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Introduction: The Emergence of Pathogenic
Viruses

Edward Tabor
Quintiles, Inc., 1801 Rockville Pike, Suite 300, Rockville, MD 20852 USA

Diseases caused by emerging viruses are a permanent part of the human condition.
In fact, there is a current but controversial theory that all DNA, including that in
the cells of humans, originated when RNA viruses underwent adaptive changes to
avoid host defenses (Zimmer, 2006). The genes of viruses are prone to changes that
allow the viruses to adapt easily to new hosts. The relatively simple structure of
viruses allows mutations to occur easily; the explosive replication of viruses mag-
nifies the mutations. RNA viruses are particularly prone to these modifications,
since they lack molecular ‘‘proofreading’’ mechanisms to correct mutations and
errors in replication.

The emergence of pathogenic viruses must be defined from the point-of-view of
the susceptible population. For instance, the emergence of smallpox virus (variola
virus) during the settlement of North America should be defined in terms of the
susceptible native populations, not in terms of the partially immune populations
migrating from Europe where the virus was endemic. Smallpox virus, sometimes
called ‘‘the invisible pioneer’’ of North America, arrived in New England on the
ships of explorers even before the arrival of the settlers, and a wave of infections
caused by the smallpox virus moved westward across North America among the
previously unexposed native populations a few decades ahead of the frontier of
European settlement (Davidson and Lee, 1992). In many native populations, the
mortality from the spreading smallpox virus (perhaps combined with the mortality
from other emerging viruses such as varicella zoster virus and measles virus) ap-
proached 90%. To the Europeans migrating across North America, smallpox virus
was an endemic virus. From the point-of-view of the native peoples of North
America, smallpox virus was a devastating emerging virus.

Viruses can emerge because of changes in the host, the environment, or the
vector. Changes in the host population can include cultural changes such as the
acquisition of new customs, new diets, or new living conditions. When a virus
emerges by transfer to a susceptible population from a population in which it is
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endemic, the emergence can result from cultural changes in either host population.
Changes in the host population caused by other diseases such as cancer and
immunodeficiency virus infections can also lead to emergence of other pathogenic
viruses. Changes in the environment can result from travel, and major political
changes such as war and conquest can lead to the emergence of pathogenic viruses
due to migrations of armies and displaced civilians, crowding, deterioration of
hygiene, and famine.

Changes in the habitat of the vector can lead to emergence of viruses in hu-
mans. For instance, when new areas of irrigation are opened they may provide new
breeding grounds for mosquito vectors; this happened in Southeast Asia, leading to
expansion of the areas with Japanese encephalitis virus. In another example, ad-
aptation of the West Nile virus to new mosquito species in the eastern US, or the
mere availability of additional mosquito species capable of carrying the virus,
contributed to the emergence of West Nile virus there.

A new pathogenic virus can emerge in humans from among existing human
viruses or from animal viruses. Mutations in a nonpathogenic virus of humans can
create a pathogenic virus of humans. A virus of animals can mutate or recombine
with a virus of humans (with ‘‘reassortment’’ of the genome, in the case of viruses
with segmented genomes, such as influenza virus) to create a virus that is highly
pathogenic for humans.

Viruses can emerge from animal viruses when mutation(s) of the virus and/or
increased accessibility to humans enables the virus to make the ‘‘cross-species
jump’’ to infect humans. Agriculture, meatpacking, pet ownership, and hunting of
animals (and preparing the killed animals for food or other commercial use) have
all enabled viruses to emerge among humans. Changes in the habitats of animal
hosts such as rodents, livestock, poultry, and animals kept as pets, also can lead to
viruses emerging among humans. In the most noteworthy of these instances in the
late 20th century, close contact between nonhuman primates and humans in Africa,
resulting in part from habitat changes, may have been responsible for the emer-
gence of human immunodeficiency virus from simian immunodeficiency virus, and
human T-lymphotropic virus from simian T-lymphotropic virus.

Active surveillance of disease patterns in animals sometimes can provide ad-
vance warning of emerging viruses in humans. Widespread deaths among wild
birds in the Eastern US served as a warning of the future emergence of West Nile
virus in humans in the US. Deaths due to the H5N1 strain of avian influenza virus
among poultry in Asia are considered an indication that future reassortment of this
virus with the genome of human influenza virus could lead to a virulent strain
emerging in humans. Monitoring recurring veterinary syndromes can detect un-
known emerging agents; monitoring atypical cases of known veterinary diseases
(atypical clinical characteristics, severity, species, or geographic regions) can detect
emerging variants of known agents (Vourc’h [sic] et al., 2006).

Re-emergence of viruses can also be a serious public health problem. In
Singapore, a campaign to reduce the population of the A. aegypti vector mosquito
population resulted in a 15-year decrease in the incidence of dengue virus
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infections, but a resurgence occurred in the 1990s. This was due to a variety of
factors, including decreasing ‘‘herd immunity’’ and the arrival of imported dengue
virus from neighboring countries that did not themselves have good vector control
programs (Ooi et al., 2006). Because of the extent of global travel today, the control
of emerging viruses requires a global effort in order to ensure sustained control. Re-

emergence of viruses can also occur when fear of vaccination becomes a regional
political issue, as happened when polio vaccination was suspended due to fear and
politics in parts of Nigeria in 2003; within 18 months, poliovirus had spread and
caused disease in 16 nearby countries from which it previously had been eradicated
(Rosenstein and Garrett, 2006).

Research and preparation for dealing with emerging viruses have been inten-
sified due to concerns about bioterrorism. An emerging virus of high virulence and
with other characteristics that could lead to panic in an affected community might
be used as a weapon of bioterrorism. Furthermore, the detection of an apparently
emerging virus could be the first indication that a bioterrorist attack has taken
place. Perfection of methods of surveillance, detection, containment, and quaran-
tine of emerging viruses can be applicable to outbreaks resulting from bioterrorism,
and vice versa. The public health infrastructure for responding to emerging viruses
can be useful for responding to attacks of bioterrorism.

This book addresses viruses that are emerging or that threaten to emerge
among human populations in the 21st century. Some viruses that emerged in the
late 20th century are discussed in an historical context; many of the experiences
faced in the 20th century with viruses such as human immunodeficiency virus and
human T-lymphotropic virus provide models for developing programs to monitor
and counteract emerging viruses in the 21st century.
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History of Emerging Viruses in the Late 20th
Century and the Paradigm Observed in an
Emerging Prion Disease

Brian W.J. Mahy
National Center for Infectious Diseases, Centers for Disease Control and Prevention,
Atlanta, GA 30333, USA

Introduction

The concept of emerging infectious diseases became established in the 1980s, and it
was given formal authority by the creation in 1991 of a 19-member multidiscipli-
nary Committee on Emerging Microbial Threats to Health of the Institute of
Medicine of the National Academy of Sciences, USA (Lederberg et al., 1992). In
the report of this committee, many factors contributing to the emergence of new
microbial threats were noted. These included genetic and other biological microbial
changes, physical environmental changes, and especially individual and collective
changes in human behavior.

In this overview, I will consider the history of some of the most serious viruses
to emerge in the late 20th century.

Human behavior and herpes simplex virus, type 2 (HSV-2)

Undoubtedly, the most important virus to emerge in the early 1980s was human
immunodeficiency virus (HIV), which has since become the fourth leading cause of
death worldwide. This is a prime example of a virus infection introduced into the
human population from animal hosts; this virus, however, depended on human
behavior patterns for its subsequent spread among the human population. In con-
trast, at least two decades before the emergence of HIV, HSV-2 emerged within the
human population, but not from an animal host. In this case, changes in human
behavior caused an alarming increase in cases of HSV-2 infection, correlated with
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increases in promiscuous sexual behavior and increased intravenous drug use in the
1960s.

HSV-2 is transmitted primarily by sexual contact. This is illustrated by the
observation that antibodies to HSV-2 are almost never found in nuns, but are
found in the majority of prostitutes, and by the observation that the appearance of
antibodies to HSV-2 in humans correlates with the onset of sexual activity.

Current surveillance suggests that as many as 25% of the adult population are
infected with HSV-2 in the USA and the UK (Ades et al., 1989; Leone, 2005). HSV-
2 infection is associated with a threefold risk of HIV infection among the general
population (Freeman et al., 2006). Yet this disease could be controlled by changes
in human behavior, for instance by modification of ‘‘high risk’’ sexual behavior
(Wald et al., 2005). In addition, the development of specific antiviral drugs based
on the nucleoside analogue acycloguanosine (Elion, 1989) has played an important
role in treating and controlling this and other herpes virus infections.

Human immunodeficiency virus, type 1 (HIV-1)

The early history of the emergence of HIV is unknown, but a number of facts have
been inferred by analysis of viral phylogenetic data. It is now believed that HIV
entered the human population from a simian reservoir, but early recognition was
confounded by the length of the incubation period, which averages 8–10 years in
humans. As a result, the extent of the epidemic was initially underestimated.

The disease caused by HIV-1, acquired immunodeficiency syndrome (AIDS),
was first recognized in the early 1980s by physicians caring for patients with sex-
ually transmitted diseases in young male homosexuals. (In retrospect, isolated cases
of AIDS had been observed and described as early as 1979.) The first detailed
published study of AIDS described four young men who presented with
Pneumocystis carinii pneumonia, esophageal candidiasis, and multiple opportun-
istic viral infections, including cytomegalovirus infection (Gottlieb et al., 1981). By
1983 it had become clear that AIDS was an infectious disease and that a retrovirus
was the causative agent. However, there was disagreement as to which retrovirus
was involved. Scientists in the US claimed that human T-cell lymphotropic virus,
type III (HTLV-III) was the causative agent (Essex et al., 1983; Gallo et al., 1983),
whereas scientists in France claimed that a lentivirus called lymphadenopathy-
associated virus (LAV) was the causative agent (Barre-Sinoussi et al., 1983;
Klatzmann et al., 1984). Despite ongoing controversy for several years, including
evidence that both isolates actually were derived from the French isolate, (Barre-
Sinoussi et al., 1985) in 1986 the causative agent of AIDS was officially named HIV
by the International Committee on Taxonomy of Viruses.

Various methods have been used to attempt to reconstruct the history of the
emergence of HIV-1 as an important cause of human disease. Retrospective studies
of stored serum samples revealed that earliest documented case of HIV infection
recognized by the presence of antibodies occurred in 1958 in Zaire. Retrospective
analysis of clinical reports revealed that the first clinically recognized case of AIDS
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occurred in Norway, in a sailor who probably became infected in the 1960s after
visiting an African port (and later shown to be infected with HIV), who then
infected his wife, pregnant with their third child, and all three died of AIDS (Fro-
land et al., 1988). Subsequently, HIV as a cause of AIDS became known as HIV-1
when a related virus, designated HIV-2, was found in persons connected with West
Africa. Genetic analysis revealed that HIV-1 probably entered the human popu-
lation by ‘‘species jumping’’ from the chimpanzee, and HIV-2 entered the human
population by ‘‘species jumping’’ from sooty-mangabey monkeys in West Africa
(Hahn et al., 2000). HIV-2 is in fact more closely related to simian immunode-
ficiency virus than it is to HIV-1. The process of ‘‘molecular dating analysis’’
suggests that HIV-1 entered the human population around 1931 (Korber et al.,
2000) and HIV-2 entered the human population around 1940 (Lemey et al., 2003).

The growing number of people living with AIDS (more than 40 million at the
end of 2005) and the action of HIV-1 in incapacitating the human immune system
contributes to the emergence of other new virus infections. Examples include vi-
ruses that cause malignancies in the AIDS-infected host, such as Kaposi’s sarcoma
caused by human herpes virus 8, and anal and cervical cancers due to human
papillomavirus (Karpas, 2004). In addition, other serious infectious diseases such
as tuberculosis that had previously been rare or subject to successful control
measures have emerged in HIV-infected populations as significant diseases
(Mukadi et al., 2001).

Human T-lymphotropic viruses

Leukemia was the first malignancy to be shown to be caused by a virus, albeit in
chickens (Ellermann and Bang, 1908), and soon after a solid malignancy—sarcoma
in chickens—was also found to be transmitted by a virus (Rous, 1911). Then, in the
early 1950s leukemia in mice was also shown to be transmitted by a virus (Gross,
1951), and this discovery prompted a great deal of research into possible viral
etiologies for leukemia in other animals and in man.

The first reports of a virus associated with human adult T-cell leukemia, human
T-lymphotropic virus (later designated HTLV-1), appeared in 1981 (Hinuma et al.,
1982; Kalyanaraman et al., 1981), and reports of a subtype of HTLV, designated
HTLV-2, found in association with hairy cell leukemia, appeared in 1982
(Kalyanaraman et al., 1982). These C-type retroviruses probably originated from
separate ‘‘species-jumping’’ transmissions from simian species to humans. The vi-
ruses found in simian hosts are so closely related to the human viruses that they are
classified as single species, simian T-lymphotropic virus, type 1 and simian T-
lymphotropic virus, type 2 (STLV-1, STLV-2) within the genus Deltaretrovirus

(Fauquet et al., 2005). The two species share 65% genetic identity, and isolates
from different geographical regions show very little genetic variation.

The HTLV viruses are endemic in southwest Japan; they are also found in
Africa and the Caribbean, and in emigrants from these areas (Proietti et al., 2005).
These viruses are commonly transmitted from mother to infant through infected
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milk (Kaplan and Khabbaz, 1993). Fewer than 1% of HTLV-infected persons
develop clinically apparent disease. Even in those who eventually develop leukemia,
it takes many years before symptoms are recognized. HTLV infection also can
cause HTLV-associated myelopathy or tropical spastic paraparesis (HAM/TSP),
but this is rarely seen in the same patients who develop HTLV-associated leukemia.
The reasons for the different disease manifestations are unknown. HTLV infection
may be associated with immunosuppression, and there is some evidence that in-
fected persons may have an increased susceptibility to other infectious diseases
(Murphy et al., 1999).

Hepatitis C virus

The possible existence of a virus that caused post-transfusion hepatitis and was
distinct from hepatitis A and hepatitis B viruses was first noted in the 1970s (Alter
et al., 1975; Feinstone et al., 1975), and this virus was usually referred to as non-A,
non-B hepatitis virus. The virus was transmitted to chimpanzees (Tabor et al.,
1978), establishing it as a transmissible agent, and some of its characteristics were
delineated even without its having been isolated or grown in cell culture (Bradley et
al., 1979).

It became clear that the non-A, non-B hepatitis virus was an important cause of
chronic liver disease, including cirrhosis. Since the disease was clearly being trans-
mitted by blood transfusion, it became extremely important to develop a diagnostic
test for the virus, which was accomplished as a result of collaborative research
between Bradley et al. at CDC and Choo et al. at chiron corporation. RNA ex-
tracted from the blood of a chimpanzee infected with the virus was reverse tran-
scribed using random primers to make cDNAs, which were then cloned into a
lambda-gt-11 bacteriophage expression vector. The resulting clones were expressed
in Escherichia coli and screened with serum from a patient with non-A, non-B
hepatitis. After screening thousands of plaques, one immunoreactive clone (des-
ignated 5-1-1) was detected (Choo et al., 1989). This clone expressed a non-struc-
tural protein that was recognized by the sera of patients with non-A, non-B
hepatitis, but not by control sera (Kuo et al., 1989), and was the basis of an early
ELISA test for the virus. Clone 5-1-1 was then used to search for overlapping
sequences in the lambda-gt-11 library and this led to the assembly of most of the
sequence of the virus (Choo et al., 1991). The determination of the genome se-
quence and organization led to the designation of the virus as ‘‘hepatitis C virus,’’
sole member of the newly designated genus Hepacivirus within the family
Flaviviridae.

The complete nucleotide sequence of the virus also allowed the development of
a better ELISA test, which showed that the virus was present in more people than
previously recognized (Alter, 1995). It is now estimated that 3% of the world
population (i.e. about 180 million people) are infected with hepatitis C virus. It has
also become clear that the virus is a major cause of hepatocellular carcinoma
(Tabor and Kobayashi, 1992; Hoofnagle, 2002).
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Although there is only one species of hepatitis C virus, molecular genotyping
indicates the existence of six major genetic groups (called HCV Clades 1–6). These
clades differ from each other by >30%, but each contains one or more genotypes
that differ in nucleotide sequence by 20%. Worldwide, the commonest genotypes
are 1a, 1b, and 3a, which are common in the USA and Europe. The existence of
many genotypes in west Africa (all within Clade 2) (Candotti et al., 2003) and in
Asia (within Clades 3 and 6) (Mellor et al., 1995,1996) has led to the suggestion that
hepatitis C virus has been endemic in sub-Saharan Africa and Southeast Asia for a
long time, and that the appearance of hepatitis C in western countries may rep-
resent relatively recent emergence of this infection (Simmonds and Mutimer, 2005).

Variant Creutzfeldt-Jakob disease (vCJD)

vCJD is not caused by a virus, but any discussion of emerging viruses should
address this disease as well, because the history of its emergence from a disease of
animals bred for food provides a paradigm for the emergence of diseases caused by
viruses. vCJD is caused by prions, small proteinaceous infectious particles that are
resistant to most procedures that can inactivate other infectious agents by mod-
ifying nucleic acids (Prusiner, 1982). They lack nucleic acid, which would be found
in all viruses; their principal component is a modified protein, encoded by a cellular
gene, existing as an isoform that is highly resistant to inactivation with protease
enzymes. It is possible that human vCJD arises by conversion of the cellular prion
protein into the protease-resistant isoform as a result of exposure to the variant
isoform.

CJD has been recognized for decades as a sporadic and fatal encephalopathy
that occurs worldwide with an incidence of one case per million population per
year. The exact cause was unknown, but instances of iatrogenic transmission of
CJD through corneal transplantation, contaminated EEG electrode implantation,
and the use of contaminated instruments during surgical operations (Brown et al.,
1994) was considered evidence of it having an infectious etiology. Other transmis-
sible spongiform encephalopathies (TSEs) have long been known to occur in a
variety of animals (Aguzzi et al., 2001).

The emergence of a previously unknown disease, bovine spongiform encepha-
lopathy (BSE), appeared as an epidemic in cattle in the United Kingdom in 1986
(Wells et al., 1987). The epidemic was traced to a food made from meat and bone
meal prepared from sheep and cattle offal that was fed to dairy calves. A change in
the process of preparing this supplement in the late 1970s was linked to the ap-
pearance of BSE, and since 1988 the use of such dietary supplements for cattle was
forbidden in the United Kingdom (Wilesmith and Wells, 1991). However, from
1986 to 2003 more than 186,000 cases of BSE in cattle were recorded in the United
Kingdom. The disease subsequently spread to several other European countries,
and later to countries in other parts of the world.

In 1996, the first cases of a CJD-like disease were observed in humans. This was
soon called ‘‘vCJD,’’ and it was linked to BSE (Will et al., 1996; Weissmann and
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Aguzzi, 1997; Almond, 1998). Several clinical features distinguish vCJD from the
classical CJD, most notably the younger age of vCJD patients (19–39 years, com-
pared to 55–70 years in classical CJD), but also distinct pathological features in the
brain, including ‘‘florid plaques.’’ The exact mechanism by which humans become
infected with vCJD is unknown, although it has been assumed to be due to eating
meat from BSE-infected cattle. However such purported transmission of a prion
disease to humans by ingestion of infected meat has never been seen with scrapie, a
TSE of sheep, despite many investigational studies (Harries-Jones et al., 1988).
Experimental infection of cynomolgus macaques with brain extracts of BSE-in-
fected cows produced a disease in the monkeys with the characteristic pathological
changes of vCJD in humans including florid plaques in the brain (Lasmezas et al.,
1996). From an epidemiological point of view, the occurrence of BSE over a wide
area of Europe might be expected to cause a large-scale epidemic of vCJD
(Valleron et al., 2001), but the annual number of vCJD cases in the UK reached a
peak of 28 in 2000, and since then has been declining, with only five reported cases
in 2005. At the beginning of 2006 there had been an overall total of 159 definite or
probable recorded cases of vCJD in the UK since the beginning of the epidemic, of
whom six were still alive (Department of Health, 2006). Elsewhere, there had been
16 cases of vCJD in France, three in Ireland, two in the US, and one each in
Canada, Japan, the Netherlands, Portugal, Saudi Arabia, and Spain, for a grand
total of 186 recognized cases of vCJD worldwide. It appears that all cases of vCJD
that occurred outside of Europe were in people who had spent some time in the
UK, where they are presumed to have acquired the infection.

Conclusions

Several virus diseases that emerged in the last two decades of the 20th century have
now become entrenched in human populations worldwide, and unfortunately the
methodological advances that led to their detection have not been matched by
similar advances in our ability to prevent and control them. Attempts to develop
vaccines for these have in most cases eluded all efforts. There have been improve-
ments in antiviral therapy, but these are not effective in all cases, often resulting in
control rather than cure of the disease, and they remain out of the reach of many
patients in poor and underdeveloped countries.

In 2001, the Institute of Medicine of the National Academy of Sciences issued a
new report on ‘‘Microbial Threats to Health in the 21st Century’’ (Smolinski et al.,
2003), which concluded that one of the ‘‘bright spots on the global scene’’ was the
containment of H5N1 flu in Hong Kong in 1997. The fact that the H5N1 influenza
virus has since re-emerged to become a major worldwide public health threat in
2006 shows that we cannot afford to be complacent. We must redouble our efforts
in surveillance, prevention, and control measures as we continue to face new
emerging virus diseases.
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Viral zoonoses have represented a significant public health problem throughout
history, affecting all continents. Furthermore, many viral zoonoses have emerged
or reemerged in recent years, highlighting the importance of such diseases. Emerg-
ing viral zoonoses encompass a vast number of different viruses and many different
transmission modes. There are many factors influencing the epidemiology of the
various zoonoses, such as ecological changes, changes in agriculture and food
production, the movement of pathogens, including via travel and trade, human
behavior and demographical factors, and microbial changes and adaptation. Cost-
effective prevention and control of emerging viral zoonoses necessitates an inter-
disciplinary and holistic approach and international cooperation. Surveillance,
laboratory capability, research, training and education, and last but not least,
information and communication are key elements.

Introduction

Throughout the history of mankind, animals have been an important source of
infectious diseases transmissible to humans. Such diseases were formerly called
anthropozoonoses (Greek ‘‘anthrópos’’ ¼ man, ‘‘zoon’’ ¼ animal, ‘‘nosos’’ ¼ dis-
ease), whereas the diseases transmissible from humans to animals were called zoo-
anthroponoses (Hubálek, 2003). Today, the term zoonoses is commonly used for
infectious diseases that are naturally transmitted between vertebrate animals and
man (WHO/FAO, 1959). The total number of zoonoses is unknown, but according
to Taylor et al. (2001), who in 2001 cataloged 1415 known human pathogens,
including 217 viruses and prions, 538 bacteria and rickettsia, 307 fungi, 66
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protozoa, and 287 helminths, 61% were zoonotic. With time, more and more
human pathogens are found to be of animal origin. Interestingly, wild animals seem
to be involved in the epidemiology of most zoonoses and serve as significant res-
ervoirs for transmission of zoonotic agents to domestic animals and man.

Many infectious diseases have emerged in the human population in recent
years. According to Lederberg et al. (1992), emerging infectious diseases include
those whose incidences in humans have increased within the past two decades or
threaten to increase in the near future. Emerging infections also include those that
have newly appeared in a population or that have been known for some time, but
are rapidly increasing in incidence or geographic range.

Most emerging infectious diseases in humans are zoonoses. The WHO/FAO/
OIE joint consultation on emerging zoonotic diseases held in Geneva in 2004
(whqlibdoc.who.int/hq/2004/WHO_CDS_CPE_ZFK_2004.9.pdf) defined an
emerging zoonosis as ‘‘a zoonosis that is newly recognized or newly evolved, or
that has occurred previously but shows an increase in incidence or expansion in
geographical, host or vector range’’. At this consultation it was stated that emerg-
ing zoonotic diseases have potentially serious human health and economic impacts
and that their current increasing incidences are likely to continue. Avian influenza
was used as an example; events since that time have shown that these predictions
were unfortunately correct.

Of the 1415 known human pathogens, 175 (12%) are associated with an
emerging disease (Taylor et al., 2001), and can be designated emerging pathogens.
Of these emerging pathogens, 75% are zoonotic. Overall, zoonotic pathogens are
twice as likely to be associated with emerging diseases, compared to non-zoonotic
pathogens. However, the result varies among taxa, with viruses and protozoa par-
ticularly likely to emerge, and helminths particularly unlikely to do so, regardless of
their zoonotic status. Interestingly, no association between transmission route and
emergence was found (Taylor et al., 2001).

Historical aspects of zoonoses

Throughout history, wild animals have always played a role in viral zoonoses.
Rabies is one of the most feared viral zoonoses. It is an ancient disease; the origin of
the word dates to 3000 BC from Sanskrit, meaning ‘‘to do violence’’. Rabies was
described in hunting dogs in Mesopotamia as early as 2300 BC. Recognizable
descriptions of rabies can also be found in early Chinese, Egyptian, Greek, and
Roman records (Blancou, 2003). In medieval Europe, rabies occurred in both do-
mestic and wild animals. Rabid foxes, wolves, badgers, and bears were described in
literature as well as in figurative art. Although rabies is an ancient disease that is
endemic in many areas, the zoonosis has also been emerging in some regions in
recent years.

Ancient accounts and modern hypotheses suggest that Alexander the Great
died of West Nile virus (WNV) encephalitis in Babylon 323 BC (Marr and Calisher,
2003). It was reported that ‘‘as he entered Babylon a flock of ravens exhibiting
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unusual behavior died at his feet’’ (Marr and Calisher, 2003). In 1999, WNV was
introduced into the United States causing an epizootic in birds with spillover in-
fections to man and equine animals.

A major human epidemic of influenza was recorded by Hippocrates in 412 BC.
Influenza viruses have different hosts, both birds and different mammals including
humans, and have a zoonotic potential. An antigenic shift in influenza A virus can
cause the sudden emergence of a new subtype of the virus. Although this shift
occurs only occasionally, large numbers of people, and sometimes the entire pop-
ulation, have no antibody protection against the new subtype of virus, resulting in a
worldwide epidemic (‘‘pandemic’’). Three major influenza A pandemics emerged
during the 20th century. Of these, the Spanish flu in 1918–1919 (subtype H1N1)
was the most severe with an estimated 50 million deaths worldwide (Taubenberger
and Morens, 2006). The Asian flu in 1957–1958 (H2N2) and the Hong Kong flu in
1968–1969 (H3N2) caused less serious pandemics. The latter two are known to be
the result of a reassortment between an avian influenza strain from wild waterfowl
and a human strain of influenza A, with the introduction of a new hemagglutinin
protein in the human strain.

The avian influenza A subtype H5N1 epidemic that emerged in birds in Asia in
2002 has caused substantial death and economic losses in poultry. This strain can
also infect humans, although rarely, but with a high degree of lethality. There is no
evidence so far of human-to-human transmission of the H5N1 virus. The public
health concern is that genetic reassortment of this avian strain with a human strain
could cause the emergence of a new pandemic with the high degree of lethality seen
in the sporadic zoonotic cases to date (http://www.cdc.gov/flu/avian/gen-info/
avian-flu-humans).

An epidemic of hantavirus infections emerged in the southwestern US in 1993.
Healthy adults sickened and died suddenly of an unknown disease. Navajo leaders
gave public health scientists clues; that year had seen a particularly bountiful har-
vest of piñon nuts accompanied by a large population of deer mice. The years 1918
and 1936 had also seen large harvests and large deer mouse populations as well as
unexplained epidemics. Serological analyses of the blood of the victims revealed
antibodies to the Haantan virus family, and as CDC scientists isolated and am-
plified viral DNA from victims’ blood, trappers caught deer mice in the area, which
proved to carry hantavirus.

Transmission modes

Zoonotic viruses replicate in the reservoir animal host and are usually transmitted
to humans by direct contact (a bite by the infected reservoir animal or handling of
the animal’s tissues or materials contaminated by the animal’s body fluids) or the
bite of a hematophagous arthropod. For example, rabies virus is transmitted by the
saliva from a bite of a rabid animal, and simian foamy virus (SFV) can be trans-
mitted by bites from an infected monkey. Hantaviruses like Puumala and Sin
Nombre viruses are typically spread from rodents to humans by aerosols of dust
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containing rodent excreta. Transmission of simian immunodeficiency virus (SIV)
and SFV can occur when hunters and butchers handle the meat of infected mon-
keys. Ebola virus transmission has been reported after preparation of dead chim-
panzees and gorillas for food.

Most viral zoonoses require a blood-sucking arthropod for transmission to
humans. Mosquitoes are the most important arthropod vectors (examples of viral
zoonoses transmitted by mosquitoes are Rift Valley fever, WNV, and Japanese
encephalitis), followed by ticks, sandflies, and midges. Arthropod vector-borne
viruses are called arboviruses and are maintained in complex life cycles involving a
non-human vertebrate primary host and a primary arthropod vector. The arthro-
pod vector becomes infected when it ingests virus while feeding on the blood of a
viremic animal. Virus replicates in the arthropod tissues, ultimately infecting the
salivary glands. The arthropod then transmits the virus to a new host when it
injects infectious salivary fluid while taking a blood meal. Arthropod-borne viruses
generally remain undetected until the virus escapes the primary cycle via a sec-
ondary vector or secondary vertebrate host, such as when humans enter the en-
zootic cycle. Although humans may become ill as a result of these viruses, they are
generally considered dead-end hosts for many of the viruses because they do not
develop sufficient viremia to infect feeding vectors and thus do not contribute to the
transmission cycle. Notable exceptions include dengue, yellow fever, chikungunya,
and Ross River virus infections (www.acpmedicine.com/sample2/ch0731s.htm).

Zoonotic viruses may also be spread from wild animals to humans indirectly by
contaminated food and water. An unusual and unexpected example of zoonotic
transmission of this type has been suggested for hepatitis E virus (HEV) infection.
In an outbreak of HEV infection among people who had eaten uncooked deer meat
6–7 weeks before, a leftover portion of the deer meat, kept frozen for a future meal,
was positive for HEV RNA, and the nucleotide sequence was identical to sequences
of virus from the patients. Patients’ family members who ate little or none of the
deer meat remained uninfected. These findings provide direct evidence that HEV
infection may be a zoonosis (Tei et al., 2003).

Human noroviruses are a common cause of gastrointestinal infection and are
spread between humans by contact, or indirectly via food and water. Other noro-
viruses can be found in animals. Although noroviruses are not considered zoonotic,
new research raises questions of whether pigs may be reservoirs for emergence of
new human noroviruses or if porcine/human genogroup II recombinants could
emerge (Wang Q.-H. et al., 2005).

Factors influencing the epidemiology of viral zoonoses

Ecological changes

Ecological changes of natural or human origin can have a profound impact on the
epidemiology and the emergence of viral zoonoses. These include, but are not
limited to, human population expansion and encroachment, de-forestation and
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reforestation, other habitat changes, pollution, and climatic changes. The opening
of isolated ecosystems to human activity has contributed to the emergence of viral
diseases. One classic example is the emergence of yellow fever when humans entered
the Central American jungle to build the Panama Canal (Murphy, 1998).

Unprecedented population growth, mostly in developing countries, has resulted
in major movements of people into urban centers. This unplanned and uncon-
trolled urbanization with inadequate housing, deteriorating water, sewage, and
waste management systems, produces ideal conditions for increased transmission of
mosquito- and rodent-borne diseases (Gubler, 1998). Meteorological factors such
as temperature, rainfall, and humidity can influence the dynamics of vector-borne
diseases. Climate changes with milder winters and early arrival of spring has been
suggested as an explanation for the increased incidence of tick-borne encephalitis in
Sweden (Lindgren and Gustafson, 2001). There are indications that warmer tem-
peratures aid dengue virus transmission by accelerating development of the larvae
of the mosquito vector, Aedes egypti, whose range is limited by cold weather. Yet
another climate-related threat comes from the Asian tiger mosquito (Aedes al-

bopictus), which transmits dengue virus and yellow fever virus and is able to tol-
erate cold weather (Ward and Burgess, 1993).

Hantavirus

Wild rodents constitute a reservoir of hantaviruses (virus family Bunyaviridae)
(Schmaljohn and Hjelle, 1997). Each of the known hantaviruses appear to have one
unique, natural, species-specific rodent reservoir. The rodents are chronically in-
fected without any visible symptoms. The viruses are shed in urine, excretory
droppings, and saliva, and humans are mainly infected by inhaling aerosols con-
taining the virus. Human-to-human transmission of the viruses has not been re-
ported.

A non-fatal form of hantavirus infection was described in Sweden in 1934 as
nephropathia epidemica (NE), a hemorrhagic fever with renal disease syndrome
(Niklasson and Le Duc, 1984). It is endemic in northern Sweden, Finland, western
Russia, and some other areas in Europe. The causative agent, Puumala virus, is
transmitted from excreta of the bank vole (Clethrionomys glareolus). Typically,
infection occurs by inhalation of contaminated dust in relation to activities in
forests or cleaning of sheds, barns, or huts.

Hantavirus infections first received serious attention in the western world when
more than 3000 soldiers in the Korean War developed a disease with a fatality rate
of approximately 10%, which became known as Korean hemorrhagic fever. The
etiological agent, the Hantaan virus, is carried by the field mouse (Apodemus

agrarius).
Critical environmental factors that can affect rodent population dynamics as

well as viral transmission between animals, and from animals to humans, include
the amount of precipitation, habitat structure, and food availability. In 1993, a
previously unknown infectious disease was recognized in humans in New Mexico,
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Colorado, and Nevada. The infection mainly affected the lungs, with a fatality rate
of around 60%. The causative agent, a previously unknown hantavirus, subse-
quently was named Sin Nombre virus and the disease was named Hantavirus
pulmonary syndrome (HPS). The principal animal host of Sin Nombre virus is the
common deer mouse (Peromyscus maniculatus), which lives on pine kernels. The El
Nino weather event of 1991–1992, with its unusually heavy summer rains, led to
abundant crops that greatly increased the local mouse populations. The deer mouse
population was 10–15 fold higher in that period than the seasonal average during
the previous 20-year period (McMichael, 2004).

Arenaviruses

Deforestation with fragmentation of habitat increases the ‘‘edge effect’’, a phe-
nomenon at the edge of a forest that promotes pathogen–vector–host interactions.
The expansion of the world population, which perturbs ecosystems that were stable
a few decades ago, has contributed in recent years to the emergence of hemorrhagic
fevers in South America. These are caused by various members of the Arenavirus
family, and wild rodents are their natural hosts. Human outbreaks have mostly
occurred in rural populations. Clearing of forested land in Bolivia in the early 1960s
was accompanied by blanket spraying of DDT to control malaria-bearing mos-
quitoes, and incidentally killed many village cats leading to decreased control of
mice near human populations. Large areas with maize supported huge populations
of Calomys mice carrying Machupo virus; this resulted in the appearance of the
Bolivian hemorrhagic fever with a high fatality rate (McMichael, 2004). In addi-
tion, aerosols of mouse blood, urine, and feces were generated during harvests that
infected the workers. A new outbreak occurred in the same place in 1994, killing
seven members of one family.

Ebola virus

Ebola hemorrhagic fever is one of the most virulent and contagious viral diseases
known, with a fatality rate of 50–90%. The virus belongs to the family Filoviridae

and occurs in four distinct subtypes (Zaire, Sudan, Côte d’Ivoire, and Reston
subtypes). Ebola virus was first identified in 1976 after significant epidemics in
Yambuku, Zaire (now the Democratic Republic of Congo, DRC) and in Nzara,
Sudan. Since its first discovery in 1976, there was a second Ebola outbreak in Nzara
in 1979, then an outbreak 15 years later in Gabon in1994, and a major epidemic in
Kikwit, DRC, in 1995 (with 315 cases and 250 deaths). Since then, new outbreaks
have occurred almost each year. The largest outbreak ever occurred in Uganda in
2000–2001 with a total of 425 cases and a fatality rate of 53% (WHO, 2000).

The natural animal reservoir of the Ebola virus is unknown despite extensive
studies. The reservoir animal seems to reside in the rain forests of Africa and the
western Pacific. Humans as well as other primates are severely affected by Ebola
virus, which is transmitted by direct contact with the blood, secretions, organs, or
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other body fluids of infected individuals. Infection of humans has also been doc-
umented to have occurred as a result of handling infected chimpanzees and gorillas
found dead in the rainforests, which suggests that they are not a reservoir since they
die from the infection. Interestingly, bats experimentally infected with Ebola virus
do not die. Furthermore, evidence of asymptomatic Ebola virus infection was
found in three species of fruit bats collected during Ebola outbreaks in humans and
great apes between 2001 and 2003 in Gabon and DRC. This evidence that fruit bats
may be acting as reservoirs for Ebola virus supports previous evidence suggesting
bats as candidate reservoirs for Ebola virus and the closely related Marburg virus
(Leroy et al., 2005). If this is correct, humans coming into greater contact with bats
because of encroaching agriculture may be at increasing risk for outbreaks of Ebola
virus infection.

The Ebola-Reston subtype was detected in 1989 in Virginia, USA, in a colony
of cynomolgus monkeys imported from the Philippines, illustrating the risk for
spread of viral zoonoses through trade in animals. Several monkeys died and four
people were infected, although none of the humans were symptomatic (WHO,
2000).

Changes in agriculture and food production

Over the past 50 years, changes in agricultural practices, including livestock han-
dling and food production, directly or in combination with ecological factors, have
influenced the emergence of viral zoonoses. Unprecedented human population
growth has increased the demand for highly efficient and mechanized farming.
Operators of agricultural machinery in some areas are likely to be exposed to
hantaviruses. Combine harvesters suspend clouds of infective dust and create aer-
osols of infective blood when they accidentally crush the animals that are living
among the crops.

Economic factors have resulted in dramatic changes in food animal production.
Under such crowded animal conditions, rapid pathogen transmission can occur
and lead to an epidemic situation. For instance, pig farms in many countries have
grown recently from small family operations with fewer than 20 animals to huge
facilities with thousands of animals.

Paramyxoviruses

During the 1990s three zoonotic paramyxoviruses, known to cross species barriers,
have emerged from a wildlife reservoir. Hendravirus emerged in Australia in 1994
and was responsible for an outbreak of acute fatal respiratory disease that killed 14
racehorses and two humans (O’Sullivan et al., 1997). Menangle-virus was described
in Australia in 1996, where it caused reproductive disorders in pigs and a flu-like
disease in humans. Nipah virus emerged in Malaysia in 1998–1999 and caused a
massive outbreak of a serious respiratory disease among pigs and spread to humans
who were in close contact with pigs. Most patients presented with severe febrile
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encephalitis with a fatality rate of 40% (Wong et al., 2002). The natural reservoirs
for Hendra, Menangle, and Nipah viruses are bats, in particular large fruit bats,
also called flying foxes (Daszak et al., 2004).

Bat Hendra virus isolates have shown a rather conservative genetic past, as
shown by sequencing studies, not having undergone major mutational changes
prior to their emergence. The concurrent appearance of several bat-associated vi-
ruses implies that changes in the ecology of fruit bats, as opposed to evolution of
the pathogen itself, is the likely explanation for the spillover to new hosts (Daszak
et al., 2004). The ecological trigger for the Nipah virus outbreak appears to have
been a complex series of alterations to the fruit bat habitat caused by human
activities including agriculture, in combination with a period of drought. The fruit
bat’s habitat was largely replaced in peninsular Malaysia by oil palm plantations.
Deforestation in Sumatra, coupled with a serious drought and fires caused by a
major El Nino-event in 1997, led to significant air-pollution haze that covered large
areas in Malaysia and parts of Southeast Asia. This reduced the flowering of forest
trees and caused a marked decline in forest fruit production, resulting in the en-
croachment of bats into fruit plantations where pig farms were also maintained
(Chua et al., 2002). The culling of hundreds of thousands of pigs probably stopped
the Nipah virus epidemic; human-to-human transmission has not been demon-
strated.

Japanese encephalitis virus

Japanese encephalitis is a zoonosis caused by a flavivirus transmitted by Culex
mosquitos that breed in wet rice fields. Intensification and expansion of irrigated
rice production systems over the past 20 years in south Asia and Southeast Asia
have had an important impact on the disease burden. The flooding of the fields by
irrigation at the start of each cropping cycle leads to an explosive buildup of the
mosquito population. The virus circulates in birds with pigs as amplifying hosts.
Because of the critical role of pigs, its presence in Muslim countries is negligible.
The distribution of Japanese encephalitis is significantly linked to irrigated rice
production combined with pig farming (www.who.int/water_sanitation_health/dis-
eases/encephalitis/).

Movements of pathogens; travel and trade

The movements of pathogens, vectors, and animal hosts are additional factors
influencing the epidemiology of viral zoonoses. Such movements can occur via
human travel and trade, by natural movement of wild animals including migratory
birds, and by anthropogenic movements of animals. Wherever and whenever we
travel and trade, unseen microbes accompany us. The speed, volume, and extent of
today’s travel and trade are unprecedented in human history and offer multiple
potential routes for microbial spread around the globe. For instance, viruses har-
bored within insects, animals, or humans can travel halfway around the globe in
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o24 h by plane; zoonotic viruses can be transported to the farthest land in less time
than the incubation times of most diseases.

Rabies

Movement of infected wild and domestic animals is an important factor in the
appearance of rabies in new locations. Rabies virus was introduced into North
America by infected dogs in the early 18th century, with subsequent spillover to a
variety of wild terrestrial mammals. Rabies became established in raccoons in the
Mid-Atlantic States in the late 1970s due to translocation of raccoons from the
southeastern United States, where rabies was endemic in this species (Smith et al.,
1984). Finland experienced an outbreak of rabies linked to raccoon dogs in 1988.
The raccoon dog had spread to Finland following the release of this species in
western Russia for fur trade. Rabies most probably arrived in Finland with infected
wolves migrating from Russia during winter along the ice-packed coast (Sihvonen,
2003). The movement of the arctic fox across ice ‘‘bridges’’ between continents,
from the archipelago of Spitzbergen, Norway, to Novaja Zemlja in Siberia, and
from Canada to Greenland has been described (Prestrud et al., 1992; Ballard et al.,
2001).

West Nile virus

WNV was first isolated from a febrile patient in Uganda in 1937. In 1941, an
outbreak occurred in Tel Aviv, Israel. Despite several outbreaks in Israel, WNV
was considered a minor arbovirosis in the Old World and until the early 1990s; the
virus was mainly confined to Africa and parts of Europe. Mosquitos of the Culex

pipiens genus are the principal vectors for the virus; birds are amplifying hosts for
the virus but were initially considered resistant to disease. However, the occurrence
of an abnormal number of deaths in some bird species in Israel in 1998 indicated
that a more virulent strain had emerged.

WNV was unknown in North America until it arrived in New York in 1999, via
an infected mosquito in an airplane (McMichael, 2004). Apparently there were
conditions in New York that were favorable for the virus, such as: (i) seasons of
early rains and summer drought that provided ideal conditions for the Culex mos-
quitos; (ii) a high population of susceptible bird species, especially crows; and (iii)
urban and suburban ecosystems that were conducive to close interactions of mos-
quitos, birds, and humans. In 2002, WNV had dramatically expanded its geo-
graphical range in the US and caused the largest recognized epidemic of arboviral
diseases affecting the CNS (causing encephalitis and meningitis) in the Western
Hemisphere.
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Monkeypox

During the summer of 2003, an outbreak of monkeypox occurred in the United
States with 37 confirmed human cases (Reed et al., 2004). Monkeypox is a rare
zoonosis, caused by a poxvirus that typically occurs in Africa. It was first found in
monkeys in 1958, and later in other animals, especially rodents. The African
squirrel is probably the natural host. Transmission to humans occurs by contact
with infected animals or body fluids. The cases in the United States, the first outside
Africa, were associated with contact with infected prairie dogs. The outbreak was
epidemiologically linked to an import of African rodents from Ghana. It is most
likely that infected rodents imported into the United States transmitted the virus to
prairie dogs. This illustrates the fact that non-native animal species can create
serious public health problems when they introduce a viral disease to native animal
and human populations. Thus, the transportation, sale, or distribution of animals,
or the release of animals into the environment, can contribute to the spread of
zoonoses.

Avian influenza (influenza A; H5N1)

In the fall of 2005, avian influenza subtype H5N1 emerged in Europe; there were
outbreaks among poultry in Turkey, Romania, and Ukraine, and in wild migratory
birds in Croatia and Romania. In January 2006, the first human cases of H5N1
infection in Europe were confirmed; fatal human cases occurred in Turkey, and
were associated with contact with diseased poultry (www.who.int/csr/disease/
avian_influenza/avianinfluenza_factsheetJan2006/en/index.html). It is believed that
H5N1 reached Europe from Asia by means of migratory birds. Wild waterfowl are
the natural reservoirs of influenza A viruses, but they usually do not get sick from
them. H5N1 in its highly pathogenic form has been isolated from dead migratory
birds (Liu et al., 2005). This finding may suggest a role for migratory waterfowl in
the evolution and maintenance of highly pathogenic H5N1. The role of imported
infected wild birds was demonstrated in October 2005, when two smuggled hawk
eagles carried on a flight from Thailand to Belgium tested positive for H5N1
(WHO, 2005), and when a parrot imported from Surinam to the United Kingdom
was found positive for H5N1 (www.defra.gov.uk/news/latest/2005/animal-
1024.htm).

Human behavior and demographic factors

Aspects of human behavior and other demographic factors can influence the ep-
idemiology of viral zoonoses. These include human recreational activities, such as
hunting, camping, and hiking as well as eating habits and sexual habits.
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Acquired immunodeficiency syndrome (AIDS)

The AIDS pandemic is probably the major example of a zoonosis that emerged in
the 20th century; it entered the human population as a result of cross-species
transmission of SIVs. Since the initial clinical description of AIDS 25 years ago
(Gottlieb et al., 1981), about 30 million persons have died of AIDS worldwide and
it is estimated that approximately 40 million people are living and infected with the
etiologic agent of AIDS, Human Immunodeficiency Virus, type 1 (HIV-1). It is
estimated that there are 6 million new infections per year, which means that an
average of about 14,000 persons become infected per day, or 10 persons are newly
infected every minute (www.WHO.int/hiv).

The two types of human HIV, HIV-1 and HIV-2, are members of the Retro-
virus family and the genus Lentivirus. HIV-1 consists of three distinct groups (M,
N, and O), with group M being responsible for the majority of HIV infections
worldwide. HIV-2 is represented by six subtypes, A–F. Current molecular biolog-
ical evidence indicates that the SIV counterparts of HIV-1 and HIV-2 have been
transmitted into the human population on several occasions from two distinct
primate sources: HIV-1 from the chimpanzee Pan troglodytes troglodytes (from the
virus SIVcpz) and HIV-2 from the sooty mangabey monkey Cercocebus atys (virus
SIVsm) (Gao et al., 1999; Hahn et al., 2000; Sharp et al., 2001). Since the three
groups of HIV-1 (M, N, and O) genetically differ as much from each other as do
different SIVcpz genomes, it is believed that they are each derived from a separate
zoonotic transmission. Likewise, for HIV-2 there may have been six separate
crossover events from sooty mangabeys to humans.

Although the simian lentiviruses are termed immunodeficiency viruses because
of their genetic and structural similarities to the human AIDS viruses, the SIVs
have not been linked to diseases in their natural hosts (Cichutek and Norley, 1993).
SIV infections appear to be common and geographically widespread in African
primates; in at least 31 different non-human primate species there has been ev-
idence of SIV infection. In contrast, no Asian primate species has been reported to
harbor SIV in the wild (Sharp et al., 2001); for instance, rhesus macaques do not
seem to be naturally infected with SIV. However, cross-species transmission of the
strain SIVsm from sooty mangabey to an ‘‘unnatural host’’, the macaque, results in
immunosuppression and an AIDS-like disease in the macaque. SIVsm infection of
macaques now serves as a valuable model for HIV disease in humans and has been
used for vaccine development (Letvin, 1992) (Fig. 1).

The timing of SIVcpz cross-species transmission to humans, leading to the
HIV-1 pandemic, has been evaluated using stored samples and molecular biological
tools. A stored human serum sample from 1959 in Kinshasa, DRC contains the
earliest laboratory-proven evidence of HIV-1 group M infection (Zhu et al., 1998).
By use of the molecular clock approach, this particular chimpanzee-to-human
transmission is estimated to most likely have occurred around 1930 (Korber et al.,
2000).
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Group O, was not identified until 1990 and has spread to a much lesser extent
than group M. However, the genetic diversity points to an origin in time similar to
that of group M. The earliest stored samples shown to contain HIV-1 group O are
from a Norwegian sailor and his family, all of whom died in 1976 (Froland et al.,
1988; Jonassen et al., 1997). The sailor probably was infected during a visit to
Africa in the early 1960s and showed symptoms of AIDS by 1966. The daughter is
the first recorded case of pediatric AIDS.

HIV-1 group N seems to have arisen more recently. This is most similar to
SIVcpz. The scarcity of group N infections in humans may reflect a recent trans-
mission event or, alternatively, lack of adaptation to the new host.

Sooty mangabey monkeys are the natural host for SIVsm and are infected in
the wild at apparently high frequency (Hahn et al., 2000). Sooty mangabey mon-
keys inhabit forests in West Africa and are often hunted for food and are also kept
as pets. HIV-2 is endemic among humans in West Africa and is frequently found in
patients in, or originating from, that region. SIVsm and HIV-2 sequences from
animals and humans from the same immediate geographic area are most closely
related, consistent with the molecular biological evidence of cross-species trans-
mission. Although HIV-2 also is associated with immunodeficiency and develop-
ment of AIDS, the progression is slower than for HIV-1. HIV-2 also is appears less
easily transmitted than HIV-1, with fewer cases of mother-to-child transmission
and the lack of a pandemic such as seen with HIV-1 (Pepin et al., 1991; Lemey
et al., 2003). HIV-1 group M viruses have spread globally, but HIV-2 subtypes are
mainly restricted to West Africa and can be categorized as epidemic subtypes (A
and B) and non-epidemic subtypes (C–G).

All primates that naturally carry SIV have been in contact with humans for
thousands of years. Yet, despite centuries of opportunity to emerge as infections in
humans, there is no evidence to suggest that HIV existed in Africa prior to the 20th
century. Moreover, the chimpanzee and the sooty mangabey hosts are not found in

Fig. 1 Non-human primates represent the origin of many important viral zoonoses (For colour version:

see Colour Section on page 347).
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the same areas in Africa, but exist in widely separated, non-contiguous regions
(Marx et al., 2001). To explain the almost simultaneous emergence of HIV-1 and
HIV-2, occurring in different parts of Africa, Marx et al. (2001) suggested that a
massive increase in unsterile medical injections may have served to increase the
probability of serial transmission of partially adapted SIV infections in humans,
particularly as a result of the general availability of penicillin beginning in the early
1950s. According to this theory, serial passage of partially adapted SIV between
humans resulted in a cumulative series of mutations and the emergence of epidemic
HIV strains.

The AIDS epidemic in Romania is a documented example of the role that
unsterile injections can play in the serial transmission of HIV. Before December
1989, 13 AIDS cases were identified in Romania as reported to the WHO. By
December 31, 1990, almost 1200 cases were reported, of which 94% occurred in
children o13 years of age. Almost 60% of those children had acquired HIV in-
fection from unsterilized medicinal use of needles and syringes (Hersh et al., 1991).

Human T-lymphotropic viruses

Human T-lymphotropic Virus, type 1 (HTLV-1) is associated with adult T-cell
leukemia (ATL) and a variety of immune-mediated disorders, including the chronic
neurological disease named HTLV-1-associated myelopathy/tropical spastic par-
aparesis (HAM/TSP) (Barmak et al., 2003; Proietti et al., 2005). ATL was orig-
inally described as a particular leukemia, with a striking cluster of cases in Kyushu
island, Japan, in 1976, which suggested a unique etiology (Uchiyama et al., 1977).
HTLV-1 was first isolated in 1979 (Poiesz et al., 1980). ATL or HAM/TSP occurs
among only 1–5% of seropositive individuals. The vast majority of infected in-
dividuals remain asymptomatic virus carriers.

A few years later, a virus quite similar to HTLV-1, now called HTLV-2, was
isolated from a person with T-cell ‘‘hairy cell leukemia’’. Despite being isolated
from a patient with leukemia, there is no convincing role of HTLV-2 in human
disease (Feuer and Green, 2005). HTLV-2 is endemic at a low level among the
American Indian population in Brazil and among certain tribes in Africa, whereas
in Europe and in the US it is mainly associated with intravenous drug abuse, still at
a very low level (Alcantara et al., 2003). An interesting question is whether serial
passage of this abuse, still at a very low level virus can result in cumulative mu-
tations leading to emergence of a more pathogenic virus.

The simian counterpart of HTLV, STLV (simian T-lymphotropic virus) is en-
demic in many African and Asian monkeys; it can infect most Old World primate
species (Watanabe et al., 1986; Slattery et al., 1999). In some instances, STLV-1
infection has been related to lymphomas and leukemias in monkeys (Sakakibara et
al., 1986). STLV-1 sequences have been identified in a wild-caught gorilla and a
chimpanzee in Cameroon (Nerrienet et al., 2004) that are similar to the sequence of
HTLV-1 of central African subtype B, supporting the suggestion that HTLV-1
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subtypes in humans have arisen from separate interspecies transmissions from
STLV-1 infected monkeys (Vandamme et al., 1998).

Foamy viruses

Foamy viruses are widely distributed retroviruses and are endemic in most mam-
mals except humans. Virtually all non-human primate species harbor distinct and
species-specific clades of SFVs (Heneine et al., 2003). There is so far no clear role
for foamy viruses in disease. They appear to be non-pathogenic viruses in vivo, in
contrast to their strong cytopathic effects in vitro (Falcone et al., 2003). In the wild,
these viruses are readily spread, most likely via biting. They can be found in all
tissues as integrated DNA copies, but the replication has only been demonstrated
in oral submucosal cells, which probably explains the natural route of transmission
(Falcone et al., 1999).

Humans are susceptible to infection by SFV, as shown by a relatively high
frequency of seropositivity (5.3%) among individuals working with primates at
research centers and zoos (Switzer et al., 2004). However, all seropositive persons
have been reported to be in good health even after longstanding infection (as long
as 26 years, documented by an archival serum sample) and there has been no
documented secondary transmission to spouses. Thus, these zoonotic infections
may represent benign dead-end infections.

Bushmeat—a source for transmission of new viruses

Hunting of wildlife for food is associated with a substantial risk for cross-species
transmission of new pathogens. The risk of zoonotic transmission and emergence
of new zoonoses is increasing due to an increasing demand for food for the growing
human population, and a globalized trade. In Africa, the forest is often referred to
as ‘‘the bush’’, and thus, meat derived from it is often called ‘‘bushmeat’’. Non-
human primates and other wildlife probably have been killed for food in parts of
Africa for generations; it is estimated to account for 50–80% of the protein in the
diet in some parts of Africa. Hunting, butchering, and eating bushmeat places
people at increased risk of exposure to primate retroviruses and other zoonotic
agents. Deforestation of tropical forests also contributes to increased contact with
non-human primates and the consumption of bushmeat.

Since SFV is endemic in most non-human primates, the presence of SFV in-
fection among bushmeat hunters can serve as a marker for the risk of acquiring
potentially pathogenic simian retroviruses via zoonotic transmission. A study of
1099 individuals in Cameroon identified 10 persons (1%) with serologic evidence of
SFV infection. Sequence analysis of samples from human lymphocytes revealed
three viruses with known associations with three different non-human primates,
associated with individual histories of contact with blood or body fluids from those
primates, thus indicating separate zoonotic transmissions from gorilla, mandrill,
and Brazza’s guenon (Wolfe et al., 2004).
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Two new unique HTLVs, designated HTLV-3 and HTLV-4, also have been
associated with bushmeat preparation and/or consumption in rural villages in
southern Cameroon (Calattini et al., 2005; Wolfe et al., 2005a). Serologic surveys of
bushmeat hunters in southern Cameroon (Wolfe et al., 2005a) and among different
tribes living in remote villages in the rainforest in Cameroon (Calattini et al., 2005)
were performed with the aim of searching for infection of divergent HTLVs. The
simian counterpart of HTLV-3, STLV-3, has been identified in wild-caught mon-
key species from several different ecosystems in Africa (Meertens and Gessain,
2003). So far, HTLV-3 infection has not been linked to disease and it is not known
whether it is transmissible between humans. (HTLV-4 was identified in a Came-
roonian bushmeat hunter (Wolfe et al., 2005a). The origin of HTLV-4 is unclear
because so far no simian counterpart has been identified, although it most likely
represents either an ancient or a recent transmission to humans from a non-human
primate.)

The naming of HTLV-3 and HTLV-4 may need a word of caution. The strong
phylogenetic relationship between the two HTLV-3 isolates and STLV-3 appears to
justify calling them HTLV-3. However, the one isolate of HTLV-4 is the only
known virus in a previously undescribed group; following the guidelines of the
International Committee on Taxonomy of Viruses (Fauquet et al., 2004), it qual-
ifies to be named HTLV-4. However, the term ‘‘HTLV-3’’ was used to refer to the
virus now known as HIV-1 before the current nomenclature was agreed on (Gallo
et al., 1984), and HIV-2 was referred to as ‘‘HTLV-4’’ during the early years after
its discovery (Kanki et al., 1987; Kornfeld et al., 1987). There are thus a number of
publications already describing an ‘‘HTLV-3’’ and an ‘‘HTLV-4’’ that have noth-
ing to do with the newly discovered viruses. To avoid confusion and misunder-
standing, renaming these new viruses should possibly be considered.

Microbial changes and adaptation

Cross-species infections probably occur quite frequently. However, most of them
represent transient or abortive infections with no further human-to-human trans-
mission and are thus deed-ends. Despite frequent exposure to SIV-infected mon-
keys in Africa only about a dozen known cross-species transmissions have occurred
in the past 50 years that have resulted in significant human-to-human transmission
of what are now known as HIV-1 and HIV-2. Several infections of humans by
SFVs, which will not lead to further human-to-human transmission, have been
documented. In the human host, the SFV remains mainly in its integrated proviral
form and there is no detectable virus replication. Other zoonotic pathogens have
also led to several small human epidemics with little or no evidence of human-to-
human transmission. This phenomenon has been termed ‘‘viral chatter’’ and is
probably an important mechanism in viral emergence (Wolfe et al., 2005b). High
rates of viral chatter increase the diversity of virus sequence variants moving into
humans and form a basis for accumulation of genetic changes that may result in
adaptation to the new host.

Zoonoses in the Emergence of Human Viral Diseases 29



The mechanisms that underlie cross-species transfer through host-range ex-
pansion and establishment of viruses in a new host species depend on the accu-
mulation of genetic changes that may result in adaptation to the new host
(Kilbourne, 1991). This process can occur by various mechanisms such as muta-
tions, genetic drift, genetic shift, reassortment, and recombination. Most of the
genetic changes do not result in altered proteins (silent mutations). Others may
result in non-functional proteins or proteins with slightly altered properties that
may allow the virus to adapt to a new milieu.

Mutations can occur in the genomes of both RNA and DNA viruses. However,
because the genomes in RNA viruses are replicated by RNA polymerases that lack
the proofreading function of many DNA polymerases, mistakes made by the po-
lymerase during replication will not be corrected. Mutations can therefore occur
much more frequently in RNA viruses than in DNA viruses. As a consequence,
RNA viruses generally evolve more rapidly and lead to genetic heterogeneity,
which can be seen as the presence of viral quasispecies. This means that, in the
infected individual, the virus exists as a population of genetically related but di-
vergent variants, of which the most common variant is a ‘‘master sequence’’. While
the master sequence remains the dominant one, the spectrum of mutants may shift
in response to selective pressure and any variant may be selectively expanded
(Domingo and Holland, 1997). The importance of quasispecies was first recognized
in infections with HIV-1 (Meyerhans et al., 1989).

Accumulation of point mutations is regarded as a major mechanism driving the
adaptation of viruses to new hosts. However, evolution of the virus also can occur
through recombination, leading to the exchange of parts of genomes. For recom-
bination to take place, it is necessary that the cell be co-infected by two different
virus variants.

Influenza A

Genetic changes typically influence the epidemiology of influenza viruses. Surveil-
lance and characterization of the circulating strains are important in determining
whether an available influenza vaccine will give protection or not. Influenza viruses
are classified into types A, B, and C, of which types B and C are specific to humans,
whereas type A viruses can have different hosts, both birds and different mammals
including humans. There are only three A subtypes of influenza viruses (H1N1,
H1N2, and H3N2) known to be currently circulating among humans as seasonal
influenza. The seasonal influenza epidemics occur as a result of genetic drift, the
accumulation of point mutations that occur due to lack of proofreading (Webster
et al., 1992). Antigenic shift, an abrupt change in the hemagglutinin and/or the
neuraminidase proteins of the virus, causes the sudden emergence of a new subtype
of a type A virus that is antigenically distinct from former circulating influenza A
viruses. The new virus is potentially capable of causing an epidemic in an immu-
nologically naı̈ve human population (Webster et al., 1992). Worldwide epidemics,
called pandemics, occur only occasionally.
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Avian influenza A viruses have caused occasional human infections since 1997.
Most incidents have occurred in Asia (H5N1 yearly since 2003), in January 2006 in
Turkey (H5N1), in the Netherlands in 2003 (H7N7), and a few instances in Canada
in 2004 (H7N3), and in the US in 2002 (H7N2). To date, human infections with
avian influenza A have not resulted in sustained human-to-human transmissions,
although in certain instances transmission to family members cannot be ruled out
(www.cdc.gov/flu/avian/gen-info/avian-flu-humans).

Of the avian influenza A variants infecting humans during the last decade, the
1997 Hong Kong H5N1 epidemic involved the most pathogenic variant. Analysis
of the virus genome revealed that a reassorted virus entirely of avian origin had
crossed the species barrier without adaptation to a mammalian host (Hatta and
Kawaoka, 2002). There is evidence that H5N1 is now endemic in parts of Asia,
having established a permanent ecological niche in poultry. As of January 2006,
H5N1 has spread to Europe, with outbreaks among wild birds (Croatia and Ro-
mania), poultry (Turkey, Romania, and Ukraine), and humans (Turkey). Genomic
analyses of H5N1 virus isolates from birds and humans show that the hemagglu-
tinin has undergone significant antigenic drift since 1997 (Horimoto et al., 2004).
Moreover, evidence further suggests that H5N1 is expanding its mammalian host
range in that an outbreak was documented among captive tigers in Thailand
(Keawcharoen et al., 2004).

SARS coronavirus

The severe acute respiratory syndrome coronavirus (SARS-CoV), the agent of
SARS, emerged as a new cross-species transmission event in Guandong province,
China, in 2002 and caused a serious epidemic in 2003, spreading to a number
of other countries. Beijing experienced the largest SARS outbreak, with more
than 2000 cases and a close to 10% fatality rate (Liu, 2005). Through a remarkable
effort, the infectious agent was rapidly identified.

Coronaviruses closely related to SARS-CoV were discovered in several wild
animal species and in live animal markets in Guandong. SARS-CoV isolated from
patients during the 2002–2003 epidemic and from sporadic cases in 2003 and 2004
appears to be derived from a nearly identical virus in palm civets and raccoon dogs
(Guan et al., 2003) (Fig. 2).

Sequencing of hundreds of SARS virus genomes from humans and animals
have identified mutations in the receptor-binding domain (RBD) that distinguish
the species-specific strains (Song et al., 2005). (The RBD of coronaviruses is located
in the spike protein (S). Trimers of the S-protein bind to the specific cellular re-
ceptor, which for the SARS virus is angiotensin-converting enzyme 2 (ACE2);
Prabakaran et al., 2004.) Only four amino acids differ between the human and the
civet strains, but the human viral S-protein binds the human receptor 1000–10, 000
times more tightly than does its civet S-protein counterpart. The intimate interface
between a loop of the S-protein of viruses from the SARS epidemic in 2002–2003
and human ACE2 mediates efficient binding and infection of the cell, which
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probably is a key factor in determining the severity and possibly human-to-human
transmission (Li F. et al., 2005). In contrast, S-protein from viruses of sporadic
SARS cases in 2003 and 2004, each of which was an independent cross-species
event with no further human-to-human transmission, had amino acids that more
closely resembled the civet virus. The outcome was a reduced binding to human
ACE2 and less efficient infection. Epidemiological investigation of the 2003 and
2004 SARS cases showed that SARS-CoV-positive palm civets, kept alive in cages
close to the customers while waiting to be prepared as dinners in a restaurant, were
the source for transmission to a waitress working in the restaurant and to a cus-
tomer eating there (Wang M. et al., 2005).

In addition to mutations in the S-protein that resulted in high-affinity binding
to the human receptor, molecular epidemiology and phylogenetic studies have
identified a series of mutations in the so-called 5-locus motif (Liu, 2005). The
mutations that occurred at different times in two geographically separate locations
in China suggest a dominant process occurring during viral adaptation to the
human host. The mutations observed in Beijing followed the same molecular path

Fig. 2 Animal markets represent a risk factor for transmission of various viral zoonoses, e.g. SARS.

Source: Reuters/SCANPIX. (For colour version: see Colour Section on page 347).
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as isolates from Guandong and from the epidemic outside China, i.e. an early
GACTC motif was followed by transition to GGCTC motif before appearance of
the stable TGTTT motif.

The SIVcpz recombination

The origin of the HIV-1 pandemic has been traced to the SIVcpz virus of chim-
panzees (identified in two chimpanzee subspecies, P. troglodytes troglodytes and P.

troglodyte schweinfurthii, but not in the third species, P. troglodytes verus). Species-
specific strains of SIV (like SIVsm and SIVagm) have been identified in more than
30 African primate species, but all except SIVcpz infect monkeys. SIVs seem to be
non-pathogenic in the vast majority of natural hosts despite high levels of virus
replication (Apetrei et al., 2004). This may be a consequence of the fact that the
incubation period of the disease generally exceeds the life span of the host. SIVs
also have a high propensity for cross-species transmission. SIV phylogeny is
complex and analyses indicate recombination among viruses from different major
lineages. Of the identified recombinants, SIVcpz so far represents the most impor-
tant one, being the source of the HIV-1 pandemic. SIVrcm from red-capped
mangabeys and SIVgsn from greater spot-nosed monkeys are most closely related
to SIVcpz, but they are similar only in certain regions of the genome that do not
overlap. Extensive phylogenetic analyses of subsets of SIV strains comparing
the topologies among four regions of the proteome have provided evidence for
a more recent origin of SIVcpz than of other strains, being a result of recombi-
nation between ancestors of SIVgsn and SIVrcm (Bailes et al., 2003). The geo-
graphic region of these two monkey species overlaps that of the chimpanzee and it
is known that chimpanzees hunt smaller monkeys for food. The founder chim-
panzee most likely was infected by one of the ancestor SIVs and thereafter became
superinfected by the other ancestor virus, leading to recombination in a doubly
infected cell.

The hybrid origin of SIVcpz, in contrast to SIVsm (from which HIV-2 is de-
rived), has several important implications. First, it provides evidence that, in ad-
dition to humans, another primate species can acquire cross-species transmission
under natural conditions. Second, the hybrid virus had adapted to the host and
established substantial secondary spread within the species. Third, the chimpanzee
virus was capable of spreading to humans. Moreover, the chimpanzee most likely
acquired SIV-infection relatively recently, subsequent to the split of the chimpanzee
into two subspecies, since SIVcpz has not been found in the third chimpanzee
subspecies, P. troglodytes verus.

Retrovirus superinfection and recombination—potential emergence of new viruses

Two biological properties of retroviruses make them particularly likely candidates
for the generation of new emerging viruses. One is the integration of the reversely
transcribed provirus into the cellular genome, causing a life-long infection. Another
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is the potential for superinfection, in which recombination may occur when a cell
becomes infected with two genetically distinct viruses. During reverse transcription,
the reverse transcriptase can switch from one RNA template to the other, thereby
generating a progeny that is a mosaic of the parent viruses (Preston et al., 1988).
HIV-1 genomes with this kind of mosaic structure are called circulating recom-
binant forms (CRFs). There are an increasing number of such CRFs identified;
CRF 01_AE is mainly responsible for the HIV epidemic in Southeast Asia (Takebe
et al., 2003; Watanaveeradej et al., 2003). These CRFs now constitute 10–20% of
newly characterized circulating strains (Perrin et al., 2003).

The recent cross-species transmission of retroviruses like SFV and the recog-
nition of two new HTLV retroviruses (HTLV-3 and HTLV-4) open wider pos-
sibilities of superinfection. Concomitant HIV-1 and HIV-2 infections have been
documented in Africa, India, and Greece (Georgoulias et al., 1988; Rubsamen-
Waigmann et al., 1994; Esteves et al., 2000). However, recombination between
HIV-1 and HIV-2 has not been reported so far. Although recombination frequently
takes place in HIV-1, certain genetic barriers may exist to recombination with HIV-
2 or other retroviruses such as SFV, HTLV, etc.

Prevention and control

Efficient and cost-effective prevention and control of viral zoonoses necessitates an
understanding of the nature of zoonoses and their ecology. The emergence of a new
viral zoonosis and its further development into a pandemic can be conceptualized
as a series of steps leading from initial contact to global spread and depends largely
on three factors: (1) The prevalence of a potential zoonotic virus in animal pop-
ulations and the frequency of human contact with these animal reservoirs. (2)
Successful transmission of the zoonotic virus from the animal reservoir to humans,
establishment of a productive infection in humans, and further direct transmission
between humans. (3) The movement of the zoonotic virus into the global popu-
lation.

The prevention and control of viral zoonoses share many common aspects, but
in all cases the animal reservoir must be considered in the risk-analysis framework.
It is thus important to integrate medical, veterinary, ecological, and other sciences
in interdisciplinary teams (Daszak et al., 2004, FAO, WHO, and OIE, 2004). The
role of bats in the etiology of many viral zoonoses illustrates the challenges of
prevention and control (Dobson, 2005). Bats represent a reservoir of rabies, Hen-
dra, Menangle, and Nipah viruses. Furthermore, there is strong evidence that bats
may be the wildlife reservoir of Ebola virus and one of the reservoirs of SARS-CoV
(Leroy et al., 2005; Li W. et al., 2005). Although SARS-CoV isolated from humans
appeared to derive from a nearly identical virus circulating in masked palm civets
and racoon dogs (Guan et al., 2003; Song et al., 2005), subsequent studies did not
reveal widespread infection in wild or farmed civets, and experimental infection of
civets with human SARS-CoV resulted in overt clinical symptoms suggesting that
they are not the reservoir. A recent large study of different bat species from four
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locations in China showed a high prevalence and wide distribution of SARS-
CoV-seropositive bats (Lau et al., 2005; Li W. et al., 2005). Although horseshoe
bats appear to be the natural reservoir of a SARS-like corona virus (SL-CoV), it is
not clear how this virus could have got from the bat or another reservoir to
humans. The human and civet isolates of SARS-CoV are phylogenetically located
within the spectrum of these SL-CoVs. One possibility is that bats passed the virus
to civets or to other animals in the wild or in the live animal markets of southern
China.

In the wild, bats can transmit viruses to other species from the fruit they spit
out after extracting the juice and sugars. This could explain how gorillas and
chimpanzees might acquire Ebola virus during seasonal fruiting events when bats
and primates feed among the same fruit-bearing trees. In the near future, zoonotic
transmission of viruses from bats to humans must be given greater attention.

In order to increase the capability of recognizing viral zoonoses, there is a need
for better national surveillance systems both in humans and animals, and better
international sharing of information from such surveillance systems. Improved
notification systems and screening programs for human infections, including the
application of syndromic surveillance, are warranted in order to detect new and
emerging zoonoses. Efficient surveillance is dependent upon a laboratory system
that is capable of identifying and characterizing the pathogens in question. More
research is needed to understand better the epidemiology and pathogenesis of var-
ious zoonoses, to improve diagnostic methods, and to develop cost-effective vaccines
and drugs. Training and education are prerequisites in order to enable the personnel
involved at the various stages, from field to laboratory personnel, to detect zoo-
noses. Information and communication are key components in any prevention and
control strategy, and this should also involve the general public. The importance of
public education and behavioral change are critical factors for successful interven-
tion. The implementation of restrictions of animal movements caused by human
activity is another important preventive measure. For vector-borne zoonoses, vector
control should be an integral part of any intervention strategy.

