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ABSTRACT

The HIN1 Eurasian avian-like swine (EAsw) influenza viruses originated from an avian HIN1 virus. To characterize potential
changes in the membrane fusion activity of the hemagglutinin (HA) during avian-to-swine adaptation of the virus, we studied
EAsw viruses isolated in the first years of their circulation in pigs and closely related contemporary HIN1 viruses of wild aquatic
birds. Compared to the avian viruses, the swine viruses were less sensitive to neutralization by lysosomotropic agent NH,Cl in
MDCK cells, had a higher pH optimum of hemolytic activity, and were less stable at acidic pH. Eight amino acid substitutions in
the HA were found to separate the EAsw viruses from their putative avian precursor; four substitutions—T49,S, N72,D, R75,K,
and S113,F—were located in the structural regions of the HA2 subunit known to play a role in acid-induced conformational
transition of the HA. We also studied low-pH-induced syncytium formation by cell-expressed HA proteins and found that the
HAs of the 1918, 1957, 1968, and 2009 pandemic viruses required a lower pH for fusion induction than did the HA of a represen-
tative EAsw virus. Our data show that transmission of an avian HIN1 virus to pigs was accompanied by changes in conforma-
tional stability and fusion promotion activity of the HA. We conclude that distinctive host-determined fusion characteristics of
the HA may represent a barrier for avian-to-swine and swine-to-human transmission of influenza viruses.

IMPORTANCE

Continuing cases of human infections with zoonotic influenza viruses highlight the necessity to understand which viral properties con-
tribute to interspecies transmission. Efficient binding of the HA to cellular receptors in a new host species is known to be essential for
the transmission. Less is known about required adaptive changes in the membrane fusion activity of the HA. Here we show that adap-
tation of an avian influenza virus to pigs in Europe in 1980s was accompanied by mutations in the HA, which decreased its conforma-
tional stability and increased pH optimum of membrane fusion activity. This finding represents the first formal evidence of alteration
of the HA fusion activity/stability during interspecies transmission of influenza viruses under natural settings.

Wild aquatic birds represent the major natural reservoir of
influenza A viruses (1, 2). These viruses occasionally infect
other avian and mammalian species, such as aquatic and terres-
trial poultry, sea mammals, horses, and pigs. On rare occasions
they adapt to and establish stable lineages in new species (2, 3).
Documented transmissions of avian and swine influenza viruses
to men are typically restricted to individual, often severe, cases of
infection (for recent reviews, see references 4 and 5). However,
four times within the last hundred years either whole animal vi-
ruses or their reassortants with contemporary human viruses ac-
quired the ability to transmit between humans and initiated global
pandemics (6, 7).

Despite the high impact of interspecies transmission of influ-
enza viruses on animal and human health, host range restriction
mechanisms and adaptive changes required for the virus to over-
come the species barrier are not fully understood. Receptor-bind-
ing specificity of the viral hemagglutinin (HA) is the best-studied
restriction factor. Receptor-dependent restriction is determined
by distinctions in spectra of sialic acid (Sia) receptors in the target
tissues of different species such as predominant expression of
Sia2-3Gal-containing glycans in birds and horses and Sia2-6Gal-
containing glycans in pigs and humans. It is believed that muta-
tion of the HA that ensures alteration of the receptor specificity is
critical for the adaptation of avian influenza viruses to humans
and pigs (reviewed in references 8, 9, 10, and 11).

In addition to mediating attachment of the virus to cellular
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receptors, HA promotes membrane fusion, which is essential for
the entry of viral RNPs into the cytoplasm. After internalization by
receptor-mediated endocytosis, exposure of the virus to gradually
decreasing pH in the endosomes triggers a series of structural re-
arrangements of the HA from its native “spring-loaded” high-
energy conformation into a stable low-energy conformation.
These rearrangements bring viral and endosomal membranes to-
gether and eventually lead to their fusion (12-15). Because both
low pH and elevated temperature can trigger the same conforma-
tional transition of the HA and because in the absence of target
membrane this transition causes irreversible virus inactivation, a
higher pH optimum of HA-mediated membrane fusion corre-
lates, in general, with a lower virus stability at reduced pH and
high temperatures (reviewed in references 16, 17, and 18).
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There is growing evidence that membrane fusion properties of
the HA represent a host-range restriction factor (17-19). Thus,
adaptation of human influenza viruses for efficient replication in
mice typically results in the increase of viral pH optimum of fusion
from pH 5.2 to 5.4 to pH 5.6 to 5.8. Highly pathogenic H5N1
poultry viruses fuse at a relatively high pH (>5.6); mutations that
decrease pH of fusion were shown to facilitate replication and
pathogenicity of H5N1 viruses in mice and ferrets (20-22). A
clear-cut and striking effect was observed in two independent
studies on adaptation of recombinant H5N1 viruses to ferrets (23,
24). In both studies, mutation in the HA that decreased pH of
fusion and increased pH stability was shown to be indispensable
for the virus transmission in ferrets by airborne droplets (24, 25).

