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Abstract

Since their reemergence in 2003, highly pathogenic avian influenza A (H5N1) viruses have reached endemic levels among poultry in
several southeast Asian countries and have caused a still increasing number of more than 100 reported human infections with high mortalit
These developments have ignited global fears of an imminent influenza pandemic. The current knowledge of the virology, clinical spectrum,
diagnosis and treatment of human influenza H5N1 virus infections is reviewed herein.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Avian; Influenza; H5N1; Human; Review

1. Introduction ulation, causing large-scale global outbreaks with high death
tolls. The most devastating influenza pandemic in modern
Periodically, completely novel antigenic subtypes of recorded history, known as the “Spanish flu”, occurred in
influenza viruses have been introduced in the human pop-1918-1919, killing up to 100 million people worldwide.
Other less destructive pandemics during the previous cen-
* Corresponding author. Tel.: +84 8 9237 954; fax: +84 8 9238 904. tury occurred in 1957 and 1968. Avian influenza A viruses
E-mail address: mddejong@hcm.vnn.vn (M.D. de Jong). are key to the emergence of human influenza pandemics.
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The virus strains implicated in the 20th century’s influenza between the two surface glycoproteins HA and NA. To date,
pandemics originated directly from avian influenza viruses, 16 HA subtypes (H1-H16) and 9 NA subtypes (N1-N9)
either through genetic reassortment between human andof influenza A viruses have been identifiegfo(ichier
avian influenza strains (1957 and 1968) or possibly through etal., 200%. The standard nomenclature for influenza viruses
adaptation of purely avian strains to humans (1918). It was includes the influenza type, the host of origin (excluding
long thought that the restricted host range of avian influenza humans), the place of isolation, the strain number, the year of
viruses precluded direct transmission to humans, and that thasolation, and finally the influenza A subtype in parentheses
emergence of pandemic strains required genetic reassortmenfe.g. A/Duck/Vietnam/11/04 (H5N1)).
between avian and human strains. However, occurrences of The natural reservoir of influenza A viruses are aquatic
direct bird-to-human transmission of avian influenza viruses birds, in which the viruses appear to have achieved an optimal
have increasingly been reported in recent years, culminatinglevel of host adaptationebster et al., 1992 Transmission
inthe ongoing outbreak of influenza A (H5N1) among poultry between birds occurs directly or indirectly through fecally
in several Asian countries with associated human infections. contaminated aerosols, water, feed, and other materials. The
These unprecedented developments have resulted in increaspectrum of disease in birds ranges from asymptomatic infec-
ing global concerns about the pandemic potential of thesetion, to mild respiratory illness, to severe and rapidly fatal
viruses. systemic disease. Most avian influenza viruses isolated from
birds are avirulent, i.e. result in asymptomatic infection or
only mild disease. Avian influenza viruses capable of caus-
2. Virology ing outbreaks of severe disease (fowl plague) in chickens
or turkeys are classified as highly pathogenic, and are cur-
Influenza viruses are pleomorphic, enveloped RNA rently restricted to H5 and H7 subtypes. Infection of poultry
viruses belonging to the family of Orthomyxoviridae. Pro- by highly pathogenic avian influenza viruses is character-
truding from the lipid envelope are two distinct glycopro- ized by disseminated infection, and clinically manifested
teins, the hemagglutinin (HA) and neuraminidase (NA). HA by decreased egg production, respiratory signs, excessive
attaches to cell surface sialic acid receptors, thereby facili- lacrimation, edema of the head, diarrhea, neurological symp-
tating entry of the virus into host cells. Since it is the most toms, and death.
important antigenic determinant to which neutralizing anti- From the principal reservoir of aquatic birds, viruses are
bodies are directed, HA represents a crucial component ofoccasionally transmitted to other animals, including mam-
current vaccines. NA is the second major antigenic determi- mals and domestic poultry, causing transitory infections
nant for neutralizing antibodies. By catalyzing the cleavage and outbreaks. Through adaptation by mutation or genetic
of glycosidic linkages to sialic acid on host cell and virion reassortment, some of these viruses may establish species-
surfaces, this glycoprotein prevents aggregation of virions specific permanent lineages of influenza A viruses, and cause
thus facilitating the release of progeny virus from infected epidemics or epizootics in the new host. In the human pop-
cells. Inhibition of this important function represents the most ulation, the establishment of these lineages in the 20th cen-
effective antiviral treatment strategy to date. A third mem- tury was preceded by influenza pandemics. Transmission of
brane protein, the M2 protein, is present in small quantities viruses and transitory infections may also occur among the
in influenza A viruses. By functioning as an ion channel, this new hosts, e.g. between humans and pigs or chickens and
protein regulates the internal pH of the virus, which is essen- humans.
tial for uncoating of the virus during the early stages of viral Although all HA and NA subtypes are found in aquatic
replication. This function is blocked by the antiviral drugs birds, the number of subtypes that have crossed the species
amantadine and rimantadine. barrier and established stable lineages in mammals is limited.
The genome of influenza viruses is segmented, consistingOnly three HA and two NA subtypes (i.e. H1-3 and N1-2))
of 8 single-stranded, negative sense RNA molecules, whichhave circulated in humans since 1918. In horses, only two
encode 10 proteins. The RNA segments are contained withininfluenza A subtypes (H7N7 and H3N8) are found, while,
the viral envelope in association with the nucleoprotein (NP) despite susceptibility to all avian subtypes in experimental
and three subunits of viral polymerase (PA, PB1, and PB2), settings, the only subtypes recovered from pigs in nature are
which together form the ribonucleoprotein (RNP) complex H1, H3, N1, and N2. The molecular, biological or ecological
responsible for RNA replication and transcription. Additional factors determining the apparent subtype-specific ability of
proteins contained within the virion include M2 and the viral viruses to cross species barriers and spread among a range of
nuclear export protein (NEP), which functionin assembly and hosts remain largely unresolved.
budding, and export of RNP from the nucleus, respectively. While interspecies transmission does occur at times, there
Based on antigenic differences in NP and M proteins, certainly are host range restrictions. Human influenza strains
influenzaviruses are classified astypes A, B, and C. Influenzapreferentially bind to sialic acid residues linked to galactose
