2. Risk factors for VAP

The use of mechanical ventilation is a significant risk factor for hospital-acquired pneumo-
nia associated with aspiration, lowering of consciousness level, excessive management and 
patient transport, and chronic lung disease. The risk of VAP increases by 3% in the first 5 days 
of ventilation, 2% in 5–10 days, and 1% in 10 days of ventilation [11].

Although other routes may lead to VAP, such as hematogenous spread, inhalation of con-
taminated air, and also by extension of an infection of the pleural space, the main entry of 
pathogens into the lower respiratory tract occurs by aspiration of secretions containing micro-
organisms (from oropharynx or reflux of the stomach). Pathogens that cause VAP may be part 
of the upper airway microbiota or are acquired exogenously after hospital admission [8].

Figure 1 shows the different risk factors that are associated with VAP. Among risk factors 
inherent to the host (endogenous), it was observed that patients with advanced age, immu-
nosuppressed individuals or pulmonary diseases have an increased risk for the development 
of VAP [4, 12, 13]. In a multicenter cohort study that analyzed the frequency of VAP among 
middle-aged, elderly, and very elderly patients, it was concluded that the highest frequency 
of VAP was in elderly patients (16.6%), associated to increased mortality among the elderly 
and very elderly (51%) when compared to middle-aged patients (35%) [4].

Long-term mechanical ventilation in patients with acute respiratory distress syndrome 
(ARDS) increases the risk of VAP [5]. Evaluation of the association between ARDS and VAP 
found that 55% of patients with ARDS developed nosocomial infection compared to 28% 

Contemporary Topics of Pneumonia106

without the syndrome [14]. Cigarette smoking, inhibition of mucociliary function, and reduc-
tion of cough reflex due to obstruction of airflow make chronic obstructive pulmonary disease 
(COPD) patients more susceptible to ventilation-associated infections [5].

The exogenous risk factors are due to the interventions undergone by the patient in intensive 
care units (ICUs) (Figure 1). Mechanical ventilation equipment is a primary source of infec-
tion, in which respiratory circuit condensations can be sources of microorganisms [8]. The 
endotracheal tube, as well as other invasive devices, promotes bacterial colonization of the 
trachea. Bacteria may have access to the lower respiratory tract through a partial blockage 
around the cuff or through the lumen of the endotracheal tube.

Prolonged intubation may promote the formation of a layer of microorganisms adhered to 
the inner surface of the endotracheal tube. This formation, known as biofilm, represents an 
important virulence mechanism and contributes to pathogen persistence as well as therapeu-
tic failures, since microorganisms in the biofilm state are more resistant to host defenses and 
also metabolically less active, therefore, are more resistant to antibiotics [8, 15]. To inhibit the 
biofilm formation on the surface of polymeric medical devices, many studies have focused on 
the development of new biomaterials with modifications that alter the biophysical interac-
tions of the cell surface or impede biofilm growth. A wide range of new coatings with anti-
microbials, cationic antimicrobial peptides, or metal nanoparticles (e.g., copper, gold, iron, 

Figure 1. Main endogenous and exogenous risk factors for VAP.

Microbiology of Ventilator-Associated Pneumonia
http://dx.doi.org/10.5772/intechopen.69430

107



magnesium, silver, titanium, or zinc) have been applied to medical devices such as endotra-
cheal tubes [16, 17]. Other approach consists in the use of polymers that exhibit antimicrobial 
activity by themselves, with positively charged active groups (biguanide, cyclic N-halamine, 
quaternary ammonium, pyridinium or phosphonium salts, and polyionenes) or other poly-
mers, such as synthetic poly(phenylene ethynylenes), polynorbornenes, and polymethacry-
lates that display similar antimicrobial activities of human peptides [17]. Both types of devices 
display advantages and disadvantages, but in the near future one expects to have nontoxic 
and biocompatible products available, which display broad-spectrum antibiofilm activities 
for the prevention of biofilm formation on endotracheal tubes [18].

The aspiration technique of endotracheal secretions also plays an important role as a risk 
factor for the establishment of VAP. The open method where a sterile aspiration probe is 
introduced has disadvantages such as loss of oxygenation, since the patient is temporarily 
disconnected from the ventilator and the system is opened with exposure of the patient, and 
the maximum duration of use of each circuit is not known [5].

Tracheostomy is an indicated procedure after 2 weeks of translaryngeal intubation of critically 
ill patients. Apparently, early tracheostomy may be associated with a lower incidence of pneu-
monia when compared to the late procedure or nonprocedure [19]. Frequent reintubations are 
also associated with VAP because of the risk of aspiration of gastric contents through the use 
of the nasogastric tube, subglottic dysfunction, and lowering of the level of consciousness [5].

The VAP prevention guidelines recommend the placement of the patient in the bed between 
30 and 45° semi-reclined [20]. The supine position to which the patient is subjected may 
lead to lesions such as atelectasis in the dorsal lung region, barotrauma in the ventral 
lung region [5]. Experiments performed on rats proved the advantage of lateral decubitus 
in improving gas exchange, reducing gastroesophageal reflux, and avoiding pulmonary 
infection by gastric aspiration due to gravity [21]. Recently, the semi-decubitus position 
(30–60°) was shown to reduce the risk of VAP compared to supine positioning (0–10°) [20].

Nasal feeding by nasogastric tube increases gastric secretions and pH, leading to colonization 
by Gram-negative bacilli. Aspiration of this gastric content increases the risk of VAP. The use 
of sedative medications used in therapeutic procedures can cause prolonged relaxation of the 
muscles, increasing the risk of aspiration [5].

In addition, in the neonatal intensive care unit (NICU), some risk factors are associated with 
characteristics peculiar to this age group, including: length of stay in the NICU, enteral and 
parenteral feeding, blood transfusion, low birth weight, prematurity, and bronchopulmonary 
dysplasia [10, 13].

3. Etiology of VAP

VAP is usually caused by bacteria, whereas fungi and viruses are rarely involved [3, 6]. 
Generally, early-onset VAP is caused by pathogens more susceptible to antibiotics, including 
Streptococcus pneumoniae, Haemophilus influenzae, and methicillin-susceptible Staphylococcus 
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aureus. On the other hand, late-onset VAP is usually caused by antibiotic-resistant bacteria, 
such as Pseudomonas aeruginosa, Acinetobacter spp., methicillin-resistant S. aureus (MRSA), and 
extended-spectrum β-lactamase producing Enterobacteriaceae, such as Klebsiella pneumoniae, 
Escherichia coli, Enterobacter spp., among others [5–7]. However, some studies have reported 
that both susceptible and antibiotic-resistant microorganisms can have similar frequencies in 
early and late-onset VAP [22, 23].

In many cases, VAP can be caused by more than one pathogen (polymicrobial infection). This 
fact can be ignored sometimes when isolates are reported only as a percentage of the total 
number of isolates. In a recent study, performed in medical and surgical ICUs of a hospital in 
Spain, of 147 VAP patients, 32 (21%) had more than one pathogen associated. Interestingly, 
the clinical outcomes were not influenced by the polymicrobial etiology, when appropriate 
antibiotic therapy was administered [24].

The etiology of VAP varies in different countries and even between ICUs of the same city, 
distinct patients groups (like the ARDS patients, immunocompromised, and so on), or set-
tings of the same hospital [25]. However, among Gram-negative bacteria, a high frequency 
is generally reported for P. aeruginosa, Acinetobacter spp., and Enterobacteriaceae members. 
Among Gram-positive isolates, S. aureus and Streptococcus spp. are considered as important 
pathogens [3, 5, 14, 25–27]. Table 1 shows a list of the most frequently and also some uncom-
mon microorganisms detected in VAP patients.

Microorganisms Frequency (%)

(1) Gram-positive bacteria

 Staphylococcus aureus 20–32

 Streptococcus spp. 2–8

 Coagulase-negative staphylococci 1–2

(2) Gram-negative bacteria

 Pseudomonas aeruginosa 20–28

 Acinetobacter spp. 4–13

 Klebsiella pneumoniae 8–12

 Escherichia coli 4–10

 Haemophilus influenzae 4–8

 Enterobacter spp. 6–7

 Serratia spp. 2–4

 Neisseria spp. 2–3

 Stenotrophomonas maltophilia 2–3

(3) Other bacteria <1 each

 Anaerobes

 Corynebacterium spp.
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4. Virulence of major pathogens and VAP severity

Clinical outcomes of VAP depend on a variety of factors, which are inherent to the patient, 
the hospital assistance, and also the microorganism, including host immune system status, 
underlying diseases associated, appropriate antibiotic therapy, accurate and rapid clini-
cal and laboratory diagnosis, antimicrobial susceptibility, and virulence of the pathogen. 
Antimicrobial susceptibility is discussed in Section 5. Here, we present significance of major  
virulence factors associated with VAP severity of four selected pathogens: Acinetobacter baumannii,  
K. pneumoniae, P. aeruginosa, and S. aureus.

4.1. Acinetobacter baumannii

There are more than 20 Acinetobacter species, with A. baumannii being the most commonly 
isolated in clinical settings, in which it represents important emerging nosocomial pathogen. 
A. baumannii is a Gram-negative bacterium, strictly aerobic, nonfermentative coccobacillus, 
nonmotile, nonpigmented, and catalase-positive. It is ubiquitous in nature and has been 
recovered from soil, water, and animals and found as part of the normal skin, throat, and 
rectal flora of human. Although a frequent colonizer, A. baumannii can be the cause of severe 
and sometimes lethal infections, frequently of nosocomial origin, principally VAP. A survey 
in U.S. hospitals showed that the majority of the isolates (57.6%) were from the respiratory 
tract, and Acinetobacter species ranked fifth as the causative organism of VAP (6.6%) [28–30].

In recent years, it has been designated a “red alert” human pathogen and has caused consid-
erable concern in the medical community. This pathogen can adhere to surfaces, and it spe-
cifically targets moist tissues such as mucous membranes or skin that has been exposed due 
to accident or injury, and can cause a wide variety of infections. Most of the cases involve the 
respiratory tract, but bacteremia, meningitis, and wound infection may also occur. A recent 
systematic review and meta-analysis showed that some invasive procedures frequently used 

Microorganisms Frequency (%)

 Enterococcus spp.

 Moraxella spp.

(4) Viruses <1 each

 Influenza virus

 Herpes simplex virus

 Cytomegalovirus

(5) Fungi <1 each

 Aspergillus spp.

 Candida spp.

 Pneumocystis carinii

Table 1. Frequency of etiologic agents of VAP.
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in the ICU increase the risk of A. baumannii bacteremia: mechanical ventilation, central venous 
or urinary catheterization, and nasogastric tube use [31, 32].

The virulence of A. baumannii can be attributed to several factors: capacity to form biofilms; 
its ability to adhere, to colonize, and invade human epithelial cells; its antibiotic resistance 
mechanisms; and its ability to acquire foreign genetic material to promote its own survival 
under antibiotic and host selection pressures. Approximately 30% of Acinetobacter strains also 
produce an exopolysaccharide, which is a major virulence factor protecting bacteria from host 
defenses [28, 31].

4.2. Klebsiella pneumoniae

K. pneumoniae is generally considered an opportunistic pathogen that affects mainly immuno-
compromised individuals. It can be found normally in the intestine, oral cavity, and skin, as 
well as in hospital settings and medical devices [33]. K. pneumoniae is able to form biofilms in 
catheters and endotracheal tubes, which represent major sources of infection in patients with 
invasive devices [34].

Infections by K. pneumoniae that involves biofilm formation tend to be persistent or chronic, 
since the biofilm protects the pathogen of the host immune response and also of the antibi-
otic action [35]. An additional risk factor for chronic infections caused by nosocomial strains 
includes resistance to multiple antibiotics, making difficult for the choice of suitable antibiot-
ics for the treatment [36].

K. pneumoniae has about 78 capsular serotypes (or K antigens) [37]. Some of them present an 
increase in the production of the capsule and present very viscous colonies, which are called 
hypermucoviscous. Such isolates have also been considered to be hypervirulent because cap-
sule is the most important virulence factor of K. pneumoniae [38].

A practical way to check if an isolate is hypermucoviscous is by using the string test. If there 
is the formation of a viscous chain greater than 5 mm after touching bacterial growth on 
agar and try to stretch it with a platinum loop. The degree of mucoviscosity correlates with 
the establishment of invasive infections. Hypervirulent K. pneumoniae is highly invasive and 
can affect previously healthy persons, causing fatal infections, including severe pneumonia 
among them [38]. The bacterium with the phenotype of hypermucoviscosity is capable of 
spreading from one organ to other organs (metastatic spread) [39].

The capsule consists of polysaccharides and is generally constituted by repeating units of three 
to six sugars [38]. The main functions assigned to it include: (1) protection of K. pneumoniae  
against opsonization and phagocytosis [40]; (2) interference with dendritic cells (DCs) mat-
uration and, consequently, in the production of pro-Th1 cytokines mediated by DCs [41]; 
(3) anti-inflammatory effect by the inhibition of IL-8 expression [42–44]; and (4) reduction of 
the amount of antimicrobial peptides reaching the bacterial surface, thus, promoting resis-
tance to them [45].

In addition to capsule, iron acquisition is a virulence property that also contributes to the persis-
tence of the microorganism in the patient body and, consequently, to VAP, since iron is essen-
tial for bacterial growth. Pathogenic members of the Enterobacteriaceae family  usually display 
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uration and, consequently, in the production of pro-Th1 cytokines mediated by DCs [41]; 
(3) anti-inflammatory effect by the inhibition of IL-8 expression [42–44]; and (4) reduction of 
the amount of antimicrobial peptides reaching the bacterial surface, thus, promoting resis-
tance to them [45].

In addition to capsule, iron acquisition is a virulence property that also contributes to the persis-
tence of the microorganism in the patient body and, consequently, to VAP, since iron is essen-
tial for bacterial growth. Pathogenic members of the Enterobacteriaceae family  usually display 
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a variety of iron uptake systems, of which at least 12 have been described in K. pneumoniae. 
Isolates associated with pulmonary infections also produce yersiniabactin and salmochelin, 
which are not sequestered by the host protein lipocalin 2 of the innate immune defense [46, 
47]. Additionally, hypervirulent K. pneumoniae produces a higher amount and more active sid-
erophore molecules than classical K. pneumoniae, which increases its pathogenic potential [48].

4.3. Pseudomonas aeruginosa

VAP caused by P. aeruginosa has been associated with higher case fatality rates than that by 
other bacteria. This pathogen is a noninvasivefermenting Gram-negative, aerobic, rod-shaped 
polar-flagella, with unipolar motility. P. aeruginosa is considered emerging as an important 
nosocomial pathogen worldwide and is responsible for an extensive spectrum of infections in 
humans associated with significant morbidity and mortality. It is an opportunistic pathogen 
that is normally found in plants, soils, and in a variety of aquatic environments. The adapt-
ability and high antibiotic resistance allow it to survive in a wide range of other natural and 
artificial settings, including surfaces in medical facilities. In addition, P. aeruginosa is recog-
nized for its ability to form biofilms and directly increase the VAP-induced lung injury. In the 
United States, P. aeruginosa is among the most common hospital pathogens and is the second 
most common pathogen isolated from patients with VAP and has been associated with pro-
longed hospitalization, increased cost, and mortality [49–52].

Cell surface virulence factors of P. aeruginosa play an important role in colonization of the 
lower respiratory tract. These factors include flagellum, pili or fimbriae, lipopolysaccharide 
(LPS), as well as type III secretion system (T3SS), which is a major determinant of virulence. 
The T3SS expression is frequently associated with acute invasive infections and has been 
linked to increased mortality in infected patients, and it is shared among many pathogenic 
Gram-negative bacteria as a means of injecting toxins directly into host cells [49, 53].

Additionally, several proteases are produced by P. aeruginosa. These proteases have estab-
lished roles in distinct infectious process, such as hydrolysis of immunoglobulin, fibrin, 
fibrinogen, and also disruption of epithelial tight junctions. Main P. aeruginosa proteases 
include pyocyanin, which induces damage to the respiratory tract, such as epithelial necrosis 
and reduced ciliary movement; pyoverdin, its main secreted siderophore; protease IV, a ser-
ine protease responsible to degradation of complement proteins, fibrinogen, immunoglobulin 
G, and plasminogen; elastase and metalloproteinases that degrade elastin, collagen types III 
and IV, surfactant, immunoglobulins, complement factors, and cytokines; and exotoxin A, 
one of the most potent toxins with cytopathic activity, among others, such as quorum-sensing, 
a very sophisticated gene regulatory mechanism that allows bacteria to coordinate activity 
through the production of small diffusible molecules. These functions include the formation 
of biofilms, motility, secretion of virulent factors, and exopolysaccharide production [49, 54].

4.4. Staphylococcus aureus

S. aureus strains produce several virulence factors that contribute to the pathogenesis and 
severity of lower respiratory infections. Some of them can hinder host defenses, such as  protein 
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A, coagulase, leukocidin, and γ-toxin [55]. Protein A is an important virulence factor in the 
pathogenesis of experimental staphylococcal pneumonia in mice [56]. Moreover, protein A 
mediates: (1) invasion across airway epithelial cells through activation of RhoA GTPase sig-
naling and proteolytic activity; (2) binding to tumor necrosis factor receptor 1 (TNFR1) on 
lung epithelial cells, and (3) activation of a specific intracellular signaling causing the recruit-
ment of neutrophils. These activities increase inflammation of the airway epithelium and, 
thus, contribute to tissue damage [57].

Cysteine proteases, in particular staphopain A (ScpA), cleave the pulmonary surfactant pro-
tein-A (SP-A), a major surfactant component with immune functions that is important during 
S. aureus infections [55]. Additionally, S. aureus releases enzymes with significant roles as 
virulence factors, including proteases, nucleases, lipases, hyaluronidase, and staphylokinase 
that facilitate the invasion of the infected tissue [58].

Interestingly, S. aureus display a great ability to subvert innate and adaptive immune responses 
to favor its replication [59]. In some situations, such as in immunocompromising conditions, 
there is a higher susceptibility to acquire S. aureus infection, mainly by hospitalized patients. In 
this context, S. aureus and especially the epidemic methicillin-resistant S. aureus strains cause 
severe necrotizing pneumonia by producing Panton-Valentine leukocidin (PVL) that has been 
reported to cause rapidly progressive necrosis of the lung tissue in young immunocompetent 
patients. The severity of disease, survival, and clinical outcome of VAP patients can also be 
associated with the presence of the Panton-Valentine leukocidin genes in MRSA [60]. The role 
of PVL in the pathogenesis of MRSA infection is not clear, but recently, it was demonstrated 
that the PVL have strong affinity for host extracellular matrix proteins being, therefore, impli-
cated as a S. aureus adherence molecule. Moreover, PVL as a cytotoxin targets human polymor-
phonuclear neutrophils, and monocytes or macrophages, or both, leading to their apoptosis 
or necrosis as result of the Bax-independent apoptosis occurring by means of a novel pathway 
that presumably involved PVL-mediated pore formation in the mitochondria membranes.

5. Antimicrobial susceptibility and management of patients

Choosing an initial antibiotic for suspected VAP is a difficult task. A scheme of empiric anti-
biotic therapy must take into account that S. aureus, P. aeruginosa, Acinetobacter spp., and 
Enterobacteriaceae members together represent more than 80% of VAP cases worldwide and 
several strains are defined as MDR pathogens [26]. To provide suitable antibiotic exposure 
regarding the possibility of infection by MDR pathogens, the empiric therapy should contain 
multiple agents with broader spectrum of activity [25].

However, antibiotic choices should be based on local prevalence and the antimicrobial sus-
ceptibility profile of the usual pathogens, since data from guidelines or other hospitals can 
be ineffective [61]. For empiric MRSA coverage, vancomycin or linezolid are strongly recom-
mended. On the other hand, if it is indicated as MSSA coverage, the following antibiotics 
should be used: piperacillin-tazobactam, cefepime, levofloxacin, imipenem, or meropenem. 
Suspected etiology for MRSA or MSSA should be based on the presence of risk factors [61].
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a very sophisticated gene regulatory mechanism that allows bacteria to coordinate activity 
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4.4. Staphylococcus aureus
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S. aureus infections [55]. Additionally, S. aureus releases enzymes with significant roles as 
virulence factors, including proteases, nucleases, lipases, hyaluronidase, and staphylokinase 
that facilitate the invasion of the infected tissue [58].

Interestingly, S. aureus display a great ability to subvert innate and adaptive immune responses 
to favor its replication [59]. In some situations, such as in immunocompromising conditions, 
there is a higher susceptibility to acquire S. aureus infection, mainly by hospitalized patients. In 
this context, S. aureus and especially the epidemic methicillin-resistant S. aureus strains cause 
severe necrotizing pneumonia by producing Panton-Valentine leukocidin (PVL) that has been 
reported to cause rapidly progressive necrosis of the lung tissue in young immunocompetent 
patients. The severity of disease, survival, and clinical outcome of VAP patients can also be 
associated with the presence of the Panton-Valentine leukocidin genes in MRSA [60]. The role 
of PVL in the pathogenesis of MRSA infection is not clear, but recently, it was demonstrated 
that the PVL have strong affinity for host extracellular matrix proteins being, therefore, impli-
cated as a S. aureus adherence molecule. Moreover, PVL as a cytotoxin targets human polymor-
phonuclear neutrophils, and monocytes or macrophages, or both, leading to their apoptosis 
or necrosis as result of the Bax-independent apoptosis occurring by means of a novel pathway 
that presumably involved PVL-mediated pore formation in the mitochondria membranes.

5. Antimicrobial susceptibility and management of patients

Choosing an initial antibiotic for suspected VAP is a difficult task. A scheme of empiric anti-
biotic therapy must take into account that S. aureus, P. aeruginosa, Acinetobacter spp., and 
Enterobacteriaceae members together represent more than 80% of VAP cases worldwide and 
several strains are defined as MDR pathogens [26]. To provide suitable antibiotic exposure 
regarding the possibility of infection by MDR pathogens, the empiric therapy should contain 
multiple agents with broader spectrum of activity [25].

However, antibiotic choices should be based on local prevalence and the antimicrobial sus-
ceptibility profile of the usual pathogens, since data from guidelines or other hospitals can 
be ineffective [61]. For empiric MRSA coverage, vancomycin or linezolid are strongly recom-
mended. On the other hand, if it is indicated as MSSA coverage, the following antibiotics 
should be used: piperacillin-tazobactam, cefepime, levofloxacin, imipenem, or meropenem. 
Suspected etiology for MRSA or MSSA should be based on the presence of risk factors [61].
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It has been reported that more than 50% of MRSA are also resistant to macrolides, lincos-
amides, fluoroquinolones, and aminoglycosides. This high level of resistance not only impedes 
successful therapy but also allows the microorganism to persist in the hospital, expanding 
its reservoir. So, vancomycin is the first-line treatment to VAP patients caused by MRSA. 
Nevertheless, some studies have described S. aureus strains with decreased susceptibility to 
vancomycin (vancomycin intermediate-resistant S. aureus, VISA). The acquired-resistance of 
MRSA to vancomycin is related to acquire mutations that appear in MRSA during vancomy-
cin therapy [62, 63]. More recently, studies describing MRSA strains with high-level vanco-
mycin resistance (vancomycin-resistant S. aureus, VRSA) were described. The mechanism of 
resistance is associated to the presence of transposon Tn1546, acquired from vancomycin-
resistant Enterococcus faecalis, which is known to alter cell wall structure and metabolism, but 
the resistance mechanisms in VISA and VRSA isolates are less well defined [62].

Antibiotic options for Gram-negative coverage are more varied and must contain two anti-
pseudomonal antibiotics from different classes in the presence of risk factors for MDR patho-
gens for the initial treatment of suspected VAP. If the patient does not present risk factors for 
MDR pathogens, only one anti-pseudomonas drug should be prescribed [61].

The frequency of infections caused by P. aeruginosa has increased in combination with the 
morbidity and mortality among hospitalized patients, all of which are exacerbated by anti-
microbial resistance. Studies have demonstrated that resistance to carbapenems, aminogly-
cosides, and fluoroquinolones has increased gradually over the past few years, as well as 
episodes caused by MDR strains. Many P. aeruginosa isolates display an intrinsic reduced sus-
ceptibility to several antibacterial agents, as well as a tendency to develop resistance during 
therapy, especially in carbapenem-resistant strains. The most common mechanism of imipe-
nem resistance in P. aeruginosa is a combination of chromosomal AmpC production and porin 
alterations. It also produces extended-spectrum β-lactamases (ESBLs) and can harbor other 
antibiotic resistance enzymes such as K. pneumoniae carbapenemases (KPC) and imipenem 
metallo-β-lactamases. β-Lactamase production, especially ESBLs, remains the main factor to 
acquired β-lactam resistance [52, 64, 65].

K. pneumoniae may present two major types of antibiotic resistance: (1) expression of ESBLs, 
which make them resistant to cephalosporins and monobactams and (2) the expression of 
carbapenemases that make K. pneumoniae resistant to almost all available β-lactams, including 
carbapenems. The first reported of carbapenemase by K. pneumoniae was in the USA, in 1996, 
which was designated KPC. Currently four classes of carbapenemases (classes A–D) have 
already been described and KPCs are classified into class A. To date, 16 KPC class A vari-
ants have already been identified. In addition to KPCs, K. pneumoniae strains may carry other 
forms of carbapenemases, such as class B metallo-β-lactamases (such as New Delhi's metallo-
β-lactamase NDM-1 enzymes) and OXA class. In addition to β-lactamases, mutations in outer 
membrane proteins (OMPs) may also make the bacterium more resistant to β-lactams, par-
ticularly if it was in combination with the expression of a carbapenemase [66].

A. baumannii is also considered an emerging cause of nosocomial outbreaks, especially by MDR 
strains in ICUs. The most significant mechanism of carbapenem resistance in A. baumannii is 
the production of carbapenemases, which can be either intrinsic or acquired. Carbapenems 
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have been considered the agents of choice for infections caused by susceptible pathogens, but 
the rapid increase in carbapenem resistance rates has complicated this issue. Other mecha-
nisms include: changes in OMPs, penicillin-binding proteins, and efflux pumps; resistance to 
aminoglycosides, mediated by aminoglycoside phosphotransferases, acetyltransferases, and 
adenyltransferases; resistance to quinolones, polymyxins, tetracyclines, among others [28].

A recent cohort study of bacteremia associated with pneumonia found that inappropriate ini-
tial antibiotic treatment seems to be the most important independent determinant of mortality 
and is the only identified mortality predictor amenable to intervention [67]. These Gram-
negative bacteria are responsible for increasing numbers of infections encountered in hospi-
tals, particularly among immunocompromised patients, and community-acquired infections 
are also increasing in prevalence. Furthermore, the impact of P. aeruginosa and A. baumannii 
resistance on health systems is a major concern in hospitals worldwide.

6. Laboratory diagnosis

The diagnosis of VAP is usually based on clinical, radiographic, and microbiological criteria. 
Microbiological diagnosis is important in the management of VAP, since early diagnosis can 
influence clinical outcomes. The usual methods for microbiological diagnosis are based on 
quantitative or semiquantitative culture, but the results can take 48 h or more to be available. 
The Gram stain method has been used as screening of infection and to guide initial anti-
biotic therapy. However, utility of microscopy examination of respiratory secretions is still 
controversial.

Molecular methods can also be used to obtain results more quickly and initiate rational anti-
biotic therapy of patients with VAP. Many method formats are available for the detection of 
target genes for microbial identification and also for the detection of antimicrobial resistance 
genes.

6.1. Culture

Semiquantitative culture of endotracheal aspirates (ETA) is the recommended microbiologi-
cal procedure to diagnose VAP, since it is more sensitive and can be done more rapidly. 
Other biological specimens have been used, including the ones obtained by invasive sam-
pling, such as: bronchoalveolar lavage (BAL), blind bronchial sampling (mini-BAL), and pro-
tected specimen brush (PSB). Blood cultures should also be performed for all patients with 
suspected VAP. In all cases, samples should be obtained before the patients initiate antibiotic 
therapy [61].

The main problem with the semiquantitative culture of ETA is that its high sensitivity pro-
motes the unnecessary prescription of antibiotics to some patients. In the case of quantita-
tive cultures of lower respiratory tract secretions, the following threshold cut-offs are usually 
applied to diagnosis true infection: ETA 105–106, BAL 104, and PSB 103 CFU/mL. This strategy 
may lead to false-negative results and worse clinical outcomes in some patients [61].
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The Gram stain method has been used as screening of infection and to guide initial anti-
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Molecular methods can also be used to obtain results more quickly and initiate rational anti-
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motes the unnecessary prescription of antibiotics to some patients. In the case of quantita-
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6.2. Gram stain

The Gram stain of respiratory specimens can provide rapid information regarding morpho-
logical aspects of the bacterial pathogen and whether it is Gram-positive or Gram-negative. 
Additionally, microscopic examination may reveal whether the smear is suggestive of infec-
tion. It is generally accepted as active infection when the biological sample has more than 25 
neutrophils and less than 10 epithelial cells per 10× low-power field.

A decision strategy based on the results of Gram stain was proposed to assist the clinician in 
the empirical prescription of antibiotics [68]:

• If the Gram stain of the ETA is negative: Antibiotic prescription can wait until the micro-
biological culture result is available, since it is very unlikely that the patient have VAP.

