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PLATE 1. An antigenic map of infl uenza A (H3N2) virus from 1968 to 2003. The relative 
positions of strains (coloured shapes) and antisera (uncoloured open shapes) were adjusted such 
that the distances between strains and antisera in the map represent the corresponding HI 
measurements with the least error. The periphery of each shape denotes a 0.5 unit increase in 
the total error; thus, size and shape represent a confi dence area in the placement of the strain 
or antiserum. Clusters were identifi ed by a k-means clustering algorithm and named after the 
fi rst vaccine strain in the cluster—two letters refer to the location of isolation (Hong Kong, 
England, Victoria, Texas, Bangkok, Sichuan, Beijing, Wuhan, Sydney, Fujian) and the two digits 
refer to year of isolation. Strain colour represents the antigenic cluster to which each strain 
belongs. The vertical and horizontal axes both represent antigenic distance, and, because only 
the relative positions of antigens and antisera can be determined, the orientation of the map 
within these axes is free. The spacing between grid lines is 1 unit of antigenic distance—
corresponding to a twofold dilution of antiserum in the HI assay. (Figure reprinted from Smith 
2004a, with permission.)
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PLATE 2. Antigenic and genetic maps of swine and human H3N2 viruses. The relative 
positions of strains (coloured spheres) and antisera (not shown) in the maps were computed 
such that the distances between strains and antisera represent the corresponding HI measure-
ments with the least error. Because only the relative positions of antigens can be determined, 
the orientation of the map within the axes is free. A two-dimensional map was generated on 
the basis of 20 HI tables, which included 30 ferret antisera and 48 infl uenza H3N2 viruses 
(A). The same analysis was repeated for the same strains to allow antigens and antisera to be 
positioned in a three-dimensional space (B). For the strains shown in panels A and B for which 
the HA1 amino acid sequence had been determined, a genetic map was generated based on an 
amino acid Hamming distance matrix (C). The colour-coding of the viruses is the same in the 
three maps, and is explained in the lower right panel. (Figure reprinted from de Jong 2007, 
with permission.)
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Chair’s introduction
Robert G. Webster

St. Jude Children’s Research Hospital, Department of Infectious Diseases, Division of Virolog y, World 
Health Organization Collaborating Center for Studies on the Ecolog y of Infl uenza in Animals and Birds, 
332 N. Lauderdale, Memphis, TN 38105, USA

Emerging and re-emerging infectious diseases are part of the natural history of 
humankind, for there has always been a struggle between microbes and humans. 
A considerable part of the human genome is concerned directly or indirectly with 
strategies to combat infectious diseases. Humans have continued their global 
dominance and in the past century have used scientifi c knowledge to reduce the 
impact of novel disease agents. The ever-increasing human population expansion 
and factors such as land use, water use and energy use needed to support the bur-
geoning human population, has resulted in production of animals on megafarms 
in close proximity to wild animals and birds. The export of intensive farming 
practices to the developing world, for example chicken and pig raising, has not 
always been accompanied by the best practices for ensuring bio-security and 
disease prevention in those operations. Thus intensive poultry and pig raising, 
without adequate separation from free-fl ying birds and water treatment, is a recipe 
for disaster. The increasing number of outbreaks of lethal H5 and H7 infl uenza, 
in domestic poultry, globally attests to these assertions.

The emergence of novel infectious diseases is a continuing process with multiple 
novel agents emerging in the past decade. While many of these agents caused 
transitory disease outbreaks—Nepah virus from bats to pigs and people in Malay-
sia, and Hendra virus from bats to horses and people in Australia—that were 
rapidly identifi ed and stamped out, others became endemic in humans and in 
domestic animal species. Notable examples are human immunodefi ciency virus 
(HIV) (African primates to humans) and West Nile virus (introduction to the 
Americas from Europe and spread through mosquitoes to wild birds, domestic 
mammals and humans).

Two recent examples of emerging infectious disease agents are severe acute 
respiratory syndrome (SARS) and highly pathogenic H5N1 avian infl uenza (‘bird 
fl u’). These two disease agents are the main topics for this meeting. Both of these 
diseases are caused by RNA viruses of zoonotic origin; SARS by a novel corona-
virus from bats via civet cats in live animal markets (‘wet markets’) to humans, 
and H5N1 bird fl u by a type A orthomyxovirus from wild aquatic birds via 
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2 WEBSTER

domestic poultry to humans. Both of these emerging infectious diseases were ‘man 
made’ in the sense that increased affl uence of humans in the region increased the 
demand for protein in the diet. Intensifi ed animal raising and the demand for 
exotic wild animal meat permitted these viruses to initially spread to humans in 
Hong Kong and Southern China through wet markets. The actual precursor 
viruses of neither SARS nor H5N1 bird infl uenza have been identifi ed, but their 
closest genetic relatives were detected in animals and poultry in wet markets at the 
time they initially spread to humans.

Southeast Asia has been described as the epicentre for the emergence of pan-
demic infl uenza viruses, including the Asian H2N2 infl uenza of 1957, the Hong 
Kong H3N2 virus of 1968, as well as the re-emerging H1N1 Russian infl uenza 
virus of 1977. Both the H5N1 highly pathogenic avian infl uenza virus and the 
SARS coronavirus emerged in this region of the world. While culling of all domes-
tic poultry in Hong Kong in 1997 successfully stamped out the initial genotype of 
H5N1, the virus re-emerged from apparently healthy ducks and geese in the region 
and spread to multiple countries in Southeast Asia including Vietnam, Cambodia, 
Laos, Indonesia, Japan and South Korea. The virus was largely restricted to the 
Southeast Asia region until 2005. The dramatic spread of the virus in mid-2005 
occurred after H5N1 infected Bar-headed geese and other wild water fowl in 
Qinghai Lake in Western China. After that event, the virus spread rapidly through 
the Indian subcontinent, the African continent and Europe. The role of migratory 
birds seems probable. While the highly pathogenic H5N1 virus continues to spread 
throughout Eurasia it has, to date, not spread to the Americas despite the overlap 
of migrating birds in Alaska.

Both SARS and H5N1 bird fl u are similar in being poorly transmissible in 
humans. During the SARS outbreak, this virus infected 8096 persons globally with 
774 deaths (9.6%), while H5N1 bird fl u has infected over 300 humans with 60% 
lethality. The poor transmissibility of SARS led to the control of this virus by 
conventional biosecurity and quarantine. While SARS is under control, H5N1 bird 
fl u is not. H5N1 appeared in Hong Kong a decade ago: it has now spread to over 
60 countries in Eurasia and has evolved into at least four antigenically distinct 
clades. Although H5N1 has not acquired consistent human-to-human transmis-
sion the possibility exists that we may be witnessing the evolution of a human 
infl uenza pandemic in real time.

Dr Yee-Joo Tan from The Institute of Molecular and Cell Biology, Proteos, 
Singapore, who participated in the battle against SARS in Singapore, proposed the 
topic of emerging and re-emerging respiratory viruses as the subject for the present 
meeting. Both the topic and the site for the meeting were most appropriate. 
Although the economic impact of SARS turned out to be relatively short term (due 
to rapid acquisition of scientifi c knowledge and control strategies) the initial impact 
on service exports in Singapore and Hong Kong, especially on tourism, was par-
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ticularly severe. If SARS had not been controlled so expediently, the economic 
impact would have been much worse.

The lessons from SARS are certainly applicable to the expanding problem of 
H5N1 bird fl u and to future emerging infectious diseases. The successful contain-
ment of SARS and the lessons learned from that successful programme are impor-
tant to be considered in the face of a possibly emerging infl uenza pandemic in 
humans. However, we must keep in mind that the transmissibility of infl uenza is 
likely to be very different from that of the SARS coronavirus.
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Identifi cation and characterization 
of novel viruses
Larry J. Anderson and Suxiang Tong

Division of Viral Diseases, National Center for Immunizations and Respiratory Diseases, Centers for 
Disease Control and Prevention, Atlanta, GA 30333, USA1

Abstract. Although much has been learned about the agents and the clinical and epide-
miological features of acute respiratory illness (ARI), much still remains unknown. 
Among children in the USA, the agent of 25–50% of cases of ARI remains unknown 
and among adults the agent remains unknown for about 50% of ARI cases. Roadblocks 
to detecting the etiological agent include quality of specimens, sensitivity and specifi city 
of assays, and probably presence of as yet unknown pathogens. For example, since the 
year 2000, fi ve new viral agents of ARI have been identifi ed (human metapneunovirus 
[hMPV], SARS CoV, two human coronaviruses [NL63 and HKU1] and a new parvo-
virus [human bocavirus]). A variety of methods have been used to try to detect novel 
viral pathogens and include classic techniques such as tissue culture isolation, antigen 
detection assays and electron microscopy, and molecular methods designed specifi cally 
to detect novel pathogens. Examples of different successful methods to detect novel 
pathogens include those used to identify the hepatitis C virus, human herpes virus 8, 
Sin Nombre virus, and SARS coronavirus. At CDC, we have developed several molecu-
lar methods to identify new pathogens including pan viral family PCR assays that can 
detect any member of a given family of viruses. To date, we have developed pan viral 
family (or genera) PCR assays for 11 viral families. The improving methods to discover 
new viruses are likely to present investigators with the challenge to determine if and 
what disease an increasing number of novel viruses might cause. Koch’s postulates 
provide guidelines for establishing a causal relationship between a pathogen and disease 
and include establishing an epidemiologic link between the pathogen and disease and 
then showing a causal relationship, most often through animal inoculation studies. The 
success of new molecular tools for pathogen discovery highlight the need for more effi -
cient ways to determine what disease might be associated with the infection.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 4–16

Acute respiratory illnesses (ARI) include the common cold, bronchitis, bronchi-
olitis, croup, sore throat and pneumonia, and are the most common illnesses of 
humans. They are a major cause of morbidity and mortality world-wide. It is esti-
mated that globally ∼2 million deaths/year occur in children <5 years old from 

1Disclaimer: The fi ndings and conclusions in this report are those of the authors and do not 
necessarily represent the views of the Centers for Disease Control and Prevention/the Agency 
for Toxic Substances and Disease Registry.
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CHARACTERIZATION OF NOVEL VIRUSES 5

ARI (Williams et al 2002). In adults in the USA, there are an estimated 1 million 
cases of community acquired pneumonia each year and pneumonia is among the 
10 most common causes of death. As noted in Table 1, there is wide variety of 
viral and bacterial pathogens commonly associated with ARI. Infl uenza viruses 
are the most important cause of serious viral ARI and respiratory syncytial virus 
(RSV) probably is the second most important viral respiratory pathogen. Infl uenza 
has most often been considered an important pathogen in adults but can also be 
a signifi cant cause of ARI in children (Weinberg et al 2004). RSV is most often 
associated with serious disease in the infant and young child but also causes serious 
ARI disease throughout life (Falsey et al 2005). Our understanding of viral ARI 
is changing because of the discovery of novel viruses and the availability of better 
diagnostic assays. Five novel respiratory viruses including human metapneumo-
virus (van den Hoogen et al 2001), SARS coronavirus (CoV) (Drosten et al 2003, 
Ksiazek et al 2003, Peiris et al 2003), two novel human coronavirues, NL63 and 
HKU1 (Fouchier et al 2004, van der Hoek et al 2004, Woo et al 2005), and human 
bocavirus (Allander et al 2005) have been discovered since 2000. Improved diag-
nostics, especially sensitive polymerase chain reaction (PCR) assays, have also 
made it possible to consistently identify diffi cult to detect viruses such as rhino-
viruses, and it is becoming increasingly clear that rhinoviruses have been under 
appreciated as serious respiratory pathogens (Miller et al 2007, Falsey et al 2002). 
Even with the discovery of novel viruses and improved diagnostics, there remain 
a signifi cant number of ARIs for which the aetiology remains unknown. In adults, 
up to 50% of hospitalized patients with lower respiratory tract illnesses (LRIs) 
have no aetiological agent detected. Between 25% and 50% of children hospital-
ized with LRI have no aetiological agent detected. Some of these undiagnosed 

TABLE 1 Pathogens associated with acute respiratory illness (ARI)

Viral agents
 Adenoviruses
 Coronaviruses including SARS CoV
 Enteroviruses
 Human bocavirus
 Human metapneumovirus
 Human parainfl uenza viruses 1–4
 Infl uenza virus A and B (Flu A and B)
 Respiratory Syncytial Virus (RSV)
 Rhinoviruses
Bacterial agents
 S. pneumonia, H. infl uenza, M. pneumonia, Chlamydia, etc.
 Gram negatives, M. tuberculosis, Legionella species, other
Unknown pathogens
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illnesses may be caused by as yet unknown pathogens and others by known patho-
gens but existing methods are either not suffi ciently specifi c or not suffi ciently 
sensitive to confi rm the diagnosis. For example, detecting Streptococcus pneumoniae 
infection in the upper respiratory tract is not suffi ciently specifi c to confi rm it as 
the aetiology of pneumonia (Butler et al 2003). RSV infection is diffi cult to diag-
nose in adults because the assays traditionally used to detect infection are not suf-
fi ciently sensitive. In a study by Falsey et al (Table 2), most RSV infections (about 
75%), diagnosed serologically with acute- and convalescent-phase serum speci-
mens, are detected with a sensitive, nested PCR assay but only about one-third 
by virus isolation (Falsey et al 2002). Sensitive PCR assays can also improve our 
ability to detect viral respiratory infections in children as illustrated in a study by 
Weinberg et al (2004) (Fig. 1).

Novel viruses have been detected in illnesses of unknown aetiology, including 
ARIs, through various combinations of traditional and newer molecular methods. 
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FIG. 1. Detection of respiratory pathogens: sensitive PCR versus isolation of antigen detec-
tion. Adapted from Weinberg et al (2004).

TABLE 2 Detection of RSV in 1112 elderly patients

Serolog y Number PCR+* Isolation +

Positive  104 (9.4%) 74 (6.7%) 37 (3.3%)
Negative 1008 (90.6%) 13 (1.1%)**  6 (0.5%)

* Nested PCR assay.
** 6/13 were isolation +.
Note: 117+ (serology detected 89%; PCR 74%; isolation 37%).
Adapted from Falsey et al (2002).
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Steps often involved in successful efforts to identify novel viruses include: iden-
tifying diagnostic clues from clinical and epidemiological features of illness, 
collecting the right specimens, testing for known pathogens, amplifying the 
pathogen from specimens, purifying or selecting pathogen-specifi c material, 
detecting and then characterizing the pathogen, and determining the pathogen’s 
role in disease. To date, tissue culture isolation has most often been the ampli-
fi cation step that provided suffi cient quantity of novel virus for characterization 
studies but other methods such as random primer PCR amplifi cation, represen-
tational difference analysis, and animal inoculation studies have also been suc-
cessfully used. Once amplifi ed, novel viruses have often been detected and 
characterized by combinations of techniques including electron microscopy, 
immunofl uorescence or enzyme immunoassays with cross-reacting antisera, PCR 
assays using broadly reactive or random primers, sequencing studies, protein 
expression studies, etc. The Centers for Disease Control and Prevention (CDC) 
has investigated a number of outbreaks of unknown aetiology and two of these 
investigations, the outbreak of acute respiratory distress in New Mexico and the 
outbreak of severe acute respiratory syndrome (SARS), illustrate different ways 
novel pathogens have been identifi ed.

In May 1993, the New Mexico Department of Health was notifi ed of two 
persons from the same household who died of rapidly progressive respiratory 
distress syndrome (RDS) within 5 days. Surveillance for hospitalized cases or 
deaths from unexplained pulmonary oedema in the four corners area of Arizona, 
Colorado, New Mexico, and Utah identifi ed 24 cases with a 50% mortality rate 
between late December 1992 and early June 1993 (Centers for Disease Control 
and Prevention 1993). Autopsy, urine, serum and respiratory specimens were 
submitted to the CDC and tested for known respiratory pathogens by PCR and 
serological antigen detection and isolation studies. The one positive result from 
these studies was the presence of Hantavirus-like IgG or IgM antibodies by 
enzyme immunoassay in some serum specimens from nine patients. Based on 
these serological results, respiratory and autopsy specimens were tested by PCR 
for sequences representing the two pairs of serotypes, the Hantaan and Seoul 
serotypes and the Puumala and Prospect Hill serotypes. The PCR for the Puumala 
and Prospect Hill serotypes amplifi ed sequences from a novel Hantavirus desig-
nated as Sin Nombre virus (Nichol et al 1993).

In March of 2003, a global outbreak of SARS was noted and ultimately was 
associated with over 8000 cases and nearly 800 deaths. Within weeks of the out-
break’s detection, several laboratories noted cytopathic effect (CPE) in tissue 
culture inoculated with specimens from SARS patients. At the CDC, electron 
microscopy demonstrated a coronavirus in the CPE-positive tissue culture and a 
PCR assay designed to detect any member of the coronavirus genera amplifi ed 
novel coronavirus sequences. Two other laboratories identifi ed a nearly identical 
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virus by tissue culture and this virus, SARS CoV, was later proven to be the aetio-
logic agent of SARS (Drosten et al 2003, Ksiazek et al 2003, Peiris et al 2003).

A few other examples of successful pathogen discovery efforts further illustrate 
the variety of ways that novel viruses have been discovered. Hepatitis C virus was 
discovered when virus amplifi ed by animal inoculation studies was purifi ed by 
gradient centrifugation and its genome cloned for large scale peptide expression 
studies. Several of the expressed peptides reacted against convalescent serum 
specimens from ill patients and the sequences of the clones expressing these pep-
tides provided the means to further amplify and characterize the hepatitis C virus 
(Choo et al 1989). The aetiology of Kaposi’s sarcoma had eluded investigators until 
researchers used representational difference analysis to amplify sequences present 
in diseased but not in normal tissue; these sequences, in turn, provided the means 
to characterize the full genome of the previously unknown human herpes virus 8 
(Chang et al 1994). Two groups used sequence independent methods to identify a 
novel coronavirus NL63 (Fouchier et al 2004, van der Hoek et al 2004). Both 
groups amplifi ed viral sequences from CPE-positive tissue culture material inocu-
lated with specimens from patients with ARI, characterized amplifi ed products by 
gel electrophoresis and cloned bands not present in similarly amplifi ed control 
tissue culture. Sequences from these clones were those of a novel coronavirus. In 
the fi nal example, two novel parvoviruses were detected in large scale molecular 
screening studies that used Sequence Independent Single Primer Amplifi cation 
(SISPA) and cloning methods to identify novel viral sequences. One of the viruses, 
human bocavirus (Allander et al 2005), was detected in specimens from patients 
with respiratory symptoms and has subsequently been associated with ARI. The 
other virus, PAR4, was detected in serum from patients with symptoms of an acute 
viral infection and has yet to be linked to human disease ( Jones et al 2005).

At the CDC, we are developing several strategies to identify novel viruses from 
clinical specimens and/or tissue culture isolation material with each having dif-
ferent strengths and weaknesses. The initial strategy, pan viral family PCR assays, 
was developed to maximize sensitivity and reaction breadth for detecting novel 
virus. The pan viral family PCR assays were designed by using available sequences 
to identify the most conserved regions of the viral genome, usually the polymerase 
gene, and then using degenerate primers, inosine residues, and the CODEHOP 
technique (Rose et al 1998) to develop primers that should amplify all members 
of a viral family and/or genera within a family. To date PCR assays have been 
developed and evaluated for most of the viral families known to have members 
that cause encephalitis or respiratory disease (Table 3). These assays usually have 
had good sensitivity, i.e. usually <500 and often between 10 and 100 copies can 
be detected in the reaction mixture. For some viral families, such as those in the 
Paramyxoviridae, genera level primers had to be developed to achieve good 
sensitivity.
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Identifi cation of a novel virus is an important but initial step in studying a 
pathogen. A link between the pathogen and disease has to be established and 
Koch’s postulates provide a standard for establishing a causal relationship. The 
initial postulates have been modifi ed over the years to account for better methods 
to diagnose and study disease and a more complete understanding of disease 
pathogenesis. Table 4 outlines the sequence of steps that are required to establish 
a causal relationship between an agent and disease. The fi rst step is to identify a 

TABLE 3 PCR assays for viral families known to have members that cause encepha-
litis or respiratory disease

Virus family Viruses tested Sensitivity of the PCR

Adenoviridae Representatives A–F 10–100 copies
Bornaviridae BDV HE/80, NO/98 10–100 copies
Bunyaviridae (Bunyawera 

and CA gp)
CacheValley, LaCrosse 100–500 copies

Coronaviridae All 3 antigenic groups 100–500 copies
Flaviviridae (Flavivirus gp) JE, SLE, Den, WN, YF 100–500 copies
Herpesviridae All human herpes viruses 10–100 copies
Orthomyxoviridae A (all human and some 

avian), B, and C
10–100 for A or B; 

50–100 for A–C
Paramyxoviridae Representatives of all 

genera
10–100 for genera, 

100–1000 for 
subfamily

Polyomaviridae BK, SV40, JC 10–100 copies
Rhabdoviridae VSV, HRV, IHVN, etc. 100–500 copies
Togaviridae (Alphaviruses) WEEV, SFV VEEV 100–500 copies

TABLE 4 The sequence of steps that are required to establish a causal relationship 
between an agent and disease

Identifying diseases that might be caused by infection
 Detecting the agent in patients with disease
 Detecting the agent at the site of disease/symptoms
Establishing an association between infection and disease
 Detecting infection more often in ill than non-ill (control) patients
Establishing a causal link between infection and disease
 Replicating disease after challenge in an appropriate animal model and re-isolating/

 detecting the agent in the ill animal
 Detecting the pathogen at the site of disease/pathology by immune histology, in situ

 hybridization, or other techniques
 Detecting an immune response to the agent during illness
 Demonstrating a therapeutic response or protection from disease with agent-specifi c

 treatment or prevention
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disease that might be caused by the agent. The next step is to demonstrate epide-
miologically that the agent is associated with disease, i.e. it is consistently detected 
more often in patients with disease than appropriate controls, and the fi nal step is 
to demonstrate that the agent causes the disease. The classic way to establish a 
causal relationship is to reproduce the disease with the agent in an appropriate 
animal model. Other types of information, however, can help establish a causal 
relationship including demonstrating the pathogen by immune histology or in situ 
hybridization in diseased tissue, demonstrating an antibody response to the agent 
during the illness, and demonstrating a therapeutic response/decrease in disease 
with specifi c therapy or vaccination.

A causal link between the novel coronavirus, SARS CoV and the SARS disease 
was rapidly established. The WHO co-ordinated daily conference calls and a secure 
laboratory network website facilitated rapid information exchange and sharing of 
reagents and protocols. This rapid sharing was the key to quickly linking SARS 
CoV to disease. Within weeks of its discovery, data from most of the outbreak sites 
supported an association between SARS CoV and disease based on isolation, PCR 
and serological studies in cases and control populations (Ksiazek et al 2003, Peiris 
et al 2003). Within 2 months of discovery of the virus, researchers in the Nether-
lands had reproduced SARS pathology in a primate animal and fulfi lled Koch’s 
postulates for showing that SARS CoV caused SARS (Fouchier et al 2003).

Two new parvoviruses have recently been discovered. One human bocavirus 
(HBoV) has now been associated with ARI and the other PARV4 has yet to be 
associated with disease in humans. The fact that PARV4 has yet to be linked to 
disease illustrates the challenge that researchers can face in fi nding disease associ-
ated with a novel virus. Although the tools to do large scale screening for sequences 
from novel viruses are rapidly improving, methods to effi ciently screen for possible 
disease associations have not improved in a parallel fashion. HBoV was detected 
during large scale molecular screening for new viruses in respiratory specimens 
from patients with ARI, therefore ARI was an obvious disease to consider for 
additional HBoV studies. Multiple groups have now demonstrated that HBoV is 
present in 2% to 10% of respiratory specimens from patients with ARI and was 
recently shown to be detected more commonly in ARI cases than controls (Table 
5) (Fry et al 2007). It is, however, not yet clear if the virus causes ARI. Since a 
high percentage of bocavirus-positive specimens were also positive for other respi-
ratory viruses, the role of HBoV in this disease is not clear (Table 6).

In summary, viral ARI is an important cause of human disease and much is yet 
to be learned about the agents, the clinical and epidemiological features of infec-
tion, and ways to treat and prevent the associated disease. Better diagnostic assays 
are changing our understanding of some of the previously characterized viruses 
and it is likely that investigators will continue to discover novel respiratory viruses. 
As tools for detecting novel viruses continue to improve, it is equally important 
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for investigators to develop strategies to effi ciently screen for disease associations. 
One strategy that has proven very effi cient is testing stored specimens from previ-
ous studies. When accompanied by good clinical and epidemiological data and 
control samples, these specimens will be invaluable to efforts to assess the role of 
a novel virus in human disease.
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DISCUSSION

Webster: There are potentially a vast number of, as yet, unidentifi ed viruses in 
the plant and animal kingdom. Viruses at the human–animal interface are usually 
identifi ed after a disease outbreak. How can we use the tools you describe to detect 
new viruses with zoonotic potential?
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Anderson: It is one of the underlying themes: what do we do, what can we do, 
and what do we do with the data when we get them? What we have focused on, 
and what the tools available allow us to study, is looking at pathogens in the con-
text of human disease. In the future, if the tools change and we have the right 
sets of specimens, then we could scan for new human pathogens in animals. 
Right now I don’t think we have the tools or the resources to allow us to do this 
effi ciently.

Osterhaus: If you want to go for new viruses in humans, why not make a proper 
inventory of what we have in animals? I think the way to go is to look for the gaps: 
those viruses found in related mammals that are not present or have not been 
found in humans. We should make an inventory of the holes or black spots. You 
have covered this with your systematic screen, where you have family based PCRs. 
This whole issue of syndromic surveillance, going for certain disease patterns in 
humans, could also be done the other way round. Take the viruses fi rst and start 
looking for those viruses that have not yet been found in humans.

Anderson: Our panviral PCR strategy covers this within the families that we 
know cause human disease. We haven’t gone back to the veterinary viruses which 
might show a different pattern. For example, there is a whole range of disease 
caused by parvoviruses in animals and it wouldn’t be surprising if some of these 
cause similar diseases in humans.

Holmes: The diffi culty of doing what you are saying is the prevalence issue. The 
number of animals you’d have to survey to pick up a RNA virus at a low prevalence 
is huge. Your chance of picking it up with no disease is limited. PCR wouldn’t 
work. It is very hard to get blood samples from wild animals so you’d need to use 
fecal samples. It’s hard to do in the absence of disease.

Osterhaus: I don’t think so. There is a real opportunity: look at how many animals 
are being brought into the USA in quarantine, for example. You could do a sys-
tematic survey there.

Holmes: Look at the statistics of it. The animal is infected for three or four days 
and this is when you get virus. If the prevalence is say 5% the number you’d have 
to survey is enormous.

Osterhaus: You can do serology, too. I think there is too little emphasis on wild 
and domestic animals.

Holmes: I agree, but using universal primers isn’t the way to do this. I would start 
with serology.

Osterhaus: I agree that serology is the way to go. Similar to the PCR screening, 
with serology there is a big challenge because we don’t have all the serological 
assays for all the viruses we’d like to cover. We should start with the animals. Tackle 
the source. Rob Webster will agree with me when I talk about birds, and others 
will agree when I talk about bats and other animal species.

Webster: I agree with Ab Osterhaus, we should tackle the animal source. One 
example is the infl uenza gene pool in wild birds, another is the paramyxoviruses 
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like Nipah and Hendra of bats that spread to pigs in Malaysia or horses in 
Australia.

Peiris: In bats, which are a important host for a number of viruses posing poten-
tial threats to human health including coronaviruses, we don’t have good ways of 
doing serology because we lack a good second antibody reagent for immunoassays. 
Using bats as an example, PCR screening using conserved primers uncovers lots 
of viruses. It is likely (though not yet formally proved by mark–recapture type 
experiments) that coronaviruses establish persistent infections in bats. Some 
viruses of course may be shed for a short period and we could be looking for a 
needle in a haystack by going for virus detection.

Another relevant question in relation to screening for viruses in animal popula-
tions is how do we prioritize what we fi nd? We might fi nd many, many viruses and 
on what basis do we prioritise which ones we need to focus on in relation to zoo-
notic risk?

Holmes: For hepatitis C, people have been looking for an animal reservoir for 
this virus for years, and have been unsuccessful. There is nothing that looks like 
hepatitis C in any other animal. I do a lot of work with dengue, and our knowledge 
of sylvatic dengue is miniscule. We have very few isolates of sylvatic virus, yet I 
would bet good money that there are many more serotypes present in nature that 
could emerge again. The fi rst thing to do is to change people’s consciousness. We 
need to do more horizon scanning of biodiversity in nature, but people aren’t 
funding this research.

Osterhaus: If you see how much money goes into upgrading hospitals when we 
have outbreaks, just a portion of this would make a big difference if we did some 
systematic screening by serology and PCR. In both domestic and wild animals it 
is important to do your syndromics surveillance: if you suddenly see mortality in 
wild species or certain disease signs spreading, this could be important.

Lai: Now we are detecting many new viruses because of the new techniques. 
But if we look at old data, there are many viruses that were isolated in the past but 
not characterized. For example, with coronavirus, people started to look for new 
coronaviruses in recent years after SARS and discovered NL63. Actually, in the 
early 1960s in the UK many coronaviruses were isolated using lung organ culture, 
and these were named OC1, 2, 3, 4 and so on. OC43 was studied as a prototype 
of coronaviruses because it grows well in culture. There are many human corona-
viruses that have already been isolated, and many of them may be new coronavi-
ruses, but we do not know because people haven’t carefully characterized them. 
In someone’s freezer somewhere there may be new viruses. If we have chances to 
characterise these, we may fi nd that we already have more viruses than we 
realized.

Su: I was involved in the diagnosis of our SARS cases. But after reviewing the 
pathology slides, we ruled out bacterial infection and then we focused on the viral 
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infection. I think the pathologist plays a very important role in providing the 
candidate pathogen in re-emerging infections. I don’t know what happened to the 
cDNA array used in the identifi cation of fi rst SARS case by US-CDC. Has it been 
marketed?

Anderson: I assume you are referring to the multiple array strategy that was used 
to identify a coronavirus in tissue culture inoculated with specimens from SARS 
patients. This system is a very effi cient way to identify a virus provided there is 
suffi cient RNA/DNA in the sample. In the case of SARS, the multiple array 
worked on tissue culture isolation material but not on primary clinical specimens. 
My major concern with the multiple array for virus detection is sensitivity. My 
understanding is that it requires around 3000 to 30 000 copies of template while 
a sensitive PCR can often be designed to detect 10 or fewer copies of the template. 
For the respiratory viruses, we often need the most sensitive assays for their detec-
tion in clinical specimens. Consequently, the multiple array assays would not be 
our choice until their sensitivity has been improved.

Osterhaus: That is the general issue. We have to combine classical strategies and 
new strategies. If we can grow the virus this makes things easier.

Anderson: The multiple array technology is a nice way to look at tissue culture 
isolation, but for some clinical specimens it is not suffi ciently sensitive.

Osterhaus: Unless you have diarrhoeal samples where there is enormous viral 
load, such as with rotaviruses.

Skehel: I’d like to ask about the bacterial contribution to the pathology. Is there 
anything known about the mechanism? Is it because of a secreted protease from 
the pneumococcus?

Anderson: My guess is that the virus predisposes to the bacterial infection rather 
than the other way around. There are some laboratory in vitro data showing that 
viruses can alter bacterial attachment and decrease local immunity and protection 
that may predispose to bacterial superinfection. Infl uenza virus infections are well 
recognized as predisposing to bacterial infection.

Skehel: Do you know about the prevalence of pneumococcus all the time in those 
sorts of patients?

Anderson: In young children, there can be a very high carriage of pneumococcus 
in the upper respiratory tract. Presumably RSV infection allows the bacteria to 
gain entry to the lower respiratory tract. In the study from South Africa there was 
a decrease in some categories of RSV LRI in vaccinated children compared to 
unvaccinated children, RSV pneumonia, compared to unimmunised children. 
There was also an increase in some of the other RSV-associated illness suggesting 
that pneumococcal vaccination protected from some RSV disease but may have 
increased the risk of other types of RSV disease.

Kahn: On the other hand, if you look at RSV bronchiolitis in children under 
two years of age, pneumococcal pneumonia as a complication is uncommon.
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Osterhaus: But if you look at otitis media in young children, the primary infection 
is probably always the viral infection.

Peiris: You addressed the advantages in molecular technology which are helping 
us to discover new viruses. But we are still stuck with the same cell culture tech-
niques of 30 years ago. The cells we use for virus isolation are no refl ection of 
what is found in the respiratory tract, or whatever tissue we are interested in. 
Should we be looking at this question more and consider using primary cell cul-
tures, or even differentiated primary cells for pathogen discovery?

Anderson: That’s a good point. We may be able to fi nd better tissue culture 
systems.

Osterhaus: The extreme of this would be using the appropriate animal model. If 
we use a monkey model we can reproduce the disease pretty well. The restriction 
here is that not all the human viruses will grow in primates, and in Europe we can 
no longer use higher primates.

Anderson: Some of the very early work on human coronaviruses included isola-
tion studies in human volunteers.

Osterhaus: There may be some ethical stumbling blocks involved here!
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Abstract. Despite the public health burden due to emerging viruses, little is known about 
the evolutionary processes that allow viruses to jump species barriers and establish pro-
ductive infections in new hosts. Understanding the evolutionary basis of virus emer-
gence, and whether generalities exist in this process, is therefore a key research goal in 
the study of infectious disease. Herein, I discuss the evolutionary biology of viral emer-
gence, set within the analytical framework of fi tness landscapes provided by population 
genetics, and the possible reasons why some viruses may be more likely to emerge than 
others. Particular emphasis is given to the complex interplay between rates of adaptive 
evolution, the ability to recognize cell receptors from host species with different levels 
of phylogenetic divergence, and the likelihood of cross-species transmission. Alarm-
ingly, there is still a lack of defi nitive data on many key aspects of viral emergence, par-
ticularly whether this process routinely requires adaptation to the new host species 
during the early stages of infection, or is in part a chance process involving the transmis-
sion of a viral strain with the necessary genetic and phenotypic characteristics. Systematic 
studies of genetic and phenotypic diversity within individual hosts, a critical aspect of 
viral fi tness, are particularly notable for their absence.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 17–31

The nature of emerging viruses

Emerging viruses have been a long-standing threat to public health. Since its fi rst 
description in the early 1980s, the human immunodefi ciency virus (HIV), the 
causative agent of AIDS, has infected hundreds of millions of people, a large 
proportion of whom have died. Despite our increasing understanding of this virus, 
around 4.1 million new infections occurred in 2005, 70% of these in sub-Saharan 
Africa (http://www.unaids.org/en). As an emerging virus HIV is not alone in its 
severe consequences for human morbidity and mortality. For example, while only 
8437 people (with 813 deaths) were infected by the SARS coronavirus in 2002–
2003, its global economic cost has been estimated in excess of $50 billion. Finally, 
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although at the time of writing there have been only 277 documented human 
infections with H5N1 avian infl uenza virus, resulting in 168 deaths, the toll of 
human disease could be enormous if the virus manages to evolve human-to-
human transmission and appropriate intervention is not forthcoming (Ferguson 
et al 2005).

Given the past, present and potential for emerging viruses to adversely affect 
human health it is clearly essential to determine the factors that enable viruses to 
enter and spread through new host populations, and why some viruses seem better 
able to emerge than others. This information may ultimately allow us to predict, 
at least in part, what types of virus may emergence in human population in the 
future, where such emergence is likely to occur, and what animal species are most 
likely to act as reservoirs.

At present, few generalities can be drawn about the evolution of viral emergence. 
The most transparent is that emerging viruses usually have their ancestry in related 
viruses that infect other animal species, so that viral emergence usually equates to 
cross-species transmission (Cleaveland et al 2001). For example, the origins of 
HIV clearly lie in the closely related viruses that infect chimpanzees (SIVcpz) in 
Central-West Africa (Hahn et al 2000). Similarly, although the ultimate species 
reservoir of SARS coronavirus is still unclear, related coronaviruses are commonly 
found in horseshoe bats (Li et al 2005).

If cross-species transmission is the key to viral emergence, and because humans 
interact closely with many animal species, then it must be that we are continually 
exposed to new viral pathogens. However, very few of these eventually establish 
themselves in human populations. Consequently, at each exposure event there is 
only a very small chance that the foreign virus will take hold. As such, we can 
defi ne three types, or stages, of an emerging infection: (1) those that ‘spill-over’ 
from a donor to a recipient host species with no onward transmission, (2) those 
that result in only local chains of transmission (‘outbreaks’) in the recipient host 
species, and (3) those that develop into a full-blown epidemic with sustained 
onward transmission in the new host species. A key issue in studies of viral emer-
gence is therefore to identify the factors that determine whether an initial infection 
will survive in a new host species and develop into a fully fl edged epidemic.

