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Acute respiratory infections (ARI) kill an esti-
mated 3.9 million people annually and in devel-
oping countries are the leading cause of mortal-
ity in children under 5 years of age [1]. Specific 
respiratory virus infections (RVIs), such as influ-
enza and respiratory syncytial virus (RSV), are 
major contributors to this burden of disease, as 
are other respiratory bacterial and viral patho-
gens (BOX 1). WHO and UNICEF have developed 
a global action plan to both prevent, particularly 
through increasing coverage with Streptococcus 
pneumoniae and Haemophilus influenzae type b 
(Hib) vaccines, and more effectively treat 
major causes of bacterial community-acquired 
pneu monia (CAP) in children and reach the 
Millennium Development Goal (MDG) of 
halving childhood mortality. While progress 
has been made in reducing pneumonia mortal-
ity by an estimated 0.45 million children from 
2000 to 2010 [1], the current initiative does not 
adequately address the contribution of RVIs and 
mixed viral–bacterial infections to this burden 
of disease or take steps to mitigate it. One recent 
review [2] found that the share of pneumonia 
cases linked to RVIs is much larger than pre-
viously estimated, reaching 50% or more in 
some studies utilizing molecular diagnostic 

techniques. Additionally, emerging respiratory 
viruses have the potential to trigger regional 
epidemics that threaten to spread globally, as 
recently seen with the avian influenza A(H7N9) 
virus or the Middle East respiratory syndrome 
coronavirus (MERS-CoV). 

A recent systematic review estimated that in 
2010, 11.9 million episodes of severe and 3 mil-
lion episodes of very severe acute lower respira-
tory illness (ALRI) resulted in hospital admis-
sions in young children worldwide [3]. Using 
hospital-based studies the authors estimated 
that approximately 265,000 in-hospital deaths 
and a fourfold greater number of out-of-hospital 
deaths occurred in young children, with 99% 
of these deaths in developing countries. Among 
ALRI syndromes, respiratory viruses have been 
detected by molecular diagnostic techniques in 
43–67% of CAP cases in children [2], over 90% 
of bronchiolitis cases in infants, and approxi-
mately 85% of asthma exacerbations in children. 
In adults, approximately 20–40% of CAP cases, 
up to 80% of asthma exacerbations and 20–60% 
of chronic obstructive pulmonary disease exac-
erbations are linked to RVIs. Preceding RVIs 
are key predisposing events to secondary bacte-
rial infections in the lung and other sites in the 
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respiratory tract [4,5], and are likely precipitating 
factors in syndromes affecting other organ sys-
tems (cardiac ischemia, myocardial infarction, 
congestive heart failure, venous thromboembo-
lism, stroke and loss of diabetic control) [2,6–11]. 
This ‘hidden’ burden of RVIs is not well appre-
ciated, especially in low-resource settings where 
it may be dis proportionately high. Thus, RVIs 
remain a huge challenge for attaining the cur-
rent MDGs and will be of crucial importance in 
the coming years in health-related development 
issues, given their wide distribution and their 
high impact on most vulnerable populations.

RVIs are frequent events in all age groups and 
result in an enormous burden on health sys-
tems, as well as economic costs in direct medical 
expenses and indirect productivity losses. Direct 
medical expenses include outpatient clinic vis-
its, emergency department visits, hospitalizations 
and treatment costs, including over-the-counter 
medication and drug prescriptions. Indirect 
productivity losses include missed workdays for 
patients (when adults) and missed workdays for 
caregivers. In Europe, pneumonia costs are esti-
mated at approximately €10.1 billion annually 
and indirect costs of lost work days amount to 
€3.6 billion [12]. Based on the 2003 population 
size, seasonal influenza epidemics resulted in an 
average of 610,660 life-years lost (undiscounted), 
3.1 million hospital days and 31.4 million outpa-
tient visits in the USA [13]. Direct medical costs 
averaged US$10.4 billion annually, and pro-
jected lost earnings due to illness and loss of life 
amounted to US$16.3 billion annually. The total 

economic burden of annual influenza epidemics 
using projected statistical life values amounted to 
US$87.1 billion [13]. Even common acute upper 
respiratory illnesses exact a significant economic 
toll. A US-based study estimated that nonin-
fluenza, viral respiratory tract illnesses, mostly 
common colds, cost US$40 billion in 2001, with 
direct costs representing 45% and indirect costs 
55% of the total [14].

In addition to the annual impact of com-
mon RVIs, emerging respiratory viruses such 
as SARS CoV, avian influenza A(H5N1) virus, 
influenza A(H1N1)pdm09 virus, MERS-CoV 
and, most recently, avian influenza A(H7N9) 
virus represent threats to global health security 
[15–18,101,102]. There is a high likelihood of new 
respiratory viruses emerging that have the poten-
tial to cause diseases and economic losses on an 
international scale. For instance, the global eco-
nomic losses from the SARS outbreak in 2003 is 
estimated to have been close to US$40 billion. 
This includes direct medical related costs and 
affected industries losses (tourism, retail service 
sector) but also wider impacts on globalized and 
integrated economies adding the losses resulting 
from both temporary and persistent economic 
shock [19].

Studies on nonpharmaceutical inter ventions, 
specific antiviral and potentially immunomod-
ulatory therapies, and clinical management strat-
egies during the inter-pandemic period could 
provide evidence that will inform responses 
to such future RVI threats, as well as improve 
clinical care in the inter-pandemic period. It is 

Box 1. Estimates of the global burden of specific respiratory viral and bacterial 
pathogens in children younger than 5 years of age.

