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ALTHOUGH MOST EXPERTS BELIEVE ANOTHER INFLU-
enza pandemic will occur, it is difficult to predict
when or where it will appear or how severe it will
be. Neither is there agreement about the subtype

of the next pandemic influenza virus. However, the con-
tinuing spread of H5N1 highly pathogenic avian influenza
A (HPAI) among poultry on several continents, associated
with an increasing number of severe and fatal human in-
fections, has raised the pandemic stakes.1 Genetically and
antigenically divergent H5N1 HPAI strains appeared in 1997
and have been spreading globally since 2003.2,3 To date, epi-
zootics in approximately 60 countries have caused a re-
ported 291 human cases with 172 deaths.4

Although overshadowed by H5N1, at least 8 other poultry
epizootics have recently occurred, some involving human in-
fections and, uncommonly, human deaths.5 H5N1 epizoot-
ics are unique, however, in causing mortality in wild birds,
occasional infections in mammals, severe human infections,
and in rare instances possible human-to-human transmission.6

Do these unique features predict an impending H5N1 pan-
demic? Despite significant research, fundamental ques-
tions about how influenza A viruses switch hosts from wild
birds and adapt to domesticated poultry, pigs or horses, and
subsequently to humans, remain unanswered, especially
those regarding the changes that allow human-to-human
transmissibility.7 Given the potential for high morbidity and
mortality, an approximation of the risk that H5N1 viruses
will adapt to efficient human-to-human transmission would
be extremely helpful for pandemic preparedness planning;
despite the apparent inevitability of influenza pandemics,
data accumulated over the past decade do not necessarily
indicate pandemic emergence of H5N1.

How the H5N1 Virus May Be Evolving
H5N1 viruses are evolving rapidly; however, the direction of
their evolution, driven by incompletely understood selection
pressures, isunclear.AlthoughcurrentH5N1HPAIvirusesare
descendantsof the1997epizooticvirus, significantgeneticand
antigenic evolution has since occurred, involving drift in the
H5 hemagglutinin (HA), mutations in other genes, and

reassortment with other avian influenza viruses.5 It is not yet
clearwhichof thesechanges is associatedwith lethality inwild
birdsorwithpathogenicityand transmissibility inpoultryand
other species.AsymptomaticendemicH5N1HPAIcirculation
in domestic ducks maintains a pool of pathogenic viruses to
whichpoultryarecontinuallyexposed,8 suggestingthatthecur-
rent H5N1 situation will likely persist.

There are limited data indicating whether any H5N1 in-
fluenza strain is evolving in the direction of human adap-
tation. Some H5N1 viruses exhibit a change in the poly-
merase protein complex PB2 that has been associated with
increased H5N1 virulence in mice and ferrets, and adapta-
tion of other avian influenza viruses to humans.9-12 It re-
mains unclear, however, whether this or any other muta-
tion is associated only with increased mammalian virulence
or provides an independent evolutionary advantage in birds.

The pathogenicity of influenza viruses for their different
hosts is related to complex viral and host factors and re-
mains to be fully characterized. Experimental animal data
with both the H5N1 viruses and the 1918 influenza viruses
suggest that virulence is polygenic and depends on a comple-
mentary relationship among viral gene segments.13,14 In mam-
mals, H5N1 viruses exhibit variable pathogenicity depend-
ing on the H5N1 strain and host. HPAI viruses are pathogenic
in poultry principally because of a polybasic amino acid in-
sertional mutation in the HA cleavage site, conferring an abil-
ity to replicate systemically. The role of systemic viral rep-
lication in humans or experimental mammals remains
unclear and most likely also varies with viruses and hosts.15

Biological barriers to viral fitness based on gene seg-
ment combination are not well understood; however,
pathogenicity, host adaptation, and host-to-host trans-
missibility are likely independent properties associated
with different, and possibly competing, mutational
changes. Pandemic viruses of comparatively low (eg,
1968 [H3N2] influenza pandemic), intermediate (eg,
1889 [data suggest a possible H3N8] and 1957 [H2N2]
influenza pandemics), and high (eg, 1918 [H1N1] influ-
enza pandemic) pathogenicity have all adapted to
humans and exhibited efficient transmissibility.
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To cause a pandemic, an avian virus would have to at least
adapt to human HA receptors and acquire human transmis-
sibility. History suggests that this may be a difficult challenge
for influenza viruses. Despite human and mammalian expo-
sures to countless avian viruses over many decades, the last 2
pandemics have resulted from reassortment of preexisting hu-
man-adapted viruses containing imported genes derived from
avian influenza viruses, not from de novo adaptation of avian
viruses to humans. When genes from a 1997 H5N1 virus were
experimentally reassorted in various combinations with those
from a human H3N2 virus, none were efficiently transmitted
between ferrets,16 raising questions about whether H5N1 vi-
ruses may be inherently limited in their potential to adapt to,
and be transmitted between, humans.

