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The natural reservoin of influenza A viruses are the aquatic
bifds of the world (91), in which the viruses appear to be in
evolutionary stasis-they are in equilibrium with their natural
host and cause no disease. Pedodically, the influenza viruses
are transmitted to other hosts, including mammals, and cause
transitory infections and occasionally deaths, læss frequeûtly,
influenza viruses are trânsmitted to other species and establish
continual infections in those hosts. Thus, permâne[t lineages
of influenza A viruses occur in humans, swine, hones, and
domestic poultry. Wlat is the difference between transitory
infection occasionally causing death and the establishment of
permanent lineages in the host? The molecular bases of a
virus's ability to spread among a range of hosts and of the
pathogeriicit_v of influenza viruses are still unresolved. Sirce
1997, when H5N1 influenza virus was trunsmitted to humans
and killed 6 of 18 infected pe$ors, there have been multiple
traNmissions of avian influenza viruses to mammals. Either
the whole virus is transmitted directly (12,81) or gene seg-
ments ftom the a\.ian influenza virus are acquired bv mamma-
lian strainr 1e.g.. HlNl triple rea\\ortanls in pigs in ihe Unite,l
Statet (37, 38, 97, 98). Widespread infections of poultry with
H5N1 viruses in Asia have caused increasing concem that this
subtlpe may achieve human-to-human spread and establish
interspecies transmission. ln this minireview, we consider re-
cent interspecies tralsmissions of influenza A viruses ard ex-
amine our limited knowledge ofthe contributors to the succ€ss
of these viruses. Finally, we briefly consider cortrol measures.

INFLLENZÀ VIRUSES TRANSMITTED AMONG
HIJMANS IN TIIE 2OTH CENTURY

The most sûccessful influenza virus ofthe 20th century from
the perspective of tra[smissibility among and pathogenicity to
humans was the H1N1 virus that caused the Soanish flu oan-
demic ol lal8. This virus is Lhoughl ro have kit led up ro lou
million persons (84). The next most successful viruses were
those that caused the Asian flu pandemic in 1957 (H2N2),
which killed 70,000 persons in the United Stares, and the Hong
Kong flu pandemic in 1968 (H3N2), which killed 34,000 per-
sons ir the United States. The basis of the high pathogenicity
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of the 1918 Spanish flu virus remains an enigma (84); the
avaiiable data point to iur avian virus origin, but the precurson
are still unknown. It is possible that all gene sçgments werc
lrom mammalian-adapted avian influenza vimses. More is
k[own about the 1957 and 1968 human pandemic strains. Each
of these newly emerged H2N2 and H3N2 yiruses possessed
gene segments from avian and human influenza viruses (40).
Acquisition of novel surface gl)'coproteins (hemagglutinin

[HA] and neuraminidase [NA]) allowed the viruses to circum-
vent the host's humorâl immunity, and their possessior of a
novel PBl gene implicâtes this geûe in irite$pecies transmis-
sion. Ooe recipe for success for a virus is therefore reassort-
ment that results in tbe acquisitioo of novel surface antigers
and of a novel PB1 gene and h the retentioû of the gene
segments that enable transmissibility among humans.

TRANSITORY TRANSMISSIONS OF ÀIA{N INFLT]ENZA
\,'IRUSES TO HUMANS SINCE T997

Since 1997, there have been mally incidents of transmission
of avian influenza virus to humans. Itrcreased suweillance mav
have increased the derecrion rate. but lhere is suppon for rhe
notion that H9N2 influenza virus was not found in Asia in
domestic chickens or in humaru before the mid-1980s (62, 72).
The spread of H5N1 influeûza virus throughout Asia in 2004 is
undoubtedly a novel evçnt.

HsN1

The H5N1 bird flu virus that infected humans in 1997 ac-
quired âl l  eight gene segments from Eurasian dyian sources
and retained a prcference for binding to (}(2,3) sialic acid
receptois, a feature tlpical of avian influenza viruses (53). The
1997 H5N1 bird flu was successfully eradicated by the slaughter
of all poultry in Hong Kong. However, the donor of the FIA
gene in the 1997 H5N1 strair (A/goose/cuangdong/1/96