• If the Gram stain of PSB is positive: The antibiotic therapy can be initiated and based on 
the result of Gram stain, since it is very likely that the patient has VAP. Later, it can be ad-
justed according to the culture result.

• If the Gram stain of PSB is negative and the Gram stain of the ETA is positive: The 
antibiotic therapy may only be initiated depending on the severity of the patient's clinical 
condition or when the VAP is confirmed by the culture.

Nevertheless, the utility of Gram staining in the diagnosis of VAP and as a guide for the anti-
biotic empirical therapy of VAP is a very controversial subject. It is usually accepted that this 
old diagnostic tool has a high negative predictive value, i.e., VAP is unlikely with a negative 
Gram stain [69].

6.3. Molecular methods

Several molecular-based methods have been proposed for the detection of respiratory patho-
gens that offer a reliable diagnosis, with high sensitivity and specificity. Most of them are 
nucleic acid-based amplification methods that identify, simultaneously, multiple and specific 
target gene sequences (multiplex assays) of a wide range of bacterial species and resistance 
genes [70, 71].

Considering that the etiology of the VAP is very different from the community-acquired 
pneumonia, some main potential gene targets are mecA gene in S. aureus; blaVIM and blaIMP 
genes in P. aeruginosa; blaOXA genes in Acinetobacter spp.; and blaKPC gene in members of the 
Enterobacteriaceae family, in addition to the detection of Stenotrophomonas maltophilia [72].

Currently, a variety of platforms or systems are available to identify respiratory pathogens 
using distinct technologies. Some molecular diagnostic systems detect a small number of 
microorganisms, such as GeneXpertMRSA/SA that detects MRSA and MSSA. On the other 
hand, IRIDICA and MALDI-TOFI can detect a wide range of pathogens and resistance mark-
ers. Table 2 shows the major commercial systems available to detect respiratory pathogens, 
including bacteria, viruses, and fungi.

Depending on the methods, the advantages of molecular methods include rapid results; 
detection of very low amounts of gene sequences; target sequences to identify the agent and/
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or the resistance gene markers; possibility to search for multiple agents and resistance mark-
ers; direct detection in clinical specimens; and higher sensitivity. On the other hand, among 
important drawbacks are: most of them are qualitative, risk of contamination, high costs, and 
lack of validation.

6.4. Exhaled breath metabolomics

Recent advances in diagnostic technologies have pointed to metabolomics as an emerging and 
faster method to aid in the diagnosis of various diseases, such as cancer, asthma, among  others. 
The procedure can be performed with samples such as plasma and also with  noninvasive 
samples, such as exhaled air and saliva. Results can return within a matter of hours, com-
pared with days of conventional culture. In the case of exhaled air, the method consists in 
determining the profile of volatile organic compounds (VOCs) emitted by the patient through 
respiration [73]. These metabolic degradation products present in the expired air are derived 
from the patient and the pathogen. The VOC profile is detected through sensitive procedures 
such as nuclear magnetic resonance spectroscopy [74] and gas chromatography-mass spec-
trometry [75]. Studies in patients with VAP have allowed the determination of distinct VOC 
patterns in clinical cases associated to different pathogens, showing good correlation with the 
microbiological culture and offer great potential as biomarkers [76, 77].

Systems No. of pathogens/markers Technology

Abbot IRIDICA System 780 bacteria, 200 fungi, 13 viruses, and 4 
resistance markers

PCR/ESI-MS

Accelerate PhenoTest™ BC kit 27 bacteria and 2 yeasts and AST FISH

Amplidiag® CarbaR+VRE 5 carbapenemase and 2 vancomycin-resistance 
markers

Multiplex RT-PCR

CE-IVD HAI BioDetection kit 12 most common nosocomial pathogens and 
15 resistance markers

NSG

Curetis Unyvero™ 16 bacteria, 1 fungus, 18 resistance markers PCR

FilmArray® Respiratory Panel 17 viruses and 3 bacteria Multiplex RT-PCR

FTD Bacterial pneumoniae HAP Detection and quantification of K. pneumoniae 
and P. aeruginosa

Multiplex RT-PCR

GeneXpertMRSA/SA Only MRSA and MSSA RT-PCR

MALDI-TOFI Wide spectrum of bacteria and fungi MS

NxTAG® Respiratory Pathogen Panel 18 viruses and 3 bacteria Multiplex RT-PCR

R-Biopharm RIDA® GENE-kits mecA/mecC, SCCmec cassette, and S. aureus Multiplex RT-PCR

Verigene® Respiratory Pathogens Flex Test Up to 13 viruses and 3 bacteria (customized) Multiplex RT-PCR

AST: antimicrobial susceptibility testing; FISH: fluorescence in-situ hybridization; MALDI-TOF: matrix-assisted laser 
desorption/ionization time-of-flight; MRSA: methicillin resistant S. aureus; MSSA: methicillin sensitive S. aureus; MS: 
mass spectrometry; NGS: next-generation sequencing; PCR: polymerase chain reaction; PCR/ESI-MS: PCR-electrospray 
ionization mass spectrometry; RT-PCR: real time-PCR.

Table 2. Commercial molecular systems for detection of respiratory pathogens and resistance markers.

Microbiology of Ventilator-Associated Pneumonia
http://dx.doi.org/10.5772/intechopen.69430

117



6.2. Gram stain

The Gram stain of respiratory specimens can provide rapid information regarding morpho-
logical aspects of the bacterial pathogen and whether it is Gram-positive or Gram-negative. 
Additionally, microscopic examination may reveal whether the smear is suggestive of infec-
tion. It is generally accepted as active infection when the biological sample has more than 25 
neutrophils and less than 10 epithelial cells per 10× low-power field.

A decision strategy based on the results of Gram stain was proposed to assist the clinician in 
the empirical prescription of antibiotics [68]:

• If the Gram stain of the ETA is negative: Antibiotic prescription can wait until the micro-
biological culture result is available, since it is very unlikely that the patient have VAP.

• If the Gram stain of PSB is positive: The antibiotic therapy can be initiated and based on 
the result of Gram stain, since it is very likely that the patient has VAP. Later, it can be ad-
justed according to the culture result.

• If the Gram stain of PSB is negative and the Gram stain of the ETA is positive: The 
antibiotic therapy may only be initiated depending on the severity of the patient's clinical 
condition or when the VAP is confirmed by the culture.

Nevertheless, the utility of Gram staining in the diagnosis of VAP and as a guide for the anti-
biotic empirical therapy of VAP is a very controversial subject. It is usually accepted that this 
old diagnostic tool has a high negative predictive value, i.e., VAP is unlikely with a negative 
Gram stain [69].

6.3. Molecular methods

Several molecular-based methods have been proposed for the detection of respiratory patho-
gens that offer a reliable diagnosis, with high sensitivity and specificity. Most of them are 
nucleic acid-based amplification methods that identify, simultaneously, multiple and specific 
target gene sequences (multiplex assays) of a wide range of bacterial species and resistance 
genes [70, 71].

Considering that the etiology of the VAP is very different from the community-acquired 
pneumonia, some main potential gene targets are mecA gene in S. aureus; blaVIM and blaIMP 
genes in P. aeruginosa; blaOXA genes in Acinetobacter spp.; and blaKPC gene in members of the 
Enterobacteriaceae family, in addition to the detection of Stenotrophomonas maltophilia [72].

Currently, a variety of platforms or systems are available to identify respiratory pathogens 
using distinct technologies. Some molecular diagnostic systems detect a small number of 
microorganisms, such as GeneXpertMRSA/SA that detects MRSA and MSSA. On the other 
hand, IRIDICA and MALDI-TOFI can detect a wide range of pathogens and resistance mark-
ers. Table 2 shows the major commercial systems available to detect respiratory pathogens, 
including bacteria, viruses, and fungi.

Depending on the methods, the advantages of molecular methods include rapid results; 
detection of very low amounts of gene sequences; target sequences to identify the agent and/
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or the resistance gene markers; possibility to search for multiple agents and resistance mark-
ers; direct detection in clinical specimens; and higher sensitivity. On the other hand, among 
important drawbacks are: most of them are qualitative, risk of contamination, high costs, and 
lack of validation.

6.4. Exhaled breath metabolomics

Recent advances in diagnostic technologies have pointed to metabolomics as an emerging and 
faster method to aid in the diagnosis of various diseases, such as cancer, asthma, among  others. 
The procedure can be performed with samples such as plasma and also with  noninvasive 
samples, such as exhaled air and saliva. Results can return within a matter of hours, com-
pared with days of conventional culture. In the case of exhaled air, the method consists in 
determining the profile of volatile organic compounds (VOCs) emitted by the patient through 
respiration [73]. These metabolic degradation products present in the expired air are derived 
from the patient and the pathogen. The VOC profile is detected through sensitive procedures 
such as nuclear magnetic resonance spectroscopy [74] and gas chromatography-mass spec-
trometry [75]. Studies in patients with VAP have allowed the determination of distinct VOC 
patterns in clinical cases associated to different pathogens, showing good correlation with the 
microbiological culture and offer great potential as biomarkers [76, 77].

Systems No. of pathogens/markers Technology

Abbot IRIDICA System 780 bacteria, 200 fungi, 13 viruses, and 4 
resistance markers

PCR/ESI-MS

Accelerate PhenoTest™ BC kit 27 bacteria and 2 yeasts and AST FISH

Amplidiag® CarbaR+VRE 5 carbapenemase and 2 vancomycin-resistance 
markers

Multiplex RT-PCR

CE-IVD HAI BioDetection kit 12 most common nosocomial pathogens and 
15 resistance markers

NSG

Curetis Unyvero™ 16 bacteria, 1 fungus, 18 resistance markers PCR

FilmArray® Respiratory Panel 17 viruses and 3 bacteria Multiplex RT-PCR

FTD Bacterial pneumoniae HAP Detection and quantification of K. pneumoniae 
and P. aeruginosa

Multiplex RT-PCR

GeneXpertMRSA/SA Only MRSA and MSSA RT-PCR

MALDI-TOFI Wide spectrum of bacteria and fungi MS

NxTAG® Respiratory Pathogen Panel 18 viruses and 3 bacteria Multiplex RT-PCR

R-Biopharm RIDA® GENE-kits mecA/mecC, SCCmec cassette, and S. aureus Multiplex RT-PCR

Verigene® Respiratory Pathogens Flex Test Up to 13 viruses and 3 bacteria (customized) Multiplex RT-PCR

AST: antimicrobial susceptibility testing; FISH: fluorescence in-situ hybridization; MALDI-TOF: matrix-assisted laser 
desorption/ionization time-of-flight; MRSA: methicillin resistant S. aureus; MSSA: methicillin sensitive S. aureus; MS: 
mass spectrometry; NGS: next-generation sequencing; PCR: polymerase chain reaction; PCR/ESI-MS: PCR-electrospray 
ionization mass spectrometry; RT-PCR: real time-PCR.

Table 2. Commercial molecular systems for detection of respiratory pathogens and resistance markers.
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Major drawbacks of this method include: (i) the sampling methodology, which should 
enable to sample from beyond the endotracheal tube and hence to exclude air from the 
upper respiratory tract; (ii) discovery of more pathogen-specific metabolites; and (iii) the 
need of trained personnel to operate the analytical methodology by gas chromatography-
mass spectrometry apparatus.

7. Final considerations

One of the main problems of VAP is the lack of a gold standard for rapid and reliable diagnosis. 
Mortality associated with VAP remains high, mainly because of the increasing prevalence of 
MDR pathogens and their resistance profiles vary depending on the patient group and the hos-
pital setting. However, significant progress has been obtained in the development of systems 
or platforms for molecular detection of respiratory pathogens, which are feasible to be applied 
to the routine diagnosis of VAP. Additionally, metabolic profiling of exhaled breath will aim 
to speed up the process after refinement of the sampling methodology and discovery of highly 
discriminatory biomarkers. With the validation and implementation of these methods for 
diagnosis, probably a more adequate control of VAP will be obtained. Especially, because the 
early and appropriate use of antibiotics may result in reduced mortality among patients under 
mechanical ventilation. Although, it is important to observe the guidelines for patient manage-
ment, antibiotic therapy must be based on local prevalence and microbiology data.
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need of trained personnel to operate the analytical methodology by gas chromatography-
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7. Final considerations

One of the main problems of VAP is the lack of a gold standard for rapid and reliable diagnosis. 
Mortality associated with VAP remains high, mainly because of the increasing prevalence of 
MDR pathogens and their resistance profiles vary depending on the patient group and the hos-
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Abstract

Worldwide, antibiotic resistance is a major contemporary public health threat due to 
rapid emergence of resistant bacteria and endangering the efficacy of antibiotics. There 
are significant number of reports on clinical failure of β-lactam and β-lactamase inhibitor 
combination and even carbapenems due to various carbapenem resistance mechanisms. 
The increasing rate of the antibiotic resistance and its impact on treatment failure encour-
aged us to study newly reported concept of antibiotic adjuvant entities (AAEs) by which 
the increasing failure rate of antibiotics can be controlled. These AAEs have been devel-
oped for both Gram-positive and Gram-negative multidrug-resistant (MDR) infections. 
Elores (ceftriaxone + sulbactam with adjuvant ethylenediaminetetraacetic acid (EDTA)) 
and Potentox (cefepime + amikacin with adjuvant potassium chloride) are the AAEs 
for Gram-negative MDR pathogens each catering to a different type of resistance and 
Vancoplus (ceftriaxone + vancomycin with adjuvant L-arginine), another AAE, can help 
us to last longer in the war against antibiotic-resistant Gram-positive bugs particularly 
which cause complicated lower respiratory tract infection (LRTI) leading to pneumonia. 
These new antibiotic additions (Elores, Potentox, and Vancoplus) to the current arma-
mentarium to treat MDR infections, including pneumonia, can help us combat against 
antimicrobial resistance more efficiently.

Keywords: antibiotic resistance, pneumonia, Elores, Potentox, Vancoplus

1. Introduction

Pneumonia commonly described as infection of lungs is classified according to where or how 
it is acquired: community-acquired, healthcare-associated, hospital-acquired, or ventilator-
associated pneumonia [1, 2]. According to the area of lung affected, pneumonia can be lobar 
pneumonia, bronchial pneumonia, and acute interstitial pneumonia [2]. Pneumonia can be 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[65] Potron A, Poirel L, Nordmann P. Emerging broad-spectrum resistance in Pseudomonas 
aeruginosa and Acinetobacter baumannii: Mechanisms and epidemiology. International 
Journal of Antimicrobial Agents. 2015;45(6):568-585. DOI: 10.1016/j.ijantimicag.2015.03.001

[66] Paczosa MK, Mecsas J. Klebsiella pneumoniae: Going on the offense with a strong defense. 
Microbiology and Molecular Biology Reviews. 2016;80(3):629-661. DOI: 10.1128/MMBR. 
00078-15

[67] Guillamet CV, Vazquez R, Noe J, Micek ST, Kollef MH. A cohort study of bacteremic 
pneumonia: The importance of antibiotic resistance and appropriate initial therapy? 
Medicine (Baltimore). 2016;95(35):e4708. DOI: 10.1097/MD.0000000000004708

[68] Blot F, Raynard B, Chachaty E, Tancrede C, Antoun S, Nitenberg G. Value of Gram stain 
examination of lower respiratory tract secretions for early diagnosis of nosocomial pneu-
monia. American Journal of Respiratory and Critical Care Medicine. 2000;162(5):1731-
1737. DOI: 10.1164/ajrccm.162.5.9908088

[69] O'Horo JC, Thompson D, Safdar N. Is the gram stain useful in the microbiologic diag-
nosis of VAP? A meta-analysis. Clinical Infectious Diseases. 2012;55(4):551-561. DOI: 
10.1093/cid/cis512

[70] Lung M, Codina G. Molecular diagnosis in HAP/VAP. Current Opinion in Critical Care. 
2012;18(5):487-494. DOI: 10.1097/MCC.0b013e3283577d37

[71] Mothershed EA, Whitney AM. Nucleic acid-based methods for the detection of bacterial 
pathogens: Present and future considerations for the clinical laboratory. Clinica Chimica 
Acta. 2006;363(1-2):206-220. DOI: 10.1016/j.cccn.2005.05.050

[72] Tenover FC. Developing molecular amplification methods for rapid diagnosis of respi-
ratory tract infections caused by bacterial pathogens. Clinical Infectious Diseases. 
2011;52(Suppl 4):S338-S345. DOI: 10.1093/cid/cir049

[73] Beale DJ, Jones OA, Karpe AV, Dayalan S, Oh DY, Kouremenos KA, et al. A review of 
analytical techniques and their application in disease diagnosis in breathomics and sal-
ivaomics research. International Journal of Molecular Sciences. 2016;18(1):24

[74] Motta A, Paris D, Melck D, De Laurentiis G, Maniscalco M, Sofia M, et al. Nuclear mag-
netic resonance-based metabolomics of exhaled breath condensate: Methodological 
aspects. European Respiratory Journal. 2012;39(2):498-500

[75] Ibrahim B, Basanta M, Cadden P, Singh D, Douce D, Woodcock A, et al. noninvasive 
phenotyping using exhaled volatile organic compounds in asthma. Thorax. 2011;66: 
804-809. DOI: 10.1136/thx.2010.156695

[76] Filipiak W, Beer R, Sponring A, Filipiak A, Ager C, Schiefecker A, et al. Breath analysis 
for in vivo detection of pathogens related to ventilator-associated pneumonia in inten-
sive care patients: A prospective pilot study. Journal of Breath Research. 2015;9(1):016004

[77] Fowler SJ, Basanta-Sanchez M, Xu Y, Goodacre R, Dark PM. Surveillance for lower air-
way pathogens in mechanically ventilated patients by metabolomic analysis of exhaled 
breath: A case-control study. Thorax. 2015;70(4):320-325

Contemporary Topics of Pneumonia124

Chapter 6

Advancing in the Direction of Right Solutions: Treating
Multidrug-Resistant Pneumonia

Manu Chaudhary, Gazalla Ayub and Anurag Payasi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69979

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.69979

Advancing in the Direction of Right Solutions: Treating 
Multidrug-Resistant Pneumonia

Manu Chaudhary, Gazalla Ayub and Anurag 
Payasi

Additional information is available at the end of the chapter

Abstract

Worldwide, antibiotic resistance is a major contemporary public health threat due to 
rapid emergence of resistant bacteria and endangering the efficacy of antibiotics. There 
are significant number of reports on clinical failure of β-lactam and β-lactamase inhibitor 
combination and even carbapenems due to various carbapenem resistance mechanisms. 
The increasing rate of the antibiotic resistance and its impact on treatment failure encour-
aged us to study newly reported concept of antibiotic adjuvant entities (AAEs) by which 
the increasing failure rate of antibiotics can be controlled. These AAEs have been devel-
oped for both Gram-positive and Gram-negative multidrug-resistant (MDR) infections. 
Elores (ceftriaxone + sulbactam with adjuvant ethylenediaminetetraacetic acid (EDTA)) 
and Potentox (cefepime + amikacin with adjuvant potassium chloride) are the AAEs 
for Gram-negative MDR pathogens each catering to a different type of resistance and 
Vancoplus (ceftriaxone + vancomycin with adjuvant L-arginine), another AAE, can help 
us to last longer in the war against antibiotic-resistant Gram-positive bugs particularly 
which cause complicated lower respiratory tract infection (LRTI) leading to pneumonia. 
These new antibiotic additions (Elores, Potentox, and Vancoplus) to the current arma-
mentarium to treat MDR infections, including pneumonia, can help us combat against 
antimicrobial resistance more efficiently.

Keywords: antibiotic resistance, pneumonia, Elores, Potentox, Vancoplus

1. Introduction

Pneumonia commonly described as infection of lungs is classified according to where or how 
it is acquired: community-acquired, healthcare-associated, hospital-acquired, or ventilator-
associated pneumonia [1, 2]. According to the area of lung affected, pneumonia can be lobar 
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bacterial, viral, and less commonly fungal [3]. In the pediatric age group, pneumonia may 
additionally be classified as non-severe, severe, or very severe depending on the signs and 
symptoms [4].

2. Definitions

Hospital-acquired pneumonia (HAP) or nosocomial pneumonia refers to any pneumonia con-
tracted by a patient in a hospital at least 48–72 h after being admitted. Community-acquired 
pneumonia (CAP) is defined as pneumonia acquired outside a hospital or a long-term care 
facility. It occurs within 48 h of hospital admission or in a patient presenting with pneumonia 
who does not have any of the characteristics of healthcare-associated pneumonia. The nosoco-
mial pneumonia, which is associated with mechanical ventilation for a duration of more than 
48 h, is termed as ventilator-associated pneumonia (VAP), whereas the healthcare-associated 
pneumonia is defined as the pneumonia occurring in non-hospitalized patients having con-
tact with the healthcare system.

3. Epidemiology

From 1930s, prior to the discovery of antibiotic, till date pneumonia remains the major cause 
of death among all age groups accounting for four million deaths annually. The rate of death 
is highest among children aged less than 5 years worldwide [5]. According to a study con-
ducted by Farooqui et al. [6], 3.6 million (3.3–3.9 million) episodes of severe pneumonia and 
0.35 million (0.31–0.40 million) all-cause pneumonia deaths occurred in children younger than 
5 years in India. Furthermore, 0.56 million (0.49–0.64 million) severe episodes of pneumococcal 
pneumonia and 105,000 (92,000–119,000) pneumococcal deaths occurred in India. According 
to American Thoracic Society/Infectious Diseases Society of America (ATS/IDSA), 2005, HAP 
had a crude mortality rate of 30–70% with an estimated attributable mortality rate to pneu-
monia between 27 and 50%. According to some estimates, VAP contributes up to 50–85% of 
all cases of nosocomial pneumonia [7, 8]. Furthermore, it mainly occurs in intensive care unit 
(ICU) patients where they most often require ventilator support, amounting to 9–27% of all 
mechanically ventilated patients [8]. It is estimated that four million cases of CAP occur annu-
ally in the United States, of which 20–25% are severe enough to warrant hospitalization [9]. 
Pneumonia is responsible for about 1.6 million deaths among children aged <5 years in Africa 
and South-East Asia regions [10, 11]. HAP and VAP are important causes of mortality and 
morbidity, which continue to baffle the treating physicians in today’s era of MDR.

4. Economic burden

Pneumonia is one of the most common causes of economic burden across the globe involv-
ing great exploitation of health resources. World Health Organization (WHO) has indicated 
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that more death of children occurs due to pneumonia than any other diseases. According to a 
study conducted in India [11], the average cost per patient not put on ventilator is INR 27,123, 
whereas the cost associated with ventilated patient is almost twice INR 44,812. Ventilator sup-
port is the most expensive intervention adding to the cost of care followed by the cost of anti-
biotics and investigations and still making the patient more prone to complicated infections 
like biofilm. Thus, the disease adds significantly to the cost of hospital care and to the length 
of hospital stay. The situation does not seem to improve as antibiotic pipeline is virtually dry 
and the resistance appears to be further mounting in most parts of the world as per the latest 
Center for Disease Dynamics, Economics and Policy (CDDEP) reports.

5. Etiology

The etiology of pneumonia in high-income countries is different than in low-income countries 
[12, 13]. It has been reported that viruses contribute to 30–67% cases of CAP in developed 
countries and are more frequently identified in children aged less than 1 year than in those 
aged above 2 years [12]. Bacteria are more frequently identified with increasing age, resulting 
in mixed infections being less common with age [12].

Respiratory syncytial virus (RSV) is the prime cause of viral pneumonia in children admit-
ted to hospital in developing countries, followed by influenza A and B, parainfluenza, 
human metapneumovirus, and adenovirus [13]. The bacterial pathogens causing pneumo-
nia include Pseudomonas aeruginosa, Haemophilus influenza type b, Acinetobacter baumannii, 
Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus, methicillin-resistant S. aureus 
(MRSA), and Streptococcus pneumoniae [8, 14, 15].

6. Diagnosis

The outline for the diagnosis of pneumonia is highlighted in WHO/UNICEF Integrated 
Management of Childhood Illness (IMCI) guidelines. Fever and cough are the most common 
ones. Fever is present in 65–90% and cough in 75–96% of patients with pneumonia. Other 
typical respiratory complaints include sputum production, dyspnea, and chest pain [16]. In 
a hospital, there are numerous investigations available including radiography and microbio-
logical methods to investigate pneumonia.

7. Treatments

The treatment of pneumonia depends on the age, the severity of illness, the likely causative 
agents, and their resistance patterns. Guidelines recommended the use of third- and fourth-
generation cephalosporins, BL + BLI (β-lactam + β-lactamase inhibitor) combinations, and 
even carbapenems for the management of Gram-negative infections and vancomycin/line-
zolid for the management of Gram-positive infections.
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8. Antibiotic resistance

Worldwide, antibiotic resistance is a major contemporary public health threat due to rapid 
emergence of resistant bacteria and endangering the efficacy of antibiotics [17]. In 2014, the 
WHO warned that the antibiotic resistance crisis is becoming extremely serious [18] and is 
attributed to the overuse and misuse of these medications, as well as a lack of new drug 
development by the pharmaceutical industry [19]. Different molecular mechanisms are 
responsible for the development of antimicrobial resistance such as alteration of bacterial cell 
permeability, acquisition of extended spectrum β-lactamase production (ESBLs), and metallo-
β-lactamases (MBLs), bacterial biofilm formation, activation of efflux pump, bacterial conju-
gation, and curli fiber formation [17, 20–25].

In India, the prevalence of ESBL producing organisms among Gram-negative pathogens was up 
to 73.5% [26]. Similarly, the prevalence of MBLs is also increasing at an immense rate [27, 28]. 
Scores of reports highlighting antibiotic resistance because of efflux pump in bacteria is increas-
ing significantly [29]. Outer membrane permeability and β-lactamase are key factor for the resis-
tance of bacteria to antibiotics [30]. The increasing rate of the biofilm problem and its impact on 
antibiotic resistance triggered us to think new means which could disrupt the biofilm formation 
by inhibiting bacterial adhesion and curli formation.

There are significant number of reports on the clinical failure of β-lactam and β-lactamase 
inhibitor combination and even carbapenems due to various carbapenem resistance 
mechanisms. A number of studies have demonstrated the decreased susceptibility of 
Enterobacteriaceae to cephalosporins and other drugs [31, 32]. The ESBLs enzyme confers 
resistance not only to broad-spectrum cephalosporins, including oxymino-β-lactam antibi-
otics, but also to other commonly used antibiotics, including aminoglycosides and quino-
lone [33, 34]. Overexpression of efflux pump is often associated with extrusion of most of the 
β-lactam antibiotics, leading to decreased susceptibility of antibiotics [35].

A decreased susceptibility rates of P. aeruginosa and A. baumannii to β-lactams including car-
bapenems has been reported in various countries [36–38]. Failure of vancomycin and linezolid 
could be attributed to the emergence of VRSA (vancomycin-resistant S. aureus), hGISA (het-
rogeneous glycopeptide intermediate S. aureus) [39, 40]. This has raised a huge unmet need 
in the search for novel resistance-breaking therapies. Besides the above factors, inappropriate 
selection of empiric broad-spectrum antibiotics stretches the length of treatment and causes 
emergence of antibiotic resistance.

In view of the above background, the increasing rate of the antibiotic resistance and its impact 
on treatment failure encouraged us to study newly reported concept of antibiotic adjuvant 
entity by which the increasing failure rate of antibiotics can be controlled. Adjuvants are com-
monly used chemical entities which do not possess antibacterial activity of their own but 
help antibiotic in breaking one or more mechanisms of resistance and accelerate antibiotic 
effectiveness making AAEs as empiric choice [41]. Information regarding the prevalence of 
antimicrobial resistance in pathogens can be used for selecting an optional treatment. Earlier 
studies have supported the combination therapy of two or more drugs in combination with 
adjuvant (which are usually non-antibiotic in nature) as a suitable approach to reduce the 
frequency of antibiotic resistance [24].
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A few of such synergistic novel antimicrobial adjuvant entities, their mechanisms, and clinical 
outcomes, which can revolutionize the future, will be discussed in this book chapter. These 
AAEs have been developed for both Gram-positive and Gram-negative multidrug-resistant 
infections. Elores (ceftriaxone + sulbactam with adjuvant EDTA) and Potentox (cefepime + 
amikacin with adjuvant potassium chloride (KCl)) are the AAEs for Gram-negative MDR 
pathogens each catering to a different type of resistance, and Vancoplus (ceftriaxone + vanco-
mycin with adjuvant L-arginine), another AAE, can help us to last longer in the war against 
antibiotic-resistant Gram-positive bugs particularly which cause complicated LRTI leading to 
pneumonia (HAP/CAP/VAP/HCAP).

8.1. CSE1034 (Elores)

CSE1034 is a novel combination of third-generation cephalosporin “ceftriaxone,” an irrevers-
ible β-lactamase inhibitor “sulbactam,” and non-antibiotic adjuvant Antibiotic Resistance 
Breaker (ARB) “disodium edetate.” Due to synergistic action of the inhibition of cell wall 
by ceftriaxone accompanied by the specific inhibition of β-lactamases by β-lactam compo-
nent produced by common Gram-negative and Gram-positive pathogens, this drug has been 
reported to be affective against multiple types of MDR organisms. CSE1034 has proven activ-
ity against a wide range of ESBL and MBL producing Gram-negative pathogens and is used 
as a treatment option for a multitude of bacterial infections.

