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Background. Influenza A pandemics cause significant mortality and morbidity. H2N2 viruses have caused a prior pandemic, 
and are circulating in avian reservoirs. The age-related frequency of current population immunity to H2 viruses was evaluated.

Methods. Hemagglutinin inhibition (HAI) assays against historical human and recent avian influenza A(H2N2) viruses were 
performed across age groups in Rochester, New York, and Hong Kong, China. The impact of existing cross-reactive HAI immunity 
on the effective reproduction number was modeled.

Results. One hundred fifty individual sera from Rochester and 295 from Hong Kong were included. Eighty-five percent of 
patients born in Rochester and Hong Kong before 1968 had HAI titers ≥1:40 against A/Singapore/1/57, and >50% had titers ≥1:40 
against A/Berkeley/1/68. The frequency of titers ≥1:40 to avian H2N2 A/mallard/England/727/06 and A/mallard/Netherlands/14/07 
in subjects born before 1957 was 62% and 24%, respectively. There were no H2 HAI titers >1:40 in individuals born after 1968. These 
levels of seroprevalence reduce the initial reproduction number of A/Singapore/1/1957 or A/Berkeley/1/68 by 15%–20%. A basic 
reproduction number (R0) of the emerging transmissible virus <1.2 predicts a preventable pandemic.

Conclusions. Population immunity to H2 viruses is insufficient to block epidemic spread of H2 virus. An H2N2 pandemic 
would have lower impact in those born before 1968.
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Influenza pandemics may occur when influenza A  viruses of 
animal origin with a novel hemagglutinin (HA, or H) with 
or without neuraminidase (NA, or N) subtypes to which the 
human population has little or no immunity infect humans 
and transmit efficiently from person to person. There were 3 
influenza pandemics in the 20th century. In 1918, an influenza 
A virus of the H1N1 subtype emerged and caused widespread 
disease; subsequently, H1N1 viruses caused seasonal epidemics 
until 1957. In 1957 a new influenza A virus of the H2N2 sub-
type, sometimes referred to as the “Asian” influenza, emerged 
to cause a second pandemic, and subsequently H2N2 viruses 
replaced H1N1 viruses as the cause of seasonal influenza from 
1957 to 1968. In 1968 a third pandemic was caused by an H3N2 
virus, which replaced H2N2 viruses and continues to circulate 
in humans to the present day. Influenza A pandemics are associ-
ated with significant mortality, morbidity, and financial burden. 

For example, the pandemic of 1918–1919 resulted in at least 50 
million influenza-related deaths [1], while the pandemics of 
1957 (H2N2) and 1968 (H3N2) combined had estimated eco-
nomic losses around US $32 billion (estimated in 1995 dollars) 
[2]. Although not designated a pandemic, the reemergence of 
H1N1 in 1977 also shared some characteristics with the other 
3 pandemics. The 2009 H1N1 pandemic was caused by a virus 
subtype that was then circulating in humans and was unex-
pected because it was generally assumed that that population 
immunity would prevent emergence of a pandemic virus of a 
subtype currently endemic in humans. There continues to be 
concern regarding the potential for new influenza A viruses to 
be transmitted to humans, with documented severe zoonotic 
disease caused by influenza A H5 and H7 infections. However, 
because H2N2 virus has already caused a pandemic, and H2 
subtype viruses are currently circulating in wild and domestic 
birds [3], reemergence of an H2N2 virus is one of the most 
likely scenarios for a new pandemic.

Anti-HA antibody, anti-NA antibody, and cell-mediated im-
munity have all been correlated with protective immunity in 
both experimental animals and in humans [4–7]. Anti-HA an-
tibody in peripheral blood sera, as assessed by the hemagglu-
tination inhibition (HAI) assay, has a strong correlation with 
protection against influenza infection and disease. Although 
complicated by significant interlaboratory variation, an HAI 
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titer of 1:40 is generally accepted as a marker of reduced suscep-
tibility [4]. Therefore, analysis of the population level of HAI an-
tibody can be used to estimate the population susceptibility to 
infection [8]. For example, the seroprevalence of HAI antibody 
to pH1N1 in individuals older than 65 years correlated with a 
significantly decreased influenza-associated mortality for these 
individuals during 2009 [9]. It has been suggested that exposure 
to antigenically related H1N1 influenza virus 50–60 years ear-
lier provided older adults with some degree of immunity against 
the H1N1pdm09 virus [10].