B and C viruses are not divided into subtypes. All avian by thea?2,6 linkage, while avian and equine influenza strains
influenza viruses are classified as type A. Further subtyp-recognize sialic acid linked to galactose bg,3 linkage
ing of influenza A viruses is based on antigenic differences (Connor et al., 1994; Gambaryan et al., 1997; Matrosovich
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et al., 1997, 2004; Rogers and D’'Souza, 1989; Rogers and Although millions of people died during the 1957 and
Paulson, 1983; Rogers et al., 1983orrespondingly, human 1968 pandemics, the viruses involved did not appear par-
respiratory epithelial cells predominantly contai?,6 sialic ticularly virulent, suggesting that lack of immunity was the
acid—galactose linkages, while the host cells in birds and main reason for the excess mortality. This was different dur-
horses mainly contain2,3 linkages Couceiro et al., 1993;  ing the “Spanish flu” pandemic of 1918, in which lack of
Ito etal., 1998; Matrosovich et al., 2004&Respiratory epithe-  immunity in the human population was combined with an
lial cells in the pig contain botx2,3- anda2,6 linkages, apparent extremely high virulence of the virus, resulting in
which explains why this animal is susceptible to both human the demise of up to 100 million people worldwide. Because
and avian influenza viruse$tq et al., 1998. Because of  the 1918 pandemic occurred before viruses were identified
this trait, the pig is widely regarded as a potential source of as the causative agents, no intact virus has been available for
new pandemic strains, since it could serve as a non-selectiveanalysis. This and the similar lack of available human and
host in which mixed infection of avian and human strains animal influenza strains circulating before 1918 has made it
efficiently occurs, potentially resulting in new reassortant difficult to determine the exact origin of the pandemic HIN1
viruses, or in which purely avian strains can adapt to human virus and the reason for its extreme virulence. However, valu-
receptor recognition. able insight has been provided by the recovery of fragments
of viral RNA isolated from archived autopsy specimens and
tissue from Alaskan flu victims buried in the permafrost
3. Avian influenza viruses and pandemic influenza (Taubenberger et al., 1997This enabled sequence analy-
sis of five of the eight genes (HA, NA, NP, M, and NS)
Introduction of an influenza A virus with a novel HA (Reid et al., 2004 Phylogenetic analyses of these genes sug-
gene in a population which lacks immunity to this HA has gest that the 1918 H1N1 virus may not have arisen by the
the potential to cause a pandemic when the virus posessesame mechanism as the 1957 and 1968 pandemic viruses,
the ability to spread efficiently among humans. During i.e. by reassortment of avian and human influenza viruses,
the 20th century, this has happened three times, in 1918,but perhaps by direct transmission from an avian source after
1957, and 1968, killing millions of people worldwide. In all  adaptation in humans or another permissive mammalian host,
three pandemics, the viruses originated from avian influenzasuch as the pigReid et al., 200% This is supported by
viruses. the observation that the 1918 pandemic strain retained the
The virus strains responsible for the influenza pandemics amino acid residues at positions 226 and 228 of HA pre-
of 1957 and 1968 both first emerged in southeastern Asia,dictive for binding to avian receptor§dubenberger et al.,
and both arose through reassortment of genes between avia997). Recent chrystallographic studies showed that struc-
viruses and the prevailing human influenzastr8ictjoltissek  tural changes in the H1 HA allowed the virus to recognize
et al., 1978. The “Asian influenza” pandemic of 1957 was human receptors despite the presence of these avian-like
caused by an H2N2 virus that had acquired three genes (H2residues, which may explain why the virus could neverthe-
N2, and PB1) from avian viruses infecting wild ducks, in a less efficiently infect and spread among humagariblin
backbone of the circulating HIN1 human influenza strain. etal., 2004; Stevens et al., 2Q0#he possibility that the 1918
As the Asian flu strain emerged and established a perma-strain had retained the structure and biological properties of
nent lineage, the HIN1 strains soon disappeared from theits avian ancestors while acquiring the ability to recognize
human population for unclear reasons. Similarly, the H3N2 and efficiently infect human cells may explain the high vir-
virus causing the “Hong Kong influenza” pandemic of 1968 ulence of this virus. Mathematical modelling studies have
consisted of two genes from a duck virus (H3 and PB1) in suggested that the transmissability of the 1918 virus was not
a background of the human H2N2 strain circulating at that remarkably different than regular human influenza strains,
time. The latter virus disappeared with the emergence of the suggesting that extremely efficient spread did not account for
H3N2 virus and since then has not been detected in humansthe high morbidity and mortalityMills et al., 2004. While
Sequence analysis of the hypothetical precursor strain, whichpart of the high mortality of the 1918 pandemic could be
immediately preceded the pandemic H3N2 virus suggestedexplained by the lack of antibiotics to treat secondary bac-
that fewer than six amino acids in HA had changed during terial pneumonia and poor living conditions, the extremely
the avian-to-human transitioBéan et al., 1992 Interest- rapid and severe clinical course implies high pathogenicity
ingly, a number of these changes may reflect adaptation toof the virus as the major cause. The molecular basis for this
the new host since they modified the area surrounding thehigh virulence remains unclear. The 1918 H1 HA lacks the
receptor-binding pocketof HA, including a Gluto Leu change multibasic cleavage site characteristic of highly pathogenic
at position 226 which is particluarly implicated in determin- avian influenzaviruse&id etal., 1999; Taubenbergeretal.,
ing specificity for human receptors. The fact that, beside one 1997). There are conflicting observations concerning the role
or two novel surface glycoproteins, both pandemic strains of the NS gene in the 1918 pandemic strain. In mice, the pres-
also posessed a PB1 gene of avian origin is intriguing and ence of the complete NS or only the NS1 segment seemed
may suggest a role of this gene in interspecies transmissionto confer decreased, rather than enhanced pathogenicity of
(Kawaoka et al., 1989 reassortant HIN1 viruse84sler et al., 2001 In contrast,
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in vitro experiments in human lung cells suggested more  Human infections during the southeast Asian outbreaks
efficient inhibition of interferon-regulated genes by HIN1 were first reported in early 2004 from Viet Nam and Thai-
virus in the presence of the 1918 NS gefizeiss et al., land, followed by still ongoing resurgences of human cases
2002. The most convincing evidence implicates HA as an in Viet Nam, Cambodia, and Indonesia from then onwards
important determinant of the high virulence. The presence (Chotpitayasunondh et al., 2005; Tran et al., 20@4 the

