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Abstract

The worldwide spread of a novel influenza A (H1N1) virus in 2009 showed that influenza remains a significant health threat,
even for individuals in the prime of life. This paper focuses on the unusually high young adult mortality observed during the
Spanish flu pandemic of 1918. Using historical records from Canada and the U.S., we report a peak of mortality at the exact
age of 28 during the pandemic and argue that this increased mortality resulted from an early life exposure to influenza
during the previous Russian flu pandemic of 1889-90. We posit that in specific instances, development of immunological
memory to an influenza virus strain in early life may lead to a dysregulated immune response to antigenically novel strains
encountered in later life, thereby increasing the risk of death. Exposure during critical periods of development could also
create holes in the T cell repertoire and impair fetal maturation in general, thereby increasing mortality from infectious
diseases later in life. Knowledge of the age-pattern of susceptibility to mortality from influenza could improve crisis
management during future influenza pandemics.
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risk of death when encountering a novel and highly antigenically
dissimilar strain in later life. This hypothesis is expanded to explain
both the mortality peak at age 28 and the distribution around that
peak in 1918. We first review current hypotheses regarding the
atypical mortality pattern during the 1918 pandemic. Second, we
present an analysis of mortality data gathered from historical
sources and, third, we explore the immunological mechanisms that
could account for the results.

“The war is over — and I must go”
FEgon Schiele, 1890-1918.

Introduction

The atypically high mortality among young adults during the
1918 influenza pandemic remains unexplained and continues to
trouble virologists and immunologists [1]. Few observers have
examined the age-pattern of mortality in detail (but see references

! : . Common Hypotheses
[2] and [3]). In this paper, we built from a forthcoming study [3]

by analysing yearly ages at death during the fall wave of the 1918
pandemic in various locations in Canada and the USA and report
a peak at the exact age of 28. Exploring the shape of the
distribution of deaths leads us to propose immunological
mechanisms that may help explain the atypically high young
adult mortality in 1918, and relate that unusual pattern to prior
exposure to the Russian influenza pandemic in 1889-90.
Following the “original antigenic sin” [4,5] or the “antigenic
imprinting” [6] hypotheses, and adding insights from Shanks and
Brundage [7] on T-cell dysregulation, we propose that develop-
ment of immunological memory to a specific influenza strain early
in life may dysregulate the immune response and thus increase the
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The 1918 A (HINI1) Spanish flu pandemic was notable for
being atypically fatal to those aged 20-40 years, a pattern widely
noticed around the world [7-16]. The reasons for this observation
are not clear. We list the four major theories:

1. The high proportion of young people who fell victim to the
epidemic has been taken to imply that older people had
acquired protective Immunity from an earlier influenza
outbreak with similar antigenic properties [4,11,17,18].
Although useful, this explanatory scheme remains incomplete.
“Antigenic history” [6] certainly aids in comprehending the
low mortality among older people in 1918, but does not explain
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the high mortality rates among the young adults [6,19].
Expanding on this, it has also been proposed that there is a
“honeymoon period” of infectious diseases that occurs between
the ages of 4 and 14 that protects younger individuals from
morbidity and mortality [20]. While this likely played a role in
protecting the young, it does not fully account for the sharp
increase in mortality observed in individuals above 14 years of
age.

2. According to numerous sources, mortality from tuberculosis
increased among young male adults during World War I [21],
raising the possibility that some of the increased mortality
during the 1918 pandemic might be attributable to the
deleterious consequences of concomitant tuberculosis and
influenza infection [22]. This hypothesis rests on a higher
male mortality during the 1918 influenza pandemic and
therefore cannot be extended to other parts of the world where
females died in greater proportion than males [23].

3. Another hypothesis suggests that the high mortality of young
adults may be due to an overactive immune response (i.c.,
cytokine storm) at the height of immunocompetency [24].
Inoculating monkeys with the reconstructed 1918 influenza
HINI virus, Kobasa et al. [25] attributed its unprecedented
lethality to an ““aberrant innate immune” response. Infected
animals mounted a dysregulated antiviral response that was not
only insufficient for protection but ultimately caused a highly
pathogenic respiratory infection that killed them. This
hypothesis fails to explain the unique age-specific trend of
mortality observed during the 1918 influenza pandemic, and
does not account for other factors likely important in
determining outcome, chiefly, pre-exposure to earlier strains
of influenza virus (immunological memory).

4. Finally, Shanks and Brundage recently identified T-cell
dysregulation as the main culprit [7]. Historical records and
animal models suggest that individuals exposed at least once to
the (presumably) A/H3Nx 1889-90 pandemic strain were
likely to have dysregulated cellular immune responses to
infections with the A/HINI strain during the 1918 outbreak.
This mechanism could also include the generation of antigenic
peptides that act as T cell receptor antagonists on the anti-
influenza response in the 1918 epidemic [26]. The immuno-
pathologic effects might have increased susceptibility to lethal
secondary bacterial pneumonia. This last explanation explicitly
implicates exposure to the 1889-90 influenza pandemic. We
argue that such a connection is fundamental to the under-
standing of the age pattern of mortality in 1918.

