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Since May 2009, the pandemic influenza A(H1iN1)
virus has been spreading throughout the world.
Epidemiological data indicate that the elderly
are underrepresented among the ill individuals.
Approximately 1,000 serum specimens collected
in Finland in 2004 and 2005 from individuals born
between 1909 and 2005, were analysed by haemag-
glutination-inhibition test for the presence of anti-
bodies against the 2009 pandemic influenza A(H1N1)
and recently circulating seasonal influenza A viruses.
Ninety-six per cent of individuals born between 1909
and 1919 had antibodies against the 2009 pandemic
influenza virus, while in age groups born between
1920 and 1944, the prevalence varied from 77% to 14%.
Most individuals born after 1944 lacked antibodies to
the pandemic virus. In sequence comparisons the hae-
magglutinin (HA) gene of the 2009 pandemic influenza
A(H1N1) virus was closely related to that of the Spanish
influenza and 1976 swine influenza viruses. Based on
the three-dimensional structure of the HA molecule,
the antigenic epitopes of the pandemic virus HA are
more closely related to those of the Spanish influenza
HA than to those of recent seasonal influenza A(H1N1)
viruses. Among the elderly, cross-reactive antibod-
ies against the 2009 pandemic influenza virus, which
likely originate from infections caused by the Spanish
influenza virus and its immediate descendants, may
provide protective immunity against the present pan-
demic virus.

Introduction

In March and April 2009, a previously unknown variant
of influenza A(H1N1) virus was able to cause sporadic
infection clusters and epidemics in North America [1]
and Mexico [2]. Rapid identification of the virus indi-
cated that it was a novel HiN1i-reassortant influenza
A virus that originated from a triple reassortant North
American swine influenza A virus that had acquired
two virus genes (NA and M) from a Eurasian swine
influenza A virus; the virus thus contains genetic mate-
rial from avian (PA and PB2), human (PB1) and two lin-
eages of swine influenza A viruses [3,4]. Compared
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with seasonal HiN1 viruses the novel virus is geneti-
cally and antigenically very different from human HiN1
viruses that have been circulating during the last 60 to
70 years [5]. Since the majority of the world’s popula-
tion is lacking immunity against this new virus, it has
been spreading throughout the world with an unprec-
edented speed. On 11 June 2009, the World Health
Organization (WHO) declared the first pandemic of the
21st century to have started, caused by the 2009 pan-
demic influenza A(H1N1) virus.

Epidemiological analyses initially from Mexico [6] and
the United States (US) [4], and later from Europe [7] and
the southern hemisphere [8,9] revealed that the dis-
ease is affecting children, young adults and the gen-
eral population under 65 years of age. Recent reports
from Japan [10], the US [11,12] and the United Kingdom
(UK) [13] have suggested that pre-existing antibodies
and thus cross-protection against the pandemic virus
exist in some individuals, especially those that are cur-
rently over 65 years old. At present only limited data on
this is available from Europe.

Rapid isolation and characterisation of the 2009 pan-
demic influenza virus, the fast dissemination of the
early virus isolates to laboratories around the world,
and the swift generation of reassortant and recom-
binant vaccine viruses enabled vaccine manufacturers
to start mass production of pandemic virus vaccines
rapidly. Presently, many vaccine producers have been
successful in preparing functional vaccines and mass
vaccinations are ongoing in a number of countries.
Following recommendations by the WHO, the European
Centre for Disease Prevention and Control (ECDC), and
other relevant agencies, many countries have made
their own vaccination prioritisations, in which health
professionals, pregnant women, people with chronic
underlying diseases, and children and young adults
are among the first groups to be vaccinated. In order
to have a better view of the possible pre-existing
cross-reactive immunity against the 2009 pandemic
influenza virus in the Finnish population we measured
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pre-existing antibodies to this virus in more than 1,000
serum samples collected in 2004 and 2005, long before
the present pandemic, from individuals born between
the years 1909 and 2005.

Methods

Serum specimens

The study had been approved by the ethical committee
of the Helsinki University Central Hospital. The serum
specimens analysed were obtained from the virus diag-
nostic unit at the Central Laboratory Services of the

TABLE 1

Helsinki University Hospital (HUSLAB). The sera had
been collected in 2004 and 2005 from persons repre-
senting different age groups and from different parts
of the country. Only the age and sex of the individual
and the collection date of the sample were known.
Altogether 1,031 serum specimens were analysed.