Similarly, individuals who were exposed to H2N2 viruses 
during the period from 1957 to 1968 may have persistent 
antibody to these viruses and be relatively protected from an 
emerging H2N2 virus. However, more than two-thirds of the 
world population in 2016 was born after 1968 [11], suggesting 
that there may be substantial susceptibility to these viruses. 
Because pandemics spread across the world within weeks after 
emergence [12], much faster than the process of developing 
and rolling out a vaccine to the newly emerged pandemic virus, 
which takes >6 months [12], attention has recently focused on 
developing systematic risk assessment algorithms for animal 
viruses of possible pandemic threat so that preemptive prepa-
rations including the development of vaccine seed strains can 
be initiated in advance. Examples of these include the Influenza 
Risk Assessment Tool and the Tool for Influenza Pandemic Risk 
Assessment [13]. An integral aspect of this risk assessment pro-
cess is assessment of population immunity to the relevant virus.

In this study, we evaluated population immunity using HAI 
assays against human and avian H2N2 influenza strains in dif-
ferent age groups in the United States and Hong Kong. We then 
estimated the impact of existing cross-reactive HAI immunity 
on reducing the effective reproduction number (R) of a poten-
tially pandemic H2 subtype virus and characterized the min-
imum basic reproduction number (R0) that such a virus must 
possess to cause a pandemic.

MATERIALS AND METHODS

Human Sera

Samples in Rochester were collected between 18 January 2010 
and 14 March 2014 from nonimmunosuppressed individuals 
who were healthy or had stable medical conditions and were 
from 6 months to 80 years of age. In the United States, influenza 
activity typically peaks in January or February. According to 
the Centers for Disease Control and Prevention, in 2010–2011 
influenza activity peaked in early February and in 2011–2012 
it remained low through February and did not peak until mid-
March. In 2012–2013, 2013–2014, and 2014–2015, influenza 
activity peaked in late December with some variability [14].

Sera from children and adults in Hong Kong were collected 
as part of a previous serological study between 24 August 24 
and 19 December 2011, prior to the winter influenza season, 

which typically commences around February–March in Hong 
Kong [15]. The preceding influenza season peaked in February–
March 2011 and the dominant virus subtype was pandemic 
H1N1. Two hundred ninety-five serum samples from this study 
were selected for testing in age strata.

Virus Antigens

Selection of viruses for HAI testing was based on 3 phylo-
genetic lineages of the H2 influenza virus subtypes: human 
and avian Eurasian lineages. Viruses were selected from 
each lineage to represent temporal and geographic diver-
sity. A/Singapore/1/57(H2N2) and A/Berkeley/1/68(H2N2) 
represented the human lineage, whereas A/mallard/
England/727/06(H2N2) and recent H2N2 virus isolate A/
mallard/Netherland/14/07(H2N2) were of the Eurasian avian 
lineage [16]. The A/mallard/England/727/06 virus was gener-
ated by plasmid-based reverse genetics with HA and NA of A/
mallard/England/727/06 and other internal virus genes of A/
Puerto Rico/8/34 origin. Antigenic relatedness of the selected 
test viruses was determined by reciprocal HAI assays shown in 
Supplementary Table 1.

Viruses with pandemic potential were handled in a US 
Department of Agriculture–approved Animal Biosafety Level 3 
(ABSL3)–enhanced facility. β-Propiolactone (BPL)–inactivated 
virus using standard procedures for use as antigen in the HAI 
test was prepared. The BPL-treated virus preparation was inoc-
ulated into 10-day-old hen’s eggs following standard virus cul-
ture procedures to confirm complete inactivation of the virus. 
The antigen was then removed from the ABSL3-enhanced lab-
oratory for HAI analysis. In Rochester and Hong Kong, HAI 
studies were performed in Biosafety Level 2 conditions.