8.1.1. Mechanism of action

Ceftriaxone acts by binding to penicillin-binding proteins (PBPs) which are transpeptidases 
that catalyze the cross-linking of the peptidoglycan polymers synthesizing cell wall and sub-
sequently inhibiting bacterial cell wall synthesis. The cell wall of bacteria consists of pentapep-
tide units attached to a polysaccharide backbone with alternating units of N-acetylglucosamine 
(NAG) and N-acetylmuramic acid (NAM). PBPs act on a terminal d-alanyl-d-alanine moiety 
on a pentapeptide unit and catalyze the formation of a peptide bond between the penultimate 
D-alanine and a glycine unit on an adjacent peptidoglycan strand. The ceftriaxone structure 
is the mimic of D-alanyl-D-alanine moiety and the PBPs wrongly attack the β-lactam ring in 
ceftriaxone, which leads to the inactivation of PBPs. As the peptidoglycan synthesis is essen-
tial to maintain bacterial cell wall integrity, so the inhibition of PBPs leads to damage and 
destruction of the cell wall and ultimately in cell lysis.

Sulbactam is a potent, highly specific inhibitor of a wide variety of β-lactamases including 
penicillinases and cephalosporinases produced commonly by different strains of bacteria and 
chromosomally mediated enzymes induced in some strains of Klebsiella, Enterobacter, and 
Serratia species to degrade antibiotics. By forming a protein complex with β-lactamases pro-
duced by bacterial strains resistant to ceftriaxone, the full potential of ceftriaxone is restored 
by the addition of sulbactam. Sulbactam not only potentiates the antibacterial activity of ceftri-
axone against ESBL-producing pathogens but also exhibits a moderate antibacterial activity.

Disodium edetate is a non-antibiotic adjuvant acts as ARB which chelates the divalent metal 
ions particularly zinc that functions as a cofactor for carbapenemases. As zinc is necessary for 
the MBL activity, thus EDTA activity makes MBL-producing organisms susceptible toward 
Elores [24, 25, 42, 43]. Disodium edetate also chelates divalent metal ions located in the outer 
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membrane causing destabilization of outer membrane and thus resulting in enhanced pen-
etration of drugs inside the bacterial cells. Moreover, CSE1034 downregulates acrA, acrB, 
tolC, mexA, and mexB genes in MexA-MexB-OprM efflux pump, which in turn enhances 
the susceptibility of Gram-negative bacteria (GNB) toward CSE1034 which overexpress this 
efflux transporter.

8.1.2. Activity spectrum

Elores has a broad spectrum of activity against both Gram-positive and Gram-negative bac-
teria pathogens. It is reported to be active against both ESBL and MBL producing organisms, 
including E. coli, K. pneumoniae, Acinetobacter spp., and Pseudomonas spp. Susceptibility data 
from various parts of India were collected from various clinical samples (including urine, 
pus, sputum, bronchoalveolar lavage, and endotracheal fluid); this AAE is very promising. 
The prevalence of resistance to Elores in ESBL and MBL organisms is reported to be less in 
various parts of India. The drug has been approved by the Drug Controller General of India 
(DCGI) for the treatment of various bacterial infections caused by the susceptible isolates 
of K. pneumoniae, K. oxytoca, E. coli, P. aeruginosa, Acinetobacter spp., S. pneumoniae, and S. 
aureus. A number of randomized phase 3 comparative trials, prospective, retrospective, 
and case studies have demonstrated the efficacy of Elores in the treatment of infections per-
taining to respiratory tract, skin and skin structure, genitourinary tract, musculoskeletal, 
and gastrointestinal tract when compared with carbapenems and BL-BLIs showed very 
promising results [24, 25, 42]. These various published susceptibility reports suggest the 
use of Elores empirically in HAP and VAP caused due to MDR ESBL and MBL-producing 
Gram-negative pathogens [44]. A number of studies including randomized phase 3 trials, 
prospective, retrospective, and case studies validate the safety and efficacy of CSE1034. 
A phase 3 trial reports published in 2013 showed significantly high improved efficacy of 
CSE1034 compared to ceftriaxone in LRTI patients [45, 46]. Based on the safety and efficacy 
data, Elores is recommended as a carbapenem-sparer antibiotic. CSE1034 has shown to 
be effective and safe in moderate to severe HAP and VAP patients. CSE1034 has shown 
promising results in sepsis as monotherapy as well as along with colistin [47, 48]. CSE1034 
was found to be safe with no serious adverse event was reported in phase 3 trial and post-
marketing surveillance studies. Overall, CSE1034 is found to be well tolerated in adult 
population.

8.2. Potentox

With regard to Potentox for pneumonia, first of all, let’s see what this unique AAE offers. 
Potentox is a synergistic antibiotic combination of cefepime and amikacin and potassium chlo-
ride. Cefepime is the fourth-generation broad-spectrum cephalosporin. It is frequently used 
as first-line empirical therapy for healthcare-associated infections, including those caused by 
suspected Gram-negative bacteria. Cefepime has relatively low propensity for degradation 
by ESBLs compared to other cephalosporins. Cefepime also remains active against infections 
due to AmpC-producing organisms. Amikacin is one of the most commonly used amino-
glycosides and it has the highest recommendation from IDSA 2016 for usage in nosocomial 
pneumonia cases as an empirical antibiotic in the combination protocol against nosocomial 
pneumonia. Potentox (cefepime + amikacin) is not just the most active combination in vitro 
[23, 49] but also has demonstrated efficacy in vivo as the most active combination [50, 51].
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8.2.1. Mechanism of action

Amikacin, which belongs to aminoglycoside antibiotic group, blocks the production of pro-
tein by binding irreversibly to the four nucleotides of 16S rRNA of 30S ribosomal subunit of 
the pathogenic organism. This region where amikacin binds is known to interact with the 
wobble base in the anti-codon of tRNA. Thus, amikacin interferes with the tRNA acceptor site 
and prevents the formation of initiation complex with messenger RNA. This leads to misread-
ing of mRNA so incorrect amino acids are inserted into the polypeptide leading to nonfunc-
tional or toxic peptides and the breakup of polysomes into nonfunctional monosomes.

Cefepime, a fourth-generation cephalosporin, is bactericidal and has the same mode of action 
as other β-lactam antibiotics. It disrupts the synthesis of the peptidoglycan layer of bacterial 
cell wall which is important for cell wall structural integrity.

Potassium chloride is a metal halide salt composed of potassium and chloride that is used as 
an adjuvant in Potentox. Interestingly, Potentox due to adjuvant potassium chloride exhibits 
activity against Quinolone-resistant Gram-negative pathogens, the prevalence of which is ris-
ing alarmingly in developing countries.

8.2.2. Activity spectrum

Both cefepime and amikacin individually have become a victim of high level of resistance 
[52]. This is where precisely, Potentox is used in combating these multidrug-resistant patho-
gens as Potentox has demonstrated in vitro and in vivo activity against these resistant isolates 
to which cefepime and amikacin are resistant individually. Global surveillance studies dem-
onstrate that the actual acquired fluoroquinolone resistance rates are highly variable and are 
as high as almost 100%, particularly in Asia, whereas resistance rates in Europe and North 
America range from <10% in rural areas to >30% which is still pretty high. This highlights the 
importance of Potentox use to target multiple drug resistance effectively which developed 
both in community and in hospital settings.

Multi-centric randomized comparative open-labeled phase 3 trial of synergistic antibiotic 
combination of cefepime and amikacin versus cefepime alone was conducted in nosocomial 
pneumonia and showed superiority of Potentox in efficacy over cefepime alone.

Potentox and Elores can serve as a true carbapenem sparer as medically important Gram-
negative bacteria are developing resistance very fast against this valuable class of antibiotic. 
In the era of antimicrobial resistance, the judicious use of different antimicrobials in a bal-
anced fashion can help us in preserving these antibiotics for longer duration.

8.3. Vancoplus

While we look for HAP/VAP due to Gram-positive bacteria, methicillin-resistant S. aureus is a 
big concern and empirical antibiotic therapy should cover MRSA whenever factors increase the 
likelihood of MRSA. Now, MRSA is not confined to western countries only. A network of micro-
biology laboratories (Indian Network for Surveillance of Antimicrobial Resistance—INSAR) 
at premier medical colleges and hospitals in India was formed with support from the World 
Health Organization. In an article published in 2013, INSAR reported that MRSA prevalence in 
India is to the tune of 40% which shows that MRSA is a significant problem for India too.
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membrane causing destabilization of outer membrane and thus resulting in enhanced pen-
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marketing surveillance studies. Overall, CSE1034 is found to be well tolerated in adult 
population.

8.2. Potentox

With regard to Potentox for pneumonia, first of all, let’s see what this unique AAE offers. 
Potentox is a synergistic antibiotic combination of cefepime and amikacin and potassium chlo-
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8.2.1. Mechanism of action
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America range from <10% in rural areas to >30% which is still pretty high. This highlights the 
importance of Potentox use to target multiple drug resistance effectively which developed 
both in community and in hospital settings.

Multi-centric randomized comparative open-labeled phase 3 trial of synergistic antibiotic 
combination of cefepime and amikacin versus cefepime alone was conducted in nosocomial 
pneumonia and showed superiority of Potentox in efficacy over cefepime alone.

Potentox and Elores can serve as a true carbapenem sparer as medically important Gram-
negative bacteria are developing resistance very fast against this valuable class of antibiotic. 
In the era of antimicrobial resistance, the judicious use of different antimicrobials in a bal-
anced fashion can help us in preserving these antibiotics for longer duration.

8.3. Vancoplus

While we look for HAP/VAP due to Gram-positive bacteria, methicillin-resistant S. aureus is a 
big concern and empirical antibiotic therapy should cover MRSA whenever factors increase the 
likelihood of MRSA. Now, MRSA is not confined to western countries only. A network of micro-
biology laboratories (Indian Network for Surveillance of Antimicrobial Resistance—INSAR) 
at premier medical colleges and hospitals in India was formed with support from the World 
Health Organization. In an article published in 2013, INSAR reported that MRSA prevalence in 
India is to the tune of 40% which shows that MRSA is a significant problem for India too.
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Vancoplus is a novel AAE of ceftriaxone and vancomycin along with l-arginine as adjuvant 
caters to all types of mixed infection especially MRSA, VRSA, VISA, and hGISA [43].

8.3.1. Mechanism of action

The vancomycin plays its bactericidal role primarily through inhibiting cell wall biosynthe-
sis. Specifically, vancomycin forms hydrogen bond interactions with the terminal D-alanyl-
D-alanine moieties of the N-acetylmuramic acid- and N-acetylglucosamine-peptide subunits 
and thus prevents their incorporation into the peptidoglycan matrix, a major component of 
Gram-positive cell walls. Additionally, vancomycin is known to alter bacterial-cell-membrane 
permeability and RNA synthesis. No cross-resistance is known to occur between vancomycin 
and other antibiotics. The mechanism of action of ceftriaxone is already discussed in Elores 
drug section.

8.3.2. Activity spectrum

Earlier, the natural glycopeptide vancomycin was considered the drug of choice to treat 
MRSA infections. However, the concerns regarding the efficacy of vancomycin against MRSA 
including poor bactericidal activity and high recurrence rates are increasing [53]. Stevens and 
Moise Broder have reported in two studies, published in CID 2004 and 2006, respectively, 
that MRSA treatment failure rate is associated with higher vancomycin minimum inhibitory 
concentration (MIC). Higher vancomycin MIC is associated with higher mortality in HAP/
VAP due to MRSA. We have started witnessing vancomycin resistance, either in the interme-
diate range or in the full-resistance range, even in India. Among high-risk MRSA bacteremia 
patients, Sakoulas et al. [54] documented treatment failure rates of 44% when vancomycin 
MICs were <0.5 μg/ml and of 90% when vancomycin MICs were 1–2 μg/ml (p = 0.01) [54]. 
Although many other drugs including tigecycline, linezolid, and daptomycin have also been 
approved and represent alternate antibiotic therapy to vancomycin, no study has reported the 
superiority in terms of efficacy and safety of these drugs over vancomycin [55]. These clinical 
challenges necessitate finding alternative effective empirical solutions for the management of 
MRSA infections and/or mixed infections. It will be prudent to start empirically with an anti-
biotic which shows MIC in the susceptibility range and works effectively at lower MIC also 
and that is what Vancoplus offers due to double insult caused by both ceftriaxone and vanco-
mycin. Besides this, Vancoplus effectively helps in preventing and breaking biofilm which is 
a very frequent problem in intubated nosocomial pneumonia patients [23].

European Antimicrobial Resistance Surveillance Network (EARS-Net) data show that the 
occurrence of methicillin-resistant S. aureus was stabilizing in several European countries; 
still the percentage of MRSA among all S. aureus isolates remained above 25% in seven of the 
29 EU/EEA reporting countries. The risk factor in ICU patients increases with an increased 
length of stay and patients with catheter or other devices. In such cases, Vancoplus is a highly 
reliable product because it takes care of mixed Gram-negative and Gram-positive infections 
effectively. Although both these drugs have known incompatibility when given individu-
ally and needs infusion line flushing or advised to be given contralaterally, the presence of 
adjuvant not only potentiates the activity of duo but also makes them compatible [56]. It has 
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been observed that when two non-compatible drugs are administered due to medical urgency 
with due precautions, still there exists certain degree of degradation of one of the drug mol-
ecules in vivo resulting in lesser efficacy than expected. Vancoplus overcomes this challenge 
effectively.

Additionally, one of the biggest challenges in the management of S. aureus infection including 
all resistant versions is the management of virulence factors. Panton Valentine Leukocidin 
(PVL) and δ-toxin, alpha toxins are responsible for cell lysis including human erythrocytes, 
neutrophils, as well as various mammalian cells. β-Lactams may even induce the production 
of cytolysins and other virulence-related exoproteins when inadequately used for treating 
MRSA, which potentially worsens clinical outcomes. In the treatment of meningitis partic-
ularly it becomes added taxing issue to prevent neuronal cell damage which is caused by 
virulence factors generated by pathogens even if treated. Here, Vancoplus offers additional 
protection by neutralizing toxins secreted by pathogen and reducing sequelae drastically and 
makes the product highly beneficial for immune-compromised patients [23].

In a nut shell, a number of agencies (Infectious Diseases Society of America/American Thoracic 
Society, US FDA and SWAB, Asia Pacific Society for Critical Care Medicines, European Society 
of Intensive Care Medicines, Indian Society of Critical Care Medicines, etc.) have issued guide-
lines for the treatment of CAP/HAP/HCAP, CUTI/sepsis and the management of other criti-
cal ICU infections. The concept of antibiotic adjuvant entity is new and will take time to be a 
part of these guidelines. The author has tried to share the latest and emerging trends in MDR 
infection management with proven efficacy and safety in millions of patients across various 
developing economies. The world has now started talking about adjuvant therapy and soon 
these therapies will be part of standard critical infection management program. These new 
antibiotic additions (Elores, Potentox, and Vancoplus) to the current armamentarium to treat 
MDR infections including pneumonia can help us combat against antimicrobial resistance 
more efficiently due to presence of ARB as adjuvant.

8.4. Adjuvant therapy to treat secondary bacterial superinfections caused by influenza  
and other respiratory viruses

Viral influenza is very common in community and is often mistreated with antibiotics. 
Antibacterial drugs are not meant for viral infections and misuse leads to creation of resis-
tant bacterial species. Viral-bacterial co-infections in humans are well documented. Viral 
infections often lead to bacterial superinfections. Bacterial superinfections accompanied by 
influenza and other respiratory virus infections contribute to the significant morbidity and 
mortality particularly among elderly and young children.

Bacterial infection could be concomitant with influenza viral infection as a result of an enhanced 
pneumonic illness or may happen soon following influenza virus has been widely cleared 
from the lungs, when the host seems to be more susceptible to bacterial infection [57, 58].

Morbidity and mortality have been recognized to be greater in cases of influenza-associated 
bacterial infection in all age groups [59]. The increase in influenza infection during winter is 
often associated with a rise in cases of community-acquired pneumonia. The most common 
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challenges necessitate finding alternative effective empirical solutions for the management of 
MRSA infections and/or mixed infections. It will be prudent to start empirically with an anti-
biotic which shows MIC in the susceptibility range and works effectively at lower MIC also 
and that is what Vancoplus offers due to double insult caused by both ceftriaxone and vanco-
mycin. Besides this, Vancoplus effectively helps in preventing and breaking biofilm which is 
a very frequent problem in intubated nosocomial pneumonia patients [23].

European Antimicrobial Resistance Surveillance Network (EARS-Net) data show that the 
occurrence of methicillin-resistant S. aureus was stabilizing in several European countries; 
still the percentage of MRSA among all S. aureus isolates remained above 25% in seven of the 
29 EU/EEA reporting countries. The risk factor in ICU patients increases with an increased 
length of stay and patients with catheter or other devices. In such cases, Vancoplus is a highly 
reliable product because it takes care of mixed Gram-negative and Gram-positive infections 
effectively. Although both these drugs have known incompatibility when given individu-
ally and needs infusion line flushing or advised to be given contralaterally, the presence of 
adjuvant not only potentiates the activity of duo but also makes them compatible [56]. It has 
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ecules in vivo resulting in lesser efficacy than expected. Vancoplus overcomes this challenge 
effectively.
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(PVL) and δ-toxin, alpha toxins are responsible for cell lysis including human erythrocytes, 
neutrophils, as well as various mammalian cells. β-Lactams may even induce the production 
of cytolysins and other virulence-related exoproteins when inadequately used for treating 
MRSA, which potentially worsens clinical outcomes. In the treatment of meningitis partic-
ularly it becomes added taxing issue to prevent neuronal cell damage which is caused by 
virulence factors generated by pathogens even if treated. Here, Vancoplus offers additional 
protection by neutralizing toxins secreted by pathogen and reducing sequelae drastically and 
makes the product highly beneficial for immune-compromised patients [23].

In a nut shell, a number of agencies (Infectious Diseases Society of America/American Thoracic 
Society, US FDA and SWAB, Asia Pacific Society for Critical Care Medicines, European Society 
of Intensive Care Medicines, Indian Society of Critical Care Medicines, etc.) have issued guide-
lines for the treatment of CAP/HAP/HCAP, CUTI/sepsis and the management of other criti-
cal ICU infections. The concept of antibiotic adjuvant entity is new and will take time to be a 
part of these guidelines. The author has tried to share the latest and emerging trends in MDR 
infection management with proven efficacy and safety in millions of patients across various 
developing economies. The world has now started talking about adjuvant therapy and soon 
these therapies will be part of standard critical infection management program. These new 
antibiotic additions (Elores, Potentox, and Vancoplus) to the current armamentarium to treat 
MDR infections including pneumonia can help us combat against antimicrobial resistance 
more efficiently due to presence of ARB as adjuvant.

8.4. Adjuvant therapy to treat secondary bacterial superinfections caused by influenza  
and other respiratory viruses

Viral influenza is very common in community and is often mistreated with antibiotics. 
Antibacterial drugs are not meant for viral infections and misuse leads to creation of resis-
tant bacterial species. Viral-bacterial co-infections in humans are well documented. Viral 
infections often lead to bacterial superinfections. Bacterial superinfections accompanied by 
influenza and other respiratory virus infections contribute to the significant morbidity and 
mortality particularly among elderly and young children.

Bacterial infection could be concomitant with influenza viral infection as a result of an enhanced 
pneumonic illness or may happen soon following influenza virus has been widely cleared 
from the lungs, when the host seems to be more susceptible to bacterial infection [57, 58].

Morbidity and mortality have been recognized to be greater in cases of influenza-associated 
bacterial infection in all age groups [59]. The increase in influenza infection during winter is 
often associated with a rise in cases of community-acquired pneumonia. The most common 
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causes of CAP are S. pneumoniae, S. aureus, and H. influenzae. S. pneumoniae is the most fre-
quently isolated pathogen associated with influenza [60], although deaths, especially in chil-
dren, are also associated with S. aureus infection, as highlighted by the recent emergence of 
community-acquired methicillin-resistant S. aureus [61]. Besides influenza, other respiratory 
viruses, such as coronavirus, adenovirus, and respiratory syncytial virus, are also associated 
with pneumonia [62].

The mechanisms of superinfection are very complex process. Several reports indicate that 
changes due to virus in the respiratory tract prime the upper airway and lung make way for 
subsequent bacterial infection. Super bacterial infections are accompanied by virus-induced 
cytopathology, leading to immunological impairment, which could be caused in part by the 
overproduction of inflammatory cytokines [63]. Transformation of the immune response by 
curtailing the capacity of the host to clear bacteria may contribute to the severity of the result-
ing infection [64]. Earlier studies on animal model have demonstrated that influenza predis-
poses to bacterial pneumonia [63, 65, 66]. It has been reported with 7–21 days of lag time for 
the onset of bacterial infection following seasonal influenza. However, shorter times from 
onset to death have been noticed in pandemic periods [67–69].

8.5. Antibiotic adjuvants potentiate anti-inflammatory properties of antibiotics

There is limited information on the effectiveness of adjuvant therapy for the treatment of bac-
terial complications of influenza. In a very recent study [70], explored the adjuvant effect of 
polyactin (PA), an inactivated trivalent influenza virus (ITIV) with or without PA or MF59 was 
instilled intranasally once a week in BALB/c mice. Results showed that PA is a novel mucosal 
adjuvant for intranasal vaccination with the inactivated trivalent influenza vaccine that has 
safe and effective mucosal adjuvanticity in mice and successfully induces both serum and 
mucosal antibody responses and a cell-mediated response.

The inflammatory response of viral infections results in the excessive production of reactive 
oxygen species (ROS) in the cells and tissues, and antioxidant system cannot neutralize them. 
Imbalance in this protective mechanism can lead to the damage of cellular molecules such as 
DNA, proteins, and lipids [71]. Moreover, the role of ROS in inflammation has been investi-
gated vigorously by earlier authors [72, 73]. ROS are thought to be key signaling molecules 
in the progression of inflammatory disorders. It induces inflammation by the induction of 
COX-2, inflammatory cytokines (TNFα, interleukin 1 (IL-1), and IL-6), chemokines (IL-8 and 
CXCR4), and pro-inflammatory transcription factors (NF-κB) [74]. Inflammatory cytokines 
trigger inflammation, causing the immune response to weaken which may help to increase 
the risk of bacterial infection. This rise in inflammatory markers with infection is a cascade 
reaction and is not easily broken only by antibiotics. Adjuvants have a major role to play 
here. Buret [75] reported that some antibiotics, such as the 16-membered macrolide tilmico-
sin, may generate anti-inflammatory benefits by modulating the production of pro-inflamma-
tory mediators, and by inducing neutrophil apoptosis. Many studies have highlighted that 
adjuvants co-administered with antibiotics reduce the oxidative stress, which in turn reduce 
inflammation [76, 77]. Dwivedi et al. [78] reported that AAE used for 21 days, the levels of 
antioxidant enzymes (superoxidase dismutase, catalase, glutathione reductase, glutathione 

Contemporary Topics of Pneumonia134

peroxidase), along with xanthine oxidase, lipid peroxidation, myeloperoxidase (MPO) levels, 
hepatic, and renal parameters were significantly improved in plasma and tissues of the AAE-
treated group indicating antioxidant or free radical scavenging properties [50].

Osteomyelitis is an infection and inflammation in bone which is primarily caused by S. aureus 
and S. epidermidis and the levels of cytokines (TNFα and IL-6) is increased in osteomyelitis 
[79]. Dwivedi et al. [80] demonstrated that the combination of antibiotic along with adju-
vant significantly improved the inflammatory cytokines (TNFα and IL-6), malondialdehyde 
(MDA), and myeloperoxidase in animal osteomyelitis infection model. From the earlier expla-
nation, it may be concluded that compounds or drugs along with adjuvant generating both 
antibacterial and anti-inflammatory effects are likely to be most effective at treating bacteria-
induced inflammatory syndromes.
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community-acquired methicillin-resistant S. aureus [61]. Besides influenza, other respiratory 
viruses, such as coronavirus, adenovirus, and respiratory syncytial virus, are also associated 
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subsequent bacterial infection. Super bacterial infections are accompanied by virus-induced 
cytopathology, leading to immunological impairment, which could be caused in part by the 
overproduction of inflammatory cytokines [63]. Transformation of the immune response by 
curtailing the capacity of the host to clear bacteria may contribute to the severity of the result-
ing infection [64]. Earlier studies on animal model have demonstrated that influenza predis-
poses to bacterial pneumonia [63, 65, 66]. It has been reported with 7–21 days of lag time for 
the onset of bacterial infection following seasonal influenza. However, shorter times from 
onset to death have been noticed in pandemic periods [67–69].
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There is limited information on the effectiveness of adjuvant therapy for the treatment of bac-
terial complications of influenza. In a very recent study [70], explored the adjuvant effect of 
polyactin (PA), an inactivated trivalent influenza virus (ITIV) with or without PA or MF59 was 
instilled intranasally once a week in BALB/c mice. Results showed that PA is a novel mucosal 
adjuvant for intranasal vaccination with the inactivated trivalent influenza vaccine that has 
safe and effective mucosal adjuvanticity in mice and successfully induces both serum and 
mucosal antibody responses and a cell-mediated response.

The inflammatory response of viral infections results in the excessive production of reactive 
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(MDA), and myeloperoxidase in animal osteomyelitis infection model. From the earlier expla-
nation, it may be concluded that compounds or drugs along with adjuvant generating both 
antibacterial and anti-inflammatory effects are likely to be most effective at treating bacteria-
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Abstract

Interstitial pneumonia (IP) refers to involvement of the lung parenchyma by varying degrees 
of inflammation and fibrosis, in contrast to airspace disease typically seen in bacterial pneu-
monia. IP lies in the center of a heterogenous group of diffuse interstitial lung diseases (ILDs), 
either idiopathic or linked to underlying disorders. One of the major categories of disorders 
frequently associated with IP is a connective tissue disease (CTD), in which autoimmune-
mediated tissue injury leads to multiple organ impairment. Today, IP represents the most 
critical pulmonary complication in CTD, resulting in significant morbidity and mortality. 
Despite growing understanding of the pathology of IPs, as well as the accumulating knowl-
edge from both basic and clinical studies of CTDs, the pathogenesis of CTD-associated IP 
remains unclear. This chapter will provide an overview of the general understanding of ILD 
and illustrate the current state of knowledge on IP associated with CTD, in order to fully 
comprehend the entirety of its complex pictures. Moreover, we will propose a new insight 
into the immune pathogenesis of CTD-IP by presenting evidence which robustly indicates 
that T cells trigger initial development of IP in polymyositis/dermatomyositis, suggesting 
potential approaches for controlling such particular T cells in therapeutic interventions for IP.

Keywords: interstitial pneumonia, interstitial lung disease, connective tissue disease, 
polymyositis/dermatomyositis, T lymphocyte, T cell receptor, antigen-driven 
mechanisms

1. Introduction

The term “Interstitial pneumonia” (IP) is used to describe noninfectious, inflammatory lung 
disorders characterized by the histologic abnormalities with diffuse interstitial fibrosis involv-
ing alveolar walls. In contrast to airspace disease typically seen in bacterial pneumonia, IP 
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refers to involvement of the lung parenchyma by varying combination of fibrosis and inflam-
mation [1, 2]. IP is included in the “interstitial lung disease” (ILD), i.e., a heterogenous group of 
diffuse parenchymal lung disorders, either idiopathic or associated with injurious or inflam-
matory causes, in which the major site of damage is the lung interstitium [3]. Customarily, the 
designations IP and ILD are sometimes used interchangeably. To be accurate, however, ILD  
comprises a broader range of lung diseases which involves the pulmonary interstitium, 
including drug-induced pneumonitis and eosinophilic pneumonia, etc. Primarily, IP refers to 
the particular disease entities which belong to idiopathic interstitial pneumonia (IIP) defined 
by the 2002 and 2012 American Thoracic Society/European Respiratory Society (ATS/ERS) 
classification [1–4]. IIP was categorized into several forms of IPs, afterward each histopatho-
logic pattern of which has been applied to the ILD associated with underlying diseases as 
well; the details of these will be described later.

From the pathophysiological perspective, the pulmonary interstitium consists of area with mini-
mal connective tissue matrix between the capillaries and the alveolar space that allows close 
apposition of gas and blood flow leading to efficient gas exchange. If any injury from a specific 
exposure of chemicals or proteins, an autoimmune-mediated inflammation, or unknown etiol-
ogy occurs and persists, the lung may respond to the damage by repairing process with increased 
interstitial tissue resulting in histological remodeling. Thus, ILDs may cause serious pulmonary 
dysfunction, which is often associated with substantial morbidity and poor prognosis.

ILD comprises a variety of disorders with diverse backgrounds. A part of ILD has no identifi-
able underlying cause and is regarded as idiopathic, whereas it is often associated with a spe-
cific environmental exposure or with underlying diseases such as connective tissue disease 
(CTD) [1]. The CTDs are a group of systemic, inflammatory, autoimmune disorder, in which 
autoimmune-mediated tissue injury leads to multiple organ impairment including respira-
tory system. Today, IP or ILD is one of the most serious pulmonary complications associated 
with CTDs, resulting in significant morbidity and mortality [5]. Despite growing, understand-
ing of the details of pathology in IPs, as well as accumulating evidences which support an 
association between IP with CTD and the presence of autoantibodies, the pathogenesis of 
CTD-associated IP remains unclear.

