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Abstract

 

. The “Spanish” influenza pandemic of 1918–19 caused
acute illness in 25–30 percent of the world’s population and resulted
in the death of up to an estimated 40 million people. Using fixed and
frozen lung tissue of 1918 influenza victims, the complete genomic
sequence of the 1918 influenza virus has been deduced. Sequence and
phylogenetic analysis of the completed 1918 influenza virus genes
shows them to be the most avian-like among the mammalian-adapted
viruses. This finding supports the hypotheses that (1) the pandemic
virus contains genes derived from avian-like influenza virus strains
and that (2) the 1918 virus is the common ancestor of human and
classical swine H1N1 influenza viruses. The relationship of the 1918
virus with avian influenza viruses is further supported by recent work
in which the 1918 hemagglutinin (HA) protein crystal structure was
resolved. Neither the 1918 hemagglutinin (HA) nor the neuramini-
dase (NA) genes possess mutations known to increase tissue tropic-
ity that account for the virulence of other influenza virus strains like
A/WSN/33 or the highly pathogenic avian influenza H5 or H7 viruses.
Using reverse genetics approaches, influenza virus constructs containing
the 1918 HA and NA on a modern human influenza virus background
were lethal in mice. The complete 1918 virus was even more virulent
in mice. The genotypic basis of this virulence has not yet been eluci-
dated. The complete sequence of the non-structural (NS) gene seg-
ment of the 1918 virus was deduced and also tested for the hypothesis
that enhanced virulence in 1918 could have been due to type I inter-
feron inhibition by the NS1 protein. Results from these experiments
suggest that in human cells the 1918 NS1 is a very effective interferon
antagonist, but the 1918 NS1 gene does not have the amino acid
change that correlates with virulence in the H5N1 virus strains identi-
fied in 1997 in Hong Kong. Sequence analysis of the 1918 pandemic
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influenza virus is allowing us to test hypotheses as to the origin and
virulence of this strain. This information should help elucidate how
pandemic influenza virus strains emerge and what genetic features
contribute to virulence in humans.

 

NFLUENZA A VIRUSES are negative strand RNA viruses of the
genus 

 

Orthomyxoviridae.

 

 They continually circulate in humans in
yearly epidemics (mainly in the winter in temperate climates) and

antigenically novel virus strains emerge sporadically as pandemic viruses
(Cox and Subbarao 2000). In the United States, influenza is estimated to
kill 30,000 people in an average year (Simonsen et al. 2000; Thompson
et al. 2003). Every few years, influenza epidemics boost the annual
number of deaths past the average, causing 10–15,000 additional deaths.
Occasionally, and unpredictably, influenza sweeps the world, infecting
20 percent to 40 percent of the population in a single year. In these
pandemic years, the numbers of deaths can be dramatically above aver-
age. In 1957–58, a pandemic was estimated to cause 66,000 excess
deaths in the United States (Simonsen et al. 1998). In 1918, the worst
pandemic in recorded history was associated with approximately
675,000 total deaths in the United States (United States Department of
Commerce 1976), and killed an estimated 40 million people world-
wide (Crosby 1989; Johnson and Mueller 2002; Patterson and Pyle
1991).

Influenza A viruses constantly evolve by the mechanisms of anti-
genic drift and shift (Webster et al. 1992). Consequently, they should
be considered emerging infectious disease agents, perhaps “continu-
ally” emerging pathogens. The importance of predicting the emergence
of new circulating influenza virus strains for subsequent annual vaccine
development cannot be overestimated (Gensheimer et al. 1999). Pan-
demic influenza viruses have emerged three times in this century: in
1918 (“Spanish” influenza, H1N1), in 1957 (“Asian” influenza, H2N2),
and in 1968 (“Hong Kong” influenza, H3N2; Cox and Subbarao
2000; Webby and Webster 2003). Recent circulation of highly patho-
genic avian H5N1 viruses in Asia from 1997 to 2004 has caused a
small number of human deaths (Claas et al. 1998; Peiris et al. 2004;
Subbarao et al. 1998; Tran et al. 2004). How and when novel influenza
viruses emerge as pandemic virus strains and how they cause disease is
still not understood.

Studying the extent to which the 1918 influenza was like other
pandemics may help us to understand how pandemic influenzas emerge
and cause disease in general. On the other hand, if we determine what
made the 1918 influenza different from other pandemics, we may use
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the lessons of 1918 to predict the magnitude of the public health risks
a new pandemic virus might pose.

 

Origin of Pandemic Influenza Viruses

 

The predominant natural reservoir of influenza viruses is thought to be
wild waterfowl (Webster et al. 1992). Periodically, genetic material
from avian virus strains is transferred to virus strains infectious to
humans by a process called reassortment. Human influenza virus strains
with recently acquired avian surface and internal protein-encoding
RNA segments were responsible for the pandemic influenza outbreaks
in 1957 and 1968 (Kawaoka et al. 1989; Scholtissek et al. 1978a). The
change in the hemagglutinin subtype or the hemagglutinin and the
neuraminidase subtype is referred to as antigenic shift. Since pigs can
be infected with both avian and human virus strains, and various reas-
sortants have been isolated from pigs, they have been proposed as an
intermediary in this process (Ludwig et al. 1995; Scholtissek 1994).
Until recently there was only limited evidence that a wholly avian influ-
enza virus could directly infect humans, but in 1997 eighteen people
were infected with avian H5N1 influenza viruses in Hong Kong, and
six died of complications after infection (Claas et al. 1998; Ludwig et al.
1995; Scholtissek 1994; Subbarao et al. 1998). Although these viruses
were very poorly transmissible or non-transmissible (Claas et al. 1998;
Katz et al. 1999; Ludwig et al. 1995; Scholtissek 1994; Subbarao et al.
1998), their isolation from infected patients indicates that humans can
be infected with wholly avian influenza virus strains. In 2003–04,
H5N1 outbreaks in poultry have become widespread in Asia (Tran et
al. 2004), and at least 23 people have died of complications of infec-
tion in Vietnam and Thailand (WHO 2004). In 2003, a highly patho-
genic H7N7 outbreak occurred in poultry farms in the Netherlands.
This virus caused infections (predominantly conjunctivitis) in 86 poul-
try handlers and in 3 secondary contacts. One of the infected individu-
als died of pneumonia (Fouchier et al. 2004; Koopmans et al. 2004;
WHO 2004). In 2004 an H7N3 influenza outbreak in poultry in Can-
ada also resulted in the infection of a single individual (WHO 2004),
and a patient in New York was reported to be sick following infection
with an H7N2 virus (Lipsman 2004). Therefore, it may not be neces-
sary to invoke swine as the intermediary in the formation of a pan-
demic virus strain since reassortment between an avian and a human
influenza virus could take place directly in humans.

