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Abstract

:

Atypical pathogens are intracellular bacteria causing community-acquired pneumonia (CAP) in a significant minority of patients. Legionella spp., Chlamydia pneumoniae and psittaci, Mycoplasma pneumoniae, and Coxiella burnetii are commonly included in this category. M. pneumoniae is present in 5–8% of CAP, being the second most frequent pathogen after Streptococcus pneumoniae. Legionella pneumophila is found in 3–5% of inpatients. Chlamydia spp. and Coxiella burnetii are present in less than 1% of patients. Legionella longbeachae is relatively frequent in New Zealand and Australia and might also be present in other parts of the world. Uncertainty remains on the prevalence of atypical pathogens, due to limitations in diagnostic means and methodological issues in epidemiological studies. Despite differences between CAP caused by typical and atypical pathogens, the clinical presentation alone does not allow accurate discrimination. Hence, antibiotics active against atypical pathogens (macrolides, tetracyclines and fluoroquinolones) should be included in the empiric antibiotic treatment of all patients with severe CAP. For patients with milder disease, evidence is lacking and recommendations differ between guidelines. Use of clinical prediction rules to identify patients most likely to be infected with atypical pathogens, and strategies of narrowing the antibiotic spectrum according to initial microbiologic investigations, should be the focus of future investigations.
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1. Introduction


Community-acquired pneumonia (CAP), i.e., acute infection of the lung parenchyma acquired outside the hospital, is a frequent disease and has a large impact on morbidity and mortality worldwide. According to the Global Burden of Disease collaboration, there were almost 600 million episodes of pneumonia and other lower respiratory tract infections (LRTI) in 2019 globally, causing 2.5 million deaths [1]. Pneumonia incidence and mortality are highly correlated with socio-economic factors. Children less than 5 years old are disproportionately affected in lower outcome countries [2]. In high-income countries, pneumonia mainly affects older people, the incidence ranging from less than 1% in adults less than 50 years, and increasing exponentially thereafter up to more than 35% in people more than 90 years old [3]. Finally, pneumonia accounted for 80% of infectious diseases mortality in the U.S in 2014 [4].



Pneumonia is a highly heterogeneous disease. Firstly, a large number of bacterial, viral, fungal and parasitic pathogens are able to invade the lung, as a single pathogen or in co-infection, though a more limited number cause the majority of microbiologically-documented pneumonia. However, the causative pathogen is often not identified, due to the difficulty to obtain appropriate samples from the lower respiratory tract and to shortcomings of available diagnostic tools. Even with extensive investigations using both culture- and nucleic acid amplification-based methods, the aetiology is typically established in no more than 50% of episodes, and usually far less frequently [5].



Secondly, severity can range from a mild, self-resolving disease managed in the ambulatory setting to a fulminant infection leading to respiratory failure, septic shock and multiple organ failure. Both host- and pathogen-related factors probably explain this wide severity spectrum [6,7].



The fear of a severe evolution leads to most episodes of pneumonia being treated with antibiotics. The infecting agent is generally unknown at the onset of the disease and remains unidentified in at least half of the cases later, though higher rates of pathogen identification can be achieved with comprehensive bacteriological and molecular testing [8,9,10]. The antibiotic treatment is therefore frequently empiric. This means that the choice of the initial treatment is probabilistic, aiming to cover a large number of pathogens, with a special focus on bacteria known to cause severe infection.



The wish to include a higher number of pathogens in the antibiotic spectrum is in tension with the risk of selecting antibiotic-resistant bacteria, both at the individual and at the population level. Because of their frequent occurrence, CAP and LRTI represent the first cause of antibiotic prescriptions in the hospital (ca. 20% of all prescriptions) and in ambulatory care (ca. 40%) worldwide [11,12]. Hence, national and international recommendations for the empiric antibiotic treatment of CAP may have a profound impact on antibiotic prescribing patterns and selection pressure.



The need to add coverage for so-called atypical pathogens is a widely debated issue in this context [13,14]. In the present review, we examine current knowledge on the concept of atypical pathogens, the epidemiology of main members of this category, and the pro-and con-arguments toward their empiric antibiotic coverage. We summarise recent international guidelines and discuss the possibilities to target atypical antibiotic coverage towards patients most likely to benefit. Because the spectrum of disease and possible pathogens are obviously different in severely immunosuppressed patients (e.g., after solid organ or bone marrow transplantation; or patients with acquired immunodeficiency syndrome, or receiving potent immunosuppressive drugs for auto-immune or auto inflammatory diseases), in paediatric patients, and in patients with nosocomial pneumonia, they will not be included in this review.




2. From Atypical Pneumonia to Atypical Pathogens and Atypical Coverage


The concept of «atypical pneumonia» dates back to the beginning of the 20th century and is tightly connected to the description of classic, typical, pneumococcal pneumonia, with which it was contrasted.



The early history of pneumonia is dominated by Streptococcus pneumoniae [15]. First described at the end of the 19th century, it was an overwhelming cause of death and morbidity at the beginning of the 20th century, causing ca. 85% of pneumonia [5]. Clinically, it presented as an acute disease beginning with chills, high fever and pleuritic chest pain, progressing in a few hours to days to cyanosis, confusion, respiratory distress and death [16]. Once sulphonamides and penicillin were available, mortality decreased drastically, with a reduction in the absolute risk of mortality between 25 and 65% in controlled studies, depending on the age of the patient and the severity of disease [17].



Besides this «classic» form of pneumonia, other presentations were described during the first half of the 20th century. The term «atypical pneumonia» was used for a lung infection with clinical and radiological characteristics differing from S. pneumoniae infection [18] (Table 1). The main characteristics of atypical pneumonia were a more progressive, subacute course; the presence of pronounced constitutional and extra pulmonary symptoms; non-productive cough; and a better prognosis despite a protracted disease [19,20]. There was no leucocytosis on blood count; Gram stain, blood and sputum cultures did not show evidence of S. pneumoniae (nor other known bacterial pathogens like Klebsiella sp. or Staphylococcus aureus); and chest X-ray did not show lobar infiltrates, but scattered, ill-defined opacities. Finally, penicillin or sulphonamides did not alter the course of the disease. The non-bacterial (at least according to the conceptions at the time) nature of the infecting pathogen causing atypical pneumonia was correctly predicted from demonstrating that it was transmissible to humans by sputum despite a filtration process removing all bacteria (hence the term «non-filtrable» pathogen). After the 2nd World War, the demonstration that the course of atypical pneumonia could be modified by aureomycine (a tetracycline antibiotic) reinforced the need to differentiate typical from atypical pneumonia in order to administrate the correct antibiotic treatment [19].



However, it was already felt that atypical pneumonia was a syndromic presentation due to a set of pathogens differing in their nature and contracted in different epidemiological conditions [19]. Some were endemic (psittacosis, Q fever) [21]; some were clearly epidemic, either during the cold season (influenza) or in young patients living in crowded conditions like military recruits (adenovirus, Mycoplasma pneumoniae). Eaton agent, first identified in 1944, later named Mycoplasma pneumoniae, was shown to be the cause of epidemics among adolescents and young adults. Though the natural course of the disease was often mild, it could clearly be shortened by tetracyclins [22].



The identification of Legionella pneumophila in 1977 was a game changer. Though the clinical presentation differed from pneumococcal pneumonia (frequent gastrointestinal symptoms; dry cough; infrequent leucocytosis), it also differed from commonly observed atypical pneumonia because of the acute beginning, the radiological findings (with more extensive and sometimes unilateral consolidation) and the often severe clinical course with shock, respiratory failure and high mortality (16%) [23]. Since that moment, the use of an antimicrobial treatment active against both L. pneumophila and S. pneumoniae was warranted in severe pneumonia, thus excluding beta lactam monotherapy. Later, other species of Legionella have been identified as pathogens.



Limitations of the syndromic approach (i.e., the ability to predict the implicated pathogen in an individual patient based on differences between atypical and typical presentation) was evident in subsequent works. In a study using a multivariate model prediction, and despite some characteristics being clearly different between the two groups, less than 50% of patients could be correctly attributed to pneumococcal or mycoplasmal pneumonia [24]. Similarly, comparisons of Legionella and pneumococcal pneumonia showed substantial overlap in the clinical, biological and radiological presentation [25,26]. The demonstration that the aetiology of pneumonia could not be reliably predicted by the clinic and radiologic presentation led to less emphasis on the syndromic approach and less use of the locution «atypical pneumonia».



However, the term «atypical» survived to describe a special group of pathogens. Though there is no official or universal definition, atypical pathogens commonly include intracellular bacteria not identifiable by standard blood or sputum cultures, and intrinsically resistant to antibiotics inhibiting cell wall synthesis like beta lactams: Legionella and Chlamydia spp.; Mycoplasma pneumoniae; and, less commonly, Coxiella burnetii. Prominent authors have strongly criticized the use of this terminology, arguing (appropriately) that M. pneumoniae and Legionella spp. are quite frequently and consistently identified pathogens and as such do not qualify for the term atypical [27]. However, the category «atypical pathogens» is still largely used in recent publications.



By extension, the concept of «atypical coverage» refers to the empiric use of antibiotics active against atypical pathogens, principally macrolide, tetracycline or fluoroquinolone [28,29,30]. This concept is less clear, as some of these antibiotics are not consistently active against all atypical pathogens (e.g., resistance to macrolide in some strains of M. pneumoniae). Moreover, use of «atypical coverage» leads to oversimplification, implying that any benefit with the use of one of these classes, alone or combined with a beta lactam, should be attributed directly to the treatment of atypical pathogens rather than intrinsic properties of the drug (e.g., anti-inflammatory activity of macrolides).



Consequently, some recent highly cited guidelines [31], though not all [32], do not use the term atypical any more, neither for pathogens nor for antibiotic coverage.



Though we recognize the weakness of this classification, the terms atypical pathogens and atypical coverage are still widely in use. We will go on using them in this review with the following definition: an atypical pathogen, a bacterial pathogen that is intracellular or paracellular, not identifiable by gram stain and traditional culture media, and intrinsically resistant to beta lactams; and atypical coverage: antibiotics with efficacy towards intracellular pathogens, mainly macrolides, fluoroquinolones and doxycycline (Table 1).
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Table 1. Atypical pneumonia, atypical pathogens, atypical coverage [18,19,20,27].






Table 1. Atypical pneumonia, atypical pathogens, atypical coverage [18,19,20,27].





	

	
Atypical

	
Typical






	
Pneumonia




	
Clinical course

	
Subacute onset

Protracted disease

	
Abrupt onset




	
Symptoms

	
Extrapulmonary and pulmonary (flu-like illness, myalgias, rhinorrhea, odynophagia, diarrhea, prominent headache)

Dry cough; scant sputum

	
Confined to the lung

Pleuretic chest pain

Productive cough with coloured sputum




	
Leucocytosis

	
Absent

	
Present




	
Gram stain, blood and sputum cultures

	
No evidence of a pathogen

	
Streptococcus pneumoniae (or Klebsiella pneumoniae, Staphylococcus aureus…)




	
Chest X-ray

	
Patchy, ill-defined infiltrates, scattered on both lungs

	
Lobar pneumonia, pleural effusion




	
Prognosis

	
Often favourable, even without antibiotics

	
Significant mortality despite penicillin




	
Pathogens




	

	
Mycoplasma pneumoniae

Legionella pneumophila and non-pneumophila

Chlamydia pneumoniae and psittaci

Coxiella burnetii

(Francisella tularensis; Bordetella pertussis)

	
Streptococcus pneumoniae

Hemophilus influenzae

Moraxella catarrhalis

Klebsiella pneumoniae

Staphylococcus aureus

Streptococcus sp.

(Pseudomonas aeruginosa; other Gram-negative enterobacteriaceae)




	
Antibiotic coverage




	

	
Macrolides

Tetracyclines

Fluoroquinolones

	
Betalactams

Aminoglycosides

Respiratory Fluoroquinolones

(Macrolides and Tetracyclines)










3. Epidemiology


Although they have been described for decades, uncertainties remain on the incidence of pneumonia caused by atypical pathogens. Reports vary widely, ranging from less than 5% to more than 20% of patients affected by CAP [33,34]. A striking example is Legionella infection, which is a reportable disease in most countries, allowing geographical comparisons. Incidence in 2012 in high-income countries ranged from 0.02/100,000 inhabitants (Poland) to 4.02/100,000 (Slovenia), a ratio of 200 in reported incidence without a sound biological explanation, highlighting differences in identification and reporting of the disease [35]. A widely cited study conducted on 4337 patients from 21 countries, using oropharyngeal swabs for culture and PCR, paired blood samples for serology, and urine for Legionella antigen detection found a global incidence of 22%, with few variations between continents [33]. In another monocentric cohort from Spain, including 3523 patients recruited during 12 years and with extensive testing, atypical pathogens were identified in 263 (18% of patients with an identified pathogen, 7.5% of the total population) [6].



