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Just over a century ago in 1918–1919, the “Spanish” influenza pandemic appeared nearly
simultaneously around the world and caused extraordinary mortality—estimated at 50–100
million fatalities—associated with unexpected clinical and epidemiological features. The
pandemic’s sudden appearance and high fatality rate were unprecedented, and 100 years
later still serve as a stark reminder of the continual threat influenza poses. Sequencing and
reconstruction of the 1918 virus have allowed scientists to answer many questions about its
origin and pathogenicity, althoughmany questions remain. Several of the unusual features of
the 1918–1919 pandemic, including age-specific mortality patterns and the high frequency
of severe pneumonias, are still not fully understood. The 1918 pandemic virus initiated a
pandemic era still ongoing. The descendants of the 1918 virus remain today as annually
circulating and evolving influenzaviruses causing significantmortality each year. This review
summarizes key findings and unanswered questions about this deadliest of human events.

IMPACT OF THE 1918 INFLUENZA

A little more than 100 years ago, the world
experiencedacatastrophic andunprecedent-

ed natural disaster, namely, the onset of the
“Spanish” influenza pandemic of 1918–1919
(Jordan 1927; Taubenberger and Morens 2006;
Taubenberger et al. 2019). Herein, we briefly re-
view what has been learned about the 1918 pan-
demic and how that knowledge is now helping
to prevent and control influenza. The 1918 pan-
demic appeared in almost all inhabited places on
Earth, causing, over the course of a year, symp-
tomatic disease in approximately one-third of
the world’s population, with evidence that a sig-
nificant percentage had been asymptomatically

or subclinically infected (Philip and Lackman
1962; Masurel 1976; Dowdle 1999; Taubenber-
ger et al. 2001). The majority of people present-
ingwith clinical illness in the 1918pandemic had
typical, self-limiting influenza, but a dispropor-
tionate number developed lower respiratory in-
volvement and died of the consequences of
pneumonia (Morens et al. 2008). Case-fatality
ratios in theUnited Stateswere∼0.5%–1.0% (Vi-
boud et al. 2013), but case fatality was much
higher in many developing countries (Chandra
et al. 2012; Chandra 2013), and inmany crowded
environments, from inner cities (Mamelund
2006) to military training camps set up during
World War I (Chertow et al. 2015). The global
mortality estimates range from 50 million to as
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high as 100 million in the first pandemic year
(Johnson and Mueller 2002).

The impact of the pandemic virus—now
known to be an H1N1 influenza A virus—was
not, however, limited to 1918–1919. The 1918
influenza A virus became a “founder virus,”
initiating a “pandemic era” by evolving into
progeny pandemic viruses through a number
of separate genetic reassortment events (Fig.
1). Since 1918, all subsequent influenza A pan-
demics and seasonal epidemics have been
caused by descendants of the 1918 virus (Mo-
rens et al. 2009), including the antigenically
drifted seasonal descendants of the 1918 H1N1
virus, and the reassorted pandemic viruses that
appeared in 1957 (H2N2), 1968 (H3N2), and
2009 (H1N1pdm). Each of these descendant
pandemic viruses contained gene segments de-
scended from the 1918 virus. Some of these gene
segments drifted substantially over time, and
otherswere eventually “updated” through genet-
ic reassortment by influenza A virus genes de-
rived from water fowl or, in the case of the 2009
pandemic virus, by different 1918 virus–derived
gene segments that had become incorporated
into newly evolving swine influenza viruses

(Garten et al. 2009). As a consequence, the
1918 virus was not just responsible for the mil-
lions of global deaths during the pandemic itself,
but also for the millions of additional influenza-
related deaths that have occurred in the past
century of this pandemic era. In one recent
year alone (2014–2015), 710,000 Americans
were hospitalized for influenza and 56,000 died
(Budd et al. 2018). In other years, the toll has
been higher (Thompson et al. 2003). Prelimi-
nary data suggest that the 2017–2018 influenza
season may have killed 80,000 Americans (Dyer
2018).

Over the last century, the 1918 influenza
virus has indelibly affected our evolving con-
ception of pandemic influenza (Taubenberger
et al. 2007); public health preparedness and
future pandemic planning must always take
into account the possible emergence of a future
pandemic of 1918-likemagnitude. Although the
continuing impact of the 1918 influenza virus,
in the form of continually evolving, descendant
human influenza A viruses, is not lessened by
the passing of more than 100 years, humans
have experienced previous influenza pandemics
for at least 500 years, if not longer. Major influ-
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Figure 1. Influenza pandemics of the past century. The 1918 “Spanish flu” pandemic was caused by a founder
H1N1 influenza Avirus. The three subsequent pandemics of 1957, 1968, and 2009 resulted from descendants of
the 1918 virus, which acquired one or more genes through reassortment (Morens et al. 2009). Arrows reflect the
years of annual epidemics of seasonal influenza circulation that occurred after each pandemic. In 1977, pre-1957
humanH1N1 viruses reemerged presumably through accidental release of an older human strain (Nakajima et al.
1978). This resulted in a 20-year gap in H1N1 circulation as indicated by the discontinuous blue line. Conse-
quently, human H3N2 viruses cocirculated with human 1918-lineage seasonal H1N1 viruses from 1977 until
2009, when this lineage was replaced by the novel swine-origin H1N1 2009 pandemic virus. Since 2009, H3N2
viruses have cocirculated with 2009 pandemic-lineage H1N1 viruses in humans.
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enza epidemics and pandemics have occurred
since at least the Middle Ages, if not since an-
cient times (Taubenberger and Morens 2009;
Morens et al. 2010; Morens and Taubenberger
2011). Since 1510, there appear to have been 14
influenza pandemics at irregular intervals; in the
past 130 years, there were undoubted pandem-
ics in 1889, 1918, 1957, 1968, 1977, and 2009
(Morens et al. 2009). On average, during this
509-year interval, recognized pandemics have
appeared on average every 36 years.

