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Summary. - We have used the mouse model to monitor the acquisition of virulence of a non-pathogenic 
influenza A virus upon adaptation to a new mammalian host. An avian strain, A/Mallard duck/Pennsylvania/ 
10218/84 (H5N2) (Mld/PA/84) was adapted to mice by 23 serial lung-to-lung passages until a highly virulent 
mouse-adapted (MA) variant (Mld/PA/84-MA) emerged. This MA variant was characterized and compared to 
the parental strain as well as some of its intermediate passage variants. MA variant caused bronchopneumonia 
in mice with a high mortality rate (the virulence of Mld/PA/84-MA measured as log (EID,r/LD.n) was 1.75), 
while the parental, avirulent strain Mld/PA/84 did not cause illness and mortality in mice (log (EID. /LD ) 
was 7.25). Hemagglutination-inhibition (HAI) test with a set of hemagglutinin- (HA) specific monoclonal 
antibodies (MAbs) revealed antigenic differences between the parental strain and MA variant. Mid/PA/84-MA 
reacted with HA-specific MAbs in higher titers than the parental strain. The HA genes of the parental strain 
Mld/PA/84, the 1“, 3"', 8'\ and 15"' intermediate passage variants, and Mld/PA/84-MA were sequenced. Three 
amino acid changes at positions 203, 273 and 320 were determined in the HA of MA variant. The first of them, 
Leu—>Pro (320), appeared in the HA stem region at the 8"' passage. Two other in the HAI globular region 
(Ser—>Phe (203) and Glu->Gly (273)) appeared at the 15,h passage. All of these substitutions were associated 
with the increase of viral infectivity for mouse lungs and changes in the HA antigenicity. The potential role of 
these changes in HA with respect to the process of viral interspccies transmission and acquisition of virulence 
for new host is discussed.
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Introduction

Influenza A viruses have many hosts in nature. Besides 
humans, a large variety of animals, e.g. pigs, horses, sea 
mammals, and birds, can be infected. Phylogenetic studies 
have revealed that wild aquatic birds are the primordial
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Abbreviations: aa = amino acid; HA = hemagglutinin; 
HAI = hemagglutination-inhibition; HAU = HAunit;i.n. = intra­
nasal; MA = mouse-adapted; MAb = monoclonal antibody; 
MDCK = Madin Darby Canine Kidney; MOI = multiplicity of 
infection; PAGE = polyacrylamide gel electrophoresis; PBS = phos­
phate-buffered saline; p.i. = post infection; RT-PCR = reverse 
transcription-polymerase chain reaction

source of all influenza A viruses of avian and mammalian 
species (Webster etal., 1992), These studies have also shown 
that the two most recent influenza pandemics, the 1957 Asian 
and the 1968 Hong Kong ones, were the result of a 
reassortment event between avian and human influenza 
viruses. The result is a so-called antigenic shift, which means 
an event during which the HA of an avian influenza virus is 
introduced in the human population (Murphy and Webster, 
1990). For the 1918 Spanish epidemic virus there is no 
evidence for reassortment preceding the introduction into 
humans (Taubenberger et al. ,1997; Reid etal., 1999).

An influenza A (H5N1) virus strain was isolated from a 
little child in May 1997 in Hong Kong (de Jong et al., 1997). 
The genetic characterization of this strain has revealed that 
all its genes were phylogenetically related to highly
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pathogenic avian influenza viruses circulating in poultry in 
the same period (Claas et al., 1998; Subbarao et al., 1998). 
This was the first reported case of transmission of an avian 
influenza A virus directly to man that caused a respiratory 
disease. Earlier attempts to infect experimentally humans 
with avian influenza A viruses did not result in their efficient 
replication (Beare and Webster, 1991) and therefore, the 
transmission of the influenza A (H5N1) virus was primarily 
considered an incident. However, later that year, additional 
seventeen confirmed cases of influenza A (H5N1) virus 
infection of humans were reported with, including the first 
case, a total of six fatalities (Yuen et al., 1998). Fortunately, 
the avian-like H5N1 viruses did not spread efficiently 
between humans, but they managed to replicate efficiently 
in this new (mammalian) host. Efficient interspecies 
transmission of influenza viruses is the result of a combination 
of appropriate genetic viral, cellular and environmental 
factors. Despite extensive nucleotide sequence analysis ofboth 
the avian and human influenza A (H5N1) virus strains isolated 
in Hong Kong, no specific alterations could be related to the 
adaptation of the avian strain to the new host (Suarez et al., 
1998; Bender et al., 1999). However, because of differences 
in the mutation rates of individual gene segments, an avian- 
avian reassortment may have preceded the interspecies 
transmission (Zhou et al., 1999).