In contrast, at least one test to search for any atypical pathogen was done in only 34% of patients worldwide (46% in Europe) in the GLIMP database (3702 patients). The vast majority of tests performed was urine testing for Legionella antigen. The prevalence of atypical pathogens was only 4.7% [34]. A study combining four European cohorts for a total of 3297 patients with various testing strategies for atypical pathogens found a prevalence of 3% (14% of patients with a pathogen identified) [36].



Finally, a meta-analysis conducted in 2016 included 30 studies reporting the prevalence of M. pneumoniae, L. pneumophila and C. pneumoniae [35]. Studies had to include consecutive adults independently of the clinical setting (ambulatory or hospital). Prevalence was 7.2% (range < 1% to 24%) for M. pneumoniae, 2.8% (range 1% to 10%) for L. pneumophila, and 4.3% (range < 1% to 21%) for C. pneumoniae. Heterogeneity was very high (I2 > 90% for all three pathogens) [35]. In a recent systematic review, studies were stratified by the microbiological methods used (standard cultures only; cultures plus serology; and cultures or serology plus PCR [9]). M. pneumoniae represented 8.9–10.5%, Chalmydophila 3.1–5.3%, and Legionella 6.2–6.6% of patients in which an aetiologic agent was identified. As the corresponding proportions are not reported for the whole population (i.e., all patients with pneumonia, including those without an identified pathogens), these figures are not directly comparable with the 2016 meta-analysis.



The explanations for this heterogeneity are multiple. Sampling during an epidemic is a possible source of variation, especially concerning M. pneumoniae, which exhibits cyclic epidemics recurring approximatively every 4 years [37,38]. Seasonal variations also affect the relative incidence of some atypical bacteria. Unlike most respiratory pathogens, Legionella spp. is more frequently found during summer and fall [39]. The clinical context is also important: M. pneumoniae and C. pneumoniae cause predominantly mild disease, rarely needing hospitalization, and will be more frequent in studies including patients with less severe disease [6,40]. Other variations can also arise from differences in the investigations performed: more efforts to obtain lower respiratory tract samples with fibroscopy or induced sputum lead to a higher diagnostic yield [41,42]. This could have special relevance for older patients, for whom good quality expectorations can be difficult to obtain, and who are also less prone to undergo invasive procedures [43].



Finally, major differences can stem from the microbiologic test used to make the diagnosis. Atypical pathogens are fastidious to grow in culture and diagnosis traditionally relied on acute and convalescent serum samples or demonstration of IgM in acute serum [44,45]. Since the introduction of polymerase chain reaction (PCR) in routine clinical practice, PCR on sputum or upper respiratory swabs (oro- or nasopharyngeal) tends to substitute for serology or culture. PCR has a lot of advantages over cultures, including ability to detect fastidious organisms, identification of viral pathogens, timeliness of the results, better sensitivity, and ability to detect bacteria after antibiotic administration [46,47]. Drawbacks include lack of standardization and difficulties in differentiating colonization from infection [48].



However, concordance between PCR, serology and culture is far from perfect, different PCR have various accuracies, and oro- and nasopharyngeal swabs have less sensitivity and specificity than lower respiratory tract samples [49,50]. Additionally, asymptomatic carriage can lead to false-positive diagnosis of M. pneumoniae pneumonia [51].



Serologic studies constantly report higher incidence of atypical infections than culture or PCR studies. Specificity of serology is only moderate for M. pneumoniae [52]. This lack of specificity is also true for C. pneumoniae: though prevalence in CAP can be as high as 20% in serologic studies, it is detected in less than 1% of cases in PCR-based studies [53,54,55]. In the absence of a reference diagnosis, it can be difficult to assess if under- or over diagnosis is present in an individual study. Finally, co-infections (the identification of more than one pathogen) with a typical bacteria or a virus are described in 14–25% of cases of documented atypical pathogen infection in studies using comprehensive microbiological testing [6,56,57].



The additional yield of comprehensive testing (i.e., using both culture- and nucleic acid amplification) is illustrated in a study conducted by Gadsby et al. [8]. In 323 adults able to produce good quality sputum, a pathogen (either viral or bacterial) could be identified in 87% of patients by using a combination of multiplex PCR assays compared with 39% with culture-based methods. The atypical pathogens detected were 6 Legionella spp., 3 C. psittaci, and 3 M. pneumoniae. Another study suggested a decrease from 65 to 43% in the proportion of patients without an identified pathogen [10].



A balanced evaluation for adult patients hospitalized for pneumonia is that M. pneumoniae is probably present in 5–8% of patients (second bacterial pathogen in frequency after S. pneumoniae) and Legionella spp. in 3–5% [35,58]. Major uncertainties remain on the true prevalence of C. pneumoniae.




4. Legionella spp.


The bacteria Legionella was first identified as a human pathogen in the investigation of an outbreak affecting a meeting of the American legion in 1976 [23,59]. The genus Legionella consists of ca. 90 species [60]. The most known species of the genus is L. pneumophila, which can be subdivided further in serogroups. L. pneumophila caused the initial outbreak in 1976 and is implicated in the majority of human infections reported, though this could reflect failure to search for other species of Legionella [61,62]. Indeed, more than 20 species of Legionella are able to infect humans. Legionella spp. mostly affects the lower respiratory tract. Self-limited forms of the disease present as a flu-like syndrome without pneumonia and are named «Pontiac fever». Lung infection caused by Legionella spp. is called legionellosis. Clinical and radiologic presentation of pneumonia is similar between all Legionella species [63]. Finally, Legionella spp. can rarely cause non-respiratory infections: skin and soft tissue infections, arthritis, endocarditis and meningo-encephalitis [61,63]. Risk factors for legionellosis are older age, smoking, chronic lung disease, and immunosuppression, including chronic glucocorticoid treatment. Unlike most respiratory pathogens, legionellosis predominates in summer and fall [39,64].



Legionella are Gram-negative bacteria living as intracellular parasites of amoebae or as free-living bacteria in biofilms [60]. This co-evolution with amoebae probably explains Legionella’s outstanding adaptation to eukaryotic cells and their ability to harness metabolic and signalling host cell pathways towards its own survival and growth, and to inhibit normal cellular defence mechanisms [60,61,63].



Legionella gains access to lung alveoli via aerosols or micro aspiration. Intact cellular immunity is probably paramount to protect against infection. Legionella is phagocytosed by alveolar macrophages. It is then able to inhibit the fusion of the phagosome with the lysosome and to alter the phagosome to transform it in its niche, called LCV (Legionella-containing vacuole), where it is able to grow and replicate. Finally, apoptosis of the host cell is triggered, and the bacteria is released and enters a new cycle of infection [60,61,63].



Legionella pneumophila is found ubiquitously in natural aquatic environments (lakes and rivers) and artificial water reservoirs and pipes (cooling towers, air-conditioning systems, showers…) [60,63]. Though most cases are sporadic, outbreaks can occur from contaminated sources like cooling towers, water systems, including, rarely, hospital equipment [39]. The incubation period is about 7 days.



Legionella longbeachae is identified in most non-pneumophila legionellosis. It is the predominant species of Legionella in New Zealand and is also frequently identified in Australia [61,64]. Unlike L. pneumophila, L. longbeachae is primarily found in potting spoils and compost, and epidemiologic evidence links L. longbeachae infection with gardening [61,65,66,67].



L. pneumophila causes 80–90% of reported cases of legionellosis in Europe and North-America, and serogroup 1 is responsible for 90% of these cases [63]. However, diagnostic bias could lead to underestimation of the incidence of non-pneumophila Legionella infection, as the most used diagnostic tool, urinary antigen detection, only detects the L. pneumophila serogroup 1 efficiently [68]. L. pneumophila was causing only 20–25% of legionellosis in a national surveillance study conducted in New Zealand when sputum of patients hospitalized with pneumonia was routinely tested by PCR for the presence of Legionella spp. [64]. The vast majority of other legionellosis were caused by L. longbeachae. An additional finding was that the incidence was three-times higher than the previous years, hence pointing to under detection of legionellosis. Descriptions of clusters of L. longbeachae infections in Scotland and Sweden suggest that this pathogen should be considered as a cause of pneumonia also in Europe [8,69,70].



Legionella spp. (and particularly L. pneumophila) infections are reportedly increasing worldwide. It is unknown if this corresponds to a real increase in incidence, secondary to climatic change, more susceptible people (through ageing and immunosuppression), or artefactual, secondary to more awareness and more testing [64,71].



The clinical presentation of Legionellosis differs somehow from typical pneumonia by a longer prodromal illness, a higher fever, more extra-pulmonary symptoms (particularly gastro-intestinal) and neurologic findings (acute confusion) [25,63]. However, as discussed previously, the clinical picture is not discriminant enough to allow an accurate diagnosis of L. pneumophila based on clinical findings.



It was initially thought that L. pneumophila caused mostly a severe disease, as it was overrepresented in studies conducted in intensive care units [72]. However, more recent studies have shown that L. pneumophila is also the cause of milder severity pneumonia [6,73]. Mortality of L. pneumophila pneumonia probably does not differ from all cause pneumonia [6].



Diagnosis of L. pneumophila infection frequently relies on detection of urinary antigen, which is widely available, easy to realize, and relatively low-cost [58]. Specificity of the various antigen tests is excellent, but sensitivity is at best 74% and is restricted to L. pneumophila serogroup 1 [74]. Culture of sputum remains the reference standard and allows the detection of all Legionella species. However, it is slow (up to seven days), labour-intensive, and requires the inoculation on buffered charcoal-yeast extract medium; as this medium is not routinely used, adequate management of samples requires previous suspicion and laboratory notification. PCR is more rapid than culture, and has good specificity and sensitivity when performed on lower respiratory tract samples [75]; sensitivity is poor on nasopharyngeal swabs [76]. PCR can target L. pneumophila, Legionella spp., and duplex PCR targeting both L. pneumophila and L. longbeachae are available [77]. Paired serum sampling is the method of choice for epidemiologic studies; however, serology is not useful in clinical practice. Seroconversion can take as long as two months, sensitivity is limited, and high titers can persist several years after an infection [78].



Because of its intracellular growth, Legionella spp. is resistant to beta lactam drugs and aminoglycosides. Assessing antibiotic activity against Legionella is difficult with conventional methods because the agar used binds the antibiotics [63]. Both macrolides and fluoroquinolones achieve high intracellular concentrations and have good activity in-vitro; levofloxacin and azithromycin are considered as the reference treatment. A recent meta-analysis found no difference in efficacy between fluoroquinolones and macrolides [79]. Doxycycline is considered active against L. pneumophila, but L. longbeachae might be resistant, and doxycycline should not be used when L. longbeachae infection is suspected [80].




5. Mycoplasma pneumoniae


Mycoplasma are among the smallest free-living organisms. Among 120 species, only four are well-known as human pathogens, including Mycoplasma pneumoniae, which causes principally respiratory tract infections and can rarely have manifestations outside of the respiratory system, mostly immune-mediated [81,82].



M. pneumoniae lacks a cell wall; consequently, it is not visible on Gram stain and is intrinsically resistant to antibiotics inhibiting cell wall synthesis, like beta-lactams [82]. Inter human transmission occurs via droplets and causes epidemics in persons in close contact with a cumulative attack rate as high as 90 percent. In England, recurrent epidemic periods occur at 4-yearly intervals [83]. Average incubation lasts 2 to 3 weeks. Recently, incidence of M. pneumoniae declined worldwide after implementation of non-pharmaceutical interventions against COVID-19 [84]. Asymptomatic carriage is frequent as well as prolonged carriage after symptomatic infection, with a median duration of approximately seven weeks, which plays an important role in its transmission [51,85].