Limited available data on fusion pH and stability of influenza
viruses circulating in natural host species seem to indicate that
human viruses fuse at alower pH than avian and swine viruses (21,
26-30). However, different viral strains and distinctive assays were
used by different authors, and pronounced subtype- and stain-
dependent variation in the viral fusion activity was observed in
these studies hampering solid conclusions. Thus, further system-
atic studies are needed to characterize host-specific differences in
the membrane fusion properties of influenza viruses and potential
alteration of these properties during interspecies transmission. To
this end, we compared membrane fusion activity and pH stability
of two panels of closely related avian and swine influenza viruses
of the same subtype separated by a recent host switch event. We
found that HIN1 avian-like swine viruses isolated in Europe from
1979 to 1981 have a higher pH optimum membrane fusion and
cell entry and lower stability than their avian counterparts. We
also identified mutations in the HA separating avian-like swine
viruses from their putative avian precursor and inferred potential
role of these mutations in the fusion activity change during avian-
to-swine transmission.

MATERIALS AND METHODS

Cells. MDCK and HelLa cells were propagated in Dulbecco’s modified
Eagle medium (DMEM; Gibco, catalog no. 21969-035) supplemented
with 10% fetal calf serum (Gibco), 100 TU ml~! penicillin plus 100 pg
ml ™! streptomycin (pen-strep), and 2 mM glutamine. Infection medium
(IM) composed of DMEM containing 2 mM glutamine, pen-strep, and
0.1% bovine serum albumin (PAA Laboratories GmbH) was used for viral
infections. Cells were grown and infections were performed at 37°C with
5% CO,.

Viruses and HA sequencing. Viruses and their sources are listed in
Table 1. All viruses were grown in MDCK cells in the presence of 1 pg
ml™' TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone) trypsin
(Sigma), clarified by low-speed centrifugation, and stored in aliquots at
—80°C. Viral stocks were titrated using single-cycle focus assay (31), and
titers were expressed as focus-forming units (FFU) per ml. Total RNA was
isolated from viral stocks using the QIAamp viral RNA minikit (Qiagen).
The HA gene segment was amplified using a OneStep RT-PCR kit (Qia-
gen) with universal HA-specific primers (32) and Sanger sequenced.

Inhibition of viral infection by NH,Cl. Confluent monolayers of
MDCK cells in 96-well plates (Greiner) were infected with 200 FFU of the
viruses in 0.1 ml of IM containing variable concentrations of ammonium
chloride. No trypsin was added to the medium to limit the infection to one
replication cycle. After the cultures were incubated for 16 h at 37°C, the
cells were fixed, and virus-infected cells were detected by immunostaining
for viral nucleoprotein (NP) as described previously (31). Numbers of
infected cells per culture were counted under the microscope and ex-
pressed in percentages with respect to the control cultures that were in-
fected in the absence of NH,Cl. The dose-response curves were plotted,
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and concentrations of NH,Cl that inhibited infection by 50% (IC,) were
determined for each replicate curve by linear interpolation as illustrated in
Fig. 2a. Experiments were performed in triplicates on the same day and
repeated at least twice on different days.