RECOVERY OF THE 1918 INFLUENZAVIRUS

The H1N1 influenza A virus that caused the
1918 pandemic was not identified as the etiolog-
ic agent at the time (Taubenberger et al. 2007),
but influenza A viruses were eventually isolated
from swine in 1930 (Shope 1931) and from hu-
mans in 1933 (Smith et al. 1933). Serological
data from the 1930s first suggested that the
1930s “classical” swine virus and the 1918 pan-
demic virus were closely related antigenically
(Shope 1936); this was later supported by data
from viral genetic sequence analysis and by an-
tigenic and pathogenesis studies (Reid et al.
1999; Taubenberger et al. 2001; Memoli et al.
2009; Easterbrook et al. 2011). Studies of the
subsequent pandemics, beginning with the
1957 H2N2 pandemic, eventually revealed that
new pandemic viruses could arise from earlier
pandemic viruses through genetic reassortment
(Scholtissek et al. 1978; Kawaoka et al. 1989;
Morens et al. 2009). Nevertheless, the origin
and pathogenicity of the 1918 virus remained
unelucidated for most of the twentieth century
(Jordan 1927).

But in the modern molecular era, tiny de-
graded viral RNA fragments recovered from
preserved lung tissues of victims of the 1918–
1919 pandemic (Taubenberger et al. 1997, 2005;
Reid et al. 1999, 2000, 2002, 2003, 2004b; Basler
et al. 2001), from only a handful of the pandem-
ic’s many millions of victims, coupled with viral
reverse genetics, permitted production of in-
fectious 1918 virus that could be studied ex-
perimentally under appropriate containment
(Tumpey et al. 2005a). The effort to sequence
the pandemic viral genomewas initiated in 1995

using formalin-fixed, paraffin-embedded 1918
influenza autopsy tissues in the collection of
the National Tissue Repository of the now-
defunct Armed Forces Institute of Pathology.
One case was found to be positive, and cDNA
partial sequences of four of the eight viral gene
segments from this case were published in 1997
(Taubenberger et al. 1997). Additional viral
RNA-positive cases were identified (Reid et al.
1999), allowing the complete genome to be
sequenced, an effort that took 9 more years
(Taubenberger et al. 2005). An effort to identify
additional 1918 influenza-RNA-positive cases
was successful. Sequencing showed high levels
of viral sequence identity between cases separat-
ed by thousands ofmiles (Reid et al. 2003; Sheng
et al. 2011) and included four cases from the
period of May–August 1918, before the pan-
demic had extended globally. These sequence
data suggest that the 1918 pandemic was almost
identical genetically in its near-simultaneous
appearances around the globe, and that it shared
many genetic features with, and was likely de-
rived from, a wild waterfowl influenza A virus
that had somehow directly or indirectly
switched hosts to become a human-adapted vi-
rus. Reverse genetics for influenza viruses, de-
veloped in 1999 (Fodor et al. 1999; Neumann
et al. 1999), allowed production of infectious
influenza A virions containing one or more
1918 virus genes for in vitro and in vivo studies,
which provided initial characterization of 1918
viral pathogenesis (Basler et al. 2001; Geiss et al.
2002; Tumpey et al. 2002, 2004, 2005a,b, 2007;
Stevens et al. 2004, 2006; Glaser et al. 2005; Kash
et al. 2006; Palese et al. 2006), addressing ques-
tions of host adaptation, pathogenesis, the role
of the host inflammatory response, and factors
associated with transmission in mammals.

ORIGIN OF THE 1918 PANDEMIC H1N1
VIRUS

It will likely not be possible to pinpoint the or-
igin of the 1918 pandemic virus, including elu-
cidating how, where, and when it emerged to
initiate sustained human-to-human pandemic
transmission. It would have been difficult or im-
possible, during this early prepandemic period,
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to recognize infections and fatalities that oc-
curred beneath the background of deaths from
seasonal influenza and from other prevalent res-
piratory agents. It would be useful to obtain ge-
nome sequences of influenza viruses from cases
before May 1918, when the earliest virally con-
firmed fatal 1918 case occurred (Sheng et al.
2011). Such sequences would help address ques-
tions regarding the origin of the 1918 pandemic
virus and understanding population immunity
as it existed before the pandemic, but will not
locate the viral origin.