M. pneumoniae is the most commonly identified atypical pathogen, especially in mild to moderate pneumonia [86,87,88]. M. pneumoniae causes upper respiratory infections and acute bronchitis and is a common bacterial cause of CAP. It was found in 2 to 12 percent of adults hospitalized for CAP in an US prospective cohort and 6.8% of patients included in the large German CAP-Competence Network [86,87,88]. In children aged ≥5 years and hospitalized with CAP, it was the most frequently detected bacteria, along with another pathogen in one-quarter of the cases [89].



Headache, malaise, low-grade fever, sore throat, cough, pleuritic chest pain and shortness of breath are frequently observed [81,82,90]. M. pneumoniae infection may worsen asthma symptoms and produce wheezing [91]. The course is generally mild, even without antibiotics. Fulminant cases with respiratory failure and death are exceptionally reported [92].



Mild haemolysis or elevation of hepatic enzymes are present in half of the patients and are rarely symptomatic [81,93]. Haemolysis can be occasionally severe in patients with underlying hematologic disorders such as sickle cell disease. Haemolysis is immune mediated, driven by induced cold agglutinins targeting antigens on red blood cells. Among other less frequent manifestations, M. pneumoniae can affect the central nervous system and cause encephalitis, meningitis, transverse myelitis, Guillain-Barré syndrome, cranial nerve palsies, and cerebellar ataxia [94]. Other systems can be affected, probably also by immune-mediated mechanisms, including the heart (pericarditis, myocarditis, cardiac thrombi, and conduction abnormalities), the skin (erythematous maculopapular or vesicular rashes, urticaria, erythema multiform, Stevens–Johnson syndrome), and the musculoskeletal system (arthralgia and myalgia) [81,90,93].



The radiographic features of M. pneumoniae pneumonia are similar to other atypical or viral pneumonias. A chest radiograph may reveal reticulonodular or patchy unilateral or bilateral opacities [90]. One study performing systematic high-resolution CT-scan described frequent lateral bronchial wall thickening coupled with minimal air bronchograms [95]. However, these findings are not specific enough to distinguish M. pneumoniae pneumonia from other interstitial pneumonias.



Multiplex PCR-based assays can be performed on respiratory tract samples (e.g., nasopharyngeal swab, sputum, bronchoalveolar lavage fluid) [82,96]. However, PCR cannot distinguish between active infection and asymptomatic carriage. The Biofire FilmArray respiratory panel which includes M. pneumoniae has been approved by the FDA for the diagnosis of respiratory tract infections [97]. Cultures are fastidious and generally not used for the diagnosis. Direct Coombs test and cold-agglutinin titres are typically positive in the presence of haemolysis [98].



Macrolides, doxycycline and fluoroquinolones are all active against M. pneumoniae [81]. No direct comparison has been made in a randomized-controlled trial. However, an observational study using propensity-score matching in 1650 Japanese patients did not find any significant difference in efficacy between these three antibiotic categories; no test for resistance to macrolides was available in this study [99]. Macrolide or doxycycline are generally proposed as first line therapy [100,101].



Very rare before 2000, macrolide resistance first emerged in Japan and the Far-East and has steadily increased among M. pneumoniae. Macrolide-resistant M. pneumoniae are now present worldwide [102,103]. In a recent systematic review, the prevalence of macrolide resistance was 53% in the Western Pacific region, 10% in the South East Asian region, 8% in the Americas, and 5% in Europa [104]. Macrolide resistance is associated with prolonged symptoms in patients treated with macrolides, but not with a higher rate of complications [105]. Treatment with tetracyclines or fluoroquinolones seems effective and is the recommended option when a patient infected by M. pneumoniae fails to improve on macrolide treatment [100,103,106].




6. Chlamydia pneumoniae


C. pneumoniae is a very small obligate intracellular bacteria which belongs to the Chlamydiaceae family and Chlamydia genus [107]. Chlamydia and Chlamydia-related bacteria may be the agents of pneumonia of unknown aetiology. The cell wall of Chlamydia spp. has an inner and outer membrane, but its peptidoglycan is present in small quantities, which implies a natural resistance to beta lactams. Existing as a small, dense elementary body (EB) when outside the host, C. pneumoniae becomes a metabolically active reticulate body (RB) after entering respiratory mucosal epithelial cells. After replication, EBs are released and infect new cells. According to in vitro data, Chlamydiae could cause persistent infection and play a role in chronic illnesses [107].



The prevalence of C. pneumoniae infection varies according to studies and depends on the clinical presentation, the timing (epidemic and clusters) and diagnostic methods used, ranging from 1 to 20% of cases of CAP (with a higher prevalence in mild cases) [6,108]. Studies using PCR have found a much lower prevalence [53,109]. Prevalence was 0.9% in adults included in the German CAP Competence Network [55].



C. pneumoniae is transmitted between humans via droplets, aerosols, and fomites. Outbreaks have been reported in people living in close quarters, with an attack rate of 34% [110,111].



Pneumonia caused by C. pneumoniae has a nonspecific presentation and is usually mild, with fever, cough, and shortness of breath [112]. The majority of infections are asymptomatic and severe cases are exceptionally described. Non-respiratory manifestations are rare and include meningoencephalitis, Guillain-Barré syndrome, myocarditis and endocarditis [107].



Chest radiograph findings are nonspecific. Microbiological testing is usually indicated in case of severe pneumonia. PCR-based testing can be performed on nasopharyngeal swabs, sputum, and bronchoalveolar lavage fluid [113]. Many multiplex PCR respiratory panels include C. pneumoniae and have been approved by FDA [114]. Serology is rarely used and is not useful for diagnosis of CAP [55].




7. Chlamydia psittaci and Psittacosis


Psittacosis is a zoonotic infection. Chlamydia psittaci is an obligate intracellular organism transmitted to humans from birds, which are the primary reservoir. At least 460 species have been described in many bird orders, from pet to poultry and wild birds [115].



Epidemiology is unprecise because of lack of testing and varying performance of diagnostic tests. Psittacosis is found in ca. 1 percent of CAP [116]. Most patients have a history of contact with birds in domestic settings or at work, but sometimes this exposition may lack [53]. Infection in birds is usually asymptomatic. C. psittaci is shed in faeces, urine, and respiratory secretions. Humans are usually infected by inhalation of dry organisms which remain viable in dried faeces for months. Cases of psittacosis acquired from cats and dogs have been described [117]. Human-to-human transmission may rarely occur [118].



C. psittaci incubation usually lasts from 5 to 14 days, with an attack rate of 10% [119]. Infection can be asymptomatic or lead to mild disease. Fever, rigors, myalgia, headache—which may be severe—dry cough, pharyngitis, diarrhoea, delirium and hepatosplenomegaly can be observed [120]. Severe pneumonia and respiratory failures are rare. Neurologic, renal, gastrointestinal, cardiac, haematological and liver complications may rarely occur and can be serious. Infection in pregnancy can be life-threatening, especially in the second or third trimester; foetal outcome is poor.



The chest radiograph is usually abnormal and most often shows lobar changes. C-reactive protein and procalcitonin are elevated [121]. Culture is difficult and hazardous. Serology is the principal diagnostic method and micro immunofluorescent antibody test is preferred to complement fixation.



Polymerase chain reaction (PCR) methods have been developed for the detection of C. psittaci but are not yet commercialised. A study using multiplex PCR assays to assess patients with pneumonia found that the prevalence of psittacosis was higher than estimated [122].




8. Coxiella burnetii


Q fever is a worldwide zoonosis caused by Coxiella burnetii, identified after an outbreak in abattoir workers in Queensland, Australia, in 1935 [123]. C. burnetii may cause a wide spectrum of both acute and chronic manifestations. C. burnetii is a strict intracellular bacterium, usually hosted by macrophages. An antigenic shift helps differentiating acute from chronic Q fever [124]. When expressing phase I antigen, C. burnetii is highly infectious, unlike the phase II form. Many animals, including ticks can be reservoirs. Farm animals are the most commonly identified source of human infection. Infected mammals shed C. burnetii in their urine, faeces, milk and placenta. Contamination may occur through inhalation of aerosols and persons at risk are farmers, veterinarians, or abattoir workers [125]. Infection can also occur via transplacental transmission, intradermal inoculation, blood transfusion, or consumption of raw milk. Infection during pregnancy can lead to spontaneous abortion, premature labour, intrauterine growth retardation and intrauterine death. Human to human transmission is rare [123].



Q fever incubation lasts about 20 days. The most common manifestations are fever, fatigue, headache, and myalgias. Fever can persist three weeks. In case of pneumonia, patients present with cough and fever, but respiratory failure is rare. Extrapulmonary manifestations include severe headaches, myalgias, arthralgias, rash and pericarditis, myocarditis and aseptic meningitis or encephalitis. In French Guiana, CAP represents 90% of C. burnetii infections and prevalence of C. burnetii among CAP is 38.5% [126].



Chest radiograph and laboratory findings are unspecific findings. Antiphospholipid antibodies and lupus anticoagulant may be found.



Acute Q fever is usually diagnosed if the anti-phase II is ≥200 for IgG and ≥50 for IgM, or if anti-phase II IgG is fourfold increased by immunofluorescence assay on serum taken three to six weeks apart [127]. Seroconversion is usually detected one to two weeks after the onset of clinical symptoms. PCR testing can be performed on blood or tissue samples in patients with a clinical suspicion and for whom the initial serologic testing reveals no or low levels of antibodies. It remains positive for 7 to 10 days in acute infection.




9. Evidence Regarding Empiric Coverage of Atypical Pathogens


As discussed above, the atypical pathogen probably accounts for a minority of CAP, with important variations according to the setting. Moreover, clinical presentation and usual diagnostic tests lack specificity and sensitivity and often fail to identify a specific pathogen as the cause of CAP [43]. Finally, the results of these etiologic investigations are rarely available immediately. For these reasons, initial antibiotic therapy in CAP remains mainly empirical [128]. The adjunction of “atypical” coverage has been a matter of debate, and this appellation may be misleading [129,130,131]. Indeed, benefits of combination of antibiotics (beta-lactams and macrolides for example) might encompass effective treatment of atypical pathogens, synergistic or adjunctive effect on typical pathogens or intrinsic properties of the drug (e.g., anti-inflammatory activity of macrolides) [27].



The benefits of atypical pathogen coverage were evaluated in several observational and randomised controlled trials (RCTs) [29,132,133,134,135].



In a 2012 systematic review, Eliakim-Raz et al. identified twenty-eight RCTs comparing antibiotic regimens with or without atypical coverage [134]. The atypical antibiotic was administered as monotherapy in all but three studies and only one study compared a beta lactam therapy combined with a macrolide to the same beta lactam. Overall, no mortality reduction was observed in the atypical coverage arm (RR 1.14; 95%CI 0.84 to 1.55). Similarly, no mortality reduction was observed in the subgroup of studies (n = 19) using quinolones as atypical coverage (RR0.98; 95%CI 0.69 to 1.39). However, this evidence was limited by the use of heterogeneous antibiotic regimens, often differing from current recommended treatments.



The benefit of macrolide adjunction was further investigated in a Swiss RCT comparing beta-lactam monotherapy to macrolide-beta-lactam combination (BICAP study) [132]. This multicentre RCT including 580 immunocompetent non severe inpatients failed to demonstrate the non-inferiority of beta-lactam monotherapy. Absolute difference in clinical stability at day seven was 7.6% (95%CI −0.8 to 16%), in favour of the combination arm. In the 31 (5.3%) patients with an atypical pathogen, the HR for clinical stability was 0.33 (95%CI 0.13 to 0.85), contrasting with an HR of 0.99 (95%CI 0.80 to 1.22) in the subgroup of patients without identified atypical pathogens.



In a subsequent cluster-randomised trial, Postma et al. compared sequential antibiotic strategies including beta-lactam monotherapy, beta-lactam/macrolides combination and respiratory fluoroquinolones [133]. The crude 90-day mortality was 9%, 11.1% and 8.8%, respectively, during these strategy periods. Considering a 3% absolute risk difference in 90-day mortality as the upper non-inferiority limit, the authors concluded with the non-inferiority of beta-lactam monotherapy compared to the combination or fluoroquinolones’ strategies. However, these contrasting results deserve some comments.



First, the non-inferiority boundary used in the CAP-START study (absolute 3% risk difference) appears high, as it corresponds to a relative increase of about one third in the risk of early mortality considering a 9% baseline mortality. Second, deviations from the randomly allocated antibiotic strategy were frequent in the CAP-START study. Thirty-nine percent of patients allocated to the beta-lactam arm received atypical coverage during hospitalisation which may have biased the results towards the null hypothesis. Third, atypical pathogens were identified in only 2.1% of patients in the CAP-START study, which is lower than in the BiCAP study (5.3%). Finally, these contrasting results must be considered in the context of observational studies, suggesting a relative reduction in short term mortality using beta-lactam/macrolide combination or fluoroquinolones compared to beta-lactam monotherapy [131].