During the last years, we have been exploring the possible involvement of adaptive immunity 
in the pathogenesis of IP associated with CTDs, and we found intriguing evidence which 
strongly suggests a pivotal role of T cells in triggering the development of pulmonary alveoli-
tis through antigen-driven immune responses in early stage IP [6, 7]. In this chapter, first, we 
will overview the current concepts of ILD as well as CTD-associated IP, in order to compre-
hend the whole picture including pathological features. Then, novel findings demonstrated 
in our recent studies of IP associated with polymyositis/dermatomyositis will be discussed.

2. Understanding of interstitial lung disease

2.1. The concept of interstitial lung disease

ILD, also known as diffuse parenchymal lung disease (DPLD), is a generic term encompassing 
a broad spectrum of heterogenous lung disorders, either idiopathic or associated with injurious  

Contemporary Topics of Pneumonia146

or inflammatory causes, in which the major site of damage is the lung interstitium [1–3]. 
Because of the nature of DPLD which involves the interstitium, the ILDs share common radio-
logic, pathologic, and clinical manifestations. Clinically, exertional dyspnea and nonproductive 
cough are most common manifestations. Bilateral inspiratory fine crackles, most prominent at 
the lung bases, are usually audible on auscultation. Clubbed fingers characterized by hyper-
trophy and enlargement of the distal phalanges of the hands are often seen and reported in 
30–50% of patients with IPF (idiopathic pulmonary fibrosis; to be mentioned later) [8]. Clinical 
features suggestive of rheumatic disorders, such as arthralgia, Raynaud’s phenomenon, and 
skin manifestations, might be observed in the setting of an underlying CTD. The plain chest 
radiograph shows reduced lung volumes with bilateral reticular or reticulonodular opacities. 
High-resolution computed tomography (HRCT), which offers better definition of the charac-
teristic details of lung parenchyma, can reveal usually bilateral, peripheral, and basilar pre-
dominant abnormalities with reticulonodular infiltrates, often with honeycombing and cystic 
changes by IP type to be described later. Although chest radiography is less useful than HRCT 
in the detailed evaluation, it is helpful for evaluating disease distribution and its serial change 
during patient follow up [8]. Physiologically, the patients demonstrate diminished diffusion 
capacity (decreased DLco) with usually restrictive impairment in pulmonary function tests.

2.2. Classification of interstitial lung disease

Figure 1 provides an overview of the classification of ILD, based on the 2002 and 2012 the 
American Thoracic Society/European Respiratory Society (ATS/ERS) classification statements 
[1–3]. Briefly, ILDs consist of disorders of known causes (underlying diseases, environmental, 
or drug related) as well as disorders of unknown causes. The latter include idiopathic inter-
stitial pneumonias (IIPs), granulomatous lung disorders (e.g., sarcoidosis), and other forms 
of orphan ILD, i.e., lymphangioleiomyomatosis (LAM), pulmonary Langerhans cell histiocy-
tosis/histiocytosis X (PLCH), and eosinophilic pneumonia. Thus, the ILDs comprise a variety 
of disorders with diverse backgrounds. Whereas a part of ILD has no identifiable underlying 
cause, often, it is associated with a specific environmental exposure or with underlying CTD 
[5]. ILDs are classified according to specific clinical, radiological, and histopathological fea-
tures. The ILDs, however, frequently have similar clinical features. As ILDs are often uneasy 
to distinguish each other, the updated guidelines in the 2013 ATS/ERS classification state-
ment underlined the importance of multidisciplinary diagnosis (MDD) facilitated by profes-
sional experts [2, 3]. Adequate presentation and discussion of clinical and radiological data 
are essential for an accurate MDD. Among diagnostic modalities, high-resolution computed 
tomography (HRCT) makes it possible to characterize ILD with great precision. Surgical lung 
biopsy also remains the gold standard for evaluation of ILD.

2.3. Classification of idiopathic interstitial pneumonia

As noted above, if ILD is found to have no association with specific causes, such as chemical 
exposure, underlying systemic diseases, or genetic causes, the disease is classified as “idio-
pathic interstitial pneumonia” (IIP). IIPs are a heterogenous group of nonneoplastic disorders 
involving damage to the lung parenchyma with varying patterns of inflammation and fibrosis. 
The interstitium includes the space between epithelial and endothelial basement membranes 
and is the primary site of injury in IIPs. Frequently affecting not only the interstitium, but IIPs 
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or inflammatory causes, in which the major site of damage is the lung interstitium [1–3]. 
Because of the nature of DPLD which involves the interstitium, the ILDs share common radio-
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may also involve the airspace, peripheral airways, and vessels, along with their respective 
epithelial and endothelial linings [1, 2].

As shown in Figure 1, the IIPs are further categorized into “idiopathic pulmonary fibrosis” (IPF), 
“nonspecific interstitial pneumonia” (NSIP: further subdivided into cellular and fibrotic NSIP), 
“cryptogenic organizing pneumonia” (COP), “acute interstitial pneumonia” (AIP), “respiratory 

Figure 1. Classification of interstitial lung disease. Interstitial lung diseases (ILDs), also termed as diffuse parenchymal 
lung diseases (DPLDs), consist of disorders of known causes (connective tissue diseases, environmental, or drug related) 
as well as disorders of unknown cause. The latter include idiopathic interstitial pneumonias (IIPs), granulomatous lung 
disorders (e.g., sarcoidosis), and other forms of interstitial lung disease (ILD) including lymphangioleiomyomatosis 
(LAM), pulmonary Langerhans cell histiocytosis/histiocytosis X (PLCH), and eosinophilic pneumonia. The idiopathic 
interstitial pneumonias (IIPs) are further categorized as idiopathic pulmonary fibrosis (IPF), nonspecific interstitial 
pneumonia (NSIP), cryptogenic organizing pneumnia (COP), acute interstitial pneumonia (AIP), respiratory bronchiolitis 
interstitial lung disease (RB-ILD), or desquamative interstitial pneumonia (DIP). Lymphoid interstitial pneumonia (LIP) 
is occasionally associated with other disease processes, such as connective tissue diseases or immunosuppression while 
idiopathic LIP is rare.

Contemporary Topics of Pneumonia148

bronchiolitis interstitial lung disease” (RB-ILD), or “desquamative interstitial pneumonia” (DIP) 
[1, 2]. “Lymphoid interstitial pneumonia” (LIP) is occasionally associated with other processes, 
such as connective tissue diseases or immunosuppression, while idiopathic LIP is rare. Among 
the IIPs, idiopathic pulmonary fibrosis (IPF) is the most common prototypic IIP. “Usual inter-
stitial pneumonia” (UIP) is the pathologic pattern of lung injury seen in IPF. Categorization of 
major IIP and corresponding histological patterns defining each entity are shown in Table 1 [2].

2.3.1. The importance of HRCT findings in the classification and diagnosis of interstitial lung disease

The ATS/ERS/JRS/ALAT 2011 guidelines for IPF have assigned a primary diagnostic role to 
HRCT, and the HRCT criteria outlined was the same as those in the revised guideline pub-
lished in 2015 [8–10]. The diagnosis of IPF should be based on the exclusion of other known 
causes of ILDs (environmental exposures, drugs, and CTDs) and presence of UIP on HRCT; 
UIP is characterized on HRCT by the presence of reticular abnormalities with subpleural 
and basal distribution, honeycombing with or without traction bronchiectasis, and absence of 
features inconsistent with UIP such as extensive ground-glass opacities, diffuse mosaic atten-
uation, profuse micronodules, and consolidations. Certain HRCT features predict histopatho-
logic patterns of the different forms of ILD. Table 2 outlines the classification of histological 
and corresponding radiological patterns defining each entity of IIP, which is also applicable 
to CTD-associated ILD, to be explained later [5, 11].

3. Clinical landscape of interstitial lung disease in connective tissue 
disease

The connective tissue disease (CTD) is a systemic, inflammatory, autoimmune disorder char-
acterized by immune-mediated multiple organ dysfunction. The category of CTD includes a 

Category Clinical–radiologic–pathologic diagnoses Associated radiologic and/or pathologic 
morphologic patterns

Chronic 
fibrosing IP

Idiopathic pulmonary fibrosis (IPF) Usual interstitial pneumonia (UIP)

Idiopathic nonspecific interstitial pneumonia 
(NSIP)

Nonspecific interstitial pneumonia (NSIP)

Smoking-related 
IP*

Respiratory bronchiolitis-interstitial lung 
disease (RB-ILD)

Respiratory bronchiolitis-ILD (RB-ILD)

Desquamative interstitial pneumonia (DIP) Desquamative interstitial pneumonia (DIP)

Acute/subacute 
IP

Cryptogenic organizing pneumonia (COP) Organizing pneumonia (OP)

Acute interstitial pneumonia (AIP) Diffuse alveolar damage (DAD)

Definition of abbreviation: IP = interstitial pneumonia.
*Desquamative interstitial pneumonia can occasionally occur in nonsmokers.
Adapted from Travis et al. [2].
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may also involve the airspace, peripheral airways, and vessels, along with their respective 
epithelial and endothelial linings [1, 2].

As shown in Figure 1, the IIPs are further categorized into “idiopathic pulmonary fibrosis” (IPF), 
“nonspecific interstitial pneumonia” (NSIP: further subdivided into cellular and fibrotic NSIP), 
“cryptogenic organizing pneumonia” (COP), “acute interstitial pneumonia” (AIP), “respiratory 

Figure 1. Classification of interstitial lung disease. Interstitial lung diseases (ILDs), also termed as diffuse parenchymal 
lung diseases (DPLDs), consist of disorders of known causes (connective tissue diseases, environmental, or drug related) 
as well as disorders of unknown cause. The latter include idiopathic interstitial pneumonias (IIPs), granulomatous lung 
disorders (e.g., sarcoidosis), and other forms of interstitial lung disease (ILD) including lymphangioleiomyomatosis 
(LAM), pulmonary Langerhans cell histiocytosis/histiocytosis X (PLCH), and eosinophilic pneumonia. The idiopathic 
interstitial pneumonias (IIPs) are further categorized as idiopathic pulmonary fibrosis (IPF), nonspecific interstitial 
pneumonia (NSIP), cryptogenic organizing pneumnia (COP), acute interstitial pneumonia (AIP), respiratory bronchiolitis 
interstitial lung disease (RB-ILD), or desquamative interstitial pneumonia (DIP). Lymphoid interstitial pneumonia (LIP) 
is occasionally associated with other disease processes, such as connective tissue diseases or immunosuppression while 
idiopathic LIP is rare.
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bronchiolitis interstitial lung disease” (RB-ILD), or “desquamative interstitial pneumonia” (DIP) 
[1, 2]. “Lymphoid interstitial pneumonia” (LIP) is occasionally associated with other processes, 
such as connective tissue diseases or immunosuppression, while idiopathic LIP is rare. Among 
the IIPs, idiopathic pulmonary fibrosis (IPF) is the most common prototypic IIP. “Usual inter-
stitial pneumonia” (UIP) is the pathologic pattern of lung injury seen in IPF. Categorization of 
major IIP and corresponding histological patterns defining each entity are shown in Table 1 [2].

2.3.1. The importance of HRCT findings in the classification and diagnosis of interstitial lung disease

The ATS/ERS/JRS/ALAT 2011 guidelines for IPF have assigned a primary diagnostic role to 
HRCT, and the HRCT criteria outlined was the same as those in the revised guideline pub-
lished in 2015 [8–10]. The diagnosis of IPF should be based on the exclusion of other known 
causes of ILDs (environmental exposures, drugs, and CTDs) and presence of UIP on HRCT; 
UIP is characterized on HRCT by the presence of reticular abnormalities with subpleural 
and basal distribution, honeycombing with or without traction bronchiectasis, and absence of 
features inconsistent with UIP such as extensive ground-glass opacities, diffuse mosaic atten-
uation, profuse micronodules, and consolidations. Certain HRCT features predict histopatho-
logic patterns of the different forms of ILD. Table 2 outlines the classification of histological 
and corresponding radiological patterns defining each entity of IIP, which is also applicable 
to CTD-associated ILD, to be explained later [5, 11].

3. Clinical landscape of interstitial lung disease in connective tissue 
disease

The connective tissue disease (CTD) is a systemic, inflammatory, autoimmune disorder char-
acterized by immune-mediated multiple organ dysfunction. The category of CTD includes a 

Category Clinical–radiologic–pathologic diagnoses Associated radiologic and/or pathologic 
morphologic patterns

Chronic 
fibrosing IP

Idiopathic pulmonary fibrosis (IPF) Usual interstitial pneumonia (UIP)

Idiopathic nonspecific interstitial pneumonia 
(NSIP)

Nonspecific interstitial pneumonia (NSIP)

Smoking-related 
IP*

Respiratory bronchiolitis-interstitial lung 
disease (RB-ILD)

Respiratory bronchiolitis-ILD (RB-ILD)

Desquamative interstitial pneumonia (DIP) Desquamative interstitial pneumonia (DIP)

Acute/subacute 
IP

Cryptogenic organizing pneumonia (COP) Organizing pneumonia (OP)

Acute interstitial pneumonia (AIP) Diffuse alveolar damage (DAD)

Definition of abbreviation: IP = interstitial pneumonia.
*Desquamative interstitial pneumonia can occasionally occur in nonsmokers.
Adapted from Travis et al. [2].
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variety of diseases: rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic 
sclerosis (Scleroderma, SSc), polymyositis/dermatomyositis (PM/DM), and a group of vascu-
litides. The CTD-related disorders such as Sjögren’s syndrome (SS), mixed connective tissue 
disease (MCTD), etc., are also captured under the extended umbrella of CTD, as they share 
similar features. Involvement of the respiratory system occurs in those diseases and may be 
often major contributor to significant morbidity and mortality [5]. The clinical presentation is 
variable, ranging from cough, dyspnea, pleuritic pain to abnormal diffuse lung shadows on 
chest X-ray, in addition to clinical features suggestive of rheumatic disorders, i.e., arthralgia, 
Raynaud’s phenomenon, and skin rashes. Some patients may have presentations dominated by 
pulmonary manifestations over those of autoimmune disease. Thus, it is crucial for physicians 
to carefully evaluate the evidence of underlying CTDs in all patients who present with ILD.

3.1. Prevalence of ILD

ILD, especially IP, is one of the most common and clinically important complications of the 
various CTDs and the CTD-related disorders of which the most often implicated disorders 

Pattern Histology CT features

UIP Subpleural and peripheral fibrosis. Temporal and 
spatial heterogeneity. Scattered fibroblastic foci and 
honeycombing are key features

Basal, subpleural reticulation and honeycombing; 
traction bronchiectasis; little, if any, ground-glass 
attenuation

NSIP Uniform interstitial involvement by variable 
degrees of degrees of fibrosis and inflammation. 
Honeycombing is rare

Bilateral patchy ground-glass opacities admixed 
with reticulation and traction bronchiectasis/
bronchiolectasis. Little or no honeycombing. 
Usually, predominantly basal

OP Connective tissue plugs within small airways and 
air spaces (Masson bodies). In its “pure” form, little 
or no inflammation or fibrosis in the surrounding 
interstitium

Airspace consolidation, with a predominantly 
basal/peripheral or peribronchovascular 
distribution. Bands with air bronchograms and a 
perilobular pattern can also be seen

DIP Extensive macrophage accumulation within the 
distal air spaces. Mild interstitisal involvement

Patchy ground-glass opacities. Microcystic 
change can be seen within the ground-glass, 
Basal, peripheral distribution frequent

LIP Bronchiolocentric lymphoid tissue hyperplasia Ground-glass attenuation is the predominant 
finding, with thin-walled cysts frequently present. 
Lung nodules and septal thickening may also be 
seen

RB-ILD Bronchiolocentric macrophage accumulation. Mild 
bronchiolar fibrosis

Centrilobular nodules, ground glass opacities. 
Diffuse or upper lung distribution

DAD In the acute phase: hyaline membrane, edema. 
In the organizing phase: airspace and interstitial 
organization

Acute phase: diffuse ground-glass opacities and 
consolidation in dependent areas. Organizing 
phase: reticular pattern, traction bronchiectasis 
and architectural distortion

Abbreviation: DIP, desquamative interstitial pneumonia; NSIP, non-specific interstitial pneumonia; UIP, usual 
interstitial pneumonia; OP, organizing pneumonia; DAD, diffuse alveolar damage; RB-ILD, respiratory bronchiolitis 
interstitial lung disease; LIP, lymphocytic interstitial pneumonia.
Adapted from de Lauretis et al. [11].

Table 2. Classification of histological and radiological patterns for IP.
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are SSc, RA, PM/DM, Sjögren’s syndrome (SS), mixed connective tissue disease (MCTD), and 
SLE, according to prevalence [12, 13]. The frequency of ILD in CTDs is presented in Table 3 
[12]. Essentially, as every component of the lungs is a potential target for CTDs, there is a wide 
variety of pulmonary manifestations associated with the diseases [13].

3.2. Multidisciplinary diagnostic approach

Though the prevalence of ILD in CTDs varies based on patient selection and methods used 
for detection, the percentage appears to be higher than previously regarded. ILD may pre-
cede the extrapulmonary manifestations of CTD as a forme fruste of systemic disease, in some 
patients by years, while the rheumatic symptoms predate ILD in others [14–16]. Sometimes, 
it makes the distinction between idiopathic pulmonary fibrosis (IPF) and CTD-related ILD 
difficult [11, 16]. Despite similarities in clinical and pathologic presentation, the prognosis 
and treatment of CTD-associated ILD can differ greatly from that of other forms of ILD such 
as IPF [13, 16, 17]. Therefore, early detection of pulmonary involvement and early accurate 
diagnosis of CTDs are both important for initiating appropriate intervention. The multi-
disciplinary diagnostic team (MDD team), including a pulmonologist, a pathologist, and a 
rheumatologist, can contribute to it; a report indicates that 50% of patients referred with an 
initial concern for IPF had their diagnosis changed to a CTD-ILD after combined evaluation 
by the specialists [12].

The evaluation of ILD in patients with CTD is complex due to the heterogeneity of CTDs, the 
varied types and severity of ILD, and also the fact that ILD may be identified at any point in 
time in these patients. Fischer, et al. emphasize the importance of cross-disciplinary collabo-
ration and thorough evaluations, which are needed either when CTD patients develop ILD 
or when encountering ILD patients with possible occult CTD [18]. The detection of occult 
CTD in patients with “idiopathic” ILD requires careful attention to historical clues, subtle 
physical examination findings, and autoantibody profiles, as well as radiologic and histo-
pathological features. Such evaluation can be optimized by a multidisciplinary approach in 
collaboration with specialists including radiologists, pathologists, and rheumatologists. The 
standard clinical approach for evaluating patients with ILD for CTDs is well summarized by 
Vij R and Strek ME in their review [5].

Connective tissue disease Frequency of ILD Patterns

Systemic sclerosis 45% (clinically significant) NSIP 80–90%, UIP 10–20%, OP, DAD

Rheumatoid arthritis 5–58% UIP 50–60%, NSIP 30–60%, OP, LIP, DAD, DIP

Polymyositis/dermatomyositis 30–70% NSIP, OP, UIP, DAD

Sjögren’s syndrome Up to 25% NSIP, OP, UIP, LIP

Systemic lupus erythematosus 2–8% NSIP, OP, UIP, DAD

Mixed connective tissue disease 20–60% NSIP, OP, UIP, DAD

Modified from Castelino et al. [12].

Table 3. Features of ILD associated with CTD.
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variety of diseases: rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic 
sclerosis (Scleroderma, SSc), polymyositis/dermatomyositis (PM/DM), and a group of vascu-
litides. The CTD-related disorders such as Sjögren’s syndrome (SS), mixed connective tissue 
disease (MCTD), etc., are also captured under the extended umbrella of CTD, as they share 
similar features. Involvement of the respiratory system occurs in those diseases and may be 
often major contributor to significant morbidity and mortality [5]. The clinical presentation is 
variable, ranging from cough, dyspnea, pleuritic pain to abnormal diffuse lung shadows on 
chest X-ray, in addition to clinical features suggestive of rheumatic disorders, i.e., arthralgia, 
Raynaud’s phenomenon, and skin rashes. Some patients may have presentations dominated by 
pulmonary manifestations over those of autoimmune disease. Thus, it is crucial for physicians 
to carefully evaluate the evidence of underlying CTDs in all patients who present with ILD.

3.1. Prevalence of ILD

ILD, especially IP, is one of the most common and clinically important complications of the 
various CTDs and the CTD-related disorders of which the most often implicated disorders 

Pattern Histology CT features

UIP Subpleural and peripheral fibrosis. Temporal and 
spatial heterogeneity. Scattered fibroblastic foci and 
honeycombing are key features

Basal, subpleural reticulation and honeycombing; 
traction bronchiectasis; little, if any, ground-glass 
attenuation

NSIP Uniform interstitial involvement by variable 
degrees of degrees of fibrosis and inflammation. 
Honeycombing is rare

Bilateral patchy ground-glass opacities admixed 
with reticulation and traction bronchiectasis/
bronchiolectasis. Little or no honeycombing. 
Usually, predominantly basal

OP Connective tissue plugs within small airways and 
air spaces (Masson bodies). In its “pure” form, little 
or no inflammation or fibrosis in the surrounding 
interstitium

Airspace consolidation, with a predominantly 
basal/peripheral or peribronchovascular 
distribution. Bands with air bronchograms and a 
perilobular pattern can also be seen

DIP Extensive macrophage accumulation within the 
distal air spaces. Mild interstitisal involvement

Patchy ground-glass opacities. Microcystic 
change can be seen within the ground-glass, 
Basal, peripheral distribution frequent

LIP Bronchiolocentric lymphoid tissue hyperplasia Ground-glass attenuation is the predominant 
finding, with thin-walled cysts frequently present. 
Lung nodules and septal thickening may also be 
seen

RB-ILD Bronchiolocentric macrophage accumulation. Mild 
bronchiolar fibrosis

Centrilobular nodules, ground glass opacities. 
Diffuse or upper lung distribution

DAD In the acute phase: hyaline membrane, edema. 
In the organizing phase: airspace and interstitial 
organization

Acute phase: diffuse ground-glass opacities and 
consolidation in dependent areas. Organizing 
phase: reticular pattern, traction bronchiectasis 
and architectural distortion

Abbreviation: DIP, desquamative interstitial pneumonia; NSIP, non-specific interstitial pneumonia; UIP, usual 
interstitial pneumonia; OP, organizing pneumonia; DAD, diffuse alveolar damage; RB-ILD, respiratory bronchiolitis 
interstitial lung disease; LIP, lymphocytic interstitial pneumonia.
Adapted from de Lauretis et al. [11].

Table 2. Classification of histological and radiological patterns for IP.
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are SSc, RA, PM/DM, Sjögren’s syndrome (SS), mixed connective tissue disease (MCTD), and 
SLE, according to prevalence [12, 13]. The frequency of ILD in CTDs is presented in Table 3 
[12]. Essentially, as every component of the lungs is a potential target for CTDs, there is a wide 
variety of pulmonary manifestations associated with the diseases [13].

3.2. Multidisciplinary diagnostic approach

Though the prevalence of ILD in CTDs varies based on patient selection and methods used 
for detection, the percentage appears to be higher than previously regarded. ILD may pre-
cede the extrapulmonary manifestations of CTD as a forme fruste of systemic disease, in some 
patients by years, while the rheumatic symptoms predate ILD in others [14–16]. Sometimes, 
it makes the distinction between idiopathic pulmonary fibrosis (IPF) and CTD-related ILD 
difficult [11, 16]. Despite similarities in clinical and pathologic presentation, the prognosis 
and treatment of CTD-associated ILD can differ greatly from that of other forms of ILD such 
as IPF [13, 16, 17]. Therefore, early detection of pulmonary involvement and early accurate 
diagnosis of CTDs are both important for initiating appropriate intervention. The multi-
disciplinary diagnostic team (MDD team), including a pulmonologist, a pathologist, and a 
rheumatologist, can contribute to it; a report indicates that 50% of patients referred with an 
initial concern for IPF had their diagnosis changed to a CTD-ILD after combined evaluation 
by the specialists [12].

The evaluation of ILD in patients with CTD is complex due to the heterogeneity of CTDs, the 
varied types and severity of ILD, and also the fact that ILD may be identified at any point in 
time in these patients. Fischer, et al. emphasize the importance of cross-disciplinary collabo-
ration and thorough evaluations, which are needed either when CTD patients develop ILD 
or when encountering ILD patients with possible occult CTD [18]. The detection of occult 
CTD in patients with “idiopathic” ILD requires careful attention to historical clues, subtle 
physical examination findings, and autoantibody profiles, as well as radiologic and histo-
pathological features. Such evaluation can be optimized by a multidisciplinary approach in 
collaboration with specialists including radiologists, pathologists, and rheumatologists. The 
standard clinical approach for evaluating patients with ILD for CTDs is well summarized by 
Vij R and Strek ME in their review [5].

Connective tissue disease Frequency of ILD Patterns

Systemic sclerosis 45% (clinically significant) NSIP 80–90%, UIP 10–20%, OP, DAD

Rheumatoid arthritis 5–58% UIP 50–60%, NSIP 30–60%, OP, LIP, DAD, DIP

Polymyositis/dermatomyositis 30–70% NSIP, OP, UIP, DAD

Sjögren’s syndrome Up to 25% NSIP, OP, UIP, LIP

Systemic lupus erythematosus 2–8% NSIP, OP, UIP, DAD

Mixed connective tissue disease 20–60% NSIP, OP, UIP, DAD

Modified from Castelino et al. [12].
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3.3. Laboratory tests and biomarkers

Since the spectrum of ILD associated with CTD is broad, careful evaluation for autoantibod-
ies or other serologic tests in conjunction with clinical features of autoimmune disease is 
crucial [19, 20]. Because of the variable incidence and outcome of ILD in CTD, biomarkers 
including autoantibodies are critical for diagnosis, prognosis, patient subtyping, and pre-
dicting response to treatment. Major autoantibodies and serologic tests commonly available 
for the evaluation of CTD-ILDs include antinuclear antibody (ANA), anti-double-stranded 
DNA, anti-ribonucleoprotein (anti-RNP) antibody, anti-Smith (anti-Sm) antibody, anti-sclero-
derma-70 (Scl-70) antibody, anti-Ro (SS A), anti-La (SS B), anti-Jo-1 antibody, rheumatoid fac-
tor (RF), and anti-cyclic citrullinated peptide antibody (ACPA) [5].

Some of the established biomarkers include lung epithelium-specific proteins [20]. Evidence 
indicates that repetitive injuries to alveolar epithelial cells (AEC) and airway Club cells trigger 
an exaggerated wound healing response. During the process, while AEC type I cells undergo 
apoptosis, regenerated hyperplastic AEC type II cells produce a vast array of cytokines, 
growth factors, and release surfactant proteins and mucins [21]. Surfactant proteins (SP-A 
and SP-D) and KL-6 in the serum are useful biomarkers, which have been well established for 
various ILDs. SP-D and SP-A, secreted by AEC II and airway Club cells, are surfactant lipo-
proteins and phospholipids which stabilize alveolar surface tension, playing an important 
role in the lung host defense system [22]. SP-D serum levels are more sensitive than SP-A in 
detecting ILD as defined by CT but less specific [23]. KL-6 is a high-molecular-weight mucin-
like glycoprotein, now classified as MUC1, which is highly expressed by AEC II and bron-
chiolar epithelial cells and increases following cellular injury and/or regeneration [24]. KL-6 
has profibrotic and antiapoptotic effects on lung fibroblasts [25]. Serum KL-6 has been shown 
to be elevated not only in IIP but also in CTD-ILD, as well as hypersensitivity pneumonitis, 
drug-induced pneumonitis, etc. [24, 26].

There are a number of principal autoantibodies which have been validated for the clinical use.
Antinuclear antibody (ANA) determined by an immunofluorescence assay is most versatile, 
presenting with several major patterns; mainly homogeneous (associated with ANAs against 
double strand (ds) DNA in SLE and histones), speckled/peripheral (less specific), and nuclear 
(most often associated with limited scleroderma). ANA titer higher than 1–160 is regarded as 
significant in most laboratories [27]. When using enzyme immunoassay (EIA) and enzyme-
linked immunosorbent assay (ELISA) for ANAs, we can detect single autoantigens such as 
dsDNA, Smith antigen, scleroderma (Scl-70) (also termed topoisomerase-1), SSA/Ro, SSB/La, 
etc. [27]. Some of the recent, newly developed autoantibodies with distinct clinical and immu-
nological characteristics will be explained later.