What is the epidemiological evidence for the
origin of the 1918 virus? Several locations of
pandemic origin have been proposed, including
Étaples, France (Oxford et al. 2002), China
(Shortridge 1999), or Camp Funston/Haskell,
Kansas (Barry 2004); but convincing data in
support of particular points of origin are lacking.
However, even without understanding where
the virusfirst emerged, it seems to have appeared
globally in just a few months (July–September
1918, perhaps slightly earlier in China and In-
dia), in an “everywhere at once” pattern rather
than a “place-to-place” pattern (Oxford 2000).
This suggests that the pandemic virus had al-
ready been seeded around the globe, but that
fatal infections remained below the threshold
of excess mortality detection, thereby epidemi-
ologically obscuring its place of origin. Such
indolent prepandemic transmission, likely
beginning in or before 1918, eventually reached
pandemic explosivity (and therefore recogni-
tion) only after exceeding critical excess
mortality thresholds in multiple large urban
populations around the globe (Morens and Tau-
benberger 2018). Among the first of these, in
July–August 1918, were pandemic emergences
identified by excess mortality, although presum-
ably blunted by summer temperature and hu-
midity, which are unfavorable to influenza virus
spread, in China and India, and in parts of
northern Europe including England, northern
Germany, and Scandinavia (Jordan 1927; An-
dreasen et al. 2008).

Epidemiological and clinical data from the
U.S. Army training camps in 1917–1918 showed
three peaks of acute respiratory disease inci-
dence before and during the 1918 pandemic

(Chertow et al. 2015). Low-incidence influenza
outbreaks in December 1917 and in April 1918
were associated with case-fatality ratios fivefold
lower than during the 1918 fall peak. Important-
ly, few of the winter 1917–spring 1918 cases
were complicated by bronchopneumonia, a
hallmark of the 1918 pandemic (Morens et al.
2008). These observations suggest that the win-
ter 1917 and spring 1918 influenza-like illness
peaks were largely caused by nonpandemic sea-
sonal influenza viruses, which typically circulate
throughout the winter and early spring, and did
not represent early pandemic waves (Morens
and Taubenberger 2009; Viboud et al. 2013).

Additional investigations using clinical,
pathological, bacteriological, and virological
findings from 68 fatal influenza/pneumonia pa-
tients from U.S. military training camps provid-
ed further evidence. Nine of the 68 fatal cases
occurred before the September–November 1918
pandemic wave (Sheng et al. 2011), with deaths
occurring betweenMay 11 andAugust 8, 1918, a
time period when there was no evidence of ele-
vated influenza mortality in the United States.
Interestingly, the prepandemic and pandemic
peak cases were indistinguishable clinically
and pathologically, as were their viral sequences.
Partial hemagglutinin (HA) sequences from
four of these prepandemic cases have been de-
termined, covering the receptor-binding do-
main on the head of the HA molecule. These
sequencesmatch sequences from fall wave cases,
and together only vary at one amino acid residue
in the receptor-binding region (at site 222 of the
HA1 domain). Viral antigen distribution in the
respiratory bronchoalveolar tree was also not
apparently different between prepandemic and
pandemic peak cases, or between infections with
viruses bearing these receptor-binding poly-
morphisms, including those with more hu-
man-like (α2-6 >α2-3 sialic acids) and those
with more avian-like receptor-binding prefer-
ences (α2-3 >α2-6 sialic acids) (Sheng et al.
2011; also, see below).

In an experiment performed to evaluate
1918 viral pathogenicity in mice, 7:1 chimeric
1918 influenza viruses were created in which
each of the eight 1918 virus gene segments was
replaced, one at a time, by the corresponding
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gene segment of amodern wild waterfowl H1N1
virus (Qi et al. 2012). In this study, seven of the
1918 7:1 chimeric viruses replicated and caused
disease that was equivalent to the extreme path-
ogenicity of the fully reconstructed 1918 virus,
including the 1918 pandemic chimeric virus
with the modern waterfowl H1 HA. Only the
chimeric 1918 virus containing the waterfowl
influenza PB2 gene segment was attenuated; a
single amino acid change (E627K) corrected this
attenuation. The E627K mutation is one of the
mutational changes at the carboxy-terminal end
of the influenza A virus PB2 protein often seen
in nonpandemic avian-descended influenza A
viruses that infect humans and mammals (Sub-
barao et al. 1993; Hatta et al. 2001; Taubenberger
and Kash 2010; Manz et al. 2013), apparently
representing an easily acquired adaptational
change in these new hosts. The 1918 pandemic
virus, whatever its origin, was clearly similar
pathophysiologically to a wild waterfowl influ-
enza Avirus. These data, coupled with 1918 HA
sequence data from early (prepandemic) 1918
cases (Sheng et al. 2011), strongly support the
conclusion that the earliest circulating 1918 vi-
ruses were virtually identical to, and as inher-
ently pathogenic as, the viruses sequenced from
the main pandemic wave in the fall of 1918.