[H5Nl]) continued to circùlate in geese in southeastem China
(8,92), and the 1997 H5N1 virus was soon replaced by different
genotypes (22) that were highly pathogenic ir chickens but not
in ducks. These H5N1 viruses were again eradicated by the
slâùghter of poultry, oûly to be rcplaced by additional geno-

rypes in 2002 (Fig. 1). Frorn 1997 through 2001, the HA on the
va ous getotypes remained antigenically homogereous, but in
2002 it underwent marked antigenic ddft (23, 79). Tbe most
remarkable property of the H5N1 genotype from late 2002 was
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FIG. l. The derivation of H5N1 reassortants in the years 2000
through 2003. Reassortmen! between influenza viruses is proposed to
generâte viruses with dmeren! gene constellations. Gs/Gd/96like vi-
ruses reassorted with viru,ses from wild aouatic birds and multiDle
H5Nl genor lpes appeared in HonB Kong poul t ry mar let \  in 2001.
Some 2û01 H5N1 genotypes may have been transmitted back from
domestic poultry to the wild aquatic aviân reseraoir, where the next
reassortant cvents may have occurred. As â result, multiple H5N1
getotlpes, mostly difierent from those ol 2001, were isolated from
domestic poultry and wild birds in Hong Kong in 2002-2003. The eight
gene segments schematically shown in each virùs particle encode (top
to botiom) polymerâse cornplex (PB2, PBl, and PA), ll4.. nucleopro-
tein (NP), NA, matrix (M), and nonstructural (NS) proteins. Color
coding indicates virus lineages. A gap in the NA or NS g€ne segment
denotes a deletion. Deletions within the NA gene appeâr to result
from adaptâtion tù pouhrv, although the exact role of this phenome-
$on is $ncleâr. NS gene deletions in H5Nl viruses have recently been
observed, but the biological significânce of these deletions is unknown.

its high pathogenicity for ducks and other aqùatic birds, a
property rârely found in natùre; a previous event of signifi-
cance to aquatic birds occurred in 1961, when A/tem,/Soûth
Africa/61 (H5N3) killed tcrns.

ln early February 2003, H5Nl virus reemerged in a family in
Hong Kong (2,59). The daugbter died of a respiratory infec-
tion of undiagnosed cause while visiting Fujian; the fatler and
son developed severe respiratory illnesses after their returfl to
Hong Kong. The father died and the son recovered (59). In-
fection with H5N1 irfluenza virus in father and son was con-
firmed; the sffain was artigenicâlly ard molecularly similar to
the antigenically drifted strain that was highly pathogenic for
ducks and chickens (23).

The unprecedented magnitude of the bird flu epidemic in
Asian countries in 2004, with H5N1 in China, Japan, South
Korea, Thailand, Vietram, Indonesia, Cambodia, aIId laos;
H7N3 in Pakistan; and H5N2 in Taiwan, has, at the time of
writirg, resulted in the destruction of hundreds of millions of
poultry, mair y chickens (Fig, 2), In most countries, outbreaks
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of highly lethal H5N1 avian influenza were conflned to poultry,
but in at least two countries the virus was transmitted to hu-
mans and most of the persons infected have died (15 deaths in
Vietnam and 8 deaths in Thailand). This H5N1 virus was first
detected in wild migrating aquatic birds in Hong Kong in
November ?002, when dead egrets (Egrerd garzetta), gtay her-
ons (Ard.ed cinerea), arr'd Canada geese (Bnnta can tdensis\
were showr to be infected witi it. The viruses isolâted ftom
these birds were showr to be antigenic drift variants of earlier
H5N1 viruses from Hong Kong and had acquired the ability to
cause lethal infection in ducks (see below) (79). One of tÏe
unusual features of this episode was that bighly lethal H5N1
influenza viruses were detected in migrating wild birds over-
wintering in Hong Kong in the winter of 2002-2003. We pre-
dicted that widespread transmission of this H5Nl virus might
occur when the migrating waterfowl returned to their summer
habitats (79). The lilst cases of H5N1 were detecred in poultry
in Vietnam, Indonesia, and Thailand in July 2003. but these
cases were not reported oflicially until the disease in poultry
got out of control in January 2004 (Fig. 2).

The H5N1 virus cuûently circulating in Asia is genetically
similar to the Z genotlpe (shown in Fig. 1) that becaûe dom-
inant iû Hong Kong in 2003, but it has drifted antigenically.
This drift has necessitated the creation ofa new human vaccine
strain. The dominant H5N1 virus in Asia appears to be a[ti-
genically and genetically similar to ÀA/ietnaûr,/l203/04 (ÉI5N1)
and contains eight gene segments of Eurasian avian origin.
This is the virus genorype that has spread to humans in Viet-
nam and Thailand (Fig. 2).

Multiple opportunities for the successful mammalian trans-
mission of H5N1 influenza viruses are provided by their con-
tinuirg evolution in Asia, their propensity for reassortment,
the generation of multiple gerotypes of H5N1 viruses (Fig. 1),
artigenic drift in the HA of H5Nl viruses, and the acquisition
of high pathogenicity for aquatic birds. If an opportunity for
reassortment with human irfluenza strains occurs, then the
likelihood of successfùl transmission between humans is hieh.