Viruses and laboratory methods

We isolated a number of 2009 pandemic influenza
A(H1N1) viruses from patients suffering from an acute
respiratory infection. Nucleotide sequence analysis of

Cross-reactive antibody levels against 2009 pandemic influenza A(HIN1) and recent seasonal HIN1 and H3N2 influenza

viruses in Finnish individuals born 1909-2005 (n=1,031)

2009 pandemic HiN1 influenza A/Finland/554/09

Year of birth (age in 2009) n Titre mean +/- SD (range) % >10 % >40
1909 - 1919  (90-100) 27 27.0 +/-2.3 (<10 - 160) 96.3 55.6
1920 -1929  (80-89) 104 1.8 +/- 2.7 (<10 - 320) 56.7 21.2
1930-1939  (70-79) 125 5.6 +/-1.4 (<10 — 40) 13.6 1.6
1940 - 1949  (60-69) 116 5.4+/-1.3 (<10 -20) 9.5 0.0
1950 1969  (40-59) 119 5.2+/-1.2 (10 - 20) 3.4 0.0
1970 - 1989  (20-39) 120 5.2+/-1.3 (<10 - 40) 2.5 0.8
1990 -1999  (10-19) 144 5.0 +/-1.0 (<10) 0.0 0.0
2000 - 2005  (4-9) 276 5.0+/-1.0 (<10) 0.0 0.0
Year of birth (age in 2009) n Titre mean +/- SD (range) % >10 % >40
1909 = 1919  (90-100) 27 15.0 +/-3.1 (<10 — 160) 66.7 25.9
1920 - 1929 (80-89) 104 1M.1+/-2.4 (<10 - 80) 57.7 17.3
1930 -1939  (70-79 125 12.8 +/-3.0 (<10 - 320) 56.0 24.8
1940 — 1949  (60-69 16 71+/-21 (<10 —160) 24.1 6.9
1950 — 1969  (40-59) 119 7.0 +/-2.2 (<10 - 160) 21.8 6.7
1970 - 1989  (20-39) 120 8.7 +/-2.4 (10 - 80) 32.5 13.3
1990 -1999  (10-19) 144 10.9 +/- 2.8 (<10 —160) 42.4 22.9
2000 - 2005  (4-9) 276 5.7 +/-1.6 (<10 - 80) 9.1 2.2

Seasonal H3N2 influenza A/Finland/715/00 (Panama-like)

Year of birth (age in 2009) n Titre mean +/- SD (range) % >10 % >40
1909 - 1919  (90-100) 27 57.0 +/-6.0 (<10 — 2560) 85.2 66.7
1920 -1929 (80-89) 104 27.7 +/- 4.0 (<10 - 640) 73.1 51.9
1930-1939 (70-79) 125 37.2+/-4.2 (<10 —1280) 76.0 60.8
1940 - 1949  (60-69) 116 17.5+/-3.5 (<10 —1280) 66.4 35.3
1950 = 1969  (40-59) 19 15.7 +/-3.3 (<10 - 2560) 59.7 33.6
1970 -1989  (20-39) 120 34.0 +/-3.7 (<10 —1280) 82.5 57.5
1990 - 1999  (10-19) 144 89.4 +/-3.7 (10 — 2560) 89.6 86.1
2000 - 2005  (4-9) 276 13.7 +/- 4.0 (<10 - 320) 39.1 31.2

SD: standard deviation.

The serum specimens were split by year of birth in groups of ten or twenty years. The geometric mean titres and standard deviations were

calculated, and the range of Hl titres as well as the percentage values of Hl titres 210 or 240 are presented for each age group.
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almost the entire genome of three early Finnish iso-
lates, and haemagglutinin (HA) and neuraminidase (NA)
sequence data from 25 viruses subsequently identified
in our laboratory revealed that the Finnish viruses were
almost identical to the prototype pandemic vaccine

FIGURE 1

virus (A/California/o7/2009) and represented typical
North American/European pandemic virus strains.