3.4. Undifferentiated connective tissue disease (UCTD) and interstitial pneumonia with 
autoimmune features (IPAF)

Besides classical, well-established CTDs, increasing attention has been paid to pulmonary 
involvement in undifferentiated CTD (UCTD) [15, 17, 28–30]. UCTD has been generally 
defined as a condition that presents with signs and symptoms suggestive of CTDs along with 
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positive ANA but does not fulfill any rheumatology classification criteria for specific CTDs 
[30, 31]. Mosca et al. reported that 60% of patients with UCTD remain undifferentiated. When 
evolution to defined CTD occurs, it usually does within the first 5 years of disease. UCTD may 
develop into any of the CTDs, most often into SLE [29]. There are a large number of patients, 
in whom the IP appears to be the lone part for the clinically predominant manifestation of an 
occult CTD with subtle clinical features that suggest an autoimmune process but not meet 
established criteria for CTD, raising a controversy over the strategies for identification and 
classification of these patients. Well-organized prospective studies have been needed to better 
understand this entity of the lung disease and distinguish it from the ILD with well-defined 
CTD or IIP. Proposed terminology to classify such patients includes “undifferentiated CTD” 
[31], “lung-dominant CTD” [15], and “autoimmune-featured ILD” [32]. Recently, the “ATS/
ERS Task Force on Undifferentiated Forms of CTD-associated ILD” created consensus regard-
ing the nomenclature and classification criteria for patients with IIP and features of autoim-
munity and proposed the term “interstitial pneumonia with autoimmune features” (IPAF). 
The classification criteria require evidence of IP and are organized around three central 
domains: a clinical domain consisting of specific extra-thoracic features, a serologic domain 
consisting of specific autoantibodies, and a morphologic domain consisting of specific chest 
imaging, histopathologic, or pulmonary physiologic features [33]. Currently, it is not yet clear 
whether IPAF is a distinct phenotype of ILD or simply a part of IIP. Adopting IPAF classifica-
tion may provide platform for the future study of a more uniform cohort, and prospective 
survey will be needed in determining efficacy of therapy and outcomes for the patients [34].

4. Pulmonary histopathology in connective tissue disease

The underlying pathology in CTD-associated ILD can be dominated by inflammation or 
fibrosis or by a combination of both with distinct radiologic and histopathologic patterns [12]. 
Classification of histological and radiological patterns developed for IIPs is applied to CTD-
ILD [1, 5, 11]. The radiological and corresponding histological patterns defining each entity of 
CTD-associated IP are summarized in Table 2 [11]. Although there is substantial histological 
overlap among the pulmonary manifestations of different CTDs and with other etiologies, 
certain histologic patterns may favor one CTD over another, and occasionally distinctive his-
tologic clues may be present [35, 36]. It is possible in many cases to confirm CTD-ILD and 
guide patient management using histologic features. Pulmonary histopathology is thus help-
ful, and surgical lung biopsy remains the gold standard for evaluation of CTD-associated 
ILD [35]. ILD can present acutely or chronically, with acute presentations being more com-
mon in SLE and PM/DM. Histological patterns of CTD-associated IP include, most frequently, 
nonspecific interstitial pneumonia (NSIP), usual interstitial pneumonia (UIP), organizing 
pneumonia (OP), diffuse alveolar damage (DAD), and lymphocytic interstitial pneumonia 
(LIP). By contrast, desquamative interstitial pneumonia (DIP) and respiratory bronchiolitis-
associated interstitial pneumonia (RB-ILD) are uncommon forms of IP in CTD. Both, typically 
affecting cigarette smokers, share overlapping clinicopathological features and have a rela-
tively better prognosis than UIP.
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3.3. Laboratory tests and biomarkers

Since the spectrum of ILD associated with CTD is broad, careful evaluation for autoantibod-
ies or other serologic tests in conjunction with clinical features of autoimmune disease is 
crucial [19, 20]. Because of the variable incidence and outcome of ILD in CTD, biomarkers 
including autoantibodies are critical for diagnosis, prognosis, patient subtyping, and pre-
dicting response to treatment. Major autoantibodies and serologic tests commonly available 
for the evaluation of CTD-ILDs include antinuclear antibody (ANA), anti-double-stranded 
DNA, anti-ribonucleoprotein (anti-RNP) antibody, anti-Smith (anti-Sm) antibody, anti-sclero-
derma-70 (Scl-70) antibody, anti-Ro (SS A), anti-La (SS B), anti-Jo-1 antibody, rheumatoid fac-
tor (RF), and anti-cyclic citrullinated peptide antibody (ACPA) [5].

Some of the established biomarkers include lung epithelium-specific proteins [20]. Evidence 
indicates that repetitive injuries to alveolar epithelial cells (AEC) and airway Club cells trigger 
an exaggerated wound healing response. During the process, while AEC type I cells undergo 
apoptosis, regenerated hyperplastic AEC type II cells produce a vast array of cytokines, 
growth factors, and release surfactant proteins and mucins [21]. Surfactant proteins (SP-A 
and SP-D) and KL-6 in the serum are useful biomarkers, which have been well established for 
various ILDs. SP-D and SP-A, secreted by AEC II and airway Club cells, are surfactant lipo-
proteins and phospholipids which stabilize alveolar surface tension, playing an important 
role in the lung host defense system [22]. SP-D serum levels are more sensitive than SP-A in 
detecting ILD as defined by CT but less specific [23]. KL-6 is a high-molecular-weight mucin-
like glycoprotein, now classified as MUC1, which is highly expressed by AEC II and bron-
chiolar epithelial cells and increases following cellular injury and/or regeneration [24]. KL-6 
has profibrotic and antiapoptotic effects on lung fibroblasts [25]. Serum KL-6 has been shown 
to be elevated not only in IIP but also in CTD-ILD, as well as hypersensitivity pneumonitis, 
drug-induced pneumonitis, etc. [24, 26].

There are a number of principal autoantibodies which have been validated for the clinical use.
Antinuclear antibody (ANA) determined by an immunofluorescence assay is most versatile, 
presenting with several major patterns; mainly homogeneous (associated with ANAs against 
double strand (ds) DNA in SLE and histones), speckled/peripheral (less specific), and nuclear 
(most often associated with limited scleroderma). ANA titer higher than 1–160 is regarded as 
significant in most laboratories [27]. When using enzyme immunoassay (EIA) and enzyme-
linked immunosorbent assay (ELISA) for ANAs, we can detect single autoantigens such as 
dsDNA, Smith antigen, scleroderma (Scl-70) (also termed topoisomerase-1), SSA/Ro, SSB/La, 
etc. [27]. Some of the recent, newly developed autoantibodies with distinct clinical and immu-
nological characteristics will be explained later.

3.4. Undifferentiated connective tissue disease (UCTD) and interstitial pneumonia with 
autoimmune features (IPAF)

Besides classical, well-established CTDs, increasing attention has been paid to pulmonary 
involvement in undifferentiated CTD (UCTD) [15, 17, 28–30]. UCTD has been generally 
defined as a condition that presents with signs and symptoms suggestive of CTDs along with 
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positive ANA but does not fulfill any rheumatology classification criteria for specific CTDs 
[30, 31]. Mosca et al. reported that 60% of patients with UCTD remain undifferentiated. When 
evolution to defined CTD occurs, it usually does within the first 5 years of disease. UCTD may 
develop into any of the CTDs, most often into SLE [29]. There are a large number of patients, 
in whom the IP appears to be the lone part for the clinically predominant manifestation of an 
occult CTD with subtle clinical features that suggest an autoimmune process but not meet 
established criteria for CTD, raising a controversy over the strategies for identification and 
classification of these patients. Well-organized prospective studies have been needed to better 
understand this entity of the lung disease and distinguish it from the ILD with well-defined 
CTD or IIP. Proposed terminology to classify such patients includes “undifferentiated CTD” 
[31], “lung-dominant CTD” [15], and “autoimmune-featured ILD” [32]. Recently, the “ATS/
ERS Task Force on Undifferentiated Forms of CTD-associated ILD” created consensus regard-
ing the nomenclature and classification criteria for patients with IIP and features of autoim-
munity and proposed the term “interstitial pneumonia with autoimmune features” (IPAF). 
The classification criteria require evidence of IP and are organized around three central 
domains: a clinical domain consisting of specific extra-thoracic features, a serologic domain 
consisting of specific autoantibodies, and a morphologic domain consisting of specific chest 
imaging, histopathologic, or pulmonary physiologic features [33]. Currently, it is not yet clear 
whether IPAF is a distinct phenotype of ILD or simply a part of IIP. Adopting IPAF classifica-
tion may provide platform for the future study of a more uniform cohort, and prospective 
survey will be needed in determining efficacy of therapy and outcomes for the patients [34].

4. Pulmonary histopathology in connective tissue disease

The underlying pathology in CTD-associated ILD can be dominated by inflammation or 
fibrosis or by a combination of both with distinct radiologic and histopathologic patterns [12]. 
Classification of histological and radiological patterns developed for IIPs is applied to CTD-
ILD [1, 5, 11]. The radiological and corresponding histological patterns defining each entity of 
CTD-associated IP are summarized in Table 2 [11]. Although there is substantial histological 
overlap among the pulmonary manifestations of different CTDs and with other etiologies, 
certain histologic patterns may favor one CTD over another, and occasionally distinctive his-
tologic clues may be present [35, 36]. It is possible in many cases to confirm CTD-ILD and 
guide patient management using histologic features. Pulmonary histopathology is thus help-
ful, and surgical lung biopsy remains the gold standard for evaluation of CTD-associated 
ILD [35]. ILD can present acutely or chronically, with acute presentations being more com-
mon in SLE and PM/DM. Histological patterns of CTD-associated IP include, most frequently, 
nonspecific interstitial pneumonia (NSIP), usual interstitial pneumonia (UIP), organizing 
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4.1. Nonspecific interstitial pneumonia (NSIP)

In the history of classification, the recognition that the cases of ILD exist from which lung 
biopsy samples do not fit into any well-defined histologic patterns of idiopathic IP led to pro-
posals of the terms “unclassified interstitial pneumonia” by Kitaichi in 1990 [37] and “nonspe-
cific interstitial pneumonia/fibrosis (NSIP)” by Katzenstein and Fiorelli in 1994 [38]. This novel 
concept has helped to identify a group of ILDs with a more favorable prognosis and which 
needs to be distinguished from IPF/UIP, while also having different characteristics from DIP, 
AIP, and COP [1]. Katzenstein, in her large study of 64 such cases, utilized the descriptive 
term “nonspecific interstitial pneumonia/fibrosis (NSIP),” which was characterized by vary-
ing proportions of interstitial inflammation and fibrosis that appeared to be occurring over 
a single time span (i.e., a temporally uniform process). NSIP may have varying etiologies, 
including underlying CTD as well as organic dust or other exposures [38]. Subsequent inten-
sive studies in collaboration with pathologists and radiologists have endorsed its differentia-
tion from other types of IP, gaining the term NSIP, a broad acceptance [39, 40]. NSIP pattern 
of lung injury, itself further subdivided into cellular and fibrotic NSIP, is the most common 
pattern of IP in all CTDs except for RA, in which UIP pattern pathology may be more common 
[41, 42]. NSIP lung injury is characterized by diffuse, although often variable, alveolar septal 
thickening due to collagen deposition. The amount of associated interstitial inflammation var-
ies, but in most cases, it consists of mild patchy lymphoplasmacytic infiltrate. Although NSIP 
is not a pattern specific to CTD-IP, there are several histologic clues which support CTD, and 
when found, make the diagnosis of CTD-IP more likely [35].

• Involvement of multiple lung components: concurrent involvement of alveolar septal in-
terstitium, airways, vessels, and pleura is an important clue to the diagnosis of CTD-IP and 
can be helpful in differentiation of it from IPF.

• Interstitial fibrosis with overlapping NSIP and UIP: a histologic overlap of UIP and NSIP 
patterns is frequently shown in CTD, although similar findings may be seen in some vari-
ants of chronic hypersensitivity pneumonia, etc.

• Lymphoid aggregates: formation of prominent lymphoid aggregates, often with germinal 
centers, is a characteristic feature of CTD-IP, classically seen in RA and Sjögren’s syndrome.

4.2. Usual interstitial pneumonia (UIP)

UIP is the prototype of histopathology which characterizes IPF, a chronic form of idiopathic 
interstitial lung disease [1, 2]. UIP pattern is often encountered in CTD-IP, with more preva-
lence in advanced cases. This pattern is classically identified by its patchy nature (spatial het-
erogeneity) and chronic active appearance (temporal heterogeneity). Fibrosis is accentuated in 
the subpleural regions with microscopic honeycombing observed as irregular airspaces sur-
rounded by dense fibrosis. Fibroblast foci (regions of new fibrosis) are found at the interface 
between central and peripheral regions [35]. While primary UIP pattern is found in 13–56% 
of RA-ILD cases, some studies have reported that the most frequent histologic pattern of ILD 
among RA patients is NSIP, followed closely by UIP, accounting for 30–67% and 13–57% of 
RA-ILD, respectively [36]. Studies of PM/DM-ILD identified an UIP pattern in 5–33% of cases. 
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In SSc-ILD, UIP pattern was found in 15% in one study and 26% in another. UIP pattern has 
also been reported in 17% of Sjögren’s syndrome cases in a study. Whereas idiopathic pulmo-
nary fibrosis (IPF) is a progressively deteriorating ILD, in which the characteristic histologi-
cal pattern of IPF is UIP; interestingly, a UIP pattern is associated with a significantly better 
survival in CTD compared to the IPF [43]. Histologically, CTD-associated UIP biopsies had 
fewer fibroblastic foci, smaller honeycombing spaces, higher numbers of germinal centers, 
and higher inflammation scores than IPF/UIP biopsies [44].

4.3. Diffuse alveolar damage (DAD)

Since 1935, when Louis Hamman and Arnold Rich described four patients with acute respi-
ratory failure of unknown etiology, the existence of cases which manifest acute respiratory 
failure with bilateral lung infiltrates has been recognized [45]. All four patients died and were 
revealed at autopsy to have a distinctive pathology that in modern times is recognized as the 
organizing stage of diffuse alveolar damage (DAD). This acute idiopathic respiratory condi-
tion was subsequently given the eponym Hamman-Rich syndrome. Although the histology of 
DAD was described even earlier, the term of “diffuse alveolar damage” (DAD) was presented 
by Katzenstein, et al. in their comprehensive review with their own data [46]. They concluded 
that endothelial and alveolar cell injury leads to fluid and cellular exudation, with hyaline 
membranes and edema being well-known features.

The term “acute interstitial pneumonia” (AIP) was introduced in 1986 by Katzenstein et al. for 
cases identical to the Hamman-Rich syndrome to lay emphasis on the fact that the condition is 
an acute form of idiopathic interstitial lung disease, clinically and histologically distinct from 
chronic forms, the prototype of which is IPF [47]. The prognosis of AIP is dismal and the mor-
tality high. Today, AIP is defined by the following key elements: acute onset of respiratory 
symptoms typically resulting in acute respiratory failure; bilateral lung infiltrates on radio-
graphs; the absence of identifiable etiology; and histological documentation of DAD [1, 47, 
48]. Whereas the term AIP is applied when DAD is of unknown etiology, similar injury due to 
a known cause is generally referred to as DAD (stating the cause or the underlying disease).

DAD is thus a histologic pattern of injury usually associated with a life-threatening acute or 
subacute presentation which often correlates with the clinical entity of acute respiratory dis-
tress syndrome (ARDS) [49]. In earliest phase, the histology of DAD comprises alveolar septal 
edema and fibrin deposition in airspace. Over hours to days, these changes are accompanied 
by fibroplasia in alveolar septa, accumulation of alveolar macrophages (including foam cells), 
and formation of hyaline membranes [50]. Organizing thrombi are often found in small to 
medium-sized arteries. Within days to weeks after injury, airspace plugs of organizing pneu-
monia and type II pneumocytes hyperplasia on alveolar surfaces become prominent, repre-
senting a histologic pattern described as “organizing DAD.”

Besides AIP, infection is the most important etiology to exclude in patients in whom a diagno-
sis of AIP is clinically considered. Infectious etiology includes fungi, pneumocystis organisms, 
and viruses such as cytomegalovirus (CMV), etc. Despite prominent neutrophilia observed in 
bronchoalveolar lavage (BAL) fluid samples, there is usually a paucity of inflammatory cells 
on histologic sections in case of AIP. If prominent acute inflammation is seen, particularly in 
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medium-sized arteries. Within days to weeks after injury, airspace plugs of organizing pneu-
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the airspaces, it raises suspicion of infection. Other clues to specific etiologies include viral 
cytopathic changes observed in some viral pneumonias (e.g., cytomegalovirus, respiratory 
syncytial virus, adenovirus); food or other foreign material (with or without giant cell reac-
tion) suggesting aspiration; and prominent eosinophilia suggesting a primary eosinophilic 
disorder such as eosinophilic granulomatosis with polyangiitis (EGPA/Churg–Strauss syn-
drome) or acute eosinophilic pneumonia [35].

CTDs are another major group of diseases that may manifest pathologically as DAD. To identify 
CTD as an etiology of DAD in patients, exclusion of other possible cause must be established. 
Of note, DAD usually occurs in patients with established CTD-ILD but also can occasionally 
be the presenting manifestation of the disease [51]. In CTD patients who initially present with 
DAD, rheumatologic manifestations and serological tests should help to establish the correct 
diagnosis. In patients with CTD on immunosuppressive therapy, infectious etiology and drug 
toxicity should be considered as a potential cause of DAD. In SLE, cases of diffuse alveolar 
hemorrhage commonly show histological features of DAD [52]. In PM/DM, an older case series 
found DAD pattern in 4 of 15 cases (27%); a more recent series identified DAD in 2 of 70 cases 
(3%), possibly reflecting improvements in diagnosis and treatment of this disease [53, 54]. A 
study suggests that DAD is more common in DM-ILD than in PM-ILD [55]. In RA, one study 
reported primary DAD pattern found in 2 of 33 cases (6%) [56]. In a more recent study of CTD-
associated DAD, RA accounted for five of nine cases; in four cases, DAD occurred in patients 
with established, pre-existing RA-ILD, whereas one manifested as a de novo presentation [51].

4.4. Organizing pneumonia (OP)

While OP is characterized by fibrosis and chronic inflammation like IP, it differs in that the 
reaction affects predominantly the airspaces rather than the interstitium; this disorder is not 
an interstitial process [57]. However, many include OP in the classification of IP [40]. OP is his-
tologically characterized by consolidation of airspaces by rounded branching polypoid plugs 
of granulation tissue [35]. This airspace organization is usually found in the alveoli as well as 
terminal airways. Pure involvement of airways is rare, and thus, it should raise suspicion of a 
primary small airway disease. Alveolar macrophages with foamy cytoplasm are often found; 
however, this nonspecific finding may also be observed in cases of aspiration or drug toxicity. 
Usually, there are not abundant neutrophils in the histology of OP. If prominent inflammation, 
particularly involving the airspaces, is found, it should raise suspicion of infection as a cause. 
Also, when eosinophils are prominent in the airspace, suspicion of a primary eosinophilic disor-
der, e.g., EGPA/Churg-Strauss syndrome, eosinophilic pneumonia, etc., or a drug adverse reac-
tion must be raised. Overall, a predominant OP pattern, if encountered, accounts for a broad 
range of differential diagnosis to be considered, which include CTD, infectious pneumonia 
(particularly viral or atypical bacterial), aspiration, and drug toxicity. Thus, after all diagnostic 
exclusion is made, cryptogenic organizing pneumonia (COP) is determined as the diagnosis.

In many cases of CTD, the associated ILD may demonstrate focal lesions of OP pattern super-
imposed on a background of the other patterns of IP, frequently seen in NSIP. Therefore, 
true OP is less common in CTD-ILD. Among the RA-ILD, one study reported a primary OP 
pattern in 2 of 18 cases of RA-ILD (11%), and another stated 6 of 40 cases (15%) [42, 56]. Of 
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note, OP can occasionally be the inaugural manifestation of RA [58]. In PM/DM-ILD, OP is 
common; OP as the primary pattern was present in 6 of 15 cases (40%) in one series, 5 of 13 
(38%) in another [53, 59]. In a study of cases with Sjögren’s syndrome reported, OP was found 
in 4 of 18 biopsies (22%) in the series [51]. By contrast, OP is a very rare manifestation in SSc; 
detected only in 1 of 80 cases in a large series [60].

4.5. Lymphocytic interstitial pneumonia (LIP)

The term “lymphocytic interstitial pneumonia” (LIP) refers to a pattern of IP in cases with dif-
fuse and marked thickening of alveolar septal interstitium predominantly by dense lympho-
cytic infiltrate [61]. The infiltrate is polyclonal and may be admixed with variable numbers 
of plasma cells and macrophages. Germinal centers are frequently present. Histologically, 
LIP overlaps with follicular bronchiolitis and nodular lymphoid hyperplasia. When present, 
LIP pattern may raise concern for a possible lymphoproliferative process, which should be 
ruled out using appropriate immunohistochemical studies and flow cytometric analyses [35]. 
It should be noted that LIP has been associated with some viral infections, particularly human 
immunodeficiency virus. Classically, LIP was well-recognized in Sjögren’s-associated ILD, 
where it was initially reported in at least 25% of cases based on a series of 12 biopsies [62]. A 
more recent study identified LIP primary pattern in 3 of 18 cases of Sjögren’s-ILD (17%) [51].

5. Characteristic of interstitial lung disease in major connective tissue 
disease

5.1. Interstitial lung disease in systemic sclerosis

SSc is recognized as the CTD with the highest prevalence of ILD, ranging from 40 to 80%, 
depending on the modalities used for ascertainment [63]. The frequency of ILD varies accord-
ing to patient selection, subsets of skin disease extent and ethnicity. In a large autopsy study, 
ILD was the most common pulmonary lesion in SSc, being found in >70% of the cases, and 
arteriolar thickening, described as medial hypertrophy or concentric intimal proliferation, 
was the most specific lesion in the lungs suggestive of pulmonary hypertension, being noted 
in 29% of the patients [64]. SSc, classically “scleroderma,” is defined by the presence of major 
criteria; i.e., skin thickening proximal to metacarpo-phalangeal joints and minor criteria; i.e., 
sclerodactyly, esophageal involvement, and lung fibrosis [65]. It is subdivided into a limited 
cutaneous form, including CREST (Calcinosis, Raynaud’s syndrome, Esophageal dysmotility, 
Sclerodactyly, Telangiectasia) syndrome and a diffuse cutaneous form (diffuse SSc has skin 
sclerosis proximal to elbows and knees), with varying degrees of skin, esophageal, lung, car-
diac, and vascular involvement. Both forms can be progressive in nature.

As mentioned above, pulmonary manifestations in SSc include ILD and vascular disorder 
manifesting as pulmonary arterial hypertension (PAH). Today, both pulmonary complica-
tions are the leading cause of morbidity and mortality in patients with SSc. In line with SSc 
as the vasculature disorder, ranging from Raynaud’ s phenomenon to PAH and renal crisis, 
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(particularly viral or atypical bacterial), aspiration, and drug toxicity. Thus, after all diagnostic 
exclusion is made, cryptogenic organizing pneumonia (COP) is determined as the diagnosis.

In many cases of CTD, the associated ILD may demonstrate focal lesions of OP pattern super-
imposed on a background of the other patterns of IP, frequently seen in NSIP. Therefore, 
true OP is less common in CTD-ILD. Among the RA-ILD, one study reported a primary OP 
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sclerodactyly, esophageal involvement, and lung fibrosis [65]. It is subdivided into a limited 
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sclerosis proximal to elbows and knees), with varying degrees of skin, esophageal, lung, car-
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nailfold capillary microscopy is now a well-established measure to evaluate capillary dam-
age or abnormality [66]. The capillary changes observed in digits can be a predictor of severe 
vascular complications, being helpful in recognizing early disease [67].

In the context of autoantibodies, anti-nuclear antibodies (ANA) are found in the majority of 
SSc patients although not in every case. In 2013, the novel classification criteria of American 
College of Rheumatology (ACR)/European League against Rheumatism (EULAR) collabora-
tive initiative for SSc incorporated three major autoantibodies [68]. These antibodies with 
high specificity for SSc are against topoisomerase (ATA or anti Scl-70), anticentromere anti-
bodies (ACA), and anti-RNA polymerase III (ARA). They are closely related to distinct disease 
patterns; anti-topoisomerase antibodies are strongly associated with ILD, whereas anticentro-
mere antibodies are highly predictive of the absence of significant lung fibrosis but associated 
with development of pulmonary hypertension [69]. Anticentromere antibodies, which are fre-
quently found among Caucasians (20–35%), are strongly indicative of a limited form disease 
referred as CREST syndrome [69]. The other major autoantibody, anti-RNA polymerase III, is 
linked to diffuse skin disease and renal crisis, with less significant lung fibrosis. This antibody 
has another aspect that may herald paraneoplastic SSc [70]. While almost all patients with 
anti-topoisomerase antibodies have some extent of ILD, more than half of the SSc patients 
with ILD are negative for this antibody.

The most common pattern of ILD in SSc is fibrotic NSIP which manifests as dense, paucicel-
lular interstitial fibrosis that maintains the underlying architecture [60, 71, 72]. As the lung 
disease progresses, the areas of fibrosis may become confluent and appear as honeycomb. SSc 
patients may also present with typical UIP pattern with temporal and special heterogeneity, in 
contrast to the diffuse and uniform fibrosis of NSIP. In most SSc patients, ILD remains stable 
without treatment despite having some degree of lung fibrosis. However, some proportions 
of the SSc patients develop significant and progressive ILD. In SSc-associated ILD, placebo-
controlled randomized trials, named the Scleroderma Lung Study (SLS) and the fibrosing 
alveolitis scleroderma trial (FAST), have been performed, suggesting certain effectiveness of 
immunosuppressive therapy in preventing further decline in patients with progressive ILD 
to be mentioned later [73, 74].

5.2. Interstitial lung disease in rheumatoid arthritis

RA is the most common CTD, occurring in 1–2% of the population, more frequently in 
women. Although RA is primarily characterized by synovial inflammation which leads an 
erosive inflammatory polyarthropathy, predominantly affecting the distal joints, extra-artic-
ular manifestations are seen in approximately half of patients with RA. Extra-articular mani-
festations include subcutaneous nodules, skin ulceration, scleritis/episcleritis, pericarditis, 
splenomegaly, and a variety of pleuro-pulmonary abnormalities.

Lung disease accounts for 10–20% of mortality in RA, second only to cardiac disease [75–77]. 
Airway, pleural, vascular, and parenchymal involvement can occur in RA patients, as well as 
pulmonary disorders indirectly associated with RA such as opportunistic infections and drug-
induced lung disease. All pleuro-pulmonary manifestations in RA are more common in males; 

Contemporary Topics of Pneumonia158

ILD affects men twice as commonly as women. The prevalence of ILD ranges widely from 5 to 
58% in various reports [78–80]. It is difficult to confirm the exact prevalence because it depends 
on modalities of ascertainment and patient selection such as autopsy, hospital, and commu-
nity-based studies. In a study of 36 patients with new onset RA, abnormalities consistent with 
ILD were found in 58% of patients; physiology 22%, chest X ray 6%, HRCT 33%, BAL 52%, and 
99mTc-DTPA radionuclide scan 15% [81]. Smoking is a significant risk factor for ILD; an odds 
ratio of 3.8 for ILD was observed in RA patients with a smoking history >25 pack years [82].

In the context of histological patterns, the predominant ILD histology in RA patients is NSIP 
(cellular or, more commonly, fibrotic NSIP), followed closely by UIP, accounting for 30–67% and 
13–57% of RA-associated ILD, respectively [42, 44, 59, 83–85]. Some studies have noted greater 
incidence of UIP histology in RA-ILD found in up to 56% of patients in a series [42]. These NSIP 
and UIP patterns are followed by organizing pneumonia (OP). There is evidence suggesting 
that a UIP pattern may be associated with a worse survival than fibrotic NSIP in cases of RA, in 
contrast with the other CTDs. A pattern of DAD/acute interstitial pneumonia (AIP) is infrequent 
but may occur as fulminant ILD manifestation of RA, which can develop in a previously normal 
lung or as the presenting pattern of a previously undiagnosed ILD. The characteristic CT pat-
tern of DAD includes widespread ground glass with/without areas of dependent consolidation, 
although a similar pattern could represent opportunistic or viral infection and acute heart failure.

5.3. Interstitial lung disease in polymyositis/dermatomyositis

Idiopathic inflammatory myopathy (IIM), a group of systemic autoimmune disorders that 
affect skeletal muscles and other organs, comprises three major categories: polymyositis (PM), 
dermatomyositis (DM), and inclusion body myositis (IBM). PM and DM are sometimes recog-
nized together as they share similar clinical signs and symptoms with exception of cutaneous 
manifestations such as “heliotrope rash” on the upper eyelids, “mechanic’s hands” on the 
fingers, and “Gottron papules” on the dorsal surface of the hands seen in DM. Pathologically, 
however, these are distinct entities; PM is T cell-mediated diseases, where CD8-positive cyto-
toxic T cells invade muscle fibers expressing MHC class I antigens, whereas DM is character-
ized by a complement-mediated microangiopathy [86–88].