Interdisciplinary and international collaboration are crucial for the rapid iden-
tification and effective management of viral zoonoses. The pivotal role of inter-
national organizations such as the World Health Organization, the Food and
Agricultural Organization, and the Office International des Epizooties is exempli-
fied by the response to the current avian influenza outbreak in Asia and Europe.
Containment of viral zoonoses relies on efficient national, regional, and interna-
tional cross-sectional networks to improve data sharing and enable a timely and
effective response to disease outbreaks.
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Severe acute respiratory syndrome (SARS) caused by a coronavirus (CoV), SARS-
CoV, emerged into human populations in south China (Anon., 2003d; Peiris et al.,
2003b,c; Poon et al., 2004a) from bats (Guan et al., 2003; Kan et al., 2005; Lau
et al., 2005; Li et al., 2005d; Normile, 2005) in late 2002. Subsequently, SARS-CoV
that had adapted to humans caused an epidemic in 29 countries and regions to
which it had been carried by airline passengers. The epidemic was controlled by
public health measures coordinated by the WHO and on July 5, 2003 it was of-
ficially declared to have ended. Because of these public health measures, a pan-
demic was averted (Enserink, 2003b). Close to 10% of the 8000 persons infected in
this epidemic died. Molecular studies dissected the adaptation of this virus as it
jumped from an intermediary animal, the civet, to humans, giving us valuable
insights into processes of molecular emergence. Global research efforts are con-
tinuing to increase our understanding of the virus, the pathogenesis of the disease it
causes (SARS), the ‘‘heterogeneity of individual infectiousness’’ (described below)
as well as shedding light on how to prepare for other emerging viral diseases.
Promising drugs and vaccines have been identified. The milestones achieved have
resulted from a truly international effort.

The beginning of the epidemic and the identification of SARS-CoV

The epidemic began in Guangdong province, China, in late 2002. It spread to Hong
Kong on February 21, 2003, and from there to other parts of the world. A week
later, Carlo Urbani (Reilley et al., 2003), an Italian infectious disease expert work-
ing in the Hanoi, Vietnam, office of the WHO, responded to a possible avian
influenza alert from French Hospital. That action by one man set into motion the
engagement of the WHO, emergency measures by the Vietnamese government, and
eventually the attention of the world. In Geneva, WHO team member Klaus Stöhr
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(Stafford, 2005) put together and maintained a network of 11 microbiology labo-
ratories in nine countries to respond to the epidemic and to identify the etiologic
agent (Anon., 2003b).

Early encounters with SARS in Hong Kong suggested that a virus may have
been the cause of the illness (Tsang et al., 2003a). Early candidate agents suggested
were a paramyxovirus and a coronavirus, as well as the bacterial agent Chlamydia

pneumoniae (Stadler et al., 2003). In the last week of March 2003, laboratories in
Hong Kong (China), the United States, and Germany isolated a novel coronavirus
from clinical material obtained from patients with SARS (Drosten et al., 2003a;
Ksiazek et al., 2003; Peiris et al., 2003b). Serological studies and RT-PCR specific
for this coronavirus (subsequently called SARS-CoV) were positive in most ‘‘prob-
able’’ SARS patients but not in controls. RT-PCR products of several specimens
from different geographical locations had identical nucleotide sequences, support-
ing the existence of a point-source outbreak. No other potential agent was con-
sistently identified.

SARS-CoV could be grown in cell culture in Vero/African green monkey kid-
ney cells (Drosten et al., 2003b; Ksiazek et al., 2003) and FRhK-4/fetal Rhesus
kidney cells (Peiris et al., 2003b). The Hong Kong group led by Malik Peiris (Peiris,
2003) was the first to observe the cytopathic effect of the virus, seen after 2–4 days
of incubation, consisting of cell rounding, refractile appearance, and detachment.
The initial cytopathic effect was sometimes delayed until 6 days post-inoculation
(Drosten et al., 2003a). (More recently, a clone of persistently infected Vero E6 cells
has been established [Yamate et al., 2005].)

Work at Hong Kong University and the U.S. Centers for Disease Control and
Prevention (CDC) resulted in the identification of the virus causing SARS. The
CDC workers were the first to visualize the characteristic morphology of SARS-
CoV in infected cells and in culture supernatant using transmission electron
microscopy with negative staining (Fig. 1), which they shared with the network
laboratories within 24 h (Anderson, 2005). With that information, the CDC suc-
cessfully probed the virus with group I coronavirus polyclonal antibodies, and
employed primers [IN-2(+), IN-4(�)] that targeted a conserved region of the co-
ronavirus polymerase gene (open reading frame [ORF] 1b), thus amplifying the
corresponding genomic region of SARS-CoV (Rota et al., 2003). Microarray
hybridization further confirmed that the agent was a coronavirus. In Hong Kong,
differential display priming (between SARS-CoV infected and uninfected cell cul-
tures) and cloning were used to show that the virus was a coronavirus (Peiris et al.,
2003b). German researchers performed random priming utilizing degenerate bases
followed by sequencing and translated BLAST search to identify the RT-PCR
products as those of a coronavirus (Drosten et al., 2003a).

Definitive proof of SARS-CoV as the etiologic agent of SARS came when
Rotterdam virologists led by Albert Osterhaus (Enserink, 2003a) produced data
that fulfilled Koch’s last postulates. Macaque monkeys (Macaca fascicularis) de-
veloped a SARS-like illness after experimental infection, yielded the same virus
inoculated, and developed a specific antibody response (Fouchier et al., 2003;

T.R. Tong44



Kuiken et al., 2003). Co-infection of macaques with human metapneumovirus
(hMPV), a virus that had earlier been a candidate agent for the cause of SARS, was
not associated with more severe illness (Fouchier et al., 2003). hMPV infection
without SARS-CoV caused only minor upper respiratory illness in adults (Ksiazek
et al., 2003), although hMPV alone can cause severe pneumonia in young children
(van den Hoogen et al., 2001). SARS-CoV was deemed necessary and sufficient to
cause SARS.

On April 16, 2003, David Heymann (2004), Executive Director, WHO Com-
municable Diseases programs, Klaus Stöhr, and Albert Osterhaus announced that
SARS was caused by the novel coronavirus, SARS-CoV (Anon., 2003b), and they
dedicated the work to Dr. Urbani, who died from SARS that he had contracted
while caring for patients in Vietnam.

The epidemic—timeline and highlights

SARS was notorious for a high incidence of acute respiratory distress and respi-
ratory failure, a significant death rate even in healthy young adults (Lee et al.,
2003b; Tsang et al., 2003a), a high rate of nosocomial transmission (Booth et al.,
2003), and ‘‘superspreading events’’ (SSE) (Lai et al., 2004; Shen et al., 2004; Lloyd-
Smith et al., 2005; Galvani and May, 2005) (Fig. 2). The epidemic in China almost
became a pandemic when a physician guest at the Hotel Metropole, Hong Kong,
who had been infected while treating SARS patients in Guangzhou, unknowingly

Fig. 1 Electron micrograph of SARS-CoV. The virus measures 60–120 nm in size. See text for descrip-

tion. Image generously provided by CDC/C.D. Humphrey and T.G. Ksiazek (US CDC Website-http://

www.cdc.gov/ncidod/sars/lab/images.htm).
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Humanization of SARS-CoV (late October- mid November, 2002)

SARS outbreak in Guangzhou, China (mid November 2002)

SARS arrived in Hong Kong and two days later in Singapore and Toronto (Feb 21,
2002)

SARS arrived in Vietnam from Hong Kong.
Carol Urbani consulted (Feb 28, 2003)

Carlo Urbani dies (March 29, 2003); Amoy Gardens (Hong Kong) outbreak; 
WHO recommends global port screening of travelers (April 2, 2005)

WHO issues global alert following outbreaks in Vietnam and Hong 
Kong (March 12, 2003)

SARS outbreaks in Hong Kong, Beijing, Toronto, Singapore (March, 2003)

WHO global network born (Mar 17, 2002) March 21, 2003. US CDC preliminary description of SARS. SARS-CoV 
identified by Hong Kong, US CDC & German scientists almost simultaneously

Canada (Science 300, 1399), US, and Hong Kong completed sequence
data (April 12, 14 & 16, 2003). WHO named it SARS-CoV.

Koch’s postulates fulfilled (Nature 423, 240)

China identified ~3,000 SARS cases; China’s Vice Premier, Wu Yi
commands the battle against SARS in China. SARS outbreak in Taiwan China completed a new1,000 bed infectious disease hospital (Xiaotangshan) in 8 days

229/3947 (deaths/cases)

Chinese and Hong Kong researchers found SARS CoV in wild animals in
Guangdong markets (May 23, 2003). WHO begins removing cities/regions
from travel alert

Outbreaks in satellite cities around Guangzhou city, Guangdong
province, China (late October, 2002)

WHO removes last region (Taiwan) from list of travel alert (July 5, 
2003) and declares end of human to human transmission

Four cases reported in Guangzhou city (Dec 20, 2003); not linked to 
laboratory (http://www.who.int/csr/don/2004_01_05/en/)

Scientist in Singapore gets SARS from laboratory
(http://www.who.int/csr/don/2003_09_24/en/index.html)

Senior scientist in Taiwan gets SARS from laboratory
(http://www.who.int/csr/don/2003_12_17/en/index.html)

Dec 31, 2003

Transmission on aircraft (Mar 15, 2002)

Postgraduate student in Beijing gets SARS from laboratory and initiated 
three generations of transmission in a total of 8 cases with one fatality

Scientist in Beijing gets SARS from the same laboratory in April 2004 
(http://www.who.int/csr/don/2004_04_30/en/index.html)

774/8096 (deaths/cases)

HKU virologist Yi Guan traveled to China to obtain clinical specimens

Fig. 2 Timeline of the SARS epidemic. Major events are listed from top to bottom. Each interval in the arrow represents 1 week. For information on the

first weeks of the epidemic in China, consult the book by Thomas Abraham, Twenty-First Century Plague. The Story of SARS. The Johns Hopkins

University Press. Baltimore, Maryland, 2005. (For colour version: see Colour Section on page 348).
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introduced SARS-CoV into Hong Kong on February 21, 2003. He was probably a
‘‘superspreader’’ and Hong Kong became ‘‘ground zero.’’

However, in most other places where SARS-CoV spread, the chain of trans-
mission stopped promptly with the isolation of patients. According to the Basic
Reproductive Number (R0), arrived at by averaging the number of infections pro-
duced by infected individuals in susceptible populations, SARS was not as con-
tagious as influenza (R0 ¼ 2.7 [Riley et al., 2003] and 5–25, respectively). However,
this simplification ignores a property of certain infectious diseases, including
smallpox, influenza, and SARS, called the ‘‘heterogeneity of individual infectious-
ness.’’ Highly variable infectiousness means that some infected individuals may
cause explosive transmissions, giving rise to SSEs. During the SARS epidemic, a
spectrum of infectiousness was seen that included SSEs, uneventful terminations of
transmission chains, and explosive outbreaks (Galvani and May, 2005; Lloyd-
Smith et al., 2005).

SSEs likely require high levels of viral shedding and others factors, which
together determine the Individual Reproductive Number (Lloyd-Smith et al.,
2005). One of these factors might be production of a large amount of bioaerosol
by certain individuals (Edwards et al., 2004). Reducing bioaerosol by inhalation
of nebulized saline (Edwards et al., 2004) and/or the use of cough suppressants
could impact the Individual Reproductive Number and reduce the occurrence
of SSEs.

Another cofactor might be a pneumonic phase with airborne dissemination
of the virus (Lloyd-Smith et al., 2005). Because infectious disease agents exist as
‘‘quanta’’ and not as ‘‘plasma,’’ airborne dissemination is difficult to prove
owing to the stochastic process involved in the distribution of viruses by aerosol.
During the Toronto portion of the SARS epidemic, investigations using state-
of-the-art air sampling devices confirmed the presence of SARS-CoV in the air of
a patient’s room (Booth et al., 2005). These studies, together with data from
investigation of transmission on aircraft (Olsen et al., 2003) and the huge out-
break of SARS in Amoy Gardens, Hong Kong (Yu et al., 2004b), showed that
SARS-CoV is an opportunistic airborne pathogen (Roy and Milton, 2004). Hav-
ing recognized that airborne dissemination of SARS-CoV is the route of trans-
mission, facilities can be upgraded, with impact on other airborne infectious
diseases as well.

The high incidence of nosocomial transmission of SARS-CoV during the epi-
demic exposed a weakness in the infection control procedures in some locations, as
medical workers became vectors for SARS-CoV (Meng et al., 2005), but did not
occur everywhere (Seto et al., 2003). Multiple layers of defense are needed, as
Chowell et al. have suggested, because using their model for R0, 25% of their R0

distribution lies at R0>1 even with perfect isolation (Chowell et al., 2004). Helpful
measures might include the avoidance of crowding in clinics and wards, wearing
face masks (Seto et al., 2003), avoiding aerosolizing procedures if possible (Tong
et al., 2003; Tong, 2005b), improved ventilation design and rate (Liao et al., 2005a),
and making sure that there are no ‘‘weak links’’ in infection control.
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Emergence and origin of SARS-CoV

The theory that SARS-CoV came from an animal reservoir gained credence when
field investigations by WHO showed that significant numbers of early patients were
food-handlers (Anon., 2003c; Normile and Enserink, 2003; Xu et al., 2004c). Yi
Guan and others investigated food markets in Guangdong, where a variety of small
animals were kept in unhygienic heaped-up cages prior to sale (Guan et al., 2003).
SARS-CoV-like coronaviruses were promptly identified in several Himalayan palm
civets (Paguma larvata) and one raccoon dog (Nyctereutes procyonoides). Anti-
bodies against SARS-CoV were also found in market workers. The relationship
between these isolates from animals and isolates from humans appeared to be the
result of a one-way transmission from animals to humans, because a 29-nucleotide
deletion was found in the strain of SARS-CoV isolated from humans compared
with civet SARS-CoV (it is easier to lose nucleotides than to gain some) (Chinese,
2004; Kan et al., 2005; Song et al., 2005b). Genomic comparisons further suggested
that SARS-CoV was unlikely to be a recombinant between human and animal
coronaviruses or between various animal coronaviruses, ruling out natural or lab-
oratory chimerism (Holmes and Rambaut, 2004). Thus, SARS-CoV was probably
a zoonotic virus (Holmes, 2003; Zhong et al., 2003b). It was also found that civets
make a good amplification reservoir because SARS-CoV genomic RNA persisted
in the spleen and lymph nodes of civets for as long as 35 days (Wu et al., 2005b).

Diversity of SARS-CoV genomes among human isolates was greatest in
Guangdong, agreeing with animal studies that suggested south China was the site
of emergence of the virus (Guan et al., 2004). Moreover, ‘‘humanization’’ likely
occurred in a person of recent southern Chinese ancestry, because indigenous Tai-
wanese, with their distant HLA Class I genes, have been shown to be significantly
less susceptible to SARS than residents of Taiwan who are immigrants from
mainland China (Lin et al., 2003b). It is believed that the ‘‘humanization’’ of
SARS-CoV occurred only a few weeks before the epidemic of SARS in China. The
estimated dates of interspecies leap based on mutational analyses in both Singapore
and China are in remarkably close agreement, late October 2002 and mid-
November 2002, respectively (Chinese, 2004; Vega et al., 2004). The estimated
mutation rates were 5.7� 10�6 nucleotides per site per day in a Singapore isolate
and 8.26� 10�6 in a China isolate, again in remarkable agreement with each other
and with the rate of 1.83� 10�6 in a Taiwan isolate (Yeh et al., 2004). This rate of
mutation is among the slowest in RNA viruses.

Retrospective seroepidemiological studies confirmed that SARS-CoV did not
begin circulating in humans until recently. Only 1.8% of 938 sera collected in Hong
Kong in May 2001 (Zheng et al., 2004b), none of 60 sera collected in Guangdong in
early 2003 (Zhong et al., 2003b), and 1 (minimal reactivity on ELISA) of 384 sera
from U.S. blood donors contained antibodies against SARS-CoV (Ksiazek et al.,
2003; Zheng et al., 2004b). When quantified, titers of antibodies in these early sera
were higher against civet SARS-CoV than against human isolates of SARS-CoV
(Zheng et al., 2004b).
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However, farmed civets elsewhere in China were mostly negative for SARS-
CoV (Tu et al., 2004), so the hunt for the natural reservoir continued. Taking clues
from other zoonotics, scientists turned to bats as a possible animal reservoir, since
bats have been shown to be a reservoir for rabies virus, Ebola virus, Hendra virus,
Menangle virus, and Nipah virus (Dobson, 2005; Leroy et al., 2005).

In 2005, two independent groups published definitive findings on the bat as a
natural reservoir of SARS-CoV. Kwok-yung Yuen discovered three novel coro-
naviruses in different species of bat, including one virus with 88% nucleotide
identity with SARS-CoV, a virus that they named bat-SARS-CoV (Lau et al., 2005;
Poon et al., 2005). Bat-SARS-CoV, found in the insectivorous Chinese horseshoe
bat (Rhinolophus sinicus), is nearly identical to civet SARS-CoV, including pres-
ervation of a 29-nucleotide segment not found in the majority of human isolates of
SARS-CoV. Also nearly identical to civet SARS-CoV is SL-CoV Rp3, and perhaps
related strains Rp1 and Rp2, found in Rhinolophus pearsoni by Li et al. (2005d).
Shi, Zhang, and Wang’s Sino-Australian cooperative effort, also involving Hong
Kong University, produced proof that the bat is the natural reservoir for the
SARS-CoV-like coronaviruses. These findings will lead to vaccines and drug treat-
ments for SARS (Dobson, 2005).

Because SARS-CoV appears to jump species easily, more wildlife reservoirs of
SARS-CoV may be discovered. Macaques, domestic cats, ferrets, raccoon dogs,
pigs, and even mice are known to be susceptible to SARS-CoV infection (Fouchier
et al., 2003; Martina et al., 2003; Wentworth et al., 2004; Chen et al., 2005b; Li
et al., 2005d). Nevertheless, the fact that bats roost in large colonies makes them
ideal reservoirs to maintain viruses and other microorganisms (Normile, 2005). In
addition, bats are in the same Mammalia Class as humans, so viruses of bats will
not require great changes to infect human cells (Li et al., 2005e).

After the epidemic was declared over, four small subsequent outbreaks oc-
curred. Three were the result of SARS-CoV escaping from the laboratory by
infecting personnel, as David Ho had predicted might occur (Enserink, 2003c),
and has occurred with Russian influenza in 1977 (Horimoto and Kawaoka,
2005). The fourth case was a form fruste reemergence in the epicenter of the
original outbreak, Guangzhou, between December 2003 and January 2004
(Enserink, 2004; Liang et al., 2004; Normile, 2004; Song et al., 2005b). In this
reemergence, four people developed SARS and were confirmed to have SARS-
CoV by RT-PCR. Three had had direct or indirect contact with palm civets, and
one lived near a hospital that earlier admitted many patients with SARS. All
recovered and seroconverted. Amplified sequences of the viruses isolated from
them were very similar to those of SARS-CoV found in the preceding winter in
caged animals (Chinese, 2004; Song et al., 2005b). The one patient in the reemer-
gent outbreak who had had no contact with civets had earlier disposed of a dead
rat, leading health officials of Guangdong to trap rodents near his residence; some
of the rats (Rattus rattus) were found to have SARS-CoV in feces and lung
tissue (http://www.egms.de/en/meetings/sars2004/04sars023.shtml), though not
overtly ill.
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The virus

Taxonomy and phylogeny

SARS-CoV belongs to the family Coronaviridae, which are enveloped RNA viruses
in the order Nidovirales (Cavanagh, 1997). Coronaviruses are classified into three
serogroups. Viruses in groups 1 and 2 are mammalian viruses; group 3 contains
only avian viruses. Human coronaviruses (HCoV) are found in both group 1
(HCoV-229E and HCoV-NL63) and group 2 (HCoV-OC43 and CoV-HKU1) and
are responsible for 30% or more of generally mild upper respiratory tract illnesses.
To position SARS-CoV, Snijder et al. used a rooted phylogenetic tree that included
an outgroup, the equine torovirus (EToV) (Snijder et al., 2003). They concluded
that SARS-CoV is distantly related to established group 2 coronaviruses, agreeing
with Peiris’s phylogenetic analysis using the polymerase gene (Peiris et al., 2003b).
Most of the genome of SARS-CoV is closely related to group 2 coronaviruses
(Magiorkinis et al., 2004). Now SARS-CoV is placed in a new subgroup 2b, with
the other group 2 coronaviruses assigned to a new subgroup 2a (Stadler et al., 2003;
Gorbalenya et al., 2004). In addition, bat-SARS-CoV was assigned recently to
subgroup 2b (Lau et al., 2005).

Ultrastructure of SARS-CoV

SARS-CoV has the characteristic morphology of coronaviruses, with spike (S)
protein peplomers, club-shaped projections on the surface, giving the enveloped
viral particle a crown-like (hence ‘‘corona,’’ Latin for ‘‘crown’’) appearance under
the electron microscope (Fig. 1). Atomic force microscopy reveals that each virion
has at least 15 spherical spikes, each with a diameter of 7.29+/�0.73 nm (Lin et al.,
2005a). The center appears amorphous.

SARS-CoV genome, proteome, and replication cycle

Coronaviruses have the largest known non-segmented genome among RNA viruses
(27–31 kb). The genome mimics eukaryotic mRNA in being single-stranded pos-
itive-sense RNA, capped and methylated at the 50 end, and polyadenylated at the 30

end. Consequently, it is more stable than prokaryotic mRNA, and is optimized for
translation by eukaryotic translational machinery (i.e. optimized for infectivity). A
polymerase is not included in the particle.

The entire genome sequence of SARS-CoV was worked out in o2 months
(Leung, 2003; Marra et al., 2003; Rota et al., 2003). The SARS-CoV genome
(Fig. 3) begins and ends with untranslated regions (UTR), spanning 192 and 340
nucleotides, respectively. (In the Sabin strain of poliovirus, mutations in the UTR
were responsible for the attenuation that permitted vaccine production (Gutierrez
et al., 1997). The SARS-CoV genome has 14 predicted open reading frames (ORFs)
encoding 28 proteins (Marra et al., 2003; Rota et al., 2003; Snijder et al., 2003).
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Certain strains lack one ORF (Chinese, 2004), whereas others have 15 ORFs
(Groneberg et al., 2005). There are alternative nomenclatures related to this virus,
which in this chapter are enclosed within brackets.

A ‘‘SARS chip’’ was offered free to researchers beginning June 23, 2003, by the
National Institute of Allergy and Infectious Diseases, NIH (USA), based on the
success of the DeRisi ‘‘viral discovery microarray’’ (Wang et al., 2003). Microarray
gene expression studies on peripheral blood have been shown to discriminate
accurately SARS patients from non-SARS controls (Long et al., 2004; Lee et al.,
2005b).

In Shanghai, the proteome of SARS-CoV in Vero cells has been analyzed using
conventional proteomic tools and two-dimensional liquid chromatography elec-
trospray ionization tandem mass spectrometry (LC-ESI-MS/MS). In addition, iso-
tope-labeled affinity tag technology coupled with two-dimensional LC-MS/MS has
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been used to identify and quantify 186 differentially expressed proteins in infected
vs. non-infected Vero cells (Zeng et al., 2004b; Jiang et al., 2005b). In Beijing, Kang
et al. developed a mass spectrometry decision tree classification algorithm using
surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SE-
LDI-TOF MS) and protein array, predicting the virologic diagnosis based on sev-
eral serum proteomic markers (Kang et al., 2005). Using similar technology, Poon et
al. at Chinese University of Hong Kong (CUHK) performed serial analyses of
plasma proteomic signatures in pediatric patients with SARS, showing the potential
to predict clinical outcome based on its correlation with viral load (Poon et al.,
2004c).

Replicase

ORF1a and ORF1b, together spanning two-thirds of the viral genome, are located
at the 50 end and encode replicase polyproteins (pp) 1a and pp1ab. ORF1 is ex-
pressed immediately after infection. Translational products can be detected in cell
cultures as early as 6 h after infection (Prentice et al., 2004). Like other corona-
viruses and many other viruses, the strategy used for translation of pp1ab requires
a ‘‘slippery sequence’’ and a structural mRNA element known as a pseudoknot,
which causes a 1-ribosomal frameshift just 50 of the termination codon of ORF1a.
The ‘‘slippery sequence’’ is highly conserved and would not function if mutated
(Thiel et al., 2003). Another in cis element has been discovered, an attenuator 50 of
the slippery sequence that downregulates 1 frameshift efficiency (Su et al., 2005).
Transcription attenuation was thought to enable SARS-CoV to synthesize both
full-length and subgenomic-length antisense RNA intermediates (Yount et al.,
2005).

Sixteen non-structural proteins (nsp) are derived from proteolytic cleavage of
pp1a and pp1ab by two, rather than three, viral proteinases (see below) (Snijder
et al., 2003). Recently, 12 of the 16 predicted nsp have been identified by immuno-
blot and their subcellular localization studied by immunofluorescence confocal
microscopy (Prentice et al., 2004).

The predicted 20-kD nsp1 has been confirmed, along with immunologically
related products of different sizes, and are awaiting further characterization (Pren-
tice et al., 2004). Nsp2 is not essential for viral replication in Vero cells (Graham
et al., 2005), which are defective in interferon (IFN) production (Emeny and
Morgan, 1979). The two viral proteases, a very specific papain-like cysteine pro-
teinase (nsp3, PL2pro; SARS-CoV does not have PL1pro), and the main chymo-
trypsin-like protease (nsp5), also known as 3C-like cysteine proteinase (3CLpro),
with substrate specificity conserved among coronaviruses, are necessary for co- and
post-translational processing of the polyprotein. PL2pro cleaves nsp1, nsp2, and
nsp3 from the elongating polypeptide co-translationally, whereas 3CLpro is re-
sponsible for the other cleavage sites. The X-domain of nsp3 is homologous to
adenosine diphosphate-ribose 10-phosphatase (ADRP), which is involved in pre-
tRNA splicing (Snijder et al., 2003). Its phosphatase activity was recently
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demonstrated in in vitro assays (Saikatendu et al., 2005). Nsp4 is a hydrophobic
protein of 35 kDa on SDS-polyacrylamide gel but has a predicted mass of 55 kDa.
It is similar to MP1 of murine hepatitis virus (MHV) (Prentice et al., 2004). The use
of ‘‘artificial neural networks’’ and SPAAN, a bioinformatics software that has a
track record of discovering adhesins, has led to the finding of adhesin-like char-
acteristics in nsp6, a function also ascribed to spike, nsp2, nsp5, and nsp7
(Sachdeva et al., 2005). Nsp7 and nsp8 assemble into a cylindrical hexadecamer
with inner positive charges and an internal diameter of 30 Å, thought to confer
processivity to RNA-dependent RNA polymerase (RdRp) (Zhai et al., 2005).
Other scientists have cloned nsp9, expressed it in E. coli, crystallized it, and gen-
erated crystallographic data in an effort to facilitate drug design (Campanacci
et al., 2003). They further showed that it is a single-stranded RNA-binding protein
displaying an oligosaccharide/oligonucleotide fold unique to the world of RNA
viruses (Egloff et al., 2004). Nsp12 functions as SARS-CoV RNA-dependent RNA
polymerase (RdRp or POL). Nsp13 is a promiscuous helicase (unwinds RNA and
DNA) with ATPase activity belonging to the helicase superfamily 1 (Thiel et al.,
2003).

The N-terminal domain of nsp14 may play a role in the stability of the SARS-
CoV genome. The N-terminal domain of nsp 14 is homologous to 30–50 exonulcease
(ExoN) and it has been speculated that it may perform functions such as RNA
proofreading, repair, and/or recombination (Snijder et al., 2003). That SARS-CoV
has this genome protection capability may explain the slow estimated mutation rate
(Chinese, 2004; Vega et al., 2004; Yeh et al., 2004), the sequence identity between a
laboratory-acquired case and a stable laboratory isolate (Vega et al., 2004), and the
observed but unexpected resistance to ribavirin, a drug that predisposes other RNA
viruses to go into ‘‘error catastrophe’’ (Eigen, 1987; Crotty et al., 2001; Pariente
et al., 2001). Nevertheless, preliminary observations suggest that quasispecies do
occur with SARS-CoV just as with other RNA viruses, although all patients stud-
ied for quasispecies existence had all received ribavirin (Xu et al., 2004a,b), a
confounding factor in the experiments.

The C-terminal part of nsp15 is homologous to poly(U)-specific endoribonuc-
lease (XendoU), involved in small nucleolar RNA processing and utilization
(Snijder et al., 2003). Nsp15 was further confirmed to have specificity for cleavage
at uridylate residues. Structural analysis shows that it is arranged as a dimer or
trimer with possible RNA-binding sites (Guarino et al., 2005). Nsp16 shows ho-
mology with 20-O-methyltransferase (20-O-MT) (von Grotthuss et al., 2003), and
could possibly be used to cap the viral mRNA, disguising it as a eukaryotic mRNA.
The cap is recognized by eukaryotic initiation factor eIF4F, which together with
other initiation factors, recruit the 43S ribosomal subunit initiation complex that
then scans the mRNA for the initiation codon AUG, whereupon the 60S ribosomal
subunit docks and begins peptide elongation (Wang et al., 1997). Co-localization
studies showed that these enzymes assemble into one or more vesicle membrane-
associated replication units (Prentice et al., 2004) and usurp cellular processes for
viral replication (without a DNA phase) and mRNA transcription.
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Expression of other SARS-CoV genes

Coronaviruses, including SARS-CoV and other viruses in the order Nidovirales,
produce a set of 30 co-terminal mRNA in host cells (Lai and Cavanagh, 1997). For
SARS-CoV, the 12 ORFs downstream of the replicase are translated from a nested
set of eight subgenomic mRNAs, identified experimentally in infected cells (Snijder
et al., 2003; Thiel et al., 2003). Also like other coronaviruses, all of the subgenomic
mRNAs can be lined-up with the genome at (are co-terminal with) the 30 end of the
virus. The 50 ends are also identical. A minimal consensus sequence at the 50 end,
50ACGAAC-30, is sufficient to direct the synthesis of the subgenomic mRNAs
(Thiel et al., 2003). This sequence, embedded in a stretch of nucleotides upstream of
the ORF(s) of each subgenomic mRNA, is the result of fusion of nucleotides 1–72
of the genome (‘‘leader’’ transcription regulatory sequence [TRS]) and a unique
‘‘body’’ TRS preceding each ORF. The joining of these two regions is probably
achieved in a discontinuous step during minus-strand synthesis (Stadler et al., 2003;
Thiel et al., 2003). The TRSs regulate viral transcription and translation.

Spike protein and receptor-based entry

ORF2 encodes a Class I viral membrane-fusion protein, the 1255-amino acid trans-
membrane S protein. The precursor, proS, is glycosylated at the Golgi apparatus
and proteolytically processed by furin (host membrane-bound proprotein convert-
ases), as shown by scientists at the Clinical Research Institute of Montreal (Bergeron
et al., 2005). The extracellular domain contains the S1 receptor-binding and the S2
entry-mediating ‘‘regions.’’ Breaching the cell membrane barrier is the single most
important step in infection (Giroglou et al., 2004; Li et al., 2004a). Neutralizing
antibodies against S, especially the receptor-binding region, prevents infection (He
et al., 2004b,c).

S binds the host cell membrane protein angiotensin I converting enzyme 2
(ACE2) (Dimitrov, 2003; Li et al., 2003; Kuba et al., 2005), which the newly
discovered HCoV-NL63 also employs as its receptor (Hofmann et al., 2005). Civet
ACE2 (cACE2) differs from human ACE2 (hACE2), to which human isolates of
SARS-CoV are not fully adapted, as shown by increased binding and infection by
introduction of residues 90–93 of cACE2 into the human receptor (Li et al., 2005e).
As expected, soluble ACE2 (sACE2) but not soluble ACE (sACE), blocks binding
of S with Vero E6 cells (Li et al., 2003; Hofmann et al., 2004). However, mutations
of the catalytic site of ACE2 have no effect on S-induced syncytia formation,
suggesting that existing ACE inhibitors will not block SARS-CoV infection (Dimi-
trov, 2003).

The receptor-binding region of S has been localized to amino acid residues
between 318 and 510 of the S1 ‘‘region’’ (Wong et al., 2004b), in the same neigh-
borhood as that of HCoV-229E (Breslin et al., 2003). The avidity of binding
(Li et al., 2005e), viral entry (Yi et al., 2005), and immunogenicity (Yi et al., 2005)
are affected by single amino acid substitutions within this region, as demonstrated
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at 2.9 Å resolution (Holmes, 2005; Li et al., 2005b). Binding is by way of confor-
mational and electrostatic interactions (Yi et al., 2005). The strength differs, de-
pending on the viral strain. Civet S binds cACE2 avidly but hACE2 poorly,
although S from human isolates of SARS-CoV binds strongly with both cACE2
and hACE2 (Li et al., 2005e). Two regions of the S-protein-binding site on ACE2,
and two residues (aa479 and aa487) in the receptor-binding region of S, largely
determine the difference. S from human isolates of SARS-CoV has a small neutral
residue (asparagine) at position 479, replacing a basic residue in civet S, and better
accommodates the lysine at position 31 of hACE2. At position 487, serine in civet S
is replaced by threonine, which has an extra methyl group, in the human isolates.
This residue was absolutely conserved in S evaluated in >100 isolates during the
epidemic (Li et al., 2005e). These findings suggest that adaptation of S to hACE2
was critical to viral adaptation to humans (Ruan et al., 2003).

After binding to ACE2, S undergoes conformational change mediated by its S2
‘‘region’’ (Liu et al., 2004; Tripet et al., 2004; Xu et al., 2004d), which presumably
exposes a cleavage site, followed by pH-dependent host endosomal cathepsin
L-mediated proteolysis (Yang et al., 2004a; Simmons et al., 2005). Extracellular
proteases, such as those excreted by neutrophils, facilitate this pathway to a signi-
ficant degree. Proteases also enable entry into the cell of SARS-CoV adsorbed on
the cell surface (Matsuyama et al., 2005). In a similar way, Ebola virus and Hendra
virus also utilize cathepsin L for the endocytic pathway of cell entry (Chandran
et al., 2005; Pager and Dutch, 2005).

The final step of membrane fusion before viral entry is dependent on the for-
mation of the six-helix bundle by heptad repeats (HR1 and HR2) in the S2 ‘‘re-
gion’’ (Liu et al., 2004), also predicted by others using in-silico techniques (Kliger
and Levanon, 2003). Oligomerization of S is required to form the six-helix bundle,
a structure similar to the fusogenic core of HIV-1 gp41 (Liu et al., 2004). The
putative fusion peptide has been located to the region immediately upstream of
HR1 (Bosch et al., 2004) and provided detailed modeling of the fusion core
(Supekar et al., 2004; Xu et al., 2004e; Guillen et al., 2005). This last step of viral
entry appears to be susceptible to inhibition by a component of innate immunity,
mannose-binding lectin (MBL) (Leikina et al., 2005).

Several other cellular proteins are also utilized by S to facilitate entry into the
cell. They include the HIV-attachment factor dendritic cell-specific intercellular
adhesion molecule-grabbing non-integrin (DC-SIGN or CD209), a C-type lectin
expressed on dendritic cells, and CD209L (L-SIGN or DC-SIGNR) (Jeffers et al.,
2004; Marzi et al., 2004). In this way SARS-CoV joins HIV, dengue virus, and
CMV in exploiting dendritic cells as ‘‘vehicles’’ for cell-mediated dissemination
(Yang et al., 2004a). Another lectin (LSECtin) was recently shown to bind to S and
could assist viral entry into the liver and lymph nodes through its expression in
sinusoidal endothelial cells (Gramberg et al., 2005).

In a short period of time, SARS-CoV S has evolved from one that is inefficient
in entering human cells (civet strains) to one that has acquired ‘‘keys to both the
front and back doors.’’ This is no less remarkable than influenza virus strains that
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have acquired the ability to efficiently enter human cells through mutations of the
hemagglutinin cleavage site that became promiscuously cleaved by a wide range of
host proteases (Horimoto and Kawaoka, 2005).

Other structural proteins

ORF4 [5] encodes a small envelope (E) protein of 76 amino acids (Shen et al., 2003)
that binds to and inactivates the anti-apoptotic protein, Bcl-xL, causing in vitro and
in vivo lymphocytotoxicity (Yang et al., 2005b). E protein was detected in culture
supernatant (Hsieh et al., 2005) and could conceivably be taken up in vivo by
lymphocytes that are not infected by the virus.

ORF5 [6] encodes membrane (M) protein, the most abundant viral glycopro-
tein (221 amino acids). It is a 3-span transmembrane protein with a short N-
terminal ecto- and a long C-terminal interior domain. A 12-amino acid domain of
M has been shown to interact with the nucleocapsid, triggering viral encapsidation
(He et al., 2004a; Fang et al., 2005).

ORF9a [12] encodes the nucleocapsid (N) protein (422 amino acides). It is a
basic protein that binds to viral RNA via its N- and C-terminal regions (Chang
et al., 2005; Hsieh et al., 2005). It spontaneously assembles into virus-like particles
(VLP) in solution (Azizi et al., 2005). A role in apoptosis has been postulated (Surjit
et al., 2005).

Accessory proteins

The functions of the accessory proteins are still unknown (Cai et al., 2005). Sys-
tematic deletions of 5 of 8 group-specific ORFs, ORF3a, OF3b, ORF6, ORF7a,
and ORF7b, alone or in combinations, did not significantly impair viral viability in
cell culture and in mice (Yount et al., 2005). It is possible that they are involved in
the struggle between the virus and its natural host, the bat. Deletion of group-
specific ORFs from other coronaviruses often leads to attenuation in vivo (Yount
et al., 2005). Evidence is emerging that some of these deletions might be pathogenic
in man. ORF3a [3] and ORF3b [4] encode U274 (sars3a) and U154 (sars3b), re-
spectively, two novel proteins not found in other coronaviruses (Tan et al., 2004b;
Yu et al., 2004a; Ito et al., 2005). Both are implicated in triggering apoptosis (Law
et al., 2005b; Yuan et al., 2005). U274 (sars3a) co-localizes with S and M and is
packaged into virions (Ito et al., 2005). U122 (sars7a) encoded by ORF7a [8]
(Snijder et al., 2003) is also localized to the rough endoplasmic reticulum/Golgi
compartment. It has been reported to induce apoptosis by a caspase-dependent
mechanism (Tan et al., 2004a). It is tempting to associate these apoptosis-inducing
activities with lymphopenia, in a ‘‘Trojan horse’’ role. Infection of lymphocytes by
SARS-CoV might be needed for survival (Gu et al., 2005); by causing lymphocyte
apoptosis, virus with these deletions might permit survival of the virus in other cells
that would otherwise be destroyed by the lymphocytes.
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Viral assembly and exit

Assembly of viral particles is triggered by the association of membrane-bound M
proteins with N proteins that coat the helical viral nucleocapsid (He et al., 2004a).
Viral packaging is dependent on viral RNA-binding motifs at the N- and C-ter-
minals of N and a packaging signal in the hypervariable region of ORF1b near the
30 terminus, similar to that found in MHV and BCoV (Qin et al., 2003; Chang et al.,
2005; Hsieh et al., 2005). The virions assemble and bud into vesicles formed in the
compartment between the endoplasmic reticulum and the Golgi apparatus, picking
up carbohydrate moieties before being released by exocytosis. The entire process of
SARS-CoV replication takes from 9 to 24 h (Yount et al., 2003; Prentice et al.,
2004), compared with the 5–6 h for influenza virus, as reflected by the slow rise in
viral titers in SARS patients (Peiris et al., 2003a; Tsang et al., 2003b; Cheng et al.,
2004).

Viral countermeasures

Microarray studies of host gene expression have shown that SARS-CoV elicits
a non-specific innate inflammatory reaction rather than an antiviral response
(Reghunathan et al., 2005). SARS-CoV in a sense ‘‘edits’’ the responses of dendritic
cells and macrophages, resulting in induction of non-specific inflammatory
chemokines, a low-level pro-inflammatory cytokine production, and a muted
anti-viral cytokine response (including IFN and IL-12p40). Data have suggested
that in fact SARS-CoV avoids activating dendritic cells and macrophages (Ziegler
et al., 2005). A suppressed Th-2 response, which would otherwise orchestrate the
humoral immune response, could also result (Wong et al., 2004a).

In search of an explanation for the absent IFN-b response, it has been found
that SARS-CoV blocks a step after the early nuclear transport of IRF-3, a key
IFN-b gene transcription factor (Spiegel et al., 2005). Another cellular signaling
pathway affected is the activation of AP-1 by S and N (He et al., 2003; Chang et al.,
2004). N protein activates nuclear factor (NF)-kB in Vero E6 cells but not Vero
cells, HeLa cells, or lung epithelial and fibroblast cell lines (Chang et al., 2004; Liao
et al., 2005b). Other viruses that activate NF-kB include HIV-1, human T-cell
lymphotropic virus type 1, herpes viruses, hepatitis C virus, hepatitis B virus, and
influenza viruses, among others (Santoro et al., 2003). The protean roles of NF-kB
in inflammation, cell proliferation, cell survival, apoptosis, and as a central reg-
ulator of innate and adaptive immune responses, make it an ideal intracellular
target for the virus.

The most important aspect of SARS-CoV evasion of the immune response
occurs by abrogation of intracellular antiviral responses, aptly described as ‘‘in-
tracellular warfare’’ (Krug et al., 2003), which also occurs in most viral infections
(Samuel, 2001; Webby et al., 2004). Vero cells stably expressing MxA (Samuel,
2001), a broad-spectrum anti-RNA virus large GTPase protein induced by IFNs a
and b (but not g), continue to produce the virus, suggesting that SARS-CoV has
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countermeasures against this important defense mechanism (Spiegel et al., 2004).
The adaptive immune system is itself a viral target; direct viral infection of CD4+
and CD8+ lymphocytes (Gu et al., 2005), induction of lymphocyte apoptosis
(Chen et al., 2005a), and the multiple toxic viral molecules that can cause
apoptosis, namely E protein (Yang et al., 2005b), U274 (Law et al., 2005b), U154
(Yuan et al., 2005), U122 (Tan et al., 2004a), and S (Chow et al., 2005). Har-
nessing the power of computational biology, scientists at the Beijing Genomics
Institute are investigating viral virulence and evasion strategies by comparing
SARS-CoV protein motifs with those of known human proteins and other viral
proteins. Toxic motifs were found to be localized to various SARS-CoV proteins
potentially relevant for therapy and vaccine design (Li et al., 2004b). For example,
superantigen-like motifs in the S, E, N, and some accessory proteins are thought
to cause lymphocyte apoptosis by activation in the absence of appropriate co-
stimulatory signals. An enterotoxin motif in S could account for the diarrhea seen
in many SARS victims.

More viral countermeasures may be identified in the future, perhaps including
anti-RNA interference (RNAi). Progress is being made in the application of RNAi-
based therapeutics against SARS-CoV (Zhang et al., 2003; Wang et al., 2004c; Li
et al., 2005a; Shi et al., 2005; Tao et al., 2005; Wu et al., 2005a), in particular the
recent advances in delivery of siRNAs, with the hope of specifically targeting the
scattered and relatively inaccessible lymphocytes and dendritic cells to ameliorate
the assault on the immune system by SARS-CoV (Song et al., 2005a).

Molecular evolution

Comparisons of the genomes of SARS-CoV and SARS-CoV-like animal corona-
viruses from palm civets and a raccoon dog (Guan et al., 2003) revealed that human
isolates of SARS-CoV all shared some deletions not seen in civet SARS-CoV.
Additional polymorphisms were also identified, showing that humanized SARS-
CoV had evolved from civet SARS-CoV (Chen et al., 2005b). These initial efforts
also cataloged important genomic data for comparison with newly discovered
SARS-CoV-like viruses, such as bat-SARS-CoV (Lau et al., 2005) and SL-CoV
Rp3 (Li et al., 2005c). Both of these bat-SARS-CoVs contained the sequences
deleted in humanized SARS-CoV, revealing their even closer kinship with civet
SARS-CoV.

The Chinese SARS Molecular Epidemiology Consortium collected spatially
and temporally diverse specimens from humans and animals to study SARS-CoV
evolution (Chinese, 2004). Several major SARS-CoV genotypes and 299 single-
nucleotide variations (SNVs) were discovered among 63 sequences studied. Certain
SNVs, for example, the second and third nucleotides of codon 479 of S (22927 and
22928) created the so-called multiple substitution codons, which have a chance
occurrence of zero, pointing toward their development by natural selection.
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Another observation was the phenomenon of G+C enrichment (Song et al.,
2005b), thought to be metabolically expensive for intracellular pathogens (Rocha
and Danchin, 2002), but which also could be due to pressure from host sabotage
akin to G-T editing by host APOBEC3 family proteins, again suggesting adaptive
pressure rather than random mutations. Genotyping based on SNVs in 5 loci
(17564, 21721, 22222, 23823, and 27827) defined civet SARS-CoV (GACGC), an
early GACTC motif in human isolates of SARS-CoV, GGCTC, or GATTC motifs
in the middle of the epidemic, and a late TGTTT motif that has corresponding non-
synonymous changes in ORF1b, S and the non-coding X3 (ORF6 or ORF7)
regions (Liu, 2005). Similar changes occurred in the evolution of the three most
significantly variable proteins S, sars3a (U274), and nsp3 (PL2pro), as the virus
adapted to humans (Kan et al., 2005; Song et al., 2005b). Sequence deletions were
observed in the dominant human strain, including entire ORFs specifying group-
specific accessory proteins, such as a 29-nucleotide deletion in the ORF8 of civet
SARS-CoV, creating ORF8a and ORF8b. An uncommon strain with limited range
isolated early in the epidemic had an 82-nucleotide deletion in ORF8a, similar to
animal SARS-CoV isolated in farmed civets in Hubei province, China (Chinese,
2004). Yet another strain isolated late in the epidemic in Hong Kong in May 2003
lacked a 415-nucleotide sequence corresponding to the entire ORF8a and ORF8b
(Poon et al., 2004a).

These and other data indicate that there was a rapid viral genomic adjustment
to the human host early in the epidemic, particularly at specific mutational hotspots
in the receptor-binding region. This slowed in the middle of the epidemic, with late
changes producing strong purifying selection (Chinese, 2004; Yeh et al., 2004; Kan
et al., 2005). These investigations also revealed that critical viral adaptations to
humans went down the same evolutionary path in Beijing as earlier in Guangzhou,
with a switch from the GGCTC to the TGTTT motif in patients belonging to the
same cluster (Liu, 2005). Some of these molecular events occurred again in the late
2003 to early 2004 outbreak in Guangzhou (Kan et al., 2005; Song et al., 2005b).
Throughout this period, civet SARS-CoV had been evolving and adapting to civet
cats, producing a higher viral load, confirming that the civet is not its normal
reservoir (Song et al., 2005b). However, given the opportunity, it appeared that
SARS-CoV could establish a reservoir in farmed civets. These findings and the
elucidation of the adaptation of S to hACE2 sharpen our perception of molecular
emergence.

Because the human isolates of SARS-CoV are much more virulent and con-
tagious than the animal strains, it is important for public health officials to quickly
find out which strain(s) they are dealing with in the event of an outbreak. As such,
the genotyping of SARS-CoV has acquired public health significance. Scientists at
the Chinese University of Hong Kong have developed an allelic discrimination
genotyping assay using 50 nuclease probes that has been validated for discriminat-
ing between human and animal strains of SARS-CoV, by comparison with direct
sequencing (Chung et al., 2005).
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Human disease

Transmission

It is thought that SARS-CoV spreads from person to person through mucosal
surfaces with virus-laden body fluids, primarily respiratory secretions (Anon.,
2003a). Tears (Loon et al., 2004; Tong and Lai, 2005) and sweat (Ding et al., 2004)
have also been found to contain SARS-CoV RNA, although their role in disease
transmission is unknown. Coughing as a means of airborne dissemination was
difficult to prove (Seto et al., 2003; Tong, 2003), but was demonstrated exper-
imentally (Booth et al., 2005). Large droplets emitted by coughing and sneezing and
having a projection range of 1m are believed to have contributed to airborne
transmission (Fowler et al., 2004; Yu et al., 2004b, 2005; Booth et al., 2005; Li
et al., 2005f,g; Tong, 2005a), possibly by superspreaders (Edwards et al., 2004);
inadvertent aerosolization of other infected body materials or feces is also thought
to be a possible means of transmission (Yu and Sung, 2004; Yu et al., 2004b).
Fecal-to-oral transmission has not been documented, although viral nucleic acid
has been found in sewage (Wang et al., 2005a). Nuclei acid testing by RT-PCR, if
instituted, theoretically could prevent transfusion-associated transmission during
future epidemics if SARS-Cov is shown to be present in blood from asymptomatic
persons (Schmidt et al., 2004).

Clinical features of SARS

The clinical course has been divided into three phases (Peiris et al., 2003a). Phase 1
correlates with upper respiratory viral replication and viremia. Phases 2 and 3
correlate with lower respiratory tract viral replication, with phase 3 characterized
by functionally critical pulmonary injury, due either to virus alone (Mazzulli et al.,
2004) or in conjunction with immunological damage (Lin et al., 2005b; Matsuyama
et al., 2005).

The incubation period of SARS ranges from 2 to 11 days after exposure, with a
mean of 4.6 days (Leung et al., 2004), and occasionally was as long as 16 days
(Booth et al., 2003; Lee et al., 2003b; Tsang et al., 2003a). The prodrome consists of
flu-like symptoms such as malaise, myalgia, headache, fever, and rigors. Cough as
an initial symptom is present in greater than half of the patients. Coryza and sore
throat are present in a minority of cases. By day 5 (range, 3–7 days), up to 76% of
patients develop exertional dyspnea; chest X-rays reveal opacities in the lungs of
almost all patients, consistent with alveolar and interstitial exudation (Zhong et al.,
2003b). This phase lasts for up to a week. Watery diarrhea developed in 20.4% of
patients admitted to Princess Margaret Hospital, Hong Kong (Kwan et al., 2005a).
A higher incidence of diarrhea was found in the cohort of patients from the Amoy
Gardens (74%) and correlated with higher viral load in stool (Hung et al., 2004).

More than 20% of patients require intensive care, and 13% require ventilatory
support (Tsui et al., 2003).
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Asymptomatic cases were extremely rare during the epidemic (Lai et al., 2005b),
being the rule in the early phase of the epidemic in China, before SARS-CoV had
adapted to the human host (Guan et al., 2003; Lee et al., 2003a). Some elderly
patients were not febrile (Christian et al., 2004); in some cases, the incubation
period and convalescence was protracted. Up to 5.8% of 138 patients in Prince of
Wales Hospital presented with diarrhea and fever without respiratory symptoms
(Leung et al., 2003b).

Children were also infected, although their symptoms and clinical course were
typically mild (Hon et al., 2003; Leung et al., 2003a; Kwan et al., 2004). Pregnancy
did not alter the course of SARS in the mother and perinatal infection has not been
reported (Shek et al., 2003). Children have also presented solely with diarrhea
(Kwan et al., 2005b).

Recovery, if it will occur, begins between 14 and 18 days after disease onset
(Christian et al., 2004). Convalescent patients no longer excrete the virus in stools
(Wang et al., 2005b). In some patients, apparent recovery is followed by exacer-
bation (Peiris et al., 2003a), with arterial oxygen desaturation, and variable degrees
of respiratory impairment or failure. At one year post-infection, one-third of pa-
tients continue to have pulmonary function impairment (Hui et al., 2005; Ong
et al., 2005). Osteonecrosis occurs in a significant proportion of patients who re-
ceive systemic steroids; children can also experience this complication (Chan et al.,
2004a; Griffith et al., 2005).

Clinical laboratory findings

Lymphopenia (Peiris et al., 2003b; He et al., 2005b) and thrombocytopenia are
commonly present (Choi et al., 2003). Decrease of both CD4+ and CD8+
T-lymphocytes occurs early and adversely affects the prognosis (Wong et al.,
2003a). Serum chemistry often reveals elevated lactate dehydrogenase (LDH),
aminotransferase levels, and creatine phosphokinase levels, with LDH being an
independent predictor of mortality (Choi et al., 2003). Initially elevated C-reactive
protein levels were reported to be correlated with poor outcome (Wang et al.,
2004a).

Pathology of SARS-CoV pneumonia

In humans, ACE2 is expressed in the lungs, intestines, testes, kidneys, endothelium,
and heart, and in large part determined the tissue tropism (Donoghue et al., 2000;
Tipnis et al., 2000; Harmer et al., 2002; Leung et al., 2003b; Hamming et al., 2004;
Xu et al., 2005). In respiratory epithelium, ACE2 is expressed only in differentiated
cells (Jia et al., 2005), in particular, ciliated cells (Sims et al., 2005), implying that
bronchioalveolar stem cells (Kim et al., 2005) are poorly infected.

Abundant evidence points to viral infection of pneumocytes as the mechanism of
lung injury (Nicholls et al., 2003; To et al., 2004; Chan et al., 2005b; Shieh et al.,
2005). However, induction of an immune response by viral proteins is also
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implicated in the pathogenesis. For example, the N-terminal aa324–488 and the C-
terminal aa609–688 of S activate AP-1 and MAPKs independent of NF-kB in lung
epithelial cells, monocytes, and fibroblasts in vitro leading to induction of IL-8
(Chang et al., 2004), consistent with observations that IL-8 and IL-2 levels are
elevated in patients with SARS (Lee et al., 2004). In turn, IL-8 recruits neutrophils to
the lungs, thereby facilitating SARS-CoV entry into pneumocytes by elaboration of
proteases (Chang et al., 2004; Wong et al., 2004a; Matsuyama et al., 2005; Tang
et al., 2005).

Host factors appear also to contribute to diffuse alveolar damage. The peptide
hormone angiotensin II, positively and negatively regulated by ACE (product of
ACE1 gene) and ACE2, respectively, has been shown to participate in spike-in-
duced diffuse alveolar damage in mice (Imai et al., 2005; Kuba et al., 2005; Nicholls
and Peiris, 2005). This explains why SARS patients carrying the D allele (deletion
involving intron 16) polymorphism of the ACE1 gene, which is associated with
higher level of sACE, are more prone to hypoxemia (Itoyama et al., 2004). The D
allele, by increasing sACE, results in higher angiotensin II levels and hence sus-
ceptibility to injury by SARS-CoV S. ACE2 is protective by inactivating angio-
tensin II (Imai et al., 2005; Nicholls and Peiris, 2005). Interrupting the
renin–angiotensin system protected mice from exacerbation of lung injury aggra-
vated by injection of S (Kuba et al., 2005). These studies showed how viral proteins
can tip the balance in normal physiology and cause disease. The therapeutic im-
plications for acute respiratory distress syndrome (ARDS), beyond the respiratory
damage caused by SARS-CoV, was noted, but an explanation is needed for the
generally mild infections of HCoV-NL63, which also utilizes ACE2 (Nicholls and
Peiris, 2005). Perhaps the similarity is limited between human and murine patho-
physiology in this infection.

These viral and host factors cannot account for cases showing apparent im-
provement followed later by deterioration (Peiris et al., 2003a). One school of
thought incriminates the innate immune system. Peiris et al. investigated the alveolar
macrophages, sentinels of the lower respiratory tract (Cheung et al., 2005). They
found that cultured macrophages were infected (as evidenced by translated N pro-
tein) but not supportive of SARS-CoV replication. In addition, whereas macrophages
infected by HCoV-229E and influenza A (H1N1) produce IFN-b, there is no evidence
of induction of IFN-b in SARS-CoV-infected macrophages. Instead, there is elab-
oration of chemokines CXCL10/IFN-inducible protein 10 (IP-10) and CCL2/mon-
ocyte chemotactic protein 1 (MCP-1), possibly explaining aspects of the pathogenesis.

An autoimmune explanation akin to influenza virus-induced Goodpasture
syndrome, and dengue hemorrhagic fever and dengue shock syndrome, has been
suggested (Lin et al., 2003a). Anti-S2 antibodies were discovered in convalescent
sera that cross-reacted with lung epithelial cells. These antibodies were reported to
be cytotoxic to type-2 pneumocytes and were not found in non-SARS pneumonia
patients (Lin et al., 2005b). Translating this into therapeutic terms, these studies
suggest that steroids and plasmapheresis might be tried to correct these pathoge-
netic mechanisms.
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Histologically, the lungs have evidence of patchy ‘‘diffuse’’ alveolar damage
with a mixed inflammatory infiltrate, edema, microthrombi (Lang et al., 2003) and
hyaline membrane formation (Ding et al., 2003; Franks et al., 2003; Ksiazek et al.,
2003; Nicholls et al., 2003). SARS-CoV has been identified within fibrin, ma-
crophages, and type-1 and type-2 pneumocytes by immunohistochemistry (Chan
et al., 2005b), in situ hybridization (To et al., 2004; Chan et al., 2005b; Xu et al.,
2005), and electron microscopy (Nicholls et al., 2003; Shieh et al., 2005). Desqua-
mation of type-1 pneumocytes with proliferation of type-2 pneumocytes were con-
sistently present (Franks et al., 2003; Griffiths et al., 2005). Multinucleated type-2
pneumocytes and macrophages similar to those observed in cell cultures were
sometimes found (Franks et al., 2003).

SARS-CoV-infected cells displaying S on the surface fuse with adjacent cells
expressing hACE2 (Petit et al., 2005), resulting in a little-appreciated route by
which adjacent cells appear to become infected by accretion, even before the release
of mature progeny virus. The nuclei may be enlarged and nucleoli prominent, but
intranuclear inclusions have not been observed (Ksiazek et al., 2003), consistent
with the fact that SARS-CoV replicates in the cytoplasm. When healing begins, it is
accompanied by squamous metaplasia (Franks et al., 2003) and fibrosis in some
patients. Pneumomediastinum has been reported in 10% of patients, unrelated to
intubation or positive pressure ventilation (Peiris et al., 2003a; Chu et al., 2004b).

Extrapulmonary pathology

Although enteric infections by SARS-CoV were common in SARS patients and
viral replication in the g.i. tract was documented, morphological changes there were
minimal (Leung et al., 2003b; Chan et al., 2005b). In patients with lymphopenia,
lymphoid depletion was observed in the splenic white pulp and in mucosa-associated
lymphoid tissue of the g.i. tract (Ding et al., 2003; Zhong et al., 2003a; Tse
et al., 2004; Gu et al., 2005). Striking hepatic mitotic activity was reported in two
patients (Chau et al., 2004). Proof of SARS-CoV infection of the liver, however, has
remained elusive (Chan et al., 2005b). Evidence of systemic vasculitis was reported in
patients who died in a Chinese hospital (Ding et al., 2003). Recently, immune-
mediated orchitis was described in men who died from SARS. Unlike mumps
orchitis, which is usually (but not always) unilateral, the involvement was bilateral
and appeared to target the germ cells, with the possibility of reduced fertility in men
who recovered from the infection (Xu et al., 2005).

Immune response

The innate immune response to SARS-CoV infection included elaboration of
acute-phase proteins, chemokines, inflammatory cytokines, and C-type lectins such
as MBL. Ip et al. showed that MBL prevents SARS-CoV infection of FRhK-4 cells
in vitro, in accordance with the non-specific role of this lectin that functions before
the antibody response (Ip et al., 2005). They further investigated 569 SARS patients
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and demonstrated significantly lower serum levels of MBL and a significant prev-
alence of low-secretor genetic polymorphism than in 1188 controls. Similar con-
clusions were drawn in a genetic association study in northern China involving 352
SARS patients and 392 control subjects. Reduced expression of functional MBL
was attributed to the codon 54 variant (Zhang et al., 2005b). Leikins et al. showed
that the y-defensin retrocyclin 2 inhibits influenza virus entry into cells by cross-
linking surface glycoprotein and that the related MBL and human b-defensin 3
similarly inhibited the step that precedes viral entry (Leikina et al., 2005).

Evidence suggests that adaptive immunity in convalescent patients confers not
only lasting protection against SARS-CoV, but also determines the outcome of
infection (Zhang et al., 2005c). Convalescent patients develop IgG-class neutral-
izing antibodies against S protein (Traggiai et al., 2004; Lau and Peiris, 2005;
Temperton et al., 2005). These antibodies prevent infection of permissive cell lines
in vitro. At 7–8 months post-infection, the titer of neutralizing antibody to SARS-
CoV remains stable (Traggiai et al., 2004; Chan et al., 2005a), suggesting the
potential for lasting immunity and the possibility that developing an effective vac-
cine might be feasible.

Virologic diagnosis

The identification of SARS-CoV played a crucial role in the development of re-
liable diagnostic tests. These diagnostic tests were important because viral culture
was only available in a few BSL3 laboratories. RT-PCR was developed as soon as
SARS-CoV was identified (Drosten et al., 2003a; Ksiazek et al., 2003; Peiris et al.,
2003b). At the same time, real-time quantitative reverse transcriptase-PCR (qRT-
PCR) assays using intercalating dye, or in conjunction with single or, later, dual
TaqMan probes, resulted in a significant increase in sensitivity and throughput
compared to conventional RT-PCR (Drosten et al., 2003a; Poon et al., 2003; Jiang
et al., 2004; Poon et al., 2004b; Yip et al., 2005). WHO network laboratories made
available various primers and protocols for these tests (http://www.who.int/csr/
sars/primers/en/index.html). Specimens from the upper respiratory tract, sputum,
blood, stool, and urine have all yielded viral nucleic acid at various stages of the
illness (Grant et al., 2003; Ng et al., 2003; Tong et al., 2003; Chan et al., 2004d;
Hung et al., 2004; Ng et al., 2004). Viral load data generated from qRT-PCR were
later shown to correlate with outcome (Chu et al., 2004c; Hung et al., 2004). For
laboratories with fewer resources and those concerned about the shelf life of di-
agnostic kits, a highly sensitive gel-based RT-PCR protocol targeting the protein-
ase gene has been useful (Inoue et al., 2005).

Tests for antibodies to SARS-CoV, however, were plagued by concerns about
sensitivity (only 60% positivity) (Chan et al., 2004b) and specificity. Peiris, Ksiazek,
and Drosten used indirect fluorescence antibody (IFA) and cell culture extract-
based ELISA assays to demonstrate seroconversion and a progressive increase in
antibody titers in SARS (Drosten et al., 2003a; Ksiazek et al., 2003; Peiris et al.,
2003b). IFA is specific (Chan et al., 2004c), but labor intensive and has an
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additional theoretical risk because virus-infected cells are used on the microscopic
slides. ELISA assays using Vero cell extracts may yield false-positive results be-
cause of autoantibodies in patients with autoimmune disorders as well as in some
normal subjects (Wang et al., 2004b). Recombinant N-based ELISA tests (Woo
et al., 2004b) have cross-reacted with other HCoV. Protein immunoblotting against
N and S could be used in conjunction with these other assays by identifying the
false-positive results (Woo et al., 2004a). Recently, Chan et al. showed that SARS-
CoV induces an anamnestic response to HCoV OC43, 229E, and NL63, demanding
care in the interpretation of serological findings (Chan et al., 2005a).

Employing Pepscan analyses against convalescent patient sera and vaccine-
induced laboratory animal antisera, He et al. identified regions in the M protein
(M1-31 and M132-161) unique to SARS-CoV. Recombinant peptides from those
regions have been exploited to overcome cross-reactivity in a recently developed
ELISA test that correctly discriminated 40 SARS convalescent sera from 30 control
sera (He et al., 2005a). Other advances led to the use of pseudotyped virus for the
neutralization assay in lieu of SARS-CoV (Giroglou et al., 2004; Han et al., 2004;
Yang et al., 2004b; Temperton et al., 2005).

Because of low sensitivity, none of the ‘‘rapid tests’’ can exclude SARS in a
suspected case, and the testing of different types of specimens collected at different
times is now recommended (Peiris et al., 2003c; Bermingham et al., 2004). The
prolonged infectivity of respiratory and stool specimens demand careful handling
of specimens (Lai et al., 2005a). Microarray and investigational plasma proteomic
approaches to diagnosis [17, 82, 88] are under development. Issues in molecular
diagnosis have been reviewed elsewhere (Poon et al., 2004a; Mahony and Ri-
chardson, 2005).

Drug therapy

The number of pharmacological agents with a significant selectivity index (CC50

divided by EC50) against SARS-CoV has increased as knowledge of SARS-CoV
biology has increased (Holmes, 2003). Thomas Lai has reviewed the therapeutic
experience during the SARS epidemic (Lai, 2005).

Ribavirin

Ribavirin is a purine nucleoside analog that interacts with viral RNA polymerases
as well as having other poorly characterized activities against viruses (Parker,
2005). In therapy of the hepatitis C virus, ribavirin is thought to act by inhibition of
GTP synthesis by an effect on inosine monophosphate dehydrogenase, thereby
limiting viral RNA synthesis, and by enhancement of Th1 responses, which may
assist viral clearance (Thomas et al., 1999). For SARS-CoV, however, its in vitro

activity is inconsistent (Morgenstern et al., 2005), and it has had no demonstrable
clinical benefit in uncontrolled series of patients (Avendano et al., 2003; van
Vonderen et al., 2003). In addition to the fact that it is a teratogen, it can cause a
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dose-dependent but reversible hemolytic anemia (Knowles et al., 2003). Its con-
tinued empirical use in SARS is not recommended (Knowles et al., 2003; van
Vonderen et al., 2003).

Other antiviral therapies

Glycyrrhizin (Cinatl et al., 2003) and its derivatives (Wu et al., 2004; Hoever et al.,
2005) have shown promising selective activity (selective activity index >33) against
SARS-CoV. Its antiviral activities may be related to its effects on cellular signaling
pathways, transcription factors (AP-1, NF-kB), and its upregulation of inducible
nitrous oxide synthase (Cinatl et al., 2003). Moreover, its effect on lowering plasma
membrane fluidity and hence impeding viral entry, is consistent with its observed
broad antiviral activity (Harada, 2005).

Chloroquine, discovered by the German chemist Hans Andersag in 1934 and
used for the treatment of malaria, amebiasis, HIV, and autoimmune diseases, was
recognized to have activity against SARS-CoV in vitro, with a selectivity index of
30 against SARS-CoV in Vero E6 cell culture (Savarino et al., 2003; Keyaerts et al.,
2004; Vincent et al., 2005). Chloroquine elevates endosomal pH and interferes with
terminal glycosylation of ACE2 (Vincent et al., 2005), thus having both non-spe-
cific and specific anti-SARS-CoV activities.

Drugs that target viral proteases

Inhibiting SARS-CoV 3CLpro prevents the assembly of a functional replication
complex (Bacha et al., 2004; Lee et al., 2005a; Martina et al., 2005). Conservation
among coronaviruses suggests that a wide-spectrum inhibitor against the main
protease is feasible (Yang et al., 2005a), which may be useful against the several
related strains of SARS-CoV-like viruses (Lau et al., 2005; Li et al., 2005c). Ho-
mology modeling has revealed remarkable conservation of substrate-binding sites
among SARS-CoV, HCoV-229E, and PEDV (Anand et al., 2003). However, one
such inhibitor of viral proteases, AG7088, did not show in vitro activity at the
concentration of 10 mM (Wu et al., 2004).

During the epidemic in Guangzhou, clinicians observed that HIV-positive pa-
tients on highly active anti-retroviral therapy (HAART) appear to be protected
against SARS (Chen et al., 2003; Chen and Cao, 2004). In Hong Kong, the utility
of lopinavir–ritonavir combination therapy was investigated in a multicenter ret-
rospective matched cohort study as initial and rescue therapy for SARS (Chan
et al., 2003). Patients who received this therapy as initial treatment for SARS had
better outcome (reduced death and intubation rate) compared with an uncontrolled
group, with a lower rate of use of methylprednisolone at a lower mean dose. The
results were similar in a subset of those patients reported separately (Chu et al.,
2004a). These clinical trials are in agreement with structural studies that predicted
the utility of lopinavir, ritonavir, niclosamide, and promazine against 3CL pro
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(Zhang and Yap, 2004), with lopinavir and nelfinavir also showing in vitro activity
(Chen et al., 2004a; Chu et al., 2004a; Yamamoto et al., 2004).

Therapy by blocking viral entry

The interactions between SARS-CoV and host cell involve binding, conformational
change of S2, and membrane fusion, all of which are possible targets for therapy.
Novel chimeric immunoglobulins such as CD4-IgG (Arthos et al., 2002), have
shown benefit in treating HIV-1, and similarly, multivalent sACE2-immuno-
globulin might be efficacious against SARS-CoV (Dimitrov, 2003), which can be
improved by using residues 90–93 of civet ACE2 (Li et al., 2005e).

Because of the similar mechanism by which SARS-CoV S2 and HIV-1 gp41
mediate viral entry, S protein HR-derived peptides have been predicted to inhibit
(Kliger and Levanon, 2003) and later shown to inhibit (Bosch et al., 2004) SARS-
CoV infection of Vero cells. Recombinant proteins containing HR1 and HR2 were
further shown to have potent inhibitory activities on entry of the HIV/SARS
pseudoviruses into cells (Ni et al., 2005). These proteins are cheaper to produce
than synthetic peptides and are more stable. Cathepsin L inhibitors could also be
studied as entry inhibitors (Simmons et al., 2005).

Monoclonal antibody therapy

Monoclonal antibody with viral neutralizing activity has therapeutic potential
against SARS and other viruses (Zhang et al., 2005d) and has been shown to be
capable of preventing neonatal respiratory syncytial virus infection (Johnson et al.,
1997). Monoclonal antibodies can protect ferrets against SARS-CoV infection (ter
Meulen et al., 2004). Convalescent serum has been used in SARS patients, though
its efficacy is unknown, and in experimentally infected mice, with possible activity
against SARS-CoV infection in the latter (Wong et al., 2003b; Traggiai et al., 2004;
Yeh et al., 2005).

An improved B-cell immortalization technique employing a CpG oligonucleo-
tide (CpG 2006) as a polyclonal B-cell activator, was used with Epstein–Barr virus
and irradiated allogeneic mononuclear cells to study the B-cell memory of a con-
valescent SARS patient. Neutralizing antibodies from one stable B-cell clone (S3.1)
were found to protect mouse lungs from SARS-CoV challenge (Traggiai et al.,
2004). Thirty-five neutralizing monoclonal antibodies were isolated in this study.

Eight recombinant human single-chain variable region fragments (scFvs)
against the receptor-binding region of S protein were identified (Sui et al., 2004,
2005). One of these engineered monoclonal antibodies (80R IgG1) showed potent
neutralization of SARS-CoV in in vitro and animal studies.

Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) 67



Interferons

The IFN signaling pathway is one of the targets of SARS-CoV (Cheung et al., 2005;
Law et al., 2005a; Spiegel et al., 2005), suggesting that it may play an important role
in host defense against SARS-CoV. Not unexpectedly, type-I IFN (a/b) but not
type-II INF (g) have shown potent inhibition of SARS-CoV infection and repli-
cation (Zheng et al., 2004a). Swedish scientists found that natural IFN-a and IFN-b
have more potent in vitro activity than recombinant IFN-a (Chen et al., 2004b). A
CpG oligodeoxynucleotide (BW001) strongly stimulated IFN-a secretion by den-
dritic cells and peripheral blood mononuclear cells; the supernatant fluid from these
cells protected Vero cells from SARS-CoV infection (Bao et al., 2005). Macaques
were protected by prophylactic use of pegylated IFN-a (Haagmans et al., 2004).
Post-exposure prophylaxis of SARS by IFN yielded intermediate results. Uncon-
trolled clinical experience with IFN in the treatment of SARS has been reported.
However, no randomized double-blind controlled trial has yet been conducted.

Vaccines

No effective vaccine has been developed so far. However, there is some evidence to
suggest that successful vaccination may be possible. Molecular emergence studies
have shown that SARS-CoV adapts to human ACE2, which presumably is not sub-
ject to much evolutionary pressure, and therefore it is likely that SARS-CoV making
subsequent jumps to humans from animals will be covered by a vaccine developed
against the 2003 human isolate (Lau et al., 2005; Li et al., 2005c; Zhi et al., 2005).