Serology

HAI tests were performed using turkey red blood cells in 
Rochester, and chicken red blood cells in Hong Kong, otherwise 
the 2 laboratories used the same procedure for the test. Sera were 
pretreated with receptor-destroying enzyme (Denka Seiken Co 
Ltd) and tested at a starting dilution of 1:10. HAI was performed 
using “V” bottom microtiter plates as previously described [17]. 
The positive control sera used were ferret hyperimmune sera 
against A/Kruitt/63, A/mallard/Netherlands/31/2006, A/Swine/
Missouri/2124514/2006, A/mallard/Netherlands/14/2007, and 
A/Bakker/68 viruses, and goat hyperimmune sera against A/
Japan/305/57 and A/Singapore/1/57. Negative controls con-
sisted of antigen alone wells and the reagent control contained 
phosphate-buffered saline with red blood cells.

Statistical Analysis

Statistical significance was analyzed using GraphPad Prism 
software (GraphPad, San Diego, California) using 1-way analy-
sis of variance, followed by Bonferroni post hoc analysis. P val-
ues <.05 were considered statistically significant.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy291#supplementary-data
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Reproduction Number Modeling

The reproduction number of each virus in each population was 
calculated as follows. We partitioned the population into n = 8 
age groups (0–10, 11–20, 21–30, 31–40, 41–50, 51–60, 61–70, 
≥71) and m = 4 HAI titer levels (<1:20, 1:20, 1:40, ≥1:80). Let pi  
be the proportion of population in age group  and sij  be the pro-
portion of age group i with the jth HAI titer. The age distribution 
pi  was based on the most recent census data from the United 

States (2012) and Hong Kong (2011). To estimate s si im1( ¼ ), ,  
for each age group, we used Bayesian inference with Dirichlet 

conjugates for multinomial likelihood 
y
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yi  was the number of individuals in age group i in our sero-
logic study and xij  was the number of subjects in age group 
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z j  was the reduction in susceptibility conferred by the jth HAI  
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basic reproduction number R0  was the largest eigenvalue of the 
matrix Qij{ }, where Qij  was the average number of secondary 
cases in age group i generated by an infector in age group j when 
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corresponding relative reduction in transmissibility was 

simply 1 0-R R/ . The credible intervals for R were generated 
using 10 000 samples randomly drawn from the joint posterior 
distribution of s si im1, ,¼( ) for each age group i.

RESULTS

A total of 150 individuals from Rochester and 295 individuals 
from Hong Kong were included in the analysis. The demo-
graphics of the study populations at the 2 sites are shown in 
Table 1. The demographics of the study population matched the 
demographics of the source population (data not shown).

The results of HAI testing of the sera from Rochester and 
Hong Kong gave very similar results, despite the 2 populations 
and 2 different laboratories. The geometric mean titers (GMTs) 
of antibody in the 2 populations against the test viruses by 

decade of birth are shown in Table 2. As expected, there were 
substantial levels of anti H2 HAI antibody in the sera of per-
sons old enough to have been infected with H2N2 viruses be-
tween 1957 and 1968, and essentially no detectable antibody in 
persons born after 1968. Among persons born before 1957, the 
GMT of antibody against the early human A/Singapore/18/57 
was significantly higher compared with titers against the later 
human A/Berkeley/1/68 virus, whereas in persons born from 
1961 to 1970 there was a trend toward relatively higher titers 
against the A/Berkeley/1/68 virus. Titers against the avian 
H2N2 viruses were lower. There were no significant differences 
in the GMT against A/Singapore/1/57, A/Berkeley/1/68, or A/
mallard/England/727/2006 in sera tested in Hong Kong and 
Rochester, but sera tested in Rochester had significantly higher 
titers against A/mallard/Netherlands/14/07 than the sera tested 
in Hong Kong.

The prevalence of titers ≥1:40 against the test viruses is shown 
for sera from Rochester and Hong Kong in persons born before 
the 1957 H2N2 pandemic, during the years that H2N2 circu-
lated (1957–1968), or after 1968 is shown in Figure 1. Ninety-
eight percent of individuals from Rochester and Hong Kong 
born before 1957 had titers ≥1:40 against the A/Singapore/1/57 
virus, whereas >63% of subjects born between 1957 and 1968 
had titers ≥1:40. In contrast, none of those born after 1968 
had titers >1:40 to A/Singapore/1/1957. Generally, persons 
born prior to 1957 had a lower prevalence of titers ≥1:40 to A/
Berkley/1/1968, while the prevalence of titers ≥40 in persons 
born during circulation of these viruses was similar against A/