Taken together, the available evidence suggests a possible, albeit small reduction of adverse outcomes in favour of atypical coverage in CAP. The mechanisms of the risk reduction with atypical pathogen coverage remain unclear as well as the optimal duration of combination therapy. Although available studies compared combination therapy during full treatment duration, current clinical practice consisting of interrupting atypical coverage after negative testing (usually only with Legionella urinary antigen) for atypical pathogens should be evaluated in future RCTs.




10. An Overview of International and National Guidelines on Empiric Antibiotic Treatment for CAP


Many national and international boards have issued recommendations of empiric antibiotic treatment for CAP. Some are based on critical appraisal of the literature after systematic research, though the amount of available evidence is often limited [31,32]. Others reflect mainly expert opinion. Guidelines generally acknowledge the importance of local epidemiological data to tailor recommendations.



When deciding on the preferred treatment option, guidelines have to balance patient-centred and population-centred considerations. The best interest of the individual patient is to receive a treatment active against the most likely pathogens, especially those known to cause severe pneumonia. The latter include S. pneumoniae, S. aureus, Legionella spp., and Gram-negative bacteria like Haemophilus influenzae and Klebsiella pneumoniae. Conversely, M. pneumoniae, C. burnetii and Chlamydia spp. are generally considered to cause mostly mild disease with low associated mortality. Lack of severe or frequent side effects, oral biodisponibility and costs are other patient-centred considerations.



On the population level, selection pressure exerted by the various antibiotic classes used on pathogens and on the microbiome are major considerations [136,137]. Of special concern is the potential for selection of multidrug resistant pathogens (both Gram-positive and Gram-negative), and of Clostridioides difficile. Costs are another consideration, especially in low-income countries.



Some recent national and international guidelines are summarized in Table 2.



All guidelines use the site of care as a proxy to stratify the severity of CAP (mild severity: ambulatory; moderate severity: non-intensive care unit inpatient; severe: intensive care or intermediate-care unit). A broader antibiotic spectrum is recommended with increasing severity. All guidelines recommend coverage of atypical pathogens for patients with severe CAP, based on the risk of Legionella infection. Empiric atypical coverage in mild or moderate severity of disease is more divergent; it is often proposed on an individual basis (“if atypical infection is suspected”) [32]. However, atypical infection being unpredictable on a clinical basis, this recommendation is somehow useless. Japanese guidelines differ in proposing a clinical prediction rule to identify patients with an atypical pathogen [100,138]. This rule has been reported to have moderate accuracy and has, to our knowledge, never been validated outside of Japan, where legionellosis may be less frequently found [140]. Japanese guidelines are also unique in proposing empiric treatment of macrolide-resistant M. pneumoniae with fluoroquinolones if warranted by local epidemiologic data [100]. Amoxicillin and doxycycline, alone or in combination, are frequently proposed in mild pneumonia. Macrolides are rarely proposed alone, reflecting the growing resistance of S. pneumoniae. Finally, cephalosporin and fluoroquinolones are frequently reserved as a second choice, due to their propensity to select for multidrug resistant pathogens and C. difficile infections [141].




11. Clinical Prediction Models


Though the aetiology of pneumonia cannot be reliably predicted on a clinical basis, some differences are consistently described between patients infected by typical and atypical pathogens. Clinical prediction rules have been built in an effort to help in the prediction of CAP aetiology, thus allowing for targeting empiric atypical coverage towards patients most likely to benefit.



Some of the prediction models are restricted to the identification of legionellosis, with the assumption that other atypical pathogens are less likely to adversely affect the prognosis if not treated by the initial antibiotic treatment. The quality of derivation and validation studies is variable, some deriving and testing the accuracy of a score on a convenience sample of patients with known pathogens (e.g., comparing a cohort of patients with legionellosis with a cohort of patients with S. pneumoniae), which may artificially inflate their accuracy and obviously does not reflect the target population on which the prediction model should apply [142,143,144]. The variables included in the different prediction models are presented in Table 3.



The Japanese Respiratory Society proposed a rule to streamline atypical coverage in CAP with mild or moderate severity. Five clinical and one laboratory variable are used, with one point assigned for the presence of each item. A cut-off of four or more points was reported to have 77% sensitivity and 93% specificity to predict the presence of an atypical pathogen [138]. However, the original study referenced in the guideline is only available in Japanese. In a subsequent study, sensitivity was 85% for M. pneumoniae, but only 18% for L. pneumophila [142]. The rule has not been tested in other geographical settings. The Community-Based Pneumonia Incidence Study group (CBPIS) proposed a prediction rule for L. pneumophila based on four clinical and three laboratory variables, with a weighted score. Sensitivity was 32–51% and specificity 86–95% at the higher cut-off of ten points in two independent validation studies [142,143]. Using a lower cut-off increased the sensitivity to 89–96% but specificity fell to 17–35%. The score proposed by Fiumefreddo et al. is based on two clinical and four laboratory variables [145]. The presence of two or more items had 78% sensitivity and 79% specificity for the presence of Legionella. Validation in independent studies found a sensitivity of 94–97% and a specificity of 23–49% [142,147,148]. Recently, Chauffard et al. proposed a simple score aiming to rule-out the presence of atypical pathogens based on four clinical and one laboratory variable [146]. At a cut-off of <2 points, the score had a sensitivity of 100% and a specificity of 35%, allowing in theory to safely withdraw atypical coverage in 33% of patients. However, this score has not been externally validated.



Other prediction rules have been proposed but are either not externally validated [149], or use a large number of different variables [144]. Finally, no clinical rule as yet has been tested in an impact study, a necessary step before large scale use could be considered.




12. Conclusions


Atypical pathogens are intracellular bacteria naturally resistant to beta lactam drugs and share some common differences with classic pneumococcal pneumonia. However, the clinical and radiological presentation cannot discriminate atypical pathogens from other bacteria causing CAP, and clinical prediction rules either have insufficient accuracy or have not been adequately validated. Microbiological investigations have several drawbacks, including inadequate sensitivity or specificity, technical difficulties or lack of standardization. Consequently, a lot remains unknown regarding the incidence of CAP caused by atypical pathogens, resulting in heterogeneity between international guidelines and uncertainty on the best empiric antibiotic strategy for patients with mild to moderately severe CAP. Consensus exists with regard to severe CAP, and empiric treatment of atypical pathogens should be used for these patients, even when the initial diagnostic workup is negative for L. pneumophila.



Large scale studies should be conducted to investigate the incidence of atypical pathogens, notably Legionella other than pneumophila, with adequate sample size and diagnostic means. Current clinical practice consisting of interrupting atypical coverage after negative testing for atypical pathogens should be evaluated in future RCTs.







Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Collaborators, G.L. Age-sex differences in the global burden of lower respiratory infections and risk factors, 1990-2019: Results from the Global Burden of Disease Study 2019. Lancet Infect. Dis. 2022, 22, 1626–1647. [Google Scholar] [CrossRef]

	



Troeger, C.; Blacker, B.; Khalil, I.A.; Rao, P.C.; Cao, J.; Zimsen, S.R.; Albertson, S.B.; Deshpande, A.; Farag, T.; Abebe, Z.; et al. Estimates of the global, regional, and national morbidity, mortality, and aetiologies of lower respiratory infections in 195 countries, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Infect. Dis. 2018, 18, 1191–1210. [Google Scholar] [CrossRef] [PubMed]

	



Ewig, S.; Birkner, N.; Strauss, R.; Schaefer, E.; Pauletzki, J.; Bischoff, H.; Schraeder, P.; Welte, T.; Hoeffken, G. New perspectives on community-acquired pneumonia in 388,406 patients. Results from a nationwide mandatory performance measurement programme in healthcare quality. Thorax 2009, 64, 1062–1069. [Google Scholar] [CrossRef]

	



El Bcheraoui, C.; Mokdad, A.H.; Dwyer-Lindgren, L.; Bertozzi-Villa, A.; Stubbs, R.W.; Morozoff, C.; Shirude, S.; Naghavi, M.; Murray, C.J.L. Trends and Patterns of Differences in Infectious Disease Mortality Among US Counties, 1980–2014. JAMA 2018, 319, 1248–1260. [Google Scholar] [CrossRef] [PubMed]

	



Musher, D.M.; Abers, M.S.; Bartlett, J.G. Evolving Understanding of the Causes of Pneumonia in Adults, With Special Attention to the Role of Pneumococcus. Clin. Infect. Dis. 2017, 65, 1736–1744. [Google Scholar] [CrossRef] [PubMed]

	



Cilloniz, C.; Ewig, S.; Polverino, E.; Marcos, M.A.; Esquinas, C.; Gabarrus, A.; Mensa, J.; Torres, A. Microbial aetiology of community-acquired pneumonia and its relation to severity. Thorax 2011, 66, 340–346. [Google Scholar] [CrossRef]

	



Shindo, Y.; Ito, R.; Kobayashi, D.; Ando, M.; Ichikawa, M.; Goto, Y.; Fukui, Y.; Iwaki, M.; Okumura, J.; Yamaguchi, I.; et al. Risk factors for 30-day mortality in patients with pneumonia who receive appropriate initial antibiotics: An observational cohort study. Lancet Infect. Dis. 2015, 15, 1055–1065. [Google Scholar] [CrossRef]

	



Gadsby, N.J.; Russell, C.D.; McHugh, M.P.; Mark, H.; Conway Morris, A.; Laurenson, I.F.; Hill, A.T.; Templeton, K.E. Comprehensive Molecular Testing for Respiratory Pathogens in Community-Acquired Pneumonia. Clin. Infect. Dis. 2016, 62, 817–823. [Google Scholar] [CrossRef] [PubMed]

	



Shoar, S.; Musher, D.M. Etiology of community-acquired pneumonia in adults: A systematic review. Pneumonia 2020, 12, 11. [Google Scholar] [CrossRef] [PubMed]

	



Fally, M.; Israelsen, S.; Anhoj, J.; Benfield, T.; Tarp, B.; Kolte, L.; Ravn, P. The increasing importance of Haemophilus influenzae in community-acquired pneumonia: Results from a Danish cohort study. Infect. Dis. 2021, 53, 122–130. [Google Scholar] [CrossRef] [PubMed]

	



Versporten, A.; Zarb, P.; Caniaux, I.; Gros, M.F.; Drapier, N.; Miller, M.; Jarlier, V.; Nathwani, D.; Goossens, H.; Koraqi, A.; et al. Antimicrobial consumption and resistance in adult hospital inpatients in 53 countries: Results of an internet-based global point prevalence survey. Lancet Glob. Health 2018, 6, e619–e629. [Google Scholar] [CrossRef] [PubMed]

	



Shapiro, D.J.; Hicks, L.A.; Pavia, A.T.; Hersh, A.L. Antibiotic prescribing for adults in ambulatory care in the USA, 2007–2009. J. Antimicrob. Chemother. 2014, 69, 234–240. [Google Scholar] [CrossRef] [PubMed]

	



Bartlett, J.G. Is activity against “atypical” pathogens necessary in the treatment protocols for community-acquired pneumonia? Issues with combination therapy. Clin. Infect. Dis. 2008, 47 (Suppl. 3), S232–S236. [Google Scholar] [CrossRef]

	



File, T.M., Jr. Infectious Disease Clinics of North America. Community-acquired pneumonia: Controversies and questions. Preface. Infect. Dis. Clin. N. Am. 2013, 27, xiii. [Google Scholar] [CrossRef] [PubMed]

	



Austrian, R. The pneumococcus at the millennium: Not down, not out. J. Infect. Dis. 1999, 179 (Suppl. 2), S338–S341. [Google Scholar] [CrossRef] [PubMed]

	



Bullowa, J.G. Pneumonias: Their Management. Calif. West Med. 1937, 46, 368–372. [Google Scholar]

	



Singer, M.; Nambiar, S.; Valappil, T.; Higgins, K.; Gitterman, S. Historical and regulatory perspectives on the treatment effect of antibacterial drugs for community-acquired pneumonia. Clin. Infect. Dis. 2008, 47 (Suppl. 3), S216–S224. [Google Scholar] [CrossRef]