NIAID researchers engineered attenuated bovine-human parainfluenza virus
(BHPIV3) to express various SARS-CoV structural proteins (Buchholz et al.,
2004). They found that S, but not the other structural proteins (M, E, N), elicited
neutralizing antibodies that protected the lungs of hamsters against SARS-CoV
(Roberts et al., 2005). When a similar vaccine was given by the nasal route to
African green monkeys (Cercopithecus aethiops), they shed no virus from the upper
respiratory tract after challenge with SARS-CoV (Bukreyev et al., 2004).

Although the receptor-binding region of SARS-CoV is the most important
target for neutralizing antibodies, the S2 ‘‘region’’ (Leu 803 to Ala 828), conserved
across 45 viral isolates and containing a neutralizing antigenic determinant, was
able to elicit neutralizing antibodies that protected some but not all small labo-
ratory mammals against infection with SARS-CoV pseudovirus (Zhang et al.,
2004). Over 100 potential cytotoxic T-lymphocyte (CTL) vaccine candidates that
cover >99% of all individuals of all major human populations were identified
within 6 months of the publication of the virus sequence (Sylvester-Hvid et al.,
2004).

Antibody-enhanced viral pathogenicity is generally a concern with coronavi-
ruses (Zhang et al., 2005a). With SARS-CoV infection, ferrets get a more severe
hepatitis when first given a vaccinia-based recombinant SARS vaccine (Czub et al.,
2005). More recently, NIAID scientists revealed that a pseudovirus expressing a
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partially humanized strain S (GD03T13) (GZ-03-01, Fig. 1 of Ref. (Song et al.,
2005b) is markedly resistant to neutralization by immune IgG purified from mice
vaccinated against S from strains derived from human isolates (Urbani strain)
(Yang et al., 2005c). Antibodies raised against the human strain mediated enhanced
entry of a lentiviral vector expressing civet S, but resistance to IgG enhancement of
civet S is not limited to vaccinated mice; human monoclonal antibodies (S3.1, S111,
S117) created from the immune repertoire of a convalescent patient (Traggiai et al.,
2004) also exhibited these phenomena. Thus, a vaccine against humanized SARS-
CoV might enhance the pathogenicity of a normally low-pathogenic animal SARS-
CoV-like virus.

Another study showed that for SARS-CoV, which epitope not to employ in a
vaccine is important. Interaction of antibody with conformational epitopes in the
receptor-binding region was shown to be responsible for antibody-enhanced viral
pathogenicity (Yang et al., 2005c). By deleting portions of S (truncated at aa1153),
it was seen that the antibodies it induced did not promote enhancement. One
monoclonal antibody (S110) was also found that did not mediate enhancement.
This is consistent with other studies that have shown cross-reactivity between anti-
S2 (aa927–937 and aa942–951) and lung cell antigens (Jiang et al., 2005a; Lin et al.,
2005b).

Inactivated SARS-CoV can elicit neutralizing antibody (Takasuka et al., 2004;
Tang et al., 2004) and cellular immunity. Mice vaccinated with inactivated SARS-
CoV have been protected against challenge with intranasal SARS-CoV (Spruth
et al., 2005).

Safety concerns about inactivated SARS-CoV vaccines are those of any inac-
tivated vaccines, and they include the possibility that viral nucleic acid might re-
main infectious, as in the early days of the inactivated poliovirus vaccine (Katz,
2004; Offit, 2005). Another concern is the autoantibodies induced when Vero cells
were used to cultivate SARS-CoV for experimental vaccines; the SARS-CoV neu-
tralizing antibodies cross-reacted with an abundant human serum glycoprotein
asialo-orosomucoid (ASOR) (Wang and Lu, 2004). An inactivated SARS-CoV
vaccine using alum adjuvant has entered into a clinical trial in China, but the results
are not yet available (Enserink, 2004).

The most attenuated SARS-CoV would be a genetically engineered version that
could express proteins but that would not be transmissible from cell to cell (Holmes,
2003). Cross-reacting epitopes and toxic viral proteins (Chang et al., 2004; Imai et al.,
2005; Kuba et al., 2005) would need to be excised or edited through genetic engineering
techniques such as the construction and manipulation of full-length SARS-CoV
cDNA (Yount et al., 2002, 2003).

Vectors for such an engineered vaccine could include a weakened version of the
human parainfluenza virus 3, called BHPIV3. It is non-invasive (limited to the
mucosa) and not known to recombine, unlike the coronaviruses. It replicates ef-
ficiently in children and with some engineering, might also replicate in non-naı̈ve
adults (Buchholz et al., 2004; Bukreyev et al., 2004), potentially yielding a vaccine
with broad applications.
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Other possible vectors such as adenovirus have been used to express SARS-CoV
genes, and have been used to vaccinate macaque monkeys, eliciting neutralizing an-
tibody and N-specific T-cell response (Gao et al., 2003). A highly attenuated vaccinia
virus Ankara modified to express full-length S was given intranasally or intramus-
cularly to mice; it elicited cross-transferable (to other mice) humoral immunity that
protected the upper as well as lower respiratory tracts against SARS-CoV (Bisht et al.,
2004). Virus-like particles with no viral nucleic acid but containing S, M, and E
proteins have been produced in Taiwan and the UK using insect cells infected by
recombinant baculoviruses (Ho et al., 2004; Mortola and Roy, 2004), and might be
suitable for study as vaccines.

DNA vaccines have been used to elicit protective humoral and cellular immu-
nity against SARS-CoV in a mouse model (Yang et al., 2004b). A gene-based
vaccine has also been tested, boosted by inactivated virus to broaden the immune
response (Kong et al., 2005; Talaat and Stemke-Hale, 2005). A combination of
nucleocapsid DNA vaccine against SARS-CoV with N protein has been shown to
be required to generate antibody and a CD8+ response, and the presence of
adjuvant determined whether humoral or cellular immunity is elicited (Azizi et al.,
2005). Immunization with plasmid DNA carrying various S fragments have been
shown by scientists at Hong Kong University to elicit antibodies in some mice, with
the S1 fragment promoting a Th1-mediated antibody isotype switching. Both anti-
S1 and anti-S2 antibodies were required for virus neutralization (Zeng et al.,
2004a). One study of an experimental DNA vaccine against SARS-CoV showed
that N alone was sufficient to induce antibody and CTL responses in mice (Zhu
et al., 2004). In another study, N sequences linked to those specifying calreticulin
(enhances antigen presentation to CD8+ T-cells) was efficacious in inducing
N-specific humoral and cellular immune responses and in reducing the viral titer in
mice challenged with N-expressing vaccinia virus (Kim et al., 2004). In mice im-
munized with plasmids, S, N, and M DNA vaccines were all able to elicit immune
responses, with S and M eliciting more potent humoral and cellular immune
responses, respectively (Wang et al., 2005c).

Most experience with DNA vaccines in other human viral diseases have been
limited to various animal models (Gurunathan et al., 2000), although human
studies have begun recently. With careful design, safety could be assured because
integration into the genome appears to happen much less often than spontaneous
mutations. Targeted delivery of nucleic acids will enable wider application of DNA
vaccines (Song et al., 2005a). The ability of DNA vaccines to elicit both cellular and
humoral immune responses, and their stability, simplicity, and versatility makes
them attractive for immunization against intracellular pathogens such as SARS-
CoV. Recent advances in this area have been reviewed (Taylor, 2005).

Implications for the future

A significant public health question is whether SARS-CoV will return. Many in-
fectious diseases have reemerged in recent history (Fauci, 2005). SARS-CoV made
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a fleeting reemergence in the winter of 2003–2004 (Liang et al., 2004; Normile,
2004; Song et al., 2005b). With the discovery that the bat is the natural reservoir, it
appears likely that SARS-CoV will eventually reemerge. However, the prospect of
another large outbreak is low because an animal strain would have to adapt to
humans before becoming epidemic, although it is not impossible that human isolate
of SARS-CoV could have escaped back to the wild. Human strains of SARS-CoV
bind efficiently to civet ACE2 (Li et al., 2005e). It might also bind bat ACE2 with
avidity. The ease of species jumping as humans move into areas with SARS-CoV is
suggested by the finding of SARS-CoV in rats, and the identification of serolog-
ically positive civets raised for the pet market in a farm in Shanwei, Guangdong. In
the latter case, seed animals for that farm were bought at various markets in the
province (Tu et al., 2004). Bats, civets, rodents, and other small mammals will need
to be included in the surveillance for the presence of SARS-CoV.

Molecular emergence studies showed that most of the adaptations required for
humanization of SARS-CoV took place within a short span early in the epidemic.
This indicates a narrow window of opportunity for prevention of reemergence of
SARS or the emergence of other viral infections. We missed the opportunity to
prevent the emergence of SARS but managed to limit the damage. The conditions
that can lead to reemergence are over-development and habitat destruction, ex-
cessive civet consumption, poor hygiene in markets and farms, etc.

Because poor market hygiene and management were major factors in the recent
epidemic, major effort should be made to rectify the situation. Culinary culture
needs to be modified in the interest of public health. Civets have been removed
from the menu in Guandong and should remain so. Animals raised for food must
be provided care and veterinary service, and wild animals should be left alone.
Anthropocentric modification of the natural environment can lead to serious con-
sequences (Dobson, 2005).

The careful design of hospitals (Li et al., 2005g), housing projects, and public
places, with the unseen microbe in mind and with a view of providing clean
breathing air will bring about the next quantum leap in public health (Tong and
Liang, 2004; Tong, 2005a). Within health care facilities, awareness of infection
control should be regularly refreshed so as to convert health care workers from
‘‘vectors’’ to infection controllers (Lloyd-Smith et al., 2003).

Amidst the exciting progress in vaccine development and drug discovery, we
should be mindful that vaccines seldom achieve perfect immunity, and drug re-
sistance is to be expected. However, the best time to face up to an emerging
infectious disease is ‘‘now’’—even before the outbreaks occur (Zhong et al., 2003b;
Kuiken et al., 2005). Vaccines and drugs would be in the second line of defense,
with public health measures being the first. Prevention of viral adaptation to the
human receptor as a strategy against emerging viral diseases is the single most
important translation from molecular emergence studies to public health man-
agement.

Last but not least, physicians must serve as sentinels for danger from this virus
(Reilley et al., 2003). The lessons learned from this epidemic reinforced the need to
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strengthen surveillance and international cooperation, to maintain/upgrade time-
honored infectious disease control practices, and to invest in rapid response ca-
pabilities such as the WHO. A paradigm shift to a better balance between defense
(treatment) and preempting (prevention) is in order.
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Introduction

Influenza viruses remain a significant cause of morbidity and mortality in both
developing countries and developed countries (Simonsen, 1999). In temperate cli-
mates, influenza epidemics are common during winter months, while a biannual
pattern has been reported in the tropics (Shek and Lee, 2003).

Influenza is transmitted by inhalation of microdroplets of respiratory secre-
tions, often expelled by coughing or sneezing, that contain the virus or from
fomites. The incubation period ranges from 1 to 5 days. Symptoms typically in-
clude fever, headache, malaise, myalgia, cough, nasal discharge, and sore throat
(Cox and Subbarao, 1999). In severe cases of influenza, the cause of death is usually
a secondary bacterial pneumonia.

Although most infections by influenza virus are self-limited, as many as 36,000
excess deaths in the United States every year are attributed to influenza, mostly in
the elderly and in individuals with underlying pulmonary conditions (Thompson et
al., 2003). It has been estimated that the total annual burden of influenza in the
United States alone can range from US$1 to 3 billion in direct medical costs.
Indirect costs, including lost earnings due to illness, hospitalizations, substantial
reduction in productivity, and lost future earnings due to death, can range from
US$10 to 15 billion a year (Szucs, 1999).

Of greater concern, however, is the ability of certain influenza viruses with
novel antigenic properties to enter and spread in an immunologically naı̈ve human
population, with the potential to initiate a pandemic characterized by rapid global
spread, morbidity, and mortality. Influenza pandemics were recorded as early as
412 B.C. by Hippocrates (Kuszewski and Brydak, 2000). The consequences of such
pandemics can be devastating, as in the ‘‘Spanish’’ influenza pandemic that oc-
curred in 1918 and resulted in the deaths of at least 40 million people worldwide
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(Johnson and Mueller, 2002), making it one of the deadliest infectious diseases in
mankind’s history. In the absence of effective intervention, it is estimated that a
pandemic today could cause 700,000 hospitalizations and 89,000–207,700 deaths in
the United States alone, and 18–42 million individuals would require out-patient
based care, and the economic impact would be between US$71.3 and 166.5 billion,
excluding the cost of disruptions to commerce and society (Meltzer et al., 1999).

The recent outbreak in poultry of highly pathogenic avian influenza (HPAI)
infections caused by H5N1 viruses began in 2003 in Southeast Asia. It has been
unprecedented in magnitude, as it has spread to South and Central Asia, Europe,
and Africa, resulting in the massive culling of poultry. More important, these
outbreaks of HPAI in poultry have been associated with the transmission of the
H5N1 virus to a small number of humans. As of this writing (April 2006), there
have been more than 200 laboratory-confirmed cases of avian influenza H5N1
infections in humans reported in nine countries, more than 100 of which resulted
in death (WHO, 2006b). These events have highlighted the potential for another
influenza pandemic.

What causes a pandemic and how does it arise? What can be done to limit the
devastating effects a pandemic usually brings and how prepared are we to meet
such challenges? An examination of the biology of the avian influenza viruses and
their relationship with their animal hosts may shed light on these questions.

Virology

Classification

Influenza viruses are enveloped viruses with a segmented genome. They are in the
virus family Orthomyxoviridae. Three types of influenza virus have been described,
designated as influenza A, B, and C, based on the antigenicity of two of their
internal proteins, the nucleoprotein (NP) and matrix (M) protein (Lamb and Krug,
2001). Influenza B and C viruses mainly infect humans, while influenza A viruses
infect a wide variety of avian and mammalian species, including humans, pigs, sea
mammals, and horses.

Influenza viral proteins

Influenza A and B viruses possess eight single-stranded negative-sense RNA seg-
ments that encode structural and nonstructural proteins. Hemagglutinin (HA), a
surface glycoprotein that mediates viral entry by binding to sialic acid residues on
host cells, is the main target of the protective humoral immune responses in the
human host. Neuraminidase (NA) is the other major surface glycoprotein, whose
enzymatic function allows the release of newly formed virions, permits the spread
of infectious virus from cell to cell, and keeps newly budding virions from aggre-
gating at the host cell surface. This catalytic function of the NA protein is the target
of the anti-influenza virus drugs oseltamivir and zanamivir; although these
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compounds do not directly prevent infection of healthy cells, they limit the release
of infectious progeny viruses thus curtailing their spread and shortening the du-
ration of illness. These NA inhibitors are effective against all NA subtypes among
the influenza A viruses and may be the primary antiviral drugs in the event of a
future pandemic (Moscona, 2004). Antibodies to the NA protein do not neutralize
infectivity but are protective (Murphy et al., 1972).

Three proteins comprise the viral polymerase of the influenza viruses: two basic
proteins (PB1 and PB2) and an acidic protein (PA). Together with NP (mentioned
above), these polymerase proteins associate with the RNA segments to form rib-
onucleoprotein (RNP) complexes. Two viral RNA segments encode at least two
proteins each by alternative splicing. Gene segment 7 codes for two proteins: matrix
protein M1, which is involved in maintaining the structural integrity of the virion,
and M2, an integral membrane (surface) protein that acts as an ion channel and
facilitates virus uncoating. The drugs amantadine and rimantadine bind to the
influenza AM2 protein and interfere with its ability to transport hydrogen ions into
the virion, preventing virus uncoating. Amantadine is only effective against influ-
enza A viruses. Passively transferred antibodies to M2 can protect animals against
influenza viruses, but such M2-specific antibodies are not consistently detected in
human convalescent sera (Black et al., 1993), suggesting that this type of immunity
may play a minor role in the clearance of influenza virus in humans. Gene segment
8 is responsible for the synthesis of the nonstructural protein NS1 and nuclear
export protein (NEP, formerly called NS2). NS1 is involved in modulating the
host’s interferon response (Garcia-Sastre et al., 1998), while NEP plays a role in the
export of RNP from the nucleus to the cytoplasm (O’Neill et al., 1998). Recently,
an unusual 87-amino acid peptide arising from an alternative reading frame of the
PB1 RNA segment has been described (Chen et al., 2001). This mitochondrial
protein, PB1-F2, is believed to function in the induction of apoptosis as a means of
down-regulating the host immune response to influenza infection (Zamarin et al.,
2005).

Influenza A viral antigens and wild aquatic waterfowl as natural hosts

The HA and NA proteins of influenza A viruses display a greater degree of amino
acid sequence variation than their counterparts in influenza B viruses and they are
further divided into subtypes (Lamb, 2001). Sixteen serologically distinguishable
HA (H1–H16) and 9 different NA (N1–N9) proteins have been identified to date
(Lamb, 2001; Fouchier et al., 2005), all of which can be found in different com-
binations in waterfowl including mallards, ducks, shorebirds, and gulls (Ito, 1998;
Hatchette et al., 2004) where they replicate mainly in the gastrointestinal tract and
are shed in the feces (Webster et al., 1978). Wild aquatic birds rarely display
symptoms of influenza disease, even though they may shed high titers of virus. This
indicates that influenza A viruses have achieved an optimal level of adaptation to
aquatic waterfowl as natural reservoirs, where they are believed to exist in relative
evolutionary stasis (Webster et al., 1992).
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Sources of variation: antigenic drift and antigenic shift

The extensive antigenic variation exhibited by the HA and NA proteins of human
influenza viruses contributes to their evolutionary success as they undergo genetic
change to elude the host’s immune responses. These variations are brought about
by two fundamental mechanisms: antigenic drift and antigenic shift. Antigenic drift
results from the accumulation of point mutations in the HA and NA of influenza
viruses that arise from a combination of the inherently low fidelity of the viral
RNA-dependent polymerase complex (lacking proofreading ability) and from pos-
itive selection driven by the antibody response of the host (Steinhauer and Holland,
1987; Bush et al., 1999). Antigenic drift is an ongoing process of evolution that
permits epidemic influenza A and B viruses to evade neutralization by antibodies
elicited by prior infection or immunization. Influenza vaccines are updated annu-
ally to keep pace with antigenic drift so that the virus included in the vaccine
formulation will closely match that of the current year’s epidemic circulating strain.

While antigenic drift is a continuous process of change, antigenic shift arises
less frequently, results in greater antigenic change, and is only seen with influenza A
viruses. It occurs as a result of the introduction into the human population of a
novel HA and/or NA protein that is immunologically distinct from the influenza A
viruses circulating in recent years (Cox and Subbarao, 1999). The segmented nature
of the influenza genome permits the possible exchange of gene segments (in a
process referred to as genetic reassortment) when two different influenza A viruses
infect the same cell. The isolation of viruses in nature with different combinations
of HA and NA suggests that such genetic reassortments occur freely and frequently
(Sharp et al., 1997).

Because wild waterfowl and migratory birds act as natural hosts of all known
influenza A viruses, they are believed to be the original source of the influenza A
viruses circulating in other animal species. Some avian influenza viruses cross the
species barrier and are transferred from their natural host to another avian or
mammalian host where they may cause disease outbreaks and may lead to ende-
micity through adaptation or genetic reassortment.

HA receptor specificity and host-range restriction

The affinity of HA for sialic-acid-containing molecules on target cells is a deter-
minant of host-range restriction among influenza A viruses. The type of glycosidic
linkage that exists between the sialic acid and the penultimate galactose residue in
cell-surface oligosaccharides is associated with preferential binding of human
(SAa2,6Gal linkage) and avian (SAa2,3Gal linkage) influenza viruses (Rogers and
D’Souza, 1989; Ito et al., 1997a; Matrosovich et al., 2000). In support of this
hypothesis, the human tracheal epithelium predominantly contains sugars of the
SAa2,6Gal moiety (Couceiro et al., 1993) while there is an abundance of the
SAa2,3Gal variety in the gastrointestinal tract of ducks (Ito, 1998). It has been
proposed that as a virus adapts to its new host, it is under selective pressure toward
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the utilization of receptors available in its immediate environment, thus restrict-
ing the type of sialic acid linkage that is recognized (Gambaryan et al., 1999;
Matrosovich et al., 2000). Amino acid residues in the HA protein, particularly in
the receptor-binding domain, are believed to play a role in determining host-range
specificity (Rogers et al., 1983; Connor et al., 1994; Vines et al., 1998). Human
influenza A viruses with SAa2,6Gal specificity that are repeatedly passaged in the
allantoic membrane of embryonated eggs develop HA with preference for
SAa2,3Gal receptors. A single amino acid change (L226Q) has been shown to be
sufficient to alter the receptor-binding preference of HA from SAa2,6Gal to
SAa2,3Gal (Rogers et al., 1983; Ito et al., 1997b). In a recent study, Stevens and
colleagues evaluated the receptor-binding preferences of several human and avian
H1 and H3 viruses in a customized glycan microarray that contained 200 carbo-
hydrates and glycoproteins (Stevens et al., 2006). By analyzing the amino acid
sequence and receptor-binding specificity of two variants of the HA of the 1918
H1N1 virus, it was found that an amino acid at position 190 was crucial in rec-
ognizing either SAa2,6Gal (Asp190) or SAa2,3Gal receptors (Glu190). Taken
together, these results demonstrate that even small changes in the HA receptor-
binding site can broaden the host range of an influenza virus and potentially allow
the infection to spread to different animal species.

When an H5N1 avian influenza virus directly infected several humans during
an outbreak in Hong Kong in 1997, the virus retained its preference for SAa2,3Gal
(Matrosovich et al., 1999), indicating that severe infection can occur in humans by
avian viruses with HAs specific to SAa2,3Gal. Recent findings by two groups of
investigators provide a possible explanation for this observation (Shinya et al.,
2006; van Riel et al., 2006). Shinya and colleagues report that the human nasal
mucosa, trachea, pharynx, and bronchus are abundant in SAa2,6Gal, while both
SAa2,3Gal and SAa2,6Gal are detected in the respiratory bronchioles and alveoli
(Shinya et al., 2006). Riel and colleagues observed H5N1 virus attachment to type
II pneumocytes, alveolar macrophages, and nonciliated cuboidal epithelial cells in
the terminal bronchioles of humans (van Riel et al., 2006). Thus, there are some
SAa2,3Gal receptors expressed by cells in the lower respiratory tract of humans to
which the H5N1 avian influenza virus can bind and infect. It should be noted,
however, that even though receptor preference influences the host-range of influ-
enza virus, this is not an absolute determinant of host-range. The infectivity and
transmissibility in humans of avian influenza viruses with SAa2,3Gal or SAa2,6Gal
specificity remains undefined and will require further study to understand fully the
role of these receptors in host-range restriction.

Overcoming the species barrier

Avian influenza viruses shed by aquatic birds can occasionally infect terrestrial
birds and a variety of mammalian species (Webster et al., 1992), but they seldom
become endemic in these new hosts (Suarez and Schultz-Cherry, 2000). The infec-
tions are often transient; the new hosts may only be capable of infection by a
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limited number of influenza subtypes. Only three subtypes have widely circulated in
humans during the past century (H1N1, H2N2, H3N2) and only a few subtypes
have been repeatedly isolated from pigs (H1N1, H3N2, and H1N2) and horses
(H7N7 and H3N8) (Webby and Webster, 2001). Attempts to infect humans or
nonhuman primates experimentally with avian influenza viruses, and attempts to
infect ducks with human influenza viruses (Kida et al., 1980), were not very suc-
cessful, leading to the conclusions that avian influenza viruses replicate poorly in
humans (Beare and Webster, 1991) and other primates (Murphy et al., 1982) and
that human influenza viruses replicate poorly in waterfowl (Hinshaw et al., 1983).
In order for viruses to establish themselves in a new host, they must establish
interactions between viral proteins and host-cell machinery, subvert the host’s in-
nate and adaptive immune responses, and exploit host factors to permit transmis-
sion from one host to another (Parrish and Kawaoka, 2005). All of these adaptive
changes necessitate viral alterations at the genetic level, and it is believed that the
selection, accumulation, and maintenance of these mutations could occur during
the passage of the virus in an intermediate host.

Possible involvement of an intermediate host

Although precursors of pandemic viruses have not actually been isolated from
putative intermediate hosts, it was believed that pandemic influenza viruses arose
by reassortment between an avain and a human influenza virus in an intermediate
host. Pigs have long been suspected of being the intermediate host in which avian
and human influenza viruses could reassort to form a virus with pandemic potential
(Scholtissek, 1990), in a sense acting as ‘‘mixing vessels,’’ because pigs are suscep-
tible to infection with many influenza subtypes (Kida et al., 1994) and they express
both the SAa2,3Gal and SAa2,6Gal moieties in their tracheas (Ito et al., 1998). For
example, a reassortant influenza virus that surface protein genes of avian origin and
gene segments from a human influenza virus that conferred the property of efficient
replication and transmissibility in humans, could have pandemic potential. Alter-
natively, avian influenza viruses could gradually acquire the ability to recognize
and bind to human virus receptors after replication in an intermediate host like the
pig (Ito et al., 1998). It is also possible that adaptations of avian influenza viruses in
domestic poultry or terrestrial birds could enhance their potential to infect humans
(Banks and Plowright, 2003; Perez et al., 2003). Humans could also serve as a host
in whom avian and human viruses could reassort. These findings suggest that there
is a need to maintain virologic surveillance both in animals and in humans to
monitor the emergence of new strains of influenza virus.

Pandemic influenza

Several influenza subtypes have infected humans. Based on historical accounts, an
average of three influenza pandemics have occurred each century, at intervals
ranging from 10 to 50 years (WHO, 2005). Three influenza pandemics occurred in
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the last century: the ‘‘Spanish’’ influenza pandemic of 1918 (H1N1 subtype), the
1957 ‘‘Asian flu’’ (H2N2), and the 1968 ‘‘Hong Kong flu’’ (H3N2). These pan-
demics resulted in high morbidity, loss of life, and considerable social and eco-
nomic disruption. They provide health authorities information on which to base
preparations for a future pandemic.

Asia has been referred to as an influenza epicenter (Shortridge and Stuart-
Harris, 1982) because the two most recent pandemics originated there, and because
it is a region where cultural and agricultural practices place very large numbers of
people and domestic livestock in close proximity with each other. Pandemics have a
propensity to unfold in waves, with subsequent waves tending to be more severe
than the last (Reid et al., 2001). Containing the spread of the virus during the initial
wave of a pandemic has been cited as a critical measure to mitigate the impact of a
pandemic (WHO, 2005). Intensive influenza surveillance in humans, waterfowl, and
poultry has been put in place by the World Health Organization and the World
Organization for Animal Health (OIE) to provide prompt information about the
emergence of a novel influenza virus.

1918 Spanish influenza pandemic

In addition to being one of the most devastating epidemics in history, the 1918
influenza pandemic had several additional interesting aspects. Although it had the
same clinical manifestations as previous influenza outbreaks, with pathology
largely confined to the respiratory tract, a higher percentage of cases in 1918 de-
veloped severe, fatal pneumonia (Reid and Taubenberger, 2003). Moreover, the
1918 H1N1 virus more frequently caused severe disease and mortality in young
healthy adults between 20 and 40 years of age (Glezen, 1996; Luk et al., 2001;
Langford, 2002). Typical age-specific epidemic curves follow a U-shape pattern,
with peaks in mortality among infants and the elderly, age-specific mortality during
the 1918 pandemic displayed a W-shaped curve that reflected an additional peak of
mortality among young adults (Luk et al., 2001); this age group constituted almost
half of the influenza-associated deaths during the pandemic (Reid and Taubenberger,
2003). The cause of this distribution remains a mystery.

Taubenberger and colleagues amplified viral RNA from formalin-fixed, par-
affin-embedded lung tissue infected during the 1918 H1N1 pandemic from autopsy
samples from two American soldiers, and from the frozen lung tissue of an Inuit
woman who had died in the epidemic and was buried in the Alaskan permafrost
(Reid et al., 1999). The generation of complete gene sequence information allowed
detailed studies of each of the gene segments of the virus and led to the eventual
reconstruction of the entire virus (Tumpey et al., 2005). Using techniques to gen-
erate infectious viruses from cloned complementary DNA, reassortant viruses
possessing different combinations of the 1918 HA and NA genes in a background
of different human influenza viruses were generated to determine the contribution
of each gene to pathogenicity (Kobasa et al., 2004; Tumpey et al., 2005). It was
found that the 1918 HA protein, but not NA, enhanced the virulence of influenza A
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viruses in mice and that the polymerase genes contributed to the virulence of the
1918 virus (Tumpey et al., 2005). In addition, a separate study on the receptor-
binding specificity of the HA of two different strains of the 1918 virus showed that
a single amino acid substitution (D190E) in the HA protein could restrict the ability
of the HA from recognizing and binding both SAa2,6Gal and SAa2,3Gal to
binding only the SAa2,6Gal (Glaser et al., 2005), an evolutionary step that may
have facilitated its transmission in humans.

Phylogenetic analyses of the entire genome of the 1918 H1N1 virus suggest that
it most likely originated from an avian source (Taubenberger et al., 2005). This
indicates that, in the future, another avian influenza virus could acquire mutations
that would alter its host range and cause a pandemic in humans (Russell and
Webster, 2005). A survey of the amino acid changes between the 1918 virus and
available avian influenza virus consensus sequences identified 10 differences in the
polymerase genes that consistently distinguished the 1918 virus from its avian
counterparts, changes that may have contributed to its adaptation to humans
(Taubenberger et al., 2005). The predictive value of such analyses depends on the
breadth of the database of available avian and human influenza virus gene se-
quences and will be enhanced by expansion of the database. Monitoring changes in
key residues among circulating avian influenza viruses might provide an early
warning that these viruses are gradually adapting to humans.

The H1N1 virus that appeared in the human population in 1918 circulated in a
less virulent form until 1957, when it was replaced by the H2N2 pandemic virus
during the Asian influenza pandemic in 1957. H1N1 viruses reappeared in 1977 in
China (Kung et al., 1978) and Russia (Zakstelskaja et al., 1978; Zhdanov et al.,
1978) and spread throughout the world, infecting mainly children and young
adults, individuals in an age group that did not have prior natural immunity
against the virus. Individuals who were born before 1957 were not as often infected,
presumably because of the previous exposure of many of them to a similar strain
(Nakajima et al., 1978; Scholtissek et al., 1978b; Zakstelskaja et al., 1978; Zhdanov
et al., 1978).

The 1957 Asian and the 1968 Hong Kong influenza pandemics

Phylogenetic analyses of the viruses that caused the 1957 and 1968 pandemics
revealed that these strains were reassortants between avian influenza viruses and
previously circulating human influenza viruses (Scholtissek et al., 1978a; Kawaoka
et al., 1989). The 1957 H2N2 pandemic virus derived its H2 HA, N2 NA, and PB1
genes from an avian virus, with remaining gene segments derived from the circu-
lating H1N1 human influenza virus. The 1957 pandemic resulted in the death of
about 1 million individuals worldwide (Kawaoka et al., 1989), with excess mortality
largely confined to infants and the elderly.

In 1968, the H2N2 subtype was replaced by an H3N2 subtype reassortant virus
that derived its H3 HA and PB1 genes from an avian influenza virus and remaining
gene segments from the previously circulating H2N2 strain (Scholtissek et al.,
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1978a). The 1968 pandemic resulted in milder clinical symptoms and led to few
excess deaths except in the United States (Glezen, 1996). The relative mildness of
this pandemic has been attributed to the genetic similarity of the H3N2 virus to the
previously circulating viruses, particularly the conservation of the N2 NA from the
1957 H2N2 strain, which might have conferred partial protection to some indi-
viduals (Lipatov et al., 2004). Of interest, the PB1 genes for both pandemic viruses
were derived from an avian source, suggesting a high degree of compatibility be-
tween avian PB1 protein and the other polymerase subunits of human influenza A
viruses.

Today, influenza A H1N1 and H3N2 continue to co-circulate in humans
(Subbarao et al., 2006b) along with influenza B viruses. Co-circulation of two
subtypes of influenza A and two lineages of influenza B viruses in humans even-
tually led to the generation of reassortant virus strains, an influenza A H1N2
reassortant (Gregory et al., 2002; Xu et al., 2002) and an influenza B virus reas-
sortant that acquired its HA from the B/Victoria lineage and its NA from the
B/Yamagata lineage (Rota et al., 1990; Shaw et al., 2002).

Avian influenza

Avian influenza virus infections in poultry can cause a wide spectrum of clinical
symptoms ranging from asymptomatic infections, decreased egg-laying capacity,
depression, mild-to-severe respiratory disease, and high mortality.

These viruses are classified based on their lethality in chickens, as determined by
a standard intravenous pathogenicity test (USAHA, 1994). In this procedure, eight
4–6-week-old specific pathogen-free (SPF) chickens are inoculated intravenously
with a 1 : 10 dilution of the test virus and are observed for 10 days. Viruses are
categorized as highly pathogenic if they result in the death of six or more inoculated
chickens (Z75% mortality), mildly pathogenic if one to five chickens die, and
nonpathogenic if all chickens survive. HPAI viruses are confined to the H5 and H7
subtypes, although not all viruses of these subtypes cause HPAI.

Determinants of pathogenicity

Studies of reassortant viruses have shown that virulence is a multi-genic trait that is
not solely determined by the gene segments that have been substituted, but also by
the resulting gene constellation (Rott et al., 1979; Scholtissek et al., 1979). The
genes that have been identified as virulence determinants in naturally occurring and
laboratory-adapted influenza viruses are summarized in Table 1.

Transmission of avian influenza viruses to humans

The three prerequisites for an influenza virus pandemic are the emergence of a novel
viral subtype to which the general population has little or no immunity, a virus that
can replicate in humans and cause serious illness, and efficient human-to-human
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Table 1

Some virulence determinants of influenza viruses

Virus

protein

Virulence factor Comments References

HA Multiple basic

amino acids at the

HA cleavage site

� Known virulence motif in

poultry
� Contribution to virulence

in mammals is unknown

Bosch et al. (1981), Bosch

et al. (1979), Senne et al.

(1996), Steinhauer (1999)

Loss of

carbohydrate side

chain in the HA

stalk region

� HA cleavage site becomes

more accessible to host

proteases, enhancing HA

activation

Kawaoka et al. (1984)

Glycosylation

near the receptor-

binding site

� Carbohydrate side chain

enhances viral attachment

to cells, resulting in higher

rate of productive

infection

Perdue et al. (1994), Perdue

et al. (1995), Perdue and

Suarez (2000)

NA Presence of

carboxy-terminal

lysine and loss of

glycosylation at

amino acid 146

� NA gains ability to bind

and sequester

plasminogen, resulting in

increased cleavage of HA
� Has only been

demonstrated with A/

WSN/33 (H1N1)

Goto and Kawaoka (1998)

Deletion in the

stalk region

� Associated with decreased

ability of viral release

from cells and viral

attenuation in mice
� Correlation between stalk

length and better viral

replication in eggs
� Influence on avian

influenza infection in

humans is unknown

Castrucci and Kawaoka

(1993), Matrosovich et al.

(1999)

H274Y and

E119V mutations

� Associated with resistance

to oseltamivir

Gubareva et al. (2001),

Molla et al. (2002)

PB2 E627K mutation � Virulence appears to be

limited to mice where it

enhances viral replication

that tends to overwhelm

host immune responses

Hatta et al. (2001),

Subbarao et al. (1993)
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transmission of the virus (WHO, 2005). In the past few years, several novel influenza
subtypes (H5, H7, and H9) have been reported to infect humans. These infections
have generally occurred in people who were exposed to diseased poultry and the
viruses isolated from human cases were genetically identical to the viruses isolated
from infected poultry, demonstrating that direct transmission of influenza viruses
from avian species to humans can occur in the absence of reassortment. These lab-
oratory-confirmed cases of avian-to-human transmission have raised fears that one of
these viruses may become transmissible and thus, acquire pandemic potential that
have fulfilled the first two criteria for a pandemic virus.

H5 subtype viruses

In May 1997, an avian influenza A H5N1 virus (A/Hong Kong/156/97) was iso-
lated from a 3-year-old child in Hong Kong who subsequently died due to severe
pneumonia complicated by acute respiratory distress syndrome (ARDS), renal
failure, and Reye’s syndrome (Subbarao et al., 1998). Although no clear link was
established between the child and infected birds, there were reports of outbreaks of
fatal H5N1 avian influenza in poultry on farms in the northwestern part of Hong
Kong that occurred around the time of the child’s infection (Subbarao et al., 1998).
Six months later, 17 additional cases of human H5N1 infections were identified in
Hong Kong, five of which were fatal (Yuen et al., 1998). These cases occurred
concomitantly with an outbreak of H5N1 influenza virus infections among chick-
ens in poultry markets and on farms in Hong Kong. Sequence analysis of all gene
segments from the human and avian H5N1 isolates revealed >99% homology,
consistent with transmission from chickens to humans (Claas et al., 1998; Suarez
et al., 1998; Subbarao et al., 1998). The cases in humans and the discovery that several

Table 1 (continued )

Virus

protein

Virulence factor Comments References

NS1 Deletions in the C-

terminal region

� Associated with decreased

ability to prevent type I

IFN synthesis in pigs,

resulting in viral

attenuation

Solorzano et al. (2005)

D92E mutation � Associated with resistance

to the antiviral effects of

type I IFN and TNF-a,
resulting in disease

exacerbation in pigs

Seo et al. (2002)
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species of birds in the live bird markets were infected with the H5N1 virus
prompted intensified surveillance for avian influenza virus in poultry, the strict
regulation of the importation of live poultry from mainland China, and the mass
culling of about 1.5 million chickens in Hong Kong (Shortridge, 1999; Chan, 2002).
These strategies successfully ended the outbreak of human infection and may have
averted a pandemic.

Molecular and genetic characterization of the human H5N1 virus isolates con-
firmed that the viruses were of avian origin, with no evidence of genetic reassort-
ment with circulating human influenza A viruses (Claas et al., 1998; Subbarao et
al., 1998). By phylogenetic analysis, the virus source of the HA gene of the 1997
H5N1 virus was identified to be A/goose/Guangdong/1/96 (H5N1) (Xu et al.,
1999), a virus that continued to circulate in geese in southeastern China (Webster et
al., 2002), while the NA and the remaining internal protein gene segments were
derived from either A/teal/Hong Kong/W312/97 (H6N1) or A/quail/Hong Kong/
G1/97 (H9N2) (Guan et al., 1999; Lin et al., 2000). As a result of the killing of
poultry in Hong Kong for the purpose of influenza control, the 1997 H5N1 virus
was eradicated but the precursor viruses continued to circulate in the region (Guan
et al., 2000), giving rise to different genotypes that had high pathogenicity in
chickens (Guan et al., 2002). In 2002, some of these viruses acquired dramatic new
pathogenicity for ducks and other aquatic birds (Sturm-Ramirez et al., 2004), a
trait that is unusual for HPAI viruses. In 2003, three humans in a family of five
developed severe respiratory illness and two succumbed to their illness (Peiris et al.,
2004). The H5N1 virus that was isolated from two family members was genetically
and antigenically different from the H5N1 viruses isolated during the 1997 outbreak
in Hong Kong (Guan et al., 2004).

The outbreak of HPAI in poultry in several Asian countries that started in late
2003 is unprecedented in magnitude. Outbreaks caused by antigenically related
viruses were reported in Vietnam, Japan, Thailand, Cambodia, Laos, Indonesia,
China, and Malaysia, and HPAI H5N1 infections were eventually detected in more
than 40 countries in Asia, Europe, and Africa (OIE, 2006). While some countries
were able to efficiently contain the epidemic and have been declared virus-free, the
H5N1 virus is currently endemic in poultry in several countries (de Jong and Hien,
2006; Chen et al., 2006a).

Migratory birds appear to play a significant role in the spread of the H5N1
virus over great distances (Sturm-Ramirez et al., 2004); antigenic drift variants of
the earlier H5N1 strains that were isolated in 2002 in aquatic birds in Hong Kong
(Lipatov et al., 2004) were isolated in migrating geese in western China (Chen et al.,
2005). H5N1 viruses replicate in the intestinal tract and respiratory tract of ducks,
with higher viral titers isolated in the trachea than in the cloaca (Sturm-Ramirez
et al., 2005), and ducks shed virus for up to 17 days post-infection (Hulse-Post
et al., 2005).

Studies indicate that H5N1 viruses are gaining virulence and expanding their
host range. Increased virulence of H5N1 viruses has been noted in laboratory
animals including ferrets and mice, with some viruses disseminating to
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extrapulmonary sites, including the brain (Gao et al., 1999; Lu et al., 1999; Lipatov
et al., 2003; Govorkova et al., 2005; Maines et al., 2005). Lethal H5N1 infections
have been reported in unconventional hosts such as felids (tigers, leopards), and
domestic cats have been experimentally infected with H5N1 viruses (Keawcharoen
et al., 2004; Kuiken et al., 2004).

While the majority of the HPAI H5N1 outbreaks are confined to poultry,
reports of human H5N1 infections are rising. As of this writing (April 2006), there
have been more than 200 laboratory-confirmed cases of H5N1 infections reported
in humans and more than 100 have been fatal (WHO, 2006b). This figure is likely to
be an underestimate because it represents only laboratory-confirmed cases. Other
cases may have been missed due to lack of active surveillance and clinical awareness
(Hien et al., 2004). Laboratory confirmation usually consists of detection of in-
fluenza A H5N1 viral RNA by polymerase chain reaction (PCR), recognition of
influenza A H5N1 viral antigen by immunofluorescence or antigen-capture en-
zyme-linked immunosorbent assay (ELISA) (using monoclonal antibodies specific
to H5), virus isolation, or various serological methods (WHO, 2004).

A summary of the clinical characteristics of humans infected with the H5N1
virus is shown in Table 2. Most reported H5N1 infections have occurred in oth-
erwise healthy children or adults who had been exposed to infected poultry (Beigel
et al., 2005; Chotpitayasunondh et al., 2005). The median age of eight patients
hospitalized during the 1997 H5N1 outbreak in Hong Kong was 9.5 years (range
1–60) (Yuen et al., 1998; Chan, 2002).

Initial signs and symptoms of patients infected with avian influenza H5N1 virus
in Hong Kong were typical of severe human influenza, including fever (>381C),
cough, dyspnea, and pneumonia (Yuen et al., 1998; Beigel et al., 2005). Gastro-
intestinal symptoms, including vomiting, abdominal pain, and diarrhea, were
prominent in almost half of the patients. Abnormal liver function tests and pan-
cytopenia were also noted in some cases (Yuen et al., 1998), and X-rays in some
showed diffuse alveolar damage due to ARDS. Despite supportive therapy and
intensive care support, several patients died with multiple organ failure. Amanta-
dine was administered in a few cases, but its benefits could not be analyzed due to
the small number of patients in which it was used. Risk factors associated with
severe disease included delay in hospitalization, pneumonia, leukopenia, and
lymphopenia (Yuen et al., 1998).

The clinical illness in 10 patients in Vietnam (mean age 13.7 years, range 5–24
years) and in 12 cases in Thailand (median age 12 years, range 2–58 years) with
H5N1 infection in 2004 were similar to those in the 1997 H5N1 outbreak in Hong
Kong (Tran et al., 2004; Chotpitayasunondh et al., 2005). Many of the patients
reported close contact with poultry during the week before the onset of illness,
suggesting an incubation period of 2–4 days. H5N1 infection in these patients was
confirmed by virus culture or reverse transcription-PCR (RT-PCR) using H5 HA-
specific primers. All patients presented with fever, dyspnea, and cough. Chest
X-rays of patients in Vietnam were abnormal on admission, displaying extensive
bilateral infiltrates, lobar collapse, and focal consolidation (Tran et al., 2004).
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A large proportion (70%) of patients also had diarrhea (Tran et al., 2004).
Lymphopenia and thrombocytopenia were commonly observed among patients in
both Vietnam and Thailand and were recognized as major risk factors for ARDS
and death (Tran et al., 2004; Chotpitayasunondh et al., 2005). Six of the seven
patients in Vietnam and six of the eight patients in Thailand who were treated with
corticosteroids died, suggesting that corticosteroids may not be beneficial. The
administration of oseltamivir has been reported, but its use at different stages of
illness makes it difficult to assess its efficacy, although there appeared to be an
association between early administration of oseltamivir and survival in some
patients in Thailand (Chotpitayasunondh et al., 2005).

Elevated levels of pro-inflammatory cytokines (interleukin-6 and interferon-g)
and chemokines (interferon-inducible protein-10 [IP-10] and monocyte chemoat-
tractant protein-1 [MCP-1]) have been detected in the sera of several H5N1-
infected patients (To et al., 2001; Peiris et al., 2004). This suggests that an aggressive

Table 2

Clinical characteristics of confirmed avian influenza A (H5N1) cases in humans

Variable Hong Kong, 1997

(n ¼ 18)

Thailand, 2004

(n ¼ 12)

Vietnam, 2004

(n ¼ 10)

Male sex—no. (%) 8 (44) 8 (67) 6 (60)

Age (year)

Median 9.5 12 13.7 (mean)

Range 1–60 2–58 5–24

No. (%) exposed to ill

poultry

11/16 (70) 7/12 (58) 8/9 (89)

Clinical symptoms [no. (%)]

Fever 17/18 (94) 12/12 (100) 10/10 (100)

Cough 12/18 (67) 12/12 (100) 10/10 (100)

Dyspnea 11/18 (61) 12/12 (100) 10/10 (100)

Myalgia 2/18 (11) 5/12 (42) 0/10 (0)

Diarrhea 3/18 (17) 5/12 (42) 7/10 (70)

Conjunctivitis NRa 0/12 (0) 0/10 (0)

Abdominal pain 3/18 (17) 2/12 (17) NR

Rhinorrhea 7/12 (58) 4/12 (33) 0/10 (0)

Lymphopenia

Laboratory findings [no. (%)] 11/18 (61) 7/12 (58) 10/10 (100)

Elevated serum

aminotransferase levels

11/18 (61) 8/12 (67) 5/6 (83)

Outcome [no. (%)]

Mortality 6/18 (33) 8/12 (67) 8/10 (80)

Note: Hong Kong, 1997: (Chan, 2002; Yuen et al., 1998), Thailand, 2004: (Beigel et al., 2005;

Chotpitayasunondh et al., 2005), Vietnam, 2004: (Tran et al., 2004)
aNR—not reported.
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cytokine response against the H5N1 virus might exacerbate virus-mediated
pathology.

Although several deaths have occurred as a result of H5N1 infection, few
autopsies have been conducted to investigate the pathology caused by H5N1 vi-
ruses. Post-mortem examination of two fatal cases caused by the 1997 H5N1 virus
identified hemophagocytosis as the most prominent feature, along with diffuse
alveolar damage with interstitial fibrosis, extensive hepatic central lobular necrosis,
acute renal tubular necrosis, and lymphoid depletion (To et al., 2001). An autopsy
conducted on an H5N1 virus-infected 6-year-old boy who died during an outbreak
in Thailand found viral RNA by RT-PCR in the lung, intestine, and spleen tissues,
but found viral replication only in the lung and intestine (Uiprasertkul et al., 2005).
The presence of the H5N1 virus in the intestine may explain the diarrhea seen
among patients upon admission. There is one report of H5N1 virus dissemination
to the central nervous system in a 4-year-old boy who presented with severe di-
arrhea and acute encephalitis but without respiratory symptoms typically associ-
ated with influenza; H5N1 virus was isolated from his cerebrospinal fluid, fecal,
throat, and blood specimens (de Jong et al., 2005). This case suggests that disease
surveillance of H5N1 influenza may need to focus on clusters of death of unknown
etiology or with other symptoms than those of classical influenza (de Jong et al.,
2005a).

A minority of H5N1 infections have resulted in milder symptoms and a few
individuals with no history of clinical illness have been found to have antibodies to
the H5N1 virus. A seroepidemiological survey of 1525 poultry workers who par-
ticipated in the poultry culling during the 1997 H5N1 outbreak in Hong Kong
revealed that approximately 10% had anti-H5 antibody; there were no documented
cases of H5-related illness in this group (Bridges et al., 2002). While the vast
majority of H5N1 infections have occurred as a result of poultry-to-human trans-
mission, human-to-human transmission has been documented on a few occasions
but is inefficient (Table 3). Human-to-human transmission of the H5N1 virus was
suspected in a family cluster in Thailand, in which the child’s aunt as well as the
child’s mother who provided unprotected nursing care to her infected daughter,
apparently developed pneumonia (Ungchusak et al., 2005). However, related
seroprevalence studies of health care workers in Vietnam and Thailand in 2004 did
not detect any antibodies to H5 viruses (Apisarnthanarak et al., 2005; Liem and
Lim, 2005).

H9 subtype viruses

Surveillance for influenza viruses in live bird markets during the H5N1 outbreak in
November and December 1997 in Hong Kong identified the presence of other
influenza subtypes in addition to H5N1, with H9N2 being one of the most common
(Guan et al., 1999). However, infection of chickens with H9N2 viruses was not
associated with severe morbidity or mortality (Lin et al., 2000). H9N2 viruses have
been sporadically isolated in humans since 1999, including five patients with
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Table 3

Serologic studies of H5N1 avian influenza infection among patient contacts

Year Country Group Detection method No. tested No. positive or

percent

Remarks Reference

1997 Hong Kong,

China

Poultry

workers

Microneutralization

assay, Western blot

1525 �10% Mostly asymptomatic

infections

Bridges et al. (2002)

1997 Hong Kong,

China

Household

contacts

Microneutralization

assay, ELISA, Western

blot

51 6 (12%) 5 of 6 individuals also

had exposure to

poultry

Katz et al. (1999)

1997 Hong Kong,

China

Health care

workers

Microneutralization

assay, Western blot

217 8 (4%) Exposed to H5N1-

infected patients; 2

cases of

seroconversion

Buxton Bridges et al.

(2000)

2004 Vietnam Health care

workers

Microneutralization

assay

83 0 No anti-H5 detected Liem and Lim (2005)

2004 Thailand Health care

workers

Clinical presentation 25 0 Index case had an

atypical presentation

of influenza virus

infection

Apisarnthanarak et al.

(2005)
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influenza-like illness in Guangdong province, China, in 1999 (Guo et al., 1999), two
girls with mild influenza symptoms in Hong Kong in March 1999 (Peiris et al.,
1999), and a child with influenza-like illness in Hong Kong in 2003 (Butt et al.,
2005). Thus, it appears that this subtype can infect humans. There are multiple co-
circulating genotypes of the H9N2 influenza viruses (Li et al., 2003). The H5N1
viruses isolated from humans and poultry during the outbreak in Hong Kong in
1997 were reassortants that obtained their internal gene segments from an avian
H9N2 virus (A/quail/Hong Kong/G1/97) or an H6N1 virus (A/teal/Hong Kong/
W312/97) (Guan et al., 1999; Guan et al., 2000; Lin et al., 2000). Some H9N2
viruses isolated in pigs in southern China displayed affinity for the SAa2,6Gal
moiety found abundantly in human epithelial cells (Matrosovich et al., 2001; Peiris
et al., 2001). No new human cases of H9N2 infections have been reported since
2003, and all the reported illnesses associated with these viruses were mild and
self-limited.

H7 subtype viruses

Isolated human infections with H7 viruses, acquired from birds and seals, resulted
in asymptomatic infections, conjunctivitis, and/or influenza-like illnesses (Webster
et al., 1981; Kurtz et al., 1996; Fouchier et al., 2004; Koopmans et al., 2004; Tweed
et al., 2004; Puzelli et al., 2005). There have been several large-scale outbreaks of
H7 infections in poultry in Italy (H7N1, H7N3), the Netherlands (H7N7), and
Canada (H7N3). Agricultural workers and veterinarians were exposed to large
numbers of infected birds during these outbreaks and careful study of them has led
to the identification of several H7 infections. Seven of 185 (3.8%) poultry workers
in Italy were found to have H7 antibodies during an H7N3 low-pathogenic avian
influenza outbreak in 2002–2003; one worker developed conjunctivitis while the
rest were asymptomatic (Puzelli et al., 2005). An H7N7 outbreak in poultry in the
Netherlands resulted in extensive transmission of the virus to individuals involved
in farming or culling of infected fowl (Koopmans et al., 2004); 83 of 89 cases had
conjunctivitis while the remaining six patients had influenza-like illnesses. A vet-
erinarian developed pneumonia and later died of ARDS (Fouchier et al., 2004;
Koopmans et al., 2004); this patient initially complained of fever and headache 4
days after visiting a poultry farm and initially had no signs of respiratory disease or
conjunctivitis. Throat and eye swabs collected 7 days after exposure were negative
by RT-PCR. However, he was admitted to the hospital 2 days later where inter-
stitial opacities were seen in the right lower lobe of the lung on X-ray. He developed
bilateral pneumonia and died of respiratory insufficiency 6 days after admission
(Fouchier et al., 2004). H7 RNA was detected by real-time PCR in a broncho-
alveolar lavage specimen collected 11 days after exposure and the H7 virus [A/
Netherlands/219/03 (H7N7)] was isolated from post-mortem specimens of the right
and left lung. Significant lesions were not observed by gross or histologic exam-
ination in organs outside the respiratory tract (Fouchier et al., 2004).
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There was some evidence of human-to-human transmission of the H7 virus
during the outbreak in the Netherlands. Serological survey among family members
of infected poultry workers detected that 59% had H7 antibodies (Du Ry van Beest
Holle et al., 2005). In 2004, an H7N3 virus outbreak in poultry in British Colum-
bia, Canada, resulted in the infection of two poultry workers who presented with
conjunctivitis and mild respiratory symptoms (Tweed et al., 2004).

These reports indicate that conjunctivitis is an important feature of H7 influ-
enza virus infection in humans, unlike infections with H5N1 viruses. It is possible
that the conjunctiva may be a significant portal of entry for H7 viruses.

Other subtypes

Influenza A viruses of the H6 subtype have been consistently isolated from poultry
in live bird markets in the United States (Panigrahy et al., 2002; Webby et al.,
2003). The internal protein genes of H6N1 viruses isolated in Hong Kong in 1997
are genetically identical to those of 1997 H5N1 and H9N2 viruses (Hoffmann et al.,
2000; Chin et al., 2002). As stated above, H5N1 viruses isolated from humans and
poultry in Hong Kong in 1997 were reassortants that obtained their internal gene
segments in some cases from an H6N1 virus (A/teal/Hong Kong/W312/97) (Guan
et al., 1999, 2000; Lin et al., 2000). If the ability to infect humans lies in one or more
of these internal protein genes, H6N1 viruses could also cross the species barrier
and infect humans.

The H10 subtype has been associated with a severe avian influenza outbreak in
turkeys (H10N7) (Karunakaran et al., 1983) and can be pathogenic to minks
(H10N4) (Englund and Hard af Segerstad, 1998). There are reports of H10N7 virus
transmission to two human infants in Egypt in 2004 (Anonymous, 2004).

The H2 subtype responsible for the 1957 pandemic continues to circulate in
wild ducks (Makarova et al., 1999). This virus has clearly demonstrated the ability
to infect humans. Should it reemerge, individuals born after 1968 will lack immu-
nity against this subtype because they were born after H2N2 viruses ceased to
circulate in humans.

Prevention and treatment of influenza

Antiviral prevention and treatment of influenza virus infections

Two classes of antiviral drugs are licensed for the prevention and treatment of
influenza in humans. These are the M2 ion channel inhibitors, amantadine and
rimantadine, and the NA inhibitors, oseltamivir and zanamivir. The discussion in
this section refers mainly to recommendations for use of antivirals in prevention
and treatment of human influenza virus infections. The limited experience in treat-
ing avian influenza virus infections in humans is also addressed.

In a typical influenza epidemic, treatment with antiviral drugs can offer a sig-
nificant benefit to individuals such as the elderly and those with chronic underlying
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diseases, who are at risk for developing severe illness or complications of influenza
(Stiver, 2003). Epidemiological modeling suggests that in the event of a pandemic,
the early use of antivirals for prophylaxis could have a marked impact in limiting its
spread (Longini et al., 2004).

Effective antiviral treatment for pandemic influenza should have efficacy
against avian strains, limited development of resistance, ability to be stockpiled in
large quantities, and ability to be used to treat patients with severe influenza
symptoms (Kandel and Hartshorn, 2005). Based on these features, the NA inhibitors
are preferred over the adamantanes.

However, M2 ion channel inhibitors are effective for prophylaxis of influenza.
In a recent comprehensive review of the efficacy of antiviral drugs in preventing
influenza in healthy adults, Jefferson and colleagues determined that amantadine
significantly prevented 61% of influenza A cases and 25% cases of influenza-like
illnesses (Jefferson et al., 2006). Amantadine and rimantadine are also useful in
treatment, as they significantly shorten the duration of fever, although neither drug
has any effect on nasal viral shedding or persistence of influenza A viruses in the
upper respiratory tract (Jefferson et al., 2006).

A major concern regarding the use of the M2 ion channel inhibitors is the
rapid development of resistance against these drugs. Resistance can occur in up to
30% of individuals within 5 days of treatment (Belshe et al., 1988; Hayden and
Hay, 1992; Stiver, 2003) and drug-resistant strains can be transmitted to contacts
(Hayden et al., 1989). Furthermore, some H5N1 viruses isolated from birds and
human patients have displayed resistance to amantadine due to a fixed mutation
in their M2 gene (Li et al., 2004; Puthavathana et al., 2005). M2 ion channel
inhibitors can also have unpleasant side effects, including CNS stimulation
characterized by jitteriness, confusion, anxiety, nightmares, and hallucinations
(Keyser et al., 2000).

On the other hand, administration of the NA inhibitors zanamivir or os-
eltamivir once daily for 4–6 weeks is effective and well tolerated in preventing
influenza infection in healthy adults (Hayden et al., 1999; Monto et al., 1999). NA
inhibitors can reduce viral shedding and shorten the duration of symptoms when
administered within 48 h of disease onset (Hayden et al., 1997; Englund, 2002).
Early treatment of human influenza virus infection with oseltamivir provides clin-
ical benefit, but there is no evidence of benefit when treatment is initiated more than
48 h after the onset of symptoms (Chotpitayasunondh et al., 2005; Wong and Yuen,
2006). Both oseltamivir and zanamivir are effective in preventing death following
infection with H5N1 viruses in animal models (Gubareva et al., 1998; Leneva et al.,
2001), although more recently isolated H5N1 strains tend to require higher doses of
oseltamivir and prolonged administration to achieve similar efficacy (Yen et al.,
2005; Wong and Yuen, 2006). During the H7N7 avian influenza outbreak in the
Netherlands in 2003, immediate treatment with oseltamivir was recommended for
individuals with recent onset of conjunctivitis and for all personnel in bird culling
operations (a daily prophylactic regimen of oseltamivir [75mg/day] to be continued
2 days after the last exposure) (Koopmans et al., 2004).
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Currently, the WHO recommendation for influenza prophylaxis is that adults
with household exposure to H5N1 influenza infections be given 75mg of os-
eltamivir/day for 7–10 days from the last day of a potentially infective exposure.
Continuous treatment may be required for individuals with repeated or prolonged
exposure such as health care workers and poultry workers involved in bird culling
operations (WHO, 2006a).

The optimum dosage of oseltamivir for treating H5N1 virus-infected patients is
unknown; ill patients might benefit from a longer duration of therapy (up to 10
days) or higher doses (�300mg/day), but clinical studies of these have not been
conducted (WHO, 2006a). Some NA inhibitor-resistant strains of H5N1 have been
reported (Le et al., 2005; de Jong et al., 2005b), but they are still uncommon. NA
inhibitors have few side effects; these include mild nausea and vomiting with os-
eltamivir (Treanor et al., 2000) and possible exacerbation of bronchospasm among
individuals with asthma after using zanamivir (which is inhaled) (Moscona, 2005).

Vaccines

Immunization is the cornerstone of influenza prophylaxis and is considered to be
the most cost-effective strategy of preventing its spread in the community. The two
types of licensed vaccines against human influenza viruses are formalin-inactivated
(whole or split) virus vaccines and live-attenuated influenza virus vaccines. Both
types of vaccines are trivalent and contain influenza A/H1N1, A/H3N2 and B
components to protect against circulating strains of human influenza viruses. Un-
like vaccines for other infectious pathogens, vaccines for influenza need to be
reformulated annually to keep up with antigenic drift of influenza A and B viruses.
New variants with epidemic potential are identified through the global surveillance
conducted by the WHO network of laboratories (Cox et al., 1994; Subbarao and
Katz, 2004). The antigenicity of these viruses’ HA proteins are evaluated and the
nucleotide sequences are of the genes also determined.

Inactivated virus vaccines

Inactivated virus vaccines are generated by propagation of the virus in embryon-
ated hen’s eggs and are manufactured as whole virion vaccines, split-product vac-
cines, and subunit vaccines. Split-product vaccines are whole virus particles that
have been treated with detergents to remove the virus’ lipid component. Subunit
vaccines contain highly purified HA and NA proteins.

Live-attenuated influenza vaccines

Attenuated, cold-adapted (ca) vaccine viruses have HA and NA proteins from a
wild-type virus, while the six internal gene segments from an attenuated master
strain whose genes confer the temperature-sensitive (ts), ca, and attenuation phe-
notypes. Influenza A (A/Ann Arbor/6/60) and B (B/Ann Arbor/1/66) master donor
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ca strains are used to generate live-attenuated influenza virus vaccines in the United
States. Comparison of the nucleotide sequence of cloned ca donor strains with
those of the wild-type viruses have led to the identification of mutations in several
gene segments that are associated with the ca, ts, and attenuation phenotypes
(Herlocher et al., 1996; Jin et al., 2003; Chen et al., 2006b) and this polygenic nature
of attenuation may be responsible for the high degree of stability exhibited by
ca reassortant vaccine strains (Murphy and Coelingh, 2002).

Advantages of live, attenuated influenza virus vaccine over the inactivated
vaccine include the ability of the live-attenuated vaccine to induce a mucosal IgA
antibody response and to stimulate CD8+ T-cell-mediated immune responses that
play a role in viral clearance and recovery (Murphy and Clements, 1989). Live-
attenuated influenza virus vaccine is delivered intranasally using a syringe-like
spraying device that delivers a 0.25-ml volume of a large particle aerosol into each
nostril (Belshe et al., 2004); the attenuated vaccine virus replicates to a limited
extent in the upper respiratory tract, inducing both a secretory and a systemic
immune response that closely resemble the response induced by natural infection
(Subbarao and Katz, 2004).

Live-attenuated influenza virus vaccine is well-tolerated, although it is associ-
ated with runny nose or sore throat in some individuals (Mendelman et al., 2001).
Perhaps one of the greatest advantages of the live-attenuated vaccine is its ability to
induce broader cross-protection against antigenically drifted strains, in addition
to eliciting protection against homologous influenza strains (Belshe et al., 2000;
Mendelman et al., 2004).

Pandemic vaccines

The development of vaccines against a newly emerged pandemic influenza strain is
hampered by the considerable lag time that is required before an appropriate vac-
cine can be generated after the infections with the new strain begin, estimated to be
at least 6 months (Kandel and Hartshorn, 2005). Reliance on the use of embryon-
ated eggs for vaccine virus production is also a concern. In addition to the challenge
of a limited egg supply, most of the virulent H5 and H7 subtypes are highly
pathogenic in chickens and are thus lethal for chick embryos as well, so they often
cannot be propagated efficiently in eggs. Due to their high pathogenicity, handling
of the wild-type viruses requires a biosafety level-3 containment that also impacts
the pace of vaccine development.

Several strategies have been explored in attempts to overcome these obstacles,
mostly applied to the development of vaccines against the H5N1 virus. These
include the use of a nonpathogenic isolate that is antigenically related to circulating
strains (Nicholson et al., 2001), the use of baculovirus-expressed recombinant HA
protein (Treanor et al., 2001), and the production of attenuated seed viruses with
an H5 HA modified by means of reverse genetics (Subbarao et al., 2003; Webby
et al., 2004). Most of the studies employing inactivated vaccines against H9N2 and
H5 subtypes of avian influenza virus have found that these vaccines are poorly

The Pandemic Threat of Avian Influenza Viruses 117



immunogenic and that two doses of vaccine will be required to immunize a naı̈ve
population. The use of adjuvants may enhance the immunogenicity of the vaccine
(Nicholson et al., 2001; Treanor et al., 2001; Hehme et al., 2002; Stephenson et al.,
2003a,b, 2005). It should be noted that natural or experimental infections with the
H5N1 virus yield a poor hemagglutination inhibition antibody response, and the
immunogenicity of the vaccines are evaluated using neutralization tests for H5-
specific antibodies (Katz et al., 1999).

These observations highlight critical gaps in our current knowledge about avian
influenza viruses. Further structural studies of the H5 HA protein need to be
undertaken to help understand the biological basis for its poor immunogenicity.
There is also a pressing need to identify the correlates of protection in avian
influenza infections.

Live-attenuated vaccines against potential pandemic strains of influenza are
also being actively developed, with the goal of determining whether vaccines that
possess the HA and the NA gene segments of the wild-type (potentially pandemic)
virus, placed in the A/Ann Arbor/6/60 ca backbone, will be safe and immunogenic
in humans (Luke and Subbarao, 2006). The experience gained from this research
can be used to direct vaccine development efforts in case that seed virus happens to
be antigenically mismatched with the actual pandemic virus (Luke and Subbarao,
2006).

If the behavior of the 1918 pandemic is any indication, it will be difficult to
predict which segment of the population will be most vulnerable to the next pan-
demic strain, making planning to target certain groups for vaccination a challenge
(Luke and Subbarao, 2006). With a limited supply of vaccine generated during the
early phase of a pandemic, one of the primary goals will center on stimulating a
protective immune response in the target population using the least amount of
antigen (Monto, 2006). To this end, alternative ways of improving the immuno-
genicity of vaccines should be explored such as varying the routes of vaccine ad-
ministration, determining the efficacy of known and novel adjuvants, and
evaluating the feasibility of pre-emptive vaccination with a vaccine of the same
subtype even if it does not match the strain that eventually emerges as pandemic
strain to prime the population for an antibody response to a novel HA (Subbarao
et al., 2006a). The pandemic vaccine must be able to prevent mortality and severe
morbidity, which will require the development of vaccines that elicit sufficient titers
of systemic antibodies to limit virus replication in the lower respiratory tract and
thereby to prevent pneumonia and its complications (Subbarao et al., 2006a).

To circumvent some of the difficulties associated with traditional vaccine pro-
duction, alternative technologies are being investigated. One of these is to use
adenovirus-based vaccines that do not need to be grown on embryonated eggs and
can replicate to high titers in standard cell lines. Vaccines containing the full-length
H5 HA of either A/HK/156/1997 (Hoelscher et al., 2006) or A/Vietnam/1203/2004
viruses (Gao et al., 2006), expressed in a replication-defective, recombinant human
adenovirus vector, have been reported to be immunogenic in mice and protected
mice from lethal challenge against homologous and heterologous H5N1 viruses.
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These studies demonstrated that the vaccines induced broad cross-protection even
in the absence of adjuvants.

Control of avian influenza in poultry

Methods to limit H5N1 virus infections in poultry, thereby minimizing the risk of
transmission to humans, have included increased viral and disease surveillance,
strict quarantine measures, and restriction of movement of animals and equipment
used to care for them (Swayne, 2003). In developed countries, the disease is often
controlled by killing potentially infected flocks, although the severe economic im-
pact of this strategy precludes its use in developing countries may discourage. In
many instances, vaccination of poultry is also included as a control measure;
however, vaccination can result in restrictions on the marketing and importation of
poultry and related products because it is difficult to differentiate vaccinated poul-
try from infected poultry (Capua et al., 2003). Methods are being developed to
distinguish infected from vaccinated poultry, and this is making veterinary
vaccination an attractive option (Halvorson, 2002).

A number of methods for differentiation of infected from vaccinated animals
(DIVA) have been employed, with varying degrees of success (Suarez, 2005). These
include the introduction of unvaccinated sentinels in vaccinated flocks to detect
exposure to avian influenza; the use of recombinant virus-vectored subunit HA
vaccines, after which vaccinated poultry will only have antibodies to HA and
infected poultry will have antibodies to other viral proteins as well; the admin-
istration of an HA vaccine with a different NA subtype, so antibodies to NA will
reveal whether a bird was infected or vaccinated (but protective antibodies directed
against the HA will still be elicited by the vaccine), or the use of tests to detect
anti-NS1 antibodies (which should only be detected in infected poultry).

Ideally, a vaccine for controlling HPAI in poultry must be able to reduce or
prevent clinical disease, reduce or eliminate virus shedding to prevent its spread to
uninfected poultry, and create sufficient immunity to raise the threshold of viral
load required for infectivity (Suarez, 2005). The resulting reduction in the prev-
alence of influenza virus in the environment may also lower the likelihood of an
epidemic arising from low pathogenic avian influenza H5 and H7 viruses (Capua
et al., 2004). Inactivated oil emulsion vaccines and recombinant fowlpox virus
vaccines expressing the H7 and H5 HAs have been widely used to control these
infections in poultry. It appears that vaccination of poultry reduces infectiousness
of infected chickens as well as the susceptibility of uninfected chickens (van der
Goot et al., 2005). The efficacy of veterinary vaccination and its average cost of
$0.025–0.05 prohibitively expansive for a poultry vaccine, suggest it may be a cost-
effective alternative to the large-scale killing of poultry and will ultimately reduce
human exposure to the virus as well. Concerns about the possible antigenic drift in
avian influenza viruses driven by vaccination (Lee et al., 2004) can be monitored by
intensified viral surveillance and periodic updating of the vaccine composition.
Preparation for pandemic influenza will require a multi-pronged approach and
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vaccination of poultry against avian influenza appears to be an important com-
ponent of such a program.
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Introduction

West Nile virus (WNV) is a flavivirus (genus Flavivirus, family Flaviviridae) in the
Japanese encephalitis (JE) antigenic complex of viruses (Calisher, 1988). The JE
antigenic complex includes arboviruses found throughout Africa, Asia, Australia,
Europe, and the Americas. These viruses are predominantly pathogens of nonhuman
animals, but JE virus, Murray Valley encephalitis virus, St. Louis encephalitis virus
(SLEV), and WNV also cause neurologic disease in humans. WNV was first isolated
from the blood of a febrile patient in the West Nile district of northern Uganda in
1937 during research on yellow fever (Smithburn et al., 1940). Since then, not only
has our understanding of the virus and its geography, transmission, and clinical
aspects of infection changed, but also the virus, its geography, transmission, and
clinical aspects have changed. The possibility of change in the spectrum of human
disease caused by WNV is difficult to assess due to the differences in clinical tools and
the changes in geography, and therefore populations affected, that have occurred.

The virus

WNV is a spherical virus of 45–50 nm diameter. Its positive-sense, single-stranded
RNA is 11,000–12,000 nucleotides long, encoding 7 nonstructural (NS1, NS2a,
NS2b, NS3, NS4a, NS4b, and NS5) and 3 structural (core protein C, envelope E,
and pre-membrane prM) proteins (Fig. 1) (Petersen and Roehrig, 2001). The RNA
is enclosed in an icosahedral nucleocapsid made of 12 kDa capsid protein building
blocks (Petersen and Roehrig, 2001). In turn, the capsid lies within a host-derived
membrane envelope altered by two viral membrane glycoproteins, E, and prM
(Fig. 2). WNV seasonally causes inapparent infection, a febrile syndrome called
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West Nile fever (WNF), or neuroinvasive disease, at a ratio of approximately 110
asymptomatic infections and 30 WNF cases for each neuroinvasive infection (Tsai
et al., 1998; CDC, 2001; Mostashari et al., 2001).