Table  1. Demographics of the United States and Hong Kong Study 
Populations

Study Population

Characteristic United States (n = 150) Hong Kong (n = 295)

Median age, y 27 43

Sex

 Male 60 (40) 125 (42)

 Female 90 (60) 170 (58)

Ethnicity

 White 130 (87) 0

 Native American 1 (1) 0

 Black 14 (9) 0

 Asian 5 (3) 295 (100)

 Other 0 0

Birth year

 1930–1940 6 (4) 24 (8)

 1941–1950 11 (7) 38 (13)

 1951–1960 20 (13) 39 (13)

 1961–1970 18 (12) 37 (13)

 1971–1980 11 (7) 38 (13)

 1981–1990 32 (21) 40 (14)

 1991–2000 29 (19) 40 (14)

 2001 or later 23 (15) 39 (13)

Data are presented as No. (%).
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Singapore/57 and A/Berkley/68. The prevalence of titers ≥1:40 
against the 2 avian H2N2 viruses tested were significantly lower 
in these groups. No person born after 1968 had titer >1:40 
against any of the H2 viruses.

After combining the results from both populations, the 
cumulative distribution of antibody titers against the 4 test 
viruses in these 3 age groups is shown in Figure  2. Eighty-
five percent of individuals born in both the United States 
and Hong Kong before 1968 had HAI titers ≥1:40 against A/
Singapore/1/57 (Figure  2). More than 50% of subjects had 
HAI titers ≥1:40 to A/Berkeley/1/68 if born before 1968. The 
frequency of titers to avian H2N2 viruses was 62%, and 24% 
of subjects born before 1957 had titers of ≥1:40 to A/mallard/
England/727/06 and A/mallard/Netherlands/14/07, respec-
tively, with such titers seen in 21% and 8% of individuals born 
from 1957 to 1968.

Successful pandemic emergence and spread of a virus 
depends on the proportion of the population that is immune 
and the initial R of the potentially pandemic strain. The median 
R for the 1957 A/H2N2 pandemic was 1.65 (interquartile range 
[IQR], 1.53–1.70) [21]. To assess the impact of these age-depen-
dent population immunity profiles on the pandemic potential 
of each of these viruses if they were to emerge in the human 
population, we computed the impact of population immunity 
in reducing R (Figure 3). The current population immunity in 
the United States and Hong Kong would reduce the initial R of 
A/Singapore/1/1957 by around 15% (12%–18%) and that of A/
Berkeley/1/1968 by around 12% (10%–17%). As such, a pan-
demic of A/Singapore/1/1957 and A/Berkeley/1/1968 would be 
prevented if initial R of the emerging virus was below 1.18 (1.14–
1.22) and 1.14 (1.11–1.20), respectively. The threshold R below 
which a pandemic with the avian subtype H2 viruses A/mal-
lard/England/727/2006 and A/mallard/Netherlands/14/2007 
would be prevented was slightly lower.

DISCUSSION

The comparability of data from 2 geographically separated 
areas of the world, Rochester and Hong Kong, argues for the 
representativeness and generalizability of such studies that aim 
to assess population immunity to viruses of pandemic con-
cern. Our study suggests that those individuals born prior to or 
during the period of H2N2 virus circulation were more likely 
to have higher HAI titers against the human H2N2 viruses 
than those born after 1968 when H2 infection in humans had 
been displaced by the H3N2 virus. In our study, we also con-
firmed evidence of cross-reactive HAI antibodies to unrelated 
avian H2 viruses, albeit at lower prevalence and titer. The preva-
lence of such cross-reactive antibodies was higher in those born 
prior 1957 and the GMT of these cross-reactive antibodies was 
higher in those born prior to 1960 than in the birth cohort of 
1961–1970. This is possibly because those who were infected 
in the early pandemic waves of the H2N2 virus in 1957–1958 
were reinfected some years later by antigenically drifted H2N2 
viruses, possibly broadening cross-reactive immunity. As re-
ported by others, we also observed low HAI titers <1:40 span-
ning across the age groups and this could be due to nonspecific 
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Figure  1. Frequency distribution sera with hemagglutination inhibition titers 
of ≥1:40 to human and avian H2N2 viruses in Hong Kong and Rochester, New 
York, against A/Singapore/1/57 (S57), A/Berkeley/1/68 (B68), A/mallard/
England/727/2006 (M727), and A/mallard/Netherlands/14/07 (M14) among per-
sons born before the circulation of H2N2 viruses (prior to 1957), born during the 
H2N2 epidemic period (1958–1968), and after H2N2 viruses circulated in humans 
(after 1968). Abbreviations: H, Hong Kong; HAI, hemagglutination inhibition; R, 
Rochester, New York.