For the present study we selected the pandemic influ-
enza A/Finland/554/2009 HiN1 isolate (GenBank

Frequency of cross-reactive virus-specific antibodies against 2009 pandemic influenza A(HIN1) in people born between

1909 and 1949 in Finland (n=372)
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Hl: haemagglutination-inhibition.

Cross-reacting antibodies against (A) 2009 pandemic HiN1 (A/Finland/554/09) virus, (B) recent seasonal HiN1 (A/Finland/814/2001) and (C)

seasonal H3N3 (A/Finland/715/2000) influenza A strains.

The percentage of individuals with detectable (dark blue bars) and high (light blue bars) antibody levels are shown in five-year subgroups

based on their year of birth.
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accession numbers GQ328866-7 and GQ283487-91) as
a representative virus for the immunological analysis.
The virus was derived from a nasopharyngeal aspirate
obtained from a patient who had recently returned
from Chicago. The virus was isolated in Madin-Darby
canine kidney (MDCK) cells. The pandemic influ-
enza A/Finland/s554/2009 HiN1 (HA-titre 32), and the
seasonal influenza A/Finland/814/2001 HiN1 (New
Caledonia-like, HA-titre 64) and A/Finland/715/2000
H3N2 (Panama-like, HA-titre 64) viruses were grown in
MDCK cultures. For safety reasons the pandemic virus
was inactivated with B-propiolactone (Ferrak, Berlin,
Germany), which did not reduce the antigenicity of the
virus.

Antibody responses to the pandemic and seasonal
influenza A viruses were determined with the haemag-
glutination-inhibition (HI) test using standard microti-
tre procedures [14]. Serum specimens were pretreated
with Vibrio cholerae filtrate (Denka Seiken, Tokyo,
Japan) to remove non-specific inhibitors and with
packed guinea pig erythrocytes to remove non-specific
agglutinins. In the analysis four HA units of virus and
0.75% guinea pig erythrocytes were used.

Statistical analyses

The mean antibody levels in different age groups
against the three viruses were calculated as geometric
mean titres and standard deviations (SD) of the means.
The results are presented as the geometric means with
one SD unit. The ranges of antibody titres are also

TABLE 2

given. For HI titre values under 10 an arbitrary value
of 5 was assigned in order to enable the calculation of
geometric means.

Amino acid sequence comparisons of viral HA gene
The HA sequences of the 2009 pandemic influ-
enza A (HiN1) viruses (A/California/7/2009 and A/
Finland/554/2009) were compared with those of three
Spanish influenza viruses (GenBank accession numbers
AF116575-6, AF117241) genes as well as with six other
seasonal human influenza A(H1N1) viruses from 1933
to 2007 (CY009284, CYo09612, CYo21053, CY030230,
CY033577, CYo45756 and FJ969540) and with the swine
influenza A(H1N1) virus that caused a human outbreak
in Fort Dix in the US in 1976 (CY039991). Comparisons
were done only for the HA1 region (327 of 566 amino
acids) because this region contains the major antigenic
epitopes of the molecule (see Figure 2). Sequence com-
parisons at amino acid level were conducted in MEGA4
(Molecular Evolutionary Genetics Analysis software
version 4.0 [15]). In pairwise sequence comparisons
the gaps were included.

Structural analysis of amino acid differences in
the HA molecule

Three-dimensional structures of several influenza
A virus HA proteins have been determined. Of the
human Hz1 virus subtypes, the HA structures of A/
South Carolina/1/18 and A/Puerto Rico/8/34 have
been resolved by crystallography [16]. For our analy-
sis we selected the structure of A/South Carolina/1/18

Amino acid sequence comparisons between haemagglutinin proteins of Spanish influenza 1918, swine influenza 1976, and

pandemic and seasonal HINI influenza A viruses

A(H1N1) HA1

Brevig Mission/1/1918
South Carolina/1/1918
New York/1/1918

South Carolina/1/1918

United Kingdom/1/1933

Puerto Rico/8/1934
New Jersey/8/1976
USSR/92/1977
Brisbane/59/2007
Finland/554/2009 v

