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Emerging viral respiratory tract infections—environmental 
risk factors and transmission
Philippe Gautret, Gregory C Gray, Remi N Charrel, Nnanyelugo G Odezulu, Jaff ar A Al-Tawfi q, Alimuddin Zumla, Ziad A Memish

The past decade has seen the emergence of several novel viruses that cause respiratory tract infections in human 
beings, including Middle East respiratory syndrome coronavirus (MERS-CoV) in Saudi Arabia, an H7N9 infl uenza 
A virus in eastern China, a swine-like infl uenza H3N2 variant virus in the USA, and a human adenovirus 14p1 also 
in the USA. MERS-CoV and H7N9 viruses are still a major worldwide public health concern. The pathogenesis and 
mode of transmission of MERS-CoV and H7N9 infl uenza A virus are poorly understood, making it more diffi  cult to 
implement intervention and preventive measures. A united and coordinated global response is needed to tackle 
emerging viruses that can cause fatal respiratory tract infections and to fi ll major gaps in the understanding of the 
epidemiology and transmission dynamics of these viruses.

Introduction
Since the recognition of severe acute respiratory 
syndrome (SARS) in 2003, several new viruses have 
emerged in diff erent parts of the world. Middle East 
respiratory syndrome coronavirus (MERS-CoV) was 
fi rst identifi ed in Saudi Arabia and Jordan in 2012, with 
several cases documented in European travellers who 
had visited the Middle East. More than 840 human 
cases of MERS-CoV infection have been confi rmed as 
of July, 2014. Most patients had respiratory disease with 
a range of clinical manifestations from mild, 
asymptomatic cases to severe multisystem illness; 
mortality was about 38%. Human adenovirus 14 
(HAdV14) was fi rst recognised in 1955 and it re-
emerged in 2006 in the USA in a slightly diff erent form 
(HAdV-14p1). Outbreaks have been restricted to the 
USA and China, with cases totalling in the hundreds, 
and mortality has been low. Infl uenza A H7N9 virus 
emerged in eastern China in early 2013 with very few 
cases occurring outside of China. As of June, 2014, 
more than 448 confi rmed human cases have been 
documented with an estimated 39% mortality rate. 
Avian infl uenza A H10N8, the fi rst strain of which was 
isolated from birds several decades ago, emerged in 
2013 to infect at least three people in China, leading to 
one death. Similarly, in 2011 a novel swine-like 
infl uenza H3N2 variant virus emerged in two states in 
the USA, causing disease in 12 people. By the end of 
2013, the virus had spread to ten states and caused at 
least 340 people to be ill (with one death). In this paper, 
we review the epi demiology of these emerging viruses, 
including their geo graphical distribution, modes of 
transmission, and where appropriate their zoonotic 
characteristics.

MERS
Geographical distribution 
MERS-CoV infection is a new human disease that was 
fi rst reported in Saudi Arabia in June, 2012 (fi gure).1 

Retrospective investigation of a hospital outbreak of 
13 cases of respiratory infections in Zarqa, Jordan in 
April, 2012, identifi ed two confi rmed and 11 probable 
cases of which ten were among health-care workers.2 As 
of the end of July, 2014, 841 confi rmed cases, including 
327 deaths (38·4%), have been reported by local 
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Key messages

• Over the past decade, several new viruses causing respiratory tract disease in human 
beings have emerged in diff erent parts of the world.

• Human adenovirus (HAdV) 14p1 has been identifi ed in people only, but Middle East 
respiratory syndrome coronavirus (MERS-CoV), infl uenza A H7N9, infl uenza A H10N8, 
and infl uenza A H3N2 variant are zoonotic diseases.

• HAdV14 fi rst recognised in 1955 re-emerged in 2006 in the USA and China.
• As of June, 2014, more than 448 confi rmed human cases of avian Infl uenza A H7N9 

virus infection have been documented since its fi rst discovery in early 2013.
• Infl uenza A H7N9 virus can survive for months in the environment, and the absence of 

clinical signs in poultry, ducks, and wild birds makes it particularly diffi  cult to control.
• An avian infl uenza H10N8 virus has recently emerged in 2013 to infect at least three 

people in China.
• In 2011 a novel swine-like infl uenza A H3N2 variant virus emerged in two states in the 

USA, and by the end of 2013 it had spread to ten states and caused illness in at least 
340 people. The absence of clinical signs among infl uenza A H3N2 variant infected 
pigs is a major concern in that people are essentially serving as sentinels of infection.

• First identifi ed in Saudi Arabia in 2012, the number of human cases of MERS-CoV 
infection have steadily increased to more than 840. Nosocomial transmission to 
patients and health-care workers has been documented.

• While geographically restricted to the Middle East, MERS-CoV is of major public health 
concern since millions of pilgrims from 184 countries visit Saudi Arabia for pilgrimage 
throughout the year.

• There is a mounting evidence suggesting that camels are the likely reservoir of 
MERS-CoV human infections although the precise mode of transmission to humans 
remains unknown.

• A united and coordinated global response is needed to tackle new infectious diseases 
threats posed by novel viruses that can cause fatal respiratory tract infections over the 
past decade and to fi ll major gaps that remain in the understanding of their 
epidemiology and transmission dynamics. 
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authorities worldwide.3 Almost all confi rmed cases 
were reported from the Middle East, notably Saudi 
Arabia, but also neighboring countries including Egypt, 
Iran, Jordan, Kuwait, Lebanon, Oman, Qatar, United 
Arab Emirates (UAE), and Yemen. According to the 
European Centre for Disease Prevention and Control 
(ECDC), cases have been reported in Algeria, France, 
Germany, Greece, Italy, Malaysia, the Netherlands, 
Philippines, Tunisia, the UK, and the USA. Overall, all 
cases originated from or had a history of travel to the 
Middle East, with few secondary cases.3

Most cases of MERS-CoV infection have been in Saudi 
Arabia where the Hajj, a large religious mass gathering, 
takes place each year. The Hajj draws 2–3 million 
pilgrims from within Saudi Arabia and around the world. 
Worldwide attention has focused on the potential spread 
of MERS-CoV after the Hajj pilgrimage because pilgrims 
have a high risk of respiratory tract infections because of 
crowded conditions.4 In 2013, the Saudi Ministry of 
Health recommended that elderly people (older than 
65 years), people with chronic diseases (eg, heart disease, 
kidney disease, respiratory disease, and diabetes), the 
immunocompromised (congenital and acquired), people 
with malignant disease or terminal illnesses, pregnant 
women, and children (age less than 12 years) postpone 
their participation in the Hajj and Umrah for their own 
safety.5 Investigations done among French pilgrims 
participating in the 2013 Hajj showed that 48% had at 
least one disorder for which the Saudi Ministry of Health 
recommends participation in the Hajj be postponed.6,7 
None of 179 individuals at risk decided to cancel 

participation, even after receiving this advice during 
consultation.6,7 All countries (particularly those with 
returning pilgrims) were advised by the International 
Health Regulations Emergency Committee to strengthen 
their surveillance capacities and ensure robust reporting 
of any identifi ed cases.8 Cohort surveys of returning 
French pilgrims with systematic screening of MERS-CoV 
nasal carriage by PCR were done in 2012 and 2013, and 
the results were negative despite high rates of respiratory 
symptoms.9,10 However, pilgrims rapidly acquired other 
respiratory viruses during their stay in Saudi Arabia 
(especially rhinovirus and infl uenza viruses, which 
emphasises the potential of these infections to spread in 
the pilgrims’ home countries on their return.10,11 
Screening of pilgrims from 22 countries before 
(3210 pilgrims) and after (2025) Hajj in 2013 did not 
reveal any positive cases by RT-PCR.12