While reassortment involving genes encoding surface proteins
appears to be a critical event for the production of a pandemic virus, a
significant amount of data exists to suggest that influenza viruses must
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also acquire specific adaptations to spread and replicate efficiently in a
new host. Among other features, there must be functional HA receptor
binding and interaction between viral and host proteins (Weis et al.
1988). Defining the minimal adaptive changes needed to allow a reas-
sortant virus to function in humans is essential to understanding how
pandemic viruses emerge.

Once a new virus strain has acquired the changes that allow it to
spread in humans, virulence is affected by the presence of novel surface
protein(s) that allow the virus to infect an immunologically naïve pop-
ulation (Kilbourne 1977). This was the case in 1957 and 1968 and was
almost certainly the case in 1918. While immunological novelty may
explain much of the virulence of the 1918 influenza, it is likely that
additional genetic features contributed to its exceptional lethality.
Unfortunately, not enough is known about how genetic features of
influenza viruses affect virulence. The degree of illness caused by a par-
ticular virus strain, or virulence, is complex and involves host factors
like immune status, and viral factors like host adaptation, transmissi-
bility, tissue tropism, or viral replication efficiency. The genetic basis
for each of these features is not yet fully characterized, but is most
likely polygenic in nature (Kilbourne 1977).

Prior to the analyses on the 1918 virus described in this review,
only two pandemic influenza virus strains were available for molecular
analysis: the H2N2 virus strain from 1957 and the H3N2 virus strain
from 1968. The 1957 pandemic resulted from the emergence of a reas-
sortant influenza virus in which both HA and NA had been replaced
by gene segments closely related to those in avian virus strains (Scha-
fer et al. 1993; Scholtissek et al. 1978b; Webster et al. 1995). The
1968 pandemic followed with the emergence of a virus strain in which
the H2 subtype HA gene was exchanged with an avian-derived H3
HA RNA segment (Scholtissek et al. 1978b; Webster et al. 1995),
while retaining the N2 gene derived in 1957. More recently it has
been shown that the PB1 gene was replaced in both the 1957 and the
1968 pandemic virus strains, also with a likely avian derivation in
both cases (Kawaoka et al. 1989). The remaining five RNA segments
encoding the PA, PB2, nucleoprotein, matrix, and non-structural pro-
teins, all were preserved from the H1N1 virus strains circulating
before 1957. These segments were likely the direct descendants of the
genes present in the 1918 virus. Since only the 1957 and 1968 influ-
enza pandemic virus strains have been available for sequence analysis,
it is not clear what changes are necessary for the emergence of a virus
strain with pandemic potential. Sequence analysis of the 1918 influ-
enza virus allows us potentially to address the genetic basis of viru-
lence and human adaptation.
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Historical Background

 

The influenza pandemic of 1918 was exceptional in both breadth and
depth. Outbreaks of the disease not only swept North America and
Europe, but also spread as far as the Alaskan wilderness and the most
remote islands of the Pacific. It has been estimated that one-third of the
world’s population (500 million people) may have been clinically infected
during the pandemic (Burnet and Clark 1942; Frost 1920). The disease
was also exceptionally severe, with mortality rates among the infected
of more than 2.5 percent, compared with less than 0.1 percent in other
influenza epidemics (Marks and Beatty 1976; Rosenau and Last 1980).
Total mortality attributable to the 1918 pandemic was probably around
40 million (Crosby 1989; Johnson and Mueller 2002; Patterson and
Pyle 1991).

Unlike most subsequent influenza virus strains that have developed
in Asia, the “first wave” or “spring wave” of the 1918 pandemic seem-
ingly arose in the United States in March 1918 (Barry 2004; Crosby
1989; Jordan 1927). However, the near-simultaneous appearance of in-
fluenza in March–April 1918 in North America, Europe, and Asia makes
definitive assignment of a geographic point of origin difficult (Jordan
1927). It is possible that a mutation or reassortment occurred in the
late summer of 1918, resulting in significantly enhanced virulence. The
main wave of the global pandemic, the “fall wave” or “second wave,”
occurred in September–November 1918. In many places, there was yet
another severe wave of influenza in early 1919 (Jordan 1927).

Three extensive outbreaks of influenza within one year is unusual,
and may point to unique features of the 1918 virus that could be
revealed in its sequence. Interpandemic influenza outbreaks generally
occur in a single annual wave in the late winter. The severity of annual
outbreaks is affected by antigenic drift, with an antigenically modified
virus strain emerging every two to three years. Even in pandemic influ-
enza, while the normal late winter seasonality may be violated, the suc-
cessive occurrence of distinct waves within a year is unusual. The 1890
pandemic began in the late spring of 1889 and took several months to
spread throughout the world, peaking in northern Europe and the
United States in late 1889 or early 1890. The second wave peaked in
spring 1891 (more than a year after the first wave) and the third wave
in early 1892 (Jordan 1927). As in 1918, subsequent waves seemed to
produce more severe illness, so that the peak mortality was reached in
the third wave of the pandemic. The three waves, however, were
spread over more than three years, in contrast with less than one year
in 1918. It is unclear what gave the 1918 virus this unusual ability to
generate repeated waves of illness. Perhaps the surface proteins of the
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virus drifted more rapidly than other influenza virus strains, or perhaps
the virus had an unusually effective mechanism for evading the human
immune system.