H9N2

In 1999. H9N2 influenza virus was transmitted to two chil-
dren in Hong Kong and caused mild inliuenza; the children
recovered (48, 60). At about this time, repons of infection with
H9N2, again with mild illness, came from mair and China (28).
These incidents were caused by antigenically difierent H9N2
viruses. The human infections in Hong Kong were caused by a
virus that was related to A/quaiVHK,/G1/97 (H9N2) and pos-
sessed a genotype related to the H5N1/97 virus. The infectioN
on the mainland (28, 29) were caùsed by a virus that was
antigenically related to A,/duck/HW\280/97 (H9N2) and to
A,/chicken/HK/G9/97 (H9N2) ard had a distinct avian-like ge-
notype. The HqN2 influenza viruses have acquired a prefer-
ence for bioding to cr(2,6) sialic acid receptors (like human
straits) (54) and have been detected in pigs in Hong Kong
(58). The H9N2 influenza viruses are now panzootic in domes-
tic poultry in Eurasia (1); their presence in such a host repre-
s€nts the widening of their host range since the 1980s.

Anal]sis of H9N2 strains idertified siûce 1999 reveals that
most of them are antigenically related to chicken or duck
(A/duck/HKff280/97 [H9N2-1ike]) strains but have acqùired a
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multiplicity of difr€reflt genoqpes (urpublished data); some
have internâl genes of tI5N1/97Jike origin. In December 2003,
a child in Hong Kong was infected with one such genotype,
which caused mild respiratory disease (unpublished linding).

The widespread distribution in Eurasia of the H9N2 viruses
that have acquired human rcceptor specificity [i.e., c(2,6) sialic
acid bindiDgl and the ability of these viruses to be tmnsmitted
among pigs and cause mild infection in humaN indicate that
thefu traûsmissibility in humans may not reqùire many addi-
tional changes. H9N2 could become successful at transmission
bet*een humans without causing significant disease.

H7N7 AND H7N2

The transmission of H7N7 influenza viruses to poultry iù
The Netherlands iû Matcb 2003 caused severe losses of do-
mestic poultry (45). The virus also was transmitted to and
caused conjunctivitis in at least 82 pelsons. There was evidence
of limited human-to-human transmission, and one veterinariafl
died (16, 45). Additionally, there was serologic evidence of
infection of swbe.

Since 1994, H7N2 influenza viruses have circulated in live
bird markets in New York (80). The 1994 H7N2 isolate had
two basic âmino acids at the HA cleavage site, ard over the
subsequent 2 years the virus progressively acquired two addi-
tional basic amino acids and spread to commercial poultry
farms (80). Although these viruses were characterized as being
of low pathogenicity, the U.S. poultry industry wisely elimi-
nated the virus from commercial poultry farms. These H7N2
influenza virùses continue to circulate in poultry iû the north-
east United States and are again causing problems in 2û)4.

The H7N2 and H7N7 influenza viruses were controlled bv

the cullitg and quarantine of domestic poultry. Durilg the
H7N7 outbreak in The Netherlands, humans were vaccinated
with the human vaccine available at that time to prevent rcas-
sortment, and the prophylactic use of anti[euraminidase drugs
minimized the possibility oftransmissioû between pe6ons. The
H7N7 influenza outbreak in poultry and humans in The Neth-
erlands provides a model for the transmissioû aûd control ofan
emerging influenza virus. Such mntrol minimizes the possibil-
ity that the virus will achieve human-to-human traNmission.

At the time of the sùbmission of this article, a highly patho-
genic iùfluenza virus has emerged in domestic poultry in tsrit-
ish Columbia. Canada. This virus is a H7N3 virus which is
lethal in chickens and turke]s. Over 350,000 birds had been
culled at the time of writing, and oûe hùman case had been
conJirmed, with clinical signs in 10 other poultry cullers being
reported, The clinical signs included conjunctivitis and mild
respiratory symptoms; vacciration with the current human vac-
cine and the use ofthe influenza antiviral agent oseltarnivir has
been recommended to minimize reassortment and human
tmnsmission.

PIGS AND THEIR ROI-E, IN TRANSMISSION

The susceptibility of pigs to expe mental infection with
avian viruses (42) and the dcmonstratior that serial passage of
avian viruses in pigs cal1 lead ro human virus-like traits (35)
have strongll implicated pigs in the emÊrgence of human in-
fluenza viruses. Supporting this implication are the tumerous
reports of swine influenza viruses infecting, atrd in some cases
causing disease in, humans (6). Although passage in pigs may
well adapt an avian virus to the infection of humans, it is
becomjng clear that the features requircd to establish a virus in
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FIG. 2. Locations and dates of avian influenza outbreaks in Asiâ in 2004. The information presented was obtained lrom http:/^À\u'/.who.int (for
human cases) and http:/iÀ,$,ri,'.oie.int (for avian data).
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swire populations are not necessarily the sâme as those for
human populations. The ircreasing number ofrepors describ-
ing self-limitirig human infection with $Àin€ viruses strongll.
argues that swine vimses are not well adapted for transmission
iû humans. It is also likely that the opposite is true, that human
viruses are not well adapted to pigs. Because of these difer-
ences in host range, the genetic compositions of viruses in
swine and human rcse oirs âre becoming increasingly diver-
gent.