The Russian Influenza of 1889-90

The Russian influenza virus caused one of the first epidemics
tracked worldwide [27,28]. Originating from the Eurasian
Steppes, it spread through Russia to Western Europe during the
fall of 1889 and arrived in the port cities of northeastern North
America in late December 1889. By January the epidemic had
crossed the Mid-West and entered Canada and by February/
March 1890 it had spread to most regions of the continent.
Newspapers of the time and other historical or contemporary
sources [27,29-31] attest to the presence of “La grippe” in all the
locations studied in this paper (Table 1). Overall, the Russian flu
was far less lethal than the Spanish flu but its clinical attack rate
(proportion of people with clinical signs) of 30-60% was just as
high, explaining its rapid global spread [27]. Diffusion was swift,
leaving an impression of simultaneity. Vital registers show, for
instance, a very sudden outburst of mortality in early January in
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Montreal, followed by a quick return to “normal” mortality after
January 20. The disease returned in the spring of 1891 when new
outbreaks were reported in New York City. However, no mention
of the affliction was found for Canada that year and we were
unable to detect through parish registers a second wave, even
though illness from that virus could have been present in milder
form. The 1890 pandemic is suspected to have been caused by an
H3Nx influenza virus [7]. There is some North American
serological evidence that it was similar to the H3N2 A/Hong
Kong/1968 strain [32] and additional clues come from the
observed lower mortality rates among the elderly (65+) during the
H3 pandemic of 1968 [33].

Clues from Exact Age Distribution of Mortality

An alternative to the four explanations outlined above relies on
the possibility that early life exposure to the 1889-90 influenza
virus may have led to an increased susceptibility to a severe outcome
following infection from the pandemic influenza virus of 1918 [3].
To investigate this, we analyzed registered death records from
locations in Canada and published reports of mortality from the
USA where appropriate data were available (see Table 1).

Figure 1 presents the number of deaths by age recorded for
October 1918 during the deadliest wave of the Spanish flu in
Montreal and Toronto. We utilized microfilmed parish registers
for Montreal and microfilmed death registrations for Toronto.
The wvalues for September 1918, the month preceding the
pandemic, are also reported for comparison. The elevated number
of deaths among young adults aged 20-40 that was noted in
contemporary accounts and reinforced by subsequent analyses is
evident. Figure 1 also shows a clear mode at age 28 for both cities.
The peak at this age seen in [3] for Toronto is confirmed here for
Montreal. Previous investigations have collapsed yearly ages at
death into age-groups (20-24, 25-29, etc.) which masked mortality
peaks at specific ages; however, Viboud et al. [2] also recently
reported exact age-specific death rates for Kentucky in 1918 (see
discussion).

As direct and reliable population totals are unavailable for 1918,
it is quite difficult to calculate trustworthy rates of death by ages
during the pandemic. In principle, it is possible to interpolate
population totals by age from census data, but estimates obtained
from these sources may be severely distorted by population
processes such as the migrations that occurred in Canada after the
end of the First World War. Census districts do not always match
the administrative districts used in vital registration [34], leading to
an additional source of bias. Further, historical data are often
affected by age heaping, which occurs because age declarations are
often rounded up or down to the nearest number that ends in 0, 2,
5, or 8. The level of such bias can be estimated with Myers’
summary index [35], which measures the preference for a specific
terminal digit (a value of O for that index represents no heaping
while 90 indicates that all deaths are reported at the same terminal
digit). In our data, the summary index for the death records for
Canadian locations pooled together is 4.21. Heaping is also
present in historical censuses and is usually more important for this
type of records than for death records. In the 1921 Canadian
census, the Myers index at ages 30-99 is 9.50 for Toronto and
8.06 for Montreal.

Despite the above difficulties and for the sake of completeness,
we report in Figure et al 2 mortality rates for the cities of Montreal
and Toronto during the month of October 1918. The denomi-
nators that were used to estimate these rates were based on the
1921 Canadian census. For Toronto, we found a population total
for 1918 in the Canada Year Book [36], which was used to estimate a
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Table 1. Source and number of deaths (from all causes) recorded by selected locations during the 1918 flu pandemic.

Number of Number of Number of
deaths, October deaths Sept-Dec 1918 deaths Sept-Dec
Location Source of data 1918 (all causes) (all causes) 1918 (flu)
Montreal (City) Parish registers 3046 5366 N/A
Toronto (City) Civil registers 1885 3071 2199
Hamilton (City) Civil registers 175 962 542
Ottawa (City) Civil registers 632 1100 640
London (City) Civil registers 178 538 290
Welland & Lincoln (County) Civil registers 319 907 550
Winnipeg (City) Civil register indexes 216 1381 N/A
Vancouver (City) Civil register indexes 532 1291 N/A
Philadelphia (City) Civil registers, from [9] 14621 21780 13936
Indiana (State) Civil registers, from [9] 5821 19270 9940
Kansas (State) Civil registers, from [9] 3297 10983 5965

doi:10.1371/journal.pone.0069586.t001

rate of growth during the 3 year interval; we applied this rate to
each age in the 1921 census in order to obtain the population
counts by age in 1918. For Montreal, we could not find a credible
population total for 1918 but we found one for 1917 in the same
Canada Year Book; the rate of increase between 1917 and 1921 was
used instead to interpolate a total population size in 1918.
Additionally, death counts from Montreal were taken from
Catholic parish registers, which meant that we needed to estimate
the proportion of Catholics living in the city during the pandemic
in order to derive an appropriate denominator. For simplicity, we
assumed that this proportion was the same in 1918 as it was in the
1921 census. We also report rates that buffer out fluctuations due
to age heaping and small numbers using locally weighted

regressions (lowess) [37]. For these rates, both the numerator
and the denominator were smoothed prior to taking the ratio of
the two.