of HA of the 1918 virus conferred high pathogenicity in time of this writing (August 2005), the total number of con-
mice to human strains that were otherwise non-pathogenic infirmed human cases of influenza H5N1 in the 4 countries
this host Kobasa et al., 20Q4Furthermore, these infections amounts to 112 (Thailand: 17; Cambodia: 4; Indonesia: 1;
were associated with severe hemorrhagic pneumonia and thé/iet Nam: 90), of which 57 were fatalYHO, 20085. It can-
induction of high levels of macrophage-derived cytokines and not be excluded and may even be likely that additional cases
chemokines, strikingly reminiscent of clinical observations have gone unnoticed in these and other affected countries
in humans during the Spanish flu pandemic, as well as of due to a lack of clinical awareness, active surveillance, or
recent in vitro and in vivo observations of infections with diagnostic facilitiesiflien et al., 2001

highly pathogenic avian influenza H5N1 viruse&héung While many countries initially affected by poultry out-
et al., 2002; Oxford, 2000; Peiris et al., 2004; To et al., breaks in 2004 have been declared free of the virus, H5N1
200)). virus seems to have reached endemic levels in poultry and

aquatic birds in several Asian countries, despite attempts to

contain the outbreak by extensive culling of poultry. In these
4. Human infections with influenza A (H5N1) viruses countries, continuing occurrences of bird-to-human trans-

missions increase the opportunity of the virus to adapt to

In recent years, it has become clear that human infectionshumans and acquire the ability to spread between humans. In
with highly pathogenic influenza H5N1 viruses are associ- addition, continuing cocirculation of avian and human viruses
ated with severe, often fatal disease. In May 1997, following in these countries, where humans live in close proximity with
outbreaks of influenza H5N1 among poultry on three farms in poultry and pigs, increases the risk of reassortment between
the New Territories of Hong Kong, an influenza H5N1 virus both in co-infected humans or other mammalian hosts, such
was isolated from a 3-year-old boy in Hong Kong, who died as the pig. The recent isolation of H5N1 viruses from pigs in
of severe pneumonia complicated by acute respiratory dis-China Chen et al., 2004 and, albeit at low prevelance, the
tress syndrome and Reye’s syndroi8aljbarao et al., 1998 detection of H5N1 antibodies in Viethamese pigh6i et al.,
In November and December of the same year, concomittant2005, are concerning in this respect. For all these reasons,
with outbreaks of influenza H5N1 among chickens in poul- the current developments in southeast Asia seem to justify
try markets and on farms in Hong Kong, 17 additional cases the global concern that, similar to 1957 and 1968, a hew pan-
of human H5N1 infections were identified, 5 of which were demic influenza strain may emerge from this region in the
fatal (Chan, 2002; Yuen et al., 1998 he outbreak was con-  near future.
tained after the slaughtering of all 1.5 million chickens in
Hong Kong. In response to the outbreak, influenza surveil-
lance in poultry was intensified permitting early recognition 5. The clinical spectrum of human H5N1 infections
of other outbreaks of avian influenza in 2001 and 2002. No
further human H5N1 infections were reported until February At presentation, most cases of human H5N1 infections
2003, when two laboratory-confirmed cases and one probablewere characterized by a severe influenza syndrome, clinically
case were identified in one family from Hong Korige(fris indistinguishable from severe human influenza, with symp-
etal., 2004. The daughter died of an undiagnosed respiratory toms of fever, cough and shortness of breath, and radiologi-
infection while visiting Fujian Province in mainland China. cal evidence of pneumoni&€hotpitayasunondh et al., 2005;
Upon their return to Hong Kong, the father and son developed Tran et al., 2004; Yuen et al., 199&bnormalities on chest
severe respiratory illnesses of which the father died. H5N1 radiographs at presentation included extensive, usually bilat-
virus was isolated from both patients. eral infiltration, lobar collapse, focal consolidation, and air
In December 2003, an outbreak of highly pathogenic bronchograms. Radiological evidence of pulmonary damage