Influenza-associated acute lower respiratory infections (2008) [89]
�n 20 million (range: 13–32 million) cases (13% of all pediatric ALRI)
�n 1–2 million cases of influenza-associated severe ALRI (7% of all severe pediatric ALRI)
�n 28,000–111,500 deaths (99% in developing countries)

RSV-associated acute lower respiratory infections (2005) [90]
�n 33.8 million (range: 19.3–46.2 million) cases (22% of all pediatric ALRI)
�n 2.8–4.3 million hospital admissions
�n 66,000–199,000 deaths (99% in developing countries)

Streptococcus pneumoniae-associated pneumonia (2000) [91]†

�n 13.8 million (range: 10.8–17.2 million) cases (8.6% of 160 million clinical pneumonia cases) 
�n 542,000–805,000 deaths (95% of all pneumococcal deaths in Africa and Asia)

Haemophilus influenza type b-associated pneumonia (2000) [92]†

�n 7.91 million (range: 7.23–12.9 million) cases
�n 41,600–101,600 deaths (16% of an estimated 1.8 million pneumonia deaths in HIV-negative 

children)
†Estimates do not include meningitis, or nonmeningitis or nonpneumonia cases. In 2000 S. pneumoniae was estimated to 
cause approximately 11% (8–12%) of all deaths in children [91].
ALRI: Acute lower respiratory illness; RSV: Respiratory syncytial virus. 
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also important to recognize that, in case of a 
pandemic or major outbreak, as observed in the 
2009 pandemic, the time constraints of vac-
cine production would mean that no vaccine 
would likely be available before 4–6 months. 
Furthermore, current seasonal influenza vaccines 
are only moderately protective [20] and vaccines 
with broader and more durable immunity are 
needed [21]. The initial response to reduce mor-
tality would therefore rely on the use of public 
health interventions including use of antivirals 
and potentially biotherapeutics like convalescent 
plasma [22–24]. 

Randomized controlled trials indicate that 
early antiviral treatment of influenza can reduce 
symptoms and physician-diagnosed complica-
tions in ambulatory patients [25], and observa-
tional studies from seasonal, influenza A(H1N1)
pdm09 and avian influenza A(H5N1) influ-
enza A viruses have reported mortality benefits 
from timely antiviral therapy in hospitalized 
patients [26–29]. Such findings demonstrate the 
potential of pharmacologic interventions for 
other noninfluenza RVIs. Unfortunately, cur-
rent specific pharmacologic interventions for 
RVIs are largely limited to vaccines and anti-
virals for influenza. Furthermore, except for 
several approved agents of limited applicability 
(e.g., antibody prophylaxis for RSV, aerosolized 
ribavirin for RSV and oral adenovirus vaccine), 
no vaccines or therapeutics of proven value 
are currently available for most noninfluenza 
 respiratory viruses. 

Development of the BRaVe Initiative
The idea for the BRaVe Initiative started with 
the observations that the broader use of influ-
enza antiviral agents and vaccines has provided 
important public health benefits. While preven-
tion with vaccines is a well-understood public 
health intervention, the notion that viral respira-
tory infections could be treated successfully is a 
relatively new concept for the medical commu-
nity at large. In order to reduce the continuing 
mortality due to respiratory infections and to 
prepare for pandemic and epidemic threats, it 
was recognized that there is a need to articu-
late new approaches at the global level and to 
foster accelerated discovery, development, and 
implementation of improved therapeutic and 
 management strategies. 

In November 2009, WHO convened a 
3-day consultation that brought together over 
90 public health decision-makers, investigators, 
representatives from funding organizations, 
and other key stakeholders from 35 countries; 

this led to the publication of its first Public 
Health Research Agenda on Influenza in early 
2010 [103]. Elements of this agenda specifically 
addressed research needs for developing 
improved diagnostics, vaccines, therapeutics, 
clinical management strategies and better 
overall public health responses to influenza. In 
the past several years, some progress has been 
made in developing novel influenza therapeutics 
[30] and more immunogenic vaccines [21,31,102]. 
However, the paucity of specific pharmacologic 
interventions for RVIs and the modest number 
of preventive and clinical management strategies 
of proven effectiveness remained obvious. 

In early 2012 this led to discussions between 
WHO colleagues and experts in the scientific 
community to explore ways in which to extend 
efforts on influenza to the broad range of acute 
RVIs with the aim of reducing their morbidity 
and mortality. Development of an integrated 
research framework and response platform, 
designated the BRaVe Initiative, was conceived 
to address these needs, and a concept paper [103] 
was circulated among partners in February–
March 2012. BRaVe quickly took shape with 
input from partner organizations and experts 
outside WHO and became a cross-cutting effort 
within WHO to link resources and expertise 
across different clusters within the organization 
(the Health Security and Environment, Health 
Systems and Innovations, and Family, Women’s 
and Children’s Health clusters).

Subsequently, two informal technical con-
sultations were held by WHO to identify the 
key knowledge gaps and the research needs and 
tools to address these gaps. The first meeting 
on 5–6 July 2012 convened with the support 
of Fondation Mérieux and the Wellcome Trust, 
and consisted of approximately 40 individuals 
representing academic investigators, funders and 
WHO staff, and the pharmaceutical industry 
as observers (BOX 2) [Department of Pandemic and 

Epidemic Diseases, WHO, Unpublished Data]. This 
2-day meeting was organized into plenary 
sessions that covered state-of-the-art research 
reviews and explored the diverse challenges fac-
ing public health officials in controlling severe 
ALRIs, using inf luenza in general and the 
responses to the 2009 pandemic in particular 
as prime examples. A key outcome was agree-
ment on increasing research efforts to develop 
new preventive and treatment options through 
engagement of  multiple stakeholders.

The second consultation on 6–7 November 
2012 gathered 60 participants from 42 different 
institutions to review and refine the draft research 
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agenda based on in-depth, topic-specific discus-
sions [104]. On the second day, an assessment 
exercise divided participants into small working 
groups to further refine the research questions. 
Initial research questions from each topic were 
assessed in the light of several criteria, includ-
ing urgency of addressing the question, feasibil-
ity of conducting appropriate studies (design, 
duration and costs), public health impacts of 
the outcomes and overall likelihood of success 
and beneficiaries. The first round of the exercise 
focused on individual questions, while the second 
round was a comparative assessment of questions 
within each topic. Throughout these discussions, 
the importance of identifying research activities 
that would contribute to reducing RVI-associated 
morbidity and mortality in low-resource settings, 
where the burden is greatest, was emphasized. 
Other general themes were linked to this com-
mon goal (BOX 3). In addition to revising the 
research agenda, a call to action [105] stressing the 
importance and the urgency of addressing these 
issues was agreed by the participants. 

The purpose of the present article is to describe 
the outcomes of these deliberations and to share 
the recently agreed research priorities with the 
broader scientific and public health communi-
ties. The intention is to inform investigators in 
both public and private sectors, decision-makers 
in funding organizations and other stakeholders 
about public health research needs, in the hope 

of accelerating progress on developing better 
data and tools for RVI intervention. 