As expected, using mortality rates instead of death counts does
not fundamentally alter the results (Figure 2). Obviously, in
relative terms, rates appear higher than death counts at older ages
because there are fewer people alive at older ages (making the
unsmoothed rates quite erratic and preventing us from plotting
rates after age 75). Yet, revealing the well-known W-shaped curve
of the Spanish influenza, mortality rates peak at approximately the
same age (28-29) as death counts (28). The peak is less
pronounced for the smoothed curves but this mostly depends on
the bandwidth of the lowess. Using a shorter bandwidth (which
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Figure 1. Recorded deaths (from all causes) by age in Montreal and Toronto, September and October, 1918.

doi:10.1371/journal.pone.0069586.9001
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amounts to a smaller sliding window for a moving average), we
obtain a sharper high point, centered at age 28. It is difficult,
however, to know to what extent excess mortality at age 28 is
genuine or results from a particular attraction for that age.
Further, it is important to realize that the years surrounding the
1918 pandemic included two major disruptions to the population
pyramid: the First World War and the pandemic itself, which
certainly introduces biases, especially in the estimation of the
population at risk. The migrations or the delocalization of young
individuals and young families that followed the end of the First
World War make the estimation even more difficult and extreme
caution should be exercised in its interpretation.

We now introduce additional locations in the study in order to
see whether the pattern noticed for Montreal and Toronto can be
generalized. Since death rates reported for the USA by the Bureau
of the Census [9] also show evidence of notable estimation
problems, we decided to leave aside these rates and to extract the
raw death counts instead. For the same reason, we refrained from
using age-specific population numbers from Canadian census data
in the remainder of this paper.

Figure 3 reports the distribution of deaths between ages 15 and
45 as a percentage of all deaths within this age-range. We utilized
the same data for Montreal and Toronto as in Figure 1 and added
other data from death registrations from Ontario and death
registration indexes from other Canadian locations, as well as
death counts reported in the Bureau of the Census tabulations for
locations in the US [9]. We used percentages to facilitate
comparisons and pooled deaths from some locations from
September to December to prevent random fluctuations and
overcrowding of the figure. The distributions are remarkably
similar. A mode at age 28 is evident, with a secondary mode at age
30 in some cases. What is seen for fewer Canadian locations in [3]
is confirmed for American locations. The patterns are relatively
similar for males and females (not shown here). The exceptions are
mostly due to the absence of significant numbers of young adult

Young Adult Mortality During the 1918 Flu Pandemic

males in some cases (especially in the U.S. locations, where deaths
from soldiers, sailors and marines were not counted in [9]), which
leads to a smaller number of male deaths at younger ages in
comparison with female deaths. Yet, in Philadelphia, death counts
peak at age 28 for both males and females. On the other hand, in
Indiana and Kansas, the modes were off by a unit or two when
analyses were based on males or females separately. When males
and females for both States were pooled, the peak was again at age
28, as reported in Figure 3. There are also similar discrepancies at
the local level in the Canadian data that vanish when data are
pooled together.

Finally, we use additional information on causes of death, which
was available only for the three American and the five Ontarian
locations. In order to estimate mortality caused by the pandemic,
deaths attributed to influenza and pneumonia and to influenza,
pneumonia, and bronchitis were extracted from the US tabula-
tions [9] and from the Ontario registers, respectively. In Figure 4,
densities are reported for pandemic-related mortality and for
mortality from all other causes from September to December
1918. For instance, of all the individuals whose death certificate
indicated a flu death during those months in the Ontario data,
4.9% were 28 years old. The corresponding figure for non-flu
death at the same age i1s 0.7%. The percentages for the US
locations are very similar, except for higher fractions of flu deaths
between ages 5 and 15 (with corresponding lower fractions
between ages 25 and 30) and a less marked peak at age 28. For
other causes of death, the two distributions are practically
identical.

None of the four models outlined above can fully account for
the peculiar age distribution of mortality reported here. Supposing
that a HINI-like virus circulated before the 1889 pandemic,
multiple exposures to drifting variants of this virus prior to 1889
could account for the decrease in mortality for those above age 28
in 1918 (i.e., the “antigenic history”” model). However, it is hard to
imagine how people aged 28 that year would have had less
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Figure 2. Death rates (from all causes) by age in Montreal and Toronto during the month of October, 1918.

doi:10.1371/journal.pone.0069586.9002
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Figure 3. Distribution of deaths (from all causes) by age as a percentage of all deaths between ages 15 and 44 in all available
Canadian and American locations.” *Key for Figure 3: Yearly age-specific death counts were available from age 18 to 31 for Philadelphia,
Indiana, and Kansas in the special tables that were tabulated for these locations in 1920 (27); Outside this range, death counts were only available for
collapsed age-groups (i.e., 15-17, 32-34, 35-39, and 40-44). For these age-groups we divided the number of deaths in the interval by its length and
plotted the obtained number at the midpoint value of the interval. Other Canadian locations: Hamilton, Ottawa, London, Welland & Lincoln,

Winnipeg, and Vancouver.
doi:10.1371/journal.pone.0069586.9003

protective immunity from earlier circulation of HINlinfluenza
viruses than their younger counterparts. Similarly, the other three
explanatory schemes would not lead to the prediction that
mortality should peak at a precise age in a number of places
separated by thousands of kilometers. Although explanatory
scheme (4) comes close to this prediction by explicitly referring
to earlier infection with the 1889-90 pandemic strain, it does not
predict higher mortality for any specific age: in this scheme,
previous exposure alone, whatever the age, would have sufficed to
trigger T-cell dysregulation in 1918.