Although the same virus subtypes (H1N1, lI3N2. ard their
reassortants) have established lineages in pigs and humans (we
have not considered H9N2 an established lineage in swine),
pigs host a more geretically diverse group of viruses. T\vo
parficularly successful interspecies transfer events in the pâst
30 years have cortributed significantly to this divergence in
swiûe and humar virus gene pools.

Durirg the late 19?0s, swine populations in Europe became
hosts to à new avian HlNl virus (61, 65, 67). This virus was
attigenicâlly and genetically distinct from the classic HlN1
virus, which was a descendant of the 1918 Spanish inluenza
virus. Over the subsequert few years, the new avian virùs
replaced the classic H1N1 virus and continued to evolve
through reassortment with other swine alrd human viruses (5
7). A common feature of the resulting reassortants was the
abundance of genes (other than the HA and NA genes) de-
rived from the aviaû-like H1N1 virus. This feature suggested
that the re.rssorted viruses had gained some advantage in pos-
sessing the genes derived from the avian H1N1 virus.

Another new lineage of virus has recently appeared in pigs in
the United States. Dûring the latter part of the 1990s. geûes
ftom humâr and avian viruses were i[trodûced into the U.S.
swite virus gene pool (37, 38, 97, 98). These genes were first
idertified in viruses containing the tLA, NA, and PBl genes of
human viral origin; the NP, NS, and M genes of classic swinç
viral origin; and the PA and PB2 genes of avian viral origin.
These new viruses were quickly established in the pigs of North
America (88); further reassortment with classic swine H1N1
viruses has been documented (11, 37). As observed in Europe,
these reassorlant viruses all maintained the genetic compo,
nents of the avian virus.

Although the lack of establishment of the new European or
North American swine viruses in humans argrles against com-
mon requirements for their establishmeot in pigs and huûans,
pigs may still play a central role in the ecolog/ of influenza
viruses by acting as mixing vessels in which viruses of difierent
origins cân reassort (66). Our cutrent knowledge does ûot
âllow us to prcdict whether such reassoftart viruses will affect
humans, but it seems unlikely that they will, for the pig H3N2
strains are related to those in humâns and humans are likelv to
be immune.

PATHOGENICITY OF A\L{N INTLUENZÀ I'IRUSES FOR
TIÀMMALS

The factols determining the pathogericity of influerza vi-
ruses are unresolved. Most of the available krowledge comes
lrom studies of highly pathogenjc aviaû irfluenza viruses; these
studies have showri that broad tissue tropism and an abiliry to
replicate systeûically are important factors deterrnining high
pâthogenicity iû domestic chickens. One of the molecular de-
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terminants of high pathogenicity in avian influenza viruses is
the presence of a multibasic cleavage site in the HA; the
correlation betweer the strucfure of the HA cleavâge site and
viral pathogenicity has b€en extensively srudied (9, 43, 78, 90).
The highly pathogenic avian H5N1 viruses thar have infected
humans and the highly pathogenic avian H7N7 virus transmit-
ted to humans in The Netherlands in 2003 all poss€ssed IIAS
with mùltiple basic amino ac.ids at the cleavage site.

The pathogenicilv of H5N1/97 viruses has been studied in a
number of mammaliar models, including mice (17,51, 86),
outbred fenets (99), pigs (73), and cwomolgus macaques (63),
but the results obtained with these models are ronflicting.
Unlike other human and avian influenza A viruses. the human
and âvian H5NlÆ7 isolates do not require adaDtation to be
pathogenic in mice and are caregorizeJ ar virusès that either
are of high pathogeniciry and replicate s]stemically (iûcluding
in the brair) or are of low pathogenicity and replicate only in
the lungs and upper respiratory tract of mice (17, 51). In
general, the pathogericity of H5N1/97 isolates in mice has
coresponded to the severiry of disease in humans (39). Fur-
thermore. Lys627 in PB2 is crucial for high virulence and
systemic replication of A,tHong Kong/483/97 (H5N1) virus in
mice (30). The amino âcid at position 627 of PB2 determines
the effcienry ofviral replication in mouse (not avian) cells, but
this amino acid do€s not determine viral tropism toward dif-
ferent organs in the mouse (71). Although structural aspects of
PB2 and HA have been associared with the pathogeniciry of
H5N1/97 in mice, other genorypes of H5Nl that emerged in
2001 and are reurotropic ir mice do not posses a Lys at residue
627 of PB2. These highly pathogenic H5N1 variants had mu-
tations in all gene segmerts except those encoding the pB1,
NP, and NSl proteiN, but no common set of mutatiors was
found (49). Therefore, multiple gelle cofftellâtions aûd resi-
dues are associated with the pathogenicity of influenza viruses
in mice. Despite the differential pathogerdcity of H5N1/97 in-
fluenza viruses in mice, all of these viruses caùse systemic
iffection in ferrets (99). Iû studies with qnomolgus macaqres,
these viruses caused severe respiratory disease but did not
spread systemically (63), and in studies with pigs the H5N1/97
viruses replicated (to modest titers) oûly in tbe respiratory
tract aûd caused no disease signs (73). All of these findings
indicate that multiple gene constellations are involved in in-
fluenza virus pathogenicity ard that the outcome of infection is
host depeûdem.