It has been estimated that the influenza epidemic of 1918 killed
675,000 Americans, including 43,000 servicemen mobilized for World
War I (Crosby 1989). The impact was so profound as to depress aver-
age life expectancy in the U.S. by more than ten years (fig. 1; Grove
and Hetzel 1968), and may have played a significant role in ending
World War I (Crosby 1989; Ludendorff 1919).

The majority of individuals who died during the pandemic suc-
cumbed to secondary bacterial pneumonia (Jordan 1927; LeCount
1919; Wolbach 1919), since no antibiotics were available in 1918.
However, a subset died rapidly after the onset of symptoms, often with
either massive acute pulmonary hemorrhage or pulmonary edema, often
in less than five days (LeCount 1919; Winternitz et al. 1920; Wolbach
1919). In the hundreds of autopsies performed in 1918, the primary
pathologic findings were confined to the respiratory tree and death was
due to pneumonia and respiratory failure (Winternitz et al. 1920).
These findings are consistent with infection by a well-adapted influenza
virus capable of rapid replication throughout the entire respiratory tree
(Reid and Taubenberger 1999; Taubenberger et al. 2000). There was
no clinical or pathological evidence for systemic circulation of the virus
(Winternitz et al. 1920).

Furthermore, in the 1918 pandemic most deaths occurred among
young adults, a group that usually has a very low death rate from influ-
enza. Influenza and pneumonia death rates for 15-to-34-year-olds were

Figure 1. Life expectancy in the United States, 1900–60, showing the impact of
the 1918 influenza pandemic (Grove and Hetzel 1968; Linder and Grove 1943;
United States Department of Commerce 1976).
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more than twenty times higher in 1918 than in previous years (fig. 2;
Linder and Grove 1943; Simonsen et al. 1998). The 1918 pandemic is
also unique among influenza pandemics in that absolute risk of influ-
enza mortality was higher in those less than 65 years of age than in
those older than 65. Strikingly, persons less than 65 years old accounted
for more than 99 percent of all excess influenza-related deaths in
1918–19 (Simonsen et al. 1998). In contrast, the under-65 age group
accounted for only 36 percent of all excess influenza-related mortality
in the 1957 H2N2 pandemic and 48 percent in the 1968 H3N2 pan-
demic. Overall, nearly half of the influenza-related deaths in the 1918
influenza pandemic were young adults, age 20–40 (fig. 2; Simonsen et
al. 1998). Why this particular age group suffered such extreme mortal-
ity is not fully understood (see below).

The 1918 influenza had as another unique feature the simultaneous
infection of both humans and swine. Interestingly, swine influenza was
first recognized as a clinical entity in that species in the fall of 1918
(Koen 1919), concurrently with the spread of the second wave of the pan-
demic in humans (Dorset et al. 1922–23). Investigators were impressed
with the clinical and pathological similarities of human and swine
influenza in 1918 (Koen 1919; Murray and Biester 1930). An extensive

Figure 2. Influenza and pneumonia mortality by age, United States. Influenza
and pneumonia specific mortality by age, including an average of the inter-
pandemic years 1911–15 (dashed line), and the pandemic year 1918 (solid line).
Specific death rate is per 100,000 of the population in each age division (Grove
and Hetzel 1968; Linder and Grove 1943; United States Department of Commerce
1976).
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review by the veterinarian W. W. Dimoch of the diseases of swine, pub-
lished in August 1918, makes no mention of any swine disease resem-
bling influenza (Dimoch 1918–19). Thus, contemporary investigators
were convinced that influenza virus had not circulated as an epizootic
disease in swine before 1918 and that the virus spread from humans to
pigs because of the appearance of illness in pigs after the first wave of
the 1918 influenza in humans (Shope 1936).

Thereafter, the disease became widespread among swine herds in the
U.S. Midwest. The epizootic of 1919–20 was as extensive as in 1918–
19. The disease then appeared among swine in the Midwest every year,
leading to Shope’s isolation of the first influenza virus in 1930, A/swine/
Iowa/30 (Shope and Lewis 1931), three years before the isolation of
the first human influenza virus, A/WS/33 by Smith, Andrewes, and
Laidlaw (Smith et al. 1933). Classical swine viruses have continued to
circulate not only in North American pigs, but also in swine popula-
tions in Europe and Asia (Brown et al. 1995; Kupradinun et al. 1991;
Nerome et al. 1982).

During the fall and winter of 1918–19, severe influenza-like out-
breaks were noted in swine not only in the United States, but also in
Europe and China (Beveridge 1977; Chun 1919; Koen 1919). Since
1918 there have been many examples of both H1N1 and H3N2 human
influenza A virus strains’ becoming established in swine (Brown et al.
1998; Castrucci et al. 1993; Zhou et al. 2000) while swine influenza A
virus strains have been isolated only sporadically from humans (Gay-
dos et al. 1977; Woods et al. 1981).

The unusual severity of the 1918 pandemic and the exceptionally
high mortality it caused among young adults have stimulated great
interest in the influenza virus strain responsible for the 1918 outbreak
(Crosby 1989; Kolata 1999; Monto et al. 1997). Since the first human
and swine influenza A viruses were not isolated until the early 1930s
(Shope and Lewis 1931; Smith et al. 1933), characterization of the
1918 virus strain has had previously to rely on indirect evidence (Kane-
gae et al. 1994; Shope 1958).