The population genetics of viral emergence

Until recently, most studies of viral emergence concentrated on the ecological 
factors that underpin cross-species transmission and epidemic spread. Such studies 
gave particular emphasis to how changes in human ecology, notably increases in 
population size, changes in land use and global travel, have been responsible for 
an elevated burden of infectious disease by increasing the proximity and/or density 
of host and/or reservoir populations (Morse 1995). In general, this work demon-



EVOLUTION OF VIRAL EMERGENCE 19

strates that successful emergence depends on two key ecological variables: the 
contact network of the recipient population and the likelihood of individuals 
within this population transmitting the virus. The number of secondary cases 
produced when a new virus is introduced into an entirely susceptible population 
is given by the basic reproduction number, R0. As individuals become infected, 
then recover or die, the proportion of susceptibles declines along with the number 
of secondary cases per infection, R. If R < 1, as is the case for most spill-over 
infections (stage 1 in the emergence process described above), an infection will 
not cause a major epidemic. However, when R > 1 a new infection may spread 
locally (emergence stage 2), with potential for further, more widespread epidemic 
transmission (emergence stage 3) (Kuiken et al 2006). However, such ecological 
studies are not aimed at identifying the common evolutionary processes that determine 
why R is <1 in most cases and >1 in a few. Indeed, explaining the spectrum of 
epidemic outcomes following exposure to a novel pathogen is perhaps the biggest 
challenge facing those studying emerging viruses. Consequently, it is critical to 
determine whether there are any general evolutionary rules governing the transi-
tion from spill-over to full-blown epidemic. In general terms, two models can be 
used to explain the evolution of viral emergence:

Model 1: adaptation in the new host species is the key parameter in viral emergence

In most discussions of viral emergence it is assumed that viruses have to adapt 
to successfully spread in a new species because, at the time of initial exposure, 
they lack many of the mutations that facilitate onward transmission (and human-
to-human transmission would be selectively favoured as it increases R). Adaptive 
evolution is therefore the process that takes viruses from epidemic stages 1 
through 3 as it elevates R to >1, therein allowing the establishment of longer 
chains of transmission (Antia et al 2003). This adaptive process is thought to 
occur during the short chains of inter-host transmission that might characterize 
the early stages of an epidemic (Antia et al 2003). Hence, those human viruses 
that have not developed sustained human-to-human transmission are simply those 
that have not fully adapted to our species (R < 1). Different host species can 
therefore be thought as representing different fi tness peaks on an ‘adaptive land-
scape’ of viral genomes, and in most cases traversing between these peaks—the 
process of cross-species transmission—is diffi cult because they are connected 
by valleys of low fi tness (Fig. 1). The more mutations required for a virus to 
move between peaks, the deeper the valley and the less likely that it can be 
crossed in a single step. As a case in point, direct adaptation seems to have been 
central to the emergence of dengue virus in humans (Moncayo et al 2004), of 
the canine parvoviruses (Shackelton et al 2005), and perhaps also of HIV 
(Schindler et al 2006).
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FIG. 1. Contrasting evolutionary models for the cross-species transmission of viruses. (A) 
The donor and recipient species represent two fi tness peaks separated by a steep fi tness 
valley. Multiple advantageous mutations (closed circles) are therefore required for the virus 
to successfully establish onward transmission in the recipient host species. (B) The donor 
and recipient species are separated by a shallower fi tness valley. This facilitates successful 
cross-species transmission as a smaller number of advantageous mutations are required. (C) 
When multiple mutations are needed for a virus to adapt to a new host these may evolve 
progressively in the recipient species. However, this necessarily requires some onward trans-
mission. (D) It is also possible that many of the mutations required to allow adaptation to 
a new host species were pre-existing in the donor species and transmitted simultaneously. 
This will accelerate successful viral emergence. (Figure taken from Kuiken et al 2006 Science 
312:394–397.)
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Model 2: exposure is the key parameter in cross-species virus transmission

A second model of viral emergence proposes that cross-species transmission 
simply requires the chance exposure of a virus to a new susceptible population, 
with little adaptive evolution, as the virus in the donor already possesses many of 
the mutations required to replicate and transmit in a new host. Under this model, 
the critical parameter determining if successful onward transmission will occur is 
the probability that the recipient population is exposed to a viral strain that, by 
chance, already harbours some of the mutations required for successful onward 
transmission. The successful emergent strains are therefore those that by chance 
are pre-adapted to cause productive infections in the new host species, so that the 
probability of emergence then becomes a function of the frequency of exposure. 
Of the multitude of RNA viruses produced by erroneous replication within an 
individual host, some, by chance, may possess those mutations that allow produc-
tive spread in a new host. Indeed, that the majority of emerging infections result 
in dead-end infections implies that even short-term transmission chains are diffi -
cult to establish for most viruses because they lack the necessary mutations. 
Further, for most emergent viruses it has been diffi cult to establish that cross-
species transmission is associated with direct adaptation. For example, although 
some studies suggest that SARS-CoV was subject to adaptive evolution during its 
early spread through humans (Yeh et al 2004), it is unclear whether this refl ects 
adaptation to the new host species or selection for immune escape after sustained 
transmission had been established.

Currently, arguments can be advanced for both models with little empirical data 
to choose between them. The debate over the potential emergence of H5N1 infl u-
enza A virus in humans provides an illustrative example. One factor that is essen-
tial (although not suffi cient) in determining whether avian infl uenza viruses are 
able to cause human epidemics are the sialic acid cell receptors found on cell-
surface oligosaccharides. All avian infl uenza viruses replicate in the gastro-
intestinal tract and bind to sialic acid in an α2,3-linkage to galactose, while human 
infl uenza viruses replicate in the respiratory tract and bind to sialic acid in an 
α2,6-linkage. Hence, the shift between sialic acid linkage is critical in enabling the 
switch from birds to humans and often involves changes at two amino acid resi-
dues in the viral haemagluttinin (HA). The key evolutionary question is therefore 
whether these mutations appear de novo in humans, in short transmission networks 
of people who initially suffer avian infl uenza, or if they pre-exist in the avian 
population so that emergence will occur if the appropriate strain is transmitted? 
Despite their undoubted importance, there is currently little data to determine the 
applicability of these competing models of viral emergence, particularly as intra-
host genetic diversity has rarely been examined in viruses causing acute infections, 
including infl uenza A virus.
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To determine which of these models of viral emergence best fi ts natural situ-
ations it is essential to conduct more intricate studies of viral genetic variation 
in both their donor and recipient species. In particular, if cross-species transmis-
sion routinely requires adaptive evolution, then the ability to jump species bound-
aries should be directly related to the extent and structure of genetic variation 
within a viral population. This would then explain why most emerging viruses 
are rapidly evolving RNA viruses and retroviruses (Cleaveland et al 2001, Wool-
house et al 2001, Woolhouse 2002). In contrast, DNA viruses are more often 
associated with a process of virus–host co-divergence that can extend many 
millions of years, perhaps because they often establish persistent infections and 
so can more easily track host evolution (Holmes 2004). Rates of nucleotide 
substitution for RNA viruses are usually in the realm of 10−3 to 10−4 substitu-
tions per site, per year (subs/site/year), whereas in DNA viruses rates of 10−7 
to 10−8 subs/site/year are usually more typical (Moya et al 2004). This elevated 
capacity for evolutionary change obviously allows RNA viruses to quickly gener-
ate the mutations that might be required to adapt them to new host species. 
The relationship between genetic diversity and emergibility further suggests that 
the closer the phylogenetic relationship between the donor and recipient species—
for example, humans and other primates—the more likely that the virus will 
already possess suffi cient mutations to allow cross-species transmission. In con-
trast, the more phylogenetically divergent the donor and recipient species, such 
as humans and avian species, then the more novel mutations are likely to be 
required to adapt the virus to new hosts (corresponding to the steep fi tness 
peaks in Fig. 1A).

Unfortunately, there are a variety of other factors that cloud the potentially 
simple relationship between high rates of evolutionary change and the ability to 
jump species boundaries. First, many aspects of the viral life-cycle need to be 
optimized to allow successful transmission among members of a new species. An 
important step for many viruses is the virus–host cell receptor interaction 
(Baranowski et al 2001). Because all viruses have an absolute dependence on the 
cellular machinery of their host for successful replication, the interactions between 
viral proteins and host cellular receptors constitute an important part of the 
viruses’ fi tness landscape, and is therefore an arena where selection will be potent; 
purifying selection is expected to act quickly against those strains that lack the 
mutations needed for receptor recognition. It has also been suggested that ‘general-
ist’ viruses, that infect a broad range of cellular receptors, may be more able to 
cross species boundaries than ‘specialist’ viruses that have a narrower tropism and 
therefore need to infect hosts that harbour the same cell types. Provisional analyses 
suggest that this is indeed the case, as viruses that utilize conserved cell receptors 
are more able to jump species boundaries than viruses that use genetically diver-
gent cell receptors (Woolhouse 2002).
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Second, while mutation clearly provides the raw materials for evolutionary 
change, it is the dual processes of genetic drift and natural selection that determine 
how viruses might respond to the challenges of replication in new hosts. As such, 
the rate of virus adaptation is not only determined by the overall rate at which 
mutations arise, but also by the fi tness of these mutations, particularly the propor-
tion that are advantageous in multiple hosts. Notably, although RNA viruses often 
show extremely high levels of genetic variation, it is likely that a large proportion 
of the mutations that arise within an individual host are deleterious (Elena & Moya 
1999, Sanjuan et al 2004a), so that only a small proportion of the total mutational 
spectrum will increase fi tness. Similarly, there is mounting evidence that mutations 
often show complex epistatic interactions, which can have major effects on the 
rate of adaptation (Sanjuan et al 2004b). Also, because an emergent virus will only 
infect one or a small number of individuals when it fi rst enters a new population, 
genetic drift is likely to play a major role in determining what viral mutations are 
fi xed in the early phases of emergence. The respective infl uences of drift and selec-
tion will be dependent upon the size of the population bottleneck that accompa-
nies viral transmission among hosts, itself a function of the mode of transmission, 
and whether this bottleneck is random, refl ecting a general reduction in viral 
population size, or selective, so that the loss of genetic diversity corresponds to 
the outgrowth of the fi ttest variant. However, there are currently few data for any 
virus on either the magnitude of the transmission bottleneck or whether it is 
neutral or selective in nature.

Third, it is now clear that there are important constraints in viral evolution, 
many of which will undoubtedly infl uence the process of emergence. The most 
obvious of these relate to mode of transmission. In particular, many emerging 
viruses are transmitted by arthropod vectors, which could potentially take blood 
meals from a range of mammalian hosts thereby facilitating cross-species trans-
mission. However, there is also an association between transmission mode and the 
ability of a virus to successfully replicate in the cells of a new host species; for 
example, both experimental and comparative studies have revealed that arbovi-
ruses are constrained compared to viruses transmitted by other mechanisms 
(Holmes 2003, Woelk & Holmes 2002, Zárate & Novella 2004). This effect is 
most likely due to antagonistic pleiotropy; mutations that increase fi tness in one 
host species reduce it in another and so move from the advantageous to deleterious 
class (and the greater the phylogenetic difference between these species, the greater 
these fi tness trade-offs are likely to be). More compelling is that although arbovi-
ruses are frequently associated with sporadic disease in humans, few are able to 
sustain long-term transmission networks (Woolhouse, personal communication). 
Hence, the intricate adaptive solutions required to replicate in divergent hosts, and 
the increase in the proportion of deleterious mutations this entails, may act to 
prevent many arboviruses from evolving sustained transmission networks in new 
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host species by reducing the effectiveness of adaptive evolution. A fundamental 
challenge for viruses is therefore that they require mutations that by adapting them 
to recipient host species, reduce their fi tness in the donor host. The nature of 
fi tness trade-offs, and how they affect the process of cross-species transmission, 
is therefore one of the most important questions in the study of emerging 
viruses.

Lastly, although high mutation rates are the engine of evolutionary change in 
RNA viruses, there is mounting evidence that genetic variability can be shaped, 
at least in part, by recombination (or reassortment). Because recombination can 
potentially increase fi tness by creating advantageous genotypes and removing 
deleterious ones, it might also be supposed that it plays a vital role in viral emer-
gence. In particular, recombination and reassortment will allow some viruses to 
acquire many of the mutations necessary for host adaptation in a single evolution-
ary step, and hence make a major jump in fi tness space. Similarly, the purging of 
deleterious mutations by recombination may free advantageous mutations from 
their low fi tness baggage, therein increasing the overall rate of adaptation. The 
evolutionary potential of recombination is perhaps best documented in the primate 
lentiviruses, such as HIV, which not only experience extremely high rates of 
recombination ( Jung et al 2002), but where this process has been directly associ-
ated with cross-species transmission (Bailes et al 2003). Similarly, the cross-species 
transmission of infl uenza A virus from birds to mammals is often associated with 
reassortment among HA and neuraminidase (NA) subtypes as well as other gene 
segments (Horimoto & Kawaoka 2005, Webby & Webster 2001).

However, while recombination may allow viruses to traverse the adaptive land-
scape faster than through mutation alone, the optimal epistatic interactions among 
genes are likely to be broken by recombination, and most recombinants, like most 
point mutations, are also expected to be deleterious. For example, as the infl uenza 
A virus HA and NA proteins both act on the sialic acid receptors on cells they 
may need to acquire complementary changes to enable the optimal use of the 
receptors in the new host species. Another reason to doubt the role played by 
recombination in viral emergence is that, other than in the retroviruses, recombi-
nation may not be a particularly common process in RNA viruses. Recombina-
tion appears to occur particularly sparingly in negative-sense RNA viruses (Chare 
et al 2003), most likely because their RNA is always encapsidated, which limits 
the rate of template-switching. As a number of emerging viruses have negative-
sense RNA genomes, this argues against recombination as a general process in 
viral emergence, although, of course, rare events like those generated by recombi-
nation may sometimes be critical in kick-starting the process of viral emergence. 
Overall, most of the available evidence suggests that recombination rates in RNA 
viruses are controlled by two factors; the ability of the virus in question to undergo 
template switching and the frequency with which multiple infections occur. 
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However, like so many elements of the study of viral emergence, in reality there 
are few data to choose among competing theories.

For the study of the evolution of viral emergence to come of age a number of 
key issues need to be addressed. Most notably, perhaps, a broader knowledge of 
the genetic and phenotypic diversity of viral populations sampled from within 
individual hosts is urgently required. Understandably, the study of acute RNA viral 
infections, which represent the most common type of emerging viruses, has tra-
ditionally focused on the study of single consensus sequences. By necessity, these 
sequences describe the average diversity of the intra-host viral population, masking 
a myriad of variable mutant sequences. Although the analysis of such consensus 
sequences is of great value for many aspects of molecular epidemiology, such as 
inferring the patterns and process of epidemic spread through populations, it is of 
less utility for the study of viral fi tness landscapes that are essential to understand 
how RNA viruses are able, or not, to successfully jump species barriers. The 
development of rapid, high-throughput, methods of DNA sequencing may there-
fore herald a new age in the study of both evolutionary biology and disease 
emergence.
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DISCUSSION

Webster: Let me ask you a question about H5N1: it has been around for 10 years 
now. If we use the rules you have been putting forward, can we relax?

Holmes: All I would say is that the H5N1 virus in 2007 is no more adapted to 
humans than it was in 1997. It is evolving in avian species and occasionally spills 
over into humans. It is not progressively picking up mutations that make it human 
adaptive. It doesn’t mean it won’t happen. To speculate about what is going to 
happen is foolish.

Vasudevan: Is that because there are not enough numbers?
Holmes: No, it’s because evolution is about rare events. It would be foolish to 

say it is not going to happen because it hasn’t happened for 10 years. We can’t make 
a probability distribution for it because we haven’t got enough information.

Osterhaus: It might be happening in the birds themselves. In the Netherlands, 
in 2003 one person died of a H7N7 virus that already had a number of mutations. 
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You pointed out that these viruses that are outliers represent evolutionary dead 
ends. They may be very important for intraspecies transmission.

Holmes: There is too much time and energy wasted on trying to predict what is 
going to happen. The critical thing is great surveillance. If I had a request as a 
user, it would be that we should look at intrahost genetic diversity in avian species 
more frequently.

Peiris: When you make the statement that the H5N1 virus now is no more 
adapted to humans than in 1997, do we know what mutations are required to make 
it more adapted?

Holmes: No.
Webster: We might want to go round the table and challenge the statement that 

it is no more adapted now.
Holmes: I have looked at the mutations that are supposedly defi nitive human 

ones and defi nitive avian ones. We see some of them coming up in a human trans-
mission cluster, but each successive bird we look at doesn’t have them again. These 
mutations are not selectively advantageous in birds.

Osterhaus: Hasn’t the pathogenicity for mammals in general changed since 
1997?

Holmes: I’m not the expert on this.
Su: With SARS coronavirus, I recall that there was a 29 nucleotide sequence that 

led to the jump from animal to human.
Holmes: I haven’t looked at SARS. We can think of evolution in a very simple 

way of ‘will it or won’t it adapt’, but we need to move beyond this. The parameters 
that shape what selection favours are more intricate than we might think. We are 
missing some of the critical data.

Peiris: You made an interesting point about the constraints between mutations 
and genome size, with a trade-off between the two. What about a virus with a 
segmented genome? Does this confer any difference to this?

Holmes: Segmented viruses are a bit longer but not hugely longer. They don’t 
break the rule. There appears to be a limit in RNA viruses for ORF size. We don’t 
see ORFs longer than 3000–4000 amino acids. Why are viruses segmented? I 
suspect segmentation is about controlling gene expression.

Osterhaus: Reassortment, too. This gives them versatility.
Holmes: If you are a segmented RNA virus you carry the same deleterious muta-

tion load as a non-segmented RNA virus. One of the classic theories of reassort-
ment in evolution is that it is there as a way of purging bad mutations. This doesn’t 
appear to work according to our data. Segmentation is about controlling gene 
expression and reassortment is a side-effect of this.

Osterhaus: Look at fl u. It is a virus that can sustain itself in different animal 
species also because it reassorts.
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Holmes: But the reassortment mostly breaks up good associations. This is the 
big evolution of sex question. As well as creating good things, reassortment also 
breaks up good things. This is the problem.

Smith: I’m interested in what you are saying about the internal nodes on the tree, 
and that the tip nodes are all deleterious. Where are the viruses that don’t have 
deleterious mutations? They must be on the tip, also.

Holmes: I think there is lots of complementation going on. Much of what is 
sequenced is deleterious. We see this in the NY state infl uenza data. For example, 
I have a big deletion in the neuraminidase, which is not a clone, but a consensus 
sequence. This is in a bit of neuraminidase that never varies, yet this deletion is 
there at high frequency. This must have been complemented. How RNA viruses 
survive their high error rate is to have a massive progeny number. This is their life 
strategy: a big population allows them to survive a high mutation rate.

Smith: We know from experiments that we are involved with in horses that there 
are a lot of deleterious mutations, but the consensus will blank those out, averaging 
things out. The consensus is not on average going to be a deleterious mutation. 
Those consensus sequences are the sequences at the tip of the tree.

Holmes: Yes, but some of them also contain deleterious mutations. Selection will 
take a while to purge deleterious mutations. What is sequenced in an individual 
host may be OK in that host, but in a new host it becomes deleterious since fi tness 
landscapes change so quickly. It can take a while for selection to purge something 
out.

Smith: In the times when pathogenicity is related to increased viral replication, 
for example the T249B substitution, because of the replication rate of the virus 
this substitution is being produced frequently. If it is purely a matter of replication, 
how come the T249B high replication rate mutant does not quickly become the 
dominant strain?

Holmes: That’s virulent in American crows. I don’t know what would happen if 
it is put in an old world crow species. Fitness is context dependent. It depends on 
what strain of host species you are in. You can’t generalize what is seen in American 
crows to what is seen in British starlings.

Lane: In a virus infection of this type, with a high frequency of the virus, how 
many cells are simultaneously infected with two different viruses with two differ-
ent sequences? With SV40 we have this problem of what we call inactive passenger 
virus. The virus always has to be complemented. When we isolate viruses from 
natural populations with DNA viruses, we always fi nd that they are a mixture of 
replication competent and replication incompetent viruses. This represents a bigger 
gene pool because we have material in which replication and recombination can 
take place, where you are actually carrying a larger density of variation as a popula-
tion. The implication of what you said is that the individual host is holding a pool 
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of varying viruses, and this is the infectious agent, not a single virus. Is that the 
case?

Holmes: Absolutely. The mutational dynamics guarantee that. When you are 
infected by a virus, it is not one particle, but a population. Mutation rates are so 
high and turnover is high, by defi nition you will have a population of viruses.

Lane: You have portrayed this virus as being right on the edge of being alive 
because the mutation load is so high. Is this why nucleosides are so effective as 
anti-retroviral therapies?

Holmes: Yes, there is a whole school of drug therapy based on this idea of taking 
the error rate over the error threshold. It works, at least in vitro.

Osterhaus: I’d like to challenge the dogma you started with about RNA viruses. 
being the cause of newly emerging infections. There are several examples of small 
(e.g. parvo-) and large DNA viruses. One example is Aujeszky’s disease which is 
a porcine virus that may cause an outbreak in cattle.

Holmes: I said ‘most’, not ‘all’.
Lai: You put the mutation rates for the DNA viruses in one range, and for RNA 

viruses in another. Is it true that in each category the mutation rates are the 
same?

Holmes: No. In general it is true. What is happening with the evolutionary 
biology of viruses is that the distinction between RNA and DNA viruses is becom-
ing greyer. There are a few cases where some RNA viruses are evolving very slowly. 
An example would be the simian foamy viruses where the replication rate is low, 
even though the error rate is probably normal. There are a couple of cases of small 
DNA viruses where single stranded ones are as fast as RNA viruses.

Lai: Classic studies by Peter Palese 20 years ago showed that when he compared 
polioviruses with fl u viruses, the fl u viruses had error rates 10 times higher.

Holmes: The range of error rates in those that use RNA polymerise are all within 
a log of each other. Retroviruses are lower: their transcriptase has a slightly higher 
fi delity, and the error rate is about a fi fth of the rate of RNA polymerise. But they 
are all way higher then DNA polymerises. A log is not much.

Kahn: One comment about the overlap between fi tness and pathogenesis: it 
seems to me that fi tness is the ability of the virus to replicate effi ciently in a host. 
This doesn’t necessarily correlate with pathogenesis. You gave the example of the 
West Nile virus proline substitution. Is there evidence that this proline substitution 
actually increases the fi tness?

Holmes: This site was the only one I found selected in the whole West Nile virus 
genome. It is increasing in frequency because it is advantageous.

Kahn: For many of the viruses we are talking about, humans are dead end hosts. 
Fitness may not be an issue for these viruses. How do you account for this in these 
viruses?
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Holmes: This is a big question in evolution: the evolution of virulence, and it is 
a complicated topic. The general idea is that there is a trade-off between virulence 
and transmissibility. There is an optimum virulence that enhances the transmissi-
bility of the virus. You don’t want to kill the host too quickly, but there needs to 
be enough virus to infect a new host. The West Nile virus is interesting because 
the American crows die quickly. I can’t understand why this is advantageous. My 
theory is that American crows are not the main reservoir species. Mutation is 
favoured in the reservoir species because it aids transmission, but a spin-off from 
this is that it kills the crows.

Osterhaus: Plus you will have selection in the crows. The American crows may 
eventually become like European crows. Your defi nition of fi tness there regards 
the individual, but a proper defi nition of fi tness should involve the whole popula-
tion and should include transmissibility as well.

Anderson: Early on in SARS there was evidence of adaptation in the S protein 
based on rate of change in the S gene. Later in the outbreak, the rate of change in 
the S gene decreased. Some of these changes probably improved its ability to rep-
licate in human cells and possibly its transmissibility. Does this mean a virus might 
reach some point in adapting to a new host when sequential mutations do not work 
but in some instances complementary mutations, which individually may be delete-
rious, are needed to move to the next level in improving its replication and/or 
transmissibility in a host. This could create a bottleneck and a perceived inability 
of the virus to continue adapting to a host. I wonder whether this is the case with 
H5N1? If sequential changes would lead to effi cient replication and transmission 
in humans, would it have occurred in the last 10 years by chance?

Holmes: That’s the sharp fi tness landscape. I don’t think SARS did this very well. 
Do we know that the adaptation seen early on in SARS wasn’t immune evasion 
rather than host adaptation? I don’t know how you can distinguish them.

Anderson: For SARS coronavirus, in vitro studies suggest it adapted to the binding 
to the human ACE2 receptor.

Holmes: In general, you are right. Compensating mutations are a real limiting 
step. You make every single mutation every few hours. Every double mutation of 
a particular pair takes far longer to get statistically. HIV CTL (cytotoxic T lym-
phocyte) escape is a good example of this. There are some CTL escape mutations 
that take many years to evolve. This is because individually this mutation destroys 
the fi tness of the capsid protein. For it to work you need two others to occur to 
restore this, and this needs to happen in the same mutation cycle. Even with the 
mutational power of RNA viruses this is a lot harder to do. We need to think about 
this epistatically; it is not simple additive fi tnesses.

Smith: Let’s go back to the 249 substitution and the hypothesis that the virus is 
going to adapt to American crows such that it doesn’t kill them quickly. We know 
that this substitution will occur frequently. Is it more the case, then, that the adap-
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tation is not that this substitution will not be seen, but that there would be adapta-
tions elsewhere in the genome that would make the substitution disadvantageous 
for some structural reason, so that if it does happen the virus is no longer going 
to be highly pathogenic or, potentially, not even viable.

Holmes: I agree. We need to think about the interactions between the genes and 
the sites. I don’t think we know this for any real system yet.

Smith: To look for positive selection, one would have to look everywhere but 
that site.

Holmes: In that case I looked carefully, and this was the only mutation that has 
that pattern. All the other old world West Nile viruses also had the proline at this 
position. It is the only region in the whole genome that has that pattern. In general, 
to understand fi tness we can’t just think of one mutation, but rather of all the epi-
static interactions.

Peiris: You mentioned that in terms of interspecies transmission, moving from 
a primate to a human is the easiest thing to do. But when we look at most of the 
emerging viral infections, very few have come from primates.

Holmes: I was talking about the genetics of adaptation. Genetically what I am 
saying is correct. We also have the ecology to consider, which is about exposure. 
We aren’t exposed to primates and their viruses.

Osterhaus: You talked about the host: the American crow and humans. You more 
or less take for granted that each is a homogeneous species. In reality, there are 
super-spreaders in the population. There is genetic diversity on the part of the 
host.

Holmes: You are correct: there are many places with dengue where we can see a 
particular strain of Aedes aeg ypti has allowed the virus to emerge. In northern 
Mexico there is a strain of this mosquito that doesn’t carry dengue, but in southern 
Mexico it does.

Osterhaus: There is also HLA diversity that may be largely driven by the pathogen 
burden.
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Abstract. Infl uenza viruses are classic examples of antigenically variable pathogens and 
have a seemingly endless capacity to evolve in order to evade the immune response. The 
degree to which immunity induced by one strain is effective against another is mostly 
dependent on the antigenic difference between the strains. Antigenic drift is thus both 
the root cause of the enormous public health burden of infl uenza epidemics, and a 
primary reason why the virus is such a fascinating pathogen from a scientifi c perspective. 
Antigenic cartography is a new technique that can be used to analyse binding assay data 
and to obtain a detailed quantitative visualization of antigenic differences among patho-
gens. We provide a brief summary of antigenic cartography and its use to analyse the 
antigenic drift of infl uenza A(H3N2) viruses in humans and swine.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 32–44

Antigenic cartography is the process of applying mathematical, computational, and 
statistical techniques to antigenic binding assay data to create antigenic maps 
(Smith et al 2004a). These are not maps in the strict geographical sense, but in a 
biological sense: they provide a spatial layout of assay components (virus strains 
and antisera in the case of infl uenza), allowing the precise measurement of dis-
tances and directions among components. This gives a visualization of the under-
lying data and, more importantly, provides a concrete mathematical foundation for 
the quantitative analysis of antigenic data.

Antigenic differences between infl uenza viruses are routinely measured using 
the haemagglutination inhibition (HI) assay. The HI assay is a binding assay based 

Novel and Re&hyphen;Emerging Respiratory Viral Diseases
Novartis Foundation Symposium 290, Volume 290. Edited by Gregory Bock  and Jamie Goode

Copyright   Novartis Foundation 2008. ISBN: 978-0-470-06538-9
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on the ability of haemagglutinin (HA), a surface glycoprotein of the infl uenza 
virus, to agglutinate red blood cells, and the complementary ability of animal 
antisera raised against the same or related strains to block this agglutination (Hirst 
1943). Thus an HI titre gives information about the affi nity of an antiserum for a 
virus strain. One can interpret a titre value as rough measure of distance between 
antiserum and the virus. Tables of HI data, comprising titres of multiple antigens 
measured against multiple sera are notoriously diffi cult to interpret quantitatively 
due to paradoxes and irregularities in the data. Diffi culties include some antisera 
being able to see differences between two antigens while other antisera cannot, 
and heterologous titres sometimes being higher than homologous titres. Previous 
methods used to analyse antigenic data quantitatively (Weijers et al 1985, Dekker 
et al 1995, Alexander et al 1997) have mostly been based on the methods of, or 
equivalent to, numerical taxonomy (Sneath & Sokal 1973). However, these methods 
sometimes give inconsistent results, improperly interpret data below the sensitivity 
threshold of the assay, and approximate antigenic distances in indirect ways. 
Lapedes & Farber (2001) introduced a geometric interpretation of HI data, that 
when combined with the methods of Smith et al (2004a) allowed the construction 
of antigenic maps from infl uenza HI data with a resolution of 0.83 (standard devia-
tion 0.67) antigenic units (each unit corresponds to a twofold dilution of antiserum 
in the HI assay) and a correlation between predicted and measured values of 0.80 
(P << 0.01).

Antigenic maps can be constructed in any number of dimensions and with any 
metric; for example, in a two dimensional plane, a 3D space, or spaces with higher 
dimensionality. Surprisingly, the HI data for human infl uenza subtype A(H3N2) 
allow accurate placement of strains and antisera into a 2D plane—the antigenic 
maps are just like the normal geographic maps that we are accustomed to reading, 
and so the HI data can be easily visualized. The visualizations provide a simple 
and intuitive way to assimilate large quantities of data.

Plate 1 is an antigenic map of 35 years of antigenic evolution of infl uenza 
A(H3N2) virus, from its emergence in humans in 1968 until 2003. This map was 
generated from a subset of the HI data measured from viral isolates collected as 
part of routine infl uenza surveillance in The Netherlands. Virus strains are shown 
as coloured shapes, and antisera as open shapes.

The map reveals both high-level and detailed features of the antigenic evolu-
tion of infl uenza A(H3N2) virus. The strains tend to cluster, like an archipelago 
of islands, rather than forming a continuous antigenic lineage, and the order of 
clusters, reading down the map, is mostly chronological, from the original Hong 
Kong 1968 cluster to the recent Fujian 2002 cluster (Smith et al 2004a, b). Each 
cluster is approximately the same size, the distances between clusters are fairly 
consistent, and the viral HA has drifted at approximately the same rate from 
1968 to 2002.
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Though the antigenic evolution of infl uenza A(H3N2) virus appears clustered, 
the genetic evolution of the virus appears gradual and continuous, suggesting that 
some amino acid substitutions have little antigenic effect (Smith et al 2004a). In 
analysis of the amino acid substitutions that defi ne antigenic clusters it appears 
that a minority of amino acid substitutions contribute disproportionately to anti-
genic change.

Since 1982, the genetic evolution of swine and human H3N2 viruses, in terms 
of nucleotide and amino acid substitutions, have occurred at approximately the 
same rate (Smith et al 2004a, de Jong et al 2007). However, in sharp contrast, the 
rates of antigenic change of swine and human H3N2 viruses were very different. 
While human H3N2 viruses have evolved at a rate of about 2.0 antigenic units per 
year since 1982, swine H3N2 viruses have evolved more than six times as slowly, 
about 0.3 antigenic units per year (de Jong et al 2007). Thus, compared to human 
H3N2 viruses, swine H3N2 infl uenza viruses have accumulated many more nucle-
otide and amino acid substitutions in HA1 that had little effect on the antigenic 
properties of the virus (Plate 2).

Because of the short average life span of pigs, swine infl uenza virus evolution 
may be determined to only a limited extent by immune pressure, the driving force 
of antigenic drift of infl uenza viruses in humans. Whereas the human H3N2 virus 
requires frequent antigenic changes of HA to ensure that a suffi ciently large pool 
of immunologically susceptible hosts is available, the vast majority of pigs are killed 
at the age of 6 months, so the susceptible pig population is continuously renewed, 
limiting the build-up of immune pressure. Only adult sows used for breeding live 
long enough to experience more than one infl uenza season, and thus, we speculate 
that these animals are essential for the endemicity of swine infl uenza viruses and 
may create some degree of immune pressure, leading to the (slow) antigenic 
drift.

Antigenic cartography is now routinely used in the human infl uenza vaccine 
strain selection process at the World Health Organization and has also been 
applied to avian and equine infl uenza viruses, rabies virus, and malaria parasites. 
There are no assumptions that limit the use of this methodology to the analysis 
of infl uenza virus and HI data, or infectious disease data—theoretically anti-
genic cartography could be used for any receptor–ligand system. Free and open 
source antigenic cartography software will be available from http://www.antigenic-

cartography.org.
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PLATE 1. An antigenic map of infl uenza A (H3N2) virus from 1968 to 2003. The relative 
positions of strains (coloured shapes) and antisera (uncoloured open shapes) were adjusted such 
that the distances between strains and antisera in the map represent the corresponding HI 
measurements with the least error. The periphery of each shape denotes a 0.5 unit increase in 
the total error; thus, size and shape represent a confi dence area in the placement of the strain 
or antiserum. Clusters were identifi ed by a k-means clustering algorithm and named after the 
fi rst vaccine strain in the cluster—two letters refer to the location of isolation (Hong Kong, 
England, Victoria, Texas, Bangkok, Sichuan, Beijing, Wuhan, Sydney, Fujian) and the two digits 
refer to year of isolation. Strain colour represents the antigenic cluster to which each strain 
belongs. The vertical and horizontal axes both represent antigenic distance, and, because only 
the relative positions of antigens and antisera can be determined, the orientation of the map 
within these axes is free. The spacing between grid lines is 1 unit of antigenic distance—
corresponding to a twofold dilution of antiserum in the HI assay. (Figure reprinted from Smith 
2004a, with permission.)
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PLATE 2. Antigenic and genetic maps of swine and human H3N2 viruses. The relative 
positions of strains (coloured spheres) and antisera (not shown) in the maps were computed 
such that the distances between strains and antisera represent the corresponding HI measure-
ments with the least error. Because only the relative positions of antigens can be determined, 
the orientation of the map within the axes is free. A two-dimensional map was generated on 
the basis of 20 HI tables, which included 30 ferret antisera and 48 infl uenza H3N2 viruses 
(A). The same analysis was repeated for the same strains to allow antigens and antisera to be 
positioned in a three-dimensional space (B). For the strains shown in panels A and B for which 
the HA1 amino acid sequence had been determined, a genetic map was generated based on an 
amino acid Hamming distance matrix (C). The colour-coding of the viruses is the same in the 
three maps, and is explained in the lower right panel. (Figure reprinted from de Jong 2007, 
with permission.)
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DISCUSSION

Webster: You have been successfully making predictions about human seasonal 
infl uenza for which strains of H1N1, H3N2 or B to use in infl uenza vaccines. 
There are approximately four distinct H5N1 viruses circulating in different parts 
of the world, can you predict which clade or subclade will successfully spread in 
humans?

Smith: We are not predicting where the evolution is going to go. In the prediction 
experiments I showed we were predicting HI titres, not predicting which new 
strains are going to emerge. If we’d never measured the titre between this serum 
and this antigen, we would be able to predict what the titre is from the antigenic 
map.

Osterhaus: What you are measuring is evolution in birds, not in humans. There 
is no selective drive in humans. Then it is important to look at the different 
bird populations for pre-existing immunity, again stressing how important it is 
to look in the bird population, not only at the viruses but also at their immunity 
level.

Smith: We don’t know whether or not this evolution is being selected for by 
immunity. These antigenic changes may just be hitch-hiking along with other 
changes of the virus as it goes from host to host.

Osterhaus: Why has the virus become so rapidly evolving? Until 2002 nothing 
was happening. Is it because of spread?

Smith: There is a lot more spread. We do not know if that is the cause.
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Skehel: You have much more H5 than you ever have had in circulation, so the 
possibility for subsequent infections is higher. There are more viruses around.

Osterhaus: If you do systematic surveillance, 10–20% of your birds may be posi-
tive for AI. These viruses may be replicating faster, but they are also dead ends. 
There has always been a lot of H5.

Skehel: Not at this level. You have been isolating H5 in all these countries Do 
you think it is just that surveillance has increased to show this?

Osterhaus: Low-path viruses are there all the time.
Kawaoka: Not at this magnitude.
Osterhaus: We see peaks now with high-path H5, but H5 and H7 have been there 

all the time.
Kawaoka: All the time, but not at this magnitude.
Osterhaus: The magnitude we see is only high-path; the low-path have always 

been under the radar screen in the wild birds. I am talking about wild birds only 
here.

Holmes: Do you have any sense for what the rules are for how the virus moves 
across the antigenic surface? What are the governing principles for this antigenic 
drift? Take human H3N2, do you have any notion it turns one way or another?

Smith: This is one of the things we are investigating. If the virus is evolving to 
keep away from prior immunity, then the best way to get away from it is to keep 
going in a straight line. Sometimes when we look at the evolution of H3, it will 
make a turn. There are some hints from those turns about what is going on. I 
pointed out that the Beijing 89 cluster was an evolutionary dead end. This cluster 
transition was caused by a single substitution, N to K at 145. But this was a dead 
end: the virus didn’t evolve from that. However, it went on to another cluster, and 
then went off in the same direction again. It did N145K again but with three or 
four other substitutions.

Holmes: What does the NA do at the same time?
Smith: We don’t know what the NA is doing.
Osterhaus: There is also T cell immunity and fi tness. There are many other 

factors.
Smith: There are also potential issues with the stability of the haemagglutinin. 

Perhaps the virus can’t continue to evolve from that place, and that particular 
natural experiment, going into a dead end and going through it again, is indicative 
of the fact that perhaps some of those co-mutations are required.

Skehel: In terms of your vaccine recommendations, have you looked at how they 
did in the past? There were some mistakes. Would you have made the same mis-
takes with the reagents available at that time?

Smith: Most of the vaccine missmatches had to do with viruses not being avail-
able at the time of vaccine strain selection. The Fujian update for example. There 
are very good explanations for the most missmatches.
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Skehel: In fact, the vaccine recommendations were doing fi ne without your 
analysis.

Smith: Yes. Using antigenic cartography we have the opportunity to do fi ner-
grain analyses, with higher accuracy. For example we can look at the evolution 
within an antigenic cluster, whereas previously the resolution of the assay has only 
been enough to tell the difference between clusters. This increased resolution 
provides the opportunity to fi gure out the evolutionary dynamics and move from 
tracking the evolution to potentially predicting it. We can also do things such as 
control for avidity differences algorithmically.

Skehel: Does the work that Stephen Fazekas (Fazekas de St Groth 1978) has 
done on the so-called absorption mutants still fi t into your interpretation of these 
different titres?

Smith: I would say that it doesn’t. If there really is just a simple geometric inter-
pretation like this, it just says that in some cases the antigen that is used to infect 
a particular bird can end up in different positions in the map. We don’t know the 
immunological basis for this.

Skehel: I thought Fazekas did know. His version on the binding story was that 
there was a mutation in the receptor binding site that was infl uencing receptor 
binding. In the competitive binding assays that are used, you could get those sorts 
of differences in higher titre or lower titre depending on the particular strain, just 
because it is a competitive assay.

Webster: He was wrong. That didn’t work.
Smith: There are some other things that are a little bit like that. For instance, 

some sera turn out to be non-discriminatory sera. One might have said that these 
two middle sera here would be non-discriminatory. In many cases there might be 
situations like that going on, but what we would predict from this geometric inter-
pretation is that this serum can’t see the difference between these three clusters, 
but if there were a virus that was down at a lower point the sera would be able to 
see the difference.

Anderson: In your prediction model, how many sera do you need to get good 
predictions? Do you increase the reliability of your predictions with increasing 
number of sera, provided that they are appropriately spaced (i.e. distinct antibody 
responses)?

Smith: Yes. There is a direct analogy here with things like GPS navigation. You 
want to triangulate with things that are nicely spaced. For a two-dimensional anti-
genic map like this, all you need is three sera that are well spaced. We have taken 
large HI tables and 15 sera, made antigenics, and selected a much smaller number 
of sera that are well spaced and the antigenic maps remade with these are almost 
exactly the same. More sera are only better if they are better spaced.

Anderson: Does this allow a simpler way to defi ne antigenic change in infl uenza 
virus?
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Smith: This is the simpler way to defi ne antigenic differences between isolates. 
By just looking at the HI data one can get led astray by what looks like paradoxes. 
If we look just at the raw HI data we can have a strain in one place that has the 
same titre to a serum as a strain somewhere else. One needs to shift from looking 
at the data in a tabular fashion to looking at it geometrically.

