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Abstract

:

The rapid advancement of molecular tools in the past 15 years has allowed for the retrospective discovery of several new respiratory viruses as well as the characterization of novel emergent strains. The inability to characterize the etiological origins of respiratory conditions, particularly in children, led several researchers to pursue the discovery of the underlying etiology of disease. In 2001, this led to the discovery of human metapneumovirus (hMPV) and soon following that the outbreak of Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) promoted an increased interest in coronavirology and the latter discovery of human coronavirus (HCoV) NL63 and HCoV-HKU1. Human bocavirus, with its four separate lineages, discovered in 2005, has been linked to acute respiratory tract infections and gastrointestinal complications. Middle East Respiratory Syndrome coronavirus (MERS-CoV) represents the most recent outbreak of a completely novel respiratory virus, which occurred in Saudi Arabia in 2012 and presents a significant threat to human health. This review will detail the most current clinical and epidemiological findings to all respiratory viruses discovered since 2001.
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1. Introduction


Viral infections of the upper and lower respiratory tract are among the most common illness in humans. Children and infants bear the major burden of infection, typically presenting with 5 to 6 episodes annually [1]. These infections are often associated with significant patient morbidity and related mortality. For this reason, URTIs and LRTIs represents the leading cause of death in children younger than five years of age worldwide [2,3]; this accounts for approximately 4 million deaths annually [4]. Acute respiratory tract disease is the leading cause of hospitalization in children and febrile episodes in infants younger than three months of age [5,6].



Bacteria only represent approximately 10% of all upper respiratory tract infections with the subsequent 90% of infections caused by respiratory viruses [7]. Despite the viral aetiological origin of most respiratory infections, antibiotics are often prescribed in the treatment of such diseases [8], exacerbating antibiotic abuse. The morbidity and fiscal implications associated with respiratory infections are significant, with approximately 500 million cases reported in the United States alone each year with subsequent direct and indirect costs to the US economy estimated at $40 billion annually [2]. The burden of respiratory tract infections is increased in patients with chronic comorbidities or clinical risk factors including asthma [9], chronic obstructive pulmonary disease (COPD) [10], young, elderly [11] and immunocompromised [12,13].



The viruses primarily associated with upper respiratory tract infections commonly include rhinoviruses, enteroviruses, adenoviruses, parainfluenza viruses (PIV), influenza viruses, respiratory syncytial viruses (RSV) and coronaviruses [3,8,14,15]. In recent years six new human respiratory viruses have been reported including human metapneumovirus (hMPV) [16], bocavirus and four new human coronaviruses including Severe Acute Respiratory Syndrome coronavirus (SARS-CoV), human coronavirus NL63 (HCoV-NL63), HCoV-HKU1 and Middle East Respiratory Syndrome coronavirus (MERS-CoV). This review will detail these newly discovered and emerging respiratory viruses.




2. Human Coronaviruses


Coronaviruses affect a diverse group of animal hosts, and cause a plethora of diseases in animals including progressive peritonitis, acute and chronic hepatitis, gastroenteritis, nephritis, and encephalitis [17]. In humans coronavirus infection results in respiratory tract complications with varying degree of severity and have been associated with gastroenteritis. Four human coronaviruses (HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKU1) are endemic in the human population and are mainly associated with mild, self-limiting respiratory illnesses. Another two human coronaviruses, namely SARS-CoV and MERS-CoV cause severe respiratory syndromes and present a significant threat with their high fatality rates.



The first human coronaviruses were identified in the 1960s by Tyrell and Bynoe who passaged a virus, named B814, in human embryonic tracheal organ cultures. When this virus was inoculated intranasally into human volunteers, common cold-like symptoms were produced [18,19]. Hamre and Procknow (1966) later isolated a virus, which they were able to grow in tissue culture, from subjects presenting with symptoms of the common cold. The virus was later named human coronavirus 229E (HCoV-229E) [20].



All of these viruses, including B814 and HCoV-229E, were ether-sensitive, indicating the presence of a lipid covering. McIntosh et al. (1967) later recovered several ether-sensitive viruses from human respiratory tracts, which were grown in organ culture. These viruses were termed “OC” viruses to indicate passage in organ culture. Under electron microscopy all of these viruses had morphologies similar to several other animal viruses previously identified, namely IBV, MHV and TGEV [21]. These viruses were later classified as coronaviruses, which was accepted as a new genus in 1975. Unfortunately, many of the clinical samples collected and stored in the 1960s, which were positive for coronavirus-like particles, were subsequently lost. Therefore, until the identification of SARS-CoV in 2003, the study of human coronaviruses was restricted to research of HCoV-229E and HCoV-OC43 [17] despite the clear evidence of further coronavirus strains [22,23].



2.1. Severe Acute Respiratory Syndrome Coronavirus: Emergence of a Novel Coronavirus


An outbreak of atypical pneumonia was first reported to the WHO in February 2003. By the 15th of March the disease was named Severe Acute Respiratory Syndrome (SARS) [24,25,26] and by the 27th of March the causative agent was identified as a completely novel coronavirus, termed SARS-CoV [27,28,29]. From November 2002 to July 2003 a total of 8098 patients, in 25 countries, were affected by the atypical pneumonia which resulted in 774 deaths globally. The mortality rates were drastically increased in certain population [30] and age [31] groups to as high as 40%–55%. Further local outbreaks were reported in Singapore, Taiwan and Beijing from accidental laboratory exposure and animal to human transmission in Guangzhou in late 2003 and early 2004 [32]. This was directly related to the lifting of a ban on serving palm civets in wet markets and restaurants, which was implemented during the SARS outbreak [33].



No antiviral agents were available during the outbreak to combat infection with SARS-CoV [34] and supportive care and administration of antibiotics to combat secondary bacterial infection was the primary treatment regimen [35]. With this it is clear that the control of the SARS-CoV outbreak is thanks, almost entirely, to a highly effective global public health response [36], where intense contact tracing and quarantine of suspected and infected patients were key in the control of the SARS outbreak [35]. SARS-CoV is no longer in human circulation but the discovery of SARS-like-CoV in bats and other mammals does present a potential threat of re-emergence [37].



The outbreak of SARS-CoV was most-likely linked to a zoonotic event in the live animal markets of China. Himalayan palm civets and raccoon dogs were the first animals identified to carry a SARS-like-CoV with 99.8% nucleotide homology to human SARS-CoV [38]. Further studies of wild animals in the areas around Hong Kong identified a further SARS-like-CoV in Chinese horseshoe bats (genus Rhinolophus), which shared a sequence identity of 87%–92% with human SARS-CoV [39,40]. Horseshoe bats therefore appear to be the natural reservoir of the ancestral SARS-CoV, with civets providing the intermediate amplification host with subsequent spread to animal handlers in the wet markets of Guangzhou. Under positive selection pressures within the human host SARS-CoV became readily transmissible and allowed for fast and effective spread from human-to-human with subsequent international dissemination by the index case in Hong Kong [41]. Analysis of genomic sequences from viral isolates obtained in the early, mid and late stages of the epidemic clearly indicate positive and purifying selective pressures followed by stabilization [33]. Seroepidemiological studies have shown that 40% of wild animal traders and 20% of people responsible for the slaughtering of animals in the region where human SARS was thought to originate, were seropositive for SARS-CoV, although all cases were asymptomatic. This indicates that these people were previously exposed to a SARS-like-CoV, which resulted in asymptomatic infection [38].



SARS presents as an atypical pneumonia [42,43], with pneumocytes being the primary target of infection. Infection results in haemorrhagic inflammation in most pulmonary alveoli with alveolar thickening, diffuse alveolar damage, desquamation of pneumocytes, formation of hyaline membranes and multinucleated pneumocytes with capillary engorgement and microthrombosis [44]. Approximately 60% of patients deteriorated in the second week of infection, presenting with persistent fever, dyspnoea and oxygen desaturation [29]. Approximately 20%–30% of patients were subsequently admitted to intensive care, where mechanical ventilation was necessary [45]. A surprising finding with the SARS outbreak was that it was not as great a threat to infants and children [33,46]. Clinical presentation was less severe in infants and no children aged between 1 and 12 required intensive care or mechanical ventilation [47,48]. This is in sharp contrast to the age related burden of other respiratory infections and the underlying biological mechanism remains unclear [49].



A family of viruses that were previously understood to cause mild, self-limiting upper respiratory tract infections was showcased by the SARS-CoV outbreak to be a significant threat to global public health. The economic losses brought on by the SARS pandemic was estimated to be in the region 40 billion dollars [50] with Hong Kong bearing a significant proportion of the losses. Tourism, entertainment and restaurant industries in the area recorded up to 80% loss in business. The pressure on healthcare facilities in affected areas was substantially exacerbated by the spread to healthcare workers. Several hospitals were forced to close to new admissions as large numbers of staff became infected with SARS-CoV. To view this as an isolated incidence would be naïve and the potential for the emergence and re-emergence of new and existing infectious agents poses a probable risk. Understanding the SARS-CoV outbreak has provided immense knowledge and an excellent model to replicate in the event of further outbreaks of communicable diseases.




2.2. Human Coronavirus NL63 and HKU1: Discovery of Existing Coronaviruses


2.2.1. Human Coronavirus NL63


In 2003 a 7 month old child presenting with bronchiolitis and conjunctivitis was screened for several respiratory viruses to identify the causative agent, with all diagnostics yielding negative results. The group led by Lia van der Hoek then used a modified cDNA amplified restriction fragment-length polymorphism (cDNA-AFLP) technique (Virus-Discovery-cDNA-AFLP or VIDISCA), to identify the causative agent. Briefly, the technique utilizes reverse transcription-PCR of viral RNA with subsequent restriction digest of the cDNA using frequently cutting restriction enzymes. Since the restriction sites are selected and therefore known, the resultant “sticky ends” can be ligated into anchors for amplification and sequencing with specific primers. The results showed highest sequence similarities with known coronaviruses, but with significant sequence divergence indicating the discovery of a new coronavirus species, later named human coronavirus NL63 [51].



At about the same time, two other independent groups identified essentially the same virus [52,53]. Shortly after the van der Hoek paper [51], a novel coronavirus that replicated efficiently in tertiary monkey kidney and Vero cells, was retrospectively isolated from a nose swab sample collected in 1988 from an 8 month-old boy presenting with pneumonia. This virus was reported to be similar to HCoV-NL63 and named HCoV-NL [52]. In 2005, Esper et al. (2005) also reported the identification of a novel coronavirus isolated in New Haven, Connecticut, which was named HCoV-NH. This novel virus was identified by PCR which was adapted to amplify a conserved region within the replicase 1a or pol gene [53]. Subsequent sequence analysis showed that these three viruses were essentially the same virus or variants thereof [53,54].



It is obvious that HCoV-NL63 has been circulating in the human population since before 1988 [52]. In fact, molecular clock analyses have shown that HCoV-NL63 and HCoV-229E diverged from a most recent common ancestor, in a zoonotic event, approximately 563 to 822 years ago [55]. HCoV-NL63 later diverged into two lineages with subsequent recombination of the two lineages during co-infection. This frequent recombination has given HCoV-NL63 a mosaic structured genome with multiple recombination sites [56].




