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bstract

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

Periodically, completely novel antigenic subtypes of
nfluenza viruses have been introduced in the human pop-

∗ Corresponding author. Tel.: +84 8 9237 954; fax: +84 8 9238 904.
E-mail address: mddejong@hcm.vnn.vn (M.D. de Jong).

ulation, causing large-scale global outbreaks with high d
tolls. The most devastating influenza pandemic in mo
recorded history, known as the “Spanish flu”, occurre
1918–1919, killing up to 100 million people worldwid
Other less destructive pandemics during the previous
tury occurred in 1957 and 1968. Avian influenza A viru
are key to the emergence of human influenza pande

386-6532/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The virus strains implicated in the 20th century’s influenza
pandemics originated directly from avian influenza viruses,
either through genetic reassortment between human and
avian influenza strains (1957 and 1968) or possibly through
adaptation of purely avian strains to humans (1918). It was
long thought that the restricted host range of avian influenza
viruses precluded direct transmission to humans, and that the
emergence of pandemic strains required genetic reassortment
between avian and human strains. However, occurrences of
direct bird-to-human transmission of avian influenza viruses
have increasingly been reported in recent years, culminating
in the ongoing outbreak of influenza A (H5N1) among poultry
in several Asian countries with associated human infections.
These unprecedented developments have resulted in increas-
ing global concerns about the pandemic potential of these
viruses.

2. Virology

Influenza viruses are pleomorphic, enveloped RNA
viruses belonging to the family of Orthomyxoviridae. Pro-
truding from the lipid envelope are two distinct glycopro-
teins, the hemagglutinin (HA) and neuraminidase (NA). HA
attaches to cell surface sialic acid receptors, thereby facili-
tating entry of the virus into host cells. Since it is the most
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between the two surface glycoproteins HA and NA. To date,
16 HA subtypes (H1–H16) and 9 NA subtypes (N1–N9)
of influenza A viruses have been identified (Fouchier
et al., 2005). The standard nomenclature for influenza viruses
includes the influenza type, the host of origin (excluding
humans), the place of isolation, the strain number, the year of
isolation, and finally the influenza A subtype in parentheses
(e.g. A/Duck/Vietnam/11/04 (H5N1)).

The natural reservoir of influenza A viruses are aquatic
birds, in which the viruses appear to have achieved an optimal
level of host adaptation (Webster et al., 1992). Transmission
between birds occurs directly or indirectly through fecally
contaminated aerosols, water, feed, and other materials. The
spectrum of disease in birds ranges from asymptomatic infec-
tion, to mild respiratory illness, to severe and rapidly fatal
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-
ing outbreaks of severe disease (fowl plague) in chickens
or turkeys are classified as highly pathogenic, and are cur-
rently restricted to H5 and H7 subtypes. Infection of poultry
by highly pathogenic avian influenza viruses is character-
ized by disseminated infection, and clinically manifested
by decreased egg production, respiratory signs, excessive
lacrimation, edema of the head, diarrhea, neurological symp-
toms, and death.

are
o am-
m ions
a netic
r ecies-
s ause
e pop-
u cen-
t on of
v the
n s and
h

tic
b ecies
b ited.
O 2))
h two
i ile,
d ntal
s e are
H ical
f ty of
v nge of
h

there
c rains
p tose
b ains
r
( vich
mportant antigenic determinant to which neutralizing a
odies are directed, HA represents a crucial compone
urrent vaccines. NA is the second major antigenic dete
ant for neutralizing antibodies. By catalyzing the cleav
f glycosidic linkages to sialic acid on host cell and vir
urfaces, this glycoprotein prevents aggregation of vir
hus facilitating the release of progeny virus from infec
ells. Inhibition of this important function represents the m
ffective antiviral treatment strategy to date. A third m
rane protein, the M2 protein, is present in small quant

n influenza A viruses. By functioning as an ion channel,
rotein regulates the internal pH of the virus, which is es

ial for uncoating of the virus during the early stages of v
eplication. This function is blocked by the antiviral dru
mantadine and rimantadine.

The genome of influenza viruses is segmented, cons
f 8 single-stranded, negative sense RNA molecules, w
ncode 10 proteins. The RNA segments are contained w

he viral envelope in association with the nucleoprotein (
nd three subunits of viral polymerase (PA, PB1, and P
hich together form the ribonucleoprotein (RNP) comp

esponsible for RNA replication and transcription. Additio
roteins contained within the virion include M2 and the v
uclear export protein (NEP), which function in assembly
udding, and export of RNP from the nucleus, respectiv

Based on antigenic differences in NP and M prote
nfluenza viruses are classified as types A, B, and C. Influ

and C viruses are not divided into subtypes. All av
nfluenza viruses are classified as type A. Further sub
ng of influenza A viruses is based on antigenic differen
From the principal reservoir of aquatic birds, viruses
ccasionally transmitted to other animals, including m
als and domestic poultry, causing transitory infect
nd outbreaks. Through adaptation by mutation or ge
eassortment, some of these viruses may establish sp
pecific permanent lineages of influenza A viruses, and c
pidemics or epizootics in the new host. In the human
lation, the establishment of these lineages in the 20th

ury was preceded by influenza pandemics. Transmissi
iruses and transitory infections may also occur among
ew hosts, e.g. between humans and pigs or chicken
umans.

Although all HA and NA subtypes are found in aqua
irds, the number of subtypes that have crossed the sp
arrier and established stable lineages in mammals is lim
nly three HA and two NA subtypes (i.e. H1–3 and N1–
ave circulated in humans since 1918. In horses, only

nfluenza A subtypes (H7N7 and H3N8) are found, wh
espite susceptibility to all avian subtypes in experime
ettings, the only subtypes recovered from pigs in natur
1, H3, N1, and N2. The molecular, biological or ecolog

actors determining the apparent subtype-specific abili
iruses to cross species barriers and spread among a ra
osts remain largely unresolved.