The BRaVe research agenda
The principle objectives of the research agenda 
are to: 
n�Identify specific research priorities for RVIs 

and their sequelae over the next 5–10 years; 

n�Provide a framework for resource allocation 
that addresses needs in under-resourced coun-
tries, and operational and social sciences 
research issues based on public health needs; 

n�Facilitate interactions and collaboration 
among basic science and clinical investigators 
in both public and private sectors, public 
health experts, and representatives from fund-
ing organizations and the pharmaceutical 
industry to address the gaps; 

n�Monitor the progress in filling knowledge gaps 
in order to facilitate the development of new 
evidence-based policies. 

The BRaVe Initiative is intended to change 
the usual approach to WHO’s involvement with 
the research community. While WHO guide-
lines rely on the existing scientific literature and 
gathering expert opinion, this process means 
that evidence to address emergent public health 
questions is rarely available in a timely manner. 
Both the lack of appropriate studies and the 

Box 2. International research groups, and public health and funding organizations represented at the BRaVe 
Technical Consultations, July and/or November 2012†.

�n Afro-European Medical and Research Network: www.aemrnetwork.ch
�n Biomedical Advanced Research and Development Authority (BARDA): www.medicalcountermeasures.gov
�n Bill & Melinda Gates Foundation: www.gatesfoundation.org
�n Chinese Center for Disease Control and Prevention: www.chinacdc.cn/en
�n European Centre for Disease Prevention and Control (ECDC): www.ecdc.europa.eu
�n International Federation of Pharmaceutical Manufacturers & Associations (IFPMA): www.ifpma.org
�n International Forum for Acute Care Trialists, Surviving Sepsis Campaign (InFACT): www.infactglobal.org
�n International Respiratory & Severe Illness Center (INTERSECT): http://depts.washington.edu/intrsect
�n International Severe Acute Respiratory and Emerging Infection Consortium (ISARIC): http://isaric.tghn.org
�n International Centre for Diarrhoeal Disease Research, Bangladesh: www.icddrb.org
�n Fondation Mérieux: www.fondation-merieux.org
�n Global Approach to Biological Research on Infectious Epidemics in Low income countries Network (GABRIEL): www.globe-network.org
�n National Institute of Allergy and Infectious Diseases (NIAID), NIH: www.niaid.nih.gov
�n Pneumonia Etiology Research for Child Health (PERCH): www.jhsph.edu/research/centers-and-institutes/ivac/projects/perch
�n RIKEN Center of Research Network for Infectious Diseases (CRNID): www.crnid.riken.jp/english
�n Wellcome Trust: www.wellcome.ac.uk
�n International Society for Influenza and other Respiratory Virus Diseases (ISIRV): www.isirv.org
�n The World Federation of Pediatric Intensive and Critical Care Societies: www.wfpiccs.org
�n South East Asia Infectious Disease Clinical Research Network (SEAICRN): www.seaicrn.org
�n US CDC: www.cdc.gov

†This list does not include the institutional affiliations of the many academic investigators participating in these meetings. 
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delays in the publication process contribute to 
this dilemma. WHO wants to foster research on 
priority public health questions from the outset 
and to work closely with the research community 
in developing evidence to rapidly inform policy 
development. 

The first version of the research agenda for this 
initiative has been organized into six tracks that 
address particular aspects of the global problem 
of RVIs (BOX 4) [106]. From the start, division into 
these particular tracks has been recognized as 
an arbitrary but logistically helpful means to 
facilitate discussions and identify priority areas 
for research. Since each of these tracks overlap 
or interact with other ones, advances in knowl-
edge or development of new modalities in one 
will have implications for work in others. For 
example, an improved point-of-care (POC) 
diagnostic assay could serve to facilitate field 
studies of disease burden, disease pathogenesis 
and potential therapeutics, as well as enable 
improved individual case management. Better 
understanding of RVI transmission and ALRI 
disease pathogenesis will be fundamental to 
developing improved preventive and treatment 
strategies. Consequently, it is expected that 
research priorities will evolve as new data and 
tools become available.

The following sections describe these tracks 
in more detail and also give specific examples 

discussed during the two WHO consultations 
of recent or ongoing projects that are expected 
to yield new information that will address 
 current gaps. 

Track 1: defining the burden of 
respiratory viral infections

The disease burden caused by RVIs is enormous 
and encompasses the contributions of the pri-
mary infections, secondary bacterial ones, and 
extrapulmonary complications often related to 
underlying conditions (e.g., ischemic heart dis-
ease, congestive heart failure, cerebrovascular 
disease and diabetes). Recognizing and quanti-
fying the different components of the burden of 
disease due to direct and indirect consequences 
of RVIs is a clear need. While attention is given 
to the impacts of seasonal influenza and pan-
demic events, it is not widely appreciated that 
the cumulative burden caused by the more than 
200 different types of other respiratory viruses 
(picorna viruses, paramyxoviruses, CoVs, adeno-
viruses and bocavirus) often outweighs that of 
influenza (BOX 1) [2]. Furthermore, while RVI mor-
bidity and mortality in children is high in devel-
oping countries (BOX 1), older adults typically have 
the highest mortality in well-resourced ones. For 
example, one retrospective study found that in 
the USA an estimated 90% of seasonal influ-
enza- and 78% of RSV-associated respiratory 

Box 3. General themes on research needs related to respiratory virus infections.