H5N1 virus was identified among poultry in the Repub- could still be observed in surviving patients several months
lic of Korea (Lee et al., 200b Subsequently, outbreaks aftertheillness. Beside respiratory symptoms, alarge propor-
by antigenically related viruses were reported among poul- tion of patients also complained of gastrointestinal symptoms
try in Thailand, Viet Nam, Japan, China, Cambodia, Laos, such as diarrhea, vomiting, and abdominal pain, which are
Malaysia, and Indonesia. The reason for this apparent simul-common in children with human influenza, but not in adults.
taneous occurrence of H5N1 outbreaks in many Asian coun-In some cases, diarrhea was the only presenting symptom,
tries remains unclear. However, H5N1 viruses have also beenpreceding other clinical manifestation&pjsarnthanarak
found in dead migratory birds, which may suggest a role of et al., 2004; de Jong et al., 200®%Jnlike human infections
wild birds in the maintenance and spread of HSN1 viruses in with H7 or H9 viruses, conjunctivitis was not prominent in
the region Chen et al., 2005; Li et al., 20D4 H5N1-infected patients. The clinical course of the illness
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in severe cases was characterized by rapid development o217 exposed and 2 of 309 non-exposed healthcare work-
severe bilateral pneumonia necessitating ventilatory supporters were seropositive for HSN1-specific antibodiBadges
within days after onset. Complications included acute res- etal., 2002. Seroconversion was documented in two exposed
piratory distress syndrome, renal failure, and multi-organ nurses, one of whom reported arespiratory iliness 2 days after
failure. Evidence that the clinical spectrum of human H5N1 exposure to an H5N1-infected patient. More importantly than
infections is not restricted to pulmonary symptoms was pro- showing the occurrence of asymptomatic infections, these
vided by a reported case of possible central nervous systenmdata indicated that nosocomial person-to-person transmission
involvement in a Vietnamese boy who presented with diar- had occurred, albeit limited to a few cases. An additional
rhea, followed by coma and death. Influenza H5N1 virus was case of possible human-to-human transmission during the
isolated from throat, rectal, blood, and cerebrospinal fluid Hong Kong outbreak was suggested by H5N1-seropositivity
specimens, suggesting widely disseminated viral replication in a household contact of a patient, who had no history of
(de Jong et al., 20Q5His sister had died of a similar illness  poultry exposure Katz et al.,, 1999 Seroepidemiological
2 weeks earlier, but no diagnostic specimens were obtained studies in health care workers involved in the care of H5N1-
Although highly virulent H5N1 viruses have shown neu- infected patients in Thailand and Viet Nam in 2004 have not
rotropism in mammals such as mice and c&safvcharoen  shown evidence of person-to-person transmission, despite the
et al., 2004; Lipatov et al., 2003; Tanaka et al., 2003 absence of adequate infection control measures in the Viet-
these cases may be similarly rare as central nervous systenmamese cohort at the time of studypisarnthanarak et al.,
manifestations associated with human influeiMar{shima 2005; Liem and Lim, 2005; Schultsz et al., 200Buring
etal., 2002; Sugaya, 20pZ5enetic predisposition of the host  the outbreak in Thailand in 2004, extensive epidemiological
to such manifestations may play a role. investigations have suggested person-to-person transmission
Striking routine laboratory results in H5N1-infected from a child, who died of presumed H5N1 infection, to her
patients, especially in severe cases, were an early onsemother who had no history of exposure to poultry and had
of lymphopenia, with a pronounced inversion of the provided prolonged unprotected nursing care to her daughter
CD4+/CD8+ ratio, thrombocytopenia and increased levels of (Ungchusak et al., 2005An aunt of the child may have been
serum transaminase€lfotpitayasunondh et al., 2005; Tran infected by the same route since her last exposure to poultry
et al., 2004, Yuen et al., 1998High levels of cytokines and  before infection had been 17 days, considerably longer than
chemokines have been observed in several H5N1-infectedthe estimated incubation period of 2—-10 days. There have
patients, suggesting a role of immune-mediated pathology in been several similar family clusters of HSN1 cases in Viet
the pathogenesis of H5N1 infectior®dris et al., 2004; To  Nam, which have all ignited concerns about the possibility
et al., 200}). This was supported by pathological examina- of human-to-human transmission, but most of which could be
tion in two patients who died during the outbreak in Hong explained by common exposure to poultry. While there has
Kong, which showed reactive hemophagocytosis as the mostbeen no evidence of efficient transmission of influenza H5SN1
prominent featureTp et al., 2001 Other findings included  virus between humans to date, caution and detailed investi-
diffuse alveolar damage with interstitial fibrosis, hepatic cen- gations remain warranted in case of any cluster of infections,
tral lobular necrosis, acute renal tubular necrosis, and lym- especially in view of the relatively rapid evolution H5N1
phoid depletion. Although the gastrointestinal, hepatic, renal, viruses have exhibited in recent years.
and hematologic manifestations could suggest wider tissue
tropism, there was no evidence of viral replication in organs
outside the respiratory traci@ et al., 200 However, viral 6. The evolution of H5N1 viruses, 1997-2004
replication in the gastrointestinal is strongly suggested by
reported virus isolation and detection of positive strand viral ~ In 1996, an H5N1 virus was isolated from geese dur-
RNA from fecal specimenslé Jong etal., 2005; Uiprasertkul  ing an outbreak in Guangdong Province in China (influenza
et al., 200%. A/Goose/Guangdong/1/96 (A/G/Gd/96) Y et al., 1999.
While many laboratory-confirmed H5N1 infections were This virus proved to be the donor of the HA gene of the reas-
associated with severe, often fatal disease, milder cases haveortant H5N1 viruses causing the outbreak among poultry
also been reported, especially during the outbreak in Hongand humans in Hong Kong in 1997. The internal genes of
Kong (Chan, 2002; Yuen et al., 1988An increasing num-  the Hong Kong H5N1 viruses were closely related to those
ber of milder cases also seemed to occur in Viet Nam, as theof an HIN2 virus isolated from quaiQuan et al., 1999
outbreak progressed in 2008/HO, 2005. While increased  The origin of the NA gene remains unclear, but was notable
clinical awareness and surveillance may account for suchfor a 19-amino acid deletion in the stalk regiddupbarao