While interspecies transmission does occur at times,
ertainly are host range restrictions. Human influenza st
referentially bind to sialic acid residues linked to galac
y the�2,6 linkage, while avian and equine influenza str
ecognize sialic acid linked to galactose by�2,3 linkage
Connor et al., 1994; Gambaryan et al., 1997; Matroso
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et al., 1997, 2004; Rogers and D’Souza, 1989; Rogers and
Paulson, 1983; Rogers et al., 1983). Correspondingly, human
respiratory epithelial cells predominantly contain�2,6 sialic
acid–galactose linkages, while the host cells in birds and
horses mainly contain�2,3 linkages (Couceiro et al., 1993;
Ito et al., 1998; Matrosovich et al., 2004). Respiratory epithe-
lial cells in the pig contain both�2,3- and�2,6 linkages,
which explains why this animal is susceptible to both human
and avian influenza viruses (Ito et al., 1998). Because of
this trait, the pig is widely regarded as a potential source of
new pandemic strains, since it could serve as a non-selective
host in which mixed infection of avian and human strains
efficiently occurs, potentially resulting in new reassortant
viruses, or in which purely avian strains can adapt to human
receptor recognition.

3. Avian influenza viruses and pandemic influenza

Introduction of an influenza A virus with a novel HA
gene in a population which lacks immunity to this HA has
the potential to cause a pandemic when the virus posesses
the ability to spread efficiently among humans. During
the 20th century, this has happened three times, in 1918,
1957, and 1968, killing millions of people worldwide. In all
three pandemics, the viruses originated from avian influenza
v
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Although millions of people died during the 1957 and
1968 pandemics, the viruses involved did not appear par-
ticularly virulent, suggesting that lack of immunity was the
main reason for the excess mortality. This was different dur-
ing the “Spanish flu” pandemic of 1918, in which lack of
immunity in the human population was combined with an
apparent extremely high virulence of the virus, resulting in
the demise of up to 100 million people worldwide. Because
the 1918 pandemic occurred before viruses were identified
as the causative agents, no intact virus has been available for
analysis. This and the similar lack of available human and
animal influenza strains circulating before 1918 has made it
difficult to determine the exact origin of the pandemic H1N1
virus and the reason for its extreme virulence. However, valu-
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
(Taubenberger et al., 1997). This enabled sequence analy-
sis of five of the eight genes (HA, NA, NP, M, and NS)
(Reid et al., 2004). Phylogenetic analyses of these genes sug-
gest that the 1918 H1N1 virus may not have arisen by the
same mechanism as the 1957 and 1968 pandemic viruses,
i.e. by reassortment of avian and human influenza viruses,
but perhaps by direct transmission from an avian source after
adaptation in humans or another permissive mammalian host,
such as the pig (Reid et al., 2004). This is supported by
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The virus strains responsible for the influenza pande

f 1957 and 1968 both first emerged in southeastern
nd both arose through reassortment of genes between
iruses and the prevailing human influenza strain (Scholtissek
t al., 1978). The “Asian influenza” pandemic of 1957 w
aused by an H2N2 virus that had acquired three genes
2, and PB1) from avian viruses infecting wild ducks, i
ackbone of the circulating H1N1 human influenza str
s the Asian flu strain emerged and established a pe
ent lineage, the H1N1 strains soon disappeared from
uman population for unclear reasons. Similarly, the H
irus causing the “Hong Kong influenza” pandemic of 1
onsisted of two genes from a duck virus (H3 and PB1
background of the human H2N2 strain circulating at

ime. The latter virus disappeared with the emergence o
3N2 virus and since then has not been detected in hum
equence analysis of the hypothetical precursor strain, w

mmediately preceded the pandemic H3N2 virus sugge
hat fewer than six amino acids in HA had changed du
he avian-to-human transition (Bean et al., 1992). Interest
ngly, a number of these changes may reflect adaptati
he new host since they modified the area surroundin
eceptor-binding pocket of HA, including a Glu to Leu cha
t position 226 which is particluarly implicated in determ

ng specificity for human receptors. The fact that, beside
r two novel surface glycoproteins, both pandemic str
lso posessed a PB1 gene of avian origin is intriguing
ay suggest a role of this gene in interspecies transmi

Kawaoka et al., 1989).
he observation that the 1918 pandemic strain retaine
mino acid residues at positions 226 and 228 of HA
ictive for binding to avian receptors (Taubenberger et a
997). Recent chrystallographic studies showed that s

ural changes in the H1 HA allowed the virus to recog
uman receptors despite the presence of these avia
esidues, which may explain why the virus could never
ess efficiently infect and spread among humans (Gamblin
t al., 2004; Stevens et al., 2004). The possibility that the 191
train had retained the structure and biological properti
ts avian ancestors while acquiring the ability to recog
nd efficiently infect human cells may explain the high
lence of this virus. Mathematical modelling studies h
uggested that the transmissability of the 1918 virus wa
emarkably different than regular human influenza stra
uggesting that extremely efficient spread did not accou
he high morbidity and mortality (Mills et al., 2004). While
art of the high mortality of the 1918 pandemic could
xplained by the lack of antibiotics to treat secondary
erial pneumonia and poor living conditions, the extrem
apid and severe clinical course implies high pathogen
f the virus as the major cause. The molecular basis fo
igh virulence remains unclear. The 1918 H1 HA lacks
ultibasic cleavage site characteristic of highly pathog

vian influenza viruses (Reid et al., 1999; Taubenberger et
997). There are conflicting observations concerning the
f the NS gene in the 1918 pandemic strain. In mice, the
nce of the complete NS or only the NS1 segment se