Recent tndings showed that the NS gene of Hong Korg
H5N1/97 viruses has a role in the detetminatjon of high patho-
genicity in mammals. Seo et al. (69) demonsrrated that the NS
geûe ofH5Nl/97 virus diamarically increases the pathogenicity
of AÆR/8/34 (H1N1) virus in pigs. These authors hlpotbesized
that the NS gene of H5N1/97 viruses conlers resistance to the
antiviral effects ofintederons (IFNS) and tumor necrosis factor
alpha (TNF-û) (68,69). The NS gere segment of irfluenza A
viruses etcodes two proteins: NSl and nuclear e\polt protein.
NSl contributes to viral pathogenesis by allowing the virus to
disa.m the host's IFN defense system in multiple ways (re-
viewed by Garcia-Sastre F8, 191 and Krug et al. [46]). h Inice,
AJWSN/33 (H1N1) reassorhnts with rhe complere NS geûe or
with only tbe NSI segment of the gene of the 1918 pandemic
influenza virus were less pathogenic than the original
A,IWSN/33 virus (3). On the other hand. a virus containiûg the
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NS gene ofthe 1918 pandemic strain blocked the expression ol
IFN-regulated genes in humar lung cells more eff.ciendy tÀan
its parental A,/WSN/33 virus did (20).

h contrast, a study in which primary human monocyte-
derived macrophages seûed as aû in vitro model showed tbat
lransc ptiot of TNF-c and IFN-13 genes was induced by vi-
ruses containing the NS gene of H5N1/97 viruses as well as
particular constellations of their intemâl genes rather than the
genes encoding the sudace proteins (10). The authors of that
study concluded that the irduction o{ tytokire traûscription
contributçd to H5N1 pathogeresis. We recently found that a
virus having the NS gene of H5N1/97 on a PR,/8/34 backbone
is highly pathogenic irl mice and causÊs an overall c].tokine
imbalance (unpublished data); a reassortant virus carrying the
NS gene of H5N1/97 induced an increase in the conceûtration
of inflammarory cytokines but a decrease in the conce[tration
of the anti-inflammatory cytokines in infected mouse lungs.

Studies of reassortant viruses containing the NS gene of the
highly pathogenic H5N1,97 virus in two mammaliaû models
sùpport the theory that th€ NS gene of H5N1/97 viruses can
confer and support high pathoge.icity when it is inserted into
a virus (e.g., A/PR/8/34) that is pathogenic in one model (in
this case- mice) and nonpathogenic ir another (i.e., pigs) (69).
The idea that high pathogenicity oT viruses coûtaining the NS
gene of the H5N1/97 virus ma), result from the inducrion of a
q'tokire imbalalce is supported by findings from a detailed
pathological examination of fwo persons who died o1 H5Nl
pnetmonia in Hong Kong in 1997 (85, 95). A cytokine imbal-
ance could explain, at least partially, the unusual severity of
illness caused by infection with H5N1/97 inîuenza virus.

It is unlikely that the products of the NS gene of the
H5N1/97 virus are u que in causing a cytokine imbalaDc€:
other gene products certaidy play roles, especially in ditrerent
hosts. Studies ofhuman H5N1/03 isolates, which possess an NS
gene dilierent from that of H5N1/97 viruses, show that these
humaû influenza viruses also induce high levels of TNF-cr and
IFN-induced protein 10 in infectgd patients and in a cell model
in vitro (23, 59). Therefore, tho ability to induce a cltokine
imbalance is probably an important lactor in influenza virus
pathogenicit] and a polygenic property that is significantll'
inflùenced by host factors.