2.2.2. Human Coronavirus HKU1


A 71 year old male patient from China was admitted to hospital with pneumonia in January 2004. Viral cultures, RT-PCR and direct antigen detection from nasopharyngeal aspirate were all negative for respiratory viruses. A pan-coronavirus RT-PCR targeting a conserved region of the pol gene confirmed the presence of a coronavirus however attempts to culture the causative agent were all unsuccessful. Sequencing the gene segment amplified by the pan-coronavirus assay indicated a high homology to other viruses of the βCoV genus including HCoV-OC43 but of novel origin. The human coronavirus, termed HCoV-HKU1, was later isolated from another female patient. Efforts to culture the virus had posed complicated and the complete genome was isolated, amplified and sequenced directly from RNA extracted from a nasopharyngeal aspirate [57]. Successful propagation of the virus was achieved recently in human ciliated airway epithelial cells [58] but culturing of HCoV-HKU1 still remains a daunting task. The presence of the HE gene further characterizes HCoV-HKU1 as belonging to the βCoV genus.



Since the discovery of HCoV-HKU1, its prevalence has shown a global distribution and retrospective analysis on stored nasopharyngeal aspirates have confirmed its existence since 1995 [59]; however, phylogenetic analysis suggests a much earlier divergence.





2.3. MERS-CoV: 10 Years on from SARS


June 2012 saw the most recent emergence of a completely novel strain of human coronavirus. A sputum sample was collected from a 60 year old male patient presenting with severe respiratory disease in the Dr. Soliman Fakeeh Hospital in Jeddah, Saudi Arabia. Viral assays frequently used could not identify any aetiological agent responsible for the disease. The sputum sample was sent to Dr. Ron Fouchier at the Erasmus Medical College in Rotterdam, Netherlands, where the virus was identified as a novel coronavirus, provisionally termed HCoV-EMC (human coronavirus Erasmus Medical College). The patient later succumbed to the disease with acute pneumonia and subsequent renal failure [60]. A retrospective study further traced the virus back to April 2012 where an outbreak of pneumonia, resulting in two fatalities, occurred in health care workers in an intensive care unit in Zarqa, Jordan [61].



Since the initial discovery, several new isolates were identified and described in scientific literature, databases and media under various names. This provoked the convening of the Coronavirus Study Group to introduce a naming convention and avoid confusion within the research field, health care authorities, governments and general public. The name Middle East Respiratory Syndrome coronavirus (MERS-CoV) was coined and has been widely accepted by the discoverers of the virus and pioneers of the field, the WHO and Saudi Ministry of Health [61].



Primary infections, to which all cases were linked directly or indirectly, occurred in Middle Eastern countries including Saudi Arabia, Qatar, Jordan, Oman and United Arab Emirates and subsequently spread to United Kingdom, Tunisia, France, Italy and Germany with Egypt and the United States recently reporting their first laboratory confirmed cases [62,63]. The potential of widespread pandemic outbreak is thought to be low as human-to-human transmission is largely inefficient [64] and only reported in close, sustained contact [65] such as within families [66], healthcare workers [67] and as nosocomial transmission [68], especially if the patient represents with comorbidities. There has been no evidence to suggest sustained community transmission [62]. The ever increasing case numbers and countries affected by the disease however suggests MERS-CoV does represent potential for widespread, global outbreak [69].



From the first reported case in June 2012, until 7 February 2014, a total of 182 cases had been reported with 79 fatalities. According to the latest figures available from the WHO, as of 11 June 2014, the virus had resulted in a total of 699 laboratory confirmed cases with a total of 209 fatalities [70]. These statistics indicate that within a 4 month period case numbers had more than trebled suggesting the virus is far from controlled. The fatality rate of 30% is also substantially increased in patients with comorbidities, with a large number of reported cases being identified in immunocompromised patients or those with underlying disease [68,71] and a severe threat of nosocomial transmission has been demonstrated [72]. Clinical presentation is similar to SARS and includes a spectrum of respiratory diseases with the most common symptoms including cough, fever and gastrointestinal symptoms [69] before progressing to pneumonia [68]. Acute respiratory distress syndrome (ARDS), renal failure, pericarditis and disseminated intravascular coagulation have also been reported [69]. The potential of widespread pandemic outbreak is thought to be low as human-to-human transmission is largely inefficient [64] and only reported in close, sustained contact [65] such as within families [66], healthcare workers [67] and as nosocomial transmission [68], especially if the patient presents with comorbidities. There has been no evidence to suggest sustained community transmission [62]. The ever increasing case numbers and countries affected by the disease however suggests that MERS-CoV does represent potential for widespread, global outbreak [69].



The inefficient spread between infected patients strongly suggests zoonotic transmission, however over two years on from the initial discovery of MERS-CoV it is still unclear where it originated from and how it infects humans. During the outbreak of SARS-CoV the identification of the wet markets of China as the probable source greatly contributed to the control of the disease [38]. This highlights the importance in identifying the origins of disease outbreak. Phylogenetic analysis places it in the same genus as SARS-CoV but within a new lineage, 2c. The closest detectable relatives suggests origins from bat coronavirus species with relative high sequence homology between Bat-CoV HKU4 and HKU5 in China [73], VM314 in the Netherlands [74] and a recently discovered isolate from South Africa [75]. Assuming that bats also form the immediate source is improbable and as with SARS-CoV an intermediate animal host species for transmission to humans is of greater likelihood [61]. High levels of neutralizing antibodies, viral RNA and infectious viruses have been discovered in dromedary camels suggesting a potential for camels to form the source for human transmission [76,77,78,79]. A recent study identified identical single nucleotide polymorphisms in a sequence of MERS-CoV isolated from an infected patient and camel, which was cared for by the patient. Phylogenetic analysis of these two sequences supported the conclusion that transmission occurred between patient and camel, however the direction of transmission could not be confirmed [80]. It has since been proven that a patient who succumbed to MERS-CoV infection obtained the virus directly from his camel herd. The direction of transmission was confirmed as camel-to-human by serological analysis [81]. These facts strongly contribute to an increasingly popular hypothesis that MERS-CoV infections in humans are directly acquired from camels, however very few patients have had reported contact with camels. Many residents of the Arabian Peninsula frequently consume unpasteurized camel milk and this has been suggested as a potential source as the virus has been detected and can remain viable for prolonged periods in milk [82,83]. The WHO, Saudi Arabia and Qatar have recently issued warnings and recommended against consuming unpasteurized camel milk and to be cautious when interacting with dromedary camels [84].



The outbreak of SARS-CoV in 2003 and MERS-CoV less than 10 years later highlights the significant threat of coronaviruses to humans and confirms that the SARS outbreak was not an isolated incident. With the ever increasing diversity of animal coronavirus species, especially within bats, the likelihood of recombination leading to future outbreaks is high and the threat of potential pandemics is real as highly pathogenic coronaviruses continue to spill over from zoonotic sources into the human population. Misdiagnosis of these outbreaks pose a further substantial threat to healthcare workers with nosocomial spread to other patients putting further pressure on an already strained healthcare system. Understanding the dynamics and molecular characteristics of human coronaviruses currently in circulation and how they emerge, infect and cause disease, we can be better prepared for future pandemics allowing for improved response, management and treatment of related conditions. Table 1 summarizes the human coronaviruses discovered since 2003.
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Table 1. Human coronaviruses identified since 2003.
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Name

	
Year Discovered

	
Emergent/Previously Circulating

	
Fatality Rate

	
Current Circulation






	
SARS-CoV

	
2003

	
Emergent

	
~10%

	
No




	
HCoV-NL63

	
2003

	
Previously circulating

	
low

	
Yes




	
HCoV-HKU1

	
2004

	
Previously circulating

	
low

	
Yes




	
MERS-CoV

	
2012

	
Emergent

	
~30%

	
Yes










2.4. Clinical Importance of Non-Severe Human Coronaviruses


The clinical presentation of human coronaviruses clearly follows two distinct lines of progression. SARS-CoV and MERS-CoV present with severe respiratory complications and often multisystem involvement with renal failure and enteric symptoms. The high fatality rates associated with these infections is not reflected in the remaining four human coronaviruses, HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKU1. The clinical importance of SARS-CoV and MERS-CoV are evident and discussed in detail in previous sections allowing for the presentation of the involvement of the remaining non-severe human coronaviruses and there implications in human health.



2.4.1. Clinical Presentation of Human Coronavirus Infection


The clinical presentation of these four non-severe human coronaviruses is largely identical and indistinguishable symptomatically, commonly presenting with rhinorrhoea, sore throat, cough and fever [85,86]. Majority of infections are associated with self-limiting upper respiratory tract disease or “the common cold” but can also present with high morbidity outcomes of the lower respiratory tract including bronchiolitis, pneumonia, [87,88,89], asthmatic exacerbations [9] acute exacerbations of chronic obstructive pulmonary disease (COPD) [10] and croup in HCoV-NL63 infected patients [90]. A report by Esper et al. found a correlation between HCoV-NL63 infections and Kawasaki disease [91], although other studies could not replicate the association [92,93,94]. Febrile seizures have been reported for most human coronaviruses but the significance of HCoV-HKU1 is alarming with one study indicating that 50% of patients infected with HCoV-HKU1 experience febrile seizures [9].




2.4.2. Prevalence and Distribution of Human Coronaviruses


Human coronaviruses affect all age groups [85,86] but elicit more serious disease in young, elderly and immunecompromized [87,95,96], frequently resulting in hospitalization. Reports on the prevalence of human coronaviruses and their association with upper and lower respiratory tract disease vary but range between 3.3% and 16% [85,86,95,97]. Over 70% of the general public has seroconverted towards all four non-severe human coronaviruses with primary infection shown to occur in childhood [98] and reinfection occurring throughout life [95]. Given the high prevalence of respiratory infections, human coronaviruses represent a substantial disease burden which is exacerbated by the high implications of healthcare workers in coronavirus outbreaks [97].




2.4.3. Human Coronaviruses Frequently Present with Co-Infection


High rates of co-infection with other respiratory viruses are commonly reported [85,86,95,99]. Viruses frequently associated with co-infection include enterovirus, rhinovirus and PIV [100] however reports of co-infection with two human coronaviruses are limited. Dijkman et al. recently demonstrated that HCoV-OC43 and HCoV-NL63 may elicit immunity that protects against HCoV-HKU1 and HCoV-229E, respectively [101]. Clinical progression and outcomes of disease in patients presenting with co-infection are however similar to patients presenting with mono-infection [85,95]. There is also no substantial difference in coronaviral load between co-infected and mono-infected patients. No substantial difference in disease progression in co-infected versus mono-infected patients has been reported and therefore understood to have little impact; however, the role in facilitation of infection of one respiratory virus by another is still speculative [95].




2.4.4. Seasonal Distribution


All four human coronaviruses are endemic worldwide but the prevalence, regional distribution and pathogenicity of individual human coronaviruses is unclear and highly subjective on study conducted with parameters including population sampled, respiratory sample collected, sensitivity of diagnostic assay used, region where study was conducted and duration of the study playing a substantial role in epidemiological findings. A common finding in majority of studies conducted is the increased prevalence of human coronaviruses during winter months in temperate climates [95,97]. However even this has shown to be geographically dependent with a spring/summer predominance in subtropical and tropical climates [9,102]. Biennial outbreaks are frequently reported [85,95,99,100] for all strains of non-severe human coronaviruses.