Based on the E-glycoprotein, phylogenetic lineages have been determined for
WNV isolates collected worldwide from diagnostic specimens, outbreak investiga-
tions, and ecologic studies (Fig. 3) (Lanciotti et al., 1999; Murgue et al., 2001b).
Based on these lineages, the original emergence of WNV as a distinct flavivirus is
calculated to have occurred approximately 1000 years ago (Galli et al., 2004).
Subsequently, two WNV lineages developed. Lineage 1 is responsible for epidemic
WNV transmission both within and outside of Africa and includes the Kunjin virus
subtype of Australiasia. Lineage 2 has been associated with enzootic cycles in
Africa. Both lineages may be found in some African countries. In addition, WNV
strains of multiple phylogenetic profiles within lineage 1 have been isolated in many
countries (Hammam and Price, 1966; Deardorff et al., 2006).
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Fig. 1 Genomic structure of WNV, showing 3 structural proteins, C-capsid, M-membrane, and E-

envelope; and 7 nonstructural proteins (Petersen and Roehrig, 2001). (For colour version: see Colour

Section on page 349).
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Fig. 2 Flavivirus virion diagram. The single stranded RNA is enclosed in the nucleocapsid, which in

turn is surrounded by an envelope containing E-glycoproteins (E) and integral membrane proteins (M)

(Petersen and Roehrig, 2001). (For colour version: see Colour Section on page 350).
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The 1999 emergence of WNV disease in the United States (US) involved a
strain related to a lineage 1 strain previously found in a goose in Israel in 1998
(Lanciotti et al., 1999). In the US, WNV has caused larger epidemics than seen
previously, occurring across a larger area (O’Leary et al., 2004). Large-scale eval-
uations of North American WNV strains (Davis et al., 2005) also have identified a
less virulent strain, found in Mexico (Davis et al., 2004; Deardorff et al., 2006). Of
possibly greater importance is the emergence of a WNV strain that appears to have
increased infectivity for mosquitoes (Ebel et al., 2004).

Geography

Historical aspects of the virus distribution

WNV was first found in Uganda in 1937 (Smithburn et al., 1940) and was subse-
quently found in other African and Asian countries (Smithburn, 1942, 1953; Smith-
burn et al., 1954). Antibody studies led to an understanding of the geographic range of
WNV and sometimes provided isolates of WNV from only mildly symptomatic per-
sons (Smithburn et al., 1940; Melnick et al., 1951). Outbreak investigations also yielded
geographic, virologic, and clinical information (Bernkopf et al., 1953). Large regional
follow-up serosurveys in central Africa, begun in 1939, found anti-WNV seropositivity
rates of 1.4% (in part of the Belgian Congo) to 46.4% (in the White Nile area of
Sudan). In Egypt in 1950, greater than 90% of those studied who were over 40 years of
age had antibodies to WNV (Melnick et al., 1951). Ecologic studies expanded both the
known geographic range and led to an increased understanding of the ecologic niche of
WNV (Work et al., 1955; Hurlbut et al., 1956). Molecular studies showed Kunjin virus
to be a part of the WNV lineage 1 (Lanciotti et al., 1999). Through these and similar
studies, WNV was found to be widespread in Africa, southern Europe, Australia, and
southwest Asia (Solomon and Mallewa, 2001; Campbell et al., 2002).

WNV was not detected in the Western hemisphere until 1999, when an appar-
ent outbreak of disease due to SLEV in the greater New York City area was noted
to have clinical features in humans and birds that were unusual for SLEV (CDC,
1999). Since reaching the Western hemisphere, WNV has spread to all of the
contiguous US states, Canada, Mexico (Blitvich et al., 2003; Lorono-Pino et al.,
2003), the Caribbean (Dupuis et al., 2003, 2005), and South and Central America
(Davis et al., 2005) (Fig. 4). Although the method of spread of WNV to the US is
unclear (Calisher, 2000), it is clear that the US strains are closely related to WNV
found in Israel, and that the virus found in the US and Israel have high avian
virulence in common (Petersen and Roehrig, 2001).

Current distribution of WNV

Although evidence of WNV infections initially came from predominantly rural
areas (Smithburn et al., 1940; Smithburn and Jacobs, 1942; Melnick et al., 1951;
Olejnik, 1952; Bernkopf et al., 1953; Dick, 1953; Smithburn, 1953; Goldblum et al.,
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1954; Smithburn et al., 1954; Radt, 1955; Weinbren, 1955), recent outbreaks have
included metropolitan areas of Canada, France, Romania, Russia, and the US,
with large numbers of people infected because of the population densities in the
cities (Campbell et al., 2001; Lopez, 2002; Mirza et al., 2003; Del Giudice et al.,
2004; Fedorova et al., 2004; Watson et al., 2004; Feki et al., 2005; Gingrich and
Williams, 2005; Mandalakas et al., 2005; Palmisano et al., 2005; Shaman et al.,
2005; Shcherbakova et al., 2005; Willis, 2005; Wilson et al., 2005). In the Eastern
hemisphere, it is unclear whether urban outbreaks reflect a change in the viral
ecology, or an improvement in diagnosis. The 1996 outbreak in Romania was
associated with substandard housing (Han et al., 1999; Campbell et al., 2001).
Many areas, such as Algeria, Israel, Italy, and Morocco, continue to have rural
WNV outbreaks, suggesting that any changes in the epidemiology of WNV in
urban areas are not due to changes in the virus itself (Chastel et al., 1995; Murgue
et al., 2001a; Green et al., 2005; Schuffenecker et al., 2005). In 2003, it was found
that lineage 2, previously only seen in Africa, emerged in Hungary (Bakonyi et al.,
2006) in an enzootic cycle.

Transmission

Historical aspects of the ecology

Enzootic, and ultimately, epidemic transmission of WNV depend on a bird–mos-
quito–bird pattern of transmission. After early recognition that mosquitoes are

Fig. 4 Approximate global distribution of West Nile virus. (For colour version: see Colour Section on

page 350).
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WNV vectors (Philip and Smadel, 1943; Kitaoka, 1950; Goldwasser and Davies,
1953), ecologic studies of WNV in Egypt revealed the enzootic cycle involving
mosquito vectors and bird amplifying hosts, and the occurrence of dead-end in-
fections in humans and horses (Work et al., 1953; Work et al., 1955).

Not all mosquito species are equally likely to transmit WNV. Mosquitoes
commonly found to be infected with WNV include largely ornithophilic species in
the genus Culex (Taylor et al., 1953; Davies and Yoshpe-Purer, 1954; Tahori et al.,
1955; Hurlbut, 1956) as well as largely mammalophilic species in the genus Aedes

(Philip and Smadel, 1943; Kitaoka, 1950; Turell et al., 2005). Only amplifying
hosts, such as birds, develop sufficient viremia for transmission of WNV to feeding
mosquitoes. Following an ‘‘extrinsic’’ incubation period, the mosquito can infect
birds that it feeds on (Hurlbut, 1956). In contrast, if an infected mosquito feeds on
an animal not capable of developing high-titer WNV viremia, the virus will be
unable to infect a subsequently feeding mosquito, resulting in infections of dead-
end hosts such as humans (Taylor et al., 1953; Work et al., 1953, 1955; Hurlbut,
1956). Some ticks are capable of becoming infected and transmitting WNV, but are
apparently not an important part of the ecology of WNV (Hurlbut, 1956).

Historically, the only known modes of WNV transmission to humans were
mosquito-borne, which accounted for the vast majority of infections, and labo-
ratory-acquired, which accounted for a few infections, mainly thought to have been
spread by the airborne route (Smithburn et al., 1940; Hamilton and Taylor, 1954;
Nir, 1959). Therefore, avoidance of mosquitoes has been the mainstay for pre-
venting human WNV disease (Philip and Smadel, 1943).

Modern aspects of ecology

More recently, as WNV has spread to new geographic areas with previously un-
affected birds and different mosquito vectors, our understanding of WNV ecology
has expanded. Mosquito species transmitting WNV vary by region (Bell et al.,
2005; Gingrich and Williams, 2005; Godsey Jr, 2005). For example, in the US, Cx.

pipiens, Cx. tarsalis, and Cx. quinquefasciatus are each important regional WNV
vectors. Cx. pipiens predominates in the East, Cx. tarsalis in the Midwest and West,
and Cx. quinquefasciatus in the Southeast (Hayes et al., 2005a). Other animals
besides birds may develop sufficiently high-titer viremia to infect feeding mosqui-
toes, including alligators (Klenk et al., 2004) and rabbits (Tiawsirisup et al., 2005).
Bird-to-bird transmission of WNV also can occur (Langevin et al., 2001; Komar et
al., 2003). The WNV strain recently circulating in Israel and North America causes
higher avian mortality than previously observed (Bin et al., 2001; Swayne et al.,
2001). In the US, this strain has caused significant avian mortality, especially
among members of Corvidae (e.g., crows, jays, and magpies) (Brault et al., 2004;
Yaremych et al., 2004). Since spreading in North America, at least one strain of
WNV has developed increased mosquito infectivity (Ebel et al., 2004).

Although the vast majority of WNV infections are mosquito-borne, other
modes of transmission have also been recognized more recently. Conjunctival
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exposure to viremic blood can result in infection (Fonseca et al., 2005), and the
laboratory environment continues to be a source of a few WNV infections, in-
cluding through percutaneous inoculation (CDC, 2002c). During the large and
unprecedented WNV epidemics that have occurred in the US in recent years, sev-
eral novel modes of WNV transmission were recognized. Transmission by blood
transfusion (CDC, 2002b), organ transplantation (CDC, 2002e), intrauterine ex-
posure (CDC, 2002a), and possibly by breast feeding (CDC, 2002d) were newly
recognized during the 2002 WNV epidemic.

The recognition that WNV can be transmitted by infected blood donations led
to the rapid development of in vitro assays for screening blood donations. As stated
above, this mode of transmission was first recognized in 2002, when 23 persons
contracted WNV disease within 4 weeks of receipt of a blood product from one of
16 donors found to have had West Nile viremia at the time of donation (Pealer
et al., 2003). In response to these events, beginning in 2003 blood donations in the
US were screened for the presence of WNV RNA (CDC, 2003). Subsequently,
WNV has also been found in the blood supply of Canada (Cameron et al., 2005)
and Mexico (Sanchez-Guerrero et al., 2006).

WNV transmission through organ transplantation was first recognized in 2002,
having occurred because an organ donor had previously received a contaminated
blood transfusion (Iwamoto et al., 2003). Despite the reduction in transmission of
WNV by transfusion due to screening tests and the expectation that transmission
by transplantation would also become less likely, transmission of WNV by organ
donation was documented to have occurred again in 2005 (CDC, 2005), apparently
after a mosquito-borne infection of the organ donor.

The evidence for intrauterine transmission of WNV prompted the development of
a registry for women who had become infected with WNV while pregnant (O’Leary
et al., 2006). Possible transmission through breast milk has been documented once.

Despite these newly recognized modes of human-to-human WNV transmission,
the vast majority of infections are still mosquito-borne, as shown by its continued
seasonality (O’Leary et al., 2004). Prevention of human WNV infections still relies
upon avoidance of mosquitoes (Hayes and Gubler, 2006); specifically, remaining in-
doors at dawn and dusk when Culex are more likely to bite, wearing light colored
clothing that covers the arms and legs, and use of insect repellent on skin and clothing.
Effective insect repellents, U.S. Environmental Protection Agency-registered, now in-
clude N,N-diethyl-m-toluamide (DEET), oil of lemon eucalyptus, and picaradin for
skin, and permethrin for clothing (Fradin and Day, 2002; Barnard and Xue, 2004).

Clinical aspects of WNV infection

Historical

Initial laboratory studies in mice and primates revealed WNV to be neurotropic
(Smithburn et al., 1940). Based on early observations, human WNV disease seemed
to fall into two categories: a mild, self-limited, febrile disease called ‘‘West Nile
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fever’’ and seen mostly in children and young adults (Olejnik, 1952; Goldblum et
al., 1954), and rare cases of West Nile meningitis or encephalitis seen mainly in
older patients (Smithburn and Jacobs, 1942; Bernkopf et al., 1953). A review of
early reports shows that relatively little has changed regarding the known clinical
spectrum of WNV disease. Outbreaks in Israel, Egypt, and France documented a
clinical spectrum similar to that seen today (Leffkowitz, 1942; Olejnik, 1952;
Bernkopf et al., 1953; Goldblum et al., 1954; Hamilton and Taylor, 1954; Southam
and Moore, 1954; Hurlbut et al., 1956; Spigland et al., 1958; Panthier et al., 1968;
Murgue et al., 2001a,b).

Illness due to WNV was described in these outbreaks as having a 3–6-day
incubation period followed by systemic symptoms such as fever, headaches, chills,
malaise, diaphoresis, weakness, drowsiness, or lymphadenopathy. Pharyngitis and
conjunctivitis were also sometimes observed. Dermatologic manifestations some-
times included a short-lived, truncal, nonpruritic, maculopapular rash. Gastroin-
testinal symptoms occurred in some patients, including anorexia, nausea, vomiting,
abdominal pain, or diarrhea. Muscular symptoms included chest, back and limb
pain, or pain on movement of the eyes. Although symptoms resolved within a week
in the majority of patients, some experienced a mild relapse after their symptoms
improved, and many had a convalescence marked by fatigue that lasted for weeks.
The lymphadenopathy usually took 1–2 months to resolve. WNV was recovered
from the blood only during the first few days of illness.

When encephalitis occurred, symptoms and signs included decreased level of
consciousness, from drowsiness to near-coma; altered deep tendon reflexes, usually
initially hyperactive, and later diminished; extrapyramidal disorders, such as in-
voluntary muscle twitching, seizures, or cranial nerve palsies. A long convalescence
with fatigue commonly occurred, especially in adults.

The current view of the WNV clinical spectrum

Symptoms and signs

More recent expansion of our understanding of WNV disease has focused on rarer,
more severe outcomes. For instance, it is clear that neurologic involvement of the
spinal cord, characterized by anterior myelitis, may occur with or without overt
encephalitis. In a recent evaluation of a cohort of 27 patients with WNV-associated
anterior myelitis, all 24 patients who were evaluated at one-year of follow-up had
some improvement in strength. Unfortunately, three patients had died, and initial
involvement of the respiratory muscles was related to poor outcome (Sejvar et al.,
2005). Patients presenting with possible WNV-associated anterior myelitis must be
differentiated from those with WNV-associated Guillain–Barré syndrome, a newly
recognized entity (Ahmed et al., 2000). Extrapyramidal disorders due to WNV can
involve involuntary muscle twitching, tremor, myoclonus, and Parkinsonism (Sejvar
et al., 2003). Although rare, hepatitis, myocarditis, nephritis, pancreatitis, and
splenomegaly can occur (Perelman and Stern, 1974; Mathiot et al., 1990; Omalu
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et al., 2003). Ocular involvement (Bakri and Kaiser, 2004), specifically multifocal
chorioretinitis, is a hallmark of WNV disease with meningitis or encephalitis, and
it was found to have 88% sensitivity and 100% specificity for identifying WNV
infection among those presenting with possible WNV meningitis or encephalitis
(Abroug et al., 2006).

More severe outcomes of WNV disease increase with advancing age (Panthier et
al., 1968; Weinberger et al., 2001). Interestingly, more severe outcomes of WNV
disease are associated with a history of organ transplantation (Kumar et al., 2004).
One case of persistent WNV infection in an immunocompromised patient without
evidence of a humoral response to WNV (Penn et al., 2006) underscores the im-
portance of antibody development to the clearance of WNV (Diamond et al., 2003).
Excess mortality has been documented in the 2 years following WNV disease among
men (compared to women), among patients over 85 years of age, among diabetics,
and among those with dementia (Green et al., 2005). Different outbreaks appear to
vary in terms of certain clinical features such as mortality and frequency of the rash
(Chowers et al., 2001; Petersen and Roehrig, 2001). Possible explanations include
differences in population age distribution and intensity of surveillance.

Diagnosis

Diagnostic tests for WNV infection usually rely on serology, as the viremia is short-
lived once symptoms begin and is rarely found in patients presenting with encepha-
litis. Enzyme immunoassays (EIA) for IgM and IgG (Tardei et al., 2000) are useful,
especially the relatively specificity of WNV IgM. Plaque-reduction neutralization
tests measure virus-specific neutralizing antibody titer. The presence of IgM antibody
to WNV in both acute- and convalescent-phase sera (for specificity) and the presence
of IgG antibody to WNV in later samples, along with a fourfold or greater rise in
titers of neutralizing antibody, are considered necessary for documenting a recent
infection. Because flaviviruses are notoriously cross-reactive in serologic tests, sero-
logic tests for infection with WNV or another flavivirus must be conducted in con-
junction with a geographically appropriate battery of assays to detect flaviviruses or
their antigens in comparative tests (e.g., to distinguish between WNV and SLEV
infections in the US). Recently, IgG avidity using enzyme-linked immunosorbent
assays (ELISA) has been proposed as a method to differentiate recent from remote
infections (Fox et al., 2006), but this approach has not been standardized.

Evidence of neuroinvasive WNV disease can be seen in magnetic resonance
imaging (MRI) studies, which can reveal hyperintense signals in the basal ganglia,
pons, substantia nigra, thalamus, and/or anterior horns (Maschke et al., 2004). Al-
though these MRI images are not diagnostic for WNV disease, nor are they uni-
versally present in WNV neurologic involvement, the presence of these lesions can
help exclude herpes encephalitis, the most common cause of sporadic encephalitis.
For patients with symptoms that could be attributable to either anterior myelitis or
Guillain–Barré syndrome, electromyography can differentiate axonal neuropathy
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seen in anterior myelitis from demyelinating neuropathy seen in Guillain–Barré
syndrome (Ahmed et al., 2000).

Treatment of WNV disease

Treatment of WNV disease is supportive. Both WNF and WNV neurologic disease
can be painful, requiring analgesia. Rehydration may be required after severe nausea
and vomiting. Patients with encephalitis may require hospitalization for airway pro-
tection and seizure management. Investigational therapeutic options currently un-
dergoing clinical trials include ribavirin, intravenous immunoglobulin from donors in
areas of high WNV endemicity, and alpha interferon (Hayes et al., 2005b).

Conclusions

WNV has undergone alterations in viral genetics and spread geographically. In
Mexico and the US, it has spread across a continent inhabited by a predominantly
immunologically WNV-naı̈ve human population, but in a continent with ample
pre-adapted mosquito vectors and vertebrate amplifying hosts. This situation has
led to large epidemics that in turn led to the recognition of the rarer clinical
manifestations and modes of transmission of this virus. The clinical spectrum and
diagnostic findings in WNV diseases have been clarified, and will likely continue to
be refined as new epidemics occur. We can expect WNV to continue to find ecologic
niches where it can be enzootically maintained, and because of this, also to con-
tinue to affect human populations.
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Introduction

Monkeypox is an uncommon viral zoonosis caused by a member of the genus
Orthopoxvirus (Breman, 2000). The disease is important to public health because
the monkeypox virus (MPV) has a close genetic relationship to another orthopox-
virus, variola virus (smallpox virus), and is capable of causing a clinical syndrome
that resembles that caused by variola virus. Other important orthopoxviruses
causing infections in humans include vaccinia virus (used for smallpox vaccination)
and cowpox virus.

MPV was named as such because it was first recognized in association with nine
outbreaks of vesicular exanthems among captive primates in laboratories and zoos
during the 1950s and 1960s (Arita and Henderson, 1968; Arita et al., 1972). The
first cases of human disease caused by this virus were reported in 1970 in Zaire
(now the Democratic Republic of Congo). Prior cases of human monkeypox un-
doubtedly occurred in central Africa but most likely were confused with smallpox.
Since its initial recognition, monkeypox has been documented to occur sporadically
in humans throughout central and western Africa, and is considered by some to be
the most important orthopoxvirus now that smallpox has been eradicated.

Renewed interest in human monkeypox was generated by the unexpected
emergence of the disease in the midwestern U.S. associated with the importation of
infected rodents from western Africa (Reed et al., 2004). Additional interest has
focused on MPV because it is considered to be a potential agent of bioterrorism.

Description of the agent

MPV is a large, complex, double-stranded DNA virus of the chordopoxvirus fam-
ily. MPV is endemic in central and western Africa and is a classic zoonosis acquired
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through contact with infected rodents and squirrels. Secondary spread from person
to person can occur among close contacts, but this occurs much less frequently than
with smallpox virus. Two genetic clades of MPV are recognized, a Congo basin-
derived clade associated with 2–10% mortality in unvaccinated individuals, and a
west African clade associated with milder illness and very low mortality (Chen
et al., 2005; Likos et al., 2005).

Epidemiology of MPV infections

Human monkeypox has probably occurred in central and western Africa for hun-
dreds, if not thousands, of years but was overshadowed by smallpox until variola
virus was eradicated in central Africa in the late 1960s. Unlike variola virus, MPV is
a zoonotic pathogen. However, there is surprisingly little detailed information on the
enzootic cycle of MPV in nature. Humans and monkeys are generally considered
incidental hosts and the reservoirs that amplify the virus in natural settings are
probably rodents or squirrels that inhabit the sub-Saharan rain forests (Khodakevich
et al., 1988). Laboratory studies indicate MPV has a broad host range and can infect
numerous species of small mammals. Field studies from the Democratic Republic of
Congo have shown that rope squirrels and tree squirrels (Funisciurus and He-

liosciurus spp., respectively) and Gambian giant rats (Cricetomys spp.) that inhabit
agricultural areas have high seroprevalence rates for MPV and seem to be important
in sustaining viral transmission in agricultural areas (Khodakevich et al., 1986).

Epidemiologic studies during 1970–1979 documented 47 cases of human mon-
keypox worldwide. Most of these cases (n ¼ 38) occurred in the Democratic Re-
public of Congo with the remainder in the western African countries of Gabon, the
Ivory Coast, Liberia, Nigeria, and Sierra Leone. Cases in the Democratic Republic
of Congo were highly associated with animal contact and seven of the 47 cases
(14.9%) were fatal. Secondary transmission occurred among 7.5% of family mem-
bers (Breman et al., 1980).

Over the years there has been great concern that monkeypox might have the
potential to emerge from central Africa and replace smallpox as a global health
problem, but this appears to be unlikely. World Health Organization (WHO) sur-
veillance between 1981 and 1986 in the Democratic Republic of Congo revealed
that >70% of cases were associated with an animal source of infection; the re-
mainder were due to secondary transmission. Most cases occurred in children and
the mean age was 4.4 years. Although the rate of secondary transmission was
several times higher than that observed during the 1970s, in no instance did the
chain of transmission go beyond four generations, suggesting that MPV has low
potential for epidemic spread (Jezek et al., 1986; Jezek and Fenner, 1988). Stoc-
hastic modeling of MPV transmission supported that conclusion (Jezek et al.,
1987a). More recently, extended person-to-person transmission of MPV was ob-
served in a hospital in the Democratic Republic of Congo where up to six se-
quential transmission cycles were hypothesized to have occurred (Learned et al.,
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2005). This pattern of sustained transmission suggests that MPV may have the
capacity to adapt to the human host more than that been previously observed.

The number of reported cases of human monkeypox declined after formal
WHO surveillance ended in 1986. From 1986 to 1992, only 13 cases were reported
in the medical literature and none were reported from 1993 to 1995 (Heymann et
al., 1998). This trend suddenly reversed in 1996–1997 when more than 500 cases of
suspected monkeypox were reported in the Kasai-Oriental province of Democratic
Republic of Congo. This outbreak was associated with a low fatality rate (1–5%)
and high person-to-person transmission (78%) compared to previous outbreaks.
Since many of these suspected cases were not laboratory confirmed, some authors
have speculated that the majority of cases were actually due to varicella rather than
MPV (Hutin et al., 2001). From 1998 to 2002, greater than 1200 cases of mon-
keypox were reported to the Democratic Republic of Congo Ministry of Health. Of
those cases that were laboratory confirmed, patient’s age ranged from 10 months to
38 years (mean of 16.5 years) (Kebela, 2004). Active and passive surveillance for
monkeypox continues on the African continent but is hampered by political unrest
and lack of adequate public health resources.

In May and June of 2003, human MPV infections were identified for the first
time in the western hemisphere (Reed et al., 2004). In total, 72 cases were reported,
with 37 confirmed by laboratory testing. Epidemiologic investigation indicated that
nearly all of the patients had been exposed directly or indirectly to ill prairie dogs
(Cynomys spp.) that had been kept or sold as pets. Two of the patients were parents
of other patients, who had provided direct care to their infected children and could
possibly have acquired MPV by person-to-person transmission.

The prairie dogs had been housed with rodents that were part of a large ship-
ment of animals imported from Ghana in western Africa. The shipment included
rope squirrels, tree squirrels, Gambian giant rats, brushtail porcupines (Atheurus

spp.), dormice (Graphiurus spp.), and striped mice (Hybomys spp.). Laboratory
testing revealed that at least one Gambian giant rat, two rope squirrels, and three
dormice were infected with MPV. Some of the infected rodents were sold to a pet
distributor in the Chicago area, to which they were transported in association with
prairie dogs. The exposed (and infected) prairie dogs were then sold to the index
patient and others at pet ‘‘swap meets’’ in Wisconsin, Illinois, Indiana, and Ohio.
Cases were also reported in Kansas and Missouri (MMWR, 2003).

Most of the patients in the U.S. outbreak had mild, self-limited disease in
comparison to the more severe illness reported among African patients. The milder
illness can be explained in part by the fact that many of the adults who were
infected had previously received smallpox vaccination. In addition, the strain of
MPV associated with the U.S. outbreak was of west African origin and is known to
be less virulent than the Congo basin-derived strains. Of 69 patients for whom data
are available, 18 were hospitalized. No deaths were reported. Two pediatric pa-
tients had serious clinical illness; one child had severe encephalitis requiring treat-
ment in an intensive care unit for 14 days and the other had diffuse pox lesions and
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painful cervical and tonsillar lymphadenopathy and oropharyngeal lesions (And-
erson et al., 2003; Huhn et al., 2005).

A significant concern during the outbreak in the U.S. was the possibility that
MPV infection could spread to North American rodent populations and establish a
zoonotic sylvan cycle of infection. To date, extensive investigations of that pos-
sibility have provided no evidence that MPV extended into local rodent popula-
tions as a result of the 2003 outbreak in humans and prairie dogs sold as pets.

Clinical features

The first human MPV infection was recognized in 1970 in a 9-month-old child
living in Zaire, not long after smallpox was considered to have been eradicated
from that country (Ladnyj et al., 1972). Over the next decade, clinical manifes-
tations of MPV infection remained poorly defined, because fewer than 50 cases
were documented. Initial descriptions suggested that the disease resembled small-
pox in terms of morbidity and mortality, but that it was distinct in having low
transmissibility between humans (Breman et al., 1980).

Observational studies of human monkeypox in central and western Africa
during the 1980s revealed that MPV infection had an incubation period of 10–14
days and a period of infectivity during the first week of rash. MPV enters the body
through skin abrasions, the upper respiratory tract mucosa, or by ingestion. During
primary viremia the virus migrates to regional lymph nodes and then disseminates
throughout the body. A prodrome of fever and malaise typically occurs 1–2 days
prior to the onset of a rash and is associated with lymphadenopathy in around 90%
of cases. The distribution of lymphadenopathy is variable and can include sub-
mandibular, cervical, axillary, and inguinal areas. It is important to note that
smallpox is rarely associated with significant lymphadenopathy, making this a key
distinguishing clinical feature between the two diseases.

The rash caused by MPV begins as papular lesions of 1–5mm in diameter that
progress through vesicular, pustular, and crusted stages over a period of 14–21 days
(Fig. 1). The crusts eventually slough off, leaving depressed scars. Case descriptions
from Africa emphasize a centrifugal pattern of spread that becomes generalized
over time. However, a centripetal distribution of the rash, similar to that seen in
chickenpox, has been described in a few cases (Jezek et al., 1987b).

Several unique clinical manifestations were noted among patients infected dur-
ing the 2003 outbreak of monkeypox in the U.S. These included focal hemorrhagic
necrosis, particularly at the sites of bites or scratches, and erythematous flares that
may have been more apparent on light skin (Reed et al., 2004). The list of differ-
ential diagnoses for the rash lesions of monkeypox is long and includes smallpox,
chickenpox, orf another name for contagious ecthyma. It is a parapoxvirus infec-
tion of sheep and goats that is transmissible to man, milker’s nodule, erythema
multiforme, drug eruptions, rickettsialpox, and eczema herpeticum.

Extracutaneous manifestations of MPV infection include cough, pharyngitis, a
feeling of chest tightness, nausea, diarrhea, myalgia, and back pain. Complications
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Fig. 1 Cutaneous lesions of human monkeypox. The top panels show primary inoculation lesions at the

site of a prairie dog bite (A) or scratch (B and C). The middle panels show the variation of the

appearance of disseminated lesions of monkeypox ranging from smallpox-like (D) to varicella-like (E–J).

The lower panels (K–M) document the progression of a primary lesion from the pustular stage through

scarring. (For colour version: see Colour Section on page 351).
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can include secondary infections of skin and soft tissue (20%), pneumonitis (12%),
ocular involvement (5%), and rarely, encephalitis (o1%) (Nalca et al., 2005).

Prior smallpox vaccination modulates the clinical course of human monkeypox
disease in a number of aspects. In general, patients who were previously vaccinated
against smallpox experience a milder illness and have lower morbidity and mor-
tality. The rash of MPV infection tends to be more pleomorphic in individuals
vaccinated against smallpox and more closely resembles the rash of chickenpox.

Laboratory diagnosis

Human monkeypox is a reportable disease; state and local health departments
should be notified immediately of any suspected cases. Although the history and
clinical characteristics can be helpful in differentiating between monkeypox and
other causes of vesiculopustular eruptions, it is highly desirable that all cases be
confirmed by laboratory testing. During the 2003 U.S. outbreak, the Centers for
Disease Control and Prevention (CDC) recommended the following laboratory
criteria for diagnosing human monkeypox cases: (1) isolation of MPV in culture;
(2) demonstration of MPV DNA by PCR testing in a clinical sample; (3) electron
microscopic evidence of an orthopoxvirus in the absence of exposure to another
orthopoxvirus; and (4) immunohistochemical evidence of an orthopoxvirus in tis-
sue in the absence of exposure to another orthopoxvirus.

MPV grows well in established cell lines and embryonated chicken eggs. Cell lines
that MPV grows in include rhesus-monkey kidney, rabbit kidney, MRC-5, RD, B-SC-
40, and Vero cells. Cytopathic effect usually occurs within 1–4 days and includes
plaques of elongated and rounded cells with prominent cytoplasmic bridging and
formation of syncytium. When MPV is grown in embryonated chicken eggs, it pro-
duces small, opaque, hemorrhagic pocks on the chorioallantoic membranes of the
chicken egg that are distinct from lesions produced by other orthopoxviruses.

Samples from suspected cases of MPV infection that are appropriate for virus
isolation include biopsies and touch preparations refer to pressing a glass slide
against the lesion so that adherent cellular material can be stained and viewed under
a microscope of skin lesions, lymph nodes, oropharyngeal swabs, and whole blood
during the prodromal stage (Damon and Esposito, 2003). MPV-infected clinical
samples can be handled safely by laboratory personnel who have received smallpox
vaccination within the past 10 years and who use strict biosafety level 2 containment.
As a practical consideration, most diagnostic laboratories in the U.S. have limited
experience with isolating orthopoxviruses from clinical specimens and should refer
specimens from suspected cases to their state health laboratory or to the CDC.

A number of molecular diagnostic tests are available to aid in the definitive
diagnosis of MPV infections. DNA-based tests, such as PCR with restriction end-
onuclease digestion or sequencing of the hemagglutinnin gene (HA), can confirm
the identity of an orthopoxvirus to the species level and can be accomplished in just
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a few hours. This method is based on the use of primers EACP1 and EACP2 (for
Old World orthopoxviruses) or NACP1 and NACP2 (for New World orthopox-
viruses) (Damon and Esposito, 2003). Additional PCR protocols target the A-type
inclusion body protein or B cytokine response modifier (Ropp et al., 1995; Meyer
et al., 1997; Meyer et al., 1998).

Electron microscopy (EM) is an important front-line method for the laboratory
diagnosis of poxvirus infections because it is a simple technique that can rapidly
exclude varicella virus (chickenpox), a herpesvirus, from the differential diagnosis
(Hazelton and Gelderblom, 2003; Curry et al., 2006). Transmission EM of tissue
biopsies reveals virions with dumbbell-shaped inner cores highly characteristic of
poxviruses. However, this technique does not distinguish between orthopoxviruses
and the other genera of poxviruses. When vesicle fluid or tissue culture supernat-
ants are examined by EM of specimens negatively stained with phosphotungstic
acid or another heavy metal, orthopoxviruses have a distinctive brick-shaped ap-
pearance with regularly spaced threadlike ridges on the exposed surfaces. In con-
trast, parapoxviruses appear ovoid with spiraling criss-cross surface projections.
Negative stain EM of cell culture supernatants provided the first clues that the 2003
U.S. outbreak was due to an orthopoxvirus (Reed et al., 2004).

The histopathology of monkeypox skin lesions mirrors the clinical progression
of these lesions. Early lesions contain ballooning degeneration of basal keratin-
ocytes and spongiosis of a mildly acanthotic epidermis. These progress to full
thickness necrosis of a markedly acanthotic epidermis containing few viable ker-
atinocytes. A mixed inflammatory infiltrate and progressive exocytosis with the
keratinocyte necrosis appear, involving the superficial and deep vascular plexes,
eccrine units, and follicles. Multinucleated syncytial keratinocytes and hyaline in-
tracytoplasmic inclusions appear, reflecting the presence of virus in the cells.

The histologic differential diagnosis includes herpes simplex, varicella, and
other poxviruses. EM can be used to distinguish between herpesvirus and poxvirus
infections. Immunohistochemistry with anti-orthopoxvirus antibodies can be useful
to detect viral antigen within the keratinocytes of lesions in the epidermis, in the
follicular and eccrine epithelium, and in scattered dermal macrophages (Bayer-
Garner, 2005). The histologic, ultrastructural, and immunohistochemical appear-
ance of MPV infection are shown in Fig. 2.

Use of serologic tests to identify MPV infection is difficult because of the close
antigenic relationships among the various orthopoxviruses. Neutralization tests,
hemagglutination inhibition assays, and ELISAs are available to detect orthopox
antibodies in patients’ sera, but the sensitivity of these assays ranges from 50% to
95%. Currently, there is no widely available serologic test that is sensitive and
specific for identifying MPV infections (Damon and Esposito, 2003). However,
serological testing has proven useful in epidemiologic studies. A retrospective study
of individuals potentially exposed to MPV in the 2003 U.S. outbreak revealed three
cases of asymptomatic infection that occurred in persons who had been vaccinated
against smallpox decades earlier (Hammarlund et al., 2005).
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Prevention of MPV infections

Vaccination with vaccinia virus (smallpox vaccine) is highly protective (around
85%) against MPV infection. Post-exposure smallpox vaccination is indicated for
persons who are at high risk of MPV infection, including those investigating animal
or human monkeypox cases, health care workers caring for infected patients, and
laboratory workers who handle specimens that may contain MPV. Vaccination
within 4 days after initial close contact with a confirmed monkeypox case is rec-
ommended by CDC and should be considered up to 14 days after exposure. Vac-
cinia immune globulin may be considered as a prophylactic for exposed persons
with impaired T-cell function who would not be candidates for vaccination (Di
Giulio and Eckburg, 2004).

Treatment of MPV infections

Treatment of severe illness with vaccinia immune globulin should be considered but
no data are available documenting sensitivity in treating human monkeypox. There
are no antiviral drugs approved for treating monkeypox. Cidofovir is a broad-
spectrum antiviral drug with known in vitro activity against cytomegalovirus and
many other DNA viruses, including MPV. Although clinical experience with the
use of cidofovir in human monkeypox infections is limited, antiviral treatment with
that agent was more effective than post-exposure smallpox vaccination in the
cynomolgus monkey (Macaca fascicularis) model (Stittelaar et al., 2006).

Transmission of MPV within hospitals has been described but the overall risk
appears low. CDC recommends a combination of precautions, including standard,
contact, and large droplet precautions for infection control purposes. Airborne
precautions for small aerosolized droplets (o5mm in size) should be implemented
whenever possible. All laboratory specimens should be handled in a biological
safety cabinet (Fleischauer et al., 2005).

Fig. 2 Histological, ultrastructural, and immunohistochemical appearance of MPV infection. Panel A:

Scattered degenerating and necrotic keratinocytes are shown within the epidermis along with a moderate

inflammatory cell infiltrate in the superficial dermis (hematoxylin and eosin). Panel B: Higher magni-

fication of the boxed area shows multinucleated cells (long arrow) and eosinophilic viral inclusion

bodies. Panel C: Strong immunoreactivity for orthopoxvirus antigen is present in the epidermis. Panel

D: Transmission electron microscopy shows virions within the cytoplasm of a keratinocyte, including

immature forms undergoing assembly (long arrow) and mature forms (short arrow). Panel E: High

magnification shows the characteristic dumbbell-shaped inner core of poxviruses. Panel F: Negative

staining of a virion from cell culture shows the brick-shaped particle with regularly spaced, threadlike

ridges on the exposed surface. (For colour version: see Colour Section on page 352).
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Conclusions

The 2003 U.S. outbreak of MPV was a sobering reminder of the impact that
emerging infectious diseases can have on the public health. That emergence of
monkeypox in North America was linked directly to the importation of rodents
from West Africa and subsequent co-mingling of these animals with animals native
to North America. On June 11, 2003, the CDC and the Food and Drug Admin-
istration issued a joint order prohibiting the importation of all African rodents into
the U.S. The order also banned within the U.S. any sale, distribution, transport, or
release into the environment of prairie dogs and six specific genera of African
rodents. On November 4, 2003 the joint order was replaced by an interim final rule
that maintained the importation ban. Animals can still be imported for scientific,
exhibition, or educational purposes with a valid permit issued by CDC.

Although the close genetic relationship between MPV and smallpox has raised
concern about potential for use of MPV as an agent of bioterrorism, the low
secondary attack rate and generally self-limited illness associated with MPV in
humans makes its use as a weapon unlikely. This situation could change dramat-
ically if genetic engineering were used to increase the transmissibility and virulence
of the pathogen to humans, a change that remains only theoretical at present.
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Introduction

Hantavirus is a genus in the Bunyaviridae family, comprising more than 30 different
hantavirus (HTV) species. HTV is the only haemorrhagic fever virus with a ubiq-
uitous, worldwide distribution, including the temperate regions of the northern
hemisphere. Increased risk of HTV disease occurs through exposure to excreta of
wild (or laboratory) rodents, which are the main carriers of HTV in nature. Until
1993, the majority of known HTV serotypes affected the kidney as the primary
target organ, explaining why the disease was first called ‘‘nephropathia epidemica’’
(NE) in the western world. Today, the most commonly used name for this disease is
‘‘haemorrhagic fever with renal syndrome’’ (HFRS), which is the official WHO
name for it. This term is now mainly used for describing disease caused by the
Hantaan virus (HTNV), an HTV in Asia and Eastern Russia, where the clinical
picture is often more severe than that caused by the Puumala virus (PUUV), which
is the prevalent form in Europe. Sin Nombre virus (SNV), however, isolated after a
1993 epidemic in the USA, seems to affect primarily the lungs, where it causes a
viral form of adult respiratory distress syndrome (ARDS), now called hantavirus
pulmonary syndrome, or ‘‘HPS’’ (Duchin et al., 1994; Hjelle et al., 1995).

Although only recently recognized, HTVs are not ‘‘new’’ viruses, since phylo-
genetic studies show that they are the product of millions of years of co-evolution
with their respective rodent hosts. This explains the differences between HTVs of
the New and the Old World, but also some common features.

It is worth noting that humans are an evolutionary ‘‘dead-end’’ for HTV in-
fection, since the pronounced immunological response in man after a hantaviral
infection often leads to killing of the infecting virus. In some severe clinical cases
however the infected human host is killed by the infection.

dx.doi.org/10.1016/S0168-7069(06)16008-5.3d


Historical background

The first description of the so-called ‘‘Songo-fever’’, later called ‘‘Epidemic haem-
orrhagic fever’’ (EHF) dates back to the early 1930s, when Japanese troops invaded
Manchuria (northern China) and suffered 12,600 cases of a then-unknown disease
with fever. During the Korean War (1951–1953), Western medicine was suddenly
confronted for the first time with an unknown acute febrile illness with multi-organ
dysfunction (mainly shock, acute renal failure [ARF], and haemorrhage), with a
mortality rate between 10% and 15%, and affecting over 3000 United Nations
troops (Earle, 1954). Despite an enormous investigative effort by a special Ha-
emorrhagic Fever Commission of the US Army, it was not until 1976 that Lee and
co-workers discovered a virus-specific antigen in the lungs of a Korean striped field
mouse (Apodemus agrarius Coreae), a discovery that led to the isolation and char-
acterization of the responsible agent in 1977 (Lee et al., 1978). This first prototype
agent was called HTNV, after the river Hantaan, which runs near the 38th parallel
between North and South Korea, where most of the cases were recorded, and
where HTNV-infected rodents were trapped.

The first clinical description of NE in Europe was in 1934 in Sweden, where a
‘‘kidney disease with peculiar symptoms’’(Myhrman, 1934) and a ‘‘nephritis sim-
ulating an acute abdomen’’(Zetterholm, 1934) were independently reported. Ger-
man troops in Finnish Lapland suffered thousands of cases of ‘‘Feldnephritis’’
during World War II (Stuhlfauth, 1943). A virus in the lungs of the red bank vole
(Clethrionomys glareolus), collected in Puumala, Finland (PUUV strain) and Swe-
den (Hällnäs strain) (Niklasson and LeDuc, 1984), was shown to react with an-
tiserum from European patients with NE and from Korean patients with HFRS.
Thus, exactly half a century after its first clinical description in Scandinavia, the
virus causing NE was successfully adapted to Vero E6 cell culture and appeared to
be related to the Korean prototype HTNV.

Hantaviruses, their rodent hosts, and routes of transmission

Hantaviruses

HTVs are the only non-arthropod-borne viruses in the Bunyaviridae family, in
contrast to the other human and animal Bunyaviridae pathogens, such as
Crimean–Congo haemorrhagic fever (CCHF) virus, transmitted by ticks, the sand-
fly fever viruses (phleboviruses), causing Toscana meningo-encephalitis virus and
Pappataci fever, transmitted by sandflies, and Rift Valley fever (RFV) virus,
transmitted by mosquitos. Both CCHF and sandfly fever viruses are present in
Southern Europe and can mimic HTV disease. Like all other Bunyaviridae, HTVs
have a lipid envelope, and contain a negative-sense tripartite RNA genome. HTVs
are notoriously difficult to culture, and hence have less risk of use for bioterrorism
(Clement, 2003a). Owing to their lipid coating, HTVs are sensitive to heat, acid pH,
detergents, formalin, lipid solvents, and chlorite (bleach) solutions.
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Each HTV serotype has its own principal rodent vector, its own geographic
distribution, and its own more-or-less specific clinical expression. All have rodent
hosts belonging to the Muridae family, consisting of the subfamilies Arvicolinae

(voles), Murinae (Old World rats and mice), or Sigmodontinae (NewWorld rats and
mice) (Fig. 1). Seoul virus (SEOV) is the only HTV spread worldwide, by murine
wild (and laboratory) rats.

Certain HTVs have a known pathogenicity for humans (shown in Table 1). The
chronology of their discovery is noteworthy:

1. The first clinically important HTVs to be isolated (HTNV and SEOV) were
found in the early 1980s in the Far East, followed (with the exception for
PUUV) by the isolation of European species more than a decade later. HTNV
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Table 1

Pathogenic hantavirus genotypes known up to 2005

Hantavirus

serotype

First isolation

or genotyping

Main rodent vector

(geographic locale)

Human illness Type of

spread

1. Hantaan

(HTNV)

1978 Apodemus agrarius

mantchuricus (striped field

mouse)

Severe: KHF,

EHF, HFRS

Rural

(Asia, Eastern Russia and

Southern Europe)

2. Puumala

(PUUV)

1980 Clethrionomys glareolus

(bank vole)

Mild: NE Rural

(Europe and Western

Russia)

3. Seoul (SEOV) 1982 Rattus norvegicus (Norway

or brown rat)

Intermediate:

HFRS

Urban and

rural

Rattus rattus (black rat)

(worldwide)

4. Dobrava

(DOBV-Af)

1992 Apodemus flavicollis

(yellow-necked field

mouse)

Very severe:

HFRS

Rural

(Balkans, Central and

Eastern Europe, Middle-

East)

5. Sin Nombre

virus (SNV)

1993 Peromyscus maniculatus

(deer mouse)

HPS Rural

(Canada and USA)

6. Juquitiba

(JUQV)

1993 Unknown (Brazil) HPS Rural

7. Tula (TULV) 1994 Microtus arvalis (common

vole)

HFRS Rural

(Central and Eastern

Europe)

8. New York

(NYV)

1995 Peromyscus leucopus

(white-footed mouse)

HPS Rural

(Canada and Eastern

USA)

9. Black Creek

Canal (BCCV)

1995 Sigmodon hispidus (hispid

cotton rat)

HPS Rural

(Eastern and Southern

USA to Venezuela, Peru)

10. Bayou

(BAYV)

1995 Oryzomys palustris (marsh

rice rat)

HPS Rural

(Louisiana)

11. Monongahela

(MONV)

1996 P. maniculatus nubiterrae

(forest form)

HPS Rural

(cloudland deer mouse)

(Canada and Eastern

USA)
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Table 1 (continued )

Hantavirus

serotype

First isolation

or genotyping

Main rodent vector

(geographic locale)

Human illness Type of

spread

12. Andes

(ANDV)

1996 Oligoryzomys

longicaudatus (southern)

(long-tailed rice rat)

HPS Rural and

urban

(Argentina, Chile,

Uruguay)

13. Rio Mamoré

(RMV)

1997 Oligoryzomys microtis

(small-eared rice rat)

HPS Rural

(Bolivia and Peru)

14. Laguna Negra

(LNV)

1997 Calomys laucha (white

paunch mouse)

HPS Rural

(Paraguay and Bolivia)

15. Hu 39694 1997 Unknown (Central

Argentina)

HPS Rural

16. Dobrava-Aa

(DOBV-Aa)

1997 Apodemus agrarius agrarius

(striped field mouse)

HFRS Rural

(East and Central Europe)

17. Orán (ORNV) 1998 Oligoryzomys

longicaudatus (northern)

HPS Rural

(long-tailed rice rat)

(Northern and Western

Argentina)

18. Lechiguanas

(LECHV)

1998 Oligoryzomys flavescens

(yellow pygmy rice rat)

HPS Rural

(Central Argentina)

19. Araraquara

(ARAV)

1999 Unknown (Brazil) HPS Rural

20. Castelo dos

Sonhos (CASV)

1999 Unknown (Brazil) HPS Rural

21. Amur

(AMRV)

2000 Apodemus peninsulae HFRS Rural

(Korean field mouse)

(Far Eastern Russia)

22. Far East

(FEV)

2000 Apodemus peninsulae

(Korean field mouse)

HFRS Rural

(Far Eastern Russia)

23. Choclo

(CHOV)

2000 Oligoryzomys fulvescens

(fulvous pygmy rice rat)

HPS Rural

(Panama)

24. Bermejo

(BMJV)

2002 Oligoryzomys chacoensis

(chacoan pygmy rice rat)

HPS Rural

(Central Argentina,

Bolivia)

Note: Genotypes in bold are those of which at least one (rodent or human) virus isolate exists; others

were detected by PCR. EHF: epidemic haemorrhagic fever; HFRS: haemorrhagic fever with renal

syndrome; HPS: hantavirus pulmonary syndrome; KHF: Korean haemorrhagic fever; and NE: ne-

phropathia epidemica.
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and SEOV today remain the most important HTVs, representing more than
90% of reported cases. Mixed epidemics of HTNV and SEOV are a major
public health problem in China, and have been so recognized since the 1930s;
their peak incidence of 115,985 sero-confirmed cases (fatality rate 2.2%) oc-
curred in 1986. The average number of cases in China during the past decade
was still high, with about 50,000 cases per year, despite the successful intro-
duction of programs to trap rats and to begin vaccination of the population
(Clement et al., 1998).

2. The first HTV described in the Americas (SNV, 1993) was discovered almost a
decade after the first European HTV (PUUV, 1984). Although the number of
HPS cases in South America each year is now greater than the number of North
American HPS cases, all together they amount to not more than a 100 reported
cases per year, whereas European NE cases consist of at least a 1000 per year,
and East Asian HFRS cases consist of more than 10,000 cases per year. How-
ever, the number of publications about HTVs grew exponentially after America
was first confronted with HPS in 1993.

Several ‘‘new’’ HTV serotypes have recently been discovered. Dobrava virus
(DOBV) is a ‘‘newer’’ murine European HTV serotype with a documented presence
in the Balkans, Russia, and Central Europe. In addition to the serotype DOBV-Af,
isolated from a yellow-necked wood mouse (Apodemus flavicollis) captured in the
1980s in Dobrava, Slovenia, a second but distinct DOBV strain, called DOBV-Aa,
has been isolated (Table 1). DOBV-Aa is also called Saaremaa virus (SAAV) by
some Scandinavian authors, and may be in fact the same virus, although the debate
is not closed (Klempa et al., 2003a; Sironen et al., 2005). The SAAV strain was
isolated in 1999 from a striped field mouse (A. agrarius) in Estonia (Nemirov et al.,
1999), and was later shown to have the potential to infect humans (Lundkvist et al.,
2002). However, in typical cases of HFRS, the infecting agent SAAV could never
be clearly differentiated from the previously described DOBV (Clement et al.,
2003b). In contrast, an HFRS case in Germany was the first to be linked defin-
itively to DOBV-Aa by molecular methods (Klempa et al., 2004). Moreover, most
DOBV cases of HFRS in Central Europe may in fact be caused by the DOBV-Aa
strain (Klempa et al., 2005). Tula virus (TULV), isolated from European common
voles (Microtus spp.) until recently had no known pathogenic potential for humans.
In 2003, however, an HFRS case with both renal and pulmonary involvement
associated with TULV infection was documented in Germany for the first time
(Klempa, 2003B).

Rodent hosts

The phylogeny and epidemiology of HTVs are closely linked to those of their
respective rodent reservoirs, to a degree almost unique in zoonotic diseases
(Clement and Van Ranst, 2000a). The phylogeny of the greater than 30 HTV
species now recognized is almost perfectly mirrored by the phylogeny of their
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respective rodent hosts, confirming a very narrow co-evolution between rodent and
virus during millions of years (Table 1; Fig. 1). This close virus–rodent relationship
also defines the current geographic repartition of HTVs worldwide. Each rodent
species has its preferred habitat in a biotope, defined by climatic conditions and
food supply. As in all other zoonoses, the recognition of the responsible vector is
important for a better understanding of the dynamics of the disease, for its pre-
vention, and for the diagnostic and epidemiological value of studies comparing
rodent and human tissues with modern biomolecular tools such as polymerase
chain reaction (PCR) (Clement et al., 1998).

For instance, the preferred habitat of the red bank vole (Clethrionomys

glareolus), the natural reservoir in Europe of PUUV, is limited to mixed forests of
deciduous broadleaf trees (beeches and oaks) and pine trees, present in most of
Europe and the southern part of Siberia. Moreover, the bank vole is one of the
most common small mammals in these forested regions (Clement et al., 1994a).
This arvicoline rodent feeds mainly on oak and beech seeds. In temperate Western
and Central Europe, the so-called ‘‘mast years’’ of forest trees that occur following
exceptionally warm and humid summers, can produce high to very high seed crops,
resulting in an up to 10-fold higher local bank vole population. This in turn can
lead to occasional human outbreaks of NE (Clement et al., 1994b). The mixed
forest habitat, however, is replaced in Central and North Siberia by the tundra, and
in southern Europe by the drier so-called ‘‘Mediterranean shrub’’, explaining why
so few NE cases are reported in Siberia, Spain, Portugal, Italy, and Greece.

American HTV strains that cause HPS are carried by another common wild
rodent, the deer mouse (Peromyscus maniculatus). It can also be carried by other
species of the New World Sigmodontinae subfamily, which are absent in Eurasia
(Childs et al., 1994; Hjelle et al., 1995).

Thottapalayam virus (TPMV) is the only HTV isolated from a non-rodent,
hence its unique place on the dendrogram (Fig. 1). It was isolated in 1964 near
Vellore in Southern India from a shrew, Suncus murinus, which is an insectivore,
not a rodent (Clement et al., 2000b). This is the only indigenous HTV documented
so far in India. To date, no human pathogenicity for TPMV has been shown (and it
is therefore not listed in Table 1). Interestingly, PUUV may be a cause of fatal
Indian cases of HTV infection with both kidney and lung involvement (see below),
although the bank vole is not found in India. IgG and IgM reactions to a PUUV
antigen in an immunoblot were found in these Indian patients (Clement et al.,
2000b, 2006). These observations suggest the fascinating possibility of cross-reac-
tions of PUUV with TPMV or with a yet-unknown HTV strain in India.

Simultaneous natural infection with more than one HTV species in a single
rodent species has not been demonstrated so far. Even when two different HTVs
(e.g. HTNV and DOBV-Aa, see Table 1) appear to be carried by the same rodent
species (Apodemus agrarius), this unusual situation actually occurs because the two
HTV species are in fact carried by two different subspecies of the same rodent
population, in this case A. agrarius mantchuricus for HTNV and A. agrarius

agrarius for SAAV or DOBV-Aa. In this case, the genetic difference between the
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two HTVs is more important than between the rodent carriers. This is best ex-
plained by a switchover during the long evolution of HTVs to adapt to carriage by
one rodent species to carriage by another genetically more distant rodent (sub)
species.

Transmission

HTV is transmitted to humans by rodent excretions and aerosols thereof, consist-
ing of infectious respiratory and urinary droplets from apparently healthy rodent
carriers. It is likely that infected rodents excrete infectious virus in saliva, urine,
faeces, and from their lungs, for the duration of their lives. The survival time of
HTV from these excretions in the environment is not known. Whereas most pa-
tients with proven HTV disease actually can recall sighting rodents, whether in
Europe (Clement et al., 1994c, 1996; Van Loock et al., 1999) or in the US (Zeitz et
al., 1995), prior physical contact with rodents is almost never reported (Dournon et
al., 1984), except in the case of laboratory-acquired infections (Desmyter et al.,
1983; Dournon et al., 1984). Epidemiological studies of farm workers in China (Xu
et al., 1985) and of shepherds and woodcutters in Greece (Antoniadis et al., 1987)
revealed a high infection rate among individuals sleeping on the ground. This was
also observed in a case-control study among US military in the region of Ulm
(southern Germany) after a 1990 outbreak of NE during a winter field exercise
(Clement et al., 1996). This Ulm outbreak was remarkable for its very high attack
rate in a single unit encamped on vole-infested ground, for its almost equal male-to-
female infection rate, and for the fact that in the neighbouring city of Ulm not a
single civilian case of NE was reported during the same winter. Thus, campers and
trekkers are at increased risk when sleeping among rodent burrows, even in moun-
tain regions of southern Europe where bank voles are rare (Keyaerts et al., 2004).
This risk may even be greater when sleeping in confined spaces that are infested
with rodents (e.g. caravans, mountain refuges, hunter lodges, fisher cabins, in both
the Americas [Zeitz et al., 1995] and in Europe [Van Loock et al., 1999]).

Person-to-person transmission of HTV appears to be extremely rare. It was
reported for the first time during an HPS outbreak in southwest Argentina in 1996,
involving 16 cases (Wells et al., 1997; Toro et al., 1998), and caused by ANDV
(south lineage). Noticeably, ANDV is also the only American HTV to be isolated
from human serum (Galeno et al., 2002) and is one of the very few HTVs that can
cause lethal disease resembling HPS in an animal model (in the Syrian golden
hamster) (Hooper et al., 2001).

Person-to-person transmission of ANDV (Cent BsAs lineage) may also have
occurred in 4 clusters of HPS in the province of Buenos Aires, Argentina (Martinez
et al., 2005), based on epidemiological and genetic data. Prolonged and close con-
tact in confined spaces (a 14-h bus trip seated near the index case of HPS) may have
been necessary for person-to-person transmission. If confirmed, this is reassuring
for the safety of personnel caring for infected patients.
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The many clinical faces of HTV infections: HFRS-HPS and NE-HPS, and their

pathogenesis

Clinical presentation

Fever with myalgia, headache, and general malaise, followed by abdominal symp-
toms such as nausea, vomiting, and diarrhoea are the presenting symptoms both in
Old and New World infections, indistinguishable from a ‘‘bad flu’’ lasting 3–5 days.
Often accompanied by high leukocytosis, this tableau may simulate a surgical
condition, as first suggested in the early European reports (Myhrman, 1934;
Zetterholm, 1934). After this prodromal period, organ involvement is heralded in
HFRS by back pain, oliguria (or anuria); in HPS, a dry, non-productive cough can
evolve into severe dyspnoea. Radiologic studies reveal swollen kidneys in HFRS
and interstitial pulmonary oedema or bilateral lung infiltrates in HPS, and third-
space fluid accumulation (pleuritis, ascites, pericarditis) in both.

In HPS, rapidly progressive, non-cardiogenic pulmonary oedema and severe hy-
potension (systolic BP r85mmHg) can follow. During the first years of experience
with HPS, about 50% of patients died within the first 48h of hospitalization from
uncorrected hypoxia and/or from intractable shock, even with intensive care including
assisted ventilation (Duchin et al., 1994; Hjelle et al., 1995). Pathological findings
consist of pulmonary congestion, interalveolar oedema, and minimal or moderate
interstitial immunoblast infiltrates in the lung (Hjelle et al., 1995; Zaki et al., 1995). In
New World forms, cardiac involvement appears to play an often-decisive role, hence
the recently proposed name of ‘‘HPCS’’ instead of the currently used HPS. Typical
haematological anomalies are absolute leukocytosis, and the ‘‘diagnostic triad’’ of a
left shift, presence of immunoblasts, and thrombocytopenia (Hjelle et al., 1995).

The clinical presentation of the European variant, NE caused by the PUUV
serotype, is mostly mild. Symptoms and signs consist of sudden fever, often severe
back pain (due to acute interstitial nephritis with renal swelling), rapidly progres-
sive ARF, and particularly thrombocytopenia (which is found in more than 75% of
the cases, if assessed early enough after the onset of symptoms) (Clement et al.,
1995, 1998; Colson et al., 1995). Early and marked proteinuria is found in almost
all NE and HFRS cases, but is also encountered in most American HPS cases
(Enria et al., 2000). In contrast, early ophthalmologic symptoms (eye pain, con-
junctival injection, blurred vision, cheimosis, acute glaucoma, etc.) are detected in
about 25% of NE cases (Clement et al., 1994b; Colson et al., 1995), but have rarely
been reported so far in New World HTV cases. However, conjunctival injection has
been observed in South American ANDV infections (Enria et al., 2000; Peters and
Khan, 2002).

Haemorrhagic symptoms in NE (i.e. in the West) are rare (r20% of cases) and
minor (petechiae, nose bleeding), in contrast to the more severe disease caused by
HTNV and DOBV-Af in the Far East and in the Balkans, respectively, where
severe haemorrhagic complications and shock often lead to death (Gligic et al.,
1992; Avsic-Zupanc et al., 1994). Haemorrhagic necrosis of the pituitary gland
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(Sheehan’s syndrome), of the adrenals, or of the right atrium have also been men-
tioned as complications in severe HTNV-induced infections, but are extremely rare
in NE. In severe NE cases, renal swelling can be so intense that spontaneous
‘‘internal rupture’’ with perinephric haemorrhage ensues (Clement et al., 2001).
Indeed, most symptoms are mild and self-limited in NE; complete restoration of
normal kidney function within 2–3 weeks is the rule. Except for ophthalmologic
symptoms and the rare haemorrhagic complications, the symptoms of NE are often
non-specific or even totally absent (subclinical forms). Except during an epidemic,
the diagnosis can only be confirmed by serological tests.

NE has a good prognosis, with a mortality rate of only 0.1%. The fatality
rate of HPS, which was 50% in 1993, has now decreased to 20% or lower (Enria
et al., 2000; Peters and Khan, 2002); these figures are equal to mortality rates in
the most severe outbreaks of HTNV or DOBV in the Old World. The decrease
in mortality rate probably represents increased recognition of milder cases and
improved medical care. As with every emerging disease, the most severe cases
were recognized first, and milder or even asymptomatic cases were recognized
later.

As predicted (Clement et al., 1997), there was found to be overlap of the range
of symptoms in both the Eastern and Western hemispheres. Cases of HPS with
kidney involvement (Enria et al., 2000) and HFRS cases with lung involvement
(Stuart et al., 1996; Klempa et al., 2003; Launay et al., 2003) were eventually
recognized. A series of European forms of NE was reported, presenting with an
HPS-like non-cardiogenic acute pulmonary oedema (Clement et al., 1994d). In
unusual cases, these forms may also need mechanical ventilation and dialysis
(Clement et al., 1994b,d; Stuart et al., 1996). Even ‘‘diagnostic’’ immunoblasts have
now been reported in a European NE case (Keyaerts et al., 2004).

Pathogenesis

The reasons for the ‘‘organ preference’’ (lung or kidney) of HTV are far from clear,
but immunohistochemical studies show a preferential, and often abundant, pres-
ence of viral antigen in human pulmonary capillary endothelial cells in SNV in-
fections, and a mainly renal endothelial presence in HTNV and PUUV infections.
However, there is no evidence of a viral cytopathic effect either in tissue specimens
or cell culture, nor are viral inclusions seen (Zaki et al., 1995). The pathogenesis of
organ dysfunction is poorly understood, but a constant feature is a ‘‘capillary
leak’’, leading to interstitial oedema in the kidney or lung, fluid accumulation
(pleural, pericardial, peritoneal), haemoconcentration, and eventually multiple or-
gan failure. Mechanisms appear to be related to immunological pathways, deter-
mined by host factors, and probably resulting in a disturbed interplay of mediators
of inflammation (NO, cyto-, and chemokines) and their receptors in the endot-
helium (Maes et al., 2004b). Virus-induced apoptosis appears to be minimal or
absent.
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Laboratory diagnosis and differential diagnosis

Laboratory diagnosis

Serology

The earliest methods for serodiagnosis of HTV infections (in the 1970s and 1980s)
were immunofluorescent assays (IFA) for the detection of specific hantaviral an-
tibodies against lung cells of rodents infected with HTNV and/or SEOV. These
methods were quickly replaced by the use of Vero E6 cells (African green monkey
kidney cells), infected with various HTV strains (Clement et al., 1995). This tech-
nique is still used but is limited by the need for an experienced laboratory tech-
nician and the occurrence of positive reactions due to many cross-reacting
antibodies to other related HTVs.

Enzyme-linked immunosorbent assays (ELISA), in general used since the
1990s, use either native purified antigens, recombinant nucleocapsid proteins (rNp),
or even truncated rNp as antigen sources (Kallio-Kokko et al., 1998; Maes et al.,
2004a). ELISA is automated and allows an easy distinction between IgG and IgM
antibodies, essential for the clinical diagnosis of a recent infection (Niklasson et al.,
1990). IgG antibodies may persist lifelong, whereas IgM antibodies indicate recent
infection but may take up to 2 weeks to appear (Kallio-Kokko et al., 1998; Galeno
et al., 2002); IgM antibodies can even remain false negative in exceptional cir-
cumstances, such as after a therapeutic plasma exchange (Keyaerts et al., 2004).
Several variants of immunoblot assays are more specific, such as the stripe immuno
assay (SIA), useful for New World HTV infections (Hjelle et al., 1997) and
potentially for HTV infections in the Old World as well (Hujakka et al., 2003).

For serotyping infections by genetically related HTVs (e.g. HTNV vs. SEOV,
DOBV vs. SAAV), the most specific test and the ‘‘gold standard’’ is the cumber-
some plaque reduction neutralization test (PRNT) or its modern variants. But even
in this very specific test, cross-reactions can occur, particularly in IgM detection
during the first weeks after infection (Lundkvist et al., 1997).

Molecular biology

PCR followed by sequencing can identify the genotype of the infecting HTV with
extreme precision. PCR was used to characterize the characterization of the ‘‘new’’
SNV in the US in 1993, before the virus was isolated (Nichol et al., 1993).
Sequencing of the PCR fragments from both patients and suspected rodent res-
ervoirs can identify the epidemiological connection, providing an essential step to a
better understanding of HTVs. Genotyping also permits identification of ‘‘new’’
species of HTVs in human cases (e.g. Hu39694, Araraquara, etc., see Table 1).
However, PCR can only yield positive results if the serum sample contains suffi-
cient viral RNA to be detected, i.e. only in recent cases in which the samples have
been handled and stored appropriately, and in sera only when there are persistent
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high degrees of viraemia. The presumably low degree of PUUV viraemia in mild
European NE cases vs. the high degree of SNV(-like) viraemia in severe American
cases of HPS could explain why PCR for HTVs is more useful in the Americas than
in Europe.

Immunohistochemistry (IHC)

This technique allows staining of a suspected hantaviral antigen in tissue samples,
making it the ideal tool for retrospective diagnosis of HTV infections in historically
conserved biopsies. The absence, however, of a stainable antigen is no proof that a
HTV infection did not occur. For instance, PUUV antigen is frequently absent
from kidney biopsies of confirmed NE cases (Clement et al., 1995).

Clinical and laboratory differential diagnosis

Almost all emerging or re-emerging infections, bacterial or viral, but particularly
zoonoses, may be complicated by symptoms resembling ARDS; for HTV infections
in the New World, HPS may resemble ARDS as well. The ‘‘diagnostic triad’’ of a
left shift, presence of immunoblasts, and thrombocytopenia on the blood smear
indicates the presence of HPS, particularly if lung infiltrates are present on X-ray,
and if haematocrit is elevated, indicating plasma leakage. It is striking to see that
most zoonoses can also cause renal compromise, which can confuse the diagnosis
of HTV renal disease.

Dengue haemorrhagic fever and scrub typhus can mimic HFRS, but the great
imitator of HFRS is without doubt leptospirosis (Clement et al., 1997, 1998, 1999).
The wild rat that transmits leptospirosis is found nearly everywhere, and all symp-
toms, laboratory anomalies, and even kidney biopsies in leptospirosis are virtually
identical to those of HFRS. It is important to differentiate HFRS, and particularly
with SEOV-induced HFRS, from leptospirosis (Clement et al., 1997, 1998, 1999). In
cases of ARF with thrombocytopenia, excluding leptospirosis and screening for
HTV with an arvicoline and a murine antigen (including also SEOV), it was possible
to demonstrate the first documented HTV infections respectively in the Netherlands
(Koolen et al., 1989; Osterhaus et al., 1989), in the New World (Hinrichsen et al.,
1993), in Northern Ireland (McKenna et al., 1994), and in India (Clement et al.,
2000b, 2006). It is of interest that Northern Ireland and India are both regions where
bank voles are absent and where the wild rat is the only known local reservoir for
pathogenic HTVs. To further complicate the diagnosis, severe and even lethal pul-
monary and cardiac involvement can occur in leptospirosis as well as in HTV in-
fection (Yersin et al., 2000). Dual infections with both leptospirosis and SEOV after a
rat contact have been described (Kudesia et al., 1988).

Rat-bite fever (RBF), a worldwide zoonosis, is often forgotten in the differ-
ential diagnosis of fever and general malaise after contact with a rat (Clement and
Van Ranst, 2000a). RBF, caused by a bacterium, Streptobacillus moniliformis, and
occurs most often after a rat bite or ingestion of food contaminated by rats.
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Symptoms include rash, arthropathy, and multiple abscess formation; all symp-
toms rare or absent in HTV disease (Clement et al., 2003c).

What to treat and not to treat

There are no effective treatments for HTV infections except ribavirin, a nucleoside
analogue, and that should be given only early and intravenously in the clinical
course. Thus, its use is limited to quickly recognized (e.g. during an epidemic) and
severe forms of disease. In practice, this is applicable only for outbreaks of severe
HTNV disease in Korea and China, where encouraging results have been obtained
(Huggins et al., 1991). However, in a small field study in the US, no beneficial effect
could be demonstrated with ribavirin in HPS (Mertz et al., 2004).

The main treatment of severe HPS or HFRS case is purely supportive, includ-
ing mechanical ventilation or even extra-corporeal membrane oxygenation for HPS
and haemodialysis for HFRS. These are aimed at controlling the consequences of
interstitial oedema, the key pathological feature of all HTV infections.

In HFRS acute dialysis is rarely needed. In NE, dialysis is now required in
fewer than 5% of cases in most European series (Colson et al., 1995; Clement et al.,
1998). Although a very rapid deterioration of kidney function is seen, a rapid and
spontaneous recovery also occurs, most often within 2 weeks. Hyperkalaemia,
severe uraemia, and hypertension are rarely encountered, and the only true indi-
cation for dialysis is fluid overload in cases with anuria. However, this is a com-
plication that can often be avoided with careful fluid management.

Steroids have no proven benefit in HPS or HPRS, despite isolated case reports
of the so-called hastened recovery with steroids. In the largest retrospective study
conducted in 60 patients with biopsy-proven acute interstitial nephritis (of which
HTV nephropathy is a form), no beneficial effect of steroids was found (Clarkson
et al., 2004).

Recombinant vaccines for HTV are being developed, but none are available at
present. The only effective means of prophylaxis against HTV infection consists of
reduced exposure to rodents and their aerosolized excreta.
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Introduction

Nipah and Hendra viruses are two zoonotic paramyxoviruses with an ability to cause
fatal encephalitic and respiratory diseases in humans. Hendra virus was first iden-
tified in humans in Australia in 1994, with horses as the intermediate host. Nipah
virus emerged in humans in 1998 in Malaysia, with pigs as the intermediate host.
Nipah virus was later also identified in India and Bangladesh in 2001, with the flying
fox (Pteropus spp.) as the natural host, although no intermediary animal host was
found in more recent outbreaks there. A third zoonotic paramyxovirus, Menangle
virus, was first identified in pigs, and will be discussed only briefly. Of the zoonotic
paramyxoviruses, Nipah virus is responsible for the greatest number of human cases,
with several hundred cases and at least 215 deaths reported, compared to Hendra
virus, which has caused a handful of cases and 2 deaths, and Menangle, which has
only caused self-limited illness in 2 individuals.

Classification, structure, and virology

Nipah and Hendra viruses are negative-sense, single-stranded RNA viruses in the
Paramyxoviridae family, subfamily Paramyxovirinae. They are further categorized
in the recently named genus Henipavirus, one of five genera in the subfamily (the
others are Respirovirus, Morbillovirus, Avulavirus, and Rubulavirus) (Fig. 1). Other
human pathogenic viruses exist in these other genera, such as measles, mumps, and
parainfluenza viruses; Nipah and Hendra viruses, in the genus Henipavirus,
and Menangle virus, in the genus Rubalavirus, are unique in that they are zoonotic
and are viruses that have recently emerged in humans.

Nipah and Hendra viruses exhibit typical morphology of paramyxoviruses
when examined by electron microscopy (EM), with a helical nucleocapsid structure
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surrounded by a membrane derived from the plasma membrane of the cell from
which the viruses bud. Nucleocapsid filaments exhibit a typical ‘herringbone’ mor-
phology, produced by the association of the nucleocapsid protein with genomic
RNA (Murray et al., 1995b; Chua et al., 2000a; Halpin et al., 2000). In contrast to
Nipah virus, which has only a single layer of surface projections, Hendra virus
appears double-fringed, caused by projections on the surface of the viral envelope
(Hyatt et al., 2001). Measurements by EM demonstrated that Nipah virus particles
vary in size between 120 and 500 nm.

The determination of the nucleotide sequences of Nipah and Hendra viruses
were completed soon after the Nipah outbreak in Malaysia in 1998 (Harcourt et al.,
2000, 2001). Nipah and Hendra virus have 68–92% amino acid homology in the
protein-coded regions and 40–67% nucleotide homology in the non-translated re-
gions. Similar to other Paramyxovirinae, Nipah and Hendra viruses carry six genes
that encode structural proteins, the nucleocapsid (N), phosphoprotein (P), matrix
protein (M), fusion protein (F), glycoprotein (G), and the large polymerase (L), in
that order. In addition, the P gene also encodes accessory proteins designated C, V,
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Fig. 1 Phylogenetic tree comparing Nipah and Hendra viruses within the paramyxovirus family.