The origin of the 1918 pandemic virus has
also been investigated by studying its genome
and coding sequences as compared with those
of other influenza A viruses (Smith et al. 2009;
Taubenberger and Kash 2010). Gene segments
from the 1918 pandemic virus have a nucleotide
composition and a high guanosine-cytosine
content like those of influenza A viruses that
(then and now) circulate in wild waterfowl,
and unlike influenza A virus strains adapted to
humans (Rabadan et al. 2006; Greenbaum et al.
2008; Dunham et al. 2009). This indicates that,
with or without adaptation in an intermediate
host, the 1918 virus was likely derived from a
waterfowl influenza A virus. Phylogenetic anal-
yses have also been used to model the origin of
the 1918 virus but have generated different dates
for the estimated origin of the pandemic virus
(Reid et al. 2004a; Taubenberger et al. 2005;
Smith et al. 2009; Worobey et al. 2014). Until
pre-1918 influenza A virus sequences are recov-

ered, resolving the dates of origin of the 1918
virus phylogenetically will remain challenging.
It appears highly unlikely on epidemiological
and biological grounds that a virus expressing
the pandemic H1 HA, with its inherent viru-
lence, could have widely circulated in humans
much before 1918.

Another epidemiological characteristic of
the 1918 influenza virus was infection of both
humans and pigs. Influenza was first recognized
as a clinical entity in swine in the United States
in the autumn of 1918 (Koen 1919), concurrent
with the spread of the pandemic in humans
(Dorset et al. 1922; Taubenberger et al. 2001),
having apparently been transmitted from hu-
mans to pigs. This host-switch event allowed
the 1918 virus to diverge into two independent
viral lineages—one human, one porcine. After
1918, annual enzootics became widespread
among swine populations in the U.S. Midwest,
preceding Shope’s 1930 isolation of the first
influenza virus, A/swine/Iowa/30 (Shope
1931), 3 years before the first human isolation
of a descendant of the parent 1918 virus, A/Wil-
son-Smith/33 (Smith et al. 1933). The two 1918
viral H1N1 lineages—one human, the other
porcine—evolved and drifted at different rates
until 2009. In the 2009 pandemic, the human-
adapted H1N1 descendant was replaced by a
different H1N1 virus that was also a 1918 viral
descendant, ironically one that had been circu-
lating enzootically in pigs. The original 1918
“classical” swine lineage virus still circulates en-
zootically (Nelson et al. 2015; Walia et al. 2019).

1918 INFLUENZAVIRUS PATHOGENICITY

The 1918 viral genome has been studied for mo-
lecular features potentially associated with hu-
man adaptation (Taubenberger and Kash 2010).
These include amino acid changes that have
been associated with mammalian adaptation
in nature and in experimental systems, such as
alterations in the HA receptor-binding domain
and in the viral polymerase complex.When oth-
er waterfowl-to-mammalian influenza A virus
host-switch events are compared genetically;
however, there is little evidence for shared adap-
tational mechanisms (Dunham et al. 2009). The
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2009 H1N1 pandemic virus further showed the
independent and polygenic nature of individual
influenza A virus host switching (Mehle and
Doudna 2009; Herfst et al. 2010; Jagger et al.
2010).

The ability of an influenza A virus to infect
cells of a new host is one of the most important
properties associated with host-switching. Viral
attachment to target respiratory epithelial cells is
mediated by HA binding to receptor glycans
with terminal sialic acids in different configura-
tions with underlying sugars (e.g., α2-3- and
α2-6-linked sialic acids). The HA receptor-
binding domain region was sequenced in 16
fatal 1918 autopsy cases (Sheng et al. 2011), re-
vealing several naturally occurring viral muta-
tions in persons who died between May 1918
(prepandemic) and February 1919 (after the
pandemic peak). All such H1 viruses had the
E187D mutation in the HA receptor-binding
domain as compared with that of conserved avi-
an H1 influenza A viruses. Some cases also had
either a G222D or G222N mutation in the HA
receptor-binding domain, and one case had a
Q189R mutation. Structural analyses and in vi-
tro binding to glycan arrays showed that the
1918 pandemic influenza virus HA with a
G222 had a blended α2-3 >α2-6 sialic acid-
binding specificity, whereas HA with a G222D
had predominantlyα2-6 sialic acid-binding spe-
cificity. No differences in viral antigen distribu-
tion were observed along the respiratory tract of
the 1918 influenza cases with these different re-
ceptor-binding domain polymorphisms, along
with no apparent differences in their clinical
course or pathological findings (Sheng et al.
2011). When 1918 pandemic influenza receptor
domain-variant viruses were evaluated for both
viral entry and for replication in primary human
bronchial epithelial airway cells in vitro, all re-
ceptor-binding variants bound to and infected
airway cells comparably (Davis et al. 2016).
Along with data from mouse and ferret studies
(Tumpey et al. 2007; Qi et al. 2009, 2012), these
observations indicate that cellular tropism of
1918 influenza viruses bearing the various HA
receptor-binding domain mutations, either as-
sociated with an α2-6 sialic acid-binding prefer-
ence or a mixed α2-3/α2-6 sialic acid-binding