Wood: One of the problems in comparing HI data from different labs, particu-
larly HI data looking at animal fl u viruses, is that some labs use ferrets, others use 
chickens and others use rabbits. Can your technique make it a more level playing 
fi eld so we can compare data using sera from different species?

Smith: It allows us to test whether or not the antigenic maps made with ferret 
data give a similar relative position to the antigens to antigenic maps made with 
hyperimmune rabbit data. My colleague, Ron Fouchier, has done exactly this with 
the H5 antigenic map. Maps are made with different sera and then we look to see 
how similar the positions of the antigens are in those maps. We fi nd that for 
hyperimmune rabbits, ferrets and ducks we get almost exactly the same antigenic 
maps. We have also tested these H5 maps to see whether using horse erythrocytes 
or turkey erythrocytes makes a difference: we fi nd the maps come out the same. 
However, in the situation with strongly adjuvanted vaccination, if we have a very 
broad response we fi nd a twofold difference is going to be a much larger distance 
in the antigenic map. Thus, there are some sera where one needs to have a different 
scale.

Osterhaus: The whole issue of fi tness is important. If we look at recent epidemics, 
we see that the H3N2 in humans becomes really wimpy. Has it exhausted its pos-
sibility to make all these escapes, or is it at the border of what the virus can do, 
and this is its limit

Smith: Presumably, there is some loss of intrinsic fi tness when one makes a 
cluster transition. If there weren’t, the virus would just evolve more quickly. The 
fact that it doesn’t evolve more quickly is a major puzzle in terms of the emergence 
of new clusters.

Holmes: H1N1 has been around since 1977. Have you looked at the maps for this 
as well?

Smith: Not in detail. In terms of the epidemiology it is getting wimpier, but I 
don’t know whether it is in terms of severity of disease. The mortality numbers 
seem to be coming down. But the rate of evolution hasn’t changed over the years. 
The virus is potentially losing intrinsic fi tness, but the gaps between clusters and 
the average amount of time between them is not changing. Surprisingly to us, it 
has not changed as a result of vaccination.

Webster: Are these fl u viruses becoming wimpier? Is there a mechanism for 
becoming wimpy?

Kahn: There are certainly examples of pandemic fl u viruses disappearing, such 
as H2. Does this model explain that at all?
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Smith: The model I described is just representing antigenic differences among 
strains. If there were an assay for some other aspect of fi tness, then one could 
make maps on wimpiness as well. In this particular assay we are looking at HI 
titres, so it isn’t measuring fi tness.

Anderson: John Wood, you raised the issue of the diffi culty in comparing data 
from one sera to another sera. Derek Smith, your data suggest that if the sera are 
appropriately selected, then it shouldn’t matter. Does this mean that the analysis 
and interpretation of the data is the issue?

Smith: HI tables from two different labs can look quite different.
Wood: That’s why I made the point.
Anderson: It may be that this type of analysis would solve some the problems in 

comparing data between laboratories.
Smith: If one looks not in H5 where there are multiple species involved, but 

in terms of H3, we would predict that two tables that look very different in 
terms of titres would actually produce antigenic maps in which the relative posi-
tions of the antigens were the same, but the positions of the sera came out dif-
ferently. Imagine the differences in the Dutch citiers example in my talk. If you 
chose a different set of reference points, the distances would all look different. 
But once you make the maps the positions of the cities would be the same but 
the reference points would differ.

Osterhaus: Even if you make mistakes they will be equalized because you have 
so many reference points.

Smith: Yes, that is also true within one map. The other test by fi re of this method 
is that we process data from four WHO infl uenza collaborating centres. We ask 
how the data compares among the four centres, and we also compare these with 
the data collected in The Netherlands. The maps agree well.

Skehel: In the overlap and the selection of three sera, as you suggest, you could 
easily throw away information that might be apparant to an expert interpreting a 
group of HI tables.

Smith: If there is information in more sera than just three, the antigenic maps 
would come out differently. When there are more sera, although the titres look 
somewhat arbitrary, the data are all interconnected. They can be reduced in the 
case of H3 to something that is two dimensional.

Skehel: Do you get into debates with the people who are making the recom-
mendations on the relative value of your maps versus their interpretation of HI 
data?

Smith: We agree shockingly well. John Wood and I both sit on this committee.
Wood: It seems as though the experts can make these maps in their heads!
Webster: At the last of those meetings there was an argument about H3N2, and 

whether they were going to become more Nepal-like, or stay with California. What 
is it doing?
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Smith: Since the last strain selection meeting there has not been a jump to Nepal-
like viruses, but to a different cluster.

Webster: Can you predict the future?
Smith: One of the main focuses of our research is to try to fi gure out just how 

predictable the evolution is. Is it predictable at all? It may not be. We now have 
one extra view on the evolution. For some years we have had the genetics, but we 
now have a couple of extra things that can be added to that. One is the quantifi ca-
tion of antigenic relationships. The other is looking at the selection pressures on 
the virus with the sort of sera that have been collected by people like John Wood  
to try to see what the immune pressures are on the virus. If those pressures are 
the most important thing, it is possible that the evolution will be somewhat pre-
dictable. It is a little like predicting the weather. It is easier to predict short range 
than long range weather. We know there are aspects that are predictable. The great 
thing about infl uenza is that there have been a lot of data collected over many 
years, so one can take a data set up to a particular moment and then see how good 
prediction is from that point. There are excellent data going back 40 years for H3 
which gives us the opportunity to test any predictive methods.

Holmes: There is one extra bit of complexity. You mentioned the genetics: what 
has been missing is the genomics. We have the whole genome story going back to 
1992. Every single cluster jump from Beijing 1992 onwards has had a reassortment 
event co-occurring. This doesn’t mean to say that this is the cause of it; they occur 
all the time. But what is happening is that the HA and NA genes are getting put 
in different genetic backgrounds all the time.

Osterhaus: Do you see them more frequently?
Holmes: I can’t answer that. Again, I am not saying this is the cause. But the 

genome data are telling us that this virus reassorts continually. The HA is jumping 
around in different genetic backgrounds. This may explain the complicated path-
ways it is taking through space. If we add genome data, then we are a lot closer to 
making a predictive tool.

Peiris: I’d like to return to the issue of the ‘wimpiness’ of the virus. When we 
look at antigenic changes, it is progressively changing fairly evenly. But for the last 
5 or 6 years those of us who are trying to do clinical trials on fl u don’t have enough 
fl u in humans to do the trials on. Since the A/Sydney/5/07 drift variant emerged 
in 1997/8, there hasn’t been a really major outbreak of fl u. Have there been no 
reassortments over the last few years?

Holmes: The Fujian Californian jump was a genome-wide selective sweep. A 
whole new segment swept through the population at that time. Genetically that is 
a big change, and trying to translate it to fi tness is complicated. This virus is reas-
sorting all the time.

Peiris: How did the amantadine resistance mutation get fi xed in human fl u 
viruses so rapidly across the world?
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Holmes: I have a theory: I think it was linked. There was a four by four segment 
reassortment event involving the amantadine resistant lineage. This mutation was 
probably fi xed by hitchhiking with something else.

Osterhaus: What is the selective advantage there?
Holmes: That is a good question. This mutation has been fi xed extremely quickly 

in countries that don’t use amantadine often, so there is no selection process for 
it. It is a marker for something else. The genesis of that resistant lineage is by reas-
sortment, which allowed it to get somewhere in evolutionary space it wasn’t before, 
and something there is increasing the fi tness.

Anderson: You could almost think of this line as an evolutionary blind alley. It 
is forced down an alley, and is accumulating antigenic change in a forced direction. 
This leaves it facing a brick wall where opportunities for lethal mutations are 
higher than advantageous mutations. Is that why H2N2 died out?

Holmes: I’m guessing that H2N2 died out because it was outcompeted. You are 
only low fi tness if there is something of higher fi tness competing with you. Fitness 
is dependent on competition. I think H1N1 and H2N2 are interesting: H1N1 has 
been around for a long time at low frequency. It is hanging around.

Skehel: The idea that fi tness changes with receptor binding was put forward by 
Anne Underwood a long time ago (Whittaker & Underwood 1980). Her idea was 
that because the antigenic sites surround the receptor binding site, the introduction 
of substitutions in those regions compromised receptor binding increasingly with 
time during the pandemic. She presented reasonable HI data for this.

Osterhaus: Given that each year only 10% gets infected, how can the selective 
advantage be imagined? I would say it is T cell immunity.

Holmes: It can only be immune driven. The only trait that has continued to 
change since 1968 on a regular basis must be something that is immune driven.

Smith: When we look in pigs there is almost no antigenic evolution. There is no 
build up of immunity in the population.

Holmes: I can’t believe any trait would change that quickly to select rapid evolu-
tion apart from immunity.

Lane: What about global air travel frequency as a way of creating a bigger global 
pool of immunity? Is it Ryanair that is saving us, making fl u less virulent?

Smith: I think that’s a great point.
Osterhaus: Flu goes all over the world anyway.
Su: Our government in Taiwan decided to produce its own infl uenza vaccine 

based on locally identifi ed strains. This is on the basis of surveillance data which 
show that the strains circulating in Taiwan are always two years ahead of the WHO 
strains.

Smith: One of the great things about the global network is that we have data 
from around the world. We do see heterogeneity. We are actively looking at that 
spatial information.



44 SMITH ET AL

Su: The data have been published (Shih et al 2005).
Tambyah: Has there been any impact of the use of antivirals on genetic or anti-

genic evolution? In Japan they are used very widely (Hatakeyama et al 2007).
Smith: We don’t see any unusual patterns in the Japanese data. They seem to be 

tracking everywhere else in the world. I’d like to ask about the evolution of H5 
and what might be driving that. Perhaps there is now the opportunity for birds to 
be reinfected, so there is a selective advantage for viruses that move. How much 
vaccine use is there, and might this be driving evolution?

Webster: It is antibody driven, but also this virus is moving between hosts at a 
grand rate. There are mammalian hosts and a huge number of avian hosts. Even 
within the same host it is changing. It is also reassorting like crazy.

Holmes: There is also segmental adaptation.
Webster: The chances are that the poor vaccines that are being used in poultry 

in some areas are driving it too, but I suspect it is a combination of factors.
Peiris: I think there’s another issue. You mentioned that the early H5 viruses 

have not changed much. All the low path H5 viruses circulate in duck populations. 
Those high-path H5 outbreaks in poultry that have emerged in the industrialized 
world have been rapidly contained. There has never been such a prolonged Hi-path 
avian fl u outbreak like this, one that has been going on for 10 years and which is 
so geographically widespread. This has allowed the virus the opportunity to diver-
sify. You are seeing different populations of virus becoming dominant, and then 
you have more human cases in a geographic area. This may contribute to the 
diversity you are seeing. The fact that we have seen this unprecedented outbreak 
over a decade of a particular lineage of H5 has allowed an extent of diversity that 
has never happened before.
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Abstract. Infl uenza virus outbreaks, on a local or global scale, present a continuous risk 
to humans. This risk has increased with the fi nding that avian infl uenza viruses can 
transmit directly to humans and cause high mortality rates. Major efforts are, therefore, 
underway to better understand the pathogenicity of infl uenza viruses. Classic virology, 
reverse genetics, pathology studies and microarray approaches have revealed that aber-
rant immune-related gene responses may account for the unprecedented pathogenicity 
of the ‘Spanish infl uenza’ virus that killed an estimated 40 million people in 1918/1919. 
Infl uenza virus outbreaks can be controlled by vaccines and/or antiviral compounds. In 
the event of another pandemic, the effi cient production of vaccine viruses will be critical. 
Current vaccine candidates to highly pathogenic avian H5N1 viruses do not grow effi -
ciently in embryonated chicken eggs. Here, we present strategies for improving the 
growth of such vaccine candidates. We also discuss the recent emergence of resistance 
to neuraminidase inhibitors, including neuraminidase-resistant H5N1 viruses and 
highlight how, in a pandemic situation, current antivirals may provide only limited 
protection.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
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Infl uenza viruses are one of the leading causes of respiratory disease in humans 
(for reviews, see Palese & Shaw 2007, Wright et al 2007). Typically, infl uenza 
epidemics in humans are caused by viral variants with point mutations in their 
haemagglutinin (HA) and neuraminidase (NA) proteins that allow the viruses to 
escape the immune response (antigenic drift); worldwide epidemics (pandemics) 
are caused by viruses with novel HA (or HA and NA) subtypes (antigenic 
shift).

The in toto introduction of avian infl uenza viruses into human populations was 
long considered a negligible risk; however, two major events exemplify the poten-
tial for just such an event. First, the ‘Spanish infl uenza’ of 1918/1919 was caused 
by an avian infl uenza virus that directly or indirectly transmitted to humans. 
Second, the emergence of highly pathogenic avian H5N1 infl uenza viruses, which 
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fi rst caused an outbreak in humans in Hong Kong in 1997. Over the past decade, 
these viruses have become enzootic in poultry populations in Southeast Asia, 
spread to Europe and Asia, and continue to infect humans with a mortality rate 
that exceeds 50%.

Two countermeasures exist to combat infl uenza virus outbreaks—vaccines and 
antivirals. Vaccines can be classifi ed as either inactivated or live attenuated. 
Inactivated vaccines contain the HA and NA genes of the circulating wild-type 
viruses chosen for vaccine production, and all or some of their remaining genes 
from the A/Puerto Rico/8/34 (PR8, H1N1) virus. The PR8 virus genes allow 
effi cient vaccine virus growth in embryonated chicken eggs. After chemical 
inactivation, the vaccine is administered as a split or subunit vaccine. Like inac-
tivated vaccines, the live attenuated vaccines currently available in the US possess 
the HA and NA genes of the circulating wild-type viruses chosen for vaccine 
production; however their remaining genes come from the attenuated A/Ann 
Arbor/6/60 (H2N2) or B/Ann Arbor/1/66 viruses, whose internal genes provide 
the cold-adapted, temperature-sensitive, and attenuated phenotypes. Vaccine pro-
duction typically takes 3–6 months after the selection of the vaccine strains. In 
the event of a pandemic, antivirals would therefore be the fi rst line of defence. 
Two classes of antiviral compounds are available for human use—ion channel 
inhibitors, such as amantadine and rimantadine (which are effective against 
infl uenza A viruses only), and neuraminidase inhibitors such as Tamifl u® (osel-
tamivir) and Relenza® (zanamivir) (which are effective against infl uenza A and 
B viruses). In treated patients or cell culture experiments, infl uenza A viruses 
rapidly acquire resistance to ion channel inhibitors. Indeed, a large percentage of 
currently circulating human infl uenza A viruses (Bright et al 2006) and some 
H5N1 viruses are now resistant to amantadine and rimantadine (Cheung et al 
2006). Hence, ion channel inhibitors are no longer a reliable weapon in the fi ght 
against human infl uenza. Recently, variants with increased resistance to neur-
aminidase inhibitors have also been reported (de Jong et al 2005, Kiso et al 2004, 
Le et al 2005).

Here, we summarize our efforts to better understand and control infl uenza 
viruses by deciphering the determinants of pathogenicity, developing improved 
vaccines, and studying the emergence of variants with increased resistance to 
neuraminidase inhibitors.

The ‘Spanish infl uenza’ virus—decoding a deadly secret

The ‘Spanish infl uenza’ is the deadliest infectious disease recorded in human 
history and reduced the life expectancy in the USA by more than 10 years. The 
causative virus was only recently made available when Taubenberger and col-
leagues isolated pieces of viral RNA from tissue samples and corpses of victims 
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of the ‘Spanish infl uenza’ (Basler et al 2001, Reid et al 1999, 2000, 2002, 2004, 
Taubenberger et al 2005). Amplifi cation of these fragments by RT-PCR yielded 
the genetic information of all eight segments. Based on this information, the 
‘Spanish infl uenza’ virus was recreated by reverse genetics (Tumpey et al 2005), a 
technology for the generation of infl uenza viruses from cDNA (Neumann et al 
1999). The reconstituted virus was highly pathogenic in mice and embryonated 
chicken eggs and grew to high titres in human bronchial epithelial cells (Tumpey 
et al 2005). Microarray studies of infected mice showed increased activation of the 
genes that regulate the host immune response (Kash et al 2006).

To better understand the pathogenicity of the ‘Spanish infl uenza’ virus, we also 
generated ‘Spanish infl uenza’ virus and tested it in cynomolgus macaques (Kobasa 
et al 2007). A contemporary human virus of the same subtype (A/Kawa-
saki/173/01; H1N1) served as a control. Infection of nonhuman primates with the 
reconstituted 1918 pandemic virus or the contemporary human virus caused mac-
roscopic pathologic changes that were limited to the lungs. A prominent charac-
teristic of lungs infected with ‘Spanish infl uenza’ virus was antigen in plump 
alveolar cells. These cells desquamated into the alveolar space. By day 6–8 postin-
fection, the lungs of animals infected with the contemporary human virus began 
to heal, evidenced by thickening of the alveolar wall and the absence of viral 
antigen. By contrast, in animals infected with the pandemic virus, severe lesions 
were observed by day 6–8 postinfection. There was also extensive oedema and 
haemorrhagic exudate, as was reported for patients who succumbed to the ‘Spanish 
infl uenza’. These pathological fi ndings correlated with microarray studies that 
revealed signifi cant differences between animals infected with the pandemic versus 
the contemporary human strain. In particular, the ‘Spanish infl uenza’ virus caused 
sustained high levels of immune-related genes, such as cytokines and chemokines, 
which were not seen with the contemporary human virus (Kobasa et al 2007), 
suggesting modulation of the host immune response. Hence, an aberrant immune 
response may explain, at least in part, the severity of the ‘Spanish infl uenza’ virus 
infection. Future studies will include a more detailed analysis of the host immune 
response, and the identifi cation of the viral determinants of the pathogenicity of 
the ‘Spanish infl uenza’ virus.

Improved H5N1 vaccine viruses

Highly pathogenic avian H5N1 infl uenza viruses continue to infect humans, 
causing worldwide concerns of a pandemic and accelerating the development of 
H5N1 vaccines. These viruses kill embryonated chickens, resulting in low virus 
yields. Moreover, they pose a risk for vaccine production staff. Reverse genetics 
has allowed the ‘detoxifi cation’ of these highly pathogenic H5N1 viruses by replac-
ing the multiple basic amino acids at the HA cleavage site (a major determinant of 
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highly pathogenic infl uenza viruses) with an avirulent-type cleavage site. Several 
candidate vaccines have now been generated (Horimoto et al 2006, Nicolson et al 
2005, Subbarao et al 2003, Webby et al 2004, Wood & Robertson 2004) that 
contain the NA and ‘detoxifi ed’ HA genes of an H5N1 virus in the genetic back-
ground of the PR8 virus, the WHO-recommended ‘backbone’ strain. Some of 
these candidate vaccines, however, do not grow effi ciently in embryonated chicken 
eggs. Combined with the limited immunogenicity of some current H5N1 vaccine 
candidates (Treanor et al 2006), substantial production efforts would therefore be 
needed in a pandemic situation to ensure suffi cient amounts of viral antigen. One 
possible solution to this challenge is the development of vaccine candidates with 
more robust growth properties.

Since its initial isolation in 1934, the PR8 virus has been maintained in labora-
tories around the world. Accordingly, several variants now exist, each with their 
own growth properties. We compared the growth properties of the NIBRG-14 
vaccine candidate (Nicolson et al 2005) [which possesses the A/Vietnam/1194/04 
(VN1994) HA and NA genes in the background of the PR8(Cambridge) strain 
(George Brownlee, personal communication)] with a virus that possesses the same 
HA and NA genes as NIBRG-14 but its remaining genes derived from a PR8 strain 
maintained in our laboratory [designated PR8(UW)] (Horimoto et al 2007). We 
found that our vaccine candidate grew appreciably better in embryonated chicken 
eggs than did the original NIBRG-14 virus, suggesting that our PR8(UW) variant 
may be better suited for cost-effi cient, large-scale vaccine production than 
PR8(Cambridge).

To identify the gene segment(s) that accounts for the superior growth properties 
of our vaccine candidate relative to NIBRG-14, we tested a number of reassortant 
viruses (Horimoto et al 2007), and found that the polymerase and nucleoprotein 
(NP) genes are critical for effi cient growth in embryonated chicken eggs. Sequ-
ence analysis revealed a number of amino acid substitutions in the following pro-
teins of our vaccine candidate—6 in PB2, 5 in PB1, 2 in PB1-F2, 2 in PA and 
3 in NP.

The functional balance between the HA and NA proteins also likely affects the 
growth properties of vaccine viruses. We therefore generated a number of 
NIBRG14-UW variants in which the VN1194 NA gene was replaced with that of 
the following N1 strains: A/Vietnam/1203/04 (VN1203; H5N1), A/Hong 
Kong/213/03 (HK213; H5N1), A/Hong Kong/486/97 (HK486; H5N1), A/
WSN/33 (WSN; H1N1), A/Kanagawa/173/01 (Kanagawa; H1N1), and PR8(UW). 
Of these, the variant possessing the PR8(UW) NA gene grew to signifi cantly 
higher titres than NIBRG-14UW (Horimoto et al 2007). Similarly, we tested the 
above-listed NA genes in combination with the VN1203 HA gene in the genetic 
background of PR8(UW) and found that the variant possessing the PR8(UW) NA 
gene grew most effi ciently (Horimoto et al 2007).
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To assess if higher virus titres in eggs correlated with increased amounts of HA 
antigen, we determined the HA concentrations of all of the test viruses and found 
signifi cantly higher amounts of HA for our vaccine candidate as compared to 
NIBRG-14 (Horimoto et al 2007).

We also found that a 7 : 1 reassortant [possessing only an H5 HA gene in com-
bination with seven gene segments derived from PR8(UW)] grew signifi cantly 
better in eggs than did the respective 6 : 2 reassortant. One might argue that replac-
ing the H5N1 virus NA gene with that of PR8(UV) affects the immune responses 
to this virus. The major protective antigen in inactivated infl uenza vaccines, 
however, is HA, and a slightly reduced immune response may be offset by the 
ability to generate signifi cantly higher amounts of vaccine virus. Such a consider-
ation would be especially relevant to pandemic situations when embryonated 
chicken eggs will most likely be in short supply and effi cient virus growth may be 
critical for rapid, large-scale vaccine production and distribution.

Resistance to neuraminidase inhibitors

In contrast to the rapid emergence of resistance to ion channel inhibitors, resis-
tance to neuraminidase inhibitors requires multiple passages in cell culture in the 
presence of the compounds (Kimm-Breschkin 2000). Controlled clinical trials 
have demonstrated oseltamivir resistance in about 4% of children aged 1–12, and 
in 0.4–1% of adults (Hayden 2001, Treanor et al 2000, Whitley et al 2001).

To gain further insight into the frequency of oseltamivir resistance, we studied 
samples from 50 Japanese children (aged 2 months–16 years; median 3.7 years) 
who were treated with oseltamivir (Kiso et al 2004). For all patients, treatment 
began within 48 h of symptom onset. For each patient, pre- and post-treatment 
samples were available. Infl uenza virus was detected by RT-PCR in the post-
treatment samples of 33 patients, but the infection had been cleared in the remain-
ing individuals. The NA and HA genes of all samples were amplifi ed by RT-PCR, 
cloned, and sequenced. Sequence comparison with pre-treatment samples revealed 
neuraminidase mutations in viruses isolated from 9 of the 50 oseltamivir-treated 
patients (18%) (Kiso et al 2004). Eight of these isolates carried mutations known 
to confer resistance to neuraminidase inhibitors (Gubareva et al 2000): an 
Arg292Lys mutation, which was found in six patients, and a Glu119Val mutation, 
found in two patients. One isolate possessed a mutation (Asn294Ser) that had not 
previously been associated with oseltamivir resistance.

To assess if the observed NA mutants did indeed confer resistance to oseltami-
vir, we carried out in vitro studies that determined the NA sensitivity to GS4071 
(i.e., oseltamivir carboxylate) (Kiso et al 2004). All three mutations conferred NA 
resistance to GS4071: we detected a 104–105-fold increase for Arg292Lys, a 500-
fold increase for Glu119Val, and a 300-fold increase for Asn294Ser. These fi ndings 
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confi rm that the Arg292Lys and Glu199Val mutations confer resistance to oselta-
mivir. More importantly, they identifi ed the Asn294Ser mutation as a previously 
unrecognized mutation that confers oseltamivir resistance.

Our study also demonstrated that oseltamivir-resistant viruses emerge more 
frequently than previously reported (Gubareva et al 2001, Hayden 2001, Zambon 
& Hayden 2001). The results of our study with young children who were likely 
encountering their fi rst episode of infl uenza may mimic what would happen in a 
pandemic in which the population is immunologically naïve to the pandemic 
strain. Concerns over oseltamivir-resistance have further heightened with the iso-
lation by us (Le et al 2005) and others (de Jong et al 2005, http://www.who.int/csr/

don/2007_01_18/en/index.html ) of oseltamivir-resistant H5N1 viruses from H5N1 
virus-infected individuals who had been treated with the drug.

Neuraminidase inhibitors are also effective against infl uenza B viruses, but little 
is known about the frequency of infl uenza B virus resistance to neuraminidase 
inhibitors. In fact, only two infl uenza B viruses with reduced sensitivity to neur-
aminidase inhibitors have been described to date, both of which were isolated from 
immunocompromised children (Gubareva 2004, Gubareva et al 1998). An infl u-
enza B virus outbreak in Japan in the winter of 2004–2005 allowed us to study in 
more detail the frequency of emergence of variants with reduced sensitivity to 
neuraminidase inhibitors. For 65 sets of pre- and post-treatment samples obtained 
from children, we compared the in vitro sensitivity to oseltamivir and found one 
case (1.4%) in which the IC50 value of the post-treatment isolate was signifi cantly 
higher than that of the pre-treatment sample (Hatakeyama et al 2007). Sequence 
analysis revealed a Gly402Ser mutation located near the active site of the NA 
protein.

We also determined the IC50 values of 422 samples obtained from untreated 
patients (Hatakeyama et al 2007). We identifi ed 7 isolates with increased IC50 
values. Sequence analysis of the NA proteins of these isolates revealed mutations 
in all 7 (3 with an Asp198Asn mutation, 3 with an Ile222Thr mutation, and 1 with 
a Ser250Gly mutation). It is likely that these cases refl ect person-to-person trans-
mission of variants with reduced sensitivity to neuraminidase inhibitors. It is 
important to note that variants with increased resistance to neuraminidase inhibi-
tors have only appeared since the release of these drugs to the public, arguing 
against the spontaneous emergence in nature of oseltamivir- or zanamivir-resistant 
variants.

Collectively, our fi ndings indicate that infl uenza B viruses with reduced sensitiv-
ity to neuraminidase inhibitors can emerge during oseltamivir or zanamivir treat-
ment. The rate with which such variants arise is lower for infl uenza B viruses 
(1.4%) than for infl uenza A viruses (up to 18%; Kiso et al 2004). Moreover, our 
study suggests that infl uenza B variants with increased sensitivity can be transmit-
ted among household members, and probably also within communities.
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Summary

To combat infl uenza viruses, we need to better understand the mechanisms of 
pathogenicity, and to develop more effi cient and effi cacious vaccines and antiviral 
treatments. Our current studies with the ‘Spanish infl uenza’ virus and highly 
pathogenic H5N1 avian infl uenza viruses are expected to elucidate the viral and 
cellular determinants of pathogenicity. Such studies may identify novel targets for 
antivirals that are urgently needed as resistance to ion channel and neuraminidase 
inhibitors continues to emerge. Moreover, efforts are underway to increase the 
effi ciency of vaccine virus production—an issue that will be of the utmost impor-
tance in the event of a pandemic.
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DISCUSSION

Webster: The current way of making infl uenza vaccines is to make high growth 
reassortants by old fashioned mixed infection and selection. For H5N1 vaccines 
reverse genetics is used for vaccine preparation. Industry has decided that reverse 
genetics makes poor yielding vaccine strains. You show us clearly that you are 
defi ning the genes required for high growth. Is there high protein yield as well as 
HA activity?

Kawaoka: We examined the HA content of our vaccine strains and found that 
they do indeed have higher amounts of the HA protein.

Webster: It is important to convince industry. The future of fl u vaccines lies with 
reverse genetics, in my opinion, both for seasonal and pandemic vaccines. This is 
really important.

Wood: The industry is seeing data largely from RG14, which is the virus they 
have mainly been using. Both the wild-type virus, A/Vietnam/1194/2004, and 
the RG14 virus have an unusual haemagglutinin content. It is very low compared 
with normal fl u viruses.

Kawaoka: I understand that vaccine candidates with more recent H5N1 strains 
grow better.

Wood: Yes, they are more normal. This particular virus may just be an oddball. 
It is a shame that manufacturing industry has a poor view of reverse genetics just 
on the basis of one virus.

Webster: This is important information to get out there.
Osterhaus: I know you don’t believe in T cell immunity, but given that all these 

RG viruses are largely based on the 6,2 RG systems, whereas we know that major 
T cell epitopes are most probably in the nuclear protein and possibly the matrix 
protein, wouldn’t there be a case for looking into other possibilities and go for a 
5,3 to at least include the nuclear protein.

Kawaoka: Yes, if we were developing live vaccines.
Osterhaus: Yes, but for CD4 responses it is a similar story.
Skehel: HA is a perfectly good immunogen for T cells that function as helper 

cells for antibody producing cells.
Osterhaus: As we said before, neutralizing antibodies may not be generated and 

still you have protection.
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Kawaoka: I am not sure of the extent of NP’s contributions to protective 
immunity in inactivated vaccines.

Osterhaus: If it is a PR8 background, it could be that the NP does not carry the 
CD4 epitopes that you might need from the avian virus strains.

Lai: In some patients you show there are drug-resistant mutants before treat-
ment. Do they have the same mutation sites?

Kawaoka: Some viruses isolated before treatment had amino acid residues that 
are known to confer drug resistance.

Lai: Was this amplifi ed after the treatment?
Kawaoka: No, it was the same. It was a pure population from the beginning. We 

cloned the NA gene, put it into a plasmid and calculated the frequency. Those 
patients who shed resistant viruses before treatment continued to shed 100% 
resistant viruses after treatment.

Peiris: In your 1918 studies you looked at microarrays in bronchus. Have you 
looked at defi ned cell populations to complement these data? When we look at 
animals we are looking at complex interactions.

Kawaoka: No. That would be the next step.
Osterhaus: The problem of isolating those cells is that they are no longer in the 

same native state.
Smith: Where did the zanamivir-resistant strain come from? What were the 

selection pressures for it?
Kawaoka: I believe that zanamivir-resistant viruses were selected during 

treatment in patients.
Smith: Was there any difference in the severity of the disease in those individuals 

who had resistant virus?
Kawaoka: It was the same.
Holmes: What is their fi tness in the absence of the drug?
Kawaoka: For infl uenza A viruses, many of the mutations that confer NA-

inhibitor resistance make the virus less fi t, except the mutation at 119. For infl uenza 
B viruses, since they were isolated from patients who were not treated, they must 
be fi t

Skehel: Is there any indication of mutations in HA that might give resistance?
Kawaoka: Most of these B viruses did not have mutations in their HAs, with one 

exception.
Webster: Is there any virus in the faeces of the macaques?
Kawaoka: We didn’t fi nd any.
Webster: In studies on ferrets, we get quite a lot of shedding of H5N1.
Osterhaus: H5 in monkeys doesn’t end up in the faeces. Unlike the ferrets, there 

isn’t the more generalized disease. 1918 looks similar to what we see in H5.
Webster: We need to be a little careful with the statement about H5N1 in the 

ferret. It is only a few strains—the highly pathogenic ones that cause systemic 
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infection. I have a question about the use of statins for 1918. This is a question I 
always get asked: should we use them? What is your response?

Kawaoka: I heard that someone tested statins in mice, but it did not work.
Osterhaus: There may be recent unpublished data that look a little bit more 

favourable.
Kawaoka: I’m not convinced yet.
Kahn: What is the biological basis for why statins might work?
Hoffmann: It’s because of their effect on the so-called ‘cytokine storm’.
Peiris: Has anyone put the 1918 into chickens? Is it highly pathogenic for chick-

ens? In the original paper (Tumpey et al 2005) the virus was reported to be trypsin-
independent and lethal for chick embryos.

Skehel: 1918 is trypsin-dependent?
Kawaoka: If you use MDCK cells that don’t produce proteases, they are trypsin-

dependent. This makes sense since the HA does not have a series of basic residues 
at the cleavage site. I don’t think it is pathogenic in chickens.

Reference

Tumpey TM, Basler CF, Aguilar PV et al 2005 Characterization of the reconstructed 1918 
Spanish infl uenza pandemic virus. Science 310:77–80
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On the activation of membrane fusion 
by infl uenza haemagglutinin
J. J. Skehel, S. Wharton, L. Calder and D. Stevens
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Abstract. We present data on haemagglutinin (HA) stability in relation to membrane 
fusion activation and activity. Membrane fusion activation occurs in two stages. Firstly, 
HA is primed for activation by cleavage of the primary product of HA mRNA transla-
tion, precursor HA0. Cleavage, which is essential for infectivity, occurs at arginine 329 
or the equivalent residue in HA0 of fourteen of the sixteen antigenic subtypes of avian 
and human viruses, or at a furin recognition sequence, Arg-X-Arg/Lys-Arg, inserted at 
329 in HA0 of highly pathogenic avian viruses of H5 and H7 subtypes. Secondly, the 
membrane fusion potential of cleaved HA is activated during infection in response to 
low pH, between pH 5 and pH6.5 depending on the strain of virus, in endosomes. As 
a consequence, the virus membrane is fused with the endosomal membrane resulting in 
the transfer of the genome-transcriptase core of the virus into the cell, and the initiation 
of virus replication. We have done experiments to compare the properties of uncleaved 
HA0 and cleaved HA with the objective of understanding more about the process of 
activation of membrane fusion. The results are in two sections concerning HA and HA0, 
respectively.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 56–68

Cleaved haemagglutinin (HA)

Incubation of virus or purifi ed HA at fusion pH results in changes in the confor-
mation of HA that are required for membrane fusion (Skehel & Wiley 2000). The 
nature of these changes has been analysed biochemically (Skehel et al 1982), anti-
genically (Daniels et al 1983), by electron microscopy (Ruigrok et al 1986, 1988), 
and by X-ray crystallography of protease fragments of HA (Bullough et al 1994, 
Bizebard et al 1995) (Fig. 1).

In addition to low pH it was observed that heating virus at neutral pH also 
activated membrane fusion (Wharton et al 1986, Ruigrok et al 1986, 1988) and 
that there was co-variation between the temperature and the pH at which fusion 
by mutant HAs was activated (Table 1). In similar experiments, incubation in urea 
at neutral pH (Table 1 and Carr et al 1997) also activated fusion by the mutants 
and again, the lower the pH of activation, the higher the temperature of activation 
and the higher the concentration of urea required for activation. The following 

Novel and Re&hyphen;Emerging Respiratory Viral Diseases
Novartis Foundation Symposium 290, Volume 290. Edited by Gregory Bock  and Jamie Goode

Copyright   Novartis Foundation 2008. ISBN: 978-0-470-06538-9
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experiments were done to characterize the changes in HA structure that accom-
panied fusion activation.

(1) Digestion with trypsin following incubation at fusion pH generated two 
major fragments of HA1 of molecular weight 40 000 and 25 000 (Skehel et al 1982) 
(Fig. 2), and the same fragments were formed by proteolysis following incubation 
in urea. Both fragments were generated by cleavage at HA1 Lys27, the 40 000 Da 
fragment terminated at the C-terminus of HA1 and the 25 000 Da fragment ter-
minated at Arg224 of HA1. Heating followed by proteolysis led to the formation 

FIG. 1. Changes in the conformation of haemagglutinin required for membrane fusion activ-
ity. The HA monomer is colour-coded (not visible in this reproduction) to indicate the changes 
in location of different segments of structure on incubation at fusion pH. The data on which 
the diagram is based are from Wilson et al 1981, Bizebard et al 1995 and Bullough et al 1994.

TABLE 1 Co-variation of conditions for conformational changes in mutants of X-31 
virus (H3 subtype)

Virus pH Heat (°C) Urea (conc M)

wt X-31 5.6 64 6.1
D1122G 6.0 54 2.9
H171R 6.2 48 1.8

The pH of conformational change was determined using a virus-liposome fusion assay (Wharton et al 
1986). The melting temperature is the mid-point temperature of the decrease in tryptophan fl uorescence 
brought about by thermal unfolding. The urea concentrations are the mid-points of the decrease in tryp-
tophan fl uorescence after incubation in increasing concentrations of urea.
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of fragments with molecular weights of 40 000 and 30 000, also generated by cleav-
age at HA1 Lys27.

(2) The antigenic properties of HA changed on activation of fusion as judged 
by reactivities with specifi c monoclonal antibodies. Antibodies that recognize 
HA1 residue 144 in a prominent loop near the membrane-distal tip of HA, bind 
indistinguishably, irrespective of pH or heating or incubation in urea. By contrast, 
antibodies that recognize the region that includes HA2 residue 107 and that forms 
a turn by re-folding of the central α-helix on activation of fusion, bind only to 
activated HA (Table 2).

FIG. 2. Trypsin digestion of HA0 and HA following incubation at fusion pH, in urea, or 
heating. HA was incubated at pH 5, or in 8 M urea at pH 7, or heated at 70 °C. Samples were 
neutralized, urea removed by dialysis, and then digested with trypsin (1%) at 37 °C for 10 
minutes. HA0 (the R329Q mutant used to prevent cleavage during preparation) was incubated 
at pH 5, or in 5 M urea at pH7, or heated at 60 °C. Samples were neutralized, urea removed by 
dialysis, and then digested with trypsin (0.5%) at 37 °C for 10 minutes. The fragments marked 
have approximate molecular weights of 40 000, 30 000, 25 000 and 20 000. C, control untreated 
samples; pH, samples incubated at pH 5; U, samples incubated in urea; H, heated samples.

TABLE 2 Comparisons of conditions for conformational changes in HA and HAo of 
X-31 virus (H3 subtype)

Protein pH Heat (°C) Urea (conc M)

HA 5.6 64 6.1
HAo no changes 52 2.4

Antibody binding was measured using a solid phase ELISA.
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(3) Electron microscopy studies have indicated that at fusion pH, HA rosettes 
change in structure having longer and thinner spike-like projections from bigger 
central aggregates than neutral pH rosettes (Ruigrok et al 1988). Similar structures 
are formed by incubation in urea (Fig. 3). The HAs in heated rosettes by contrast, 
appear swollen and less spike-like, as in the proteolysis experiments, suggesting a 
difference between the structural changes on heating from those at fusion pH and 
those on incubation in urea.

Uncleaved precursor haemagglutinin, HA0

The conformation of HA0 is unchanged on incubation at low pH from that at 
neutral pH. However, on heating or incubation in urea, as judged by any of 
the criteria used in the analyses of HA, changes in structure were detected. 
The changes occurred at lower temperature (52 degrees for HA0 vs. 64 degrees 
for HA), and at lower urea concentration (2.4 M for HA0 vs. 6.1 M for HA) 
(Table 3). Antigenically, heat or urea treatments resulted in reactivity with 
antibody 107, which recognizes the epitope formed in HA at fusion pH, sug-
gesting that the changes in structure are similar. This is also the conclusion 
from proteolysis experiments (Fig. 2), since a prominent 40 000 molecular 
weight fragment was obtained following incubation in urea and 40 000 and 
30 000 molecular weight fragments were obtained following heating. By electron 
microscopy, HA0 rosettes were indistinguishable at neutral pH and pH 5.0, but 
both heated rosettes and rosettes incubated in Urea formed ball-like structures 
of similar size from which spike-like structures projected, more distinctly from 
the urea balls.