(HPIV ¼ Human parainfluenza virus, SV5 ¼ simian virus 5, NDV ¼ Newcastle disease virus,

CDV ¼ canine distemper virus, PDV ¼ Phocine distemper virus, DMV ¼ dolphin morbillivirus)

Source: William J. Bellini, and Paul Rota, CDC. Used with permission.
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and W. The C protein appears to regulate viral RNA synthesis and may play a role
as a virulence factor. The addition of a single nucleotide, G, allows expression of
the V protein, while the addition of two Gs allow expression of the W protein
(Harcourt et al., 2000). The N, P, and L proteins are associated with genomic RNA
and form part of the RNA polymerase complex, while the M protein serves to
maintain the virion structure, assembling between the envelope and nucleocapsid
core. The V and W proteins appear to be virulence factors that act by blocking
activation of an interferon-inducible promoter (Park et al., 2003). The two mem-
brane glycoproteins are the F and G proteins. The fusion protein, F0, is originally
synthesized as an inactive precursor that requires cleavage by a host cell protease to
become active subunits F1 and F2. These subunits mediate the fusion of the virion
membrane with the plasma membrane of the host cell. The attachment protein, or
glycoprotein, G, serves to mediate the binding of the virus to a cellular receptor,
which has not yet been identified (Wang et al., 2001).

Strain variation Nipah viruses have been demonstrated. Genomic variation
appears to be geographically distinct, with specific differences between human iso-
lates from the outbreaks in Malaysia, India, and Bangladesh, and from bats
in Cambodia (Harcourt et al., 2000; Harcourt, 2005; Reynes et al., 2005; Chadha
et al., 2006). Although amino acid homologies between the Malaysia strain and
Bangladesh strain were greater than 92%, the genome of the Bangladesh strain is 6
nucleotides longer than the Malaysian strain and demonstrated enough variation to
be considered a new strain. Sequences obtained from the outbreak in India had a
closer relation to the Bangladesh strain than the Malaysian strain, while the virus
isolated in Cambodia demonstrated closer homology to the Malaysian strain.
These observations support the finding that these viruses have natural reservoirs for
evolving within distinct geographic areas.

Transcription and replication of the henipaviruses have not been studied be-
cause of the high level of laboratory safety that is required, but the evidence to date
suggests that these viruses follow the same replication mechanisms as the other
Paramyxovirinae. After binding and fusion of the G and F proteins, respectively,
the ribonucleoprotein is released into the cell cytoplasm. Transcription of the N, P,
and L proteins then occurs prior to production of new proteins, while new mem-
brane glycoproteins are transported to the surface. The newly produced proteins
assemble at the cytoplasm and are released via viral budding.

Several unique features differentiate the henipaviruses from the other Para-

myxovirinae viruses. Antigenic cross-reactivity occurs between Hendra and Nipah
viruses, but not with other paramyxoviruses. The viruses exhibit a much longer
genomic length compared to other members (18.2 kb vs.15.5 kb), and have an un-
usually large P protein (Wang et al., 2000; Mayo, 2002). The cleavage of the
F protein, a necessary step for all paramyxoviruses, occurs through a novel type of
proteolytic cleavage that differs from that caused by known proteases (Moll et al.,
2004). The G proteins of Nipah and Hendra virus do not have hemagglutinin and
neuraminidase activity, features that are common to other paramyxoviruses
(Yu et al., 1998; Wang et al., 2001). Lastly, it should be noted that Hendra and
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Nipah viruses have a broad tropism, and are able to infect a broad range of animal
species, a characteristic that is not typical of other paramyxoviruses.

Epidemiology

The epidemiology of Nipah and Hendra viruses has not been fully elucidated. A
similarity exists between the epidemiology of each of these two viruses, such as the
Pteropus fruit bat as the natural host for both viruses. For both Hendra and Nipah
viruses, it is presumed that horses and pigs that have acted as an intermediary host
to humans had been infected by indirect contact with pteropid bats endemic in
these regions, although this has not been experimentally proven.

However, there are also differences in their epidemiology. Hendra virus was
first described along the coastal regions of Australia, and to date has caused ill-
nesses in 5 humans with 2 deaths, in infections that were acquired by close contact
with ill horses infected with the virus (Table 1). Nipah virus infections in humans
have been described in Malaysia, Singapore, Bangladesh, and India, and have been
identified in bats in Cambodia and Thailand (Table 1). Until 2004, cases occurred
only in clusters, but sporadic cases have been identified more recently through
active surveillance (Anon., 2004b). Overall, Nipah virus has caused at least 215
human deaths to date. Direct contact with infected pigs was primarily responsible
for the outbreak in Malaysia, although in Bangladesh the epidemiology was less
well-defined, with some evidence for person-to-person transmission.

Description of Hendra virus outbreaks

In September 1994, a cluster of respiratory illnesses involving 18 horses and 2
humans was reported from the town of Hendra, a suburb of Brisbane, Australia.
The first illness occurred in a pregnant mare that died, followed by 14 additional
horse deaths. Within 1 week after the death of the index mare, a 49-year-old horse
trainer and a 40-year-old stable hand who were closely involved in the care of the
index mare (Murray et al., 1995a; Selvey et al., 1995) became ill with respiratory
symptoms, and the trainer died after a 7-day illness. The stable hand recovered
from mild respiratory symptoms after 6 weeks. An undescribed virus was isolated
from several of the horses and from the kidney of the horse trainer who died; this
virus was found to be distantly related to known morbilliviruses (Murray et al.,
1995b). It was initially named equine morbillivirus and was subsequently renamed
Hendra virus.

Sporadic cases of Hendra virus have continued to occur in horses and humans.
In September 1995, a male farmer from Queensland, Australia was admitted to a
hospital with fever, altered mental status, multiple seizures, and an initial diagnosis
of meningitis (Anon., 1996; O’Sullivan et al., 1997). He died 25 days after admis-
sion. It was subsequently learned that the patient had been diagnosed with a self-
limited episode of meningitis in August 1994, and that he had cared for two sick
horses and assisted with their necropsies just prior to the onset of his first illness.
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Subsequent testing of cerebral spinal fluid obtained from the patient’s first illness
and from both ill horses confirmed that all were Hendra virus infections.

In 1999, a fatal case of Hendra virus infection occurred in a mare in Cairns,
Queensland, Australia, but there was no recognized transmission to humans (Field
et al., 2000; Hooper et al., 2000). In late 2004, two human cases of Hendra virus
infection were reported in Cairns and Townsville, Queensland. Both illnesses were
described as self-limited upper respiratory infections in female veterinarians who
had each recently performed a postmortem examination of a horse that had been

Table 1

Countries and regions where henipavirus infections have been identified

Virus Country Region (locality, if

known)

Year Affected species Reference

Hendra Australia Queensland

(Brisbane)

1994 Humans, horses Murray et al.

(1995a), Selvey

et al. (1995)

Queensland

(Mackay)

1995 Human, horses (Anon., 1996),

O’Sullivan et al.

(1997)

Queensland,

Northern

Territories, New

South Wales

1996, NA Bats Young et al.

(1996), Paterson et

al. (1998), Halpin

et al. (2000)

Queensland

(Cairns)

1999 Horses Field et al. (2000),

Hooper et al.

(2000)

Queensland

(Cairns,

Townsville)

2004 Humans, horses McCormack

(2005)

Papua New

Guinea

Madang

(Madang)

NA Bats Paterson et al.

(1998)

Nipah Malaysia Perak, Negeri

Sembilan,

Selangor

1998–1999 Humans, pigs (1999a; 1999b),

Goh et al. (2000)

Singapore Singapore 1999 Humans (Anon., 1999a, b)

Cambodia Various provinces 2000 Bats Reynes et al.

(2005)

India West Bengal

(Siliguri)

2001 Humans Chadha et al.

(2006)

Bangladesh Meherpur

(Chandpur)

2001 Humans Hsu et al. (2004)

Naogaon

(Chalksita,

Biljoania)

2003 Humans, bats Hsu et al. (2004)

Rajbari

(Goalando)

2004 Humans, bats (Anon., 2004b, c)

Faridpur 2004 Humans (Anon., 2004d)

Thailand Various provinces 2002–2004 Bats Wacharapluesadee

et al. (2005)

NA ¼ not available.
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ill. Hendra virus was confirmed as the cause of death in one of those horses
(McCormack, 2005).

Risk factors and transmission of Hendra virus

All reported human cases of Hendra virus infection have been associated with
exposure to ill horses, most of which were also confirmed to have been infected with
Hendra virus. The mode of transmission was attributed to exposure to horse res-
piratory droplets, but it appears that close and/or prolonged contact is necessary
for transmission. After Hendra virus was first identified, subsequent surveillance
among 296 other potential contacts failed to identify any other antibody positive
individuals, suggesting that the threshold for infectivity is low (McCormack et al.,
1999). There is no evidence for subclinical infection or human-to-human trans-
mission of Hendra virus.

Description of Nipah virus outbreaks

Malaysia and Singapore

In late September 1998, a cluster of human illnesses characterized by encephalitic
changes began appearing near the city of Ipoh in the Malaysian state of Perak,
followed by a second cluster in December 1998 near the city of Sikamat in the state
of Negri Sembilan. A third cluster, which ended up accounting for about 85% of all
cases in Malaysia, began later that same month in the village of Sungai Nipah near
the city of Bukit Pelandok, also in the state of Negri Sembilan, with a small number
of cases confirmed from a third state, Selangor (Anon., 1999a). Most cases were in
men who were working on pig farms, many in close contact with pigs. Some
illnesses were observed in pigs 1–2 weeks before onset of the illness in humans. By
February 1999, the outbreak in Perak had largely subsided, although it was not
until early April that cases in Negri Sembilan began to decline. Altogether, a total
of 265 Nipah virus encephalitis cases were confirmed, with 105 fatalities.

The outbreaks were facilitated by the movement of pigs between farms, and
across the border with Singapore. In a 1-week period in March 1999, 11 abattoir
workers in Singapore developed febrile illnesses that were confirmed to be due to
Nipah virus infection, and all the affected workers had handled swine imported
from Malaysia (Anon., 1999a). The outbreak in Singapore stopped after the pig
importation from Malaysia was banned and the abattoirs were closed.

Because cases were associated with close contact with pigs, the disease was
initially thought to be due to Japanese encephalitis, but another agent was sought
after patients tested negative for that virus. Subsequent EM and immunofluores-
cence testing identified the etiologic agent as a Hendra-like virus. By early March
1999, the virus was determined to be a distinct paromyxovirus and was then named
Nipah virus, after the village in Negri Sembilan where the first isolate was made
from a fatal human case (Chua et al., 1999; Chua et al., 2000a). Measures taken to
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control the outbreak focused on culling pigs in the affected states; over 1 million
pigs were eventually culled, with estimated economic losses between US$350 and
$400 million mainly due to animal losses (Anon., 2004a). Other measures that were
undertaken included a ban on transporting pigs within the country, education, use
of personal protective equipment by persons exposed to pigs, and establishment of
a national surveillance and control system to detect infected animals (Anon.,
1999b). The last confirmed fatal case was reported in May 1999, and no cases have
been reported from Malaysia or Singapore since 1999.

Through December 1999, a total of 283 cases of viral encephalitis with 109
fatalities and a case fatality rate of 38.5% were reported to the Malaysia Ministry
of Health (Chua, 2003). However, these numbers reflected only symptomatic cases;
the true number of persons infected with Nipah virus, although uncertain, is higher
due to the fact that asymptomatic patients were largely unrecognized.

India

In January and February 2001, an outbreak of febrile illnesses occurred in the city
of Siliguri, in the West Bengal region of India. Although initially reported as
atypical measles, it has been retrospectively confirmed that Nipah virus was the
most likely cause of the outbreak, with IgM and IgG antibodies to Nipah Virus
detected in serum in 9 of 18 patients and a positive PCR in urine from 5 patients
(Chadha et al., 2006). A total of 66 cases of Nipah virus encephalitis were identified
with at least 43 deaths; all cases occurred in individuals over 15 years of age. No
clear animal exposure was identified, but there was some evidence suggesting per-
son-to-person and nosocomial transmission.

Bangladesh

In April and May 2001, a cluster of febrile neurologic illnesses with nine deaths was
reported in a village in Meherpur District, Bangladesh. Preliminary testing of sera
collected from survivors soon after the outbreak suggested that a Nipah-like virus
might have been the cause. A similar outbreak of encephalitis was reported in
January 2003 in Naogaon District with eight reported deaths. A later investigation
concluded that these 17 deaths were probably due to Nipah virus encephalitis,
with an additional eight encephalitis survivors having antibody to Nipah virus (Hsu
et al., 2004). Clustering of cases occurred in several households, suggesting limited
person-to-person transmission. No clear animal exposure was identified as a pos-
sible source for the disease, although two Pteropus bats in Naogaon were found to
have antibodies to Nipah virus.

In January and February 2004, a cluster of encephalitic illnesses occurred in the
Bangladesh district of Rajbari, followed by reports of other Nipah virus-associated
illness in various other districts through March 2004 (Anon., 2004b). Altogether, 22
of 29 patients died. Nipah virus was isolated in this outbreak, which demonstrated
a 95% homology with the Malaysian strain. A fourth outbreak occurred between
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February and April 2004 in Faridpur District, with 27 fatalities from 36 total cases
(Anon., 2004d). In this outbreak, it was observed that clusters of these cases oc-
curred in households.

Risk factors and mechanisms of transmission of Nipah virus

Given the epidemiologic differences between cases in Malaysia, Bangladesh, and
India, it is apparent that various factors play a role in the transmission of Nipah
virus, including close exposure to intermediate zoonotic hosts, indirect contact with
infected pteropid bats or exposure to their body secretions, and person-to-person
transmission. In Malaysia and Singapore, direct contact with pigs, especially ac-
tivities involving close contact, was the primary source of human Nipah virus
infection (Parashar et al., 2000). Zoonotic transmission from pigs to humans
probably occurred through respiratory droplets, given that infected pigs demon-
strate both upper and lower respiratory vasculitis and have been shown in exper-
imental studies to infect one another through the oral and respiratory route
(Hooper and Williamson, 2000; Mohd Nor et al., 2000). Zoonotic transmission
also appears to occur via close handling of infected tissue, as seen in the cases of
infected abattoir workers (Paton et al., 1999).

Exposure to infected pigs accounted for most cases of Nipah virus in humans,
but 8% of case patients stated had no direct contact with pigs (Parashar et al.,
2000). Furthermore, no obvious zoonotic source of transmission has been found in
any of the Bangladesh outbreaks. The observation that many infected individuals
in Bangladesh were under 19 years of age and had no exposure to pigs or other
animals, in contrast to the Malaysia outbreak has led to the hypothesis that in-
fection might have occurred by indirect contact with fruit bats or their secretions. It
was observed that in Goalanda, boys ate fruit collected from trees where fruit bats
were presumably foraging (Anon., 2004c). Further epidemiologic studies and an-
imal surveys of these outbreaks are currently ongoing.

Nipah virus has been isolated from urine and respiratory secretions of humans
with Nipah virus infection during the Malaysia outbreaks, suggesting the possibility
of person-to-person transmission. In Malaysia, no evidence of person-to-person
transmission was found despite extensive searching; but several households in both
the 2001 and 2004 outbreaks in Bangladesh exhibited family clustering of cases,
suggesting that limited person-to-person transmission might have occurred (Hsu
et al., 2004; Anon., 2004d). Person-to-person transmission was strongly suspected
during the most recent outbreak in Faridpur District, of which studies are ongoing.
Testing of high-risk health care workers with patient contact during the Malaysia
and Bangladesh outbreaks revealed no evidence of nosocomial transmission
(Mounts et al., 2001; Hsu et al., 2004). During the Siliguri outbreak, encephalitis
cases developed among some hospital staff several days after the admission of
patients with Nipah virus encephalitis, suggesting possible nosocomial transmission,
but specific exposures were not assessed in affected individuals. Despite the high use
of standard and respiratory precautions in Malaysia, only about 40% of health care
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workers in Bangladesh during the outbreaks used any type of barrier precaution.
These findings taken together suggest that person-to-person transmission of Nipah
virus can occur, but that the transmission is rather inefficient, and probably requires
prolonged close contact.

Animal reservoirs

Fruit bats (order Chiroptera), specifically bats of the genus Pteropus, have been
shown to be the natural reservoir for Nipah and Hendra virus. About 60 species of
pteropid bats, also known as flying foxes, are known to exist; they are native to Asia
(including throughout China) and Australia, ranging as far west as the east coast of
Africa and as far east as the Pacific Islands (Koopman, 1992). The bats develop
subclinical disease due to Nipah virus and are assumed to be the intermediate hosts
for infections of humans, but this has not been experimentally shown (Williamson et
al., 1998, 2000). Suspicion of bats as natural hosts for the zoonotic paramyxoviruses
began after neutralizing antibodies to Hendra virus were found in 4 species of
pteropid bats in Australia (Young et al., 1996). Hendra virus has since been isolated
from reproductive tissue from P. poliocephalus and P. alecto (Halpin et al., 2000).

Hendra virus has been demonstrated in Australian bats from the northern city of
Darwin down to Melbourne as well as in Papua New Guinea (Paterson et al., 1998).
Extensive animal surveillance among other animals has not shown evidence of nat-
ural Hendra virus infection among horses or farm animals, or among more than 40
species of wildlife tested from Queensland (Rogers et al., 1996; Ward et al., 1996).

Antibodies to Nipah virus have been found in 9–25% of pteropid bats in
Malaysia, Cambodia, Thailand, and Bangladesh, (Yob et al., 2001; Hsu et al., 2004;
Reynes et al., 2005; Wacharapluesadee et al., 2005). Neutralizing antibodies to
Nipah virus were found in P. hypomelanus and P. vampyrus, the two pteropid
species in Peninsular Malaysia; in Cambodia, antibodies were found in a third
species, P. lylei; while in Thailand, antibodies were present in all three species. In
Bangladesh, P. giagnteus bats, a more common species in that region, were found
to have neutralizing antibodies to Nipah virus. Neutralizing antibodies to Nipah
virus have also been found in other frugivorous and insectivorous bat genera in-
cluding Eonycteris, Cynopterus, Scotophilus, and Hipposideros, although in a lower
proportion than in Pteropus spp. (Yob et al., 2001; Wacharapluesadee et al., 2005; )
whether these bats are also considered natural hosts and the significance of these
findings have yet to be determined. Isolation of Nipah virus from the bats has
proven to be difficult, but the virus was isolated from 3 of 263 pooled bat urine
samples in Malaysia, and 2 of 769 urine samples in Cambodia (Chua et al., 2002;
Reynes et al., 2005).

Menangle virus

Menangle virus is a third zoonotic paramyxovirus, described only in New South
Wales, Australia. Between April and September 1997, the number of live piglet
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births at a pig farm near Sydney was noted to decrease dramatically, accompanied
by an increase in the number of deformed and stillborn piglets (Philbey et al., 1998).
A novel virus, named Menangle, was isolated from affected piglets, characterized,
and found to be in the genus Rubulavirus, a genus whose viruses are distantly
related to Nipah and Hendra viruses (Bowden and Boyle, 2005) (Fig. 1). Of more
than 250 persons with potential exposure to the infected pigs, 2 had antibodies to
the virus, both of whom had a self-limited illness consisting of malaise, chills, and
fever. Extensive serologic investigations ruled out other viruses (Chant et al., 1998).
The entire Menangle virus genome was subsequently sequenced (Bowden and
Boyle, 2005). As with Hendra and Nipah viruses, fruit bats are thought to be the
primary reservoirs for Menangle virus.

Pathogenesis and clinical characteristics

Pathogenesis of Hendra virus infection

The incubation period of Hendra virus is not known, but illness onsets for the first
two human cases began between 5 and 8 days after the known contact with the
index case mare. Autopsies of these two human cases revealed disease in lung and
brain tissue. One patient, with symptoms primarily of pneumonitis, had focal ne-
crotizing alveolitis with giant cells, syncytial formation, and viral inclusions (Selvey
et al., 1995). The other patient, with predominantly encephalitic symptoms, had
leptomeningitis with lymphocyte and plasma cell infiltration (O’Sullivan et al.,
1997). Necrosis of the neocortex, basal ganglia, and cerebellum, was seen, but the
subcortical white matter was not affected. It is unclear how Hendra virus enters the
CNS, but a guinea-pig model suggested evidence of invasion via the choroid plexus
(Williamson et al., 2001). Multinucleated endothelial cells have been seen in the
liver and spleen from patients with Hendra virus infections. Hendra virus has been
detected by PCR in serum and CSF from humans, but it has only been isolated
from kidneys.

In addition to natural Hendra virus infection in horses and humans, Hendra
virus has been experimentally transmitted to cats and guinea pigs. In horses, the
predominant pathological findings are in lungs, with pulmonary edema and con-
gestion; histologically, interstitial pneumonia has been found with focal necrotizing
alveolitis, along with syncytial formation affecting the vascular endothelium. In
horses, cats, and guinea pigs, the virus has been isolated from spleen, kidney, urine,
and serum (Westbury et al., 1996; Williamson et al., 2000).

Pathogenesis of Nipah virus infection

The exact incubation period of Nipah virus is uncertain; however, the period from
last contact with pigs to onset of symptoms during the Malaysian outbreaks was
o2 weeks in 92% of patients (mean ¼ 10 days) (Chong et al., 2000; Goh et al.,
2000). However, incubation periods up to 2 months have been reported, and in one
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case study, presumed Nipah virus encephalitis developed 4 months after exposure
(Wong et al., 2001). It is unclear whether such unusual cases represent prolonged
incubation periods or cases with late-onset encephalitis in initially asymptomatic
individuals. The recent outbreaks in Bangladesh have not yielded further data
regarding the incubation period.

Widespread vasculitis seen in patients is consistent with the viremia that ap-
pears to be the mechanism for spread to various organ systems. In humans and in
the hamster animal model (Wong et al., 2002, 2003), it has been proposed that the
virus enters the CSF as a result of vascular wall damage. In a porcine model, the
data suggest that the virus invades the CNS directly through the cranial nerves
(Weingartl et al., 2005). CNS involvement was seen in >90% of autopsies in the
Malaysia outbreak, with both parenchymal necrosis and thrombotic vasculitis in
the CNS, typically of the small vessels, characterized by varying degrees of seg-
mental endothelial destruction, necrosis, and karyorrhexis (Wong et al., 2002). The
lungs were the second most involved organ, with vasculitis seen in the lungs in 62%
of cases, along with varying degrees of alveolar hemorrhage and pulmonary edema.
Renal, cardiac, and splenic involvement is seen in lesser degrees, each associated
with vasculitis, thrombosis, and necrosis (Chua et al., 2001). The occasional ob-
servation of syncytial multinucleated giant endothelial cells in the CNS and other
organs is a distinct finding not usually seen in other types of viral encephalitis.

Nipah virus has been isolated from human CSF, throat and nasal swabs, and
urine (Goh et al., 2000; Chua et al., 2001). Nipah virus has been shown exper-
imentally to infect a variety of tissues from pigs, cats, dogs, and hamsters (Mohd
Nor et al., 2000; Middleton et al., 2002; Wong et al., 2003). Most studies of the
pathogenesis of Nipah virus have been conducted in pigs. Nipah virus infection is
milder in pigs than in humans, often asymptomatic, with mortality from o1% to
5% (Mohd Nor et al., 2000). However, clinical disease in pigs can involve the
respiratory system and CNS, and is known as porcine respiratory and encephalitis
syndrome. Mild-to-severe lung injury is often present, with emphysema or hem-
orrhage, and evidence of consolidation. Histology of the lungs reveals interstitial
pneumonia and syncytial cell formation with vasculitis, fibrinoid necrosis, and
hemorrhage. In experimental infection of pigs, virus is present in nasal turbinates,
trachea, lungs, cranial nerves, and olfactory epithelial cells (Weingartl et al., 2005).

Clinical manifestations

Clinical features of Hendra virus infection

It is difficult to delineate the clinical manifestations of a disease for which, to date,
only three cases have been reported with detailed clinical information. No asymp-
tomatic human infections have been observed, although asymptomatic Hendra
virus infections have been noted in horses (Murray et al., 1995b).

The clinical features of Hendra virus infection involve the respiratory system
or CNS, which range from a mild influenza-like illness to fatal pneumonia or
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encephalitis. In two of the three cases reported with detailed clinical descriptions,
presenting symptoms included myalgia, headaches, lethargy, and vertigo (Selvey
et al., 1995). One of the two was characterized by 6 weeks of lethargy, and oth-
erwise normal physical and laboratory examinations. The other patient went on to
develop nausea, vomiting, and respiratory failure. His chest X-ray had bilateral
alveolar and interstitial infiltration. Initial laboratory abnormalities included
thrombocytopenia, liver enzyme elevation, acidosis, and hypoxemia, but the white
count and differential remained in the normal range. The third case developed a
recurrent neurologic syndrome that began as a self-limited meningitis lasting about
2 weeks, followed 1 year later by an encephalitic syndrome consisting of fever,
altered mental status (unconscious by day 7 of the encephalitis), focal and gen-
eralized tonic-clonic seizures, and death (O’Sullivan et al., 1997). Initial blood
count, electrolytes, and liver function tests were normal, but there was a mono-
nuclear pleocytosis in the CSF. MRI of the brain showed gray matter abnormalities
that worsened as the illness progressed. Of the patients infected with Hendra virus
who recovered, there have been no reports of residual neurologic or other clinical
deficits.

Clinical features of Nipah virus infection

Nipah virus can cause asymptomatic infections in some patients; in the Malaysia
and Singapore outbreaks between 17% and 45% of infections were asymptomatic.
There has not been any evidence for asymptomatic infection in outbreaks in
Bangladesh (Hsu et al., 2004). In a study of Malaysian house holds with symp-
tomatic family members infected by Nipah virus, 6 of the 36 (17%) antibody
positive individuals were asymptomatic (Tan et al., 1999). Parashar found that
among symptomatic pig farmers and their families in Malaysia, 30 of 110 (27%)
were asymptomatic (Parashar et al., 2000). In another study designed specifically to
compare symptomatic versus asymptomatic Nipah virus infection among high risk
groups in Singapore, 10 of 22 (45%) of those with Nipah virus antibodies were
asymptomatic, with no neurologic or respiratory symptoms (Chan et al., 2002).

Nipah virus infection produces an encephalitic syndrome predominantly char-
acterized by fever, headache, and neurologic signs. Fever is almost universal, fol-
lowed by headache in 65–88% of patients (Chong et al., 2000; Goh et al., 2000). A
reduced level of consciousness was seen in 55% of all infected individuals during
the Malaysia outbreaks (Goh et al., 2000) and in >90% in the Bangladesh out-
breaks (Hsu et al., 2004; Anon., 2004c). Vomiting and dizziness are reported as
prominent clinical features, which could be secondary to neurologic dysfunction.
Some neurological signs reflected brain stem abnormalities, including reduced or
absent reflexes, variable reactive pupils, and doll’s-eye reflexes. Other specific ne-
urologic signs noted include myoclonus, tonic-clonic seizures, and nystagmus.

The respiratory system is the second most commonly affected system in Nipah
virus infection. Cough, cold-like symptoms and dyspnea were the most com-
mon respiratory symptoms reported. Respiratory symptoms and abnormal chest
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x-rays were reported at a higher rate in the Bangladesh outbreaks compared
with the Malaysia outbreaks (Anon., 2004c, d). This finding may explain why
person-to-person transmission was found in Bangladesh but not in Malaysia. The
gastrointintestinal system was much less commonly affected, with some reporting
symptoms of abdominal pain, diarrhea, and constipation.

Laboratory and radiographic findings

Common hematologic abnormalities in Nipah virus infection include thrombocy-
topenia (30%) and leukopenia (11%). Elevated liver function tests are also seen in
about 40% of patients, and hyponatremia is sometimes found. Hemoglobin, renal
indices, and electrolytes other than sodium are usually normal. CSF white count
and protein are elevated in about 75% of cases, although normal CSF white counts
were reported in all cases in one outbreak (Chadha et al., 2006).

An initial IgM anti-Nipah virus antibody response was noted in about half of
patients on day one of symptoms, rising to 100% from day 3–9 (Ramasundrum
et al., 2000). Over half of patients exhibited positive IgG antibody after 2 weeks,
and all became positive by day 17–25. However, the presence of antibody in serum
or CSF did not influence the rate of isolation of virus from CSF, nor did it correlate
with decreases in morbidity or mortality (Ramasundrum et al., 1999; Chua et al.,
2000b).

Computed tomography of the head is normal, but MRI findings on T1-
weighted imaging include multiple widespread small lesions in the white matter,
mostly in the frontal and parietal lobes (Lee et al., 1999; Goh et al., 2000). The pons
and cerebellum have also been affected (Lim et al., 2002). T2-weighted imaging
demonstrates hyperintense lesions in gray matter and on fluid-attenuated inversion
recovery sequences. Chest X-ray is abnormal in a varying number of patients,
ranging from 6% to 72% in the Malaysia and Singapore outbreaks, consisting of
mild interstitial infiltrates or alveolar consolidation in one or both lung fields
(Paton et al., 1999; Chong et al., 2000; Goh et al., 2000; ). In Bangladesh, a chest
X-ray pattern seen in acute respiratory distress syndrome was interpreted and
reported (Anon., 2004d).

Complications, relapse, and mortality

The exact prevalence of individuals with neurologic or psychiatric sequelae of
Nipah virus encephalitis is uncertain, as study results vary and sample sizes are
generally small. The largest study found 15% (14 of 110 individuals) with residual
neurologic deficits (Goh et al., 2000). Higher percentages of residual neurologic,
psychiatric, or cognitive symptoms have been reported in smaller studies (Lim
et al., 2003; Ng et al., 2004). Neurologic sequelae have included residual cognitive
deficits, verbal impairment, cranial nerve palsy, cerebellar abnormalities, and
persistent vegetative state. Neuropsychiatric sequelae have included personality
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changes and major depression. Chronic fatigue syndrome has sometimes also been
reported as a sequela of Nipah virus encephalitis.

Relapse occurs in 3–8% of patients, occasionally causing more severe clinical
symptoms than the initial manifestation (Goh et al., 2000; Tan et al., 2002). Relapse
occurs at a mean of 8 months after initial presentation. Late-onset encephalitis occurs
in 3% of infected patients who were initially asymptomatic or non-encephalitic,
and has been reported to occur as late as 4 months after initial infection (Goh et al.,
2000; Wong et al., 2001). Clinical symptoms of relapsed and late-onset encephalitis
are similar to those of initial encephalitis. However, focal MRI abnormalities of the
cortical gray matter have also been present in patients with relapsed or late-onset
encephalitis.

The overall mortality rate of symptomatic Nipah virus infection differs by
country: 40% (105/265) in Malaysia, 9% (1/11) in Singapore, 74% (exact figures
uncertain) in India, and 76% (66/87) in Bangladesh. It is uncertain whether these
differences are due to virulence factors in the virus or whether they reflect the level
or availability of supportive care in each country. Factors that predicted mortality
included the presence of doll’s-eye reflexes, tachycardia, high fever, hypertension,
and a positive viral culture of the CSF (Chong et al., 2000; Chua et al., 2000b; Goh
et al., 2000).

Laboratory diagnosis

Only a few laboratories worldwide have the capability for testing and confirming
the presence of Hendra and Nipah viruses by virus isolation, immunohistochem-
istry, and molecular amplification. In addition, these viruses are classified as
biosafety level 4 (BSL-4) agents and must be handled under strictest physical con-
tainment standards.

Viral isolation in cell culture from affected tissue is an important diagnostic
methodology for these viruses, particularly when determining the etiology of a new
outbreak (Daniels et al., 2001). Both Hendra and Nipah viruses grow well in Vero
cells, and a cytopathic effect is usually noted within 3 days. Nipah virus has been
isolated from human CSF, nasal and throat swabs, and urine (Chua et al., 1999;
Goh et al., 2000). The virus has also been isolated from pigs and cats in a variety of
tissue including lung, spleen, serum, and kidneys (Daniels et al., 2001; Middleton et
al., 2002). Although Hendra virus has been isolated in humans only from kidney
tissue, it has been isolated from serum, lung, spleen, and CNS tissue from a variety
of animals including horses, cats, and guinea pigs (Murray et al., 1995a; William-
son et al., 1998, 2000, 2001). Immunostaining, neutralization techniques, PCR, and
EM, including immunoelectron microscopy, are utilized for further identification of
the virus.

Immunohistochemistry can be performed on preserved tissues allowing a di-
agnosis to be made retrospectively. It also has the advantage that testing can be
done in the absence of a BSL-4 facility. A range of polycloncal and monoclonal
antisera are used, but they are not available commercially. PCR methods and
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sequencing are necessary for genetic characterization of these viruses, especially
with a suspected new outbreak in a geographically distinct area, as occurred in the
Bangladesh outbreak (Harcourt, 2005). Nested primers coding for the M or N
genes are most commonly used at present, although primers for the P gene were
used in the initial outbreak in Malaysia and Singapore (Chua et al., 2000a; Daniels
et al., 2001).

Serologic methods include neutralization tests and enzyme-linked immunosor-
bent assays (ELISA). The serum neutralization test is the accepted standard for
serology, but it requires BSL-4 facilities, as cell cultures must be used to determine
whether a cytopathic effect has occurred. The ELISA utilizes both indirect formats
for IgG and antibody capture for detecting IgM antibodies for Hendra and Nipah
viruses. To perform these tests, preparation of viral antigen has been used, but
research is being done to express antigen utilizing individual viral proteins such as
the N protein of both viruses (Bellini et al., 2002). These newer techniques allow
ELISA preparation and testing to be done at facilities with BSL-2. This gives
ELISA the advantage of being able to quickly detect antigen in a wider range of
laboratory settings; the test is also more useful for rapid diagnosis for many cases in
a suspected outbreak setting compared to serum neutralization. However, the sen-
sitivity and specificity of the ELISA test are slightly inferior to serum neutralization
tests.

Treatment, prevention, and control

Treatment for Hendra virus is supportive only. No effective antiviral therapy is
known for Hendra virus. However, in vitro, ribavirin has been shown to have an
inhibitory effect against RNA synthesis and the yield of Hendra virus (Wright et
al., 2005).

Ribavirin and acyclovir have been used to treat Nipah virus infection. In
Malaysia, ribavirin was administered orally or intravenously to 140 persons with
Nipah virus encephalitis and compared to a group of 54 control patients who did
not receive ribavirin. A total of 45 deaths in the treated group (32%) compared to
29 deaths in the control group (54%) suggested a 36% reduction in mortality with
ribavirin administration (Chong et al., 2001). In Singapore, acyclovir was admin-
istered to all encephalitis patients during the Nipah outbreak (Paton et al., 1999;
Bellini et al., 2002). Only one fatality occurred in Singapore, but the effect that the
drug had on the course of disease is unclear.

Nipah and Hendra virus infections can theoretically be prevented by avoiding
direct or indirect contact with fruit bats or fruit bat urine or droppings. Using
precautionary measures such as gloves and masks may be considered in locations
with fruit bats. Fruit or other products from trees where fruit bats roost should be
carefully washed.

Because it is assumed that these viruses can spread through respiratory droplets
or by contact, caution should be used when caring for an infected individual,
including frequent handwashing, avoidance of direct contact with urine or salivary
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secretions, and wearing a mask. Although nosocomial transmission of the viruses is
unlikely, contact and droplet precautions seem prudent when taking care of any
patient with suspected Nipah or Hendra virus infection.

Surveillance is an important tool for early detection for illnesses caused by
the henipaviruses. Surveillance for Hendra virus illness has been established in
Australia, and surveillance for encephalitic disease has been implemented in
Malaysia, Thailand, and Bangladesh. Clusters of respiratory or encephalitic illness
in humans or in certain animals, occurring in geographic locations where Pteropus

bats are known to be endemic, should raise awareness of the possibility of henipa-
virus infection. Thus, surveillance in animals such as horses and pigs is also im-
portant for the early detection of Nipah and Hendra virus infections.

No specific vaccine is available against Nipah or Hendra virus. However, active
immunization against Nipah virus and passive transfer of antibody to Nipah virus
have shown promising results in hamster models (Guillaume et al., 2004).

Ecologic aspects and future considerations

Ecologic changes, human demographics, and behavior patterns such as interna-
tional travel, technology and industry, and microbial adaptation have all been fac-
tors that are thought to play a role in infectious disease emergence (Morse, 1995).
For the henipaviruses, speculation has focused on environmental changes such as
deforestation and hunting, which subsequently affected the roosting habitats of
flying foxes and placed them in closer proximity to humans (Field et al., 2001;
Daszak et al., 2004; Breed et al., 2005). It should be noted also that in Bangladesh,
located at a more subtropical latitude, all Nipah outbreaks occurred in the first half
of the year, suggesting that perhaps climate change or bat activities affected by
seasonal change may also have played a role. Until a better understanding of the
causes of these newly emergent viruses is obtained, future outbreaks are likely to
recur. Research is continuing to identify the factors that have led to the emergence
of Hendra and Nipah viruses in domestic animal and human populations.
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Introduction

Japanese encephalitis (JE) virus (JEV) is the major mosquito-borne encephalitic
flavivirus of rural eastern, southeastern and southern Asia. It is believed to be
responsible for more than 40,000 cases of encephalitis annually, with at least 10,000
deaths, but these figures are generally regarded as a significant underestimate, and
it has been suggested that the true disease burden might be closer to 175,000 cases
annually (Tsai, 2000). Indeed, with the near eradication of poliomyelitis, JE is now
the leading cause of childhood viral neurological infection and disability in Asia
(Halstead and Jacobson, 2003). In 2002, the global burden was estimated to be
709,000 disability adjusted life years (WHO, 2004). The lack of a more accurate
indication of the disease burden is due to the absence of good surveillance
(surveillance is incomplete or even non-existent in some affected countries) and by
the paucity of diagnostic laboratories in a number of affected countries. It has been
calculated that about 2 billion people live in rural JE-prone areas of the world, the
majority in China and India, with 700 million children under the age of 15 at risk of
infection (Tsai, 2000; Keiser et al., 2005). Over the past 60 years, it has been
estimated that JEV has infected more than 10 million people, of whom 3 million
died and 4 million suffered long-term disabilities.

Historically, epidemics of encephalitis suggestive of JE had been recorded in
Japan since 1871, but the first large outbreak to be described occurred in 1924 with
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>6000 cases and a fatality rate of 60%. The disease was termed ‘‘Type B’’ epidemic
encephalitis initially to distinguish it from epidemic encephalitis lethargica, ‘‘Type
A’’, but the use of the designation ‘‘Type B’’ has now been dropped from the name.
Observations of the 1924 epidemic and subsequent epidemics suggested that JE had
a seasonal occurrence and was therefore probably transmitted by mosquito vectors.
The virus was first isolated from the brain of a fatal case in Japan in 1934
(T. Miatamura et al., 1936, cited by Burke and Leake, 1988; Monath, 1988) and
characterised as the prototype strain (Nakayama strain). It was subsequently
isolated from Culex tritaeniorhynchus mosquitoes (T. Mitamura et al., 1938, cited
by Burke and Leake, 1988). Much of our knowledge of the animal–vector–human
transmission cycles between viraemic pigs and birds through the vector, Cx.

tritaeniorhynchus, and to humans as incidental hosts, was later elucidated in a series
of excellent studies in Japan by Scherer, Buescher, and their colleagues (Buescher
and Scherer, 1959; Buescher et al., 1959a,b; Scherer, 1959).

JEV was shown to be antigenically related to St Louis encephalitis virus (SLEV)
and West Nile virus (WNV) by Smithburn (1942). Subsequently Casals and Brown
(1954) grouped these viruses as the ‘‘Group B arboviruses’’, together with yellow
fever, dengue, and other similar viruses on the basis of serological cross-reactions
detected by haemagglutination inhibition. More recently, these viruses were
classified as members of the family Flaviviridae based on a number of similar
features and properties (Westaway et al., 1985), and subsequently in the genus
Flaviviruses, within that family. While all flaviviruses share group-reactive epitopes,
cross-neutralisation tests have been shown to further discriminate most members of
the genus into eight serological groups or serocomplexes, the JE serological group
being one of these complexes (Madrid and Porterfield, 1974; Calisher et al., 1989).
Phylogenetic studies have generally supported and extended these earlier
serological relationships and have given some indication of the possible
evolutionary origins of these viruses (Kuno et al., 1998; Gould et al., 2001).

Japanese encephalitis virus

The JE serological group of viruses

The JE serological group comprises eight antigenically related virus species and two
strains or subtypes, with members found on all continents except Antarctica. The
virus species are Cacipacore virus (CPCV), JEV, Koutango virus (KOUV), Murray
Valley encephalitis virus (MVEV), SLEV, Usutu virus (USUV), WNV, and
Yaounde virus (YAOV), with Alfuy virus (ALFV) and Kunjin virus (KUNV) being
subtypes of MVEV and WNV, respectively (Mackenzie et al., 2002a; Thiel et al.,
2005). Of the latter two viruses, there is increasing genetic evidence to indicate that
ALFV should be re-classified as a separate species in the group (May et al., 2006),
and KUNV is generally recognised to be a clade within WNV lineage 1 viruses
(Lanciotti et al., 1999; Scherret et al., 2001, 2002), and is referred to here as WNV
(KUNV clade). In addition to these recognised members, there have been reports of
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other potential species or subtypes from central Europe and the Volga delta of
Russia that appear to be closely related to WNV (Lvov et al., 2004; Bakonyi et al.,
2005). SLEV, MVEV, and WNV are major causes of human disease: SLEV in
North, Central, and South America; MVEV in Australia and Papua New Guinea;
and WNV in Africa, southern Europe, western Asia, Australasia (as KUNV clade),
and most recently in North America. KOUV and USUV cause occasional human
infections in Africa. The other three viruses, ALFV in Australia, CPCV in South
America, and YAOV in Africa, have not been associated with human infection or
disease. The phylogenetic relationships between putative members of the
serological group, based on molecular biology studies, have been described by a
several groups (Poidinger et al., 1996; Kuno et al., 1998; Gould et al., 2001) and in
general are consistent with the serological grouping, with the exception that SLEV
clusters more closely with Rocio and Ilheus viruses in the Ntaya virus serological
group than with members of the JE serological group. The evolution and
divergence of the members is more complex and difficult to determine, but it is
likely that a precursor to JEV emerged from Africa and gave rise to the current
genetically recognisable form of the virus within the past few centuries (Uchil and
Satchidanandam, 2001; Gould, 2002; Solomon et al., 2003a).

The JE serological group members have demonstrated a strong propensity to
spread into new areas. This has been clearly demonstrated over the past few years
with the spread of WNV into North America (Briese et al., 1999; Lanciotti et al.,
1999), USUV into the avifauna of Austria (Weissenbock et al., 2002), and JEV into
Pakistan (Igarashi et al., 1994) and Australasia (Hanna et al., 1996b; Mackenzie et
al., 2002b). Indeed it is this propensity to spread together with the geographic range
that forms the major focus of this chapter.

Properties of the virus

JEV is a positive-sense single-stranded RNA virus, approximately 11 kb long and
capped at its 50 end but, unlike cellular mRNAs, is not 30-polyadenylated (Burke
and Monath, 2001; Lindenbach and Rice, 2003). It contains a single open reading
frame (ORF) encoding a polyprotein, which is cleaved co- and post-translationally.
The 50 quarter of the ORF encodes three structural proteins (capsid (C), membrane
(M) that is formed from its precursor (prM), and envelope (E)), and the remaining
30 end of the genome encodes seven non-structural proteins (NS1, NS2a, NS2b,
NS3, NS4a, NS4b, and NS5). The ORF is flanked by a 50 untranslated region
(UTR) of approximately 95 nucleotides, and a polymorphic 30 UTR, 560–585
nucleotides in length (Poidinger et al., 1996; Nam et al., 2002).

JE virions contain the surface proteins E and prM/M, and the nucleocapsid C
protein that encapsulates the viral RNA (Lindenbach and Rice, 2003). The E
protein forms an icosahedral protein shell and is responsible for cellular attachment
and fusion of the virus envelope with the plasma membrane (Heinz et al., 2004).
The prM protein facilitates the intracellular maturation and transport of E protein
during virus particle morphogenesis (Heinz and Allison, 2003). Shortly before virus
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egress, prM undergoes proteolytic cleavage—an event required to produce fully
infectious virus leaving the M protein in the mature viral envelope (Elshuber et al.,
2003; Heinz and Allison, 2003). The main functions of the non-structural proteins
are viral RNA replication, involving NS1, NS2A, NS3, NS4A, and NS5, and
translation and polyprotein processing, mediated by NS2B, NS3, NS4, and NS5
(Westaway et al., 2002; Lindenbach and Rice, 2003). Conserved elements and
secondary structures located in the 50 and 30 UTRs are also involved in viral RNA
replication and translation (Markoff, 2003).

Antigenic and genomic variation

Antigenic variation

JEV exists as a single serotype, but antigenic variation has been recognised using
polyclonal and monoclonal antibodies. Two major immunotypes were differen-
tiated using polyclonal sera and represented by the prototype strain, Nakayama,
and the Beijing-1 strain (Okuno et al., 1968), which are also the strains used in
inactivated mouse brain-derived JE vaccines. Monoclonal antibody analyses have
demonstrated at least five antigenic subgroups (Kobayashi et al., 1984; Kedarnath
et al., 1986); the Nakayama virus strain isolated in 1934, the Beijing-1 virus strain
which had been isolated in 1949, the Kamiyama strain isolated in 1966, the 691004
strain isolated in 1969 in Sri Lanka, and the Muar strain isolated in 1952 in
Singapore. Further putative subtypes were subsequently identified from 5 viruses
isolated in Thailand, China Taiwan, and India, of which four had some antigenic
similarities to the Kamiyama subtype and one, the Thai KE093 strain, was very
different (Satake et al., 1994; Hasegawa et al., 1995). Interestingly, most of the
currently circulating strains fall into the Kamiyama subtype (Satake et al., 1994;
Hasegawa et al., 1995), but the data also suggest that there is antigenic drift from
the Kamiyama subtype, and that additional antigenic subtypes may be circulating
in other geographic areas.

Genomic variation

Genetic variation among JEV strains isolated from widely different time periods
and geographical regions has been demonstrated and investigated in several studies
(Chen et al., 1990, 1992; Ali and Igarashi, 1997; Williams et al., 2000; Uchil and
Satchidanandam, 2001; Solomon et al., 2003a). Sequence information from the
highly variable prM gene was used to define four genotypes (Chen et al., 1990,
1992). These genotypes were subsequently confirmed by phylogenetic studies using
the E gene and full-length genomic sequences (Williams et al., 2000; Uchil and
Satchidanandam, 2001; Solomon et al., 2003a). Genotype 1 was found to comprise
strains from Cambodia, Korea, northern Thailand, Vietnam, Japan, and Australia;
genotype 2 comprised strains from Indonesia, Malaysia, southern Thailand, and
Australia; genotype 3 contained viruses isolated from the known geographic range
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of JEV—with the exception of the Australasian region—and included strains from
Japan, China, Taiwan, the Philippines, and Southeast Asia; and genotype 4
comprised isolates found only in Indonesia. Interestingly, all isolates from Indian
subcontinent belong to genotype 3, and no other genotype has been found in India,
Nepal, or Sri Lanka. Genotype 4 is the most divergent clade in phylogenetic
analyses and is therefore thought to represent the oldest lineage of JEV (Solomon
et al., 2003a). Based on E gene phylogeny, the Muar strain from Singapore has
been proposed as a fifth genotype (Uchil and Satchidanandam, 2001; Solomon et
al., 2003a), but this isolate clusters with genotype 3 strains in prM gene phylogeny
(Chen et al., 1990, 1992; Williams et al., 2000) and it has been suggested that
sequencing errors introduced into an otherwise conserved region of the Muar E
gene sequence may have confounded phylogenetic analyses (Gould et al., 2004). In
the absence of confirmatory sequences for the Muar strain or the isolation of
additional strains belonging to this proposed genotype, the fifth genotype remains
uncertain. The phylogenetic relationship between the different genotypes is shown
in Fig. 1.

The genetic variation observed in flaviviruses was thought to arise predo-
minantly through the accumulation of mutational changes (clonal evolution).
Recently, however, evidence for recombination has been found for flaviviruses
including JEV, providing an alternative and more dramatic means by which JEV
may evolve (Twiddy and Holmes, 2003; Gould et al., 2004). Recombination events
may lead to evolution of novel viruses with altered tissue tropism, pathogenesis,
and disease associations. In terms of molecular epidemiological investigations, the
presence of recombination in a given genome may lead to its misclassification in
single gene analysis. This may be avoided by using either full-length genomes or
different regions of the same genome in phylogenetic analyses.

A correlation between genetic variation and JEV activity has been observed,
with isolates from northern temperate areas where JE occurs as summer epidemics
predominantly caused by genotypes 1 and 3, whereas endemic strains found in
tropical equatorial regions have been associated with genotypes 2 and 4 (Chen et
al., 1990, 1992). However, several exceptions to this pattern have now been
demonstrated, with the so-called epidemic genotypes found in endemic areas, and
vice versa. One such example can be found in India where epidemic virus activity
occurs in the north of the country and endemic, year-round activity is found in the
south (Reuben and Gajanana, 1997). Thus far, all Indian isolates belong to
genotype 3 (Uchil and Satchidanandam, 2001), which includes strains from
countries of epidemic virus activity. Hence, genotype not only correlates with virus
activity, but also with place of isolation, suggesting that the epidemic potential of a
virus may depend more on environmental factors (viz., climate, availability of
suitable mosquito vectors/vertebrate hosts and immune status of the host
population) than viral genetic determinants (Williams et al., 2000). Despite this,
genetic analysis of genotype 4 strains identified unique residues in the E gene
predicted to be involved in cellular entry (Solomon et al., 2003a). It was
hypothesized that these differences resulted in altered viral tropism that restricted
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Fig. 1 Phylogenetic relationships of Japanese encephalitis virus strains predicted from E gene sequence

information. Phylogenetic groupings corresponding to the genotype classification of Chen et al. (1990,

1992) and Williams et al. (2000) are indicated (G1–G4). The tree was constructed using the neighbour-

joining method in ClustalX (Thompson et al., 1997), with percentage bootstrap values indicated at
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site. Horizontal branch lengths are proportional to genetic distance while vertical branch lengths have

no significance. The tree was rooted using cognate sequence information from the genome of West Nile

Kunjin (KUN) clade. Adapted from Lam et al. (2005b).
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vector and/or host range of genotype 4 viruses and confined their circulation to an
ecological niche within Indonesia; conversely, changes in this region of the E
protein might have resulted in enhanced viral tropism, allowing the expanded
transmission and spread observed for the recent genotypes (Solomon et al., 2003a).
Further investigation will be required to fully delineate the relationship between
genetic variation and virus transmission and spread.

In the last decade, the phenomenon of genotypic shift or genotypic replacement
in circulating JEV has been increasingly reported (Nam et al., 1996; Pyke et al.,
2001; Ma et al., 2003; Nga et al., 2004). A shift from genotype 3 to 1 was reported
to have occurred in Korea in the early 1990s, and in Japan and Vietnam in the mid-
to-late 1990s (Nam et al., 1996; Ma et al., 2003; Nga et al., 2004; Yang et al., 2004).
A similar phenomenon took place in the Australasian region; since the year 2000,
only genotype 1 strains of JEV have been isolated following a history of genotype 2
virus activity (Pyke et al., 2001; Johansen et al., 2004). The Indonesia–Malaysia
region was implicated as the most likely source of these genotype 1 incursions (Pyke
et al., 2001; Nga et al., 2004).

Clinical description and disease associations

Encephalitis is a common manifestation of a number of flavivirus infections,
including JEV, MVEV, WNV (including WNV KUNV clade), SLEV, and tick-
borne encephalitis virus. Despite some variation in clinical manifestations and
severity of illness, the pathogenesis, disease states and outcomes are similar for
most of these. JE is the most common of the human flavivirus encephalitides,
though we still know relatively little about the disease process and its effective
treatment.

Apart from rare instances of laboratory-acquired infection, human JEV
infection and disease are always the result of the bite of an infected mosquito. The
initial infection event is thought to be uptake of virus into the dendritic cells
(Langerhans’ cells) in the skin. These antigen-processing cells carry the virus to
peripheral lymph nodes, and viral replication occurs within the macrophages and
other cells of the peripheral lymphatic system. This is followed by a short-lived
viraemia, usually o1 week, which precedes the entry of the virus into the central
nervous system. In the vast majority of patients, the infection resolves at this stage;
nervous system involvement sufficient to produce clinical disease occurs in only
1 : 200–1 : 1000 cases. When it does occur, it is likely that it occurs via penetration of
the blood–brain barrier through the vascular endothelium. Although a mouse
model has been used to show direct entry via the olfactory bulb with retrograde
spread along the olfactory nerve, there is no direct evidence that this occurs in
humans.

The virus invades neuronal cells and later also can be found in phagocytic cells
within the nervous system. The major effects are seen within the central cerebral
structures including the hippocampus, thalamus, substantia nigra, and brainstem.
The temporal lobes may also be involved, as well as the cerebellum and upper
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spinal cord, particularly the anterior horn cells of the latter. The affected areas
show an inflammatory infiltrate and oedema, with a predominance of activated T
cells, macrophages, and B cells. The inflammatory response is important in causing
cerebral disease, though there are also other probable mechanisms of neuronal
damage, such as apoptosis.

In endemic areas, JEV mainly causes disease in children, as the majority of
adults are immune. However, disease occurs at all ages in new residents or travellers
who have come from non-endemic areas, or when outbreaks occur outside the
endemic areas. The very young and the elderly are more likely to develop
encephalitis and to have a poor outcome of infection, a particularly common
feature of flavivirus encephalitis resulting from WNV and MVEV infections.

There are three major categories of clinical illness: non-encephalitic disease,
encephalitis or related neurological disease, and late-onset illness. The vast majority
of infected individuals have a self-limiting illness that is either asymptomatic or is a
non-specific febrile illness, with or without headache. This mild, non-encephalitic
illness due to JEV infection is probably underdiagnosed; it may not be considered
in the diagnosis and it may clinically and serologically resemble other infections,
including other flavivirus infections (Watt and Jongsakul, 2003).

The JEV encephalitic illness classically is preceded by fever, headache, and
gastrointestinal symptoms, followed by deteriorating consciousness. JE has an
incubation period that is usuallyo1 week, but may be up to 16 days. Neck stiffness
is present in about half of cases. Sudden onset with fever and convulsions may
occur in children and occasionally in adults, and it is generally a bad prognostic
feature. Cranial nerve palsies are common and patients may demonstrate either
flaccid or spastic paralysis. Cerebrospinal fluid (CSF) typically shows lympho-
cytosis (>100� 109 cells per litre), but the CSF cell count may be normal in some
cases. Protein levels are normal or mildly elevated. Magnetic resonance imaging
commonly shows lesions in the thalamus and/or adjacent structures in patients with
severe encephalitis and is substantially more sensitive than CT scan (Kalita and
Misra, 2000).

In the worst cases, patients progress to coma with respiratory failure requiring
ventilatory support. Tremor, cogwheel rigidity, cerebellar ataxia, and upper limb
weakness are seen in some cases. Approximately 25% die even within the most
sophisticated medical settings, while about half the survivors have residual
neurological disease. In those who survive, recovery begins after about 1 week,
though it may take weeks or months for neurological deficits to resolve. In up to
50% of patients, there will be residual long-term deficits including cranial nerve
palsies, peripheral nerve palsies, epilepsy, blindness, parkinsonism, and movement
disorders. In children, residual long-term behavioural and psychiatric disturbances
are very common, including memory impairment, emotional lability, and
aggressiveness (Hoke et al., 1988).

At present we have a limited understanding of the factors that influence the
outcome of flavivirus encephalitides, including JE. Those with more severe disease
at presentation and older patients have a poorer outcome, as do young children
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(Libraty et al., 2002; Tiroumourougane et al., 2002). Other factors, such as co-
existent neurocysticercosis, are associated with more severe disease (Tiroumour-
ougane et al., 2002). Also, the presence in the CSF of JEV-IgM and JEV
neutralising antibody are both indicators of a better outcome (Libraty et al., 2002;
Potula et al., 2003).

There has been considerable discussion about the potential protective role of
pre-existing antibody to dengue virus. The early epidemiological data, reviewed by
Grossman et al. (1974), concluded, with some significant reservations, that prior
dengue did offer some protection against JEV encephalitis. A follow-up at 1 year of
the surviving JEV encephalitis cases (Edelman et al., 1975) also found that
neurological outcomes were better in children who had previous dengue infection.
A later study of paediatric cases in Thailand also found prior flavivirus infection,
presumed to be dengue, was an independent predictor of lower risk of severe
disease or death, presumably because there was a more rapid anamnestic protective
flavivirus immune response in those children (Libraty et al., 2002). Currently, the
protective role of past infection with dengue virus or other flaviviruses has not been
proven, but it remains an interesting possibility.

JEV neurological disease may also present without overt signs of encephalitis.
JEV is a common cause of polio-like acute flaccid paralysis in children in endemic
areas (Solomon et al., 1998), and it may also present as acute psychosis or as benign
aseptic meningitis (Kuwayama et al., 2005).

JEV infection in pregnancy is rare, but it has been described in a small number
of women, resulting in intrauterine foetal infection and death in 2/5 cases
(Chaturvedi et al., 1980).

There is no proven beneficial specific therapy for JEV encephalitis, and the
available treatment is supportive. Access to respiratory support is important in the
survival of severe cases. Neither corticosteroids (Hoke et al., 1992) nor alpha-
interferon (Solomon et al., 2003b) appear to be effective. Dehydroepiandrosterone
(DHEA) has been shown to reduce the severity of encephalitis in the mouse model,
but there are no data available yet for humans (Chang et al., 2005) Intravenous
immunoglobulin has had very limited use for treatment of WNV encephalitis
(Haley et al., 2003).

Laboratory diagnosis

Viraemia lasts only a few days; the virus can rarely be cultured from either blood or
CSF. Nucleic acid detection tests, with a number of methods available for PCR-
based detection of JEV and other flaviviruses appear to have been successful in
experimental evaluations. In a recent Indian study, the sensitivity of PCR for
detection of JEV in the CSF was 65% (Kabilan et al., 2004b). Where possible, early
blood samples and CSF samples should be tested for viral RNA to confirm the
diagnosis and provide material for molecular characterisation. Antigen detection
methods have also been used, usually for tissue samples.
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Diagnosis is usually reliant upon detection of antibodies in serum and CSF,
most commonly using either an enzyme immunoassay (EIA) or haemagglutination
inhibition assays (HIA), though immunofluorescent antibody assays have also been
used. Rapid immunochromatographic antibody tests have also been developed for
JEV infection (Cuzzubbo et al., 2000). During the acute illness, detection of IgM in
serum and CSF is the most commonly used methods for diagnosing suspected JEV
infection. IgM is present in serum of 75–90% of cases within a few days of onset of
illness and in nearly all by 10 days after the onset. Previous studies in Asia have
detected IgM to JEV in CSF in 30–67% of cases, with negative results more likely
in very early samples (Lowry et al., 1998). A recent study of samples from Thai
patients showed that IgM detection in CSF was more sensitive than serum IgM
(Chanama et al., 2005) for the early diagnosis of JEV encephalitis. Using an IgM
capture EIA, IgM was found in 60% of serum samples and 90% of CSF samples
collected 1–4 days after the onset of illness. All CSF samples were positve by day 7
while 100% of serum samples are not positive until day 13.

As IgM will cross-react with other flavivirus antigens, a positive IgM to JEV
may be obtained following infection with other flaviviruses, including WNV,
MVEV, SLEV, and the dengue viruses. Therefore, detection of IgM antibodies to
JEV is not in itself sufficient to definitively diagnose JEV infection. It is more
reliable if there are no other possible infecting flaviviruses, which is unusual in JEV
endemic areas, or where it can be demonstrated that there is only IgM to JEV and
not to other flaviviruses. IgM also persists for many months following infection so
that detection of IgM does not, of itself, prove that a current illness is a JEV
infection. Rising titres of IgG between acute and convalescent serum samples are
required to demonstrate recent infection. However, IgG is even more broadly cross-
reactive than IgM and identifying the virus-specific antibody is challenging and
requires more specific tests. Classically this is done using neutralising antibody
titres, but these are technically difficult and may not always yield clear results. An
epitope-blocking EIA using a JEV-specific monoclonal antibody has been
developed that can identify IgG antibodies to JEV (Spicer et al., 1999), though
antibodies to very closely related flaviviruses such as MVEV may still cross-react.
Tests for antibodies directed to the premembrane protein may show better
specificity (Cardosa et al., 2002).

The co-circulating flaviviruses that might lead to heterotypic responses are
discussed under individual countries below, but it should be recognised that dengue
viruses co-circulate with JEV in much of tropical and subtropical countries of Asia.

Ecology: vertebrate hosts and vectors

JEV is a zoonotic virus that is maintained in nature by transmission cycles
involving Culex sp. mosquitoes and certain species of wild and domestic birds and
pigs as the vertebrate hosts. Humans become infected when they are bitten by an
infected mosquito, but they are incidental, dead-end hosts. Much of our basic
knowledge of the ecology of JEV has come from studies carried out in Japan by
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Scherer and Buescher and their colleagues (Scherer, 1959). They established the
role of pigs as amplifiers of the disease, the involvement of ardeid birds such as
Black-crowned night herons (Nycticorax nycticorax), Little egrets (Egretta

garzetta), and other ardeid species as maintenance hosts, and the importance of
Cx. tritaeniorhynchus mosquitoes as the major vector between vertebrate hosts and
humans, as incidental hosts. Work by a number of other groups, notably in India,
Japan, and Thailand, have confirmed and extended these earlier observations. Of
particular importance in the ecology is the interplay between rice cultivation, vector
densities, and pig rearing in close proximity to human habitation (Mishra et al.,
1984; Geevarghese et al., 1994; Gajanana et al., 1997; Kanojia et al., 2003; Phukan
et al., 2004). The ecology and epidemiology of JEV have been extensively reviewed
by Endy and Nisalak (2002).

Vertebrate hosts

Pigs are the principle amplification hosts of JEV, especially in epidemic areas, and
are maintenance hosts in endemic areas. The importance of pigs in the maintenance
and amplification of JEV was demonstrated by the seminal studies carried out by
Scherer and Buescher and their colleagues in Japan (Gresser et al., 1958; Scherer,
1959). They found that there was a high JEV seroprevalence rate among pigs, that
pigs developed a high and prolonged viraemia following natural infection with JEV
which lasted 2–4 days and was capable of infecting Cx. tritaeniorhynchus

mosquitoes, that Cx. tritaeniorhynchus mosquitoes were able to transmit JEV
between pigs in a laboratory setting, and that large numbers of susceptible young
pigs were bred for commercial purposes and thus available for amplification of JEV
each year. A number of other investigations have confirmed the importance of pigs
as amplifying hosts, and extended these early observations, including Hurlbut
(1964), Konno et al. (1966), Carey et al. (1968), Sazawa (1968), Yamada et al.
(1971), Johnsen et al. (1974), Fukumi et al. (1975), Van Peenen et al. (1975b), Burke
et al. (1985a,b), Gingrich et al. (1987, 1992), and Peiris et al. (1993). In serological
surveys, pigs consistently display higher geometric mean titres than other domestic
or wild animals. They are particularly attractive to the major mosquito vectors as
the source of blood meals, providing a sensitive indicator of virus transmission in
endemic areas (Burke et al., 1985a). Despite their potential danger to humans if
raised in open pens near human habitation, have been used in this way as sentinel
animals to monitor for virus activity as an early warning system in Japan (Maeda
et al., 1978), Taiwan (Detels et al., 1976), Thailand (Johnsen et al., 1974; Burke
et al., 1985b), India (Geevarghese et al., 1987, 1991), Sri Lanka (Peiris et al., 1993),
Indonesia (Van Peenen, 1974b), and Australia (Shield et al., 1996). Adult pigs do
not show any overt signs of infection. Infected pregnant sows, however, can
produce mummified foetuses or give birth to stillborn or weak piglets, and JEV
may be associated with infertility in boars. Young piglets may occasionally show
signs of disease, including hydrocephalus (Joo and Chu, 1999; Daniels et al., 2002).
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Porcine vaccination has been undertaken in Japan (Igarashi, 2002), Taiwan, and
Nepal (Daniels, 2003).

Horses can be infected by JEV and may develop severe encephalitis, although
inapparent infections are more common than recognisable cases (Ellis et al., 2000).
The clinical disease in horses is similar to that in humans. A number of countries
require vaccination of thoroughbred racehorses, including Japan, Hong Kong
(China), Macau, Malaysia, and Singapore. Horses are dead-end hosts for JE,
although experimental transmission by Cx. tritaeniorhynchus has been reported
from horses to birds and from horses to horses (Gould et al., 1964).

Cattle, buffaloes, and goats are also dead-end hosts (Carey et al., 1969a), but
because they are particularly attractive to a number of the major vector species,
especially Cx. tritaeniorhynchus, they make good potential hosts for surveillance
and may act as ‘‘dampers’’ in an outbreak situation (Carey et al., 1969a; Johnsen et
al., 1974; Ilkal et al., 1988; Peiris et al., 1993; Gajanana et al., 1995; Reuben and
Gajanana, 1997; Rajendran et al., 2003). This was further demonstrated in a study
of JEV in the Thanjavur district of India, a rice-growing area with a very low
incidence of JEV, which was explained by the high cattle to pig ratio (400 : 1)
(Vijayarani and Gajanana, 2000). Indeed, JEV seroprevalence in cattle and goats
was found to be a better predictor of human infection risk than was porcine
seroprevalence in Sri Lanka (Peiris et al., 1993). Other animals may have relatively
high seroprevalence rates, such as sheep and dogs, but viraemia levels are believed
to be too low to infect mosquitoes (Johnsen et al., 1974; Banerjee et al., 1979).
Rodents do not appear to be involved in JEV transmission. JEV has been isolated
from a number of bats belonging to the Orders Microchiroptera and Megachir-

optera, but most studies of their potential role in maintenance and transmission
have been carried out in Microchiroptera (much of this work has been done by
Sulkin and colleagues; reviewed in Sulkin and Allen, 1974). The viraemia in bats
lasts as long as 25–30 days at a level high enough to infect mosquitoes;
transplacental transmission also occurs. Experimental transmission of JEV has
also been demonstrated in fruit bats of the order Megachiroptera, suggesting that
they may be good candidates for virus maintenance and also possibly for
geographic movement of the virus (Banerjee et al., 1979, 1984).

Birds, particularly ardeid species, are believed to be important maintenance
hosts of JEV, and may act as amplifiers in epidemics where pigs are present in
insignificant numbers or absent. Early work by Hammon et al. (1951) and Scherer
and colleagues (Buescher et al., 1959a) clearly showed that wild birds may be
important to the natural transmission cycle, with several ardeid species having
antibodies to JEV, and indeed a number of JEV isolates were obtained from three
species, the Black-crowned night heron (Nycticorax nycticorax), Plumed egrets
(Egretta intermedia), and Little egrets (Egretta garzetta). While antibodies to JEV
have been described in many avian species, these findings do not necessarily
indicate an involvement in natural transmission cycles. Experimental infection and
transmission of JEV in Pond herons (Ardeola grayii), Cattle egrets (Bubulcus ibis),
Little egrets, and Little cormorants (Phalacrocorax niger) was successfully
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undertaken by Soman et al (1977), and experimental infection leading to viraemia
in Nankeen night herons (Nycticorax caledonicus) and an Intermediate egret
(Egretta intermedia) in Australia (Boyle et al., 1983). Experimental transmission
has also been reported with sparrows (Passer domestica) (Hammon et al., 1951),
Japanese tree sparrows (Passer montanus saturatus) (Hasegawa et al., 1975),
pigeons (Banerjee et al., 1979), and between ducks and from ducks to chickens
(Dhanda et al., 1977), but the relevance of these latter studies is questionable.
Ducks have been suggested as possible epidemic hosts in the absence of pigs, and
indeed duck antibodies to JEV have been reported from a number of countries.
Chickens appear to be only rarely infected and may have a limited role in either
transmission or surveillance. Nevertheless, a number of mosquito transmission
studies have employed chickens successfully, either as a host of origin or as a
recipient host. Wild birds have been implicated as the source of virus in outbreaks
where pigs are uncommon (Soman et al., 1977; Rosen, 1986; Phanthumachinda,
1995), and as a means by which JEV can spread to colonise new areas (Scott, 1988;
Hoke and Gingrich, 1994; Hanna et al., 1996b; Solomon et al., 2003a). In support
of the role of ardeid birds in transmission cycles to humans, a study demonstrated
that in villages with rice fields but which did not have herons in close proximity to
the villages, seroconversion rates in children aged 0–5 and 6–15 years were 0% and
5%, respectively, whereas in villages with a similar ecology but where herons
were found nearby, the corresponding rates were 50% and 56%, respectively (Mani
et al., 1991).

Vectors

JEV has been isolated from a wide range of mosquito species, but not all are
believed to be able or competent to transmit the virus to new hosts. There is a
general concensus that Cx. tritaeniorhynchus is the major vector throughout most
of Asia, but other species may be locally important, such as Cx. gelidus, Cx. vishnui,
Cx. fuscocephala, Cx. pseudovishnui, Cx. whitmorei, Cx. annulus, Cx. bitaenior-

hynchus, Cx. annulirostris, Cx. quinquefasciatus, Anopheles subpictus, Aedes togoi,
Ochlerotatus japonicus, and Mansonia uniformis (Rosen, 1986; Burke and Leake,
1988; Sucharit et al., 1989; Vaughn and Hoke, 1992; van den Hurk et al., 2001a,
2003a; Mackenzie et al., 2002b). JEV has been isolated from several other species of
mosquito as well as single isolates from midges and ticks, but the importance of
these other species in transmission cycles is unknown, and it is probable that in
most instances they are not involved in transmission either on epidemiological
grounds or because they are not competent to transmit. The major Culex vectors of
JEV are rice field-breeding species that bite during the night, particularly in the
period shortly after sunset and in the early morning between midnight and about
4 am (Wada et al., 1970; Gould et al., 1974), and are zoophilic, preferring animals
to humans for obtaining blood meals. A number of studies have demonstrated that
Cx. tritaeniorhynchus feed preferentially on bovine species (reviewed by Colless,
1959; Mitchell et al., 1973; Gould et al., 1974; Rodrigues, 1988; Thein et al., 1988;
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Reuben et al., 1992), even when pigs are equally available. However, in a study
carried out in Assam, northern India, a high percentage of Cx. tritaeniorhynchus

(40%) and Cx. vishnui (35%) were found to have fed on pigs rather than other
species that were prevalent in the area, whereas Cx. pseudovishnui were not
attracted to pigs (0.4%) (Bhattacharyya et al., 1994). In southern India, Cx.

pseudovishnui and Cx. vishnui were also found to have fed preferentially on bovine
species rather than pigs (Reuben et al., 1992). Cx. fuscocephala also appear to have
a preference for bovine species rather than pigs (Mitchell et al., 1973; Gould et al.,
1974), whereas Cx. gelidus appear to feed equally freely on pigs and bovine species
in some studies (Colless, 1959; Macdonald et al., 1967), but with a preference for
bovine species in another study (Gould et al., 1974). None of these mosquito
species have a preference for humans, with feeding levels usually o1%. In traps
baited with animals, pigs attracted and were bitten by many more Cx.

tritaeniorhynchus than were black-crowned night herons or participating humans,
but traps baited with black-crowned night herons were 3–15 times more attractive
to Cx. tritaeniorhynchus than traps containing egrets or chickens (Scherer, 1959). In
Australasia, where members of the Cx. sitiens subgroup, and particularly Cx.

annulirostris, are major vectors of MVEV and JEV, Cx. annulirostris feed
preferentially on mammals, especially bovine species (Kay et al., 1979) and
marsupials such as the agile wallaby in the Cape York area (van den Hurk et al.,
2003b), although they will readily feed on other hosts depending on availability,
including pigs, birds, and humans (Kay et al., 1979).