Virus-mediated hemolysis. Viruses were diluted with PBS to HA titer
64. Mixtures of 0.45 ml of viral suspension with 15 pl of 1% suspension of
chicken red blood cells were incubated for 1 h on ice for virus adsorption.
To account for nonspecific hemolysis at low pH (background control),
phosphate-buffered saline (PBS) was used instead of the virus. The mix-
tures were vortex mixed to disperse erythrocytes, and 50-ul aliquots were
dispensed in the wells of a 96-well plate (Greiner). Aliquots of either PBS
(pH 7) or 100 mM sodium acetate buffers with pH from 4.8 to 5.5 were
added to experimental and control wells at 75 pl per well. After incubation
for 30 min at 37°C, the mixtures were neutralized by addition of 25 pl of
1 M Tris-HCl buffer (pH 7.3). As a control for 100% hemolysis, red blood
cells were lysed by the addition of Triton X-100 to a 0.01% concentration.
Nonlysed erythrocytes and cell debris were removed by centrifugation of
the plate for 10 min at 1,500 rpm. Supernatants were transferred to an
empty 96-well plate at 50 .l per well. The level of hemolysis was quantified
by measuring the peroxidase activity of released hemaproteins (33) using
3,3',5,5'-tetramethylbenzidine peroxidase substrate. The reaction with
substrate was terminated by adding 5% sulfuric acid. Absorbance values at
450 nm were measured by using a microplate reader (Epoch; Biotek),
corrected by subtracting the absorbencies of corresponding background
control wells, and expressed as a percentage of absorbency with respect to
the positive control. Absorbency-versus-pH curves were plotted, and pH
values that corresponded to 50% hemolysis (pHsq ) Were determined
by linear interpolation as illustrated in Fig. 2b. The experiments were
performed at least twice on different days.

Virus inactivation at low pH. Aliquots of virus stocks were diluted to
concentration 200,000 FFU per ml in the buffers containing 100 mM
MES, 150 mM NacCl, 0.9 mM CacCl,, and 0.5 mM MgCl,. The pH of the
buffers varied from 5.0 to 7.0. After incubation for 15 min at 37°C, the
mixtures were neutralized by adding a 100-fold excess of IM. Portions
(100 pl) of the mixtures were inoculated into confluent monolayers of
MDCK cells in 96-well plates. The cultures were incubated for 16 h, fixed,
and immunostained for viral NP as described previously (31). The num-
bers of infected cells per culture were counted and expressed in percent-
ages with respect to the cultures infected with the viruses that were treated
with the MES buffer at pH 7. Infection-versus-pH curves were plotted,
and pH values that corresponded to virus inactivation by 50% (pHs_ipact)
were determined by linear interpolation, as illustrated in Fig. 2c. Experi-
ments were performed in triplicates and repeated at least twice on differ-
ent days.

HA plasmids. pHW2000 plasmid was kindly provided by Erich Hoff-
mann and Robert Webster (St. Jude Children’s Research Hospital, Mem-
phis, TN). pHW2000 plasmids containing HA genes of A/Hong Kong/1/
1968 (H3N2) and A/Hamburg/5/2009 (HIN1) were described previously
(31, 34). pHW2000 plasmid containing HA gene of A/swine/Marseille/
2260/1980 (HIN1) was prepared as described previously (32). The full-
length HA gene of A/Brevig Mission/1/1918 (HIN1) (GenBank accession
no. AF250356) was synthesized commercially (Genscript Corporation,
Piscataway, NJ). pHW2000 plasmid containing the HA gene of A/Singa-
pore/1/1957 (H2N2) was kindly provided by Volker Czudai-Matwich (In-
stitute of Virology, Philipps University, Marburg, Germany). For cellular
expression and fusion assays, all HAs were subcloned into pCAGGS plas-
mid. The identity of all plasmids was confirmed by sequencing.

Syncytium formation assay. The assay was performed as described
previously (24) with some modifications. In brief, monolayers of 80%
confluent HeLa cells grown in 12-well plates were transfected with 1 g of
pCAGGS-HA plasmids using Lipofectamine 2000 (Invitrogen). At 16 h
posttransfection, TPCK trypsin was added to the culture medium (1 pg
ml ™) for proteolytic activation of the HA, and the cells were incubated
for 15 min at 37°C. The cells were exposed either to low-pH buffers (145
mM NaCl, 20 mM sodium acetate; pH 5.1 to 6.0) or to PBS (pH 7) for 5
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TABLE 1 Membrane fusion activity and stability of influenza viruses”