The diagnosis of PM/DM is made on the basis of clinical features and examinations, which 
include symmetrical proximal muscle weakness, elevated serum muscle enzymes, charac-
teristic electromyographic alterations, muscle biopsy histopathology consistent with myo-
sitis, and for DM, typical cutaneous manifestations mentioned above and less-specific skin 
rashes. Moreover, muscle magnetic resonance imaging (MRI) and ultrasound (US) have 
been also introduced in the diagnostic work up of patients with inflammatory myopa-
thies. Classification criteria for PM/DM date back to initial publications by Medsger et al. 
[89]. Since, in 1975, Bohan and Peter classified myositis, their criteria have been widely used 
[90, 91]. However, it demonstrated poor specificity and cannot distinguish PM from IBM or 
some forms of dystrophies for instance. Thus, several diagnostic criteria for inflammatory 
myopathies have been proposed with little acceptance, including recent muscle-biopsy-based 
diagnostic criteria [92]. Further prospective studies are required to develop improved and 
universal classification criteria.
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Several neuromuscular diseases which may mimic PM/DM and should be considered in 
the differential diagnosis include drug or toxic myopathies (alcohol, colchicine, statins, 
etc.), endocrine myopathies (hyper-hypothyroidism), metabolic myopathies, mitochon-
drial myopathies, muscular dystrophies, infectious myositis, neuropathies, paraneoplastic 
syndromes, other connective tissue disorders, amyloidosis, and sarcoidosis [93]. Muscular 
dystrophies, where an increase of creatine kinase (CK), electrodiagnostic, and bioptic 
abnormalities similar to PM/DM may be present, can be distinguished from DM/PM by 
the positive family history, the relatively early insidious onset, and slow progression. 
Iatrogenic myopathy is secondary to corticosteroids use, where CK is normal and the his-
tological examination shows atrophic changes of muscle fibers. Other diseases to consider 
in the differential diagnosis are endocrine or dysionemia-induced myopathies. Rheumatic 
polymyalgia (polymyalgia rheumatica) is characterized by normal CK and histological 
absence of inflammatory abnormalities. Infectious myositis especially viral and parasitic 
myositis are characterized by a diffuse muscular involvement and a subacute or chronic 
course. Bacterial myositis is localized and acute. Among other rare inflammatory myopa-
thies, nodular focal myositis is considered as a variant of PM/DM and may present at onset 
(As localized, a differential diagnosis with muscular cancers and/or thrombophlebitis must 
be considered). Eosinophilic myositis, characterized by muscle eosinophil infiltrate, may 
be part of a hypereosinophilic syndrome (pneumonia, endocardial and myocardial fibrosis, 
and peripheral neuropathy, etc.) or be associated with eosinophilic fasciitis. Granulomatous 
myositis can be isolated or in the context of granulomatous syndromes, such as sarcoidosis 
or Crohn’s disease; the main histological finding is the presence of granulomatous lesions 
which may contain epithelioid cells, histiocyte, and Langerhans giant cells. In the differ-
ential diagnoses of IBM, polyneuropathy and amyotrophic lateral sclerosis have also to be 
considered [93, 94].

Concerning extra-muscular involvement, respiratory disease is a major cause of mor-
bidity and mortality in PM/DM [53, 95–100]. PM/DM-associated pulmonary disorders 
may manifest as ILD and as a consequence of respiratory muscle weakness leading to 
hypoventilation or aspiration pneumonia. ILD is the most common extra-muscular com-
plication in PM/DM and have been recognized in 30–70% of the patients [100–102]. The 
reported prevalence varies depending on the modalities or tests for detection and patient 
selections. Since Tazelaar et al. reported a histopathological study of lung biopsy speci-
mens in patients with PM/DM in terms of treatment responses and survivals, histopathol-
ogy fairly serves relevant clinical decisions [53]. As for the prevalence of the different 
histopathologic patterns, NSIP is by far the most frequent finding, followed by DAD, UIP, 
and OP [54, 103–107]. Our study with HRCT scans of 14 cases of histologically proven 
NSIP associated with PM/DM showed that the predominant features were of reticular 
and/or ground-glass opacities with or without consolidation. Reticular and ground-glass 
opacities predominated in the lower zone of each lung, and consolidation predominated 
at the lung periphery [108].

In the context of subtypes of PM/DM, the following concepts of amyopathic dermatomyositis 
and anti-synthetase syndrome warrant particular attentions.

Contemporary Topics of Pneumonia160

5.4. Amyopathic dermatomyositis

Clinically amyopathic dermatomyositis (CADM), which is characterized by the cutaneous 
findings of DM with no muscle involvement or only minimal weakness, affects approxi-
mately 20% of patients with DM [109, 110]. Patients with CADM have a greater risk of devel-
oping ILD, especially prone to rapidly progressive lung disease corresponding to DAD [111, 
112]. Anti-melanoma differentiation-associated gene 5 (MDA5) antibodies (also referred to as 
anti-CADM-140 antibodies) were identified in the serum from patients with CADM by firstly 
immunoprecipitation assays [113]. The presence of anti-MDA5 antibodies is strongly associ-
ated with DM, especially with CADM, and rapidly progressive ILD, which are thus associ-
ated with particularly poor clinical outcomes.

5.5. Anti-synthetase syndrome (ASS)

A subset of patients may manifest a clinical syndrome known as “anti-synthetase syndrome 
(ASS),” which is characterized by the presence of one of the anti-aminoacyl-t-RNA synthe-
tase (ARS) antibodies such as anti-Jo-1, anti-PL-7, anti-PL-12, anti-EJ, anti-OJ, and anti-KS, 
together with stigmata of PM/DM including myositis, ILD, polyarthritis, fever, Raynaud’s 
phenomenon, and mechanic’s hand [114, 115]. Anti-Jo-1, the first anti-ARS antibody, is the 
best understood of the anti-synthetase antibodies, with a strong correlation with ILD in 
patients with PM/DM; the incidence of ILD approaches 90% [116, 117].

5.6. Myositis-specific autoantibodies and myositis-associated autoantibodies

Circulating autoantibodies directed against nuclear or cellular components are frequently 
detected in patients with PM or DM. These antibodies are categorized into two groups; one 
is specific to PM/DM, whereas the other is found in overlap syndrome with myositis. Targoff 
et al. designated these two categories of autoantibodies as “myositis-specific antibodies; 
MSAs” and “myositis-associated antibodies; MAAs,” respectively [114]. Classical autoanti-
bodies such as anti-aminoacyl transfer RNA synthetases (ARS) antibodies, anti-signal recog-
nition particle (SRP) antibodies [118, 119], and Mi-2 antibodies are classified as MSAs, where 
especially anti-Mi-2 antibodies are DM specific [120]. Later, the new DM specific antibodies 
have been disclosed. These include the antibodies directed against melanoma differentiation–
associated gene5 (MDA5) (anti-CADM-140 antibody, mentioned above) [113, 121, 122], tran-
scriptional intermediary factor-1-gamma (anti-p155 antibody) [123, 124], NXP-2 (anti-NMP-2 
antibody) [125, 126], and small ubiquitin-like modifier activating enzyme (anti-SAE antibody) 
[127]. Usually, MSAs are distinct, and their presence is mutually exclusive.

Because of their strong associations with a pattern of clinical features, such as myopathy, skin 
lesions, and ILD, these novel autoantibodies are useful biomarkers for classifying disease sub-
groups, predicting future organ involvement, and forecasting the prognosis of patients with 
PM/DM [114, 128–131]. The autoantibodies are detectable in PM/DM; both MSA and MAA 
are listed and summarized in Table 4 [102]. The pathogenetic mechanisms of expression of 
such autoantibodies are still awaited to be illuminated.
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6. Pathogenesis of interstitial pneumonia associated with connective 
tissue disease

6.1. Classic mechanisms in the pathogenesis of interstitial pneumonia in connective tissue 
disease

Numbers of studies on the pathogenesis of IP have been performed in SSc as well as in mouse 
models of IP, providing evidence for plausible mechanisms that may lead to pulmonary fibro-
sis in CTD. This is natural because, among the whole CTDs, SSc has the highest prevalence of 
IP, and currently, the lung disease consists the major cause of death in patients with SSc, being 
shifted away from mortality due to renal crisis which was more common in the past. The high 
morbidity and mortality due to IP in SSc have been eliciting not only multidisciplinary clini-
cal studies but also basic researches. Many lines of evidence acquired from the studies on SSc, 
and relevant researches on fibrosis have been implying the following potential scenario of 
classic mechanisms in the pathogenesis of CTD-IP [12, 132, 133].

6.1.1. Mediators eliciting and perpetuating interstitial pneumonia in systemic sclerosis

The key mechanisms in CTD-IP involve an interplay between various cell types and humoral 
factors; the pathogenesis is initiated by microvascular injury, leading to endothelial cell dam-
age and alveolar epithelial injury [12, 132, 133]. This is followed by activation of the coag-
ulation cascade, release of various cytokines, e.g., IL-1, IL-4, IL-6, IL-13, chemokines, and 
lysophosphatidic acid (LPA), and growth factors including transforming growth factor beta 
(TGF-β), connective tissue growth factor (CTGF), and insulin-like growth factor (IGF-1), 
which leads to activation of fibroblasts, resulting in the development of fibrosis [12, 132, 134]. 
Many epithelial-derived factors influence the behavior of fibroblasts, with soluble mediators 
known to exhibit profibrotic activities [134]. The pivotal mediator of fibrosis is the multi-
functional cytokine, TGF-β, which, along with platelet-derived growth factor, endothelin-1 
(ET-1), plays a major role in the pathogenesis of SSc. There is evidence that epithelial-to-
mesenchymal transdifferentiation (EMT) occurs in lung fibrosis, and this process is mediated 
by TGF-β and potentially ET-1 [135, 136]. TGF-β responses are mediated by canonical Smad 
signaling [137]. Binding of TGF-β to its receptor elicits signaling through phosphorylation 
and nuclear translocation of cytoplasmic Smad protein, triggering transcription of genes such 
as type I collagen, fibronectin, α-smooth muscle actin, and CTGF, which promote fibrogen-
esis [138]. ET-1 is a potent vasoconstrictor produced by endothelial cells, epithelial cells, and 
mesenchymal cells. ET-1 binds to ET-1A and ET-1B receptors, recruits fibroblasts, stimulates 
extracellular matrix production, and also stimulates TGF-β production in lung fibroblasts 
[139]. Elevated levels of ET-1 have been found in the blood vessels, lung, kidneys, and skin 
of SSc patients [140]. LPA is produced by activated platelets and fibroblasts. The LPA recep-
tor is expressed in fibroblasts, endothelial cells, and epithelial cells. Both are involved in the 
development of lung fibrosis in mouse model of IPF, suggesting LPA mediates fibroblast 
recruitment [141]. IGFs have been implicated in pulmonary fibrosis because increased levels 
of IGF-1 are detected in the serum as well as in the BAL of SSc patients [142]. CTGF, also 
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known as CCN2, which plays a pivotal role in the stimulation of extracellular matrix produc-
tion and myofibroblast differentiation, is involved in angiogenesis and forming the connec-
tive tissue [143]. The levels are elevated in the skin and lungs from SSc patients as well as in 
the sera [144].

The earliest events of the parenchymal lung involvement in CTD include inflammation and 
associated alveolar epithelial injury which occurs due to undetermined causes or can be 
caused by some environmental pathogens. The alveolar epithelial damage and inflamma-
tion let resident fibroblasts of pulmonary interstitium to locate to the alveolar wall, and the 
fibroblasts become activated through a variety of mediators such as TGF-β [145, 146]. The 
activation of resident fibroblasts was shown to be induced by the recruitment of active TGF-β 
from the lung tissue [147]. The resident lung fibroblasts play a pivotal role in lung fibrosis, 
and they are considered to be a more primitive or less differentiated lineage of fibroblasts 
that are prepared for repair at injury response [148]. The recruitment of activated fibroblasts 
and myofibroblasts that produce large amount of extracellular matrix proteins occurs in 
the process. These population of cells are not only derived from resident interstitial fibro-
blasts but also come from circulating progenitor cells which include mesenchymal stem cells 
recruited from the bone marrow and cells of a monocyte lineage that localize to the lung [149]. 
Myofibroblasts persist as critical profibrotic cells in affected lung tissue. It is conceivable that 
minor injury and subsequent disease process lead to the development of a lung microenvi-
ronment prone to fibrosis. That series of events results in an accumulation of constituents of 
the extracellular matrix (ECM), which remodels normal tissue architecture, which in turn 
culminates in pulmonary organ failure. Essentially, the lung is primed to develop fibrosis 
in response to injury, and it is likely that the intrinsic response is more severe in CTDs than 
normal individuals. Thus, in SSc, such genetic or intrinsic differences can be reflected to the 
serological phenotypes such as the expression of autoantibodies. Patients with SSc having 
anti-topoisomerase antibodies are liable to develop significant lung fibrosis, while those with 
anti-RNA polymerase III antibodies are less [150].

6.1.2. Involvement of immune mechanisms in interstitial pneumonia in systemic sclerosis

The immune system is also implicated in the pathology of SSc. Several lines of evidence sug-
gest that a specific population of activated T cells exhibiting type 2 helper T (Th2) phenotype 
potentially mediates tissue fibrosis, secreting IL-4 and IL-13 both of which activate fibroblasts 
and collagen production by inducing TGF-β [151]. In SSc, T cells with memory phenotype 
were found in lung biopsy specimens from patients with lung involvement [152]. In some 
studies reported, increased numbers of lung memory CD8 T cells are associated with more 
severe pulmonary fibrosis [153–155]. Luzina et al. have shown an increase in CD8 T cells in 
the lungs of SSc patients by using T cells isolated from BAL fluid and demonstrated that a 
subset of patients at higher risk of progressive lung disease had activated, long-lived CD8 T 
cells which could promote fibrosis through production of profibrotic factors such as IL-4 and 
oncostatin M, as well as activation of TGF-β [156]. Regulatory T cells (Tregs) which maintain 
self tolerance can be impaired in their ability to suppress CD 4 effector T cells [157]. Currently, 
the precise knowledge of the role of effector cells in innate and adaptive immune system in  
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SSc-associated IP is rather insufficient. More fundamental investigations in this aspect are 
needed to address to many queries as to the whole scenario of the development of IP in CTDs.

Besides, as concerns idiopathic pulmonary fibrosis (IPF), the latest evidence of immune 
mechanisms in IPF was reviewed in the recent literature, which includes involvement of both 
innate immunity and adaptive immunity at several levels of the processes toward develop-
ment of fibrinogenesis in the human lung of IPF or in its model mice, as summarized in 
Table 5 [158]. Briefly, in adaptive immune system, the role of T cells seems complex and 
subset dependent; Th2 and Th17 cells were shown to promote pulmonary fibrosis, although 
Th1, Th22, and γδ-T cells have been found to attenuate fibrotic disease. Treg and Th9 sub-
sets have been proposed to exert both anti- and profibrotic effects. In innate immunity, M2 
macrophages and neutrophils have been suggested to enhance pulmonary fibrosis, whereas 
M1 macrophages were assigned a protective role, but contradictory findings have also been 
described [158].

After all, a variety of studies on the pathogenesis of IPF have been conducted, and many 
experimental models were generated to explore the mechanisms. However, it is yet highly 
questionable whether the evidence provided from the studies of IPF is applicable to the eti-
ology of CTD-associated IP. Furthermore, it is still unclear whether the animal models such 
as the mouse bleomycin model can truly replicate the autoimmune progressive forms of the 
ILDs seen in human CTDs.

6.2. A new insight into the pathogenesis of interstitial pneumonia in connective tissue 
disease: “T cells trigger interstitial pneumonia in polymyositis/dermatomyositis”

We have speculated that exploring the early immune phases of IP in the lung would be the 
most direct approach to understand the pathogensis before more complex secondary immune 
responses occur in the evolution of IP [6, 7]. PM/DM is one of the major CTD, of which the 
most critical problem is pulmonary involvement. As mentioned before, ILD, mainly IP, often 
severe and progressive, has been recognized in 30–70% of PM/DM patients and is frequently 
associated with a dismal prognosis. While the presence of myositis-specific autoantibodies, 
such as Jo-1 and activated T cell muscle infiltrates, suggests autoimmune mechanisms in the 
etiology of PM, the pathogenesis of the associated IP remains undefined. We encountered 
two cases of early-stage PM-associated IP, of which we had an opportunity of investigating 
the fresh lung tissues obtained by video-assisted thoracoscopic (VATS) biopsy performed for 
the sake of histopathological diagnosis toward treatment options. Since this is the clear and 
robust demonstration of the pivotal role of T cells in CTD-IP, we herein present the details of 
our study with two cases of early-stage PM-associated IP both suggesting that T cells contrib-
ute to the early phase of the development of IP. Lung tissue was utilized with the approval of 
the institutional review board.

6.2.1. Analysis in cases of interstitial pneumonia associated with polymyositis/dermatomyositis

Patient A was a 51-year-old woman with no tobacco history and no family history of lung 
diseases, referred to our clinic for evaluation of arthralgia and myalgia. At 49 years, the patient 
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noticed Raynaud’s phenomenon and polyarthralgia, for which she was given low-dose pred-
nisolone with clinical improvement. Two months before the referral, she developed polyar-
thralgia and myalgia. On physical examination, the patient had no skin lesions but presented 
with fine crackles audible on inspiration in both lower lung fields. Erythrocyte sedimentation 

Cells and 
mediators

Description

Immune cells 
T cells Th1 cytokines (IFN-Y and IL-12) attenuate PF, Th2 cytokines (IL-4, IL-5 and IL-13) enhance PF, 

Th17 cells enhance PF, Tregs and Th9 (IL-9) have both pro- and antifibrotic roles in PF; Th22 (IL-22) 
and Yδ-T cells have an antifibrotic role in PF.

Macrophages M1 marcrophages induce myofibroblast apoptosis and digest ECM by activation of MMPs. M2 
macrophages recruit and activate fibroblast through TGF-β1 and PDGF secretion. M2 macrophages 
further produce TIMPs and inhibit degradation of ECM. Both Macrophages phenotypes (M1/M2) 
can exert pro- and antifibrotic effects.

Neutrophils Neutrophils produce elastase, MMPs, and TIMPs. Neutrophil elastase activates TGF-β and recruits 
inflammatory cells to the lung, thereby promoting PF.

Fibrocytes Fibrocytes produce ECM, cross-linking enzymes, chemokines, growth factors, and MMPs, and 
promote PF. Fibrocytes secrete paracrine mediators, which activate resident fibroblasts to promote 
PF. Fibroblasts can differentiate into fibroblasts and myofibroblasts.

Cytokines

IL-1β Profibrotic effects of IL-1β, mediated through IL-1R/MyD88 signaling pathway.

IL-13 IL-13 differentiates human lung fibroblast to myofibroblast through a JNK-dependent pathway.

IL-17 IL-17 interacts/cooperates with TGF-β signaling to promote PF.

TGF-β1 TGF-β promote EMT through SMAD-2/3 signaling pathways. TGF-β1 induces PF through ERK, 
MAPK, PI3K/Akt, and Rho-like GTPase pathways. TGF-β1 differentiates fibroblasts into and 
increase ECM accumulation.

PDGF PDGF stimulates fibroblasts and increase ECM gene expression in fibroblasts.

Chemokines

CCL2 CCL2 increase fibrocyte recruitment and differentiation into fibroblasts, resulting in excessive 
collagen deposition. CCL2 activates M2 macrophage activation and promote PF.

CCL17 CCL17 promotes PF through the recruitment of CCR4^+ Th2 cells and alveolar macrophages.

CCL18 CCL18 increase collagen production in lung fibroblasts through ERK1/2, PKCα, and Sp1/Smad3 
signaling pathways.

CXCL 12 CXCL 12 recruits fibrocytes and activates the Rac1/ERK and JNK signaling pathways to induce 
AP-1 activation and CTGF expression in fibroblasts

Definition of abbreviations: Ap-1, activator protein 1; CCL, CC chemokine; CTGF, connective tissue growth factor; 
CXCL, CXC chemokine ligand; ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; ERK, extracellular 
signal-regulated kinase; IL-1R1, IL-1 receptor 1; JNK, c-Jun N-terminal kinases; MAPK, mitogen-activated protein 
kinase; MMP, matrix metalloproteinase; MyD88, myeloid differentiation primary response gene 88; PDGF, platelet-
derived growth factor; PF, pulmonary fibrosis; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; Rac 1, Ras-
related C3 botulinum toxin substrate 1; SMAD, SMA/MAD homology; Sp1, specificity protein 1; TGF, transforming 
growth factor; TIMP, tissue inhibitors of metalloproteinase; Tregs regulatory T cells.
Adapted from Kolahian et al. [158].

Table 5. Possible immune mechanisms for pulmonary fibrosis.
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rate (ESR) was 135 mm/hr, and C-reactive protein (CRP) level was 1.2 mg/dL (reference range: 
0.0–0.4). Rheumatoid factors (RFs), speckled anti-nuclear factors (ANFs), and anti-histidyl-
t-RNA synthetase (Jo-1) antibodies were positive, while anti-ribonucleoprotein (RNP) and 
anti-scleroderma-70 (scl-70) antibody assays were negative. Levels of lactate dehydrogenase 
(LDH, 798 IU/L) (reference range: 109–435), creatine kinase (CK, 559 IU/L) (reference range: 
44–140), and myoglobin (120 ng/mL) (reference range: 28–60) were elevated. Muscle strength 
was nearly normal, but electromyogram showed myogenic patterns in the muscle groups of 
the upper limb girdle bilaterally. Muscle biopsy revealed lymphocyte infiltration into myofi-
brils and muscle atrophy, consistent with PM. Arterial blood gas analysis demonstrated a pH 
of 7.413; partial pressure of carbon dioxide (PCO2), 44.6 Torr; partial pressure of oxygen (PO2), 
84.3 Torr; and bicarbonate (HCO3-) concentration, 28.4 mmol/L. Pulmonary function tests 
revealed a restrictive pattern; vital capacity (VC) was 74.8%, and diffusing capacity (DLco) 
was 13.44 mL/min/mmHg (67.3%). Analysis of bronchoalveolar lavage fluid (BAL) showed 
75% macrophages, 15% neutrophils, and 10% lymphocytes. Human leukocyte antigen (HLA) 
serotypes were as follows: A2, A26, B15, Cw1, Cw9, DR14, DR8, DR52, DQ7, and DQ6. Chest 
radiography and chest computed tomography (CT) revealed mild, subpleural, linear, and 
reticular opacities in posterior and lateral areas of both lungs (Figure 2a). The patient under-
went video-assisted thoracoscopic (VATS) lung biopsy for histopathologic diagnosis and 
therapeutic planning. Biopsy specimens from anterior basal segment (S8) and lateral basal 
segment (S9) of the right lower lobe revealed an early usual IP (UIP) pattern, demonstrat-
ing heterogeneous lesions with residual air spaces and early fibrotic changes, surrounded by 
mild alveolitis with mononuclear cell infiltrations. Based on these clinical and histopathologic 
findings, the patient was diagnosed with interstitial pneumonia associated with PM. She was 
subsequently treated with methylprednisolone pulse therapy (1 g/day for 3 days) followed 
by oral prednisolone (30 mg/day). Over 10 months, the dose of prednisolone was tapered to 
12.5 mg/day with excellent control of progression of pulmonary lesions and myositis.

Patient B was a 43-year-old woman, a lifetime nonsmoker, referred to our clinic for arthralgia 
and myalgia. The patient had developed Raynaud’s phenomenon 6 months prior to this pre-
sentation. On physical examination, she had swollen fingers, with no skin rash. Fine crack-
les were heard on inspiration in the lower lung fields. No muscle weakness was apparent, 
but thorough examination revealed myositis. Laboratory data were as follows: LDH level, 
616 IU/L; CK level, 410 IU/L; and CRP level, 0.4 mg/dL. Histological examination of mus-
cle biopsy specimen showed mononuclear cell infiltrates in muscle tissue, consistent with 
PM. Assays for RF, anti-dsDNA antibodies, anti-Jo-1 antibodies, anti-centromere antibodies, 
and anti-scl-70 antibodies were negative. ANF (speckled pattern) and anti-ribonucleoprotein 
(RNP) antibodies were positive. Arterial blood gas analysis was unremarkable. Pulmonary 
function testing showed a restrictive pattern; VC, 70.6%, and DLco, 14.71 mL/min/mmHg 
(77.2%). BAL analysis demonstrated 67% macrophages, 11% neutrophils, and 22% lym-
phocytes. HLA serotypes were as follows: A24, A26, B15, B61, Cw10, DR9, DR53, and DQ9. 
Chest radiography and CT revealed subpleural and basilar linear and reticular opacities with 
ground glass attenuation (Figure 2b). Histopathological examination of lung specimens from 
VATS biopsy of superior (S4) and anterior basal (S8) segments of the left lower lobe disclosed 
a nonspecific IP (NSIP) pattern. Specimens showed mild and homogeneous changes with 
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partial inflammatory thickenings of the alveolar wall, with granulation tissues in alveolar 
spaces, fibrosis, and inflammatory-cell infiltrations. Clinical and histopathologic findings lead 
to a diagnosis of IP associated with PM. She was subsequently given pulse therapy with meth-
ylprednisolone (1 g/day for 3 days) followed by oral prednisolone (50 mg/day), which was 
effective in ceasing active myositis and IP. When the dose of prednisolone had been tapered 
to 30 mg/day after 4 months, respiratory function testing showed that %VC and DLco had 
improved to 79.0% and 17.56 mL/min/mmHg (90.7%), respectively.

Immunohistochemical analysis was performed on lung-infiltrating cells utilizing biopsy 
specimens. Substantial infiltrations of mononuclear cells were noted in both patient A (UIP 
pattern) and patient B (NSIP pattern). The mononuclear cells were predominantly CD3+ T 
cells, accompanied by a subtle infiltration of B cells (CD20+), and a minimal number of mono-
cytes (CD19+). Of infiltrating T cells, CD4+ cells were predominant compared to CD8+ cells 
in both cases. We then analyzed T cell receptor α-chain variable region (TCR Vα) and TCR 
β-chain variable region (TCR Vβ) repertoires of T cells infiltrating the lung tissues using an 
adaptor ligation polymerase chain reaction (PCR)-based microplate hybridization assay [159]. 
Quantitative assay has been used in many previous studies, and accuracy and reproducibil-
ity of this assay have been validated [160, 161]. Briefly, total RNA was extracted with TRIzol 

Figure 2. (a) Chest radiography, CT, and photomicrograph of patient A. Chest X-ray and HRCT of patient A show 
subpleural mild linear and reticular opacities in posterolateral lung. Lung biopsy from patient A depicts heterogeneous 
lesions including residual air spaces and early fibrotic changes with fibroblastic foci, mild alveolitis with thickened 
alveolar walls, and mononuclear cell infiltrations (hematoxylin and eosin stain, original magnification ×200). (b). Chest 
radiography, CT, and photomicrograph of patient B. Chest X-ray and HRCT of patient B show thickened interlobular 
septa with bibasilar and subpleural ground glass opacities. Lung biopsy from patient B depicts mild, homogeneous 
changes with partial inflammatory thickening of the alveolar wall, with granulation tissues in alveolar spaces, fibrosis, 
and inflammatory cell infiltrates (hematoxylin and eosin stain, original magnification ×200).
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partial inflammatory thickenings of the alveolar wall, with granulation tissues in alveolar 
spaces, fibrosis, and inflammatory-cell infiltrations. Clinical and histopathologic findings lead 
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Reagent (Invitrogen, USA) from lung tissues obtained by VATS biopsy. Complementary DNA 
(cDNA) was synthesized with reverse transcriptase (Superscript II) and BSL-18E primer adap-
tor. Universal adaptor primers were ligated to the cDNA, and PCR was performed with the 
universal primer and primers specific for TCR Cα or Cβ chains. PCR products were biotinyl-
ated by amplification with 5′-biotin primer and the universal primer. The biotinylated PCR 
products were hybridized on microplate wells immobilized with various oligo probes specific 
for TCR Vα or Vβ region sequences. Finally, the amount of biotinylated product bound to 
each probe was measured by quantitative enzyme-linked immunosorbent assay (ELISA) with 
alkaline phosphatase streptavidin. The results of quantitative analysis of TCR Vα or TCR Vβ 
usage in patient A and B are shown in Figure 3a and b, respectively. The open column and 
solid column indicate the frequencies of TCR Vα/Vβ repertoires in the lung tissue and the 
peripheral blood lymphocytes (PBLs), respectively. We found that the usage of repertoires of 
TCR Vα/Vβ in the lung differed from those in PBL, with certain TCR V gene families detected 
more frequently from lung tissue. In patient A, TCR repertoires of VA2.1, VA8.1, VB4.1, and 
VB24.1 were predominantly expressed in the lung compared to PBL, while TCR V reper-
toires VA23.1 and VB13.1 were more frequently expressed in lung tissue from patient B. As 
expected, no TCR signals were detected on normal lung tissue obtained from patients without 
IP using the same method (data not shown).