o confer decreased, rather than enhanced pathogenic
eassortant H1N1 viruses (Basler et al., 2001). In contrast
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in vitro experiments in human lung cells suggested more
efficient inhibition of interferon-regulated genes by H1N1
virus in the presence of the 1918 NS gene (Geiss et al.,
2002). The most convincing evidence implicates HA as an
important determinant of the high virulence. The presence
of HA of the 1918 virus conferred high pathogenicity in
mice to human strains that were otherwise non-pathogenic in
this host (Kobasa et al., 2004). Furthermore, these infections
were associated with severe hemorrhagic pneumonia and the
induction of high levels of macrophage-derived cytokines and
chemokines, strikingly reminiscent of clinical observations
in humans during the Spanish flu pandemic, as well as of
recent in vitro and in vivo observations of infections with
highly pathogenic avian influenza H5N1 viruses (Cheung
et al., 2002; Oxford, 2000; Peiris et al., 2004; To et al.,
2001).

4. Human infections with influenza A (H5N1) viruses

In recent years, it has become clear that human infections
with highly pathogenic influenza H5N1 viruses are associ-
ated with severe, often fatal disease. In May 1997, following
outbreaks of influenza H5N1 among poultry on three farms in
the New Territories of Hong Kong, an influenza H5N1 virus
was isolated from a 3-year-old boy in Hong Kong, who died
o dis-
t
I ittant
w oul-
t ases
o ere
f n-
t in
H veil-
l tion
o . No
f ary
2 bable
c
e tory
i a.
U ped
s 5N1
v

enic
H ub-
l ks
b oul-
t aos,
M imul-
t oun-
t been
f le of
w s in
t

Human infections during the southeast Asian outbreaks
were first reported in early 2004 from Viet Nam and Thai-
land, followed by still ongoing resurgences of human cases
in Viet Nam, Cambodia, and Indonesia from then onwards
(Chotpitayasunondh et al., 2005; Tran et al., 2004). At the
time of this writing (August 2005), the total number of con-
firmed human cases of influenza H5N1 in the 4 countries
amounts to 112 (Thailand: 17; Cambodia: 4; Indonesia: 1;
Viet Nam: 90), of which 57 were fatal (WHO, 2005). It can-
not be excluded and may even be likely that additional cases
have gone unnoticed in these and other affected countries
due to a lack of clinical awareness, active surveillance, or
diagnostic facilities (Hien et al., 2004).

While many countries initially affected by poultry out-
breaks in 2004 have been declared free of the virus, H5N1
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
countries, continuing occurrences of bird-to-human trans-
missions increase the opportunity of the virus to adapt to
humans and acquire the ability to spread between humans. In
addition, continuing cocirculation of avian and human viruses
in these countries, where humans live in close proximity with
poultry and pigs, increases the risk of reassortment between
both in co-infected humans or other mammalian hosts, such
as the pig. The recent isolation of H5N1 viruses from pigs in
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H ess
f severe pneumonia complicated by acute respiratory
ress syndrome and Reye’s syndrome (Subbarao et al., 1998).
n November and December of the same year, concom
ith outbreaks of influenza H5N1 among chickens in p

ry markets and on farms in Hong Kong, 17 additional c
f human H5N1 infections were identified, 5 of which w

atal (Chan, 2002; Yuen et al., 1998). The outbreak was co
ained after the slaughtering of all 1.5 million chickens
ong Kong. In response to the outbreak, influenza sur

ance in poultry was intensified permitting early recogni
f other outbreaks of avian influenza in 2001 and 2002

urther human H5N1 infections were reported until Febru
003, when two laboratory-confirmed cases and one pro
ase were identified in one family from Hong Kong (Peiris
t al., 2004). The daughter died of an undiagnosed respira

nfection while visiting Fujian Province in mainland Chin
pon their return to Hong Kong, the father and son develo
evere respiratory illnesses of which the father died. H
irus was isolated from both patients.

In December 2003, an outbreak of highly pathog
5N1 virus was identified among poultry in the Rep

ic of Korea (Lee et al., 2005). Subsequently, outbrea
y antigenically related viruses were reported among p

ry in Thailand, Viet Nam, Japan, China, Cambodia, L
alaysia, and Indonesia. The reason for this apparent s

aneous occurrence of H5N1 outbreaks in many Asian c
ries remains unclear. However, H5N1 viruses have also
ound in dead migratory birds, which may suggest a ro
ild birds in the maintenance and spread of H5N1 viruse

he region (Chen et al., 2005; Li et al., 2004).
hina (Chen et al., 2004), and, albeit at low prevelance, t
etection of H5N1 antibodies in Vietnamese pigs (Choi et al.
005), are concerning in this respect. For all these reas

he current developments in southeast Asia seem to ju
he global concern that, similar to 1957 and 1968, a new
emic influenza strain may emerge from this region in
ear future.

. The clinical spectrum of human H5N1 infections

At presentation, most cases of human H5N1 infect
ere characterized by a severe influenza syndrome, clin

ndistinguishable from severe human influenza, with sy
oms of fever, cough and shortness of breath, and radio
al evidence of pneumonia (Chotpitayasunondh et al., 200
ran et al., 2004; Yuen et al., 1998). Abnormalities on che
adiographs at presentation included extensive, usually
ral infiltration, lobar collapse, focal consolidation, and
ronchograms. Radiological evidence of pulmonary dam
ould still be observed in surviving patients several mo
fter the illness. Beside respiratory symptoms, a large pr