Forth Monmouth/1/1947
Malaya/302/1954

New York/1/1918

United Kingdom/1/1933

Puerto Rico/8/1934

Forth Monmouth/1/1947

Malaya/302/1954

New Jersey/8/1976

USSR/92/1977

Brisbane/59/2007

Finland/554/2009 v

California/7/2009 v

Percentage of amino acid identity in the HA1 region (327 amino acids). Viruses from 1918 are from the Spanish influenza, New Jersey/8/1976
represents the swine virus causing the outbreak in Fort Dix, United States, Finland/554/2009 and California/7/2009 are 2009 pandemic
influenza A(H1N1) viruses, and other viruses in the table are representative for seasonal HiN1 influenza viruses from 1933 to 2007. The
percentages of homology between 1918, Fort Dix and 2009 pandemic sequences are shown in bold.
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HA (RCSP Protein Data Bank accession number 1ruz) and the seasonal vaccine A/Brishane/59/2007 HiN1
as the basis for analysing the locations of amino acid virus. The representations were done using RasMol
differences between the HA structures of the Spanish Molecular Graphics software version 2.7.3 [17].
influenza, the pandemic influenza A/Finland/554/2009

H1N1, the seasonal influenza Puerto Rico/8/1934 H1N1

FIGURE 2

Three-dimensional structure of the 1918 Spanish influenza haemagglutinin molecule and amino acid changes between the
Spanish influenza 1918, the 2009 pandemic influenza and seasonal influenza viruses from 1934 and 2007

Sa

Receptor
binding pocket

1918 1918 1918 Finland/554/09
Vs VS Vs Vs
Finland/554/09 Puerto Rico/8/34 Brisbane/59/07 Brisbane/59/07

HA: haemagglutinin.

A) Cartoons and spacefill diagrams of the trimer of human 1918 HA with locations of amino acid differences. Different monomers are coloured
in blue, grey and brown. HA1-regions are shown in darker and HA2-region in lighter colours. Amino acid changes between the HA molecules
are compared and the changes in the HA1-region are shown in yellow and in the HA2-region in gold. In the spacefill model antigenic sites of
H1 HA (Ca1, Ca2, Ch, Sa and Sb; [21]) are marked in red circles and the receptor binding pocket with a black line.

B) The differences between viruses are shown in the monomer structure in two different orientations with 9o degree rotation.
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Results

Antibody levels

Antibody levels against a representative 2009 pan-
demic influenza virus, A/Finland/554/2009 showed
that the oldest individuals (born between 1909 and
1919) had a very high prevalence of antibodies to the
2009 pandemic influenza A(H1N1) virus. More than 96%
of these individuals had detectable antibodies (titres
210), and in more than 55% of them, antibody titres of
240 were detected, which is generally considered to
be a protective level. In younger age groups the preva-
lence of detectable antibodies against 2009 pandemic
influenza virus decreased gradually with increasing
year of birth (Table 1). Only some (10-14%) of the indi-
viduals born between 1930 and 1949 had cross-reac-
tive antibodies against the pandemic virus. It is of note
that some individuals in the oldest age-group had very
high antibody levels with Hl titres ranging between 160
and 320. Antibodies against seasonal HiN1 and H3N2
influenza viruses were found in 9-67% and 39-90% of
all the individuals, respectively, depending on the age
group (Table 1).

When the older age groups were divided into subgroups
of five birth years (Figure 1), a gradual decrease in the
frequency and levels of antibodies against the 2009
pandemic influenza virus was observed with increas-
ing year of birth, indicating that high antibody levels
were only found in individuals born in the mid 1920s
or earlier. A relatively large proportion of individuals in
these age groups also had antibodies against seasonal
HiN1 and H3N2 influenza viruses.