Between human transmission of MERS-CoV
Most MERS-CoV cases reported have probably acquired 
infection through human-to-human transmission. 
Among 144 confi rmed and 17 probable cases analysed by 
the MERS-CoV Research Group in November, 2013, 
95 (59%) were classifi ed as secondary cases with epi-
demiological links to other confi rmed cases. Among 
these, most acquired the infection in health-care 
settings (63·2%), followed by those infected in 
household settings (13·7%).13 In the same report, 
clusters of cases secondary to human-to-human trans-
mission occurred with a cluster size ranging from two 
to 25 patients. The largest cluster was in Al-Hasa 

Figure: Geographical distribution of human cases of emerging respiratory viruses
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(Saudi Arabia) with 25 cases among patients undergoing 
hemodialysis, visiting family members, and health-care 
workers.14 However, a description of the geographical 
distribution and phylogenetic relation of MERS-CoV 
infections across time suggests that the Al-Hasa hospital 
outbreak might have been caused by more than one 
virus introduction.15 Other clusters in the health-care 
setting have been described in France, Jordan, Qatar, 
Saudi Arabia, and UAE.13 Several clusters have been 
described in the context of the household setting in 
Saudi Arabia and Tunisia, or in both the contexts of 
health-care and household settings in the UK.13,16,17 
Transmission in all reported clusters is restricted, and 
evidence from contact-tracing suggests that trans-
mission did not extend beyond close contacts into the 
community. Assessment of the between-human 
transmissibility of MERS-CoV by two teams with 
available non-hospital epidemiological data confi rmed 
the restricted pattern of transmission. The estimated R0 
was 0·60–0·69 in one study and 0·8–1·3 in another 
(table 1).18,19 In the absence of appropriate hospital 
infection control, R0 might be greater than 1 in hospitals 
admitting patients with MERS-CoV.

Evidence for a zoonotic source for MERS-CoV
MERS-CoV belongs to the lineage C βcoronaviruses, 
which are associated with bats.20 Close relatives of MERS-
CoV have been identifi ed in European, Asian, Central 
American, and South African bats.21–27 A new β-corona-
virus related to MERS-CoV has also been charac terised in 
European hedgehogs.28 The genome diversity of human 
MERS-CoV isolates suggests that human infections 
result from several independent zoonotic events from an 
unknown reservoir in the Middle East.15,29 Among 
161 patients with MERS-CoV analysed by the MERS-CoV 
Research Group in November, 2013, 51 (32%) were 
classifi ed as probably sporadic (table 2) or index cases (no 
exposure to other known cases). Contact of patients with 
camels was documented in only fi ve of 51 cases; however, 
reliable information was available from only 28 cases.13 
MERS-CoV spike-protein-binding anti bodies and virus 
neutralising antibodies are reported in high proportions 
of camels from the Canary Islands, Egypt, Jordan, Oman, 
Qatar, Saudi Arabia, UAE, but not from other livestock 
including sheep, goats, cattle, and chickens.30–37 A higher 
seroprevalence was reported in adults than in juvenile 
camels.33,36 Furthermore, MERS-CoV was detected by 
quantitative (q) RT-PCR from nasal samples in 11 of 
14 camels from a farm in Qatar linked to two confi rmed 
human cases, fi ve of 76 camels from Oman, 36 of 
104 juvenile camels from Saudi Arabia, 15 of 98 adult 
camels from Saudi Arabia, and four of 110 camels from 
Egypt, two of which were imported from Sudan and 
Ethiopia.31,33,38,39 Genomic sequences of MERS-CoV 
isolates from two patients and from their infected camels 
were almost identical, suggesting camel-to-human trans-
mission.40,41 

A novel coronavirus (DcCoV UAE-HKU23) was 
detected by qRT-PCR in 21% of faecal samples from 
dromedary calves in UAE. 97–100% of camels were 
positive for MERS-CoV antibody testing by various 
methods, whereas 52% only had antibodies against 
DcCoV UAE-HKU23, which shows that little correlation 
exists between seropositivity to the two viruses.35 
Additionally, a gene fragment was recovered from a 
faecal sample from a bat in Saudi Arabia, near the home 
of a confi rmed human case; bat and human isolates were 
100% homologous.42 Studies addressing the sero-
prevalence of MERS-CoV among human beings are 
highly demanding from a technical perspective, because 
titres are generally low, and there is crossreactivity 
between coronaviruses.43 

Studies done on 624 serum specimens from people in 
Saudi Arabia, including slaughterhouse workers, by 
discriminative methods failed to show evidence for the 
presence of antibodies.43,44 Dromedary camels harbour 
the virus and shed MERS-CoV in respiratory secretions. 
The frequency of positive serology in camels versus 
human beings strongly suggests that camels are the 
reservoir for human exposure. Unpasteurised camel 

Total human 
cases

Total human 
deaths

Clusters Environmental 
properties

R0

MERS-CoV* 841 327 Family and 
health-care 
settings

Stable at low 
temperature and 
low humidity

0·60–0·69 vs 
0·8–1·3

Human 
adenovirus 14p1

Many 13 Military and 
school settings

Unknown Unknown

H7N9 avian 
infl uenza virus

448 157 Family settings Survives for 
months in the 
environment

0·11–0·45

H10N8 avian 
infl uenza virus

3 1 None Water persistence Unknown

H3N2 variant 
infl uenza virus

340 1 Geriatric ward 
settings

·· Unknown

MERS-CoV=Middle East respiratory syndrome coronavirus. *Data to end of July, 2014. 

Table 1: Emerging respiratory viruses as of June, 2014

Potential sources Transmission patterns

Middle East 
respiratory syndrome 
coronavirus

Human patients, camels, bats, and 
environment (camel farms)

Human-to-human (59%), sporadic

Human adenovirus 
14p1

Human patients and asymptomatic 
shedders

Sporadic, human-to-human (close and 
frequent contact)

H7N9 avian infl uenza 
virus

Live birds, poultry, environment (bird 
markets, poultry farms, wet markets — soil 
and surface waters), and human patients

Direct contact with live poultry, human-
to-human (possible but restricted and 
non-sustainable)

H10N8 avian 
infl uenza virus

Live birds and poultry, environment (soil 
and surface water)

Exposure to poultry

H3N2 variant 
infl uenza virus

Pigs, pig environments (agriculture fairs), 
and human patients

Direct or indirect contact with pigs, 
human-to-human (possible but 
restricted and non-sustainable)

 Table 2: Potential sources and transmission patterns of emerging respiratory viruses
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milk is a possible route of trans mission, but so far few 
studies have assessed the prevalence of MERS-CoV in 
camel milk. A study in April, 2014 showed that camel 
milk was positive for MERS-CoV by qRT-PCR.45 Finally, 
the reservoirs might have complex ecology, and bats 
might play a part.

Evidence for environmental source for MERS-CoV
Only one study has investigated the stability of MERS-
CoV under diff erent environmental conditions.46 MERS-
CoV was stable at low temperatures and low humidity 
and could be recovered after 48 h at 20°C and 40% relative 
humidity. Aerosolisation of MERS-CoV did not aff ect its 
stability. These data show the potential for MERS-CoV to 
be transmitted via contact or fomite transmission as a 
result of prolonged environmental presence.