ion of patients also complained of gastrointestinal sympt
uch as diarrhea, vomiting, and abdominal pain, which
ommon in children with human influenza, but not in adu
n some cases, diarrhea was the only presenting sym
receding other clinical manifestations (Apisarnthanara
t al., 2004; de Jong et al., 2005). Unlike human infection
ith H7 or H9 viruses, conjunctivitis was not prominen
5N1-infected patients. The clinical course of the illn
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in severe cases was characterized by rapid development of
severe bilateral pneumonia necessitating ventilatory support
within days after onset. Complications included acute res-
piratory distress syndrome, renal failure, and multi-organ
failure. Evidence that the clinical spectrum of human H5N1
infections is not restricted to pulmonary symptoms was pro-
vided by a reported case of possible central nervous system
involvement in a Vietnamese boy who presented with diar-
rhea, followed by coma and death. Influenza H5N1 virus was
isolated from throat, rectal, blood, and cerebrospinal fluid
specimens, suggesting widely disseminated viral replication
(de Jong et al., 2005). His sister had died of a similar illness
2 weeks earlier, but no diagnostic specimens were obtained.
Although highly virulent H5N1 viruses have shown neu-
rotropism in mammals such as mice and cats (Keawcharoen
et al., 2004; Lipatov et al., 2003; Tanaka et al., 2003),
these cases may be similarly rare as central nervous system
manifestations associated with human influenza (Morishima
et al., 2002; Sugaya, 2002). Genetic predisposition of the host
to such manifestations may play a role.

Striking routine laboratory results in H5N1-infected
patients, especially in severe cases, were an early onset
of lymphopenia, with a pronounced inversion of the
CD4+/CD8+ ratio, thrombocytopenia and increased levels of
serum transaminases (Chotpitayasunondh et al., 2005; Tran
et al., 2004; Yuen et al., 1998). High levels of cytokines and
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217 exposed and 2 of 309 non-exposed healthcare work-
ers were seropositive for H5N1-specific antibodies (Bridges
et al., 2002). Seroconversion was documented in two exposed
nurses, one of whom reported a respiratory illness 2 days after
exposure to an H5N1-infected patient. More importantly than
showing the occurrence of asymptomatic infections, these
data indicated that nosocomial person-to-person transmission
had occurred, albeit limited to a few cases. An additional
case of possible human-to-human transmission during the
Hong Kong outbreak was suggested by H5N1-seropositivity
in a household contact of a patient, who had no history of
poultry exposure (Katz et al., 1999). Seroepidemiological
studies in health care workers involved in the care of H5N1-
infected patients in Thailand and Viet Nam in 2004 have not
shown evidence of person-to-person transmission, despite the
absence of adequate infection control measures in the Viet-
namese cohort at the time of study (Apisarnthanarak et al.,
2005; Liem and Lim, 2005; Schultsz et al., 2005). During
the outbreak in Thailand in 2004, extensive epidemiological
investigations have suggested person-to-person transmission
from a child, who died of presumed H5N1 infection, to her
mother who had no history of exposure to poultry and had
provided prolonged unprotected nursing care to her daughter
(Ungchusak et al., 2005). An aunt of the child may have been
infected by the same route since her last exposure to poultry
before infection had been 17 days, considerably longer than
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hemokines have been observed in several H5N1-inf
atients, suggesting a role of immune-mediated patholo

he pathogenesis of H5N1 infections (Peiris et al., 2004; T
t al., 2001). This was supported by pathological exam

ion in two patients who died during the outbreak in H
ong, which showed reactive hemophagocytosis as the
rominent feature (To et al., 2001). Other findings include
iffuse alveolar damage with interstitial fibrosis, hepatic c

ral lobular necrosis, acute renal tubular necrosis, and
hoid depletion. Although the gastrointestinal, hepatic, re
nd hematologic manifestations could suggest wider t

ropism, there was no evidence of viral replication in org
utside the respiratory tract (To et al., 2001). However, vira
eplication in the gastrointestinal is strongly suggeste
eported virus isolation and detection of positive strand
NA from fecal specimens (de Jong et al., 2005; Uiprasertk
t al., 2005).

While many laboratory-confirmed H5N1 infections w
ssociated with severe, often fatal disease, milder case
lso been reported, especially during the outbreak in H
ong (Chan, 2002; Yuen et al., 1998). An increasing num
er of milder cases also seemed to occur in Viet Nam, a
utbreak progressed in 2005 (WHO, 2005). While increase
linical awareness and surveillance may account for
bservations, progressive adaptation of the virus to hum

he dreaded alternative explanation. The occurrence of m
ymptomatic and asymptomatic infections have also
uggested during the outbreak in Hong Kong by seroepid
logical studies in household members of H5N1-infe
atients and health care workers. In these studies,
he estimated incubation period of 2–10 days. There
een several similar family clusters of H5N1 cases in
am, which have all ignited concerns about the possib
f human-to-human transmission, but most of which cou
xplained by common exposure to poultry. While there
een no evidence of efficient transmission of influenza H
irus between humans to date, caution and detailed inv
ations remain warranted in case of any cluster of infect
specially in view of the relatively rapid evolution H5
iruses have exhibited in recent years.

. The evolution of H5N1 viruses, 1997–2004

In 1996, an H5N1 virus was isolated from geese
ng an outbreak in Guangdong Province in China (influe
/Goose/Guangdong/1/96 (A/G/Gd/96)) (Xu et al., 1999).
his virus proved to be the donor of the HA gene of the r
ortant H5N1 viruses causing the outbreak among po
nd humans in Hong Kong in 1997. The internal gene

he Hong Kong H5N1 viruses were closely related to th
f an H9N2 virus isolated from quail (Guan et al., 1999).
he origin of the NA gene remains unclear, but was not

or a 19-amino acid deletion in the stalk region (Subbarao
t al., 1998). Such deletions may be associated with ada

ion of influenza viruses to land-based poultry (Matrosovich
t al., 1999). The HA gene contained multibasic sequen
t the cleavage site, in accordance with its classificatio
highly pathogenic strain (Claas et al., 1998; Matrosovi

