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Global epidemiology of non-influenza RNA respiratory viruses: data gaps and a growing need for surveillance
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Abstract
Together with influenza, the non-influenza RNA respiratory viruses (NIRVs), including respiratory syncytial-, parainfluenza-, corona-, rhino- and human metapneumoviruses, contribute a significant global health burden, as recognised by the recent World Health Organization (WHO) BRaVe (Battle against Respiratory Viruses) initiative. However, in contrast to influenza viruses, very little is known about the contemporaneous global diversity of these viruses, and the relevance for development of pharmaceutical interventions. Although far less advanced than for influenza, antiviral drugs and vaccines are in different stages of development for several of these viruses, though none are yet licensed. We believe that this lack of global genetic data is a significant gap and impediment to the eventual licensing of new antiviral drugs and vaccines for these NIRVs. Enhanced genetic surveillance will assist and boost research and development (R&D) into new antiviral drugs and vaccines for these viruses. In addition, understanding the global diversity of respiratory viruses is also part of emerging disease preparedness, as non-human coronaviruses and paramyxoviruses have been listed as priority concerns through a recent WHO R&D blueprint initiative for emerging infectious diseases. In this Personal View, we explain further the rationale and emphasise the need for greater investment into expanding the genetic database for these NIRVs.
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According to World Health Organization (WHO) figures, lower respiratory tract infections are listed in the top four causes of death, globally, after ischaemic heart disease, chronic obstructive pulmonary disease and stroke, all of which are non-infectious chronic conditions.1 This makes respiratory infections, worldwide, the leading cause of death due to infection.
The rationale for investment in the global surveillance of influenza viruses is driven by the need to ensure the efficacy of seasonal influenza vaccines, and to monitor circulating strains for pandemic potential or resistance against antiviral drugs. Less well established is the importance and feasibility of surveillance for non-influenza respiratory viruses (NIRVs), including respiratory syncytial virus (RSV), parainfluenza viruses (PIV), human metapneumovirus (HMPV), rhinoviruses (RV), and coronaviruses (CoV), despite scientific consensus that the burden of disease attributable to these infections is considerable. Taken together, these viruses are responsible for a greater annual morbidity and mortality than influenza viruses, across all age groups.2-5 This is particularly so when the full range of mild to severe respiratory illness is taken into account, from common colds (mostly due to rhinovirus and coronavirus infections) that affect people of all ages, to more severe respiratory illness requiring hospitalization.6
Recently, the World Health Organization’s (WHO’s) BRaVe (Battle against Respiratory Viruses) initiative has highlighted the need for enhanced clinical and epidemiological surveillance for respiratory viruses,7 with a focus on the development of a vaccine for RSV.8 This acknowledges the significant impact and health burden of RSV,3,9-12 which is now one of the highest priorities for intervention out of all of these NIRVs. Under one of the document’s sections on improving the diagnosis of severe acute respiratory infections (SARIs) and diagnostic testing, viral sequencing by ‘deep sequencing’ (where all viral populations present in the sample, including majority and minority, are sequenced) is explicitly listed as a research priority. We would like to emphasise and expand upon this point.
A key reason for the lack of global data on the burden of NIRVs is the relatively fewer cost-effective, sensitive assays that can be used, routinely, in everyday diagnostic settings. Many healthcare facilities will have some capability for influenza and RSV (particularly where paediatric services are provided) virus testing, whereas the other common respiratory viruses may not be routinely screened for at all. In some regions, specialized centers can offer multiplex PCR based testing, but the cost of the diagnostic testing compared to the (perceived) lack of impact on clinical decision-making precludes widespread use.  Nevertheless, these multiplex molecular assays and the high throughput sequencing protocols that are being piloted, now allow the detection of a wider spectrum of respiratory viruses from a single sample.13-16 This has enabled an unprecedented opportunity to focus on the burden of these NIRVs.
How then would one organize surveillance for these other respiratory pathogens? One important starting point is whom and how to sample. Groups at higher risk of disease associated with seasonal influenza virus and NIRV infections are similar, and include: children;17-23 the elderly;24-30 the immunocompromised;31-33 and  individuals with chronic co-morbidities (asthma, chronic obstructive pulmonary disease, cardiac and renal failure, and/or diabetes). Both  influenza and NIRV infections may result in hospitalisation due to exacerbation of these conditions.4,34-39 In these at risk populations, co-infections with more than one of these respiratory viruses are not uncommon, though the clinical significance of multiple co-infections is still unclear.40-45
Many studies have demonstrated that in young children, NIRVs, especially RSV, are the predominant viral cause of respiratory morbidity and mortality, with accumulating evidence to suggest that infection in early childhood with NIRVs, such as RSV and RV, in predisposed children, may result in the development of increased airways sensitivity and asthma later in life.46-52 This is one example of the impact of both the acute and more chronic respiratory virus-associated healthcare burden. Taken together, we conclude that there is a case to be made for enhanced surveillance for these other NIRVs.   
One key factor questioning the usefulness of such surveillance is that there are no agreed interventions.  Nevertheless, current research and development (R&D) interest into NIRV therapeutics (as evidenced by PubMed searches for each of these viruses by name AND ‘vaccine’ or ‘antiviral’) will benefit from the availability of more large-scale, full-genome NIRV sequences.  Although a limited survey of the United States (US) and European Union (EU) clinical trials websites shows a substantially greater R&D investment into influenza viruses, quite a few clinical trials targeting the other NIRVs are currently in progress (Table 1). 
Would understanding the global genomic diversity of these viruses become increasingly important with the progression of these product pipelines? Yes, we believe so, because not all antiviral targets are subject to the same mutational pressure, with some being highly conserved, and some highly variable, such as the fusion (F) and attachment (G) proteins of the paramyxoviruses (e.g. RSV, HMPV), respectively.53,54 Several candidate RSV and PIV vaccines are in various stages of clinical evaluation,55-59 and assessing the impact of vaccine-induced immune responses in the context of continued viral evolution and the subsequent potential for vaccine escape will be an essential consideration when deciding on the annual vaccine composition. For antiviral agent development, since modern rational drug design allows for the development of new antivirals targeting specific viral proteins, it is vital to assess the mutation rates and genetic diversity of these therapeutic targets, to ensure the long-lasting efficacy of these agents.
With influenza treatment, it is recognized that immunocompromised patients on long-term antiviral treatment (or prophylaxis) are predisposed to the rapid evolution and development of drug resistance, either in total or subpopulations of viruses within the host.60-63 It is therefore very likely that any antiviral agent developed for the NIRVs may show similar characteristics – unless it can be specifically designed to act on a more stable viral protein. 