 

Serology and Epidemiology of the 1918 Influenza Virus

 

Analyses of antibody titers of 1918 influenza survivors from the late
1930s suggested correctly that the 1918 virus strain was an H1N1-
subtype influenza A virus, closely related to what is now known as
“classic swine” influenza virus (Dowdle 1999; Philip and Lackman
1962; Shope 1936). The relationship to swine influenza is also reflected
in the simultaneous influenza outbreaks in humans and pigs around the
world (Beveridge 1977; Chun 1919; Koen 1919). While historical
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accounts described above suggest that the virus spread from humans to
pigs in the fall of 1918, the relationship of these two species in the
development of the 1918 influenza has not been resolved.

It is not known for certain what influenza A subtype(s) circulated
before the 1918 pandemic. In a recent review of the existing archaeo-
serologic and epidemiologic data, Walter Dowdle concluded that an
H3 subtype influenza A virus strain circulated from the 1889–91 pan-
demic to 1918, when it was replaced by the novel H1N1 virus strain of
the 1918 pandemic (Dowdle 1999).

It is reasonable to conclude that the 1918 virus strain must have
contained a hemagglutinin gene encoding a novel subtype such that
large portions of the population did not have protective immunity (Kil-
bourne 1977; Reid and Taubenberger 1999). In fact, epidemiological
data on influenza prevalence by age in the population collected between
1900 and 1918 provide good evidence for the emergence of an antigen-
ically novel influenza virus in 1918 (Jordan 1927). Jordan showed that
from 1900 to 1917, the 5–15 age group accounted for 11 percent of
total influenza cases in this series, while the 

 

�

 

65 age group similarly
accounted for 6 percent of influenza cases. In 1918 the 5-to-15-year-
old group jumped to 25 percent of influenza cases, compatible with
exposure to an antigenically novel virus strain. The 

 

�

 

65 age group
accounted for only 0.6 percent of the influenza cases in 1918. It is
likely that this age group accounted for a significantly lower percentage
of influenza cases because younger people were so susceptible to the
novel virus strain (as seen in the 1957 pandemic; Ministry of Health
1960; Simonsen et al. 1998), but it is also possible that this age group
had pre-existing H1 antibodies. Further evidence for pre-existing H1
immunity can be derived from the age-adjusted mortality data in fig. 2.
Those individuals 

 

�

 

75 years had a lower influenza and pneumonia
case mortality rate in 1918 than they had for the pre-pandemic period
of 1911–17.

When 1918 influenza case rates by age (Jordan 1927) are superim-
posed on the familiar “W” shaped mortality curve (seen in fig. 2), a
different perspective emerges (fig. 3). As shown, those 

 

�

 

35 years of age
in 1918 accounted for a disproportionately high influenza incidence by
age. Interestingly, the 5–14 age group accounted for a large fraction of
1918 influenza cases, but had an extremely low case mortality rate
compared with other age groups (fig. 3). Why this age group had such
a low case fatality rate cannot yet be fully explained. Conversely, why
the 25–34 age group had such a high influenza and pneumonia mortal-
ity rate in 1918 remains enigmatic, but it is one of the truly unique fea-
tures of the 1918 influenza pandemic.

One theory that may explain these data concerns the possibility
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that the virus had an intrinsically high virulence that was tempered only
in those patients who had been born before 1889. It can be speculated
that the virus circulating prior to 1889 was an H1-like virus strain that
provided partial protection against the 1918 virus strain (Ministry of
Health 1960; Simonsen et al. 1998; Taubenberger et al. 2001).

Thus, it seems clear that the H1N1 virus of the 1918 pandemic
contained an antigenically novel hemagglutinin to which most humans
and swine were susceptible in 1918. Given the severity of the pan-
demic, it is also reasonable to suggest that the other dominant surface
protein, NA, would also have been replaced by antigenic shift before
the start of the pandemic (Reid and Taubenberger 1999; Taubenberger
et al. 2000). In fact, sequence and phylogenetic analyses suggest that
the genes encoding these two surface proteins were derived from an
avian-like influenza virus shortly before the start of the 1918 pan-
demic, and that the precursor virus did not circulate widely in either
humans or swine before 1918 (Fanning et al. 2002; Reid et al. 1999;
Reid et al. 2000; fig. 4). It is currently unclear what other influenza
gene segments were novel in the 1918 pandemic virus in comparison

Figure 3. Influenza and pneumonia mortality by age (solid line), with influenza
morbidity by age (dashed line) superimposed. Influenza and pneumonia mortality
by age as in figure 2. Specific death rate per age group, left ordinal axis. Influenza
morbidity presented as ratio of incidence in persons of each group to incidence in
persons of all ages (�100), right ordinal axis. Horizontal line at 100 (right ordinal
axis) represents average influenza incidence in the total population (Taubenberger
et al. 2001; adapted from Jordan 1927).
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with the previously circulating virus strain. It is possible that sequence
and phylogenetic analyses of the gene segments of the 1918 virus may
help elucidate this question.

 

Genetic Characterization of the 

 

1918

 

 Virus

 

Sequence and functional analysis of the hemagglutinin
and neuraminidase gene segments

 

Frozen and fixed lung tissue from five fall-wave 1918 influenza victims
has been used to examine directly the genetic structure of the 1918
influenza virus. Two of the cases analyzed were U.S. Army soldiers
who died in September 1918, one in Camp Upton, New York, and the
other in Fort Jackson, South Carolina. The available material consists
of formalin-fixed, paraffin-embedded (FFPE) autopsy tissue, hema-
toxylin- and eosin-stained microscopic sections, and the clinical histo-
ries of these patients. A third sample was obtained from an Alaskan
Inuit woman who had been interred in permafrost in Brevig Mis-
sion, Alaska, since her death from influenza in November 1918. The
influenza virus sequences derived from these three cases have been

Figure 4. Change in hemagglutinin (HA) and neuraminidase (NA) proteins
over time (Reid et al. 1999; Reid et al. 2000; Taubenberger et al. 2000). The
number of amino acid changes from a hypothetical ancestor was plotted versus the
date of viral isolation for viruses isolated from 1930 to 1993. Open circles, human
HA; closed diamonds, human NA; closed circles, swine HA; open diamonds,
swine NA. Regression lines were drawn and extrapolated to the x-intercept and
then the 1918 data points (closed square, 1918 HA; closed circle, 1918 NA) were
added to the graph (arrow).
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called A/South Carolina/1/18 (H1N1), A/New York/1/18 (H1N1), and
A/Brevig Mission/1/18 (H1N1), respectively. To date, all eight RNA
segment sequences have been published (Basler et al. 2001; Reid et
al. 1999; Reid et al. 2004; Reid et al. 2002; Reid et al. 2000; Tauben-
berger et al. 2005). The HA sequences of two additional fixed
autopsy cases of 1918 influenza victims from the Royal London Hos-
pital were determined (Reid et al. 2003). The HA sequences from
these five cases show 

 

�

 

99 percent sequence identity, but differ at
amino acid residue 225 (see below).