�n Insufficient data exist on the burden of disease due to RVIs in developing world settings, such as geographic patterns, seasonality and 
impacts across the full age spectrum

�n Better understanding of the mechanisms of RVI transmission and disease pathogenesis are central to developing better means of 
prevention and therapy

�n Robust surveillance systems that can link epidemiologic, microbiologic, clinical and pathogenesis data are needed in representative 
locations worldwide 

�n Frequency and consequences of respiratory viral coinfections, secondary bacterial infection and RVIs in at-risk populations (HIV, 
malnutrition, tuberculosis and pregnancy) are poorly understood

�n Complementary basic and clinical research approaches are required to address essential research needs and develop new interventions 
and tools to combat respiratory viruses 

�n Patient-oriented research is a critical part of understanding disease pathogenesis, improving clinical care processes, evaluating 
therapeutics and improving the evidence base

�n Better integration of patient-oriented research activities and clinical practice will foster development of the most relevant evidence for 
public health decision-making

�n Regulatory, funding, ethical and other hurdles remain significant for conducting clinical trials, especially in response to rapidly emerging 
threats and in low-resource settings

�n Multidisciplinary approaches that build on existing structures and delivery systems are needed to improve the clinical management of 
acute RVIs

�n Funding for pathogenesis studies and intervention studies remains difficult to obtain
�n Collective engagement across public and private sectors is needed to develop new vaccines and therapeutics against respiratory viruses, 

and assure equity in making them available to those in need
�n Integrated strategies, building on multidisciplinary knowledge, are needed to provide decision-makers with effective interventions to 

address RVIs efficiently
RVI: Respiratory virus infection.
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and circulatory deaths occur in adults aged 
65 years and older [32], and a recent Dutch study 
found circulation of common respiratory viruses 
(influenza A and B, RSV and parainfluenza) to 
be associated with mortality in elderly individu-
als [9].

In general, there is a notable lack of high-quality 

data on the developing world burden of specific 
RVIs, especially in older children and adults, 
except for influenza and RSV (BOX 1). Disease 
burden data are not available from many under-
resourced countries, and in contrast to influenza, 
a globally integrated surveillance system for RVIs 
does not exist at present. A substantial number of 
ALRI or severe acute respiratory illness (SARI) 
etiologic studies have been undertaken in recent 
years, but some have not used sensitive molecular 
and other microbiologic techniques to detect a 
broad spectrum of viral and bacterial pathogens. 
Two ongoing initiatives will help redress this 
knowledge gap in children less than 5 years of 
age. The PERCH study, funded by the Bill and 
Melinda Gates Foundation, is a 5-year case–con-
trol study in children aged 1–59 months admit-
ted to hospital for severe or very severe pneumo-
nia by WHO criteria at seven sites in Asia and 
Africa, using state-of-the-art multiplex nucleic 
acid amplification test (NAAT) diagnostics [107]. 
Targeted to locations that have introduced Hib 
and pneumococcal conjugate vaccines, PERCH 
will help understand the extent of serotype 
replacement in pneumococcal pneumonia, the 
portion of pneumonias associated with specific 
RVIs, the impact of emerging respiratory viruses, 
and the effects of increasing urbanization and 
crowding on RVI epidemiology and severity in 
young children. The Pneumonia Multi-Centric 
Pilot Study under the auspices of the GABRIEL 
network, sponsored by the Fondation Mérieux, 
is undertaking a similar 2-year SARI etiology 
study in nine country sites [108].

Since many bacterial respiratory infections 
have a preceding or concurrent viral component, 
increasing bacterial vaccine use will not only 
provide clinical benefit but also likely increase 
the proportion of pneumonias attributable to 
respiratory viruses. In this regard vaccine probe 
studies can be useful in establishing evidence 
for linkage and RVI burden of disease. For 
example, one large double-blind RCT of a seven-
valent pneumococcal conjugate vaccine in South 
African infants found a 31% reduction in CAP 
hospitalizations associated with influenza and six 
other respiratory viruses compared with placebo, 
although not in bronchiolitis cases [5]. A recent 
observational study in Greece found a halving of 
RVI-associated hospitalizations in children who 
received the pneumococcal vaccine [33]. These 
data suggest that most CAPs in hospitalized chil-
dren may require an antecedent RVI, and that the 
impact of apparent bacteria-only infections might 
be reduced if the preceding RVI component could 
be prevented or modulated by early treatment. 

Box 4. Research tracks and representative topic areas for respiratory 
viral infection studies in the BRaVe Initiative.

Defining the burden of disease
�n BOD of specific RVIs across age spectrum and settings
�n Respiratory virus transmission dynamics
�n Nosocomial infections and their prevention
�n Long-term consequences of RVIs
�n Pharmacoeconomic modeling of RVI impact and intervention strategies 

Understanding disease pathogenesis & host dynamics
�n Viral–host cell interactions
�n Viral and bacterial replication and host immune dynamics in the respiratory tract
�n Viral effects on immune response
�n Viral–viral and viral–bacterial coinfections
�n Mechanisms of underlying host conditions and environmental factors in disease 

severity
�n Host genetic factors in susceptibility

Expanding treatment options
�n New antivirals (RSV, HRV and influenza)
�n Combination anti-influenza therapies in the seriously ill
�n Broad-spectrum antiviral agents
�n Host-directed therapies
�n Immunomodulatory treatments and adjunctive therapies
�n Prophylactic interventions (vitamins and probiotics) 

Improving SARI diagnosis & diagnostic tests
�n Low-cost, multiplex nucleic acid amplification tests
�n Specimen collection techniques and devices 
�n Reference reagents 
�n Quality assurance standards
�n Diagnostic test development and validation
�n Biomarkers of etiology and prognosis
�n Detection and characterization of emerging RVI threats

Improving clinical management of SARI/CAP
�n Clinical algorithms for triage
�n Protocols and algorithms for clinical management
�n Oxygen therapy standards and delivery
�n Risk reduction for nosocomial RVIs
�n Pharmacoeconomic assessments of therapeutic strategies
�n Innovative clinical research methods 

Optimizing public health strategies
�n Evidence base for current nonpharmaceutical interventions
�n Vaccine development for key noninfluenza RVIs 
�n Modeling and pharmacoeconomic analyses to assess RVI mitigation measures
�n Knowledge, Attitude and Perception (KAP) studies on RVIs in key groups
�n Communication strategies to the general public and to healthcare workers

BOD: Burden of disease; CAP: Community-acquired pneumonia; HRV: Human rhinovirus; 
RSV: Respiratory syncytial virus; RVI: Respiratory virus infection; SARI: Severe acute respiratory illness.
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Conversely, licensed viral vaccines (e.g., trivalent 
influenza vaccine) can be used in probe study 
designs to determine the proportions of CAP and 
invasive bacterial infections prevented by specific 
immunization. Similarly, when available, specific 
antiviral interventions can be used to examine 
viral–bacterial interactions. For example, osel-
tamivir administration reduced pneumococcal 
pneumonia severity in a murine model of sequen-
tial infection [34], and a recent meta-ana lysis of 
oseltamivir RCTs found evidence for reductions 
in physician-diagnosed lower respiratory tract 
complications leading to antibiotic prescriptions 
[25]. In children, reductions in new acute otitis 
media diagnoses have been found with early osel-
tamivir therapy of influenza [35,36]. 