3. Human Metapneumovirus (hMPV)


In 2001 a previously undiscovered virus was identified in 28 epidemiologically distinct patients in the Netherlands. Patient symptoms were similar to those infected with RSV and, several patients required hospitalization and mechanical ventilation. Viral isolates were cultured in tertiary monkey kidney (tMK) cells and cytopathic effects caused by the virus were largely identical to those caused by RSV. Electron microscopy of infected cell supernatants revealed paramyxovirus-like particles; however, RT-PCR assays to detect known paramyxoviruses were all negative. The low stringency of the assays used indicated a currently unknown, genetically distinct virus. A RAP-PCR assay was then utilized to obtain sequence information of the unknown virus and fragments amplified by the RAP-PCR allowed for further sequencing of the 3’-end of the genome. Based on the sequence homology and gene organization, the unidentified virus displayed closest homology with avian pneumovirus, but to be a tentative new member of the Metapneumovirus genus and the first virus in the genus to infect humans, provisionally termed human metapneumovirus (hMPV) [16].



3.1. Clinical Presentation of hMPV Infection


Symptomatic differentiation between hMPV and other respiratory viruses cannot be made as there is a significant overlap in clinical presentation [103,104]. The most common presentation of hMPV in children includes complications of the upper respiratory tract with rhinorrhoea, cough and fever [105]. Acute otitis media is also frequently reported [106,107] and conjunctivitis, rash, diarrhea and vomiting are reported but infrequently [103]. Bronchiolitis, pneumonia, croup and asthmatic exacerbations are the most frequently associated lower respiratory tract complications [108] and viral load is directly associated with disease severity [109]. hMPV infection in the young and elderly frequently requires hospitalization and fatalities have been reported in the elderly [110,111]. An increased morbidity in elderly patients with a delayed clearance of symptoms has been reported and is likely related to the age related impairment of the innate and adaptive immunity [103] or an over stimulated immune response leading to inflammation [112]. Elderly patients requiring hospitalization most frequently present with acute bronchitis, COPD exacerbations, pneumonia and congestive heart failure [113]. In healthy adults asymptomatic infections or cold- and flu-like symptoms are the most prevalent presentation [114].




3.2. Coinfections with hMPV


The pathogenesis of hMPV infection is strongly affected by bacterial coinfections with pneumococcus. One study has shown that administration of a conjugate pneumococcal vaccine is sufficient to reduce the incidence of hMPV infection of the lower respiratory tract and the incidence of clinical pneumonia in both HIV positive and negative patients [115]. These finding suggest that the incidence of hospitalizations in hMPV infections may be decreased by vaccination with a conjugate pneumococcal vaccine. Another case report of severe respiratory failure was found to be caused by coinfection with hMPV and Streptococcus pneumonia in a 64 year old patient [116]. Both in vitro and in vivo studies have shown that infection with hMPV facilitates adhesion of pneumococcal bacteria, which may provide an explanation for the coinfection with pneumococcal strains and hMPV [117].



Viral coinfections between hMPV and RSV have been reported, but remain a contentious issue. The typical seasonal overlap of the two viruses has been suggested to promote viral coinfection. One study reported a 10-fold increase in risk of admission to an intensive care unit in pediatric patients coinfected with RSV and hMPV and associated the dual infection as capable of augmenting severe bronchiolitis [118]. Other studies do not support this finding and further report a decreased correlation between hMPV-RSV coinfections and hospitalization and additionally lists dual infection, along with breastfeeding, as having protective effects [119].




3.3. Epidemiology of hMPV


Although hMPV was only discovered in 2001, it has been shown by phylogenetic analysis to have been in existence for approximately 50 years [120,121]. Soon after the discovery of hMPV, it was evident that two lineages, A and B, existed. These two lineages were further subdivided into two sublineages per lineage, A1-A2 and B1-B2 [16]. A recent report analyzing sequence divergence of the attachment and fusion surface glycoproteins indicates the presence of five sublineages, namely A1, A2a, A2b, B1 and B2 [122]. From long term retrospective studies it was evident that these lineages are not restricted to certain locations or times and that multiple lineages can exist in the same location and period [108,123]. It has also become evident that old sublineages may be replaced by new variants [103]. Disease progression or varying clinical outcomes related to different lineages of hMPV has become a contentious issue. Several studies have reported that lineage A presents with more severe clinical outcomes [124,125,126] where the same is reported for lineage B by other groups [127,128]. It has been further reported that there is no difference in disease outcomes related to the two lineages [108,129,130].



Between 7% and 19% of all cases of respiratory infections in children are caused by hMPV, in both hospitalized and outpatients [108,131,132] and has been reported to be the second most frequently identified virus in respiratory tract infections [133]. Extrapolation of consensus data suggests a total of 20 000 hospital and one million clinic visits annually in the US among children younger than 5 [131]. Children hospitalized with hMPV infections are also more likely to present with pneumonia or asthma and required longer stay in intensive care units with supplemental oxygen, when compared to other respiratory viruses [131]. Seroprevalence studies indicates that 100% of young adults are seropositive for hMPV with stable neutralizing titres, which further suggests that reinfection occurs throughout life [16], with a potential for genetic variation between clades promoting reinfection [108].



hMPV has a worldwide distribution and affects all age groups but predominantly affects young, elderly and immunocompromised patients [111], with children younger than five years of age being most susceptible to infection [134]. Children and adults with underlying or chronic conditions such as asthma, chronic lung disease, congenital heart disease, cancer or COPD are more likely to be hospitalized with hMPV infection [131]. Infection with hMPV occurs throughout the year but seasonal prevalence in late winter and spring has been observed and coincides with the peak of RSV infection [131,135,136,137].





4. Human Bocavirus


The first human bocavirus (hBoV) was discovered in 2005 from nasopharyngeal aspirates of 282 patients with unresolved lower respiratory tract infections in Sweden. Researchers utilized a novel technique which included steps of DNase treatment to exclude contaminating, or non-viral, nucleic acids followed by PCR amplification by nonspecific primers. The PCR-products were subsequently cloned with large-scale sequencing of the clones. Bioinformatic analysis of generated sequence data yielded the discovery of a new parvovirus with a high homology to bovine and canine minute parvoviruses. The genus name Bocavirus was in fact derived from the species infected by the known virus strains, namely bovine and canine. The new virus was named hBoV1 and was the first virus to be discovered by molecular virus screening [138]. Three additional species of hBoV were later discovered in 2010 and added to the genus; these were named hBoV2, hBoV3 and hBoV4 [139,140,141].



4.1. Clinical Significance of hBoV


HBoV1 is a respiratory pathogen affecting all regions of the globe and is associated with approximately 2%–19% of all upper and lower respiratory tract conditions [142,143,144]. HBoV1 productively infects human airway epithelium cell cultures and leads to damage of airway epithelial cells [145,146,147], which supports clinical observations that infection does result in respiratory disease. In contrast, hBoV2–4, are found in the gastrointestinal tract and hBoV2, and possibly hBoV3, are associated with gastroenteritis [139,148,149,150]. Interestingly, HBoV2 is the only enteric bocavirus to be isolated from nasopharygeal aspirates and may, therefore, also be associated with respiratory disease [151,152]. HBoV1 is detected in all age groups, but predominantly in young children between the ages of 6–24 months [143,153,154] and is rarely detected in adults [155,156,157,158,159]. Transmission and infection occurs throughout the year, but predominantly during winter and spring months [158,160,161,162]. Seroprevalence studies suggest that maternal antibodies, which provide protection, are present in infants younger than 2 months of age [163,164], after which seropositivity decreases with low levels of detection until 6–12 months. Virtually 100% of children aged 6 are seroconverted for hBoV1 and as reinfection occurs throughout life this remains into adulthood [143,163,164,165,166]. The presence of the three enteric bocaviruses does however complicate the findings of seroconversion as cross-reactivity does exist [166].



As with many respiratory viruses, clinical differentiation with hBoV1 infection is not possible by symptomatic presentation [8]. Common features of infection of the upper respiratory tract include common cold-like symptoms with cough, rhinorrhoea and acute otitis media [167]. Infection of the lower respiratory tract in children is associated with pneumonia, acute wheezing, asthmatic exacerbations and bronchiolitis [160,162,168,169,170], but life-threatening complications are rare with hBoV1 infection [143]. Although hBoV1 has been isolated from stool samples, there is no statistical evidence to associate hBoV1 with gastrointestinal disease [139]. HBoV1 has not only been found in the upper and lower respiratory tract and gastrointestinal specimens, but also in urine samples, serum, saliva, and tonsils [143]. Rather than having a role in disease pathogenesis, this viraemia and systemic spread may be a feature common to all Parvoviruses as they require proliferating host cells for replication [138].



Interestingly, hBoV appears to be more than just a respiratory or gastrointestinal virus. In a recent study, hBoV was identified in 18.3% of lung (n = 11/60) and 20.5% of colorectal (n = 9/44) tumors screened. Unfortunately, the study did not investigate whether the hBoV genomes were in fact incorporated into the host genome as reported for other known Parvoviruses. Therefore, based on their observations as well as previous studies on other parvoviruses, the authors speculate that hBoV could contribute to the development of some lung and colorectal tumors. However, they do also acknowledge that these tumors could simply be providing an optimal environment for hBoV replication and more conclusive studies are required to resolve this issue [171].




4.2. Coinfection with hBoV1


HBoV1 has been associated with a prolonged period of persistence in the mucosa of the respiratory tract. This prolonged presence has possibly led to a high frequency of coinfection found with hBoV1 infections of the both the upper and lower respiratory tract [142,157,158]. The high rate of detection of multiple respiratory viruses within up to 83% of respiratory specimens, and the presence of asymptomatic hBoV1 infections, does complicate the determination of the actual pathogenic role of HBoV [143]. High viral load is statistically associated with symptoms [172] and this may therefore be a better indication of coinfections which are related to disease severity or symptomatic presentation. It has been further suggested that patients presenting with viraemia are better candidates to assess the symptoms of disease when compared to investigations of respiratory secretions [172]. The effects and mechanisms of latency, persistence, reactivation and reinfection are however poorly understood and therefore its effects on coinfection and its contribution to active disease cannot be accurately stated [173].





5. Conclusions


The etiological agents of 12%–39% of lower respiratory tract infections still remain to be identified [138,158]. These results may vary significantly depending on the sensitivity of the diagnostic assay used, respiratory site sampled and even geographical location of the study but it does suggest that many uncharacterized respiratory pathogens could still remain elusive awaiting discovery. The vast improvements in molecular techniques within the past decade have however led to the discovery of four previously circulating respiratory viruses and also the rapid characterization of two completely novel viruses, namely SARS-CoV and MERS-CoV. All these viruses have varying but significant impact on human health and the potential for outbreak of completely novel, emergent respiratory viruses, seen with SARS and MERS, poses their own unique threats. Lessons learned from these viruses, and others currently in circulation, provide health care authorities and scientists with suitable expertise and knowledge to rapidly identify and combat novel respiratory viruses and as our techniques improve we will be in a position to characterize those viruses that are currently difficult to isolate and identify.