6.2.2. Discussion

IP associated with PM/DM is recognized as a critical complication due to its association with 
poor disease prognosis. In this study, we investigated T cells infiltrates by analyzing the TCR 
repertoire usage in lung tissue in two patients with PM-associated early IP. Both patients 
showed marked lymphocytes aggregates, predominantly CD3+ T cells, at IP lesion sites. In 
addition, the analysis of TCR Vα/Vβ repertoire usage indicated a modest accumulation of 
T cells expressing selected TCR V-gene segments, which differed distinctly from those of 
PBL. These findings strongly suggest pathogenic involvement of organ-specific oligoclonal 
T cell accumulation in development of PM-associated IP. Since TCR diversifies with disease 
progression due to the phenomenon of “determinant spreading” in which autoreactive T cell 
responses, initiated by a single antigenic epitope, evolve into multiepitopic responses, we 
considered it important to perform TCR analysis from lung tissue in the earliest stage of IP 
[162]. Regarding differences in predominant TCR V gene usage between the two cases, we 
suspect this is due to HLA differences. A previous study on lung TCR repertoire in patients 
with PM by Englund et al. reported selective TCR V gene usage, characterized by a panel of 
TCR-specific monoclonal antibodies on flow cytometry [163]. However, that study used BAL 
fluid rather than lung tissue in which infiltrating T cells may be more directly involved in the 
disease process. Although we also tried to analyze TCR repertoire from BAL fluid, the data 
were inconclusive due to lack of TCR signals along with background noise from RNA debris. 
To our knowledge, this is the first robust demonstration of the presence of selective TCR V 
gene usage and its differential expression in lung tissues of patients with PM using both lung 
biopsy tissue from early IP and PBL. Because our study involved only two cases, these find-
ings should be confirmed in a larger study. However, we believe these findings strongly sug-
gest that T cells which are recruited into the lung may be exposed to autoantigens, selectively 
expanding by antigen-driven responses. Further studies are needed to identify T cell epitopes  
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Figure 3. (a) Quantitative analysis of TCR repertoires: TCR Vα gene usage (top) and TCR Vβ gene usage (bottom) in 
patient A. Solid and open bars indicate frequencies of TCR Vα/Vβ repertoires in PBL and lung tissue, respectively. VA2.1 
and VA8.1 and VB4.1 and VB24.1 repertoires predominate in lung tissue compared with PBL. (b). Quantitative analysis 
of TCR repertoires: TCR Vα gene usage (top) and TCR Vβ gene usage (bottom) in patient B. Solid and open bars indicate 
frequencies of TCR Vα/Vβ repertoires in PBL and lung tissue, respectively. VA23.1 and VB13.1 repertoires are more 
frequent in lung tissue compared with PBL.
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of the pathogenic antigens, which may potentially lead to the development of antigen-specific, 
molecular-targeted therapies, such as the induction of anergy by peptide analogues similar in 
structure to culprit antigens [164, 165].

Thus, as a result, the T cell receptor (TCR) repertoire study combined with histological analy-
sis demonstrated substantial CD3+ T cell lung infiltrates with specific oligoclonal TCR usage 
that differed from those in PBL, suggesting a pivotal role for T cells in the pathogenesis of 
PM-associated IP via antigen-driven immune mechanisms.

7. Management of interstitial pneumonia associated with connective 
tissue disease

Because of the wide variation in manifestations of ILD in the autoimmune disease of CTD, 
no simple management strategy is adequate for every possible clinical setting. While a part 
of patients with CTD-associated ILD have limited and stable disease, not always requiring 
treatment, the significant proportions have severe and progressive disease which necessitates 
prompt and appropriate treatment. Essentially, nevertheless, general therapeutic principles in 
CTDs can be applied to many situations including acute and chronic disease. These include 
use of corticosteroids, azathioprine (AZA), cyclophosphamide (CYC), methotrexate (MTX), 
mycophenolate mofetil (MMF), and calcineurin inhibitors [13]. Although there are no spe-
cific guidelines for the management of CTD-ILD, general strategies recommended for IPF 
of IIP are also often applied in some cases of CTD-ILD. Emerging treatments with effects in 
IPF, e.g., Pirfenidone (a pyridine showing both anti-inflammatory and anti-fibrotic effects) 
and Nintedanib (a small-molecule tyrosine kinase inhibitor targeting VEGF-, FGF-, PDGF-
receptors) may offer additional treatment options, though the efficacy has not been evaluated 
in CTD-ILD [166]. Basically, in contrast to the dismal prognosis in IPF/UIP of IIP with a median 
survival since diagnosis of 2–3 years, clinical experience in managing patients has taught us 
that immunosuppressive drugs in CTD-associated ILDs are capable of benefiting a significant 
proportion of patients, particularly those with certain histological patterns of disease.

With regard to the clinical study, there have been only two randomized placebo-controlled 
trials investigating the effect of immunosuppressive treatment in SSc-associated ILD. Briefly, 
the Scleroderma Lung Study (SLS) and the Fibrosing Alveolitis Scleroderma Trial (FAST), 
evaluated CYC (given orally at 2 mg/kg for 1 year in SLS and intravenously at a dose of 
600 mg/m2 monthly for 6 months, followed by oral AZA for the following 6 months in FAST) 
for SSc-ILD [72, 73]. Both studies found a slower decline in forced vital capacity (FVC) in the 
CYC group compared with placebo. Intravenous CYC elicited a lower rate of bone marrow 
toxicity, severe infections, and gonadal failure compared to oral administration, likely due 
to higher cumulative dose acquired by daily oral administration [167]. Six months after quit-
ting of immunosuppressant, the recovery in FVC fell into baseline, suggesting the require-
ment of prolonged immunosuppression therapy to maintain stability of lung function [168]. 
However, it should be noted that, despite studies supporting the benefit of CYC therapy in 
preventing deterioration in the lung function and premature death in patients with SSc–ILD, 
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recent systematic review and meta-analysis of RCTs and observational prospective cohort 
studies failed to validate any clinically significant improvement in pulmonary function in SSc 
patients treated with CYC [169, 170].

In PM/DM-associated ILD, high-dose steroid is often the first-line drug, although no definite 
therapeutic recommendation for the disease has been established yet. The other drugs most 
frequently used are AZA, MMF, hydroxychloroquine, MTX, CYC, and calcineurin inhibitors, 
e.g., cyclosporine A (CSA) and tacrolimus (TAC). Rituximab, anti-CD20 monoclonal antibody 
therapy, has lately emerged as a promising remedy of biologics in patients who have failed 
conventional immunosuppression treatments [171, 172]. Among a variety of immunosup-
pressants, the efficacy of calcineurin inhibitors for the treatment of PM/DM-associated ILD 
should be highlighted. CSA, which inhibits T cell proliferation and T cell-mediated cytokine 
productions at the transcriptional level, has begun to be used for PM/DM-ILD since the 1980s 
[173–175]. In 1998, the first nation-wide survey for the treatment with CSA in IP associated with 
CTDs was conducted in Japan, and the efficacy of a combination therapy with CSA and cortico-
steroids in PM/DM associated IP was indicated [176]. A number of retrospective and open-label 
studies have supported the benefit of CSA for the treatment of ILD with PM/DM [177–181]. 
Takada et al. published a retrospective multicenter study of 38 cases with acute ILD with PM/
DM, whereas it was shown that the combination therapy with CSA and corticosteroids started 
from the early phase of ILD is superior to corticosteroid monotherapy [178]. Today, calcineurin 
inhibitors are widely used especially in Japan as both an induction and maintenance therapy 
for PM/DM-ILD, generally resulting in favorable prognostic outcomes. The appropriate serum 
concentration of CSA to ensure a maximal effect as well as to avoid toxicity in patients with 
PM/DM-ILD should reach approximately 150 ng/mL and1000 ng/mL, at trough and at 2 hours 
after administration, respectively [179]. Another calcineurin inhibitor, TAC, which is a 100-
fold potent T cell inhibitor compared to CSA, was also introduced into the treatment for PM/
DM-ILD, and its efficacy and tolerability have been demonstrated in retrospective studies and 
case series since the report by Oddis et al. in 1999 [182–185]. Ochi, et al. described a superior 
effect of TAC used in two myositis patients with progressive ILD who failed CYC and cortico-
steroid treatment but successfully recovered with TAC, showing significant improvement in 
symptoms and radiologic changes [183]. The appropriate tacrolimus trough level for the treat-
ment of ILD in PM/DM patients have not been established by clinical trials, but it is usually set 
as 5–20 ng/mL on the basis of data from renal and bone marrow transplantation [186].

Given the treatment-effect heterogeneity of the lung disease observed in PM/DM, it is impor-
tant to prepare novel therapeutics for the challenging cases of ILD which are refractory to 
conventional formulas. Recently, Suda et al. reported the effectiveness of multitarget therapy 
for the ILD in two cases of anti-MDA5 antibody-positive DM which is known to be associated 
with progressive ILD and sometimes has a lethal outcome despite strong immunosuppressive 
therapy including CYC [187]. They used TAC and mizoribine (MZR, an inosine monophos-
phate dehydrogenase inhibitor) in combination with corticosteroids. MZR is a nucleoside of 
the imidazole class, with the same mechanism as MMF: selective inhibition of lymphocyte 
proliferation by blocking inosine monophosphate dehydrogenase [188]. The safety and ste-
roid-sparing effects of MZR have been shown in various CTDs, and the efficacy of multitarget 
therapy using TAC and MZR was reported for systemic lupus erythematosus [189, 190].
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8. Conclusions

Despite increased recognition of CTD-associated ILD and its prognostic significance, the 
pathologic mechanisms that lead to the considerable pulmonary changes are not yet fully 
defined, and thus, the only limited progress has been so far made in the therapeutic domains. 
Immunosuppression therapy remains the mainstay of treatment for CTD-ILD. To generate 
significant advances in therapeutic intervention strategy, fundamental understanding of the 
pathogenesis of CTD-ILD is essential. As noted, we had an opportunity to carefully study the 
cases of early-stage IP associated with PM by utilizing lung biopsy tissue and PBLs. The T cell 
receptor (TCR) repertoire study combined with histological analysis demonstrated substantial 
CD3+ T cell lung infiltrates with specific oligoclonal TCR usage that differed from those in PBL, 
suggesting a pivotal role for T cells in the pathogenesis of PM-associated IP via antigen-driven 
immune responses. The results imply potential elucidation of specific antigen(s) that oligoclonal, 
lung-infiltrating T cells recognize, which may provide novel insights into the development of 
immunospecific treatments such as molecular-targeted or specific T cell-targeted therapeutics.
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Abstract

Pneumonia is a common illness that continues to cause significant morbidity and mortal-
ity in both adults and children. Bacteria such as Streptococcus pneumonia, Staphylococcus 
aureus and Haemophilus influenzae are generally considered as the main pathogens in 
community-acquired pneumonia and Legionella species, Chlamydia pneumoniae and 
Mycoplasma pneumonia in atypical pneumonias. In contrast the proportion of pneumonias 
due to viruses has been both difficult to detect and quantify with any precision. However, 
with the advent of powerful molecular techniques and rapidly developing technologies a 
greater number of viruses are being implicated as pathogens and co-pathogens in pneu-
monia. In the case of adults, the most commonly detected viruses are influenza virus, 
RSV and parainfluenza. Other viruses that have recently received considerable attention, 
are H5N1 influenza virus and coronaviruses. Infectious causes of pneumonia in immu-
nocompromised patients include measles, HSV, CMV, HHV-6 and Influenza viruses. 
Pneumonias caused by other viruses are more rarely reported and include outbreaks of 
rhinovirus, adenovirus (particularly serotype 14 in military institutions), coronavirus, 
and metapneumovirus. A range of promising therapeutic targets have been identified 
and numerous innovative therapeutic treatments demonstrated to improve lung injury 
due to viral infections.

Keywords: pneumonia, etiology, viruses, diagnosis, treatment

1. Introduction

Pneumonia was once known as Winter Fever and is an acute infection and inflammation of 
the lung parenchyma. It was first described by Hippocrates around 460 BC [1] . However, it 
wasn’t until the 19th century that pneumonia was established as a true infection, and not just 
a symptom of other diseases. Edwin Klebs a German pathologist in 1875 observed bacteria 
under a microscope in cases of pneumonia [2]. Then, Carl Friedlander and Albert Frankel in 
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1884 and 1884 respectively identified two of the most common bacterial causes of pneumonia, 
Streptococcus pneumoniae and Klebsiella pneumonia [3]. By the 1930s, treatment for pneumonia 
had been developed with the introduction of penicillin playing a key role.

Pneumonia remains the leading cause of childhood mortality under the age of 5 and the 
most common reason for adult hospitalisation in low and middle income countries, despite 
advances in preventative and management strategies [4]. Pneumonia usually causes symp-
toms for 3–4 weeks, and daily activities may be impaired for a further 3 weeks on average. 
Community-acquired pneumonia (CAP) refers to pneumonia acquired outside of hospitals or 
extended-care facilities. Nosocomial pneumonia and hospital-acquired pneumonia describe 
infections acquired in the hospital setting. These are usually defined as pneumonia that occurs 
48 h or more after hospital admission, and which was not incubating at the time of admission. 
Community-acquired pneumonia continues to be a significant health issue [5]. Annually in 
the United States there are around 4 million cases of which 20% of cases may require hospital-
ization. As a result there are more than 65 million days of reduced activity overall. Mortality 
rates can range from 1 to 30% making it the sixth leading cause of death [6]. In developing 
countries pneumonia is either the first or second leading cause of death. In Europe, around 
14.4 per 10,000 children aged over 5 years and 33.8 per 10,000 under 5 years are diagnosed 
with CAP. CAP is more common in the developing world, estimated at 0.28 episodes per 
child per year and accounting for 95% of all cases [7].

2. Pathophysiology

Pneumonia is an inflammatory process in lung parenchyma most commonly caused by bacte-
ria and viruses. Less common etiologies include mycoplasma, fungi and parasites. Organisms 
spread to the lungs through aerosolization, aspiration, or hematogenous spread due to inha-
lation of droplet or by aspiration of fluids in the oropharynx [8] Pneumonia results if host 
defense mechanisms are unable to keep the respiratory network infection free. The patho-
physiology varies depending on etiology. In the case of bacterial pneumonia there is an intra-
alveolar suppurative exudate with consolidation [9].

In the case of viral pneumonia there is an inflammatory interstitial inflammation with infil-
trate in the alveolar, causing damage to ciliated epithelium surfaces. The lungs become con-
gested, hemorrhagic and Intracellular viral inclusions may form. Local host defenses, such 
as mucociliary clearance, or secretion of specific secretory IgA antibodies can remove some 
of the virus particles. However, if mucociliary clearance is impaired or secretory anti-influ-
enza IgA antibodies are absent, infection continues to spread. Respiratory epithelial cells are 
invaded, and viral replication occurs. Newer viruses then infect larger numbers of epithelial 
cells, shut off the synthesis of critical proteins, and ultimately lead to host cell death [10].

There can be numerous types of immune response depending on how cytokine is produced. For 
example, cell-mediated immunity is initiated in type 1, while type 2 cytokines are responsible for 
allergic responses. Children infected with respiratory syncytial virus (RSV) with more serious 
acute bronchiolitis often have impaired type 1 immunity or augmented type 2 immunity [11].
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Respiratory viruses such as RSV or rhinovirus that damage the respiratory tract cause release 
of multiple humoral factors, including leukotriene C4, and histamine. In the case of RSV virus-
specific immunoglobulin E is released. Rhinovirus infections can cause release of bradykinin, 
interleukin 1, interleukin 6, and interleukin 8. A further complication of RSV infections is that 
they can increase bacterial adherence to respiratory epithelium, impair mucociliary clearance, 
and cause changes in bacterial phagocytosis by host cells [12].

In co infections, secondary bacterial superinfection makes for a poor prognosis of the original 
viral infection [13]. Interleukin-10, is purported to attract large numbers of macrophages and 
neutrophils to the lung. The presence of these cytokines increases the immune response, caus-
ing inflammatory damage and preventing the proper removal of bacteria.

3. Epidemiology

Numerous studies by the WHO have estimated there are over 450 million cases of pneumo-
nia globally with approximately 3 million deaths particularly prone are the elderly and chil-
dren [14]. The annual rate of CAP increases from 6/1000 in the 18–39 age group to 34/1000 in 
75 years and over age group. Incident rates tend to be higher in colder climates of the North 
and hospitalization is required in 20–40% cases. In severe cases mortality can vary from 5 to 
10% of cases [15] .

Viral pneumonias are common in the Mideast. In an Iranian study viruses causing pneu-
monia were Influenza A (7.4%), influenza B (3.5%), RSV (12.9%), and adenovirus (5.9%). 
Parainfluenza-1,2 and 3 were 6.4, 6.4 and 15.8% respectively [16]. More recently, avian 
influenza has become endemic in some parts of the Middle East, especially Egypt and 
Turkey [17].

WHO data published in May 2014 Influenza and Pneumonia Deaths in Saudi Arabia reached 
5689 or 7.08% of total deaths. The age adjusted death rate is 44.89 per 100,000 of population 
[18]. Middle East respiratory syndrome is caused by a novel coronavirus (MERS-CoV) first 
isolated in the Kingdom of Saudi Arabia in 2012 from the respiratory tract secretions of a 
Saudi businessman who died from viral pneumonia [19]. Subsequently, cases were identi-
fied in patients living outside the Arabian Peninsula and the Middle East, who were infected 
either during a stay in the Middle East or by close contact with an individual from an endemic 
country. Most affected patients were previously healthy men with a median age of 50 years 
[20]. In 2016, the World Health Organization (WHO) published a report on 1698 laboratory-
confirmed cases of MERS-CoV infection. The mortality rate was 36%. All cases were directly 
or indirectly linked through residence or travel to Saudi Arabia, the UAE, Jordan, Qatar, 
Oman, Lebanon, Kuwait, Yemen, Egypt, and Iran. There were also reports of sporadic reports 
in other countries including the United Kingdom, France, Malaysia, Tunisia, Italy, Austria, 
Greece, Turkey, the United States of America, Germany, Philippines, and Thailand [21]. The 
largest outbreak of the virus outside its endemic region was recorded in 2015, in South Korea. 
One-hundred and eighty-six additional cases were confirmed, including the first in China, 
with a total of 36 deaths. MERS-CoV is a zoonotic virus that can lead to secondary human 
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infections. Dromedary camels are considered as the intermediate host, with closely related 
virus sequences in bats. Human-to-human transmission has been noted in households and 
health care setting. But community-wide transmission has not been observed [22].

3.1. Pneumonia in children

The World Health Organization (WHO) established the Child Health Epidemiology Reference 
Group (CHERG) to monitor the incidence of childhood [23]. In 2000, CHERG compiled pneu-
monia statistics in children under age 5. It was found that there were 150 million new cases 
of pneumonia in children under 5. Of these, approximately 4 million occurred in developed 
countries, while the majority occurred in developing nations [24]. Hospitalization rates for 
pneumonia were approximately 9%. More than half of all worldwide cases of childhood 
pneumonia occurred in just five countries: India, China, Pakistan, Indonesia, Nigeria and 
Bangladesh. Europe had the lowest rate (0.06 episodes per child-year), while Southeast Asia 
and Africa had the highest overall incidence rates (0.36 and 0.33 episodes per child-year, 
respectively). Factors that increased the risk of developing childhood pneumonia included low 
birth weight, malnutrition, crowded living quarters, indoor air pollution, insufficient breast 
feeding, and lack of vaccinations. Other possible contributing factors included pre-existing 
medical conditions such as asthma, and annual rainfall levels. Also, parents who smoked and 
lack of parent education [25].

3.2. Pneumonia in adults

Pneumonia is a serious concern in adults and viruses cause 15–30% of cases in immuno-
competent adults hospitalized with pneumonia [26]. Increased rates of pneumonia-associated 
hospitalizations have been reported in the United States, Denmark, United Kingdom, and 
the Netherlands. In 2010, approximately 1.1 million patients in the USA were hospitalized 
for pneumonia with an average length of hospital stay 5.2 days [27]. In the UK, the num-
ber of hospitalizations due to pneumonia increased by 34% during the period from 1997 to 
2005. This was particularly notable in older adults. Approximately 26,000 people died from 
pneumonia and influenza in England and Wales in 2013 according to national statistics. 
Contributing factors may be due to other chronic diseases such as heart disease, diabetes, and 
immunocompromised patients [28].

4. Atypical pneumonia

Atypical pneumonia refers to pneumonia caused by atypical bacteria, including Legionella 
species, Chlamydia pneumoniae and Mycoplasma pneumoniae [29]. It is called “atypical” because 
the symptoms and signs differ from those of pneumonia due to other common organisms. It 
is generally regarded that M. pneumoniae, Legionella spp., C. pneumoniae, Chlamydophila psittaci 
and Coxiella burnetii are the key CAP pathogens not readily identified by standard culture 
methods [30]. Other atypical pathogens include viruses, atypical mycobacteria, Francisella 
tularensis and an extensive list of agents of bioterrorism.
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4.1. Organisms that cause atypical pneumonias include

Mycoplasman pneumoniae, the most common atypical pneumonia organism spreads when some-
one carrying the infection comes in close contact with others. The condition, also known as 
“walking pneumonia,” is generally mild and seen in the outpatient setting. It appears to occur 
mostly in school-aged children and young adults. Less common is Chlamydia pneumoniae which 
causes 10% of all CAP cases and is usually mild but usually more severe in the elderly [31]. 
Legionella pneumophila causes Legionnaires’ disease commonly found in hotels, cruise ships, 
hospitals and commercial buildings, where people come into contact with contaminated drop-
lets from cooling towers and evaporative condensers. Other reports of infection have been noted 
near whirlpools and saunas [32]. It is believed the organism causes up to 4% of all pneumonia 
cases. Known viral causes of atypical pneumonia include respiratory syncytial virus (RSV), 
influenza A and B, parainfluenza, adenovirus, severe acute respiratory syndrome (SARS) and 
measles [33].

5. Viral pneumonia

The advent of molecular diagnostics has greatly improved the identification of viruses in 
patients with CAP. Over the last decade, several studies have used PCR to establish the 
importance of viruses in the etiology of CAP. Globally, it is estimated that 200 million cases of 
viral pneumonia occur annually. Most commonly are influenza viruses (A and B), parainflu-
enza viruses 1, 2 and 3, rhinoviruses, and coronaviruses [34].

Viral pneumonia prevails mostly in young children and older adults. Etiologies include 
influenza, adenovirus, parainfluenza, H1N1 and respiratory syncytial virus (RSV). Influenza 
A and B occurs in the winter and spring. Symptoms include, headache, fever, and muscle 
aches. Respiratory syncytial virus (RSV) is most common in the spring and infects young 
children. Adenovirus and parainfluenza viral pneumonias exhibit cold symptoms (runny 
nose and conjunctivitis). Post-influenza pneumonia is often accompanied by secondary bac-
terial infection due to Staphylococcus pneumoniae and Staphylococcus aureus. Pneumonia in 
immunocompromised patients is attributed to measles, HSV, CMV, HHV-6 and Influenza 
viruses. There is also an increased risk of secondary bacterial lower respiratory tract infec-
tion (LRTI). The known complication following influenza infection is Staphylococcus aureus 
pneumonia [35].

Respiratory syncytial virus (RSV) has been identified as an important cause of pneumonia in 
adults, especially in the elderly. The rate of RSV, overall is between 2 and 5% throughout the year 
and between 5 and 14% during winter. Adults with severe immunodeficiency are at particular 
risk of severe RSV infection [36].

Viral pneumonia infections include both DNA and RNA viruses. Some are well-known lung 
pathogens that produce common clinical and radiologic manifestations. Others are rarely 
involved as lung pathogens. Many viruses can cause pneumonia, either directly or indirectly. 
They include:
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aches. Respiratory syncytial virus (RSV) is most common in the spring and infects young 
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5.1. Adenoviruses

Adenoviruses are enveloped DNA viruses and a diverse group that cause a wide spectrum 
of clinical illnesses. At least 52 serotypes exist, classified into 7 subgroups or species (A-G). 
Adenovirus pneumonia typically is limited to newborns, immunocompromised hosts, and 
school or military camp populations. Severe adenovirus pneumonia has been more commonly 
described in immunocompromised patients. Respiratory infection in immunocompetent 
patients is usually self-limited and mild [37]. However, with advances in molecular techniques, 
adenovirus has been increasingly discovered to be involved in sporadic cases and in severe 
CAP in healthy adults. Pulmonary disease is predominantly caused by serotypes 1, 2, 3, 4, 5, 7, 
14, and 21. Adenovirus infection accounts for up to 20% of childhood pneumonias, primarily 
in those children younger than 5 years of age, but such pneumonias occur infrequently in the 
non-military adult population. Types 4 and 7 viruses can cause outbreaks of respiratory disease 
in military recruits, whereas Type 7 viruses can cause bronchiolitis and pneumonia in infants. 
A virulent strain of Adenovirus, serotype 14 (subgroup B) has been reported to cause greater 
symptoms of respiratory illness and pneumonia. It was first observed in 2005 among civilian 
and military populations. Outbreaks occurred subsequently at military academies throughout 
the United States and in the Pacific Northwest [38].

5.2. Coronavirus

Coronaviruses are from the family Coronaviridae and are single-stranded RNA viruses. As the 
name indicates the surface is covered by crown like projections. This virus is spread via droplet 
and fomite exposure. Coronaviruses were not thought to significantly cause pneumonia until 
recently. However, the severe acute respiratory syndrome (SARS) pandemic in 2003 brought 
the ability of this virus to cause life-threatening pneumonia to worldwide attention.

There are six human coronaviruses (HCoVs) that are established human pathogens with world-
wide distribution, causing upper and lower respiratory tract infections: HCoV-229E, OC43, 
HKU1, NL63, MERS-COV (Middle East respiratory syndrome) and SARS-COV (severe acute 
respiratory syndrome) [39].

MERS-COV was first identified in Saudi Arabia in September 2012, approximately 2000 MERS-
CoV cases have been detected in over 20 countries. The newly reported cases lift Saudi Arabia’s 
MERS-CoV total since the virus was first detected in humans in 2012 to 1598 cases, 661 of them 
fatal and the majority of MERS-CoV cases continue to be reported from the Middle East. The 
source of the virus has remained a mystery but transmission and virological studies point 
toward dromedary camels in the Middle East by which humans may become infected through 
zoonotic transmission. Human-to-human transmission is then exacerbated through close 
household contacts and in healthcare settings [40].

5.3. Cytomegalovirus

Cytomegalovirus (CMV) is a herpesvirus that is a common cause of infections. In hosts who 
are immunocompetent, acute CMV infection causes a mononucleosis-like syndrome. CMV 
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pneumonia may occur and is often fatal in immunocompromised individuals, primarily 
hematopoietic stem cell transplant (HSCT) and solid organ transplant (SOT) recipients. The 
severity of pneumonia is related to the extent of immunosuppression [41]. CMV pneumonia 
has a prevalence of 15% and a mortality rate of approximately 85% in cancer patients receiv-
ing allogeneic bone marrow transplants. The major risk factor for CMV pneumonia in these 
patients is acute graft-versus-host disease.

Pneumonia is the most common presentation of CMV disease following lung transplantation 
CMV infection in lung transplant recipients is approximately 50%. Lung is a CMV latency site 
and viral reactivation has been associated with direct systemic infection and indirect effects 
such as acute rejection. The risk of CMV infections in these cases is dependent on the immu-
nosuppressive therapy and serologic status of the donor and recipient.

Moreover CMV pneumonia is identified to be a predictive factor for the later development 
of chronic rejection in lung transplant. Several studies have been carried to find the optimal 
preventive strategy to avoid CMV infection after lung transplantation. An effective treatment 
strategy has been valganciclovir prophylaxis for at least 180 days following combined pro-
phylaxis together with ganciclovir and CMV-immune globulin (CMV-IG) [42].

5.4. Epstein-Barr virus

Epstein-Barr virus (EBV) is well-known to be transmitted through infected saliva. The virus can 
cause pneumonia without mononucleosis. Lung involvement secondary to EBV infections usu-
ally only occurs in immunocompromised people. However, in 25% of pediatric patients with HIV 
infection, the virus can cause lesions due to lymphocytic interstitial pneumonia or pulmonary 
lymphoid hyperplasia.

Infectious mononucleosis occurs in young adults aged 15–30 years and usually resolves with-
out sequelae. This disorder may cause chronic tiredness and fevers but can also be compli-
cated by life-threatening problems. Pulmonary involvement associated with Epstein-Barr 
virus infection is uncommon but can occur as a complication of infectious mononucleosis. 
Pathologically, mononuclear inflammatory cells are evident along interlobular septa in inter-
stitial pulmonary infiltrates [43].

5.5. Herpes simplex virus

Herpes simplex virus (HSV) is primarily implicated in severely immunocompromised patients 
primarily, e.g., solid organ transplant recipients, patients who are undergoing chemotherapy 
or are neutropenic, or those who have congenital immunodeficiency. Herpes simplex virus is 
spread by viral shedding from asymptomatic excreters or from active lesions. It is a rare cause 
of lower respiratory tract infections. HSV pneumonia can occur as a secondary infection to 
upper airway infection or following viremia due to genital or oral lesions [44]. Herpes simplex 
virus can also cause pneumonia in compromised hosts, with a mortality rate of 80%.

Herpes simplex virus type 1 pneumonia is relatively uncommon that generally affects patients 
who are immunocompromised. It often occurs as a polymicrobial infection and is frequently 
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associated with coexisting bacterial pneumonia. Pneumonia is usually characterized by a pro-
teinaceous exudate and alveolar necrosis. There is a variable polymorphonuclear inflammatory 
response [45].