preference, have no apparent impact on viral
infectivity. In an experimental ferret study,
1918 virus variants with blended α2-3/α2-6
sialic acid-binding specificity were, however,
less transmissible (one of three contact animals)
than 1918 viruses with an α2-6 sialic acid-bind-
ing specificity (three of three contact animals),
although the relevance of these data for human
infections remains unclear (Tumpey et al. 2007).

Mutations in the carboxy-terminal region of
the polymerase protein PB2 have been associat-
ed with influenza A virus host-switching, espe-
cially E627K (Subbarao et al. 1993). The E627K
mutation was observed in the 1918 virus and
also in some naturally occurring avian influenza
A virus infections of humans, and has been
identified as an important host-adaptational
factor in experimental mammalian studies
(Subbarao et al. 1993; Hatta et al. 2001; Wata-
nabe et al. 2009; Ma et al. 2011; Qi et al. 2012).
The 2009 pandemic virus PB2, however, did not
possess any of the previously observed key
changes at residues 627, 701, or 702 in PB2
(Garten et al. 2009), although possessing novel
changes at PB2 residues 590–591 (Mehle and
Doudna 2009; Yamada et al. 2010). Collectively,
these observations suggest that adaptive muta-
tions in waterfowl influenza A virus host-
switching events, including those associated
with emergence of a pandemic virus like the
1918 virus, might be unique to specific viruses
and their new hosts, and that there may be mul-
tiple paths by whichmutations and genetic epis-
tasis can lead to novel host adaptation.

As noted, viral virulence factors that con-
tribute to pathogenicity of the 1918 virus have
also been investigated in experimental animal
infections using chimeric influenza viruses con-
taining one or more gene segments from the
1918 virus. Viral chimeras expressing the 1918
pandemic H1 HA alone on the backbone of sea-
sonal H1N1 or H3N2 human influenza viruses
(Kobasa et al. 2004; Qi et al. 2009, 2011) led to
enhanced pathology in the murine respiratory
tract, characterized by prominent infiltration of
alveolar neutrophils and macrophages into lung
air spaces, and virus replication in alveolar epi-
thelial cells, similar to that induced by the fully
reconstructed 1918 virus (Qi et al. 2012). As
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discussed above, a chimeric 1918 virus in which
the 1918 H1 HA gene had been replaced by a
modern wild waterfowl-derived H1 HA gene
was equally pathogenic in experimental animals
as the 1918 virus itself, producing a pattern of
disease and pathology not different from that
caused by the 1918 virus (Qi et al. 2012). Viruses
capable of replicating in mammals that express a
wild waterfowl H1 HA are therefore inherently
pathogenic for mammals, likely including hu-
mans. The influenza A virus polymerase genes
have also been shown to contain virulence fac-
tors in animal models. In other studies, chimeric
influenza A viruses encoding the four ribonu-
cleoprotein gene segments of the 1918 virus
(PB2, PB1, PA, and NP), in the context of the
remaining genes from seasonal influenzaviruses,
also showed enhanced pathogenicity inmice and
ferrets (Watanabe et al. 2009; Jagger et al. 2010).

The severe pathogenicity associated with the
1918 pandemic H1 HA seems to be shared with
other wild avian H1 HAs (Koçer et al. 2012; Qi
et al. 2014;Watanabe et al. 2014). Consequently,
a major determinant of 1918 pandemic mortal-
ity was incorporation into the viral genome of an
inherently pathogenic H1 gene that preexisted
in nature. Avian influenza A viruses expressing
H1 subtype HAs that are similar to those that
existed in 1918 still circulate in nature today.
Thus, an avian H1 virus is presumably capable
of reemerging as a genetic component of a future
pandemic virus.

This result brings into question whether the
16 HAs found in wild waterfowl in nature exist
on a spectrum of inherent pathogenic potential
for humans, and whether similarly pathogenic
HAs other than H1 may exist in nature. Exper-
imental studies have shown that, as was true for
the 1918H1 virus (Tumpey et al. 2005a; Perrone
et al. 2008; Qi et al. 2012; Kash et al. 2014),
modern wild waterfowl chimeric influenza A
viruses expressing H1, H6, H7, H10, and H15
subtype HAs also induce enhanced pathogenic-
ity in mice and more rapid cytopathicity in hu-
man bronchial airway epithelial cells. Further,
the pathology caused by infection with these
H1, H6, H7, H10, and H15 viruses is character-
ized by pronounced neutrophil infiltration into
lung air spaces, a principle feature of the patho-

logical findings in animals infected with the
1918 virus. In addition, there is higher host
gene expression relating to recruitment and ac-
tivation of neutrophils genes and genes associ-
ated with increased cytopathicity and robust
activation of host inflammatory and cell death
responses (Kash et al. 2006; Kobasa et al. 2007).
The pathobiology observed included neutro-
philic alveolitis, respiratory tissue damage sec-
ondary to reactive oxygen species, and lung cell
death, all consistent with the typical features of
1918 autopsy studies (Kash et al. 2014; Qi et al.
2014; Walters et al. 2016).