The sequence of the 1918 HA is most closely related to that of the
A/swine/Iowa/30 virus. However, despite this similarity the sequence
has many avian features. Of the 41 amino acids that have been shown
to be targets of the immune system and subject to antigenic drift pres-
sure in humans, 37 match the avian sequence consensus, suggesting
that there was little immunologic pressure on the HA protein before
the fall of 1918 (Reid et al. 1999). Another mechanism by which influ-
enza viruses evade the human immune system is the acquisition of gly-
cosylation sites to mask antigenic epitopes. The HAs from modern
H1N1 viruses have up to five glycosylation sites in addition to the four
found in all avian HAs. The HA of the 1918 virus has only the four con-
served avian sites (Reid et al. 1999).

Influenza virus infection requires binding of the HA protein to
sialic acid receptors on the host cell surface. The HA receptor-binding
site consists of a subset of amino acids that are invariant in all avian
HAs but vary in mammalian-adapted HAs. Human-adapted influenza
viruses preferentially bind sialic acid receptors with 

 

�

 

(2-6) linkages.
Those viral strains adapted to birds preferentially bind 

 

�

 

(2-3) linked
sugars (Gambaryan et al. 1997; Matrosovich et al. 1997; Weis et al.
1988). To shift from the proposed avian-adapted receptor-binding site
configuration (with a preference for 

 

�

 

(2-3) sialic acids) to that of swine
H1s (which can bind both 

 

�

 

(2-3) and 

 

�

 

(2-6)) requires only one amino
acid change, E190D. The HA sequences of all five 1918 cases have the
E190D change (Reid et al. 2003). In fact, the critical amino acids in the
receptor-binding site of two of the 1918 cases are identical with that of
the A/swine/Iowa/30 HA. The other three 1918 cases have an addi-
tional change from the avian consensus, G225D. Since swine viruses
with the same receptor site as A/swine/Iowa/30 bind both avian and
mammalian-type receptors (Gambaryan et al. 1997), A/New York/1/18
virus probably also had the capacity to bind both. The change at resi-
due 190 may represent the minimal change necessary to allow an avian
H1-subtype HA to bind mammalian-type receptors (Gamblin et al.
2004; Reid et al. 1999; Reid et al. 2003; Stevens et al. 2004), a critical
step in host adaptation.
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The crystal structure analysis of the 1918 HA (Gamblin et al.
2004; Stevens et al. 2004) suggests that the overall structure of the
receptor-binding site is akin to that of an avian H5 HA in terms of its
having a narrower pocket than that identified for the human H3 HA
(Wilson et al. 1981). This provides an additional clue for the avian der-
ivation of the 1918 HA. The four antigenic sites that have been identi-
fied for another H1 HA, the A/PR/8/34 virus HA (Caton et al. 1982)
also appear to be the major antigenic determinants on the 1918 HA. The
X-ray analyses suggest that these sites are exposed on the 1918 HA;
thus, they could be readily recognized by the human immune system.

The principal biological role of NA is the cleavage of the terminal
sialic acid residues that are receptors for the virus’s HA protein (Palese
and Compans 1976). The active site of the enzyme consists of 15
invariant amino acids that are conserved in the 1918 NA. The func-
tional NA protein is configured as a homotetramer in which the active
sites are found on a terminal knob carried on a thin stalk (Colman et
al. 1983). Some early human virus strains have short (11–16 amino
acids) deletions in the stalk region, as do many virus strains isolated
from chickens. The 1918 NA has a full-length stalk and has only the
glycosylation sites shared by avian N1 virus strains (Schulze 1997).
Although the antigenic sites on human-adapted N1 neuraminidases have
not been definitively mapped, it is possible to align the N1 sequences
with N2 subtype NAs and examine the N2 antigenic sites for evidence
of drift in N1. There are 22 amino acids on the N2 protein that may
function in antigenic epitopes (Colman et al. 1983). The 1918 NA
matches the avian consensus at 21 of these sites (Reid et al. 2000). This
finding suggests that the 1918 NA, like the 1918 HA, had not circu-
lated long in humans before the pandemic and very possibly had an
avian origin (Reid and Taubenberger 2003).

Neither the 1918 HA nor the 1918 NA genes have obvious genetic
features that can be related directly to virulence. Two known muta-
tions that can dramatically affect the virulence of influenza virus strains
have been described. For viral activation HA must be cleaved into two
pieces, HA1 and HA2, by a host protease (Lazarowitz and Choppin
1975; Rott et al. 1995). Some avian H5 and H7 subtype viruses acquire
a mutation that involves the addition of one or more basic amino acids
to the cleavage site, allowing HA activation by ubiquitous proteases
(Kawaoka and Webster 1988; Webster and Rott 1987). Infection with
such a pantropic virus strain can cause systemic disease in birds with
high mortality. This mutation was not observed in the 1918 virus (Reid
et al. 1999; Taubenberger et al. 1997).

The second mutation with a significant effect on virulence through
pantropism has been identified in the NA gene of two mouse-adapted
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influenza virus strains, A/WSN/33 and A/NWS/33. Mutations at a sin-
gle codon (N146R or N146Y, leading to the loss of a glycosylation
site) appear, like the HA cleavage site mutation, to allow the virus to
replicate in many tissues outside the respiratory tract (Li et al. 1993).
This mutation was also not observed in the NA of the 1918 virus (Reid
et al. 2000).