Track 2: understanding disease 
pathogenesis & host dynamics

Many studies have examined the replication 
dynamics of specific respiratory viruses at the cel-
lular level, including the use of primary human 
respiratory cell systems, and sophisticated tech-
nologies like host-directed RNAi screens are 
being applied increasingly to understand the 
complex interplay between host cellular factors 
and pathways during replication, especially for 
influenza [37–39]. This work needs to be extended 
to other respiratory viruses, as such approaches 
may yield tractable targets for inhibiting the rep-
lication of single or multiple respiratory viruses 
[40]. Viral sequence ana lysis and studies of viral 
gene effects in animal model systems have been 
key to understanding viral–host interactions. 
For example, most respiratory viruses, includ-
ing influenza and RSV, have mechanisms for 
modulating host antiviral responses and promot-
ing their replication. Recently, two new possible 
virulence factors have recently been proposed for 
influenza, the N40 truncated form of PB1 and 
the Orf X open reading frame in the PA gene [41]. 

By contrast, data on virus replication patterns at 
the patient level, especially in the lower respiratory 
tract, are much more limited. Major differences 
exist in quantitative respiratory viral replication 
patterns in the upper respiratory tract depending 
on age, immune status and virus. Furthermore, 
the availability of more sensitive NAATs for RVI 
diagnosis has frequently led to the detection of 
multiple respiratory viruses in those with ALRI, 
especially in infants and young children. For 
example, RNA from two or three respiratory 
viruses have been detected in 10–20% of pedi-
atric pneumonia cases [42,43]. Certain respiratory 
viruses, particularly human rhinoviruses, are 
associated with multiple infections throughout 

life, frequent subclinical infections and detection 
of viral RNA for weeks surrounding a symp-
tomatic infection [4,44]. Such observations raise 
questions about disease causation for different 
viruses (e.g., frequency of subclinical infection 
and significance of viral RNA detection) and 
the pathogenesis of dual or sequential infections 
with multiple agents. More quantitative data and 
serial sampling might help to resolve uncertain-
ties, but the inability to routinely sample the lower 
respiratory tract without invasive procedures is a 
significant limitation. In any case, the finding of 
frequent viral coinfections also encourages devel-
opment of innovative therapeutic approaches, not 
focusing on a single virus. 

Host immune and proinflammatory responses 
to respiratory virus infections play key roles in 
disease pathogenesis and end-organ damage in 
the case of severe infections. These responses 
are diverse across ALRI syndromes (e.g., bron-
chiolitis, bronchitis, asthma exacerbation, viral 
pneumonia and acute lung injury), population 
groups and virus type, and remain incompletely 
understood. For example, studies in avian 
H5N1 patients found strong correlations between 
upper respiratory tract viral RNA levels and sys-
temic cytokine and chemokine responses, indi-
cating a central role of viral replication in driving 
these responses [45]. Mixed infections, both viral–
viral and viral–bacterial, increase the complexity 
of pathogen–host interactions. Improved thera-
peutic strategies for RVIs will depend on better 
understanding of the mechanisms of disease in 
different syndromes and target populations. 

A number of studies examining contributory 
factors in severe influenza have been published 
but few have involved prospective systematic data 
collection with sequential sampling to examine 
viral and host response dynamics over time. One 
recent example is the MOSAIC study, which has 
enrolled 257 hospitalized patients to improve 
understanding of influenza disease pathogen-
esis [111]. Preliminary results indicate that vari-
ous host mediators (e.g., I-tac, tarc, IL-15, IP-10 
and IL-6) and gene transcriptome patterns show 
altered expression. This study has also contrib-
uted data to a multicenter study demonstrating 
that a particular single-nucleotide polymorphism 
allele in IFITM3 is associated with increased 
influenza disease severity in Caucasians [46], a 
finding recently confirmed in Chinese patients 
[47]. The contributions of such alleles to patho-
gen-specific and overall severe infections needs 
to be assessed across diverse population groups. 
In general, more information is needed about the 
underlying mechanisms for established major 
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host factors (e.g., lack of breastfeeding, preg-
nancy, obesity, smoking and specific comorbidi-
ties) and environmental conditions (e.g., passive 
smoking, indoor air pollution) associated with 
increased RVI disease severity. Understanding 
and addressing the contributions of such factors 
in resource-limited settings, where the burden of 
RVIs is estimated to be particularly high, pres-
ents enormous challenges, but failure to do so 
threatens the  achievement of the current MDGs.

Track 3: expanding treatment options
The extensive use of influenza antivirals during 
the 2009 pandemic response in Japan provides 
one country-specific perspective and suggests 
the potential value of antivirals for other RVIs. 
Japan experienced very low mortality during the 
2009 pandemic in association with widespread 
neuraminidase inhibitor (NAI) use, including 
in young children and pregnant women [48,49]. 
Other observational studies have found substan-
tial mortality benefits even with delayed oselta-
mivir treatment (e.g., 4–5 days after appearance 
of symptoms) [27,29,50–52], and ecological studies 
also indicate an association between NAI supply 
or use and decreased mortality [53]. However, 
oseltamivir does not rapidly control viral rep-
lication in some hospitalized patients [51], some 
patients progress and die despite early antiviral 
treatment [54], and emergence of resistance has 
been a problem, as shown in part by the global 
circulation of oseltamivir-resistant seasonal 
inf luenza H1N1 virus in 2007–2009. Slow 
antiviral responses and resistance emergence 
have been reported recently in several avian 
A(H7N9)-infected patients [55]. 