Additionally, experimental nonhuman pri-
mate infections with the 1918 virus showed
that within virus-infected airway epithelial cells
(Kobasa et al. 2007), proinflammatory responses
(including elevated expression of cytokines, che-
mokines, and acute phase response reactants,
along with suppression of antiviral responses)
led to potent activation of immune cells, cell
death responses, oxidative damage, and en-
hanced disease severity (Kash et al. 2014). Tran-
scriptomic analysis of a 1918 pandemic autopsy
sample (Xiao et al. 2013) showed a marked con-
cordance with the transcriptomic patterns of
experimentally infected mice (Kash et al. 2006)
and cynomolgus macaques (Kobasa et al. 2007).
Of potential importance for understanding and
treating severe influenza disease, mice infected
with a lethal dose of the 1918 virus who were
subsequently treated with a catalytic catalase/
superoxide dismutase mimetic drug had re-
duced alveolar epithelial cell damage caused by
reactive oxygen species, less severe lung pathol-
ogy, greater activation of tissue repair responses,
and enhanced survival (Kash et al. 2014).

Collectively, these observations indicate that
pandemic viruses, like the 1918 virus, that po-
tentially emerge from waterfowl influenza A vi-
ruses can bring with them preexisting virulence
determinants of pathogenicity for humans, ex-
pressed as marked cytopathicity linked with de-
structive immune responses. This suggests that
influenza A viruses with HAs other than those
we have already encountered in pandemic virus-
es in the past century (H1, H2, and H3) may
potentially emerge to cause disease severity
comparable to that of the 1918 virus.
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Although the 1918 influenza virus caused
tens of millions of deaths worldwide, the vast
majority of thosewhowere infected had a typical
self-limited illness indistinguishable from clini-
cal influenza seen today, and they promptly re-
covered. However, influenza infections can be
complicated by hemorrhagic bronchitis, diffuse
alveolar damage (DAD) in the lung, and viral
and bacterial pneumonia (Kuiken and Tauben-
berger 2008; Taubenberger and Morens 2008).
Progression to severe disease is a multifactorial
process involving viral, host, and bacterial fac-
tors (Taubenberger and Kash 2010).

Histopathological features of primary in-
fluenza viral pneumonia, including DAD, pul-
monary edema, and alveolar hemorrhage, were
observed in autopsy studies of the 1918 pan-
demic (Fig. 2) as well as autopsy studies of sub-
sequent pandemics (LeCount 1919a,b; Mulder
and Hers 1972; Kuiken and Taubenberger 2008;
Taubenberger and Morens 2008; Gill et al.
2010). Findings in fatal 1918 pandemic cases,
however, were also characterized by widespread
pulmonary vascular thrombus formation and
prominent infiltration of lung tissue by neutro-
phils (LeCount 1919a,b; Winternitz et al. 1920;
Taubenberger and Morens 2008; Sheng et al.
2011;Walters et al. 2016). Areas of lung showing
these features in 1918 autopsies are usually ad-
mixed with areas of tissue repair and other areas
showing features of secondary bacterial bron-
chopneumonia (Kuiken and Taubenberger
2008; Taubenberger and Morens 2008; Sheng
et al. 2011). This asynchronous pathology asso-
ciated with primary damage caused by the virus,
subsequent tissue repair by the host, and sec-
ondary bacterial pneumonia, is also observed
in experimental animal models of influenza
and bacterial coinfection (Kash et al. 2011;
Chertow et al. 2016; Walters et al. 2016). It
should be emphasized that, although fulminant
fatal primary influenza viral pneumonias have
been documented, the vast majority of severe
influenza-associated pneumonias in 1918 were
associated with secondary bacterial infections
(Morens et al. 2008; Chertow and Memoli
2013).

