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Background. After 2009, pandemic influenza A(HIN1) [A(HIN1)pdm09] cocirculated with A(H3N2) and B in Singapore.

Methods. A cohort of 760 participants contributed demographic data and up to 4 blood samples each from October 2009 to
September 2010. We compared epidemiology of the 3 subtypes and investigated evidence for heterotypic immunity through multi-
variable logistic regression using a generalized estimating equation. To examine age-related differences in severity between subtypes,
we used LOESS (locally weighted smoothing) plots of hospitalization to infection ratios and explored birth cohort effects referencing
the pandemic years (1957; 1968).

Results. Having more household members aged 5-19 years and frequent public transport use increased risk of infection, while
preexisting antibodies against the same subtype (odds ratio [OR], 0.61; P =.002) and previous influenza infection against heterotypic
infections (OR, 0.32; P = .045) were protective. A(HIN1)pdmO09 severity peaked in those born around 1957, while A(H3N2) sever-
ity was least in the youngest individuals and increased until it surpassed A(HIN1)pdmO09 in those born in 1952 or earlier. Further
analysis showed that severity of A(HIN1)pdmO09 was less than that for A(H3N2) in those born in 1956 or earlier (P = .021) and vice
versa for those born in 1968 or later (P < .001), with no difference in those born between 1957 and 1967 (P = .632).

Conclusions. Our findings suggest that childhood exposures had long-term impact on immune responses consistent with the
theory of antigenic sin. This, plus observations on short-term cross-protection, have implications for vaccination and influenza epi-

demic and pandemic mitigation strategies.
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A novel pandemic influenza A virus of swine origin emerged
in the United States and Mexico in early 2009 and spread glob-
ally [1]. Singapore detected its first case in May 2009 [2]. The
initial epidemic of influenza A(HIN1)pdm09 peaked in early
August 2009 [3], subsided by September [4], and was followed
by 2 additional epidemics that overlapped temporally with an
epidemic of influenza A(H3N2) and continuous influenza B
circulation [5].

The A(HIN1)pdm09 pandemic provided a rare opportunity
to compare the epidemiology between emergent and endemic
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influenza viruses and to investigate potential interactions. The
influenza pandemic viruses of 1957 and 1968 replaced their sea-
sonal influenza A counterparts; circulating A(HIN1) was dis-
placed by the emergence of A/Singapore/1/57(H2N2), which
in turn was displaced by A/HongKong/1/68(H3N2) [6]. After
2009, A(HIN1)pdm09 pandemic virus displaced the circulat-
ing seasonal A(HIN1) strain but not the A(H3N2) subtype.
These ecological observations suggest that infection may con-
fer limited cross-protection from other subtypes. However, in
addition to 2 studies during the 1957 pandemic that reported
how prior infection with seasonal influenza subtypes cor-
related with protection against the pandemic influenza A/
Singapore/1/57(H2N2) virus [7, 8], the strength of homo- or
heterotypic cross-protective effects remains poorly character-
ized. Also, past influenza pandemics have been associated with
an “age shift” in mortality patterns relative to seasonal influenza
[9, 10]. During the 2009 pandemic, there were more hospitali-
zations in younger age groups than for seasonal influenza and
vice versa for the elderly [11, 12], but objective assessments are
lacking as to whether these reflect differences in age-specific
incidence rates or underlying differences in age-related severity.

Using a sero-incidence cohort, we investigated risk factors for
infection with the predominant circulating influenza A(HIN1)
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pdm09, A(H3N2), and B strains after the initial epidemic of
A(HIN1)pdmO09 in Singapore and sought evidence for possible
cross-protection. We also combined sero-incidence with hospi-
talization data to explore age-related differences in the severity
of infection between influenza subtypes.

MATERIALS AND METHODS

Overview of Study Design

Participants of the Multi-ethnic Cohort study hosted at the
National University of Singapore (NUS) [13] aged 21-75 years
were invited to participate in a study of the influenza A(HIN1)
pdm09 pandemic [14]. Consenting participants were re-en-
rolled, and follow-up continued during the post-pandemic

period in late 2009 to 2010 [15]. The NUS ethics review board
approved the study.