Close inspection of Figures 1, 2, 3 and 4 suggests alternative
views. The general form of age-specific mortality data in 1918,
with a peak at a specific age, suggests that individuals were more
or less susceptible to dying from influenza given their age at the time
of the 1889-90 pandemic, rather than being more or less protected
from earlier exposure to an antigenically similar virus. Since
mortality peaks at age 28 in 1918, it seems straightforward to
suppose that exposure during development and/or very early in
life to the 1889-90 strain led to more severe response to infection
in 1918. We now propose a few plausible immunological scenarios
that are consistent with this profile.

Subverting the Immune Response: Antigenic
Imprinting

The phenomenon of “original antigenic sin” (OAS) was first
described in the early 1950s by Thomas Francis and colleagues
[4]. Their analysis of serum samples from field studies of influenza
infections revealed minimal immunological responses against the
current viral strain but a response instead directed towards a strain
previously encountered as children. Numerous studies have found
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further evidence of OAS [5,6,25,38,39]. One mechanistic
explanation for this is that conserved, but non-neutralizing
epitopes on the secondary viruses elicit a memory antibody
response generated during the first infection that is faster and
greater in magnitude than the de novo response, but not protective
against the new strain. As a result, these memory cells essentially
out-compete the protective cells that would normally be newly
generated against the subsequent exposures.

According to Reichart et al. [5], OAS is a possible explanation
for the case age distribution during the recent 2009 flu pandemic,
which was biased toward younger individuals [40], as in 1918.
Indeed, one salient feature of the novel HINT in 2009 was that it
lacked glycosylation sites on the globular head of the hemagglu-
tinin, a pattern also shared with the 1918 pandemic strain and
HINT viruses that circulated until the early 1940s. Exposure to
progressively more drifted (and glycosylated) HINI seasonal
strains in successive cohorts would have produced an immune
response increasingly mismatched to the novel 2009 HI in
progressively younger peoples.

Such subversion of immunity may have also taken place in 1918
for people born before 1890. If an HINI-like virus were
circulating and drifting during the decades prior to the 1889-90
antigenic shift, then it is possible that those born around 1888 were
exposed early in life to a strain that was antigenically farther from
the 1918 strain than those born in 1878. If so, the susceptibility to
severe outcome and mortality from influenza among those aged 30
would have been higher in the 1918 pandemic than for those aged
40. This “antigenic seniority”’ [39] could explain the decrease of
mortality at older ages from its peak at age 28 during the 1918
pandemic. Older individuals would also have been more
“immunologically experienced” with HIN1 viruses from a greater
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number of re-exposures. This too may have resulted in progres-
sively lower mortality in those 30 years and older at the time of the
1918 pandemic. We now turn to discuss the increase in mortality
up to age 28.

Strictly speaking, OAS refers to the tendency of the immune
system to use immunological memory based on a previous
infection when a subsequent, slightly different version of that
virus is encountered. Being “trapped” by the first response the
immune system is unable to build up more effective responses
during subsequent exposures. However, in the context of influenza
viruses the expression is most often employed to refer more
specifically to the predominant production of antibodies to the first
influenza strain encountered. To avoid confusion, it may be useful
to see OAS as a special case of “antigenic imprinting” [6], a more
general immunological mechanism that would include all instanc-
es of “commitment” to the first-exposure strain.

Our model of antigenic imprinting may be explained as an
imbalance between the cellular and humoral branches of the
adaptive immune response [41,42]. As written above, the 1890
pandemic is suspected to have been caused by an H3Nx influenza
virus. Despite a probable lack of cross-protective antibodies
between HINI and H3Nx, these two subtypes would almost
certainly have shared many T cell epitopes [43]. The model would
then predict that a first encounter with the 1889-90 H3Nx virus
early in life generates robust cytotoxic T cell memory that could
have been recalled upon later exposure to the 1918 pandemic
HINI virus. However, without the complement of protective
antibodies, the uncoupled cellular immune response may have
gone unchecked, resulting in severe immunopathology of the lung
[44] and death. Those born later in the 1890 decade and who thus
first “committed” early in life to progressively drifted strains of this
virus may have had progressively decreased severity due to: a
decrease in shared cytotoxic T cell epitopes on the internal viral
proteins [45]; a decrease in virulence of the 1890 virus as it drifted
[5,46]; and/or improved herd immunity over subsequent years of
drift that resulted in decreased rates and severity of illness [47]. All
of these would decrease the magnitude of the cytotoxic T cell
memory and thus the potential of detrimental immunopathology
upon infection in 1918. Thus, the risk of mortality in 1918 would
have been progressively lower for people born later in the 1890 s,
especially for those individuals between ages 14-27, no longer in
the “honeymoon period.”