Conclusions

(1) Cleaved HA is activated for fusion by incubation at low pH or by heating or 
incubation in urea at temperatures and concentrations that vary with the strain 
of virus. The changes in structure that accompany activation are more similar 
following incubation at low pH or in urea than those observed following 
heating. These observations agree with previous comparisons of changes in HA 
structure following heating and low pH incubation (Ruigrok et al 1986, 1988). 
They do not imply that fusion at neutral pH occurs by a different mechanism, 
as inferred by Kim and colleagues in their more recent publication (Carr et al 
1997).

(2) Uncleaved HA0 is not activated for fusion by incubation at low pH or 
by heating or by incubation in urea. No changes in HA0 structure are detected at 
low pH. On the other hand, incubation in urea or heating results in confor-
mational changes that show some similarities, in terms of location, to those dis-
played by cleaved HA in urea or on heating. However, the temperature and urea 
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cleaved HA
pH7

pH5, 200C, 5mins

700C, 5mins

8M urea, 200C, 5mins

HA
0

pH7

pH5, 200C, 5mins

600C, 5mins

5M urea, 200C, 5mins

FIG. 3. Electron micrographs of HA0 and HA rosettes incubated at fusion pH, in urea, or 
heated. The treatment conditions are indicated on each picture together with a diagram of the 
circled images. Samples were stained in 1% sodium silicotungstate and examined using 
minimum dose conditions at 100 kV in a Jeol 1200Ex microscope.
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concentrations at which these changes in HA0 structure occur are lower than those 
at which cleaved HA changes conformation. As a consequence, uncleaved HA0 is 
less stable than cleaved HA suggesting that on cleavage, re-folding of the newly 
generated ‘fusion peptide’ N-terminus of HA2 into a negatively charged cavity 
adjacent to the cleavage site (Chen et al 1998), leads to an increase in the stability 
of cleaved HA.

(3) The covalent bond that links HA1 to HA2 allows conformational changes 
in HA0, heated or incubated in urea, which resemble those in cleaved HA when 
it is similarly treated. However, unlike cleaved HA, the structure of uncleaved 
HA0 does not change on incubation at low pH. It appears that the response of 
cleaved HA to low pH requires that the fusion peptide is buried in a cavity of 
ionizable residues and that as these residues become charged at low pH this loca-
tion becomes unstable and the ‘fusion peptide’ is extruded. It seems likely from 
these comparisons of HA and HA0 that the fusion pH trigger involves these 
residues exclusively.
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DISCUSSION

Webster: If you look at the high path virus of H5 and H7, how do they alter their 
structure, or are they both similar?

Skehel: They are in different clades, but I don’t think that matters in the sense 
that H1 and H2 of humans are in the same clade and different from H3. The thing 
they both have is a different cleavage site. H5 and H7 are classifi ed on the basis 
that the pathogenic ones have this basic sequence at the site of cleavage. We have 
the structure of H3 as an uncleaved haemagluttinin (HA), with a single arginine. 
The site of cleavage is a prominent loop on the surface of the HA. This loop 
can be covered up by introduction of a glycosylation site just above it, which pre-
sumably stops the enzyme getting in. But it can be made bigger by the polybasic 
cleavage site which the pathogenic H5s and H7s acquire by passage in domesticated 
birds. There is also work showing that chunks of nucleoprotein can be inserted at 
the cleavage site (Orlich et al 1994). This goes along with the idea that if this loop 
is enlarged, it is more easily cleaved. Easier to cleave means more infectious. I think 
that the majority of human infl uenza viruses are not that infectious, because it is 
an adventitious event. There is a protease being secreted at the time in the lung. 
The pathogenic viruses, therefore produce more infectious virus, which correlates 
with pathogenicity.

Webster: What about 1918?
Skehel: We haven’t done uncleaved 1918. Wilson and colleagues did the structure 

of the uncleaved HA of 1918 out of insect cells. They don’t get the same loop 
structure as we did for the H3 HA precursor.

Peiris: Following on from the cleavage site issue, why don’t we have multibasic 
cleavage sites and high path viruses emerging in infl uenza subtypes other than H5 
and H7?

Skehel: Presumably, because a single arginine is enough to let a virus get by. Once 
H5 and H7 go from wild birds to domesticated birds there is slippage of the 
polymerase and introduction of these polybasic sequences, simply because the 
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single arginine virus isn’t growing well enough. It is a mutation to allow growth. 
Unfortunately, it allows pathogenicity as well. It is interesting that viruses such as 
RSV, HIV and some bird fl us have a polybasic cleavage site. The advantage is that 
it is cleaved intracellularly by a cellular enzyme that is present ubiquitously.

Lai: Does the cleavage affect the antigenicity of the protein?
Skehel: Not at all: it affects the position of just 19 residues of 550, from residues 

323–328 of HA1 and then residues 1–12 of HA2. But if you don’t get cleavage you 
won’t have much virus, because cleavage is needed to get to the next cycle of virus 
replication.

Lai: After cleavage, does fusion of the viral envelope with the cellular membrane 
require energy?

Skehel: Yes, but where does the energy come from? There are ideas that it might 
come from the refolding process, which is irreversible. People have the idea that 
the fusion peptide shoots into the cellular membrane and somehow or other 
because of the refolding the two membranes are brought together, and this might 
require energy. For the mechanism, the idea is that the two outer leafl ets fuse, and 
in the process a stalk-like structure is formed. Because the centre of the stalk is 
hydrophobic, the two inner leafl ets collapse.

Lai: Would you predict that it doesn’t require energy?
Skehel: There is no obvious linkage to a standard energy-producing system.
Webster: Is inhibition of a fusion peptide a good target? It was suggested by 

Purnell Choppin years ago.
Skehel: There are compounds that block the conformational change. We have 

tried to soak these compounds into haemagluttinin to get a structure, without 
success. It is known from cross-linking studies and selecting mutations that these 
molecules bind in the region of the fusion peptide. There is one molecule which 
by cross-linking shows that the link is close to the fusion peptide itself. There are 
others that cross-link close to residue 106, and then there are experiments selecting 
mutants, which were at 108 in the central helix. Yes, there have been attempts to 
block the conformational change, and they have been successful in vitro (Cianci 
et al 1999). There have also been attempts to block cleavage, and they have been 
successful too. In Germany, Klenk and his colleagues have used ketones (Garten 
et al 1989), and in Japan a natural inhibitor has been described by Kido’s group 
(Beppu et al 1997), some sort of detergent-extracted material to block proteolysis. 
This also blocks replication.

Kawaoka: You are saying that cleaved HA is more stable than uncleaved HA. 
This means that in nature HA with a single basic residue at the cleavage site is 
more stable. Is that correct?

Skehel: No. There is essentially a linear relationship between pH of cleavage 
and temperature of cleavage. The lower the pH of cleavage, the more stable it is 
and the higher temperature needed to melt it. If you are asking about the stability 
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of the HA overall, mutations can make the HA remarkably unstable. Certainly, 
they can make it suffi ciently unstable that the uncleaved HA would be sensitive to 
around 40 °C. There may be some HA mutants formed which don’t make it, 
because the mutation has rendered them too sensitive to heat. You would imagine 
that there would be a number of selective pressures. If you have a precursor that 
is too unstable, this would be a disadvantage. To get a combination of mutations 
that make it sensitive to temperature would be a selective pressure. You need a 
precursor that has suffi cient stability. But then the next stage is you cleave, you 
bury the fusion peptide and as a consequence stability increases. You then need 
something that is suffi ciently unstable to be triggerable by low pH. These are 
obvious selection pressures, but they are different: one is a selection pressure on 
the stability of the precursor, while the other is a pressure on the response at low 
pH for fusion activation.

Lai: You mentioned that the polymerase undergoes some sort of slippage, which 
results in low pathogenecity. Are there certain factors that result in this increased 
slippage?

Skehel: I think it’s a feature of the sequence of the genome of the HA segment 
at the site of the cleavage loop: a run of adenines. This was shown by Mike Perdue 
and his colleagues (Garcia et al 1996).

Webster: How easy is to convert an α2,3 to an α2,6 binder?
Skehel: It seems clear that both the H2 and H3 did it by two mutations, in 226 

and 228. I don’t know how readily this happens. Unfortunately, we don’t have them 
in H5 naturally yet. This doesn’t mean to say that the H5 will do it the same way. 
H1 didn’t do it the same way: it didn’t have to change at all. The H1s that are 
circulating now still have the two avian residues in those positions. Of all the HAs 
we have looked at, H1 has the structurally most adaptable receptor binding site. 
As a result, we think that the glutamine at 226 is able to fall into the site, move by 
about an angstrom, and in that position it is not interacting with the glycosidic 
oxygen or the oxygens of the galactose at position 2. As a consequence, the 2,3-
linked receptor can be bound and the 2,6-linked receptor can be bound; if it binds 
the 2,6-linked receptor the glutamine at 226 drops out of the way; if it binds the 
2,3-linked receptor glutamine 226 is higher in the site by about 1 angstrom. This 
is what we see in the receptor analogue complexes.

Smith: I want to return to your reference to Underwood’s comment about 
antigenic changes in sites A and B having an effect on receptor binding. How 
would you suggest exploring this? There is a balance between antigenic change in 
one advantageous mutation and the cost to the virus. This is an interesting balance 
that might inform cluster transitions.

Skehel: Antigenic changes are one possibility. Infl uenza B, for example, has an 
extra glycosylation site around 150. Some of the changes in the receptor binding 
site in natural isolates are changes of what we would normally consider to be 
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conserved residues of the site. The possibility is that you may change some aspect 
of receptor binding, such as interactions with the sugars distant from the sialic 
acid, by changing antigenically. But you might also change some of the residues 
involved in receptor binding if the receptor binding site itself is put under some 
pressure, like at the end of a pandemic. There have been changes in things like 
leucine at 226 to valine. There are some changes which would make sense of being 
directly infl uencing receptor binding. As far as I know, no decent receptor binding 
studies have been done on these viruses.

Smith: What do you think of the glycan array studies, where the different viruses 
show different binding patterns?

Skehel: I don’t think they have made much extra sense for fl u yet. They have 
shown that it binds sialic acid with linkage specifi city They have one result showing 
that binding is particularly good to a bivalent ligand, which doesn’t make a lot of 
biological sense yet. Who knows?

Smith: Do you feel that the substitutions in sites A and B that are a little bit 
further away from the binding site are mostly free substitutions in terms of their 
effect on receptor binding, and that they would only change antigenicity?

Skehel: I think they would mainly change antigenicity. Most of them are pointing 
out into space as far as the HA is concerned. It would be nice to know if there 
is a preferred position for binding neutralizing antibodies. In vitro, the preferred 
position is right on the tip where there is no restriction. Yet when you look at HA 
sequences, you fi nd there are changes all over the membrane distal region. You 
have to imagine that if antibodies contact the lower sites less effi ciently these might 
be less relevant for vaccination, even though they may have just the same relevance 
for variation.

Holmes: On the adamantine resistance story, one of the mutations that does 
change, co-inciding with the M2 change, is at 225. This is the diagnostic change 
in HA1.

Skehel: 225 is right next to 226, obviously! It is more accessible to antibodies 
than 226. In H1 it participates directly in receptor binding. It is an aspartate that 
makes hydrogen bonds with Gal-2.

Holmes: The antigenic maps didn’t show anything dramatic occurring with these 
viruses, but there is the change at 225.

Skehel: There are funny things about the locations of mutations that infl uence 
things such as pH sensitivity. There are some mutations in that region, of which 
218 is a notable example, which can infl uence pH. If you add a lot of amantadine, 
you can select for those pH mutants.

Holmes: It is the only variation you see at that site. It suggests to me that it is 
selected for something. I have a question stemming from an earlier discussion. 
What mutations are required for an avian virus to spread effi ciently in a human 
population? Do we know the steps?
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Skehel: Receptor binding is only part of it. Looking at the H5 site in comparison 
with H1, you would say that 226 and 228 changes would give the same thing. But 
we know that there are other mutations around there that seem to be infl uencing 
receptor binding specifi city in vitro.

Holmes: Would this adaptation to human only occur with a reassortment with 
an existing human H3N2 virus?

Skehel: No. Are you thinking that you can get a virus that has mixed HAs and 
not reassorted ones?

Holmes: I am more interested in the other segments involved: what other segment 
mutations are required to do this?

Kawaoka: We know that PB2 is one of them. There may well be others that we 
don’t yet know of.

Holmes: So it is not an insignifi cant number of changes.
Osterhaus: The point is that once you go over the threshold, you will gradually 

accumulate it anyway. The HA might be an important factor there.
Holmes: What is the threshold set at, and what tips it?
Skehel: The other issue is whether the human-specifi c mutations infl uence 

polymerase function in the avians. They probably don’t since the change in PB2 
seems to have cropped up already in avian H5s.

Osterhaus: This is the strange thing. We see this perpetuating in wild birds.
Webster: The pressure of mutations in PB2 in wild birds previously associated 

with pathogenicity of H5N1 in humans is worrying. Have the wild birds picked 
up a virus that has been passaged in a mammal?.

Kawaoka: If this is the case, why don’t we have other avian viruses with the same 
change in PB2? I think what has happened is that once the mutation at position 
627 is introduced, there must be other mutations in that PB2 that stabilize the 627 
mutation

Holmes: Can you map those?
Kawaoka: It is not that straightforward.
Osterhaus: So the compensatory mutations have not been identifi ed.
Webster: Where do these viruses pick up the mammalian trait?
Holmes: It could be happening all the time. It could be that the way evolution 

works is that the birds are picking up mammalian mutations, and it is surviving 
because of compensatory changes. The reason why we see it in H5N1 is that for 
the fi rst time you have sampled thousands of isolates.

Kawaoka: That’s not true. If we look at the entire avian virus sequences, only a 
few avian viruses carry a residue other than glutamic acid. There is a strong selec-
tive pressure at that position.

Osterhaus: It could be because the virus has been fl ipping back and forth between 
mammalian and avian species so often. It might be that the virus is omnipresent 
and so has ample opportunity to go back and forth all the time.
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Skehel: The business of giving a vaccine before something happens is interesting. 
There are people who express concerns that by priming in this way, we might 
infl uence what response is made when you actually get the infection.

Osterhaus: It is not impossible, but it doesn’t look very likely to me. The most 
practical solution, if we are talking about inactivated vaccine, is that because there 
are promising adjuvants, we should be stockpiling the adjuvant, providing this 
gives broad, interspecifi c cross protection. Rather than stockpiling vaccine which 
would have a limited life, you could keep a rolling stock of adjuvant and adjust the 
antigen from time to time.

Skehel: How many companies have such adjuvants?
Osterhaus: There is at least one company that can do it now, and most likely two 

or three others. The crucial thing is the adjuvant, not the antigen.
Wood: The problem is that to make your antigen will take 3 or 4 months.
Osterhaus: If you just go for prepandemic stockpiling of the vaccine, if you don’t 

have the proper adjuvant this is dangerous. If governments would make a contract 
with a company to provide antigen within three months, if you have a good 
adjuvant stockpiled this would be the strategy to go for.

Webster: You have to do both. There is some evidence from the 35 humans 
primed some years ago in the USA, that if you prime to one of the H5s and come 
back later you have a distinct advantage in responding to the variants.

Osterhaus: The USA has stockpiled antigen. It is useless now, unless this is tried 
with some of the adjuvants that are around which result in broad protection.

Webster: We need to do some research on priming.
Wood: We don’t know the dose.
Osterhaus: We need to do a dose escalation study in a small number of 

people.
Wood: We might not need an adjuvant.
Osterhaus: I disagree.
Peiris: To follow your argument about stockpiling adjuvant, do we know 

that the same GSK adjuvant would do well with H9 haemagluttinin, for 
example?

Osterhaus: We don’t know whether it would protect outside the subtype. The 
experiments need to be done. If you stockpiled the antigen as you have done in 
the USA, then you’d better do the experiments with and without a good adjuvant 
to see if you can prime.
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preparation for future outbreak
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Abstract. The SARS outbreak began in Singapore on the 1st March 2003 when the fi rst 
case was admitted to Tan Tock Seng Hospital. It ended when the last case of the outbreak 
was isolated on 11th May 2003. A total of 206 probable SARS cases were diagnosed 
based on World Health Organization (WHO)’s case surveillance defi nition. A further 
32 cases were later added to the total number of 328 cases after virological confi rmation 
amongst the suspected cases. Public health control measures applied along three fronts: 
prevention and control within the healthcare setting, the community and the borders. 
The discussions here mainly focus on health care setting, as close to 75% of infected 
individuals acquired the infection at healthcare institutions. Close to 41% were health-
care workers. It is widely accepted that several key factors signifi cantly impact the success 
in prevention and control measures in a health care setting. These include implementa-
tion of a triage system at the health care entry points, swift response and strict adherence 
of personal protection equipment, hospital temperature surveillance system among 
health care workers and the designation of a SARS hospital. On the other hand, there 
were several key factors challenging prevention and control measures. These include the 
non-specifi c clinical features in the early disease stage, the less well-understood transmis-
sion pattern surrounding super-spreading events, current complex health care delivery 
leading to frequent patient movement across disciplines and institutions. To adequately 
prepare for the re-emergence of SARS, collaborative efforts are much needed to enhance 
early detection, prevention and control preparedness.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 69–78

One of the things that we, the people on the ground, are often asked by policy-
makers about the SARS epidemic, is why did we in Singapore publish so little about 
their SARS experience. If I key in ‘SARS Singapore’ into PubMed, I have a total 
of 107 publications. But if I look at the distribution of these papers, we see there 
are very few on laboratory science. Hopefully, this meeting will bring some of the 
Singapore researchers together. Many of these papers from Singapore dealt with 
clinical manifestations of SARS and epidemiological work. Three-quarters of these 
papers were published in overseas journals.
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Internationally, there were around 8000 probable SARS cases, using the WHO 
case surveillance defi nitions, which led to 774 deaths. The Singapore story began 
with two pairs of female companions who travelled to Hong Kong to shop. They 
booked into the ninth fl oor of a hotel in Hong Kong, sharing the fl oor with a 
professor from Guandong in China. Three of the four became symptomatic, 
and of these, one happened to be a ‘super-spreader’ and was admitted to Tan 
Tock Seng Hospital, where I work. This started the entire SARS epidemic in 
Singapore.

Our experience has essentially been quite short and sharp. We had a bimodal 
distribution of cases. The fi rst part was predominantly contributed by Tan Tock 
Seng hospital, with subsequent spread to the other general hospital, which led to 
the second part. We have an outlier which is the last case of SARS, and up to this 
day we still don’t know how this patient got SARS.

40% of SARS cases in Singapore were healthcare workers. We had predomi-
nantly intrahospital transmissions, with just 17% of transmissions occurring in 
households. Six cases (2.5%) were undefi ned, where we couldn’t identify the 
source.

The overall response was that we brought in international help from the WHO, 
as well as a strong presence in SARS control played by the inter-ministerial com-
mittee, where we had seven ministers looking at one disease, which is unprece-
dented. Within the Ministry of Health (MOH) there was a SARS task force, and 
three key prevention approaches were implemented. They looked at healthcare 
institution measures, community measures and international measures. In this 
paper, I will mainly concentrate on the healthcare institution measures, but I will 
begin by describing the other measures.

Intensive contract tracing programmes were put in by the MOH, together with 
expertise from other areas. Because of the spread from patients who had been 
discharged from hospital, home quarantine measures were introduced. It was only 
then that we realized the Infectious Disease Act in Singapore has no such legal 
power, so during the period of this massive response to SARS the act was amended 
to allow the MOH additional power.

Temperature screening was also implemented, using thermal scanners. In 
Singapore we have a dedicated ambulance service for SARS cases. At the fi rst point 
of contact in any healthcare setting, should a clinician suspect SARS, there is a 
designated number they can call for the special ambulance service with infection 
control measures in place. We also closed our schools for two weeks, and Hong 
Kong followed suit.

The fi rst of the healthcare institution measures was the triage system. This was 
started at the very beginning of the SARS outbreak. In our hospital we have 
isolation wards. Any of the patients presented to our centre will fi rst go through 
a questionnaire to assess their symptoms. We use WHO case surveillance 
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defi nitions, and the symptomatic patients who show fever and respiratory 
symptoms will be handled in a designated set of consultation rooms, which are 
isolation facilities. Opposite this, another separate building is used for screening 
asymptomatic cases. On the basis of our experience with other diseases, when 
SARS arrived in Singapore we decided to implement a triage system right at the 
beginning. This concept then transplanted to our parent hospital, Tan Tock Seng, 
when the Communicable Disease Centre couldn’t cope with the patient load. The 
same principles were used in the Emergency Department (ED): a tent was erected 
just outside the ED, and this was used for several functions. Our temporary tent 
was compartmentalized to make consultation rooms, a triage and registration 
centre, and an X-ray room, with the aim to provide a one-stop service. For those 
patients who were symptomatic and were required to be separated from the rest, 
they were handled outside the ED building. The rest of the general cases were 
handled within the ED building.

The next big challenge came when the cases accumulated. The Communicable 
Disease Centre (CDC) in Singapore has a different function to the CDCs in other 
places. We are a patient care facility, not a policy or surveillance service, although 
we do have a small surveillance unit mainly for HIV. CDC has about 150 beds, 
and Tan Tock Seng Hospital has about 1000 beds with 150 admissions each day. 
The ED attends to 300–400 cases each day. In this hospital, 80% of admissions 
come from the ED. Tan Tock Seng was the fi rst hospital to experience SARS in 
Singapore, and when CDC was full the issue was whether or not Tan Tock Seng 
should be used as a designated SARS hospital, or whether the cases should 
overfl ow to another hospital. By closing down Tan Tock Seng and making it a 
designated SARS hospital, the MOH would have to look for another 1000 beds 
for general cases. It was a big decision at the time. The fi rst option was taken, and 
Tan Tock Seng was closed for general cases and made a designated SARS 
hospital.

In the fi rst two weeks of the SARS epidemic we had two of the three imported 
cases admitted, and the index case, a ‘super-spreader’, was admitted on 1st March 
2003. Singapore only received the international warning from the WHO on 13th 
March. This has led to a series of responses, including the opening of the command 
and control centre, and a whole host of infection control measures were imple-
mented in sequential manner. At the end of March, there were no more intrahospital 
transmission in Tan Tock Seng Hospital except for a tiny blip. There was a price 
for us to pay when we decided to use the hospital as a designated SARS care site. 
We utilized the ‘no in but out’ concept, only bringing in cases with suspected 
SARS, but allowing patients we didn’t think have SARS to be discharged from the 
hospital. A 60 year-old man was warded in the same ward with the fi rst-index 
SARS patients. He then became ill after discharge. At the time, when he required 
admission, he could no longer access Tan Tock Seng Hospital because it had been 
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closed to general admissions. He was admitted to Singapore General Hospital with 
atypical manifestations, but he had Escherichia coli bacteraemia. He was nursed in 
two open areas that led to a cluster of transmissions in this hospital, with close to 
40 immediate secondary cases.

Another measure we put in place was the staff surveillance. Every healthcare 
worker in the hospital had their temperature monitored three times a day. Should 
anyone develop fever for two consecutive readings they had to present to the 
emergency department for further assessment. Options were that these healthcare 
workers would be put under home quarantine for continued monitoring, or were 
isolated for further observation. This proved to be very effective as we picked up 
about a dozen staff with early symptoms.

Contact tracing teams within the healthcare institutions were hard at work. 
Because of this effort we were able to trace all sources but six of the SARS 
patients.

Strict infection control practices were employed. We realized the importance 
of intrahopsital transmissions, so measures were taken to prevent transmissions 
from patients–patients, patients–visitors, patients–staff and staff–staff. These 
included compulsory mask fi tting tests where the infection control practitioners 
would test all healthcare workers to make sure they had a well-fi tted N95 mask. 
All healthcare workers put on PPE before they entered the patient care area, and 
discarded the PPE except for their mask before they came out to the clean area. 
In addition to this, in ICU we encouraged the staff to use a PAPR for high-risk 
procedures. There were no data to clearly guide what the best measures at that 
point were: we just used what was the best practice. One thing we thought we 
should defi nitely address was the re-engineering of the working environment in 
the hospital. We converted the paying class into an isolation facility, and in each 
single bed facility we put in an industrial suction fan. This provided a unilateral 
airfl ow from a clean air supply blowing from the nurses station, to the patient 
area, then out to the environment. The suction power was strong enough that the 
door could not be closed properly. In addition, the engineering team augmented 
an automation process to ensure a safe pathway where contaminated patient areas 
did not cross with clean areas.

There were also restrictions on the movement of healthcare workers. None of 
us were allowed to cross cover other hospitals. There were also restrictions on the 
movements of visitors, who had to register before they entered clinical areas, and 
go through a thermal scanner.

Lastly, I want to mention the effort of the MOH in terms of communication, 
which is one of the key elements of the control and prevention work. We had daily 
meetings at the MOH. Patients’ information was posted on the SARS web, and 
this allowed different institutions to access information on movement of patients, 
and whether or not they were in the suspect group, so they could isolate them 
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before any confi rmation of the disease state. Moving forwards, I am sure that 
researchers such as many in this group have a better understanding of the human 
coronavirus. This information will be key in our prevention efforts, and in our 
planning. Is there a reservoir for human SARS coronavirus? We don’t have a clear 
understanding of this. The mode of transmission we now know to be mainly 
contact and droplet transmission. Information on the incubation period and period 
of transmissibility are available, and we do have a susceptible population.

The Singapore data show that most cases didn’t generate any secondary cases. 
But some individuals were ‘super-spreaders’, and resulted in as many as 40 second-
ary direct transmissions. There were fi ve super-spreading events. Out of these fi ve, 
there were three atypical cases. One, which I mentioned earlier, had very few 
respiratory symptoms but signifi cant gastro-intestinal symptoms. His chest X-ray 
changes were unremarkable so that no one suspected SARS. We had another 
super-spreading event involving an elderly lady with multiple co-morbidites. She 
had multiple risk factors for fever and pneumonia; SARS was not suspected and 
that gave rise to a super-spreading event in the coronary care unit. The third was 
the brother of the super-spreader mentioned who spread the disease in his work-
place as well as causing a small cluster in the National University Hospital.

We still don’t understand why these super-spreading individuals had such a 
high ability to transmit SARS. The only two factors in common in the Singapore 
cohort were (1) delay to isolation of fi ve days or more and (2) admissions to a 
non-isolation ward with shared common facilities. Beyond that we can’t fi nd any 
good indicators to differentiate at onset super-spreaders from non-spreaders. If 
we look at all the cases with secondary transmissions, and look at days to isolation 
after onset, it tends to be 5 days or beyond. This corresponds nicely with Malik 
Peiris’ data on secretions of the virus in the respiratory tract. This tends to be 
more signifi cant in the later part of the disease. However, there are some 
individuals who are in non-isolation facilities for long periods, yet they fail to 
spread the disease.

We looked at SARS attack rate in healthcare facilities. We had two wards in Tan 
Tock Seng Hospital that experienced SARS transmissions before we were informed 
of the atypical pneumonia outbreak, and we had 56% attack rate. This is extremely 
high. In the non-isolation facilities, half of the healthcare workers in these loca-
tions were infected. Most presented with pneumonia, and we also picked up a 
number of healthcare workers who were asymptomatic. These data are different 
from many of the other publications, where asymptomatic SARS is extremely 
rare.

To try to understand transmissions, we did a case control study looking 
at healthcare workers with exposure to SARS patients within the same unit. 
We examined the personal protection equipment they used. As part of the 
infection control, from the beginning we used N95 masks. Those using masks 



74 LEO

were signifi cantly better protected, which shows that droplet transmission is 
involved. Those who practised good hand washing also had a signifi cantly lower 
attack rate. Other studies from Hong Kong have shown that even surgical masks 
confer some protection, but N95 masks are better.

Some of the problems remaining with SARS include our poor understanding 
of super-spreading events, the non-specifi c nature of the early clinical symptoms, 
and our inability to make an early diagnosis. For this reason, to control SARS we 
still need a broad-based surveillance, together with broad-based isolation and 
quarantine techniques. Looking forward, in terms of prevention and control there 
are still many measures that we need to put in place. Is there a specifi c treatment 
for SARS at this point? We did use ribovarin for some cases in Singapore. But 
there is effectively no clinical trial that has fully addressed the best treatment 
approach. Would animal data be useful? Could α interferons be used in clinical 
cases on the basis of results in animal models? Possibly. We need to consider this. 
I don’t know how soon we could have a vaccine for SARS if it were to reappear. 
Finally, communication is certainly one of the keys in our combat against SARS.

DISCUSSION

Webster: If you had to do it over again, what are the key issues that we can learn 
from you for combating future emerging infections?

Leo: I thought I would restrict this to SARS, which is spread by droplet and 
direct transmission. It is very different from the response we would make if we 
were confronted by infl uenza or other pathogens with a different mode of trans-
mission. There are still many things that are not understood about SARS. Because 
of this knowledge gap, I am an advocate for a broad-based response knowing that 
there are ‘superspreaders’ that spread more than others. There is no clear indication 
to differentiate a ‘superspreader’ event from individuals who don’t spread. It would 
appear practical to rely on day 1 or 2 of a febrile episode as an indicator to deter-
mine symptoms for isolation and quarantine. Beyond that, the research community 
has to work on early diagnosis as well as development of vaccines in anticipation 
of a big community outbreak. Using laboratory markers would also be important 
for clinicians to work together towards some kind of clinical protocol that we could 
use.

Webster: Did you say that regular surgical masks are effective?
Leo: That was the Hong Kong study, but it’s not our experience. When we imple-

mented infection control we used N95 straight away. The Hong Kong clinicians 
reported their experience is that the surgical masks gave signifi cant protection.

Tambayh: They gave the same protection as N95 masks. Both were better than 
paper masks (Seto et al 2003).
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Osterhaus: Is it the masks or the psychology behind them?
Webster: What measures have you put in place in Singapore as a result of SARS? 

Do you have a huge stash of N95s and PAPRs (powered air purifying 
respirators)?

Leo: The ministry has put a lot of effort into stockpiling masks and personal 
protective equipment, as well as PAPRs for staff protection. Most wards would now 
have at least one or two PAPRs. The stockpile is centralized at the ministry.

Ling: We also have a stockpile of lab kits for SARS diagnosis.
Su: The key knowledge that came from Taiwan is that if there is no fever, there 

is no transmission. This helped us to control SARS as we could easily screen 
patients.

Webster: Wouldn’t that depend on the status of the patient? When there is no 
fever, what stage of infection is it?

Su: Fever is seen after 2–3 days. This kind of knowledge is very important for 
public health control.

Peiris: You talked about the decision to close down Tan Tock Seng Hospital for 
general admissions, and you had to fi nd beds elsewhere. What happened to overall 
hospital admissions during that time? The demand probably came down, didn’t 
it?

Leo: It depends on the individual hospital setting. For Tan Tock Seng Hospital, 
admissions mainly came from emergency departments, so we were functioning 
very much like an acute hospital. There are certain hospitals where if the elective 
load is 50% of the hospital admissions, then their elective admissions can be cut 
back. The rest of the hospitals would then have to take on the acute hospital load 
from Tan Tock Seng Hospital, and this is what happened during SARS. If we look 
at the national level we saw a trend during the SARS period that there was a fall 
in use of all the health facilities. Possibly psychology also plays a part, as well: the 
hospital is now viewed as a risk area, and people don’t want to enter it unless it is 
absolutely necessary. It took us three months to see a rebound.

Ling: One other thing we should note is that we broke our clinicians into two 
teams, and one stood down while the other worked. They were afraid that if a lot 
of doctors got sick we would have no services left.

Leo: This wasn’t the case in Tan Tock Seng Hospital. All health workers carried 
on working and we used staff temperature monitoring as indicators for whether 
or not the staff were infected. Transmission in Tan Tock Seng Hospital ceased after 
staff used PPG in all patient care areas. We did experience an unusual peak at the 
end, where we believe because of smouldering transmissions in one particular 
ward, there was a demented elderly patient who had multiple episodes of other 
medical illness and there was no way we could differentiate clearly whether there 
was any episodes of SARS because of these ongoing medical conditions. In this 
ward we experienced transmission of three more health care workers and thought 
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that it was because of this disturbed patient, who grabbed the facemasks from 
healthcare workers, together with extensive physical contact during the course of 
nursing.

Hoffmann: I have a question with regard to transmission and the super spreaders. 
Is the sequence of viruses isolated from super spreaders known?

Ling: The sequences are the same. There was no real difference between the 
super spreader and non-super spreader virus sequences.

Hoffmann: So it is the host then?
Ling: We don’t know.
Peiris: There was nothing special about the virus that we can observe. But it may 

not be just the host or the virus. It is very likely the whole context. If we look at 
super spreading events outside the hospital, for example, that at Hotel M and at 
Amoy Gardens in Hong Kong, in each case there was a unique constellation of 
environmental factors at play. It is the overall situation taken together that has a 
major contribution to the super spreading.

Lai: One issue is whether asymptomatic cases can spread the disease or not. You 
had a few cases of asymptomatic SARS: was there any evidence that these patients 
spread the disease?

Leo: For the asymptomatic patients we went back and asked for the history. 
There was no spread as far as we could tell. I don’t know whether or not we can 
safely conclude that without fever there is no transmission. We do have some 
atypical cases. Some have temperature below 38.5 for one or two days, and sub-
sequently serology proved to have seroconversion.

Ling: I think I remember seeing temperatures of 37.
Osterhaus: With the current knowledge of epidemiology, knowing that a lot of 

work is ongoing on vaccine and antiviral development, would it be suffi cient to 
put a protocol together to implement conservative without stockpiling any vaccines 
or medication whatsoever. This is what we are doing: is it suffi cient, or do we need 
to continue developing a vaccine and monoclonal antibodies? Would normal 
containing measures be suffi cient for SARS? We are facing this situation. The 
reservoir is predominantly in some laboratories, but there might be an issue of 
reintroduction.

Peiris: If a virus similar to the SARS coronavirus that was present in 2003 re-
emerges, I think we can control it using public health measures. It would be great 
to have antivirals and vaccines, but it is probably not essential. However, if the 
virus that re-emerges has changed in its transmission dynamics, with transmission 
earlier in the course of the disease, then all bets are off.

Lai: Why did SARS disappear? Can we credit this entirely to the success of 
public health measures?

Osterhaus: Don’t forget the diagnostics. Having diagnostic methods helped 
a lot.
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Lai: Retrospectively, can we say that the success in control of SARS was due to 
public health measures?

Webster: Yes, and the infrastructure that permitted rapid identifi cation.
Osterhaus: The identifi cation of patients who might be shedding is crucial. 

Putting people in isolation or quarantine is essential. It would not have been pos-
sible to do this if it wasn’t possible to discriminate between SARS and other acute 
respiratory virus infections.

Anderson: It is clear that control measures were a key part of the control of SARS. 
Other factors such as seasonality and risk of transmission may have contributed. 
Identifying cases, identifying contacts and managing contacts are important. Some 
of this is quarantine, but it doesn’t necessarily involve quarantine. Identifi cation of 
contacts is one of the things that we learned was very important. For example, a 
hospitalised patient whose exposure was missed, was not monitored for any SARS-
like illness, and SARS illness was missed because of an atypical presentation, 
infected a second cohort of patients in a hospital in Canada. In retrospect, in a 
hospital with nosocomial transmission, you should use a very liberal defi nition of 
exposure to decrease the risk of missing exposures. Some investigators from 
Canada suggested that they observed an increase in morbidity and mortality with 
other illnesses because they didn’t have access to clinical to care because of SARS-
related restrictions in health care facilities. Is there any suggestion that in Singapore 
there was more morbidity and mortality from non-SARS illness because of 
decreased access to healthcare facilities?

Lai: In Taiwan there was a reduction in hospital admissions, but no increase in 
overall mortality rates during the SARS period. The issue I am interested in is 
whether public health measures are suffi cient to control a future outbreak of 
SARS.

Anderson: As Malik Peiris said, if it is similar to the SARS that caused the outbreak 
in 2003, then I think the answer is yes. Very few of us would have predicted 
that control of a respiratory-spread virus would be achieved with classic public 
health control measures, but it was. Good case identifi cation, contact tracing and 
management controlled the spread. In contrast, missed cases were often associated 
with further transmission. Characteristics of SARS that helped control spread 
include very few asymptomatic or atypical illnesses, and little transmission early in 
the illness before the patients became suffi ciently ill to seek medical attention or be 
hospitalized. Many features of transmission are similar to those of smallpox.

Ling: Did you get a lot of coughing and sneezing in your patients? We didn’t see 
that much. We would see this with fl u, so we were lucky with SARS because it 
wasn’t quite as transmissible as fl u.

Osterhaus: Is there coughing and sneezing with H5N1?
Peiris: There is coughing but not much sneezing in human H5N1 disease. The 

upper respiratory component was less prominent in both SARS and H5N1 disease.
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Leo: It is not just an effect of the absolute numbers we are looking at with SARS; 
it is also the impact of disease on healthcare workers. There was a period when 
ICUs were completely full because of SARS. Many of the survivors survived 
through one or two months of intensive care. This puts a lot of stress on the 
infrastructure. I think we should continue to try to understand the pathogens more 
and to look into various treatment modalities. Monoclonal antibodies could be one 
route.

Peiris: I was not saying that we shouldn’t look for treatments or vaccines. The 
question that was raised was whether public health measures could control a future 
outbreak, and the answer was yes. It doesn’t mean we should stop doing research 
on SARS.

Osterhaus: We don’t know what we are going to be dealing with in the future. 
Even if it is a SARS-like coronavirus, it might behave differently in terms of 
transmission.

Holmes: An example is Hendra virus, which in Malaysia didn’t get going in 
humans, but in Bangladesh it has. It is diffi cult to generalize from what happened 
a few years ago because the viruses will be evolving in the reservoir.