TRANSMISSIBIIITY OF INILUENZA I'IRUSES

The capacity of influeûza virus to infect and efliciently rep-
licate in a susceptible host and cause disease (i.e., its pathoge-
nicity) is important but not the primary factor determiritg the
virus's emergence as a neû influenza subrype in humats. A key
feature of a potentially pandemic influenza virus is its abilit-v to
spread efrciently from infected to ûoninfected hosts (i.e., its
traûsmissibiliq/). The molecular basis of influenza virus trans-
missibility rernains unresolved. Studies of human H3N2 viruses
showed that amino acid changes accompanying transmission
arnong humans accumulated in lL{ (24). These chatges may
be related to ântibody pressure. Expe mental transmission
studies of H3N2 viruses in ferrets thât werc sçronegative for
influenza virus also showed the accumulation of amino acid
changes ill HA (33). Erperiments with reve$e-geteticâlly de-
rived H9N2 reassortant viruses have shown that amino acids in
the IIA control the efficiencv of tnnsmission oi H9N2 influ-
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enza r.imses iû quail and chickens (52, 62). The available evi-
dence therefore srpports the rcle of the HA of influenza virus
as one determinant of vims tratsmission. However, the data
are currently meager and it is probable that other molecular
deterrnina[ts in the virus and thç host dÈtermine the efliciency
of traftmissibility.

VACCINES

The ideal vray to combat the emergçnce of new influenza
viruses in humans is to iûhibit or at leasl reduce the likelihood
of intenpecies transfer. The culling of infected pouhy is the
time-honored method of achieving this goal. This stratçgy was
successiul in Hong Kong in 1997 and in The Netherlands in
2003, aûd time will tell whether it will be successful in Asia in
2004. The culling of infected poultry reduces tho viral load and
thc likelihood of transmission to humans. Unfortunately, at-
lempls to control emerging influenzaviruses by quarartine and
physical containment are unlikely to be successful. Silce 1997,
much has been leamed about the role of domgstic poultry in
human disease tbrough research ard inqeased surveillance.
Ahhough the informatiofl obtained has led to some practical
changes, particularly in Hong Kong's live bird markets, human
infection with H5N1, H7N7, and H9N2 viruses has continued.
Despite the widespread emergence of H5N1 influenza viruses
in poultry in rnany countries in Asia in eaù 2004, there were
no outbreaks of H5Nl influenza in poultry or humans in Hong
Kong duritg this time. This lack of outbreaks protrably reflects
changes in live poultry marketing practices since 1997 in Hong
Koûg (75), improvement in biosÊcurity, and thç use of inacti-
vated H5N1 vaccine on poultry farms in the region (50, 93).
These farms also utilize unvaccinated seritinel birds in each
fl(xk to ensure that vaccirated birds are not shedding trans-
missible levels of H5N1 virus. While the optimal method of
eradication of HsNL influenza is the culling of poultry when
the outbreak is qidesprerd, this course of action may not be
possible and the alternative strategy is culling plus vaccination.
In the abserce of an ability to stop inteispecies transfer, em-
phasis must be placed on altemative vaccine strategies and
rapid vaccine productioû capabilities.

Egg-grown inactivated influenza vaccine makes up the bulk
of the human vaccines cùrrently used. Although in most inter-
pandemic influeua seasons this method of production works
well, it has inhercnt limitâlions (13, 89, 94). Of particular
concurn is that these limitations are unavoidable and in some
irNtances prohibitive to the productior of vacci[es against
some potentially pardemic strains. Indeed, maty of the limi-
tatioN are not specific to egg-grown inactivated vacaine but
apply to other methods of vacciûe productioû as well.

The virùses that pose the greatest problems in vacci[e pro-
duction are the highly pathogeùic l{5 alld H7 subtypes (i.e.,
those thàt in our opinion have rhe grealest pandeûic poten-
tial). The main problems are the requireûent for high-level
bioco[tainment facilities to haridle these viruses ând. in some
cases, an inability to obtail high yields ofvirus in embryonated
chickens' eggs (64, 94, 96). Recent advances in plasmid-based
reverse-geretics technologies (15, 34, 57) do, hovever, provide
ways inwhich these obstacles may be overcome. Plasmid-based
systems allow the alteration of a prime determinant oT viru-
lence in H5 and H7 viruses: the connecting peptide in HA (9,



MINIREVIEW

43,78,90). E\perimertal H5N1 vaccines hâve been produced
b], ùsing thes€ technologies and have been shown to be safe
aod emcacious in animal models (50, 82).

The best prepantion for an ilfluenza outbreak arising from
a newll emerging virus requires the availability of all possible
avenùes of vaccine prcduction and mânufacture. Oflicial ap-
proval of reverse-genetics methodology, cell-based production
systems, and the use of alternative adjuvarts to create vaccine
will greatly expand current capabilities for vaccine prodùction
with live attenuated and inactivated egg-grown vaccine (see
Kemble and Greenberg [41] for a review of altemative vaccine
strategies). The time to introdùce and approve these tech-
niques is now. Although this review conc€ltrates on the pan-
demic potential ofemerging influerza viruses, many of thc new
technologies could be useful during interpandemic periods.