Other Mechanisms: Exposure during Critical
Periods of Development

The neonatal immune system continues to develop until
approximately 6 months of age [48]. Prior to this, neonates are
incapable of mounting normal immune responses to infection and
rely on maternal antibodies. Thus, according to our antigenic
mmprinting hypothesis, people born a year or so before 1890 were
at a higher risk of death during the 1918 pandemic because they
first encountered (and developed an immune response to) the
H3Nx strain at the youngest possible age. This would heighten
death tolls at a slightly older age than age 28, say 29 or 30. Yet, the
death count peaks exactly at age 28 during the fall of 1918, i.e.,
presumably for individuals who were less than 6 months old at the
time of the Russian flu pandemic (peaking in January 1890 in
North America [27]). In this context, it could be alternatively
proposed that exposure to influenza during early development
utero or in infancy in 1890 resulted in permanent alteration of
immune function that indirectly led to increased mortality during
the subsequent 1918 outbreak. For instance, deletion or anergy of
specific T cell clones due to influenza exposure during thymic

PLOS ONE | www.plosone.org
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development could have created “holes” in the T cell repertoire
with an associated increased risk of death later in life from
infectious diseases [49,50]. In this “critical period” framework, the
carlier the insult, the more severe the long term effect. That is,
clonal deletion i utero may have been more substantial than in
infancy [51], thereby heightening mortality at age 28 during the
1918 pandemic.

Exposure to influenza early in life could also affect later life
mortality through other pathways. Historical studies of epidemics
often report increased adult mortality and morbidity among those
who were born at a time of an epidemic. Almond [52] found that
exposure to the 1918 influenza virus in late stages of fetal
development was associated with higher adult cardiovascular
disease prevalence later in the 20" century. Following infection,
the maternal immune response may divert resources from the
growing fetus and, like nutritional deprivation, affect fetal
maturation with permanent changes in glucose-insulin metabolism
and later life implications for cardiovascular health (c.f. the Barker
and thrifty phenotype hypotheses [53,54]). Since the last trimester
of gestation is important for lung maturation [55], exposure during
this critical period of development may also increase adult
respiratory disease mortality. Recently, Myrskyla et al. [56] found
that exposure in the last trimester of pregnancy during the 1918 flu
pandemic led to increased mortality risks from cardiovascular and
respiratory diseases later in life. High infectious disease load during
the first year of life could also cause irreversible damage to health.
Two studies in England demonstrated that exposure to airborne
infectious diseases at that age are associated with cough, phlegm,
and impaired ventilatory function [57]. In 18™-19* century
Sweden, individuals born during years of smallpox and whooping
cough epidemics had an increased risk of death after age 50
[568,59].

Discussion

Emergence of virulent influenza viruses through antigenic shift
and drift remains a significant threat to public health [18]. The
next pandemic will emerge in unpredictable form and have
unforeseen consequences for the age pattern of morbidity and
mortality. Although immunological studies are of primary
importance, historical data provide important information about
the context in which a virulent strain of influenza originates and
sweeps through populations.

In understanding the unusual age-specific morbidity and
mortality that occurred during the 1918 influenza virus pandemic,
it is important to distinguish between intrinsic susceptibility to
infection, and susceptibility to severe outcomes following infection.
Intrinsic age-specific susceptibility to influenza virus infection in
1918 has been difficult to assess due to the inability to de-convolute
multiple confounding factors, including pre-existing immunity or
conditions arising from the First World War. However, no
convincing data exists to suggest any major age-specific variations
in intrinsic susceptibility to influenza virus infection except in
pediatric and elderly populations. Therefore, it is highly unlikely
that such differences could account for the pronounced differences
in morbidity and mortality of 28 year olds versus those who were
40-60 during 1918.

We propose that the major antecedent of the Spanish flu
pandemic was the “Russian flu” pandemic and that the time
distance between the two is crucial for understanding age-specific
mortality in 1918. We argue that developing immunological
memory to an antigenically dissimilar influenza subtype in early
life may actually subvert the immune system, thereby increasing
the risk of death when the individual is infected by a novel strain in
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Figure 4. Percentages of deaths by age from pandemic-related causes and from all other causes in Ontario and US locations,
September to December 1918.%¥Key for Figure 4: Yearly age-specific deaths counts were available from age 0 to 4 and from 18 to 31 for the
US locations in the special tables that were tabulated for these locations in 1920 (27); outside these ranges, death counts were only available for
collapsed age-groups (i.e., 5-9, 10-14, 15-17, 32-34, 35-39, 40-44, .., and 60-64). We divided the number of deaths in the interval by its length and
plotted the obtained number at the midpoint value of the interval. Deaths above age 65 were not available by age or age-groups for the U.S.
locations. Ontario locations: Toronto, Hamilton, Ottawa, London, and Welland & Lincoln; US locations: Philadelphia, Indiana, and Kansas.

doi:10.1371/journal.pone.0069586.9004

later life. As explained above, such a mechanism would elucidate
the atypical shape of mortality during the 1918 pandemic reported
here. Exposure during a critical period of development (i utero or
in infancy) could also permanently affect later life health and
mortality through clonal changes in the T cell repertoire, impaired
lung maturation or metabolism alterations. Yet, despite compel-
ling evidence, these explanations remain incomplete. At a
minimum, more detailed analyses using exact ages derived from
historical birth and death records for 1889-90 and 1918 are
needed.