Osterhaus: Again, it comes down to proper animal surveillance.
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Abstract. In April 2003, the Collaborative Antiviral Research group started to work on 
the SARS coronavirus (SARS-CoV). Firstly, we profi led the antibody responses against 
SARS-CoV proteins during infection. In 74 convalescent sera obtained from confi rmed 
SARS cases in Singapore, we found that all of them contained antibodies against the 
major structural proteins, nucleocapsid and spike (S), and 70% contained antibodies 
against one of the accessory proteins termed 3a. The N-terminus of the 3a protein, which 
is also incorporated into the virion, elicits antibodies that can inhibit the replication of 
the SARS-CoV in Vero E6, a green African monkey cell-line. A panel of rabbit polyclonal 
antibodies targeting the S protein was also tested for viral neutralizing activities and it 
was found that the amino acids 1029–1192 of S contain neutralizing epitopes. Four 
groups of mouse monoclonal antibodies were also produced using this region of S and 
they were found to have viral neutralizing activities. By using an in vitro cell–cell fusion 
assay, it was demonstrated that these anti-S antibodies can block membrane fusion, sug-
gesting that the mechanism of inhibition is likely to be through the blocking of viral–cell 
or cell–cell fusion during the SARS-CoV infection.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 79–88

The Collaborative Antiviral Research (CAVR) group in the Institute of Molecular 
and Cell Biology (IMCB) was established in 1999 to work on the Hepatitis C virus. 
Just before the severe acute respiratory syndrome (SARS) outbreak, CAVR had 
two co-principal investigators, one assistant professor and three post-doctoral 
fellows. In April 2003, the laboratory was called upon by the acting director of the 
IMCB (Professor Wanjin Hong), who was also a co-principal investigator of the 
CAVR at that time, to work on the SARS coronavirus (SARS-CoV). Other 
members of IMCB were also roped in to help to generate reagents that could be 
useful for the development of diagnostics assays and anti-viral therapeutics, as well 
as for basic research. Here, I will present some of the results we have obtained 
from our research on one of the major SARS-CoV structural proteins, spike (S), 
and an accessory protein termed 3a.

Novel and Re&hyphen;Emerging Respiratory Viral Diseases
Novartis Foundation Symposium 290, Volume 290. Edited by Gregory Bock  and Jamie Goode

Copyright   Novartis Foundation 2008. ISBN: 978-0-470-06538-9
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Profi le of antibody responses in SARS patients

In the fi rst project, we expressed various SARS-CoV proteins and used them to 
detect specifi c antibodies in convalescent sera obtained from confi rmed SARS 
patients in Singapore. We showed that these sera contained antibodies against 
the main structural proteins nucleocapsid (N) and spike (S), as well as the 3a 
protein, which is unique to the SARS coronavirus (Tan et al 2004a). Whereas 
all the 74 sera tested showed reactivity to N and S, only ∼70% of them showed 
reactivity to 3a. The knowledge gained from this study was used to develop one 
of the fi rst rapid immunochromatographic assays for detection of SARS infec-
tion as well as an ELISA kit (Guan et al 2004). It is interesting that a high 
percentage of SARS convalescent patients had antibodies against the 3a protein, 
as the 3a protein is an accessory protein that is not essential for viral replication 
in cell culture or young mice (Yount et al 2005). Indeed, anti-3a antibodies were 
found in several cohorts of patients from other countries (Guo et al 2004, Yu 
et al 2004, Zeng et al 2004) Interestingly, in two separate cohorts of SARS 
patients, one from Taiwan (Liu et al 2004) and one from Hong Kong (Zhong 
et al 2005), B cells recognizing the N-terminal region of 3a were isolated from 
patients.

Characterization of the SARS-CoV accessory protein 3a

3a is a novel coronavirus structural protein (Ito et al 2005, Shen et al 2005), which 
is also expressed on the cell surface of infected cells (Tan et al 2004b, Ito et al 
2005). The topology of 3a on the cell surface was determined experimentally: its 
fi rst 34 amino acids (aa) (i.e. before the fi rst transmembrane domain), are facing 
the extracellular matrix and its C-terminus after the third transmembrane domain 
(i.e. 134–274 aa) is facing the cytoplasm (Fig. 1A; Tan et al 2004b). Accordingly, 
the N-terminal ectodomain would be expected to protrude out of the virion. We 
have also generated two rabbit polyclonal antibodies that are targeted to the N- or 
C-terminus of 3a. As expected, the anti-3a N-terminus antibody could recognize 
the protein expressed on the cell surface and intracellularly (Fig. 1B), while the 
anti-3a C-terminus antibody could only recognize the protein expressed intracel-
lularly. Although both antibodies can bind the 3a protein (Fig. 1B, C), only the 
anti-3a N-terminus antibody can inhibit SARS-CoV propagation in Vero E6 
culture (Akerstrom et al 2006).

In another study, it was reported that 48.8% of patients who recovered from 
SARS had antibodies against the N-terminus of 3a while only 7.4% of the diseased 
patients had such antibodies (Zhong et al 2006). It was further demonstrated that 
anti-3a antibodies in the patient serum could bind cells expressing 3a and induce 
the elimination of these cells in the presence of the human complement system 
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(Zhong et al 2006). Taken together, these data suggest that the 3a protein can 
stimulate protective humoral responses during SARS infection. Even though the 
3a protein is not essential for SARS-CoV replication in cell culture and young mice 
(Yount et al 2005), it is likely that 3a contributes to viral replication or pathogenesis 
in the natural host(s). Indeed, the deletion of the 3a gene by reverse genetics 
(Yount et al 2005) or knockdown of 3a expression by RNA interference (Lu et al 
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FIG. 1. (A) A schematic diagram showing the topology of the SARS-CoV 3a protein on the 
plasma membrane. The N-terminus of 3a is protruding into the extracellular matrix while the 
C-terminus is facing the cytoplasm. The 3a protein spans the plasma membrane three times, 
i.e. it has three transmembrane domains. (B) Vero E6 cells transiently transfected with a cDNA 
construct for expressing the SARS-CoV 3a protein were stained with either an anti-3a rabbit 
polyclonal antibody (upper panel) that recognizes the C-terminus of the protein or an anti-3a 
rabbit polyclonal antibody (lower panel) that recognizes the N-terminus of the protein. Cells 
were fi xed with 4% paraformaldehyde and used directly (without permeabilization) or permea-
bilized with Triton X before incubation with antibodies. (C) Vero E6 cells were infected with 
SARS-CoV at a multiplicity of infection of 1 and then prepared for western blot analysis. Pre-
immune serum from the rabbit that was immunized with the 3a N-terminal peptide showed 
no reactivity (lane 1), while the 5th bleed from the same rabbit after immunization detected 
the 3a protein in infected cells (lane 2). Similarly, pre-immune serum from the rabbit that was 
immunized with the 3a C-terminal bacterially expressed protein showed no reactivity (lane 3), 
while the 6th bleed from the same rabbit after immunization detected the 3a protein in infected 
cells (lane 4).
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2006, Akerstrom et al 2007) causes a decrease in viral replication. It has also been 
shown that 3a can form an ion channel and may be involved in promoting viral 
release (Lu et al 2006). In future studies, it will be crucial to determine the exact 
role of 3a during SARS-CoV infection by using animal models such as aged Balb/c 
mice, hamsters, ferrets and non-human primates.

Identifi cation of neutralizing epitopes in the SARS-CoV spike (S) protein

Next, we obtained rabbit polyclonal antibodies against fi ve denatured recombinant 
S protein fragments expressed in Escherichia coli and tested them for their abilities 
to inhibit SARS-CoV propagation in Vero E6 culture (Fig. 2). Our results showed 
the anti-S∆10 antibody, which was raised against aa 1029–1192 of S and included 
the heptad repeat 2 domain (HR2), has neutralizing activities (Keng et al 2005). The 
interaction between the two heptad repeat domains, HR1 and HR2, in the C-
terminal region of S brings the fusion peptide, predicted to be near the N terminus 
of HR1, into close proximity with the transmembrane domain, and this facilitates 
the fusion between viral and cellular membranes, allowing the virus to enter the 
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FIG. 2. A schematic diagram showing the different regions of the SARS-CoV spike (S) 
protein targeted by the rabbit polyclonal and mouse monoclonal antibodies generated in the 
Collaborative Aantiviral Research group, Institute of Molecular and Cell Biology, Singapore. 
The regions covered by the solid arrows represent the fi ve bacterially-expressed proteins used 
to raise the respective polyclonal antibodies (Anti-S∆1, 2, 3, 9 and 10). The regions covered by 
the dashed arrows represent the region targeted by the respective mouse monoclonal antibodies 
(Types I, II, III and IV). Functional motifs within the S protein are shown as boxes: black solid 
box, signal peptide (SP); box with vertical lines, receptor binding domain (RBD); boxes with 
slanted lines, heptad repeat domains 1 and 2 (HR1 and HR2); box with horizontal lines, trans-
membrane domain (TM).
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cell. Thus, as would be expected, the anti-S∆10 antibody could prevent S-mediated 
membrane fusion in an in vitro cell–cell fusion assay (Lip et al 2006). Recently, we 
have also refi ned this fusion assay such that secreted alkaline phosphatase (SEAP), 
which can be quantifi ed accurately, is secreted into the culture supernatant only 
upon cell–cell fusion (Chou et al 2007). Our results are also consistent with the 
fi ndings of several other laboratories that peptides from the HR2 region can block 
SARS-CoV infection (Bosch et al 2004, Ingallinella et al 2004, Yuan et al 2004). As 
bacterially expressed proteins would be easy and cost-effective to produce on a large 
scale, the S∆10 fragment (aa 1029–1192) identifi ed in this study may be an ideal 
vaccine candidate for SARS-CoV.

In collaboration with the Monoclonal Antibody Unit at IMCB, we also obtained 
monoclonal antibodies targeting this region of S (Lip et al 2006). This panel of S 
monoclonal antibodies binds to four distinct regions namely, 1090–1130aa (Type 
I), 1111–1130aa (Type II), 1151–1170aa (Type III) and 1151–1192aa (Type IV) (Fig. 
2). All the monoclonal antibodies have viral neutralizing activities and can block 
membrane fusion. Interestingly, while the binding domains for the type III and 
IV antibodies includes the HR2 domain, the binding domains for the type I and 
II antibodies are found between the HR1 and HR2 motifs and immediately 
upstream of the HR2 domain. These results suggest that the spacer region between 
HR1 and HR2 of the SARS-CoV S protein is also important for mediating 
membrane fusion. Unlike the spike protein of the mouse hepatitis coronavirus, 
the S protein of SARS-CoV is not cleaved by a protease. However, by sequence 
comparison, the SARS-CoV S protein may be divided into two regions, S1 
(aa 1–690) and S2 (aa 691–1255) (Fig. 2). Numerous laboratories have obtained 
neutralizing S monoclonal antibodies that bind to the S1 region, which contains 
the receptor binding domain (see review by Tsunetsugu-Yokota et al 2006). As 
would be expected, these monoclonal antibodies have high neutralizing titres. 
However, besides our study, there are only two other reports that described 
neutralizing antibodies that mapped to the S2 region (Duan et al 2005, Coughlin 
et al 2007). One of them was shown to bind to aa 1023–1189 and was isolated 
from B-cells obtained from SARS convalescent patients in China (Duan et al 
2005). Recently, the three-dimensional structure of the complex between the 
receptor binding domain of S and a potent neutralizing antibody (80R) that 
binds to the S1 region was solved and this reveals the basis of the broad 
neutralizing ability of the antibody (Hwang et al 2006). In future studies, we 
would like to perform structural studies on the S2 neutralizing monoclonal 
antibodies that we have generated, as this may provide important insights into 
the S-mediated membrane fusion process.

Currently, we are applying the techniques we have learnt in SARS research to 
the H5N1 infl uenza A virus. In collaboration with Dr Sunil Lal, India, we have 
obtained cDNA encoding the viral proteins of a H5N1 isolate that was isolated in 
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Vietnam in 2004. Our preliminary results show that we have successfully obtained 
monoclonal antibodies against the HA protein.
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DISCUSSION

Skehel: Did you isolate any antigenic variants using the anti-S monoclonals? 
From the point of view of defi ning the binding site precisely, it would be useful 
to sequence variants selected by the monoclonal.

Tan: No, we haven’t done this. I think the S2 domain is very well conserved.
Lai: It has been done with the murine coronavirus. It is interesting that here 

the neutralization epitopes are often located in S2. This is apparently also true 
for SARS virus. There are neutralization epitopes located near the C-termini 
of S2.

Skehel: The question is, where they are structurally? In HA2 you might imagine 
that the location of HA2 is not accessible to antibodies, but you don’t know in the 
case of the S protein whether these regions are near the surface or not.

Peiris: Were there attempts to generate escape mutants with the murine corona-
virus? Is this possible?

Lai: Yes.
Tan: For our study, we used a denatured form of the S2 fragment. Perhaps this 

is why the epitopes are exposed. The other study from China (Duan et al 2005) 
used a B cell library derived from SARS patients, and they found the same 
epitope.



86 TAN

Skehel: You are going to get antibodies against these peptides, but whether you 
get neutralizing ones is unclear.

Vasudevan: You showed an assay with cell fusion and syncitium formation. Is 
syncitium formation in infected cell culture a relevant assay for viral cell membrane 
fusion?

Skehel: It is not clear what the activator is for fusion activity.
Tan: In this assay it is trypsin.
Vasudevan: In your case, John Skehel, it is pH.
Skehel: Yes, but there are other viruses where the activator is unknown. In RSV 

it is not clear what the activator is. It is probably cleavage, as it seems to be in this 
case.

Vasudevan: In dengue there is a dimer to trimer transition of the E protein based 
on the two structures that have been solved in Steve Harrison’s lab. It is hard to 
imagine this happening on the cell surface of infected vero cells.

Skehel: The activator for dengue is also unknown.
Lai: Heating can also activate the conformational change of the spike protein.
Skehel: Whether this is the physiological activator is unclear.
Peiris: You said that the patients who died didn’t have the 3A antibodies, but the 

patients who survived did. Is this just a time-related fi nding? Is it a late-developing 
antibody so the patients who died didn’t have time to develop it? Have you looked 
at the kinetics of the antibody response?

Tan: A group in China have done this (Zhong et al 2006). We don’t have the 
samples in Singapore to do that work.

Lal: This raises one more interesting aspect of 3a. You were able to protect 70% 
of patients with 3a protein. Then you said that the 3a knockouts were showing a 
decrease in viral replication. This is an interesting application, because we have 
recently shown that 3a protein interacts with the 5’ UTR of the genome of this 
virus. It does have some role to play in the initiation of the replication complex 
that forms.

Kahn: You mentioned that 3a might be an ion channel. Is there any biochemical 
evidence to support that? You also mentioned that other coronaviruses don’t have 
this function. Have you tried looking at ion channel blockers that could potentially 
inhibit the function of this protein and decrease its activity?

Tan: The ion channel activity of 3a has been demonstrated biochemically (Lu 
et al 2006). Whether 3a has a homologue in other coronaviruses is unclear. There 
was a paper by Peter Rottier’s group in the Netherlands (Oostra et al 2006) 
showing that there are other coronavirus proteins with a similar topology, although 
the sequence identity is not high.

Skehel: What is the suggested function?
Tan: It is virus release. But we don’t completely understand how it works. It is 

not essential for viral replication in cell culture or young mice (Yount et al 2005).
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Lai: Ion channels have not been found in other coronaviruses.
Liu: The E proteins can also form an ion channel, detected using patch clamp. 

This was suggested to be involved in virus release and also budding. Potentially, 
the E proteins could form an ion channel on the Golgi membrane.

Kahn: Have you tried any ion channel blockers?
Liu: Yes. Amantadine blocks replication of SARS.
Skehel: Is this using high concentrations? It’s important.
Liu: I don’t recall.
Skehel: The M2 effect in the Golgi is defi nitely at low concentrations. If it is 

analogous to that, it is not a direct effect on the pH itself, it is actually a channel 
effect rather than a pH neutralizing effect.

Peiris: If I recall, amantadine was tested in cell-based antiviral screening with 
SARS coronavirus. It had low activity at physiological levels. At the concentrations 
normally used to treat fl u, it had no effect on SARS.

Skehel: Generally, amantadine just functions as a base if it is used at high 
concentrations. If it is blocking the M2 channel it is blocking the transport of 
protons.

Webster: Were antibodies used in early therapy of SARS?
Peiris: It was tried in Hong Kong, but there were no controlled trials so there 

was no way knowing whether it had a benefi t or not in the small number of 
cases.

Osterhaus: We did experiments in monkeys with polyclonal immunoglobulin 
which had been purifi ed, and this worked in a preventive way. Also, with a human 
monoclonal antibody that we used in the ferret model, we had good protection. 
Later on, in various experiments in mice and monkeys, it was shown that antibodies 
do have a protective effect when used preventively. In a clinical situation it may be 
different. In the monkeys with the human polyclonal antibody we showed a clear 
dose-dependent effect in terms of amount of virus still present.

Anderson: Treatment issues are important for SARS.
Skehel: Was the monoclonal against S?
Osterhaus: Yes. All the protective antibodies that have been tried in the animal 

models were neutralizing antibodies against the S protein. There is a whole panel 
of neutralizing human monoclonal antibodies against SARS coronavirus C, 
where the activities are known. But there is no interest at this time to have them 
mass-produced and stockpiled.

Webster: It is important to note that they are available.
Osterhaus: Yes, but the only problem is that in an outbreak we’d have to produce 

them.
Peiris: One problem here is whether there will be antibody cross-reactivity with 

the animal SARS-like coronavirus precursors in bats or even with the civet 
coronavirus.
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Osterhaus: Panels have been made and work is ongoing to see how protective the 
effect is. They would only work in a preventive way, but in the absence of an 
approved vaccine this might still be important. In the animal models we showed 
that there is no such thing as antibody mediated enhancement. This is one of the 
things we were afraid of.

Kahn: I have a general question about the accessory proteins that you men-
tioned. There has been some attention on the accessory ORFs because this is 
where the deletion occurred between the viruses that were isolated from the civets 
and humans. What is known about this deletion? Apparently it created the two 
different ORFs. Are these ORFs responsible for the pathogenesis in humans?

Tan: There was a study on cell culture showing no difference in viral replication 
(Yount et al 2005). One study in the animal model also showed no difference 
(Wu et al 2005).
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How the SARS experience has helped 
preparations for future outbreaks: 
the Taiwan experience, with 
emphasis on the successful control 
of institutional outbreak of infl uenza 
in 2003/2004 using a stockpile of 
antivirals
Ih-Jen Su

Division of Clinical Research, National Health Research Institutes, Tainan, Taiwan

Abstract. The experience and lessons learned from SARS in 2003 have driven Taiwan to 
prepare for the coming outbreak of SARS, pandemic infl uenza and other emerging 
infectious diseases. Several control measures were activated in the post-SARS period 
including central command and governance structure re-organization, improved scien-
tifi c capability and laboratory diagnostics, surveillance and real-time reporting, and law 
revision and enforcement. Furthermore, the government implemented a policy to self-
manufacture antivirals and vaccine for infl uenza and H5N1. The above measures proved 
to be effective for the control of dengue infection, seasonal infl uenza and enteroviruses 
in the post-SARS period. The measure most worthwhile to share with the world is the 
stockpile of 2.3 million dosages of the antiviral Tamifl u on November 2003 in the belief 
that the majority of infl uenza-like illness (ILI) should represent infl uenza in winter 
season and to avoid the confusion with SARS. A total of 68 ILI outbreaks were reported 
in 2003/2004 and Tamifl u was immediately given to the patients and their contacts. A 
total of 311 samples were obtained and 24% of them were laboratory-proved to be caused 
by infl uenza A. None of them were caused by SARS-CoV. All the ILI outbreaks were 
successfully controlled and no transmission was reported thereafter. In parallel to this 
control measure, the ILI prevalence and institutional mortalities due to ILI reduced 
remarkably in 2003/2004. Therefore, the control policy of ILI illness by antivirals proves 
to be effective in institutional outbreaks of infl uenza. This strategy can be considered 
for application in the case of H5N1 pandemic fl u.
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The lessons we learned from SARS

Over-optimism (3 zero policy) and lack of support from WHO at the initial phase 

(before May 2003)

The SARS epidemic in Taiwan was marked by three distinct phases: the initial 
importation phase (before April 20, 2003), the second phase of explosive nosoco-
mial outbreaks (April 21 to May 20, 2003), and the fi nal containment phase (May 
21 to July 5, 2003). The fi rst imported SARS patient was a businessman who 
returned to Taiwan from China on February 25, 2003. The initial importation 
phase was controlled with success. All the SARS cases at this phase were from 
Guandong, Beijing, and Fu-Chien in China. However, the success of this phase 
drove the government to propose a propaganda of ‘3 zero—no case mortality, no 
secondary transmission, and no exportation’ to mark the merit of SARS control, 
which later led to a delayed response to the index SARS case who had no history 
of travelling to China or Hong Kong. The second important lesson for Taiwan is 
the total lack of communication with WHO before April 2003, which led to the 
delay in revision of the WHO criteria for SARS, and even worse, the WHO criteria 
were used as a golden standard to exclude the index case even in the presence of 
repeated laboratory detection of SARS-CoV. Therefore, real time alert, and access 
to scientifi c information from WHO and other international reference centres are 
of critical importance to implement appropriate control measures at the initial 
phase. The importation of re-emerging pathogens and patients from China is 
always a big challenge for Taiwan.

Delayed reporting, inappropriate control measures, and poor public communication

In contrast to the success of the initial importation phase, the second phase of 
serial nosocomial outbreaks represented the startling and painful memory of 
SARS in Taiwan, when a large-scale nosocomial infection, 30 probable and 50 
suspected SARS cases, were recognized in Taipei Municipal Hospital on April 21, 
2003. The administrators in the hospitals were usually reluctant to accept the 
occurrence of SARS at the early stage and therefore slowed down their appropriate 
response, until the outside authority intervened. Understanding the attitude of the 
administrators drove the government to fi ne or punish the hospital administrators 
and, unexpectedly, this new policy led to an outburst of case reporting of SARS 
suspects from the hospitals, which subsequently shut down the laboratory and 
control system in early May. Furthermore, the poor communication among news 
media and a shortage of masks dampened the public attitude throughout the island. 
The improvement of public communication through regular television release of 
the real time status of SARS control and government policy starting from May 20 
was effective in calming down the public panic.
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Science contributes to control measures and wins the fi nal battle

The dispatch of WHO offi cers to Taiwan on 4 May and the clarifi cation of the 
incubation and transmission pattern of SARS on 6 May through the WHO tele-
communication represent two major breakthrough in the control of SARS in 
Taiwan. Starting from 15 May, fever was recognized as an important indicator for 
SARS transmission and appropriate fever triage was implemented in each clinic 
and hospital throughout the island. A nation-wide fever screen was even imple-
mented under the strong recommendation of the Nobel Prize Laureate, Dr 
Yen-Tzer Lee. The successful application of fever triage, patient isolation and 
traffi cking measures then brought the SARS under control.

Border control and quarantine measures: should we do it again in infl uenza pandemic?

During the late SARS phase, infrared body temperature screening devices that can 
accurately measure body temperature when inbound and outbound travellers walk 
through at their usual pace were established at the two international airports in 
Taiwan. During the SARS outbreak, passengers with fevers were prohibited from 
boarding the aeroplane. A hospital near each airport was designated to house, 
diagnose and treat any passengers found with fever at the airport. Interestingly, in 
the summer through autumn of 2003, 15 cases of imported dengue and/or malaria 
were identifi ed at the airports. In part, it is believed that such a fever screening 
system would serve to deter SARS patients from international travel, and could 
reduce the international spread of SARS. However, due to the difference in the 
timing of infectivity in relation to the time of symptom onset, how well this screen-
ing device can prevent international spread of infections other than SARS remains 
to be evaluated.

The policy to quarantine SARS contacts (level A) and those travelling back from 
the SARS epidemic regions (level B) led to the quarantine of a total of 130 000 
individuals, leading to a tremendous economic loss. Retrospective analyses of the 
quarantine measures revealed that the criteria used for quarantine could be more 
specifi c through contact investigation. Since the transmission pattern of infl uenza 
is distinct from SARS, quarantine measures will not be effective for an infl uenza 
pandemic.

The post-SARS preparedness and policy

Strengthening the scientifi c capability

Twelve virology reference laboratories have been established throughout the island 
to keep a rapid and smooth chain of fl ow of clinical specimens from fever patients 
to the CDC central laboratory and reference laboratories beginning on August 19, 
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2003. 50 patients each week were selected from fever clinics to be tested for a 
variety of respiratory pathogens, including the SARS coronavirus, infl uenza, 
dengue and the Japanese encephalitis virus with the rapid antigen test. 
Currently, this laboratory surveillance system was kept for the monitoring of 
communicable diseases, syndromic reporting, and infl uenza and enteroviruses. 
Considering the importance of scientifi c capability in the identifi cation of new 
pathogens in the outbreak of re-emerging infectious diseases, the government 
provided Taiwan CDC a total of 47 new positions for recruiting physicians and 
scientists to strengthen the scientifi c capability of case investigation and pathogen 
identifi cation.

Strengthening alert, reporting, and the surveillance system

In general, fever patients are evaluated in designated fever clinics where laboratory 
specimens are collected and aetiological agents are identifi ed with rapid tests as 
described above. The reporting of SARS patients was added to the pre-existing 
web-based reporting system along with all other reportable infectious diseases, and 
can be accessed by all regional hospitals and medical centres. In addition, a special 
telephone line has been installed for reporting any unusual infectious diseases, 
imported or otherwise, or in any unusual clusters by the general public or any 
practising physicians. Several pre-existing surveillance systems are undergoing 
evaluation and revision, including emergency room-based syndromic surveillance 
that would allow analysis for targeted signs and symptoms related to infectious 
diseases (e.g. fever, cough, respiratory distress).

Revision of law for infectious disease control

The SARS epidemic reactivated disease-control measures, such as the command-
ing and governance structure, the legal base for quarantine of contacts and com-
pulsory isolation of SARS patients. The public health code was revised in March 
2003 to place the implementation and enforcement of these control measures on 
a legal grounding. Further revision of the public health code has been undertaken 
to accommodate the complex issues concerning the protection of rights and 
freedom of individuals in the context of the overall well-being of the public.

Biosafety issues

In August and December 2003, two SARS cases were reported in Singapore and 
Taiwan, in two research virologists working on the SARS coronavirus. The Taiwan 
CDC invited international and local experts to evaluate and discuss biosafety issues 
regarding practice, training and regulation. National policy on monitoring and 
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regulation of biosafety, as well as biosafety level III and IV practice standards is 
being formalized. A third incident of laboratory-acquired SARS that initiated 
transmission occurred in Beijing, and further stressed the importance of providing 
guidelines for biosafety standards and maintaining public health vigilance.

Stockpile of antivirals to control the institutional outbreaks of infl uenza

The overlapping of the symptoms/signs between SARS and infl uenza in the winter 
season constituted a big challenge for the control of the resurging SARS. In the 
belief that the vast majority of infl uenza-like illnesses (ILIs) in the winter season 
will actually represent infl uenza, Taiwan CDC formulated a fl ow chart for the 
proper management of febrile patients in the winter season 2003/2004. Those 
febrile patients were regarded as infl uenza and treated as this under appropriate 
isolation measure unless laboratory analysis proved the case as SARS. Considering 
the frequency of clustering outbreak of ILIs in the institutions which may raise 
unnecessary panic in the public, the government decided to stockpile antivirals 
(oseltamivir/Tamifl u) for a total of 2.3 millions dosages. In the winter of 2003/
2004, the Taiwan CDC for the fi rst time distributed an antiviral drug through 
public health channels to healthcare facilities for aggressive prophylactic therapy. 
Young children, elderly patients, and patients with a high risk for severe infl uenza 
infection should be evaluated early if a fever develops, and given antiviral drugs 
early when deemed necessary, especially the clustering in institutions. The goal is 
to reduce the demand for isolation hospital wards if a SARS resurgence occurs. In 
addition, all infl uenza A viruses isolated from potential SARS patients are sent to 
the Taiwan CDC for subtyping. In winter 2003/2004, a total of 68 institutional 
outbreaks occurred and rapid tests for infl uenza A and B were performed. After 
sampling, antivirals were immediately given to the patients and their close con-
tacts. A total of 12 000 dosages were given. 23% of the specimens were reported 
to be positive for infl uenza. None of those tested showed positivity for SARS-CoV. 
Interestingly, follow-up studies revealed a successful control of all the ILI outbreak 
and transmission was arrested in all 68 institutions. As a control, the ILI outbreak 
in two prisons from which no antivirals were given due to delayed reporting had 
successive transmission of ILI in their residents. Therefore, the application of 
antivirals to the early outbreak of ILI in institutions appears to be of great success. 
This measure can be considered for application in the case of an infl uenza 
pandemic.

Looking to the future

The public health system in Taiwan, as well as in many other countries, has geared 
up to minimize the adverse health impact of a possible infl uenza pandemic. It 
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should be reiterated that prevention measures will have to be adjusted to account 
for the similarities and differences between SARS and infl uenza. Both SARS 
and pandemic infl uenza are likely to be zoonotic in nature, and establishing the 
capability for early detection in initial human cases is the key to preventing 
large-scale human transmission. While both diseases carry a considerable surge 
potential in terms of the number of patients and healthcare workers potentially 
affected, antiviral drugs that can be used for prophylaxis are available to fi ght 
infl uenza. However, the demand for antivirals may be high and will require 
countries to stock adequate supplies in advance. If transmission begins in human 
beings at any focal point, the speed at which infl uenza spreads will depend on 
how early it is detected, and how fast the international community can mobilize 
and deliver assistance, including providing antiviral drugs for prophylactic use. 
Therefore, in addition to a national preparedness plan, Taiwanese scientists and 
government offi cials are also actively seeking international collaborations with 
neighbouring countries in Asia. With the unexpected emergence of the H5N1 
avian infl uenza in people during the winter of 2004, the preparedness plan in 
Taiwan for SARS has produced the additional benefi t of consolidating the pre-
paredness plans for possible infl uenza pandemics. Through the already existing 
viral laboratory network, methods for detecting the H5 infl uenza serotype 
among patients were quickly established in all the reference laboratories, and 
have become one of the routine diagnostic items for severe respiratory infection. 
The intensifi ed efforts to identify aetiological agents for respiratory diseases have 
put these laboratories in a well-prepared state to detect the avian infl uenza virus 
when it occurs in human beings. In fact, early detection of any avian infl uenza 
virus in human beings is believed to be the key to infl uenza pandemic preven-
tion and has been the main focus of concern for clinical laboratories in 
Taiwan.
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DISCUSSION

Webster: One interesting issue is the use of steroids for treating SARS. There are 
people here who have experience of this. What are your impressions?

Su: My data are based on the high mortality from SARS, which is around 20%. 
Many of these patients die from complications such as bacterial and fungal infec-
tions. A high-dose course of steroids were routinely administered to the SARS 
patients in 2003. Many morbidities such as avascular bone necrosis were noted in 
SARS recoverers.

Webster: Should they have been used at all?
Su: I have reviewed autopsy samples from a patient in Thailand who died one 

month after H5N1 disease. In the autopsy samples, there is active virus replication 
in each alveolar epithelial cell, indicating that after one month the virus was still 
quite actively replicating. I reviewed the drugs that had been used on this patient, 
and found that the patient received steroids for two weeks until three days before 
death when antivirals were used. Perhaps the prolonged use of steroids was the 
reason for active viral replication in the autopsy sample.

Leo: In Singapore, we didn’t use steroids a lot in treating SARS. Most of us are 
conservative in the use of steroids in acute infections. The steroid use became more 
common in the much later part of the SARS outbreak where we had the opportu-
nity to do a few autopsies. Some of these patients died in the second to third week 
into their illness. We saw a lot of infl ammation reactions with very few viral par-
ticles. We thought this could be due to over-exuberant infl ammatory reactions that 
damaged the pulmonary tissues. So in the second half of the SARS epidemic we 
introduced steroids together with IVIG. We had about 15 cases who went through 
the treatment of using high dose steroid (methylprednisolone) together with IVIG. 
We saw a survival benefi t but the number of patients was too small to give 
signifi cance.

Peiris: In Hong Kong, there were two infl uences that promoted steroid use. 
First, the reports from clinicians in Guandong in February 2003 where they 
reported that the use of corticosteroids provided benefi cial effect. The other is 
that some of the early cases of SARS in Hong Kong made a dramatic improve-
ment after the use of steroids. This led to the increasing use of steroids in Hong 
Kong. Given the fact that this was a disease also effecting health care workers, 
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there was the real pressure to do something to help the patients and this led 
to the use of steroids ‘pre-emptively’ early in the illness even before acute 
respiratory distress had set in. While it is clearly inappropriate to use cortico-
steroids in a pre-emptive manner, some clinicians have the impression that at 
least in some patients at certain stages of the diseases, there was clinical benefi t. 
But there are no hard data backing this up. The other angle to consider is the 
question of ARDS, which is what these patients are dying of. The use of ste-
roids in ARDS is still controversial. Some clinical trials suggest some benefi t; 
others suggest none. But in summary, in the context of a viral disease where 
you don’t have an antiviral agent of proven effi cacy, using steroids is probably 
bad news.

Skehel: Did you screen for antiviral resistance in your trial?
Su: No evidence of drug resistance was discovered.
Webster: It would be a good opportunity with your use of antivirals to do this. 

What is the availability of the antiviral? Is it available over the counter (OTC)?
Su: The use of anti-virals needs prescription by the physicians or offered by 

CDC.
Webster: Some countries are turning to OTC delivery. In New Zealand they are 

making Tamifl u available over the counter. There is a lot of controversy about 
this.

Tambayh: You mentioned a big public health response. When you had a 
laboratory-acquired case, to what degree did you activate the public health response 
for a single case (Normile 2004)?

Su: That’s an interesting question. There is a procedure that we follow. I 
received the notifi cation at 10.30 pm and contacted CDC to discuss how to 
proceed, and at midnight we did the laboratory diagnosis simultaneously in 
two different laboratories. We also did a case investigation. At 4 am we got 
the laboratory information and they were SARS-positive. We convened a 
meeting with the CDC and experts to discuss how to prepare a response, how 
to handle the patient and how to handle the media communication. This was 
at 6 am. At 9 am we transferred the patient from the hospital to the SARS 
unit. Already the media noticed something unusual so they called us, and we 
arranged SARS team meetings at 10 am. We decided to inform Singapore, 
because this patient had just returned from a Singapore meeting. We reported 
to the WHO, Singapore, China and Japan at 10.30 am and had a press confer-
ence at 11 am. The same thing happened in May 2004 when the Beijing labo-
ratory cases came out. We responded very effi ciently to any notifi cation to 
Taiwan CDC.

Lai: You also said that in the winter of 2003 after SARS, the cases of fl u 
decreased. Is this a common experience outside Taiwan?

Su: We noted a steady decrease of ILI reported each year after 2003.



TAIWAN SARS EXPERIENCE 97

Tambayh: This was the year of the antigenically different fl u strain that was not 
covered by the vaccine. Other countries saw an increase in fl u cases that winter 
(Centers for Disease Control and Prevention 2004).

Lai: I don’t know whether the reduction of fl u in Taiwan in 2003 can be equated 
to the SARS control measures or not.

Webster: Didn’t you see the same kind of thing in Hong Kong, with an upswing 
in apparent fl u?

Peiris: In Hong Kong, after SARS was controlled in around June 2003, we saw 
a marked drop in the respiratory viral infection admissions to hospital. While 
aversion to hospital may contribute to this, hepatitis A admissions, for example, 
could serve as a control and there was no change in this. It seems that the social 
behaviour during SARS had impacted on respiratory viral transmission. In addi-
tion, after SARS, because there were more hospital outbreaks that were being 
investigated aggressively, more examples of hospital outbreaks due to fl u, and also 
due to other viruses such as rhinovirus of parainfl uenza virus, which hadn’t previ-
ously been noticed came to our attention. This indicated how many of these 
respiratory viruses cause problems in hospitals.

Lai: If it is true that in all the countries that were affected by SARS the number 
of fl u cases dropped whereas in other countries the fl u cases increased, this might 
be telling us that the anti-SARS measures can be effective in controlling fl u. This 
might be worth studying further.

Osterhaus: This may just be because of social distancing.
Peiris: Of course. People didn’t go out and eat in restaurants, people wore masks, 

and there was an increase in hand hygiene. Even now, entrances to many Govern-
ment offi ces and eating places in Hong Kong have alcohol rub dispensers at the 
entrance. There was a big change in social behaviour. We don’t know which of 
these is most important. Is hand hygiene effective in reducing fl u transmission? 
At the moment there are a number of studies across the world trying to address 
these questions.

Osterhaus: It’s a large package of measures that apparently can be implemented 
in a crisis situation.

Webster: What steps were put into place in Taiwan?
Su: The government stockpiled 4 million N95 masks. There is a big warehouse 

with enough of them for an outbreak.
Webster: I also noticed that you put into place 25 BSL3s in Taiwan, which is a 

huge number.
Su: Yes, during the SARS period we had a big SARS budget for response. The 

maintenance of these laboratories has become a big issue after SARS: they cost 
about US$100 000 each year. Some of them have been converted to TB and HIV 
studies.

Peiris: Was there a large increase in the number of isolation beds in hospitals?



Su: Yes. About 500 negative pressure wards were created within three months.
Anderson: When you started your 25 BSL3 laboratories, did that include a 

training programme as well?
Su: Yes. We invited two experts from the US CDC and Japan to train our staff 

and to provide the guidelines.
Webster: You mentioned that there is a stockpile of H5N1 vaccine in place. Which 

clade was chosen for this?
Su: This was RG14 supplied from the UK. It is clade 1. The pharmaceutical 

division developed a drug to enhance viral production up to six times, so even in 
the cell culture the virus replicates pretty well.

Webster: Which cell culture do you use?
Su: MDCK cell line.
Webster: You also made an interesting comment that when it comes to the diag-

nosis of future strains of fl u, Taiwan is two years ahead. Have you been correct in 
your selections two years ahead? What are they based on?

Su: We have a national surveillance system for ILI every year. It has been 
running for more than 10 years. On the basis of local surveillance data and com-
parisons with the WHO strain we came to this conclusion. The reassortment of 
infl uenza B virus usually fi rst turns up in Taiwan.
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General discussion I

Will SARS return, and why did it fail?

Webster: For this general discussion, I would like us to focus on whether or not 
SARS will come back. The reservoirs are still there. Is there still SARS in the civet 
cat, for example?

Peiris: When we look in markets, often we can fi nd SARS-like coronaviruses 
in civet cats. But in the farms that supply the markets, they are largely negative. 
There have been few studies on wild-caught civet cats. The only one I know of 
was done in Hong Kong, looking at 35 of them. They are negative virologically 
and serologically. If we take this information together, it suggests that the civet 
cats are not the natural reservoir, but they may be the amplifi er in this market 
setting. In 2005 two groups, in China and Hong Kong, found SARS-like co-
ronaviruses in bats, but these quite distant to the human or civet coronavirus—
perhaps too distant to be the immediate precursor. There may be a missing link 
somewhere.

Osterhaus: An intermediate species would be most likely. Too little work has been 
done on looking at the susceptibility of wild animals. Rodent species have not been 
looked into.

Webster: Considerable work was done on rodents in Hong Kong.
Anderson: The source of the virus from the outbreak remains uncertain. It could 

be bat SARS-like coronavirus that circulated in an intermediate species for suffi -
cient time to acquire the changes in the outbreak strain. It could also be a more 
direct transmission from a bat with the parent to the outbreak strain/clade respon-
sible for the SARS outbreak having not yet been encountered.

