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European Swine Virus as a Possible Source for the Next Influenza Pandemic?
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According to phylogenetic data, about 100 years ago an avian influenza virus passed the species barrier (possibly first)
to pigs and {possibly from there) to humans. In 1979 an avian influenza A virus {as a whole, without reassortment} again
entered the pig population in northern Europe, forming a stable lineage. Here it is shown that the early North European
swine viruses exhibit higher than normal evolutionary rates and are highly variable with respect to plaque morphology and
neutralizability by monoclonal antibodies. Qur results are consistent with the idea that, in order to pass the species barrier,
an influenza A virus needs a mutator mutation to provide an additional number of variants, from which the new host might
select the best fitting cnes. A mutator mutation could be of advantage under such stress conditions and might enable a
virus to pass the species barrier as a whole even twice, as it seems to have happened about 100 years ago. This stressfui
situation should be over for the recent swine lineage, since the viruses seem to be adapted already to the new host in that
the most recentisolates — at least in narthern Germany — are genetically stable and seem to have lost the putative mutatar

mutation again. @ 1895 Academic Press, Inc.

INTRODUCTION

Pigs seem to exhibit a retatively low species barrier
toward infecticn by avian as well as by human influenza
Aviruses (far reviews see Webster et af, 1992, Scholtis-
sek et al, 1993) and therefore they might function as
“mixing vessels” for the creation of new human pandemic
strains by reassortment (for a review see Scholtissek,
1990). However, as a rare event, avian influenza viruses
can be introduced into the pig and the human popula-
tions without reassortment (Gammelin et a/, 1990; Gor-
man et al, 1990; Webster ef af, 1992). It has been dis-
cussed that, in order to form a stable lineage in humans,
an avian virus has to be passed to pigs first. There it
might hecome adapted to a mammalian species, befcre
it is transferred to humans (Gorman et al, 1991; Scholtis-
sek et al, 1993; Ludwig et al, 1994). About 100 years
ago an avian virus was introduced {presumably first) into
the pig population and (possibly thereafter) into humans
{(Webhster et af, 1992; Scholtissek et a/, 1993). Another
introduction of an avian virus as a whole into the pig
population occurred in 1979 in northern Eurcpe (Schultz
et al, 1991). There are several conceivable mechanisms
which might expiain how such a rare event can happen.
However, a most plausible one is that it might be neces-
sary for the avian virus, before it can form a stable lineage
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in the new species, t¢ have a mutator mutation in one
of the polymerase proteins to provide a larger number
of variants, from which the new host can choose the
best fitting ones (Scholtissek et a/, 1993). Such mutator
mutants of an influenza A virus have been found recently
by Suarez et al. (1992). Because such a mutator mutation
is probably advantageous only in a stress situation, like
adaptation to the new species, it might easily be lost
again after the virus is well adapted.

Here we show that the recent North European, “avian-
like" swine viruses exhibit an elevated mutational and
evelutionary rate in mast genes. Only the rate of the HA1
part of the hemagglutinin (HA} of human strains exceeds
that of the swine viruses. The early swine isclates are
s0 variable that efficient plague purification is not possi-
ble and the escape rate in the presence of a specific
monoclonal antibody is unexpectedly high. In contrast,
the most recent swine isclates are stable again in this
respect.

MATERIALS AND METHODS
Virus strains and quantification

The segquences of H1N1 virus strains according 1o their
GenBank Accession Nos. listed in Table 1 were used for
the calculations. A/swine/Schleswig-Holstein/1/92 and
Alswine/Schleswig-Holstein/1/93 were obtained from Dr.
H. Willers (Hannover, Germany). The other HIN1 strains
used in this study were obtained from various scurces
and are part of the collection in Giessen, The plague
assay was performed on primary chicken embryo celis
according to Appleyard and Marber {1374).
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Strains and Accession Numbers of the Sequences Used in This Report