To get more information about the process of interspecies 
transmission and adaptation to a new host, a mammalian 
model system has been used. Influenza viruses do not cause 
natural infection in mice, but they can be adapted, to re­
plication in mouse lungs. These animals are commonly used 
as a model to study nonspecific and specific mechanisms 
of host defense. Pathogenesis of virus-induced bron­
chopneumonia has appeared to be similar in humans and 
mice (Sweet and Smith, 1980). This model system has 
previously been used to study adaptation of human influenza 
A viruses to mice and the genetic basis of the acquired 
virulence (for review see Ward, 1997). In MA human 
influenza viruses, changes in the HA gene during adaptation 
play a key role in growth in mouse lungs and acquisition of 
virulence (Rudneva etal., 1986; Kaverin etal., 1989; Brown, 
1990; Smeenk and Brown, 1994; Smeenk et al., 1996; 
Hartley et al., 1997).

We have previously published the adaptation of avian 
influenza strains to the mouse (Lipatov et al., 1995, 1996; 
Govorkova and Smirnov, 1997). In the present study, we 
have used the mouse model to monitor the acquisition of 
virulence of a non-pathogenic influenza A virus upon 
adaptation to a new (mammalian) host. To mimic the 
situation of an antigenic shift we decided to adapt an avian 
influenza A virus to a mammalian host. Because avian H5 
influenza A viruses obviously manage to transmit and 
replicate in a mammalian host, we have selected a strain of 
this subtype for our studies. An avian H5N2 strain was

adapted to mice by serial lung-to-lung passages until a highly 
virulent M A variant emerged. The latter was characterized 
and compared to the parental strain as well as some of the 
intermediate passage variants. The HA genes of the parental 
strain, four passage variants, and MA variant were 
sequenced. The potential role of the changes which occurred 
during the process of interspecies transmission in the 
acquisition of virulence are discussed.

Materials and Methods

Viruses. The avian influenza virus strain (parental strain) 
A/Mallard duck/Pennsylvania/10218/84 (H5N2) (Mld/PA/84) 
(Rohm et al., 1995) was kindly provided by Dr. R.G. Webster, St. 
Jude Children’s Research Hospital, Memphis, TN, USA. The virus 
was propagated in the allantoic cavity of 10-day-old embryonated 
chicken eggs at 37°C for two days. The allantoic fluid was collected 
and used for inoculation of mice. The MA variant (Mld/PA/84-M A) 
was prepared by 23 subsequent lung-to-lung passages of the 
parental strain. Three to four-week-old albino mice (four mice for 
each passage) were infected by intranasal (i.n.) inoculation of 50 pi 
of allantoic fluid under light ether anaesthesia. The mice were 
sacrificed 48 hrs post infection (p.i.), and subsequently a 10% 
suspension of their lungs was prepared in phosphate-buffered saline 
(PBS) with antibiotics. After centrifugation at 11,000 rpm for 
2 mins, the supernatant was used for the next passage. The 1st 
(Mld/PA/84-Iм), 3rd (MId/PA/84-3rd), 8“’(Mld/PA/84-8“’), 15"’ 
(Mld/PA/84-15“’), and 23rd (Mld/PA/84-MA) MA lung passage 
variants were isolated from the lung suspensions by one passage 
in embryonated chicken eggs. The resulting allantoic fluids were 
used in the experiments.

Determination of viral growth in mouse lungs and virulence 
test. Mouse lung suspensions obtained from each passage were 
titrated (HA titers) in a HA assay with a 0.5% suspension of chicken 
red blood cells. Infectivity (EID50) titers of the 1st, 3rd, 8“’, 12lh, 
15“’, 19“’, 2P' and 23rd passages were determined in embryonated 
chicken eggs by a standard method. The virulence test was per­
formed as described earlier (Rudneva et al., 1986) and the log 
(EID5(I/LD50) was used as a measure of virulence. To determine the 
LD50, four animals in each group were infected by i.n. ino-culation 
of 50 pi of ten-fold dilutions of Mld/PA/84 and Mld/PA/84-MA. 
The LD5()was calculated after an observation period of 15 days.