The 1918 pandemic manifested another un-
usual epidemiological determinant of severity—

the unprecedented age-specific mortality pat-
tern, in which young adults were at a high risk
of dying, a feature not observed in influenza
outbreaks before or since (Jordan 1927; Tau-
benberger andMorens 2006; Viboud et al. 2013;
Morens and Taubenberger 2018). Influenza
age-specific mortality is normally “U-shaped,”
with high mortality in the very young and the
very old, and with low mortality in healthy
persons in between these ages. The 1918 mor-
tality curve, however, was “W-shaped,” with an
additional mortality peak in persons 20–40
years old (Fig. 3; Morens and Taubenberger
2018), and an increased (although to a lesser
degree than expected) mortality in elderly
populations. The decreased mortality in the
elderly could be attributed to nineteenth cen-
tury exposure to then-prevalent influenza A
viruses either containing an H1 HA or an N1
neuraminidase (NA), or to other conserved an-
tigens in common with the 1918 virus (Tauben-
berger and Morens 2006; Viboud et al. 2013).
Although the 1918 virus was pathogenic for
persons of all ages, the disproportionate in-
crease in frequency of secondary bacterial pneu-
monias in healthy young adults might be an
additional manifestation of viral pathogenicity
related to differential host immune responses
(Xiao et al. 2013; Kash et al. 2014; Chertow
et al. 2015; Kash and Taubenberger 2015; Wal-
ters et al. 2016).

Almost all of millions of fatal cases world-
wide during the 1918 pandemic were associated
with secondary bacterial infections, primarily
with Gram-positive bacteria (Fig. 2; Morens
et al. 2008). These secondary infections in
1918–1919 were most frequently associated
with the pneumopathogens Streptococcus pneu-
moniae, Streptococcus pyogenes, and Staphylo-
coccus aureus (Morens et al. 2008). Had it not
been for secondary bacterial pneumonias caused
by these and other pneumopathogens, the 1918
pandemic likely would have been associated
with a far lower mortality (Chertow et al.
2015). Increased incidence of secondary bacte-
rial pneumonias in persons with influenza may
be thus considered an intrinsic property of viral
pathogenicity, and this is likely to be the case for
other pathogenic influenza viruses.

J.K. Taubenberger and D.M. Morens
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Figure 2. Pathologic features of the 1918 virus. (A) 1918 influenza viral antigens were observed throughout the
entire respiratory tract in autopsy tissues of 1918 victims, including epithelial cells in the tracheobronchial tree
(the brown stain on a light blue background shows an immunohistochemical stain for influenza viral antigens).
(B) Influenza viral antigens were similarly seen in the alveolar lining cells and alveolar macrophages of the lung.
(C) 1918HA sequences fromdifferent human autopsy specimens contained polymorphisms that affect receptor-
binding specificity. No differences were observed, however, in the distribution of viral antigen in autopsy tissues.
This is supported by in vitro modeling to assess binding to human bronchial airway epithelial cells as imaged by
confocal microscopy. The pseudocolors are influenza viral antigen (green), goblet cells (magenta), ciliated cells
(red), basal cells (blue), and nuclei (gray). Scale bar, 20 µm. (D) Section of lung showing diffuse alveolar damage
(DAD) with hyaline membranes lining alveoli. The alveolar airspaces contain edema fluid, strands of fibrin,
desquamated epithelial cells, and inflammatory cells. Originalmagnification, 400×. (E) Section of lungwith acute
pneumonia, showing a bacterial bronchopneumonia pattern consisting of necrotizing bronchitis and bronchio-
litis, and massive infiltration of neutrophils into the airspaces of surrounding alveoli. Original magnification,
100×. (F ) Tissue Gram stain of a fatal 1918 influenza pneumonia case. Gram-positive cocci morphologically
compatible with Streptococcus pneumoniae. Original magnification, 1000×. A, B, and D–F represent histologic
findings from 1918 autopsy cases (Reid et al. 2003). C shows a confocal image produced using methods as
described in Walters et al. (2016).
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It remains unresolved whether viral-bacte-
rial copathogenesis is a 1918 virus-specific
property or a byproduct of other aspects of HA-
associated pathogenicity such as cytopathicity or
host immune activation. In a murine coinfection
model of the 1918 virus and S. pneumoniae
(Walters et al. 2016), secondary bacterial infec-
tion was associated with increased early bacte-
rial replication, increased neutrophils activation,
and platelet aggregation leading to frequent
small vessel thrombi. Altered host immune re-
sponses to coinfection greatly enhanced lung
histopathology and shortened survival. Lung
pathology showed alveolar airspaces with
numerous infiltrating neutrophils and macro-
phages, extensive acute suppurative pleuritis,
widespread necrotizing bronchiolitis, and abun-
dant fibrinous thrombi in pulmonary veins,
venules, and capillaries (Walters et al. 2016).

In coinfected animals, neutrophilic infil-
trates also expressed greater levels of mye-
loperoxidase and neutrophil elastase and
increased extracellular deposition of neutrophil
elastase along the vascular endothelium on alve-
olar and bronchiolar epithelia. 1918 virus and
S. pneumoniae–coinfected mice also showed

prominent staining for tissue factor throughout
the lungs. A unique gross pathological feature of
mice infected with the 1918 virus and S. pneu-
moniae was the presence of extensive fibrinous
pleuritis, with fusion of the lungs to the chest
wall and diaphragm, as was seen during the
1918 pandemic (Winternitz et al. 1920).