This has already been reported for palivizumab, a humanized monoclonal antibody directed against the RSV F protein. Despite its relatively rare usage and the highly conserved nature of its viral protein target, resistance to palivizumab (though strictly speaking, not an antiviral drug) has already been reported, due to variations in the F protein binding site.64-68
One study from Italy described a human monoclonal antibody (MPE8) that cross-neutralizes RSV and HMPV by binding to two highly conserved anti-parallel β-strands on the pre-fusion viral F protein. The authors also found naturally occurring antibodies with this same target specificity in some patient sera, and therefore postulated this pre-fusion F protein as a potential vaccine candidate.69 A wider, global genetic survey of this target in RSVs from other countries would help to confirm its suitability for development into a global RSV vaccine.
For rhinoviruses, the expansion of the limited number of complete viral genome data available (currently only around 200 full genomes, compared to over 5000 for influenza A/H1N1pdm09 and over 6000 for influenza A/H3N2) is essential to understand further their natural genetic diversity and underlying evolutionary forces (i.e. viral gene mutation and recombination driven by selection pressure), as a foundation for designing new antiviral drugs and vaccines.70-72
Recent work on coronavirus infections has been dominated by studies on severe acute respiratory syndrome (SARS)- and Middle East respiratory syndrome (MERS)-associated coronaviruses. However, the development of an antiviral drug effective against the coronavirus family as a whole will also be effective against the milder, but much more prevalent common cold viruses (OC43, 229E, NL63 and HKU1).73 Using a mouse hepatitis coronavirus, one study found a relatively limited repertoire of resistance mutations to an experimental compound that inhibits the action of a coronavirus fusion protein. This fusion protein, HR2 (heptad repeat 2) is required to enter the host cell and its inhibition will block infection. The authors found that after multiple passages in vitro, most mutations conferring resistance were found to lie within a limited 19 amino acid region of the related HR1 region in the mouse hepatitis coronavirus spike (S) protein.74 Should the development of such an HR2 fusion inhibitor progress further, it will be essential to perform a global surveillance to determine if any of these HR1 mutations conferring resistance already exists, naturally. 
These examples further highlight the need for baseline genetic information about these NIRVs, as well as ongoing monitoring for the emergence of drug resistance, once such antiviral drugs become available.
Thus, from a design viewpoint, it is imperative that an initial antiviral target be selected from a well-conserved genomic region that mutates only very slowly. This careful selection can only be achieved with a large-scale characterization of the natural genetic diversity of these NIRVs. Such an enhanced genetic surveillance approach to the NIRVs, together with comprehensive conventional epidemiological data, will naturally fuel the search for new drugs and vaccines to combat them. However, when reviewing the currently available genomic information in GenBank, the publicly available sequence database, the total number of whole genome influenza sequences outnumbers the combined total for the NIRVs by five-fold (Figure 1). We believe that this is a large data gap that needs to be filled with some urgency.
In addition, genetic surveillance has many other important public health implications, such as the identification of novel respiratory viruses which can clinically mimic other more common NIRVs. With the recent emergence of several novel respiratory viruses able to cause multiple outbreaks with a varying degree of person-to-person transmission potential (e.g. SARS-CoV, pandemic A/H1N1pdm09, avian influenza’s A/H5N1 and A/H7N9, and MERS-CoV), it is also clear that the surveillance of both ‘mild versus severe’ and ‘community versus hospitalized’ acute respiratory infections is becoming more crucial for the detection of such novel viruses. 
The recent and rapid development of quicker and cheaper (high-throughput) sequencing platforms now readily allows the profiling of pathogen genetic sequence diversity directly from clinical samples. This could be applied very productively to characterize the global population of NIRVs, but will require substantial funding support and collaboration between clinical, public health and research experts. 
So how could this be funded? In principle, there are two options, but they are not necessarily mutually exclusive. An initial large-scale whole genome sequencing project funded by either government or private research institutions to demonstrate feasibility and utility would be the most likely initial source of funding. If the clinical and public health utility of this approach was demonstrated then this would likely be followed by government public health surveillance funding, perhaps with support from commercial companies, such as those developing antiviral drugs and/or vaccines against these NIRVs. 
So for example, given an average reagent cost per sample of £200 for high throughput (‘deep’) sequencing, with an average of 24 samples per year (i.e. 2 samples per month to adequately capture local genetic diversity) from 10 global sampling sites, for each of these 5 NIRV species (RSV, PIV, HMPV, CoV, RV - leaving out their individual types/subtypes for this illustration), and excluding additional staff, overheads and dry-ice sample shipments to the nearest laboratory with deep-sequencing capability, over a 5-year surveillance period, the cost of this venture would be in the region of £1.2 million. Including the individual viral subtypes (PIV type 1-4 and CoV OC43, 229E, NL63, HKU1), this becomes £2.64 million. Increasing the number of global sampling sites from 10 to 20 doubles this to £5.28 million, etc.
The greater number of viruses and the more sites sampled will enhance the resolution and our understanding of this viral diversity. If this annual surveillance can be maintained (as with influenza) on an annual, global basis, this may well capture the most important viral variation that has the potential to impact on the clinical effectiveness of any antiviral drug and/or vaccine developed for combatting these viruses. In fact, an analysis starting with a greater number of sites may allow a subsequent reduction in the number of sites and samples if similar patterns of genetic diversity are seen within samples obtained from neighbouring regions or populations. A minimum number of samples could then be obtained from fewer key sentinel sites, which would make for a much more affordable and efficient annual surveillance program – similar to the situation for global influenza surveillance.
The actionable outcomes of such a project would include (but are not limited to): i) a greater understanding of the pattern and spectrum of genetic diversity for each of these viruses in different populations in different parts of the world; ii) the identification of conserved genomic regions that could then be targets for the development of antiviral drugs and vaccines that will have long-lasting effectiveness, as these gene products will be unlikely to rapidly mutate into antiviral resistant or vaccine escape mutants; iii) any unusual patterns of increased mutation rates for any of these viruses in specific populations or regions (i.e. mutant hotspot regions for any of these viruses) that may warrant particular attention and perhaps even customized antiviral and vaccine development (e.g. combination therapy or multi-epitope vaccine targets) to control the emergence of mutant viruses that could then spread worldwide.
Thus, considering a catch-all approach to the surveillance of NIRVs may be more cost effective than following the single pathogen path. There is no doubt that the NIRVs impact on all age groups, either directly or indirectly via the exacerbation of pre-existing comorbidities. The development of specific antiviral drugs and vaccines for these viruses will have a substantial beneficial impact on the health and well-being of our children and our elderly. For this reason, we should strive together, as an increasingly interconnected global community, to make this happen.
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Table 1. Numbers of ongoing clinical trials related to vaccine (V) and antiviral (A) development for the different respiratory viruses.
	