Fusion Activity of Swine Influenza Viruses

Infection inhibition by NH,Cl

Inactivation at acidic pH

(ICso [mM]) Hemolytic activity (pHso_pem) (PHs0-inace)
Virus” Mean 95% CI P Mean 95% CI P Mean 95% CI P
Avian viruses
A/duck/Alberta/35/1976 0.26 0.011 X 4.97 0.05 5.27 0.03
A/duck/Bavaria/1/1977> 0.50 0.007 5.20 0.06 o 5.31 0.11
A/duck/Bavaria/2/1977> 0.31 0.014 * 5.03 0.05 5.43 0.03 x*
A/duck/Schleswig/21/1979* 0.43 0.07 4.96 0.04 5.19 0.07
A/coot/Schleswig/4/1979* 0.55 0.07 * 5.05 0.03 b
A/coot/Schleswig/2/1980° 0.50 0.07 5.10 0.021 ek
Eurasian avian-like swine viruses
A/swine/Arnsberg/6554/1979* 0.99 0.16 bl 5.07 0.07 * 5.75 0.017 bl
A/swine/France/OLI/1980? 1.04 0.21 o 5.29 0.10 o 5.64 0.03 o
A/swine/Marseille/2260/1980° 1.13 0.13 e 5.36 0.05 e 591 0.11 e
A/swine/Italy/v147/1981% 1.1 0.6 * 5.07 0.07 *
A/swine/Germany/2/1981% 0.95 0.16 o 5.21 0.09 b 5.75 0.20 o
A/Swine/Germany/527/19812 1.14 0.15 e 5.13 0.07 > 5.47 0.03 ot
A/SWine/Italy/Z15990—3/20053 ¢ 1.43 0.05 b 5.39 0.024 b
A/swine/England/453/2006* 0.83 0.15 o
A/Swine/Italy/SO175/20073 ¢ 1.80 0.10 e 5.19 0.09 >
Swine viruses with classical swine HA
isolated from humans
A/Thailand/271/2005° € 0.67 0.14 * 5.17 0.15 *
A/Mllinois/09/2007° © 0.75 0.20 *
A/South Dakota/03/2008° 0.65 0.10 *
A/Towa/02/2009° © 2.55 0.10 X
Swine viruses with human-like HA
A/swine/Italy/30019-2/2007 (HIN2)? ¢ 2.13 0.05 o
Alswine/Italy/50127/2007 (H3N2)? ¢ 1.45 0.10 ok
Human pandemic viruses
A/Hong Kong/1/1968 (H3N2)” 0.61 0.05 * 5.08 0.07 *
A/Hamburg/05/2009" © 0.67 0.14 * 5.06 0.07 *

“ Viral phenotypes were studied using three assays described in Materials and Methods and in Fig. 2. The data show mean values and their 95% confidence intervals (CI). P values
for the differences with respect to A/duck/Schleswig/21/1979 were calculated using an unpaired two-tailed Student f test (¥, P < 0.05; **, P < 0.005; ***, P < 0.0005).

b All viruses are HINT, if not indicated otherwise. Superscript numbers following the strain name indicate the source of the virus as follows: 1, repository of the Institute of
Virology, Philipps University, Marburg, Germany; 2, Christoph Scholtissek at the Institute of Medical Virology, Justus Liebig University, Giessen, Germany; 3, repository of the
Istituto Zooprofilattico Sperimentale della Lombardia ed Emilia Romagna, Parma, Italy; 4, Sharon Brookes and Ian Brown, Animal and Plant Health Agency, Addlestone, Surrey,
United Kingdom; 5, Ian Barr, WHO Collaborating Centre for Influenza, Melbourne, Victoria, Australia; 6, Alexander Klimov and Amanda Balish, Centers for Disease Control and

Prevention, Atlanta, GA; 7, Earl Brown, University of Ottawa, Ottawa, Canada.
€ Viruses isolated and passaged solely in cell culture.

min at 37°C. The buffers were replaced by IM; the cells were incubated for
3 h at 37°C, fixed with methanol, and stained with Giemsa stain (1:10 in
water). Three randomly chosen fields in each well were photographed
under the microscope equipped with digital camera at X300 magnifica-
tion. Cell nuclei were counted in each photograph, and syncytium forma-
tion was quantified as a percentage of nuclei in polykaryons with respect
to the total number of nuclei in the same field. The experiments were
performed at least twice on different days, and the results were averaged.

Analysis of HA sequences. We compared HA sequences of EAsw vi-
ruses isolated between 1979 and 1981 in Europe with HA sequences of H1
avian viruses isolated around the world. All available full-length noniden-
tical nucleotide HA sequences of these viruses were downloaded from
GenBank through the NCBI Influenza Virus Resource (35). Sequences of
avian viruses with classical-swine-like- and human-like HA (15 se-
quences) were identified by phylogenetic analysis and removed from the
data set. Six avian H1 HAs and six EAsw HAs were determined in this
study. All sequences were combined, aligned and analyzed using BioEdit
7.1.11 (36). A final set included 455 avian and 22 EAsw sequences. The
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phylogenetic trees were generated for nucleotide sequences using MEGA6
(37) with the minimum-evolution method. The ancestral amino acid se-
quences were reconstructed using MEGA6 with the maximum-likelihood
method under a Dayhoff matrix-based model.