These experimental observations are con-
sistent with findings from 1918 autopsy cases
positive for both the influenza virus and S. pneu-
moniae, including marked expression of tissue
factor in monocytes, macrophages, neutrophils,
and epithelial cells, and abundant thrombi in
small blood vessels (LeCount 1919a; Walters
et al. 2016). Coinfection-induced pulmonary
thrombosis likely exacerbated vascular leak
and alveolar edema, limiting compensatory ven-
tilation responses and contributing to severe
hypoxia and death (French 1920).

FUTURE OUTLOOK

For centuries before 1918, influenza was a sig-
nificant public health concern, and now, 100
years after the great pandemic, it remains a ma-
jor problem, both in terms of unpredictable
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Figure 3. Age-specific influenza mortality (1918–1922). The 1918 Spanish flu pandemic appeared in Breslau
(nowWrocław, Poland) in October 1918, causing highmortality. The “W-shaped” age-specificmortality pattern
shown here was seen worldwide. Influenza age-specific mortality is usually “U-shaped” with higher mortality in
infants and the elderly. A third peak of mortality in young adults (peaking at about age 27) was uniquely
associated with the 1918 pandemic. Pandemic recurrences 15 and 26 months later were, however, associated
with lower overallmortality and the virtual disappearance by 1922 ofmortality in young adults (created fromdata
in Lubinski 1923).
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pandemics and annual seasonal epidemic recur-
rences of variable severity. History strongly
supports that there will be future influenza pan-
demics, but despite a century of advancement in
understanding about the pathobiology of influ-
enza, it is still not possible to predict when and
where the next pandemics will appear, what
viral subtypes they will be caused by, or what
pathogenic properties they will show (Morens
et al. 2013a,b; Taubenberger and Morens
2013). Improved influenza virus surveillance,
particularly at the animal–human interface, is
crucial, but we currently do not possess the
knowledge to identify prepandemic zoonotic vi-
ruses before their emergence in a pandemic.

Do all influenza viruses, including poultry-
adapted viruses, have the potential to acquire
host adaptive mutations that lead to pandemic-
ity (Morens et al. 2012), or is such evolution
prevented by structural or functional evolution-
ary constraints associated with adaptation to the
prior host? Among the 16 influenza Avirus HAs
and nine NAs known to circulate enzootically in
wild waterfowl, just three of the 144 possible
subtype combinations—H1N1, H2N2, and
H3N2—have been observed in any human-
adapted or pandemic influenza A virus since
1918. An analogous situation can be observed
with waterfowl influenza A viruses that have
adapted to other mammalian hosts including
horses (H3N8 and H7N7) and dogs (H3N2
and H3N8) (Morens and Taubenberger 2010).
Such HA and NA subtype restriction is puzzling
because, for example, H1 and H2 are uncom-
monly found in wild waterfowl, whereas more
common waterfowl subtypes, such as H4 and
H6, have never been observed in human- or
mammalian-adapted viruses. Are there biologi-
cal but as yet unelucidated restraints on the abil-
ity of wild waterfowl viruses to become pandem-
ic viruses? Looking backward to the century
before 1918, epidemiological and archaesero-
logical evidence is consistent with the specula-
tive possibility that pandemics between the
1830s and 1889 may, like those of the past cen-
tury, have only expressed H1, H2, or H3 HA
subtypes.

Even with our current armamentarium of
antibiotics, of influenza and bacterial vaccines,

of antiviral drugs, advanced intensive care treat-
ment, and nonpharmaceutical interventions
(Vukotich et al. 2010), we still face major mor-
bidity and mortality from influenza. One key
lesson from the devastating 1918 pandemic is
the need to produce better antiviral drugs and
prophylactic and therapeutic monoclonal anti-
body therapies (Hayden 2013; Crowe 2017). We
also need effective vaccines againstmultiple bac-
terial pneumopathogens, especially S. aureus
(Fowler and Proctor 2014) and S. pyogenes (Oz-
berk et al. 2018) and, most crucially, effective
broadly protective “universal” influenza vaccines
to prevent or at leastmitigate the impact of future
pandemics and to prevent deaths from seasonal
influenza in the periods between pandemics.
Vaccines that confer long-term, broad immune
responses against all influenza viruses, and espe-
cially against viruses with the most pathogenic
HAs found in nature, would significantly en-
hance public health preparedness (Nabel and
Fauci 2010; Park and Taubenberger 2016;
Krammer et al. 2017; Erbelding et al. 2018).

Formore than 100 years, the 1918 pandemic
has served as a critical benchmark for the public
health importance of influenza. The fields of
microbiology, immunology, vaccinology, and
epidemiology continue to use insights garnered
from tiny, degraded RNA fragments from the
1918 pandemic virus. It is our hope that by a
better understanding of the now century-old
1918 pandemic, we can better prepare for the
future. Data obtained from the 1918 virus and
its genome continue to inform clinical and pub-
lic health preparedness decisions. The past cen-
tury of revealing the mysteries of the 1918 virus
has been rewarding, but we hope that even great-
er insights lie ahead. The challenges of influenza
remain daunting but overcoming them remains
an urgent public health necessity.
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