HAl test was carried out by a standard procedure. Four HAU of 
viruses and a 0.5% suspension of chicken red blood cells were 
used. The parental strain Mld/PA/84, the 1“, 3rd, 8“’, and 15“’ lung 
passage variants, and Mld/PA/84-MA were analyzed. The HAI 
reactivity of a set of MAbs against influenza virus A/Chicken/ 
Pennsylvania/1370/83 (H5N2) (Ck/Pen/83), generously provided 
by Dr. R.G. Webster, and polyclonal antisera against influenza 
viruses A/Tern/South Africa/63 (H5N3) (Te/SA/63) and A/Hong 
Kong/156/97 (H5N1) (HK/97) were examined. In addition, the 
HI activities of a non-infected mouse serum and a non-infected 
mouse lung extract were determined. (3 inhibitors, mannose-binding 
lectins were isolated from a mouse serum (Anders et al., 1990; 
Reading et al., 1997). A mouse lung extract was obtained by 
sonication of lungs in PBS and was used as a source of a inhibitors
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.itive to neuraminidase (Križanová and Rádiová, 1969; Smeenk 
1996). HAI titers (reactivities) were expressed as reciprocals

.he highest dilutions of MAbs , sera or extracts that resulted in
HAI.

iadiolabeling and polyacrylamide gel electrophoresis (PAGE). 
T;:, labeling of virus-specific proteins was performed as described 
(I matov et al., 1995). Briefly, confluent monolayers of Madin 
Darby Canine Kidney (MDCK) cells grown in Dulbecco’s 
Modified Eagle’s medium were infected with virus-containing 
allantoic fluid at a multiplicity of infection (MOI) of approximately 
15 PFU/cell. At 4.5 hrs p.i. the medium was removed and the cells 
were washed twice with RPMI medium without methionine. Then, 
50 pCi of P5S]methionine in the same medium was added to the 
cells for 1 hr. Afterwards, the cells were washed twice with STE 
buffer pH 7.4, lysed in a reducing buffer, and subjected to PAGE 
(15% gel) in a standard buffer system (Laemmli, 1970).

Nucleotide sequencing. The HA genes of Mld/PA/84, Mld/PA/ 
84-1", Mld/PA/84-3rJ, Mld/PA/84-8"’, Mld/PA/84-15‘\ and 
Mld/PA/84-MA were subjected to nucleotide sequencing. Extrac­
tion of RNA and its amplification by reverse transcription- 
polymerase chain reaction (RT-PCR) were carried out as described 
(Claas et al., 1993). In brief, RNA was extracted from virus- 
containing allantoic fluid using a guanidinium isothiocyanate 
solution and collected by precipitation with isopropanol. After 
reverse transcription, viral RNA was amplified using oligo­
nucleotide primers that were selected from a consensus sequence 
retrieved from the GenBank. The ampl ified products were subjected 
to nucleotide sequencing using the Thermo Sequenase™ Dye 
Terminator Cycle Sequencing Pre-mix Kit (Amersham Life Sciences) 
and an Applied Biosystems 377 Sequencer. The sequences of the 
Mld/PA/84 and Mld/PA/84-MA HA genes were submitted to the 
GenBank (Ace. Nos. AF100180 and AF100179, respectively). 
Nucleotide sequences were converted to amino acid sequences and 
aligned using the Wisconsin GCG Package. For HA polypeptides, 
the H3 numbering system of Wilson et al. (1981) was used.

Results

Effect of mouse lungs passaging on EID.0 and LDSII titers

During adaptation of the avian influenza A (H5N2) virus 
strain Mld/PA/84 to mice, its virulence increased, and its 
MA variant (Mld/PA/84-MA), which was highly virulent 
for mice was obtained after 23 serial lung-to-lung passages. 
The HA titers of the virus isolated from the lungs over the 
passages and the viral infectivity (E1D5()) titers were 
determined (Fig. 1). Limited amounts of infectious virus 
were found in the lungs after the 1st passage. A major increase 
in the El D50 titer and thus in the amount of infectious viruses 
reproducing in the lungs could be observed between the 3ri1 
and the 15lh passage, reaching log E1D50 of 6.75. The HA 
titer, however, was relatively low. Additional passages were 
undertaken to stabilize the selected mutants with growth 
potential in mouse lungs and to increase their EID50 and 
HA titers. The M A variant isolated from the 23ri1 lung passage
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Fig. 1
Yields of the viruses replicating in mouse lungs during the 

adaptation process

grew to high EID50 titers in embryonated chicken eggs and 
mouse lungs. The log LDjn for mice was 6.0 and the log 
EID5() was 7.75. The parental, avirulent strain Mld/PA/84 
did not cause illness and mortality in mice and had log 
(EID50/LD50) of 7.25. Forthe virulent variant Mld/PA/84-MA, 
this virulence index was 1.75. From these data it can be 
concluded that the serial lung passaging of an avian influenza 
A (H5N2) virus in mice has propagated a virus with a highly 
virulent phenotype in mice, i.e. the avian virus has adapted 
to new (mammalian) host.