Data and Sample Collection, and Laboratory Testing
Each consenting participant contributed up to 6 blood samples,
samples a to f, taken at various time points up to 27 September
2010 (Figure 1A); this analysis focuses on the latter 4 samples.
Demographic, household, and lifestyle data were collected at
enrollment in 2009, with additional questionnaires coinciding
with later samples to detect interval influenza vaccination events.
Participants contributed up to 10 mL of venous blood at
each time point. Hemagglutination inhibition (HI) assays were
performed following standard protocols at the World Health
Organization (WHO) Collaborating Centre for Reference and
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A, Time course of serological analyses and polymerase chain reaction (PCR)—positive influenza cases detected by the National Public Health Laboratory (NPHL)

surveillance system. B, Admissions to Tan Tock Seng Hospital (TTSH). Line graph denotes the weekly number of A(H1N1)pdm09 (brown—red), A(H3N2) (yellow), and influenza
B (blue) PCR-positive cases among influenza-like illness samples submitted by general practitioners and polyclinics to the NPHL or from TTSH hospital. Sample a: 29 June
2005-27 June 2009; mostly banked samples from prior participation in the multi-ethnic cohort; not shown in figure. Sample b: 20 August 2009-29 August 2009; 3—4 weeks
after the first peak of the pandemic; not shown in figure. Sample c: 6 October 2009—11 October 2009; 3—4 weeks after the first period of HIN1pdm09 epidemic activity had
subsided. Sample d: 8 April 201022 April 2010; before the month of May, the most common influenza epidemic period in Singapore, and after the second most common epi-
demic period (typically between December and February [26]). Sample e: 2 July 2010-8 July 2010; 10-12 weeks after sample d. Sample f: 19 September 201027 September
2010; 1012 weeks after sample e. Abbreviations: PHL, National Public Health Laboratory; PCR, polymerase chain reaction; TTSH, Tan Tock Seng Hospital.
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Research on Influenza in Melbourne, Australia, as previously
described [16, 17]. HI titers were expressed as the reciprocal
of the highest dilution of serum where hemagglutination was
prevented (from 1:10 to a maximum of 1:1280) and analyzed on
a log scale (with titers <10 and >1280 assigned a value of 5 and
1280, respectively).

To detectinfection, we used the following strains, which corre-
sponded to those in the Southern Hemisphere 2010 vaccine [18]:
A/California/7/2009(HIN1), A/Wisconsin/15/2009(H3N2), an
A/Perth/16/2009(H3N2)-like virus, and B/Brisbane/60/2008
(B/Victoria/2/87-lineage) [19].

Data Analyses

Thoughinfluenza A and Bare technically different influenza types,
for convenience we subsequently reference A(HIN1)pdm09 and
A(H3N2) and B as different influenza subtypes, with cross-protec-
tion between different subtypes and protection against the same
subtype as heterotypic and homotypic protection, respectively.
We defined a 4-fold or greater increase in HI antibody titers as
seroconversion to the corresponding influenza subtype between
any successive pair of available samples. When determining
infection, observations from specific intervals with self-reported
influenza vaccination were excluded, since vaccination (which
in Singapore included the A/California/7/2009(HIN1pdm09)
strain after October 2009) would potentially induce seroconver-
sion indistinguishable from infection.

Analysis focused on seroconversion events between sam-
ples collected in 2010 (d to f) and the last available sample of
2009 (either b or c). Seroconversions between samples a to ¢
(which overlaps with the initial epidemic of A(HIN1)pdmO09
in Singapore) were used mainly to assess prior infection with
A(HINI)pdm09. Since some factors of interest (eg, prior infec-
tion with the same and different subtypes, antibody titers) could
change over the course of the study, we defined 3 time periods
during which each participant could be observed for serocon-
version events: period 1 between samples ¢ to d, period 2 from
d to e, and period 3 from e to f (Figure 1); the earlier of each
pair demarcating a period was defined as the antecedent sample.
This was typically sample ¢ for period 1 (except in 28 partici-
pants who were missing sample ¢ where sample b was used) and
samples d and e for periods 2 and 3, respectively. A participant
could therefore be observed for the binary outcome of serologi-
cally detected infection to each of the 3 subtypes for each period.