Therefore, neither surface protein-encoding gene has known muta-
tions that would allow the 1918 virus to become pantropic. Since clinical
and pathological findings in 1918 showed no evidence of replication
outside the respiratory system (Winternitz et al. 1920; Wolbach 1919),
mutations allowing the 1918 virus to replicate systemically would not
have been expected. However, the relationship of other structural fea-
tures of these proteins (aside from their presumed antigenic novelty) to
virulence remains unknown. In their overall structural and functional
characteristics, the 1918 HA and NA are avian-like, but they also have
mammalian-adapted characteristics.

Interestingly, recombinant influenza viruses containing the 1918
HA and NA and up to five additional genes derived from the 1918
virus (the other genes being derived from either the A/WSN/33 virus or
a modern human H1N1 virus) were all highly virulent in mice (Tumpey
et al. 2004; Tumpey et al. 2005). Furthermore, expression microarray
analysis performed on whole lung tissue of mice infected with the 1918
HA/NA recombinant showed increased upregulation of genes involved
in apoptosis, tissue injury, and oxidative damage (Kash et al. 2004).
These findings were unusual because the viruses with the 1918 genes
had not been adapted to mice. On the other hand replacement of only
a single gene, the NS gene, in the A/WSN/33 virus background led to a
dramatic decrease in the LD

 

50

 

 value for mice, suggesting that the lack
of mouse adaptation by the interferon antagonist (coded for by the
1918 NS gene) is associated with a decrease in virulence (Basler et al.
2001). Again, the 1918 NS gene in the context of additional 1918
genes (the HA, NA, NP, and M genes) appears to result in recombinant
viruses with high virulence in mice (see above). One explanation is that
the combination of the genes/proteins of the 1918 virus was “opti-
mal,” and that this virus—unfortunately for humans and pigs—was a
“lucky” winner. As a consequence, viruses with many (or most) genes
derived from the 1918 virus are highly pathogenic in different species
because the 1918 genes possibly work synergistically in terms of viru-
lence. The completion of the sequence of the entire genome of the 1918
virus (Taubenberger et al. 2005) and the reconstruction and character-
ization of viruses with 1918 genes under appropriate biosafety condi-
tions (Tumpey et al. 2005) have shed more light on this hypothesis and
should allow a definitive examination of this explanation.
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Antigenic analysis of recombinant viruses possessing the 1918 HA
and NA by hemagglutination inhibition tests using ferret and chicken
antisera suggested a close relationship with the A/swine/Iowa/30 virus
and H1N1 viruses isolated in the 1930s (Tumpey et al. 2004), further
supporting data of Shope from the 1930s (Shope 1936). Interestingly,
when mice were immunized with different H1N1 virus strains, chal-
lenge studies using the 1918-like viruses revealed partial protection by
this treatment, suggesting that current vaccination strategies are ade-
quate against a 1918-like virus (Tumpey et al. 2004). In fact, the data
may even allow us to suggest that the human population, having expe-
rienced a long period of exposure to H1N1 viruses, may be partially
protected against a 1918-like virus (Tumpey et al. 2004).

Since virulence (in the immunologically naïve person) has not yet
been mapped to particular sequence motifs of the 1918 HA and NA
genes, what can gene sequencing tell us about the origin of the 1918
virus? The best approach to analyzing the relationships among influ-
enza viruses is phylogenetics, whereby hypothetical family trees are
constructed. These family trees take available sequence data and use
them to make assumptions about the ancestral relationships between
current and historical influenza virus strains (Fitch et al. 1991; Gam-
melin et al. 1990; Scholtissek et al. 1993; fig. 5). Since influenza viruses
possess eight discrete RNA segments that can move independently
between virus strains by the process of reassortment, these evolution-
ary studies must be performed independently for each gene segment.

A comparison of the complete 1918 HA (fig. 5) and NA genes with
those of numerous human, swine, and avian sequences demonstrates the
following. Phylogenetic analyses based upon HA nucleotide changes
(whether total, synonymous, or nonsynonymous) or HA amino acid
changes always place the 1918 HA with the mammalian viruses, not
with the avian viruses (Reid et al. 1999). In fact, both synonymous and
nonsynonymous changes place the 1918 HA in the human clade. Phy-
logenetic analyses of total or synonymous NA nucleotide changes also
place the 1918 NA sequence with the mammalian viruses, but analysis
of nonsynonymous changes or amino acid changes places the 1918 NA
with the avian viruses (Reid et al. 2000). Since the 1918 HA and NA
have avian features and most analyses place HA and NA near the root
of the mammalian clade (close to an ancestor of the avian genes), it is
likely that both genes emerged from an avian-like influenza reservoir
just prior to 1918 (Fanning et al. 2000; Fanning and Taubenberger
1999; Reid et al. 1999; Reid et al. 2000; Reid and Taubenberger 2003;
fig. 4). Clearly, by 1918 the virus had acquired enough mammalian-
adaptive changes to function as a human pandemic virus and to form a
stable lineage in swine.
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Sequence and functional analysis of the non-structural 
gene segment

 

The complete coding sequence of the 1918 non-structural (NS) seg-
ment was completed (Basler et al. 2001). The functions of the two pro-
teins, NS1 and NS2 (NEP), encoded by overlapping reading frames
(Lamb and Lai 1980) of the NS segment are still being elucidated
(García-Sastre 2002; García-Sastre et al. 1998; Krug et al. 2003; Li et

Figure 5. Phylogenetic tree of the influenza virus hemagglutinin gene segment.
Amino acid changes in three lineages of the influenza virus hemagglutinin protein
segment, HA1. The tree shows the numbers of unambiguous changes between
these sequences, with branch lengths being proportional to number of changes.
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al. 1998; O’Neill et al. 1998). The NS1 protein has been shown to pre-
vent type I interferon (IFN) production, by preventing activation of the
latent transcription factors IRF-3 (Talon et al. 2000) and NF-