TABLE 1

HA
A/USSR/A0/TT (3 variants)
A/Brazil/11/78
A/Kiev/63/79
Afl.ackland/3/78
A/Finland/20/78
AfFinland/a2/78
A/England/333/80
A/India/6263/80
AfFinland/1/82
ASOhio/101/83 (5 variants)
A/Finland/1/84
A/Finland/S/84
AfYamagata/120/86
ASSingapore/6/86
AfTaiwan/1/86 (2 variants)
AfYamagata/120/86
ASL/2/87
A/NIB/4/88
A/Finland/75/88
A/Canada/7/88
ASFinland/91/89
AfCzechosiovakial/2/83
AfTrinidad/2/86
ASFiji/2/a8
A/Finland/42/86
AfFinland/45/87
A/Finland/63/87
A/Finland/70/88
A/Finland/73/88
ANictoria/43/88
AfFrance/15/88
AlSouth Carolina/6/88
A/Czaechoslovakia/z/B8
A/Finland/72/88
A/Sichuan/4/88
A/Singapore/g/ag
A/Singapere/10/90
AlArizonal1/30
A/Stockholm/26/30
A/Goroka/2/80
A/Seoul/20/N
A/Qingdac/28/a1
AfFinland/168/31
AfFinland/154/91
A/Finland/164/91
A/Finland/1568/31
A/Finland/160/91
AFinlancd/188/91
Aflimeas2/N
A/Groningen/9938/91
AlLeningrad/108/a1
A/Netherlands/g13/91
AfVilnius/48/91
AfGroningen/9939/91
A/Rinland/196/91
A/Finland/5/84
A/Fukushima/2/88
Aftdassachusetts/1/90
AfSuital1/89 (2 variants}
Alsw/Hongkong/1/74
AlswWisconsin/46/76
Algw/New Jersey/11/78
A/SW/Ehime/1/80
AlswiQC/81
A/sw/QC/91
Alsw/Wisconsin//82
AlgswiWisconsin/1915/88
Afswilndiana/1726/88
Afsw/Nebraska/1/82

K31330, K01331, Xooo27
X00028
M3B3563
X00029
L33757
133488
X00031
X00030
L3348%
ME9324—-ME59328
L33490
L33493
Doos4t
D0D406
DO0407, X17224
DoogM
33748
XB9778
133765
L18021
L33756
118028
L1802
L1930
L33483
L33485
L33486
133487
133753
L19023
L19019
L1gozs
L18015
L33752
L19024
L19026
L2011
L1902z
L1913
L15018
133743
L1007
L33780
L33747
133745
L 19549
L33748
L33750
133768
L33745
L33480
133744
L33482
L33746
L33751
133482
L19014
L1goz7
013674, D13573
x57491
NA***
Kno9g2
X57494
Uo3z720
Uo3718
NA*J*
NA*
Mg1707
LOY063

Alsw/Amsberg/6554/79
Alsw/Germany/2/81
Asw/Germany/8533/91
Afsw/Schieswig-Holstein/1/92