Peiris: That’s fair.
Lal: How many different SARS-like coronaviruses are there?
Anderson: Six or seven have been identifi ed so far in bats.
Osterhaus: Again, quite a bit of work has been done on wild animal species, but 

the most likely explanation is that you have a reservoir of this particular virus, 
which may be an intermediate species or a bat, and then the bringing together of 
these animals at the marketplace creates the possibility for large amplifi cation. If 
the virus gets in there at a point in time, then it explodes. This is a concept that 
is not only true for the SARS coronavirus. The question is, why hasn’t it happened 
before? There are good indications that due to the upsurge in economic wealth 
there has become an enormous market for these wild-caught rodents or even 
captive bred animals. This creates a whole niche of animal species that get into 
contact with each other.
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Skehel: Is this the case in Hong Kong and China? Are these live markets 
novelties?

Peiris: Live poultry markets are widespread. But this type of market with a whole 
range of other mammalian species is quite common in southern China, but not in 
Hong Kong, at least in the recent past. They were common 20 or 30 years ago. 
Furthermore, the scale of operation of these markets has vastly increased, with 
wild-caught animals being shipped from many countries to service the demand 
and also some species such as civet cats being farmed. This is the issue. SARS must 
have arisen many times in past centuries, killed a few people and then burned itself 
out. But now when it arises the amplifi cation factor is huge and the opportunity 
for human–human interaction is huge.

Osterhaus: Without the amplifi cation it might not have spilled over to humans at 
all.

Anderson: When they did serological studies on workers in the marketplace, they 
found evidence of SARS antibody, and these people had no history of a SARS-like 
illness.

Holmes: I don’t understand why you think there is a missing link. Looking at 
your data, the bat virus RP3 is very close to the SARS group. It is much closer 
than chimpanzee HIV is to human HIV, for example. That could be it. I would 
hesitate in thinking that there must be something else out there. You may have the 
right one, but it could be a strain that has evolved in itself.

Anderson: It is very close, but still suffi ciently different to not be the direct parent 
strain.

Holmes: In my experience looking at many emerging viruses, that is as close as 
you would ever see for a donor–recipient pair. When you sample a reservoir 
population you will never get the absolute ancestor. What you are looking for is a 
common ancestor, and your estimation of the common ancestor times overlaps 
with the SARS epidemic.

Osterhaus: Another question is, how crucial is the civet? There will be another 
10–20 species in which the virus has been.

Anderson: The data are good that a virus from bats was the source.
Osterhaus: This is trivial discussion. It doesn’t matter if out there in these car-

nivorous species there are these viruses. If you fi nd one species where the virus 
has been and then eradicate this species, then there are all the other species that 
are left.

Lai: The bat virus may not have been the immediate progenitor of SARS, but 
it does have the potential to become the source of another SARS outbreak.

Peiris: One of the practical implications is that one should consider banning the 
sale of live species in these markets.

Holmes: One of the basic rules of ecology is that the larger and more dense your 
population is, the more bugs you can carry, and the worse the bugs you can carry. I
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It is obvious that things with big population density—bats, rodents, some bird 
species—will carry more pathogens, and more virulent pathogens.

Osterhaus: You’d like to have these animals dead at the marketplace. The problem 
is once they are dead they can’t be kept very long and good cooling facilities are 
needed.

Webster: I want to change the subject. Why did SARS fail?
Osterhaus: It was highly successful! Why do you think we are sitting here?
Su: During the post SARS period, we screened 3000 inhabitants in two com-

munities, one in the north and one in the south of Taiwan. All turned out to be 
negative, even the community surrounding the Ho-Ping municipal hospital—the 
SARS hospital in 2003.

Webster: So SARS is a lousy transmitter.
Holmes: It was a decent virus. It was a successful emergent virus.
Kahn: Is there evidence that the virus became less virulent as the epidemic 

continued, and would one predict that the virus would mutate given the number 
of replication cycles that occurred during the epidemic? Was the mortality rate 
different at the end of the epidemic?

Lai: Maybe because of the peculiar transmission pattern of this virus, the public 
health measures to control it were particularly effective.

Kahn: But was the disease less severe at the end of the epidemic for the people 
who were infected?

Peiris: Implicit in your question is the concept that a successful pathogen becomes 
less virulent to its host.

Holmes: That isn’t true: normally it is the other way round.
Lal: Isn’t that the inherent nature of the plus-stranded viruses: they must keep 

on evolving. Naturally they would become less fi t for the human host.
Osterhaus: It can go both ways. It can be an advantage to kill more people.
Holmes: The only rule is never to try to predict it.
Kahn: Would you predict there would be mutations?
Holmes: Yes. It’s an RNA virus. It is temporal. We don’t know what the selection 

pressures were, so it is impossible to predict. Virulence is a minefi eld. You could 
argue that high virulence aids transmission because there is more virus in the 
respiratory tract. You can argue any way you want.

Osterhaus: If you were to look over centuries, then there is an optimum for the 
host species and the virus to coexist, so eventually we would predict less virulence. 
But over a decade, this is not the case.

Holmes: However, the data don’t support this classic idea that virulence 
goes down eventually. Looking at all the data together there is no overall 
trend.

Osterhaus: The SARS epidemic was too short for us to see a trend upwards or 
downwards, because we intervened and it disappeared.
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Kahn: But we can’t discount the possibility that there were some changes in the 
virus that occurred during the serial passage that may have triggered it.

Holmes: The one thing it will select for is transmission. It would never set any 
trait that reduces its transmission rate.

Osterhaus: That is overall transmission, taking into account that if a patient dies 
they don’t transmit any more.

Lai: To judge whether SARS is a success or failure is premature: it may be hiding 
somewhere in nature. It may have the ability to hide somewhere in the body. Is 
there any evidence that it may have persisted, perhaps in macrophages, T cells or 
B cells? Murine coronavirus can persist in mouse brain for two to three years 
undetectable with no antibody response.

Peiris: We have no evidence of long-term persistence in humans, but other bat 
coronaviruses are persistent. There is one particular habitat that we sample on a 
regular basis. Each time we go there we fi nd 10–15% of bats infected.

Holmes: You would need to do a mark/recapture study. Otherwise you could 
always argue there is reinfection taking place, rather than persistence.
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Abstract. Twenty cases of H5N1 infl uenza virus infection in humans that resulted in 13 
deaths were identifi ed in China between November 2005 and July 2006. In this study, 
we performed genetic and antigenic analyses on the 16 H5N1 virus strains isolated from 
these infected persons. Sequence data obtained in our study indicates that isolates from 
southern and northern China each form unique sublineages among H5N1 viruses, with 
the isolates from southern China clustering in a novel clade. Antibodies raised against 
the H5N1 virus A/Vietnam/1194/2004, a candidate for current human pandemic 
vaccine production and clinical trials, had very limited cross-reactivity with the Chinese 
H5N1 isolates. Our study contains valuable information for global pandemic vaccine 
selection by providing evidence for the need to develop vaccine candidates selected from 
the H5N1 viruses isolated from these more recent human cases from China.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 103–112

Infl uenza, a type of respiratory disease, has infl icted human beings with severe 
disasters and caused worldwide pandemics periodically. During the 20th century, 
four large mutations occurred to infl uenza viruses, resulting in four worldwide 
pandemics, i.e. the H1N1 (Spanish infl uenza) in 1918–19, H2N2 (Asia 

1 This paper was presented at the symposium by Li Xin of the Chinese National Infl uenza 
Center, National Institute for Viral Disease Control and Prevention, Chinese Center for Disease 
Control and Prevention, Beijing, China.
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infl uenza) in 1957, H3N2 (Hong Kong infl uenza) in 1968, and reappearing A1 
H1N1 sub-type (Russian infl uenza) in 1977. China is publicly recognized by the 
world as a place frequently threatened by infl uenza. In 1997, an avian infl uenza 
pandemic caused by H5N1 broke out in Hong Kong, resulting in 7000 chickens 
killed and 18 people infected with 6 deaths. Up to May 31st, 2007, infl uenza A 
H5N1 virus has invaded 12 countries with 310 confi rmed human cases and 189 
deaths (the fatality ratio greater than 50%) (World Health Organization 2007).

In China, 24 human cases with 15 deaths have been confi rmed through the 
Chinese avian infl uenza (AI) surveillance network since November 2005, with the 
fi rst human H5N1 infection being reported in November 2005 (Yu et al 2006). 
The confi rmed cases are mostly centralized in nine provinces in south China, while 
two cases are located in north China. Since the outbreak of avian infl uenza (H5N1) 
in animals and the confi rmation of the fi rst human case, an AI (H5N1) surveillance 
network has been built up based on the seasonal infl uenza surveillance system, 
including 63 network laboratories and 197 hospitals at a national level, and the 
number of laboratories will be increased by 20 in the following year. In order to 
control the quality of laboratorial detection in network laboratories, a quality control 
system was developed, providing necessary reagents and equipment, reference 
reagents, etc. Moreover, periodical supervision and technical training is performed 
once a year. With the help and support of local CDCs, specimens were collected 
and transported to CNIC, and serological study and phylogenetic analysis were 
performed.

Antigenic analysis

Serological study is a typical method for AI laboratorial diagnosis, mainly including 
a haemaglutinin inhibition (HI) and micro-neutralization (MN) assay. The HI 
assay is considered the gold assay for infl uenza virus antibody detection. The hae-
magglutinin (HA) protein on the surface of infl uenza virus contains a structure 
that can recognize and combine receptors on the host cells. Glycoprotein and 
lipoprotein with sialic acid, as the content of receptors of infl uenza virus, appear 
on the surface of red cells in many mammals and birds, therefore, they all can be 
recognized and combined by infl uenza viruses, resulting in a haemagglutination 
phenomenon.

The MN assay, a highly sensitive, highly specifi c serological method, is used to 
test specifi c antibody titre level in serum. Quantitative virus is mixed with multiple 
proportional sera dilution. Then, virus–antibody mix is incubated in sensitive a 
host (tissue cells, chicken eggs or animals). The MN assay is based on virus infec-
tivity, virus specifi c antibody binding with proteins on surface of viruses, there-
fore, the viruses losing the infectivity to host cells. Briefl y, the MN assay contains 
three steps, virus titration, virus neutralization and ELISA.
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The antigenic character of human H5N1 isolates from China has been compared 
with that from Vietnam, Indonesia and Turkey by HI assay using reference ferret 
serum raised against representative H5N1 viruses. Ferret antisera were kindly 
provided by the Infl uenza Division, Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA. Survivor sera of confi rmed human H5N1 infection from 
Anhui, Guangxi, Fujian, Sichuan and Jiangxi provinces, respectively, were collected 
4 weeks after the onset of illness. As shown in Table 1, the H5N1 human isolates 
from China were well inhibited by ferret antisera raised against Anhui/1/2005 and 
Anhui/2/2005 viruses isolated from southern China, but were not well inhibited 
by antisera raised against H5N1 viruses isolated from Turkey, Vietnam and Indo-
nesia, with at least fourfold reductions occurring in levels of HI titres compared to 
the levels of homologous titres. These results indicated that Chinese human H5N1 
isolates are antigenically closely related to each other, but they are antigenically 
distinguished from H5N1 isolated from Vietnam, Indonesia and Turkey. Addi-
tional HI analysis using chicken antisera raised against representative H5N1 viruses 
also revealed antigenic differences between the two groups (Table 1).

Microneutralization assays using serum samples collected from confi rmed 
human cases were consistent with the results obtained from the HI tests (Table 
2). These fi ndings demonstrate the considerable antigenic divergence of HPAI 
H5N1 viruses.

Genetic analysis

Infl uenza virus’ RNA genome has 8 segments and each segment encodes 1–2 
proteins. Since its gene is composed of several segments, the virus’ RNA 
polymerase does not have the function of error correction. Therefore, it is easy for 
mutation to happen in virus genes. The spontaneous point mutation in genome 

TABLE 1 Antigenic analysis of human H5N1 isolates by HI assay using ferret 
serum

Reference ferret serum

VN/1203 IND/5 TK/15 AH/1 AH/22

A/Vietnam/1203/2004 320  20   10   40   40
A/Indonesia/5/2005  20 640   40  160   80
A/Turkey/15/2005  80 320 1280   80   20
A/Anhui/1/2005  40 320   10 1280  640
A/Anhui/2/2005  20  80    5  640  320
A/Guangxi/1/2005  20  80    5  640  320
A/Fujian/1/2005  10  80    5  160  160
A/Sichuan/1/2006  40 160   10 1280  640
A/Jiangxi/1/2005  80 640   40 2560 1280
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often causes antigenic drift. Thus, the infection of cells by two virus strains of 
different subtypes can rearrange the genome. This can result in antigenic shift and 
then appearance of new subtypes. The result of comparison of the genetic sequence 
of 1918 H1N1 virus and H5N1 virus concluded that H5N1 avian infl uenza virus 
may trigger an infl uenza pandemic through one or several steps of variation.

In this study, respiratory specimens were collected from patients on days 5–11 
after onset of illness. Samples included gargle, nasal and/or throat swabs, tracheal 
aspirates and phlegm, saliva, as well as lung tissues from autopsy collected from 
different individuals following a standard protocol. The viruses were isolated and 
propagated in the amniotic and/or allantoic cavities of specifi c pathogen free 
(SPF) embryonated chicken eggs as described under biosafety level (BSL) 3 
enhanced containment in accordance with guidelines from the National Institutes 
of Health and the Centers for Disease Control and Prevention (Interim CDC-NIH 
Recommendations, http://www/cdc/gov/fl uh2n2bsl3.htm). Sixteen H5N1 virus iso-
lates were obtained from 13 fatal and three surviving human cases.

Viral RNA was extracted using the RNeasy Mini Kit according to the manu-
facturer’s protocol (Qiagen, Valencia, CA). cDNA synthesis and PCR amplifi ca-
tion of the coding region of the eight gene segments were carried out using the 
one-step RT-PCR kit (Qiagen, Valencia, CA) with gene specifi c primers (primer 
sequences available on request). The PCR products were then purifi ed using the 
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) and used as templates for 
nucleotide sequencing. Sequencing reactions were performed using the ABI BigDye 
Terminator Sequencing Kit with reaction products resolved on a MegaBACE1000 
DNA sequencer (Applied Biosystems Foster City, CA). Nucleotide sequences were 
analysed using DNASTAR (Lasergene, Madison, WI). The phylogenetic tree was 
generated by the neighbour-joining method using the Mega3.1 program.

Phylogenetic analysis revealed that the HA gene of the H5N1 viruses diverged 
into several distinct clades (Fig 1). Clade 1 contains viruses isolated from Vietnam, 

TABLE 2 Antigenic analysis of human H5N1 isolates by 
MN assay using confi rmed human case serum

Confi rmed cases

case1* case2#

A/Anhui/1/2005 160  40
A/Xinjiang/1/2006  40 320

* Case 1 is a surviving confi rmed human H5N1 case from Anhui province 
(southern China), the serum was collected 4 weeks after the illness onset. 
# Case 2 is a surviving confi rmed human H5N1 case from Liaoning province 
(northern China), the serum was collected 4 weeks after the illness onset.
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FIG. 1. Phylogenetic tree generated by the neighbour-joining method using the Mega3.1 
program and the bootstrap value 1000. The relationships of HA genes of representative infl u-
enza A H5N1 viruses from different regions are shown. The dark grey dots denote viruses 
isolated from humans in China; lighter grey dots denote viruses isolated from Vietnam and 
that were recommended as vaccine strains by the WHO.
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such as the virus A/Vietnam/1194/2004. Clade 2 viruses segregated into three 
sub-clades that are represented by A/Bar-head goose/Qinghai/5/2005, named 
clade 1.1, Indonesia/5/2005, named clade 1.2, and Anhui/1/2005, named clade 
1.3. The single human H5N1 virus from north China, A/Xinjiang/1/2006, 
belongs to clade 2.1 and the isolates from southern China clustered together with 
Anhui/1/2005 (Chen et al 2004, 2006), belongs to clade 2.3.

The other seven segments (including NA, PB2, PB1, PA, NP, NS and M) were 
all sequenced and phylogenetically analysed. A clear reassortment was observed in 
Jiangxi isolate, A/JX/1/2005, that is reassorted by fi ve strains, A/VN/1194/2004, 
A/BHG/5/2005, A/IND/5/2005, A/AH/1/2005, and A/CK/GXNN/6/2004. 
In addition, according to the sequence analysis of HA and NA genes, no popular 
amino acid mutation was observed that associated with resistance to amantadine, 
rimantadine, oseltamivir or tamifl u, etc., in their M2 (at position 25–42) or NA 
(at position 274) proteins although most patients received up to two weeks of 
treatment with amantidine, rimantadine or oseltamivir (at a daily dose of 40–
150 mg). One exception of a point mutation in the M2 gene at position 31 (S31N) 
was observed in a recent isolate from Fujian province.
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DISCUSSION

Webster: The fact that the Shanxi variant of H5N1 from northern China is sig-
nifi cantly different from the southern strains that you would need a different 
vaccine is probably a concern globally.

Xin: Yes, from the serological study and gene analysis this strain is quite differ-
ent from the strains isolated from southern China.

Osterhaus: We need to defi ne what the criteria are for having vaccine prototype 
strains made. Are you going to cover all the clades that are circulating?

Webster: That’s an important question. At this stage the philosophy is to 
cover the major clades that are circulating. Is this another dominant clade that is 
emerging? That’s what I was getting at with my question. I’m not quite sure from 
the data that it is.
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Osterhaus: If we are going to get a pandemic outbreak of H5, the key question 
is which strain it will be. Whatever we have in terms of different strains that are 
suffi ciently different, we have to cover them all.

Webster: That is the strategy that is being followed by the WHO at this time.
Osterhaus: The question immediately arises: are we going to go on forever doing 

this? Why aren’t we doing it for H9 and possibly others?
Webster: That is a good question. H5 is the virus that is most threatening and 

which has the most human cases, with over 50% mortality.
Osterhaus: If you were to have proper adjuvant systems, the question then arises, 

are we continuing to focus on every new subclade that will arise, or are we going 
to take a broader view?

Webster: That’s what we have been doing for human infl uenza for many years. 
Until we have a proven, broad-based vaccine that works in humans, we have no 
other option.

Smith: You need a seed strain ready for each of these. Even if there is a great 
adjuvant, you might as well use the vaccine against the strain that is circulating.

Skehel: How confi dent are you that there are only 24 cases of H5 in China?
Xin: The surveillance system in China is good, so we are reasonably confi dent. 

At the moment we are doing the serological studies for people in contact with 
poultry. It is a cohort study of a representative sample. This is in collaboration with 
the surveillance network.

Peiris: You mentioned that you had 197 surveillance hospitals. How many of 
these cases came from those surveillance hospitals, and how many from others?

Xin: I haven’t calculated the percentages. Most of the cases come from the 
countryside, and people are treated as if they have normal infl uenza in the 
countryside hospital, and then they may go to the hospitals in the city.

Anderson: Do you test all the patients with serious hospitalized pneumonia?
Xin: Yes. Suspected infl uenza cases are tested, and so far we have tested around 

600 specimens.
Osterhaus: Is the suspicion only for people who have been in contact with birds, 

or anyone with severe pneumonia?
Xin: These 600 specimens are those who have been reported from the hospital. 

Surveillance in the countryside for those in contact with poultry is another 
study.

Leo: Have all your H5N1 cases had defi nite contact with poultry?
Xin: No.
Webster: One of the questions that is not resolved is the absence of serological 

positivity for family members with an H5N1 member. Is serology being done in 
all these families?

Xin: Yes, for close contacters and also healthcare workers. We don’t have the 
results yet.
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Webster: So the only serological positives are those that have recovered from 
H5N1 infection?

Xin: Yes.
Webster: What is the treatment if you have a diagnosis of H5N1 infl uenza?
Xin: We use antivirals. Which one depends on the doctor. We have studied the 

drug resistance for the antiviral drugs and there is none yet, not even for 
amantadine.

Kahn: What is the time between when the sample is obtained and the diagnosis 
is made?

Xin: It is immediate. Reporting has to be done in 24 h.
Osterhaus: What is the likelihood of identifying people who have been infected 

by serology?
Peiris: In confi rmed cases, as long as you have a convalescent serum after two 

weeks, they are invariably positive. I am not really sure about the horse erythrocyte 
test, but from what I understand this seems to correlate well with the neutraliza-
tion test. In population surveys of close contacts of patients or in people who have 
been working with poultry, the overall H5 sero-positivity has been very low.

Osterhaus: How do we interpret that? We had a similar situation with the H7 
outbreak. A lot of people were exposed, and the HI was insensitive. We found 
quite a number of positives, but in addition to this quite a number of people who 
we thought should have antibodies were shown to have low titres.

Peiris: It is diffi cult to interpret this. Usually we set the cut-off at 40–80.
Osterhaus: The problem is, if you then look at the general population who have 

not been in contact with poultry we don’t see the low level titres that are seen 
exclusively in the poultry workers. Is this exposure to antigen?

Peiris: In the Hong Kong population, we still see these low titres in unexposed 
people. In over-65s some have pretty strong titres to H5 without exposure. There 
is a cross-reaction problem coupled with a poor response problem.

Osterhaus: Is it cross-reaction? Ken Shortridge has some data where he claims 
this was exposure.

Wood: This was using SRH data. This test is known to be cross-reactive.
Webster: I see where you are going with the sensitivity of the assay.
Osterhaus: From the risk evaluation this is important. In the Asian data in 

general I suspect we are not seeing the tip of the iceberg. If we only have a 
couple of hundred of people who come down with the disease, and we don’t 
see it move more broadly, this means that the whole discussion about this virus 
having been around for 10 years and there hasn’t been a pandemic should be 
seen in another light, because only a couple of hundred people have been 
infected.

Webster: So we don’t have a satisfactory assay for detecting the virus in 
populations.
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Peiris: It may be correct that this assay is not sensitive enough, we can’t rule out 
the other possibility, which is that the vast majority of people are not getting 
infected.

Osterhaus: I agree. We don’t have enough data yet. One of the diffi cult points 
there is that our serological assays may not be good enough.

Wood: Even if you look at post-infection ferret sera, there are low levels of anti-
body. Perhaps it is not a very immunogenic infection.

Hoffmann: It depends how you defi ne the immune response. Current assays are 
based on the detection of antibodies in serum. I think we need more information 
on whether the failure to detect antibodies is because of limitation of the assays 
or indeed low immunogenecity of some antigens.

Anderson: There are good data that most of the people who have a confi rmed 
infection have a good, clear antibody response. I am not aware of any viral infec-
tions where we see a substantial difference in antibody response related to the 
severity of the illness. People get infected and get an antibody response. There is 
a distribution but it is not related to the severity of illness. If you get over the 
threshold needed to induce an immune response, it seems the responses are similar. 
The poultry workers may be exposed to a variety of avian infl uenza viruses, and 
there could be some level of cross-reactivity. But I’d wonder whether those with 
low antibody titres were not actually infected with the virus you are testing for.

Osterhaus: In the Netherlands it is a different story. The poultry workers were 
just people who were rounded up to do the culling, so they had not been exposed 
to chickens before.

Anderson: They may not have had a live virus infection if they did not have a 
good antibody response.

Su: In our model of EBV-associated haemophagocytic syndrome, there is a 
strong CTL immune response. However, the antiviral B cell response is quite  weak 
and delayed. Only about 30% are positive for anti-EBV antibodies. In the H5N1 
infection there is also an overt CTL response but a weak anti-viral response.

Osterhaus: I would be surprised. EBV is a chronic infection. We are talking about 
an acute infection with a lot of antigen being produced. I don’t think there is any 
other acute respiratory virus infection where you wouldn’t get a proper antibody 
response, even if you get a good CTL response.

Peiris: In general, are we sure that it is possible to have aysmptomatic infection 
without generating a detectable antibody response, for example for measles?

Osterhaus: It doesn’t happen. You can’t have measles infection without an anti-
body response.

Anderson: But if you don’t have a way to detect infection, how can you tell?
Wood: I know that human H5N1 vaccines are being developed in China. What 

stage are they at, and how will they be used? Also, what H5N1 vaccines are being 
used in poultry?
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Xin: It is true that China has developed its own vaccine. This is using an Anhui 
strain from south China. One company is developing a vaccine using a Vietnam 
representative strain and have fi nished phase I trials.

Osterhaus: Is that an adjuvant vaccine?
Xin: Yes, but I don’t know which one.
Wood: The company based in Beijing, Sinovac, uses alum. Is there a plan to 

stockpile vaccine?
Xin: Yes. I don’t know what the plans are for vaccinating poultry, but I know 

that one has been developed and is being used.
Webster: Poultry vaccine is widely used in China. The available knowledge is that 

it is the reverse genetics based H5N1 vaccine that is being used, and the quality is 
high. This is the same vaccine that has been used successfully in Vietnam on 
poultry.

Osterhaus: The poultry vaccines are not like human vaccines. They ones used for 
poultry give a broad protection and are not purifi ed. The old strains that are being 
used by some of the commercial producers give very good cross protection against 
the current strains.

Wood: They use adjuvants that wouldn’t be tolerated in humans.
Webster: But there is more than one company making vaccines. Some are of 

suspect quality. The problem is universal: we don’t have standardization for antigen 
content of poultry vaccines globally.

Osterhaus: It is diffi cult to do an antigen standardization, because the adjuvants 
are a major part of the vaccine. The standardization of poultry vaccines is not being 
done on the antigen content, but on the immune response it elicits in the target 
species.

Webster: The indications are from the studies in Vietnam that the poultry vac-
cines are wonderful in chickens, but failed in some strains of ducks.
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Abstract. Major emerging infectious diseases of humans continue to arise from animals, 
a fact well illustrated by SARS and avian infl uenza H5N1. Changes associated with our 
globalized lifestyle facilitate such zoonotic transmission. In order to be better prepared 
to predict and prevent future emerging diseases, we need to better defi ne the viral fl ora 
in domestic livestock and wildlife, and better understand the biological and ecological 
determinants that allow or limit inter-species transmission of microbes. Pandemic infl u-
enza and SARS (and related coronaviruses) are likely to prove to be productive case-
studies in this regard. Confronting emerging infectious threats requires a multi-disciplinary 
response, spanning the sectors of human and animal health, wildlife and environment, 
and the combined resources of government agencies and academics. It requires special-
ized expertise in the relevant fi elds but also requires those who can bridge interdisciplin-
ary and organizational divides. It is important that such inter-disciplinary research is 
nurtured and facilitated.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
Symposium 290) p 113–127

Over the last century, the conquest of infectious disease played an important role 
in improving the quality of life and life-expectancy worldwide. While these 
advances lulled many into a false sense of security, Rene Dubos was prescient when 
he stated that ‘human destiny is bound to remain a gamble, because at some unpre-
dictable time and some unforeseeable manner, nature will strike back’. While this 
applies to many aspects of the human condition, it is certainly also true of infec-
tious disease. Scourges of the past have been controlled or even eradicated in some 
instances, but changes associated with our globalized and interconnected lifestyle 
have provided microbes the opportunity to strike back. Over two thirds of recently 
emerged infectious diseases are zoonotic in origin: the emergence of bovine spon-
giform encephalopathy (BSE) in the UK, the introduction of West Nile virus to 
the USA and the emergence of Nipah virus encephalitis in Malaysia and more 
recently in Bangladesh (Kuiken et al 2005). Perhaps the most dramatic examples 

113

Novel and Re&hyphen;Emerging Respiratory Viral Diseases
Novartis Foundation Symposium 290, Volume 290. Edited by Gregory Bock  and Jamie Goode

Copyright   Novartis Foundation 2008. ISBN: 978-0-470-06538-9



114 PEIRIS & GUAN

are the emergences of SARS and H5N1 ‘bird fl u’. Arguably, none of these out-
breaks could have occurred 50 years ago. Even if they had, they certainly would 
not have had the same global impact in terms of the rapidity of spread and public 
anxiety.

In November 2002, SARS emerged as an ‘atypical pneumonia’ in Guangdong 
Province, China. It caused continuing outbreaks of disease, with clusters of cases 
occurring within families or in health care facilities in Guangdong. One infected 
individual travelled to Hong Kong and stayed in a hotel there for one just day 
during which time he transmitted the infection to 17 others. Many of these then 
travelled on to initiate outbreaks of infection elsewhere within Hong Kong and in 
Vietnam, Singapore and Toronto. Within weeks the disease had spread to affect 
over 8000 people in 29 countries across fi ve continents with an overall case fatality 
of 9.6%. This was perhaps the most dramatic illustration to date of the rapidity 
with which infectious diseases can spread. Unusually, 21% of all cases occurred in 
health care workers and health care facilities were a major hub for the amplifi cation 
and dissemination of disease. The disease impacted not only on human health but 
also on the economy and the collective psyche of the inhabitants in affected regions 
(Peiris et al 2004).

SARS was caused by a novel coronavirus (SARS CoV) not previously endemic 
in the human population (Peiris et al 2004). Coronaviruses are single stranded 
RNA viruses of positive sense. Bats appear to be the natural reservoir of the 
precursor of the SARS CoV while small mammals such as civet cats, raccoon 
dogs, Chinese ferret badgers and similar small mammals held for sale within live 
wild-game animal markets in Guangdong were the amplifi ers of infection (Guan 
et al 2003, Lau et al 2005). These markets were the interface for the initial zoo-
notic transmission events that over time allowed the virus to adapt to effi cient 
transmission within humans (Xu et al 2004). These markets offer many diverse 
and exotic species for a burgeoning demand for exotic foods by an ever-more 
affl uent population in one of the most rapidly developing regions of the world. 
An extensive network of international, often illegal trade and the ‘farming’ of 
game animals has developed to service this demand (Bell et al 2004). The 
markets and associated trade provide the ideal milieu for inter-species transmis-
sion of animal viruses and for their zoonotic transmission to humans. One aspect 
of the adaptation of SARS to effi cient human-to-human transmission was adapta-
tion of the viral surface spike protein of SARS CoV to bind more effi ciently to 
the human ACE-2 molecule, the key functional receptor for this virus (Li et al 
2006). While the human-adapted SARS CoV isolated during the later phase of 
the outbreak effi ciently binds to human ACE-2, the civet-virus binds poorly and 
the precursor virus found in bats is unlikely to bind human ACE-2 at all. 
Whether these viruses use ACE-2 or another receptor in the reservoir animal 
host is unclear.
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Just as dramatic as the emergence of SARS was its control by the simple public 
health measures of case detection and isolation. This was due to a fortuitous char-
acteristic of the infection in which virus transmission was relatively less common 
in the fi rst fi ve days of illness (Lipsitch et al 2003). This in turn appears to be 
because viral load in the upper respiratory tract is low in the early stages of illness 
and does not peak until about day 10 of disease (Peiris et al 2003). This feature of 
SARS allowed the application of public health measures to interrupt transmission 
within the community. This is unlikely to occur in other viral infections such as 
pandemic infl uenza where transmission is known to occur early in the disease 
(Fraser et al 2004).

While only two human coronaviruses, 229E and OC43 were recognized prior 
to the emergence of SARS, the attention focused on this group of viruses follow-
ing the emergence of SARS led to the discovery of two more human coronaviruses, 
NL-63 and HKU-1, each contributing signifi cantly to disease burden (van der 
Hoek et al 2004, Woo et al 2005). Similarly, the hunt for the animal reservoir of 
SARS led to the discovery of other novel coronaviruses in bats, in addition to the 
precursor of SARS CoV (Lau et al 2005, Poon et al 2005). Indeed, phylogenetic 
analysis suggests that coronaviruses in bats are in ‘evolutionary stasis’ and that, in 
addition to SARS CoV, many mammalian group 1 and group 2 coronaviruses also 
originated from bat coronaviruses (Vijaykrishna et al 2007). Thus bat coronavi-
ruses have not only provided the precursors for the emergence of SARS CoV, 
but appear to have been the precursors for many human and other mammalian 
coronaviruses as well.

Infl uenza A viruses are also RNA viruses, but with an eight-segmented negative 
sense single-stranded genome. Aquatic waterfowl are the reservoir of the widest 
diversity of infl uenza subtypes (haemagglutinin subtypes H1–16 and neuramini-
dase subtypes N1–9). A limited number of infl uenza subtypes have become estab-
lished in mammalian species including humans (H1N1, H2N2, H3N2 and H1N2), 
pigs (H1N1, H3N2) and horses (H7N7) (Webster et al 1992). Infl uenza pandemics 
arise when an avian virus directly adapts either through mutation or by reassort-
ment of its segmented genome with a pre-existing human infl uenza virus and gives 
rise to a virus that can sustainably be transmitted from human-to-human. Southern 
China appears to the epicentre for pandemic emergence (Shortridge & Stuartharris 
1982). In addition to pandemics, other animal infl uenza viruses may occasionally 
transmit zoonotically to humans including the subtypes H5N1, H9N2, H7N7, 
H7N3 and others (Peiris et al 2007).

Like SARS, the emergence of the recent highly pathogenic avian infl uenza 
(HPAI) virus H5N1 also was from Guangdong. The fi rst known virus of this 
H5-sublineage was detected in disease outbreaks in geese in Guangdong in 
1996 (A/Goose/Guangdong/1/96) (Xu et al 1999). Reassortants of this virus 
caused outbreaks in chickens in Hong Kong in 1997 (Guan et al 1999) and were 
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zoonotically transmitted to humans, killing 6 of the 18 persons affected by it. 
That outbreak was aborted by the slaughter of all live poultry in Hong Kong in 
December 1997. However, the precursor A/Goose/Guangdong/1/96-like virus 
continued to circulate in geese in southern China. This virus again reassorted 
with infl uenza viruses from aquatic avian species giving rise to a range of reas-
sortants, some of which readapted to become endemic in chickens (Li et al 2004). 
H5N1 infl uenza reassortants are designated as genotypes on the basis of the 
constellation of the 8 viral genes. One of these genotypes (Z) became dominant 
in poultry across the Asian region and gave rise to the panzootic that occurred 
in south-east Asia from 2003 onwards. This virus has now become entrenched 
within the poultry of many countries. In 2005, bird migration was likely the 
vehicle for the spread of the H5N1 virus to the middle-east and to Europe (Chen 
et al 2005, Ducatez et al 2006). However, movements of poultry and poultry 
products remain the main mechanism for its endemicity in poultry fl ocks in many 
other Asian countries (Smith et al 2006). There is now good evidence that live-
poultry markets, which are widespread in many Asian countries amplify, maintain 
and disseminate such viruses and thereby contribute to its endemicity (Kung et 
al 2003, 2007). The widespread practice of keeping ‘backyard-poultry’, the occur-
rence of asymptomatic infections in ducks (which serve to disseminate infection 
silently), taken together with the lack of credible and reasonable compensation 
for affected poultry farmers makes it diffi cult to eradicate H5N1 from fl ocks once 
it has become entrenched in them (Hulse-Post et al 2005). This illustrates the 
importance of a multi-dimensional approach, rather than focusing exclusively on 
just one of several strategies (e.g. vaccination of poultry, detection and depopula-
tion) for controlling H5N1 in endemic situations. In particular, it is important to 
identify the key drivers of virus maintenance and dissemination and apply stra-
tegic and evidence-based interventions to interrupt transmission. A good example 
of the success of such an integrated strategy are the control measures applied to 
the control of avian infl uenza in Hong Kong where live poultry markets were 
shown to amplify, maintain and disseminate virus infection (Sims et al 2003). 
The parallel with SARS in relation to the role of live-animal markets in the 
emergence and maintenance of H5N1 is striking.

Those humans diagnosed with H5N1 disease appear to develop an unusually 
severe pathology causing a fulminant viral pneumonia and acute respiratory dis-
tress syndrome. The virus can clearly replicate effi ciently in the respiratory tract 
and also in other organs, including the gastro-intestinal tract (Beigel et al 2005, 
Gu et al 2007). However, given the widespread endemicity of H5N1 virus in 
poultry fl ocks across the region, it is clear that exposure alone does not explain 
the observed epidemiology of human H5N1 disease (Vong et al 2006). So far, the 
H5N1 virus has been extremely ineffi cient in infecting humans, and the vast major-
ity of those who are heavily exposed to the virus via sick poultry do not get ill or 
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even seroconvert to the virus (Vong et al 2006). On the other hand, a small pro-
portion of those who get H5N1 disease have little or no exposure to widespread 
poultry deaths (Mounts et al 1999). Exposure is therefore a necessary but not suf-
fi cient cause for human H5N1 disease (Peiris et al 2007) and there are other host 
barriers or susceptibility factors at play in humans. Genetic susceptibility of the 
few or unexplained mechanisms of resistance preventing infection of the many are 
plausible hypotheses that remain to be systematically tested.

As with SARS, predilections for specifi c receptor binding are also believed to 
play a role in the avian–human species barrier of infl uenza viruses (Ito & Kawaoka 
2000). Avian infl uenza viruses preferentially infect cells carrying sialic acid with 
an α2'3 linkage found in avian cells rather that the sialic acid with an α2'6 linkage 
that was believed to be dominant in human respiratory epithelium. This raises the 
question of how the avian H5N1 virus is able to infect humans in the fi rst place? 
Recently however, it has been reported that the epithelium of the human lower 
respiratory tract bears the ‘avian’ α2'3-linked sialic acid, although the upper respi-
ratory tract does not (Shinya et al 2006, van Riel et al 2006). This suggested the 
hypothesis that H5N1 was unable to gain a foothold within the human upper 
respiratory tract and had to reach the lower respiratory tract in order to initiate 
virus infection. However, ex vivo cultures of nasopharyngeal epithelium are effi -
ciently infected by the avian H5N1 virus in the absence of the avian α2'3 receptor 
(Nicholls et al 2007), and there is also autopsy evidence that H5N1 virus can also 
infect the tracheal epithelium which appears to lack the α2'3 receptors (Gu et al 
2007). These observations suggest that the current receptor paradigm needs re-
evaluation. Furthermore, some human H5N1 virus strains have acquired capacity 
for binding α2'6-linked sialic acids but still fail to transmit effi ciently in humans 
(Yamada et al 2006). A mutation in the PB2 gene (Glu627Lys) is associated with 
more effi cient replication in the upper respiratory tract (Hatta et al 2007). However, 
a complete understanding of the critical combination of viral factors that deter-
mine human transmission still appears to elude us.

Surveillance at the animal–human interface

Most emerging infections diseases are zoonotic in origin and it is important to 
have a better understanding of the ecology of animal viruses and better surveil-
lance at the animal–human interface (Kuiken et al 2005). The majority of available 
data on animal viruses is related to those causing economically important diseases 
in livestock. However, many emerging human pathogens do not cause overt 
disease in the livestock hosts, and in some cases these viruses have emerged from 
wildlife rather than from domestic livestock. Reliance on surveillance information 
from veterinary sources, which typically relates to diseases in domestic livestock, 
while necessary and very important, may not be suffi cient to provide warning of 
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future emerging disease threats. We need surveillance of healthy as well as dis-
eased animals and from wildlife as well as domestic livestock, and this poses a 
formidable challenge. We clearly need closer collaboration between individuals 
and institutions with an interest in human health, animal health and wildlife. 
Technological developments such as the use of pan-virus DNA arrays and recent 
advances of high-throughput sequencing methodologies provide tools that can 
be applied to explore the microbial ecology of the animal world in ways that do 
not depend on being able to culture such viruses. However, the experience with 
coronaviruses has amply demonstrated that any systematic investigation of the 
viral ecology of domestic or wild animals is certain to yield many novel viruses. 
The question then is how to prioritize such information in terms of public 
health.