Can the H5N1 Virus Become Adapted to
and Transmissible Between Humans?
Mutational changes associated with binding of influenza vi-
ruses to receptors on different hosts are complex.17 Adap-
tation of the viral HA receptor-binding site from a form op-
timized for binding the avian receptor to a form efficiently
binding the human receptor seems to require some loss of
specificity for �2,3-linked sialic acids in favor of increased
specificity for �2,6-linked sialic acids.17 Experiments sug-
gest that only 2 mutations in the receptor-binding site con-
vert the H1, H2, and H3 HAs of the past 3 influenza pan-
demic viruses from an avian to a human receptor-binding
pattern. Several mutations have been reported to enhance
H5 binding to the human form of the receptor; however,
none has been reported to induce a complete switch in speci-
ficity. While it is possible that additional unknown muta-
tions could result in a complete switch, there is no evi-
dence that this has occurred after 11 years of H5N1 exposure
to at least thousands of humans, nor is there evidence that
it has occurred after human exposure to other H5 subtype
viruses over many decades. HA receptor-binding changes
during host adaptation differ from subtype to subtype, and
H5 viruses may well face unappreciated biological barriers
in achieving human receptor binding efficiency.

Although the current number and severity of clinical H5N1
cases make the ongoing situation highly unusual, H5N1 vi-
ruses are not unique among avian influenza viruses in their
ability to cause human infections and even limited human
transmission. For example, since the mid 1990s, strains of
H9N2 avian influenza viruses have become widely enzo-
otic in poultry and have caused a small number of human
cases. Some H9N2 viruses have even acquired enhanced
specificity for the human form of the HA receptor.5 In 2003,
an H7N7 HPAI virus caused a poultry epizootic in the Neth-
erlands and spread regionally. Before the epizootic was con-
tained, at least 86 poultry workers and 3 contacts had be-
come infected and developed conjunctivitis with or without
an influenza-like illness; there was 1 fatality.18 Similarly, 2
persons developed influenza conjunctivitis during a 2004
H7N3 HPAI outbreak in Canada.19

Several case clusters of H5N1 infections have been re-
ported.6 While epidemiologic information has been sparse,
limited person-to-person transmission of H5N1 has been sug-
gested in a few instances, usually involving family mem-
bers. It is unknown whether this represents infection asso-
ciated with particularly intimate or prolonged contact or
shared but unidentified host factors affecting either infec-
tion risk or virus transmissibility. Separating host suscep-
tibility factors from shared exposures or prolonged contact
is difficult but crucially important in assessing viral evolu-
tion toward human adaptation. Also important will be com-
prehensive serologic surveys to assess population experi-
ence with H5 and other influenza subtypes in places where
exposure to domestic poultry or wild birds is common.

What Has Been Learned From Past Pandemics
Data suggest that the 1918 virus was avian-like prior to hu-
man adaptation,11,20 after which it eventually reassorted with
a different avian virus to acquire 3 new genes and caused the
1957 H2N2 pandemic. A second reassortment, adding 2 ad-
ditional avian genes, caused the 1968 H3N2 pandemic.21,22

Serologicandepidemiologicdata suggest that the1889pan-
demicviruswasofanH3subtype(conceivablywithanN8gene),
andthat the1847pandemicviruscouldhavebeenofeither the
H1subtype,neuramindase(NA[N1])subtype,orboth.7 Itmay
thus be likely that viruses causing 5 pandemics during a 175-
year span have been limited to only a few of the known avian
HA and NA subtypes (H1, H2, H3; N1, N2, and possibly N8).
Since 16 HA subtypes and 9 NA subtypes have been found in
avian influenza viruses, to which humans have been exposed
to varying degrees, a question arises as to whether unappreci-
atedbiologicalbarriersmayrestrictother subtypes fromincor-
porationintotransmissiblehumanviruses.Moreover,sinceonly
H5 and H7 viruses have been shown to acquire the HA cleav-
age site mutation that makes them highly pathogenic to poul-
try, the last3pandemicviruses,containingavian-likeHAgenes
of H1, H2, and H3 subtypes were not HPAI viruses like H5N1.
Furthermore, there is no evidence that a human pandemic or
even an epidemic has been caused by any previous HPAI vi-
rus reported in poultry for more than 125 years. None of the
last 4 pandemics is known to have been temporally associated
withapoultryorwildbirdepizootic, leavingnohistoricaldata
to support the possibility that poultry are capable of serving as
intermediate hosts in pandemic development.