AfFort Monmoeuth/1/47
A/Fort Warren/1/60
AlSingapore/1/57
AlLeningrad/134/17/67
A/l eningrad/134/47/57
A/l eningrad/134/57
AfAnn Arbor/6/60
AfKorea/426/68
ASAIChI2/68
A/Udorn/307/72
A/Port Chalmers/1/73
A/Bangkok/1/79
A/Memphis/B/88
A/Guangdong/39/89
Afsw/Germany/2/81
Afsw/Germany/8533/91
Alsw/Netherlands/25/80
Alsw/Netherlands/12/85
Asw/Schieswig-Holstein/1/93
NP
A/Hickox/40
A/FM/47
AfFort Warren/50
A/England/19/55
A/Singapore/1/67
AlLoyang/4/57
A/Ann Arbor/6/60
ANictoria/6/68
AMNTEO/68
A/Udorn/307/72
A/New lersey/4/76
AfTexas/ /77
A/California/10/78
A/Hongkong/6/83
AlswiMay/54
Alswilisconsin/1/67
AlswiWisconsin/1/61
Alsw/Wisconsin/1/67
AfswiTennesses/? /77
Alsw/Ontario/2/81
A/BW/lowal17672/88
AlswiNisconsin/1915/88
Alsw/Germany/2/81
Alaw/Germany/8533/91
Alsw/hetharlands/12/85
A/SW/Italy/839/89
AfswiSchleswig-Holstein/1/93
NS
A/Bellamy/42
AFM/AT
A/Fort Warren/1/60
A/Denver/1/57
A/Ann Arbor/6/60
A/Berkeley/1/68
ASAIChI/2/68
A/Udorn/307/72
Alnlaska/B/77
A/Houston/24269/85
A/Equador/4/86
AMyoming/3/87
A/Btackholm/14/88
Alsw/Germany/2/81
Asw/Germany/8533/21
Alsw/Netherlands/25/80
Alaw/Schleswig-Holstein/1/93

Z48437 (This report)
730278 {This report)
248434 (This report}
248435 (This report)

u02084

X08081

X0B093
Me1576
M81582
M81570
M23978
MB3531
ME35TI5

J0z2187

X08092

K01140 .
MB3516
L18999, L18995
ME5478
Z26861

226862
M63625
746438 (This report}

MB3748
MB3750
D00601
MB3751
MB3782
M76604
M23976
ME3I753
102137
M14822
M76605
000602
[Rlslelialal
M22577
MB3761
Ma3782
MB3763
M76807
M30748
M&3767
M53768
M76608
M22578
726856
M30749
MB3772
246439 (This report)

M12596
Koos77
Koos7e
M12592
M12591
M12590
M3aa829
vO1102
K01332
M17699
M57641
M57642
M57643
M55484
726865
226866
748440 {This repart)

Note. NA, no accession No. available; NA*, sequence kindly provided by M. McGregor and V. S. Hinshaw, School of Veterinary Medicing, University

of Wisconsin, Madison; NA**, for reference see Luoh et af (1992).
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FIG. 1. Phylogenetic trees of the North European swine virus NP and HAY proteins.

Isolation of viral RNA and sequencing

Viruses were propagated by growing them for 2 to 3
days in 11-day-cld embryonated chicken eggs. The vi-
ruses were purified from the allantoic fiuids and the viral
RNA was extracted by the guanidinium—hot phenol
method (Maniatis et al, 1982). After reverse transcription
DNA was synthesized by PCR according to the protocol
of Kawasaki et al. {1977) using appropriate primers. Sev-
eral independent PCR products were either blunt-end
ligated into pBluescript Il vectors (Alting-Mees and Short,
1989) or were directly seguenced by the dideoxy chain
fermination method {Sanger et al, 1977) using corre-
sponding oligonucieotide primers.

Monoclonal antibodies (MABSs)

MABs against the HA of A/swine/Germany/2/81 were
generated as described by Stitz et a/. (1990), except that
octylglycoside-treated HA was used. Tissue culture su-
pernatants from hybridomas were tested for HA by West-
ern blot analysis and in HAI assays. Positive hybridomas
were recloned. Mouse MABs were purified by affinity
chromatography and were adjusted to a protein concen-
tration of 1 mg/ml. The immunoglobulin isctype for all
antibodies was determined to be 1gG1 with an agglutina-
tion isotyping kit {Serotec, Oxford, England).

Phylogenetic trees

Phylogenetic trees were constructed by means of the
parsimeny metheds of Fitch {1971) and Fitch and Farris
{1974). For the construction of the various trees 102 NP,
100 HA, 54 M, and 55 NS sequences of genes or corre-
gponding proteins were used. The branches of the NP
and HA1 proteinsg of North European swine viruses are
shown in Fig. 1. The total trees are available on request.