	



Reimann, H.A. Pneumococcal and “Virus” Pneumonia. Bull. N. Y. Acad. Med. 1941, 17, 187–194. [Google Scholar]

	



Finland, M.; Collins, H.S.; Wells, E.B. Aureomycin in the treatment of primary atypical pneumonia. N. Engl. J. Med. 1949, 240, 241–246. [Google Scholar] [CrossRef]

	



Curnen, E.C.; Mirick, G.S.; Ziegler, J.E.; Thomas, L.; Horsfall, F.L. Studies on Primary Atypical Pneumonia. I. Clinical Features and Results of Laboratory Investigations. J. Clin. Investig. 1945, 24, 209–226. [Google Scholar] [CrossRef] [PubMed]

	



Smadel, J.E. Atypical Pneumonia and Psittacosis. J. Clin. Investig. 1943, 22, 57–65. [Google Scholar] [CrossRef]

	



Kingston, J.R.; Chanock, R.M.; Mufson, M.A.; Hellman, L.P.; James, W.D.; Fox, H.H.; Manko, M.A.; Boyers, J. Eaton agent pneumonia. JAMA 1961, 176, 118–123. [Google Scholar] [CrossRef]

	



Fraser, D.W.; Tsai, T.R.; Orenstein, W.; Parkin, W.E.; Beecham, H.J.; Sharrar, R.G.; Harris, J.; Mallison, G.F.; Martin, S.M.; McDade, J.E.; et al. Legionnaires’ disease: Description of an epidemic of pneumonia. N. Engl. J. Med. 1977, 297, 1189–1197. [Google Scholar] [CrossRef]

	



Farr, B.M.; Kaiser, D.L.; Harrison, B.D.; Connolly, C.K. Prediction of microbial aetiology at admission to hospital for pneumonia from the presenting clinical features. British Thoracic Society Pneumonia Research Subcommittee. Thorax 1989, 44, 1031–1035. [Google Scholar] [CrossRef]

	



Sopena, N.; Sabria-Leal, M.; Pedro-Botet, M.L.; Padilla, E.; Dominguez, J.; Morera, J.; Tudela, P. Comparative study of the clinical presentation of Legionella pneumonia and other community-acquired pneumonias. Chest 1998, 113, 1195–1200. [Google Scholar] [CrossRef]

	



Granados, A.; Podzamczer, D.; Gudiol, F.; Manresa, F. Pneumonia due to Legionella pneumophila and pneumococcal pneumonia: Similarities and differences on presentation. Eur. Respir. J. 1989, 2, 130–134. [Google Scholar] [CrossRef]

	



Murdoch, D.R.; Chambers, S.T. Atypical pneumonia—Time to breathe new life into a useful term? Lancet Infect. Dis. 2009, 9, 512–519. [Google Scholar] [CrossRef]

	



Maimon, N.; Nopmaneejumruslers, C.; Marras, T.K. Antibacterial class is not obviously important in outpatient pneumonia: A meta-analysis. Eur. Respir. J. 2008, 31, 1068–1076. [Google Scholar] [CrossRef]

	



Eljaaly, K.; Alshehri, S.; Aljabri, A.; Abraham, I.; Al Mohajer, M.; Kalil, A.C.; Nix, D.E. Clinical failure with and without empiric atypical bacteria coverage in hospitalized adults with community-acquired pneumonia: A systematic review and meta-analysis. BMC Infect. Dis. 2017, 17, 385. [Google Scholar] [CrossRef]

	



Shefet, D.; Robenshtok, E.; Paul, M.; Leibovici, L. Empirical atypical coverage for inpatients with community-acquired pneumonia: Systematic review of randomized controlled trials. Arch. Intern. Med. 2005, 165, 1992–2000. [Google Scholar] [CrossRef]

	



Metlay, J.P.; Waterer, G.W.; Long, A.C.; Anzueto, A.; Brozek, J.; Crothers, K.; Cooley, L.A.; Dean, N.C.; Fine, M.J.; Flanders, S.A.; et al. Diagnosis and Treatment of Adults with Community-acquired Pneumonia. An Official Clinical Practice Guideline of the American Thoracic Society and Infectious Diseases Society of America. Am. J. Respir. Crit. Care Med. 2019, 200, e45–e67. [Google Scholar] [CrossRef]

	



NICE. Pneumonia (Community-Acquired): Antimicrobial Prescribing. In National Institute for Clinical Excellence; Public Health England: London, UK, 2019. [Google Scholar]

	



Arnold, F.W.; Summersgill, J.T.; Lajoie, A.S.; Peyrani, P.; Marrie, T.J.; Rossi, P.; Blasi, F.; Fernandez, P.; File, T.M., Jr.; Rello, J.; et al. A worldwide perspective of atypical pathogens in community-acquired pneumonia. Am. J. Respir. Crit. Care Med. 2007, 175, 1086–1093. [Google Scholar] [CrossRef] [PubMed]

	



Gramegna, A.; Sotgiu, G.; Di Pasquale, M.; Radovanovic, D.; Terraneo, S.; Reyes, L.F.; Vendrell, E.; Neves, J.; Menzella, F.; Blasi, F.; et al. Atypical pathogens in hospitalized patients with community-acquired pneumonia: A worldwide perspective. BMC Infect. Dis. 2018, 18, 677. [Google Scholar] [CrossRef] [PubMed]

	



Marchello, C.; Dale, A.P.; Thai, T.N.; Han, D.S.; Ebell, M.H. Prevalence of Atypical Pathogens in Patients With Cough and Community-Acquired Pneumonia: A Meta-Analysis. Ann. Fam. Med. 2016, 14, 552–566. [Google Scholar] [CrossRef]

	



Singanayagam, A.; Aliberti, S.; Cilloniz, C.; Torres, A.; Blasi, F.; Chalmers, J.D. Evaluation of severity score-guided approaches to macrolide use in community-acquired pneumonia. Eur. Respir. J. 2017, 50, 1602306. [Google Scholar] [CrossRef]

	



Ito, I.; Ishida, T.; Osawa, M.; Arita, M.; Hashimoto, T.; Hongo, T.; Mishima, M. Culturally verified Mycoplasma pneumoniae pneumonia in Japan: A long-term observation from 1979-99. Epidemiol. Infect. 2001, 127, 365–367. [Google Scholar] [CrossRef]

	



Nguipdop-Djomo, P.; Fine, P.E.; Halsby, K.D.; Chalker, V.J.; Vynnycky, E. Cyclic epidemics of Mycoplasma pneumoniae infections in England and Wales from 1975 to 2009: Time-series analysis and mathematical modelling. Lancet 2013, 382, S78. [Google Scholar] [CrossRef]

	



Phin, N.; Parry-Ford, F.; Harrison, T.; Stagg, H.R.; Zhang, N.; Kumar, K.; Lortholary, O.; Zumla, A.; Abubakar, I. Epidemiology and clinical management of Legionnaires’ disease. Lancet Infect. Dis. 2014, 14, 1011–1021. [Google Scholar] [CrossRef]

	



Singanayagam, A.; Chalmers, J.D. Severity assessment scores to guide empirical use of antibiotics in community acquired pneumonia. Lancet Respir. Med. 2013, 1, 653–662. [Google Scholar] [CrossRef]

	



van der Eerden, M.M.; Vlaspolder, F.; de Graaff, C.S.; Groot, T.; Jansen, H.M.; Boersma, W.G. Value of intensive diagnostic microbiological investigation in low- and high-risk patients with community-acquired pneumonia. Eur. J. Clin. Microbiol. Infect. Dis. 2005, 24, 241–249. [Google Scholar] [CrossRef]

	



Maze, M.J.; Slow, S.; Cumins, A.M.; Boon, K.; Goulter, P.; Podmore, R.G.; Anderson, T.P.; Barratt, K.; Young, S.A.; Pithie, A.D.; et al. Enhanced detection of Legionnaires’ disease by PCR testing of induced sputum and throat swabs. Eur. Respir. J. 2014, 43, 644–646. [Google Scholar] [CrossRef] [PubMed]

	



Prendki, V.; Huttner, B.; Marti, C.; Mamin, A.; Fubini, P.E.; Meynet, M.P.; Scheffler, M.; Montet, X.; Janssens, J.P.; Reny, J.L.; et al. Accuracy of comprehensive PCR analysis of nasopharyngeal and oropharyngeal swabs for CT-scan-confirmed pneumonia in elderly patients: A prospective cohort study. Clin. Microbiol. Infect. 2019, 25, 1114–1119. [Google Scholar] [CrossRef]

	



Blasi, F. Atypical pathogens and respiratory tract infections. Eur. Respir. J. 2004, 24, 171–181. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, B.A. The atypical pneumonias: Clinical diagnosis and importance. Clin. Microbiol. Infect. 2006, 12 (Suppl. 3), 12–24. [Google Scholar] [CrossRef] [PubMed]

	



Templeton, K.E.; Scheltinga, S.A.; van den Eeden, W.C.; Graffelman, A.W.; van den Broek, P.J.; Claas, E.C. Improved diagnosis of the etiology of community-acquired pneumonia with real-time polymerase chain reaction. Clin. Infect. Dis. 2005, 41, 345–351. [Google Scholar] [CrossRef] [PubMed]

	



Chalmers, J.D. The Modern Diagnostic Approach to Community-Acquired Pneumonia in Adults. Semin. Respir. Crit. Care Med. 2016, 37, 876–885. [Google Scholar] [CrossRef]

	



Cilloniz, C.; Liapikou, A.; Torres, A. Advances in molecular diagnostic tests for pneumonia. Curr. Opin. Pulm. Med. 2020, 26, 241–248. [Google Scholar] [CrossRef]

	



Cristovam, E.; Almeida, D.; Caldeira, D.; Ferreira, J.J.; Marques, T. Accuracy of diagnostic tests for Legionnaires’ disease: A systematic review. J. Med. Microbiol. 2017, 66, 485–489. [Google Scholar] [CrossRef]

	



Raty, R.; Ronkko, E.; Kleemola, M. Sample type is crucial to the diagnosis of Mycoplasma pneumoniae pneumonia by PCR. J. Med. Microbiol. 2005, 54, 287–291. [Google Scholar] [CrossRef]

	



Gnarpe, J.; Lundback, A.; Sundelof, B.; Gnarpe, H. Prevalence of Mycoplasma pneumoniae in subjectively healthy individuals. Scand. J. Infect. Dis. 1992, 24, 161–164. [Google Scholar] [CrossRef]

	



Thurman, K.A.; Walter, N.D.; Schwartz, S.B.; Mitchell, S.L.; Dillon, M.T.; Baughman, A.L.; Deutscher, M.; Fulton, J.P.; Tongren, J.E.; Hicks, L.A.; et al. Comparison of laboratory diagnostic procedures for detection of Mycoplasma pneumoniae in community outbreaks. Clin. Infect. Dis. 2009, 48, 1244–1249. [Google Scholar] [CrossRef]

	



Garin, N.; Hugli, O.; Genne, D.; Greub, G. Lack of Chlamydia-related bacteria among patients with community-acquired pneumonia. New Microbes New Infect. 2015, 8, 164–165. [Google Scholar] [CrossRef] [PubMed]

	



Noguchi, S.; Yatera, K.; Kawanami, T.; Fukuda, K.; Yamasaki, K.; Naito, K.; Akata, K.; Ishimoto, H.; Mukae, H. Frequency of detection of Chlamydophila pneumoniae using bronchoalveolar lavage fluid in patients with community-onset pneumonia. Respir. Investig. 2017, 55, 357–364. [Google Scholar] [CrossRef]

	



Wellinghausen, N.; Straube, E.; Freidank, H.; von Baum, H.; Marre, R.; Essig, A. Low prevalence of Chlamydia pneumoniae in adults with community-acquired pneumonia. Int. J. Med. Microbiol. 2006, 296, 485–491. [Google Scholar] [CrossRef]

	



Luchsinger, V.; Ruiz, M.; Zunino, E.; Martinez, M.A.; Machado, C.; Piedra, P.A.; Fasce, R.; Ulloa, M.T.; Fink, M.C.; Lara, P.; et al. Community-acquired pneumonia in Chile: The clinical relevance in the detection of viruses and atypical bacteria. Thorax 2013, 68, 1000–1006. [Google Scholar] [CrossRef] [PubMed]

	