Molecular modeling. Location of amino acid substitutions on the
X-structure of the HA molecule was analyzed with Pymol, version 1.7.4.1
(Schrédinger, LLC) using atomic coordinates of the HA of A/duck/Alberta/
35/1976 (HIN1) (2WRH; protein Data Bank) (38).

Nucleotide sequence accession numbers. The nucleotide sequences
of the HA genes have been deposited in the GenBank database under
accession numbers KT715445 to KT715456.

RESULTS

Selection of viruses for the study. In 1979, novel HINI viruses
were isolated from pigs in Belgium and Germany (39). These vi-
ruses were closely related to European HIN1 duck viruses
(39-41), indicating a recent avian-to-swine transmission event
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FIG 1 Phylogenetic relationships between HAs of H1 influenza viruses. (a) Tree based on the sequences of 455 avian viruses from North America (black),
Eurasia, Oceania, and Africa (brown) and avian-like swine viruses isolated in 1979 to 1981 in Europe (blue). Red dots depict virus strains that were tested in this
study. Arrows show locations of hypothetical first swine virus (blue) and its putative avian precursor (brown). (b) Tree showing all of the viruses with H1 HA used
in this study. Color coding of HA lineages: black, brown, and blue (same as in panel a); green, HIN2 swine viruses with human-like HA; purple, viruses with
classical swine HA isolated from humans; red, HIN1/2009 pandemic virus. GenBank accession numbers are shown next to strain names. Two sequences
(A/Minois/09/2007 and A/Iowa/02/2009) (44) were obtained from GISAID EpiFlu Database (www.platform.gisaid.org/). Black dots depict sequences deter-

mined in the present study. The scale bars in both panels represent units of nucleotide substitutions per site.

(Fig. 1a). The viruses became endemic in Europe and Asia and
form the so-called Eurasian avian-like swine lineage (EAsw) (42,
43). To assess potential changes in the viral membrane fusion
characteristics during the avian-to-swine transmission, we fo-
cused on EAsw viruses isolated in the first years of their circulation
in pigs (1979 to 1981) and on the closest available avian counter-
parts (Fig. 1, Table 1). For a comparison, we also tested a limited
number of other swine and human viruses, among them, recent
isolates of EAsw viruses, viruses with “classical” swine HA isolated
from cases of zoonotic infections in Thailand and the United
States (44, 45), swine HIN2 and H3N2 viruses with human-virus-
like HAs (42, 43), and two pandemic human viruses (Fig. 1b,
Table 1). The avian viruses and early EAsw viruses were originally
isolated and passaged in embryonated hen’s eggs, whereas recent
swine and human viruses were isolated and propagated solely in
cell culture. To exclude potential effects on viral phenotype of

laboratory substrate used to grow the viruses, all viral stocks were
prepared for this study in MDCK cells.

pH dependence of viral membrane fusion activity and stabil-
ity of the viruses at low pH. HA-mediated fusion of the viral and
cellular membranes is triggered by the low pH in the endosomes
and is essential for viral infection. To compare requirements of the
viruses for the acidic pH during cell entry, we studied inhibition of
viral single-cycle infection in MDCK cells by the lysosomotropic
agent ammonium chloride, which counteracts acidification of en-
dosomes (46, 47). Concentrations of NH,CI that reduced infec-
tion by 50% were determined from the dose-response curves, as
illustrated in Fig. 2a. Values of 50% inhibitory concentration
(ICs,) for all tested viruses are shown in the Table 1. These values
were significantly lower for avian viruses (ICs,s from 0.26 to 0.55
mM NH,CI) than for the Eurasian avian-like swine viruses (ICs,s
from 0.83 to 1.8 mM NH,CI). Swine viruses of other lineages,

a b125 c
<12%] ---- Aiduck/Schleswig/21/79 _125
=} — A/swine/Marseille/2260/80 ©° £
5100 €100 5100
e \ 8 o
o N
o A\ 5 75 =
= 78 \\\ R = 7
@ ; 12)
g 50 \\\ 3 50 B 50
A\ > o
B \ N\ 5 °
RSN 5% 2 2
£ 0 , \'\~ . | 0 £ .
0 05 10 15 20 25 48 49 50 51 52 53 54 55 50 55 6.0 6.5 7.0
NH4CI, mM pH pH