Calculation of the raies of changes of nucleotides
and amino acids

The mutational and evotutionary rates were estimated
by regression of the years of isolation against the branch
distance from the common ancestor node of the nucieo-
Tide or the amino acid phylogenetic trees. From the slope
of the regressian lines the rates of change were calcu-
lated as accumulated differences péer year and position.

RESULTS

Rates of change of nucleotides and amino acids in
North European swine and human influenza virus
genes and proteins

In recent phylcgenetic studies {Ludwig et a/, 1994} it
was shown that the NP genes and proteins of the North
European swine lineage exhibited a higher evolutionary
rate when compared with the human virus lineage. To
examine whether this is a general phenomenon or only
found for the NP, we have determined the rates of change
for the North European swine virus M, NP, NS, and HA
genes and preteing and have compared them to corre-
sponding data of the numan lineage. The seguences
listed in Table 1 were used to count the number of se-
quence differencas. The resuits are summarized in Table
2. The rates of change of the M, NS, and NF genes of the
North Eurcpean swine viruses were higher than those of
human strains; nowever, the most significant differences
between swine and human strains were found in respeact
to the NP, M, and NS proteins. Note that the differences
in rates were more pronounced if the most recent swinge
strain from 1993 was not used for calculation {see also
Fig. 2).

The HA genes and proteins behaved differently. How-
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TABLE 2
Evolutionary Rates of the Morth European Swine Influenza Virus M, NS, NP, and HA1 Part of HA Genes and Proteins
Compared to Those of the Human Virus Lineage
M M1 M2 No. of
M (x10™? changes/year/residue) gene protein protein strains Time peried
European swine viruses 1.7 0.09 3.0 5 1980-1993
(1.9) (1.0) (3.0) (4) {1980-1991}
Human virus lineage 1.1 0.09 0.1 13 19471989
NS NS1 NS2 Ng. of
NS {x10™% changes/vear/residua) gene protein protein siraing Time period
European swine viruses 2.6 3.7 3.2 4 1980-1993
(2.6} (3.7) (4.0} {3} {1980-1991)}
Human virus lineage 2.1 34 0.5 13 1942-1988
NP NP No. of
NP (%107% changes/vear/residug) gene protein strains Time period
European swine viruses 2.4 1.7 5 1981-1993
(2.6) {2.0) (4) (1981-1991)
Classical swing viruses 2.3 1.1 9 19541988
Human virusg lineage 1.9 1.4 15 1940-1983
HA HA No. of
HA1 (x107* changes/year/residue) genes nroteins strains Time period
European swine viruses 3.7 4.3 4 1979-1993
{3.9) {(4.3) (3} {1979-1992)
Classical swine viruses 32 2.9 10 1974-1992
Human virus lineage 3.1 5.8 65 19771991

Note. Data were calculated from phylogenetic trees as recently described (Ludwig et af, 1991, 1994). Briefly, distances from ceriain branch points
to the tip of each line were plotted versus the year of isolation of each strain. The slope of the regression line, which represents the evolutionary
rate {changes/yaar), was divided into the length of each gene/protein to make the data comparable (changes/year/site}.

ever, one has tc differentiate between the HAT and the
HA2 regions of the protein in this kind of comparison.
While the HAZ protein behaved like the other viral pro-
teins in that the HAZ2 of the swine viruses exhibited a
higher rate of change {data not shown), the HA1 protein
behaved the other way around. This reversal of relative
rate of accumulating differences between NP and HA1
is clear in Fig. 2. These data imply that the epitopes of
HA1 of the human lineage are under a stronger selection
pressure than those of the HA1 of the swine lineage.

Analysis of H1 strains in the HAI test using
monoclonal antibodies

As shown in Table 3, all North European swine viruses
isolated between 1979 and 1993 exhibited similar HAI
titers with all four MABs. There was no significant change
in antigenicity. The human H1N1 viruses tested did not
react. However, there was some variation among the
classical swine and avian isolates.