Overwintering

There has been much speculation about how JEV survives the winter months in its
northern range. There are four major hypotheses: (1) that the virus spends winters
in mosquito eggs after vertical transmission; (2) that the virus survives in
hibernating mosquitoes; (3) that the virus survives in hibernating animals such as
cold-blooded animals or bats; or (4) that the virus is re-introduced each year by
migratory birds or even by mosquitoes blown by prevailing wind patterns from
endemic areas. The answer may well be that each of the four methods contributes
to overwintering in different situations. Vertical transmission has been shown to
occur in Ae. togoi, Ae. albopictus, Ae. esoensis, and possibly Cx. tritaeniorhynchus

in nature, and in a number of species under laboratory conditions including Cx.

tritaeniorhynchus, Cx. vishnui, Cx. pipiens, Cx. quinquefasciatus, and Oc. japonicus

(reviewed by Rosen, 1986; Rosen et al., 1989). The evidence for overwintering in
dormant or hibernating mosquitoes is questionable and it would appear that this
may not be an effective strategy for maintaining the virus in the environment (Min
and Xue, 1996). Survival of virus in hibernating poikilothermic animals or bats is a
possible method for overwintering, and several species of reptiles can be infected
with JEV (Shortridge et al., 1974, 1977; Doi et al., 1983). However, bats perhaps
have the best potential as a mechanism for maintenance through winter months, as
the virus can remain viable in brown fat during hibernation, a second round of
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viraemia can initiate after hibernation is finished, and the virus can also cross the
placenta to infect the young (Sulkin and Allen, 1974). Finally, migrating birds and
mosquitoes may also re-introduce virus into the environment. Migratory patterns
of herons coincide with seasonal transmission of JEV in Japan (Ogata et al., 1970,
cited by Endy and Nisalak, 2002). With respect to migrating mosquitoes, Cx.

tritaeniorhynchus mosquitoes may use wind as a means of migration each year in
China, flying north in the spring and returning south in the autumn (Ming et al.,
1993; Min and Xue, 1996). Both of these possible migratory methods are discussed
more fully in the Section on ‘‘Mechanisms of spread and changing epidemiological
patterns’’.

Geographic range, incidence, and seasonality

Epidemics of JEV have been reported in Japan, maritime Siberia, China, Taiwan,
Korea, northern Vietnam, Guam, Saipan, Cambodia, Laos, northern Thailand,
northern India, and Nepal, whereas sporadic cases of JE, probably resulting from
endemic activity, have been reported from the Philippines, southern Vietnam,
southern Thailand, Malaysia, Singapore, Indonesia, Myanmar, Bangladesh,
southern India, and Sri Lanka (Umenai et al., 1985; Burke and Leake, 1988;
Vaughn and Hoke, 1992; Solomon et al., 2000; Endy and Nisalak, 2002; Halstead
and Jacobson, 2003). JEV has spread into Pakistan in the west (Igarashi et al.,

Fig. 2 Map showing the distribution of JE cases (modified from CDC, Atlanta). (For colour version:

see Colour Section on page 353).
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1994) and Australasia in the east (Hanna et al., 1996b; Mackenzie et al., 2002b).
The geographic range of the virus is shown in Fig. 2.

In general, two epidemiological patterns of JEV have now been recognised:
tropical, where the disease is endemic with sporadic cases throughout the year and
there is no seasonal pattern, although a peak number of cases may occur after the
start of the rainy season; and temperate or northern tropical, where the disease is
epidemic with outbreaks in summer or early autumn (from about June to
September), after the rainy season. Further south, this period may be longer and
extend from March to November, or even year round. The reasons for this
difference in patterns are unclear. While rainfall is obviously an important factor
for vector breeding, temperature may be a more defining factor, certainly in some
locations (Solomon et al., 2000). The two patterns of endemic and epidemic
transmission also blur in subtropical areas such as northern Thailand and Vietnam
where epidemic activity may be superimposed on low-level endemic or year-round
transmission.

JE is mostly a disease of children and young adults, with the most important
age group being from 3 to 9 years of age, possibly reflecting behavioural patterns,
and it is found slightly more often in males than females, but when epidemics first
occur at new locations, all age groups may be infected (Umenai et al., 1985). In
endemic areas, there is a 100% seropositivity rate by the time children reach
adulthood. Most infections, however, are asymptomatic or result in a non-specific
flu-like illness (Solomon et al., 2000). The ratio of symptomatic to asymptomatic
infection varies in different populations, but is commonly between 1 : 50 and 1 : 300,
although the reasons why clinical disease rarely develops is not known (Vaughn
and Hoke, 1992). In non-indigenous US servicemen, the ratio of symptomatic to
asymptomatic cases have been higher, variously reported as 1 : 25 and 1 : 63
(Halstead and Grosz, 1962; Benenson et al., 1975).

The introduction of vaccination programmes in the late 1960s, together with
widespread use of pesticides in the rice paddies, almost completely eliminated JE in
the economically affluent Asian countries such as Japan, Korea, Taiwan (Okuno,
1978; Igarashi, 1992; Igarashi, 2002), and in Singapore. In addition, the disease
burden of JEV infection in China has been significantly reduced by vaccination
(Halstead and Jacobson, 2003). However, despite these successes, there has been an
apparent increase in geographic spread and disease incidence in much of southeast
and southern Asia (Lowry et al., 1998; Halstead and Jacobson, 2003; Kabilan et al.,
2004a). Part of the reason for this has been the development of new areas of
irrigated agriculture and the introduction of new crops.

One of the pressing needs is a better understanding of the disease burden in
countries of this region, both those with endemic and epidemic disease, to better
assess the need and potential effectiveness of introducing JEV immunisation
programmes into the various national EPIs. This is currently a major project of the
Program for the Appropriate Technology in Health (PATH), with its partners
including WHO and UNICEF, and funded by the Bill and Melinda Gates
Foundation. Surveillance and laboratory diagnostic facilities are lacking in many
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affected countries, which makes the disease burden in those countries difficult to
determine. Indeed available information is very limited from Bangladesh, Bhutan,
Laos and North Korea, and poor for countries such as Myanmar, Cambodia,
Papua New Guinea, and Timor-Leste. With more than 700 million children
believed to be at risk of JE, the programme of PATH to introduce JEV vaccination
to those countries with a substantial JE burden becomes all the more important.
The following sections provide a brief overview of JE in each country in which
epidemic or endemic JEV infections occur. [Bhutan is not included because there is
only anecdotal information about the incidence of JE there. Nevertheless,
ecological conditions are suitable, the major vectors are present, and JE is a
serious problem in bordering areas of India, the states of West Bengal and Assam
(Brantly et al., 2004). Brunei Darussalam is also not included, but it is assumed that
the pattern of JEV endemicity there is similar to that of East Malaysia (Sarawak).]

Japan

As reported above, epidemics of encephalitis believed to have been due to JEV have
been recorded in Japan since 1871. The large epidemic of 1924, which resulted in
6125 cases and 3797 deaths (W.C. Rappleye, 1939, cited by Burke and Leake,
1988), brought recognition of the public health importance of JE. Regular
epidemics of varying severity occurred until the mid-1960s, with several thousand
cases annually. The more severe epidemics were in 1935 and 1948. No epidemics
have been reported in Japan since 1968, due largely to the widespread use of
pesticides on rice paddies and to mass vaccination, although sporadic cases
continue to occur (Igarashi, 1992, 2002). JE has become a disease of the older age
groups in Japan, the case-fatality rates being highest in the elderly, and there is
growing concern that a gradual decrease in herd immunity may create the potential
for future outbreaks (Umenai et al., 1985). Thus, it is interesting that recent
discussions have queried the need to continue vaccination programmes due to
concern about the neurological side effects of inactivated JE vaccine (Fukuda et al.,
1997; Plesner et al., 1998). Nevertheless, serological studies to detect antibodies to
NS1, which are indicative of natural exposure to the virus, have indicated that
significant levels of JEV continue to circulate in central Japan in both humans and
racehorses (Konishi et al., 2006). Circulation of JEV also probably continues in
pigs, especially in southeastern Japan and in foci on Hokkaido. The Japanese
government, however, elected to suspend routine JE immunisation on 30 May
2005, with continued vaccination only in high-risk areas and for travellers to
endemic countries outside Japan.

Maritime Siberia, Russia

JEV infections are found in maritime Siberia (I.V. Dandurov, 1968, cited by Burke
and Leake, 1988; Vaughn and Hoke, 1992; Halstead and Jacobson, 2003), but
although it was first reported in 1938 (Solomon et al., 2000), little is known of the
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incidence. Certain mosquito species have been implicated in transmission to
humans there, including Cx. pipiens, Cx. quinquefasciatus, Ae. esoensis, Oc.

japonicus, Ae. koreicus, and Ae. togoi; in addition, it is transmitted by Cx.

bitaeniorhynchus, which is believed to be a vector of JEV transmission to animals
but not to humans (K.P. Chagin and P.Y. Kondratev, 1943, and P.A. Petrishcheva,
1948, cited by Rosen, 1986). The first reports of human cases in 30 years have
appeared recently (CDC Traveller’s Health, Yellow Book, Japanese encephalitis).

China

The ecology and epidemiology of JEV in China have been reviewed by Huang
(1982) and Yu (1995). Clinical cases of JE were first recognised in China in 1940
(Chu et al., 1940), and the virus first isolated in China in 1940 by Yen (Huang,
1982). Further JEV isolations of importance were obtained in 1949 (Beijing and P3
strains). The disease has been most prevalent in the central and eastern parts of
China where surface water is abundant and the average temperature in July exceeds
20oC (Chu, 1982). In the 1960s and 1970s, the disease tended to extend northwards
and involve older age groups (Chu, 1982), and new epidemic areas have appeared
in several provinces (Yu, 1995). Indeed, clinical cases of JE have been reported
from all provinces except Xinjiang (Sinkiang) and Xizang (Tibet) (Chu, 1982;
Umenai et al., 1985; Yu, 1995).

JE was not regarded as a public health problem in China until the mid-1960s.
During the mid-1970s, JEV was responsible for an average of 100,000 cases
annually in China (Halstead and Jacobson, 2003), and although this number has
decreased significantly since the introduction of vaccination, China still accounts
for the majority of cases reported from the Western Pacific region, with
10,000–20,000 cases annually. In 1998, 11,891 cases were reported from 1303
counties, with high incidences of cases in 10 provinces: Sichuan (2133); Guizhou
(1390); Sshanxi (1222); Henan (1192); Chongqing (783); Hubei (694); Yunnan
(670); Anhui (582); Shanxi (548); and Hunan (547) (Su and Liang, 2002). In 2003,
only 7900 suspected JE cases were reported, an incidence of 0.6 per 100,000
population (W. Lixia, personal communication to Petersen and Marfin, 2005),
although the incidence in children younger than 15 years of age may exceed 10 per
100,000 in remote areas. China has been using a live-attenuated vaccine, SA-14-14-
2, and over 200 million children have now received this vaccine, which has been
found to be safe, immunogenic, and efficacious. The vaccination programme has
resulted in a decrease in the incidence of clinically recognised JEV infection from
about 2.5/100,000 to 0.5/100,000.

In Hong Kong, sporadic cases have been recognised; in the period 1992–2004,
11 cases were reported, of which 7 were locally acquired and 4 were imported cases,
with 5 of the locally acquired cases occurring in 2004 (ProMED Posting, 2004; Lam
et al., 2005a). In a subsequent serological survey of people living near these 5 cases,
2.4% were found to have antibodies to JEV, but most were over the age of 40 (A.A.
Fu cited by Lam et al., 2005a). Serosurveillance in 6-month-old pigs in Hong Kong
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between 1999 and 2000 found that between 11% and 91% of animals were
seropositive depending on the season (T.M. Ellis, personal communication to Lam
et al., 2005b), demonstrating that JEV circulates regularly in Hong Kong. In
addition, a fatal case of JEV infection in a thoroughbred racehorse in Hong Kong
in 2000 was reported by Lam et al. (2005b). As has been the requirement since 1972
for all racehorses in training in Hong Kong, this horse had been vaccinated against
JE earlier that year. As a direct consequence of this case, a 6-month booster
vaccination programme for JE was introduced in 2001 for all horses in Hong Kong
(Lam et al., 2005b).

Taiwan

JE in Taiwan was first studied in detail by Grayston and colleagues (Chu and
Grayston, 1962; Grayston et al., 1962; Hsu and Grayston, 1962; Wang and
Grayston, 1962; Wang et al., 1962a,b). Their observations, together with those of a
number of authors of subsequent studies (Okuno et al., 1975a,b; Detels et al., 1976;
Wu et al., 1999), described the pattern of outbreaks, the importance of pigs as
amplifiers of disease, and the involvement of the major mosquito species, especially
Cx. tritaeniorhynchus and Cx. annulus. The involvement of pigs remains unchanged
over the past 40 years, and human cases follow virus amplification in the pigs. The
introduction of childhood vaccination in 1968 reduced the incidence significantly,
from 2.05 per 100,000 in 1967 to 0.03 per 100,000 in 1999. JE continues to occur
sporadically in all parts of Taiwan, but the cases have changed from being a
childhood disease (largely in 2–7 year olds) to being a disease of adults. In addition,
the peak number of cases previously was in August, but is now in June. JEV
continues to circulate in mosquitoes (Weng et al., 1999, 2005), and infected
domestic pigs are found to be infected throughout the year (Chang, 2002) with
prevalence rates between 49% and 70% in different regions of the island. Chang
(2002) also indicated that JEV propagation may be active in winter as well as in
other seasons of the year, sporadic cases occurring between December and April.

Korea

Although regular epidemics of summer encephalitis had been recognised in Korea
in the 1930s, the first isolation of JEV was made in 1946 from an American soldier
stationed in Korea (Sabin et al., 1947). An extensive serological survey was then
carried out in four areas of South Korea and the results showed that JEV was
widely disseminated there (Deuel et al., 1950). The first major epidemic in South
Korea occurred in 1949 with at least 5548 cases and 2429 deaths, the highest
incidence being in Seoul and Kyonggi Province (Hullinghorst et al., 1951; Pond and
Smadel, 1954; Umenai et al., 1985). Epidemics continued to occur every 2 or 3 years
with several thousand cases annually until the mid-1960s, with more cases in the
southwestern provinces than in the northeastern provinces. Most cases occurred in
August and September, particularly in children below 15 years of age. The largest
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recorded epidemic was in 1958 involving 6897 cases (Chang, 1959). After 1968, the
number of cases dropped significantly with the introduction of limited vaccination
and the increased use of pesticides in rice paddies (Igarashi, 1992; Vaughn and
Hoke, 1992). Despite an estimated 80% vaccination coverage among school
children, an unexpected epidemic occurred in 1982 in the rice-growing area of
southwest Korea (Umenai et al., 1985). A national immunisation programme was
initiated after the 1982 outbreak. The total number of cases and deaths reported in
the Republic of Korea (South Korea) annually between 1956 and 1975 were listed
by Okuno (1978), and between 1973 and 1990 were described by Igarashi (1992).
The average annual number of cases between 1973 and 1983 was 500, and this
dropped to an average of one case per year between 1985 and 1990. In the period
1985–1998, only 21 cases were serologically confirmed, with more cases in adults
than in children (Sohn, 2000). An epidemic forecast programme, which was started
in 1975 and based on various factors including virus isolation from Cx.

tritaeniorhynchus mosquitoes, vector densities, and porcine seroconversions from
animals in the slaughterhouse, provides an early warning of the potential for
increased virus activity (Sohn, 2000).

Philippines

Serological surveys and sporadic clinical cases had indicated that JEV is active in
rice-growing areas of the Philippines (Hammon et al., 1958a; Venzon et al., 1972;
Cross et al., 1977; Barzaga, 1989). Most cases occur in the 1–10 year age group, and
the fatality rate is 7–30%. Virus isolation was first reported in 1980 from Cx.

tritaeniorhynchus, Cx. bitaeniorhynchus, Cx. vishnui, and An. annularis mosquitoes
collected at various sites in central Luzon (Ksiazek et al., 1980; Trosper et al.,
1980). A more detailed study carried out in 1984–1985 found 83 cases of JEV
infection from 1000 specimens submitted from hospitals in Manila and the
surrounding area. Cases occurred throughout the year, with higher numbers during
the rainy season between August and December. Most cases were in children
between 1 and 10 years of age in rural areas in central Luzon, with a fatality rate of
11% (O’Rourke et al., 1986). A few cases were also reported from Mindanao and
Romblon. While most human cases and sentinel pig seroconversions occurred
during the rainy season, a significant number of human cases and pig
seroconversions surprisingly occurred in the second year of the study at the end
of the hot, dry season. The authors suggested that environmental factors such as
the onset of irrigation practices may have been important in the initiation of JEV
transmission activity. This was supported in a later study in Luzon in which
mosquito abundance was observed several months after the onset of both the rainy
season and the irrigation period (Shultz and Hayes, 1993). In recent years, JE cases
have been reported from Bataan, Bulacan, Nueva Ecija, Pampanga, Tarlac and
Zambales Provinces in Central Luzon region, and from Luguna and Quezon
Provinces in Calabarzon region.
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Western Pacific: Guam and Saipan

An outbreak of 49 cases of JE was reported in Guam from December 1947 to
March 1948 (Hammon et al., 1958b). The vector implicated in the outbreak was
Cx. annulirostris mariani (Reeves and Rudnick, 1951), which was shown to transmit
JEV experimentally (Hurlbut and Thomas, 1949). The second outbreak in the
Pacific occurred on the island of Saipan, Commonwealth of the Northern Mariana
Islands in 1990 (Paul et al., 1993). Ten cases were reported during the outbreak.
The antibody prevalence in residents after the outbreak was 4.2%, but antibody
was not detected in any of 288 sera stored prior to the outbreak, suggesting that the
virus had recently been introduced onto the island. The antibody prevalence in pigs
was 96%, and it was suggested that the outbreak ended because of the exhaustion
of the supply of susceptible amplifier hosts. A subsequent mosquito survey found
that Cx. tritaeniorhynchus was the predominant species in the southern half of
Saipan where human cases had occurred, and was therefore implicated as the
probable vector species (Mitchell et al., 1993).

Vietnam

The first recorded outbreak of JE in northern Vietnam occurred in 1965. The
pattern of JE in Vietnam is epidemic in the subtropical north, with an epidemic
season between May and August, and is endemic in the tropical south, with disease
reported all year round but with a slight peak in July (Ketel and Ognibene, 1971;
Igarashi, 1992). Several thousand cases occur annually, with most cases coming
from the heavily populated delta regions of the Red River in the north and the
Mekong River in the south (Nguyen and Nguyen, 1995), although some JEV
activity occurs in most parts of the country, with 62 of 64 provinces reporting cases
in 2004 (data from Japanese encephalitis Prevention Network [JEPN], http://
www.jepn.org). Virus isolates have been obtained from patients, pigs, mosquitoes,
and wild birds (Thi-Kim-Thoa et al., 1974; Le, 1986; Igarashi, 1992). Most cases of
JE in north Vietnam occur in young children in the 2–7 year age group (Le, 1986),
and this vulnerability of young children to JE was clearly consistent with a
subsequent study of hospitalised cases of encephalitis in Hanoi, in which 67% of
encephalitis cases in children were due to JE compared with only 6% of adults
(Lowry et al., 1998). The median age of the children with JE was 6 years of age.
These results were later reflected in a seroprevalence study in southern Vietnam in
which antibody positivity was associated with increasing age in children (Bartley
et al., 2002).

In 1989, the WHO country office in Vietnam, and the WHO Western Pacific
Regional Office in collaboration with the Japanese Biken Institute, assisted the
National Institute of Hygiene and Epidemiology (NIHE) to establish the
production of Nakayama strain inactivated mouse brain vaccine, with Phase III
clinical trials conducted in 1993–1997. Prior to 1993, JEV control in Vietnam
focused on vector control. After 1993, vaccine use began with the introduction of
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vaccine into the at-risk population focusing on 1–15 year olds. In 1997, free
vaccination against JEV was introduced into the Expanded Program of
Immunization (EPI) for children 1–5 years old in the first year, and then for 1
year olds, in selected high-risk districts. There are now plans to expand vaccination
to other areas, because the area of JEV transmission has extended over the past few
years. Vaccine production has been increased with capacity reported to be 4.5
million doses in 2004. Budget constraints are the main limiting factor for providing
vaccine through the EPI (Nguyen, 2002).

Cambodia

JEV was isolated in 1965 for the first time in Phnom Penh, from Cx.

tritaeniorhynchus mosquitoes (Chastel and Rageau, 1966, cited by Chanthap,
2002). Little information is available about the epidemiology and ecology of JEV in
Cambodia (Sunnara and Touch, 1995). On clinical grounds, epidemic activity
appeared to occur between October and December, and it occurred principally in
the 0–4 year age group, with a mortality rate of >50%. More recently, confirmed
cases of JE have been reported from the National Pediatric Hospital in Phnom
Penh (Chhour et al., 2002) and from the Takao Provincial Hospital (Srey et al.,
2002), accounting for 18% of children with clinical encephalitis in the former, and
31% of children with encephalitis in the latter. In 2004, 578 cases of confirmed JE
were reported from 3 hospitals, Kantha Bopha I and II in Phnom Penh and
Jayavarman VII in Siem Reap Province (JEPN website, www.jepn.org), with most
cases occurring in children under 5 years of age in the rainy season between June
and August.

Laos

As with Cambodia, little information is available about the incidence of JE in Laos
(Okuno, 1978; Vongxay, 1995). A serological survey has suggested that 28% of the
inhabitants of Vientiane have neutralising antibody to JEV (Kanamitsu M and
Ogata T, personal communication to Okuno, 1978). There were 54 cases of
encephalitis with 14 deaths in 1974 and 6 cases with 5 deaths in 1975. Most cases
occurred during August. Confirmed cases of JE were reported between 1989 and
1991 (Vongxay, 1995). The prevalence of antibody was relatively low, from none to
25% in children o5 years of age, increasing with age to approximately 75% of
adults over 30 years of age.

Thailand

Clinical JE has been recognised in Thailand since the mid-to-late 1950s
(Thongcharoen, 1985; Endy and Nisalak, 2002). The first serological evidence
was found in horses in Chonburi Province north of Bangkok (Thongcharoen,
1985). JEV was subsequently isolated from Cx. tritaeniorhynchus and Cx. gelidus
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mosquitoes in the same area in 1962 (Simasathien et al., 1972), from clinical cases in
Phitsanuloke Hospital in central Thailand in 1964, and from paediatric cases in
Sukhothai Province in northern Thailand in 1965 (Thongcharoen, 1985). Sporadic
confirmed cases were recorded between 1964 and 1966 in Sukhothai, Phitsanulok
and Korat Provinces (Bunnag et al., 1976; Sangkawibha, 1982). The first major
outbreak of JE occurred in the Chiang Mai valley in northern Thailand between
May and August, 1969, peaking in July (Yamada et al., 1971; Bunnag et al., 1976;
Sangkawibha et al., 1982). The incidence rate was 20.3/100,000 (Yamada et al.,
1971). The epidemic was mainly in the young, between 1 and 19 years of age, with a
peak in 10 year olds. A second epidemic occurred the following year with 83 cases
occurring between May and July, and a further 17 cases between August and
December, with a total of 20 deaths, and an overall incidence rate of 14.7/100,000
(Grossman et al., 1973a).

Studies by Yamada et al. (1971) in 1969 and Grossman and colleagues in
1970–1971 of human infections (Grossman et al., 1972, 1973a,b,c), animal
infections (Johnsen et al., 1974), and vectors (Gould et al., 1974) have been central
to our understanding of the epidemiology and ecology of JEV in northern Thailand
and with important lessons for JEV elsewhere. The Chiang Mai Valley has been
one of the most intensively studied areas of JEV activity, and various studies have
clearly demonstrated that JE is primarily a childhood disease there, with the peak
in the 5—9 year age group. All children there have antibodies to JEV by the time
they reach adulthood, and the lifetime risk of JEV infection is 100%. Inapparent
infection was relatively common, with a ratio of inapparent to apparent JEV
infection of 300 : 1. The major amplifying vertebrate hosts are pigs and the major
vector species are Cx. tritaeniorhynchus, Cx. gelidus and Cx. fusocephala

mosquitoes.
After the 1969 and 1970 epidemics in Thailand, the epidemic area of JEV

expanded, with the number of cases of encephalitis increasing to 1500–2500
annually by the 1980s, for a case incidence rate of 3–5/100,000 and case-fatality rate
of 20–35% (Chunsuttiwat, 1989). The incidence has been highest in the northern
provinces and lowest in the central provinces. The spatial and temporal case of
encephalitis by province in Thailand have been described (Endy and Nisalak,
2002). Thus, during the late 1970s and early 1980s, the northeastern provinces
began reporting JE disease, and the southern provinces did so subsequently. The
north and northeastern provinces have a seasonal occurrence of JEV activity with
transmission occurring in the rainy season between May and September. The
central region is less affected than the other regions, and there is more continuous
transmission of JEV, similar to the year-round transmission found in the tropical/
endemic southern provinces. During the period 1994–2004, all 76 provinces of
Thailand reported cases of JE (JEPN website, www.jepn.org).

The control of JEV in Thailand was initially based on vector-borne disease
control beginning in 1973, but after a series of vaccine efficacy studies, the Ministry
of Health introduced JEV vaccination as part of the EPI in 1990 for eight northern
provinces. A year later vaccination was introduced into all 17 northern provinces,
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and then into all 36 provinces with encephalitis incidences of more than 1/100,000
(S. Chunsuttiwat, 1998, cited by Endy and Nisalak, 2002). Average case rates per
100,000 during the period 1989–1993 in the northern, southern, north-eastern, and
central regions were 3.5, 2.4, 1.43, and 1.21, respectively (Chunsuttiwat and
Warachit, 1995), but these have continued to fall during the late 1990s (Endy and
Nisalak, 2002). Currently, the vaccine programme is part of the EPI throughout
Thailand, and Thailand has an excellent national surveillance programme.

Malaysia

The possible occurrence of JEV in Malaysia was first suggested in a report of illness
among British prisoners of war during World War II (Cruickshank, 1951). It was
subsequently recognised in the Malaysian peninsula in the early 1950s, with virus
isolation, serological evidence of human and equine infections, and cases of
encephalitis (Paterson et al., 1952; Hale and Witherington, 1954; Pond et al., 1954;
Hale and Lee, 1955). However, like other tropical endemic areas, clinical cases of
JE have been sporadic, and from figures maintained at the Institute of Medical
Research in Kuala Lumpur, the incidence is low and fairly evenly distributed
throughout the year. Thus, it was not considered a major public health problem in
Malaysia (Fang et al., 1980; Sinniah, 1989). However, 172 cases were reported
between 1989 and 1993, most of which were in children, with a case-fatality rate of
7% (Tan, 1995). In addition, serological investigations and clinical case studies of
paediatric patients with encephalitis in Perak and Penang suggested that there is
probably more JE in Malaysia than the national figures reflect (Cardosa et al.,
1991, 1995). A serological survey of animal sera from all parts of Malaysia
indicated that antibodies to JEV are relatively common, with high titres in pigs,
cattle, and buffalo (Oda et al., 1996), and JEV has been isolated from several
species of mosquitoes in Selangor in recent years, including Cx. tritaeniorhynchus,
Cx. vishnui, Cx. bitaeniorhynchus, and Cx. sitiens (Vythilingam et al., 1994, 1995,
1997). Thus, there is good evidence for widespread endemic activity in the
Malaysian peninsula. Interestingly, the 1999 outbreak of Nipah virus was first
thought to have been due to JEV, and indeed there were some confirmed cases of
JE at the start of the Nipah outbreak, leading to a local programme of vector
control and JE vaccination, but the occurrence of cases of encephalitis in
vaccinated individuals and the death of significant numbers of pigs indicated that
another agent was responsible, later shown to be Nipah virus.

Studies of JEV in East Malaysia in the 1970s clearly demonstrated that JEV
was the principal cause of encephalitis in Sarawak, with an incidence rate of 5–10%
per year (Smith et al., 1974). JEV was isolated from Cx. tritaeniorhynchus and Cx.

gelidus mosquitoes, and ecological studies demonstrated that JEV was maintained
throughout the year mainly by a cycle involving pigs and Cx. gelidus. During rice
planting and harvesting, the numbers of infected Cx. tritaeniorhynchus increased,
with a concomitant risk of human infections (Simpson et al., 1970a,b, 1974).
Interestingly, two isolates of WNV were identified in Sarawak in the late 1960s, the
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first as WNV and the second as KUNV (Bowen et al., 1970; Karabatsos, 1985),
which, if still enzootic in the region, may present problems in serological diagnoses
because of potential heterotypic responses. A recent 5-year study at Sibu hospital in
central Sarawak, which covers a referral population of 600,000, found 101 cases of
JE at an annual incidence of 20 cases, with a mortality rate of 9% (Ooi, 2002).
Sporadic cases of JE continue to occur in Sarawak, indicative of endemic activity,
with an average of greater than 40 recognised cases occurring throughout the year,
with a peak in the period October to December (M.J. Cardosa, personal
communication). JEV continues to be a public health problem in Sarawak, and,
it is assumed, in Sabah and Brunei.

The true incidence of JE in Malaysia is unknown and almost certainly
underestimated (Tan, 1995).

Singapore

Prior to 1980, sporadic cases of JE occurred in Singapore, with a biannual increase
in cases around both April and October, and with the highest morbidity rate being
in children in the 5–14 year age group (Wo, 1963; Doraisingham, 1982). Infection
was reported to be widespread, with neutralising antibodies found in about 70% of
the population over 12 years of age (Hale and Lee, 1955). Antibody was also found
to be widespread in horses (Hale and Witherington, 1954) and pigs (A.C. Lim,
personal communication to Doraisingham, 1982) and the virus was isolated from
Cx. tritaeniorhynchus mosquitoes (Hale et al., 1957). Most cases were in rural areas
of Singapore in association with Culex breeding sites (Doraisingham, 1982). In the
early 1980s, pig farming was phased out in Singapore, a process that was completed
in 1992. The incidence of indigenous cases dropped from 101 during the period
1977–1984 to 15 cases for the period 1985–1993, with the last fatal case occurring in
1984 (Anon., 1993, 1994). Thus JEV transmission appeared to cease, with only very
occasional cases occurring thereafter. Between 1991 and 2000, only 3 cases were
reported (Anon., 2003), but in the light of these occasional cases further
investigations were undertaken and it was found that wild boars on an offshore
island (See et al., 2002) and various animals and birds in Singapore (Anon., 2003;
Ting et al., 2004) have neutralising antibodies, suggesting that JEV transmission is
continuing in peripheral parts of Singapore. An indigenous case of JE occurred in
2005 (Koh et al., 2006), which suggested that regular surveillance be initiated in
these areas to further elucidate the activity of JEV in Singapore.

Myanmar

JE was first recognised in Myanmar in 1974 in Shan State, which borders Chiang
Mai Province of Thailand, and cases have been reported each year thereafter (Ming
et al., 1977; Umenai et al., 1985). A seroepidemiological study carried out in the
north-western Myanmar in 1976 near the border with India suggested that JEV was
present in some areas (Swe et al., 1979). An outbreak of encephalitis in horses
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occurred in 1977, and JEV was isolated from horses at autopsy (Than Swe, Khin
Khin Soe, Than Aung, unpublished data, cited by Khin, 1982). A prospective study
of JE in Rangoon in 1982 found serological evidence of JEV infection in 52% of
pigs, but concurrent human infection could not be detected (Thein et al., 1988).

Bangladesh

Very little is known about the incidence of JEV infection in Bangladesh. JE was
reported for the first time on clinical grounds in 1977 without serological
confirmation. In the 1977 outbreak in the Modhupur Forest area, in Tangail
District, 22 patients were reported to have been infected, of whom 7 died, and
serological evidence of probable JEV infection was obtained, but the authors were
unable to isolate JEV from mosquitoes (Khan et al., 1981). Serological surveys
have suggested a moderate prevalence of JEV antibodies in northeast (Sylhet) and
southwest (Kushtia) Bangladesh, and a low incidence in Chittagong (Islam et al.,
1982). Most recently, a prospective study of encephalitis in Bangladesh in
2003–2004 enrolled every fourth encephalitis patient admitted to Dhaka,
Mymensingh, and Rajshahi Medical College Hospitals (ICDDR, 2004). A total
of 176 patients were tested for JEV, of whom 10 (6%) were found to have
antibodies to JEV, including 7/63 from Rajshahi Hospital and the other cases from
Mymensingh Hospital. The mean age of patients was 18 years; 40% were male.
Four JE patients resided in Chapai Nawabganj District (Rajshahi Division in
northwest Bangladesh), two were from Kishoreganj District (Dhaka Division in the
north), and four patients were from Naogaon (Rajshahi Division), Pabna
(Rajshahi Division), Rajshahi (Rajshahi Division), and Mymensingh (Dhaka
Division) Districts, respectively. Thus, all were from the north of the country, but
this may reflect the catchment areas of the participating hospitals.

India

JEV in India has been reviewed (Banerjee, 1975; Kumar and Misra, 1988; Reuben
and Gajanana, 1997; Sehgal and Dutta, 2003; Jacobson and Sivalenka, 2004;
Kabilan et al., 2004a). JE was first recognised in India in 1955 during an outbreak
in and around Vellore, Tamil Nadu, and the neighbouring areas of Andhra Pradesh
(Webb and Pereira, 1956; Work and Shah, 1956; Carey et al., 1969b; Jacobson and
Sivalenka, 2004). Further cases were observed every year thereafter in various
districts in the states of Tamil Nadu and Andhra Pradesh in south India, almost all
in children, and presenting in the latter half of the year during the rainy season
(Carey et al., 1969b). Serological surveys carried out between 1955 and 1972
showed that JEV infections occurred in widely scattered areas in eight states,
comprising Gujarat, Maharashtra, Orissa, Assam, Arunachal Pradesh, Tamil
Nadu, Andhra Pradesh, and Karnataka (F.M. Rodrigues, cited by Reuben and
Gajanana, 1997). JEV was first isolated from mosquitoes of the Cx. vishnui

subgroup in 1956, and from the brain of a fatal case of encephalitis in 1958.
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JEV was not recognised as a major public health problem in India until 1973,
when the first major epidemic occurred in the Bankura and Burdwan districts of
West Bengal (Arora and Singh, 1974; Chakravarti et al., 1975). Since then, epidemics
of various size have been reported from a number of states and union territories,
including Karnataka in 1977–1978, Bihar in 1978, Uttar Pradesh in 1978, Tamil
Nadu in 1978, Maharashtra in 1979, Assam in 1980, Pondicherry in 1981, Manipur
in 1982, Goa in 1982, Nagaland in 1985, Orissa in 1989, Haryana in 1990, and
Kerala in 1996. The major outbreaks have usually coincided with heavy rainfall and/
or flooding. Examples of these and other JEV epidemics are shown in Table 1, and a
map depicting the location of JEV virus activity in India can be viewed at the website

Table 1

Examples of epidemics of JEV in India

Year State References

1973 West Bengal Arora and Singh (1974); Chakraveri et al. (1975)

1977–1978 Karnataka Prasad et al. (1982)

1978 Bihar Mohan Rao et al. (1980)

West Bengal Mohan Rao et al. (1980)

Uttar Pradesh Mathur et al. (1982)

Tamil Nadu Rao et al. (1982)

1979 Maharashtra Rodrigues et al. (1980)

1980 Assam Chakraborty et al. (1987)

Bihar Loach et al. (1983)

1981 Pondicherry Rao et al. (1988)

1982 Manipur Chakraborty et al. (1984)

Goa Mohan Rao et al. (1983); Choudhury et al (1983)

1985 Nagaland Angami et al. (1989); Mukherjee et al. (1991)

1987 Nagaland Mukherjee et al. (1991)

1988 Nagaland Mukherjee et al. (1991)

Uttar Pradesh Rathi et al. (1993)

1989 Assam Vajpayee et al. (1992)

Orissa Vajpayee et al. (1991)

1990 Haryana Sharma and Panwar (1991); Prasad et al. (1993)

1996 Kerala Dhanda et al. (1997)

1997 Maharashtra Thakare et al. (1999)

1998 Uttar Pradesh http://www.nicd.org

1999 Uttar Pradesh http://www.nicd.org

1999 Karnataka http://www.nicd.org

1999 Andhra

Pradesh

Rao et al. (2000), http://www.nicd.org

2000 Assam Kaur et al. (2002); Phukan et al. (2004)

2000 Uttar Pradesh http://www.nicd.org

2001 Assam Phukan et al. (2004)

2002 Assam Phukan et al. (2004)

2005 Uttar Pradesh Kumar et al. (2006); http://w3.whosea/org/en/Section1226/

Section2073.asp
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of the Vector Control Research Centre in Pondicherry http://www.pon.nic.in/fil-free/
vrcc/jel.html, or the website of the National Vector Borne Disease Control
Programme at http://www.namp.gov.in/je.html. The most recent outbreak in Uttar
Pradesh in 2005, with a spillover of cases in Bihar, may have been one of the largest
recorded epidemics of JEV (Mudur, 2005; Kumar et al., 2006; WHO, SEARO,
website http://w3.whosea.org/en/Section1226/Section2073.asp). In all, JEV activity
has been reported from at least 25 states and union territories of India. While a few
states have not reported JEV activity, transmission is widespread and endemic in
some states with high infection rates, such as in Andhra Pradesh, Tamil Nadu and
some parts of Karnataka, Uttar Pradesh, Assam, and West Bengal, and other states
may have occasional but limited, focal transmission, such as in Punjab (Ratho et al.,
1999), Madhya Pradesh (Mathur et al., 1981), and Arunachal Pradesh (Chatto-
padhyay, 2001).

Thus, it appears that JEV probably became established first in southeast India.
It may then have subsequently spread out from this endemic area to cause epidemic
activity in the north in 1978 (Uttar Pradesh and Bihar), reaching the north-east
(Assam, Manipur, and Nagaland) between 1980 and 1985, and the west coast
(Goa) and north-west (Haryana) in 1982 and 1990 respectively, and eventually into
the southwest in 1996 (Kerala). Alternatively, it may have been re-introduced a
second time into India to cause the first epidemic in West Bengal, and then have
spread to other areas from this new introduction. Indeed, this latter possibility
seems more likely from phylogenetic data, which suggest that there have been
multiple introductions of JEV into India, notably into West Bengal in 1973 and
into Assam in 1978, the former introduction spreading to other states of India,
including Goa, and subsequently to Sri Lanka, and from Sri Lanka to Nepal (Uchil
and Satchidanandam, 2001). Despite genomic differences, all JEV strains from the
Indian subcontinent have belonged to genotype 3.

The epidemiology of JEV outbreaks varies considerably between states and
between districts within states. This latter aspect is clearly shown in Andhra
Pradesh where 98% of all JE cases were reported from 10 of the 23 districts in the
state (Jacobson and Sivalenka, 2004). JE is primarily a rural disease in India, with
scattered cases over a wide area, and there are rarely more than a handful of cases
in any one village. Most cases of JE occur in areas of endemic activity and
outbreaks occur in children below the age of 14; but in areas where JEV infection is
uncommon or in areas that are experiencing JEV activity for the first time, all age
groups are affected. Morbidity rates of between 0.30 and 1.5/100,000 have been
estimated (Reuben and Gajanana, 1997). The number of cases reported annually
over the 10-year period 1992–2001 ranged from 1172 to 3395, with case-fatality
rates varying from 19 to 51.5 (National Institute of Communicable Diseases, Delhi,
website http://www.nicd.org, and reproduced in Kabilan et al., 2004a). Indeed,
case-fatality rates in excess of 50% are not uncommon in some outbreaks (eg.
Mathur et al., 1981; Vajpayee et al., 1992; Chattopadhyay, 2001), although in most
outbreaks the case-fatality rates were usually between 15% and 30%. There is
growing awareness that the incidences of JE and related deaths have been
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increasing over recent years, and that JEV is spreading into previously unaffected
areas (Kabilan et al., 2004a). However, the burden of disease in India is still not
known with any accuracy, and until there are enough laboratories capable of
diagnosing JEV and an improved national surveillance system, it is unlikely that
the real burden of JE will be known.

The major mosquito vectors in India vary from region to region, depending on
ecological factors. JEV has been isolated from 16 species of mosquito and the most
important vector species are members of the Cx. vishnui subgroup especially Cx.

tritaeniorhynchus, Cx. vishnui, and Cx. pseudovishnui, which are rice paddy breeders,
but other mosquito species are important locally (Samuel et al., 2000; National
Vector Borne Disease Control Programme website at http://www.namp.gov.in/
je.html).

Two other mosquito-borne arboviral encephalitides occur in India, WNV and
Chandipura virus, and have implications for clinical and laboratory diagnosis of
JEV infection. WNV was first detected in India by serology in the early 1950s
(Smithburn et al., 1954), and cases of both febrile disease and encephalitis due to
WNV were reported from the Udaipur area of Rajastan, and from Buldhanam,
Marathwada, and Khandesh districts of Maharashtra (Banerjee, 1996). The virus
has been isolated from sporadic human infections, both classical febrile cases (Paul
et al., 1970) and encephalitis cases (George et al., 1984; Kedarnath et al., 1984;
George et al., 1987), and from mosquitoes (Pavri and Singh, 1965; Dandawate
et al., 1969; Rodrigues et al., 1980). Cases of febrile disease with arthralgia and
encephalitis due to WNV have been reported; 7 cases of WNV encephalitis were
identified by detection of IgM in the CSF in Goa, Maharashtra, Orissa and
Rajasthan (Thakare et al., 2002). Neutralising antibodies were detected in human
sera collected from Tamil Nadu, Karataka, Andhra Pradesh, Gujarat, Maha-
rashtra, Madhya Pradesh, Orissa, and Rajastan (R.G. Damle, cited by
Paramasivan et al., 2003). Thus, although WNV has not been responsible for
epidemic activity, it is relatively widespread in India. Of concern, is the potential for
both WNV and JEV to co-circulate, as described in an outbreak of JEV in
Karnataka when a few cases of WNV infection were detected by brain biopsy
(George et al., 1987). While it is probable that immunity gained from subclinical
infection with either virus will give some level of protection against the other, there
is no field evidence to support this. Experimental studies in domestic pigs have
shown that prior exposure to JEV prevented the development of viraemia on
subsequent exposure to WNV, but HI antibodies were induced to both viruses.
Interestingly, WNV challenge did not significantly boost the antibodies to JEV.
However, in the converse experiments, prior exposure to WNV did not prevent the
occurrence of a low viraemia on subsequent infection with JEV, although the
viraemia was probably too low to infect mosquitoes, but there was a boosting effect
on the already existing WNV antibodies (Ilkal et al., 1994). These results were
consistent with earlier observations in bonnet macaques (Macaca radiata), in which
immunisation with WNV reduced the severity of disease due to JEV without
prevention of infection, whereas immunisation with JEV protected the animals
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against WNV (Goverdhan et al., 1992). It is interesting, however, that both viruses
appear to be able to co-circulate in a region despite having similar ecologies.

A second virus, Chandipura virus, a Rhabdovirus transmitted by phlebotomus
flies (sandflies) and mosquitoes, has recently been associated with highly fatal
epidemics of encephalitis and may cause difficulties with JEV diagnosis. It was first
isolated from two adult cases of febrile illness in the Chandipura (Nagpur) region in
Maharashtra (Bhatt and Rodrigues, 1967), and from a child with encephalitis in
Raipur in Chhattirgarh (formerly part of Madhya Pradesh) (Rodrigues et al.,
1983). Most recently it has been associated with two outbreaks of encephalitis with
high mortality. The first was in children in Andhra Pradesh in 2003 (Rao et al.,
2004), which had a case-fatality rate of 55.6%, and the second occurred in eastern
districts of Gujarat and included patients of all ages (Chadha et al., 2005).

India’s first commercially available JEV vaccine, Nakavac (Kabilan, 2004), is
available but is not widely used. An improved immunisation programme was
initiated by the Andhra Pradesh State Government in collaboration with PATH
and has successfully reduced JE there by 90% in its first year (Cooley, 2004). It is
hoped that this will serve as a model for a wider and more concerted attempt to
reduce the JEV infections in India.

Nepal

An epidemic of JEV occurred for the first time in Nepal in 1978 in the lowland
(Terai) region, a rice-growing area bordering Uttar Pradesh and where about half
of the population of Nepal live, including 12.5 million children o15 years old. A
total of 422 cases were reported with 119 deaths (Umenai et al., 1985; Joshi, 1986,
1995; Parajuli, 1989). Sporadic cases of JE had been reported even earlier than
1978, however, from all hospitals in the Terai areas (Joshi, 1995). During the next
few years, the disease fluctuated between 50 and 800 cases annually, with a case-
fatality rate between 30% and 50% (Igarashi, 1992). Most cases occurred between
July and November, peaking in August to October after the monsoon season
(Igarashi, 1992; Endy and Nisalak, 2002). Outbreaks in 1985 and 1986 in the Terai
region resulted in 595 and 1299 cases, respectively, in all age groups, with mortality
rates of 26.5% and 27.5%, respectively (Joshi, 1987). Interestingly, outbreaks in
two districts, Kailali and Kanchanpur, occurred despite the absence of pigs or
ducks as reservoir hosts. Analysis of epidemiological data collected during the 1986
epidemic in the Koshi Zone in the Terai region in southeastern Nepal suggested
that the virus had only been recently introduced. Children accounted for most of
the hospital admissions but had a markedly lower fatality rate than adults, the
overall fatality rate being 15% (McCallum, 1991). From 1993 to 1997, the total
number of cases of JE within the 25 districts of the Terai increased from 446 cases
in 1993 to 2953 cases in 1997 (Bista et al., 1999). JEV spread from the Terai to the
Kathmandu Valley in September and October 1995 to cause an outbreak with a
mortality of 53% (Zimmerman et al., 1997). Annual epidemics continue to occur in
the Terai region, often associated with epidemic activity across the border in Uttar
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Pradesh. In 2004, 24 of 75 districts reported cases of JE (JEPN website,
www.jepn.org). The number of suspect cases was 2824, of which 316 died, and a
further 33 suspect cases were recorded in the first 6 weeks of 2006 (WHO SEARO
website: http://w3.whosea.org/en/Section1226/Section2073.asp). JE vaccination
has been undertaken in high-risk districts of the Terai using inactivated vaccine,
although a highly successful trial using a single dose of the Chinese SA-14-14-2
live vaccine in 1999 has made this a more plausible tool for use in the future (Bista
et al., 2001; Ohrr et al., 2005).

Pakistan

Serological studies carried out in Karachi, Pakistan between 1983 and 1985
provided evidence suggesting that some cases of central nervous system disease
may have been due to JEV, although most cases were caused by WNV (Ishii et al.,
1988; Sugamata et al., 1988). These results were subsequently confirmed and
extended in 1992 when JEV genome sequences were found by RT-PCR in the CSF
from a patient with encephalitis (Igarashi et al., 1994). WNV was found in CSFs
from an additional eight cases, indicating that a significant proportion of
encephalitis cases in Karachi were caused by WNV, while JEV was a minor cause
in some cases.

Sri Lanka

JEV was first isolated in Sri Lanka in 1968 (Hermon and Anandarajah, 1974).
From 1971 to 1981, 1030 hospital admissions of sporadic cases of encephalitis were
reported, with a case-fatality rate of 25–45%, of which about 43% of admissions
for encephalitis may have been due to JEV (Vitarana, 1982; Vitarana et al., 1988).
The first major outbreak of JEV occurred between November 1985 and February
1986 in the North-Central (dry-zone rice cultivation area) and Western provinces of
the country, with 406 cases and 76 deaths in Anuradhapura district in the North-
Central province and 106 cases and 18 deaths in Chilaw (Puttalum) district in the
Western province coastal belt (Vitarana et al., 1988). The Anuradhapura outbreak
appeared to start in a major new irrigation system, the giant Mahaweli Irrigation
Scheme; 73% were adult cases with a peak incidence in the 20–40 year age group,
whereas the Chilaw outbreak had the more usual endemic pattern with most cases
in children (Vitarana et al., 1988). The authors concluded that the new irrigation
scheme contributed to the Anuradhapura outbreak with higher vector densities and
a 10-fold increase in domestic pigs. This conclusion was supported by the increased
numbers of nocturnally active mosquitoes able to transmit JEV, especially Cx.

tritaeniorhynchus, Cx. quinquefasciatus, and Mansonia uniformis, and to a lesser
extent, Cx. fuscocephala (Amerasinghe and Ariyasena, 1991). A second, larger
outbreak occurred in November to December 1987 in North-Central province at
Anuradhapura, with 744 cases diagnosed on clinical grounds, of whom 361 were
confirmed by laboratory studies (Peiris et al., 1992). The epidemic was preceded 2–3
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weeks earlier by seroconversions in sentinel pigs. The major vectors identified were
Cx. tritaeniorhynchus, Cx. gelidus, and to a lesser extent, Cx. fuscocephala, Cx.

whitmorei, and Ma. uniformis. Comparing the epidemic period in 1987 with the
same period in the following year when no epidemic occurred, the major differences
were a lower vector biomass and a lower JEV carriage rate in the vectors. Peiris
et al. (1993) also investigated the ecology of JEV in different climatological areas of
Sri Lanka in relation to the abundance of mosquito vectors, infection in domestic
livestock, and human infection and disease. Little or no virus activity was
documented above 1200m in elevation. Interestingly, JEV seroprevalence in cattle
and goats were better predictors of human infection risk than was porcine
seroprevalence, especially in epidemic regions. The dry-zone area around
Anuradhapura was classified as an epidemic area for JEV, whereas the wet zone
in the Western Province was classified as endemic for the virus. Vaccination of
children between 1 and 10 years of age was begun in 1988 in the Anuradhapura and
Puttalam districts, and was then extended to high prevalence areas in the
Kurunegala, Polunnaruwa, and Gampaha districts. The incidence of JE dropped
significantly in the immunised age group thereafter (Vitarana, 1995). Other control
procedures used were porcine immunisation using a live vaccine, water manage-
ment in irrigation schemes, and spraying of pigpens with malathion (Vitarana,
1995). JE cases continue to occur throughout the year with a peak between October
and February, and 21 districts out of 26 reported cases between 1994 and 2003
(JEPN website, www.jepn.org). The vaccination programme is run only in high-risk
districts and uses an inactivated vaccine.

Indonesia

The ecology of JEV in Indonesia is complicated to some extent by the
zoogeographic separation of the country by the hypothetical Wallace and Weber
lines, both purporting to provide a demarcation between the Oriental and
Australasian zoogeographic regions (Kanamitsu et al., 1979; Marshall, 1988;
Mackenzie et al., 1997a, 2002b), and by the large number of flaviviruses endemic
to the region (Mackenzie, 2000; Mackenzie et al., 2002b). The latter fact may
make serological surveys difficult to interpret because of heterotypic immune
responses. Of particular concern are various members of the JEV serological
group, WNV and WNV (KUNV clade), which have been found on Borneo (albeit
in Sarawak) (Bowen et al., 1970; Karabatsos, 1985), and MVEV, WNV (KUNV
clade), and ALFV, which can be found in some parts of the eastern archipelago.
In addition to these members of the JEV serological group, dengue viruses are
found widely throughout the region, Zika and Tembusu viruses are of concern in
the western archipelago, and Edge Hill, Kokobera, Sepik, Zika and Tembusu
viruses may be found in parts of the eastern archipelago. Early seroepidemiolo-
gical studies had suggested that JEV was present in various parts of Indonesia
(Hotta et al., 1967, 1970a,b), but because of the problems associated with
antigenic cross-reactivities in the HI tests, the results were inconclusive. For ease
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of discussion, the data from the Western archipelago (Sumatra, Java, Bali, and
Kalimantan) will be described first.

Java, Sumatra, Kalimantan, and Bali

The first report of clinical illness attributed to JEV was from a clinical case in
1971 in Jakarta (L.K. Kho, cited by Van Peenen et al., 1975b). Studies carried
out in a major pig raising area at Bogor, near Jakarta, showed that a
pig–mosquito transmission cycle of JEV was present, implicating Cx. tritaenior-

hynchus mosquitoes through vector numbers and virus isolation (Atmosoedjono
et al., 1973; Van Peenen et al., 1974a), and the demonstration of antibody-positive
pigs (Van Peenen et al., 1974b). Further isolations of JEV were made from pig
sera and from Cx. tritaeniorhynchus, Cx. gelidus, and Cx. fuscocephala mosquitoes
trapped in the pig-raising areas (Van Peenen et al., 1975a,b). These studies
suggested that there was a correlation with agricultural practices rather than
climate and rainfall, although the mosquitoes were trapped in the rainy
season. The association between vector density dynamics and JEV activity was
shown in a study carried out in Kapuk, a suburb of Jakarta (Olson et al., 1985b),
in which JEV was isolated from Cx. tritaeniorhynchus, Cx. fuscocephala, Cx.

gelidus, and Cx. vishnui. In central Java where pigs are less common, JEV was
isolated from seven species of mosquitoes trapped in cattle shelters, suggesting
that cattle may be involved in some natural transmission cycles in Indonesia (Tan
et al., 1993). In a survey of encephalitis cases in hospitals throughout Indonesia
between 1979 and 1986, there was an average of 1586 cases reported each year
with case-fatality rates ranging from 28% to 45%, with most cases in children.
Hospitals from East Java, West Java, and Bali reported the highest incidence of
cases (Sumarmo et al., 1995). After a case of JE was found in a 10-year-old female
tourist from Australia visiting Denpasar in 1989 (Macdonald et al., 1989), a
prospective study in Bali of children hospitalised for encephalitis between 1990
and 1992 found 19 of 47 cases of encephalitis that could be serologically confirmed
as JE (Jennings and colleagues, unpublished results cited by Sumarmo et al.,
1995). Further studies in Bali of another 77 suspected cases of JE found that 44 of
them had JEV antibodies in their CSF (T. Soroso, S. Ganefa, B. Widarso,
personal communication cited by Mackenzie et al., 2002b). In addition, Yoshida
et al. (1999) recently reported serologically confirmed cases of JE in Bali, and in a
prospective study, 40–50% of hospitalised encephalitis cases, mostly children,
were shown to be caused by JEV (Xu, personal communication to Halstead and
Jacobson, 2003). More recent data from the current project run jointly by the
Ministry of Health and PATH is described below. JEV has been isolated from
mosquitoes in Bali (R. Graham, personal communication cited in Mackenzie et
al., 2002b), and several vector species have been found in significant numbers,
including Cx. tritaeniorhynchus, Cx. gelidus, Cx. fuscocephala, and Cx. vishnui

(Lee et al., 1983). A small number of tourists have become infected with JEV while
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visiting Bali (Macdonald et al., 1989; Wittesjo et al., 1995; Buhl et al., 1996;
Ostlund et al., 2004).

West Nusa Tenggara (including Lombok and Sumbawa), East Nusa Tenggara

(including Flores, West Timor, Komodo and Sumba), Sulawesi, Moluccas and West

Papua

A serological survey carried out by Kanamitsu et al. (1979) found neutralising
antibodies to JEV at various locations in Wallacea (the area between the Wallace
and Weber lines, and comprising Lombok, Flores, Timor, and Sulawesi) and also
in West Papua. However, most of the sera reacted with more than one of the
flaviviruses, and only a few sera from Lombok were believed to be positive for JEV.
Olson et al. (1983) also found heterotypic responses in human sera, but
subsequently isolated JEV from three species of mosquitoes, Cx. tritaeniorhynchus,
An. vagus, and An. anularis, in Lombok (Olson et al., 1985a) and from Cx.

tritaeniorhynchus in Flores (J.G. Olson, unpublished results, cited by Mackenzie et
al., 2002b). A single case of JE was reported from Timika, West Papua, in 1997
(Spicer, 1997), and subsequent serological investigations demonstrated that five
indigenous people from the Timika region had serological evidence of past
infection with JEV (Spicer et al., 1999). However, it should be recalled that other
members of the JE serological group, especially MVEV, are endemic in West
Papua, and MVEV has been responsible for at least one reported case of
encephalitis (Essed and Van Tongeran, 1965). Porcine sera from various parts of
the Eastern archipelago including West Timor (P.W. Daniels and I. Sandow,
personal communication to Mackenzie et al., 2002b), Sulawesi, East Nusa
Tenggara, and West Nusa Tenggara (T. Soroso, S. Ganefa, B. Widarso, personal
communication to Mackenzie et al., 2002b) have also been found to have HI
antibodies to JEV.

The JE project of PATH has initiated a surveillance system for JE at various
sites throughout Indonesia in collaboration with the Indonesian Ministry of Health
to determine the burden of disease so that more informed decisions can be made
concerning childhood immunisation. Starting in Janury 2005, the surveillance is
hospital based and incorporates 15 hospitals in 6 provinces. In the first 6 months of
the project, 19 cases of JE were found from 397 encephalitis cases, with confirmed
cases in West Sumatra, West Kalimantan, East Java, West Nusa Tenggara
(Lombok), and East Nusa Tenggara (West Timor). No cases were found in that
period in West Papua.

Timor-Leste

Two serologically confirmed cases of JEV infection were reported from the
Viqueque district of Timor-Leste in 2000, one of which was fatal (Hueston et al.,
2001).
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Papua New Guinea

JEV was first found in Papua New Guinea during an investigation into the source
of an outbreak in the Torres Strait of northern Australia (see below). Serological
surveys found strong evidence of JEV in human sera collected from various sites in
Western, Gulf, and Southern Highlands Provinces between 1989 and 1995
(Johansen et al., 1997), and in porcine sera from Western Province (J. Shield and
R. Lunt, unpublished data cited by Mackenzie et al., 2002b). Three isolates of JEV
were obtained from Lake Murray and Balimo in Western Province in 1997 and
1998, respectively from Cx. annulirostris and Cx. palpalis (Johansen et al., 2000),
and four cases of JE were recognised at a mission hospital near Kiunga (J. Oakley.
S. Flew, C.A. Johansen, R.A. Hall, D. Phillips, J.S. Mackenzie, unpublished results
cited in Mackenzie et al., 2002b). In addition, two outbreaks of JEV have been
reported, one on Normanby Island in Milne Bay Province in eastern Papua New
Guinea, and the other at Alotau, capital of Milne Bay Province, although both
outbreaks remain unconfirmed. Finally, a case of JEV infection was recently
reported from the Port Moresby area (Hanson et al., 2004).

A number of flaviviruses are endemic in Papua New Guinea, thus making the
interpretation of some serological surveys problematical. MVEV has been isolated
from mosquitoes in East Sepik Province in the north of Papua New Guinea
(Marshall, 1988) and from Western Province in the south (Johansen et al., 2000),
and been responsible for a case of fatal encephalitis in Papua (French et al., 1957).
Antibodies to WNV (KUNV clade) have been detected in sera collected in East
Sepik Province (R.A. Hawkes unpublished data, cited by Marshall, 1988); and two
other flaviviruses have been isolated in Papua New Guinea, Sepik, and Kokobera
viruses (Marshall, 1988; Johansen et al., 2000). Thus it is perhaps not surprising
that in an earlier seroepidemiological study in 1956–1957, some sera, particularly
from the Aramia River near Balimo in Western Province, had shown higher
neutralising antibody titres to JEV than to MVEV, which was explained by the
authors as heterotypic responses (Anderson et al., 1960). As found in India with
WNV, JEV appears to co-circulate with MVEV and WNV (KUNV clade), and
indeed JEV, MVEV, and Sepik virus were isolated from mosquitoes during a single
night of trapping at Balimo in Western Province (Johansen et al., 2000).

Australia

JE was first reported in the Torres Strait of northern Australia in March to April
1995. Three cases, two of which were fatal, occurred on Badu, an island in the
central Torres Strait (Hanna et al., 1996b). A further 55 people from islands in the
central and northern Torres Strait were found to have evidence of subclinical
infection, and a large number of domestic pigs on nine islands were found to have
seroconverted. Ten isolates of JEV were obtained, two from subclinical human
sera, and eight from Cx. annulirostris mosquitoes (Hanna et al., 1996b; Ritchie
et al., 1997). In response to the outbreak, all inhabitants of the Torres Strait were
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offered inactivated JEV vaccine (Hanna et al., 1996a). In addition, a sentinel pig
surveillance programme was initiated (Shield et al., 1996; Ellis et al., 2000). Two
more cases of JE occurred in 1998, one in an unvaccinated child on Badu and the
other in an individual on the Australian mainland at the mouth of the Mitchell
River in southwest Cape York (Hanna et al., 1999). The latter was the first human
case on the Australian mainland. These two cases were accompanied by pig
seroconversions from the northern Torres Strait islands to Cape York, and JEV
was isolated from Cx. annulirostris and Oc. vigilax mosquitoes in Badu and from
pig sera in Cape York (Hanna et al., 1999; Johansen et al., 2001). Genetic
sequencing of the 1995 and 1998 virus isolates showed they were genotype 2, similar
to strains from Java, and were closely related to each other and to the 1997 and
1998 isolates from Papua New Guinea, indicating that Papua New Guinea was the
probable source of the incursions of JEV into Australia. It was hypothesised that
JEV reached Australasia by island hopping across the eastern Indonesia
archipelago, spread by birds, establishing the bird–mosquito and pig–mosquito
transmission cycles on each island as it moved (Mackenzie et al., 2002b).

In further JEV infections in the Torres Strait in 2000, the virus was isolated
from pig sera and Cx. gelidus mosquitoes on Badu and from Cx. sitiens mosquitoes
on Saibai, an island in the north of the Torres Strait a few kilometres from the
Papua New Guinea coast (Mackenzie et al., 2001; Pyke et al., 2001; van den Hurk
et al., 2001a; Johansen et al., 2004). Interestingly, the virus isolates in this outbreak
were genetically different from those of the previous outbreak, belonging instead to
genotype 1, indicating a second introduction of JEV into the Torres Strait region of
Australia (Pyke et al., 2001). The finding of JEV in Cx. gelidus mosquitoes was
unexpected as this species was not known to be in the Torres Strait, although it had
been found on the Australian mainland for the first time the previous year (Muller
et al., 2001), and its range was later found to extend across northern Australia
(Whelan et al., 2000). JEV was detected on the Australian mainland for the second
time in 2004 and isolated from Cx. sitiens subgroup mosquitoes in Cape York (van
den Hurk et al., 2006; G.A. Smith, A.T. Pyke, P. Daniels, unpublished data). This
was the first isolate from a mosquito trapped on mainland Australia. Over the
period 1995–2005, JEV infections occurred every year in the Torres Strait except
1999, and on the Australian mainland in 1998 and 2004 (Mackenzie, 2005; G.A.
Smith, S.A. Ritchie, J. Lee, P.W.Daniels, unpublished observations).

It was hypothesised that the outbreak in 1998 in the Torres Strait and mainland
Australia resulted from wind-borne virus blown southwards from Western
Province of Papua New Guinea during cyclonic weather patterns (Ritchie and
Rochester, 2001), and it was suggested that this may have been the route also taken
by the virus in other years, although wild birds have also been suggested, as noted
above (Hanna et al., 1996b). Despite JEV occurring on mainland Australia in at
least two locations in 1998 and again in 2004, there is no evidence at this time that
the virus has become established there, although mosquito species able to transmit
JEV are present (van den Hurk et al., 2003a), and large numbers of ardeid birds
and feral pigs are present that could serve as potential vertebrate hosts (Mackenzie
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et al., 2002b). Of the ardeid birds, it is believed that the Nankeen night heron
(Nycticorax caledonicus), which is closely related to the Black-crowned night heron
of Asia, may be the most important, as it is also thought to be the major host of
MVEV (Marshall, 1988; Mackenzie et al., 1994). The Nankeen night heron is found
widely across Australia, and vagrant birds can travel substantial distances,
including moving between the Australian mainland and Papua New Guinea.

A number of other flaviviruses circulate in northern Australia and the Torres
Strait, including the three other viruses in the JEV serological group, MVEV,
ALFV, and WNV (KUNV clade), and four additional mosquito-borne flaviviruses,
Kokobera, Stratford, New Mapoon, and Edge Hill viruses (Mackenzie et al., 1994;
van den Hurk et al., 2001b; Johansen et al., 2003, 2004; Nisbet et al., 2005).
Serological surveys are therefore often difficult to interpret, since a person or
animal may have been infected with more than one flavivirus. The three JEV
serological group viruses appear to co-circulate. While it is not known at this time
whether JEV will also co-circulate, should it become established in northern
Australia, mice passively immunised with antisera generated by JEV infection are
immune to subsequent infection with MVEV, and mice passively immunised with
antisera generated by MVEV infection are immune to subsequent infection with
JEV (Broom et al., 2000). However, passive immunisation with antibody generated
by infection with WNV (KUNV clade) did not protect against MVEV infection.
Thus while JEV and WNV are able to co-circulate in India, JEV and MVEV are
closer antigenically and it is less clear whether they will also be able co-exist,
although it is unclear whether JEV and MVEV will be able co-co-circulate in
Australia, data from Papua New Guinea (above) suggest that they have the
potential to do so. This is an important question in assessing the risk of JEV
establishment in northern Australia.

Virus spread

Possible spread of JEV from Japan

There is little doubt that over the past five decades JEV has spread into new areas
and is an increasing threat to large numbers of children in southern and
southeastern Asia. The method and direction of spread, however, is not clear. It
must also be remembered that epidemic activity is much more recognisable than
endemic activity, where occasional, sporadic and unconnected cases occur and
which, if the virus is not known to be present, JEV may remain undiagnosed or
misdiagnosed.

Although it is possible that summer epidemics of encephalitis in Japan in 1871
may have been caused by JEV, the virus itself was not isolated and identified until
the mid-1930s. The possible spread of the virus thereafter is perceived within a time
frame which incorporates information based on epidemic activity or virus
isolations, and this may not always fit comfortably with information from other
geographic areas. While it appears to be relatively simple to trace the possible
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movement of the virus as it spread from Japan into Siberia around 1938, and into
China and Korea around 1940 (although summer epidemics of encephalitis had
been recognised in Korea since the early 1930s), and then into northern Thailand
and Vietnam possibly in the late 1950s or early 1960s (Solomon, 2003), these dates
are not necessarily consistent with the apparent presence of the virus a decade or
more earlier in tropical, endemic areas further south and west (Fig. 3). Indeed there
is evidence from prisoner-of-war records that the virus may have been in Malaya in
the mid-to-late 1940s, or shortly thereafter, and that the virus was in southern India
in the early 1950s. More localised spread in the Indian subcontinent is easier to
recognise with the virus spreading south to Sri Lanka around 1968. However,
genetic evidence suggests that multiple incursions of JEV have occurred into India,
one of which caused the first epidemic in West Bengal in 1973 and then spread
across the country to Goa, and another of which spread into Assam and Nepal
(Uchil and Satchidanandam, 2001). Even the spread south to Sri Lanka may not be
as straight forward, and there is genetic evidence to indicate that both the 1955
epidemic JEV strain and the later West Bengal epidemic strain may have spread to
Sri Lanka. Thus, one major question raised by this apparent sequential spread is

Fig. 3 Map showing the temporal spread of JEV from the initial isolation in Japan. Modified from

Solomon (2000). (For colour version: see Colour Section on page 354).
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why the virus was present in Malaysia and India before northern Thailand and
northern Vietnam. Possible explanations could be that it was introduced to the
Indo-Malay peninsula by Japanese troops during the World War II, or that it was
introduced into tropical ecosystems by migratory birds (see below).

Evidence for evolution and spread of JEV from molecular and phylogenetic studies

Genomic studies provide an alternative explanation for the direction of JEV
dispersal, suggesting that JEV might have actually originated in southeast Asia,
and then spread north and west as different genotypes. Exhaustive analyses of
sequence data for JEV reveal that the Indonesia–Malaysia region supports the
circulation of all JEV genotypes and is the only region where the oldest and most
divergent genotype (genotype 4) has been found (Solomon et al., 2003a). It was
therefore suggested that JEV originated in this region from an ancestral virus, from
which genotype 4 diverged, followed later by genotypes 1, 2, and 3 (Fig. 4). When
these newer genotypes spread across Asia and Australasia, genotype 4 remained in
the Indonesia–Malaysia region (Solomon et al., 2003a). The timing of such
movment is difficult to determine, particularly given the epidemic activity in Japan,
and the apparently recent arrival of JEV in Australasia.

Was JE in tropical areas slow to be recognised, perhaps being misdiagnosed as
smear-negative cerebral malaria, whereas the epidemic activity in temperate areas
was more obvious? This does not appear likely, although misdiagnosis can be a
problem in the absence of laboratory support, as seen in Papua New Guinea. The
divergence of genotype 4 JEV from the common ancestor has been estimated to
have occurred �300 years ago, whereas genotypes 1, 2, and 3 diverged �130 years
ago (Uchil and Satchidanandam, 2001; Solomon et al., 2003a).

Mechanisms of spread and changing epidemiological patterns

Genotype 1 strains of JEV have recently spread and replaced genotype 3 in Japan,
Korea, and northern Vietnam (see Section on ‘‘Genomic variation’’ above). The
mechanisms for this genomic spread and displacement are unknown; however, it
has been suggested that genotype 1 strains may have acquired increased virulence
for avian hosts, enabling its spread via bird migration along the ‘‘East Asian-
Australasian flyway’’ (Nga et al., 2004), Migrating ardeid birds, such as the
Blackcrowned night heron, have been suggested as a means of virus movement and
dispersal. Indeed it has been suggested that viraemic birds may be responsible for
spreading JEV to new areas and for reintroducing JEV into epidemic areas each
season (Ogata et al., 1970). Migratory patterns of herons from China, Taiwan,
Philippines, and Java, to Japan at the beginning of the summer coincide with the
seasonal transmission of JEV in Japan (Ogata et al., 1970).

Another ardeid species, the Asiatic cattle egret (Bubulcus ibis coromandus) is an
important host in the dispersal of the virus to new geographic areas (Solomon
et al., 2003a), in part due to its greatly expanded range across Asia following
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changes in agricultural practices, which also coincided with the evolution and
spread of the more recent genotypes of JEV.

Wind is central to insect dispersal, often over long distances, and thus virus
movement, providing it is sufficiently warm and moist for flight. There is a
substantial literature concerned with the role of wind in the genesis of epidemic
activity of arboviruses through the movement of infected mosquitoes (e.g. Garrett-
Jones, 1962; Sellers,1989; Sellers and Maarouf, 1990,1993; Ming et al., 1993; Min
and Mei, 1996; Reynolds et al., 1996; Mackenzie et al., 2000). Flights of 5–100 km
have been recorded for Cx. taeniorhynchus (a vector of Venezuelan equine
encephalitis virus) and 175 km for Ae. sollicitans (a vector of Venezuelan and
Eastern equine encephalitis viruses) (Sellers, 1980). These flights were completed at
temperatures of 15–351C at heights of up to 1.5 km (Sellers, 1980). Most studies,
however, have tended to capture mosquitoes at lower heights, and most commonly
below about 500m (e.g. Ming et al., 1993; C.G. Johnson, cited by Sellers, 1980).

Fig. 4 Map showing the possible origin and distribution of JEV, showing the geographic distribution of

the genotypes. The ancestral virus is hypothesized to have given rise to genotype 4, and then to the other

genotypes. A possible genotype 5, based on the Muar strain, would have been the earliest genotype if its

sequence is confirmed. From Solomon and Winter (2004) and Solomon et al. (2003a). (For colour

version: see Colour Section on page 355).
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Wind has also been suggested as a means by which Cx. tritaeniorhynchus

mosquitoes migrate or are assisted in migrating each year in China, where they fly
north in the spring and return south in the autumn (Ming et al., 1993; Min et al.,
1996).

The accidental transportation of exotic mosquito species around the world
when they have bred in pools of water trapped in deck cargo, or when they travel as
stowaways on aircraft (Lounibos, 2002; Mackenzie et al., 2004; Larish and Savage,
2005), may also assist in the establishment of JEV in new geographic areas. Aircraft
disinfection is not a widespread practice everywhere, including some countries in
Asia. Some mosquito species known to transmit JEV have spread to other
continents; for instance Oc. japonicus reached the continental US (Peyton et al.,
1999), where it has spread widely in both East and West Coasts as well as to Hawaii
(Larish and Savage, 2005) and to Europe (Medlock et al., 2005). Oc. japonicus

mosquitoes are probably most important as transmitters of JEV in temperate areas
of eastern Asia (Vaughn and Hoke, 1992). They have been shown to transmit JEV
experimentally, including by vertical transmission (Takashima and Rosen, 1989).
They also have been shown to transmit both WNV (Turell et al., 2002) and SLEV
in the USA (Sardelis et al., 2003).

There are many other factors associated with the spread and establishment of
JEV, although their interplay is not well understood. Changes in land use and
agricultural practices have been particularly important; increases in rice fields and
irrigated agriculture have been essential factors, as have an increase in pig breeding
with the promotion of pigs as a food source (Umenai et al., 1985; Tsai, 1997; Keiser
et al., 2005). Deforestation with indiscriminate clear-felling, in which small streams
become blocked to form swamps, can provide ideal conditions for mosquitoes to
breed.