observations, progressive adaptation of the virus to humans iset al., 1998. Such deletions may be associated with adapta-
the dreaded alternative explanation. The occurrence of mildly tion of influenza viruses to land-based poultatrosovich
symptomatic and asymptomatic infections have also beenet al., 1999. The HA gene contained multibasic sequences
suggested during the outbreak in Hong Kong by seroepidemi-at the cleavage site, in accordance with its classification as
ological studies in household members of H5N1-infected a highly pathogenic strairC{aas et al., 1998; Matrosovich
patients and health care workers. In these studies, 8 ofetal., 1999.
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After the eradication of the 1997 Hong Kong strain, the change when the virus is allowed to continue its evolution
goose precursor viruses continued to circulate in geese inthrough adaptation and reassortment.
southeastern ChinaC@uthen et al., 2000; Webster et al.,
2002. Through reassortment between this virus and other
avian viruses, multiple antigenically similar genotypes, that 7. Laboratory diagnosis of influenza HSN1
were highly pathogenic in chickens but not in ducks, emerged
and again were eradicated in Hong Kong in 2001 and 2002  Although virusisolation remains the gold standard of diag-
(Guan et al., 2002 Then, in late 2002, H5N1 strains iso- nosis and indispensable for virus characterization, rapid lab-
lated from wild migratory birds and resident waterfowl in oratory confirmation of suspected human influenzain routine
two Hong Kong parks showed marked antigenic drift and diagnostic laboratories is usually performed by immunochro-
exhibited high pathogenicity in duck&(@an et al., 2004;  matographic or immunofluorescent detection of influenza
Sturm-Ramirez et al., 2004The latter property is rarely  virus antigens, or reverse transcriptase (RT) PCR detection
found in nature, and had not been observed in strains isolatecbf viral nucleic acids in respiratory specimens. In addition,
during previous years. An antigenically and molecularly sim- serological evidence of human influenza A virus infection can
ilar virus caused the two confirmed human infections in early be obtained by commercially available elisa kits which detect
2003 in a family from Hong KongGuan et al., 2004; Peiris  antibodies to conserved viral antigens, such as the nucleopro-
et al., 2004. tein. In the absence of cocirculating avian influenza strains in
H5N1 influenza viruses isolated from healthy ducks in the human population, further subtyping of influenza viruses
southern China between 1999 and 2002 were all antigenicallyor detection of subtype-specific antibodies are usually not
similar to the precursor influenza A/G/Gd/96 viruShen done by routine diagnostic laboratories, but are restricted to
et al., 2004. It is thought that these ducks played a cen- reference laboratories involved in epidemiological analyses
tral role in the generation of the virus responsible for the and planning of vaccine strains. However, in case of an out-
outbreaks in southeast Asia since 2003. Detailed genetic analbreak of avian influenza, efforts to further subtype the virus,
yses of H5N1 strains isolated during the period 2000-2004 e.g. by subtype-specific RT PCR methods, should be made
from poultry and humans in China, Hong Kong, Indonesia, by routine laboratories since immediate knowledge about the
Thailand, and Viet Nam, demonstrated that a series of geneticinfecting influenza subtype is essential for infection control
reassortment events, all traceable to the A/G/Gd/96-precursorand timely epidemiological investigations. Dependence on
virus, ultimately gave rise to a dominant HSN1 genotype reference laboratories, which in the case of many southeast
(genotype Z) in chickens and ducKsi gt al., 2004. This Asian countries affected by avian influenza outbreaks, are sit-
genotype is implicated in the human cases in Hong Kong uated abroad, potentially results in unacceptable delays and
in 2003 and the outbreaks among poultry and humans sincehampers timely recognition of outbreaks and institution of
2004. adequate control measuresi€n et al., 200 However, the
The evolution of H5N1 viruses in recent years has reality is that diagnostic facilities in many affected countries
been associated with increasing virulence and an expandingare scarce and often not sufficiently equipped for virological
host range, which beside terrestrial poultry and wild birds, diagnostics, let alone subtyping of influenza viruses. Global
also includes mammals. While all H5N1 viruses isolated efforts to improve diagnostic capacity in resource-poor coun-
from ducks in China between 1999 and 2002 were highly tries may prove an important step towards the prevention and
pathogenic in chickens, an increasing level of pathogenic- control of pandemic influenzadfen et al., 2004
ity was observed in mice with the progression of time: virus
isolated in 1999 and 2000 were less pathogenic than those?.1. Virus isolation
isolated in 2001 and 200Zfen et al., 2004 It has been
suggested that the increasing ability to replicate in mammals  Similar to human influenza viruses, avian viruses can be
has resulted from transmission between ducks and pigs. Thesolated in embryonated eggs or in cell culture, using permis-
expanding host range is also illustrated by successful exper-sive cells such as Madin Darby canine kidney (MDCK) cells
imental infection of domestic cats, and natural infections of or rhesus monkey kidney (LLC-MK2) cells. Unlike human
tigers and leopards with recent H5N1 straikedwcharoen  strains and avirulentavian strains and in accordance with their
et al., 2004; Kuiken et al., 2004 promiscuity for cellular proteases, highly pathogenic avian
In summary, continued evolution of H5N1 viruses viruses do notrequire the addition of exogenous trypsine for
since 1997, involving multiple genetic reassortment events efficient replication in cell culture. For safety purposes, the
between A/G/Gd/96-like viruses and other avian viruses and isolation of highly pathogenic avian influenza virus requires
perhaps transmission between birds and pigs or other mam-biosafety level 3 laboratory facilities or higher. Cytopathic
malian hosts, have resulted in a highly virulent genotype with effects in cell culture are non-specific. Initial identification
an expanded hostrange whichis now causing widespread outof influenza A virus can be performed by immunofluores-
breaks among poultry and humans in southeast Asia. Whilecent staining with monoclonal antibodies against the nucle-
transmission between birds and humans at present still seemsprotein. Further HA and NA subtyping is performed by
inefficient, as does transmission between humans, this maysubtype-specific RT PCRs of culture supernatant or hemag-