Virus
	Influenza
	RSV
	PIV
	HMPV
	Coronavirus
	Rhinovirus

	
	V
	A
	V
	A
	V
	A
	V
	A
	V
	A
	V
	A

	*ClinicalTrials.gov 
(US-registered)
	1561
	190
	49
	33
	13
	0
	3
	0
	4
	4
	12
	3

	+EU Clinical Trials Register
	357
	11
	4
	13
	1
	0
	0
	0
	0
	0
	1
	0


*Source: US National Institutes of Health : https://clinicaltrials.gov/
+Source:  European Union (EU) Clinical Trials Register: https://www.clinicaltrialsregister.eu/ctr-search/search 



Figure 1. Geographic sources of genome sequence data from different respiratory RNA viruses. Only field strains with complete genome sequences (or nearly complete, >80% of full-length) and geographic information in GenBank (www.ncbi.nlm.nih.gov/genbank) were counted (accessed during Nov 2015). Panel A shows the counting of human influenza A and B viruses (FluA, FluB). Panel B shows the counting of four human coronavirus (CoV) species (NL63, OC43, HKU1 & 229E), human parainfluenza virus (hPIV), human respiratory syncytial virus (hRSV), rhinovirus (RV) and human metapneumovirus (HMPV), which are represented by different colours shown in the legend box. Radius of pie chart is the log2 of the total number of sequences from the country/region.
[image: Macintosh HD:Users:tommylam:Desktop:Grants:WellcomeTrust:NEJM-Perspective:CountDB:Geo_count:Rplot8_nolegend3.png]
image1.png
| O FIuA - seasonal H3N2

’ . FIuA - seasonal HIN1
(O FIuA - pdm09/H1N1

(OFluB

. | © CoV-HKU1

| @ CoV-NL63
| ©cov-0c43

- | OcCov-229E
| OhPIv
@ hRsv

(ORV

@ hmpv

BRL ~ number of sequences