t al., 1999).
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After the eradication of the 1997 Hong Kong strain, the
goose precursor viruses continued to circulate in geese in
southeastern China (Cauthen et al., 2000; Webster et al.,
2002). Through reassortment between this virus and other
avian viruses, multiple antigenically similar genotypes, that
were highly pathogenic in chickens but not in ducks, emerged
and again were eradicated in Hong Kong in 2001 and 2002
(Guan et al., 2002). Then, in late 2002, H5N1 strains iso-
lated from wild migratory birds and resident waterfowl in
two Hong Kong parks showed marked antigenic drift and
exhibited high pathogenicity in ducks (Guan et al., 2004;
Sturm-Ramirez et al., 2004). The latter property is rarely
found in nature, and had not been observed in strains isolated
during previous years. An antigenically and molecularly sim-
ilar virus caused the two confirmed human infections in early
2003 in a family from Hong Kong (Guan et al., 2004; Peiris
et al., 2004).

H5N1 influenza viruses isolated from healthy ducks in
southern China between 1999 and 2002 were all antigenically
similar to the precursor influenza A/G/Gd/96 virus (Chen
et al., 2004). It is thought that these ducks played a cen-
tral role in the generation of the virus responsible for the
outbreaks in southeast Asia since 2003. Detailed genetic anal-
yses of H5N1 strains isolated during the period 2000–2004
from poultry and humans in China, Hong Kong, Indonesia,
Thailand, and Viet Nam, demonstrated that a series of genetic
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change when the virus is allowed to continue its evolution
through adaptation and reassortment.

7. Laboratory diagnosis of influenza H5N1

Although virus isolation remains the gold standard of diag-
nosis and indispensable for virus characterization, rapid lab-
oratory confirmation of suspected human influenza in routine
diagnostic laboratories is usually performed by immunochro-
matographic or immunofluorescent detection of influenza
virus antigens, or reverse transcriptase (RT) PCR detection
of viral nucleic acids in respiratory specimens. In addition,
serological evidence of human influenza A virus infection can
be obtained by commercially available elisa kits which detect
antibodies to conserved viral antigens, such as the nucleopro-
tein. In the absence of cocirculating avian influenza strains in
the human population, further subtyping of influenza viruses
or detection of subtype-specific antibodies are usually not
done by routine diagnostic laboratories, but are restricted to
reference laboratories involved in epidemiological analyses
and planning of vaccine strains. However, in case of an out-
break of avian influenza, efforts to further subtype the virus,
e.g. by subtype-specific RT PCR methods, should be made
by routine laboratories since immediate knowledge about the
infecting influenza subtype is essential for infection control
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eassortment events, all traceable to the A/G/Gd/96-prec
irus, ultimately gave rise to a dominant H5N1 genot
genotype Z) in chickens and ducks (Li et al., 2004). This
enotype is implicated in the human cases in Hong K

n 2003 and the outbreaks among poultry and humans
004.

The evolution of H5N1 viruses in recent years
een associated with increasing virulence and an expa
ost range, which beside terrestrial poultry and wild bi
lso includes mammals. While all H5N1 viruses isola

rom ducks in China between 1999 and 2002 were hi
athogenic in chickens, an increasing level of pathoge

ty was observed in mice with the progression of time: v
solated in 1999 and 2000 were less pathogenic than
solated in 2001 and 2002 (Chen et al., 2004). It has bee
uggested that the increasing ability to replicate in mam
as resulted from transmission between ducks and pigs
xpanding host range is also illustrated by successful e

mental infection of domestic cats, and natural infection
igers and leopards with recent H5N1 strains (Keawcharoe
t al., 2004; Kuiken et al., 2004).

In summary, continued evolution of H5N1 virus
ince 1997, involving multiple genetic reassortment ev
etween A/G/Gd/96-like viruses and other avian viruses
erhaps transmission between birds and pigs or other m
alian hosts, have resulted in a highly virulent genotype
n expanded host range which is now causing widesprea
reaks among poultry and humans in southeast Asia. W

ransmission between birds and humans at present still s
nefficient, as does transmission between humans, this
nd timely epidemiological investigations. Dependenc
eference laboratories, which in the case of many sout
sian countries affected by avian influenza outbreaks, ar
ated abroad, potentially results in unacceptable delay
ampers timely recognition of outbreaks and institutio
dequate control measures (Hien et al., 2004). However, the
eality is that diagnostic facilities in many affected count
re scarce and often not sufficiently equipped for virolog
iagnostics, let alone subtyping of influenza viruses. Gl
fforts to improve diagnostic capacity in resource-poor c

ries may prove an important step towards the prevention
ontrol of pandemic influenza (Hien et al., 2004).

.1. Virus isolation

Similar to human influenza viruses, avian viruses ca
solated in embryonated eggs or in cell culture, using per
ive cells such as Madin Darby canine kidney (MDCK) c
r rhesus monkey kidney (LLC-MK2) cells. Unlike hum
trains and avirulent avian strains and in accordance with
romiscuity for cellular proteases, highly pathogenic a
iruses do not require the addition of exogenous trypsin
fficient replication in cell culture. For safety purposes,

solation of highly pathogenic avian influenza virus requ
iosafety level 3 laboratory facilities or higher. Cytopa
ffects in cell culture are non-specific. Initial identificat
f influenza A virus can be performed by immunofluor
ent staining with monoclonal antibodies against the nu
protein. Further HA and NA subtyping is performed
ubtype-specific RT PCRs of culture supernatant or he
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glutination inhibition and neuraminidase inhibition assays
using a panel of reference antisera against various subtypes.
In human infections, avian influenza viruses have mostly been
isolated from conjunctival swabs and respiratory specimens
such as throat or nasal secretions or washings (Fouchier et al.,
2004; Tran et al., 2004; Yuen et al., 1998). In one reported
case of H5N1 infection, virus was also isolated from serum,
cerebrospinal fluid, and a rectal swab (de Jong et al., 2005).