 

�

 

B (Wang
et al. 2000). One of the distinctive clinical characteristics of the 1918
influenza was its ability to produce rapid and extensive damage to both
the upper and lower respiratory epithelium (Winternitz et al. 1920).
Such a clinical course suggests a virus that replicated to a high titer and
spread quickly from cell to cell. Thus, an NS1 protein that was espe-
cially effective at blocking the type I IFN system might have contrib-
uted to the exceptional virulence of the 1918 virus strain (García-
Sastre et al. 1998; Talon et al. 2000; Wang et al. 2000). To address this
possibility, transfectant A/WSN/33 influenza viruses were constructed
with the 1918 NS1 gene or with the entire 1918 NS segment (coding
for both NS1 and NS2 [NEP] proteins; Basler et al. 2001). In both
cases, viruses containing 1918 NS genes were attenuated in mice, com-
pared with wild-type A/WSN/33 controls. The attenuation demonstrates
that NS1 is critical for the virulence of A/WSN/33 in mice. On the
other hand, transcriptional profiling (microarray analysis) of infected
human lung epithelial cells showed that a virus with the 1918 NS1
gene was more effective at blocking the expression of IFN-regulated
genes than the isogenic parental mouse-adapted A/WSN/33 virus (Geiss
et al. 2002), suggesting that the 1918 NS1 contributes virulence char-
acteristics in human cells but not murine ones. The 1918 NS1 protein
varies from that of the WSN virus at 10 amino acid positions. The
amino acid differences between the 1918 and A/WSN/33 NS segments
may be important in the adaptation of the latter virus strain to mice,
and likely account for the observed differences in virulence in these
experiments. Recently, a single amino acid change (D92E) in the NS1
protein was associated with increased virulence of the 1997 Hong
Kong H5N1 viruses in a swine model (Seo et al. 2002). This amino
acid change was not found in the 1918 NS1 protein.

 

Sequence and functional analysis of the matrix gene segment

 

The coding region of influenza A RNA segment 7 from the 1918 pan-
demic virus, consisting of the open reading frames of the two matrix
genes, M1 and M2, has been sequenced (Reid et al. 2002). While this seg-
ment is highly conserved among influenza virus strains, the 1918 sequence
does not match any previously sequenced influenza virus strains. The
1918 sequence matches the consensus over the M1 RNA-binding domains
and nuclear localization signal and the highly conserved transmembrane
domain of M2. Amino acid changes that correlate with high yield and
pathogenicity in animal models were not found in the 1918 virus strain.
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Influenza A virus RNA segment 7 encodes two proteins, the matrix
proteins M1 and M2. The M1 mRNA is colinear with the viral RNA,
while the M2 mRNA is encoded by a spliced transcript (Lamb and Krug
2001). The proteins encoded by these mRNAs share their initial nine
amino acids and also have a stretch of 14 amino acids in overlapping
reading frames. The M1 protein is a highly conserved 252 amino acid
protein. It is the most abundant protein in the viral particle, lining the
inner layer of the viral membrane and contacting the ribonucleoprotein
core. M1 has been shown to have several functions (Lamb and Krug
2001) including regulation of nuclear export of vRNPs, both permitting
the transport of vRNP particles into the nucleus upon infection and pre-
venting newly exported vRNP particles from re-entering the nucleus. The
97 amino acid M2 protein is a homotetrameric integral membrane pro-
tein that exhibits ion channel activity and is the target of the drug amanta-
dine (Hay et al. 1985). The ion channel activity of M2 is important both
during virion uncoating and during viral budding (Lamb and Krug 2001).

In the transmembrane region of the M2 protein, five amino acid
sites have been identified that are involved in resistance to the antiviral
drug amantadine: sites 26, 27, 30, 31, and 34 (Holsinger et al. 1994).
The 1918 influenza M2 sequence is identical at these positions with
that of the amantadine-sensitive influenza virus strains. Thus, it was
predicted that the M2 protein of the 1918 influenza virus would be
sensitive to amantadine. This was recently demonstrated experimentally.
A recombinant virus possessing the 1918 matrix segment was inhibited
effectively both in tissue culture and 

 

in vivo

 

 by the M2 ion-channel
inhibitors amantadine and rimantadine (Tumpey et al. 2002).

The phylogenetic analyses suggest that the 1918 matrix genes,
while more avian-like than those of other mammalian influenza viruses,
were mammalian-adapted (Reid et al. 2002). For example, the extra-
cellular domain of the M2 protein contains 4 amino acids that differ
consistently between the avian and mammalian clades (M2 residues
#14, 16, 18, and 20). The 1918 sequence matches the mammalian
sequence at all four of these residues (Reid et al. 2002), suggesting that
the matrix segment may have been circulating in human virus strains
for at least several years before 1918.

 

Sequence and functional analysis of the nucleoprotein gene segment

 

The nucleoprotein gene (NP) of the 1918 pandemic influenza A virus
has been amplified and sequenced from archival material (Reid et al.
2004). The NP gene is known to be involved in many aspects of viral
function and to interact with host proteins, thereby playing a role in
host specificity (Portela and Digard 2002). NP is highly conserved,
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with a maximum amino acid difference of 11 percent among virus
strains, probably because it must bind to multiple proteins, both viral
and cellular. Numerous studies suggest that NP is a major determinant
of host specificity (Scholtissek et al. 1985; Scholtissek et al. 1978a).
The 1918 NP amino acid sequence differs at only 6 amino acids from
avian consensus sequences, consistent with reassortment from an avian
source shortly before 1918. However, the 1918 NP nucleotide sequence
has more than 170 differences from avian consensus sequences, sug-
gesting substantial evolutionary distance from known avian sequences.
Both the 1918 NP gene and protein sequences fall within the mamma-
lian clade upon phylogenetic analysis.