Acknowledgments


Burtram C. Fielding receives funding from the National Research Foundation, South Africa. Any opinion, findings and conclusions or recommendations expressed in this material are those of the author and therefore the NRF does not accept any liability in regard thereto.




Author Contributions


MB wrote the earlier drafts of the manuscript. JG edited and reviewed the early drafts of the manuscript. BCF conceptualized the paper and wrote the submission draft of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chonmaitree, T.; Revai, K.; Grady, J.J.; Clos, A.; Patel, J.A.; Nair, S.; Fan, J.; Henrickson, K.J. Viral upper respiratory tract infection and otitis media complication in young children. Clin. Infect. Dis. 2008, 46, 815–823. [Google Scholar] [CrossRef] [PubMed]

	



Fendrick, A.M.; Monto, A.S.; Nightengale, B.; Sarnes, M. The economic burden of non-influenza-related viral respiratory tract infection in the United States. Arch. Intern. Med. 2003, 163, 487–494. [Google Scholar] [CrossRef] [PubMed]

	



Denny, F.W., Jr. The clinical impact of human respiratory virus infections. Am. J. Respir. Crit. Care Med. 1995, 152, S4–S12. [Google Scholar] [CrossRef] [PubMed]

	



Murray, C.J.; Lopez, A.D.; Mathers, C.D.; Stein, C. The Global Burden of Disease 2000 Project: Aims, Methods and Data Sources; Harvard Burden of Disease Unit, Center for Population and Development Studies: Massachusetts, Boston, USA, 2001. [Google Scholar]

	



Byington, C.L.; Enriquez, F.R.; Hoff, C.; Tuohy, R.; Taggart, E.W.; Hillyard, D.R.; Carroll, K.C.; Christenson, J.C. Serious bacterial infections in febrile infants 1 to 90 days old with and without viral infections. Pediatrics 2004, 113, 1662–1666. [Google Scholar] [CrossRef] [PubMed]

	



Rotzén‐Östlund, M.; Eriksson, M.; Tiveljung Lindell, A.; Allander, T.; Zweygberg Wirgart, B.; Grillner, L. Children with multiple viral respiratory infections are older than those with single viruses. Acta Paediatr. 2014, 103, 100–104. [Google Scholar] [CrossRef] [PubMed]

	



Fahey, T.; Stocks, N.; Thomas, T. Systematic review of the treatment of upper respiratory tract infection. Arch. Dis. Child. 1998, 79, 225–230. [Google Scholar] [CrossRef]

	



Pavia, A.T. Viral infections of the lower respiratory tract: Old viruses, new viruses, and the role of diagnosis. Clin. Infect. Dis. 2011, 52 (Suppl. 4), S284–S289. [Google Scholar] [CrossRef] [PubMed]

	



Lau, S.K.P.; Woo, P.C.Y.; Yip, C.C.Y.; Tse, H.; Tsoi, H.W.; Cheng, V.C.C.; Lee, P.; Tang, B.S.F.; Cheung, C.H.Y.; Lee, R.A.; et al. Coronavirus HKU1 and Other Coronavirus Infections in Hong Kong. J. Clin. Microbiol. 2006, 44, 2063–2071. [Google Scholar] [CrossRef] [PubMed]

	



Gorse, G.J.; O’Connor, T.Z.; Hall, S.L.; Vitale, J.N.; Nichol, K.L. Human coronavirus and acute respiratory illness in older adults with chronic obstructive pulmonary disease. J. Infect. Dis. 2009, 199, 847–857. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, K.G.; Kent, J.; Hammersley, V.; Cancio, E. Acute viral infections of upper respiratory tract in elderly people living in the community: Comparative, prospective, population based study of disease burden. Br. Med. J. 1997, 315, 1060–1064. [Google Scholar] [CrossRef]

	



Couch, M.; Robert, B.; Englund, M.; Janet, A. Respiratory viral infections in immunocompetent and immunocompromised persons. Am. J. Med. 1997, 102, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Whimbey, M.; Englund, M.; Janet, A.; Couch, M.; Robert, B. Community respiratory virus infections in immunocompromised patients with cancer. Am. J. Med. 1997, 102, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Drieghe, S.; Ryckaert, I.; Beuselinck, K.; Lagrou, K.; Padalko, E. Epidemiology of respiratory viruses in bronchoalveolar lavage samples in a tertiary hospital. J. Clin. Virol. 2014, 59, 208–211. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, S.; Daleno, C.; Prunotto, G.; Scala, A.; Tagliabue, C.; Borzani, I.; Fossali, E.; Pelucchi, C.; Principi, N. Impact of viral infections in children with community-acquired pneumonia: Results of a study of 17 respiratory viruses. Influenza Respir. Viruses 2013, 7, 18–26. [Google Scholar] [CrossRef]

	



Van den Hoogen, B.G.; de Jong, J.C.; Groen, J.; Kuiken, T.; de Groot, R.; Fouchier, R.A.; Osterhaus, A.D. A newly discovered human pneumovirus isolated from young children with respiratory tract disease. Nat. Med. 2001, 7, 719–724. [Google Scholar]

	



McIntosh, K. Coronaviruses in the limelight. J. Infect. Dis. 2005, 191, 489–491. [Google Scholar] [CrossRef] [PubMed]

	



Tyrrell, D.A.; Bynoe, M.L. Cultivation of a Novel Type of Common-Cold Virus in Organ Cultures. Br. Med. J. 1965, 1, 1467–1470. [Google Scholar] [CrossRef] [PubMed]

	



Tyrrell, D.A.; Bynoe, M.L. Cultivation of viruses from a high proportion of patients with colds. Lancet 1966, 1, 76–77. [Google Scholar] [CrossRef] [PubMed]

	



Hamre, D.; Procknow, J.J. A new virus isolated from the human respiratory tract. Proc. Soc. Exp. Biol. Med. 1966, 121, 190–193. [Google Scholar] [CrossRef] [PubMed]

	



McIntosh, K.; Dees, J.H.; Becker, W.B.; Kapikian, A.Z.; Chanock, R.M. Recovery in tracheal organ cultures of novel viruses from patients with respiratory disease. Proc. Natl. Acad. Sci. USA 1967, 57, 933–940. [Google Scholar] [CrossRef] [PubMed]

	



Bradburne, A. Antigenic relationships amongst coronaviruses. Arch. Gesamte Virusforsch. 1970, 31, 352–364. [Google Scholar] [CrossRef] [PubMed]

	



McIntosh, K.; Kapikian, A.Z.; Hardison, K.A.; Hartley, J.W.; Chanock, R.M. Antigenic relationships among the coronaviruses of man and between human and animal coronaviruses. J. Immunol. 1969, 102, 1109–1118. [Google Scholar] [PubMed]

	



Lee, N.; Hui, D.; Wu, A.; Chan, P.; Cameron, P.; Joynt, G.M.; Ahuja, A.; Yung, M.Y.; Leung, C.; To, K. A major outbreak of severe acute respiratory syndrome in Hong Kong. N. Engl. J. Med. 2003, 348, 1986–1994. [Google Scholar] [CrossRef] [PubMed]

	



Poutanen, S.M.; Low, D.E.; Henry, B.; Finkelstein, S.; Rose, D.; Green, K.; Tellier, R.; Draker, R.; Adachi, D.; Ayers, M. Identification of severe acute respiratory syndrome in Canada. N. Engl. J. Med. 2003, 348, 1995–2005. [Google Scholar] [CrossRef] [PubMed]

	



Tsang, K.W.; Ho, P.L.; Ooi, G.C.; Yee, W.K.; Wang, T.; Chan-Yeung, M.; Lam, W.K.; Seto, W.H.; Yam, L.Y.; Cheung, T.M. A cluster of cases of severe acute respiratory syndrome in Hong Kong. N. Engl. J. Med. 2003, 348, 1977–1985. [Google Scholar] [CrossRef] [PubMed]

	



Drosten, C.; Gunther, S.; Preiser, W.; van der Werf, S.; Brodt, H.R.; Becker, S.; Rabenau, H.; Panning, M.; Kolesnikova, L.; Fouchier, R.A.; et al. Identification of a novel coronavirus in patients with severe acute respiratory syndrome. N. Engl. J. Med. 2003, 348, 1967–1976. [Google Scholar] [CrossRef] [PubMed]

	



Ksiazek, T.G.; Erdman, D.; Goldsmith, C.S.; Zaki, S.R.; Peret, T.; Emery, S.; Tong, S.; Urbani, C.; Comer, J.A.; Lim, W.; et al. A novel coronavirus associated with severe acute respiratory syndrome. N. Engl. J. Med. 2003, 348, 1953–1966. [Google Scholar] [CrossRef] [PubMed]

	



Peiris, J.S.; Lai, S.T.; Poon, L.L.; Guan, Y.; Yam, L.Y.; Lim, W.; Nicholls, J.; Yee, W.K.; Yan, W.W.; Cheung, M.T.; et al. Coronavirus as a possible cause of severe acute respiratory syndrome. Lancet 2003, 361, 1319–1325. [Google Scholar] [CrossRef] [PubMed]

	



Surjit, M.; Kumar, R.; Mishra, R.N.; Reddy, M.K.; Chow, V.T.; Lal, S.K. The severe acute respiratory syndrome coronavirus nucleocapsid protein is phosphorylated and localizes in the cytoplasm by 14-3-3-mediated translocation. J. Virol. 2005, 79, 11476–11486. [Google Scholar] [CrossRef] [PubMed]

	



Marra, M.A.; Jones, S.J.; Astell, C.R.; Holt, R.A.; Brooks-Wilson, A.; Butterfield, Y.S.; Khattra, J.; Asano, J.K.; Barber, S.A.; Chan, S.Y.; et al. The Genome sequence of the SARS-associated coronavirus. Science 2003, 300, 1399–1404. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.-D.; Tu, C.-C.; Zhang, G.-W.; Wang, S.-Y.; Zheng, K.; Lei, L.-C.; Chen, Q.-X.; Gao, Y.-W.; Zhou, H.-Q.; Xiang, H. Cross-host evolution of severe acute respiratory syndrome coronavirus in palm civet and human. Proc. Natl. Acad. Sci. USA 2005, 102, 2430–2435. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.P. SARS molecular epidemiology: A Chinese fairy tale of controlling an emerging zoonotic disease in the genomics era. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2007, 362, 1063–1081. [Google Scholar] [CrossRef]

	



Cleri, D.J.; Ricketti, A.J.; Vernaleo, J.R. Severe acute respiratory syndrome (SARS). Infect. Dis. Clin. North Am. 2010, 24, 175–202. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, V.C.; Chan, J.F.; To, K.K.; Yuen, K.Y. Clinical management and infection control of SARS: Lessons learned. Antivir. Res. 2013, 100, 407–419. [Google Scholar] [CrossRef] [PubMed]

	



Pyrc, K.; Berkhout, B.; van der Hoek, L. The novel human coronaviruses NL63 and HKU1. J. Virol. 2007, 81, 3051–3057. [Google Scholar] [CrossRef] [PubMed]

	