5.6. Human metapneumovirus

Human metapneumovirus (hMPV) is in the Paramyxoviridae family and was initially 
described in the Netherlands in 2001 [46]. It is a pleomorphic-shaped virus with protein pro-
jections from the surface. hMPV is a ubiquitous organism and almost all children have been 
exposed to it by age 5 years, Morbidity in lower respiratory tract infections in children and 
infants was reported to bronchiolitis (59%), croup (18%), asthma (14%), and pneumonia (8%) 
[47]. Reinfection continues to occur throughout life. The virus is spread via droplet and fomite 
exposure.

The severity of infection increases with older age and with complications such as immu-
nosuppressive conditions or cardiopulmonary disease. Adult hospitalizations with hMPV 
infection are associated with chronic obstructive pulmonary disease (COPD) exacerbations, 
pneumonia and bronchitis. Severe pneumonitis requiring intensive care is required in immu-
nocompromised hosts (e.g., hematologic malignancies).

5.7. Influenza virus

The influenza viruses are RNA viruses in the family Orthomyxoviridae, they are enveloped, 
single-stranded, and are the most common viral cause of pneumonia. Influenza has three 
serotypes A, B, and C. Influenza type A can infect livestock allowing a reservoir for infec-
tion and opportunity for epidemics in humans. For this reason it is usually the most virulent 
pathogen. The structure of influenza virus includes two envelope glycoproteins, known as 
hemagglutinin (H) and neuraminidase (N).The hemagglutinin enables infectivity of the virus 
by attaching to cellular sialic acid residues, whereas the N protein allows spread of the virus 
to other cells through cleavage of the new virus. Severe pneumonia complications can occur 
in high-risk individuals [48]. Two influenza types have emerged of particular importance: 
H5N1 avian influenza strain and the novel H1N1 swine influenza strain. In the influenza 
A (H1N1) pandemic of 2009–2010, the World Health Organization estimated approximately 
16,000 deaths. The majority of these deaths corresponded to patients with underlying risk 
factors contributing to worse outcomes Influenza type B causes illness seems to occur more 
in closed populations, e.g., boarding schools. Influenza type C is less common and occurs as 
sporadic cases [49].

5.8. Measles virus

Measles is a respiratory tract virus that causes a febrile illness with rash in children and a 
mild pneumonia in healthy adults. It is a single-stranded RNA virus in the Paramyxoviridae 
family and the genus Morbillivirus. It comprises a nucleocapsid surrounded by an envelope. 
Measles is a highly contagious disease that results from infection with measles virus and is 
still responsible for more than 100,000 deaths every year [50]. Measles virus is transmitted by 
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the respiratory route and illness begins with fever, cough, coryza. Complications of measles 
affect most organ systems, with pneumonia accounting for most measles-associated morbidity 
and mortality.

Pulmonary disease from measles virus infection can occur as a primary measles virus pneumo-
nia with secondary bacterial pneumonia or as an atypical measles virus pneumonia. Measles 
virus can cause pneumonia in 3–4% of infected patients mostly with secondary bacterial infec-
tion such as Haemophilus influenzae and Neisseria meningitides. The prevalence of measles 
virus pneumonia is higher in immunocompromised patients and pregnant women. Measles 
virus pneumonia without a secondary bacterial infection appears with diffuse alveolar dam-
age and epithelial hyperplasia. Epithelial hyperplasia is seen in bronchioles and peribronchial 
alveoli as well as in the tracheobronchial epithelium with cystic dilatation of mucous glands. 
Histologically, measles virus pneumonia displays multinucleated giant cells containing up to 
50 nuclei within the bronchiolar and tracheobronchial epithelium [51].

5.9. Parainfluenza virus

Parainfluenza virus (PIV) consists of nucleocapsids, which propagate in the cytoplasm of 
infected cells, with hemagglutinin present in the virion envelope. PIV is a common virus 
infection of childhood. PIV is second in importance to only RSV in causing children pneumo-
nia and bronchiolitis in infants younger than 6 months and lower respiratory tract disease. 
Transmission is through direct contact or large-droplet spread.

Although there are four subtypes of PIV, PIV types 1 and 2 tend to peak during the fall season 
where as type 3 is endemic year-round. Recurrent upper or lower respiratory tract infections 
occur throughout life because Immunity is short term. The infections vary from a self-limit-
ing illness to life-threatening pneumonia especially in immunocompromised hosts leading 
to lung injury and respiratory failure [52]. In one study, hematopoietic stem cell transplant 
(HSCT) patients with PIV progressed to develop pneumonia. Of 44% of these patients with 
pneumonia there was a mortality rate of 37% [53].

5.10. Respiratory syncytial virus

Respiratory syncytial virus (RSV) consists of only one serotype and is in the Paramyxoviridae 
family. Structurally, it consists of 10 viral polypeptides, 4 of which are associated with virus 
envelope, and 2 of these (F and G) are important for infectivity and pathogenicity. RSV is 
highly contagious, spreading via droplet and fomite exposure. RSV is the most frequent cause 
of lower respiratory tract infections among infants and children and the second most com-
mon viral cause of pneumonia in adults [54]. The majority of children are infected by the 
age of 5 years in settings such as daycare centers but the resulting immunity is incomplete. 
Reinfection when it occurs in older children and young adults is mild. But, with advanc-
ing age there is a greater likelihood severe disease and pneumonia. Diagnosed adult RSV 
hospitalizations have increased significantly in the United States. Respiratory syncytial virus 
hospitalizations appear to be greater in severity than influenza hospitalizations, especially 
immunocompromised and in older adults [55].
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5.11. Rhinovirus

Many reports from the literature report that rhinovirus accounts for approximately 30% of 
cases of all virus-related pneumonia. Rhinovirus is considered the second most frequently 
recognized agent associated with pneumonia and bronchiolitis in the young. The virus is 
associated with asthma hospitalizations in both old and young patients [56].

Rhinovirus is genetically diverse with more than 100 serotypes identified. In addition to com-
mon colds, reports have suggested that rhinovirus is associated with bronchiolitis, bronchitis, 
pneumonia and acute asthma exacerbation. Rhinovirus has been detected by molecular meth-
ods in 10–30% of hospitalized children with lower respiratory tract infections. Rhinovirus 
is also considered to be the second most common cause of bronchiolitis after respiratory 
syncytial virus (RSV) [57]. Rhinoviruses have long been known to cause common colds and 
exacerbations of Chronic obstructive pulmonary disease (COPD), but because rhinoviruses 
grow poorly at 37°C lower respiratory tract infections were thought to be rare. However, it 
has been demonstrated that rhinoviruses can replicate at body temperature and infect cells 
of the lower respiratory tract. Molecular studies have consistently identified rhinoviruses in 
nasopharyngeal or pharyngeal specimens from children and adults with lower respiratory 
tract infections. Rhinovirus has also been detected in 2–17% of adults and 4–45% of children 
with CAP [58].

5.12. Varicella-zoster virus

Varicella-zoster virus (VZV) is a highly contagious herpes virus and primary infection mani-
fests as chickenpox. The reactivation in later life results in zoster (shingles). It is spread by 
the respiratory route or direct contact with skin lesions. This pneumonia is rare in other-
wise healthy children but does occur in immunocompromised children causing life-threat-
ening complications [59]. VZV-related community-acquired pneumonia (VZV-CAP) has 
become increasingly recognized as a very serious and life-threatening complication invasive 
mechanical ventilation in more than half of the cases. Complications include secondary bac-
terial infections, encephalitis, hepatitis, and, with concomitant aspirin use, Reye syndrome. 
VZV pneumonia also tends be more severe in individuals who smoke. In fatal cases of pneu-
monia, laboratory findings include extensive alveolar hemorrhage, pulmonary edema and 
mononuclear cell infiltration with histological evidence of intranuclear inclusion bodies.

Varicella-zoster virus pneumonia is a serious complication of disseminated varicella-zoster 
virus infection with mortality rates of 9–50%. In adults prevalence of varicella-zoster virus 
pneumonia has varied from 5 to 50% of all varicella infections. Varicella-zoster virus is a 
self-limited benign disease in children known as chickenpox. But in adults it causes signifi-
cant complications such as varicella-zoster virus pneumonia and over 90% of cases occur in 
patients with lymphoma and immunocompromised patients. Patients exhibit diffuse alveo-
lar damage, spherical nodules are seen throughout the lung parenchyma. The nodules are 
composed of an outer fibrous capsule enclosing areas of necrotic tissue [60].
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5.13. Zoonotic viral pneumonias

Zoonotic viral pneumonias include those caused by avian influenza, hantavirus, severe 
acute respiratory syndrome (SARS), and H1N1 (swine) influenza. In 1997, an influenza 
virus (H5N1 virus) which normally only infects only birds was found to infect humans 
In Hong Kong. Manifestations included pneumonia, which in some cases led to fatal 
acute respiratory distress syndrome (ARDS) or multisystem organ failure. The rising 
incidence and widespread reporting of disease from H5N1 influenza viruses can prob-
ably be attributed to the increasing spread of the virus from existing reservoirs in domes-
tic waterfowl and live bird markets, leading to greater environmental contamination 
[61]. Recombinations of viruses in animals are a global concern. The H5N1 outbreak in 
Southeast Asia, H3N2 variant in the USA in 2012, and H7N9 avian cases in China 2013 are 
examples of such new threats. Effective surveillance is required to monitor such develop-
ments [62].

There is a growing danger that in the future avian influenza, a subtype of influenza A, may result 
in a worldwide pandemic. A/H5N1 exhibits several serious characteristics, such as increased 
virulence and human-to-human transmission in some cases, rather than bird-to-human trans-
mission. The disease causes high morbidity and mortality due to pneumonia and respiratory 
failure [63].

H1N1 was first reported in Mexico and spread to the United States. The infection from a novel 
swine-origin influenza A (H1N1) virus rapidly spread to become a worldwide pandemic in 
2009. Virus-associated hemophagocytic syndrome may play an important role in develop-
ment of multiorgan failure and ensuing death in H1N1 infection [64].

SARS is a respiratory infection caused by a coronavirus, which appears to have jumped from 
animals to humans. The disease was first reported in China in 2003 and rapidly spread from 
to the rest of the world in a 1 year period. It resulted in more than 8000 patients in 29 countries 
causing 774 deaths [65].

5.14. Co-infections

Co-infection Infections involving both respiratory bacteria and viruses or are common. Viral 
infection usually occurs first, followed by a secondary bacterial infection, as observed in the 
influenza pandemics of 1918, 1957, and 1968 where most deaths occurred due to secondary 
bacterial infection. In some infections however, especially H5N1 avian influenza, the associ-
ated pneumonia appears to be caused by direct viral action.

Co-infections are particularly common in 45% of children with CAP, and mainly involve 
pneumococcus [66], Mycoplasma pneumoniae and several species of Chlamydophila. CAP of 
mixed etiology has been characterized less in adults than in children, and prevalence is esti-
mated at less than 5%. The most common combinations reported are pneumococcus with 
rhinovirus or influenza A virus [67].
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associated with asthma hospitalizations in both old and young patients [56].

Rhinovirus is genetically diverse with more than 100 serotypes identified. In addition to com-
mon colds, reports have suggested that rhinovirus is associated with bronchiolitis, bronchitis, 
pneumonia and acute asthma exacerbation. Rhinovirus has been detected by molecular meth-
ods in 10–30% of hospitalized children with lower respiratory tract infections. Rhinovirus 
is also considered to be the second most common cause of bronchiolitis after respiratory 
syncytial virus (RSV) [57]. Rhinoviruses have long been known to cause common colds and 
exacerbations of Chronic obstructive pulmonary disease (COPD), but because rhinoviruses 
grow poorly at 37°C lower respiratory tract infections were thought to be rare. However, it 
has been demonstrated that rhinoviruses can replicate at body temperature and infect cells 
of the lower respiratory tract. Molecular studies have consistently identified rhinoviruses in 
nasopharyngeal or pharyngeal specimens from children and adults with lower respiratory 
tract infections. Rhinovirus has also been detected in 2–17% of adults and 4–45% of children 
with CAP [58].

5.12. Varicella-zoster virus

Varicella-zoster virus (VZV) is a highly contagious herpes virus and primary infection mani-
fests as chickenpox. The reactivation in later life results in zoster (shingles). It is spread by 
the respiratory route or direct contact with skin lesions. This pneumonia is rare in other-
wise healthy children but does occur in immunocompromised children causing life-threat-
ening complications [59]. VZV-related community-acquired pneumonia (VZV-CAP) has 
become increasingly recognized as a very serious and life-threatening complication invasive 
mechanical ventilation in more than half of the cases. Complications include secondary bac-
terial infections, encephalitis, hepatitis, and, with concomitant aspirin use, Reye syndrome. 
VZV pneumonia also tends be more severe in individuals who smoke. In fatal cases of pneu-
monia, laboratory findings include extensive alveolar hemorrhage, pulmonary edema and 
mononuclear cell infiltration with histological evidence of intranuclear inclusion bodies.

Varicella-zoster virus pneumonia is a serious complication of disseminated varicella-zoster 
virus infection with mortality rates of 9–50%. In adults prevalence of varicella-zoster virus 
pneumonia has varied from 5 to 50% of all varicella infections. Varicella-zoster virus is a 
self-limited benign disease in children known as chickenpox. But in adults it causes signifi-
cant complications such as varicella-zoster virus pneumonia and over 90% of cases occur in 
patients with lymphoma and immunocompromised patients. Patients exhibit diffuse alveo-
lar damage, spherical nodules are seen throughout the lung parenchyma. The nodules are 
composed of an outer fibrous capsule enclosing areas of necrotic tissue [60].
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5.13. Zoonotic viral pneumonias

Zoonotic viral pneumonias include those caused by avian influenza, hantavirus, severe 
acute respiratory syndrome (SARS), and H1N1 (swine) influenza. In 1997, an influenza 
virus (H5N1 virus) which normally only infects only birds was found to infect humans 
In Hong Kong. Manifestations included pneumonia, which in some cases led to fatal 
acute respiratory distress syndrome (ARDS) or multisystem organ failure. The rising 
incidence and widespread reporting of disease from H5N1 influenza viruses can prob-
ably be attributed to the increasing spread of the virus from existing reservoirs in domes-
tic waterfowl and live bird markets, leading to greater environmental contamination 
[61]. Recombinations of viruses in animals are a global concern. The H5N1 outbreak in 
Southeast Asia, H3N2 variant in the USA in 2012, and H7N9 avian cases in China 2013 are 
examples of such new threats. Effective surveillance is required to monitor such develop-
ments [62].

There is a growing danger that in the future avian influenza, a subtype of influenza A, may result 
in a worldwide pandemic. A/H5N1 exhibits several serious characteristics, such as increased 
virulence and human-to-human transmission in some cases, rather than bird-to-human trans-
mission. The disease causes high morbidity and mortality due to pneumonia and respiratory 
failure [63].

H1N1 was first reported in Mexico and spread to the United States. The infection from a novel 
swine-origin influenza A (H1N1) virus rapidly spread to become a worldwide pandemic in 
2009. Virus-associated hemophagocytic syndrome may play an important role in develop-
ment of multiorgan failure and ensuing death in H1N1 infection [64].

SARS is a respiratory infection caused by a coronavirus, which appears to have jumped from 
animals to humans. The disease was first reported in China in 2003 and rapidly spread from 
to the rest of the world in a 1 year period. It resulted in more than 8000 patients in 29 countries 
causing 774 deaths [65].

5.14. Co-infections

Co-infection Infections involving both respiratory bacteria and viruses or are common. Viral 
infection usually occurs first, followed by a secondary bacterial infection, as observed in the 
influenza pandemics of 1918, 1957, and 1968 where most deaths occurred due to secondary 
bacterial infection. In some infections however, especially H5N1 avian influenza, the associ-
ated pneumonia appears to be caused by direct viral action.

Co-infections are particularly common in 45% of children with CAP, and mainly involve 
pneumococcus [66], Mycoplasma pneumoniae and several species of Chlamydophila. CAP of 
mixed etiology has been characterized less in adults than in children, and prevalence is esti-
mated at less than 5%. The most common combinations reported are pneumococcus with 
rhinovirus or influenza A virus [67].
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6. Laboratory testing

Laboratory diagnosis of viral pneumonia has relied on detection of virus or viral antigen in 
upper-respiratory specimens (e.g., nasopharyngeal aspirates) and lower respiratory samples 
(e.g., induced sputum) by culture or immunofluorescence microscopy.

Traditional microbiological methods for detection of respiratory tract pathogens are relatively 
slow, often are not sensitive and are influenced by previous antibiotic therapy. Molecular 
diagnostics on the other hand hold much potential for detection of both common and atypical 
pathogens causing CAP. Analysis can be completed in hours, rather than days, for detection 
of typical pathogens and weeks for detection of atypical pathogens [68].

There are >200 known respiratory viruses, but accurate data on how many are etiological 
agents in CAP are lacking. The discovery of 6 new respiratory viruses since 2000—including 
metapneumovirus (hMPV), the severe acute respiratory syndrome coronavirus, influenza 
virus strain H5N1, coronavirus strains NL63 and Hku1, and human bocavirus—has pre-
sented new challenges for comprehensive viral diagnostics [69]. The significance of respira-
tory viral infections in patients with sepsis is underestimated. During the winter season, 
viral such as coronavirus, influenza A virus, human metapneumovirus, and respiratory syn-
cytial virus are clinically underdiagnosed in 70% of patients detected by the multiplex PCR 
assay [70].

Quantitative multiplex PCR testing of respiratory secretions is recognized as a highly sensi-
tive method for the diagnosis with the ability to detect viral pathogens and atypical bacterial 
pathogens. An acute viral infection can be confirmed with detection of influenza virus, para-
influenza virus, RSV, or hMPV. The presence of nucleic acid from adenoviruses, bocaviruses, 
coronaviruses or rhinoviruses is often found in asymptomatic persons. In the future the study 
of the virus concentration over time will contribute to distinguishing acute infections from 
protracted nucleic acid excretion [71].

7. Treatment

Antiviral drugs have been developed targeting viral proteins that can be inhibited by small 
molecular receptors or larger biotherapeutics. Consequently, most approved antiviral drugs 
are highly specific for a particular virus or family of viruses (e.g., neuraminidase inhibitors 
and adamantanes for influenza). The benefits of this approach are that there is greater selec-
tivity and may lower the risk of adverse host effects. The disadvantages are that there is a 
limited antiviral spectrum, and greater risk of antiviral resistance [72].

Treatment of Influenza Virus Neuraminidase, is essential interrupting intercellular viral 
propagation. Selective inhibitors, e.g., oseltamivir, peramivir, and zanamivir have been used 
to prevent infection during the first 24–72 hours, improving clinical symptoms and reduc-
ing morbidity and mortality. Reductions in the incidence of pneumonia in patients has been 
observed in numerous studies who received treatment in the early stages of infection [73].
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6. Laboratory testing

Laboratory diagnosis of viral pneumonia has relied on detection of virus or viral antigen in 
upper-respiratory specimens (e.g., nasopharyngeal aspirates) and lower respiratory samples 
(e.g., induced sputum) by culture or immunofluorescence microscopy.

Traditional microbiological methods for detection of respiratory tract pathogens are relatively 
slow, often are not sensitive and are influenced by previous antibiotic therapy. Molecular 
diagnostics on the other hand hold much potential for detection of both common and atypical 
pathogens causing CAP. Analysis can be completed in hours, rather than days, for detection 
of typical pathogens and weeks for detection of atypical pathogens [68].

There are >200 known respiratory viruses, but accurate data on how many are etiological 
agents in CAP are lacking. The discovery of 6 new respiratory viruses since 2000—including 
metapneumovirus (hMPV), the severe acute respiratory syndrome coronavirus, influenza 
virus strain H5N1, coronavirus strains NL63 and Hku1, and human bocavirus—has pre-
sented new challenges for comprehensive viral diagnostics [69]. The significance of respira-
tory viral infections in patients with sepsis is underestimated. During the winter season, 
viral such as coronavirus, influenza A virus, human metapneumovirus, and respiratory syn-
cytial virus are clinically underdiagnosed in 70% of patients detected by the multiplex PCR 
assay [70].

Quantitative multiplex PCR testing of respiratory secretions is recognized as a highly sensi-
tive method for the diagnosis with the ability to detect viral pathogens and atypical bacterial 
pathogens. An acute viral infection can be confirmed with detection of influenza virus, para-
influenza virus, RSV, or hMPV. The presence of nucleic acid from adenoviruses, bocaviruses, 
coronaviruses or rhinoviruses is often found in asymptomatic persons. In the future the study 
of the virus concentration over time will contribute to distinguishing acute infections from 
protracted nucleic acid excretion [71].

7. Treatment

Antiviral drugs have been developed targeting viral proteins that can be inhibited by small 
molecular receptors or larger biotherapeutics. Consequently, most approved antiviral drugs 
are highly specific for a particular virus or family of viruses (e.g., neuraminidase inhibitors 
and adamantanes for influenza). The benefits of this approach are that there is greater selec-
tivity and may lower the risk of adverse host effects. The disadvantages are that there is a 
limited antiviral spectrum, and greater risk of antiviral resistance [72].

Treatment of Influenza Virus Neuraminidase, is essential interrupting intercellular viral 
propagation. Selective inhibitors, e.g., oseltamivir, peramivir, and zanamivir have been used 
to prevent infection during the first 24–72 hours, improving clinical symptoms and reduc-
ing morbidity and mortality. Reductions in the incidence of pneumonia in patients has been 
observed in numerous studies who received treatment in the early stages of infection [73].
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Laninamivir octanoate, a new neuraminidase inhibitor administered by inhalation, can be 
effective in the treatment of IV infection, including oseltamivir-resistant strains. They are 
exclusively specific to influenza virus type A. However, side effects and rapid development 
of resistances, has meant that they have fallen into disuse. Immunomodulators are also being 
studied for reducing viral-mediated inflammation and its effect on the host [74].

Ribavirin has shown effectiveness in the management of acute episodes of pneumonia or for 
improving respiratory parameters during recovery. Meta-analysis studies performed in chil-
dren, indicated that inhaled ribavirin can reduce hospital stay and time on ventilator times 
during pneumonia, however, the overall mortality rates are not affected. Ribavirin has also 
been used in severely immunocompromised patients, e.g., lung transplant recipients with 
positive outcomes. General use of bronchodilators, antibiotics, or corticosteroids are not rec-
ommended in the American pediatric guidelines for SRV bronchiolitis [75].

Acyclovir (Zovirax), inhibits viral DNA synthesis by competitively binding to viral DNA poly-
merase. Due to poor absorption, intravenous acyclovir at a dosage of 250 mg/m2 every 8 hours 
is currently the treatment of choice for HSV pneumonia. The dosage of acyclovir should be 
decreased in patients with underlying renal insufficiency. Adverse reactions are infrequent, 
but renal impairment secondary to precipitation of acyclovir in the tubules can occur in 5–10% 
of patients if not properly rehydrated. Having a proven HSV pneumonia appears to be associ-
ated with high morbidity in solid tumor patients. This group of patients have been shown to 
benefit from acyclovir therapy [76]. There is little doubt that intravenous acyclovir is beneficial 
in the rare cases of varicella-zoster pneumonia in immunocompromised patients.

Supportive treatment was only available for other respiratory viruses until recently, However, 
some antiviral drugs are currently under investigation. Cidofovir is an acyclic nucleoside 
phosphonate analog of cytidine monophosphate. Upon conversion to its diphosphate form it 
leads to viral DNA chain termination. Limitations of cidofovir include poor cellular uptake 
and nephrotoxicity. Brincidofovir, a derivative of cidofovir which is active against double-
stranded DNA viruses, is a major improvement in anti-adenovirus therapy [77]. Lung trans-
plant recipients with metapneumovirus infections have been treated with success using 
intravenous ribavirin. Rhinovirus and Enterovirus, have been successfully used in limited 
studies using Pleconaril, which is incorporated into the virus capsid (Table 1) [78].

8. Prevention

Measures in infectious infection control, particularly of the respiratory tract, involve using bar-
rier methods preventing infection. Use of gloves, masks and hand-washing have been shown 
to be effective in reducing transmission rates in the health care centers. Isolation of patients 
during the clinical phase of the disease is also strongly recommended and reduces overall 
incidence. Immunization plays a very important role in prevention, but is only available for 
a few viruses. As the population ages and rates of pneumonia increase. Hospitalizations for 
pneumonia will continue to show an upward trend unless effective intervention strategies are 
devised and implemented. This includes recommending immunization with PPV and annual 
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Laninamivir octanoate, a new neuraminidase inhibitor administered by inhalation, can be 
effective in the treatment of IV infection, including oseltamivir-resistant strains. They are 
exclusively specific to influenza virus type A. However, side effects and rapid development 
of resistances, has meant that they have fallen into disuse. Immunomodulators are also being 
studied for reducing viral-mediated inflammation and its effect on the host [74].

Ribavirin has shown effectiveness in the management of acute episodes of pneumonia or for 
improving respiratory parameters during recovery. Meta-analysis studies performed in chil-
dren, indicated that inhaled ribavirin can reduce hospital stay and time on ventilator times 
during pneumonia, however, the overall mortality rates are not affected. Ribavirin has also 
been used in severely immunocompromised patients, e.g., lung transplant recipients with 
positive outcomes. General use of bronchodilators, antibiotics, or corticosteroids are not rec-
ommended in the American pediatric guidelines for SRV bronchiolitis [75].

Acyclovir (Zovirax), inhibits viral DNA synthesis by competitively binding to viral DNA poly-
merase. Due to poor absorption, intravenous acyclovir at a dosage of 250 mg/m2 every 8 hours 
is currently the treatment of choice for HSV pneumonia. The dosage of acyclovir should be 
decreased in patients with underlying renal insufficiency. Adverse reactions are infrequent, 
but renal impairment secondary to precipitation of acyclovir in the tubules can occur in 5–10% 
of patients if not properly rehydrated. Having a proven HSV pneumonia appears to be associ-
ated with high morbidity in solid tumor patients. This group of patients have been shown to 
benefit from acyclovir therapy [76]. There is little doubt that intravenous acyclovir is beneficial 
in the rare cases of varicella-zoster pneumonia in immunocompromised patients.

Supportive treatment was only available for other respiratory viruses until recently, However, 
some antiviral drugs are currently under investigation. Cidofovir is an acyclic nucleoside 
phosphonate analog of cytidine monophosphate. Upon conversion to its diphosphate form it 
leads to viral DNA chain termination. Limitations of cidofovir include poor cellular uptake 
and nephrotoxicity. Brincidofovir, a derivative of cidofovir which is active against double-
stranded DNA viruses, is a major improvement in anti-adenovirus therapy [77]. Lung trans-
plant recipients with metapneumovirus infections have been treated with success using 
intravenous ribavirin. Rhinovirus and Enterovirus, have been successfully used in limited 
studies using Pleconaril, which is incorporated into the virus capsid (Table 1) [78].

8. Prevention

Measures in infectious infection control, particularly of the respiratory tract, involve using bar-
rier methods preventing infection. Use of gloves, masks and hand-washing have been shown 
to be effective in reducing transmission rates in the health care centers. Isolation of patients 
during the clinical phase of the disease is also strongly recommended and reduces overall 
incidence. Immunization plays a very important role in prevention, but is only available for 
a few viruses. As the population ages and rates of pneumonia increase. Hospitalizations for 
pneumonia will continue to show an upward trend unless effective intervention strategies are 
devised and implemented. This includes recommending immunization with PPV and annual 
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influenza vaccinations. Although the effectiveness of these vaccines decreases with age and 
comorbid conditions [79].

9. Future strategies

Vaccines are still considered the great hope in disease prevention and control strategies. 
However, among respiratory viruses there has been little progress, only influenza has vac-
cines. A different approach is needed in developing new vaccines with longer term efficacy and 
broader response. Current vaccines are prone to changing antigenicity and need to be admin-
istered annually. Vaccine development has been in progress for decades but faces numerous 
technical challenges. Respiratory viruses such as RSV, PIV and hMPV initiate incomplete 
immune responses and so reinfections tend to occur. The pace of progress is slow both for Both 
live-attenuated and subunit vaccines. It may be years before such vaccines are available in the 
market place. However, once available then adult immunization may offer protection to young 
infants as is the case with influenza vaccines [80].

9.1. Stem cell

Stem cells are unique in that they possess the capacity to self-renew and capable of differentia-
tion into many cell types hence leading to the regeneration of injured organs. In lung injury, 
stem cells have been shown to promote endothelial and epithelial repair by engrafting into 
tissue and interacting with neighboring cells. Furthermore, stem cells beneficially influence 
the host’s immune response by reducing harmful inflammatory reactions. Paracrine media-
tors and mitochondria-containing micro-vesicles released by stem cells appear responsible for 
the beneficial effects on immune responses and cellular functions [81].

9.2. Gene expression

Gene expression profiles of peripheral blood leukocytes can differentiate viral from bacterial 
infections with 95% accuracy. They can also identify unique profiles in patients with bacterial 
and viral respiratory tract infections. Application of gene expression profile analysis in chil-
dren with CAP can significantly enhance the ability to classify patients according to the class 
of pathogen causing the infection and disease severity. Molecular distance to health (MDTH) 
is a novel metric that in a single score can provide a global assessment of the perturbation of 
the patient immune profile compared to healthy controls. It has been shown to accurately 
classify the severity of the disease in for example cases of bacterial sepsis, staphylococcal 
infections, as well as in children with respiratory viral infections [82].
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