In the stratified analysis by subtype, the unit of analysis was
the participant period, with each participant contributing up to
3 observations. We also performed an analysis that combined
observations for all 3 subtypes, where each participant con-
tributed up to 9 participant-period-subtype observations. To
account for potential clustering of observations from the same
participant, we used a logistic model with generalized estimat-
ing equation (GEE). Using univariable and multivariable anal-
yses, we assessed associations between serologically detected

infection and various factors, including demographic, lifestyle,
and household characteristics, and for each period of assessment,
self-reported vaccination, antecedent antibody titer to the corre-
sponding subtype, and history of infection (in the period imme-
diately preceding the one assessed, or 2 or more periods ago). In
some instances, infection history could not be assessed because
vaccination occurred in a preceding period. Also, because of the
use of banked specimens for sample a (mostly from before June
2009), HI assays between samples a and ¢ could not be used to
accurately assess A(H3N2) and influenza B infections immedi-
ately preceding period 1 observations. These observations were,
for convenience, assumed to have no infections in the preceding
period in the multivariable analysis; additional sensitivity analy-
sis with these coded as a category denoting missing observations
gave similar results (see Supplementary Table 2).

Potential interactions between time period and other vari-
ables were considered in subtype-specific analyses and also
interactions that indicated differences in risk factors between
subtypes significant at P < .10 (using the Wald test). In all other
instances, statistical significance was defined as P < .05.

Hospitalization-infection ratios (ie, number of hospital-
izations per 1000 infections) were used as a proxy of disease
severity, with infections in the community estimated from mul-
tiplying cohort sero-incidence with the 2010 Singapore census
population, and hospitalization burden extrapolated from all
polymerase chain reaction (PCR)-positive influenza admissions
during the study period to Tan Tock Seng Hospital (TTSH), a
large acute tertiary care general hospital in central Singapore
(covering 16% of adult inpatients; Figure 1B). We plotted inci-
dence, hospitalization burden, and hospitalization-infection
ratios for different influenza subtypes using smoothed LOESS
(locally weighted smoothing) curves (with a span of 0.29) to
investigate age-dependent variations. For selected birth cohorts,
subtype-specific hospitalization-infection ratios were also cal-
culated using both crude sero-incidence and adjusted sero-in-
cidence (from the logistic GEE model, see Supplementary
Material).

We used R Statistical Software v3.2.3 (R Foundation for
Statistical Computing, Vienna, Austria) for all analyses [20].

RESULTS

We enrolled 894 individuals aged 21 to 75 years from 1296
randomly selected participants (69%) of the Multi-Ethnic
Cohort study. From this initial study, 760 were re-enrolled,
and 675 contributed 1 or more paired serum samples for
assessment of seroconversion events. We assigned 652 paired
samples to period 1, 623 to period 2, and 556 to period
3. Period 1 included 1 observation that was missing sample
d and another that was missing both d and e, where serocon-
version was assessed between ¢ to e and c to f, respectively.
Period 3 included 26 observations missing sample e, with
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seroconversion assessed between d to f. Period assignments
for these observations with skipped samples were based on the
midpoint between the earlier and latter follow-up dates for the
sample pairs involved.

There were no significant changes in demographic and
household factors across the periods (Table 1). After excluding
self-reported influenza vaccination, we identified 82, 44, and
33 serologically detected infections with influenza A(HINI)
pdm09, A(H3N2), and A(H3N2)B, respectively, in 149

individuals, 9 of whom seroconverted to 2 or more subtypes
across the study period. Of these, 5 individuals seroconverted
to 2 or more subtypes in the same period and were excluded
from all subsequent analyses (see Discussion).

Compared with other indicators of influenza activity, sero-in-
cidence correlated well with the number of PCR-confirmed
influenza infections in individuals aged 20-74 years from pri-
mary care in surveillance data collected by the National Public
Health Laboratory (Pearson coefficient correlation, R = 0.920;