Phylogenetic analyses of NP sequences from many virus strains
result in trees with two main branches, one consisting of mammalian-
adapted virus strains and one of avian-adapted virus strains (Gamme-
lin et al. 1990; Gorman et al. 1991; Shu et al. 1993). The NP gene seg-
ment was not replaced in the pandemics of 1957 and 1968, so it is
likely that the sequences in the mammalian clade are descended from
the 1918 NP segment. The mammalian branches, unlike the avian
branch, show a slow but steady accumulation of changes over time.
Extrapolation of the rate of change along the human branch back to a
putative common ancestor suggests that this NP entered the mamma-
lian lineage sometime after 1900 (Gammelin et al. 1990; Gorman et al.
1991; Shu et al. 1993). Separate analyses of synonymous and nonsyn-
onymous substitutions also placed the 1918 virus NP gene in the mam-
malian clade (Reid et al. 2004). When synonymous substitutions were
analyzed, the 1918 virus gene was placed within and near the root of
swine viruses. When nonsynonymous viruses were analyzed, the 1918
virus gene was placed within and near the root of the human viruses.

The evolutionary distance of the 1918 NP from avian and mamma-
lian sequences was examined using several different parameters. There
are at least three possibilities for the origin of the 1918 NP gene seg-
ment (Reid et al. 2004). First, it could have been retained from the pre-
viously circulating human virus, as was the case with the 1957 and
1968 pandemic virus strains, whose NP segments are descendants of
the 1918 NP. The large number of nucleotide changes from the avian
consensus and the placement of the 1918 sequence in the mammalian
clade are consistent with this hypothesis. NJ analyses of nonsynony-
mous nucleotide sequences or of amino acid sequences place the 1918
sequence within and near the root of the human clade. The 1918 NP
has only a few amino acid differences from most bird virus strains, but
this consistent group of amino acid changes is shared by the 1918 NP
and its subsequent mammalian descendants and is not found in any
birds, resulting in the 1918 sequence’s being placed outside the avian
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clade (Reid et al. 2004). One or more of these amino acid substitutions
may be important for adaptation of the protein to humans. However,
the very small number of amino acid differences from the avian con-
sensus argues for recent introduction from birds—eighty years after
1918, the NP genes of human influenza virus strains have accumulated
more than 30 additional amino acid differences from the avian consen-
sus (a rate of 2.3 amino acid changes per year). Thus, it seems unlikely
that the 1918 NP, with only 6 amino acid differences from the avian
consensus, could have been in humans for many years before 1918.
This conclusion is supported by the regression analysis that suggests
that the progenitor of the 1918 virus probably entered the human pop-
ulation around 1915 (Reid et al. 2004).

A second possible origin for the 1918 NP segment is direct reas-
sortment from an avian virus. The small number of amino acid differ-
ences between 1918 and the avian consensus supports this hypothesis.
While 1918 varies at many nucleotides from the nearest avian virus
strain, avian virus strains are quite diverse at the nucleotide level. Syn-
onymous/non-synonymous ratios between 1918 and avian virus strains
are similar to the ratios between avian virus strains, opening the possi-
bility that avian virus strains may exist that are more closely related to
1918. The great evolutionary distance between the 1918 sequence and
the avian consensus suggests that no avian virus strain similar to those
in the currently identified clades could have provided the 1918 virus
strain with its NP segment.

A final possibility is that the 1918 gene segment was acquired
shortly before 1918 from a source not currently represented in the
database of influenza sequences. There may be a currently unknown
influenza host that, while similar to currently characterized avian virus
strains at the amino acid level, is quite different at the nucleotide level.
It is possible that such a host was the source of the 1918 NP segment
(Reid et al. 2004).

 

Future Work

 

All eight RNA segments of the 1918 influenza virus have been sequenced
and analyzed. Their characterization has shed light on the origin of the
virus and strongly supports the hypothesis that the 1918 virus was the
common ancestor of both subsequent human and swine H1N1 lin-
eages. Sequence analysis of the genes to date offers no definitive clue as
to the genotypic basis of the exceptional virulence of the 1918 virus
strain. Thus, experiments testing models of virulence using reverse
genetics approaches with 1918 influenza genes have begun.

It is hoped that in future work the 1918 pandemic virus strain can
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be placed in the context of influenza virus strains that preceded it and
followed it. The direct precursor of the pandemic virus, the first or
“spring” wave virus strain, lacked the exceptional virulence of the
“fall” wave virus strain. Identification of an influenza RNA-positive
case from the first wave would have tremendous value in deciphering
the genetic basis for virulence, by allowing differences in the sequences
to be highlighted. Identification of pre-1918 human influenza RNA
samples would clarify which gene segments were novel in the 1918
virus.

In many respects, the 1918 influenza pandemic was similar to other
influenza pandemics. In its epidemiology, disease course, and pathol-
ogy, the pandemic generally was different in degree but not in kind from
previous and subsequent pandemics. Furthermore, laboratory experi-
ments using recombinant influenza viruses containing genes from the
1918 virus suggest that the 1918 and 1918-like viruses would be as
sensitive to the FDA-approved anti-influenza drugs rimantadine and
oseltamivir as other virus strains (Tumpey et al. 2002).

However, there are some characteristics of the pandemic that
appear to be unique. Mortality was exceptionally high, ranging from
five to twenty times higher than normal. Clinically and pathologically,
the high mortality appears to be the result of a higher proportion of
severe and complicated infections of the respiratory tract, not with sys-
temic infection or involvement of organ systems outside the influenza
virus’s normal targets. The mortality was concentrated in an unusually
young age group. Finally, the waves of influenza activity followed on
each other unusually rapidly, resulting in three major outbreaks within
a year’s time. Each of these unique characteristics may find its explana-
tion in genetic features of the 1918 virus. The challenge will be in
determining the links between the biological capabilities of the virus
and the known history of the pandemic.
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