7.2. Antigen detection

Detection of influenza A viral antigens in clinical
specimens by direct immunofluorescence or by rapid
immunochromatographic assays are widely used for diag-
nosis of human influenza because of their ability for rapid
diagnosis. However, in patients with avian influenza, the
usefulness of these assays seems limited due to low sen-
sitivity (Peiris et al., 2004; Yuen et al., 1998). In addition,
some rapid antigen detection kits do not distinguish between
influenza types A and B, and none of the currently avail-
able immunofluoresent and immunochromatographic assays
distinguish between influenza A subtypes. However, devel-
opments of H5N1-specific rapid antigen detection tests are
ongoing (Xu et al., 2005).

7.3. Reverse transcriptase PCR
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for detection of antibodies against avian viruses in mam-
malian species, including humans, seems limited (Beare and
Webster, 1991; Hinshaw et al., 1981; Kida et al., 1994).
Several studies have shown a failure to detect HI antibod-
ies against avian viruses in mammals, even in cases where
infection was confirmed by virus isolation. Possible reasons
for this failure include poor immunogenicity of some avian
viruses and lack of sensitivity to detect low titered or less
avid antibodies induced by avian viruses (Hinshaw et al.,
1981; Kida et al., 1994; Lu et al., 1982; Rowe et al., 1999). It
has been demonstrated that HI testing with subunit HA, but
not with intact virus, could detect antibodies against an avian
H2N2 virus (Lu et al., 1982). However, neutralizing antibod-
ies against this virus could readily be detected with intact
virus. A direct comparison of HI testing with a microneu-
tralization assay in H5N1-infected persons from the 1997
Hong Kong outbreak indeed showed the latter to be more
sensitive (Rowe et al., 1999). While an indirect ELISA assay
using recombinant HA from H5N1/97 showed at least equal
sensitivity as the microneutralization assay, the specificity in
adult sera was inferior, possibly due to the presence of cross-
reactive epitopes common to all HAs (Rowe et al., 1999).
Based on these observations, neutralization assays are the
methods of choice for detection of antibodies against avian
viruses in humans.

Using these assays, it has been shown that the kinetics of
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RT PCR methods allow for sensitive and specific detec
f viral nucleic acids and have shown to increase the d
ostic sensitivity for many viral pathogens when compare
ulture or antigen detection methods. During the H5N1
reaks in Hong Kong and southeast Asia, RT PCR met

or specific detection of H5N1 viral nucleic acids have pro
aluable and seem the diagnostic methods of choice in
f an outbreak of avian influenza (Chotpitayasunondh et a
005; Tran et al., 2004; Yuen et al., 1998). Especially whe
sing real-time PCR technology, a reliable subtype-spe
iagnostic result can be generated within a few hours
pecimen collection. A disadvantage of RT PCR meth
s its proneness for contamination and the consequen
f false-positive results, which should be be minimized
roper precautions, including physical separation of lab

ories for PCR preparation and amplification, and the
f the uracil-n-glycosylase system to prevent contamina
y carryover of amplimers. In addition, the inclusion of

nternal control in RT PCR assays is highly desirable to m
tor for false-negative results due to inefficient nucleic a
xtraction, cDNA synthesis, or amplification.

.4. Serology

During outbreaks of avian influenza, the detection
ubtype-specific antibodies is particularly important
pidemiological investigations. Hemagglutination inhibit
HI) assays are the gold standard for detection of antibo
gainst human influenza viruses. However, their usefu
he antibody response against H5N1 virus in patients infe
uring the Hong Kong outbreak are similar to the prim
esponse to human influenza viruses (Katz et al., 1999). Neu-
ralizing antibodies were generally detected 14 or more
fter the onset of symptoms and titers equal to or highe
:640 were observed 20 or more days after onset.

. Treatment and prevention

.1. Antiviral treatment

Currently, two classes of drugs are available with antiv
ctivity against influenza viruses: inhibitors of the ion cha
ctivity of the M2 membrane protein, amantadine and rim

adine, and inhibitors of the neuraminidase, oseltamivir,
anamivir. The therapeutic efficacy of amantadine in hu
nfluenza is unclear due to a paucity of reliable clinical s
es, but reductions of fever or illness by 1 day have b
bserved in adults and children (Nicholson et al., 2003).
ajor disadvantages of amantadine include neurotox
nd a rapid development of drug resistance during treatm
esistance is conferred by single nucleotide changes r

ng in amino acid substitutions at positions 26, 27, 30,
r 34 of the M2 protein. Rimantadine causes less ne

ogical side effects but is not available in most parts of
orld. Although several H5N1-infected patients have b

reated with amantadine during the 1997 H5N1 outbrea
ong Kong, the numbers were too small to draw any m

ngful conclusions concerning its activity against this v
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(Yuen et al., 1998). In vitro sensitivity testing of virus isolated
from the first patient during this outbreak showed normal
susceptibility to amantadine (Subbarao et al., 1998). Strik-
ingly, genotype Z H5N1 viruses isolated from poultry and
humans in Thailand and Viet Nam in 2004 invariably showed
an amantadine-resistance conferring amino acid substitution
at position 31 of the M2 protein, indicating that amantadine
treatment is not an option during the ongoing outbtreak in
southeast Asia (Li et al., 2004; Puthavathana et al., 2005).

Both oseltamivir and zanamivir have proven efficacy in the
treatment of human influenza when started early during the
course of illness, and are particularly effective as seasonal or
postexposure prohylaxis (Nicholson et al., 2003). Zanamivir
has poor oral availability and is therefore administered by
inhalation, which has limited its use in the elderly and may
induce bronchospasm. Oseltamivir can be given orally. The
development of drug resistance during treatment has been
reported for both drugs and is associated with mutations in
the active site of neuraminidase or in the hemaglutinin. The
latter mutations decrease the affinity of HA for the cellular
receptor, thereby obviating the need for neuraminidase to
escape the cells.