Table 1. Comparison of Study Variables in Study Population at Enrollment and Over Successive Time Periods
No. of Participants
Study Variable Enrollment, n = 760 Period 1, n = 652 Period 2, n = 623 Period 3, n = 556
Age as of 1 Jan 2010, y
20-24 65 (8.6) 48 (7.4) 48 (7.7) 33 (5.9)
25-34 117 (15.4) 100 (15.3) 92 (14.8) 83 (14.9)
35-44 198 (26.1) 172 (26.4) 164 (26.3) 164 (27.7)
45-54 248 (32.6) 212 (32.5) 206 (33.1) 190 (34.2)
55-64 109 (14.3) 99 (15.2) 92 (14.8) 80 (14.4)
>65 23 (3.0) 21 (3.2) 21 (3.4) 16 (2.9)
Gender
Male 311 (40.9) 259 (39.7) 249 (40.0) 216 (38.9)
Female 449 (59.1) 393 (60.3) 374 (60.0) 340 (61.2)
Race
Chinese 89 (11.7) 78 (12.0) 74 (11.9) 65 (11.7)
Malay 346 (45.5) 299 (45.9) 294 (47.2) 265 (47.7)
Indian and others 325 (42.8) 275 (42.2) 255 (40.9) 226 (40.7)
Housing type
3 rooms or smaller public housing 187 (24.6) 158 (24.2) 146 (23.4) 133 (23.9)
4 rooms public housing 325 (42.8) 285 (43.7) 273 (43.8) 245 (44.1)
5 rooms public housing or private 248 (32.6) 209 (32.1) 204 (32.7) 178 (32.0)
housing
Working
No 287 (37.8) 250 (38.3) 241 (38.7) 214 (38.5)
Yes 473 (62.2) 402 (61.7) 382 (61.3) 342 (61.5)
Frequency of public transport use
Low 260 (34.2) 223 (34.2) 217 (34.8) 190 (34.2)
High 500 (65.8) 429 (65.8) 406 (65.2) 366 (65.8)
No. of household members, mean (range)
<5 years old 0.28 (0-3) 0.28 (0-3) 0.28 (0-3) 0.27 (0-3)
5-19 years old 1.26 (0-6) 1.25 (0-5) 1.25 (0-5) 1.28 (0-5)
>19 years old 3.14 (1-9) 3.11 (1-9) 3.12 (1-9) 3.10 (1-9)
Self-reported vaccination
No N.A. 636 (97.6) 577 (92.6) 513 (92.3)
Vaccinated >2 periods ago N.A. 0(0.0) 10 (1.6) 36 (6.5)
Vaccinated in previous period N.A. 16 (2.5) 36 (5.8) 7 (1.3)
Seroconversion events®
Influenza A(H1N1)pdm09 N.A. 56 (8.6) 34 (5.5) 14 (2.5)
Influenza A(H3N2) N.A. 10 (1.5) 31 (5.0 12 (2.2)
Influenza B N.A. 19 (2.9) 14(2.3) 12 (2.2)
Serologic evidence of infection®
Influenza A(H1N1)pdm09 N.A. 40 (6.5) 30 (4.9) 12 (2.2)
Influenza A(H3N2) N.A. 7 (1.1) 27 (4.4) 10 (1.8)
Influenza B N.A. 12 (2.0) 10 (1.6) 11 (2.0)

Unless otherwise stated, cells give number of observations with column percentages in brackets.

“Includes seroconversions that may be due to influenza vaccination.

®Excludes observations with self-reported history of vaccination in that period, with the number of observations for periods 1, 2, and 3 being 615, 616, and 553, respectively.
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P <.001; see Supplementary Figure 1), as well as hospital admis-
sions (R = 0.900; P =.001).

Decreased Risk of Reinfection With an Alternative Subtype Among Those
Previously Infected

Among participants with an influenza infection with the same
or an alternate subtype in the immediately preceding period,
the risks of infection with A(HIN1)pdm09, A(H3N2), and
influenza B (Supplementary Figure 2A-2C, respectively)
were generally lower than the cohort average in each period
as well as when averaged across the entire study period (see
Supplementary Table 1 for calculation of infection risks).
There were only 3 exceptions: 1 of 83 participants with prior
A(HIN1)pdmO9 reinfected with A(H3N2) in period 1; 1 of 10
participants with prior influenza B reinfected with A(H3N2)
in period 2; and 1 of 21 participants with prior A(H3N2)
reinfected with influenza B in period 3 (Supplementary
Figure 1A-1C, respectively); the denominators were rela-
tively small in the latter 2 instances. After pooling obser-
vations for all subtypes across all 3 periods (Figure 2), the
average risk of infection per time period by a single subtype
was 2.8%. However, there was a significantly lower risk of
reinfection in those with previous A(HIN1)pdmo09 infection
(0.7%, P = .012), previous infection with an alternative sub-
type (0.8%, P = .024), and previous infection with any subtype
(0.9%, P = .009). The risk of infection among those previ-
ously infected with the same subtype was also lower at 1.1%,
although not significantly so (P = .167; Figure 2).