Lau, S.K.; Li, K.S.; Huang, Y.; Shek, C.T.; Tse, H.; Wang, M.; Choi, G.K.; Xu, H.; Lam, C.S.; Guo, R.; et al. Ecoepidemiology and complete genome comparison of different strains of severe acute respiratory syndrome-related Rhinolophus bat coronavirus in China reveal bats as a reservoir for acute, self-limiting infection that allows recombination events. J. Virol. 2010, 84, 2808–2819. [Google Scholar] [CrossRef] [PubMed]

	



Guan, Y.; Zheng, B.; He, Y.; Liu, X.; Zhuang, Z.; Cheung, C.; Luo, S.; Li, P.; Zhang, L.; Guan, Y. Isolation and characterization of viruses related to the SARS coronavirus from animals in southern China. Science 2003, 302, 276–278. [Google Scholar] [CrossRef] [PubMed]

	



Lau, S.K.; Woo, P.C.; Li, K.S.; Huang, Y.; Tsoi, H.-W.; Wong, B.H.; Wong, S.S.; Leung, S.-Y.; Chan, K.-H.; Yuen, K.-Y. Severe acute respiratory syndrome coronavirus-like virus in Chinese horseshoe bats. Proc. Natl. Acad. Sci. USA 2005, 102, 14040–14045. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Shi, Z.; Yu, M.; Ren, W.; Smith, C.; Epstein, J.H.; Wang, H.; Crameri, G.; Hu, Z.; Zhang, H. Bats are natural reservoirs of SARS-like coronaviruses. Science 2005, 310, 676–679. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, V.C.; Lau, S.K.; Woo, P.C.; Yuen, K.Y. Severe acute respiratory syndrome coronavirus as an agent of emerging and reemerging infection. Clin. Microbiol. Rev. 2007, 20, 660–694. [Google Scholar] [CrossRef] [PubMed]

	



He, R.; Dobie, F.; Ballantine, M.; Leeson, A.; Li, Y.; Bastien, N.; Cutts, T.; Andonov, A.; Cao, J.; Booth, T.F.; et al. Analysis of multimerization of the SARS coronavirus nucleocapsid protein. Biochem. Biophys. Res. Commun. 2004, 316, 476–483. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.K.; Lee, B.H.; Dutta, N.K.; Seok, S.H.; Baek, M.W.; Lee, H.Y.; Kim, D.J.; Na, Y.R.; Noh, K.J.; Park, S.H.; et al. Detection of antibodies against SARS-Coronavirus using recombinant truncated nucleocapsid proteins by ELISA. J. Microbiol. Biotechnol. 2008, 18, 1717–1721. [Google Scholar] [PubMed]

	



Surjit, M.; Liu, B.; Jameel, S.; Chow, V.T.; Lal, S.K. The SARS coronavirus nucleocapsid protein induces actin reorganization and apoptosis in COS-1 cells in the absence of growth factors. Biochem. J. 2004, 383, 13–18. [Google Scholar] [CrossRef] [PubMed]

	



Nicholls, J.M.; Poon, L.L.; Lee, K.C.; Ng, W.F.; Lai, S.T.; Leung, C.Y.; Chu, C.M.; Hui, P.K.; Mak, K.L.; Lim, W. Lung pathology of fatal severe acute respiratory syndrome. Lancet 2003, 361, 1773–1778. [Google Scholar] [CrossRef] [PubMed]

	



Kahn, J.S.; McIntosh, K. History and Recent Advances in Coronavirus Discovery. Pediatr. Infect. Dis. J. 2005, 24 (Suppl.), S223–S227. [Google Scholar] [CrossRef] [PubMed]

	



Hon, K.; Leung, C.; Cheng, W.; Chan, P.; Chu, W.; Kwan, Y.; Li, A.; Fong, N.; Ng, P.; Chiu, M. Clinical presentations and outcome of severe acute respiratory syndrome in children. Lancet 2003, 361, 1701–1703. [Google Scholar] [CrossRef] [PubMed]

	



Leung, C.-W.; Kwan, Y.-W.; Ko, P.-W.; Chiu, S.S.; Loung, P.-Y.; Fong, N.-C.; Lee, L.-P.; Hui, Y.-W.; Law, H.K.; Wong, W.H. Severe acute respiratory syndrome among children. Pediatrics 2004, 113, e535–e543. [Google Scholar] [CrossRef] [PubMed]

	



Peiris, J.; Guan, Y.; Yuen, K. Severe acute respiratory syndrome. Nat. Med. 2004, 10, S88–S97. [Google Scholar] [CrossRef] [PubMed]

	



Knobler, S.; Mahmoud, A.; Lemon, S.; Mack, A.; Sivitz, L.; Oberholtzer, K. Learning from SARS: Preparing for the Next Disease Outbreak—Workshop Summary; National Academies Press: Washington, DC, USA, 2004. [Google Scholar]

	



Van der Hoek, L.; Pyrc, K.; Jebbink, M.F.; Vermeulen-Oost, W.; Berkhout, R.J.; Wolthers, K.C.; Wertheim-van Dillen, P.M.; Kaandorp, J.; Spaargaren, J.; Berkhout, B. Identification of a new human coronavirus. Nat. Med. 2004, 10, 368–373. [Google Scholar] [CrossRef] [PubMed]

	



Fouchier, R.A.; Hartwig, N.G.; Bestebroer, T.M.; Niemeyer, B.; de Jong, J.C.; Simon, J.H.; Osterhaus, A.D. A previously undescribed coronavirus associated with respiratory disease in humans. Proc. Natl. Acad. Sci. USA 2004, 101, 6212–6216. [Google Scholar] [CrossRef] [PubMed]

	



Esper, F.; Weibel, C.; Ferguson, D.; Landry, M.L.; Kahn, J.S. Evidence of a novel human coronavirus that is associated with respiratory tract disease in infants and young children. J. Infect. Dis. 2005, 191, 492–498. [Google Scholar] [CrossRef] [PubMed]

	



Enserink, M. Virology. One virus, three names, three claims. Science 2005, 307, 493. [Google Scholar] [CrossRef] [PubMed]

	



Huynh, J.; Li, S.; Yount, B.; Smith, A.; Sturges, L.; Olsen, J.C.; Nagel, J.; Johnson, J.B.; Agnihothram, S.; Gates, J.E.; et al. Evidence supporting a zoonotic origin of human coronavirus strain NL63. J. Virol. 2012, 86, 12816–12825. [Google Scholar] [CrossRef] [PubMed]

	



Pyrc, K.; Dijkman, R.; Deng, L.; Jebbink, M.F.; Ross, H.A.; Berkhout, B.; van der Hoek, L. Mosaic structure of human coronavirus NL63, one thousand years of evolution. J. Mol. Biol. 2006, 364, 964–973. [Google Scholar] [CrossRef] [PubMed]

	



Woo, P.C.; Lau, S.K.; Chu, C.M.; Chan, K.H.; Tsoi, H.W.; Huang, Y.; Wong, B.H.; Poon, R.W.; Cai, J.J.; Luk, W.K.; et al. Characterization and complete genome sequence of a novel coronavirus, coronavirus HKU1, from patients with pneumonia. J. Virol. 2005, 79, 884–895. [Google Scholar] [CrossRef] [PubMed]

	



Pyrc, K.; Sims, A.C.; Dijkman, R.; Jebbink, M.; Long, C.; Deming, D.; Donaldson, E.; Vabret, A.; Baric, R.; van der Hoek, L. Culturing the unculturable: Human coronavirus HKU1 infects, replicates, and produces progeny virions in human ciliated airway epithelial cell cultures. J. Virol. 2010, 84, 11255–11263. [Google Scholar] [CrossRef] [PubMed]

	



Góes, L.G.; Durigon, E.L.; Campos, A.A.; Hein, N.; Passos, S.D.; Jerez, J.A. Coronavirus HKU1 in children, Brazil, 1995. Emerg. Infect. Dis. 2011, 17, 1147–1148. [Google Scholar] [CrossRef] [PubMed]

	



Zaki, A.M.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.; Fouchier, R.A. Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N. Engl. J. Med. 2012, 367, 1814–1820. [Google Scholar] [CrossRef] [PubMed]

	



de Groot, R.J.; Baker, S.C.; Baric, R.S.; Brown, C.S.; Drosten, C.; Enjuanes, L.; Fouchier, R.A.; Galiano, M.; Gorbalenya, A.E.; Memish, Z.A. Middle East respiratory syndrome coronavirus (MERS-CoV): Announcement of the Coronavirus Study Group. J. Virol. 2013, 87, 7790–7792. [Google Scholar] [CrossRef] [PubMed]

	



Hui, D.S.; Zumla, A. Advancing priority research on the Middle East respiratory syndrome coronavirus. J. Infect. Dis. 2014, 209, 173–176. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. Global Alert and Response (GAR), Coronavirus infections. Available online: http://www.who.int/csr/don/archive/disease/coronavirus_infections/en/ (accessed on 11 June 2014).

	



Breban, R.; Riou, J.; Fontanet, A. Interhuman transmissibility of Middle East respiratory syndrome coronavirus: Estimation of pandemic risk. Lancet 2013, 382, 694–699. [Google Scholar] [CrossRef] [PubMed]

	



Coleman, C.M.; Frieman, M.B. Coronaviruses: Important Emerging Human Pathogens. J. Virol. 2014, 88, 5209–5212. [Google Scholar] [CrossRef] [PubMed]

	



Memish, Z.A.; Zumla, A.I.; Al-Hakeem, R.F.; Al-Rabeeah, A.A.; Stephens, G.M. Family cluster of Middle East respiratory syndrome coronavirus infections. N. Engl. J. Med. 2013, 368, 2487–2494. [Google Scholar] [CrossRef] [PubMed]

	



Memish, Z.A.; Zumla, A.I.; Assiri, A. Middle East respiratory syndrome coronavirus infections in health care workers. N. Engl. J. Med. 2013, 369, 884–886. [Google Scholar] [CrossRef] [PubMed]

	



Assiri, A.; McGeer, A.; Perl, T.M.; Price, C.S.; Al Rabeeah, A.A.; Cummings, D.A.; Alabdullatif, Z.N.; Assad, M.; Almulhim, A.; Makhdoom, H.; et al. Hospital outbreak of Middle East respiratory syndrome coronavirus. N. Engl. J. Med. 2013, 369, 407–416. [Google Scholar] [CrossRef] [PubMed]

	



De Sousa, R.; Reusken, C.; Koopmans, M. MERS coronavirus: Data gaps for laboratory preparedness. J. Clin. Virol. 2014, 59, 4–11. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. Global Alert and Response (GAR), MERS-CoV summary updates. Available online: http://www.who.int/csr/disease/coronavirus_infections/archive_updates/en/ (accessed on 11 June 2014).