Consequently, efforts at developing more potent 
influenza antiviral combinations for treatment, 
especially in seriously ill and immunocompro-
mised persons, are needed. Currently, four NAIs 
are approved for use in Japan (oral oseltamivir, 
inhaled zanamivir, inhaled laninamivir and 
intravenous peramivir but, except for oseltamivir, 
very limited published data exist on use in hos-
pitalized patients. A variety of other agents with 
mechanisms of action different from NAIs (e.g., 
favipiravir, nitazoxanide, the sialidase DAS181, 
the oligonucleotide AVI-7100, anti-hemagglutinin 
monoclonal antibodies and other novel agents) 
are in various stages of clinical development [30]. 
Arbidol (recently designated umifenovir), an agent 
with antihemagglutinin activity, was approved in 
Russia in 1995 and is undergoing further clini-
cal testing there. Significant reductions in mor-
tality have been reported in critically ill influ-
enza A(H1N1)pdm09-infected patients given 

neutralizing antibodies in the form of convalescent 
plasma and recently hyperimmune IVIg [23,24]. 
In addition to inhibiting influenza viruses resis-
tant to antivirals in one or both available classes, 
these interventions may offer useful agents for 
 combination therapy in serious ill patients.

By contrast, the pipeline for developing inhibi-
tors for other respiratory viruses is much more 
limited. Aerosolized ribavirin is approved for 
use in treating RSV lower respiratory disease in 
children but its use is largely limited to severely 
immunocompromised hosts. While passive 
immunization with anti-F monoclonals is par-
tially protective against serious RSV illness in at-
risk infants, therapeutic use of palivizumab has 
been clinically ineffective [56]. Other RSV inhibi-
tors are in clinical development (e.g., RI-001, a 
high-titer RSV immunoglobulin, and several 
fusion inhibitors, MDT-637 and GS-506). One 
inhaled siRNA designated ALN-RSV01 may 
reduce the risk of bronchiolitis obliterans syn-
drome after RSV infection in lung transplant 
patients, which increases interest in developing 
this general class of inhibitors [57]. Recent case 
reports of the beneficial effects of inhaled DAS181 
in treating severe parainfluenza virus (PIV) infec-
tions [58], of oral CMX001 in severe adenovirus 
infections in immunocompromised hosts [59], and 
Phase II placebo-controlled RCTs reporting some 
benefits with inhaled IFN-b [112] and with an oral 
capsid-binding anti-human rhino virus agent [113] 
in treating colds in asthmatics are encouraging, 
but development of  alternative antivirals for these 
and other RVIs is needed. 

Broader spectrum RNA virus antivirals (e.g., 
favipiravir, nitazoxanide and arbidol) raise the 
possibility of treating a range of RVIs without 
identifying the causative virus. Host pathway-
directed agents offer the potential for broad-
spectrum and reduced resistance development 
[40,60]. Of note, some pathways involved in host 
immune responses are also necessary for efficient 
viral replication, so that an inhibitor has the 
potential to modulate both viral replication and 
possibly deleterious host responses [38,40]. There 
is also evidence for inadequate host responses 
in some RVIs; for example, deficient interferon 
responses in severe influenza pneumonia [61], 
which may open the possibility of therapeutic 
intervention. Resolving such questions will 
depend on advances in understanding the 
viral replication dynamics and host immune 
responses in key patient groups, especially in the 
lower respiratory tract, as well as the potency of 
candidate immunomodulatory and host-directed 
therapeutics.
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Assessing the effectiveness and safety of low-
cost adjunctive therapies with regard to possible 
therapeutic value makes sense for vitamin 
and mineral supplements (e.g., vitamin D, 
vitamin A, zinc and selenium), especially in 
populations with documented or suspected 
deficiencies [62–66]. Prophylactic studies might be 
considered with these and other relatively low-
cost, low-risk interventions like probiotics [67]. 
Another area of interest is the therapeutic value 
of various immumomodulatory interventions 
(e.g., statins, glitazones, COX-2 inhibitors 
and macrolides), particularly for treatment in 
conjunction with antivirals in severe illness, and 
of commonly used symptom relief medications 
(e.g., NSAIDS) [68]. However, it remains to 
be determined whether either or both of the 
apparently conflicting strategies of upregulation 
or downregulation of innate immune responses 
are appropriate for particular patient groups, as 
well as which responses to modulate, to what 
extent, and at what time points in the course of 
illness to start and to stop.

Track 4: improving SARI diagnosis & 
diagnostic tests

Many challenges with regard to developing low-
cost, reliable POC diagnostic tests applicable in 
low-resource setting are apparent, although these 
tests can be quite helpful in surveillance activities 
when used and interpreted correctly. Even in well-
resourced settings, the performance characteristics 
and costs of available POC assays do not 
necessarily justify their use in individual patient 
management, as assay sensitivity in children is 
often better than in adults and the elderly, in whom 
upper respiratory tract virus titers are usually 
lower. Standardization in collection procedures, 
sites of sampling, and timing during the course 
of illness can critically affect performance. 
Recent development of relatively low-cost POC 
tests using battery-operated readers have shown 
improved performance for influenza diagnosis. 
Similar incremental improvements in POCs 
are likely to continue and will expand options 
for both surveillance and clinical management. 
The use of sequential sampling to support 
therapeutic monitoring in seriously ill patients 
(e.g., responses to antiviral administration and 
detection of antiviral resistance emergence) and 
other areas of RVI research (e.g., the evaluation 
of novel therapeutics) are important topics for 
continued study.

Commercial opportunities have led to an 
increasing number of POC antigen assays 
and of laboratory-based multiplex NAATs in 

well-resourced settings, but providing incentives 
for companies to expand to less well-resourced 
markets is challenging. Most of the next-
generation multiplex NAATs, panels and cards 
for viral respiratory infections are being developed 
in the private sector. Financial considerations 
such as protecting and/or exploiting intellectual 
property will increase the costs of many of the 
newer technologies. However, success is possible 
in low-resource settings, as exemplified by the 
Foundation for Innovative New Diagnostics 
(FIND)’s model in developing a rapid multidrug-
resistant tuberculosis test, based on a NAAT, that 
enjoyed considerable application and associated 
cost reduction. Similarly, the introduction in 
resource-limited settings of rapid diagnostic tests 
for malaria have been shown to be cost effective 
in terms of appropriate treatment for those 
with malaria and reduced use of antimalarials 
for nonmalaria fever patients [69,70]. Careful 
pharmacoeconomic evaluations will be needed 
to clarify the role of existing and newer RVI 
diagnostics, particularly in lower resource settings. 