Comparison of antigenic properties of Mld/PA/84, 
Mld/PA/84-MA, and some lung passage variants

A comparative antigenic analysis of the parental avian 
strain Mld/PA/84 and its MA variant Mld/PA/84-MA was 
carried out by HAI test using a set of HA-specific MAbs 
against Ck/PA/83 (H5N2) strain and polyclonal antisera 
against strains Te/SA/63 (H5N3) and HK/97 (H5N1) (all 
strains of influenza A virus, Table 1). Significant (more than 
4-fold) differences in HAI titers were observed with MAbs
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Table 1. НЛ1 test of the parental MId/PA/84 strain, its MA variant and intermediate lung passage variants with monoclonal antibodies,
polyclonal antisera and nonspecific inhibitors

Viruses MAbs
Polyclonal antisera 

against
Nonspecific 

inhibitors from

CP22 CP28 CP34 CP46 CP52 CP55 CP58 CP79 Tc/SA/63 HK/97 Lungs Scrum

Mld/PA/84 100 <100 200 6400 <100 12800 12800 25600 5120 1280 32 64
Mld/PA/84-Is1 200 <100 100 3200 <100 6400 6400 12800 nd nd 32 64
Mld/PA/84-3rl1 100 <100 <100 6400 <100 12800 6400 12800 nd nd 64 64
Mld/PA/84-8’1' 400 <100 <100 25600 <100 6400 6400 12800 nd nd 64 64
Mld/PA/84-15,h 6400 100 800 102400 <100 51200 25600 51200 nd nd 64 64
Mld/PA/84-MA 12800 200 3200 >102400 <100 51200 51200 >102400 10240 2560 64 64

HI titers (reactivities) expressed as reciprocals of highest positive dilutions of MAbs, antisera, lung extract or normal mouse scrum, 
ltd = not done.

CP22, CP34 and CP46. For the rest of MAbs no differences 
were observed. MAb CP52 did not react with any of the 
viruses. No significant differences between the polyclonal 
antisera were observed.

Analysis of antigenic properties of the lung passage 
variants Mld/PA/84-1st, Mld/PA/84-3'd, Mld/PA/84-8"’, and 
Mld/PA/84-15th with the MAbs directed against Ck/PA/83 
revealed that variants from up to the 3rd passage were not 
significantly distinct from the parental strain. The 8"' passage 
variant was distinguishable by at least a 4-fold difference in 
its reactivity with MAbs CP22 and CP46; it reacted in higher 
dilutions than the parental strain. The inhibitory activity of 
these MAbs and CP79 was increasing in correlation with 
virus adaptation. The reactivity of the MAbs with Mld/PA/ 
84-15th resembled that with the MA variant; therefore, these 
two viruses were antigenically closely related. When 
comparing the parental strain and its M A variant, more than 
4-fold differences in HAI activity were observed with MAbs 
CP22, CP34, and CP46, whereas MAbs CP55, CP58, and 
CP79 showed only 4-fold differences. MAbCP52 did not 
react with any of the viruses.

Serial passaging in mouse lungs did not only result in 
acquisition of virulence for mice but also in changes in the 
antigenicity of viral HA. These changes appeared between 
the 8th and 15th passage. The reactions with polyclonal 
antisera did not reveal significant changes.

Resistance to a and (3 inhibitors of hemagglutination

In the course of adaptation of Mld/PA/84 to a new host 
and mutation/selection of Mld/PA/84-MA, no significant 
differences could be observed in the resistance of these 
viruses to non-specific a and |3 inhibitors of 
hemagglutination (Table 1). A lung extract contains 
macrophageal a inhibitors that are sialic acid-containing 
analogues of the receptor. A normal mouse serum contains 
heat-sensitive (3 inhibitors which are mannose-binding

lectins that inhibit hemagglutination and neutralize virus 
infectivity by binding to the carbohydrate attached to the 
tip of the HA spike. In this way, the binding of the virus to 
the receptor is prevented (Anders et al., 1990; Reading et 
al., 1997). These results allow to assume that in this case 
the virus adaptation to mice lungs does not result in changes 
in the receptor-binding activity of HA of Mld/PA/84 H5 
strain.

Mobility of viral proteins

Mld/PA/84 and Mld/PA/84-MA were labeled by 
['5S]methionine and analyzed by PAGE (Fig. 2). No 
differences were observed in the mobility of viral proteins 
originating from the avian parental strain and its MA variant. 
PAGE of purified virus proteins collected from allantoic 
fluid by centrifugation also did not reveal any differences 
in protein patterns of these two viruses. Similarly, a density 
scanning of the stained PAGE profiles did not reveal any 
changes in the cleavability of their HAs (data not shown). 
Obviously, despite significant distinctions in biological and 
antigenic properties, the MA variant did not differ clearly 
in physical-chemical properties of viral proteins as compared 
to those of the parental strain.