	



Assiri, A.; Al-Tawfiq, J.A.; Al-Rabeeah, A.A.; Al-Rabiah, F.A.; Al-Hajjar, S.; Al-Barrak, A.; Flemban, H.; Al-Nassir, W.N.; Balkhy, H.H.; Al-Hakeem, R.F. Epidemiological, demographic, and clinical characteristics of 47 cases of Middle East respiratory syndrome coronavirus disease from Saudi Arabia: A descriptive study. Lancet Infect. Dis. 2013, 13, 752–761. [Google Scholar] [CrossRef] [PubMed]

	



Mailles, A.; Blanckaert, K.; Chaud, P.; van der Werf, S.; Lina, B.; Caro, V.; Campese, C.; Guéry, B.; Prouvost, H.; Lemaire, X.; et al. First cases of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) infections in France, investigations and implications for the prevention of human-to-human transmission, France, May 2013. Eurosurveillance 2013, 18, e20503. [Google Scholar]

	



Cotten, M.; Lam, T.T.; Watson, S.J.; Palser, A.L.; Petrova, V.; Grant, P.; Pybus, O.G.; Rambaut, A.; Guan, Y.; Pillay, D.; et al. Full-genome deep sequencing and phylogenetic analysis of novel human betacoronavirus. Emerg. Infect. Dis. 2013, 19, 736–742B. [Google Scholar] [CrossRef] [PubMed]

	



Van Boheemen, S.; de Graaf, M.; Lauber, C.; Bestebroer, T.M.; Raj, V.S.; Zaki, A.M.; Osterhaus, A.D.; Haagmans, B.L.; Gorbalenya, A.E.; Snijder, E.J. Genomic characterization of a newly discovered coronavirus associated with acute respiratory distress syndrome in humans. MBio 2012, 3, e00473-12. [Google Scholar] [CrossRef] [PubMed]

	



Ithete, N.L.; Stoffberg, S.; Corman, V.M.; Cottontail, V.M.; Richards, L.R.; Schoeman, M.C.; Drosten, C.; Drexler, J.F.; Preiser, W. Close relative of human Middle East respiratory syndrome coronavirus in bat, South Africa. Emerg. Infect. Dis. 2013, 19, 1697–1699. [Google Scholar] [CrossRef] [PubMed]

	



Hemida, M.G.; Chu, D.; Poon, L.; Perera, R.; Alhammadi, M.; Ng, H. MERS coronavirus in dromedary camel herd, Saudi Arabia. Emerg. Infect. Dis. 2014, 20, 1231–1234. [Google Scholar] [CrossRef] [PubMed]

	



Reusken, C.B. Geographic distribution of MERS coronavirus among dromedary camels, Africa. Emerg. Infect. Dis. 2014, 20, 1370–1374. [Google Scholar] [CrossRef] [PubMed]

	



Nowotny, N.; Kolodziejek, J. Middle East respiratory syndrome coronavirus (MERS-CoV) in dromedary camels, Oman, 2013. Euro Surveill. 2014, 19, e20829. [Google Scholar]

	



Raj, V.S.; Farag, E.; Reusken, C. Isolation of MERS coronavirus from dromedary camel, Qatar, 2014. Emerg. Infect. Dis. 2014, 20, 1339–1342. [Google Scholar] [CrossRef] [PubMed]

	



Memish, Z.A.; Cotton, M.; Meyer, B.; Watson, S.; Alsahafi, A.; al Rabeeah, A.; Corman, V.; Sieberg, A.; Makhdoom, H.; Assiri, A. Human infection with MERS coronavirus after exposure to infected camels, Saudi Arabia, 2013. Emerg. Infect. Dis. 2014, 20, 1012–1015. [Google Scholar] [CrossRef] [PubMed]

	



Azhar, E.I.; El-Kafrawy, S.A.; Farraj, S.A.; Hassan, A.M.; Al-Saeed, M.S.; Hashem, A.M.; Madani, T.A. Evidence for Camel-to-Human Transmission of MERS Coronavirus. N. Engl. J. Med. 2014, 370, 2499–2505. [Google Scholar] [CrossRef] [PubMed]

	



Van Doremalen, N.; Bushmaker, T.; Karesh, W.; Munster, V. Stability of Middle East respiratory syndrome coronavirus in milk. Emerg. Infect. Dis. 2014, 20, 1263–1264. [Google Scholar] [CrossRef] [PubMed]

	



Reusken, C.; Farag, E.; Jonges, M.; Godeke, G.; El-Sayed, A.; Pas, S.; Raj, V.; Mohran, K.; Moussa, H.; Ghobashy, H. Middle East respiratory syndrome coronavirus (MERS-CoV) RNA and neutralising antibodies in milk collected according to local customs from dromedary camels, Qatar, April 2014. Euro Surveill. 2014, 19, 1–5. [Google Scholar]

	



Alagaili, A.N.; Briese, T.; Karesh, W.B.; Daszak, P.; Lipkin, W.I. Reply to “Concerns About Misinterpretation of Recent Scientific Data Implicating Dromedary Camels in Epidemiology of Middle East Respiratory Syndrome (MERS)”. MBio 2014, 5, e01482-14. [Google Scholar] [PubMed]

	



Lu, R.; Yu, X.; Wang, W.; Duan, X.; Zhang, L.; Zhou, W.; Xu, J.; Xu, L.; Hu, Q.; Lu, J.; et al. Characterization of human coronavirus etiology in Chinese adults with acute upper respiratory tract infection by real-time RT-PCR assays. PLOS ONE 2012, 7, e38638. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, E.E.; Shin, J.H.; Falsey, A.R. Clinical Impact of Human Coronaviruses 229E and OC43 Infection in Diverse Adult Populations. J. Infect. Dis. 2013, 208, 1634–1642. [Google Scholar] [CrossRef] [PubMed]

	



Pene, F.; Merlat, A.; Vabret, A.; Rozenberg, F.; Buzyn, A.; Dreyfus, F.; Cariou, A.; Freymuth, F.; Lebon, P. Coronavirus 229E-related pneumonia in immunocompromised patients. Clin. Infect. Dis. 2003, 37, 929–932. [Google Scholar] [CrossRef] [PubMed]

	



Woo, P.C.; Lau, S.K.; Tsoi, H.-W.; Huang, Y.; Poon, R.W.; Chu, C.-M.; Lee, R.A.; Luk, W.-K.; Wong, G.K.; Wong, B.H. Clinical and molecular epidemiological features of coronavirus HKU1–associated community-acquired pneumonia. J. Infect. Dis. 2005, 192, 1898–1907. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Vabret, A.; Mourez, T.; Gouarin, S.; Petitjean, J.; Freymuth, F. An outbreak of coronavirus OC43 respiratory infection in Normandy, France. Clin. Infect. Dis. 2003, 36, 985–989. [Google Scholar] [CrossRef] [PubMed]

	



Van der Hoek, L.; Sure, K.; Ihorst, G.; Stang, A.; Pyrc, K.; Jebbink, M.F.; Petersen, G.; Forster, J.; Berkhout, B.; Überla, K. Croup is associated with the novel coronavirus NL63. PLOS Med. 2005, 2, e240. [Google Scholar]

	



Esper, F.; Shapiro, E.D.; Weibel, C.; Ferguson, D.; Landry, M.L.; Kahn, J.S. Association between a novel human coronavirus and Kawasaki disease. J. Infect. Dis. 2005, 191, 499–502. [Google Scholar] [CrossRef] [PubMed]

	



Chang, L.-Y.; Chiang, B.-L.; Kao, C.-L.; Wu, M.-H.; Chen, P.-J.; Berkhout, B.; Yang, H.-C.; Huang, L.-M. Lack of association between infection with a novel human coronavirus (HCoV), HCoV-NH, and Kawasaki disease in Taiwan. J. Infect. Dis. 2006, 193, 283–286. [Google Scholar] [CrossRef] [PubMed]

	



Lehmann, C.; Klar, R.; Lindner, J.; Lindner, P.; Wolf, H.; Gerling, S. Kawasaki disease lacks association with human coronavirus NL63 and human bocavirus. Pediatr. Infect. Dis. J. 2009, 28, 553. [Google Scholar] [CrossRef] [PubMed]

	



Baker, S.; Shimizu, C.; Shike, H.; Garcia, F.; van der Hoek, L.; Kuijper, T.; Reed, S.; Rowley, A.; Shulman, S.; Talbot, H. Human coronavirus-NL63 infection is not associated with acute Kawasaki disease. In The Nidoviruses; Springer: New York, NY, USA, 2006; pp. 523–526. [Google Scholar]

	



Gaunt, E.R.; Hardie, A.; Claas, E.C.J.; Simmonds, P.; Templeton, K.E. Epidemiology and Clinical Presentations of the Four Human Coronaviruses 229E, HKU1, NL63, and OC43 Detected over 3 Years Using a Novel Multiplex Real-Time PCR Method. J. Clin. Microbiol. 2010, 48, 2940–2947. [Google Scholar] [CrossRef] [PubMed]

	



Gerna, G.; Campanini, G.; Rovida, F.; Percivalle, E.; Sarasini, A.; Marchi, A.; Baldanti, F. Genetic variability of human coronavirus OC43‐, 229E‐, and NL63‐like strains and their association with lower respiratory tract infections of hospitalized infants and immunocompromised patients. J. Med. Virol. 2006, 78, 938–949. [Google Scholar] [CrossRef] [PubMed]

	



Cabeça, T.K.; Granato, C.; Bellei, N. Epidemiological and clinical features of human coronavirus infections among different subsets of patients. Influenza Respir. Viruses 2013, 7, 1040–1047. [Google Scholar] [CrossRef]

	



Zhou, W.; Wang, W.; Wang, H.; Lu, R.; Tan, W. First infection by all four non-severe acute respiratory syndrome human coronaviruses takes place during childhood. BMC Infect. Dis. 2013, 13, e433. [Google Scholar] [CrossRef]

	



Lepiller, Q.; Barth, H.; Lefebvre, F.; Herbrecht, R.; Lutz, P.; Kessler, R.; Fafi-Kremer, S.; Stoll-Keller, F. High Incidence but Low Burden of Coronaviruses and Preferential Associations between Respiratory Viruses. J. Clin. Microbiol. 2013, 51, 3039–3046. [Google Scholar] [CrossRef] [PubMed]

	



Ren, L.; Gonzalez, R.; Xu, J.; Xiao, Y.; Li, Y.; Zhou, H.; Li, J.; Yang, Q.; Zhang, J.; Chen, L.; et al. Prevalence of human coronaviruses in adults with acute respiratory tract infections in Beijing, China. J. Med. Virol. 2011, 83, 291–297. [Google Scholar] [CrossRef] [PubMed]

	



Dijkman, R.; Jebbink, M.F.; Gaunt, E.; Rossen, J.W.; Templeton, K.E.; Kuijpers, T.W.; van der Hoek, L. The dominance of human coronavirus OC43 and NL63 infections in infants. J. Clin. Virol. 2012, 53, 135–139. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.J.; Zhang, C.; Zhang, T.; Lu, R.J.; Xie, Z.D.; Zhang, L.L.; Liu, C.Y.; Zhou, W.M.; Ruan, L.; Ma, X.J.; et al. Human Coronaviruses HCoV-NL63 and HCoV-HKU1 in Hospitalized Children with Acute Respiratory Infections in Beijing, China. Adv. Virol. 2011, 2011, e129134. [Google Scholar] [CrossRef]

	



Schildgen, V.; van den Hoogen, B.; Fouchier, R.; Tripp, R.A.; Alvarez, R.; Manoha, C.; Williams, J.; Schildgen, O. Human Metapneumovirus: Lessons learned over the first decade. Clin. Microbiol. Rev. 2011, 24, 734–754. [Google Scholar] [CrossRef] [PubMed]