Putative mode of transmission of MERS-CoV
The exact mode of transmission of MERS-CoV is 
unknown. However, several MERS-CoV clusters have 
implicated human-to-human transmission among health-
care worker, hospital inpatient, and family cluster case 
series.47 Such transmission could be through respiratory 
droplets or direct or indirect contact.48 With a model 
developed by measurement of the hardness of coronavirus 
inner and outer protein shells, MERS-CoV was predicted 
to be readily transmitted through an oral–faecal route and 
also possibly via respiratory secretions.49

Human adenovirus 14
Geographical distribution
HAdDV-14 was fi rst discovered in 1955 during an 
outbreak of acute respiratory infections among military 
trainees in the Netherlands.50 Soon after, other 
outbreaks were reported in Czechoslovakia, England, 
and Uzbekistan (fi gure).51–54 The circulation and case 
reports of HAdV-14 infections ceased during the early 
1960s until the beginning of the 1970s when the virus 
was again detected in the Netherlands.53 In the early 
part of this century, suspected cases of HAdV-14 were 
identifi ed in Taiwan.55 During 2006, a variant of 
HAdV-14 (later dubbed HAdV-14p1) caused epidemics 
among US military trainees in fi ve states: California, 
Georgia, Illinois, Montana, and Texas.53,56,57 From 2003 
until now, sporadic HAdV-14p1 cases and clusters of 
cases were also described among civilians throughout 
the USA (Alaska, California, Kansas, New York, 
Oklahoma, Oregon, Pennsylvania, South Carolina, 
Texas, Washington, and Wisconsin)53,58–61 In 2009–10, 
nine sporadic cases were reported in Ireland.61 In 
October 2010, HAdV-14p1 was detected by culture in a 
17-month-old child with tonsillitis living in Guangzhou, 
southern China.62 In December 2010, HAdV-14p1 was 
isolated from a 6-month-old child presenting with 
pneumonia in Beijing, China.63 In April 2011, an 
outbreak occurred aff ecting 43 children (8–15 years old) 
attending school in the Tongwei County of the Gansu 

province (northwestern China), of whom 11 were 
identifi ed with infection of HAdV-14p1.64 During summer 
2011, three sporadic epidemiologically unrelated HAdV-
14p1 cases were identifi ed in the Canadian province of 
New Brunswick.65

Between-human transmission of HAdV-14p1
HAdVs are chiefl y transmitted via direct contact, aerosol, 
or contact with fomites. HAdV-14 strains are pre-
dominantly associated with upper and lower respiratory 
infections, and hence respiratory secretions are infec-
tious. Adenoviruses are ubiquitous in military training 
facilities.66 People at risk of HAdV-14p1 infection include 
military trainees, young children, and the immuno-
compromised (table 1). During HAdV outbreaks, the 
high prevalence of asymptomatic infected individuals 
renders the surveillance and targeted countermeasures 
very diffi  cult to enforce (table 2). So far, the basic 
reproductive rate (R0) has not been estimated for 
HAdV-14p1.

Evidence for a zoonotic source for HAdV-14p1
Cross-species transmission of a simian adenovirus from 
monkeys to man has been documented with scarce 
human-to-human infection.67,68 HAdV-14 strains are  
human adenovirus B (mastadenoviruses of the family 
Adenoviridae); all other adenovirus B are human viruses 
(HAdV-3, 7, 11, 16, 21, 34, 35, 50) except for the simian 
adenovirus 21.69 Most of the simian adenoviruses isolated 
from non-human primates are phylogenetically related 
to human adenoviruses and belong to the species B, C, 
and E.70 However, there are no observational data to 
suggest that human HAdV-14p1 infections might be 
epidemiologically linked to contact with non-human 
primates. There is no evidence that HAdV-14p1 is 
zoonotic.

Evidence for environmental sources of HAdV-14p1
No specifi c data for HAdV-14p1 suggest either an 
environmental reservoir or an environmental source of 
infection. However, other human adenoviruses are stable 
in the environment, and HAdV-B14p1 probably has 
similar characteristics. The infectivity of masta deno-
viruses is suppressed after 10 min at 56°C or above; they 
are infectious when frozen, stable when exposed to mild 
acids, and insensitive to lipid solvents.69

Putative mode of transmission of HAdV-14
No study is specifi cally dedicated to the transmissions of 
HAdV-14p1; however, this virus is probably transmitted 
through mechanisms similar to those recorded for other 
human adenoviruses that cause respiratory tract 
infections. Adenoviruses frequently cause epidemics 
among military trainees, children (especially newborns), 
institutionalised people in hospitals and nursing homes, 
and immunocompromised people.71–74 Because of their 
innate nature, adenoviruses are hardy and resistant to 
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environmental changes; they can be transmitted directly 
from person to person, and indirectly from environment 
to person.69 For HAdV-14p1, the substantial proportion of 
epidemic episodes that occurred in a community (eg, 
schools and military camps) suggests that close proximity 
is a key factor for outbreaks.53

Avian infl uenza H7N9 virus
Geographical distribution
The outbreak of a human novel infl uenza A H7N9 virus 
infection that occurred in early 2013 in eastern China 
(fi gure) raised serious concerns among public health 
professionals about the possibility of an imminent 
infl uenza pandemic.75,76 As of June, 2014, more than 
440 laboratory-confi rmed cases and more than 150 deaths 
from infl uenza A H7N9 have occurred.77 Novel infl uenza 
A H7N9 spread rapidly, involving numerous provinces in 
China, Hong Kong, Malaysia, and Taiwan.76,78 Infl uenza A 
H7N9 virus infections are associated with fever, chills, 
shivering, cough, chest pain, dyspnoea, nausea and 
vomiting,79 lymphocytopenia, leucopenia,80 hyperpyrexia, 
respiratory failure, acute respiratory distress syndrome, 
multiorgan failure,81 fulminant pneumonia, septic shock, 
rhabdomyolysis, and encephalopathy.82

Between-human transmission
The poorly understood pathogenesis and unknown 
mode of transmission of H7N9,83 coupled with the 
absence of mass deaths in poultry and wild birds before 
disease outbreaks makes public health intervention 
measures diffi  cult to implement.84 The risk of human-
to-human transmission of infl uenza A H7N9 is contro-
versial since cases of family clustering could be a result 
of between-human transmission or a result of common 
exposure to infected poultry or other environ mental 
risk factors.85 Some researchers argue that routes of 
human infections are only through exposure to poultry, 
wild birds, or via avian environmental exposures.75 They 
claim that between-human trans mission is unlikely 
since many close contacts of con fi rmed H7N9 cases did 
not have evidence for infl uenza A H7N9 infection.80 
Supporters of the bird-exposure hypothesis also argue 
that the reduction in human H7N9 cases after the 
April 2013 closure of live poultry and bird markets 
supports their view.86 Furthermore, they argue that 
recorded family clustering can be explained as a result 
of common exposure to birds or their environments 
and not as a result of human-to-human transmission.79 
Some researchers also used mathematical models to 
suggest that the reproduction number for human-to-
human trans mission of the novel infl uenza A H7N9 is 
well below unity87 Other researchers argue that there is 
a strong possibility of restricted and non-sustainable 
H7N9 human-to-human transmission.81 They argue 
that a confi rmed case, without exposure to live birds or 
live poultry markets, developed the disease and died of 
multiorgan failure after taking care of a confi rmed sick 

close relative who also died of the disease, with the 
genome sequencing of the viruses isolated from the 
two patients being almost identical.81 A case-control 
study also excluded a participant from the study on the 
grounds of being infected with a possible human-to-
human transmission.88 Another study showed that 
some close relatives of confi rmed cases developed 
respiratory symptoms but did not give positive results 
for infl uenza A H7N9 virus, thereby stating that, 
although low, the risk of human-to-human transmission 
is still a possibility.89

Evidence for a zoonotic source
Exposure to infected poultry seems to be the major 
cause of human infection with infl uenza A H7N9 
(table 2)75,76,87 because of the strong similarity between 
infl uenza A H7N9 isolates detected among human 
beings and poultry.80 Almost all cases had either a direct 
contact with live poultry89 or were exposed to environ-
mental sources such as live bird markets, poultry 
farms, and wet markets where live birds are slaughtered 
and processed.75,76,79 Most outbreaks occurred in 
provinces along the eastern Asian–Australian fl yway, 
along which migratory birds travel, fl ying over areas 
with densely populated poultry farms, live bird markets, 
rice farms, and free grazing ducks.84,90,91 Infl uenza A 
H7N9 viruses have been isolated from chickens and 
pigeons in markets in some of the aff ected provinces,79,80 
and from poultry cages and faeces in some live poultry 
and bird markets in the provinces.88