Sequence analysis

The results of comparison of the amino acid (aa) sequences 
of the H5 HA of Mld/PA/84, Mld/PA/84-MA, and inter­
mediate lung passage variants are presented in Table 2. In the 
HA1 subunit of the Mld/PA/84-MA variant, three amino acid 
substitutions have accumulated. First a mutation at aa 320 
(Leu—^Pro) appeared at the 8th passage. Two other mutations 
at aa 203 (Ser—>Phe) and 273 (Glu—>Gly) appeared at the 
15"’ passage. In the three-dimensional configuration of the 
H3 HA, aa 320 is located in the stem region, while aa 203 
and 273 are located in the globular domain (Fig. 3).
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Fig. 2
PAGE of virus-specific proteins labeled with |,!S|mcthioninc 

in MDCK cells
The cells labeled at 4.5-5 hrs p.i. Mld/PA/84 (lane 1); Mld/PA/84-MA 
(lane 2).

Fig. 3
Location of amino acid substitutions in the HA of Mld/PA/84-MA 

variant
Three-dimensional structure of HA. Numbering of amino acid positions 
according to HA of H3 subtype (Wilson et al., 1981).

Discussion

Influenza A virus strains with HA of H5 subtype may be 
divided in two groups: pathogenic and non-pathogenic for 
their hosts. The first group includes highly pathogenic avian 
and avian-like human strains with H5 HA isolated in 1997 
in Hong Kong. These viruses replicate systemically in avian 
species causing illness with extremely high mortality rate 
(Suarez et al., 1999). Moreover, these highly pathogenic 
strains with H5 HA capable to cause experimental lethal 
infection in mice replicate in lungs; some of them 
systemically infect the brain and other non-respiratory 
organs without any previous adaptation and, consequently, 
changes associated with the interspecies barrier crossing 
(Gao et al., 1999; Lu et al., 1999). The second group is 
avian non-pathogenic strains with H5 HA. The natural hosts 
of these strains are aquatic and domestic birds. Viruses 
replication proceeds in their intestines and do not cause any 
symptoms of illness (Webster etal., 1992). The experimental 
transmission and acquisition of virulence for mammalian

Table 2. Amino acid changes in HA of Mld/PA/84 during 
adaptation to mice

Amino acids at positions

203 273 320

Mld/PA/84 Scr Glu Leu
Mld/PA/84-1*' Scr Glu Leu
Mld/PA/84-3'J Scr Glu Leu
Mld/PA/84-8"' Scr Glu Pro
Mld/PA/84- 15th Phe Gly Pro
Mld/PA/84-MA Phe Gly Pro

Numbering of amino acid positions according to H3 subtype of HA 
(Wilson etal., 1981).

hosts of non-pathogenic avian influenza A virus strains with 
H5 HA have not been studied before. Therefore, the avian 
non-pathogenic influenza A (H5N2) virus Mld/PA/84 strain 
(Rohm et al., 1995) was chosen for the adaptation to mouse 
lungs in the present study.
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Adaptation of an influenza A virus to a new host with 
acquisition of virulence is polycomponent process which 
requires an appropriate combination of viral, environmental 
and host factors. In the case of experimental modeling of 
adaptation, e.g. adaptation of influenza viruses to mice, at 
least host and environmental factors may be controlled and 
estimated. Therefore adaptation of influenza viruses to mice 
is a useful approach for experimental study of viral factors 
responsible for the interspecies transmission and virulence 
for new host.

Generally, all of viral genes take part in the interaction 
of a virus with a new host organism and may be altered and 
selected. Previous studies with human influenza A virus 
strains adapted to mice have shown that the HA, M and also 
PB1 genes are involved in the acquisition of virulence for 
the mouse lungs (Brown, 1990; Smeenk and Brown, 1994; 
Rudneva et al., 1986; Kaverin et al., 1989; Ward, 1995; 
Hartley et al., 1997). However, changes in the HA gene 
which appear during adaptation to mouse lungs play pivotal 
role in acquisition or increasing of virulence (Brown, 1990; 
Smeenk and Brown, 1994; Shilov and Sinitsyn, 1994; 
Hartley et al, 1997). Therefore in this study, we have 
investigated adaptation of an avian non-pathogenic influenza 
A (H5N2) virus strain to the mouse lungs and the changes 
in the HA that are associated with the interspecies barrier 
crossing and acquisition of virulence.