Prevention

Vector reduction, animal host control, and personal protection

Pesticide usage on rice fields had a substantial effect in northern temperate areas of
JEV activity prior to vaccination programmes, but insecticide use has generally
been of very limited value. It is expensive, and even when mosquito numbers drop,
new populations of mosquitoes will fly in from nearby rice fields (Vaughn and
Hoke, 1992).

Various other methods of mosquito vector reduction have been investigated,
including the use of larvicidal bacteria such as Bacillus sphaericus and B.

thuringiensis, the use of nematode parasites of mosquitoes such as Romanomermis

culicivorax, the use of invertebrate predators, the use of larvivorous fish such as
Gambusia affinis, and the use of certain fungi to destroy larvae, but none have been
effective for more than a short period, and most are expensive and time consuming
to deploy (reviewed by Lacey and Lacey, 1990; Keiser et al., 2005). One
environmental method, alternate wet and dry irrigation, however, does warrant
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further experimental investigation (Reuben and Gajanana, 1997; Keiser et al.,
2005). The most effective means of reducing the numbers of infected mosquitoes
around human habitation is to ensure that pigsties and cattle pens are a distance
from houses. The removal of pigs from around human habitation to communal pig
pens located 3 km away was suggested as a reason for the absence of human cases
in Badu in 2000 (J.N. Hanna, S.A. Ritchie, personal communication; Mackenzie
et al., 2002b), despite the isolation of JEV from sentinel pigs and Cx. gelidus

mosquitoes on the island (Pyke et al., 2001; van den Hurk et al., 2001a). It is also
essential to take effective personal precautions against mosquito bites including the
use of bednets, minimising outdoor exposure at dusk and dawn, wearing long-
sleeved shirts and trousers, using personal insect repellants with at least 30% DEET
(N,N-diethyl-meta-tolumide) on exposed skin, maintaining insect screens on all
windows and doors, and sleeping under mosquito netting.

Vaccines

Currently, three human vaccines are available for prevention of JE (Monath,
2002a; Chang et al., 2004; Halstead and Tsai, 2004). A formalin inactivated mouse
brain-derived vaccine is manufactured in China, Japan, North Korea, South
Korea, Taiwan, and in limited quantities in India, Thailand, and Vietnam. It is
given in childhood vaccination programs in Japan, South Korea, and Taiwan,
nearly eliminating the disease in these countries (Hoke et al., 1988; Wu et al., 1999;
Sohn, 2000). This vaccine has also become a part of the Expanded Program of
Immunization in Thailand; elsewhere, it is administered at a regional level to those
at risk in various countries including in Vietnam, Sri Lanka, and Nepal (Halstead
and Tsai, 2004; Hombach et al., 2005).

Mouse brain-derived vaccine manufactured and exported from Japan by the
Biken Institute is the only commercial JE vaccine available internationally and it is
indicated for travellers to JEV endemic countries (Shlim and Solomon, 2002).
Although the vaccine has relatively high efficacy (91% after two doses; Hoke et al.,
1988), its use is limited by high production costs (US$3–5 per dose), poor induction
of long-term immunity, requirement for multiple boosters, and the incidence of
vaccine-induced adverse reactions (Poland et al., 1990; Plesner et al., 2000;
Takahashi et al., 2000; Halstead and Tsai, 2004). The mouse brain vaccine is
derived from a genotype 3, virus strain but there is no evidence that its efficacy is
affected by the antigenic variation that has been reported within and between
genotypes of JEV (Wills et al., 1992; Ali and Igarashi, 1997). This vaccine has been
effective in regions where heterologous genotypes circulate, indicating that it results
in high levels of cross-protection.

In China, a formalin-inactivated, cell culture-derived vaccine (derived from P3
strain, grown in primary hamster kidney [PHK] cells) is produced and reported to
have similar efficacy to the mouse brain-derived vaccine (84–95%) after two doses
(Monath, 2002a; Halstead and Tsai, 2004). However, the P3 inactivated vaccine
suffers from the same shortcomings as the mouse brain-derived vaccine and is

J.S. Mackenzie et al.242



gradually being replaced by a live-attenuated virus vaccine (SA14-14-2 strain), also
produced in PHK cells (Halstead and Tsai, 2004). The SA14-14-2 vaccine is
administered in three doses in annual childhood vaccination campaigns and, in
contrast to inactivated vaccines, is inexpensive to make (�US$0.05 per dose) and is
relatively safe (Yu et al., 1988; Liu et al., 1997; Halstead and Tsai, 2004). This
vaccine has also been shown to be immunogenic and effective, with a protective
efficacy of 96–98% following two doses in children (Hennessy et al., 1996; Sohn et
al., 1999) and comparable efficacy with a single dose (Bista et al., 2001; Ohrr et al.,
2005). A single-dose immunisation schedule would reduce vaccination costs even
further and would extend vaccine supply. However, the SA14-14-2 vaccine has yet
to be accepted outside of China, with the exception of South Korea, because of
concerns about compliance with international regulatory standards and about its
safety in specific recipients such as immunocompromised patients (Monath, 2002a;
Halstead and Tsai, 2004; WHO, 2005). Implementation of childhood vaccination
programs for JEV, using inactivated mouse brain vaccine in Thailand or P3 and
SA14-14-2 vaccines in China, has been shown to be cost efficient, suggesting that
their inclusion in immunisation programmes of other JEV endemic countries may
also be economically feasible. (Siraprapasiri et al., 1997; Ding et al., 2003).

The economic benefits of veterinary vaccines for JEV are also well recognised.
Since JEV infection can lead to abortion in pigs and encephalitis in horses,
inactivated mouse brain-derived or live-attenuated virus veterinary vaccines have
been used throughout East Asia (Barrett, 1997; Daniels et al., 2002; Igarashi, 2002).

Given the limitations of existing vaccines, the WHO has highlighted the
need for a safe, low cost, and efficacious vaccine that meets international
regulatory standards and is suitable for large-scale public health use (Hombach et
al., 2005). The advancement of such a vaccine and its integration into
immunisation schemes are among the objectives of the newly established JE
program funded by the Bill and Melinda Gates Foundation and developed by
PATH through the Children’s Vaccine Program (with partners in the Global
Alliance for Vaccines and Immunization (GAVI), including various national
ministries of health, UNICEF, and WHO) (http://www.childrensvaccine.com/
html/jep.htm; Hombach et al., 2005). Second-generation vaccine development is
focused on both improving current vaccines and developing new ones. To avoid
possible safety risks associated with the mouse brain vaccine and to reduce
production costs, attempts have been made to switch to making the vaccine in
Vero cells (certified for vaccine manufacture). In clinical evaluations, candidate
second-generation vaccines displayed comparable or higher levels of immuno-
genicity than the mouse brain-derived vaccine (Kuzuhara et al., 2003; Chang
et al., 2004; Hombach et al., 2005).

Efforts to gain approval for the attenuated SA14-14-2 vaccine are also
underway. China’s largest producer of the vaccine, the ChengDu Institute, has
upgraded its facilities to WHO Good Manufacturing Practices standards and has
established a pathogen-free facility to provide controlled primary hamster kidney
cell substrate (Hombach et al., 2005).
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The most promising new vaccine candidate, the ChimeriVaxTM-JE vaccine, is a
recombinant live-attenuated vaccine based on the Yellow Fever 17D vaccine strain,
in which the structural genes (prM/E) have been replaced by the cognate genes of
the SA14-14-2 vaccine strain (Monath, 2002a; Jones, 2004). Early clinical trials
have shown safety and protective efficacy after only one dose of the ChimeriVax
vaccine (Monath et al., 2002b, 2003). Passive transfer of antibody raised to the new
vaccine provides protection against all four genotypes of JEV in a murine model
system (Beasley et al., 2004).

Future spread of JEV

JEV, like WNV, has the propensity to spread and colonise new areas. Over the past
15 years it has spread into naive districts in various states of India as well as into
the states of Haryana and Kerala to cause epidemics in 1990 and 1996 respectively,
and now it threatens to expand into the Thar desert irrigation areas of Rajasthan,
the Indus valley of Pakistan, with the potential to become entrenched in southern
Pakistan, and most recently into the eastern Indonesian archipelago, Papua New
Guinea, the Torres Strait of northern Australia, and northern mainland Australia.
The apparent ease of spread into West Papua, Papua New Guinea, and the Torres
Strait, despite the absence of rice growing in those areas, is of concern. The reasons
for the ability of JEV and WNV to spread so readily and establish in new areas so
effectively may be because of their similar ecologies, and especially their use of
avian hosts and to the wide range of mosquito vectors which are competent under
a variety of ecological conditions (Mackenzie et al., 2004). JEV has the additional
advantage of employing pigs as amplifying hosts, which can have a major effect on
the number of infected mosquitoes in the environment.

The lack of many reported cases from Pakistan since JEV was first detected
there some 15 years ago may suggest limited access due to the dearth of pig farming
in a Muslim country. In northern Australia, JEV has been detected on the
mainland in at least two of the past 10 years with infected pigs and mosquitoes
yielding virus isolates and a single human case, but there is not yet any evidence to
indicate that the virus has established local transmission cycles, although ardeid
birds and feral pigs exist there as potential vertebrate hosts, and several mosquito
species are excellent vectors. There is some evidence to indicate that the mosquito
vectors preferentially bite certain marsupial species rather than feral pigs, and that
some of the marsupials may function as dead-end hosts for JEV due to the
development of low levels of viraemia (P.W. Daniels, D. Middleton, D. Boyle,
K.Newberry, D.Williams, R.Lunt, unpublished results, cited in Mackenzie et al.,
2002b; van den Hurk et al., 2003b). If so, the marsupials may play a dampening
role, rather as cattle have been hypothesized to do in Asia, but conversely, the
similar ecosystems found in Western Province of PNG and Cape York would
indicate that the Cape York area should be receptive to JEV establishment. The
general belief is that JEV will eventually establish enzootic cycles in northern
Australia, but it is difficult to predict a time frame in which this will happen.
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The ease and speed with which JEV appears to have emerged and established in
Papua New Guinea serves notice to other island territories and nations, many of
which have all the necessary ingredients including competent mosquito vectors,
pigs, and ardeid birds. The islands most at risk are Bougainville, the Solomon
Islands, New Caledonia, Vanuatu, and possibly Fiji, although the risks diminish
significantly with greater distances from endemic and epidemic areas (Mackenzie
et al., 2002b). The spread of JEV to Guam, Saipan, and the eastern Indonesian
archipelago, suggests that JEV could spread to some of these other islands by
means of vagrant, infected birds also, or mosquitoes and birds could be blown in
prevailing winds.

Spread of JEV further afield is less likely, but it is probable that most new
destinations will have competent mosquito vectors, pigs, and ardeid birds. The
ability of WNV to jump the Atlantic Ocean suggests that JEV could potentially find
its way east to Hawaii and the continental US, or to Europe. The most likely
mechanisms would be through aircraft stowaways or birds and/or mosquitoes
blown long distances by major storm fronts. The importance of international
aircraft disinfection, therefore, cannot be over-emphasised. Although the risks are
small, they are finite and therefore cannot be discounted. JEV, like other viruses of
the genus Flavivirus, has often surprised us, and could well do so again in the
future.
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Introduction

The first epidemics of a disease believed to have been dengue occurred in 1779 in
Cairo, Egypt and Jakarta, Indonesia. The following year, Benjamin Rush described
an epidemic in Philadelphia of a similar disease, which he called break-bone fever
(Siler et al., 1926). These epidemics, occurring nearly simultaneously on three con-
tinents, were probably part of a pandemic. A global distribution of dengue ep-
idemics was evident by the 19th century, possibly spreading from the east coast of
Africa to Asia, to the West Indies, and then to other parts of the Americas.
Epidemiologic studies subsequently led to the identification of the etiologic agent
and the mosquito vectors. Early attempts to develop inactivated dengue vaccines
from infectious human blood and infectious mosquitoes ended in failure (Simmons
et al., 1931). It was not until the dengue virus was first isolated in the 1950s (Sabin,
1952) that it became possible to prepare live-attenuated candidate vaccines by serial
passage of viral isolates in suckling mouse brain (Sabin and Schlesinger, 1945;
Hotta, 1952).

New and more severe forms of dengue, including dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS), emerged in Southeast Asia in the 1950s,
due to intensified transmission of multiple dengue virus serotypes and an increased
range of the Aedes mosquito vector. The risk of DHF/DSS was shown to increase
significantly after a second episode of dengue infection, a phenomenon that was
explained by the antibody-dependent enhancement (ADE) hypothesis (Halstead,
1970). A plaque reduction neutralization assay for detecting dengue viruses was
developed in the 1960s (Russell et al., 1967).
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By the late 1970s, a renewed research effort was undertaken to develop dengue
vaccines. The first live-attenuated dengue type 2 virus (DEN2) vaccine candidate
was produced in primary fetal rhesus lung (FRhL) cells from plaque-purified den-
gue virus (Eckels et al., 1976). Dengue virus was attenuated by serial passage in
primary dog kidney (PDK) cells (Eckels et al., 1984; Halstead et al., 1984).

In 1980s, sequencing of yellow fever virus (Rice et al., 1985) and the construc-
tion of the first infectious cDNA clone of yellow fever virus (Rice et al., 1989) led to
greater understanding of the molecular biology of other flaviviruses, including
dengue virus. Sequencing of the DEN4 serotype of dengue virus (Zhao et al., 1986;
Mackow et al., 1987) and the construction of the first infectious cDNA clone of
DEN4 led to the ability to make chimeric dengue viruses (Bray and Lai, 1991a; Lai
et al., 1991; Chen et al., 1995). Sequencing and construction of infectious clones of
the other dengue virus serotypes soon followed (Hahn et al., 1988; Osatomi and
Sumiyoshi, 1990; Fu et al., 1992; Kapoor et al., 1995a; Polo et al., 1997; Puri et al.,
2000). This work facilitated research on the pathogenesis of dengue virus and the
development of new candidate vaccine strains (Men et al., 1996; Durbin et al., 2001;
Guirakhoo et al., 2001).

The virus and the vectors

The dengue viruses belong to the family flaviviridae, which consists of some 70
antigenically related viruses (Calisher et al., 1989). Most flaviviruses are arthropod-
borne and are sub-divided based on their serological relationships and vector
transmissibility (Casals, 1957). Several other flaviviruses are also important human
pathogens, including the viruses responsible for yellow fever, tick-borne encepha-
litis, Japanese encephalitis, and West Nile encephalitis. The existence of shared
antigenic determinants between dengue and other flaviviruses complicates sero-
logical diagnosis, especially in areas where two or more flaviviruses co-circulate.

Because there are four distinct dengue virus serotypes and because the immune
response that develops in an infected host against one serotype results in only brief
heterotypic immunity against other serotypes, sequential dengue virus infections
with different subtypes can occur. Dengue virus infection in a host who has not
been previously infected with dengue virus or other flaviviruses, or previously
immunized, is called a ‘‘primary infection.’’ Dengue virus infections in a host who
has been immunologically sensitized to dengue or other flaviviruses is called a
‘‘secondary infection.’’ Individuals residing in areas where multiple dengue virus
serotypes are circulating can be infected by two, three, or even four serotypes
throughout the course of their lives.

The viral nature of the agent of dengue fever was recognized relatively early;
dengue fever was the second human disease after yellow fever to be attributed to a
filterable agent (Ashburn and Craig, 1907). An important role of Aedes aegypti

mosquitoes in dengue transmission was demonstrated (Graham, 1903; Bancroft,
1906) and later confirmed (Cleland et al., 1919; Chandler and Rice, 1923).
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The dengue virus was first isolated from human sera during World War II by
inoculation of suckling mice (Sabin, 1952).

Two different serotypes were demonstrated by showing that volunteers who
recovered from a primary dengue infection were immune, possibly for life, to
infection with the same serotype (homotypic immunity), whereas heterotypic
immunity to a different serotype was brief, lasting o9 months. Prototype strains of
DEN1 (Hawaii strain) and DEN2 (New Guinea B and C strains) were identified
and used to produce experimental vaccines attenuated for humans by passage
in suckling mice (Sabin and Schlesinger, 1945; Schlesinger and Frankel, 1952).
Independently, another DEN1 (Mochizuki strain) was isolated in mouse brain
(Kimura and Hotta, 1944) and was also attenuated for humans after serial passage
in mice (Hotta, 1952). Two new dengue serotypes, DEN3 (strain H-87) and DEN4
(strain H-241), were isolated (Hammon et al., 1960a,b). Epidemiologic studies of
DHF in Thailand provided evidence that all four dengue serotypes were endemic
(Halstead et al., 1969) and were responsible for epidemics of dengue fever and
DHF.

Dengue virus genome and replication

Virion structure and genome organization

Like other flaviviruses, the dengue virion is an enveloped spherical particle, 50 nm
in diameter, with icosahedral symmetry (Lindenbach and Rice, 2003). It contains
an inner nucleocapsid core composed of viral RNA (C) capsid protein complexes
and an outer shell formed by a lipid bilayer onto which a small membrane (M)
protein and a larger envelope (E) protein are inserted. The E protein mediates
binding and fusion during viral entry into cells and is the major antigen of dengue
virus.

Dengue virus contains a positive-stranded RNA, approximately 10.6 kb in
length. The nucleic acid sequence has been determined for each of the four dengue
virus serotypes. The genome contains a single open reading frame coding for a long
polypeptide that is cleaved during and after translation by cellular and viral pro-
teases, to generate the structural proteins (C, M and its precursor prM, and E) and
the non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
Cleavage of prM protein to generate M protein by a furin-like cell protease occurs
at a late stage in morphogenesis (Stadler et al., 1997), as mature, infectious virions
are secreted from the host cell. Non-infectious sub-viral particles containing only
E and M or prM proteins, called slow sedimenting hemagglutinin (SHA), are also
secreted into the culture fluid of the infected cells (Smith et al., 1970). SHA contains
30 E protein dimers in icosahedral arrangement (Ferlenghi et al., 2001), as do sub-
viral particles (similar to SHA) produced by recombinant co-expression of prM
and E genes in the absence of dengue infection (Konishi and Mason, 1993; Heinz
et al., 1995).
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The non-structural proteins are found inside infected cells as part of a complex
involved in viral RNA replication. The NS1 protein is also expressed on the surface
of infected cells and is secreted extracellularly, often as membrane-associated
particles, which are targets for complement-fixing antibodies (Brandt et al., 1970).
Mice immunized with NS1 protein or administered anti-NS1 antibodies resist virus
challenge, possibly through complement-dependent cytolysis of infected cells,
which could play a role in enhancing viral clearance (Schlesinger et al., 1987;
Falgout et al., 1990). The NS3 protein exhibits protease, helicase, and NTPase
activities (Bazan and Fletterick, 1989; Gorbalenya et al., 1989; Falgout et al., 1991;
Wengler and Wengler, 1993). The three-dimensional structure of the NS3 serine
protease domain co-crystalized with a protease inhibitor has been determined
(Murthy et al., 2000), an important step to understanding substrate recognition
and cleavage and the development of inhibitors. The NS3 antigen is a target for
cytotoxic T cells, which lyse infected cells and are believed to be involved in viral
clearance and the immunopathogenesis of DHF (Kurane et al., 1991a; Livingston
et al., 1995). The NS5 protein is the RNA-dependent RNA polymerase (Kapoor
et al., 1995b) and also catalyzes methylatrons of the 50-cap structure (Egloff et al.,
2002; Ray et al., 2006). The functions of other small NS proteins are largely
unknown, but NS2A is required for the C-terminal proteolytic cleavage of NS1
(Falgout et al., 1989) and NS2B is essential for NS3 protease activity (Falgout
et al., 1991).

A 90–100-nucleotide 50-non-coding region (NCR), which contains secondary
structures shared among flaviviruses, might play a regulatory role in translation
and packaging of the RNA genome (Brinton and Dispoto, 1988). A conserved,
8-nucleotide cyclization sequence has been identified near the 50-NCR along with a
complimentary sequence in the 30-NCR of the RNA genomes of dengue and other
mosquito-borne flaviviruses (Hahn et al., 1987). Studies using Kunjin virus RNA
replicons reveal an essential role for these sequences in viral RNA replication
(Khromykh and Westaway, 1997). The dengue virus 30-NCR contains approx-
imately 500 nucleotides, which exhibit secondary structures and other sequence
features common among flaviviruses. A stem-loop structure approximately 90 nuc-
leotides in length is predicted at the 30 end (Rice et al., 1985; Brinton et al., 1986;
Zhao et al., 1986; Shi et al., 1996) and conserved sequences (CS), called CS1 and
CS2, are located upstream of the 30 stem-loop structure (Hahn et al., 1987).
The DEN2 30 stem-loop structure and CS1 element play an essential role in viral
replication (Zeng et al., 1998), and DEN4 mutants lacking CS2 have been recovered,
but these viruses replicate inefficiently (Men et al., 1996).

Replication

Dengue virus enters the host cell by receptor-mediated endocytosis after its E
protein binds to cellular receptors. A conformational change in E protein triggered
by low pH induces fusion of the viral membrane and the endosomal membranes
(Allison et al., 1995; Stiasny et al., 2002; Modis et al., 2003; Bressanelli et al., 2004).
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Replication of viral RNA and assembly of immature virions take place in endo-
plasmic reticulum. Virion maturation occurs along the exocytotic pathway and
mature viruses exit the cell via the trans-Golgi network.

The receptors for dengue virus on the cell surface itself have not been fully
elucidated, but these appear to include common low-affinity ligands such as hep-
aran sulfate (Chen et al., 1997) and more specific, high-affinity ligands that differ
among cell types (Salas-Benito and del Angel, 1997; Bielefeldt-Ohmann et al.,
2001). In humans, skin dendritic cells are possibly among the first targets for
dengue viruses; attachment is mediated by the cell surface DC-SIGN molecule
(Wu et al., 2000; Tassaneetrithep et al., 2003).

Dengue viruses infect a variety of vertebrate and invertebrate cells, both con-
tinuous and primary cell lines, including Vero and LLC-MK2 cells (established
from monkey kidney), BHK-21 cells (from hamster kidney), FRhL cells (from fetal
rhesus lung), PDK cells (from primary dog kidney), and a variety of human cell
lines. PDK cells, FRhL cells, and, more recently, Vero cells have been used as
substrates for the production of experimental vaccines against dengue virus (Eckels
et al., 1984; Halstead et al., 1984; Durbin et al., 2001; Guirakhoo et al., 2001).
Several mosquito cell lines have also been used for the isolation and propagation of
dengue viruses, including C6/36 cells (from A. albopictus) and AP-61 cells (from
A. pseudoscutellaris) (Varma et al., 1974; Igarashi, 1978), with virus titers as high as
108–109 pfu/ml in the culture fluid. Cells of the TRA-284 sub-line of mosquito cells
(from T. amboinesis), grown in serum-free medium, also can be used for virus
isolation (Kuno, 1982).

Antigenic and structural models

Epitopes that are flavivirus-specific, dengue complex-specific, and type-specific
have been identified on the E protein using mouse monoclonal antibodies against
dengue virus and other flaviviruses. These epitopes are generally consistent with the
serotype classification determined using polyclonal antisera (Heinz, 1986). Mouse
monoclonal antibodies have been used to map and spatially locate three major non-
overlapping antigenic domains (Henchal et al., 1982; Guirakhoo et al., 1989;
Roehrig, 2003), which correlate well with the three physical domains of the three-
dimensional structure of the E protein identified by X-ray crystallographic analysis
at 2 Å resolution, first for the flavivirus tick-borne encephalitis virus (Rey et al.,
1995) and later for DEN2 and DEN3 (Modis et al., 2003, 2005). These studies
reveal that the E monomeric subunit protein consists of three structurally distinct
domains. The central domain I consists of an 8-stranded central beta-barrel struc-
ture and a flavivirus-conserved glycosylation site. Domain II is an elongated struc-
ture containing at its distal end the fusion peptide sequence, which is conserved
among flaviviruses. Domain III, which is folded like an immunoglobulin, is located
on the lateral side of the subunit and is believed to be involved in binding to cellular
receptors. The surface structure of the DEN2 virion has been determined at a
resolution of 24 Å by cryo-electron microscopy and is consistent with the known
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structure of E protein (Kuhn et al., 2002); it appears as a smooth surface comprised
of 90 E protein dimers tightly arranged in a herring-bone-like pattern with
icosahedral symmetry. The flat, homodimeric E protein lies parallel to the viral
membrane. The location of M protein also fits an electron dense space on the
surface. It is suggested that the E dimers are poised for rotational rearrangement at
low pH to form a fusogenic trimer, which mediates fusion of the virus membrane
with the host cell endosomal membrane.

Mosquito vectors and virus transmission cycles

A. aegypti is the principal vector for dengue virus and a high incidence of epidemic
dengue activity always occurs where this mosquito is prevalent. However, a number
of mosquito species belonging to the genus Aedes (subgenus Stegomyia), such as
A. albopictus and A. polynesiensis, also have been shown to transmit dengue virus
(Rodhain and Rosen, 1997; Gubler, 1998). A. aegypti is a highly anthropophilic
mosquito, which can rapidly populate natural or man-made habitats, the latter
being generally water containers in close proximity to human dwellings (Platt et al.,
1997; Scott et al., 2000). The incubation period for the virus in mosquitoes has been
described (Simmons et al., 1931).

The female A. aegypti can feed upon multiple people in succession, thus in-
fecting several people. The infected individuals often become viremic; further
transmission to uninfected Aedes mosquitoes feeding on these individuals initiates
an A. aegypti-human-A. aegypti transmission cycle, called the ‘‘urban cycle.’’ This
maintains dengue virus in the human population with the occasional emergence of
epidemics in large cities of the tropics.

DEN2 has been isolated from forest Aedes species, A. furcifer, A. taylori, and
A. luteocephalus in Africa during epidemic and non-epidemic periods (Traore-
Lamizana et al., 1994). While sylvatic mosquitoes may play a role in maintaining
dengue viruses in a primitive enzootic transmission cycle, this cycle is not con-
sidered important for the global resurgence of dengue fever/DHF. An African
sylvatic DEN2 isolate was shown to be distinct from dengue viruses isolated from
epidemics in other areas (Rico-Hesse, 1990). The endemic/epidemic lineages of
dengue viruses probably evolved independently from their sylvatic progenitors
(Wang et al., 2000; Shurtleff et al., 2001). A study comparing the replication effi-
ciency of epidemic and sylvatic DEN2 isolates suggests that epidemic dengue
viruses emerged upon adaptation to A. aegypti and A. albopictus mosquitoes that
were living near human dwellings (Moncayo et al., 2004).

A. aegypti probably originated in Africa and probably spread to South and
Central America as a result of international trade in the 18th century. It was mostly
eradicated in the 1950s but has since re-infested those countries, usually within
20 years of the end of the eradication programs in the 1960s. A. aegypti was
probably introduced into tropical Asia in the 19th century. Today, it has spread to
most large tropical cosmopolitan cities (Fig. 1A). A. albopictus, originally indig-
enous to Southeast Asia, has become established in areas of the Pacific, North and
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South Americas, Australia, Africa, and Europe. Although this species is considered
to be an inefficient dengue vector (because it is less anthropophilic and not as well
adapted to urban domestic environments), it was responsible for a dengue fever
outbreak (DEN1) in Hawaii in 2001–2002 affecting 1644 persons (Effler et al.,
2005). Such native dengue infection had last been reported in Hawaii in 1944.
In Puerto Rico, A. mediovittatus might also be a vector of dengue virus (Gubler
et al., 1985).

There may also be an enzootic cycle of dengue virus transmission involving
non-human primates in the rain forests of Asia and Africa (Rodhain, 1991; de Silva
et al., 1999). This enzootic transmission cycle may represent a retrograde infection
from dengue epidemic(s) in humans (Rodhain and Rosen, 1997; Gubler, 1998).
Studies in monkeys with DEN2 show that the infection rate and transmission
efficiency by A. aegypti are temperature dependent (Watts et al., 1987), with the most
efficient transmission occurring at or above 301C. The results reveal that the incu-
bation period for the virus in mosquitoes is approximately 12 days when the mos-
quito vectors are kept at 301C, but only 7 days at 321C and 351C, which provides
a possible explanation for the seasonal variation in incidence and the cyclic pattern
of DHF epidemics.

Epidemic patterns of dengue

Dengue is an expanding public health problem worldwide with nearly 100 million
new cases each year (Monath, 1994). This pandemic status is expected to continue
unless vigorous and extensive applications of vector control methods are imple-
mented or until an effective vaccine is developed (Thomas et al., 2003).

Dengue in Asia

It is believed that ecological destruction due to World War II, as well as unplanned
urban population growth in Southeast Asian cities and the Pacific Islands, led to
resurgence of A. aegypti mosquitoes. Increased dengue transmission favored
co-circulation of multiple serotypes (hyper-endemicity). The first recorded DHF
epidemic occurred in 1953–1954 in Manila (Quintos et al., 1954), then in 1956 and
again in 1958 in Bangkok (Halstead and Yamarat, 1965). The disease quickly
spread to other major cities in the next 20 years. In 1980s and 1990s, major dengue
virus epidemics occurred in other countries, including Sri Lanka (Lucas et al.,
2000), India (Kabra et al., 1999), Pakistan (Paul et al., 1998), China (southern
coastal cities Hainan and Hong Kong) (Qiu et al., 1991), Taiwan (King et al., 2000;
Liu et al., 2003), and the south and central Pacific islands (Hales et al., 1996). In the
last decade, there has been a significant increase in the number of dengue cases in
Asia, and DHF has become the leading cause of hospitalization and death among
young children there. In Singapore, with a population of about 4.2 million, there
were 13,984 cases of dengue fever and 19 deaths in 2005.
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Dengue in the Americas

A. aegypti re-infested most of Central and South America and the Caribbean after
eradication programs were discontinued in the 1960s and dengue subsequently
emerged in Jamaica, Puerto Rico, and Venezuela (Morens et al., 1986). The first
major epidemic caused by DEN1 occurred in Cuba in 1977. The 1981 dengue
epidemic in Cuba was caused by a new strain of DEN2, later found to be the same
as the Southeast Asian DEN2 genotype. More than 10,000 cases of DHF occurred
during this epidemic, and in most instances (95%) these were a result of secondary
dengue infections (Kouri et al., 1989). Other major DHF epidemics occurred in
Cuba in 1997, also caused by secondary infections with DEN2 (Guzman et al.,
1999), and in Venezuela in 1989–1990, with 3108 DHF cases and 73 deaths. Venezuela
has suffered epidemics of dengue and DHF every year since then (Isturiz et al.,
2000). Brazil has experienced dengue outbreaks involving multiple serotypes since
1986 (Siqueira et al., 2005). Brazil reported a record of 780,644 cases of dengue
caused by DEN3, including 2607 cases of DHF in 2002 (Fig. 1B), representing
more than 70% of dengue fever cases reported in the Americas. Hyper-endemicity
has now been documented in nearly all countries in the Americas, increasing
the risk that dengue virus infections will be clinically severe (Wilson and Chen,
2002).

Clinical features

The incubation period and clinical features of dengue virus infection in humans
have been described (Siler et al., 1926; Simmons et al., 1931; Sabin 1952). Dengue
infection in adults may be inapparent or may lead to a range of illnesses from
undifferentiated fever, clinically indistinguishable from many other viral or bac-
terial infections, to mild dengue fever, to severe DHF/DSS with hypovolemic
shock. Primary dengue virus infections in infants and young children are usually
present as an undifferentiated febrile illness, whereas secondary dengue infections
are more often clinically severe.

Dengue fever

Classical dengue fever, usually a disease of older children and adults, can occur
during primary or secondary dengue virus infections. The incubation period varies
from 3 to 14 or more days (average 5–7 days). Typically, the disease begins with a
sudden onset of fever with temperature rising to 103–1061F (39–411C) accompa-
nied by a variety of signs and symptoms, including severe headache, retro-orbital
pain, photophobia, conjunctival hyperemia, bradycardia, and a transient macular
rash. Flushing commonly appears on the face, neck, and chest. Initial symptoms
are followed by althralgia, myalgia, anorexia, bone pain, abdominal discomfort,
vomiting, and general weakness. Severe muscle and bone pain are characteristic of
dengue fever in adults but are rare in children (George and Lum, 1997). Fever may
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continue for 2–7 days or may be biphasic with a return to near normal for 12–24 h
and then rising again. Coincident with defervescence or shortly thereafter a second
rash may appear, maculopapular or morbilliform and non-irritating. Although less
common, mild hemorrhagic manifestations, such as petechiae, purpura, hematuria,
gingival bleeding, epistaxis, menorrhagia, and gastrointestinal breading may occur
in dengue fever patients. Severe gastrointestinal bleeding associated with DEN1
infection has been reported in patients with peptic ulcers (Wang et al., 1990; Tsai
et al., 1991). Myocarditis (Promphan et al., 2004), ocular abnormalities, and neuro-
logic manifestations including Guillain–Barré syndrome (Santos et al., 2004), and
encephalopathy have also been reported in dengue fever patients (Chotmongkol and
Sawanyawisuth, 2004). Dengue fever is rarely fatal, but convalescence may be pro-
longed and associated with fatigue and depression, especially in adults.

Clinical laboratory tests reveal a reduced leukocyte count with an absolute
granulocytopenia. Mild elevations in serum liver enzyme levels may also occur.

Dengue hemorrhagic fever

DHF and DSS are increasingly common in dengue endemic areas. In children
under age 15, DHF is now the major cause of hospitalization in Southeast Asia and
DHF may also occur in adults in certain regions (Gonzalez et al., 2005; Dietz et al.,
1990; Liu et al., 2003). DHF usually follows secondary dengue infections, but may
also occur during primary infections, especially in infants (Halstead et al., 1969).
Regardless of age, the clinical manifestations of DHF are similar and begin with
sudden rise of temperature and generalized constitutional symptoms that are in-
distinguishable from classical dengue fever. Clinical deterioration is usually coin-
cident with the time of defervescence, when temperature falls to normal or below,
and when plasma leakage and hemorrhage become manifest. Typically, tachycardia
and hypotension characterize the onset of plasma leakage, which may lead to pro-
longed capillary refill time, narrow pulse pressure and shock. Ascites and pleural
effusions occur.

Hemorrhagic features are characterized by petechiae, purpuric lesions, ecchy-
moses, bleeding at venipuncture sites, and a positive tourniquet test indicating
increased capillary fragility. Epistaxis, gingival bleeding, hematuria, and GI bleed-
ing may also occur, accompanied by increased vascular permeability. Blood tests
show thrombocytopenia (platelet counts o100,000/mm3) and evidence of hemato-
concentration (hematocrit increased by X20% due to plasma leakage). (Later, in
the event of severe hemorrhage, the hematocrit will drop.) Acute abdominal pain
and persistent vomiting with a progressive decrease in platelet count and rise in
hematocrit are warning signs for the development of DSS. The duration of shock is
short, with patients either dying in the first 24 h or recovering rapidly. The fatality
rate of DSS is 10–50%, depending on the level of supportive care in the hospital.

Hepatomegaly is observed more frequently in DHF than in dengue fever
(Mohan et al., 2000) and the degree of enlargement varies from country to country,
possibly reflecting variations in measurement technique, virus virulence, or
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population susceptibility (George and Lum, 1997). Elevations in serum aminot-
ransferase levels also are observed more frequently in DHF than in dengue fever.
Encephalopathy occurs rarely in dengue virus infection, as a consequence of either
intracranial hemorrhage, cerebral edema, hyponatremia, cerebral anoxia, fulmin-
ant hepatic failure, or microcapillary hemorrhage. The WHO has issued guidelines
for classification of DHF into four grades (Grade I–IV) of increasing severity,
applicable to childhood DHF in Asia as well as adult DHF in the Americas. Grade
III is characterized by cold, clammy skin, weak pulse, narrowing of the pulse
pressure (o20mmHg) and hypotension, and may progress to profound shock
(Grade IV).

Laboratory diagnosis

Laboratory diagnosis of dengue infection is based on the detection of dengue virus
or dengue virus-specific antibodies. Assays for antibodies can provide reliable di-
agnosis of current or recent infection from properly timed serum samples. Appro-
priately standardized assays can differentiate between primary and secondary
dengue infections, which are important because secondary dengue infection has a
greater risk of developing DHF. Molecular methods such as RT-PCR allow for
rapid detection and serotype specificity. The method of choice is indicated by the
objectives of the clinician and the available specimens.

Serologic tests

A variety of tests are available to detect anti-dengue antibodies. These include
hemagglutination inhibition (HI), complement fixation (CF), IgM capture (MAC),
and indirect IgG ELISA assays, and the virus neutralization test (NT).

The HI test is widely used for diagnosis of recent infection and for sero-
epidemiological studies (Clarke and Casals, 1958). By day 5 of febrile illness during
primary dengue virus infection, HI antibodies are generally detectable at a titer
greater than the cut-off titer of 1 : 10. In convalescent sera, HI titers may reach
1 : 640 or greater. Paired sera collected at the time of hospital admission (acute
phase) and discharge (convalescent phase) that exhibit a fourfold or greater rise in
titer in the same assay run are diagnostic for dengue virus infection. Primary
dengue virus infection is characterized by a slow rise in HI antibody titers to about
1 : 1280 within at least 7 days. In secondary dengue virus infection, there is a rapid
anamnestic antibody response with HI titers increasing to 1 : 2560 or greater within
a few days of infection. An HI titer greater than 1 : 1280 in an acute or early
convalescent-phase serum sample is presumptively diagnostic for secondary dengue
infection. HI titers generally fall to below 1 : 640 after 1–2 months but remain
detectable for many years. HI antibodies are broadly flavivirus cross-reactive
so that virus-specific diagnosis is usually not possible, although mono-specific
responses may be detected using other assays during primary infection.
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The CF assay detects dengue complement-fixing antibodies with a positive cut-
off titer of 1 : 2. Like HI, antibodies measured by CF are flavivirus cross-reactive
and the assay is difficult to standardize; therefore, CF is no longer widely used.

The MAC-ELISA assay measures dengue-specific IgM antibodies and is the
most widely used diagnostic test for primary dengue infection. Anti-dengue IgM
antibodies are generally detectible by day 5 of illness, reach a peak by 2 weeks, and
wane after 2–3 months. In contrast, in secondary dengue virus infection, IgM
antibody only rises transiently and to a low peak titer. Detection of anti-dengue
IgM indicates a recent infection, though not necessarily a current infection
(Vorndam and Kuno, 1997). MAC-ELISA is also useful for population-based
surveillance. Efforts have been made to standardize the MAC-ELISA test by
using mammalian cell-derived virus-like particles containing prM-E (Holmes
et al., 2005) or synthetic peptides (Videa et al., 2005). The specificity of the MAC-
ELISA test for IgM antibodies in a single serum sample is similar to that of the
HI test using paired sera.

NT is the only test for anti-dengue antibodies that is serotype-specific. A variety
of newer formats of NT are being developed to increase assay speed (Vorndam and
Beltran, 2002; Martin et al., 2006).

Virus isolation and identification

Dengue viremia usually begins around 24 h before onset of fever and ends as fever
subsides. In a prospective study of children with DHF as a result of secondary
infection, titers of dengue virus in serum ranged from 101.8 to 108 pfu/ml, with titers
in DEN4 infections being about 100-fold lower than those of the other three
serotypes (Gubler et al., 1981). In dengue fever patients with primary infection,
virus titers in serum are generally o106 pfu/ml.

Laboratory isolation of dengue viruses is usually performed by inoculation of
C6/36 cells or Vero cells, which are incubated for up to 14 days, and infection is
detected either by plaque assay of culture supernatants or by immunofluorescence
assay of infected cells to detect viral-associated antigen. Virus serotype can be
determined using type-specific mouse monoclonal antibodies.

Dengue viruses can also be isolated by intra-thoracic inoculation of live
mosquitoes (most commonly Tox. amboinensis) (Rosen and Gubler, 1974). It is
important that virus isolation be conducted in reference laboratories skilled in virus
typing and characterization.

Virus detection by PCR and other molecular methods

PCR permits rapid and accurate differential diagnosis of dengue infection crucial
for effective treatment, disease surveillance, and control. The method for nested
RT-PCR is about 10 times more sensitive than most real-time RT-PCR assays, but
the real-time RT-PCR assay is about 4 times faster (Lanciotti, 2003; Shu and
Huang, 2004). Methods are available to detect viremia as 0.02 pfu of virus per
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reaction (0.4 pfu/ml). (Johnson et al., 2005), but lack standardization and valida-
tion (Teles et al., 2005). A highly sensitive immuno-capture ELISA has been
described that can specifically detect the NS1 protein even when the virus genome
cannot be detected by RT-PCR (Alcon et al., 2002).

Pathogenesis and pathology

Studies of DHF/DSS tissue specimens have shown no obvious pathognomonic
lesions at the organ level (Bhamaraparati, 1997). Diffuse petechial hemorrhages of
most organs and serous effusions into pericardial, pleural, and peritoneal cavities
are common, consistent with the clinical features. Microscopically, swelling of
endothelial cells, gap formation in the vascular wall, and perivascular edema with
little or no infiltration are observed, consistent with loss of integrity of the tight
junctions (Sahaphong et al., 1980). Proliferation of plasma cells or lymphocytes is
observed in spleen, lymph node, and lung tissues. Microscopic examination of the
enlarged liver reveals mild-to-moderate zonal necrosis and Councilman bodies.
Dengue antigens are shown to be present in Kupfler cells and hepatocytes. Direct
identification of cells where dengue virus replication takes place in humans has been
difficult. The presence of viral RNA within cells that stain positive for viral antigen
in spleen and blood-clot samples suggests the presence of active viral replication in
these tissues (Jessie et al., 2004). Two main hypotheses have emerged to explain the
pathogenesis of DHF/DSS. The first hypothesis is that it is caused by dengue virus
strains that possess increased virulence. The second hypothesis, which arose from
the observation that most cases of DHF occur after a secondary dengue infection,
proposes a key role for ADE of infection in the disease process. These hypotheses
are not mutually exclusive, and most likely both are valid.

Viral virulence factors

Dengue viruses undergo genetic and structural changes that may affect their vir-
ulence, as a result of replication and selection pressure in both mosquito and
human hosts. An increase in viral virulence has been proposed to explain severe
dengue associated with primary infection that occurs late in dengue epidemics
(Rosen, 1977). For instance, a large outbreak of severe dengue in Greece in
1927–1928 was thought to be due to primary DEN1 infection, with no evidence of
previous dengue infections in the population for at least 13 years previously
(Rosen, 1986).

Increased viral replication, resulting in high levels of viremia and virus sequence
diversity may play a role in dengue virulence (Wang et al., 2002, 2003). A pro-
spective study in young children with secondary DEN2 virus infection in Thailand
revealed a correlation between disease severity and high virus titers in serum
(Vaughn et al., 2000). Specific virulence determinants have not been found, al-
though a unique 30 RNA secondary structure appears to be present in isolates from
DSS patients (Mangada and Igarashi, 1998). In the Americas, DEN2 and other
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serotypes caused mainly mild cases of dengue fever prior to 1981; introduction of a
new strain of DEN2 in Cuba in 1981 resulted in an epidemic with DHF, followed
by other major DHF epidemics in other countries in the region. Molecular analysis
of virus isolates from these DHF outbreaks has identified strains with increased
pathogenecity (Rico-Hesse et al., 1997). Phylogenetic studies suggest that two
distinct DEN2 genotypes from Southeast Asia were introduced and replaced the
native American genotype in at least four countries.

Sequence analysis of viruses isolated from dengue fever and DHF patients in
Thailand and the Americas has identified distinct structures that correlate with
increased pathogenesis (Leitmeyer et al., 1999). The American genotype structures
appear to be associated with lower ability to replicate than the Southeast Asian
genotype structures (Cologna and Rico-Hesse, 2003). In contrast, infection with an
American genotype of DEN2 in Iquitos, Peru, in 1999 was not associated with
much disease in a population of that was immune to DEN1 (Kochel et al., 2002).
The American DEN2 virus from the Iquitos outbreak was neutralized in vitro by
serum from the patients who were immune to DEN1, whereas the Southeast Asia
DEN2 virus was poorly neutralized by anti-DEN1 sera. This suggests that neutral-
izing epitopes shared by the DEN1 virus and the American DEN2 virus conferred
some degree of cross-protection, in contrast to the non-neutralizing, cross-reactive
epitopes, which might have led to enhanced infection with a DEN2 strain.

The secondary dengue hypothesis and the concept of antibody-dependent enhancement

According to the secondary dengue hypothesis, individuals experiencing a second-
ary infection with a serotype different from their primary infection have a signifi-
cantly greater risk for developing severe disease (Halstead, 1970). Data to support
this hypothesis are derived in part from maternal–infant studies in Thailand.

Extensive studies of DHF/DSS in the 1960s in Thailand demonstrated a bi-
modal age-dependent incidence pattern of dengue virus infections in children, with
one disease peak at 7–8 months for infants 3–11 months of age, mainly associated
with primary dengue infections, and another peak at 6–7 years, mainly associated
with secondary dengue infections (Halstead et al., 1969). Since most of the infants
with DHF were born to mothers who had antibodies from earlier dengue infec-
tions, it appeared that low levels of maternally transferred antibodies might be
sensitizing them, similar to the way a primary infection would, making them more
likely to develop DHF and DSS (Kliks et al., 1988). These observations, together
with the finding that multiple dengue virus serotypes were co-circulating in the
endemic region, form the basis for the hypothesis.

Additional support for this hypothesis comes from a study mentioned earlier, in
which nearly 95% of the DHF cases were associated with secondary infections
(Guzman et al., 1987). Prior to this epidemic, there was a primary DEN1 epidemic
without DHF in 1977 in the same population affecting 4.5 million people. DHF did
not occur in individuals too young to have lived through the earlier DEN1 ep-
idemic and therefore are unlikely to have been sensitized by an earlier heterologous
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infection. Studies of other dengue epidemics generally support the increased
occurrence of DHF in secondary dengue infections (Sangkawibha et al., 1984; Qiu
et al., 1991; Nogueira et al., 1993; Liu et al., 2003; Guzman, 2005). A prior dengue
infection has been calculated to increase the risk for subsequent development of
DHF by at least 6.5 times (Burke et al., 1988).

A good animal model for DHF is still not available to confirm the secondary
infection hypothesis. Non-human primates exhibit viremia without overt disease
after dengue virus infection, but only 1 of 118 monkeys infected sequentially with a
different serotype developed DHF-like disease or exhibited laboratory abnormal-
ities similar to those seen in humans with DHF (Halstead et al., 1973).

Peripheral mononuclear lymphocytes from humans and monkeys appear to be
important targets for dengue infection. Viral replication in these cells can be en-
hanced by non-neutralizing or sub-neutralizing, serotype cross-reactive antibodies
(Halstead et al., 1976; Marchette et al., 1976), presumably by the formation of
virus-IgG complexes, which are internalized by monocytes via Fcg receptors on the
cell surface. These observations provide evidence for the occurrence of ADE in
dengue virus infection (Halstead, 1989). It was also hypothesized that the forma-
tion of circulating immune complexes could lead to complement activation
(Bokisch et al., 1973). Depression of serum C3 and C5 and elevation of complement
activation products C3a and C5a and circulating immune complexes were detected
in DHF patients at the onset of shock (Ruangjirachuporn et al., 1979; Malasit,
1987).

Dengue-specific CD4+ and CD8+ T-lymphocytes have been detected follow-
ing infection in humans (Bukowski et al., 1989; Livingston et al., 1994). These are
both dengue serotype-specific and cross-reactive and lyse autologous dengue-
infected cells in an HLA class-restricted manner (Kurane et al., 1991a). It has been
hypothesized that excessive T-lymphocyte activation plays a major role in DHF
(Kurane et al., 1991b), as the levels of soluble interleukin-2 (IL2) receptor, soluble
CD4, soluble CD8, and interferon gamma are higher in DHF patients than in
dengue fever patients.

A model linking ADE and T-cell activation has been proposed to explain the
mechanisms of DHF (Kurane and Ennis, 1992; Rothman, 1997). According to this
model, secondary infection with a heterologous dengue serotype produces excessive
T-cell activation, leading to high levels of cytokines and chemical mediators.
Memory CD4+ and CD8+ T-cells proliferate in the presence of dengue antigens
and produce interferon gamma, and the cytokines TNFa, interleukin-2 (IL2), and
IL6 (Chen and Wang, 2002). Interferon gamma up-regulates expression of FcgR
and HLA class I and II molecules on monocytes and macrophages, making these
cells more permissive for viral replication and susceptible to lysis by effector T cells.
Lysis of dengue virus-infected monocytes or macrophages may also produce vaso-
active cytokines TNFa, IL1, IL6, and chemical mediators such a platelet-activating
factor and histamine, resulting in disturbances in vascular permeability. In DHF
patients, elevated levels of TNFa, IL-1, and IL-6 can be demonstrated on the day
of onset of shock (Hober et al., 1993).
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Treatment

There are no effective anti-viral drugs for dengue and treatment is mainly sup-
portive. Individuals who have traveled or lived in areas endemic for dengue virus,
who have febrile illnesses should seek health care, but since dengue fever is gen-
erally acute and self-limited, most cases require no hospitalization. WHO guidelines
for the management of DHF and DSS are available; their adoption in 1979 by
regional hospitals in Thailand reduced the case mortality rate from 13.9% to o1%
(Nimmannitya, 1997; Kalayanarooj, 1999).

Control and prevention

Vector control programs aimed at reducing the mosquito population in the affected
and surrounding areas are the only available control measures. There are no
licensed dengue vaccines, but experimental vaccines are under development. It is
clear that a dengue vaccine must be able to induce balanced immunity to all four
virus serotypes to minimize dengue infection in a region.

Vector control

A. aegypti and A. albopictus now have a wide geographical distribution, and var-
ious vector control measures, such as chemical and biological targeting of adult
mosquitoes and larvae, have been developed. Space applications of 4% malathion
or 1% fenitrothion are widely used, and ultra-low-volume spraying with bifenetrin
has been shown to be effective (Lee et al., 1997). Conventional chemical fogging in
a natural environment is ineffective (Chua et al., 2005). Owing to the development
of vector resistance to the chemicals, regular monitoring is essential (Huong and
Ngoc, 1999; Katyal et al., 2001).

Biological control methods have been described using a variety of organisms
such as larvivorous fish and endotoxin-producing Bacillus thuringiensis serotype
H-14, which target the larvae of A. aegypti and A. albopictus (Lee et al., 1996). The
use of Mesocyclops copods (a crustacean) for mosquito eradication in Vietnam
resulted in the reduction of A. aegypti by approximately 90% in the first year,
93–99% by the second year, and almost complete elimination from two of three
communes by the third year, compared to regions without intervention (Kay and
Vu, 2005). Owing to these measures, the incidence of dengue was reduced from
14.4–112.8 cases per 100,000 people to no reported cases at the district level (Vu
et al., 2005). The elimination of dengue outbreaks in Cuba from 1981 to 1990 is
likely due to successful government-led campaigns to control A. aegypti (Gessa and
Gonzalez, 1986).

However, programs consisting solely of insecticide spraying have been generally
unsuccessful in controlling mosquitoes in Southeast and South Asia. Long-term
vector control appears to be feasible by relatively simple measures such as the
elimination or regular cleaning of water containers and other habitats to decrease
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larval burden. Public education and community participation are considered
essential (Gubler, 1989).

Immunization strategies

Experimental inactivated virus, recombinant subunit, and DNA vaccines

A partially purified, formalin-inactivated DEN2 vaccine (DEN2 PIV) with alum
adjuvant elicits virus-neutralizing antibodies and partially protects rhesus monkeys
against challenge virus of the same serotype and strain (Putnak, 1994). The DEN2
PIV and a Drosophila-expressed antigen consisting of the N-terminal 80% of the
E antigen formulated with adjuvants, consisting of a mixture of alum and saponin
with or without monophosphoryl lipid A, elicit higher-titered virus-neutralizing
antibodies and protect monkeys against viremia, although sterile immunity was not
observed (Putnak et al., 2005).

Recombinant prM, E, or NS1 proteins, alone or in combination, are also
immunogenic and confer protection against dengue virus challenge in animal
models (Zhang et al., 1988; Falgout et al., 1990; Bray and Lai, 1991a; Putnak,
1994). Expression of a truncated E gene to produce a C-terminal truncated protein
approximately 80% of the full length E protein increases its immunogenicity and
protective efficacy (Men et al., 1991). A recombinant vaccinia virus expressing 80%
E has also been shown to protect monkeys against homologous DEN2 virus chal-
lenge (Men et al., 2000). DNA vaccines expressing the prM and E genes induce
moderate levels of neutralizing antibody and at least partial protection against
dengue virus challenge. A DNA vaccine expressing the prM-E gene region of
DEN3 is immunogenic and protective for Aotus spp. monkeys (Kochel et al., 2000;
Blair et al., 2006). Antibody responses and protection are improved by the
co-expression of the cytokine GM-CSF (Raviprakash et al., 2001).

Live-attenuated virus vaccines

The first candidate live-attenuated dengue virus vaccines prepared by serial passage
of wild-type isolates in suckling mouse brain were immunogenic and attenuated for
humans. One such vaccine, MD-1, tested in 1100 volunteers, appeared to give some
protection against a concurrent DEN3 epidemic (Wisseman et al., 1963; Wisseman
et al., unpublished results). The first candidate live-attenuated vaccine made from
cloned DEN2 (DEN2 PR 159/S1) was produced in FRhL cells using a virus
selected for a small plaque, temperature-sensitive phenotype; it reduced the viremia
of infection in rhesus monkeys (Eckels, et al., 1976; Scott et al., 1980) but
encountered other problems later that resulted in its abandonment (Bancroft et al.,
1984). It has not been possible to produce a DEN1 live-attenuated vaccine by in

vitro chemical mutagenesis or a DEN3 vaccine by plaque cloning (McKee et al.,
1987).
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Candidate monovalent live vaccines produced by serial passage in PDK
cells showed acceptable levels of reactogenicity and immunogenicity in Phase I
clinical trials, and were subsequently combined to produce tetravalent formula-
tions (Sun et al., 2003). This vaccine resulted in seroconversion to each serotype
at rates ranging from approximately 40–80%, with up to 70% of recipients
exhibiting seroconversion against three or four serotypes, depending upon the for-
mulation (Edelman et al., 2003). Further clinical development of this dengue
vaccine is ongoing. Table 1 summarizes the current status of tetravalent vaccine
candidates.

Additional candidate live-attenuated vaccines (Vaughn et al., 1996; Bhamar-
apravati and Sutee, 2000) demonstrated that the monovalent vaccines were safe
and immunogenic. Tetravalent formulations have also been tested in clinical trials
(Kanesa-Thasan et al., 2001; Sabchareon et al., 2004). The tetravalent vaccines in
some cases produced an unbalanced immune response with antibody primarily
against DEN3 and a high frequency of DEN3 viremia, and an unacceptable level of
reactogenicity (Kitchener et al., 2006).

It appears that putative in vitro markers of dengue virus attenuation, e.g., small
plaque morphology or temperature sensitivity, and in vivo markers, e.g., reduced
viremia in non-human primates, are poor predictors of attenuation for humans
(Innis et al., 1988). Furthermore, the reactogenicity and immunogenicity of tet-
ravalent vaccine formulations cannot always be predicted from clinical evaluation
of the individual monovalent vaccine components.

Genetic engineering has been used as an alternative to conventional cell pas-
sage. These have been used to create intertypic chimeras from DEN4 deletion
mutants, in which the antigen-encoding genes C-prM-E or prM-E of DEN4 are
replaced by the corresponding genes from DEN1, DEN2, or DEN3 (Bray and Lai,
1991b; Chen et al., 1995). Protective immunity was produced by immunization with
these chimeras in non-human primates (Bray et al., 1996). A 30-nucleotide deletion
mutation within the conserved 30-NCR that leads to attenuation of wild-type
DEN4 for both non-human primates and humans has been identified (Men et al.,
1996; Durbin et al., 2001; Durbin et al., 2005). This attenuating mutation was used
to produce vaccine candidates for DEN1, DEN2, and DEN3 in the DEN4 back-
bone (Blaney et al., 2005). Intertypic dengue chimeras have also been constructed
using the DEN2 PDK53 vaccine as the backbone (Huang et al., 2003). Mutations
within the DEN2 50-NCR, NS1 and NS3, selected for by passage in PDK cells,
have been identified that led to reduced viral replication in cell culture and in mice
(Butrapet et al., 2000) and might be suitable for future experimental vaccines.
Chimeric vaccine candidates were also constructed using the attenuated 17D
yellow fever vaccine as a backbone to express the PrM-E genes of all dengue
virus serotypes for use in pre-clinical studies (Guirakhoo et al., 2001; Guirakhoo
et al., 2004) and clinical trials (Guirakhoo et al., 2005). Genetically engineered
dengue vaccines may, by virtue of their targeted mutations, produce an accept-
able safety profile and may elicit a balanced immune response (Lai and Monath,
2003).
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Passive immunization

Passive immunization with humanized monoclonal antibodies offers an alternative
to vaccines for short-term prevention of dengue fever. Fab antibody fragments that
efficiently neutralize one or more dengue viruses have been obtained from chim-
panzees infected with all four dengue virus serotypes. A humanized IgG was pro-
duced that neutralizes DEN4 strains at a titer of 0.03–0.05 mg/ml by plaque
reduction neutralization test (PRNT) (Men et al., 2004) and another, IgG 1A5, that
cross-neutralizes DEN1 and DEN2 at PRNT titers of 0.48 and 0.98 mg/ml, re-
spectively (Goncalvez et al., 2004). Interestingly, IgG 1A5 also neutralizes DEN3,
DEN4, and West Nile virus at PRNT titers ranging from 3.2 to 4.3 mg/ml. The
major classes of Fc receptor have been identified and their interacting sequences in
the Fc region of IgG mapped (Chappel et al., 1993) so that it should be possible to
alter the FcgR binding sequences such that these antibodies would not enhance
virus replication in vitro, thus reducing the risk for inducing ADE when the
antibodies are used clinically.

Conclusions

Studies over the past three-quarters of a century have led to the accumulation of
knowledge invaluable to our understanding of the dengue viruses and the diseases
they cause. However, the goals of a safe, effective vaccine and vector eradication
have been elusive. One might ask why the control of dengue has been so difficult to
achieve. First, there are lack of good animal models for dengue disease and for
evaluation of vaccine safety and efficacy. Second, it has been difficult to develop
vaccines capable of inducing balanced immunity to all four serotypes, and a tet-
ravalent vaccine will be necessary in order to minimize the risk for severe disease
resulting from secondary dengue virus infections. Third, the dengue viruses and
mosquito vectors are becoming increasingly widespread and the incidence of DHF
is rising. A better understanding of vector–virus–human host interactions and the
development of new rapid diagnostic assays should help in devising more effective
measures for monitoring and controlling outbreaks. Data from vaccine trials are
promising, and new developments in this area are expected. Genetically engineered
vaccine candidates, such as chimeric dengue viruses, offer hope for more predictable
attenuation of virulence and balanced immunogenicity.
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Crimean–Congo Hemorrhagic Fever Virus
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Historical review

Crimean–Congo hemorrhagic fever (CCHF) may have been reported as early as
1110 AD. In the Thesaurus of the Shah of Khwarazm, compiled by Dzhurzhoni, a
disease in Tajikistan similar to CCHF and transmitted by an arthropod was de-
scribed. Symptoms were presence of blood in the urine, rectum, gums, vomitus,
sputum, and abdominal cavity. The arthropod associated with the disease was said
to be tough, small, resembling a louse or tick, and normally a parasite of a black
bird. Over the course of the following centuries, the disease was reported in what is
now Uzbekistan, and it was called either khungribta (blood taking), khunymuny

(nose bleeding), or harak halak (black death) (Hoogstraal, 1979).
The first modern description of CCHF was the report of an outbreak in the

West Crimea region of the USSR (Chumakov, 1945, 1947) during World War II.
At that time, agricultural activities were disrupted, pastures were overgrown, and
hares with ticks proliferated. During the summer of 1944, about 200 cases of fever
with hemorrhage (called ‘‘acute infectious capillarotoxicosis’’) occurred among
farmers and soldiers assisting with the harvest.

When new cases appeared in 1945–1946, Chumakov was able to describe
the viral nature of the agent after reproducing the disease in psychiatric patients
inoculated with infected blood for pyrogenic therapy. He was also able to identify
the nymphal Hyalomma marginatum marginatum tick as the disease vector, after
inducing a mild clinical course of CCHF in healthy human volunteers by inoc-
ulation of tick suspensions (Chumakov, 1974). In 1956, a virus was isolated from
the blood of a patient in the Belgian Congo and became the prototype strain of
Congo virus (Simpson et al., 1967; Williams et al., 1967). In 1967, the Drozdov
strain of the Crimean hemorrhagic fever virus was isolated from a patient in
Astrakhan region and became the prototype strain for much later experimental
work (Butenko et al., 1968; Chumakov et al., 1968). In 1969, Casals showed that
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the viruses detected in the Crimea and in the Congo were antigenically similar
(Casals, 1969), and the name ‘‘Crimean–Congo hemorrhagic fever virus’’ gradually
came into use.

Cases of CCHF have been reported throughout the Eastern Hemisphere
(Table 1). More than 2000 cases have been reported in the Ukraine, Russia,
and central Asia (Hoogstraal, 1979). In Africa, the disease has continued to occur
in recent years; for instance, an outbreak occurred in Mauritania with 38
recorded cases through August 2003 (Nabeth et al., 2004a). In the Middle East, the
presence of the virus has been recognized since 1950 (Semyatkovskaya and
Sudtdykova, 1950), but large-scale human epidemics have only been reported
recently.

In 2006, two countries have experienced a sudden increase of CCHF cases: in
the Southern Federal District of Russia, a total of 192 CCHF cases have been
reported until August, representing an increase of 43% in comparison to the same
period of 2005 (ProMED (2006b)) while in Turkey, 242 cases were reported during
the 7 first months of the year (ProMED (2006a)).

Virus description

CCHFV is a member of the Nairovirus genus of the Bunyaviridae family. Like the
33 other members of the Nairovirus genus, CCHFV is transmitted by ixodid ticks
(hard ticks) or argasid ticks (soft ticks) (Elliott et al., 2000). CCHFV, along with
the Hazara virus and the Khasan virus that have been isolated from ixodid ticks in
Pakistan (Begum et al., 1970a) and the USSR (Lvov et al., 1978), respectively,
constitute the CCHF serogroup. The only other viruses in the Nairovirus genus that
are infectious for humans, the Dugbe virus (discovered in Nigeria in 1964 [Causey,
1970]) and the Nairobi sheep virus (discovered in Kenya in 1910 [Montgomery,
1917]), belong to a different serogroup (Fig. 1).

CCHFV is a single-stranded RNA virus, with a genome that consists of
three negative-stranded segments designated S (small), M (medium), and L (large),
which encode the nucleocapsid (N) protein, two envelope glycoproteins (G1 and
G2), and the polymerase, respectively. The molecular weights of the nucleocapsid
protein, the G1 and G2 glycoproteins, and the polymerase proteins, respectively,
are 48–54 kD, 72–84 kD, 30–40 kD, and 180–200 kD (Schmaljohn and Hooper,
2001).

CCHFV is a spherical virus with a diameter of about 100 nm, with a lipid
bilayer envelope approximately 5–7 nm thick, with glycoprotein spikes (Martin et
al., 1985). Since CCHFV is enveloped, it can be inactivated by lipid solvents and
detergents (Kolman, 1970). It can be inactivated at 561C and by low pH. The
disappearance of the virus from infected tissues after death may be due to the
action of a decrease in tissue pH (Swanepoel, 1995). The infectivity of the virus is
maintained in serum for several days at ambient temperature and for >3 weeks at
41C (Hoogstraal, 1979).
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Table 1

Geographical distribution of human cases of CCHF occurring during the last 25 years in Europe, Asia, and Africa

Country CCHFV presence

first detected

Period Number of cases References

Europe

Albania 1981 1981–2001 More than 60 cases Eltari et al. (1988), Papa et al. (2002a)

Bulgaria 1951 1975–2003 403 cases Donchev et al. (1967), Papa et al. (2004)

Greece 1978 1980–1981 4 cases Papadopoulos and Koptopoulos (1978),

Antoniadis and Casals (1982)

Russia 1944 1999–2004 More than 300

cases

Hoogstraal (1979), Onishchenko (2001),

Onishchenko et al. (2001), ProMED (2003b,

2004a, 2005c,d), Yashina et al. (2003a,b),1999–2006 More than 500

cases

Serbia and

Montenegro

1954–1967 1990–2004 More than 130

cases

Gligic et al. (1977), ProMED (2000d,

2004d), WHO (2001a), Drosten et al.

(2002b), USACHPPM (2002), ProMED-

mail (2006b)

Asia

Afghanistan 1950 1998–2002 More than 100

cases

Semyatkovskaya and Sudtdykova (1950),

WHO (1998), Ahmad (2000), WHO (2001b),

ProMED (2002b), FAS (2002)

China 1965 1965–2002 More than 340

cases

Han et al. (2002), Papa et al. (2002c), Tang

et al. (2003)

Iran 1970 1999–2004 More than 250

cases

Chumakov et al. (1970), Chinikar et al.

(2004, 2005), ProMED (2005a)

Iraq 1979 1979–2000 More than 12 cases Al-Tikriti et al. (1981), ProMED (2000e)

Kazakhstan 1948 1999–2004 More than 50 cases Rybalko et al. (1963), ProMED (1999, 2001,

2004e), Kazakov et al. (2001), Yashina et al.

(2003a)
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Table 1 (continued )

Country CCHFV presence

first detected

Period Number of cases References

Kuwait 1979 1979–1982 17 cases Al-Nakib et al. (1984)

Oman 1995 1995–1999 7 cases Schwarz et al. (1995), Scrimgeour et al.

(1999), Williams et al. (2000)

Pakistan 1970 1979–2004 More than 150

cases

Begum et al. (1970b), Darwish et al. (1983),

Altaf et al. (1998), Bosan et al. (2000), NICD

(2003), ProMED (2003a, 2004b,c,f, 2005b),

Sheikh et al. (2005)

Saudi Arabia 1990 1989–1990 40 cases el-Azazy and Scrimgeour (1997)

Tajikistan 1943 2000 At least 1 case Pak (1975), ProMED (2000c)

Turkey 1974 2002–2003 134 cases Casals (1977), Ergonul et al. (2004), Bakir et

al. (2005), ProMED-mail (2006a)2002–2006 376 cases

United Arab

Emirates

1979 1979–2000 More than 150

cases

Suleiman et al. (1980), Khan et al. (1997),

ProMED (2000a,b)

Africa

Burkina Faso 1983 1983 1 case Saluzzo et al. (1984)

D.R. Congo 1956 1981–2002 1 case Simpson et al. (1967), NICD (2003)

Kenya 1965 2000 1 case Woodall et al. (1965), Dunster et al. (2002)

Mauritania 1983 1983–2003 More than 40 cases Saluzzo et al. (1985a), Gonzalez et al. (1990),

Nabeth et al. (2004a)

Namibia 1984 1984–2005 15 cases ProMED (2002a), NICD (2003, 2005b)

Senegal 1969 2003–2004 2 cases Chunikhin et al. (1969), Nabeth et al.

(2004b), Jaureguiberry et al. (2005)

South Africa 1981 1981–2004 160 cases Gear et al. (1982), NICD (2003, 2005a),

ProMED-mail (2005e)

Tanzania 1974–1975 1981–2002 1 case Hoogstraal (1979), NICD (2003)
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Molecular biology and phylogenetic relationships

The sequences of 19 complete S segments from CCHFV have been deposited in
Genbank (Hewson et al., 2004). The first CCHFV sequence to be published was an
analysis of the S segment of a Chinese sheep strain of the virus (Marriott and
Nuttall, 1992). The genetic characterization of the CCHFV M segment from two
other Chinese strains of CCHFV isolated from a patient and from Hyalomma ticks
(Papa et al., 2002c) was important because the M gene appears to be critical for
immunity and pathogenicity; it also may be useful for future vaccine development.
Characterization of the CCHFV genome was completed with determination of the
L segment sequence (Honig et al., 2004; Kinsella et al., 2004).

Little is known about the molecular heterogeneity of CCHFV strains in
different parts of the world, but it seems that genetic differences between strains
are sometimes considerable (Marriott and Nuttall, 1992; Schwarz et al., 1996;
Rodriguez et al., 1997). It has been stated that nucleotide variability between
strains can reach up to 20% (Marriott and Nuttall, 1992; Burt and Swanepoel,
2005). Although comparison of CCHFV strains based on the analysis of the
M segment has been proposed (Yashina et al., 2003b; Chinikar et al., 2004),
most phylogenetic trees are based on the analysis of a 220–260 bp fragment of
the S segment (Schwarz et al., 1996; Rodriguez et al., 1997; Papa et al., 2002b,
2004).

There is no clear correlation between genetic variants and epidemiological fea-
tures such as year of isolation, host species, or geographic origin of the strain
(Marriott and Nuttall, 1992; Rodriguez et al., 1997; Burt and Swanepoel, 2005).
The greatest genetic variability was seen between isolates from different tick species
rather than from geographically distinct areas, suggesting that a long-term

Fig. 1 Viruses in the Bunyaviridae family.
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association with a particular tick species plays a role in genetic variation (Yashina
et al., 2003a).

The potential roles of migratory birds and the movements of infected livestock
and ticks in the geographic spread of the virus have been hypothesized and studied
(Hoogstraal, 1979; Khan et al., 1997; Rodriguez et al., 1997).

CCHFV has been reported to consist of from three to eight major genetic
lineages. The phylogenetic relationships among 70 geographically distinct CCHFV
isolates are shown in Fig. 2. Burt and Swanepoel (2005) have reported three sub-
types of CCHFV, including subtype A, consisting of two clades circulating in Asia
and Madagascar; subtype B circulating in southern and western Africa; and sub-
type C consisting of a unique isolate from Greece. Other authors (Drosten et al.,
2002b; Chinikar et al., 2004; Hewson et al., 2004) have reported seven major genetic
groups, and one has reported eight (Papa et al., 2004), with the Nigerian strain
IbAr10200 and the central African strain ArB604 making up the additional genetic
group.

Disease cycle

Reservoir

Although CCHFV has never been definitively isolated from large mammals in the
wild, antibodies to CCHFV have been found in foxes in Central Europe and in
baboons and gazelles in Africa (Chumakov, 1974; Zarubinski et al., 1975). Exper-
imental infection of African nonhuman primates leads to infection with no more
than moderate clinical signs (Butenko et al., 1970; Fagbami et al., 1975). Natural
infection of large domestic mammals does occur, such as in camels, horses, and
donkeys; in fact, cattle in Central Europe (Pak et al., 1975) and goats and sheep in
western Africa (Gonzalez et al., 1998) are the primary reservoirs for CCHFV in-
fection in those areas. Symptoms have been rarely observed in animals: dullness,
lassitude, and decreased appetite have been reported in inoculated calves (Causey et
al., 1970) and fever has been reported in a cow (Woodall et al., 1965).

However, CCHFV or antibodies to it have been found in numerous smaller
wild mammalian species, including hedgehogs (Causey et al., 1970), bats
(Tkachenko et al., 1969), hares (Chumakov, 1974), mice and rats (Saluzzo et al.,
1985b), squirrels and eland antelopes (Swanepoel et al., 1983), gerbils (Darwish et
al., 1983), and genets (Hoogstraal, 1979). These animals rarely have large numbers
of ticks, but the large populations of these animals may indirectly create a strong
density of ticks.

Antibodies to CCHFV have been detected in many species of wild birds
(hornbills, guinea fowl, and blackbirds) (Hoogstraal, 1979) and in one domestic
bird (ostriches) (Shepherd et al., 1987). Their role in virus transmission has been
demonstrated experimentally (Swanepoel et al., 1998).

The role of birds was underestimated until recent years, and it was only after
the detection of antibodies in certain wild species (hornbills, guinea fowl, and
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blackbirds) (Hoogstraal, 1979) and domestically-bred species (ostriches) (Shepherd
et al., 1987) that their role in virus transmission could be demonstrated experi-
mentally (Swanepoel et al., 1998).