Lui, G.; Ip, M.; Lee, N.; Rainer, T.H.; Man, S.Y.; Cockram, C.S.; Antonio, G.E.; Ng, M.H.; Chan, M.H.; Chau, S.S.; et al. Role of ‘atypical pathogens’ among adult hospitalized patients with community-acquired pneumonia. Respirology 2009, 14, 1098–1105. [Google Scholar] [CrossRef] [PubMed]

	



Graham, F.F.; Finn, N.; White, P.; Hales, S.; Baker, M.G. Global Perspective of Legionella Infection in Community-Acquired Pneumonia: A Systematic Review and Meta-Analysis of Observational Studies. Int. J. Environ. Res. Public Health 2022, 19, 1907. [Google Scholar] [CrossRef] [PubMed]

	



McDade, J.E.; Shepard, C.C.; Fraser, D.W.; Tsai, T.R.; Redus, M.A.; Dowdle, W.R. Legionnaires’ disease: Isolation of a bacterium and demonstration of its role in other respiratory disease. N. Engl. J. Med. 1977, 297, 1197–1203. [Google Scholar] [CrossRef] [PubMed]

	



Mondino, S.; Schmidt, S.; Rolando, M.; Escoll, P.; Gomez-Valero, L.; Buchrieser, C. Legionnaires’ Disease: State of the Art Knowledge of Pathogenesis Mechanisms of Legionella. Annu. Rev. Pathol. 2020, 15, 439–466. [Google Scholar] [CrossRef]

	



Chambers, S.T.; Slow, S.; Scott-Thomas, A.; Murdoch, D.R. Legionellosis Caused by Non-Legionella pneumophila Species, with a Focus on Legionella longbeachae. Microorganisms 2021, 9, 291. [Google Scholar] [CrossRef]

	



Gadsby, N.J.; Helgason, K.O.; Dickson, E.M.; Mills, J.M.; Lindsay, D.S.; Edwards, G.F.; Hanson, M.F.; Templeton, K.E. Molecular diagnosis of Legionella infections—Clinical utility of front-line screening as part of a pneumonia diagnostic algorithm. J. Infect. 2016, 72, 161–170. [Google Scholar] [CrossRef]

	



Cunha, B.A.; Burillo, A.; Bouza, E. Legionnaires’ disease. Lancet 2016, 387, 376–385. [Google Scholar] [CrossRef] [PubMed]

	



Priest, P.C.; Slow, S.; Chambers, S.T.; Cameron, C.M.; Balm, M.N.; Beale, M.W.; Blackmore, T.K.; Burns, A.D.; Drinkovic, D.; Elvy, J.A.; et al. The burden of Legionnaires’ disease in New Zealand (LegiNZ): A national surveillance study. Lancet Infect. Dis. 2019, 19, 770–777. [Google Scholar] [CrossRef] [PubMed]

	



Whiley, H.; Bentham, R. Legionella longbeachae and legionellosis. Emerg. Infect. Dis. 2011, 17, 579–583. [Google Scholar] [CrossRef] [PubMed]

	



Casati, S.; Conza, L.; Bruin, J.; Gaia, V. Compost facilities as a reservoir of Legionella pneumophila and other Legionella species. Clin. Microbiol. Infect. 2010, 16, 945–947. [Google Scholar] [CrossRef] [PubMed]

	



Casati, S.; Gioria-Martinoni, A.; Gaia, V. Commercial potting soils as an alternative infection source of Legionella pneumophila and other Legionella species in Switzerland. Clin. Microbiol. Infect. 2009, 15, 571–575. [Google Scholar] [CrossRef]

	



Olsen, C.W.; Elverdal, P.; Jorgensen, C.S.; Uldum, S.A. Comparison of the sensitivity of the Legionella urinary antigen EIA kits from Binax and Biotest with urine from patients with infections caused by less common serogroups and subgroups of Legionella. Eur. J. Clin. Microbiol. Infect. Dis. 2009, 28, 817–820. [Google Scholar] [CrossRef]

	



Lof, E.; Chereau, F.; Jureen, P.; Andersson, S.; Rizzardi, K.; Edquist, P.; Kuhlmann-Berenzon, S.; Galanis, I.; Schonning, C.; Kais, M.; et al. An outbreak investigation of Legionella non-pneumophila Legionnaires’ disease in Sweden, April to August 2018: Gardening and use of commercial bagged soil associated with infections. Eurosurveillance 2021, 26, 1900702. [Google Scholar] [CrossRef]

	



Potts, A.; Donaghy, M.; Marley, M.; Othieno, R.; Stevenson, J.; Hyland, J.; Pollock, K.G.; Lindsay, D.; Edwards, G.; Hanson, M.F.; et al. Cluster of Legionnaires disease cases caused by Legionella longbeachae serogroup 1, Scotland, August to September 2013. Eurosurveillance 2013, 18, 20656. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, F.B.; Schmutz, C.; Gaia, V.; Mausezahl, D. Legionnaires’ Disease on the Rise in Switzerland: A Denominator-Based Analysis of National Diagnostic Data, 2007–2016. Int. J. Environ. Res. Public Health 2020, 17, 7343. [Google Scholar] [CrossRef]

	



Woodhead, M. Community-acquired pneumonia in Europe: Causative pathogens and resistance patterns. Eur. Respir. J. Suppl. 2002, 36, 20s–27s. [Google Scholar] [CrossRef]

	



von Baum, H.; Ewig, S.; Marre, R.; Suttorp, N.; Gonschior, S.; Welte, T.; Luck, C. Community-acquired Legionella pneumonia: New insights from the German competence network for community acquired pneumonia. Clin. Infect. Dis. 2008, 46, 1356–1364. [Google Scholar] [CrossRef]

	



Shimada, T.; Noguchi, Y.; Jackson, J.L.; Miyashita, J.; Hayashino, Y.; Kamiya, T.; Yamazaki, S.; Matsumura, T.; Fukuhara, S. Systematic review and metaanalysis: Urinary antigen tests for Legionellosis. Chest 2009, 136, 1576–1585. [Google Scholar] [CrossRef] [PubMed]

	



Ricci, M.L.; Grottola, A.; Fregni Serpini, G.; Bella, A.; Rota, M.C.; Frascaro, F.; Pegoraro, E.; Meacci, M.; Fabio, A.; Vecchi, E.; et al. Improvement of Legionnaires’ disease diagnosis using real-time PCR assay: A retrospective analysis, Italy, 2010 to 2015. Eurosurveillance 2018, 23, 1800032. [Google Scholar] [CrossRef] [PubMed]

	



Robert, S.; Lhommet, C.; Le Brun, C.; Garot, D.; Legras, A.; Mankikian, J.; Goudeau, A. Diagnostic performance of multiplex PCR on pulmonary samples versus nasopharyngeal aspirates in community-acquired severe lower respiratory tract infections. J. Clin. Virol. 2018, 108, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Viasus, D.; Gaia, V.; Manzur-Barbur, C.; Carratala, J. Legionnaires’ Disease: Update on Diagnosis and Treatment. Infect. Dis. Ther. 2022, 11, 973–986. [Google Scholar] [CrossRef]

	



Den Boer, J.W.; Yzerman, E.P. Diagnosis of Legionella infection in Legionnaires’ disease. Eur. J. Clin. Microbiol. Infect. Dis. 2004, 23, 871–878. [Google Scholar] [CrossRef] [PubMed]

	



Jasper, A.S.; Musuuza, J.S.; Tischendorf, J.S.; Stevens, V.W.; Gamage, S.D.; Osman, F.; Safdar, N. Are Fluoroquinolones or Macrolides Better for Treating Legionella Pneumonia? A Systematic Review and Meta-analysis. Clin. Infect. Dis. 2021, 72, 1979–1989. [Google Scholar] [CrossRef] [PubMed]

	



Isenman, H.; Anderson, T.; Chambers, S.T.; Podmore, R.G.; Murdoch, D.R. Antimicrobial susceptibilities of clinical Legionella longbeachae isolates. J. Antimicrob. Chemother. 2018, 73, 1102–1104. [Google Scholar] [CrossRef]

	



Waites, K.B.; Talkington, D.F. Mycoplasma pneumoniae and its role as a human pathogen. Clin. Microbiol. Rev. 2004, 17, 697–728. [Google Scholar] [CrossRef] [PubMed]

	



Parrott, G.L.; Kinjo, T.; Fujita, J. A Compendium for Mycoplasma pneumoniae. Front. Microbiol. 2016, 7, 513. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.J.; Nguipdop-Djomo, P.; Zhao, H.; Stanford, E.; Spiller, O.B.; Chalker, V.J. Mycoplasma pneumoniae Epidemiology in England and Wales: A National Perspective. Front. Microbiol. 2016, 7, 157. [Google Scholar] [CrossRef] [PubMed]

	



Meyer Sauteur, P.M.; Beeton, M.L.; Uldum, S.A.; Bossuyt, N.; Vermeulen, M.; Loens, K.; Pereyre, S.; Bebear, C.; Kese, D.; Day, J.; et al. Mycoplasma pneumoniae detections before and during the COVID-19 pandemic: Results of a global survey, 2017 to 2021. Eurosurveillance 2022, 27, 2100746. [Google Scholar] [CrossRef] [PubMed]

	



Spuesens, E.B.; Fraaij, P.L.; Visser, E.G.; Hoogenboezem, T.; Hop, W.C.; van Adrichem, L.N.; Weber, F.; Moll, H.A.; Broekman, B.; Berger, M.Y.; et al. Carriage of Mycoplasma pneumoniae in the upper respiratory tract of symptomatic and asymptomatic children: An observational study. PLoS Med. 2013, 10, e1001444. [Google Scholar] [CrossRef] [PubMed]

	



von Baum, H.; Welte, T.; Marre, R.; Suttorp, N.; Luck, C.; Ewig, S. Mycoplasma pneumoniae pneumonia revisited within the German Competence Network for Community-acquired pneumonia (CAPNETZ). BMC Infect. Dis. 2009, 9, 62. [Google Scholar] [CrossRef] [PubMed]

	



Jain, S.; Self, W.H.; Wunderink, R.G.; Fakhran, S.; Balk, R.; Bramley, A.M.; Reed, C.; Grijalva, C.G.; Anderson, E.J.; Courtney, D.M.; et al. Community-Acquired Pneumonia Requiring Hospitalization among U.S. Adults. N. Engl. J. Med. 2015, 373, 415–427. [Google Scholar] [CrossRef]

	



Bjarnason, A.; Westin, J.; Lindh, M.; Andersson, L.M.; Kristinsson, K.G.; Love, A.; Baldursson, O.; Gottfredsson, M. Incidence, Etiology, and Outcomes of Community-Acquired Pneumonia: A Population-Based Study. Open Forum. Infect. Dis. 2018, 5, ofy010. [Google Scholar] [CrossRef] [PubMed]

	



Kutty, P.K.; Jain, S.; Taylor, T.H.; Bramley, A.M.; Diaz, M.H.; Ampofo, K.; Arnold, S.R.; Williams, D.J.; Edwards, K.M.; McCullers, J.A.; et al. Mycoplasma Pneumoniae among Children Hospitalized with Community-acquired Pneumonia. Clin. Infect. Dis. 2018, 68, 5–12. [Google Scholar] [CrossRef]

	



Mansel, J.K.; Rosenow, E.C., 3rd; Smith, T.F.; Martin, J.W., Jr. Mycoplasma pneumoniae pneumonia. Chest 1989, 95, 639–646. [Google Scholar] [CrossRef]

	



Yeh, J.J.; Wang, Y.C.; Hsu, W.H.; Kao, C.H. Incident asthma and Mycoplasma pneumoniae: A nationwide cohort study. J. Allergy Clin. Immunol. 2016, 137, 1017–1023. [Google Scholar] [CrossRef]

	



Kannan, T.R.; Hardy, R.D.; Coalson, J.J.; Cavuoti, D.C.; Siegel, J.D.; Cagle, M.; Musatovova, O.; Herrera, C.; Baseman, J.B. Fatal outcomes in family transmission of Mycoplasma pneumoniae. Clin. Infect. Dis. 2012, 54, 225–231. [Google Scholar] [CrossRef] [PubMed]

	



Narita, M. Pathogenesis of extrapulmonary manifestations of Mycoplasma pneumoniae infection with special reference to pneumonia. J. Infect. Chemother. 2010, 16, 162–169. [Google Scholar] [CrossRef] [PubMed]