One of the greatest needs in 2004 is for standardized vac-
cines that can be used for poultry in Asia. Commercially avail-
able vaccines to Ac/chickenMexico/232l94 (H5N2) are efrca-
cious against H5N1 viruses ftom 2002 (50). So far in 2004, a
lack of H5N1 on farms in Hong Kong suggests that these
vaccines are âlso emcacious against the 2004 H5N1 strain,
Therefore, despite only 94% homology between the HA of the
A/chicken/Mexico/232l94 (H5N2) vaccine virus and thar of the
2003 H5N1 virusos, the vaccine is efficacious. Chicken vaccines
apparently do not have to be as well matched antigenically as
human vaccines, but the mechaûism underlying this hetero-
typic immunity is unresolved.

It should be noted that the eradication of an emerging virus
is the optimal strategy of control. In agriculture, this airn is
achieved by the culling of iffected flocks. Howe!€r, vaccination
is an option when widespread irfection has occurred.

Of great concern is that agricultural laccines are nol stan-
dardized for antigen conteût and that strbstandard vaccines
may be used. There is some speculation that the use of sub-
standard vaccines may hâve led to the selection of the H5N1
variants currently circulating in Asia. Er?erience in Hong
Kong in 1997 showed that cross-protective immunity can pre-
vent disease signs but not the shedding oi virus (70). hdeed,
the 1997 outbreak of H5N1 influenza in humans was epidemi-
ologically and virologically traced to live poultry markets that
contained apparentlv healthy birds that had been infected with
H9N2 virus that provided cell-mediated protection from death
(70), but the birds mntinued to shed virus in their feces.

ÀNTIITRAL DRUGS

Although vaccirâtion is the ideal way ro reduce the inter-
species spread of influenza viruses, the preparation of a new
vaccine takes 6 months or more. In the interim, antiviral drugs
are the only option,

Two classes of drugs are currently available for proph)4axis
and treatment of influenza virus infection: M2 ion chanûel
blockers (amantadine and its derivative rimantadire) and NA
inhibitors fzanamivir and oseltamivir). Amantadire and riman-
tadine block the ioII channel activity of the M2 proteiû of most
influenza A viruses, and viral replication is inhibited by the block-
ade of hydrogen ion florv, principally when virus erters the host's
cells (87). The NA inhibito$ interrupt an established infectior in
its late stages by inhibiting the release of virions from infected
<ælls, which results in the âggegation ofvidons at the cell surfaæ
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aûd the consequent inhibition of viÉl penetTâtior of mucous
secretions ard spread to other cells (56, 74).

The main drawbacks to the use of M2 blockers arc that
drug-resistant variants deveiop rupidly and that these agents
are iûefiective against influenza B virus (31, 32). By dals 5 to 7
oi therapy, 16 to 35ûlr of isolates from treated patients may be
resistant, and these drug-resistant variants are fully pathogenic
alld transmissible to closc contacts (14). Amantadine- and
rimantadine-resistant mutants are characterized bv ûutations
in the transmembrane domain of thc M2 prorein; single-
amino-acid mutations have been idçntified at residûes 26, 27,
30.31, and 34, and ûutations in codon 31 are the most com-
mon (36, 44). NA inhibitors are rnore costly, but they are activ€
against influenza A and B viruses and elicit fewer side effec16;
in addition, the emergence of drug-tesistânt variants has been
reported in fewer tlan lEc of teated adults (55). Influenza
vinrs rnutants with reduc€d susceptibility to zanamivir or osel-
tamivir carborylate have been selected in the presence of in-
creased corcentrations of the drug in vitro. Two mechanisms
of resistaûce were identified: NA-independent and NA-depen-
dent resistarce. The former mechanism is accompanied by
mùtatioûs in or near the HA receptor-birding site and reduces
the effciency of virus binding to cellular receptors (27); the
latter mechanism l€ads to amino acid substitutioûs at the con-
served residues in the active site of NA, most freque[dy at
positions 292 (Arg-1yg and 119 (Glu+Gly) (4, 55, 77, 83).