The avian influenza A (H5N2) virus Mld/PA/84 strain 
was adapted to mice by 23 serial lung-to-lung passages and 
the obtained highly virulent MA variant as well as several 
passage variants were characterized and compared to the 
parental strain. As it may be concluded from virus titers, 
Mld/PA/84 strain initially replicated in the mouse lungs, but 
it did not cause mortality (log (E1D50/LD50) was 7.25) and 
any symptoms of bronchopneumonia. The increasing of 
virus titers in mouse lungs was observed during the first 3 
lung passages in spite of absence of virulence and changes 
in the antigenicity and primary structure of HA. These results 
indicate that the avian non-pathogenic strain of H5 subtype 
was capable to replicate in mouse lungs during several 
passages without any changes in HA and acquisition of 
virulence for the new (mammalian) host. Further increasing 
of viral infectivity in mouse lungs, appearance of the first 
specific lesions only at the sites adjacent to the bronchi, 
and small alterations in the HA antigenicity were detected 
at the 8th passage. These changes in viral characteristic were, 
most likely, associated with substitution in HA at aa 320 
(Leu—>Pro) detected at the 8,h passage. During next 7 
passages, further enhancement of viral reproduction in 
mouse lungs, spreading of hemorrhagic lesions, and 
significant changes in HA antigenicity were observed. The 
HA of Mld/PA/84-15"' was antigenicaly distinct from those 
of the parental strain and Mld/PA/84-8th. Two additional 
substitutions at aa 203 (Ser—>Phe) and 273 (Glu—>Gly) were

detected in the HA of the 15th passage variant. This viral 
characteristic remained conserved during the next 8 
passages, which were undertaken to stabilize the selected 
mutations. The highly virulent MA variant isolated from 
the 23rd passage was identical to Mld/PA/84-15th in the HA 
primary structure.

Changes in the HA antigenicity are characteristic for the 
adaptation of influenza virus to mouse lungs. They were 
described previously for MA variants of human and avian 
strains belonging to Hl, H2, and H3 subtypes of HA 
(Gitelman etal., 1984; Lipatov etal., 1995; Govorkova and 
Smirnov, 1997). Moreover, the antigenic alterations of HA 
may be observed after several passages in mouse lungs 
before the virus acquires pathogenicity i.e. ability to kill 
mice (Gitelman et al., 1984). In the present study, the first 
small antigenic changes were detected after 8 lung passages 
and were, most likely, associated with substitution at aa 320 
(Leu—>Pro) in the HA stem region. We may suppose that 
this substitution slightly influenced conformation of HA, 
particularly one of its antigenic sites. A more drastic 
alteration in the HA antigenicity was observed at the 15th 
passage. It was probably result of substitution at aa 203 
(Ser—>Phe) and 273 (Glu—>Gly) and was associated with 
acquisition of high virulence.

One of the mechanisms of interspecies barrier crossing 
and acquisition of virulence of influenza viruses for mice is 
host cell-mediated selection of antigenic variants. Another 
way for acquisition of pathogenicity for mouse lungs was 
described for human influenza A MA viruses with H1 or 
H3 HA (Shilov and Sinitsyn, 1994; Hartley et al., 1997; 
Reading etal., 1997). In this case the adaptation to mice led 
to loss of glycosylation sites in HA molecule and, 
consequently, acquisition of resistance to a and p inhibitors 
of hemagglutination. These inhibitors play role in non­
specific mechanism of host defense (Reading et al., 1997). 
In our present study, no differences between Mld/PA/84 and 
Mld/PA/84-MA in glycosylation of HA as well as in 
reactions with the normal mouse serum and lung extract 
containing a and P inhibitors were observed. This finding 
also indirectly shows the absence of changes in HA receptor­
binding properties. We may conclude that the adaptation of 
an avian non-pathogenic strain of H5 subtype to mouse lungs 
and the acquisition of virulence are not related to the 
acquisition of resistance to non-specific inhibitors of 
hemagglutination.

Thus, the results of this study characterize the stepwise 
adaptation of an avian non-pathogenic influenza A (H5N2) 
virus to a new (mammalian) host and show the changes in 
antigenicity and primary structure of HA associated with 
interspecies barrier crossing and acquisition of virulence. 
The relationship between the stepwise amino acid sub­
stitutions, antigenic alterations of HA, and acquisition of 
virulence is clearly shown. It is difficult to suggest a common
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и chanism(s) of influenza virus adaptation to mice. 
I vvever, we may assume that antigenic changes in HA are 
tv .t common during the adaptation and the acquisition of 
resistance to non-specific inhibitors of hemagglutination is 
most likely restricted among the strains of different HA 
subtypes. Of course, these changes reflected only a part of 
possible mechanisms of viral adaptation to new host. It has 
been reported that amino acid replacements in HA of MA 
variants of influenza A virus may also influence the optimum 
pH of HA-mediated fusion (Smeenk et al., 1996; Hartley et 
al., 1997). Changes in M gene may be also involved in 
acquisition of virulence for mouse lungs (Smeenk and 
Brown, 1994; Smeenk et al., 1996). The results of 
morphological studies on Mld/PA/84 and Mld/PA/84-MA 
have revealed some differences in virion morphology 
indicating indirectly the possibility of changes in M gene 
that controls the morphology and virion particles formation 
(unpublished results; Smirnov et al., 1991; Roberts et al., 
1998). These viral characteristics will be examined in more 
detail in our future studies that probably allow to explain 
the mechanisms underlying the interspecies transmission 
and acquisition of virulence.