	



Feuillet, F.; Lina, B.; Rosa-Calatrava, M.; Boivin, G. Ten years of human metapneumovirus research. J. Clin. Virol. 2012, 53, 97–105. [Google Scholar] [CrossRef] [PubMed]

	



Beneri, C.; Ginocchio, C.C.; Manji, R.; Sood, S. Comparison of clinical features of pediatric respiratory syncytial virus and human metapneumovirus infections. Infect. Control Hosp. Epidemiol. 2009, 30, 1240–1241. [Google Scholar] [CrossRef] [PubMed]

	



Schildgen, O.; Geikowski, T.; Glatzel, T.; Schuster, J.; Simon, A. Frequency of human metapneumovirus in the upper respiratory tract of children with symptoms of an acute otitis media. Eur. J. Pediatr. 2005, 164, 400–401. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, A.; Watanabe, O.; Okamoto, M.; Endo, H.; Yano, H.; Suetake, M.; Nishimura, H. Detection of human metapneumovirus from children with acute otitis media. Pediatr. Infect. Dis. J. 2005, 24, 655–657. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.V.; Harris, P.A.; Tollefson, S.J.; Halburnt-Rush, L.L.; Pingsterhaus, J.M.; Edwards, K.M.; Wright, P.F.; Crowe, J.E., Jr. Human metapneumovirus and lower respiratory tract disease in otherwise healthy infants and children. N. Engl. J. Med. 2004, 350, 443–450. [Google Scholar] [CrossRef] [PubMed]

	



Roussy, J.F.; Carbonneau, J.; Ouakki, M.; Papenburg, J.; Hamelin, M.E.; De Serres, G.; Boivin, G. Human metapneumovirus viral load is an important risk factor for disease severity in young children. J. Clin. Virol. 2014, 60, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Boivin, G.; de Serres, G.; Hamelin, M.-E.; Côté, S.; Argouin, M.; Tremblay, G.; Maranda-Aubut, R.; Sauvageau, C.; Ouakki, M.; Boulianne, N. An outbreak of severe respiratory tract infection due to human metapneumovirus in a long-term care facility. Clin. Infect. Dis. 2007, 44, 1152–1158. [Google Scholar] [CrossRef] [PubMed]

	



Boivin, G.; Abed, Y.; Pelletier, G.; Ruel, L.; Moisan, D.; Côté, S.; Peret, T.C.; Erdman, D.D.; Anderson, L.J. Virological features and clinical manifestations associated with human metapneumovirus: A new paramyxovirus responsible for acute respiratory-tract infections in all age groups. J. Infect. Dis. 2002, 186, 1330–1334. [Google Scholar] [CrossRef] [PubMed]

	



Stout-Delgado, H.W.; Du, W.; Shirali, A.C.; Booth, C.J.; Goldstein, D.R. Aging promotes neutrophil-induced mortality by augmenting IL-17 production during viral infection. Cell Host Microbe 2009, 6, 446–456. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, E.E.; Peterson, D.R.; Falsey, A.R. Human metapneumovirus infections in adults: Another piece of the puzzle. Arch. Intern. Med. 2008, 168, 2489–2496. [Google Scholar] [CrossRef] [PubMed]

	



Hamelin, M.-È.; Abed, Y.; Boivin, G. Human metapneumovirus: A new player among respiratory viruses. Clin. Infect. Dis. 2004, 38, 983–990. [Google Scholar] [CrossRef] [PubMed]

	



Madhi, S.A.; Ludewick, H.; Kuwanda, L.; van Niekerk, N.; Cutland, C.; Little, T.; Klugman, K.P. Pneumococcal coinfection with human metapneumovirus. J. Infect. Dis. 2006, 193, 1236–1243. [Google Scholar] [CrossRef] [PubMed]

	



Seki, M.; Yoshida, H.; Gotoh, K.; Hamada, N.; Motooka, D.; Nakamura, S.; Yamamoto, N.; Hamaguchi, S.; Akeda, Y.; Watanabe, H. Severe respiratory failure due to co-infection with human metapneumovirus and Streptococcus pneumoniae. Respir. Med. Case Rep. 2014, 12, 13–15. [Google Scholar]

	



Lai, S.-H.; Liao, S.-L.; Wong, K.-S.; Lin, T.-Y. Preceding human metapneumovirus infection increases adherence of Streptococcus pneumoniae and severity of murine pneumococcal pneumonia. J. Microbiol. Immunol. Infect. 2014, in press. [Google Scholar]

	



Greensill, J.; McNamara, P.S.; Dove, W.; Flanagan, B.; Smyth, R.L.; Hart, C.A. Human metapneumovirus in severe respiratory syncytial virus bronchiolitis. Emerg. Infect. Dis. 2003, 9, 372–375. [Google Scholar] [CrossRef] [PubMed]

	



Papenburg, J.; Hamelin, M.-È.; Ouhoummane, N.; Carbonneau, J.; Ouakki, M.; Raymond, F.; Robitaille, L.; Corbeil, J.; Caouette, G.; Frenette, L. Comparison of risk factors for human metapneumovirus and respiratory syncytial virus disease severity in young children. J. Infect. Dis. 2012. [Google Scholar] [CrossRef]

	



De Graaf, M.; Osterhaus, A.D.; Fouchier, R.A.; Holmes, E.C. Evolutionary dynamics of human and avian metapneumoviruses. J. Gen. Virol. 2008, 89, 2933–2942. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.-F.; Wang, C.K.; Tollefson, S.J.; Piyaratna, R.; Lintao, L.D.; Chu, M.; Liem, A.; Mark, M.; Spaete, R.R.; Crowe, J.E., Jr. Genetic diversity and evolution of human metapneumovirus fusion protein over twenty years. Virol. J. 2009, 6, e138. [Google Scholar] [CrossRef]

	



Papenburg, J.; Carbonneau, J.; Isabel, S.; Bergeron, M.G.; Williams, J.V.; de Serres, G.; Hamelin, M.-È.; Boivin, G. Genetic diversity and molecular evolution of the major human metapneumovirus surface glycoproteins over a decade. J. Clin. Virol. 2013, 58, 541–547. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.V.; Wang, C.K.; Yang, C.-F.; Tollefson, S.J.; House, F.S.; Heck, J.M.; Chu, M.; Brown, J.B.; Lintao, L.D.; Quinto, J.D. The role of human metapneumovirus in upper respiratory tract infections in children: A 20-year experience. J. Infect. Dis. 2006, 193, 387–395. [Google Scholar] [CrossRef] [PubMed]

	



Arnott, A.; Vong, S.; Sek, M.; Naughtin, M.; Beauté, J.; Rith, S.; Guillard, B.; Deubel, V.; Buchy, P. Genetic variability of human metapneumovirus amongst an all ages population in Cambodia between 2007 and 2009. Infect. Genet. Evol. 2013, 15, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Kaida, A.; Iritani, N.; Kubo, H.; Shiomi, M.; Kohdera, U.; Murakami, T. Seasonal distribution and phylogenetic analysis of human metapneumovirus among children in Osaka City, Japan. J. Clin. Virol. 2006, 35, 394–399. [Google Scholar] [CrossRef] [PubMed]

	



Vicente, D.; Montes, M.; Cilla, G.; Perez-Yarza, E.G.; Perez-Trallero, E. Differences in clinical severity between genotype A and genotype B human metapneumovirus infection in children. Clin. Infect. Dis. 2006, 42, e111–e113. [Google Scholar] [CrossRef] [PubMed]

	



Pitoiset, C.; Darniot, M.; Huet, F.; Aho, S.L.; Pothier, P.; Manoha, C. Human metapneumovirus genotypes and severity of disease in young children (n = 100) during a 7‐year study in Dijon hospital, France. J. Med. Virol. 2010, 82, 1782–1789. [Google Scholar] [CrossRef] [PubMed]

	



Esper, F.; Martinello, R.A.; Boucher, D.; Weibel, C.; Ferguson, D.; Landry, M.L.; Kahn, J.S. A 1-year experience with human metapneumovirus in children aged <5 years. J. Infect. Dis. 2004, 189, 1388–1396. [Google Scholar]

	



Agapov, E.; Sumino, K.C.; Gaudreault-Keener, M.; Storch, G.A.; Holtzman, M.J. Genetic variability of human metapneumovirus infection: Evidence of a shift in viral genotype without a change in illness. J. Infect. Dis. 2006, 193, 396–403. [Google Scholar] [CrossRef] [PubMed]

	



Larcher, C.; Pagani, E.; Rossi, P.; Amato, B.; Pescollderungg, L.; Campanini, G.; Percivalle, E.; Huemer, H.P. Comparison of human metapneumovirus genotypes from the province of Bolzano in northern Italy with strains from surrounding regions in Italy and Austria. Jpn. J. Infect. Dis. 2008, 61, 154–156. [Google Scholar] [PubMed]

	



Edwards, K.M.; Zhu, Y.; Griffin, M.R.; Weinberg, G.A.; Hall, C.B.; Szilagyi, P.G.; Staat, M.A.; Iwane, M.; Prill, M.M.; Williams, J.V. New Vaccine Surveillance, N. Burden of human metapneumovirus infection in young children. N. Engl. J. Med. 2013, 368, 633–643. [Google Scholar] [CrossRef] [PubMed]

	



Semple, M.G.; Cowell, A.; Dove, W.; Greensill, J.; McNamara, P.S.; Halfhide, C.; Shears, P.; Smyth, R.L.; Hart, C.A. Dual infection of infants by human metapneumovirus and human respiratory syncytial virus is strongly associated with severe bronchiolitis. J. Infect. Dis. 2005, 191, 382–386. [Google Scholar] [CrossRef] [PubMed]

	



Van den Hoogen, B.G.; van Doornum, G.J.; Fockens, J.C.; Cornelissen, J.J.; Beyer, W.E.; de Groot, R.; Osterhaus, A.D.; Fouchier, R.A. Prevalence and clinical symptoms of human metapneumovirus infection in hospitalized patients. J. Infect. Dis. 2003, 188, 1571–1577. [Google Scholar] [CrossRef] [PubMed]

	



Van den Hoogen, B.G.; Osterhaus, D.M.; Fouchier, R.A. Clinical impact and diagnosis of human metapneumovirus infection. Pediatr. Infect. Dis. J. 2004, 23, S25–S32. [Google Scholar] [CrossRef] [PubMed]

	



Sloots, T.; Whiley, D.; Lambert, S.; Nissen, M. Emerging respiratory agents: New viruses for old diseases? J. Clin. Virol. 2008, 42, 233–243. [Google Scholar] [CrossRef] [PubMed]

	



Boivin, G.; De Serres, G.; Côté, S.; Gilca, R.; Abed, Y.; Rochette, L.; Bergeron, M.G.; Déry, P. Human metapneumovirus infections in hospitalized children. Emerg. Infect. Dis. 2003, 9, 634–640. [Google Scholar] [CrossRef] [PubMed]

	



Osterhaus, A.; Fouchier, R. Human metapneumovirus in the community. Lancet 2003, 361, 890–891. [Google Scholar] [CrossRef] [PubMed]

	