Risk Factors for Infection

In multivariable analyses, antibody titers to the same subtype in
the antecedent sample were inversely associated with serocon-
version to all subtypes (OR, 0.61; 95% confidence interval [CI],
0.44 to 0.83; Figure 3A), A(HIN1)pdm09 (OR, 0.53; 95% CI,
0.29 to 0.97; Figure 3B), and A(H3N2) (OR, 0.53; 95% ClI, 0.32
to 0.89; Figure 3C). Figure 3A also shows that infection with an
alternative subtype in the preceding period reduced the odds of
infection (OR, 0.32; 95% CI, 0.11 to 0.98); the protective effect
was weaker (and nonsignificant) if prior infection occurred
>2 periods ago (OR, 0.77; 95% CI, 0.34 to 1.76). Having more
household members aged 5-19 years significantly increased
risk of infection to all subtypes (OR, 1.24; 95% CI, 1.04 to 1.47),
A(H3N2) (OR, 1.42; 95% CI, 1.08 to 1.86), and influenza B
(OR, 1.39; 95% CI, 1.01 to 1.91; Figure 3D), and odds of infec-
tion increased with more household members aged <5 years
for A(H3N2) (OR, 1.90; 95% CI, 1.25 to 2.88). Figure 3A also
shows significant associations with age (45-54 years: OR, 0.42;
95% CI, 0.22 to 0.81) and ethnicity (Malay: OR, 2.67; 95% CI,
1.28 to 5.57; Indian and others: OR, 2.88; 95% CI, 1.38 to 5.99),
and significantly increased risk of infection with more frequent
public transport use (OR, 1.46; 95% CI, 1.02 to 2.10).

Significant Birth Cohort Effects Suggesting Long-term Implications of
Early Life Exposure

Cumulative infection rates over the study period were not mark-
edly different by age (Figure 4A). In contrast, hospitalization
with PCR-confirmed infection was more common for A(HIN1)
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pdm09 than A(H3N2) in younger age groups and vice versa for
adults aged approximately 60 and older (Figure 4B). However,
the hospitalization-infection ratios (Figure 4C) cross at various
points for A(HIN1)pdm09 and A(H3N2), suggesting complex
birth cohort effects. A(H3N2) was more severe than A(HIN1)
pdm09 in those born before the mid-1950s, while A(HIN1)
pdm09 was more severe in those born after the late 1960s.
A(HINI1)pdm09 was also more severe in those born between
1952 and 1964. Since the crossing of the lines for hospitaliza-
tion-infection ratios coincided approximately with the periods
when the A(H2N2) and A(H3N2) pandemic viruses started cir-
culating in Singapore (1957 and 1968, respectively) [21, 22], we
referenced these calendar years in exploring birth cohort effects:
born in 1956 or earlier, born between 1957 and 1967, and born
in 1968 or later (Figure 5). For A(HIN1)pdm09, hospitaliza-
tion-infection ratios were 6.81 (95% CI, 4.58 to 10.85), 4.45 (95%
CI, 2.64 to 8.24), and 3.89 (95% CI, 2.65 to 5.72), respectively, in
the 3 birth cohorts; for A(H3N2), the severity ratios were 13.60

(95% CI, 8.45 to 25.88), 5.29 (95% CI, 2.57 to 13.68), and 0.92
(95% CI, 0.34 to 1.87), respectively. Compared to A(H3N2),
A(HIN1)pdm09 was less severe in those born in 1956 or earlier
(difference = -6.79; 95% CI, -201.3 to 1.24) and vice versa for
those born in 1968 or later (difference = 2.97; 95% CI, 1.64 to
8.35), with no difference in those born between 1957 and 1967
(difference = —0.84; 95% CI: -9.22 to 3.80). Repeating the anal-
ysis using coefficients generated from the logistic GEE model
to estimate sero-incidence produced higher severity ratios
(Supplementary Figure 3) and increased the birth cohort related
differences in severity between A(HIN1)pdm09 and A(H3N2).

DISCUSSION

Our serological cohort study from late 2009 to 2010, when
the pandemic and 2 seasonal influenza strains cocirculated in
Singapore, provided a unique opportunity to assess risk fac-
tors for infection and epidemiological evidence for heterotypic
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immunity and to investigate birth cohort effects on their rela-
tive severity.