8 M.D. de Jong, T.T. Hien / Journal of Clinical Virology 35 (2006) 2—13

glutination inhibition and neuraminidase inhibition assays for detection of antibodies against avian viruses in mam-
using a panel of reference antisera against various subtypesmalian species, including humans, seems limigebfe and
Inhumaninfections, avian influenzaviruses have mostly beenWebster, 1991; Hinshaw et al., 1981; Kida et al., 1994
isolated from conjunctival swabs and respiratory specimens Several studies have shown a failure to detect HI antibod-
such as throat or nasal secretions or washifgachier et al., ies against avian viruses in mammals, even in cases where
2004; Tran et al., 2004; Yuen et al., 1998 one reported  infection was confirmed by virus isolation. Possible reasons
case of H5N1 infection, virus was also isolated from serum, for this failure include poor immunogenicity of some avian

cerebrospinal fluid, and a rectal swaie (Jong et al., 2005 viruses and lack of sensitivity to detect low titered or less
avid antibodies induced by avian virusddir{shaw et al.,
7.2. Antigen detection 1981; Kida et al., 1994; Lu et al., 1982; Rowe et al., 1999

has been demonstrated that HI testing with subunit HA, but

Detection of influenza A viral antigens in clinical notwith intact virus, could detect antibodies against an avian
specimens by direct immunofluorescence or by rapid H2N2 virus (u et al., 1982. However, neutralizing antibod-
immunochromatographic assays are widely used for diag-ies against this virus could readily be detected with intact
nosis of human influenza because of their ability for rapid virus. A direct comparison of HI testing with a microneu-
diagnosis. However, in patients with avian influenza, the tralization assay in H5N1-infected persons from the 1997
usefulness of these assays seems limited due to low senHong Kong outbreak indeed showed the latter to be more
sitivity (Peiris et al., 2004; Yuen et al., 1998n addition, sensitive Rowe et al., 1999 While an indirect ELISA assay
some rapid antigen detection kits do not distinguish betweenusing recombinant HA from H5N1/97 showed at least equal
influenza types A and B, and none of the currently avail- sensitivity as the microneutralization assay, the specificity in
able immunofluoresent and immunochromatographic assaysadult sera was inferior, possibly due to the presence of cross-
distinguish between influenza A subtypes. However, devel- reactive epitopes common to all HAR¢we et al., 1999
opments of H5N1-specific rapid antigen detection tests areBased on these observations, neutralization assays are the

ongoing Ku et al., 2005. methods of choice for detection of antibodies against avian
viruses in humans.
7.3. Reverse transcriptase PCR Using these assays, it has been shown that the kinetics of

the antibody response against H5N1 virus in patients infected

RT PCR methods allow for sensitive and specific detection during the Hong Kong outbreak are similar to the primary
of viral nucleic acids and have shown to increase the diag- response to human influenza viruskatz et al., 1998 Neu-
nostic sensitivity for many viral pathogens when compared to tralizing antibodies were generally detected 14 or more days
culture or antigen detection methods. During the H5N1 out- after the onset of symptoms and titers equal to or higher that
breaks in Hong Kong and southeast Asia, RT PCR methods1:640 were observed 20 or more days after onset.
for specific detection of H5N1 viral nucleic acids have proven
valuable and seem the diagnostic methods of choice in case
of an outbreak of avian influenz€lotpitayasunondh et al., 8. Treatment and prevention
2005; Tran et al., 2004; Yuen et al., 199Bspecially when
using real-time PCR technology, a reliable subtype-specific 8.1. Antiviral treatment
diagnostic result can be generated within a few hours after
specimen collection. A disadvantage of RT PCR methods Currently, two classes of drugs are available with antiviral
is its proneness for contamination and the consequent riskactivity againstinfluenzaviruses: inhibitors of the ion channel
of false-positive results, which should be be minimized by activity of the M2 membrane protein, amantadine and riman-
proper precautions, including physical separation of labora- tadine, and inhibitors of the neuraminidase, oseltamivir, and
tories for PCR preparation and amplification, and the use zanamivir. The therapeutic efficacy of amantadine in human
of the uracilu-glycosylase system to prevent contamination influenza is unclear due to a paucity of reliable clinical stud-
by carryover of amplimers. In addition, the inclusion of an ies, but reductions of fever or illness by 1 day have been
internal control in RT PCR assays is highly desirable to mon- observed in adults and childrelNi¢holson et al., 2003
itor for false-negative results due to inefficient nucleic acid Major disadvantages of amantadine include neurotoxicity

extraction, cDNA synthesis, or amplification. and a rapid development of drug resistance during treatment.
Resistance is conferred by single nucleotide changes result-
7.4. Serology ing in amino acid substitutions at positions 26, 27, 30, 31,