A major difficulty with the data at hand is indeed the possibility
of age heaping, which as we noted earlier may distort historical
data counts. This could have affected the results reported by
Viboud et al. [2], who found a peak of mortality at age 26 for
Kentucky during the fall of 1918, and not at age 28. Age heaping
in the 1910 and 1920 American censuses does not seem to have
been accounted for in that paper. Population estimates for 1918
were obtained by interpolating between the two censuses. This
perhaps inflated the denominators used to calculate the death rate
at age 28, given that people that age in 1918 were 20 and 30 in
1910 and 1920 respectively (age heaping is highest for numbers
with zero as a terminal digit). Myers indexes, which calculate the
extent of heaping, were fairly high in U.S. censuses for the first
decades of the 20" century [35,60]. Smoothing techniques can be
used to flatten an age distribution affected by age heaping, but it is
not clear whether interpolating population numbers between two
censuses separated by 10 years can provide reliable exact age
estimates [60], especially since this 10 year interval included major
disturbances to the population pyramid as the First World War
and the 1918 influenza pandemic. Ma et al. [6] who also used data
from US censuses for a preliminary analysis on age-specific
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mortality risk from influenza pandemic, found a mode in mortality
rates at ages 3034 for the country as a whole, corresponding to a
peak age at least 4-5 years older than the peak of 26 found by
Viboud et al. [2] for Kentucky. Ma et al. [6] renounced from
using population sizes and to calculate mortality rates in their finer
grain analysis of yearly age-specific mortality during the 1957 and
1968 pandemics in Canada.

In this study, we also avoided the distortions associated with
carly 20" century censuses by focusing on age-specific death
counts, not rates, even though we reported rates in order to
illustrate that our findings do not disappear when rates are
calculated. This resulted in a peak in influenza deaths centered on
a single age —28- over a wide range of geographic locations. It is
certainly possible that death counts themselves are influenced by
age-heaping at ages 28 and 30. However, redistribution using
locally weighted regression in Figure 2 was not large enough to
significantly affect the pattern.

Ma et al. [6] found that years with unusually large antigenic
changes (1918, 1928, and 1946) delineated boundaries for birth
years (ages) with increased mortality during the 1957 pandemic, in
contrast with our observation that exposure early in life to the
previous 1889-90 pandemic was associated with peak mortality in
1918. Although antigenic imprinting appears relevant in both
cases, it seems to have led in one instance to differential protective
immunity (in 1957) and in the other to differential severity (1918),
likely because of the sequential ordering of the pandemic
hemagglutinin subtypes. The globular head domains of H1 and
H2 exhibit substantial antigenic differences, however, the stalk
domain on which they rest is nearly identical [61], likely inducing
a substantial level of cross-protective immunity between the two
subtypes [unpublished data]. The H3 hemagglutinin, however,
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differs in both head and stalk domains from H1 and H2 subtypes,
and therefore unlikely elicited a cross-protective response to either
of the two. If the 1890 pandemic was indeed caused by a H3Nx
subtype, commitment very early in life to this subtype would have
led to an immune profile offering little or no humoral protection to
the antigenically dissimilar HINT1 subtype that emerged in 1918,
leaving the pattern of age-specific mortality dominated by the
differential severity described in this paper. Finally, the age-specific
expression of morbidity and mortality in any pandemic is
contingent on the population’s experience of previous pandemics.

References

1.

21.

22.

23.

24.

Gina K (2001) Flu: The Story of the Great Influenza Pandemic. Ist ed.
Touchstone. 352 p.

. Viboud C, Eisenstein J, Reid AH, Janczewski TA, Morens DM, et al. (2013)

Age- and Sex-Specific Mortality Associated With the 1918-1919 Influenza
Pandemic in Kentucky. J Infect Dis 207: 721-729. doi:10.1093/infdis/jis745.

. Hallman S, Gagnon A (n.d.) Does exposure to influenza very early in life affect

mortality risk during a subsequent outbreak? The 1890 and 1918 pandemics in
Canada. In: Zuckerman M, editor. Modern Environments and Human Health:
Revisiting the Second Epidemiological Transition. New York: Wiley & Sons; In
press.

. Francis T (1953) Influenza: the new acquaintance. Ann Intern Med 39: 203—

221.

. Reichert T, Chowell G, Nishiura H, Christensen RA, McCullers JA (2010) Does

Glycosylation as a modifier of Original Antigenic Sin explain the case age
distribution and unusual toxicity in pandemic novel HINI influenza? BMC
Infectious Diseases 10: 5. doi:10.1186/1471-2334-10-5.

. Ma J, Dushoff J, Earn DJD (2011) Age-specific mortality risk from pandemic

influenza. J Theor Biol 288: 29-34. doi:10.1016/j.jthi.2011.08.003.

Shanks GD, Brundage JF (2012) Pathogenic responses among young adults
during the 1918 influenza pandemic. Emerging Infect Dis 18: 201-207.
doi:10.3201/eid1802.102042.

. Oertel H (1919) Anatomical and Bacteriological Findings in the recent Epidemic

Pneumonia. Can Med Assoc J 9: 339-344.

. Davis WH, Mitchell JB (1920) Special tables of mortality from influenza and

pneumonia: Indiana, Kansas, and Philadelphia, Pa. September 1 to December
31, 1918, Department of Commerce, U.S. Bureau of the Census. Govt. print.
off. 138 p. Available: http://www.cdc.gov/nchs/data/vsushistorical/morttable_
1918.pdf.

. Crosby AW (1989) America’s forgotten pandemic: the influenza of 1918.

Cambridge [England]; New York: Cambridge University Press.