	



Koskiniemi, M. CNS manifestations associated with Mycoplasma pneumoniae infections: Summary of cases at the University of Helsinki and review. Clin. Infect. Dis. 1993, 17 (Suppl. 1), S52–S57. [Google Scholar] [CrossRef] [PubMed]

	



Nakanishi, M.; Nakashima, K.; Takeshita, M.; Yagi, T.; Nakayama, T.; Kiguchi, T.; Yamada, H. Ability of high-resolution computed tomography to distinguish Mycoplasma pneumoniae pneumonia from other bacterial pneumonia: Significance of lateral bronchial lesions, less air bronchogram, and no peripheral predominance. Respir. Investig. 2020, 58, 169–176. [Google Scholar] [CrossRef] [PubMed]

	



Daxboeck, F.; Krause, R.; Wenisch, C. Laboratory diagnosis of Mycoplasma pneumoniae infection. Clin. Microbiol. Infect. 2003, 9, 263–273. [Google Scholar] [CrossRef]

	



Poritz, M.A.; Blaschke, A.J.; Byington, C.L.; Meyers, L.; Nilsson, K.; Jones, D.E.; Thatcher, S.A.; Robbins, T.; Lingenfelter, B.; Amiott, E.; et al. FilmArray, an automated nested multiplex PCR system for multi-pathogen detection: Development and application to respiratory tract infection. PLoS ONE 2011, 6, e26047. [Google Scholar] [CrossRef]

	



Stein, B.; DeCredico, N.; Hillman, L. Evaluation of the Direct Antiglobulin Test (DAT) in the Setting of Mycoplasma pneumoniae Infection. JAMA 2018, 319, 1377–1378. [Google Scholar] [CrossRef] [PubMed]

	



Tashiro, M.; Fushimi, K.; Kawano, K.; Takazono, T.; Saijo, T.; Yamamoto, K.; Kurihara, S.; Imamura, Y.; Miyazaki, T.; Yanagihara, K.; et al. Comparison of Efficacy of Antimicrobial Agents Among Hospitalized Patients With Mycoplasma pneumoniae Pneumonia in Japan During Large Epidemics of Macrolide-Resistant M. pneumoniae Infections: A Nationwide Observational Study. Clin. Infect. Dis. 2017, 65, 1837–1842. [Google Scholar] [CrossRef]

	



Mikasa, K.; Aoki, N.; Aoki, Y.; Abe, S.; Iwata, S.; Ouchi, K.; Kasahara, K.; Kadota, J.; Kishida, N.; Kobayashi, O.; et al. JAID/JSC Guidelines for the Treatment of Respiratory Infectious Diseases: The Japanese Association for Infectious Diseases/Japanese Society of Chemotherapy—The JAID/JSC Guide to Clinical Management of Infectious Disease/Guideline-preparing Committee Respiratory Infectious Disease WG. J. Infect. Chemother. 2016, 22, S1–S65. [Google Scholar] [CrossRef] [PubMed]

	



SAAGAR. Community Acquired Pneumonia (Adults). Available online: https://www.sahealth.sa.gov.au/wps/wcm/connect/public+content/sa+health+internet (accessed on 5 October 2022).

	



Yamazaki, T.; Kenri, T. Epidemiology of Mycoplasma pneumoniae Infections in Japan and Therapeutic Strategies for Macrolide-Resistant, M. pneumoniae. Front. Microbiol. 2016, 7, 693. [Google Scholar] [CrossRef] [PubMed]

	



Kawai, Y.; Miyashita, N.; Kubo, M.; Akaike, H.; Kato, A.; Nishizawa, Y.; Saito, A.; Kondo, E.; Teranishi, H.; Wakabayashi, T.; et al. Nationwide surveillance of macrolide-resistant Mycoplasma pneumoniae infection in pediatric patients. Antimicrob. Agents Chemother. 2013, 57, 4046–4049. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.; Jung, S.; Kim, M.; Park, S.; Yang, H.J.; Lee, E. Global Trends in the Proportion of Macrolide-Resistant Mycoplasma pneumoniae Infections: A Systematic Review and Meta-analysis. JAMA Netw. Open 2022, 5, e2220949. [Google Scholar] [CrossRef] [PubMed]

	



Pereyre, S.; Goret, J.; Bebear, C. Mycoplasma pneumoniae: Current Knowledge on Macrolide Resistance and Treatment. Front. Microbiol. 2016, 7, 974. [Google Scholar] [CrossRef]

	



Okada, T.; Morozumi, M.; Tajima, T.; Hasegawa, M.; Sakata, H.; Ohnari, S.; Chiba, N.; Iwata, S.; Ubukata, K. Rapid effectiveness of minocycline or doxycycline against macrolide-resistant Mycoplasma pneumoniae infection in a 2011 outbreak among Japanese children. Clin. Infect. Dis. 2012, 55, 1642–1649. [Google Scholar] [CrossRef]

	



Roulis, E.; Polkinghorne, A.; Timms, P. Chlamydia pneumoniae: Modern insights into an ancient pathogen. Trends Microbiol. 2013, 21, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Blasi, F.; Cosentini, R.; Legnani, D.; Denti, F.; Allegra, L. Incidence of community-acquired pneumonia caused by Chlamydia pneumoniae in Italian patients. Eur. J. Clin. Microbiol. Infect. Dis. 1993, 12, 696–699. [Google Scholar] [CrossRef] [PubMed]

	



Senn, L.; Jaton, K.; Fitting, J.W.; Greub, G. Does respiratory infection due to Chlamydia pneumoniae still exist? Clin. Infect. Dis. 2011, 53, 847–848. [Google Scholar] [CrossRef] [PubMed]

	



Falsey, A.R.; Walsh, E.E. Transmission of Chlamydia pneumoniae. J. Infect. Dis. 1993, 168, 493–496. [Google Scholar] [CrossRef]

	



Conklin, L.; Adjemian, J.; Loo, J.; Mandal, S.; Davis, C.; Parks, S.; Parsons, T.; McDonough, B.; Partida, J.; Thurman, K.; et al. Investigation of a Chlamydia pneumoniae outbreak in a Federal correctional facility in Texas. Clin. Infect. Dis. 2013, 57, 639–647. [Google Scholar] [CrossRef]

	



Blasi, F.; Tarsia, P.; Aliberti, S. Chlamydophila pneumoniae. Clin. Microbiol. Infect. 2009, 15, 29–35. [Google Scholar] [CrossRef]

	



Kumar, S.; Hammerschlag, M.R. Acute respiratory infection due to Chlamydia pneumoniae: Current status of diagnostic methods. Clin. Infect. Dis. 2007, 44, 568–576. [Google Scholar] [CrossRef] [PubMed]

	



Leber, A.L.; Everhart, K.; Daly, J.A.; Hopper, A.; Harrington, A.; Schreckenberger, P.; McKinley, K.; Jones, M.; Holmberg, K.; Kensinger, B. Multicenter Evaluation of BioFire FilmArray Respiratory Panel 2 for Detection of Viruses and Bacteria in Nasopharyngeal Swab Samples. J. Clin. Microbiol. 2018, 56, e01945-17. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, R. Epidemiologic and laboratory observations of Chlamydia psittaci infection in pet birds. J. Am. Vet. Med. Assoc. 1984, 184, 1372–1374. [Google Scholar]

	



Hogerwerf, L.; de Gier, B.; Baan, B.; van der Hoek, W. Chlamydia psittaci (psittacosis) as a cause of community-acquired pneumonia: A systematic review and meta-analysis. Epidemiol. Infect. 2017, 145, 3096–3105. [Google Scholar] [CrossRef]

	



Center for Disease Control and Prevention. Compendium of measures to control Chlamydia psittaci infection among humans (psittacosis) and pet birds (avian chlamydiosis), 1998. MMWR Recomm. Rep. 1998, 47, 1–14. [Google Scholar]

	



Wallensten, A.; Fredlund, H.; Runehagen, A. Multiple human-to-human transmission from a severe case of psittacosis, Sweden, January-February 2013. Eurosurveillance 2014, 19, 20937. [Google Scholar] [CrossRef] [PubMed]

	



Moroney, J.F.; Guevara, R.; Iverson, C.; Chen, F.M.; Skelton, S.K.; Messmer, T.O.; Plikaytis, B.; Williams, P.O.; Blake, P.; Butler, J.C. Detection of chlamydiosis in a shipment of pet birds, leading to recognition of an outbreak of clinically mild psittacosis in humans. Clin. Infect. Dis. 1998, 26, 1425–1429. [Google Scholar] [CrossRef]

	



Yung, A.P.; Grayson, M.L. Psittacosis—A review of 135 cases. Med. J. Aust. 1988, 148, 228–233. [Google Scholar] [CrossRef]

	



Su, S.; Su, X.; Zhou, L.; Lin, P.; Chen, J.; Chen, C.; Zhou, Y.; Li, Y. Severe Chlamydia psittaci pneumonia: Clinical characteristics and risk factors. Ann. Palliat. Med. 2021, 10, 8051–8060. [Google Scholar] [CrossRef]

	



Rane, V.; Khailin, K.; Williams, J.; Francis, M.; Kotsanas, D.; Korman, T.M.; Graham, M. Underdiagnosis of Chlamydia trachomatis and Chlamydia psittaci revealed by introduction of respiratory multiplex PCR assay with Chlamydiaceae family primers. Diagn. Microbiol. Infect. Dis. 2018, 90, 163–166. [Google Scholar] [CrossRef]

	



Marrie, T.J. Coxiella burnetii pneumonia. Eur. Respir. J. 2003, 21, 713–719. [Google Scholar] [CrossRef] [PubMed]

	



Eldin, C.; Melenotte, C.; Mediannikov, O.; Ghigo, E.; Million, M.; Edouard, S.; Mege, J.L.; Maurin, M.; Raoult, D. From Q Fever to Coxiella burnetii Infection: A Paradigm Change. Clin. Microbiol. Rev. 2017, 30, 115–190. [Google Scholar] [CrossRef]

	



Centers for Disease, C.; Prevention. Notes from the field: Q fever outbreak associated with goat farms—Washington and Montana, 2011. MMWR Morb. Mortal. Wkly. Rep. 2011, 60, 1393. [Google Scholar]

	



Epelboin, L.; Mahamat, A.; Bonifay, T.; Demar, M.; Abboud, P.; Walter, G.; Drogoul, A.S.; Berlioz-Arthaud, A.; Nacher, M.; Raoult, D.; et al. Q Fever as a Cause of Community-Acquired Pneumonia in French Guiana. Am. J. Trop. Med. Hyg. 2022, 107, 407–415. [Google Scholar] [CrossRef]

	



Anderson, A.; Bijlmer, H.; Fournier, P.E.; Graves, S.; Hartzell, J.; Kersh, G.J.; Limonard, G.; Marrie, T.J.; Massung, R.F.; McQuiston, J.H.; et al. Diagnosis and management of Q fever—United States, 2013: Recommendations from CDC and the Q Fever Working Group. MMWR Recomm. Rep. 2013, 62, 1–30. [Google Scholar] [PubMed]

	



Pletz, M.W.; Jensen, A.V.; Bahrs, C.; Davenport, C.; Rupp, J.; Witzenrath, M.; Barten-Neiner, G.; Kolditz, M.; Dettmer, S.; Chalmers, J.D.; et al. Unmet needs in pneumonia research: A comprehensive approach by the CAPNETZ study group. Respir. Res. 2022, 23, 239. [Google Scholar] [CrossRef]

	



Garin, N.; Marti, C. Community-acquired pneumonia: The elusive quest for the best treatment strategy. J. Thorac. Dis. 2016, 8, E571–E574. [Google Scholar] [CrossRef]

	



Lee, Y.R.; Houngue, C.; Hall, R.G. Treatment of community-acquired pneumonia. Expert. Rev. Anti Infect. Ther. 2015, 13, 1109–1121. [Google Scholar] [CrossRef]

	



Lee, J.S.; Giesler, D.L.; Gellad, W.F.; Fine, M.J. Antibiotic Therapy for Adults Hospitalized With Community-Acquired Pneumonia: A Systematic Review. JAMA 2016, 315, 593–602. [Google Scholar] [CrossRef] [PubMed]

	