or 34 of the M2 protein. Rimantadine causes less neuro-

During outbreaks of avian influenza, the detection of logical side effects but is not available in most parts of the
subtype-specific antibodies is particularly important for world. Although several H5N1-infected patients have been
epidemiological investigations. Hemagglutination inhibition treated with amantadine during the 1997 H5N1 outbreak in
(HI) assays are the gold standard for detection of antibodiesHong Kong, the numbers were too small to draw any mean-
against human influenza viruses. However, their usefulnessingful conclusions concerning its activity against this virus
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(Yuenetal., 1998 In vitro sensitivity testing of virus isolated  are not men, this strategy deserves attention in the treatment
from the first patient during this outbreak showed normal of a severe iliness such as influenza H5N1.
susceptibility to amantadines(ibbarao et al., 1998Strik-
ingly, genotype Z H5N1 viruses isolated from poultry and 8.2. Infection control and prophylaxis
humans in Thailand and Viet Nam in 2004 invariably showed
an amantadine-resistance conferring amino acid substitution  Birds infected with avian influenza excrete large amounts
at position 31 of the M2 protein, indicating that amantadine of virus in feces and other secretions, which contaminate the
treatment is not an option during the ongoing outbtreak in direct environment, such as dust, soil, water, cages, tools, and
southeast Asial{ et al., 2004; Puthavathana et al., 2005 other fomites. Avian influenza virus may remain infectious in
Both oseltamivir and zanamivir have proven efficacy inthe soil, water, or contaminated equipment for weeks to months,
treatment of human influenza when started early during the depending on the temperature and humidity (i.e. longer in
course of illness, and are particularly effective as seasonal orcolder climates). lliness in birds caused by highly pathogenic
postexposure prohylaxidl{cholson et al., 2003 Zanamivir avian influenza viruses results in systemic replication and the
has poor oral availability and is therefore administered by presence of infectious virus in their eggs and many tissues
inhalation, which has limited its use in the elderly and may and organs. Transmission of avian influenza viruses between
induce bronchospasm. Oseltamivir can be given orally. The birds occurs directly or indirectly through contact with fecally
development of drug resistance during treatment has beerncontaminated aerosols, water, feed, and other materials. Bird-
reported for both drugs and is associated with mutations in to-human transmission likely occurs via the same route, i.e.
the active site of neuraminidase or in the hemaglutinin. The direct contact with birds or contaminated fomites.
latter mutations decrease the affinity of HA for the cellular Most, but not all human infections with avian influenza
receptor, thereby obviating the need for neuraminidase toviruses involved handling of affected poultry or direct expo-
escape the cells. sure to live poultry in the week before onset of the illness
Data on the efficacy of neuraminidase inhibitors in avian (Koopmans et al., 2004; Mounts et al., 1999; Tran et al.,
influenza virus are scarce. The H5N1 strains implicated in 2004). Case—control studies during the 1997 H5N1 outbreak
the 1997 Hong Kong outbreak were susceptible in vitro to in Hong Kong identified visiting a stall or market selling
oseltamivir and zanamivirGovorkova et al., 2001; Leneva live poultry during the week before the iliness as a risk fac-
et al., 2000. Oral oseltamivir and topical zanamivir also tor, whereas eating or preparing poultry products were not
showed therapeutic and protective activities against Hong (Mounts et al., 1999 In cases in which no apparent direct
Kong H5NL1 isolates in murine animal modelSuybareva exposure to poultry could be identified, contact with con-
et al.,, 1998; Leneva et al., 2001Recent murine studies taminated environment, such as water, has been suggested
suggest that, perhaps due to higher virulence, higher dosegde Jong et al., 20050f note, it has been shown that ducks
of oseltamivir and longer durations of treatment are neces- infected by the currently circulating H5N1 strain in southeast
sary to achieve antiviral effects in mice against HSN1 strains Asia remain healthy but excrete large amounts of virus for
causing the southeast Asian outbreak since 2004, when comprolonged periods of timeHulse-Post et al., 2005Since
pared to the 1997 Hong Kong H5N1 straivef et al., water in ponds and canals in which large flocks of ducks
2005. Oseltamivir treatment has been given to several H5SN1- reside, is widely used for bathing and drinking in rural areas
infected patients, but no conclusions can be made concerningof many southeast Asian countries, it may not be unlikely that
its efficacy. However, the timing of antiviral treatment may such water represents a source of transmission when contam-
not have been optimal in many cases of avian influenza so far.inated by infected ducks. In fact, contact with contaminated
Beneficial effects of antiviral treatment in human influenza water is regarded as the most important mode of transmission
are optimal when started within 48 h after onset of the iliness. between aquatic birds.
During the H5N1 outbreak in Viet Nam in 2004, H5N1- A limited number of possible human-to-human transmis-
infected patients were admitted 5 days or later after onsetsions of influenza H5N1 have been reported, which involved
of symptoms (ran et al., 2004 Earlier recognition of avian  prolonged, close and unprotected contact with infected
influenza in humans may improve the efficacy of antiviral patientsKatz etal., 1999; Koopmans etal., 2004; Ungchusak
treatment. et al., 200%. Similar to human influenza, droplet and contact
While several H5N1-infected patients have received transmission are probably the most effective means of trans-
steroids in addition to oseltamivir, the potential benefits of mission of avian influenza virus between humans, should
this need formal evaluation in clinical studiebrgn et al., the virus acquire the ability for efficient spread, but air-
2009. Considering the observed cytokine dysregulation in borne transmission remains a possibility. The occurrence of
H5N1-infected animals and humans, a beneficial effect of diarrheain H5N1-infected patients, which may contain infec-
immunomodulating agents could be hypothesized and per-tious virus, represents a potential non-respiratory route of
haps requires further study. Finally, neutralizing monoclonal transmission, which needs to be considered in infection con-
antibodies have been shown effective in treating establishedtrol practices Apisarnthanarak et al., 2004; de Jong et al.,
influenza A virus infection in mice with severe combined 2005; Tran et al., 2004Data concerning excretion patterns
immunodeficiency Ralladino et al., 1995 Although mice and periods of potential infectivity are lacking for human
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infections with avian influenza viruses. Based on exposure avian virus showed high rates of seroconversions to the vac-
histories, the incubation time for human H5N1-infections has cine strain and heterologous H5N1 strains after three doses,
been estimated 2—10 days, but it is not known whether excre-but only when the vaccine was given with the adjuvans MF59
tion of virus occurs during this timéf(an et al., 2004; Yuen  (Stephenson et al., 20p5n animal models, baculovirus-
etal., 1998. Based on the current (lack of) knowledge, infec- derived recombinant H5 vaccines were immunogenic and
tion control measures during contact with potentially infected protective, but results in humans were disappointing even
birds or environment, or with patients with suspected or con- when using high dose€¢awford et al., 1999; Treanor et al.,
firmed infection should prevent contact, droplet, and airborne 2001). H5 DNA vaccines protected mice from infection by
transmission. These measures include mask (preferably highhomologous, but not by heterologous H5N1 virudgsstein
efficiency masks, with surgical masks as a second alterna-et al., 2002; Kodihalli et al., 1999
tive), gown, face shield, or goggles and gloves.

The efficacy of neuraminidase inhibitors as seasonal or
postexposure prohylaxis against human influenza is high9. Pandemic preparedness and future directives
(Nicholson et al., 2003 Offering prophylactic treatment to
potentially exposed people in the setting of a poultry outbreak  The increasing frequency of outbreaks with highly
of avian influenza, as has been done during H7-outbreaks inpathogenic avian influenza viruses among poultry and direct
the Netherlands and Canadéppmans et al., 2004; Tweed transmission of these viruses to humans, culminating in the
et al., 2004, is rational but hardly feasible during the ongo- ongoing extensive H5N1 outbreak in southeast Asia, has
ing outbreak in southeast Asia for logistical and financial ignited grave concerns about an imminent influenza pan-
reasons. Postexposure prophylaxis to unprotected healthcareemic. Indeed, two of three prerequisites for a human pan-
workers and close contacts of infected patients is advisable.demic have been met in the southeast Asian H5N1 outbreak:
The potential use of specific monoclonal antibodies for pro- the emergence of an antigenically novel strain to which the
phylaxis warrants further investigation. population has no immunity, and the transmission of this