Evidence for an environmental source
Environmental factors have important roles in the onset 
and maintenance of H7N9 outbreaks.90 Many of the 
confi rmed cases had occupational exposures such as 
being a poultry worker, slaughtering birds in wet poultry 
markets, or visiting or purchasing live birds or poultry 
from live bird markets.76,85,89 Environmental samples in 
live poultry markets yielded positive results for the novel 
infl uenza H7N9 virus,76 which was also isolated from 
contaminated soils and surface water90 and from the 
immediate environment of a confi rmed case.76 H7N9 can 
survive for months in the environment thereby leading 
to risk of infections to poultry or human beings long 
after initial detection (table 1).76,90 Since the closure of live 
bird markets, which create environments allowing 
prolonged and repeated exposure of live birds and people 
(thereby increasing the risk of disease outbreaks), there 
has been a substantial decrease in the number of human 
cases of H7N9 in the aff ected regions.92

Putative modes of transmission
The transmissibility and pathogenesis of the novel 
infl uenza A H7N9 are still poorly understood,76 but direct 
contact to host agents and exposure to environmental 
risk factors seem to be the generally approved means of 
transmission to human beings.90 Bird-to-human route, 
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poultry-to-human route, and exposure to environmental 
risk factors are probably the major causes of human 
infection with the novel infl uenza A H7N9,75,76,79 though 
some researchers believe that human-to-human trans-
mission is thus far non-sustainable.

Avian infl uenza H10N8
Geographical distribution
In December, 2013, WHO reported the fi rst human case 
of avian infl uenza A H10N8 virus in China (fi gure),93,94 
but the virus was fi rst isolated from birds in Italy in 
1965.95 Though usually without clinical signs in birds,96 
H10N8 has been isolated in both North America and 
Asia.95 All three human cases (including one death) were 
detected in Nanchang City, Jiangxi Province, China.93,94 
Signs and symptoms are consistent with other infl uenza-
like illnesses and include chills,93,94 cough, chest pain, 
shivering, pneumonia, respiratory failure, acute respira-
tory distress syndrome, and multiorgan failure.79,82,94 
Despite the few human cases,92 these H10N8 infections 
are a cause for concern because this is the fi rst H10N8 
infl uenza virus to aff ect human beings. 95

Between-human transmission
The small number of human cases of illness caused by 
infl uenza A H10N8 infection94 and absence of adequate 
information with respect to the reported human cases95 
have made it diffi  cult to fully understand the transmission 
potential of infl uenza A H10N8 virus. So far, there is no 
evidence of between-human transmission of infl uenza A 
H10N8 virus because close contacts of the cases have not 
yet developed infl uenza A H10N8 infection.93

Evidence for a zoonotic source
Evidence points to zoonotic sources as the major cause of 
infection with infl uenza A H10N8 virus. All three human 
cases had live bird market exposures (table 2).94,96 Avian 
sources seem to be the major reservoir for H10N8 since 
the viruses are believed to be circulating without clinical 
signs among poultry and have been isolated from 
migratory species.95

Evidence for environmental source
Environmental factors seem to have key roles in 
maintaining the transmission of infl uenza A H10N8 
virus with persistence in water being particularly 
important to transmission both among birds and to 
human beings.96 Infl uenza A H10N8 has been isolated 
from water samples from Dongting Lake in Hunan 
province China in 2007,96 and a live poultry market in 
southern China in 2012, thereby showing the importance 
of environmental factors in its transmission (table 1).

Putative modes of transmission
Since human-to-human transmission of infl uenza A 
H10N8 has not been documented,94 the avian-to-human 
route of transmission seems to be the main route of 

human infection.93 Despite being considered as having 
low or non-pathogenicity in avian species,96 the small 
number of patients might make it diffi  cult to know the 
actual virulence of infl uenza A H10N8 virus in people.93 
Studies suggest that nucleotide changes or substitution 
can increase the transmissibility of the virus in human 
beings,95 since wild strains that were non-pathogenic in 
mice later caused weight loss and death in mice after two 
lung passages;96 and genetic analysis of all infl uenza A 
H10N8 isolates obtained from the NCBI Infl uenza Virus 
Resource Database showed the presence of genetic 
markers that favour mammalian adaptation or increased 
virulence in mammals.95

Infl uenza A H3N2 virus
Geographical distribution
Pig H3N2 virus is believed to have circulated among 
human beings since 1968,97 with more than 30 human 
cases reported from 2005 to June 2011 in the USA and 
Canada (fi gure).98–100 The emergence of a variant swine-
like infl uenza A H3N2 virus in July, 2011,101 however, 
alarmed public health offi  cials. The variant virus likely 
evolved from the 2009 pandemic infl uenza A H1N1,102 

many cases had direct or indirect exposure to pigs in 
agricultural fairs,98,99,103,104 and this virus seemingly has 
more pandemic potential than other swine-like viruses.105 
As of June 5, 2014, 340 laboratory-confi rmed cases of 
human infl uenza A H3N2 and one death have been 
documented in 13 US states.101,103,105–108 Additional cases of 
human infl uenza A H3N2 have been reported in various 
countries including Denmark,109 the UK,110 Italy,111 Hong 
Kong,112 France,100 Japan,113 Taiwan, and Singapore.114 
Disease symptoms are consistent with other infl uenza-
like symptoms, which include fever (temperature >38°C), 
sore throat, cough, rhinorrhoea, vomiting or diarrhoea, 
fatigue, myalgia or joint pain,103,115 headache, lethargy, 
rhinorrhoea, emesis, dyspnoea, and eye irritation.99,100

Between human transmission
Seroepidemiological studies suggest that roughly 90% of 
US children less than 10 years of age were susceptible to 
infl uenza A H3N2 infection.115–117 Although many studies 
suggest the occurrence of no or restricted and un-
sustainable human-to-human transmission of infl uenza 
A H3N2,98,113,118 some researchers believe there is every 
possibility of human-to-human trans mission.99–104,119 
Evidence includes an outbreak of infl uenza A H3N2 in 
three geriatric wards in France (table 1),100 a US daycare 
centre,99 and other US case series involving infected 
people without exposure to pigs.101,103

Evidence for a zoonotic source
Pig species are mixing bowls through which avian 
infl uenza viruses might mix with other infl uenza viruses 
and cross over to human beings (table 2).120 Many studies 
suggest that zoonotic sources had important roles in the 
outbreak of infl uenza A H3N2 since most confi rmed 
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human cases had direct or indirect exposure to pigs 
during agricultural fairs.99,100,104,105 Pig samples taken from 
agricultural fairs have tested positive for H3N2,97,121,122 and 
one study documented antigenic similarity between 
H3N2 taken from pigs in agricultural fairs and those 
associated with commercial pig farms,107 thereby showing 
the importance of pigs in the transmission and 
maintenance of H3N2 among human beings.