High variation of plague morphology and of
neutralizability of early North European swine viruses

When we triad to plague-purify the A/Sw/Germany/
2/81 strain on primary chicken embryo cells using tryp-

sin in the overlay medium {Appleyard and Marber,
1974), we observed a widely heterogeneous plague
merphotogy (Table 4). Two MABs were tested for neu-
tralizaticn, MAB 11G4 and MAB 27A5. When these two
MABs were used, only MAB 27A5 was able to neutral-
ize all plaque variants. However, MAB 11G4 neutral-
ized only the prevailing small plague variants, not the
larger ones (Table 4). This helerogeneous virus popu-
tation could be due to mixtures of different viruses
forming partial heterozygotes. Such partial heterozy-
gotes segregate on further plaque passages (Scholtis-
sek et al,, 1978). However, if small and large plagues
were picked and further purified and plague-passaged,
they always split off into small and large plague vari-
ants (with a few intermediates), neutralizable with MAB
11G4 1o different degrees {Table 5). Therefore a virus
mixture and partial heterozygotes cannot account for
the observed variability.

Comparable observations were made with A/Sw/Arns-
berg/6554/79) {three consecutive plague passages, A/
Sw/France/Olid/80 {one passage}), and A/Sw/Nether-
lands/12/85 (one passage). However, A/Sw/Germany/
8533/91 and A/Sw/Schleswig-Holstein/1/93 exhibited a
homogeneous plaque morphology of about 1 mm in di-
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TABLE 3

Antigenic Comparison of H1IN1 Influenza A Viruses with Four
Monecional Antibodies Generated to the H1 Hemagglutinin of A/sw/
Germany/2/81 in Hermagglutination Inhibition Assays

Manoclonal antibedies

{HI titers)
Influenza H1N1 strains 22G2 27A5 1G4 22G8
North European swine isolates
Alsw/Arnsberg/6554/79 32 128 64 64
A/sw/Olida/1/80 32 64 128 32
AlswiGermany/2/81 64 2566 256 128
Alsw/Germany/8533/91 64 128 128 128
Afsw/Schl.-Holstein/1/92 32 256 128 2656
Afsw/Schl.-Holstein/1/93 32 256 128 128
Classical swine strains
A/sw/1976/31 — 64 — 128
A/swiwisconsin/1/67 — 256 4 256
AfWisconsin/3523/88 64 128 128 128
Avian isolates
A/dk/Albenta/35/76 16 4 32 —
A/dk/Bavarialz/77 — — — —

Afoystercaicher/Germany/87 — — — —
Human isolates

AMNVSN/33 - — - -

AFMA/47 — — — -

A/lLoyang/a/57 — — — —

Note. Hemagglutinin inhibition titers are expressed as the reciprocal
of the dilution 107" of antibody solution Innibiting 8 hemaggiutinating
doses of virus.

ameter. Both strains could he neutralized with MAB 27Ab
as well as with 11G4 (reduction of plaque yield by at
least a factor of 10,000). Various plaque isolates of the
two latter strains behaved exactly the same. The same
results were obtained when MDCK cells were investi-
gated (data not shown). Thus, this heterogeneity did not
depend on the host cells used for the plague test,

DISCUSSION

According to the genetic data presented in Table 2, the
North European swine viruses exhibited an elevated rate
of change of all genes tested when compared with human
strains. Only the HA1 part of the glycoprotein of North Euro-
pean swine viruses showed a lower evolutionary rate rela-
tive to human viruses (Tables 2 and 3, and Fig. 2). There

TABLE 4

Hetarogeneity of Plaque Size and Plaque Neutralization by Mono-
clonal Antibodies of an Early Egg Passage of A/sw/Germany/2/81
(HIN1)

Plague forming units

MAB No. (1 mmy) {3 mm) {5 mm)
without MAB 3.4 x 10° 40 x 108 45 x 10°
1G4 <10? 45 x 10° 3.0 x 10°
27A5 <102 <10° <10°