Acknowledgement. This work was supported in part by NATO 
Linkage Grant OUTR LG 971250.

References

Anders EM, Hartley CA, Jackson DC (1990): Bovine and mouse 
serum P inhibitors of influenza A viruses are mannose­
binding lectins. Proc. Natl. Acad. Sci. USA 87,4485-4489.

Beare AS, Webster RG (1991): Replication of avian influenza 
viruses in humans. Arch. Virol. 119, 37-42.

Bender C, Hall H, Huang J, Klimov A, Cox N, Hay A, Gregory V 
Cameron K, Lim W, Subbarao К (1999): Characterization 
of the surface proteins of influenza A (H5N1) viruses isolated 
from humans in 1997-1998. Virology 254, 115-123.

Brown EG (1990): Increased virulence of a mouse-adapted variant 
of influenza A/FM/1/47 virus is controlled by mutations 
in genome segments 4, 5,7 and 8. J. Virol. 64,4523-4533.

Claas ECJ, van Milaan AJ, Sprenger MJ, Ruiten-Stuiver M, Arron 
GI, Rothbarth PH, Masurel N (1993): Prospective 
application of reverse transcriptase polymerase chain 
reaction for diagnosing influenza virus infections in 
respiratory samples from a children’s hospital../ Clin. 
Microbiol. 31, 2218-2221.

Claas ECJ, Ostcrhaus ADME, van Beek R, de Jong JC, 
Rimmelzvaan GF, Sennc DA, Krauss S, Shortritge KF, 
Webster RG (1998): Human influenza A H5NI virus 
related to a highly pathogenic avian influenza virus. 
Lancet 351, 472-M77.

Gao P, Watanabc S, Ito T, Goto H, Wells K, McGregor M, Cooley 
AJ, Kawaoka Y (1999): Biological heterogeneity, 
including systemic replication in mice, ofH5Nl influenza

A virus isolates from humans in Hong Kong. J. Virol. 
73, 3184-3189.

Gitelman AK, Kaverin NV, Kharitonenkov IG, Rudneva IA, 
Zhdanov VM (1984): Changes in the antigenic specificity 
of influenza virus hemagglutinin in the course of 
adaptation to mice. Virology 134, 230-232.

Govorkova EA, Smirnov YA (1997): Cross-protection of mice 
immunized with different influenza A (H2) strains and 
challenged with viruses of the same HA subtype. Acta 
Virol. 41, 251-257.

Hartley CA, Reading PC, Ward AC, Anders EM (1997): Changes 
in the hemagglutinin molecule of influenza type A 
(H3N2) virus associated with increase virulence for mice. 
Arch. Virol. 142, 75-88.

Jong JC de, Claas ECJ, Ostcrhaus ADME, Webster RG, Lim WL 
(1997): A pandemic warning? Nature 389, 554.

Kaverin NV, Finskaya NN, Rudneva IA, Gitelman AK, Khari­
tonenkov IG, Smirnov YA (1989): Studies on the genetic 
basis of human influenza A virus adaptation to mice: 
degrees of virulence of reassortants with defined genetic 
content. Arch. Virol. 105, 29-37.

Križanová O, Ráthová V (1969): Serum inhibitors of myxoviruses. 
Curr. Top. Microbiol. Immunol. 47, 125-151.

Laemmli UK (1970): Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227, 
680-685.

Lipatov AS, Gitelman AK, Govorkova EA, Smirnov YA (1995): 
Changes of morphological, biological and antigenic 
properties of avian influenza A virus hemagglutinin H2 
in the course of adaptation to new host. Acta Virol. 39, 
279-281.

Lipatov AS, Gitelman AK, Smirnov YA (1996): Differences 
between the original strains and their mouse-adapted 
variants of human (HI) and avian (H2) influenza A vi­
ruses in the reaction with cross-neutralizing monoclonal 
antibody recognizing conformational epitope. Acta Virol. 
40, 227-230.

Lu X, Tumpey TM, Morken T, Zaki SR, Cox NJ, Katz JM (1999): 
A mouse model for the evaluation of pathogenesis and 
immunity to influenza A (H5N2) viruses isolated from 
humans. J. Virol 73, 5903-5911.

