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So Many Questions, So Little Time
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Fifteen years have elapsed since the first
human infections with H5N1 highly
pathogenic avian influenza (HPAI) virus
were detected in Hong Kong SAR,
China [1, 2]. Many of these human in-
fections were fatal and represented the
first documented outbreak of severe
disease due to HPAI viruses. The hall-
mark of these H5N1 viruses is their
hemagglutinin genes inherited from
A/goose/Guangdong/1996, a virus first
detected during an outbreak in domestic
geese in China. Who could have predict-
ed the current H5N1 situation in 1997?
As of August 2012, H5N1 viruses of this
lineage have caused 607 reported human
cases (358 fatal), the culling of 400
million birds, and have become en-
trenched in poultry populations on 2
continents [3, 4]. Early expectations were
that this virus would be eliminated
quickly and become extinct after local
bird populations were decimated by the
outbreak or culled, thus recapitulating
the experience with dozens of HPAI out-
breaks in poultry in many countries
during the past century. Rather than be-
coming extinct, these H5N1 viruses
spread to 60 countries on 3 continents
by 2006 [3]. The alarm caused by the

far-ranging geographic expansion of
H5N1 galvanized governments to invest
resources in avian disease control.
Despite many effective local and region-
al infection control programs in recent
years, H5N1 is considered to be endemic
in poultry in many countries, including
Indonesia, Bangladesh, China, Vietnam,
and Egypt [3]. Several of these countries
also report the highest numbers of
human infection. Most HPAI H5N1
human infections reported to the World
Health Organization by public health
authorities since 1997 were acquired by
direct or indirect contact with infected
birds.
This spread and entrenchment of

H5N1 has sparked a lively debate con-
cerning the likelihood and severity of
an H5N1 pandemic. However, recent
studies conducted in the United States
and The Netherlands [5, 6] demonstrat-
ed that H5N1 can gain airborne trans-
missibility for ferrets after acquiring a
relatively small number of genetic
changes (reassortment and/or muta-
tions). Additional studies [7] indicated
that the pandemic potential of H5N1
viruses currently endemic in Asia and
Africa is no longer a remote theoretical
risk, prompting calls for increasing the
pace of research to control H5N1 infec-
tion in poultry to pre-empt a future pan-
demic. However, international animal
health experts agree that global H5N1
eradication from poultry may take
several decades [8]. Therefore, many
critically important questions need to be
answered in a race against the pandemic

clock. Furthermore, these research ques-
tions should be translated into improved
virus detection and intervention methods
that can be applied globally to control
influenza.

The severity of a potential H5N1 pan-
demic is of critical importance for pan-
demic planning. The case-fatality rate
of H5N1 infection has been difficult to
establish with any certainty, mainly
because current surveillance methods
are likely to miss milder infections [9,
10]. Nevertheless, the potential lethality
of H5N1 infections in healthy persons
of all ages is undeniable, and patho-
genesis observed in critically ill patients
appears to be linked to the so-called
“cytokine storm,” or hypercytokinemia
[11–13]. The molecular basis for hyper-
cytokinemia has puzzled scientists and
clinicians for many years. An article in
this issue of the Journal of Infectious
Diseases (Sakabe et al, doi:10.1093/
infdis/jis523) and a recent article in
Science [14] provide important clues.
Both articles identify one of the viral po-
lymerase complex genes as a determi-
nant of the cytokine responses in
human cell cultures and in mouse
models.

The research reported in this issue
by Sakabe et al relied on reverse genetics
to elucidate the molecular basis for strik-
ing differences between H5N1 viruses
in their ability to activate macrophage
cytokine secretion, which the authors
observed in earlier studies [15]. A
panel of reassortant viruses was created
by using 2 human H5N1 viruses with
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differential induction of cytokine secretion,
a high cytokine inducer A/Vietnam/
UT3028II/03 clone 2 (VN3028IIcl2) and
a low inducer A/Indonesia/UT3006/05
(IDN3006). A systematic analysis of this
panel of reassortant viruses revealed that
the PA gene from VN3028IIcl2 was cor-
related with strong induction of IL-6,
TNFα, CCL3, CCL4, CCL5, CXCL9, and
CXCL10 secretion in infected human
monocyte-derived macrophages and that
reassortants with this gene tended to be
more virulent in the mouse model. The
differential transcriptional up-regulation
of secreted cytokines was confirmed by
microarray analyses, which also revealed
an increased expression of genes related
to cytokine signaling. In addition,
pathway analyses identified a network of
differentially expressed genes related to
increased cytokine signaling in macro-
phages infected with viruses containing
the PA gene from the high cytokine
inducer VN3028IIcl2, compared with
those infected with IDN3006. These
findings have important implications for
risk assessment of H5N1 viruses occur-
ring in nature and may also inform de-
velopment of improved live attenuated
influenza vaccines. The modulation of
cytokine responses by influenza viruses
has often been associated with their vir-
ulence in animal models and linked to
human disease [16–20]. Although the
influenza NS1 protein has been deemed
the master viral regulator of host innate
immunity, it is becoming increasingly
clear that the virus has built-in redun-
dancy for this critically important func-
tion [16, 18, 19, 21–23]. While this
article was in press, an article was pub-
lished in Science [14] indicating that the
PA gene of influenza A encodes a new
protein, termed PA-X, by ribosomal
frame shifting. This novel influenza
protein comprises the endonuclease
domain of the PA protein joined to a C-
terminal domain encoded by the newly
discovered ORF and functions to repress
cellular gene expression. PA-X decreased
the pathogenicity of the reverse genetics-
derived 1918 pandemic influenza virus