The Next Pandemic
It is currently impossible to predict the emergence of a fu-
ture pandemic other than to strongly suspect that one will
eventually occur, or to predict when or where a future pan-
demic will occur, what subtype it will be, and what degree
of morbidity and mortality it will produce. Even though con-
cern over the emergence of an H5N1 pandemic is clearly
warranted, if for no other reason than its current high case-
fatality rate, experts must also anticipate and plan for many
other possibilities for pandemic emergence.
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Since 1977, H1N1 and H3N2 viruses have both circu-
lated globally to produce seasonal epidemics, causing ap-
proximately 36 000 US deaths annually.23 Evolution has oc-
curred not only by gradual antigenic drift but also by intra-
clade reassortment to import new HAs to which there is lesser
population immunity, simultaneously creating novel con-
stellations of gene segments.7 It is unclear whether such con-
tinuing co-circulation, coupled with the increasing use of
influenza vaccines, will increase or decrease pandemic risk
or influence the subtype of the next pandemic virus.

If only H1, H2, or H3 viruses have pandemic potential,
the question arises whether such co-circulation limits the
next pandemic to only H2 viruses in the near future. The
majority of the world’s population (younger than 40 years)
has no protective immunity to H2 subtype influenza vi-
ruses that circulated between 1957 and 1968. Isolates of
H2N2 viruses from this era are still maintained in virology
laboratory freezers throughout the world, while circulat-
ing human H3N2 viruses presumably remain susceptible to
avian H2 importation by reassortment; this suggests obvi-
ous potential sources of future pandemics. H9N2 viruses,
some with the ability to bind to human receptors and ca-
pable of causing human disease, are another potential source.

The past decade has demonstrated the difficulty of contain-
ing HPAI outbreaks given high-intensity poultry production
and international shipping of poultry. H5N1 viruses are likely
to remain indefinitely enzootic in domestic birds in many coun-
tries, posing agricultural and economic challenges while pro-
viding opportunities for H5N1 viruses to acquire—if such ac-
quisition is possible—either efficient human-to-human
transmissibility or better adaptation to poultry and wild birds,
the chief spill-over hosts. The use of antiviral drugs in agri-
cultural settings has made many H5N1 viruses resistant to ada-
mantanes, while there has also been evidence for H5N1 re-
sistance to neuraminidase inhibitors.24 The evolution of H5N1
into antigenically distinct clades, probably driven in part by
the use of poultry vaccines, greatly complicates the situation
and makes it more difficult to predict where H5N1 evolution
is going, what to expect next, and how to plan for it.25

Conclusions
To improve the ability to predict influenza pandemics, it is
necessary to increase knowledge of the basic biology and
ecology underlying host-switching events. The genetic
changes that are needed to convert an influenza virus from
one that has adapted to the enteric tract of wild waterfowl
into a respiratory virus of horses, pigs, or humans are not
fully understood. Enhanced surveillance and prospective
study at the human-animal interface are crucial for under-
standing viral movement and evolution in an extraordinar-
ily complex ecosystem. The H5N1 panzootic is a potent re-
minder of the constant and constantly changing risk posed
by influenza A viruses. It is unknown whether H5N1 vi-
ruses will be able to adapt to humans and cause efficient
person-to-person transmission; however, preparation for

future influenza pandemics caused by H5N1 and any num-
ber of other viral possibilities is important.

Thus, it is essential that while carefully monitoring cur-
rent and identifiable risks, pandemic prevention strategies
must also be based on expecting the unexpected and being
capable of reacting accordingly. In addition to enhanced sur-
veillance, it will be important to expand research on vac-
cine design, accelerated development of new classes of an-
tiviral drugs, and improved diagnostics. These efforts will
be of immediate benefit in the control of seasonal influ-
enza and will simultaneously help to preemptively prepare
for the next pandemic.
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