Murphy BR, Webster RG (1990): Orthomyxoviruses. In Fields 
BN, Knipe DM (Eds): Fields Virology. 2'ul ed., Raven 
Press, New York, pp. 1091-1152.

Reading PC, Morey LS, Crouch EC, Anders ME (1997): Collectin- 
mediated host defense of the lung: evidence from 
influenza virus infection of mice. J. Virol. 71,8204-8212.

Reid AH, FanningTG, Hultin JV, Taubenberger JK (1999): Origin 
and evolution of the 1918 “Spanish” influenza virus 
hemagglutinin gene. Proc. Natl. Acad. Sci. USA 96, 
1651-1656.

Roberts PC, Lamb RA, Compans RW (1998): The Ml and М2 
proteins of influenza A virus important determinants in 
filamentous particle formation. Virology 240, 127-137.

Rohm C, HorimotoT, Kawaoka Y, Suss J, Webster RG (1995): Do 
hemagglutinin genes of highly pathogenic avian influenza 
viruses constitute unique phylogenetic lineages? Virology 
209, 664-670.



8 SMIRNOV, Y,A. et alADAPTATION OF AVIAN H5 INFLUENZA VIRUS TO MICE

Rudneva IA, Kaverin NV, Varicli NL, Gitelman AK, Malchov AM, 
Klimenko SM, Zhdanov VM (1986): Studies on the 
genetic determinants of influenza virus pathogenicity for 
mice with the use of reassortants between mouse-adapted 
and non-adapted variants of the same virus strain. Arch. 
Virol. 90, 237-248.

Shilov AA, Sinitsyn BV (1994): Changes in its hemagglutinin 
during the adaptation of the influenza virus to mice and 
their role in the acquisition of virulent properties and 
resistance to serum inhibitors. Vopr. Virusol. 39, 153- 
157 (in Russian).

Smeenk CA, Brown EG (1994): The influenza virus variant А/ 
FM/1/47-MA possesses single amino acid replacements 
in the hemagglutinin, controlling virulence, and in the 
matrix protein, controlling virulence as well as growth. 
J. Virol. 68, 530-534.

Smeenk CA, Wright, KE, Burns BF, Thaker AJ, Brown EG (1996): 
Mutations in the hemagglutinin and matrix genes of a 
virulent influenza virus variant, A/FM/I/47-MA, control 
different stages in pathogenesis. Virus Research 44, 79-95.

Smirnov YA, Kuznetsova MA, Kaverin NV (1991): The genetic 
aspects of influenza virus filamentous particle formation. 
Arch. Virol. 118, 279-284.

Suarez DL, Perdue ML, Cox N, Rowe T, Bender C, Huang J, 
Swayne DE (1998): Comparisons of highly virulent 
H5N1 influenza A viruses isolated from humans and 
chickens from Hong Kong../ Virol. 72, 6678-88.

Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, Perdue 
M, Swayne D, Bender C, Huang J, Hemphill M, Rowe T,

Shaw M, Xu X, Fukuda K, Cox N (1998): Characte­
rization of an avian influenza A (H5N1) virus isolated 
from a child with a fatal respiratory illness. Science 279, 
393-396.

Sweet C, Smith H (1980): Pathogenicity of influenza virus. 
Microbiol. Rev. 44, 303-330.

Taubenberger JK, Reid AH, Krafft AE, Bijwaard KE, FanningTG 
(1997): Initial genetic characterization of the 1918 
“Spanish” influenza virus. Science 275, 1793-1796.

Ward AC (1995): Specific changes in the Ml protein during 
adaptation of influenza virus to mice. Arch. Virol. 140, 
383-389.

Ward AC (1997): Virulence of influenza A virus for mouse lung. 
Virus Genes 14, 187-194.

Webster RG, Bean WJ, Gorman ОТ, Chambers TM, Kawaoka Y 
(1992): Evolution and ecology of influenza A viruses. 
Microbiol. Rev. 56, 152-179.

Wilson IA, Skchel JJ, Wiley DC (1981): Structural identification 
of the antibody-binding sites of Hong Kong influenza 
haemagglutinin and their involvement in antigenic 
variation. Nature 289, 366-373.

Yuen KY, Chan PKS, Peiris M, Tsang DNC, Que TL, Shortridge 
KF, Cheung PT, To WK, Ho ETF, Sung R, Cheng AFB et 
al. (1998): Clinical features and rapid viral diagnosis of 
human disease associated with avian influenza A H5N1 
virus. Lancet 351, 467-471

Zhou NN, Shortridge KF, Claas ECJ, Krauss SL, Webster RG 
(1999): Rapid evolution of H5N1 influenza viruses in 
chickens in Hong Kong../ Virol. 73, 3366-374.