Ecological factors that predispose to increased proximity between donor and 
recipient populations, increases in their numbers, or promotion of interactions 
between different species within close confi nes (e.g. the live animal market trade) 
are likely to encourage interspecies transmission of viruses (Webster 2004). Thus, 
it may be intuitive in the fi rst instance to focus on those animal species with greater 
opportunity for interaction with humans including those species that are part of 
the pet trade, domestic livestock, animals commonly sold for human consumption 
in ‘wet-market’ or live animal market settings and those commonly sold as 
‘bush-meat’.

In general, the more genetically variable and hence adaptable a virus is, the more 
likely is it to jump across species. Since RNA viruses are in general more geneti-
cally variable than DNA viruses, it is no surprise that the majority of emerging 
viral infections are caused by RNA viruses (Holmes & Rambaut 2004) making 
them the target of particular interest (Woolhouse et al 2005). It is also important 
to understand better the factors that predispose to or restrict inter-species trans-
mission of viruses. Systematic studies of previous examples of disease emergence 
(e.g. SARS, past infl uenza pandemics) are likely to provide clues to the ecological 
and evolutionary changes that contributed to such emergence, so that we may be 
able to derive predictive algorithms for identifying those viruses in wildlife and 
domestic livestock that pose the greatest threat. For example, with increased real-
ization about the increased diversity of bat coronaviruses, could we have predicted 
that the SARS-like bat coronaviruses constituted a public health risk? As in the 
fi ctitious thriller-movie, the ‘Minority Report’, is it feasible to identify the ‘crimi-
nal’ before the ‘crime’ is committed? This indeed is what is being attempted with 
infl uenza pandemic preparedness.

The highly pathogenic avian infl uenza virus H5N1 is currently regarded as the 
pre-eminent pandemic threat. This is based on the facts that (a) this virus has 
become entrenched in poultry populations in many countries, enhancing the oppor-
tunity for human exposure, and (b) that zoonotic transmission to humans continues 
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to occur, albeit ineffi ciently (see above). In addition, there are many examples of 
the H5N1 virus crossing the inter-species barrier to infect other non-human mam-
malian species. It should be noted, however, that the infl uenza pandemics of 1957 
and 1968 did not have the multi-basic cleavage site motifs in the connecting peptide 
of the virus haemagglutinin that is known to be associated with highly pathogenic 
avian infl uenza viruses. Pathogenicity in chickens is not therefore a reliable predictor 
of human pandemic risk.

What then may we use to assess the pandemic risk posed by an avian infl uenza 
virus? These include the opportunity for repeated interspecies transmission to 
humans, evidence of repeated zoonotic transmission to humans, adaptation of 
the virus to the relevant ‘human’ cell receptors, viruses undergoing rapid genetic 
change (reassortment), and adaptation of the virus to pigs (the hypothetical mixing 
vessel for reassortment with a human infl uenza virus). All these may be plausible 
criteria for pandemic concern (summarized in Table 1). While H5N1 clearly fulfi ls 
many of these criteria, it is not the only avian infl uenza virus to do so. H9N2 
infl uenza viruses are even more widespread in poultry on a global scale than H5N1. 
They are undergoing rapid evolutionary change within domestic poultry (Xu et al 
2007) and have repeatedly been isolated from humans with ‘fl u-like’ illness (Peiris 

et al 2007). H6N1 subtype infl uenza viruses are another virus subtype that is com-
monly isolated from quail and other small poultry within southern China, and is 
also undergoing rapid evolution although it has so far not been isolated from 
humans (Cheung et al 2007).

However, as H9N2 virus is a low pathogenic avian infl uenza virus and does not 
commonly cause overt illness in chickens (other than a reduction of egg production 
on occasion) its presence usually goes unnoticed and unreported. Zoonotic trans-
mission of H9N2 infl uenza in humans, when it occurs, is associated with a mild 
fl u like illness rather than the severe and fatal disease associated with H5N1 infec-
tion (Peiris et al 2007). Therefore such human infections are rarely detected and, 
indeed, it is likely that there are more instances of zoonotic transmission of H9N2 
to humans that of its more notorious cousin, H5N1. Further, the H9N2 virus cur-
rently endemic in poultry has a receptor-binding profi le that allows binding to 

TABLE 1 Hypothetical risk factors indicative of pandemic emergence

Hypothetical risk factors indicative of pandemic emergence H5N1 H9N2 H6N1

Endemic in poultry over wide geographic area ++ +++ +
Genetic reassortment and rapid viral change ++ ++ +
Evidence of repeated transmission to humans + + No
Evidence of infection of pigs + + No
Binding to receptors found in the human respiratory tract ? + No
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both so-called ‘human’ α2'3 and ‘avian’ α2'6 receptors (Matrosovich et al 2001). 
Taken overall, one can argue that the H9N2 virus is at least as likely to cause the 
next pandemic as H5N1. Thus, the reason for the current focus on H5N1 as the 
next pandemic candidate is not its inevitability as such but rather the likely severity 
of such a pandemic, i.e. this is a low probability–high impact event.

In conclusion, it is clear that even with infl uenza, our understanding of the 
biological basis of inter-species transmission and the barriers that prevent or 
permit such transmission remains poorly understood. We have even further to go 
with many of the other viruses that are certain to be increasingly discovered in 
domestic livestock or wildlife if we are to make reliable predictions of zoonotic 
risk. However, recognition of our limitations is not a good enough reason not to 
attempt to achieve a better understanding of the biological determinants that 
govern interspecies transmission and zoonotic risk.
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DISCUSSION

Osterhaus: In principle, I would share your conclusion about the fear for an H5N1 
pandemic, but to a lesser extent than if it were a reassortment virus. If you get a 
virus that really mutates, for example, by adapting its receptor usage, I would be 
very scared of this. If it was a reassortment virus there would probably be a lot of 
pre-existing T cell immunity in the population at large. This might also be the 
difference between the 1918 virus on the one hand, and the 1957 and 1968 with 
two reassortments. The 1918 virus was greatly mutated so there is less immunity 
in the population at large.

Peiris: I would agree. Direct adaptation of the virus to human transmission as 
happened with 1918 is likely to be much worse than a reassorted virus. Having 
said this, we can’t necessarily assume that reassortment would reduce the viru-
lence, especially in regard to dissemination to multiple organs. With H5N1 
disease in humans, there is some evidence that there is more dissemination than 
was thought up to now. I still would prefer to have an H9N2 pandemic than 
H5N1.

Osterhaus: I’m not sure you can say that. If H9 mutates into a virus that can easily 
transmit from human to human, a 1% case mortality rate would not be impossible. 
This would be a 1918 scenario.

Peiris: It’s still better than H5N1. Even if H5N1 reassorts, I suspect it will still 
be a nasty pandemic.

Skehel: How widely spread are the H9N2 viruses in the avian populations?
Peiris: In domestic poultry H9N2 is widespread—even more so than H5N1. But 

H5N1 is catching up fast.
Skehel: How about the wild population?
Webster: It continues to be present in the wild bird population, but it is not the 

same virus as occurs in the domestic poultry population.
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Skehel: This suggests that H9N2 is spread through commercial chains rather 
than through wild birds.

Peiris: It is highly endemic in poultry. It is generally asymptomatic or mild, and 
most of the time no one takes any notice of it.

Osterhaus: It causes disease, especially in animals that are pre-infected with 
IBV.

Skehel: To what extent are wild birds involved in the spread of H5N1?
Peiris: In the main centres of infection where it is endemic, wild birds are not 

playing a big role.
Osterhaus: In Vietnam, they swamped the area with avian vaccine, there were no 

more human cases, and then it relaxed: the same virus came back. This leaves the 
possibility that the virus was maintained in wild birds and not the domestic 
fl ock.

Webster: There was a group of ducks that did not respond to the vaccine admin-
istered: the muscovy ducks. The virus was in the muscovies all the time.

Peiris: In these endemic countries I think the wild birds are playing a relatively 
small role. On the other hand, in the movement of the virus from Qinghai Lake 
westwards, it has to be by wild birds. If it was through movement of poultry and 
poultry products, you’d have to explain why it happens to be this same virus that 
caused outbreaks in wild birds in Qinghai Lake, that was able to go on the Trans-
Siberian railway and not any of the other H5N1 variants.

Osterhaus: I think it is probably both.
Webster: It was probably transmitted by wild birds but it is not being perpetuated 

in wild birds.
Osterhaus: It depends on how you defi ne wild birds. In Niger we found it in 

vultures. They get infected because they eat a domestic chicken and then they 
transmit it to other vultures.

Webster: The internal genes in the early H5N1 probably came from an H9N2. 
The point I keep making is that in the early days in Hong Kong, the markets that 
were examined all had the virus. But there were no dead birds in those markets. 
There was probably T cell immunity based on H9N2. This H9N2 spread across 
the whole of Eurasia and is masking H5N1, and is responsible for the apparently 
healthy birds that are pooping out H5N1 that is highly pathogeneic.

Osterhaus: If what you are suggesting is true, would H9N2 be a good vaccine for 
humans?

Webster: There is a complex reactivity between H9N2 and H5N1 that is not 
worked out at the T cell level.

Peiris: Nina Kung who worked with us did some simulation market experiments. 
We created replica markets and infected birds with H9N2, looking at transmission. 
We had three different ‘artifi cial’ markets. One had H9N2-seronegative negative 
birds; one had a mixture of H9N2 seronegative birds and the other one had all 
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H5N1 vaccinated birds. Essentially there was no difference in transmission between 
the H5 vaccinated birds and the unvaccinated birds. The H5 vaccine doesn’t seem 
to be interfering with transmission of H9N2. But of course, natural infection with 
H9N2 and consequent immunity will modulate H5 transmission while the vaccine 
may be different.

Wood: What is the extent of antigenic and genetic variation within H9N2? Is 
there a difference between the viruses in domestic and wild birds?

Peiris: Within domestic poultry there is a huge diversity. That virus is doing 
exactly the same as H5N1: it is rapidly reassorting, There are a number of lineages, 
and the viruses are also moving from ducks to chicken and back to ducks. They 
are doing exactly the same thing as H5N1 viruses.

Webster: There is a whole plethora of H9N2 viruses out there.
Smith: What about antigenic variation of the H9N2?
Peiris: There is some.
Wood: Are they still like A/Hong Kong/1073/99?
Webster: There are two dominant antigenic variants of H9N2.
Peiris: All of us are focusing on H5N1, but it is probably also important to pay 

more attention to H9N2.
Webster: It is interesting to go back to look at the history of H9N2. The virus 

that we know in Eurasia started not long before H5N1. It was the mid 1990s before 
the virus spread from the wild aquatic birds into domestic birds. This started in 
Asia and it became dominant in Korea. After that it spread to the whole of Eurasia. 
This preceded H5N1.

Osterhaus: I think this H9 story is important, but if we look at what comes out 
of the surveillance of wild birds, up to 20% may be infected. There are waves of 
infection, for example from H5 to H7. Even in the virtual absence of H9, if birds 
are being pre-infected with H5, there is a large exposure that may result in protec-
tion. Light infection with a low path H5 may be expected to give protection in the 
same way as you discussed for H9, against a highly pathogenic H5. I wouldn’t focus 
only on H9.

Skehel: Does H9 go into pigs?
Peiris: Yes, we reported this back in 1998 (Peiris et al 2001). The Japanese have 

reported signifi cant seropositivity of H9 in pigs (Ninomiya et al 2002).
Skehel: Is the residue at 226 the same in all the H9s? It is a leucine in the one 

we studied.
Peiris: Both lineages of H9 viruses have a capacity to bind human α2,6-sialic 

acid receptors.
Holmes: Are the clades of H5N1 always temporally and spatially distinct? Do 

you fi nd more than one clade of H5N1 in the same place?
Peiris: In Indonesia there is just one clade. In Vietnam there are two, so they 

co-exist. But this is in a situation where infection has been suppressed quite a 
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lot by very aggressive vaccination. In Thailand they used depopulation to sup-
press the poultry outbreaks. When they had re-emergent outbreaks last year in 
poultry there was the original clade 1 virus, but also some outbreaks caused by 
a different sublineage. These may be in a fairly artifi cial situation where the 
infection had been suppressed. In southern China, Guan Yi has reported geo-
graphically distinct sublineages in different parts of China. They seemed to be 
separated, except for regions such as Guangdong where there are multiple sub-
lineages. This is not surprising since such regions have a lot of importation and 
exportation of poultry and are likely to be a melting pot of viruses. In a later 
study in China (Smith et al 2006) it appeared that this so-called geographical 
sublineages got wiped clean, and a different subclade (clade 2.3) has become 
dominant in the whole of the south China region. This virus has been found 
in Malaysia and Laos and also in some of the wild birds with H5N1 in Hong 
Kong.

Holmes: It sounds like the virus has been separated geographically into different 
lineages that have different fi tness. It is not as if there is a progressive evolution 
in one place.

Smith: If you look phylogenetically, all of the clade twos look like they have a 
common ancestor. Having said that, if we look antigenically, it is a slightly different 
story. Antigenically it looks as if there is drift forced by either selection pressure 
or hitchhiking.

Osterhaus: Geographically, there is little competition. We don’t see viruses taking 
over.

Holmes: Competition only takes place when you put them together.
Osterhaus: Aren’t these areas being challenged back and forth?
Peiris: It may be that when you have a dominant virus already entrenched, it is 

more diffi cult for an outsider to come in.
Holmes: It is unlike humans where you have this big mixed population. There is 

more direction to it. In birds there is geographic separation and spatial distinctive-
ness, so the virus populations diverge by allopatric speciation. Then fi tness plays 
a role when the populations come together.

Osterhaus: Humans live much longer and have less broad antibody responses 
than the birds. Humans have a more narrow response.

Skehel: Is that true? We use chicken sera to distinguish among viruses.
Smith: Adjuvanted sera doesn’t distinguish anywhere near as well.
Hoffmann: How frequent is the transmission from domestic to wild birds? If the 

virus is established in migrating birds, it will be impossible to control H5N1 
worldwide.

Peiris: In Hong Kong we do fi nd wild birds with H5N1, and a lot of this may 
be being picked up from infected poultry. The spread to Europe must point to the 
fact that it is being maintained by wild birds.
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Osterhaus: Originally, the idea was that we don’t see these highly patho-
genic viruses in wild birds. If there are suffi cient numbers of wild birds 
together these viruses will arise anyway, but they are dead ends because 
they can not sustain themselves in wild birds. The populations aren’t dense 
enough.

Smith: Highly pathogenic virus in one host isn’t necessarily going to be highly 
pathogenic in another. There are now a suffi ciently large number of species that 
can be infected with the H5 that you could have a low path strain that sustains 
itself.

Osterhaus: This is why we think Mallards are suspects for being real traffi ckers 
of the virus.

Peiris: There you have a problem with low path immunity, which may be allow-
ing the birds to survive the infection.

Osterhaus: We just don’t know how good that immunity is. If you have a mallard 
pre-infected by a low path H5N1 they are more or less vaccinated. Can they still 
excrete the high path virus?

Anderson: Is there evidence of antigenic drift or immune pressure?
Peiris: There is antigenic change, but this could be caused by vaccination.
Webster: There is a paper from David Suarez on the use of H5N2 vaccine in 

Mexico (Lee et al 2004). They followed H5N2 over many years and showed drift 
associated with the use of vaccine.

Osterhaus: I don’t agree with the interpretation in that paper.
Smith: You mentioned the rest day in the markets in Hong Kong, and that this 

could break transmission in those markets. Is that just a rest day, or are the markets 
cleaned that day?

Peiris: They are cleaned as well. But normal cleaning alone without a rest day 
can’t break transmission. Both are needed.

Osterhaus: This is an old veterinary principle. If you have pigs, farmers know 
never to have overlapping herds.

Webster: That’s what the live poultry markets have been doing for years in 
Asia.

Lai: Bats seem to be the reservoir for so many different viruses. Why is this?
Anderson: They have high-density populations.
Holmes: That is the key issue. A dense population is good for harbouring patho-

gens. It’s a strong ecological rule.
Osterhaus: As long as the virulence of the virus is low.
Holmes: The point is, the bigger the population is, the higher the virulence of 

the pathogen you can carry, because hosts are replenished quicker.
Osterhaus: There is also a selective advantage of having a population that can 

cover large distances and pick up the virus repeatedly.
Anderson: In addition to pathogenicity, ease of transmission comes into play.
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Holmes: All these factors are related. A lot of work has been done on hunter–
gatherer populations in humans, and they don’t carry acute RNA viral infections 
endemically. They can get them, but the infection burns out. With measles, you 
don’t see it endemically in populations of less than 300 000.

Osterhaus: This is why it isn’t seen in monkeys because the populations are too 
small. But if monkeys come into contact with humans there are outbreaks of 
measles.

Smith: I’m not sure I can buy the idea that large populations can support highly 
pathogenic viruses. If you have a larger population you can get a huge epidemic 
spike, and it is no longer a large population. For a virus to be sustained in large 
populations it has to be low path in that group.

Holmes: The rule is that it is the rate at which you replenish your susceptible host, 
compared with the rate at which they are killed by virus. This has all been worked 
out mathematically.

Smith: If it were as pathogenic as H5 in chickens, it wouldn’t matter how big that 
chicken fl ock was. But if a high path virus is to be reservoired in another species, 
you’d expect it to be lower path in the other species.

Osterhaus: In the bats, most of the viruses that they are reservoirs for are not 
pathogenic in them, such as rabies.
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Abstract. The interaction between multiple viral and host factors determine the 
pathogenicity and transmissibility of H5N1 infl uenza viruses. The viral surface gly-
coprotein haemagglutinin (HA) plays a crucial role in attachment to the host-cell 
sialic acid (SA) receptor and in viral growth and tissue tropism. Other viral factors 
known as host range or virulence determinants include viral polymerase, particu-
larly residue 627 in the PB2 protein, and the ability to evade the host immune 
response through the viral NS1 protein. Applying plasmid-based reverse genetics, we 
have provided a good model system to study the molecular basis for pathogenicity. 
Differences in the pathogenicity in mammalian species were previously observed 
between human (A/Vietnam/1203/04) and chicken (A/Chicken/Vietnam/C58/04) 
H5N1 isolates. Detailed molecular characterization by plasmid-based reverse genet-
ics showed that the polymerase subunits PB1 and PB2 contribute to the lethality of 
A/Vietnam/1203/04. The polymerase complex possessed signifi cantly higher tran-
scription/replication activity than the A/Chicken/Vietnam/C58/04 polymerase 
complex. Our results suggest that high polymerase activity acts as a molecular deter-
minant for virulence in mammalian species. We also evaluated the transmissibility 
and pathogenicity of H5N1 viruses isolated from humans during the years 2003–
2006 using a ferret contact model comprising one inoculated and two contact 
ferrets. This animal model has been shown to support effi cient transmission of 
seasonal human infl uenza viruses. At 103 TCID50, A/Vietnam/1203/04 and A/
Vietnam/JP36-2/05 viruses, which have ‘avian-like’ α2,3-linked SA receptor affi n-
ity, caused neurological symptoms and death in ferrets. A/HongKong/213/03 and 
A/Turkey/65-596/06 viruses, which have affi nity for both ‘human-like’ (α2,6-
linked) and ‘avian-like’ SA receptors, caused mild clinical symptoms and were not 
lethal to ferrets. No transmission of A/Vietnam/1203/04 and A/Turkey/65-596/06 
viruses was detected, and transmission of A/HongKong/213/03 and A/Vietnam/
JP36-2/05 viruses was ineffi cient. These results demonstrate that despite their recep-
tor binding affi nity, circulating H5N1 viruses retain molecular determinants that 
restrict their spread among mammals.
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In domestic birds, such as chicken or turkeys, highly pathogenic avian infl uenza 
viruses (HPAIV) of the H5 subtype spread systemically, causing death within a 
few days. In 2004, re-emergence of H5N1 avian infl uenza in mammalian species 
was reported during severe poultry outbreaks in Asia. Fatal cases of human 
infection were identifi ed in Vietnam, Thailand, Cambodia, and Indonesia. The 
spread of H5N1 viruses to Europe and Africa increased concern that an avian 
virus of Asian origin might gradually cross the species barrier and initiate an 
infl uenza pandemic. Avian infl uenza viruses may acquire the changes necessary 
to cause a devastating pandemic without genetic reassortment with human infl u-
enza viruses, as demonstrated by the likely avian origin of all eight gene seg-
ments of the 1918 pandemic infl uenza virus. Isolation of highly pathogenic 
H5N1 virus from sick or dead migrating birds is cause for concern, because 
their broad geographic range increases the likelihood that other species, includ-
ing mammals, will be infected. There is limited knowledge about the factors 
that are important for virulence, adaptation, and transmission, and about how 
they are interrelated.

Human H5N1 infl uenza is characterized by viral pneumonia with acute 
respiratory distress syndrome (ARDS), diarrhoea, liver dysfunction and one 
reported case of central nervous system involvement. The severity of the 
disease and aspects of its pathogenesis differ from those associated with the 
human infl uenza viruses H3N2 and H1N1. While aspects of H5N1 virulence 
may refl ect greater dissemination to multiple organs, including the central 
nervous system, most patients succumb to progressive primary viral pneumo-
nia, ARDS, or other pulmonary compromise. Marked lymphopaenia is another 
consistent observation in patients with severe H5N1 disease and is an indica-
tor of poor prognosis (Yuen et al 1998, Peiris et al 2004, Beigel et al 
2005).

Viral factors responsible for H5N1 virulence in humans are not well character-
ized. A multiple basic amino acid motif at the HA cleavage site is important for 
virus dissemination and systemic spread in chickens. However, it is not known 
whether other adaptive changes in HA, such as those that determine receptor 
specifi city, are crucial for tissue tropism and interspecies transmission. Typical 
avian strains have HAs that bind selectively to α(2,3)-linked SA receptors, whereas 
human strains bind with greater affi nity to α(2,6)-linked SA. Less well understood 
is the role of internal gene segments. Polymerase subunit PB2 protein and non-
structural NS1 protein were reported to be important factors in the high virulence 
of 1997 H5N1 viruses in mouse and pig models, respectively (Hatta et al 2001, Seo 
et al 2002, Shinya et al 2004).

Studies in animal models provide valuable information regarding the mecha-
nism of pathogenesis of HPAIV in humans. Ferrets are considered an excellent 
small-animal model of human infl uenza. They exhibit clinical signs of infection 
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similar to those observed in humans, such as fever, sneezing, diarrhoea, leth-
argy and acute respiratory illness (Zitzow et al 2002). Mice are also often used 
in infl uenza studies. Although human infl uenza viruses typically do not repli-
cate in mice without adaptation, highly pathogenic H5N1 viruses isolated since 
1997 can infect and kill mice without prior adaptation. Studies in these small-
animal models provide valuable information about the contribution of viral 
genes to pathogenesis and transmission. Recent technological advances allow 
us to reconstitute entire infl uenza virus genomes, thereby signifi cantly improv-
ing our ability to determine the molecular basis of virus adaptation, transmis-
sion, and virulence. Here we summarize our recent fi ndings on viral genes 
associated with the high pathogenicity of an H5N1 strain isolated from a fatal 
human case and on the transmissibility of H5N1 viruses isolated during the 
years 2003–2006.

Results

Viral genes associated with high pathogenicity in mammals

Our group and others have demonstrated that the H5N1 viruses A/
Vietnam/1203/04 (VN1203), isolated from a fatal human case, and A/Chicken/
Vietnam/C58/04 (CH58) are both highly pathogenic to chickens. However, only 
the human isolate is lethal to ferrets (Govorkova et al 2005, Maines et al 2005). 
To determine what gene segments contribute to the different virulence and sys-
temic spread of these viruses, we used the eight-plasmid reverse genetics system 
(Hoffmann et al 2000a.) We constructed two eight-plasmid sets encoding the 
individual genes of VN1203 and CH58 and generated reverse genetics (RG) 
VN1203 and CH58 recombinant viruses by DNA transfection (Fig. 1). Protein 
sequences of the RG viruses were identical to their respective parental viruses. To 
test the pathogenicity of the RG viruses, we intranasally inoculated ferrets with 
106 50% egg infectious doses (EID50) of virus. VN1203 virus was lethal to ferrets, 
but CH58 was not. The ferrets’ body temperatures were approximately 2 °C higher 
after inoculation with VN1203 than after inoculation with CH58. Ferrets inocu-
lated with VN1203 lost more than 20% of their body weight, while those in 
the CH58 group maintained or increased their weight. These fi ndings were similar 
to those observed after inoculation with the respective parental virus strains 
(Govorkova et al 2005).

The systemic spread and high lethality of VN1203 in ferrets and mice could 
be caused by altered tissue tropism resulting from changes in the HA and neur-
aminidase (NA) surface glycoproteins. VN1203 and CH58 differ by six amino 
acids in each glycoprotein. We therefore generated a RG VN1203-CH58(HA,NA) 
virus composed of the CH58 HA and NA genes plus the six internal genes of 
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VN1203. All ferrets inoculated with this recombinant virus died between days 6 
and 11 post-inoculation (p.i.), and all inoculated mice died by day 8 p.i. The sur-
vival rate, weight loss, virus titres, and disease severity caused by VN1203-
CH58(HA,NA) was similar to that caused by VN1203 in both mammalian 
models.

The polymerase genes of VN1203 and CH58 differ by 11 amino acids (4 in 
PB2, 3 in PB1, and 4 in PA). Inoculation with the reassortant virus VN1203-
CH58(3P), containing the CH58 PB2, PB1 and PA genes, was not lethal to 
ferrets or mice and caused no weight loss. Ferrets inoculated with the single-
gene reassortant VN1203-CH58(PB2) experienced modest weight loss, and 2 of 
the 3 inoculated ferrets survived. Nasal wash virus titres were 2 logs lower on 
day 1 and 1 log lower on day 5 in those inoculated with reassortant virus con-
taining CH58 PB2 rather than VN1203 PB2. Mice inoculated with VN1203-
CH58(PB2) showed no weight loss, and 1 of 8 mice died, 10 days p.i. A RG 

FIG. 1. Model system used to study the molecular basis of pathogenicity in different mam-
malian hosts. Each of the plasmids contains an individual gene segment from a low-pathogenic 
H5N1 virus (A/chicken/Vietnam/c58/04) and a high-pathogenic human H5N1 isolate (A/
Vietnam/1203/04). The genes important for virus spread in mammalian host species are 
identifi ed by mixing the appropriate plasmids to generate recombinant viruses for testing in 
small mammalian animal models.
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VN1203 virus containing a point mutation that substituted glutamic acid (E) 
for lysine (K) at position 627 of PB2 was not lethal to mice. These results 
demonstrate that K627 in VN1203 PB2 contributes to lethality in mice. Half 
of the ferrets inoculated with single-gene reassortant VN1203-CH58(PB1) sur-
vived. Mice inoculated with the same reassortant showed a 15% weight loss 7 
days p.i., but all mice gained weight after day 9 and survived. These results 
underscore the importance of genetic changes in PB2 and PB1 to the replication 
effi ciency of VN1203.

To test whether the three VN1203 polymerase genes are suffi cient for high 
lethality, we generated a reassortant virus comprising the human isolate’s poly-
merase genes and the remaining fi ve segments from the chicken isolate. Inocula-
tion of mice with CH58-VN1203(3P) resulted in severe weight loss and 100% 
lethality between days 9 and 11 p.i. Two of three ferrets inoculated with this virus 
survived and lost more than 12% body weight. Taken together, these results dem-
onstrate that the polymerase genes contribute to pathogenicity in both mice and 
ferrets.

To compare the polymerase activity of VN1203 and CH58, we applied infl u-
enza A virus minigenome assay by transfecting 293T cells with plasmids contain-
ing their PB2, PB1, PA and NP genes and a luciferase reporter plasmid. Because 
cDNA encoding luciferase is controlled by the infl uenza A virus M segment’s 
non-coding region, luciferase levels refl ected overall transcription and replication 
activity of the polymerase complex (Hoffmann et al 2000b). Luciferase activity 
(relative light units; RLUs) in cells co-transfected with VN1203 polymerase 
complex and NP was 3.5-fold higher than that in cells co-transfected with CH58 
polymerase complex and NP. Therefore, the VN1203 polymerase complex and 
NP showed higher transcription/replication activity than the CH58 polymerase 
complex and NP. To assay the individual effect of VN1203 PB2 and PB1 on 
polymerase activity, we replaced the individual PB2 and PB1 segments of VN1203 
with those of CH58. When VN1203-PB2 was replaced with CH58-PB2, luciferase 
activity was reduced by 78%. When VN1203-PB1 was replaced with CH58-PB1, 
luciferase activity was reduced by 42%. The effect of CH58 NP was also assayed 
by co-transfecting VN1203 PB2, PB1, and PA plasmids with the CH58 NP 
plasmid. The luciferase activity did not differ from that observed with the VN1203 
PB2, PB1, PA and NP plasmids. Overall, the VN1203 polymerase complex and 
NP showed signifi cantly higher transcription/replication activity than the CH58 
polymerase complex and NP, and VN1203 PB2 and PB1 may have contributed 
to the greater polymerase activity observed from VN1203 polymerase complex 
and NP.

The NS1 protein is known to regulate innate immunity by modulating the host 
type I interferon response, which has both antiviral and immunoregulatory func-
tions. We therefore generated single-gene reassortants that combined CH58 NS 



H5N1 TRANSMISSION AND PATHOGENICITY 133

with the remaining seven VN1203 genes. Five of six ferrets inoculated with the 
reassortant virus survived. They lost 20% less weight than did ferrets inoculated 
with VN1203. All mice inoculated with this reassortant lost weight and died by 
day 8 p.i. Thus, the contribution of NS to lethality differs between ferrets and 
inbred mice.

Evaluation of the transmissibility and pandemic potential of H5N1 viruses

H5N1 virus that re-emerged in late 2003 can be grouped into several genetic 
clades based on phylogenetic analysis of the HA gene and viruses that belong 
to different clades/sub-clades are antigenically distinguishable by HI assay. To 
obtain a broad representation of the clades of circulating H5N1 viruses, we 
selected human isolates from clades 1 [A/HongKong/213/03 (HK213), A/
Vietnam/1203/04 (VN1203), and A/Vietnam/JP36-2/05 (VNJP36-2) viruses] 
and 2 [A/Turkey/65-596/06 (TK65596) virus]. Three of these isolates con-
tained amino acid changes in the conserved HA receptor-binding residues. The 
HK213 and TK65596 viruses contained N rather than the conserved S at 
residue 223; VNJP36-2 virus contained A rather than the more conserved S at 
133.

We measured the receptor binding affi nity of the four viruses to high-
molecular-weight sialic substrates. All isolates exhibited affi nity for p3′SL (syn-
thetic sialosaccharides with α2,3-linkage). The HK213 and TK65596 viruses, 
both of which had an S→N substitution at HA receptor binding residue 223, 
showed a greater affi nity for p6′SL (synthetic sialosaccharides with α2,6-linkage) 
than is typical of avian H5N1 infl uenza viruses, and both of these viruses had 
an S→N substitution at HA receptor binding residue 223. These results are 
consistent with previous reports (Hoffmann et al 2005, Shinya et al 2005) that 
N at residue 223 of HA may alter the receptor binding affi nity of the H5 HA 
glycoprotein.

We showed previously that our ferret contact model is suitable for transmissibil-
ity studies of human H3N2 viruses (Yen et al 2005). Applying the same experi-
mental design, we assessed the transmissibility of each H5N1 virus in two 
independent ferret groups (the TK65596 virus was studied in only one ferret 
group). No signifi cant difference was observed between nasal wash titres of the 
four viruses 2, 4, or 6 days after inoculation with 103 TCID50. Nasal wash titres 
usually peaked at 4 days p.i. (range, 2–6 days), and peak titres were 4.0–6.5 
log10TCID50. Between days 2 and 6 p.i., virus (1.7–2.5 log10TCID50) was also 
detected in the rectal swabs of ferrets inoculated with VN1203 and VNJP36-2 
viruses.

Transmission of virus from inoculated donors to naïve contact ferrets was con-
fi rmed by isolation of virus from nasal washes or rectal swabs and/or by serologic 
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testing. No transmission of the VN1203 or TK65596 virus was detected. One of 
four contact ferrets exposed to HK213 had developed neutralizing antibody (titre 
= 1 : 80) when tested after 21 days of contact with the inoculated ferret but did not 
shed detectable virus or show signs of illness. After re-challenge with HK213 
virus, this contact ferret did not shed virus, whereas the seronegative (neutralizing 
antibody titre <1 : 20) contact ferrets did. These results showed that HK213 virus 
is not transmitted effi ciently between ferrets and appears not to cause symptomatic 
infection after transmission.

In each of two independent ferret groups, VNJP36-2 virus was isolated from 
one of the two naïve contact ferrets after 6 and 8 days, respectively, of contact with 
the inoculated ferret (8 and 10 days after inoculation of the inoculated ferret). One 
contact ferret in each group remained seronegative after 21 days of contact, dem-
onstrating the ineffi ciency of VNJP36-2 transmission and the absence of second-
ary transmission. Despite high virus titres in the nasal washes of inoculated ferrets, 
little or no virus was detected in the nasal washes of the infected contact ferrets. 
VNJP36-2 virus was detected on only one day in the nasal wash of one infected 
contact; virus was detected in the rectal swabs of both infected contact ferrets on 
one day.

The four H5N1 viruses were less effi ciently transmitted in this animal model 
than the human H3N2 A/Wuhan/359/95 virus, which was transmitted effi ciently 
from the inoculated ferret to both naïve contact ferrets after 2 to 4 days of contact 
(Yen et al 2005). However, we observed differences in transmissibility between 
the four H5N1 viruses in this animal model. The VN1203 and TK65596 viruses 
were not transmitted to contact ferrets; the HK213 virus was transmitted to one 
contact ferret but was detectable only by seroconversion; and the VNJP36-2 virus 
was transmitted with a signifi cant delay compared to human H3N2 virus to one 
of two contact ferrets in two separate ferret groups, as shown by virus shedding 
and/or seroconversion.

The four human H5N1 isolates differed in their pathogenicity in inoculated 
ferrets. VN1203 and VNJP36-2 were lethal and caused neurological signs, tem-
perature elevation (maximum elevation, 2.4–3.7 °C), and weight loss (11%–29%) 
similar to the disease signs previously reported (Govorkova et al 2005, Maines et 
al 2005). In contrast, ferrets inoculated with the HK213 and TK65596 viruses 
showed only slight temperature elevation (0.9–1.4 °C) and weight loss (2.4%–
9.7%). To evaluate virus replication and tissue tropism in the inoculated ferrets, 
we titrated virus 5 days p.i. in the nasal turbinate, trachea, lungs, brain, olfactory 
bulb and large intestine of two ferrets per virus. For comparison, we inoculated 
one ferret with 103 TCID50 of recombinant Wuhan/95 (H3N2) virus. All four 
human H5N1 isolates were detected in the olfactory bulb, nasal turbinate, lungs, 
and large intestine; however, only the VN1203 and VNJP36-2 viruses were detected 
in the brain. In contrast, the H3N2 human infl uenza virus was detected only in 
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the nasal turbinate. Of the four H5N1 viruses, VN1203 replicated most effi ciently 
in all ferret organs except the trachea.

Discussion

Plasmid-based reverse genetics now allows us to map the factors that contribute 
to the virulence of H5N1 infl uenza virus isolates. We showed that recombinant 
human infl uenza virus isolate VN1203, unlike CH58, rapidly spread systemically 
to the brain and liver in ferrets, resulting in high lethality. The survival of all mice 
and ferrets inoculated with a reverse genetics VN1203 virus that contained the 
polymerase genes of the chicken isolate showed that these genes are important for 
virulence. In the reverse experiment, a recombinant virus comprising the chicken-
isolate backbone with the VN1203 polymerase genes killed all inoculated mice and 
one out of three inoculated ferrets. Applying infl uenza A virus minigenome assay, 
we observed that VN1203 polymerase subunits PB2 and PB1 have contributed to 
the high polymerase activity and likely the pathogenicity of the VN1203 virus. 
Since polymerase subunits PB2 and PB1 are central to the infl uenza virus replica-
tion cycle and are required for viral RNA replication and transcription, inhibition 
of this function by antivirals directed against the polymerase proteins may dra-
matically reduce the severity of disease and prevent death. Such new antivirals 
could complement the use of neuraminidase inhibitors and the M2-ion channel 
blocker amantadine.

The role of HA in virus cell binding and entry implies that it is important 
for effi cient virus spread after infection. The presence of a multibasic cleavage 
site in the HA is well correlated with high pathogenicity in infl uenza A viruses. 
This motif allows cleavage by intracellular furin-like proteases. In this study, 
both the chicken and human isolate had polybasic amino acids in the connect-
ing HA peptide, which allowed rapid systemic viral spread; this feature results 
in lethality to chickens and is essential for the virulence of the 1997 human 
H5N1 isolates in mice. However, the contribution of HA receptor-binding 
properties to cell tropism and virus transmission are not known. In our model 
system, both VN1203 and CH58 viruses were selective for α-(2,3)-linked SA 
and spread effi ciently after experimental infection. It is noteworthy that CH58, 
VN1203, and most of the recent H5N1 viruses have S223 in their HA and 
that this residue, located in the HA 220-loop, is crucial for α-(2,3)-linked SA 
receptor specifi city. Substitution of N for S at residue 223 is associated with 
changes in receptor binding affi nity and specifi city, as fi eld H5N1 isolates 
HK213 and TK65596 possess affi nity towards both synthetic sialyl substrates 
with the avian-like α-(2,3)-linkage and the human-like α-(2,6)-linkage. Our 
results on VN1203 and CH58 viruses highlight the contribution of PB1 and 
PB2 to high lethality in mammalian hosts, and that multibasic amino acids in 
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the cleavage site of the HA are necessary but not suffi cient for high lethality 
in a mammalian host.

The ineffi cient transmission of both the low-pathogenic HK213 and the high-
pathogenic VNJP36-2 viruses in ferrets suggests that there is no direct correlation 
between pathogenicity and transmissibility of the H5N1 viruses in this animal 
model. Interestingly, however, the less pathogenic HK213 virus caused only asymp-
tomatic infection in one contact ferret, while the more pathogenic VNJP36-2 virus 
caused severe clinical signs in infected contact ferrets. The ineffi cient transmission 
of HK213 and the non-transmission of TK65596 virus demonstrates that the 
observed binding affi nity for ‘human-like’ α-(2,6)-linked SA receptors is not suffi -
cient to allow effi cient transmission of H5N1 virus among ferrets. It is likely that 
the avian-derived H5N1 viruses require further adaptation in their surface glyco-
proteins and internal genes to allow effi cient co-operation with the mammalian cell 
machinery.
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DISCUSSION

Webster: So we are starting to see some information on the number of genes 
involved in transmissibility. This issue is obviously not straightforward.

Skehel: You mentioned the 223 mutation. Did you look for neuraminidase inhibi-
tor resistance in those viruses?

Hoffmann: Not in this study.
Skehel: The initial studies on the Turkey virus indicated that the viruses that had 

the change at 223 were more resistant to Tamifl u. The implication from this might 
be that the haemagluttinin has a lower affi nity, quite apart from the differences 
in specifi city that you showed. The lower affi nity could also compromise 
transmissibility.