Evidence for an environmental source
The high rate of outbreaks of human infl uenza A H3N2 
among people that attended or exhibited at the 
agricultural fairs,98,99,103,104 suggests that there is a 
substantial association between disease outbreaks and 
physical location of individuals. Agricultural fairs are 
recognised as a potential place for pigs and human 
beings to share pathogens,98 thereby creating enabling 
environments for the re-assortment of pig and human 
viruses with the potential of generating novel viruses.118

Putative modes of transmission
The pig-to-human route is probably the main trans mission 
route for infl uenza A H3N2, whereas human-to-human 
transmission is likely a secondary mechanism.98,99,103,104 As a 
respiratory virus, common means of H3N2 transmission 
include direct contact, respiratory droplets, and aerosol 
particles from infected pigs or people. The acquisition of 
the matrix gene from the 2009 pandemic virus is believed 
to have caused infl uenza A H3N2 to be more virulent than 
the seasonal H3N2 strains.101

Conclusion
While HAdV-14p1 has been identifi ed in humans only, 
MERS-CoV, infl uenza A H7N9, infl uenza A H10N8, and 
infl uenza A H3N2 are zoonotic diseases. There is a 
mounting evidence suggesting that camels are the likely 
reservoir of human exposure to MERS-CoV. Infl uenza A 
H7N9 and infl uenza A H10N8 reservoirs consist of 
poultry, ducks, and wild birds. The infl uenza A H3N2 
reservoir consists of pigs. One possible way to prevent 
these zoonotic infections is avoiding direct contact with 
these animals or their dairy products in the respective 
areas of endemicity. It is advisable avoiding staying in 
environments where such animals are concentrated, 

including farms and markets. The absence of massive 
deaths and even of clinical signs among the reservoir 
animals leaves little or no time for public health 
preparations and intervention measures to curtail the 
impacts by culling. Given the possible interhuman 
transmission of these viruses (notably MERS-Cov and 
HAdV-14p1), the individual preventive measures aiming 
at reducing the risk of respiratory infections (use of face-
mask, hand hygiene, cough etiquette, social distancing) 
should be reinforced.

Because of the poor current knowledge of the specifi c 
pathogenesis and mode of transmission of HAdV-14p1, 
recommendations for control and preventive measures 
have to be extrapolated by reference to other human 
adenoviruses causing respiratory infections.123 For-
tunately, most HAdV-14p1 infections do not cause severe 
illness.124 Thus, direct methods to detect and identify 
HAdV-14p1, which have been recently described, will help 
to improve rapidly surveillance and diagnosis.125 The high 
mutation or reassortment rate of infl uenza viruses could 
lead to the emergence of more virulent and transmissible 
strains.76,126 The identifi cation of several novel viruses that 
can cause fatal respiratory tract infections over the past 
decade, and major gaps that remain in the understanding 
of their epidemiology and transmission dynamics, calls 
for a more united and coordinated global response for 
tackling new infectious diseases threats.
Contributors
ZAM, AIZ, and JAA-T developed the outlines and assigned lead authors. 
PG coordinated this Series paper, further developed the manuscript 
outline, contributed specifi c text, and oversaw the manuscript 
development. The other authors all contributed relevant text and tables 
according to their expertise, and helped in drafting the fi nal manuscript.

Declaration of interests
AZ is the principal investigator of the European Union FP7 grant, 
RiD-RTI. All other authors declare no competing interests.

Acknowledgments
AZ receives support from the European Developing Countries Clinical 
trials Partnership (EDCTP), UBS Optimus Foundation, Switzerland, and 
the NIHR Biomedical Research Centre, University College London 
Hospital, London, UK.

References
1 Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, 

Fouchier RA. Isolation of a novel coronavirus from a man with 
pneumonia in Saudi Arabia. N Engl J Med 2012; 19: 1814–20.

2 Hijawi B, Abdallat M, Sayaydeh A, et al. Novel coronavirus 
infections in Jordan, April 2012: epidemiological fi ndings from a 
retrospective investigation. East Mediterr Health J 2013; 
19 (suppl 1): S12–S18.

3 ECDC. Epidemiological update: Middle East respiratory 
syndrome coronavirus. June 5, 2014. http://www.ecdc.europa.eu/
en/press/news/_layouts/forms/News_DispForm.aspx?List=
8db7286c-fe2d-476c-9133-18ff 4cb1b568&ID=1016 (accessed 
June 12, 2014).

4 Khan K, Sears J, Hu VW, et al. Potential for the international spread 
of Middle East respiratory syndrome in association with mass 
gatherings in Saudi Arabia. PLoS Curr 2013; 5: 1–11.

5 Ministry of Health, Saudi Arabia. Health regulations for travellers 
to Saudi Arabia for Umrah and Pilgrimage (Hajj)-1434 H. (2013). 
http://www.moh.gov.sa/en/HealthAwareness/Hajj/Pages/005.aspx 
(accessed June 12, 2014).

6 Gautret P, Benkouiten S, Salaheddine I, et al. Hajj pilgrims 
knowledge about Middle East respiratory syndrome coronavirus, 
August to September 2013. Euro Surveill 2013; 18: 20604.

Search strategy and selection criteria

References for this Series paper were identifi ed through 
searches of PubMed for articles published in the English and 
French languages from January, 1994, to June, 2014, 
through use of the terms “respiratory tract infections”, 
“Middle East Respiratory Syndrome”, “MERS-CoV”, 
“infl uenza”, “human adenovirus 14”, “H7N9”, “H10N8”, 
“H3N2 variant”, “Environmental”, and “Risk factor”. We 
reviewed articles resulting from these searches and relevant 
references cited in those articles.



1120 www.thelancet.com/infection   Vol 14   November 2014

Series

7 Gautret P, Benkouiten S, Salaheddine I, Parola P, Brouqui P. 
Preventive measures against MERS-CoV for Hajj pilgrims. 
Lancet Infect Dis 2013; 13: 829–31.

8 WHO. WHO statement on the third meeting of the IHR Emergency 
committee concerning Middle East respiratory syndrome 
coronavirus (MERS-CoV). Wkly Epidemiol Rec 2013; 88: 435–36.

9 Gautret P, Charrel R, Belhouchat K, et al. Lack of nasal carriage of 
novel coronavirus (HCoV-EMC) in French Hajj pilgrims returning 
from the Hajj 2012, despite a high rate of respiratory symptoms. 
Clin Microbiol Infect 2013; 19: E315–17.

10 Gautret P, Charrel R, Benkouiten S, et al. Lack of MERS coronavirus 
but prevalence of infl uenza virus in French pilgrims after 2013 Hajj. 
Emerg Infect Dis 2014; 20: 726–28.

11 Benkouiten S, Charrel R, Belhouchat K, et al. Circulation of 
respiratory viruses among pilgrims during the 2012 Hajj pilgrimage. 
Clin Infect Dis 2013; 57: 992–1000.

12 Memish ZA, Assiri A, Almasri M, et al. Prevalence of MERS-CoV 
nasal carriage and compliance with the Saudi health 
recommendations among pilgrims attending the 2013 Hajj. J Infect Dis 
2014; published online April 15. DOI:10.1093/infdis/jiu150.

13 WHO MERS-CoV Research Group. State of knowledge and data gaps 
of Middle East respiratory syndrome coronavirus (MERS-CoV) in 
Humans. PLoS Curr 2013; 5: 1–13.

14 Assiri A, McGeer A, Perl TM, et al. Hospital outbreak of Middle East 
respiratory syndrome coronavirus. N Engl J Med 2013; 369: 407–16.

15 Cotten M, Watson SJ, Kellam P, et al. Transmission and evolution of 
the Middle East respiratory syndrome coronavirus in Saudi Arabia: a 
descriptive genomic study. Lancet 2013; 382: 1993–2002.

16 Memish ZA, Zumla AI, Al-Hakeem RF, Al-Rabeeah AA, 
Stephens GM. Family cluster of Middle East respiratory syndrome 
coronavirus infections. N Engl J Med 2013; 368: 2487–94.

17 Omrani AS, Matin MA, Haddad Q, Al-Nakhli D, Memish ZA, 
Albarrak AM. A family cluster of Middle East Respiratory Syndrome 
Coronavirus infections related to a likely unrecognized asymptomatic 
or mild case. Int J Infect Dis 2013; 17: e668–72.

18 Breban R, Riou J, Fontanet A. Interhuman transmissibility of Middle 
East respiratory syndrome coronavirus: estimation of pandemic risk. 
Lancet 2013; 382: 694–99.

19 Cauchemez S, Fraser C, Van Kerkhove MD, et al. Middle East respiratory 
syndrome coronavirus: quantifi cation of the extent of the epidemic, 
surveillance biases, and transmissibility. Lancet Infect Dis 2014; 14: 50–56.