The development of prognostic markers for 
RVIs and the validation of biomarkers that may 
help identify those at risk for progression to severe 
disease and distinguish patients with bacterial 
from those with viral or nonbacterial etiologies 
are important investigative areas. Studies on 
serum procalcitonin and C-reactive protein to 
facilitate the judicious use of antibiotics are 
promising in this regard [71,72], but further 
work, especially in developing world settings, is 
required. Preliminary studies using sophisticated 
analyses of host transcriptomics has indicated 
that particular patterns might help distinguish 
viral from bacterial pneumonias [73]. While such 
approaches are of considerable scientific interest, 
broader application would depend on finding an 
appropriate balance between the scope of testing 
and cost of the assay. 

Track 5: improving clinical management
Standards of care for ALRIs vary widely across 
the globe, and as many as 1.5 million childhood 
deaths may have hypoxia as contributory factor 
each year. The availability of oxygen, oximeters, 
related basic support equipment and trained staff 
are insufficient in some countries [74]. In addition, 
the development of WHO oxygen use guidelines 
and essential medicine qualification are currently 
hindered by insufficient high-quality evidence. 
While it seems obvious that accurate detection 
of hypoxemia and availability of oxygen would 
improve both rational use of oxygen therapy 
and quality of care, further research studies are 
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needed to address operationalization of detection 
and case management of hypoxemia for improv-
ing health system support in CAP and ALRIs. 
Related important clinical support questions that 
require further study, especially in low-resource 
settings, encompass strategies for using noninva-
sive and invasive mechanical ventilatory support. 

One key mechanism for increasing accessibil-
ity to existing therapeutics is WHO’s essential 
medicines list (EML) and the related prequali-
fication program [114], the goals of which are to 
make effective, quality-assured drugs affordable 
and accessible, as well as promote transparency 
and collaboration among regulatory authorities 
and WHO. The WHO prequalification program 
[115] has approved 269 products as of mid-2012. 
The EML neither replaces regulatory authority 
processes nor is a list of inexpensive medicines 
for low-resource countries. The last EML revi-
sion in 2011 included 325 active substances and 
currently includes oseltamivir for influenza and 
ribavirin for selected viral hemorrhagic fevers. 

Another aspect of improving clinical man-
agement is the avoidance of treatments that are 
ineffective and in some cases potentially harm-
ful. Antibiotics are commonly used for treating 
RVIs, a circumstance that increases the risk of 
adverse drug effects, increases cost of care and 
contributes to the problem of antimicrobial 
resistance. Of note, epidemiologic studies have 
linked early childhood antibiotic exposure, most 
commonly for ARIs, with obesity and possibly 
inflammatory bowel disease in later life [75,76]. 
Systemic corticosteroids have been commonly 
used in management of RSV-associated bronchi-
olitis and of influenza-associated pneumonia and 
acute respiratory distress syndrome, but, unlike 
use in the croup syndrome, the available data do 
not indicate benefit [77]. In the case of influenza-
associated acute respiratory distress syndrome or 
intensive care unit (ICU)-acquired pneumonia, 
there appears to be harm in terms of corticoste-
roid side effects and increased risks of nosocomial 
infections and mortality [78–81]. Animal models 
and some epidemiologic observations have also 
suggested an increased risk of mortality associ-
ated with antipyretic use during influenza infec-
tion [82,83]. Since antipyretics are widely used in 
treating ARIs, further studies of their potential 
benefits and adverse events are warranted.

In response to the 2009 pandemic, a number 
of new networks like the International Forum for 
Acute Care Trialists (InFACT) [84,116] and in the 
UK the Mechanisms of Severe Acute Influenza 
Consortium (MOSAIC) [110] were formed 
to undertake prospective studies of disease 

pathogenesis and treatment. Delays in study ini-
tiation limited enrollments in most studies, and 
no prospective RCT of adjunctive therapeutics 
like corticosteroids or statins were completed, 
although a number of observational studies have 
been reported. ICUs were disproportionately 
impacted during the pandemic and are likely to 
be the sites in future where many critically ill 
patients, owing to recognized or newly  emerging 
RVIs, are managed. Past RCTs of supportive care 
for such patients provide examples of determin-
ing the best practices for ventilator use, fluid 
management and infection reduction in the ICU 
setting [85]. However, another key pandemic les-
son was that ICU surge capacity needs advance 
training and preparation; technology like venti-
lators can be ineffective and potentially harmful 
if there are not sufficient trained staff. 

In the early stages of an outbreak with a new 
pathogen, smaller observational studies with pro-
spective data collection may be all the research 
community can conduct. These studies are often 
key, as some initial clinical and microbiologic 
data are needed to develop preliminary man-
agement recommendations. The International 
Severe Acute Respiratory and Emerging Infection 
Consortium (ISARIC) was launched in 2012 [117], 
in part to increase preparedness for novel SARI 
and emerging infection events, and facilitate 
data collection by putting mechanisms in place 
to respond to the next outbreak. Preparedness 
includes both developing infrastructure for clini-
cal studies, in part by collaborating on studies 
during the inter-pandemic period, and ensur-
ing that the necessary funding, administrative 
structure, data-sharing and sample-ana lysis 
methods are in place. For example, ISARIC 
recently posted comments and data collection 
instruments regarding the novel CoV cases in 
the Middle East [118,119], and has developed with 
the WHO and made publicly available a clinical 
protocol for SARI in response to the emergence 
of avian influenza A(H7N9) [120]. Going forward, 
collaborations between investigators in InFACT 
and ISARIC have focused on harmonization of 
clinical studies, clarity on end points, developing 
an adaptive clinical trial RCT system to assess a 
range of adjunctive therapies for SARI manage-
ment, and empiric research on understanding the 
ethical, logistic and administrative constraints on 
clinical research in epidemics. 