Table 2. Geometric Mean Titers of Hemagglutination Inhibition Antibodies to H2N2 Viruses Based on Birth Year and Location

A/Singapore/1/1957 A/Berkeley/1/1968 A/Mallard/Eng/727/2006 A/Mallard/Neth/14/2007

Birth Year Hong Kong Rochester Hong Kong Rochester Hong Kong Rochester Hong Kong Rochester

1930–1940 129 (84–196) 160 (68–378) 19 (13–28) 25 (7–88) 20 (13–28) 28 (8–94) 6 (4–7) 18 (6–49)

1941–1950 320 (249–411) 300 (189–479) 35 (26–48) 26 (13–53) 42 (30–60) 58 (40–86) 13 (9–18) 29 (22–39)

1951–1960 202 (145–280) 299 (197–453) 37 (28–49) 44 (26–75) 33 23–46 41 (28–60) 10 (7–13) 25 (18–35)

1961–1970 15 (9–24) 27 (11–66) 14 (10–20) 34 (15–77) 6 (5–8) 10 (6–17) 5 (5–6) 8 (5–14)

1971 or later 5a 5 5 5 5 5 5 5

Data are presented as geometric mean titer (95% confidence interval).
aSamples in Hong Kong and Rochester were tested at a starting dilution of <1:10 and negative tests are given an imputed value of 5.
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inhibition by the sera. However, we checked the sera for non-
specific agglutinins where about 7% of the samples contained 
nonspecific inhibitors. Since the assays were run on sera which 
were confirmed not to contain nonspecific inhibitors, these 
low titers may be due to a certain type of antigen exposure that 
needs further investigation.

Sera from those born after 1963 had higher HAI titers to 
A/Berkeley/1/68 than to A/Singapore/1/57 whereas the con-
verse was true in those born before 1963. The older group of 
individuals who were first infected by A/Singapore/1/1957-
like viruses likely had a boost of these titers when they 
were subsequently infected by later drift variants (ie, A/
Berkley/1/1968-like viruses), the phenomenon known as 
“original antigenic sin” [22]. The broader cross-reactivity 
may also occur due to targeting different antigenic sites, as a 
recent study points out that antibody response against H2 is 
mainly to the receptor binding domain resulting in a greater 
degree of cross-reactivity whereas for H1 or H3 viruses it is 
the hypervariable regions of HA resulting in a lesser cross-re-
activity [23].

Soon after the H2N2 pandemic of 1957, studies done on sera 
collected prior to this pandemic were carried out and it was re-
ported that people born prior to 1887 had detectable HAI anti-
body to H2 viruses. It was therefore suggested that the historical 
pandemic that was believed to have occurred in 1889–1890 was 
likely caused by an H2 subtype virus [24]. This prior exposure 

has also shown to elicit cross-reactive antibody for H2 strains 
that are currently circulating in animals, potential candidate 
pandemic stains [25].

Sera tested in Rochester yielded higher titers against A/mallard/ 
Netherlands/14/07 than the sera tested in Hong Kong. The 
differences between laboratories are not unexpected given 
the known laboratory-to-laboratory variation in the HAI test, 
and what remains remarkable is the closeness of results. One 
technical difference between the 2 laboratories was the source 
of erythrocytes for the HAI test; Rochester used turkey eryth-
rocytes whereas Hong Kong used chicken erythrocytes. It 
is not known if this may contribute to this difference in HAI 
test results. An alternative reason for the discrepancy in titers 
between countries may be attributed to variation in vaccination 
rates. Vaccine uptake in Hong Kong is lower than in the United 
States. Potentially, repeated vaccination may increase cross-re-
active antibody to this avian H2 strain.