Sequence comparisons

Amino acid sequence comparisons between different
HA sequences (Table 2) revealed that the three 1918
influenza HA1 proteins are almost identical (99.7%
identity). More than 99% sequence identity is also
shown between the 2009 pandemic viruses, which can
be verified by sequence comparison between any of the
pandemic influenza HA genes submitted to GenBank
(data not shown). It is of note that the seasonal influ-
enza viruses from the 1930s had already significantly
drifted from the Spanish influenza virus HA1 sequences
and approximately 15% of the amino acids had been
mutated giving an estimated evolutionary rate of 1%
amino acid changes per year. The HA1 proteins of the
seasonal influenza A(H1N1) virus, A/Brisbane/59/2007,
shows approximately 20% divergence from that of the
Spanish influenza virus. Comparison of the 2009 pan-
demic influenza virus HA1 sequences revealed that the
most closely related human HiN1 influenza viruses
were in fact the viruses of the Spanish influenza (16.8
to 17.1 divergence) with the exception of the swine
virus that caused the 1976 outbreak in Fort Dix (10.8 to
11.0 divergence). The seasonal HiN1 influenza viruses
isolated between 1933 and 2007 showed 23.0 to 27.8%
sequence differences to the pandemic HiN1 2009 virus
(Table 2). Genetic data thus clearly indicate that the
closest relatives of the 2009 pandemic virus are the
Spanish influenza and Fort Dix virus strains.

Molecular and structural analysis

Figure 2 visualises the differences in the amino acids
between the HA sequences of the 1918 Spanish and the
2009 pandemic influenza (A/Finland/554/2009), the
1918 Spanish and the 1934 seasonal influenza (Puerto
Rico/8/1934), the 1918 Spanish and the 2007 seasonal
influenza (A/Brishane/59/2007) and between the 2009
pandemic and the 2007 seasonal influenza virus. The
three-dimensional structure of a trimeric HA molecule
is shown in Figure 2A, where the amino acids changes
between the 1918 and the 2009 pandemic virus are
marked. There are several changes on the surface of
the HA molecule, and some of the changes are accumu-
lated in the antigenic epitopes. However, other compar-
isons (Figure 2B) indicate that the changes between the
HA molecules of the 1918 and the 1934 seasonal, the
1918 and the 2007 seasonal, and especially between
those of the 2009 pandemic and 2007 seasonal virus
are more numerous. Most of the amino acids at the dis-
tal end of the molecule, around the sialic acid recep-
tor binding pocket, and the antigenic epitopes on the
sides of the HA molecule are altered. Since the sur-
face structure of the 2009 pandemic influenza (H1N1)
virus HA molecule is dramatically different from that
of seasonal HiN1 influenza viruses, it can be expected
that immunity induced by seasonal HiN1 viruses (from
strains isolated later than the 1930s to 1940s) does not
provide significant cross-protection against infection
with the present 2009 pandemic virus.

Discussion and conclusion

This study demonstrates that in Finland, individuals
born between 1909 and 1924 and to a lesser extent
those born between 1925 and 1944 have pre-existing
humoral immunity against the 2009 pandemic HiN1
influenza A virus. Genetic and structural analyses also
revealed that the 2009 pandemic virus is more closely
related to the 1918 Spanish influenza and to the 1976
Fort Dix outbreak swine viruses than to any other sea-
sonal HiN1-type influenza viruses that have been iso-
lated since the 1930s. It is highly likely that immunity
induced by the Spanish influenza virus, as seen in
the oldest individuals included in this study, provides
cross-protection against the currently circulating 2009
pandemic influenza virus.

The sera selected for this study represent very well
the general population in Finland, since the diagnostic
laboratory received samples from all over the country
and different age groups (0-96 years) were included.
Historical records also indicate that the Spanish influ-
enza was prevalent practically all around the world.
In Finland the Spanish influenza was highly prevalent
and found in almost all corners of the country including
the most northern parts [18]. In this respect our serum
material covers the Spanish influenza history in Finland
very well, so that our results are likely to be repre-
sentative and informative for the general situation in
Europe. Recent studies from Japan, the US and the UK
also describe the presence of cross-reactive antibodies
to the 2009 pandemic influenza virus among the oldest
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age groups (born in 1930 or earlier) [10,11,13]. In order
to obtain a clearer picture on the prevalence of cross-
reactive antibodies in different age groups in Europe,
there is a need to study retrospective serum materials
collected from different European countries.