by modulating the inflammatory, apo-
ptotic, and T lymphocyte signaling path-
ways. In both articles, the authors noted
that the viruses with differential cytokine
regulatory properties replicated with
nearly identical efficiency in vitro and in
vivo (ie, differences in cytokine respons-
es were not simply mirroring changes in
viral replication or gene expression
levels). It will be interesting to analyze
the PA gene sequences of the high and
low cytokine inducer H5N1 viruses re-
ported by Sakabe et al, to determine
whether polymorphisms in the expres-
sion of the novel PA-X are associated
with the observed differential regulation
of cytokine production.
Another commonality between these

2 articles is the experimental approach
(ie, the use of reverse genetics tech-
niques to construct H5N1 or 1918
H1N1 viruses with enhanced virulence,
compared with a control, to demonstrate
that specific viral genes modulate viru-
lence). Both studies were evaluated as
described in the policy for oversight of
life sciences Dual Use Research of
Concern (DURC) issued by the US Gov-
ernment [24]. Both articles identifying a
role for the PA gene in influenza virus
pathogenesis were subjected to institu-
tional biosecurity review processes and
published, in the best interest of public
health and national security. Publication
of important research on the role of the
PA protein in influenza virus pathogene-
sis is essential to our understanding of
virus-host interactions and provides
insight that can be used to develop effec-
tive countermeasures for severe systemic
disease involving hypercytokinemia.
Nevertheless, uncertainty about publica-
tion of research on H5N1 that could be
perceived as having dual use potential
may become a deterrent for institutions
and investigators to conduct influenza
research that is essential for pandemic
preparedness.
These important studies could not

have been done without influenza sur-
veillance in humans and animals. Al-
though data and viruses collected during

influenza surveillance are critically im-
portant for research such as this and for
pandemic preparedness, this informa-
tion is insufficient to fully assess the risk
of pandemic emergence. Although it is
clear that surveillance for H5N1 in both
animals and humans needs to be im-
proved, it is also clear that the effective-
ness of surveillance is greatly enhanced
by a predictive understanding of the mo-
lecular characteristics of viruses that
have the greatest propensity for zoonotic
transmission. Blunting the impact of a
future pandemic will require interven-
tions based on a solid understanding of
the transmission dynamics of emerging
pandemic viruses and the molecular
markers of viral transmissibility and
pathogenicity. Scientific and technologi-
cal innovation to achieve influenza
public health preparedness goals is
based on a combination of conceptual
creativity and new tools to improve early
outbreak detection and evidence-based
implementation of validated influenza
control. Although development of uni-
versal vaccines that elicit full and long-
lasting protection and are readily scal-
able for rapid mass production in emer-
gency situations would provide the
strongest countermeasure for pandemic
mitigation, we are a long way from
achieving this goal. In the meantime,
what needs to be done to safeguard the
execution of these vitally important
studies? How can we ensure that essen-
tial discoveries, such as the role of the
PA gene in modulating host cytokine
production and pathogenesis, as de-
scribed by Sakabe et al in this issue, will
continue to support the global pandemic
preparedness objectives?

A concerted global effort is necessary
to answer these questions. The public,
along with members of the scientific,
public health, agricultural, and biosecu-
rity communities, each with their differ-
ent perspectives and concerns, must
engage in a thoughtful dialogue con-
cerning the benefits and risks of gain of
function studies on H5N1 viruses. When
consensus is developed, broad multi-
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sectorial engagement will be needed to
ensure the commitment of human and
animal health resources to develop the
scientific knowledge that will serve as
the basis for effective interventions
against the global threat of H5N1. This
challenge clearly transcends pandemic
influenza, and our response to conduct-
ing research on H5N1 viruses may well
become a paradigm that applies to other
areas of biological research. The health
and well-being of this and future genera-
tions are at stake. With so many ques-
tions to answer and H5N1 viruses in
constant evolution, we cannot afford to
postpone broad stakeholder engagement.
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