Hoffmann: That is a good point. Low affi nity binding may contribute. However, 
it appears that other genes in addition to the haemaggluttinin are important for 
transmission.

Lai: Your studies show that the molecular determinants for pathogenicity differ 
among different animals. Which animal model is more representative of the human 
pathogenicity?

Hoffmann: We had some discussion on this earlier: what is the best model system? 
It depends on the question one is asking. We can only answer this by testing dif-
ferent strains with different animal species. For example, in our studies we found 
that polymerase genes are important for pathogenicity in mice and ferrets. In this 
case we believe that the general mechanism is a more effi cient virus growth early 
after infection that leads to the high lethality. Therefore, both mouse and ferret 
are excellent models.

Osterhaus: The obvious way to go is to do site-directed mutation in the individual, 
such as taking 223 and mutating it back, and then looking at what it does in the 
respective species. We did the same for H7, for the lethal virus and the mild virus. 
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To make all the different combinations is quite a bit of work. It also depends on 
the animal species you test it in.

Hoffmann: It’s good that we have reverse genetics.
Osterhaus: There is pathogenicity on one hand and transmissibility on the other 

hand. Standardized assays for transmissibility are relatively diffi cult to perform. 
How do we defi ne transmissibility in different species? Another complication is 
the behaviour of the different animals.

Webster: How many of these changes are showing up in the domestic animals?
Hoffmann: The only signature sequence we know of where we can relate mam-

malian infl uenza virus with avian infl uenza virus is at position 627 of the polymerase 
subunit PB2, which is lysine in mammals and glutamic acid for avian isolates. This 
is not 100%. A few viruses isolated from avian species have lysine at PB2-627.

Holmes: There is a whole clade of the bird viruses that has that mammalian 
amino acid.

Webster: Have you also found this in the H7 viruses?
Osterhaus: The highly pathogenic virus for humans and mice has a number 

of mutations that arose in chickens. This is diffi cult to understand if there 
wasn’t a mammalian transmission in between. We went back to the farm that 
the chickens came from and found a number of mutations.

Peiris: Regarding transmissibility, the 223 substitution also converts a 2,3 virus 
to a 2,3 plus 2,6 dual binding virus. Yoshi also showed this change in receptor 
binding in recent human viruses from 2004. But they do not transmit effi ciently 
in humans. Have you looked at going all the way to losing the 2,3 site, in addition 
to acquiring the 2,6 binding?

Hoffmann: I think you are referring to the neighbouring positions to 223 known 
to be important for receptor specifi city that could be changed using reverse 
genetics.

Peiris: Is this a safety issue?
Webster: Biosecurity people aren’t happy with this.
Skehel: Can you tell us anything about the mechanism of the 627 mutation being 

involved in polymerase activity. Does it infl uence interaction of the polymerase 
with host components? If so, which host components might be involved?

Hoffmann: I’d like to know that. The sequence evidence suggests that lysine at 
position 627 is related to the mammalian species. This suggests an interaction with 
a host factor. Which host components are involved is not known.

Osterhaus: You have to be careful with the term ‘mammalian’, because humans 
are different from cats, which are different from mice and so on.

Hoffmann: I agree. Referring to ‘mammalian’ factors in general is a simplifi cation 
of a possibly much more complex underlying biology.

Lai: In in vitro polymerase assays, which cell types can we use? Do we have to 
use human cells, or ferret cells, or mouse cells?
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Hoffmann: We use 293 T cells, which are human cells.
Lai: The polymerase activity might be different in different cell types.
Hoffmann: Yes. We are focusing on the comparison between polymerase activity 

in human cells and avian cells to obtain evidence of contributions of host factors 
or polymerase subunits per se contribute to higher polymerase activity.

Anderson: The polymerase complex changes. What other phenotypic data do you 
have on differences in lethality in the mouse and ferret that you saw? Does virus 
titre correlate with lethality?

Hoffmann: The highly virulent H5N1 viruses spread systemically in the ferret 
and mouse resulting in high titres in multiple organs.

Thiery: Have you looked at any semi-quantitative methods for measuring the Kon 
and Koff of this interaction?

Hoffmann: Virus binding affi nity to sialylglycopolymers obtained by conjuga-
tion of a 1-N-glycyl derivative of 3′-sialyllactose or 6′-sialyllactose was tested 
by competitive assay based on inhibition of binding to peroxidase-labelled 
fetuin.

Thiery: You need a biacore or plasmon resonance method to measure the Kon and 
Koff of the interaction.

Hoffmann: That would be interesting to do.
Lal: Do you know which component, PB1 or PB2, is responsible for slowing 

down the activity of the polymerase? There may be just one component. If you 
used a siRNA to slow down each one of these complexes you might be able to pin 
down which is involved?

Hoffmann: Both contribute. PB1 is the subunit that catalyses the elongation of 
the viral RNA chains, and PB2 is the protein that ‘steals’ the cap-structure from 
cellular mRNAs.

Osterhaus: You said quite categorically that α2,3/α2,6 is not the whole story about 
transmissibility. What are we missing?

Hoffmann: I think that we do not understand the contribution of the other gene 
segments to transmissibility. Possibly, we are missing some important mechanisms 
occurring in the upper respiratory tract that allow some viruses such as H3N2 
to easily transmit, but other even more effi ciently growing viruses such as H5N1 
viruses not to transmit.

Skehel: It isn’t just binding specifi city of HA; it is affi nity as well. There is evidence 
that the change at HA1 223 infl uences affi nity from the neuraminidase sensitivity 
data. If change in the HA makes it less susceptible to neuraminidase inhibitors, this 
could be because mutation in the HA has led to the change in affi nity because the 
virus then gets off the infected cell surface more easily without having to have the 
neuraminidase working effi ciently.

Osterhaus: How does that translate into transmissibility? Is it availability of the 
virus?
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Skehel: If the receptor binding affi nity of HA is lower then the transmissibility 
it will probably be lower.

Hoffmann: ‘Loose’ binding may be important for more effi cient release and 
spread.

Lai: We think of transmissibility as the infection of different host species. 
Transmissibility may also mean spread of the virus between different tissues. Have 
you looked at the spread of the virus in different organs?

Hoffmann: Our defi nition for transmission is between different animals. The 
virus clearly spreads to multiple organs, including the brain and intestine. Thus, 
the virus grows effi ciently inside the host, but there appears to be a ‘block’ for 
spreading of H5N1 viruses between individual hosts.

Anderson: Do the PB1 and PB2 mutations affect transmission?
Hoffmann: We don’t know. The studies we have done on the polymerase genes 

have solely concerned pathogenicity, with experimental infection of ferrets.
Peiris: Talking about the reduced affi nity interaction of the virus, this must mean 

that the viruses are less effi cient at infecting. Is there any evidence that the 213 
virus that carries the 223 mutation gives lower titres in animals?

Hoffmann: It grows to lower titres, but we did not test the contribution of other 
genes.

Peiris: If you have a low affi nity receptor interaction, it should translate into 
many things, not just transmissibility.

Kahn: Is the virus that comes from these animals infective?
Osterhaus: Yes. There is plenty of virus and it is infective.
Webster: It is the same in the pig: the virus is present in suffi cient quantity.
Skehel: Do the pigs get sick with H5?
Webster: Not with the H5 that we have inoculated into pigs experimentally, but 

there are reports in the fi eld of sick pigs. It is a complex issue. The missing link in 
whether this virus will be successful or not in transmissibility.
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Development of vaccine for a future 
infl uenza pandemic
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Abstract. Vaccination offers the most effective large scale preventative measure against 
pandemic infl uenza, but experience gained from development of H5N1 vaccines over 
the past four years has shown that we are not yet ready to react suffi ciently quickly and 
effectively to obtain the most benefi t from pandemic vaccines. Although safe and pro-
ductive vaccine viruses can be prepared from highly pathogenic H5N1 viruses by the 
use of reverse genetics technology, vaccine is unlikely to be ready in time for the fi rst 
pandemic wave. Another issue facing us is the use of hens’ eggs for vaccine production. 
During a pandemic, the supply of eggs may be compromised and it is important to move 
ahead with vaccine production based on use of mammalian cells. We have found that 
vaccine strategies designed for seasonal infl uenza are unlikely to stimulate protective 
immunity in pandemic situations, so alternative strategies need to be explored. Finally 
the regulatory authorities face challenges in licensing and testing new pandemic vac-
cines, and recent progress will be reviewed.

2008 Novel and re-emerging respiratory viral diseases. Wiley, Chichester (Novartis Foundation 
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It is generally accepted that vaccines will provide our best intervention strategy 
against pandemic infl uenza. In recent years, the episodes of avian infl uenza virus 
infection of humans suggest that the next pandemic virus may be a highly patho-
genic avian strain, and we are faced with the problem of generating a vaccine from 
a potentially lethal virus. One way around this problem that became feasible only 
in 2003 is to use ‘reverse genetics’ to reliably create a safe vaccine virus. We know 
that the major molecular basis for virulence of H5N1 viruses is linked to the cleav-
ability of the H5N1 haemagluttinin (HA) spike protein, in addition to important 
features of the internal viral proteins, and that the enhanced cleavability is due to 
an extra 4–6 basic amino acids in the HA structure at the cleavage site. Using 
genetic engineering techniques, these extra basic amino acids can be excised from 
a cloned copy of the HA segment. At the same time, by rescuing the neuraminidase 
(NA) segment from the potential pandemic strain along with the backbone of six 
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gene segments from a human virus A/PR/8/34 (H1N1) (PR8), a virus can be 
generated that has the outer coat proteins of the pandemic strain, has the ability 
to grow well in eggs, and is non-pathogenic. The use of PR8 as a genetic backbone 
for pandemic reference viruses has been approved by the WHO.

Creation of a safe vaccine virus is only the start of pandemic vaccine develop-
ment, however. There are several key questions that must be answered:

• Will vaccine be ready in time for a pandemic?
• Can we produce a pandemic vaccine without depending on eggs?
• Can we produce a vaccine that will be protective at low antigen content?
• Are the vaccine regulators ready to license the new pandemic vaccines?

Speed of vaccine virus development

There are three laboratories approved by WHO to produce pandemic vaccine 
viruses: St Jude Children’s Research Hospital, USA, Centers for Disease Control, 
USA and NIBSC in the UK. The key facilities for such work include a high con-
tainment laboratory (BSL3 or BSL4 depending on locally implemented laws); 
experience with reverse genetics; access to qualifi ed mammalian cells for virus 
rescue; and a quality system suitable for the early stages of vaccine development. 
Once the candidate pandemic vaccine virus has been produced, it is important to 
check that the virus is safe to send to vaccine manufacturers and a series of tests 
has been agreed by WHO for this purpose including in vitro and in vivo tests (WHO 
2005). In the event of a pandemic, it is absolutely vital to prepare vaccine reference 
viruses as quickly as possible. In 2004, when we were faced with the threat of 
human H5N1 infections in Vietnam and Thailand, it took 2.6 months to produce 
a fully-tested vaccine virus (NIBRG-14) at NIBSC. Since that time, we have 
streamlined as much of the process as possible, with the result that our current 
capability is just 1.4 months. However, there is an opportunity to do even better, 
if we consider that after just one month it is possible to have a newly derived H5N1 
reverse genetics virus, which has been tested for absence of multiple basic amino 
acids at the HA cleavage site, for the inability to kill chicken embryos and the 
inability to form plaques in mammalian cells without the addition of trypsin. We 
would thus have a great deal of confi dence, based on our experience and that of 
others, that the candidate H5N1 vaccine virus is safe. The remaining tests for 
safety in ferrets and chickens, which need a further 0.5 months, would not have 
been completed. According to current OIE regulations, an H5N1 virus which has 
not been tested for pathogenicity in chickens is considered to be highly pathogenic 
(OIE 2005) and it would not be possible to distribute a partially-tested H5N1 virus 
unless it is handled at either BSL3 or 4. A saving of 0.5 months would be vital in 
preparing a pandemic vaccine and for this reason, the OIE has recently introduced 
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emergency measures to allow such vaccine viruses to be released to vaccine manu-
facturers before the chicken pathogenicity test has been completed (WHO 2007). 
However in the USA, a partially-tested H5N1 virus is designated ‘select agent’ 
status by the USDA, which would impede the early release of a pandemic virus. 
Discussions are needed to relax such laws under emergency situations. Emergency 
legislation is now in place in the USA (note added in proof, December 2007).

If we assume that a pandemic vaccine virus can be made available to vaccine 
manufacturers within one month, will vaccine be ready in time? Unfortunately the 
vaccine manufacturers estimate that it will take a further 3–4 months before the 
fi rst vaccine doses are ready, so if the next pandemic spreads around the world as 
quickly as anticipated, we are unlikely to have a vaccine until well into the fi rst 
pandemic wave. There are some options open to us to improve pandemic vaccine 
availability including stockpiling vaccine; immunizing before a pandemic (immu-
nological priming); and production of vaccine viruses in advance (a library of 
reagents). However with each of these strategies there is an element of risk because 
there is no way of knowing in advance, what the pandemic virus will be. However 
because of the consequences of not having vaccine in time, it may be worthwhile 
to take such a risk.

Dependence on eggs

It is generally acknowledged that rapid production of pandemic vaccines depends 
largely on availability of hens’ eggs and that there is a great shortfall between the 
global infl uenza vaccine capacity (300 million doses of trivalent vaccine) and the 
global need for pandemic infl uenza vaccines (6.2 billion doses) (Fedson 2006). 
The situation is particularly acute in developing countries that do not have suffi -
cient vaccine manufacturing capacity. In order to meet this shortfall, the World 
Health Assembly (2005) and various governments are encouraging the rapid devel-
opment of vaccine based on mammalian cell culture. There are some distinct 
advantages in the use of cell culture, including the possibility to produce vaccine 
directly from highly pathogenic viruses under high containment, which will 
obviate the need for a reverse genetics virus thus saving time and independence 
from eggs, whose supply could be threatened by pandemic infl uenza caused by 
highly pathogenic avian viruses. Although our current pandemic vaccine capability 
depends on eggs, there is an opportunity to extend global infl uenza vaccine pro-
duction principally due to increasing use of cell culture technology.

Pandemic vaccine effi cacy

There is striking evidence from clinical trials of candidate pandemic vaccines 
prepared and delivered using conventional technology, that they are unlikely to 
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be protective unless they are used at high antigen concentrations. In the EU, a 
subunit H5N3 vaccine prepared from a clade 3 A/Duck/Singapore/97 virus 
(Nicholson et al 2001) did not stimulate adequate levels of serum antibody after 
two 15 µg doses, and then in the USA a split vaccine produced from a clade 1 
A/Vietnam/1203/2004 H5N1 virus was shown to be poorly immunogenic even 
after two 90 µg doses (Treanor et al 2006). However, since 2004, there has been 
great progress to produce and test candidate pandemic vaccines, and the infl u-
enza vaccine industry (IFPMA 2006) reports that there are at least 28 H5N1 
vaccine clinical trials worldwide either currently in progress or now completed. 
Results from the trials are now emerging and it appears that there are some 
trends:

• For non-adjuvanted split vaccine, at least two doses of 90 µg are needed (Treanor 
et al 2006)

• For split or subunit vaccine with alum, two doses of 30–45 µg are needed 
(Bresson et al 2006)

• For whole virus egg grown vaccine with alum, two doses of 10–15 µg are needed 
(Lin et al 2006, Hehme et al 2006)

• For subunit vaccine with MF59, two doses of 7.5 µg are needed (Banzhoff 
2007)

• For non-adjuvanted whole virus Vero cell grown vaccine, two doses of 7.5 µg are 
needed (Barrett 2007)

• For split vaccine with AS adjuvant (proprietary adjuvant of GlaxoSmithKline), 
two doses of 3.8 µg needed (Borkowski et al 2006).

There are of course exceptions to such trends and it was reported recently that a 
whole virus alum-adjuvanted H5N1 vaccine produced in Hungary is immunogenic 
after just one dose of 6 µg (Vajo et al 2007). Another feature of pandemic vaccine 
development that is causing concern is the ability of vaccines to induce immunity 
against variant strains of H5N1. There is evidence that clade 1 vaccines will stimu-
late cross-reactive antibody to clade 2 viruses albeit at reduced titres (Höschler 
2006), but we do not know how this relates to cross-protection.

Apart from some uncertainties about vaccines, there are also problems asso-
ciated with the techniques used to test sera from infl uenza vaccine trials. The 
haemagglutination-inhibition (HI) test is not very sensitive for H5N1 antibody 
unless modifi cations are made (Stephenson et al 2004) and both the HI test 
and virus neutralisation tests are not very reproducible between laboratories 
(Stephenson et al 2007). Furthermore, we are not sure about the correlates of 
immunity for pandemic infl uenza vaccines. There clearly is much to learn about 
the best use of different adjuvants and the methods employed to assess vaccine 
immunogenicity before the most effi cient use of H5N1 vaccines can be 
made.
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Regulatory preparedness for a pandemic

From the information available in 2004, it was apparent that a pandemic vaccine 
was likely to be monovalent, adjuvanted, administered in a two-dose schedule and 
a product of genetic modifi cation. Such vaccines were certainly not licensed in 
the EU and probably were not licensed anywhere else in the world. It normally 
takes several months or even years to obtain regulatory approval for a new type 
of infl uenza vaccine, so plans were made in the EU to encourage each vaccine 
manufacturer to obtain in advance of a pandemic, regulatory approval for the type 
of vaccine considered necessary to combat pandemic infl uenza. Such approval 
could be obtained with a ‘mock-up’ pandemic vaccine strain and the licence could 
then be rapidly updated (in a matter of days) when the pandemic begins (CPMP 
2004). This far-sighted approach has stimulated similar discussion around the 
world, so that pandemic vaccine licensing procedures are now being developed 
elsewhere. In the EU, GlaxoSmithKline was the fi rst company to obtain a ‘mock-
up’ pandemic licence approval in December 2006 and in April 2007, Sanofi  
Pasteur obtained regulatory approval for their H5N1 vaccine from the FDA in 
the USA.

The WHO has also stimulated regulatory discussion on various issues surround-
ing pandemic vaccine licensing and testing and after two workshops held in 
Canada and the USA in 2006; guidance will shortly be published by the WHO.

Conclusions

There has been great progress in pandemic vaccine development over the past 
three years and much has been learned and achieved. However we are not yet 
equipped to provide a fast and effective pandemic vaccine for the world commu-
nity. It is vital that governments and international health authorities work together 
with private industry to overcome many of the issues.
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DISCUSSION

Webster: You have delivered a rather discouraging message. Is there any encour-
agement at all?
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Wood: There has been some progress. The regulatory approval process has 
been a huge development, whereas a few years ago we were in a mess. We are 
learning about the use of alum in vaccines: we know it has some moderate adju-
vanting capacity with H5N1 vaccines, whereas a few years ago we thought this 
was the way to go, because there was no intellectual property for use of alum 
and there were some data from GSK that with H2N2 and H9N2 it was very 
benefi cial. Manufacturers have now tried it with H5N1 vaccines and have shown 
it to be only moderately benefi cial. Manufacturers are gradually testing various 
strategies and we are learning more. We haven’t defi ned yet how to conserve 
precious antigen and deliver it well to the human immune system. This is the 
target.

Peiris: We talk about broad cross-protection, and the GSK vaccine, but is this 
just higher titres giving rise to cross reaction?

Wood: I agree, if you have a higher level of antibody to a vaccine strain, it will 
recognize other strains better. With better adjuvants, there is also the potential for 
wider protection.

Webster: Have avidity measurements been done on these responses?
Osterhaus: Not really. Assays should be carried out on the ongoing trials to really 

look at the breadth. For some adjuvants there are indications that they might give 
broader protection. I want to make a point about alum, because alum is not alum. 
It is not standardized. Some of the differences we see between the results of dif-
ferent companies may be related to the constellation of the alum. Some companies 
are claiming that they can do better than alum.

Wood: This may explain the Hungarian results: they have been using an 
alum-based whole-virus vaccine for many years in Hungary. They worked hard 
at it to get the adjuvanting conditions right to stimulate an effective immune 
response with their seasonal vaccine. They moved over to H5N1 and it worked 
well.

Osterhaus: This is effi cacy and effectiveness. We have to be careful because there 
are also the safety aspects.

Wood: There are different aluminium salts. The binding of fl u antigens to dif-
ferent alums varies according to how the antigen is prepared.

Osterhaus: What is the strategy going to be? Are we going to prevaccinate? Are 
we going to sit and wait?

Wood: The approach taken in the UK is to stockpile a certain amount of vaccine 
but not enough to immunize the whole population.

Osterhaus: There are different strategies in different countries. Stockpiling 
vaccine before we have the next stage is risky. If we have a number of adjuvants 
we could use and which give a suffi ciently broad response within the subtype then 
we could stockpile this.

Wood: Yes, but we need the data before we can jump.
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Osterhaus: Stockpiling antigen as is being practised in the USA is an interesting 
option, but this needs to be tested in conjunction with the adjuvant you want to 
use, in clinical trials.

Webster: In the longer term we need to think about H5, H7 and H2.
Osterhaus: You aren’t going to stockpile all of these are you?
Wood: You identify the greatest threat and stockpile vaccine for that. For the 

lesser threats you just have libraries of viruses.
Osterhaus: At the moment, the problem is we don’t know what the biggest threat 

is. I’m not sure you can ever get the knowledge, because fl u is unpredictable. 
Stockpiling of adjuvant is a good idea if you have the technology to produce the 
antigen fast enough. It can be done in 4 months now.

Wood: I think 4 months is too long. If you stockpile adjuvant alone, that is not 
enough.

Osterhaus: You didn’t mention live vaccines. Are they important?
Wood: They offer a lot of potential in the case of a pandemic. In the lead up to 

a pandemic, there are safety concerns about the widespread use of live vaccines. 
This is why there hasn’t been a lot of progress. The initial results that were pre-
sented in Geneva with the Russian H5N2 vaccine and the US H5N1 vaccine were 
a little bit disappointing. The virus seemed to be too attenuated to replicate well, 
so the antibody responses were correspondingly very weak.

Peiris: With regards to dose sparing, the issue of intradermal vaccinations as 
opposed to intramuscular ones is interesting. You can clearly have dose sparing 
with seasonal vaccines when given intradermally. Is there good data for H5N1 
vaccines?

Wood: Intradermal vaccination has been shown to work for seasonal fl u. It is 
very dose sparing. Delivering the antigen to the dendritic cells seems to be an 
effi cient way of presenting antigen. The preliminary results with H5 were disap-
pointing, but we do not know whether this is because of the method of delivery, 
or because the antigen was weakly immunogenic.

Peiris: Was only one trial done?
Wood: Just one was reported.
Osterhaus: New devices are being developed. It could well be that the method 

of application is critical.
Anderson: In addition to the preparation of vaccines, if the pandemic occurred, 

getting data quickly on the vaccine used in the fi eld would be important in terms 
of safety and effi cacy. I assume WHO is thinking about this.

Wood: Yes, there are plans for post-marketing surveillance. This is important, 
especially if you have limited data before licensing the vaccine. Rob Webster, I’d 
like to ask about the original antigenic sin data. Were these data based purely on 
prior infection, or were there some based on immunization?

Webster: Prior infection only.
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Wood: So we don’t know whether the immune system will be channelled by 
immunization.

Webster: There is evidence of original antigenic sin after fi rst infection but less 
information about fi rst exposure to the antigen by vaccination.

Osterhaus: Those are limited data. I am not sure it is a real effect. The adjuvants 
will probably solve the problem. For unadjuvanted vaccines you may have a 
problem. Vaccination with the adjuvants shows that there is a very broad activity 
anyway. It might be a non-discussion with the proper adjuvants. We need the 
information.

Wood: There’s also the concern that if you use an alum-based vaccine it will 
channel down a Th2 pathway predominantly: does this programme your immune 
system to induce Th2 responses to subsequent exposure?

Osterhaus: This can be looked at in the post-marketing surveillance that we 
discussed earlier. It is needed during the pandemic, not just after vaccination. 
The Guillain-Barré study was just the vaccination proper, but if you were to 
get a situation like measles and the RSV vaccine, with the formaldehyde-
inactivated alum adjuvant, you are right in the pandemic and there is 
trouble.

Skehel: Is there an offi cial CDC statement on Guillain-Barré induction in the 
swine fl u affair? Do they accept that the vaccine delivery was directly responsible 
for Guillain-Barré in some people?

Anderson: I think the data are good. The clustering in time after vaccination is 
convincing.

Tambayh: There were also epidemiological data published after that episode. The 
CDC also reviewed these data (Sencer & Millar 2006).

Osterhaus: The problem is that after natural infection with fl u, there can be a 
predisposition to Guillain-Barré as well.

Webster: The quality of the current vaccines is considerably better.
Osterhaus: With the new generation adjuvants we need to do an intense post-

marketing surveillance. There is always a theoretical risk you are doing something 
wrong.

Wood: They are not being used on a large enough scale to detect this.
Osterhaus: Yes, Guillain-Barré could only be detected because they started to 

vaccinate millions of people.
Smith: What are the experimental and regulatory tests that should be done to 

address the question of original antigenic sin? One could do the experiment in 
ferrets. This wouldn’t necessarily tell us what will happen in the human. I wonder 
about the mock dossiers that are being produced: I am pretty sure they don’t 
include testing a second heterologous vaccination.

Wood: Some people who have received a clade 1 vaccine could be reimmunized 
with clade 2 and you can then see what the specifi city of the antibody is.
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Smith: Is there any regulatory body that has the responsibility for the use of the 
vaccine in this way?

Wood: No. This is a research idea that the regulators probably will not pursue.
Osterhaus: The data are thin at the moment that there is such a thing as antigenic 

sin. Look at the annual vaccination of the elderly: there are reasonably good results 
and no indication of antigenic sin.

Skehel: It is clear that if you miss out vaccinating nursing homes, there is increased 
mortality. It might not be the greatest vaccine, but it works.

Smith: The strains of H3 we are vaccinating with today are hugely antigenically 
different from 1968.

Osterhaus: These people are being vaccinated on an annual basis.
Smith: As original antigenic sin is related to the fi rst infection, there could be a 

difference if a subsequent infection were antigenically close or distant to the fi rst 
infection.

Skehel: The repeated vaccination every year is already living with that 
possibility.

Smith: Yes, but it could be a different situation when you are very close to the 
fi rst infection. We don’t have the experience of vaccinating every year in a large 
number of people close to a pandemic.

Osterhaus: This will be addressed in the animal experiments. We will get the 
data, and I am optimistic that with the proper adjuvants we won’t see this antigenic 
sin.

Wood: Geoffrey Schild (Schild et al 1977) looked at sera from people who had 
been immunized with H3N2 vaccine. He looked at strain-specifi c and cross-
reactive antibody to the vaccine strain and to a 1968 H3N2 virus. He found that 
most of the specifi c antibody was back to 1968, but there was a small element of 
specifi c antibody that was accumulated at the time of vaccination, which is the key 
thing.

Webster: Studies on original antigenic sin in animal models show that increasing 
the dose of antigen will obviate this problem (Fazekas de St Groth & Webster 
1966, Webster 1966).

Osterhaus: The problem is that all children will be exposed, all the time. It is a 
diffi cult group to study.

Peiris: There was a study in Christchurch hospital in the 1970s which suggested 
that the children who were vaccinated did worse. The counter argument to that 
of John’s would be that fl u vaccine is good but not fantastic. Perhaps the reason it 
is not fantastic is because of the original antigenic sin?

Osterhaus: If we look at effi cacy data in children under one year of age, there are 
no data showing that the vaccine works. If you do a monkey experiment and vac-
cinate a naïve monkey with the classical vaccines, there is no protection to a later 
challenge. In naïve children I would be surprised if the vaccine would do much. 
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Children over two years of age have been exposed once and you can then boost 
the response. If we extrapolate from animal models I am not sure the vaccines 
used today in naïve animals are very good. We need adjuvants in the non-primed 
population. On the other hand, if you use adjuvants in people already primed, such 
as the elderly, it is diffi cult to fi nd a surplus effect.

Webster: There is also the question of the immunogenicity of H5N1 vaccine. 
A/Vietnam/1203/04(H5 N) 1203 is a lousy antigen in ferrets and humans, and if 
you take the previous variant, A/Hong Kong/213/03(H5N1), this is an excellent 
antigen. What is the difference between these? What is a good immunogen? We 
don’t know.

Osterhaus: Does this really matter with the adjuvant vaccine?
Webster: Perhaps if you put the adjuvant on top of the requirements you get even 

more dose sparing.
Osterhaus: It could well be, but we don’t know the full story.
Hoffmann: What is the science behind the mechanisms of how adjuvants increase 

immunogenecity?
Peiris: If these adjuvants are so good, why not use them for seasonal fl u 

vaccines?
Osterhaus: I’m not saying we shouldn’t. The benefi t of developing adjuvants for 

pandemic vaccines is that there is a spin off to the seasonal vaccines. For many of 
the adjuvants that have been tested it is diffi cult to increase their response for those 
who have been primed before. There are indications, though, that some of the 
adjuvants that are being used for pandemic vaccines might do much better than 
the existing ones and could be used for seasonal fl u.
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FINAL DISCUSSION
Kahn: I have a question about the immune response to N1. Is there any evidence 

that there is cross-reactive antibody between the N1 in H1N1, and N1 in H5N1, 
and will this confer any protection? If a pandemic were to occur with H5N1, 
should we be giving vaccine against N1?

Webster: Richard Webby in our group has done those experiments in a mouse 
model. He showed that if you immunize mice with the New Caledonia neuramini-
dase and boost, and then challenge them with the highly lethal A/Vietnam/1203/
04(H5 N) 50% of the mice are protected (Sandbulte et al 2007). If you look in 
human serum for neuraminidase antibodies that react with Vietnam, 10–15% have 
antibodies.

Osterhaus: Wouldn’t it be much more likely that any cross-protection you would 
get is related to pre-existing T cell responses? Cross-reactive cytotoxic T lympho-
cyte (CTL) responses are probably more effi cient there.

Skehel: That is not the result of the natural experiment. If it was then you 
wouldn’t have had the Singapore pandemic switch to the Hong Kong pandemic, 
since six gene products were shared. You might say that it would have been more 
severe if you didn’t have the CTLs.

Osterhaus: Look at the H1N1 1918 fl u with a W shaped curve.
Skehel: You don’t know what was before that.
Osterhaus: We haven’t addressed this extensively, but with the new vectors we 

have, we could go for an N1 or nucleoprotein or even haemagluttinin expressing 
vector. You could do this quite rapidly. This is an area that is largely neglected by 
vaccine development.

Skehel: If you could get a vaccine that was cross reactive within a sub type, this 
would be a real advance.

Anderson: In the context of a pandemic, if you don’t have H5N1 vaccine ready, 
would the present H1N1 vaccine provide some protection.

Webster: One of the diffi culties is that we have no standardization of neuramini-
dase (NA) content in seasonal infl uenza vaccines.

Wood: We don’t know what the NA content of those vaccines is.
Webster: The other aspect that Ab Osterhaus raised was the fact that we use 

classical PR8 backbones, and perhaps we need to have more relevant T cell epitopes 
in there.

Wood: If we are targeting the activation of T cells as a vaccine strategy, is this 
asking for trouble? Think about the nature of the pathogenic H5N1 infection: it 
involves hyper activation of cytokines. If we stimulate T cells by use of vaccine, are 
we asking for trouble when vaccinated people are ultimately exposed to H5N1?
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Osterhaus: The idea is that your T cells will knock out infected cells long before 
this.

Skehel: Inactive vaccines won’t induce CTLs.
Peiris: You are suggesting that there are H5-specifi c responses that are involved? 

Otherwise, we are boosted most years by CTLs to fl u. Why isn’t that suffi cient?
Skehel: It doesn’t work, or there would be no more pandemics.
Osterhaus: In natural infections it is insuffi cient. If it is a reassortment that is a 

completely new avian virus, it might be that we have T cell epitopes that are unique, 
that have not been in the population before. Every fi ve to 10 years we are infected 
with the fl u if we are not vaccinated: why don’t we get it every year? I think T cell 
immunity plays an important role there as well.

Webster: T cell immunity is important, and this was illustrated by equine fl u in 
South Africa. Equine 2 virus had not been into Africa. In the horse population it 
causes some respiratory problems, but when it got into South Africa for the fi rst 
time where there was no background immunity, it was a killer in horses and 
donkeys. Since then it has gone back to standard equine fl u-causing respiratory 
infections.

Osterhaus: You can’t discriminate between T cell and antibody-mediated 
responses there. This is the problem.

Peiris: What do you think of children one to two years of age who get infected 
with fl u for the fi rst time? They have no antibody or T cell immunity, but they 
don’t die.

Osterhaus: It is very severe in the young children. Kids are not prone to dying. 
If you get it in the elderly it is a killer, but the young children have very severe 
disease. If they are lucky they get their fi rst infection in the presence of maternal 
antibody, which mitigates the infection.

Peiris: Young children who get RSV have much more severe disease than 
adults.

Osterhaus: The maternal antibodies are too low to protect in those children who 
have it seriously. If they have an antibody titre that is high enough they only have 
upper respiratory infection. If they have lower maternal titres they can have 
pneumonia.

Anderson: There is a correlation with high neutralizing antibody titre and protec-
tion from more serious disease with infection. Not everybody with a high titre, 
however, is protected from serious disease.

Osterhaus: In the very young children, are they really hit in the fi rst three or four 
months? At this stage the T cell responses are immature.

Anderson: You do get repeated infections, and with repeated infections there is 
some decrease in severity of disease. But you can get severe disease throughout 
life, even after multiple infections.

Osterhaus: These infections are spaced out, though.
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Anderson: That’s usually the case, but there are reports of repeat infections with 
relatively short time spans between infections.

Osterhaus: You don’t see two severe infl uenza A infections one after the other 
within a couple of months.

Skehel: Is genetic engineering in terms of vaccine production going to be a major 
limit on what can happen in some countries?

Wood: I think that has been cleared up. When manufacturers fi rst realized they’d 
have to try to get approval for using genetically modifi ed organisms (GMOs) they 
threw up their hands in horror, but by now most of the vaccine manufacturers 
have approval to work with GMOs.

Osterhaus: The production of live vaccines is still an issue in Europe. You can 
use GMOs to produce vaccines, and if it is inactivated the issue is over. But if you 
are considering live attenuated vaccines then there is a problem in Europe.

Webster: Will this change with time?
Anderson: I would wonder if the concern about GMOs may change in the context 

of a pandemic!
Webster: This is the stage in the proceedings where I’d like to sum up. We have 

had two and a half days of presentations and active discussion on novel and re-
emerging respiratory viral diseases at the beginning of the 21st century. Our focus 
has been on SARS and infl uenza, but the overarching concern throughout the 
meeting was the reservoirs of as yet unidentifi ed novel viruses in lower animals and 
birds with the potential to spread to humans. Our continued focus has been on 
disease agents of humans, however, throughout the meeting the importance of the 
virus gene pool in lower animals and birds was emphasized. The viruses that have 
been most successful as zoonotic agents of disease are the RNA viruses; the prop-
erties of these viruses and their capacity for rapid evolution make them optimal 
agents for rapid adaptation to new hosts with the potential to cause disease. There 
are unidentifi ed agents with the potential for disease in humans, and there is a 
plethora of zoonotic agents that could come across. These are mainly RNA viruses. 
We have heard about what it is that makes these optimal agents for being disease-
causing agents. If we turn to SARS, this was a tragedy for those infected, but it 
taught us many lessons. These lessons have been listened to, particularly in Asia. I 
was in Asia at the time of SARS and saw the dramatic effect on economies; the 
chief operating offi cer in Hong Kong told me to give him anything to get rid of 
SARS. The scientifi c community gave him what he needed in terms of understand-
ing that virus, but the real issue was that the virus wasn’t highly transmissible: 
we were lucky. One of the lessons we have heard again and again is that the tradi-
tional methods of hygiene and biosafety and quarantine actually worked for SARS. 
These factors have been put in place in many countries, to be used if this virus 
reappears. However the participants agreed that the transmissibility of infl uenza 
precludes control by quarantine. Another issue that came from the SARS studies 



FINAL DISCUSSION 155

is that bats may be the primary source of many coronaviruses, and there are many 
more out there to revisit us in time. If we turn to infl uenza we come back to the 
topic of animal reservoirs and infections. There is a wide range of hosts, but the 
host we choose to act as a model depends on the questions we want to ask. For 
studying 1918 and pathogenesis in humans the macaque is optimal. On the other 
hand, the mouse has important aspects when it comes to genetics. If we turn to 
the structure of the haemagluttinin, it is still providing insight into function, and 
there are still options for drug design with the insight into that structure. If we turn 
to reverse genetics: this does have the potential to provide high-yielding vaccines, 
and this will be important for the future of vaccines for humans and animals. We 
have heard that the optimal vaccine strains are not fully elucidated at this time. We 
have also heard of some of the features that we can incorporate into vaccine strains 
both with point mutations of genes of neuraminidase and haemagluttinin to produce 
much higher-yielding strains. If we turn to vaccines and pandemics, this is one of 
the key issues that is being considered for the control of emerging pandemics. We 
have been round and round on the issues of stockpiling, on global shortages of 
vaccines and adjuvants, and maximizing the dose. From John Wood’s presentation 
it is quite clear that vaccines do work. They are still the best option, but there are 
many questions surrounding the use of vaccines, and in my book the use of vac-
cines for lower animals is a key issue. The future of the control of the emerging 
diseases does lie in the use of vaccines.

If we turn to the key issues of whether or not an H5N1 pandemic will happen, 
it comes down to the molecular understanding of pathogenicity and transmissibil-
ity. We are starting to get information on pathogenicity. It is a complex issue 
involving multiple genes. We are not nearly so far on in our understanding of 
transmissibility. This involves the host as well as the virus. My own interpretation 
is that H5N1 is still an eradicable disease. The ultimate reservoirs have to be 
resolved. I have personal opinions that these are the domestic waterfowl. As we 
discussed earlier, there are strategies for vaccinating these populations: it is a huge 
task, but it could be done.

Holmes: What information would you need to identify the reservoir for H5N1?
Webster: We need prospective surveillance in the wild bird population and the 

domestic bird populations. We are still in a situation where we respond to out-
breaks of disease in poultry. There is a lot of resistance to weekly surveillance in 
poultry markets, such as occurs in Hong Kong. This would tell us what the reser-
voirs of these viruses really are. The other surveillance is the kind of surveillance 
that Ab Osterhaus is doing in Europe on the wild bird populations. Are the highly 
pathogenic viruses being perpetuated in those wild bird populations? The evi-
dence so far is that they are not.

Osterhaus: I fully agree on the need to have more meetings on the issue of 
vaccination. It is also important to bring into that equation the whole issue of 
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antivirals. In humans, antivirals are a fi rst line of defence: to what extent will they 
give us protection against the fi rst wave of a pandemic?

Webster: Antivirals are absolutely critical and would be the fi rst line of defence—
this meeting did not focus on this aspect. In addition, there is the urgent need 
for future studies on combinations of these drugs, which is being largely 
overlooked.
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