. Luk J, Gross P, Thompson WW (2001) Observations on mortality during the

1918 influenza pandemic. Clin Infect Dis 33: 1375-1378.

. Phillips H, Killingray D (2003) The Spanish influenza pandemic of 1918-19:

new perspectives. London; New York: Routledge.

. Taubenberger JK, Morens DM (2006) 1918 Influenza: the mother of all

pandemics. Emerg Infect Dis 12: 15-22.

Summers JA, Wilson N, Baker MG, Shanks GD (2010) Mortality Risk Factors
for Pandemic Influenza on New Zealand Troop Ship, 1918. Emerg Infect Dis
16: 1931-1937. doi:10.3201/¢id1612.100429.

. Hill K (2011) Influenza in India 1918: excess mortality reassessed. Genus 67: 9—

29.

. Chowell G, Viboud C, Simonsen L, Miller MA, Hurtado J, et al. (2011) The

1918-1920 influenza pandemic in Peru. Vaccine 29 Suppl 2: B21-26.
doi:10.1016/j.vaccine.2011.02.048.

. Mamelund S-E (2011) Geography may explain adult mortality from the 1918—

20 influenza pandemic. Epidemics 3: 46-60. doi:10.1016/j.epidem.2011.02.001.

. Palese P (2004) Influenza: old and new threats. Nature Medicine 10: S82-S87.

doi:10.1038/nm1141.

. Morens DM, Fauci AS (2007) The 1918 influenza pandemic: insights for the

21st century. J Infect Dis 195: 1018-1028.

. Ahmed R, Oldstone MBA, Palese P (2007) Protective immunity and

susceptibility to infectious diseases: lessons from the 1918 influenza pandemic.
Nat Immunol 8: 1188-1193. doi:10.1038/ni1530.

Winter JM, Robert J-L (1997) Capital cities at war: Paris, London, Berlin, 1914
1919. Cambridge: Cambridge University Press.

Noymer A, Garenne M (2000) The 1918 influenza epidemic’s effects on sex
differentials in mortality in the United States. Popul Dev Rev 26: 565-581.
Sawchuk LA (2009) Brief communication: Rethinking the impact of the 1918
influenza pandemic on sex differentials in mortality. Am J Phys Anthropol 139:
584-590.

Loo YM, Gale M (2007) Influenza: fatal immunity and the 1918 virus. Nature
445: 267-268.

. Kobasa D, Jones SM, Shinya K, Kash JC, Copps J, et al. (2007) Aberrant innate

immune response in lethal infection of macaques with the 1918 influenza virus.

Nature 445: 319-323.

PLOS ONE | www.plosone.org

Young Adult Mortality During the 1918 Flu Pandemic

Acknowledgments

We thank Sophie-Andrée Piché, Vincent Lortie, Marilyn Gentil, and Kelly
Handcock for their assistance in data collection and entry.

Author Contributions

Analyzed the data: AG MSM SAH RB. Wrote the paper: AG MSM SAH
RB DAH DJDE JM. Provided cues regarding immunological mechanisms:
MSM JM.

26.

28.

29.

30.

31.

32.

33.

34.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Bertoletti A, Sette A, Chisari FV, Penna A, Levrero M, et al. (1994) Natural
variants of cytotoxic epitopes are T-cell receptor antagonists for antiviral
cytotoxic T cells. Nature 369: 407-410. doi:10.1038/369407a0.

. Valleron AJ, Cori A, Valtat S, Meurisse S, Carrat F, et al. (2010)

Transmissibility and geographic spread of the 1889 influenza pandemic. Proc
Natl Acad Sci U S A 107: 8778-8781.

LeGoff J-M (2011) Diffusion of influenza during the winter of 1889-1890 in
Switzerland. Genus 67: 77-99.

Curtin RG, Watson EW (1891) Epidemic of Influenza in Philadelphia in 1889,
’90, °91. Trans Am Climatol Assoc Meet 8: 109-126.

Herring A, Carraher S, Lim M, Mrmak M, Hancock K, et al. (2011) Miasma To
Microscopes: The Russian Influenza Pandemic in Hamilton. Anthropology
Publications, Paper 5. Available: http://digitalcommons.mcmaster.ca/anthro_
coll/5.

Clemow FG (2011) The Geography of Disease. Cambridge University Press.
687 p.

Smith FB (1995) The Russian influenza in the United Kingdom, 1889-1894.
Soc Hist Med 8: 55-73.

Dowdle WR (1999) Influenza A virus recycling revisited. Bull World Health
Organ 77: 820-828.

Dubois F (2007) La grippe espagnole au Québec, 1918-1920: essai en
géographie de la santé. Université de Montréal. 386 p.

. Myers RJ (1940) Errors and bias in the reporting of ages in census data.

Transactions of the Actuarial Society of America 41: 395-415.

. Dominion Bureau of Statistics (1922) The Canada Year Book 1921. Available:

http://www66.statcan.gc.ca/eng/acyb_c1921-eng.aspx.

. Cleveland WS, Devlin 8] (1988) Locally Weighted Regression: An Approach to

Regression Analysis by Local Fitting. Journal of the American Statistical
Association 83: 596-610. doi:10.2307/2289282.

. Kim JH, Skountzou I, Compans R, Jacob J (2009) Original antigenic sin

responses to influenza viruses. J Immunol 183: 3294-3301.