Having household members in pediatric age groups
increased the risk of infection in adults. This influence of chil-
dren on influenza transmission has been previously demon-
strated in Singapore and elsewhere [23-25]. We also replicated
a previous finding [26] of an increased risk of infection with
more frequent public transport use, when pooling data for all
3 subtypes. Most interestingly, we documented individual-level
protection from prior influenza infection in the immedi-
ate preceding period. The effect of prior infection on odds of
homotypic reinfection was statistically not significant, possibly
due to the small number of observed reinfection events, and not
unexpectedly weakened after we adjusted for antecedent titers.
However, there were significantly decreased odds of infection
with an alternative subtype, with protection weakening where
infection occurred 2 or more periods ago. This duration of
heterotypic protection is consistent with that inferred from a
study modeling influenza seasonality [27]. Mechanisms of het-
erotypic protection may include transient behavioral changes
after symptomatic influenza infection (eg, more frequent hand
washing), immunological protection through cross-reactive
cytotoxic T lymphocytes [28-30], cross-neutralizing antibodies
against conserved epitopes [31, 32], and innate immune path-
ways [33, 34]. Findings from this study support the need for
detailed investigation of these mechanisms.

Our other key finding pertains to the complex effects of birth
cohort on the relative severity of influenza subtypes. While
age-related differences in incidence were unremarkable, those
born in 1956 or earlier were protected against severe infection
with A(HIN1)pdmO09, those born in 1968 or later were protected
against A(H3N2), with little difference in severity between the
2 influenza A subtypes for individuals born between 1957 and
1967. Early life exposure to an antigenically related virus (ie,
the A(HIN1) strain that circulated after the 1918 pandemic and
prior to the 1957 A(H2N2) pandemic) may mitigate against
severity for the A(HIN1)pdmO09 strain in older individuals.
Similarly, exposure to the circulating A(H3N2) strain after the
1968 pandemic may protect those born in 1968 and later against
severe infection by the contemporary A(H3N2) virus. One study
reported how antibody titers in an individual are often highest
for influenza viruses that are circulating when individuals were
approximately aged 6 years, the time frame of first infection
[35]. Our findings on relative protection against severe infec-
tion for A(HIN1)pdm09 in the elderly and A(H3N2) in the
young thus supports the theory of “original antigenic sin.” This
postulates that immunologic memory from the first exposure to
an influenza A virus in childhood influences immune responses
to subsequent infection and provides better protection against
infection with the same subtype, even in older age [36]. Such
birth cohort effects have implications for vaccination and sur-
veillance strategies for future influenza pandemics. Prioritizing

groups to vaccinate during a pandemic may need to take into
account the likely influenza strains and subtypes that different
birth cohorts were exposed to in the event when vaccine stocks
are limited. Birth cohort effects may also help to explain some of
the variability in influenza vaccine effectiveness, including the
decline in subtype-specific vaccine effectiveness over the course
of a season [37]. They also suggest that older adults may benefit
from vaccines that boost influenza A(H3N2) immunity specifi-
cally, rather than the current strategy of multivalent vaccination.

Our study has several limitations. Defining seroconversion
as a 4-fold or greater increase in titers is widely accepted but
has imperfect sensitivity [38]. With a longer sampling interval
in period 1, infections may also have been missed, as HI titers
can wane rapidly [39]. Furthermore, we acknowledge that only
9 of 760 participants seroconverted to 2 or more subtypes across
all 3 periods. We also discarded observations from 5 partici-
pants where seroconversions to more than 1 subtype occurred
within the same period, as serological investigations are una-
ble to determine the order of subtype infection, or if these
could have reflected a cross-reactive immune response. They
could have also been due to undisclosed influenza vaccination.
Notably, even if all 5 instances were due to a cross-reactive
immune response, the infrequency of such events relative to all
seroconversions detected suggests the HI assay was reasonably
specific. Since these observations were excluded, cross-reactive
antibodies are not a likely explanation for the heterotypic pro-
tection we observed. However, we acknowledge that our find-
ings should ideally be replicated in larger prospective cohorts
with virologic sampling. Influenza B infections may have been
slightly underestimated as we did not assess seroconversion
using both lineages but only a strain from the Victoria lineage,
which accounted for 90% of circulating influenza B isolates in
Singapore in 2010 [19]. Finally, additional studies are needed to
explore T-cell-mediated cross-protection.

In conclusion, we demonstrated a time-limited heterotypic
protection across influenza strains. The observed birth cohort
effects also support an “antigenic sin” phenomenon with the
dominant circulating influenza subtype soon after birth, con-
ferring long-term protection against severe disease, with impli-
cations for risk assessment in future influenza pandemics.
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materials are not copyedited and are the sole responsibility of the authors,
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