20 Drexler JF, Corman VM, Drosten C. Ecology, evolution and 
classifi cation of bat coronaviruses in the aftermath of SARS. 
Antiviral Res 2014; 101: 45–56.

21 Ithete NL, Stoff berg S, Corman VM, et al. Close relative of human 
Middle East respiratory syndrome coronavirus in bat, South Africa. 
Emerg Infect Dis 2013; 19: 1697–99.

22 Annan A, Baldwin HJ, Corman VM, et al. Human betacoronavirus 
2c EMC/2012-related viruses in bats, Ghana and Europe. 
Emerg Infect Dis 2013; 19: 456–59.

23 Cotten M, Lam TT, Watson SJ, et al. Full-genome deep sequencing 
and phylogenetic analysis of novel human betacoronavirus. 
Emerg Infect Dis 2013; 19: 736–42.

24 Wacharapluesadee S, Sintunawa C, Kaewpom T, et al. Group C 
betacoronavirus in bat guano fertilizer, Thailand. Emerg Infect Dis 
2013; 19: 1349–51.

25 van Boheemen S, de Graaf M, Lauber C, et al. Genomic 
characterization of a newly discovered coronavirus associated with 
acute respiratory distress syndrome in humans. MBio 2012; 3: 1–9. 

26 Anthony SJ, Ojeda-Flores R, Rico-Chavez O, et al. Coronaviruses in 
bats from Mexico. J Gen Virol 2013; 94: 1028–38.

27 Lau SK, Woo PC, Li KS, et al. Severe acute respiratory syndrome 
coronavirus-like virus in Chinese horseshoe bats. 
Proc Natl Acad Sci USA 2005; 102: 14040–45.

28 Corman VM, Kallies R, Philipps H, et al. Characterization of a novel 
betacoronavirus related to Middle East respiratory syndrome 
coronavirus in European hedgehogs. J Virol 2014; 88: 717–24.

29 Drosten C, Seilmaier M, Corman VM, et al. Clinical features and 
virological analysis of a case of Middle East respiratory syndrome 
coronavirus infection. Lancet Infect Dis 2013; 13: 745–51.

30 Reusken CB, Haagmans BL, Muller MA, et al. Middle East 
respiratory syndrome coronavirus neutralising serum antibodies in 
dromedary camels: a comparative serological study. Lancet Infect Dis 
2013; 13: 859–66.

31 Haagmans BL, Al Dhahiry SH, Reusken CB, et al. Middle East 
respiratory syndrome coronavirus in dromedary camels: an 
outbreak investigation. Lancet Infect Dis 2014; 14: 140–45.

32 Perera RA, Wang P, Gomaa MR, et al. Seroepidemiology for 
MERS coronavirus using microneutralisation and 
pseudoparticle virus neutralisation assays reveal a high prevalence 
of antibody in dromedary camels in Egypt, June 2013. Euro Surveill 
2013; 18: 1–7. 

33 Alagaili AN, Briese T, Mishra N, et al. Middle East respiratory 
syndrome coronavirus infection in dromedary camels in Saudi 
Arabia. MBio 2014; 5: e01146–14.

34 Meyer B, Muller MA, Corman VM, et al. Antibodies against MERS 
coronavirus in dromedary camels, United Arab Emirates, 2003 and 
2013. Emerg Infect Dis 2014; 20: 552–59.

35 Woo PC, Lau SK, Wernery U, et al. Novel betacoronavirus in 
dromedaries of the Middle East, 2013. Emerg Infect Dis 2014; 
20: 560–72.

36 Hemida MG, Perera RA, Wang P, et al. Middle East Respiratory 
Syndrome (MERS) coronavirus seroprevalence in domestic livestock 
in Saudi Arabia, 2010 to 2013. Euro Surveill 2013; 18: 20659.

37 Reusken CB, Ababneh M, Raj VS, et al. Middle East respiratory 
syndrome coronavirus (MERS-CoV) serology in major livestock 
species in an aff ected region in Jordan, June to September 2013. 
Euro Surveill 2013; 18: 20662.

38  Chu DKW, Poon LLM Gomaa MM, et al. MERS coronaviruses in 
dromedary camels, Egypt. Emerg Infect Dis 2014; 20: 1049–53.

39 Nowotny N, Kolodziejek J. Middle East respiratory syndrome 
coronavirus (MERS-CoV) in dromedary camels, Oman, 2013. 
Euro Surveill 2014; 19: 20781.

40 Memish ZA, Cotten M, Meyer B, et al. Human infection with 
MERS coronavirus after exposure to infected camels, Saudi Arabia, 
2013. Emerg Infect Dis 2014; 20: 1012–15.

41 Azhar EI, El-Kafrawy SA, Farraj SA, et al. Evidence for camel-to-
human transmission of MERS coronavirus. N Engl J Med 2014; 
published online June 4. DOI:10.1056/NEJMoa1401505.

42 Memish ZA, Mishra N, Olival KJ, et al. Middle East respiratory 
syndrome coronavirus in bats, Saudi Arabia. Emerg Infect Dis 2013; 
19: 1819–23.

43 Aburizaiza AS, Mattes FM, Azhar EI, et al. Investigation of 
antiMiddle-East respiratory syndrome antibodies in blood donors 
and slaughterhouse workers in Jeddah and Makkah, Saudi Arabia, 
fall 2012. J Infect Dis 2014; 209: 243–46.

44 Gierer S, Hofmann-Winkler H, Albuali WH, et al. Lack of MERS 
coronavirus neutralizing antibodies in humans, eastern province, 
Saudi Arabia. Emerg Infect Dis 2013; 19: 2034–36.

45 Reusken CB, Farag EA, Jonges M, et al. 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. 

46 van Doremalen N, Bushmaker T, Munster VJ. Stability of Middle 
East respiratory syndrome coronavirus (MERS-CoV) under diff erent 
environmental conditions. Emerg Infec Dis 2014; 20: 1263–64.

47 Al-Tawfi q JA, Assiri A, Memish ZA. Middle East respiratory 
syndrome novel corona MERS-CoV infection. Epidemiology and 
outcome update. Saudi Med J 2013; 34: 991–94.

48 Assiri A, Al-Tawfi q JA, Al-Rabeeah AA, et al. 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: 752–61.

49 Goh GK, Dunker AK, Uversky V. Prediction of intrinsic disorder in 
MERS-CoV/HCoV-EMC supports a high oral—fecal transmission. 
PLoS Curr 2013; 5: 1–22.

50 van der Veen J, Kok G. Isolation and typing of adenoviruses 
recovered from military recruits with acute respiratory disease in 
the Netherlands. Am J Hyg 1957; 65: 119–29.

51 Bruj J, Farnik J, Sedmidubsky V. Epidemic of acute respiratory 
disease due to adenovirus type 14. Cesk Epidemiol Mikrobiol Imunol 
1966; 15: 165–71.

52 Mevzos LM, Il’ina TS, Makhmudov OS, Zolotarskaia EE, Dreizin RS. 
An outbreak of acute respiratory infections among adults caused by 
adenovirus serotype 14. Vopr Virusol 1966; 11: 426–31.

53  Kajon AE, Lu X, Erdman DD, et al. Molecular epidemiology and 
brief history of emerging adenovirus 14—associated respiratory 
disease in the United States. J Infect Dis 2010; 202: 93–103.



www.thelancet.com/infection   Vol 14   November 2014 1121

Series

54 Kendall EJC, Riddle RW, Tuck HA, Rodan KS, Andrews BE, 
McDonald JC. Pharyngo-conjunctival fever: school outbreaks in 
England during the summer of 1955 associated with adenovirus 
types 3, 7, and 14. BMJ 1957; 2: 131–36.

55 Chen HL, Chiou SS, Hsiao HP, et al. Respiratory adenoviral 
infections in children: a study of hospitalized cases in southern 
Taiwan in 2001–2002. J Trop Pediatr 2004; 50: 279–84.