In case the cross-reactivity against the 2009 pandemic
influenza virus is indeed due to infections caused by
the Spanish influenza and/or its immediate descend-
ant viruses in the late 1910s and the 1920s, this would
seem to suggest that specific anti-influenza immunity
can last for an extremely long time, even a lifetime.
The 33-55% of individuals who were born between the
years 1909 and 1924 had relatively high antibody lev-
els (240 HI titres) against the 2009 pandemic influenza
virus and are thus likely to be protected against infec-
tion with this virus. Antibody levels 240 as measured
by the HI method are generally considered as protec-
tive and such post-vaccination antibody levels are an
indication of an efficient vaccine-induced humoral
immune response. There was also a very good correla-
tion between the level of cross-reactivity in the older
age groups and the evolution of the Spanish influenza
virus descendants. Even if there is a considerable gap
in available virus isolates and HA sequences between
the years 1918 and 1933 we can estimate the evolution-
ary speed of the virus to be at least 1% of HA1 amino
acids changes per year. Apparently, the evolution
was so fast that the viruses circulating in the 1930s
and 1940s were already quite distinct from the initial
Spanish influenza virus (see Table 2 and Figure 2) and
thus infections caused by those viruses were unable
to induce significant cross-reactivity against the 2009
pandemic influenza virus.

Based on HA sequence data, the 2009 pandemic
influenza A(H1N1) virus is more closely related to the
Spanish influenza virus than to the present day sea-
sonal influenza A(H1iN1) viruses. It is thus likely that
the Spanish influenza virus was transmitted from the
human to the swine population after the first wave of
1918 pandemic and the evolution of the viral HA gene
in pigs went on independently from that in humans
[19]. However, since the HA proteins of the Spanish
influenza and the 2009 pandemic influenza virus show
17% amino acid divergence, this gives an estimated
evolutionary rate of approximately 0.2% amino acid
changes per year, which is considerably slower than
usually seen among human seasonal influenza A(H1N1)
viruses. It is likely that the shorter life span of domes-
tic pigs and their lack of pre-existing immunity allowed
the virus to spread in swine populations without sig-
nificant evolutionary pressure. In many ways this may
reflect the present situation with the 2009 pandemic
virus, which shows extremely low rates of evolution
due to the lack of protective immunity in the majority
of the world’s population. At present, the amino acid
changes from the HA and NA gene sequences of the
prototype pandemic strain and the and vaccine strain
A/California/7/2009 to those of currently circulating
2009 pandemic influenza strains are less than 1% and
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0.5%, respectively. Thus, basically any 2009 pandemic
influenza A(HiN1) isolate can at present serve as a
suitable strain for immunological analyses and vaccine
production.

The availability of the three-dimensional structure of
the 1918 influenza virus HA molecule allowed us to
seek for molecular and immunological explanations
of the humoral cross-reactivity between the Spanish
influenza and the 2009 pandemic influenza viruses.
The analysis clearly revealed that there are a number
of amino acid differences in the important antigenic
epitopes on the surface of the HA molecule, but these
differences are far fewer between the 1918 Spanish
influenza and the 2009 pandemic influenza virus
HA molecules as compared to the differences seen
between the 1918 Spanish influenza and seasonal
viruses from 1934 or 2007 or between the 2009 pan-
demic and the 2007 seasonal influenza HA molecules.
Even though the comparison was done by modelling,
it can be assumed that the overall structure of the HA
molecule of H1 influenza viruses is highly conserved.
All in all we can say that the critical antigenic epitopes
between the 1918 Spanish influenza and the 2009 influ-
enza viruses are at least partially conserved, which
probably explains the observation that people who
have been infected with the Spanish influenza virus or
a closely related virus have good cross-reactive immu-
nity against the 2009 pandemic virus.

The present study, as well as a previous study [20]
showing the existence of B cell clones specific for
the Spanish influenza HA in the elderly, indicate that
immunological memory may last a whole lifetime.
These observations also suggest that the driving force
of human influenza A virus evolution is the host’s
immune response that stimulates antigenic drift.
Epidemiological analyses from North America, Europe
and Australia [4,6-9] of the underrepresentation of
the elderly in population groups contracting 2009
pandemic influenza suggest that persisting immunity
against the Spanish influenza virus and its early vari-
ants may in fact give life-long immunity against the
same or a very closely related virus strain such as the
2009 pandemic influenza A(H1N1) virus.
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