Data on the efficacy of neuraminidase inhibitors in avian
influenza virus are scarce. The H5N1 strains implicated in
the 1997 Hong Kong outbreak were susceptible in vitro to
oseltamivir and zanamivir (Govorkova et al., 2001; Leneva
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are not men, this strategy deserves attention in the treatment
of a severe illness such as influenza H5N1.

8.2. Infection control and prophylaxis

Birds infected with avian influenza excrete large amounts
of virus in feces and other secretions, which contaminate the
direct environment, such as dust, soil, water, cages, tools, and
other fomites. Avian influenza virus may remain infectious in
soil, water, or contaminated equipment for weeks to months,
depending on the temperature and humidity (i.e. longer in
colder climates). Illness in birds caused by highly pathogenic
avian influenza viruses results in systemic replication and the
presence of infectious virus in their eggs and many tissues
and organs. Transmission of avian influenza viruses between
birds occurs directly or indirectly through contact with fecally
contaminated aerosols, water, feed, and other materials. Bird-
to-human transmission likely occurs via the same route, i.e.
direct contact with birds or contaminated fomites.

Most, but not all human infections with avian influenza
viruses involved handling of affected poultry or direct expo-
sure to live poultry in the week before onset of the illness
(Koopmans et al., 2004; Mounts et al., 1999; Tran et al.,
2004). Case–control studies during the 1997 H5N1 outbreak
in Hong Kong identified visiting a stall or market selling
live poultry during the week before the illness as a risk fac-
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t al., 2000). Oral oseltamivir and topical zanamivir a
howed therapeutic and protective activities against H
ong H5N1 isolates in murine animal models (Gubareva
t al., 1998; Leneva et al., 2001). Recent murine studie
uggest that, perhaps due to higher virulence, higher d
f oseltamivir and longer durations of treatment are ne
ary to achieve antiviral effects in mice against H5N1 str
ausing the southeast Asian outbreak since 2004, when
ared to the 1997 Hong Kong H5N1 strain (Yen et al.
005). Oseltamivir treatment has been given to several H5

nfected patients, but no conclusions can be made conce
ts efficacy. However, the timing of antiviral treatment m
ot have been optimal in many cases of avian influenza s
eneficial effects of antiviral treatment in human influe
re optimal when started within 48 h after onset of the illn
uring the H5N1 outbreak in Viet Nam in 2004, H5N

nfected patients were admitted 5 days or later after o
f symptoms (Tran et al., 2004). Earlier recognition of avia

nfluenza in humans may improve the efficacy of antiv
reatment.

While several H5N1-infected patients have rece
teroids in addition to oseltamivir, the potential benefit
his need formal evaluation in clinical studies (Tran et al.
004). Considering the observed cytokine dysregulatio
5N1-infected animals and humans, a beneficial effe

mmunomodulating agents could be hypothesized and
aps requires further study. Finally, neutralizing monocl
ntibodies have been shown effective in treating establ

nfluenza A virus infection in mice with severe combin
mmunodeficiency (Palladino et al., 1995). Although mice
or, whereas eating or preparing poultry products were
Mounts et al., 1999). In cases in which no apparent dir
xposure to poultry could be identified, contact with c
aminated environment, such as water, has been sugg
de Jong et al., 2005). Of note, it has been shown that du
nfected by the currently circulating H5N1 strain in southe
sia remain healthy but excrete large amounts of virus
rolonged periods of time (Hulse-Post et al., 2005). Since
ater in ponds and canals in which large flocks of du

eside, is widely used for bathing and drinking in rural a
f many southeast Asian countries, it may not be unlikely
uch water represents a source of transmission when co
nated by infected ducks. In fact, contact with contamin
ater is regarded as the most important mode of transmi
etween aquatic birds.

A limited number of possible human-to-human transm
ions of influenza H5N1 have been reported, which invo
rolonged, close and unprotected contact with infe
atients (Katz et al., 1999; Koopmans et al., 2004; Ungchu
t al., 2005). Similar to human influenza, droplet and con

ransmission are probably the most effective means of t
ission of avian influenza virus between humans, sh

he virus acquire the ability for efficient spread, but
orne transmission remains a possibility. The occurren
iarrhea in H5N1-infected patients, which may contain in

ious virus, represents a potential non-respiratory rou
ransmission, which needs to be considered in infection
rol practices (Apisarnthanarak et al., 2004; de Jong et
005; Tran et al., 2004). Data concerning excretion patte
nd periods of potential infectivity are lacking for hum
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infections with avian influenza viruses. Based on exposure
histories, the incubation time for human H5N1-infections has
been estimated 2–10 days, but it is not known whether excre-
tion of virus occurs during this time (Tran et al., 2004; Yuen
et al., 1998). Based on the current (lack of) knowledge, infec-
tion control measures during contact with potentially infected
birds or environment, or with patients with suspected or con-
firmed infection should prevent contact, droplet, and airborne
transmission. These measures include mask (preferably high
efficiency masks, with surgical masks as a second alterna-
tive), gown, face shield, or goggles and gloves.

The efficacy of neuraminidase inhibitors as seasonal or
postexposure prohylaxis against human influenza is high
(Nicholson et al., 2003). Offering prophylactic treatment to
potentially exposed people in the setting of a poultry outbreak
of avian influenza, as has been done during H7-outbreaks in
the Netherlands and Canada (Koopmans et al., 2004; Tweed
et al., 2004), is rational but hardly feasible during the ongo-
ing outbreak in southeast Asia for logistical and financial
reasons. Postexposure prophylaxis to unprotected healthcare
workers and close contacts of infected patients is advisable.
The potential use of specific monoclonal antibodies for pro-
phylaxis warrants further investigation.