Eliminating the source of infection, i.e. infected birds, strain to humans in whom it can cause severe disease. To
remains the most effective infection control measure. Culling date, there is fortunately no evidence of efficient spread
of all infected poultry have proven succesful during avian of H5N1 virus between humans, but continued circulation
influenza outbreaks in Hong Kong, the Netherlands and of this strain, which now has reached levels of endemicity
Canada Chan, 2002; Koopmans et al., 2004; Tweed et al., among poultry in several southeast Asian countries, increases
2004). However, considering the geographic extensivenessthe opportunity to adapt to humans through mutation or
of the outbreak in southeast Asia, the different farming prac- genetic reassortment in humans or intermediate mammalian
tices, and the reported H5N1 infections in migratory birds hosts. As suggested by the “Spanish flu” pandemic of 1918,
(Chen et al., 2005 it seems very unlikely that culling of  extremely high transmissability is no prerequisite for a severe

poultry alone will contain the outbreak in that region. pandemic killing tens of millions of people, and as shown by
the Severe Acute Respiratory Syndrome (SARS) virus epi-
8.3. Vaccination demic in 2003, viruses can rapidly spread across the globe

in the current age of intense global travel. As a consequence

The bulk of human influenza vaccines are produced from of all this, pandemic preparedness has become an important
inactivated viruses grown in embryonated eggs. Vaccine pro-issue worldwide. Pandemic plans, which include stock-piling
duction against highly pathogenic avian influenza viruses is of antivirals and candidate vaccines, are being developed by
complicated because of the requirement for high biosafety an increasing number of countries worldwide, and alternative
containment facilities, and the difficulty, in some cases, to methods for rapid vaccine production and potential methods
obtain high virus yields in embryonated eggs because of enabling dose reduction of vaccines are increasingly propa-
the virus’ pathogenicity§tephenson et al., 2004; Wood and gated Schwartz and Gellin, 2005; Stephenson et al., 2004;
Robertson, 2004 Several other approaches have been usedWebby et al., 2004; Webby and Webster, 2003; Wood and
in an attempt to overcome these obstacles, including theRobertson, 2004
use of reverse genetics techniques, generation of recombi- Notwithstanding the importance of these efforts to prepare
nant hemagglutinin, DNA vaccination and the use of related for a possible HSN1 pandemic, more structural and longer
apathogenic H5 viruses with and without different adjuvants term global efforts are needed to allow for early recognition
(Nicholson et al., 2003; Stephenson et al., 2004; Webby et al.,of novel influenza viruses or other emerging pathogens infect-
2004; Wood and Robertson, 2Q0Experimental HSN1 vac-  ing humans in the future. In 2002, a WHO Global Agenda
cines in which important virulence determinants were altered for Influenza Surveillance and Control has been adopted,
using plasmid-based reverse genetics, have shown protectivef which the main objectives are to strengthen surveillance,
efficacy to homologous and heterologous H5 strains in animal improve knowledge of the disease burden, increase vaccine
models and may prove an attractive approacdlefal., 1999; use, and accelerate pandemic preparedri&séi, 2003. It
Lipatov et al., 2005; Takada et al., 1998tudies in humans is essential that these objectives are increasingly focused on
using an H5N3 vaccine developed from a 1997 apathogenicthe southeast Asian region, which has been the source of
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previous pandemics and is the epicentre of the current pan-Chen H, Deng G, Li Z, Tian G, Li Y, Jiao P, et al. The evolution of
demic threat. Many southeast Asian countries Currenﬂy lack H5N1 influenza viruses in ducks in southern China. Proc Natl Acad
the expertise, financial means, and infrastructure for human __ S¢ USA 2004,101:10452—7. _ _

. . . . . Chen H, Smith GJ, Zhang SY, Qin K, Wang J, Li KS, et al. Avian flu:
and animal diagnostics and surveillance. Global investments

” . . H5N1 virus outbreak in migratory waterfowl. Nature 2005;436:191-2.
to improve public health care infrastructures and labora- cheung cY, Poon LL, Lau AS, Luk W, Lau YL, Shortridge KF, et al.

tory facilities, and to transfer clinical, epidemiological, and Induction of proinflammatory cytokines in human macrophages by
technical knowledge to these countries are much needed influenza A (H5N1) viruses: a mechanism for the unusual severity of
(Hien et al., 200% The window of opportunity in the era human disease? Lancet 2002;360:1831~7.

f global t li L | it dl d Choi YK, Nguyen TD, Ozaki H, Webby RJ, Puthavathana P, Buranathal
Ot global travel IS narrow. Local capacity, and less depen- C, et al. Studies of H5N1 influenza virus infection of pigs by

dence on foreign laboratories and expertise, will allow for using viruses isolated in Vietham and Thailand in 2004. J Virol
earlier recognition and quicker responses to epidemics. In  2005;79:10821-5.

addition, local availability of clinical, scientific, and labora- Chotpitayasunondh T, Ungchusak K, Hanshaoworakul W, Chunsuthiwat
tory capacity facilitates and expedites clinical, virological, S, Sawanpanyalert P, Kijphati R, et al. Human disease from influenza

d id ioloaical | ded t timi th K A (H5N1) Thailand, 2004. Emerg Infect Dis 2005;11:201-9.
and epiaemiological analyses needed to opumize outbrea Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF,

control, infection control, and clinical managment. It also Senne DA, et al. Human influenza A H5N1 virus related to a highly
guarantees the timely availability of virus strains for moni- pathogenic avian influenza virus. Lancet 1998;351:472-7.

toring virus evolution and planning of vaccines by reference Connor RJ, Kawaoka Y, Webster RG, Paulson JC. Receptor specificity in
laboratories. Such global investments to enhance local infras- human, avian, and equine H2 and H3 influenza virus isolates. Virology

tructure and expertise will increase the chances of success o 1994;205:17-23.
p Eouceiro JN, Paulson JC, Baum LG. Influenza virus strains selectively

containing an influenza pandemic at the source by antivi-  recognize sialyloligosaccharides on human respiratory epithelium; the

ral prophylaxis and other preventive measures suggested by role of the host cell in selection of hemagglutinin receptor specificity.

recent mathematical modelling studi€gfguson et al., 2005; Virus Res 1993;29:155-65.

i Crawford J, Wilkinson B, Vosnesensky A, Smith G, Garcia M, Stone

Longini et al., 200%. ; ) > ; .
H, et al. Baculovirus-derived hemagglutinin vaccines protect against
lethal influenza infections by avian H5 and H7 subtypes. Vaccine
1999;17:2265-74.
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