Assuming that the H2 seroprevalence in Rochester and 
Hong Kong reflects global population seroprevalence, we 
modeled the impact of such immunity on possible emer-
gence of an H2N2 pandemic. This model was based on the 
candidate pandemic H2 strain originating from escape of 
the human adapted H2N2 virus or from the avian gene pool 
that acquires transmissibility in humans. We estimate that 
the current levels of population immunity would reduce R 
of A/Singapore/1/1957- or A/Berkeley/1/1968-like viruses by 
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around 15%–20% and the propagation of an epidemic would 
be prevented if the emerging virus had R0 of <1.2. The me-
dian reproduction number R  for the 1918 A(H1N1), 1957 
A(H2N2), 1968 A(H3N2), and 2009 A(H1N1) pandemics was 
1.80, 1.65, 1.80, and 1.46 with IQRs of 1.47–2.27, 1.53–1.70, 
1.56–1.85, and 1.30–1.70, respectively [21]. In particular, the 
smallest R0 estimate for A(H2N2) was 1.39 [21] and we know 
that the human H2N2 viruses are well adapted to transmis-
sion between humans. Thus, one can conclude that the labo-
ratory escape of such a human-adapted virus would now very 
likely lead to a pandemic. The human population immunity 
to H2N2 continues to reduce because new birth cohorts born 
after 1968 continue to be added to the global population. The 
threshold R0 below which a pandemic with the avian subtype 
H2 viruses A/mallard/Netherlands/14/2007 and A/WWF/
HK/MPN2606/2012 would be prevented is lower, and <1.1. 
This implies that human population immunity poses only a 
moderate brake on a human transmissible H2 virus if such a 
virus were to acquire transmissibility between humans. A re-
cent risk assessment for viruses currently known to be circu-
lating in wild birds has been carried out and the risk of these 

viruses acquiring transmissibility in humans was assessed to 
be low; most isolates replicated in human bronchial epithelial 
cells and ferrets. Several did transmit between ferrets by di-
rect contact, but all HAs retained a preference for avian-like 
α2,3-linked sialic acid receptors [26]. These viruses still re-
main primarily in wild birds and have not been established 
in mammalian species including swine. Our study provides 
the systematic assessment of the impact of human popula-
tion immunity that goes toward such an overall assessment 
of pandemic risk.

A limitation of the study is that other potential con-
tributors to population immunity, such as cross-reactive 
NA-inhibiting antibody, stalk-specific antibody, cell-medi-
ated immunity, and heterosubtype reactive HAI or neutral-
izing antibody [4–7, 27], were not assessed. Furthermore, in 
many parts of the world (especially in developing countries), 
the proportion of individuals born in 1968 or later might be 
larger than that in Rochester and Hong Kong. The level of 
immunity against A(H2N2) in these populations would be 
lower than that estimated here and the pandemic potential 
of A(H2N2) in these populations would thus be higher than 
estimated here.

In summary, we find that levels of population immunity to 
H2 subtype viruses are not substantial enough to block epi-
demic spread of an H2 virus that had acquired efficient trans-
missibility between humans. Furthermore, the existing levels 
of population immunity to H2 viruses will continue to decline 
with new birth cohorts being added to the human population. 
Given that human-adapted H2N2 viruses that arose subse-
quent to the 1957 pandemic are present in many laboratories 
worldwide, these findings support the need to have prepared-
ness for H2 viruses as a credible pandemic threat. The approach 
used in the case study of H2 viruses is more broadly applicable 
in defining the impact of population immunity to viruses to 
which there is some level of cross-reactive HAI antibodies—
for example, swine H1 and H3 viruses and avian H9N2 viruses 
[27]. Reliable methods for assessing population immunity are 
a key to reliable risk assessment of viruses for pandemic threat. 
It was the lack of such risk assessment of population immunity 
to the H1N2 triple reassortant swine viruses that led to these 
viruses not being recognized as potentially pandemic viruses 
prior to 2009; indeed, it was the triple reassortment swine HA 
that was the key protective antigen for the 2009 H1N1 pan-
demic virus.
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Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by 
the authors to benefit the reader, the posted materials are not 
copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corre-
sponding author.
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