Eliminating the source of infection, i.e. infected birds,
remains the most effective infection control measure. Culling
of all infected poultry have proven succesful during avian
i and
C al.,
2 ness
o rac-
t irds
( of
p

8

from
i pro-
d es is
c afety
c , to
o e of
t nd
R used
i the
u ombi-
n ated
a ants
( t al.,
2 -
c ered
u ective
e imal
m ;
L s
u enic

avian virus showed high rates of seroconversions to the vac-
cine strain and heterologous H5N1 strains after three doses,
but only when the vaccine was given with the adjuvans MF59
(Stephenson et al., 2005). In animal models, baculovirus-
derived recombinant H5 vaccines were immunogenic and
protective, but results in humans were disappointing even
when using high doses (Crawford et al., 1999; Treanor et al.,
2001). H5 DNA vaccines protected mice from infection by
homologous, but not by heterologous H5N1 viruses (Epstein
et al., 2002; Kodihalli et al., 1999).

9. Pandemic preparedness and future directives

The increasing frequency of outbreaks with highly
pathogenic avian influenza viruses among poultry and direct
transmission of these viruses to humans, culminating in the
ongoing extensive H5N1 outbreak in southeast Asia, has
ignited grave concerns about an imminent influenza pan-
demic. Indeed, two of three prerequisites for a human pan-
demic have been met in the southeast Asian H5N1 outbreak:
the emergence of an antigenically novel strain to which the
population has no immunity, and the transmission of this
strain to humans in whom it can cause severe disease. To
date, there is fortunately no evidence of efficient spread
of H5N1 virus between humans, but continued circulation
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nfluenza outbreaks in Hong Kong, the Netherlands
anada (Chan, 2002; Koopmans et al., 2004; Tweed et
004). However, considering the geographic extensive
f the outbreak in southeast Asia, the different farming p

ices, and the reported H5N1 infections in migratory b
Chen et al., 2005), it seems very unlikely that culling
oultry alone will contain the outbreak in that region.

.3. Vaccination

The bulk of human influenza vaccines are produced
nactivated viruses grown in embryonated eggs. Vaccine
uction against highly pathogenic avian influenza virus
omplicated because of the requirement for high bios
ontainment facilities, and the difficulty, in some cases
btain high virus yields in embryonated eggs becaus

he virus’ pathogenicity (Stephenson et al., 2004; Wood a
obertson, 2004). Several other approaches have been

n an attempt to overcome these obstacles, including
se of reverse genetics techniques, generation of rec
ant hemagglutinin, DNA vaccination and the use of rel
pathogenic H5 viruses with and without different adjuv
Nicholson et al., 2003; Stephenson et al., 2004; Webby e
004; Wood and Robertson, 2004). Experimental H5N1 vac
ines in which important virulence determinants were alt
sing plasmid-based reverse genetics, have shown prot
fficacy to homologous and heterologous H5 strains in an
odels and may prove an attractive approach (Li et al., 1999
ipatov et al., 2005; Takada et al., 1999). Studies in human
sing an H5N3 vaccine developed from a 1997 apathog
f this strain, which now has reached levels of endem
mong poultry in several southeast Asian countries, incre

he opportunity to adapt to humans through mutatio
enetic reassortment in humans or intermediate mamm
osts. As suggested by the “Spanish flu” pandemic of 1
xtremely high transmissability is no prerequisite for a se
andemic killing tens of millions of people, and as shown

he Severe Acute Respiratory Syndrome (SARS) virus
emic in 2003, viruses can rapidly spread across the g

n the current age of intense global travel. As a consequ
f all this, pandemic preparedness has become an imp

ssue worldwide. Pandemic plans, which include stock-p
f antivirals and candidate vaccines, are being develop
n increasing number of countries worldwide, and altern
ethods for rapid vaccine production and potential met
nabling dose reduction of vaccines are increasingly p
ated (Schwartz and Gellin, 2005; Stephenson et al., 2
ebby et al., 2004; Webby and Webster, 2003; Wood
obertson, 2004).
Notwithstanding the importance of these efforts to pre

or a possible H5N1 pandemic, more structural and lo
erm global efforts are needed to allow for early recogn
f novel influenza viruses or other emerging pathogens in

ng humans in the future. In 2002, a WHO Global Age
or Influenza Surveillance and Control has been ado
f which the main objectives are to strengthen surveilla

mprove knowledge of the disease burden, increase va
se, and accelerate pandemic preparedness (Stohr, 2003). It

s essential that these objectives are increasingly focus
he southeast Asian region, which has been the sour
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previous pandemics and is the epicentre of the current pan-
demic threat. Many southeast Asian countries currently lack
the expertise, financial means, and infrastructure for human
and animal diagnostics and surveillance. Global investments
to improve public health care infrastructures and labora-
tory facilities, and to transfer clinical, epidemiological, and
technical knowledge to these countries are much needed
(Hien et al., 2004). The window of opportunity in the era
of global travel is narrow. Local capacity, and less depen-
dence on foreign laboratories and expertise, will allow for
earlier recognition and quicker responses to epidemics. In
addition, local availability of clinical, scientific, and labora-
tory capacity facilitates and expedites clinical, virological,
and epidemiological analyses needed to optimize outbreak
control, infection control, and clinical managment. It also
guarantees the timely availability of virus strains for moni-
toring virus evolution and planning of vaccines by reference
laboratories. Such global investments to enhance local infras-
tructure and expertise will increase the chances of success of
containing an influenza pandemic at the source by antivi-
ral prophylaxis and other preventive measures suggested by
recent mathematical modelling studies (Ferguson et al., 2005;
Longini et al., 2005).
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