Allander, T.; Tammi, M.T.; Eriksson, M.; Bjerkner, A.; Tiveljung-Lindell, A.; Andersson, B. Cloning of a human parvovirus by molecular screening of respiratory tract samples. Proc. Natl. Acad. Sci. USA 2005, 102, 12891–12896. [Google Scholar] [CrossRef] [PubMed]

	



Arthur, J.L.; Higgins, G.D.; Davidson, G.P.; Givney, R.C.; Ratcliff, R.M. A novel bocavirus associated with acute gastroenteritis in Australian children. PLOS Pathog. 2009, 5, e1000391. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, A.; Slikas, E.; Simmonds, P.; Chieochansin, T.; Naeem, A.; Shaukat, S.; Alam, M.M.; Sharif, S.; Angez, M.; Zaidi, S.; et al. A newly identified bocavirus species in human stool. J. Infect. Dis. 2009, 199, 196–200. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, A.; Simmonds, P.; Slikas, E.; Li, L.; Bodhidatta, L.; Sethabutr, O.; Triki, H.; Bahri, O.; Oderinde, B.S.; Baba, M.M. Human bocaviruses are highly diverse, dispersed, recombination prone, and prevalent in enteric infections. J. Infect. Dis. 2010, 201, 1633–1643. [Google Scholar] [CrossRef] [PubMed]

	



Von Linstow, M.-L.; Høgh, M.; Høgh, B. Clinical and epidemiologic characteristics of human bocavirus in Danish infants: Results from a prospective birth cohort study. Pediatr. Infect. Dis. J. 2008, 27, 897–902. [Google Scholar] [CrossRef] [PubMed]

	



Jartti, T.; Hedman, K.; Jartti, L.; Ruuskanen, O.; Allander, T.; Söderlund‐Venermo, M. Human bocavirus—The first 5 years. Rev. Med. Virol. 2012, 22, 46–64. [Google Scholar] [CrossRef] [PubMed]

	



Vicente, D.; Cilla, G.; Montes, M.; Pérez-Yarza, E.G.; Pérez-Trallero, E. Human bocavirus, a respiratory and enteric virus. Emerg. Infect. Dis. 2007, 13, 636–637. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Deng, X.; Yan, Z.; Cheng, F.; Luo, Y.; Shen, W.; Lei-Butters, D.C.; Chen, A.Y.; Li, Y.; Tang, L. Establishment of a reverse genetics system for studying human bocavirus in human airway epithelia. PLOS Pathog. 2012, 8, e1002899. [Google Scholar] [CrossRef] [PubMed]

	



Deng, X.; Li, Y.; Qiu, J. Human bocavirus 1 infects commercially available primary human airway epithelium cultures productively. J. Virol. Methods 2014, 195, 112–119. [Google Scholar] [CrossRef] [PubMed]

	



Dijkman, R.; Koekkoek, S.M.; Molenkamp, R.; Schildgen, O.; van der Hoek, L. Human bocavirus can be cultured in differentiated human airway epithelial cells. J. Virol. 2009, 83, 7739–7748. [Google Scholar] [CrossRef] [PubMed]

	



Chow, B.D.; Ou, Z.; Esper, F.P. Newly recognized bocaviruses (HBoV, HBoV2) in children and adults with gastrointestinal illness in the United States. J. Clin. Virol. 2010, 47, 143–147. [Google Scholar] [CrossRef] [PubMed]

	



Han, T.-H.; Kim, C.-H.; Park, S.-H.; Kim, E.-J.; Chung, J.-Y.; Hwang, E.-S. Detection of human bocavirus-2 in children with acute gastroenteritis in South Korea. Arch. Virol. 2009, 154, 1923–1927. [Google Scholar] [CrossRef] [PubMed]

	



Santos, N.; Peret, T.C.; Humphrey, C.D.; Albuquerque, M.C.M.; Silva, R.C.; Benati, F.J.; Lu, X.; Erdman, D.D. Human bocavirus species 2 and 3 in Brazil. J. Clin. Virol. 2010, 48, 127–130. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.-R.; Jin, Y.; Xie, Z.-P.; Gao, H.-C.; Xiao, N.-G.; Chen, W.-X.; Xu, Z.-Q.; Yan, K.-L.; Zhao, Y.; Hou, Y.-D. Novel human bocavirus in children with acute respiratory tract infection. Emerg. Infect. Dis. 2010, 16, 324–327. [Google Scholar] [CrossRef] [PubMed]

	



Han, T.-H.; Chung, J.-Y.; Hwang, E.-S. Human bocavirus 2 in children, South Korea. Emerg. Infect. Dis. 2009, 15, 1698–1700. [Google Scholar] [CrossRef] [PubMed]

	



Regamey, N.; Frey, U.; Deffernez, C.; Latzin, P.; Kaiser, L.; Swiss Paediatric Respiratory Research Group. Isolation of human bocavirus from Swiss infants with respiratory infections. Pediatr. Infect. Dis. J. 2007, 26, 177–179. [Google Scholar] [CrossRef] [PubMed]

	



Schildgen, O.; Müller, A.; Allander, T.; Mackay, I.M.; Völz, S.; Kupfer, B.; Simon, A. Human bocavirus: Passenger or pathogen in acute respiratory tract infections? Clin. Microbiol. Rev. 2008, 21, 291–304. [Google Scholar] [CrossRef] [PubMed]

	



Bastien, N.; Brandt, K.; Dust, K.; Ward, D.; Li, Y. Human bocavirus infection, Canada. Emerg. Infect. Dis. 2006, 12, 848–850. [Google Scholar] [CrossRef] [PubMed]

	



Kupfer, B.; Vehreschild, J.; Cornely, O.; Kaiser, R.; Plum, G.; Viazov, S.; Franzen, C.; Tillmann, R.-L.; Simon, A.; Müller, A. Severe pneumonia and human bocavirus in adult. Emerg. Infect. Dis. 2006, 12, 1614–1616. [Google Scholar] [CrossRef] [PubMed]

	



Allander, T. Human bocavirus. J. Clin. Virol. 2008, 41, 29–33. [Google Scholar] [CrossRef] [PubMed]

	



Manning, A.; Russell, V.; Eastick, K.; Leadbetter, G.; Hallam, N.; Templeton, K.; Simmonds, P. Epidemiological profile and clinical associations of human bocavirus and other human parvoviruses. J. Infect. Dis. 2006, 194, 1283–1290. [Google Scholar] [CrossRef] [PubMed]

	



Longtin, J.; Bastien, M.; Gilca, R.; Leblanc, E.; De Serres, G.; Bergeron, M.G.; Boivin, G. Human bocavirus infections in hospitalized children and adults. Emerg. Infect. Dis. 2008, 14, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Fry, A.M.; Lu, X.; Chittaganpitch, M.; Peret, T.; Fischer, J.; Dowell, S.F.; Anderson, L.J.; Erdman, D.; Olsen, S.J. Human bocavirus: A novel parvovirus epidemiologically associated with pneumonia requiring hospitalization in Thailand. J. Infect. Dis. 2007, 195, 1038–1045. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, J.C.; Singh, K.K.; Spector, S.A.; Sawyer, M.H. Human bocavirus: Prevalence and clinical spectrum at a children’s hospital. Clin. Infect. Dis. 2006, 43, 283–288. [Google Scholar] [CrossRef] [PubMed]

	



Kesebir, D.; Vazquez, M.; Weibel, C.; Shapiro, E.D.; Ferguson, D.; Landry, M.L.; Kahn, J.S. Human bocavirus infection in young children in the United States: Molecular epidemiological profile and clinical characteristics of a newly emerging respiratory virus. J. Infect. Dis. 2006, 194, 1276–1282. [Google Scholar] [CrossRef] [PubMed]

	



Endo, R.; Ishiguro, N.; Kikuta, H.; Teramoto, S.; Shirkoohi, R.; Ma, X.; Ebihara, T.; Ishiko, H.; Ariga, T. Seroepidemiology of human bocavirus in Hokkaido prefecture, Japan. J. Clin. Microbiol. 2007, 45, 3218–3223. [Google Scholar] [CrossRef] [PubMed]

	



Kahn, J.S.; Kesebir, D.; Cotmore, S.F.; D’Abramo, A.; Cosby, C.; Weibel, C.; Tattersall, P. Seroepidemiology of human bocavirus defined using recombinant virus-like particles. J. Infect. Dis. 2008, 198, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Wang, W.; Yan, H.; Ren, P.; Zhang, J.; Shen, J.; Deubel, V. Correlation between bocavirus infection and humoral response, and co-infection with other respiratory viruses in children with acute respiratory infection. J. Clin. Virol. 2010, 47, 148–155. [Google Scholar] [CrossRef] [PubMed]

	



Kantola, K.; Hedman, L.; Arthur, J.; Alibeto, A.; Delwart, E.; Jartti, T.; Ruuskanen, O.; Hedman, K.; Soderlund-Venermo, M. Seroepidemiology of human bocaviruses 1–4. J. Infect. Dis. 2011, 204, 1403–1412. [Google Scholar] [CrossRef] [PubMed]

	



Chow, B.D.; Esper, F.P. The human bocaviruses: A review and discussion of their role in infection. Clin. Lab. Med. 2009, 29, 695–713. [Google Scholar] [CrossRef] [PubMed]

	



Kantola, K.; Hedman, L.; Allander, T.; Jartti, T.; Lehtinen, P.; Ruuskanen, O.; Hedman, K.; Söderlund-Venermo, M. Serodiagnosis of human bocavirus infection. Clin. Infect. Dis. 2008, 46, 540–546. [Google Scholar] [CrossRef] [PubMed]

	



Dina, J.; Vabret, A.; Gouarin, S.; Petitjean, J.; Lecoq, J.; Brouard, J.; Arion, A.; Lafay-Delaire, F.; Freymuth, F. Detection of human bocavirus in hospitalised children. J. Paediatr. Child Health 2009, 45, 149–153. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.-L.; Tang, L.-Y.; Xie, Z.-D.; Tan, X.-J.; Li, C.-S.; Cui, A.-L.; Ji, Y.-X.; Xu, S.-T.; Mao, N.-Y.; Xu, W.-B.; et al. Human bocavirus in children suffering from acute lower respiratory tract infection in Beijing Children’s Hospital. Chin. Med. J. (Engl.) 2008, 121, 1607–1610. [Google Scholar]

	



Schildgen, V.; Malecki, M.; Tillmann, R.-L.; Brockmann, M.; Schildgen, O. The human bocavirus is associated with some lung and colorectal cancers and persists in solid tumors. PLOS ONE 2013, 8, e68020. [Google Scholar] [CrossRef] [PubMed]

	



Allander, T.; Jartti, T.; Gupta, S.; Niesters, H.G.; Lehtinen, P.; Vuorinen, T.; Waris, M.; Bjerkner, A.; Tiveljung-Lindell, A.; van den Hoogen, B.G. Human bocavirus and acute wheezing in children. Clin. Infect. Dis. 2007, 44, 904–910. [Google Scholar] [CrossRef] [PubMed]

	



Peltola, V.; Söderlund-Venermo, M.; Jartti, T. Human bocavirus infections. Pediatr. Infect. Dis. J. 2013, 32, 178–179. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  viruses-07-00996


  
    		
      viruses-07-00996
    


  




  