. Lessler J, Riley S, Read JM, Wang S, Zhu H, et al. (2012) Evidence for Antigenic

Seniority in Influenza A (H3N2) Antibody Responses in Southern China. PLoS
Pathog 8: ¢1002802. doi:10.1371/journal.ppat.1002802.

Nguyen AM, Noymer A (2013) Influenza Mortality in the United States, 2009
Pandemic: Burden, Timing and Age Distribution. PLoS ONE 8: e64198.
doi:10.1371/journal.pone.0064198.

Damjanovic D, Small C-L, Jeyananthan M, McCormick S, Xing 7 (2012)
Immunopathology in influenza virus infection: Uncoupling the friend from foe.
Clinical Immunology 144: 57-69. doi:10.1016/j.clim.2012.05.005.

Braciale TJ, Sun J, Kim TS (2012) Regulating the adaptive immune response to
respiratory virus infection. Nature Reviews Immunology 12: 295-305.
doi:10.1038/nri3166.

Liang S, Mozdzanowska K, Palladino G, Gerhard W (1994) Heterosubtypic
immunity to influenza type A virus in mice. Effector mechanisms and their
longevity. J Immunol 152: 1653-1661.

Wilodarczyk MF, Kraft AR, Chen HD, Kenney LL, Selin LK (2013) Anti-IFN-y
and Peptide-Tolerization Therapies Inhibit Acute Lung Injury Induced by
Cross-Reactive Influenza A-Specific Memory T Cells. J Immunol 190: 2736—
2746. doi:10.4049/jimmunol.1201936.

. Rimmelzwaan GF, Kreijtz JHCM, Bodewes R, Fouchier RAM, Osterhaus

ADME (2009) Influenza virus CTL epitopes, remarkably conserved and
remarkably variable. Vaccine 27: 6363-6365. doi:10.1016/j.vac-
cine.2009.01.016.

Suzuki Y (2011) Positive selection for gains of N-linked glycosylation sites in
hemagglutinin during evolution of H3N2 human influenza A virus. Genes Genet
Syst 86: 287-294.

Boni MF, Gog JR, Andreasen V, Christiansen FB (2004) Influenza drift and
epidemic size: the race between generating and escaping immunity. Theor Popul
Biol 65: 179-191. doi:10.1016/;.tpb.2003.10.002.

Adkins B, Leclerc C, Marshall-Clarke S (2004) Neonatal adaptive immunity
comes of age. Nature Reviews Immunology 4: 553-564. doi:10.1038/nril394.
Goodnow CC (1996) Balancing immunity and tolerance: deleting and tuning
lymphocyte repertoires. PNAS 93: 2264-2271.

Hogquist KA, Baldwin TA, Jameson SC (2005) Central tolerance: learning self-
control in the thymus. Nature Reviews Immunology 5: 772-782. doi:10.1038/
nril707.

August 2013 | Volume 8 | Issue 8 | 69586



51.

52.

53.

54.

56.

Den Braber I, Mugwagwa T, Vrisekoop N, Westera L, Mogling R, et al. (2012)
Maintenance of Peripheral Naive T Cells Is Sustained by Thymus Output in
Mice but Not Humans. Immunity 36: 288-297. doi:10.1016/j.im-
muni.2012.02.006.

Almond D (2006) Is the 1918 influenza pandemic over? Long-term effects of in
utero influenza exposure in the post-1949 U.S. Population. J Polit Econ 114:
672-712.

Barker DJ (1992) The fetal origins of diseases of old age. Eur J Clin Nutr 46
Suppl 3: S3-9.

Gagnon A (2012) Effect of birth season on longevity: Thrifty and hopeful
phenotypes in historical Quebec. Am J Hum Biol 24: 654-660. doi:10.1002/
ajhb.22287.

. Jobe AJ (1999) The New BPD: An Arrest of Lung Development. Pediatr Res 46:

641-641. doi:10.1203/00006450-199912000-00007.

Myrskyld M, Mehta NK, Chang VW (2013) Early Life Exposure to the 1918
Influenza Pandemic and Old-Age Mortality by Cause of Death. American
Journal of Public Health: el-e8. doi:10.2105/AJPH.2012.301060.

PLOS ONE | www.plosone.org

57.

58.

59.

60.

61.

Young Adult Mortality During the 1918 Flu Pandemic

Shaheen SO, Barker DJ, Shiell AW, Crocker EJ, Wield GA, et al. (1994) The
relationship between pneumonia in early childhood and impaired lung function
in late adult life. Am J Respir Crit Care Med 149: 616-619.

Bengtsson T, Lindstrom M (2003) Airborne infectious diseases during infancy
and mortality in later life in southern Sweden, 1766-1894. Int ] Epidemiol 32:
286-294.

Bengtsson T, Brostrom G (2009) Do conditions in early life affect old-age
mortality directly and indirectly? Evidence from 19th-century rural Sweden. Soc
Sc Med 68: 1583-1590. doi:10.1016/j.socscimed.2009.02.020.

Swanson DA, Siegel JS, Shryock HS (2004) The Methods and Materials of
Demography: Condensed Edition. Emerald Group Publishing. 835 p.

Palese P, Wang TT (2011) Why Do Influenza Virus Subtypes Die Out? A
Hypothesis. mBio 2. Available: http://mbio.asm.org/content/2/5/e00150-11.
Accessed 5 April 2013.

August 2013 | Volume 8 | Issue 8 | 69586