56 Metzgar D, Osuna M, Kajon AE, Hawksworth AW, Irvine M, 
Russell KL. Abrupt emergence of diverse species B adenoviruses at 
US military recruit training centers. J Infect Dis 2007; 196: 1465–73.

57 Tate JE, Bunning ML, Lott L, et al. Outbreak of severe respiratory 
disease associated with emergent human adenovirus serotype 14 at 
a US air force training facility in 2007. J Infect Dis 2009; 
199: 1419–26.

58 Acute respiratory disease associated with adenovirus 
serotype 14—four states, 2006–2007. MMWR Morb Mortal Wkly Rep 
2007; 56: 1181–84.

59 Gardner T MJ. Outbreak of adenovirus 14 respiratory illness-Prince of 
Wales Island, 2008. MMWR Morb Mortal Wkly Rep 2010; 59: 6–10.

60 Selvaraju SB, Kovac M, Dickson LM, Kajon AE, Selvarangan R. 
Molecular epidemiology and clinical presentation of human 
adenovirus infections in Kansas City children. J Clin Virol 2011; 
51: 126–31.

61 O’Flanagan D, O’Donnell J, Domegan L, et al. First reported cases 
of human adenovirus serotype 14p1 infection, Ireland, October 2009 
to July 2010. Euro Surveill 2011; 16: 1–5.

62 Zhang Q, Seto D, Zhao S, Zhu L, Zhao W, Wan C. Genome 
sequence of the fi rst human adenovirus type 14 isolated in China. 
J Virol 2012; 86: 7019–20.

63 Tang L, An J, Xie Z, et al. Genome and bioinformatic analysis of a 
HAdV-B14p1 virus isolated from a baby with pneumonia in Beijing, 
China. PLoS One 2013; 8: 1–8. 

64 Huang G, Yu D, Zhu Z, et al. Outbreak of febrile respiratory illness 
associated with human adenovirus type 14p1 in Gansu Province, 
China. Infl uenza Other Respir Viruses 2013; 7: 1048–54.

65 Girouard G, Garceau R, Thibault L, Oussedik Y, Bastien N, Li Y. 
Adenovirus serotype 14 infection, New Brunswick, Canada, 2011. 
Emerg Infect Dis 2013; 19: 119–22.

66 Russell KL, Broderick MP, Franklin SE, et al. Transmission 
dynamics and prospective environmental sampling of adenovirus in 
a military recruit setting. J Infect Dis 2006; 194: 877–85.

67 Chen EC, Yagi S, Kelly KR, et al. Cross-species transmission of a 
novel adenovirus associated with a fulminant pneumonia outbreak 
in a new world monkey colony. PLoS Pathog 2011; 7: 1–48.

68 Chiu CY, Yagi S, Lu X, et al. A novel adenovirus species associated 
with an acute respiratory outbreak in a baboon colony and evidence 
of coincident human infection. MBio 2013; 4: 1–12.

69 Harrach B, Benkö M, Both GW, et al. Family Adenoviridae in virus 
taxonomy: ninth report of the International Committee on 
Taxonomy of Viruses. 2013. Academic Press, San Diego. 125–41.

70 Roy S, Vandenberghe LH, Kryazhimskiy S, et al. Isolation and 
characterization of adenoviruses persistently shed from the 
gastrointestinal tract of non-human primates. PLoS Pathog 
2009; 5: 1–9.

71 Abzug MJ, Levin MJ. Neonatal adenovirus infection: four patients 
and review of the literature. Pediatrics 1991; 87: 890–96.

72 Porter JD, Teter M, Traister V, Pizzutti W, Parkin WE, Farrell J. 
Outbreak of adenoviral infections in a long-term paediatric facility, 
New Jersey, 1986–87. J Hosp Infect 1991; 18: 201–10.

73 Chakrabarti S, Mautner V, Osman H, et al. Adenovirus infections 
following allogeneic stem cell transplantation: incidence and 
outcome in relation to graft manipulation, immunosuppression, 
and immune recovery. Blood 2002; 100: 1619–27.

74 Hierholzer JC. Adenoviruses in the immunocompromised host. 
Clin Microbiol Rev 1992; 5: 262–74.

75 Shi B, Xia S, Yang GJ, Zhou XN, Liu J. Inferring the potential risks 
of H7N9 infection by spatiotemporally characterizing bird 
migration and poultry distribution in eastern China. 
Infect Dis Poverty 2013; 2: 8.

76 Li J, Yu X, Pu X, et al. Environmental connections of novel avian-
origin H7N9 infl uenza virus infection and virus adaptation to the 
human. Sci China Life Sci 2013; 56: 485–92.

77 CDC. Avian Flu (H7N9). http://wwwnc.cdc.gov/travel/notices/
watch/avian-fl u-h7n9-china (accessed June 12, 2014).

78 WHO. Human infection with avian infl uenza A(H7N9) virus—
update. 2014. http://www.who.int/csr/don/2014_03_20_h7n9/en/
(accessed June 12, 2014).

79 Shi J, Xie J, He Z, Hu Y, He Y, Huang Q, et al. A detailed 
epidemiological and clinical description of 6 human cases of 
avian-origin infl uenza A (H7N9) virus infection in Shanghai. 
PLoS One 2013; 8: 1–8.

80 Gao R, Cao B, Hu Y, et al. Human infection with a novel avian-origin 
infl uenza A (H7N9) virus. N Engl J Med 2013; 368: 1888–97.

81 Qi X, Qian YH, Bao CJ, et al. Probable person to person 
transmission of novel avian infl uenza A (H7N9) virus in Eastern 
China, 2013: epidemiological investigation. BMJ 2013; 347: 1–8.

82 Tang RB, Chen HL. An overview of the recent outbreaks of the 
avian-origin infl uenza A (H7N9) virus in the human. 
J Chin Med Assoc 2013; 76: 245–48.

83 Noah DL, Noah JW. Adapting global infl uenza management 
strategies to address emerging viruses. 
Am J Physiol Lung Cell Mol Physiol 2013; 305: L108–17.

84 To KK, Chan JF, Chen H, Li L, Yuen KY. The emergence of 
infl uenza A H7N9 in human beings 16 years after infl uenza A 
H5N1: a tale of two cities. Lancet Infect Dis 2013; 13: 809–21.

85 Wang L, Zhang W, Magalhaes RJ, et al. Geographic codistribution 
of infl uenza virus subtypes H7N9 and H5N1 in humans, China. 
Emerg Infect Dis 2013; 19: 1898–900.

86  Chowell G, Simonsen L, Towers S, Miller MA, Viboud C. 
Transmission potential of infl uenza A/H7N9, February to May 2013, 
China. BMC Med 2013; 11: 214.

87  Nishiura H, Mizumoto K, Ejima K. How to interpret the 
transmissibility of novel infl uenza A(H7N9): an analysis of initial 
epidemiological data of human cases from China. 
Theor Biol Med Model 2013; 10: 30.

88 Ai J, Huang Y, Xu K, Ren D, Qi X, Ji H, et al. Case-control study of 
risk factors for human infection with infl uenza A(H7N9) virus in 
Jiangsu Province, China, 2013. Euro Surveill 2013; 18: 20510.

89 Li Q, Zhou L, Zhou M, et al. Epidemiology of human infections 
with avian infl uenza A(H7N9) virus in China. N Engl J Med 2014; 
370: 520–32.

90 Zhang Z, Xia Y, Lu Y, et al. Prediction of H7N9 epidemic in China. 
Chin Med J (Engl) 2014; 127: 254–60.

91 Prosser DJ, Hungerford LL, Erwin RM, Ottinger MA, Takekawa JY, 
Ellis EC. Mapping avian infl uenza transmission risk at the interface 
of domestic poultry and wild birds. Front Public Health 2013; 1: 28.