In the face of an emerging new influenza virus, antiviral
drugs would clearly be the most important short-term re-
sou.ce, especially if efective vaccines were not available. A
ûumber of faclors can make an antiviral drug useful in re-
sponse to novel viruses, including a broad antiviral spectrum
and potency, prophylactic and theÉpeùtic effectiveness, favor-
able pharmacokinetics, availability to the population ar risk,
and tolerability and safety. Initial studies indicate that borh
H5N1 infuenza viruses (the 2003 and 2004 human strains)
currently being isolated from humans are naturally resistant to
amantadine and rimantadine (unpublished data). The NA in-
hibitors have been tested against a Î€w avian influenza viruses:
zanamivir was shown to protect mice against lethal challenge
with .A./TIIVI56/97 (H5N1) iûfluenzavirus and to protect chick-
ets from a highly pathogenic A/chicken/Vicroria/1/85 (H7N7)
virus (25, 26). The use of the orally administered NA inlibitor
oseltamivir is an effective treatment for H5N1 and H9N2 in-
flùenza virus infections in mice (21,47). The efficacy of therapy
for inf€ction with highly pathogenic influenza virus could be
improved by the use of combination therapy with t\lo different
classes of anti-irfluenza drugs to target difrerent viral proteins,
providing thât the virus is not resistant to either drug. The
possible role of antiviral drugs in response to pardemic influ-
enza will depend on a number of issues, of which one of the
most important is whether erough drugs will be available for
the target population. ln the fâce of a natural outbreak or a
bioterrorism event involving highly pathogenic influenza vi-
ruses, informatior on the optimal use of limited supplies and
long-term stockpiling of antiviÉl drug supplies are essential.

CONCLUDING REI,!,{RKS

In mid-2003, an unprecedeoted near-simultaneous emer-
gence of highly pathogenic H5N1 influenza viruses in poùltry
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occurred in Indonesia, Victnam, and Thailand and \ras fol-
lowed in early 2004 by ourbreaks in Japan, South Korea, Cam-
bodia, Laos, and China. These events concluded with the trans-
mission of the virus to humans in Vietnam and Thailand (Fig.
2), with death occurdng in â high pcrcentage of confirmed
cases. It is unkrown whether these tÉnsmissions will rcsult in
the establishment of an H5N1 lireage in humans, but the very
large number of infected poultrv in many countries and the
nsing number of infected humans increase this likelihood. At
the timc of writing it appears that the culling of poultry will
again be successful in reducing the likelihood of human cases
of lI5N1 influenza and human-to-hùman transmission. The
role of the live animal markets in the emergence of influenza
viruses is well established (reviewed by Webster [93]), and such
markets may also be the source of severe acute respiratoty
syndrome; improvements in the sanitation and vacciration of
poultry in Hong Kong show what can be dore at the animal-
human interface to reduce the possibility of the emergencc of
new strains.

Unanswered questions coûcerning H5N1 influenza virus in
Asia at the time ofwriting are many and include the following.

(i) Wi ùe H5Nl threat to humans contjnue to decline, or
will a rare mutation or reassortant event result in human-to-
human transmission?

(ii) Has the virus beer transmitted to pigs, the hlpotheticâl
i[termediate host, and can the virus be transmitted ùom pig to
pig? The available information indicates that pigs can be in-
tected, but preliminary serological surveillanc€ in Vietnam
does not support the idea of widespread infection.

(iii) Will the H5Nl virus become endemic in poultry in Asia
and eventùally spread worldwide?

(iv) What is the role of wild migratirg aquatic birds in the
spread of H5N1 virus? Crows and magpies have been impli-
cated in the local spread of H5N1 in Japan and South Korea.
The role oT migrating birds in the spread of H5Nl is a key
question to be resolved.

(v) Will tlre use of nonstandardized agricultural vaccines
preveflt the spread ofthe virus or perhaps hasten its evolutioû?

(vi) Caû a vaccine made by using reverse-genetics technol-
oS/ be approved, manufactured, and tested before human-to-
hûman spread occlrrs?

(vii) Can NA inhibitors provide suffcient levels of prophy-
lactic and therapeutic effectiveness against these highly patho-
genic viruses, and will antineuraminidase-resistant viruses
emerge if these drugs are ,rvidel1, used?

The number of influenza virus H5 and H7 events in the past
year including thç recent outbreaks of H7N3 i. poultry and
humans in Canada, H5N2 in poultry in Texas, and H7N7 in
2004 iû The Netherlands raises the possibility of i[fluenza virus
gene lransfer lo the wild aquatic bird reservoir-

We speculate that influenza virus gene combinations for
transmissibiliq' and pathogenicity have been transmitted from
domestic poùltry back to the influenza virus reservoir in wild
migrating aquatic birds. The altemative speculation is that
converging factors imposed by humans, including changing
ecosystems, human demographics, ecological iactors, technol-
ogy and industrJ, and intemational travel and communica-
tions, as reviewed in the recent Institute of Medicine Report
(76), are responsible for the upturn ir the rumber of influenza

virus infections that are a threat to humans and to their food
supply.

The options available for the control of emerging influenza
viruses have greatly increased with the introductior of reverse
genetics to rapidly prepare vaccines and with the development
of antiviral drugs. Unresolved mattels ate the acceptarce of
genetically modited vaccines for use in humans, iltellectual
property rights and liabiliry issues, and rhe political will to
continue the stockpiles of drugs. We urgently need to address
these problems before a crisis sinration anses.
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