Track 6: optimizing public health 
strategies

Vaccines remain the optimal means of disease 
prevention, but among the respiratory viruses, 
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only vaccines against influenza are currently 
available. Studies to develop vaccines for RSV 
and PIV have been ongoing for decades, and 
both live-attenuated and subunit RSV vaccines 
are in clinical development. However, signifi-
cant technical challenges exist with regard to 
vaccines for RVIs. In addition to the large diver-
sity of antigenic types for some respiratory virus 
families (e.g., picornaviruses and adenoviruses), 
immune responses to infections by important 
pathogens such as RSV, human metapneumo-
virus and PIV are incomplete, meaning that 
reinfections occur throughout life. Such find-
ings suggest that effective vaccines might need 
to induce more effective protective responses 
than natural infection. Once such vaccines are 
available, the strategy of maternal immuniza-
tion, already shown to be effective for influenza 
[121], would be a logical approach to protect-
ing infants. In low-resource settings, maternal 
influenza immunization combined with immu-
nization of children at 6–9 months of age has 
the potential to significantly reduce pneumonia 
mortality [86]. However, even for countries using 
influenza vaccines, the requirement for annual 
immunization, related to waning immunity and 
changing viral antigenicity, limited protective 
effectiveness [122] especially in high-risk popula-
tions such as the elderly and very young children, 
poor uptake in many countries and delay in dis-
tributing vaccines for novel viruses emphasize 
the importance of developing new influenza vac-
cines with more durable and broader spectrum 
immune responses [21,31,105].

Renewed work on public health approaches 
to reducing disease transmission at both the 
individual (e.g., hand hygiene, cough etiquette, 
masking) and community (e.g., school closures, 
avoidance of mass gatherings) levels is needed. 
While some of these interventions such as hand 
hygiene [87] and school closures [88] appear to 
be useful in specific circumstances, much more 
evidence is required to inform such public health 
measures and recommendations. Additionally 
understanding the relative contributions of dif-
ferent routes of RVI transmission in different 
settings would have implications for preventive 
interventions and hence for cost–effectiveness 
studies. Pharmacoeconomic studies and model-
ing of comparative scenarios to include the pos-
sible unintended consequences of the interven-
tions to be implemented are needed. 

Misperceptions about RVIs are common in 
both the general public and healthcare providers. 
This has contributed to both using inappropriate 
therapies (e.g., unnecessary antibiotics) and to 

not using ones of proven values (i.e., influenza 
vaccines and antivirals). Particular research 
attention should be given to understanding the 
optimal methods of communication to differ-
ent stakeholders, especially healthcare workers. 
Better data on current knowledge, attitudes and 
practices in different countries and resource 
 settings would allow improved local adaptation 
and implementation. As public trust in politi-
cal leaders is typically much less than for those 
in the clinical and public health communities, 
communication and preparation efforts should 
be linked closely with credible voices in these 
communities. In the wake of the 2009 pan-
demic, many countries are re-evaluating their 
responses in the context of their own cultures, 
political systems and healthcare systems. This 
reappraisal provides an opportunity to gener-
ate greater awareness among stakeholders of 
the impact of currently circulating respiratory 
viruses and potential threats to improve current 
responses and future preparedness. 

Future perspective
The next steps in this undertaking will include 
efforts to raise awareness about the public health 
and research needs represented in the BRaVe 
Initiative among funding organizations, academic 
groups and industry. Better understanding of the 
activities currently in progress globally will require 
sharing information on active protocols and 
research results. WHO proposes the creation of a 
forum (think-tank) with stakeholders including 
academic investigators, public health decision-
makers, representatives from funding organizations 
and the private sector to prioritize gaps and agree 
on a timetable for developing workable solutions. 
As currently envisioned, this forum would be at 
least a 3-year initiative that would address three 
key topics in parallel: new antiviral treatments 
for viral respiratory infections; innate (both 
protective and deleterious) and adaptive immune 
responses in pathogenesis of disease, including 
the roles for immunomodulatory therapies and 
vaccines for noninfluenza respiratory viruses; and 
optimization of clinical management, diagnostics, 
and public health strategies, especially in low-
resource settings. An additional near-term goal 
is revision of the joint WHO–UNICEF global 
action plan on pneumonia to include RVI-
associated pneumonias. Increased awareness and 
coordination among stakeholders is expected to 
link public health communities around major 
cross-cutting issues and accelerate innovative 
solutions to address the major issue of respiratory 
viral infections.
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Executive summary

Background
�n Acute respiratory infections kill an estimated 3.9 million people annually and in developing countries are the leading cause of mortality 

in children under 5 years of age. 
�n Respiratory viruses are major contributors to this burden of disease but their contribution to respiratory illnesses and associated 

complications remains underestimated and incompletely understood. 
�n Emerging respiratory viruses have the potential to trigger regional or worldwide epidemics as recently seen with the avian influenza 

A(H7N9) virus or the Middle East respiratory syndrome coronavirus.
�n No specific public health strategies for respiratory viral infections other those caused by influenza viruses and to some extent respiratory 

syncytial virus are currently available.

Development of the BRaVe Initiative 
�n WHO, with its partners, has undertaken the development of an integrated research agenda and response initiative, the Battle against 

Respiratory Viruses (BRaVe) Initiative to address these needs. 
�n Two informal technical consultations were held by WHO in July and November 2012 to identify the key knowledge gaps and the 

research needs and tools to address these gaps.
�n A call to action was posted on the WHO website in March 2013 and the research agenda in May 2013.

BRaVe Initiative research agenda
�n The principle objectives of the research agenda are to: identify specific research priorities for respiratory virus infections and their 

sequelae over the next 5–10 years; provide a framework for resource allocation that addresses needs in under-resourced countries, as 
well as operational and social sciences research issues; facilitate interactions and collaboration among partners to address the gaps; and 
monitor progress in filling knowledge gaps in order to facilitate the development of new evidence-based policies.

�n The BRaVe Initiative is intended to change the usual approach to WHO’s involvement with the research community.
�n The following tracks have been identified crucial for further research; priority research questions have been highlighted: 
�— Track 1: defining the burden of respiratory viral infections;
�— Track 2: understanding disease pathogenesis and host dynamics;
�— Track 3: expanding treatment options;
�— Track 4: improving SARI diagnosis and diagnostic tests;
�— Track 5: improving clinical management;
�— Track 6: optimizing public health strategies.

�n Priority research questions were agreed within each tracks. 

Next steps
�n Collective engagement across public and private sectors is needed to develop new vaccines and therapeutics against respiratory viruses 

and assure equity in making them available to those in need.
�n Complementary basic and clinical research approaches are required to address essential research needs and develop new interventions 

and tools to combat respiratory viruses. 
�n WHO proposes the creation of a forum with stakeholders including academic investigators, public health decision-makers, representatives 

from funding organizations and the private sector to prioritize gaps and agree on a timetable for developing workable solutions.
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