92 Pepin KM, Lloyd-Smith JO, et al. Minimizing the threat of 
pandemic emergence from avian infl uenza in poultry systems. 
BMC Infect Dis 2013; 13: 592.

93 Garcia-Sastre A, Schmolke M. Avian infl uenza A H10N8—a virus 
on the verge? Lancet 2014; 383: 676–77.

94 Parry J. H10N8 avian fl u virus claims its fi rst known human 
casualty. BMJ 2014; 348: 1.

95 To KK, Tsang AK, Chan JF, Cheng VC, Chen H, Yuen KY. 
Emergence in China of human disease due to avian infl uenza 
A(H10N8)–cause for concern? J Infect 2014; 68: 205–15.

96 Zhang H, Xu B, Chen Q, Chen J, Chen Z. Characterization of an 
H10N8 infl uenza virus isolated from Dongting lake wetland. 
Virol J 2011; 8: 42.

97 Pearce MB, Jayaraman A, Pappas C, et al. Pathogenesis and 
transmission of swine origin A(H3N2)v infl uenza viruses in ferrets. 
Proc Natl Acad Sci USA 2012; 109: 3944–49.

98 Jhung MA, Epperson S, Biggerstaff  M, et al. Outbreak of variant 
infl uenza A(H3N2) virus in the United States. Clin Infect Dis 2013; 
57: 1703–12.

99 Epperson S, Jhung M, Richards S, et al. Human infections with 
infl uenza A(H3N2) variant virus in the United States, 2011–2012. 
Clin Infect Dis 2013; 57 (suppl 1): S4–11.

100 Eibach D, Casalegno JS, Bouscambert M, et al. Routes of transmission 
during a nosocomial infl uenza A(H3N2) outbreak among geriatric 
patients and healthcare workers. J Hosp Infect 2014; 86: 188–93.

101 Antibodies crossreactive to infl uenza A (H3N2) variant virus and 
impact of 2010–11 seasonal infl uenza vaccine on cross-reactive 
antibodies— United States. MMWR Morb Mortal Wkly Rep 2012; 
61: 237–41.

102 Houser KV, Katz JM, Tumpey TM. Seasonal trivalent inactivated 
infl uenza vaccine does not protect against newly emerging variants 
of infl uenza A (H3N2v) virus in ferrets. J Virol 2013; 87: 1261–63.



1122 www.thelancet.com/infection   Vol 14   November 2014

Series

103 Infl uenza A (H3N2) variant virus-related hospitalizations: Ohio, 
2012. MMWR Morb Mortal Wkly Rep 2012; 61: 764–7.

104 Biggerstaff  M, Reed C, Epperson S, et al. Estimates of the number 
of human infections with infl uenza A(H3N2) variant virus, United 
States, August 2011—April 2012. Clin Infect Dis 2013; 
57 (suppl 1): S12–15.

105 Gray GC, Cao WC. Editorial commentary: variant Infl uenza 
A(H3N2) virus: looking through a glass, darkly. Clin Infect Dis 2013; 
57: 1713–14.

106 Houser KV, Pearce MB, Katz JM, Tumpey TM. Impact of prior 
seasonal H3N2 infl uenza vaccination or infection on protection and 
transmission of emerging variants of infl uenza A(H3N2)v virus in 
ferrets. J Virol 2013; 87: 13480–89.

107 Feng Z, Gomez J, Bowman AS, et al. Antigenic characterization of 
H3N2 infl uenza A viruses from Ohio agricultural fairs. J Virol 2013; 
87: 7655–67.

108 WHO. Weekly epidemiological record Update on human cases of 
infl uenza at the human–animal interface, 2012. 2013. http://www.
who.int/wer/2013/wer8813.pdf?ua=1 (accessed June 12, 2014).

109 Bragstad K, Emborg H, Fischer TK, et al. Low vaccine eff ectiveness 
against infl uenza A(H3N2) virus among elderly people in Denmark 
in 2012/13—a rapid epidemiological and virological assessment. 
Euro Surveill 2013; 18: 11–17.

110 Galiano M, Johnson BF, Myers R, Ellis J, Daniels R, Zambon M. 
Fatal cases of infl uenza A(H3N2) in children: insights from whole 
genome sequence analysis. PLoS One 2012; 7: e33166.

111 DE Donno A, Idolo A, Quattrocchi M, et al. Surveillance of human 
infl uenza A(H3N2) virus from 1999 to 2009 in southern Italy. 
Epidemiol Infect 2014; 142: 933–39.

112 Chan MC, Lee N, Ngai KL, et al. A “preseasonal” hospital outbreak 
of infl uenza pneumonia caused by the drift variant A/
Victoria/361/2011-like H3N2 viruses, Hong Kong, 2011. J Clin Virol 
2013; 56: 219–25.

113 Kishida N, Imai M, Xu H, et al. Seroprevalence of a novel infl uenza 
A (H3N2) variant virus in the Japanese population. Jpn J Infect Dis 
2013; 66: 549–51.

114 Shortridge KF, Webster RG. Geographical distribution of swine 
(Hsw1N1) and Hong Kong (H3N2) infl uenza virus variants in pigs 
in Southeast Asia. Intervirology 1979; 11: 9–15.

115 Prevention, C.C.f.D.C.a. interim guidance for enhanced infl uenza 
surveillance: additional specimen collection for detection of 
infl uenza A (H3N2) variant virus infections. 2013. http://www.cdc.
gov/fl u/swinefl u/h3n2v-surveillance.htm (accessed June 12, 2014).

116 Skowronski DM, Janjua NZ, De Serres G, et al. Crossreactive and 
vaccine-induced antibody to an emerging swine-origin variant of 
infl uenza A virus subtype H3N2 (H3N2v). J Infect Dis 2012; 
206: 1852–61.

117 USDA United States Department of Agriculture, A.R.S. Human 
infections with infl uenza A(H3N2) variant virus in the United 
States, 2011–2012. 2013. http://www.ncaur.usda.gov/research/
publications/Publications.htm?seq_no_115=297894 (accessed 
June 12, 2014).

118 Wong KK, Greenbaum A, Moll ME, et al. Outbreak of infl uenza A 
(H3N2) variant virus infection among attendees of an agricultural 
fair, Pennsylvania, USA, 2011. Emerg Infect Dis 2012; 18: 1937–44. 

119 Finelli L, Swerdlow DL. The emergence of infl uenza A (H3N2)v 
virus: what we learned from the fi rst wave. Clin Infect Dis 2013; 
57 (suppl 1): S1–3.

120 Tharakaraman K, Raman R, Stebbins NW, Viswanathan K, 
Sasisekharan V, Sasisekharan R. Antigenically intact hemagglutinin 
in circulating avian and swine infl uenza viruses and potential for 
H3N2 pandemic. Sci Rep 2013; 3: 1822.

121 Notes from the fi eld: Outbreak of infl uenza A (H3N2) virus among 
persons and swine at a county fair—Indiana, July 2012. 
MMWR Morb Mortal Wkly Rep 2012; 61: 561.

122 Update: Infl uenza A (H3N2)v transmission and guidelines—fi ve 
states, 2011. MMWR Morb Mortal Wkly Rep 2012; 60: 1741–44.

123 Gray GC. Adenovirus transmission—worthy of our attention. 
J Infect Dis 2006; 194: 871–73.

124 Gray GC, Chorazy ML. Human adenovirus 14a: a new epidemic 
threat. J Infect Dis 2009; 199: 1413–15.

125 Metzgar D, Skochko G, Gibbins C, Hudson N, Lott L, Jones MS. 
Evaluation and validation of a real time PCR assay for detection and 
quantitation of human adenovirus 14 from clinical samples. 
PLoS One 2009; 4: 1–6. 

126 Lam TT, Wang J, Shen Y, et al. The genesis and source of the H7N9 
infl uenza viruses causing human infections in China. Nature 2013; 
502: 241–44.