Garin, N.; Genne, D.; Carballo, S.; Chuard, C.; Eich, G.; Hugli, O.; Lamy, O.; Nendaz, M.; Petignat, P.A.; Perneger, T.; et al. beta-Lactam monotherapy vs beta-lactam-macrolide combination treatment in moderately severe community-acquired pneumonia: A randomized noninferiority trial. JAMA Intern. Med. 2014, 174, 1894–1901. [Google Scholar] [CrossRef] [PubMed]

	



Postma, D.F.; van Werkhoven, C.H.; van Elden, L.J.; Thijsen, S.F.; Hoepelman, A.I.; Kluytmans, J.A.; Boersma, W.G.; Compaijen, C.J.; van der Wall, E.; Prins, J.M.; et al. Antibiotic treatment strategies for community-acquired pneumonia in adults. N. Engl. J. Med. 2015, 372, 1312–1323. [Google Scholar] [CrossRef] [PubMed]

	



Eliakim-Raz, N.; Robenshtok, E.; Shefet, D.; Gafter-Gvili, A.; Vidal, L.; Paul, M.; Leibovici, L. Empiric antibiotic coverage of atypical pathogens for community-acquired pneumonia in hospitalized adults. Cochrane Database Syst. Rev. 2012, 9, 1465–1858. [Google Scholar] [CrossRef] [PubMed]

	



Eljaaly, K.; Aljabri, A.; Rabaan, A.A.; Aljuhani, O.; Thabit, A.K.; Alshibani, M.; Almangour, T.A. Efficacy of Empiric Antibiotic Coverage in Community-Acquired Pneumonia Associated with Each Atypical Bacteria: A Meta-Analysis. J. Clin. Med. 2021, 10, 4321. [Google Scholar] [CrossRef] [PubMed]

	



Costelloe, C.; Metcalfe, C.; Lovering, A.; Mant, D.; Hay, A.D. Effect of antibiotic prescribing in primary care on antimicrobial resistance in individual patients: Systematic review and meta-analysis. BMJ 2010, 340, c2096. [Google Scholar] [CrossRef] [PubMed]

	



van de Sande-Bruinsma, N.; Grundmann, H.; Verloo, D.; Tiemersma, E.; Monen, J.; Goossens, H.; Ferech, M.; European Antimicrobial Resistance Surveillance System Group; European Surveillance of Antimicrobial Consumption Project Group. Antimicrobial drug use and resistance in Europe. Emerg. Infect. Dis. 2008, 14, 1722–1730. [Google Scholar] [CrossRef] [PubMed]

	



Miyashita, N.; Matsushima, T.; Oka, M.; Japanese Respiratory, S. The JRS guidelines for the management of community-acquired pneumonia in adults: An update and new recommendations. Intern. Med. 2006, 45, 419–428. [Google Scholar] [CrossRef] [PubMed]

	



Woodhead, M.; Blasi, F.; Ewig, S.; Garau, J.; Huchon, G.; Ieven, M.; Ortqvist, A.; Schaberg, T.; Torres, A.; van der Heijden, G.; et al. Guidelines for the management of adult lower respiratory tract infections—Full version. Clin. Microbiol. Infect. 2011, 17 (Suppl. 6), E1–E59. [Google Scholar] [CrossRef]

	



Yanagihara, K.; Kohno, S.; Matsusima, T. Japanese guidelines for the management of community-acquired pneumonia. Int. J. Antimicrob. Agents 2001, 18 (Suppl. 1), S45–S48. [Google Scholar] [CrossRef]

	



Dingle, K.E.; Didelot, X.; Quan, T.P.; Eyre, D.W.; Stoesser, N.; Golubchik, T.; Harding, R.M.; Wilson, D.J.; Griffiths, D.; Vaughan, A.; et al. Effects of control interventions on Clostridium difficile infection in England: An observational study. Lancet Infect. Dis. 2017, 17, 411–421. [Google Scholar] [CrossRef]

	



Miyashita, N.; Higa, F.; Aoki, Y.; Kikuchi, T.; Seki, M.; Tateda, K.; Maki, N.; Uchino, K.; Ogasawara, K.; Kiyota, H.; et al. Clinical presentation of Legionella pneumonia: Evaluation of clinical scoring systems and therapeutic efficacy. J. Infect. Chemother. 2017, 23, 727–732. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Sabe, N.; Roson, B.; Carratala, J.; Dorca, J.; Manresa, F.; Gudiol, F. Clinical diagnosis of Legionella pneumonia revisited: Evaluation of the Community-Based Pneumonia Incidence Study Group scoring system. Clin. Infect. Dis. 2003, 37, 483–489. [Google Scholar] [CrossRef]

	



Gupta, S.K.; Imperiale, T.F.; Sarosi, G.A. Evaluation of the Winthrop-University Hospital criteria to identify Legionella pneumonia. Chest 2001, 120, 1064–1071. [Google Scholar] [CrossRef] [PubMed]

	



Fiumefreddo, R.; Zaborsky, R.; Haeuptle, J.; Christ-Crain, M.; Trampuz, A.; Steffen, I.; Frei, R.; Muller, B.; Schuetz, P. Clinical predictors for Legionella in patients presenting with community-acquired pneumonia to the emergency department. BMC Pulm. Med. 2009, 9, 4. [Google Scholar] [CrossRef]

	



Bolliger, R.; Neeser, O.; Merker, M.; Vukajlovic, T.; Felder, L.; Fiumefreddo, R.; Haubitz, S.; Koch, D.; Hammerer-Lercher, A.; Ottiger, C.; et al. Validation of a Prediction Rule for Legionella Pneumonia in Emergency Department Patients. Open Forum. Infect. Dis. 2019, 6, ofz268. [Google Scholar] [CrossRef] [PubMed]

	



Haubitz, S.; Hitz, F.; Graedel, L.; Batschwaroff, M.; Wiemken, T.L.; Peyrani, P.; Ramirez, J.A.; Fux, C.A.; Mueller, B.; Schuetz, P. Ruling out Legionella in community-acquired pneumonia. Am. J. Med. 2014, 127, 1010 e1011–e1019. [Google Scholar] [CrossRef]

	



Chauffard, A.; Bridevaux, P.O.; Carballo, S.; Prendki, V.; Reny, J.L.; Stirnemann, J.; Garin, N. Accuracy of a score predicting the presence of an atypical pathogen in hospitalized patients with moderately severe community-acquired pneumonia. BMC Infect. Dis. 2022, 22, 424. [Google Scholar] [CrossRef]

	



Saraya, T.; Nunokawa, H.; Ohkuma, K.; Watanabe, T.; Sada, M.; Inoue, M.; Honda, K.; Oda, M.; Ogawa, Y.; Tamura, M.; et al. A Novel Diagnostic Scoring System to Differentiate between Legionella pneumophila Pneumonia and Streptococcus pneumoniae Pneumonia. Intern. Med. 2018, 57, 2479–2487. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 2. Comparison of some international guidelines with regard to atypical coverage. Recommendations specific to atypical coverage are in bold characters.
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(a) Mild CAP, ambulatory patients




	
ATS/IDSA (2019) [31]

	
NICE (2019) [32]

	
South Australian Guidelines (2021) [101]

	
Japanese Respiratory Society (2016) [100,138]

	
ERS/ESCMID (2011) [139]




	
No comorbidities

Amoxicillin or Doxycycline or Macrolide 1



With co-morbidities

Amoxicillin/clavulanate or 2nd Cephalosporin

AND

Macrolide or Doxycycline



OR

Respiratory Fluoroquinolones

	
Amoxicillin



If penicillin allergy: Doxycycline

or

Clarithromycin

	
Amoxicillin AND/OR Doxycycline 2



If penicillin allergy



Cefuroxime AND/OR Doxycycline



If penicillin and Cephalosporin allergy:

Doxycycline

	
Penicillin +/− beta-lactamase



If atypical pathogens suspected 3



Macrolides

OR

Tetracycline

(Fluoroquinolone) 4

	
Amoxicillin or Tetracycline



If penicillin allergy:

Tetracycline or Macrolide 1



If high bacterial resistance rates against all first-choice agents:



Levofloxacin or Moxifloxacin




	
1 if local pneumococcal resistance < 25%

2 Initial monotherapy with doxycycline if atypical pathogens suspected based on epidemiology or the clinical presentation

3 According to the Japanese scoring system

4 A fluoroquinolone should be used if there is high local prevalence of macrolide-resistant M. pneumoniae




	
(b) Moderate severity CAP, inpatients, not-admitted to the intensive care unit




	
ATS/IDSA (2019) [31]

	
NICE (2019) [32]

	
South Australian Guidelines (2021) [101]

	
Japanese Respiratory Society (2016) [100,138]

	
ERS/ESCMID (2011) [139]




	
Beta-lactam AND Macrolide

OR



Monotherapy with respiratory Fluoroquinolone 1

OR



Beta-lactam AND Doxycycline 2

	
Amoxicillin



if penicillin allergy: see Table 2a



If atypical pathogens are suspected

WITH



Clarithromycin

	
Benzylpenicillin

AND Azithromycin



if penicillin allergy

Ceftriaxone

AND

Azithromycin



if penicillin and Cephalosporin allergy:

Moxifloxacin

	
Penicillin (+/− beta-lactamase) OR Cephalosporin OR

Carbapenem



Atypical pathogens suspected 3



Tetraycline

OR

Macrolide (Fluoroquinolone) 4

	
Aminopenicillin ± Macrolide

OR Aminopenicillin/beta-lactamase ± Macrolide

OR

Non-antipseudomonal Cephalosporin

OR

Cefotaxime or Ceftriaxone ± Macrolide

OR

Levofloxacin OR

Moxifloxacin

OR

Penicillin G ± Macrolide

Regular coverage of atypical pathogens may not be necessary in non-severe hospitalized patients.




	
1 Levofloxacin, Moxifloxacin, or Gemifloxacin

2 for adults with CAP who have contraindication to both macrolides and fluoroquinolones

3 According to the Japanese scoring system

4 A fluoroquinolone should be used if there is high local prevalence of macrolide-resistant M. pneumoniae




	
(c) Severe CAP, admitted to the intensive care unit




	
ATS/IDSA (2019) [31]

	
NICE (2019) [32]

	
South Australian Guidelines (2021) [101]

	
Japanese Respiratory Society (2016) [100,138]

	
ERS/ESCMID (2011) [139]




	
Beta-lactam AND Macrolide



OR



Beta-lactam AND respiratory Fluoroquinolone 1

	
Amoxicillin/clavulanate AND Clarithromycin



if penicillin allergy:

Levofloxacin

	
Ceftriaxone

AND

Azithromycin



if penicillin and Cephalosporin allergy:

Moxifloxacin

	
No co-morbidities: Fluoroquinolone or Macrolide 2

AND Penicillin (+/− beta-lactamase)



With co-morbidities:

Carbapenem

AND

Fluoroquinolones or Macrolide or Tetracycline



OR

3rd or 4th generation Cephalosporin + Clindamycin +Tetracycline or Macrolide



If allergy to b-lactams: Clindamycin or Vancomycin AND Aminoglycoside + AND Fluoroquinolone

	
Cephalosporin 3rd AND Macrolide

OR



Moxifloxacin or Levofloxacin ± Cephalosporin 3rd




	
1 Levofloxacin, Moxifloxacin, or gemifloxacin

2 A fluoroquinolone should be used if there is high local prevalence of macrolide-resistant M. pneumoniae
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Table 3. Clinical prediction rules for legionellosis or atypical pathogen.
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	CBPIS [143]
	JRS [138]
	Fiumefreddo [145]
	Chauffard [146]





	Prediction
	Legionella spp.
	Atypical pathogen
	Legionella spp.
	Atypical pathogen



	Age
	
	<60 years
	
	<75 years



	Smoking
	present
	
	
	



	Co-morbidities
	
	no or mild
	
	heart failure



	Season
	
	
	
	Fall



	Cough
	
	paroxysmal, non-productive
	non-productive
	



	Headache
	present
	
	
	



	Vomiting
	present
	
	
	



	Chest pain
	
	
	
	present



	Chest examination
	
	normal
	
	



	Fever
	increased weight with higher temperature
	
	>39.4 °C
	



	Leucocytes
	
	<10 G/L
	
	



	Creatinine
	>88 umol/L
	
	
	



	Lactate dehydrogenase
	increased weight with higher LDH
	
	>225 UI/mL
	



	Sodium
	
	
	<133 mmol/L
	<135 mmol/L



	C-reactive protein
	
	
	>187 mg/L
	



	Platelets
	
	
	<171 G/L
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