Naote. if other independently obtained aliantoic fluids were analyzed,
the plaque-size ratio may vary to a cernain extent.
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TABLE 5

Heterogeneity of Plague Size and Plague Neutralization after
Several Individual Plaque Passages of A/sw/Germany/2/81 {H1N1)

Plaque forming units

{Plaque size}
Plague MAB
igolates 11G4 {1 mm) (5 mm}
s/s/sis - 1.5 x 107 g x10
+ 1 % 10% 8 x10°
s/s/5/! 1 %107 1.5 x 10°
+ 1 x10° 85 % 10°
s/s/slsls - 2 x10f <105
+ 2 x 10 5 x10°
sfsiaif - iox 1 2 X 108
+ 3 X 10° 3 %108
s/s/s/lmab/l - 5 x10° 1.5 X i0°
+ 8 x10° 2 X 0®

Note. Small (s, about 1 mm) and large (I, about 5 mm} plaques wers
picked and propagated in embryonated chicken eggs. The allantoic
fluids were taken tor the next plague test. s/s/s/s means that from four
consecutive plague passages each a small plaque was picked; 1 mab
means that a large plague was picked after neutralization with MAB
11G4.

exist at least two possible explanations for our observa-
tions: Either the rate of mutation or the rate of evolution
has changed. The one does nat exclude the other. We are
inclined to assume that the elevated rate of change of the
genes of the North European swine virugses is mainly due
to an increased rate of mutation, possibly evoked by a
mutation in one of the polymerase proteins (mutator muta-
tion; Sudrez et al, 1992} of the earliest North European
swine virus. The unexpected high variability of plaque mor-
phology and escape rate of MAB mutants of the swing
viruses isolated between 1979 and 1985 could he explained
in the same way {(see Tables 4 and 5, note that the late
swine isolates of 1991 and 1993 arg stable again in this
respect. On the other side, the relatively conserved HA1
part of the North European swine isolates {Tables 2 and 3,
and Fig. 2) compared with the human viruses might mainly
be due 1o a lower selection pressure by the immune system
{lower rate of evolution). Such great differences in rates of
evolution have been seen before for the nucleoproteins of
the avian viruses on the ong side and the human and
classical swine viruses on the other side {(Gammelin et af,
1990; Gorman et af, 1930). The cobservation on the lower
rate of evolution of the HAT part of the North European
swine viruses is easy to understand taking into account
that the globular part of the HA is mainly needed for the
virus 1o escape the immune response of the host. In con-
trast to humans, most of the pigs do not live long enough
to become infected more than once. Thus, the relative anti-
genic conservation is not surprising and was also shown
for the classical swine viruses in North America (Sheerar
et al, 1989; Noble et al, 1993). In other wards, the in vitro
selection pressure by the MAB 11G4 is artificial and reveals

the mutator mutation. However, such a selection pressure
by the immune system is not acting during natural infection
of pigs; at least not to the extent that it is during infections
of humans.

We might assume that an avian virus might be able to
pass the species barrier twice —from birds to pigs and
thereafter from pigs 10 humans — only as long as a mutator
mutation is present during the entire period, as might have
happened about 100 years ago. If such a mutator mutation
is necessary for an avian virus to pass the species barrier
to humans via pigs, this threat of passage should be over
for the latest "avian-like” swine viruses, because they seem
1o have already lost their mutator mutation — at least in
northern Germany. However, if such “avian-like” swine vi-
ruses still containing the putative mutator mutation are still
around semewhere else in Europe they might give rise 10
a pandemic in humans comparable to the Spanish Flu of
1918-1919. The possible transmission of an “avian-like"
swine virug as a whole to humans does, of course, not
exclude the possibility of transmission of reassortants car-
rying only one or the other RNA segment of the recent
swine strains. Such reassortants wsre isolated recently
from diseased children in the Netherlands (Claas et al,
1894},
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