The CCHFV multiplies during viremia in animals with short lives (small ro-
dents, birds, and animals meant for slaughter). It is present during short viraemic
phases in the first days of infection, which would normally limit its impact in terms
of propagation and geographic distribution. But, it is present during the entire
lifecycle of the tick vector, and can be passed to future generations through
transovarial transmission (Gonzalez et al., 1992).

CCHFV is present in a short viremic phase in the first days of infection in many
animals. It multiplies during this viremic period, allowing the tick vector to acquire
the virus by feeding on the animal.

Vector

CCHFV has been detected in at least 30 tick species throughout the world (Camicas
et al., 1990). The virus has been isolated from two tick species in the family
Argasidae (‘‘Soft’’ ticks) and from 28 species of Ixodidae (‘‘hard’’ ticks) distributed
among 7 genera of the family Ixodidae. Most are either two or three host ticks. It is
present in the tick during the entire life cycle of the tick, and it can be passed to
future generations through transovarial transmission (Gonzalez et al., 1992). De-
spite virus isolation from ticks, this alone does not incriminate a given tick species
as a vector; further studies are needed, particularly to confirm transovarial trans-
mission by some of these tick species (Burgdorfer and Varma, 1967).

The principal vectors of CCHFV are in the genus Hyalomma (Hoogstraal,
1979). The only exception shown so far is Ixodes ricinus as the principal vector in
the forests of Moldavia. Within enzootic foci, Hyalomma ticks are found only in
lowlands, foothills, low mountain belts with arid to semi-arid climates, and areas
with long dry seasons including deserts, steppes, and tropical savannahs and
grasslands (Watts et al., 1989a).

Hyalomma marginatum rufipes, one of the principal vectors in Senegal, has a life
cycle that is ditropic (two hosts) and biphasic (two stages for the first host). The
fasting larva parasitizes a bird or hare, gorges itself, and then molts (transforms to
produce a nymph) on its host. The nymph gorges itself in turn, and then falls to the

Fig. 2 Phylogenetic relationship among 70 geographically distinct CCHFV isolates was determined for

a 450-nucleotide region of the S segment of the viral genome using a weighted maximum parsimony

method, with Phylogenetic Analysis Using Parsimony (PAUP). Two nairoviruses, Dugbe and Hazara,

were included as outgroups. Numbers at each branch indicate the percent bootstrap support for that

node generated from 100 replicates (heuristic search). Tree topology indicates the existence of three

groups of genetically related isolates, A, B, and C, with two clades within group A: an African clade

(shown in bold type) and a predominantly Asian clade, which includes isolates from Pakistan, China,

Russia, Iran, and Madagascar (shown in italics). Reproduced from Burt and Swanepoel (2005), with

permission.
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ground, where it transforms into an imago, taking shelter in a crevice or other
physically protected location before actively seeking a new host, generally an un-
gulate (Fig. 3). Certain imagos attach themselves readily to humans (Camicas et al.,
1990).

CCHF in humans: modes of transmission and risk factors

The greatest risk of transmission of CCHF to humans occurs in areas where ticks
of the genus Hyalomma are the predominant species (Watts et al., 1989a). During

Fig. 3 Example of CCHF virus circulation: transmission by the Hyalomma marginatum rufipes tick. (For

colour version: see Colour Section on page 356).
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an epidemic in Rostov, Russia, it was found that the risk of human infection was
directly proportional to the rate of attachment of Hyalomma marginatum

marginatum on humans (Goldfarb et al., 1980).
The risk of seropositivity for CCHFV among humans increases with age,

sleeping outdoors, history of tick bites, handling young or sick animals, and having
contact with confirmed cases of CCHFV infection (Chapman et al., 1991; Fisher-
Hoch et al., 1992). Human males and females appear to be equally susceptible to
CCHFV infection, although a preponderance of males sometimes occurs due to
differences in occupational activities associated with increased exposure to the virus
(Burney et al., 1980; Suleiman et al., 1980; Swanepoel et al., 1983, 1985).

CCHFV is transmitted to humans through one of the following modes: (1) the
bite of a tick (Chapman et al., 1991); (2) contact with the tissues or blood of a
recently slaughtered infected animal in the viremic phase of infection (butchers are
particularly at risk) (Williams et al., 2000); and (3) contact with the blood of
viremic-phase patients, most frequently in a hospital setting (Papa et al., 2002b;
Athar et al., 2003; Nabeth et al., 2004a). Human epidemics of CCHF rarely affect
more than a few individuals.

Secondary cases are rare and tertiary cases are very rarely reported (Papa et al.,
2002b). It has been suggested that subpopulations of less-virulent strains of the
virus, with an altered transmission capacity, are selected during transmission from
animal or tick to man (Gonzalez et al., 1995).

Human-to-human transmission of CCHFV is rare, except in the presence of
hemorrhage, unsafe injections, unprotected venipuncture, or other types of hospital
exposures. It is believed that infected blood plays an important role; in Pakistan in
1976, 10 hospital staff members who had contact with a patient with CCHF be-
came ill (Burney et al., 1980), and all those infected had been heavily exposed to
blood from the infected patient (Burney, et al., 1980). In Mauritania in 2003,
a patient with CCHF infected five hospital staff members and 10 patients and
visitors in the hospital emergency ward (Nabeth et al., 2004a); the absence of basic
protection measures for blood exposure were felt to be the primary factor in
transmission. It has been suggested that CCHFV infections resulting from human-
to-human transmission may be more severe than disease contracted by tick bites
(Hoogstraal, 1979). However, this may reflect the fact that all deaths related to
human-to-human transmission in hospitals get reported while deaths caused by the
disease in other locations may be under-reported.

Pathophysiology

The physiopathology of CCHF is not well understood (Joubert et al., 1985;
Swanepoel et al., 1987, 1989; Swanepoel, 1995; Burt et al., 1997). As with other
hemorrhagic fever viruses, lesions of CCHFV infection are not severe enough to
account for terminal shock and death of the patient. However, in fatal cases, a
fulminant shock-like syndrome occurs, suggesting that inflammatory mediators
may play an important role in the pathogenesis (Geisbert and Jahrling, 2004).
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The virus mainly infects endothelial cells and monocytes, which in turn con-
tribute to the viremic phase of the disease. Hepatocytes are also infected. It appears
that virus exploits the host cell’s endocytic machinery to enter the cell.

After inoculation by tick bite or other mechanism, CCHFV is thought to rep-
licate at the inoculation site and spread to lymphoid tissues, the liver, and the
adrenals. Endothelial damage, evidenced in the skin by a rash, contributes to
stimulating platelet aggregation and activation of the intrinsic coagulation cascade.
Organ lesions cause the release of procoagulants and disruption of the capacity to
regenerate the consumed clotting factors. Vascular disruption during the first days
of infection appears to be due to mechanisms similar to those of disseminated
intravascular coagulopathy.

The formation of circulating immune complexes with complement activation
probably contributes to the alteration of the capillary bed particularly in renal,
pulmonary, central nervous system (congestion, hemorrhages, and localized cer-
ebral necrosis), and adrenal tissues. Liver lesions vary from disseminated necrotic
foci to massive necrosis involving 75% of hepatocytes, with hemorrhages of var-
ying degree and little or no inflammatory response.

Clinical findings

CCHFV causes clinical manifestations in humans but these are inconsistent, with a
5 : 1 ratio of asymptomatic to symptomatic cases (Goldfarb et al., 1980). The in-
cubation period is variable depending on the mode of transmission: from 1 to 3
days with a maximum of 9 days when infection is caused by the bite of a tick, and
from 5 to 6 days with a maximum of 13 days when the infection is caused by
contact with infected tissues or blood (Hoogstraal, 1979; Swanepoel et al., 1987,
1989). The disease progresses rapidly. The first symptoms include fever, chills,
stiffness, myalgia and arthralgia, vertigo, severe headache, ocular pain, photopho-
bia, dizziness, nausea, vomiting, general abdominal pain, and diarrhea. The fever
then becomes intermittent and is accompanied by mood swings. Between the sec-
ond and fourth day, intense asthenia and drowsiness appear. Conjunctival injection
and/or chemosis can be observed. Hepatomegaly can be present, with abdominal
pain becoming localized in the right upper quadrant of the abdomen. Tachycardia,
hypotension, lymphadenopathy, and enanthema (and petechiae in the throat, ton-
sils, and the oral mucous membranes) can also be observed. Between the third and
sixth day, petechial subcutaneous hemorrhages or ecchymoses appear on the trunk
and limbs. Between the fourth and fifth day, epistaxis, hematemesis, hematuria,
melena, vaginal bleeding, or bleeding from other orifices occur. Internal hemor-
rhages can also occur, notably retroperitoneal or intracranial. In the most severe,
life-threatening forms, hepatorenal failure and/or pulmonary failure can occur.
During the second week, icterus can appear. Recovery, if it occurs, usually begins
after 9 or 10 days. The recovery period can be long, accompanied by asthenia,
confusion, alopecia, and localized neuralgia (Swanepoel, 1995).
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In the absence of specific treatment, from 30% to 50% of cases are fatal
(Hoogstraal, 1979; Swanepoel, 1995; Nichol, 2001; Nabeth et al., 2004a). Death
usually occurs between the fifth and the fourteenth days (Swanepoel et al., 1987,
1989).

Laboratory findings

In the initial days of the disease, either a leukocytosis or a leukopenia occurs
(Joubert et al., 1985; Swanepoel et al., 1987, 1989). Next, a rapid increase in liver
enzymes (AST, ALT, gamma-GT, LDH, or alkaline phosphatase) or muscle en-
zymes (creatine kinase) is observed (Ergonul et al., 2004).

Disruption of the coagulation mechanisms is reflected in thrombocytopenia,
elevated prothrombin time, kaolin cephalin clotting time, thrombin time, an in-
crease in fibrin degradation products, and a decrease in fibrinogen and hemoglobin
levels (Swanepoel, 1995; Karti et al., 2004).

Diagnosis

CCHFV infected samples are processed in biosafety level 4 (BSL4) laboratories.
The infection can be diagnosed by: (1) virus isolation; (2) the detection of genome
fragments by reverse transcription polymerase chain reaction (RT-PCR); (3) the
detection of the viral antigen; (4) seroconversion; (5) the detection of specific IgM
antibodies; or (6) a fourfold increase in antibody titer between two successive blood
draws. These methods can be performed on peripheral blood, cardiac blood, or on
a postmortem liver sample (Swanepoel et al., 1987, 1989).

Viral isolation

It has been shown that CCHFV can be isolated from the blood of patients for 8
days and occasionally for up to 12 days after the onset of disease (Butenko, 1971).
Isolation is performed in cell culture (Vero, PS, LLC-MK2, CER, BHK21, or
SW13 cells) (Watts et al., 1989a; Swanepoel, 1995) or by intracerebral inoculation
of newborn mice. Cell culture is a faster method than inoculation of newborn mice
(1–6 days versus 5–10 days), but it is less sensitive (Shepherd et al., 1986). Longer
incubation times for growing the virus in cell lines have been reported by other
authors, e.g. maximum virus yields (107–108 PFU/ml) after 4–7 days of incubation
(Nichol 2001). Isolation must be followed by a virus identification by immuno-
fluorescence, complement fixation, and/or neutralization assays.

Molecular diagnosis

The diagnosis can also be made during the first week after onset of the disease by
RT-PCR of the S segment. RT-PCR can be nested (Schwarz et al., 1996) or one-
step (Drosten et al., 2002a). More recently, a one-step real time RT-PCR assay
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using primers for the nucleoprotein gene was developed (Drosten et al., 2002a).
This method has higher sensitivity and specificity than conventional PCR, and it is
more rapid (results are obtained in minutes instead of hours).

Serological diagnosis

Serologic tests such as indirect immunofluorescence assay (IFA) and ELISA can be
used to make the diagnosis. However, IgM and IgG antibodies are not detectable
by IFA before the third day of illness (Burt et al., 1994). On the fourth and fifth
days, antibodies are detectable in 10% of patients, in 65% of patients at day 6, 83%
of patients at day 7, 94% of patients at day 8, and all patients by day 9. The IgM
titer is maximal at the end of the second or third week; IgM generally disappears
before the fifth month; IgG starts to decrease in the fourth month and stays de-
tectable for at least 5 years.

IgM and IgG ELISA capture assays also have been developed (Garcia et al.,
2005; Saijo et al., 2005) for detecting IgM antibodies to CCHFV. In ELISA, IgM
and IgG are detectable as early as the third day of illness (Burt et al., 1994). ELISA
is the most widely used method for rapid diagnosis and epidemiological surveil-
lance at present, although genetic techniques may be more widely used in future
field interventions. In fatal cases, it is rare to detect antibodies (Burt et al., 1994);
viral isolation or RT-PCR are needed for diagnosis (Swanepoel et al., 1989;
Ergonul et al., 2004; Karti et al., 2004; Nabeth et al., 2004a)

Prognostic factors

Several aspects of the clinical and laboratory test status of patients infected with
CCHFV can provide an indication of the patient’s prognosis. Deterioration in the
clinical status occurs earlier and is more marked for patients who die. Leukocytosis,
severe thrombocytopenia, and low fibrinogen have been reported to be associated
with fatal outcome (Swanepoel et al., 1989). The ratio of AST level to ALT levels
has been reported to be higher for patients with severe disease during the first days
of infection (Ergonul et al., 2004), and the LDH and CPK levels are higher in
patients with severe disease (Ergonul et al., 2004). The incubation period is shorter
among fatal cases, probably because the viremic load is higher (Nabeth et al.,
2004a).

Treatment and prevention

Treatment

Treatment includes administration of specific intravenous immunoglobulins and/
or ribavirin. In an uncontrolled study, seven patients with severe CCHFV infection
received a specific immunoglobulin prepared from the plasma of donors who
had been given one dose of a CCHFV vaccine to boost pre-existing antibodies; all
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recovered quickly (Vassilenko et al., 1990). More targeted human monoclonal an-
tibodies to CCHFV may be available for therapy in the future (Jahrling, 1997).

Ribavirin inhibits CCHFV replication in cell culture and in mice (Berezina et al.,
1983). In Vero cells, ribavirin appears to be even more effective against CCHF than
its known efficacy against Rift Valley Fever (RVF), inhibiting CCHFV replication at
doses nine times less than those needed to inhibit RVFV (Watts et al., 1989b). In
newborn mice, ribavirin decreases the case–fatality ratio of CCHF, increases survival
time, reduces viral replication in the liver, and decreases the viral load in the cir-
culation. It also seems to select for hepatotropic subpopulations: there is no cerebral
or cardiac infection in treated newborn mice (Tignor and Hanham, 1993).

No clinical trials have been conducted of ribavirin for the treatment of human
CCHFV infections. In an uncontrolled study in Iran, of 69 patients with CCHFV
infection who were treated with ribavirin, only 11.6% died (Mardani et al., 2003).
None of the seven patients who were treated with Ribavirin before the fourth day
of illness in South Africa died, while three of the five patients treated after the fifth
day died (Swanepoel et al., 1990). However, in Karachi, Pakistan, five of nine died
despite ribavirin therapy (Smego et al., 2004).

Intravenous ribavirin is recommended for treatment of CCHFV infection,
while an oral dosage form is recommended for postexposure prophylaxis (CDC,
1995). However, ribavirin taken orally has been shown to attain blood levels com-
parable to in vitro sensitivity levels (Watts et al., 1989b). The 10-day treatment
course can be administered (Mardani et al., 2003) as an initial dose: 30mg/kg; day
1–4: 15mg/kg every 6 h; day 5–10: 7.5mg/kg every 8 h. Side effects of ribavirin are
anemia, hyperbilirubinemia (due to a mild hemolysis), and reversible block of
erythropoiesis (Jahrling, 1997). Despite its impact on the treatment costs (Bakir et
al., 2005), and the absence of clear proof about its efficiency, ribavirin should be
used to treat CCHF. The case fatality ratio of the disease is high and all means of
increasing the chances of survival should be employed.

New experimental treatments for CCHFV have been investigated. Pullikotil et
al. (2004) have proposed the use of inhibitors that affect the processing and the
stability of the CCHFV glycoprotein. Several other investigators (Peters et al.,
1986; Tamura et al., 1987; Temonen et al., 1995; Andersson et al., 2004) have
shown that human MxA inhibits the replication of other Bunyaviridae only
Andersson et al. have shown that it has an action on CCHFV.

Patients infected with CCHFV infection need close medical supervision; most
severe cases require admission to an intensive care unit. Actions must be taken to
reduce the risk of contamination of other patients and medical staff. Sedatives
should be used in some cases with psychiatric symptoms. Aspirin and steroids
should be avoided. Patients who are not sick enough to require continuous use of
intravenous catheters should not be given these, since their use results in increased
exposure to infectious blood for hospital staff. Lost red blood cells, platelets, co-
agulation factors, and proteins must be replaced, however. Heparin can be used for
prophylaxis and treatment of DIC, particularly if appropriate laboratory support is
available (Jahrling, 1997).
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Prevention

In endemic zones, prevention should include systematic disinfection of affected
households, animals, stables, and holding pens to kill ticks; treatment of herds with
tick disinfection before export; education of meat industry personnel and veterin-
arians for careful handling of blood and flesh of slaughtered animals; and edu-
cation of potentially affected populations about when to notify health personnel of
suspected CCHF symptoms. Patients should be treated in a private isolation room,
with negative pressure and tight surveillance of all entrances and exits (CDC, 1995).
If possible, an intermediary transition room between the safe zone and the con-
taminated zone should be provided.

Experimental vaccines have been reported (Tkachenko et al., 1971, 1972), but
the effectiveness has not been demonstrated. Vassilenko (1973) vaccinated 583
volunteers with an experimental CCHFV vaccine in Bulgaria, producing antibodies
to CCHFV in up to 96% of recipients.

Ribavirin has been proposed for the prevention of CCHF, but its effective-
ness for this purpose has not yet been tested in controlled trials (van de Wal et al.,
1985).

The risk of CCHFV as an agent of bioterrorism

At the present time, CCHFV has not been listed as a likely agent of bioterrorism,
because it does not meet the criteria for such an agent (Borio et al., 2002). CCHFV,
as it exists in nature, is not extremely contagious, seems to lose virulence after
transmission to man and is not easily transmitted from person to person, does not
have documented airborne transmission, is difficult to obtain in elevated titers in
culture, and has a low case–fatality ratio compared to many other infectious agents.
Even in the absence of effective treatment, it could be contained by the imple-
mentation of simple hygiene measures. Nevertheless, it is conceivable that biolog-
ical engineering could produce a variant in the future that would make it necessary
to list CCHFV as such an agent.

Emerging CCHF

During recent years, several countries have reported human CCHF cases for the
first time, even though the presence of the virus in animals had been known for
years. In Senegal, the virus had been isolated in 1969 (Chunikhin et al., 1969), but
no human case was reported until 2003 (Nabeth et al., 2004b). In 2004, two other
sporadic cases, unrelated to each other, occurred in Senegal (Jaureguiberry et al.,
2005; also personal communication). A case was detected in 1983 in Mauritania
(Saluzzo et al., 1985a), but no further cases were detected there until 2003 (Nabeth
et al., 2004a). In Kenya, CCHFV was detected in a cow in 1965 (Woodall et al.,
1965), but the first human case was not detected until 2000 (Dunster et al., 2002). In
Turkey, antibodies to the virus were found in 1974 (Casals, 1977), but the first
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human case was reported in outbreaks in 2002–2003 outbreaks (134 cases) (Bakir et
al., 2005). In Iran, the virus had been isolated from ticks in 1970 (Chumakov et al.,
1970), but the first human cases were detected in 1999, and more than 250 human
cases have now been reported (Chinikar et al., 2005).

Human cases have also been reported in countries where the virus had not been
previously found. Forty cases have been reported in Saudi Arabia since 1989 and
seven cases in Oman since 1995 (Schwarz et al., 1995; el-Azazy and Scrimgeour,
1997; Scrimgeour et al., 1999; Williams et al., 2000).

It is very likely that the increasing access to health facilities and the reinforce-
ment of epidemiological surveillance systems have contributed to a better detection
of cases. There are now health posts even in remote African areas, supervision and
training of health staff are well organized, diagnostic procedures are defined, and,
most of the time, reference laboratories are available.

According to officials in Iran, the first human CCHF cases there followed the
increase of importation of cattle, sheep, and goats from neighboring countries that
resulted from the fall-back sale of animals there because they could not be sold in
Europe due to the BSE crisis there, and because of the indirect effects of droughts
in Afghanistan and Pakistan where several CCHF outbreaks occurred, resulting in
the sale of animals to Iran (personal communications).

The appearance of new high-risk regions for CCHF are more likely to be
caused by demographic and social changes in endemic regions rather than by
bioterrorism. Because the tick vector of CCHFV is found in many geographical
regions of the world, increases in international travel and livestock exportation may
contribute to an increase in the risks of disease transmission in new regions.
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Introduction and background

Newly emerging infectious diseases will pose an increasing global health threat over
the next 20 years. However, the future impact of infectious diseases will be heavily
influenced by the degree of success of global and national efforts to create public
health infrastructure with effective systems of surveillance and response (Institute
of Medicine of the National Academies, 2003).

Goals of surveillance

Surveillance is a fundamental tool for public health, producing information to
guide actions. Modern surveillance tends to follow health measures such as the
incidence of a disease or syndrome or even the occurrence of health-related be-
haviors. There are many reasons for conducting surveillance, and the data collected
and the approach taken to analyzing those data are both influenced by the overall
goal of a surveillance system. In the context of newly emerging viruses, surveillance
may be performed to detect disease outbreaks, to monitor the spread or development
of ongoing outbreaks, to evaluate the effectiveness of disease control measures, or to
identify the determinants of infection and disease.

The focus of this chapter is on surveillance that will provide information useful
for the detection of disease outbreaks due to newly emerging viruses. Surveillance
systems aimed mainly at detection also provide information that may be useful for
other purposes. The goal of detecting an outbreak of a newly emerging virus,
however, places specific demands on the type of data collected and the types of
analysis performed.

The term ‘newly emerging’ virus is different from ‘emerging virus’ in that a
newly emerging virus has not yet been isolated in the laboratory (Barrett et al.,

dx.doi.org/10.1016/S0168-7069(06)16013-9.3d


1998). Whether the virus has been isolated, and more importantly, whether a
diagnostic test is available, have implications for surveillance. As a new virus be-
comes recognized (Fig. 1), or ‘emerges,’ it is initially recognized through the clinical
presentation of infected individuals. Cases of an apparently novel infectious illness
in humans will prompt epidemiological investigations and initiate efforts to isolate
the causative agent. Once the agent has been isolated, effort often turns to devel-
opment of methods for diagnosis. At some point in this progression, the virus is
seen as an established cause of endemic or epidemic disease, and is no longer
thought of as ‘newly emerging.’

The distinction between ‘newly emerging’ and ‘emerging’ viruses is therefore
important from the perspective of surveillance, because it determines what data a
surveillance system can draw upon. For ‘newly emerging viruses,’ any case defi-
nition must rely on clinical and possibly epidemiological data because there are no
recognized laboratory tests. Routine surveillance of laboratory test results is likely
to be of little use in sounding the initial alarm in an outbreak due to a newly
emerging virus. An exception might be if the newly emerging virus is genetically
similar to an existing virus, to the extent that it can cross-react in an existing
diagnostic test. However, laboratory testing will be useful for ruling out known
viruses as the cause of illness, and ultimately to identify the virus. The surveillance
system must follow data other than positive laboratory test results, such as reports
of abnormal cases, or the incidence of non-specific symptoms, or syndromes that
might occur following infection with a newly emerging virus.

This observation raises an important point, which is that the likelihood of
identifying a newly emerging virus through surveillance will depend, among other
factors, on the novelty and the severity of symptoms due to infection with the virus
and the number of symptomatic cases. The surveillance approach that is most likely
to detect an outbreak due to a newly emerging virus will vary with virus and
outbreak characteristics. Depending on the combination of clinical presentation of
those infected and the genotype of the virus (Fig. 2), different methods will be more
or less efficient for early outbreak detection. Outbreaks of newly emerging viruses
characterized by symptoms common to other infections already under surveillance
may be detected by an existing surveillance system if the number infected is suffi-
ciently large. Alternatively, infections with a newly emerging virus causing symp-
toms similar to another, known pathogen may be incorrectly attributed to the
known pathogen, thereby obscuring the emerging epidemic. Genetic similarity to
a known virus may hasten the identification of a newly emerging virus and the
development of a diagnostic test as well as contribute to our understanding of its
host range, natural reservoir, and transmission route.

No specific
knowledge of

virus 

Clinical
presentation

known

Virus isolated
in laboratory

Diagnostic
test available

widely

Virus
Emergence
Continuum

Epidemiology
of cases

understood

Fig. 1 Surveillance continuum for a newly emerging virus.
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Relevant examples

The chronology of events surrounding the initial detection of two emerging viral
disease, SARS-CoV and Hantavirus, illustrate how different approaches to surveil-
lance contributed to the initial detection and early management of these outbreaks.

SARS

The emergence of severe acute respiratory syndrome (SARS) (Table 1; Brookes and
Khan, 2005), caused by the SARS-CoV virus, was obscured because it appeared
initially in the Chinese province of Guandong as cases of atypical pneumonia that
were clinically similar to influenza and that occurred concurrently with an outbreak
of avian influenza in chickens. The large number of cases and the circumstances
similar to those of influenza outbreaks ensured that the SARS outbreak was de-
tected, but the similarity of the clinical presentation to other diseases may have
initially mislead public health officials about its etiology. Reports of an atypical
pneumonia or influenza outbreak in China circulated as early as November 2002,
disseminated via ProMED-mail (an Internet and email-based reporting and sur-
veillance system), and picked up by the web-crawling surveillance system GPHIN
(Global Public Health Intelligence Network, developed by Health Canada). The

Clinical presentation
unusual for person,
place, or time

Clinical
presentation
common

Genetic similarity to known
pathogen (cross-reactivity)

Little or no genetic similarity
to known pathogen

• ARDS-associated
Hantavirus • SARS

• Ebola
Virus

Fig. 2 Factors influencing the initial detection of outbreaks due to newly emerging viruses.
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course of illness was rapid and its presentation severe; therefore the initial cases
were not identified until infected persons sought the attention of health care pro-
fessionals and a clinical assessment was made.

It was only when the outbreak spread beyond mainland China in February
2003 to hospital staff in Hong Kong that reliable information became available
concerning the mysterious ‘acute respiratory syndrome’, allowing a novel etiology

Table 1

Timeline of SARS outbreak detection and virus identification (Brookes and Khan, 2005)

November 16, 2002 First known case of SARS occurs in Guandong Province, China

November 23, 2002 During a routine flu workshop in China, a participant informs the

WHO Influenza Laboratory Network of a serious outbreak in

Guandong, with high mortality and high involvement of health

care staff

November 27, 2002 GPHIN (web-crawler developed by Health Canada) picks up

rumors of avian influenza outbreak in mainland China

December 2002 Chinese Ministry of Health confirms outbreak of influenza B, now

under control

February 10, 2003 An American infectious disease consultant receives an email from

China concerning a rumor of closed hospitals and people dying

due to an outbreak in Guangzhou. He posts the content of the e-

mail on ProMED

A relative of a former employee informs WHO of an epidemic

involving over 100 fatalities in China. WHO contacts the Chinese

Ministry of Health

February 11, 2003 The Chinese Ministry of Health in Beijing issues an official

statement acknowledging an outbreak of atypical pneumonia

dating back to November 2002 and involving 300 cases, of which

1/3 were health care workers

February 17, 2003 First SARS case introduced in Hong Kong

February 19, 2003 WHO issues an avian flu alert

February 26, 2003 First SARS case introduced in Vietnam

March 1, 2003 First SARS case introduced in Singapore

March 11, 2003 Outbreak of ‘acute respiratory syndrome’ among hospital workers

in Hong Kong

March 13, 2003 SARS outbreak reaches Toronto

March 15, 2003 WHO confirms that SARS is a worldwide health threat, and that

suspected cases have been identified in Canada, Indonesia,

Philippines, Singapore, Thailand, and Vietnam

March 19, 2003 SARS spreads to the US, UK, Spain, Germany, and Slovenia

March 21, 2003 SARS coronavirus identified. Official identification announced on

April 16

April 2003 PCR test to diagnose SARS from nasopharyngeal aspirate

becomes available, followed by serological assay to diagnose

SARS from blood sample
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to be hypothesized. It was recognized that the disease was unlike influenza when
numerous health care professionals treating SARS patients fell ill themselves. As
more became known about the illness, syndromic surveillance (i.e., surveillance of
cases identified on the basis of clinical symptoms, in this case fever and respiratory
symptoms), contact tracing, and quarantine were implemented.

The virus was found to be a new coronavirus. Isolation of the virus did not
occur initially, perhaps because the isolation of a coronavirus did not immediately
raise suspicion because coronaviruses are commonly associated with milder res-
piratory illness. Laboratory-based surveillance did not become available until later
in the outbreak, when diagnostic PCR and serology tests were developed. Pop-
ulation screening for SARS antibodies was instituted in some countries, with mixed
results due to poor specificity of early versions of the tests.

Hantavirus

In contrast to the SARS outbreak, the May 1993 outbreak of acute respiratory
distress syndrome (ARDS) in the Four Corners region of the western United States
involved few cases and an unusual clinical presentation. According to many
sources, the Four Corners epidemic would not have been detected, if not for one
astute internist who saw a connection between an unusual death in his patient due
to an acute respiratory syndrome, and the similar fatal illness of his fiancée. The
illness was severe and the course rapid, therefore cases initially were identified only
after infected persons sought medical attention. The internist sounded the alarm,
alerting the state health department epidemiologist to a possible communicable
disease outbreak; the epidemiologist launched a retrospective investigation to
identify other similar recent cases, and instituted a mechanism for reporting sus-
pected outbreak cases (Institute of Medicine of the National Academies, 2003).

Identification of the pathogen responsible for this outbreak was made easier
and quicker because the virus was from a known virus family, and antibodies to the
new virus cross-reacted with known viruses in the same family. The CDC’s viral
pathogens branch tested the clinical specimens received from Four Corners against
antibodies for every known virus, and the test was positive for Hantavirus.

Hantaviruses had been discovered during the Korean War (1951–1954). Al-
though they were known to cause renal impairment, they had never been associated
with respiratory illness. Mice were known to be a reservoir for hantaviruses, so
rodents were trapped in Four Corners and tested. PCR techniques were used to
identify the deer mouse as the reservoir of Hantavirus in this outbreak.

Surveillance methodology and approaches to surveillance

The process of surveillance

All approaches to surveillance share some common principles. While some of the
underlying methods used in public health surveillance have evolved considerably in
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recent years, the general approach to surveillance has remained relatively constant.
At a fundamental level, surveillance aims to (1) identify individual cases, (2) detect
population patterns in identified cases, and then (3) convey information to deci-
sion-makers about population health patterns (Fig. 3).

Identification of individual cases

The definition of a case for a surveillance system (Fig. 3, Step 1) has important
implications for the design and performance of the system. In settings where a
surveillance system is intended to follow cases of a well-understood disease, it may
be possible to make the case definition highly specific. For example, public health
agencies in many developed countries conduct routine surveillance for communi-
cable diseases such as measles. Definitions of cases in these systems tend to rely
upon highly specific diagnostic tests. As a result, communicable disease surveillance
systems tend to rely upon data from laboratory testing as opposed to data from
clinical examinations (Koo and Wetterhall, 1996).

However, in many surveillance settings, it is not possible to rely on diagnostic
tests as central components of a case definition. Worldwide surveillance for polio is
an example in which, despite the existence of a specific diagnostic test, the case
definition refers to a syndrome (‘flaccid paralysis’) as opposed to a laboratory test
result (Kohler et al., 2002). Clinical data are used for the polio case definition
because, in many countries, laboratory testing for polio is not readily available and
because the clinical definition is highly sensitive. Newly emerging viruses present
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another example of a situation where it is generally not possible to rely on a
laboratory test for a case definition.

By definition, laboratory tests are not available for newly emerging viruses, so
the case definition must focus on the clinical and epidemiological characteristics of
disease. This is problematic, however, because newly emerging viruses may cause a
variety of clinical presentations, depending on the characteristics of the virus and
the host. In other words, the specific characteristics of a case are not known in
advance when developing a surveillance system to detect newly emerging viruses.
One approach to this problem is not to define cases in advance, but instead to
monitor information sources (e.g., the World Wide Web, posts to electronic dis-
cussion boards, etc.) for reports of unusual cases that could be due to a newly
emerging virus. However, if used, case definitions must be broad enough to ensure
that the surveillance system will be sufficiently sensitive. In this setting, the cost of
increased sensitivity is reduced specificity. In other words, to ensure that a case
definition will identify cases of infection from a newly emerging virus, we must
accept that the definition will also pick up cases of disease due to other causes.

Detection of population patterns among cases of the disease

The detection of population patterns (Fig. 3, Step 2) among cases generally refers
to the detection of unexpected patterns in the incidence of cases. Surveillance an-
alysts are interested usually in detecting an unexpected increases in overall inci-
dence or an increase in incidence in a population subgroup or in a geographic
region. There is a close relationship between the characteristics of the case defi-
nition and the detection of population patterns. When a case definition is highly
specific, a large proportion of identified cases will be true cases and there will be
very little ‘noise’ in the signal at the population level. When the signal is strong, it is
easier to detect unexpected patterns. If the historical variation in the incidence rate
of measles, for instance, is low, then an increased incidence of positive test results
for measles virus infection should be detected relatively easily. Accordingly, the
methods used to search prospectively for outbreaks using communicable disease
surveillance data tend to be straightforward: mainly observation and statistical
methods (Stroup et al., 1993; Hutwagner et al., 1997). However, the necessity for
high sensitivity in the case definition for newly emerging viruses tends to result in
low specificity.

Another potential source of ‘noise’ is the normal variation in the incidence of
cases. In general, the greater this baseline normal variation, the more difficult it will
be to detect an unexpected increase in the incidence. At one extreme, if no cases are
expected under normal conditions, then the occurrence of a single case may be
sufficient to trigger further action. For example, one case of hemorrhagic fever in a
developed country is probably sufficient to attract notice. However, when cases
present with more commonly encountered symptoms, a few cases may not be
distinguished from the baseline incidence of those symptoms. For example, influ-
enza-like symptoms due to a newly emerging disease agent might not attract notice.
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In situations where an increase is observed in the incidence of cases with non-
specific symptoms, appropriate public health action may be delayed (Duchin, 2003;
Pavlin, 2003).

The public health response

The public health response is determined by the communicability and severity of
the disease, and the susceptibility of the population. With a newly emerging virus,
there are likely to be many unknown aspects about both the public health threat
and potentially effective intervention measures. The cautious approach is to assume
that the public health threat is serious, and, until the transmission dynamics are
known, to use generic control measures such as isolation of infected cases and
quarantine of exposed individuals.

Surveillance settings and mandates

An appreciation of the fundamental issues of surveillance is important, but it is also
important to realize that surveillance occurs in a context that includes the geo-
graphic setting of the surveillance system and the mandate of the surveillance
organization. Often the data collected through regional surveillance systems are
transmitted to national systems, which provide a broader perspective and allow
identification of disease outbreaks that span adjacent regions. The National
Notifiable Disease Surveillance System (NNDSS) in the United States is an ex-
ample of this model (Koo and Wetterhall, 1996). The communication between
national and international systems generally involves aggregate data. The SARS
outbreak in 2002–2003 provides examples of this cooperation as well as the role of
political considerations, in terms of the initial detection in China, and the ongoing
management of the outbreak in Canada.

Organizations conducting surveillance have differing mandates for data col-
lection and for intervention. In most countries, the government has the legal au-
thority and mandate to maintain public health, and this includes both surveillance
and intervention to control disease outbreaks. However, the authority to conduct
surveillance is often mandated in terms of known diseases; the surveillance to detect
newly emerging diseases may not be explicitly described. This may pose practical
problems for public health authorities as they attempt to develop surveillance sys-
tems, especially if the systems require clinical data whose use may be restricted by
law. Similarly, the communication of surveillance information between countries
and to international agencies may not be clearly permitted by law or policy in some
countries. The Global Outbreak Alert and Response Network (GOARN), coor-
dinated by the World Health Organization (WHO), was established in 1997 and
formalized in 2000 to address issues of international cooperation in the face of
outbreaks of emerging infectious diseases (Heymann, 2004).
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Types of surveillance

The appropriateness of a surveillance method for an emerging virus is determined
to a large extent by the specificity of the case definition (Fig. 4). Any surveillance
system searching for new viruses must follow cases with unusual presentations or
must follow the incidence of non-specific syndromes. Once the clinical presentation
and epidemiology of a newly emerging virus are understood, this knowledge can be
incorporated into a more specific case definition. Even greater specificity in the case
definition can be achieved once the virus is isolated and diagnostic tests have been
developed.

Initial detection and early stage surveillance

For unknown viruses or those early in emergence, the focus of surveillance can
follow either of two approaches. One is ‘information surveillance’, by which
information about disease outbreaks is sought on the Internet or through other
sources. The other is syndromic surveillance, which follows pre-diagnostic data
generated when individuals use health care services.

Information surveillance. The Internet has enabled novel approaches to collecting
public health data, both passively and actively. Passive approaches rely on sub-
mission of disease reports, usually via e-mail, to a single location; active approaches
involve searches of the Internet for posted information about disease outbreaks.
These systems conduct ‘information surveillance’, in that they follow information
about outbreaks, as opposed to relying on the case definitions traditionally used in
disease surveillance. One system that has been used is ProMED-mail, which relies
on both submission of outbreak reports and manual review of Internet sources,
and the resulting information is reviewed by experts who then disseminate their
conclusions. Another system, GPHIN, relies on active computer search of the
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Internet for reports of disease outbreaks. Both of these systems have successfully
identified recent outbreaks of newly emerging viruses, but neither approach to
surveillance has been the subject of a rigorous peer-reviewed evaluation.

The Program for Monitoring Emerging Diseases (ProMED) and ProMED-mail:
The Program for Monitoring Emerging Diseases (ProMED) was founded in 1993,
and an e-mail list for sharing news about emerging diseases (ProMED-mail) was
created in the following year (Madoff and Woodall, 2005). ProMED-mail now
has >32,000 subscribers in more than 150 countries, and it has developed into a
mature system for receiving, analyzing, and disseminating information about newly
described or unknown diseases and epidemics (Madoff, 2004). More than 20 staff
members around the world search the Internet and traditional media daily for
disease information and file reports on relevant findings. Spontaneous reports can
also be submitted electronically to ProMED, and approximately 30 spontaneous
reports of disease activity are received each day. Each report is reviewed by an
editor and in many cases by a subject expert, and approximately seven reports and
accompanying editorial comments are posted each day through e-mail lists and
on the website. Posted reports are also stored in an archival database for future
reference.
ProMED-mail relies in part on a community of interested individuals to submit

information about unusual disease activity, and on a small group of experts to
analyze this information and disseminate reports of interest. In terms of the sur-
veillance process (Fig. 3), ProMED-mail does not operate with specific case defi-
nitions. Events of interest for ProMED-mail are defined loosely as ‘newly described
or unknown diseases, epidemics and outbreaks and diseases emerging in new areas
or populations’ (Madoff, 2004). Dissemination is rapid and broad, without polit-
ical oversight or interference. This approach to surveillance is likely to be sensitive,
rapid, and reasonably specific due to the expert analysis.

The Global Public Health Intelligence Network (GPHIN): The Global Public
Health Intelligence Network (GPHIN) was initially developed in 1998 by Health
Canada in partnership with the WHO for the collection, filtering and sorting, and
review of emerging disease information. In the collection step, automated software
is used to search the Internet for selected disease-specific words. An average of
8000–10,000 items of interest per month are identified in this way. In the filtering
and sorting step, irrelevant and duplicate information are discarded, and each
relevant item is categorized. In the review step, 9000 pieces of information are
reviewed each month and posted on the Internet. The most recent version of the
GPHIN software, placed into service in 2004, can process information in Arabic,
English, French, Russian, Chinese, and Spanish. GPHIN is now operated by WHO
Epidemic and Pandemic Alert and Response (EPR) in collaboration with Health
Canada, and provides approximately 40% of the information that WHO receives
about disease outbreaks.
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In terms of the surveillance process model (Fig. 3), the keywords and word
arrangements used to identify potentially relevant information are essentially the
case definitions in GPHIN. These case definitions are highly sensitive but not very
specific, and so retrieved information must be filtered, first automatically, and then
manually. The events of interest to GPHIN are also quite broad, including not only
infectious disease outbreaks, but also illnesses related to consumer products,
radiation, food and water, and other causes. The filtering and human review steps
in GPHIN correspond to the analysis step in the surveillance process.
While ProMED-mail and GPHIN can both be thought of as approaches to

‘information surveillance’, their differences are noteworthy. Neither system uses a
case definition in the traditional sense, but GPHIN does use a pre-defined set of
terms to identify information of potential interest. A precisely specified list of terms
is required by GPHIN because it is an automated system. In contrast, ProMED-
mail does not specify in detail what constitutes relevant information, and this
degree of precision is not required because ProMED-mail relies on humans to
identify and submit information. As a consequence of their different approaches to
data collection, GPHIN collects more information than ProMED-mail, but it also
collects more irrelevant information, which subsequently must be filtered. In both
systems, the final assessment of relevance is manual.
From a management perspective, GPHIN is operated by governmental and

international public health agencies, while ProMED-mail is operated by a non-
governmental organization. As a result, information posted through ProMED-mail
is not subject to any political review. In practice, however, the two systems are
linked; since ProMED-mail posts information on a website, this information is
included in that collected by GPHIN on the Internet. In addition, individuals may
submit to ProMED-mail relevant information identified by the GPHIN website.
Thus, in many ways these two approaches to information surveillance are com-
plementary. The main strength of GPHIN is the breadth and volume of informa-
tion that it can consider, whereas the main strengths of ProMED-mail are its expert
analysis of information, and independence from governmental supervision. Both
systems have performed well in identifying recent outbreaks due to newly emerging
viruses, including the SARS outbreak in 2002–2003.

Syndromic surveillance. Advances in the electronic capture of health data have led
to surveillance using data generated through the routine administration of health
care services. This practice is known as ‘syndromic surveillance’ because cases are
defined in terms of non-specific administrative codes or conditions, which can be
thought of as syndromes (Mandl et al., 2004). Although using syndromes for case
definitions has been practiced for many years, this ‘syndromic surveillance’ is novel
in that it relies on the automated capture, transmission, and analysis of non-specific
patterns of information in pre-diagnostic health data. For example, many
syndromic surveillance systems follow administrative data from emergency room
visits. The records are automatically obtained from hospital records and forwarded
to a public health agency, automatically grouped into designated ‘syndromes’ such
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as ‘respiratory disease’ or ‘gastrointestinal disease’, and then analyzed to look for
unexpected increases in the number of visits.
Rapid development of syndromic surveillance systems has occurred as a result of

developing preparedness to detect episodes of bioterrorism, and the systems are
equally useful for detecting emerging viruses (Institute of Medicine of the National
Academies, 2003). The US Centers for Disease Control and Prevention (CDC) has
supported demonstration projects in syndromic surveillance (Yih et al., 2004), and
is developing an operational system to monitor several data sources, including
emergency department visits, laboratory test orders, and pharmaceutical pre-
scriptions (Loonsk, 2004; United States Government Accountability Office, 2005).
A variety of other systems are also being operated by governmental and non-
governmental organizations in the US (Lombardo et al., 2003; Wagner et al., 2003;
Heffernan et al., 2004), in the United Kingdom (Cooper et al., 2004), and in
Canada.
It is difficult to establish the utility of different types of syndromic surveillance

systems because of the variation in data characteristics across locations. Data from
early disease events, such as sales of over-the-counter pharmaceuticals and calls to
telephone-based medical triage systems, offer promise due to their timeliness and
the prevalence of these responses to symptoms. However, these data contain little
specific clinical information, and outbreak signals are likely to be masked by con-
siderable noise. For these reasons, many syndromic surveillance systems now rely
on more specific data such as records of visits to emergency departments. Ideally,
many available data sources would be used simultaneously, but further research is
needed to identify the optimal approach to combining information from multiple
types of data within single surveillance systems.
In terms of the framework for surveillance (Fig. 3), the case definition used in

syndromic surveillance is usually a set of codes or keywords that correspond to a
syndrome, and grouping of records into syndromes is usually conducted automat-
ically. Outbreak detection algorithms consider the chronology of different syn-
dromes (Buckeridge et al., 2005a), but some researchers have examined the use of
algorithms that search for outbreaks over geographic space (Kulldorff et al., 2005),
and other covariates found in medical records, such as age and gender (Wong et al.,
2003). The link of surveillance systems of these types to public health decision-
making is variable, and many public health agencies are still determining the best
policy for the follow-up of alarms that are often non-specific (Duchin, 2003; Pavlin,
2003).
The main argument for conducting syndromic surveillance rests on the assump-

tion that this approach to surveillance will detect a disease outbreak more rapidly
than other surveillance systems. Because syndromic surveillance systems follow
data from events that occur before diagnosis, it is assumed that they will detect
outbreaks earlier because the incidence of pre-diagnostic events, such as purchase
of over-the-counter medications, will increase before the incidence of diagnoses will
increase. In general, these assumptions may hold true under some conditions, but
not under other conditions. The limited research on these systems suggests that the
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results are affected by the clinical course of the disease, the number of individuals
exposed, the type of data source monitored, whether an applicable routine test is
positive in the disease, and the outbreak detection algorithm used (Buehler et al.,
2003; Reis et al., 2003; Stoto et al., 2004; Buckeridge et al., 2005b). Syndromic
surveillance is likely to be more rapid than clinical detection in detecting an out-
break when the clinical symptoms mimic an existing disease with a low incidence,
when a clinical data source is being monitored, and when there is no routine
diagnostic test for the disease. This is a conceivable scenario for the initial pres-
entation of a newly emerging virus, and so it is reasonable to expect that syndromic
surveillance systems may be useful in the initial detection of an outbreak due to a
newly emerging virus.

Intermediate stage surveillance

Once public health personnel know more about the epidemiology and genetics of
an emerging virus, additional surveillance approaches become feasible. One such
approach, surveillance of animals and the environment, capitalizes on knowledge
about the epidemiology of the virus to identify when and where human infection
is likely to occur. A second approach, surveillance of laboratory test results, makes
use of results from diagnostic testing to follow with high specificity the develop-
ment of an epidemic or endemic disease.

Surveillance of animals and the environment. Many emerging viruses cause zoono-
tic diseases. Once a newly emerging virus is understood to have a vertebrate animal
host, and the vector of transmission has been identified, it may be informative to
conduct surveillance of the animal hosts of the disease, of the vector, or even the
habitat of the animal host or vector. For example, researchers have found that the
spatial and temporal patterns of human dengue virus infections follow known
entomological risk factors (Tran et al., 2004). Other researchers have observed the
same phenomenon with West Nile virus (WNV), for which deaths among birds and
the distribution of habitats suitable for adult mosquitoes have both been shown to
correlate well with virus-positive mosquito samples and the occurrence of human
infections (Eidson et al., 2001; Brownstein et al., 2002; Mostashari et al., 2003). In
fact, surveillance of these factors are now a component of many programs for
WNV surveillance.

Laboratory-based surveillance. After diagnostic methods are available, surveil-
lance of positive laboratory tests becomes possible. This approach to surveillance is
likely to be highly specific, but it will identify only those cases that are tested at
laboratories participating in the surveillance system. Automated surveillance of
positive laboratory test results (Effler et al., 1999) and monitoring the incidence of
emerging pathogens through laboratory methods (Bravata et al., 2004) can be a
highly effective form of surveillance.
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Ongoing surveillance

Surveillance, in practice, capitalizes on different approaches at different points in
the emergence of a virus (Fig. 3).

West Nile virus

WNV was first isolated and identified in 1937, in samples from a febrile person in
the West Nile district of Uganda. Prior to 1999, the virus was found only in the
Eastern Hemisphere, with wide distribution in Africa, Asia, the Middle East, and
Europe. In late summer 1999, the US documented its first domestically acquired
human cases of West Nile encephalitis (Anderson et al., 1999; Briese, 1999; Jia
et al., 1999; Lanciotti et al., 1999; Nash et al., 2001). The WNV epidemic of 2002
was the largest epidemic of WNV meningoencephalitis on record, and the largest
recognized arboviral meningoencephalitis epidemic ever recorded in the Western
Hemisphere. Significant human disease activity was recorded in Canada for the first
time, in the Caribbean basin, and in Mexico. A program of surveillance is now in
place for WNV detection in North America using data from human, avian, equine,
and mosquito samples.

Human surveillance: Health care providers report all probable and confirmed
cases of WNV infection to designated health authorities. In the absence of WNV
activity in an area, passive surveillance is used for the reporting of hospitalized
cases of encephalitis, and for patients who test positive for IgM antibodies to
WNV. In areas with known WNV activity, active surveillance may take place, in
which (1) public health professionals contact physicians in appropriate specialties
and hospital infection control staff on a regular basis to inquire about patients with
potential arboviral infections, and (2) laboratory-based surveillance is implemented
to identify CSF specimens meeting sensitive but non-specific criteria for arboviral
infections. Special surveillance projects can be used to supplement WNV surveil-
lance, including the Emerging Infections Network of the Infectious Diseases So-
ciety of America (IDSA EIN), Emergency Department Sentinel Network for
Emerging Infections (EMERGEncy ID NET), Unexplained Deaths and Critical
Illnesses Surveillance of the Emerging Infections Programs (EIP), and the Global
Emerging Infections Sentinel Network of the International Society of Travel Med-
icine (GeoSentinel). In addition, blood banks in the United States routinely screen
all donated blood for WNV using PCR.

Avian surveillance: While most birds survive WNV infection, mortality in a wide
variety of bird species has been a hallmark of WNV activity in North America.
Avian mortality due to WNV is a sensitive indicator of ongoing enzootic trans-
mission, such that public health agencies can use bird mortality to track effectively
the spread of WNV. Avian morbidity and mortality surveillance includes the
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reporting and analysis of dead bird sightings, and the submission of selected birds
for WNV testing. Detection of seroconversion in sentinel live-captive chickens or
free-ranging birds can also be used for surveillance.

Equine surveillance: Among large land mammals, horses are particularly sus-
ceptible to WNV infection. Horses appear to be important sentinels of WNV epi-
zootic activity and human risk, at least in some geographic regions. Veterinarians,
veterinary service agencies, and state agriculture departments are essential partners
in any surveillance activities involving equine WNV disease.

Mosquito surveillance: Surveillance of mosquitoes is the primary tool for quan-
tifying the intensity of virus transmission in an area. WNV is transmitted prin-
cipally by Culex spp. mosquitoes, though greater than 36 species of mosquitoes can
be infected with WNV. In areas where WNV has never been detected, mosquito
surveillance focuses on establishing which mosquito species are present, and how
many are in the area. In areas where WNV has been detected, mosquitoes are
collected and tested for WNV.

SARS

Health Canada’s GPHIN system first recognized the outbreak of atypical pneu-
monia emerging in southern China, later identified as SARS and later shown to be
caused by the coronavirus, SARS-CoV. During the 2003 SARS outbreak, surveil-
lance relied heavily on passive reporting by health care providers of suspected
and confirmed cases, active contact tracing, and active syndromic surveillance of
quarantined contacts. Some countries also conducted serological screening of large
segments of the population.

Since the end of the 2003 outbreak, SARS surveillance has focused on (1) persons
with a potential epidemiologic link who are hospitalized with severe respiratory
illness, (2) clusters of severe respiratory illness, (3) persons with laboratory evidence
of SARS-CoV infection, and (4) in Canada, where there is joint surveillance for
human cases of SARS and avian influenza, persons with laboratory confirmed in-
fluenza A (serotype H5N1) or other novel influenza virus infection. As more is
learned about the natural reservoir, host species, and transmission of SARS-CoV,
SARS surveillance will likely expand to include surveillance of host animal species.
Global SARS surveillance uses GPHIN technology, passive reporting of laboratory-
confirmed cases to WHO as well as special studies of SARS-CoV infection in areas at
increased risk of reemergence.

Implications for future policy, practice, and research

The convergence of human disease ecologies resulting from increasing globalization
is thought to be a driving force behind emerging viral diseases (Barrett et al., 1998).
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Outbreaks arising in distant countries can be exported by jet travel, making
it imperative that global and local outbreak detection and response be closely
interrelated. Improved global infectious disease surveillance is needed to ensure
adequate local outbreak detection and response (Institute of Medicine of the
National Academies, 2003; United States Government Accountability Office,
2004). Improvement of global surveillance should focus on building surveillance
capacity in many countries, especially in resource-poor regions (United States
Government Accountability Office, 2004), establishing networks of expertise (The
SARS Commission, 2004; World Health Organization, 2003), and improving
case reporting to the WHO, permitting the issuance of timely alerts to prevent
international spread (World Health Organization, 2003).

Many governments also seek to improve domestic surveillance through better
case and contact reporting by health care professionals (Institute of Medicine of the
National Academies, 2003; The SARS Commission, 2005), and through enhanced
coordination between different government agencies at national and local levels
(The SARS Commission, 2004, 2005; United States Government Accountability
Office, 2004, 2005). Astute clinicians can be the first line of defense for identifying
emerging viral threats, but many health care providers do not understand their
potential role as a source of valuable disease data (Institute of Medicine of the
National Academies, 2003). Solutions to enhance timeliness, accuracy, and com-
pleteness of disease reporting by health care providers include the development of
secure, web-based reporting, implementation of automated laboratory reporting,
and standardization and consolidation of local reporting systems (United States
Government Accountability Office, 2004, 2005; The SARS Commission, 2005).

There is also a need to explore innovative systems of surveillance, such as those
incorporating remote sensing, and automated systems of syndrome surveillance
(Institute of Medicine of the National Academies, 2003). Careful evaluation of
novel surveillance systems should be conducted to determine their accuracy and
effectiveness (United States Government Accountability Office, 2004). Because the
majority of emerging infectious diseases are zoonoses (Institute of Medicine of the
National Academies, 2003), vector-borne and zoonotic disease surveillance and
control should be improved (Institute of Medicine of the National Academies,
2003; United States Government Accountability Office, 2004). Significant im-
provements could be achieved by using robust models for predicting and prevent-
ing vector-borne and zoonotic diseases, and by adding veterinary laboratories to
laboratory surveillance networks (Institute of Medicine of the National Academies,
2003).
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Plate 1 Non-human primates represent the origin of many important viral zoonoses, (See page 26).

Plate 2 Animal markets represent a risk factor for transmission of various viral zoonoses, e.g. SARS.

Source: Reuters/SCANPIX. (See page 32).
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Humanization of SARS-CoV (late October- mid November, 2002)

SARS outbreak in Guangzhou, China (mid November 2002)

SARS arrived in Hong Kong and two days later in Singapore and Toronto (Feb 21,
2002)

SARS arrived in Vietnam from Hong Kong.
Carol Urbani consulted (Feb 28, 2003)

Carlo Urbani dies (March 29, 2003); Amoy Gardens (Hong Kong) outbreak; 
WHO recommends global port screening of travelers (April 2, 2005)

WHO issues global alert following outbreaks in Vietnam and Hong 
Kong (March 12, 2003)

SARS outbreaks in Hong Kong, Beijing, Toronto, Singapore (March, 2003)

WHO global network born (Mar 17, 2002) March 21, 2003. US CDC preliminary description of SARS. SARS-CoV 
identified by Hong Kong, US CDC & German scientists almost simultaneously

Canada (Science 300, 1399), US, and Hong Kong completed sequence
data (April 12, 14 & 16, 2003). WHO named it SARS-CoV.

Koch’s postulates fulfilled (Nature 423, 240)

China identified ~3,000 SARS cases; China’s Vice Premier, Wu Yi
commands the battle against SARS in China. SARS outbreak in Taiwan China completed a new1,000 bed infectious disease hospital (Xiaotangshan) in 8 days

229/3947 (deaths/cases)

Chinese and Hong Kong researchers found SARS CoV in wild animals in
Guangdong markets (May 23, 2003). WHO begins removing cities/regions
from travel alert

Outbreaks in satellite cities around Guangzhou city, Guangdong
province, China (late October, 2002)

WHO removes last region (Taiwan) from list of travel alert (July 5, 
2003) and declares end of human to human transmission

Four cases reported in Guangzhou city (Dec 20, 2003); not linked to 
laboratory (http://www.who.int/csr/don/2004_01_05/en/)

Scientist in Singapore gets SARS from laboratory
(http://www.who.int/csr/don/2003_09_24/en/index.html)

Senior scientist in Taiwan gets SARS from laboratory
(http://www.who.int/csr/don/2003_12_17/en/index.html)

Dec 31, 2003

Transmission on aircraft (Mar 15, 2002)

Postgraduate student in Beijing gets SARS from laboratory and initiated 
three generations of transmission in a total of 8 cases with one fatality

Scientist in Beijing gets SARS from the same laboratory in April 2004 
(http://www.who.int/csr/don/2004_04_30/en/index.html)

774/8096 (deaths/cases)

HKU virologist Yi Guan traveled to China to obtain clinical specimens

Plate 3 Timeline of the SARS epidemic. Major events are listed from top to bottom. Each interval in the arrow represents 1 week. For information on the

first weeks of the epidemic in China, consult the book by Thomas Abraham, Twenty-First Century Plague. The Story of SARS. The Johns Hopkins

University Press. Baltimore, Maryland, 2005. (See page 46).
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Plate 4 SARS-CoV genome organization. The genome organization is similar to other coronaviruses

with respect to overall size, the relative positions of replicase, spike, envelope, membrane and nucleoca-

psid genes, and certain other features (see text for details). A 29-nucleotide stretch is deleted in the strain

found in human isolates, as illustrated at the bottom. (See page 51).
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Plate 5 Genomic structure of WNV, showing 3 structural proteins, C-capsid, M-membrane, and E-

envelope; and 7 nonstructural proteins (Petersen and Roehrig, 2001). (See page 134).
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Plate 6 Flavivirus virion diagram. The single stranded RNA is enclosed in the nucleocapsid, which in

turn is surrounded by an envelope containing E-glycoproteins (E) and integral membrane proteins (M)

(Petersen and Roehrig, 2001). (See page 134).

Plate 7 Approximate global distribution of West Nile virus. (See page 137).
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Plate 8 Cutaneous lesions of human monkeypox. The top panels show primary inoculation lesions at the

site of a prairie dog bite (A) or scratch (B and C). The middle panels show the variation of the appearance

of disseminated lesions of monkeypox ranging from smallpox-like (D) to varicella-like (E–J). The lower

panels (K–M) document the progression of a primary lesion from the pustular stage through scarring.

(See page 153).
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Plate 10 Map showing the distribution of JE cases (modified from CDC, Atlanta). (See page 215).

Plate 9 Histological, ultrastructural, and immunohistochemical appearance of MPV infection. Panel A:

Scattered degenerating and necrotic keratinocytes are shown within the epidermis along with a moderate

inflammatory cell infiltrate in the superficial dermis (hematoxylin and eosin). Panel B: Higher mag-

nification of the boxed area shows multinucleated cells (long arrow) and eosinophilic viral inclusion

bodies. Panel C: Strong immunoreactivity for orthopoxvirus antigen is present in the epidermis. Panel

D: Transmission electron microscopy shows virions within the cytoplasm of a keratinocyte, including

immature forms undergoing assembly (long arrow) and mature forms (short arrow). Panel E: High

magnification shows the characteristic dumbbell-shaped inner core of poxviruses. Panel F: Negative

staining of a virion from cell culture shows the brick-shaped particle with regularly spaced, threadlike

ridges on the exposed surface. (See page 156).
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Plate 11 Map showing the temporal spread of JEV from the initial isolation in Japan. Modified from

Solomon (2000). (See page 238).
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Plate 12 Map showing the possible origin and distribution of JEV, showing the geographic distribution

of the genotypes. The ancestral virus is hypothesized to have given rise to genotype 4, and then to the

other genotypes. A possible genotype 5, based on the Muar strain, would have been the earliest genotype

if its sequence is confirmed. From Solomon and Winter (2004) and Solomon et al. (2003a).

(See page 240).
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Plate 13 Example of CCHF virus circulation: transmission by the Hyalomma marginatum rufipes tick.

(See page 307).
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Plate 14 The process of surveillance. Critical points in this process include the detection of events in

individuals (e.g., a diagnosis of measles), the identification of patterns in the population (e.g., a rapid rise

in incidence in a geographic location), and the incorporation of information about identified patterns

into decisions about interventions. (See page 330).
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Guillain–Barré syndrome, WNV-associated 140,

141

habitat, role of 2, 19, 20, 22, 71, 167, 194, 211,

337

HAM/TSP, see human T-cell lymphotropic virus,

type 1 (HTLV-1): associated myelopathy/

tropical spastic paraparesis

hantavirus (HTV) 161–117, 329

diagnosis 171

infections 17, 19

mortality rates 170

pathogenic genotypes 164t

person-to-person transmission 168

phylogenetic tree 163f

phylogeny and epidemiology 166

rodent hosts 167

serotypes 166

transmission 168

treatment 173

Hazara virus 300

Hendra virus

amino acid homology with Nipah virus 180

antibodies to, neutralizing 187

epidemiology 182

365



human-to-human transmission 184

infection

clinical features 189

pathogenesis 188

natural reservoirs 187

outbreaks 182

phylogenetic tree 180f

transmission 184

treatment 193

Henipavirus 179

disease surveillance 194

features 181

geographical occurrence, 183t

person-to-person transmission 182

hepatitis C virus 8

hepatitis E virus (HEV) 18

hepatocellular carcinoma 8

hepatomegaly 277, 309

herd immunity 3, 217

herpes virus 6, 57, 155

heterotypic immunity 270, 271

highly active anti-retroviral therapy (HAART) 66

horses, 102, 138, 188, 212, 339, see also hosts:

dead-end; hosts: intermediate

host(s)

amplifying 22, 23, 138, 211, 221, 244

animal 17

dead-end 18, 138, 210, 244

human 29, 59, 98, 161, 280

intermediate 102, 179, 182, 187, see also pigs

maintenance 211

Nipah and Hendra viruses 182

reservoir 230

unconventional 109

vertebrate 18, 211

human immunodeficiency virus, type 1 (HIV-1) 6

emergent history 6, see also species jumping

HIV-1 vs. HIV-2 25–7, 29, 34

metapneumovirus (hMPV) 45

papillomavirus 7

human T-cell lymphotropic virus, type 1 (HTLV-

1) 7, 27

associated myelopathy/tropical spastic

paraparesis (HAM/TSP) 8, 27

influenza virus 101, see also avian influenza

viruses

1918 H1N1 virus 17, 97,103

phylogenetic analysis 104

antigenic variation 100

Asian flu 17, 103

contagiousness of 47

classification 30, 98

detection 109

formalin-inactivated vaccines 116, 242, 284

1968 H3N2 virus (Hong Kong flu) 17, 103

host(s) 17

cell entry 64

range 101

human infections 31

incubation period 109

live-attenuated vaccines 116-117

natural reservoirs 24, 100

pandemics 17, 97, 105

HA and NA proteins 99

reservoirs, natural 24

transmission 97

treatment and prevention 114–16

vaccines 116, see also antigenic drift; antigenic

shift

virulence 103

virulence determinants 106t

insect repellants 242, see also DEET

irrigation practices, see Japanese encephalitis

virus (JEV): transmission initiation

alternate wet and dry 241

ixodid ticks 300

Japanese encephalitis virus (JEV)

antigenic variation 204, 242

Beijing-1 strain 204

Biken Institute vaccine 221, 242

dengue antibody (pre-existing) 209

diagnosis 210

genomic variation 204

genotypic replacement 207

geographic range 215f

human infection risk, predictor of 212

Japanese encephalitis 22, 184

morphogenesis 203

phylogenetic groupings 206f

seasonal transmission, herons migratory

patterns and 215

serological groups 202

spread 237, 238f, 240

surveillance hosts 212

transmission cycles 210

transmission initiation 220

vaccines 242–244

Khasan virus 300

Koutango virus (KOUV) 202

Kunjin virus 136, 202

366



larvicidal bacteria 241

marsupials 214, 244

Menangle virus 179, 187

meningitis 23, 182

aseptic 209

molecular clock approach 25

molecular dating analysis 7

monkeypox virus (MPV) 24

clades 150

cutaneous lesions 153f

diagnosis 154

incubation period 152

person-to-person transmission 150

prevention 157

rash 152

serologic tests 155

smallpox virus, distinguishing from 152

smallpox vaccination , benefit of 154

transmission 150

vaccination 157

virulent strain 151

morbilliviruses 182

mosquito

dengue virus vector 274

JEV vector 201, 213

population build-up 22

vector reduction 241

WNV vector 138

Murray valley encephalitis virus (MVEV) 202

Nairovirus 300

National Notifiable Disease Surveillance System

(NDSS) 332

Nipah virus

amino acid homology with Hendra viruses 180

CNS infection and encephalitis 185,189, 191

epidemic 22

epidemiology 182

hematologic abnormalities 191

mortality rate 192

pathogenesis 188

Malaysia outbreak vs. Bangladesh outbreak

181, 186, 190

natural reservoirs 187

neutralizing antibodies 187

outbreaks 184–186

person-to-person transmission 185, 191

phylogenetic tree 180f

treatment 193

noroviruses 18

nucleoside analogue 6, 173

Orthomyxoviridae 98

Orthopoxvirus 149

paramyxoviruses 21

pathogenicity test, intravenous 105

phlebotomus flies (sand flies) 230

pigs 22, 182, 202, 210, 219, 243, see also hosts:

intermediate

culling 185

farming 225, 241, 244

polio-like acute flaccid paralysis 209, see also

flaccid paralysis

Program for Monitoring Emerging Diseases

(ProMED)-mail 334

Program for the Appropriate Technology in

Health (PATH) 218, 243

Pteropus fruit bat 182, 187

Puumala virus 19, 161

quasispecies 30, 53

rainfall, role of 216, 227

rat-bite fever (RBF) 172

reemergence 2, 71

rice cultivation 22, 211, 224, 241

pesticides in 217, 220, 241

rickettsialpox 152

Romanomermis culicivorax 241

Rubulavirus 188

Saaremaa virus (SAAV) 166

St. Louis encephalitis virus (SLEV) 202

SARS-CoV, see severe acute respiratory

syndrome coronavirus

severe acute respiratory syndrome coronavirus

(SARS-CoV) 31

clinical features 60

emergence 48

genome

organization 51f

stability of 53

humanization 48, 71

identification 64

immune response to 63–4

inactivation 69

molecular evolution 58–9

natural reservoir 49, see also bats

outbreak detection 328t

pneumonia pathology 61

receptor-based entry 54

replication 57

severity factor 32

367



strains 59

surveillance 339

treatment 66

ultrastructure 50, 45f

simian foamy virus (SFV) 17, 28

simian immunodeficiency virus (SIV) 18,

25

cpz recombination 33

phylogeny 33

Sin Nombre virus 20, 161

smallpox virus mortality 1

smallpox vs. MPV infection, distinguishing

152

species jumping 7, 49, 68, 71, 101

superinfection 34

‘‘superspreading events’’ 45

surveillance102, 119, see also disease surveillance

and characterization 30

CCHFV 304, 309

dengue virus 276

goals 325–7

H5N1 avian influenza virus 109

hantavirus (HTV) 169

Hendra virus 189

Nipah virus 190

passive 151

process of 330f

Syndromic, see syndromic surveillance

WNV 140

syndromic surveillance 329, 333, 335

tick 299, 306

transmissible spongiform encephalopathies

(TSEs) 9

Usutu virus (USUV) 202

variant Creutzfeldt-Jakob disease (vCJD) 9

variola virus 149

vectors

control 35, 241, 283, see also rice cultivation;

agricultural practices, rice cultivation:

pesticides in

densities 211, 220, 231

vector-borne diseases, dynamics of 19

temperature and transmission efficiency 275

viraemia 138, 172, 209, 244, 279, 311

viral load 52, 64, 119

weighted maximum parsimony method 306f

West Nile virus (WNV)

anterior myelitis, WNV-associated 140

avian mortality 338

categories of human infections 139

diagnosis 141–2

E-glycoprotein nucleic acid sequence data 135f

emergence 2, 23, 134, 338

genomic structure 134f

global distribution 137f

incubation period 140

prevention 139

surveillance 338

transmission 138, 139

treatment 142

Yaounde virus (YAOV) 202

yellow fever virus 19, 133, 202

zoonoses 15–35

epidemiology 18

historical aspects 16–17

prevention and control 34–5

transmission 32

zoonotic paramyxoviruses 179

zoonotic sylvan infection cycle 152

zoonotic transmission 25, 35, 186

zoonotic virus 48

transmission modes of 17–18

368


	Cover
	Title: Emerging Viruses in Human Populations
	ISBN 9780444520746
	Contents
	Chapter 1. Introduction: The Emergence of Pathogenic Viruses
	References

	Chapter 2. History of Emerging Viruses in the Late 20th Century and the Paradigm Observed in an Emerging Prion Disease
	Introduction
	Human behavior and herpes simplex virus, type 2 (HSV-2)
	Human immunodeficiency virus, type 1 (HIV-1)
	Human T-lymphotropic viruses
	Hepatitis C virus
	Variant Creutzfeldt-Jakob disease (vCJD)
	Conclusions
	References

	Chapter 3. Zoonoses in the Emergence of Human Viral Diseases
	Introduction
	Historical aspects of zoonoses
	Transmission modes
	Factors influencing the epidemiology of viral zoonoses
	References

	Chapter 4. Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
	The beginning of the epidemic and the identification of SARS-CoV
	The epidemic—timeline and highlights
	Emergence and origin of SARS-CoV
	The virus
	Human disease
	Implications for the future
	References

	Chapter 5. The Pandemic Threat of Avian Influenza Viruses
	Introduction
	Virology
	Pandemic influenza
	Avian influenza
	Prevention and treatment of influenza
	Acknowledgment
	References

	Chapter 6. The Emerging West Nile Virus: From the Old World to the New
	Introduction
	The virus
	Geography
	Transmission
	Clinical aspects of WNV infection
	Conclusions
	Acknowledgments
	References

	Chapter 7. Monkeypox Virus Infections
	Introduction
	Description of the agent
	Epidemiology of MPV infections
	Clinical features
	Laboratory diagnosis
	Prevention of MPV infections
	Treatment of MPV infections
	Conclusions
	References

	Chapter 8. Hantaviruses in the Old and New World
	Introduction
	Historical background
	Hantaviruses, their rodent hosts, and routes of transmission
	The many clinical faces of HTV infections: HFRS-HPS and NE-HPS, and their pathogenesis
	Laboratory diagnosis and differential diagnosis
	What to treat and not to treat
	References

	Chapter 9. Nipah and Hendra Viruses
	Introduction
	Classification, structure, and virology
	Epidemiology
	Pathogenesis and clinical characteristics
	Clinical manifestations
	Laboratory diagnosis
	Treatment, prevention, and control
	Ecologic aspects and future considerations
	Acknowledgments
	References

	Chapter 10. Japanese Encephalitis Virus: The Geographic Distribution, Incidence, and Spread of a Virus with a Propensity to Emerge in New Areas
	Introduction
	Japanese encephalitis virus
	Clinical description and disease associations
	Laboratory diagnosis
	Ecology: vertebrate hosts and vectors
	Geographic range, incidence, and seasonality
	Virus spread
	Prevention
	Future spread of JEV
	Acknowledgements
	References

	Chapter 11. Dengue and the Dengue Viruses
	Introduction
	The virus and the vectors
	Dengue virus genome and replication
	Mosquito vectors and virus transmission cycles
	Epidemic patterns of dengue
	Clinical features
	Laboratory diagnosis
	Pathogenesis and pathology
	Treatment
	Control and prevention
	Conclusions
	References

	Chapter 12. Crimean–Congo Hemorrhagic Fever Virus
	Historical review
	Virus description
	Molecular biology and phylogenetic relationships
	Disease cycle
	CCHF in humans: modes of transmission and risk factors
	Pathophysiology
	Clinical findings
	Laboratory findings
	Diagnosis
	Prognostic factors
	Treatment and prevention
	The risk of CCHFV as an agent of bioterrorism
	Emerging CCHF
	References

	Chapter 13. Surveillance for Newly Emerging Viruses
	Introduction and background
	Surveillance methodology and approaches to surveillance
	Implications for future policy, practice, and research
	References

	Colour Section
	List of Contributors
	Index