FIG 2 Examples of the experiments used to characterize membrane fusion activity and stability of influenza viruses. (a) Inhibition of viral infection by NH,CL
(b) pH dependence of virus-mediated hemolysis. (c) Virus inactivation at low pH. The experiments were performed as described in Materials and Methods. Each
panel shows results of three replicate experiments performed either on the same day (a and c) or on different days (b) using the viruses A/swine/Marseille/2260/
1980 (HINT1) (solid lines) and A/duck/Schleswig/21/1979 (HIN1) (dashed lines). For each replicate, the concentrations of NH,Cl and values of pH treatments
that caused 50% effect were determined from the curve by interpolation. All individual values were averaged (Table 1).
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TABLE 2 Amino acids at the HA positions that separate HIN1 Eurasian avian-like swine viruses from their putative avian precursor”

Amino acid (no. of sequences with the indicated amino acid)

Virus 126a [138]" 155 [169] 188 [202] 190 [204] 49, [393] 72, [416] 75, [419] 113, [457]
Hypothetical avian precursor S T A E T N R N
Hypothetical first EAsw virus N I T D S D K F
Avian viruses® N (285) T (285) T (370) E (452) T (452) N R (400) S (454)

S (167) 1(164) V (53) Q(2) 1(3) K (54) F (1)

T (1) V(4 A(28) X (1) Q)

X(2) X (2) 1(3)

X (1)

“ Sequences of the first EAsw virus and its avian precursor were inferred based on the HA sequences of avian and avian-like swine influenza viruses as described in Materials and
Methods. Amino acids are shown in a single-letter code; “X” depicts ambiguity at this position. Numbers in parentheses indicate the numbers of sequences with the indicated
amino acid.

¥ The first number is based on the H3 numbering system in accord with H3/H1 alignment of Nobusawa et al. (49). A separate numbering is used for HA1 and HA2 subunits; the
subscript refers to HA2. The numbers in square brackets correspond to the numbers of codons within the complete coding sequence of the HA precursor (codons 1 to 17, signal

peptide; codons 18 to 566, HA0).
¢ Analysis of 455 full-length H1 HA sequences.

similarly to EAsw viruses, were less sensitive to ammonium chlo-
ride than avian H1 viruses. It should be noticed that virus strains
with classical swine HA isolated from zoonotic human infections
were rather variable in their sensitivity (IC5,s from 0.65 to 2.55
mM NH,CI). Two pandemic virus strains were less sensitive than
avian viruses and more sensitive than a majority of swine viruses.

These findings showed that swine viruses are less dependent on

position 188 is located at the rim of the receptor binding site in
close proximity to position 190. A substitution in position 126a is
about 20 A away from the sialic acid in the binding site with the
side chain of the amino acid being highly exposed to the solvent.
Importantly, none of the four HA1 mutations was located in the

the level of endosomal acidification than avian viruses with the A188T
same HA subtype. We assumed that this effect is determined, at 7 120D
least in part, by a higher pH optimum of the HA-mediated mem- <Y, 0 NeuSAc
brane fusion of swine viruses. To test this hypothesis, we com- e - /) T155I
pared EAsw viruses and avian viruses using two additional assays. g(‘@‘ﬁ[’ S126N
We studied the pH dependence of virus-mediated hemolysis (48), !w' (\ :
as illustrated in the Fig. 2b, and determined values of ICs . ) (V""ib \
(Table 1). Viruses that were less sensitive to neutralization by am- . ) \‘"
monium chloride typically displayed higher values of ICs pems “
although this correlation was not perfect. This inconsistency may ! \ ‘|{ N72,D
be due to different nature of the assays used. In general, EAsw o~ gV ,‘.‘) R75.K
viruses lysed red blood cells at a higher pH than did avian viruses BNy Z
(PHs0_hem in the range of 5.07 to 5.39 for swine viruses and 4.96 to : ﬂ*
5.20 for avian viruses; P = 0.019, two-sided unpaired ¢ test). We Vs N
also determined inactivation of the viral infectivity at acidic pH .
(Fig. 2¢, Table 1) and found that swine viruses were less stable than !
avian viruses (pHsg inaee in the range of 5.47 to 5.91 for swine &
viruses and 5.19 to 5.43 for avian viruses; P = 0.0037, two-sided T49.S

. S 2
unpaired t test). 5 551

Analysis of HA sequences. Our assays suggested that the HAs
of EAsw lineage undergo acid-induced conformational change
and mediate fusion at higher pH values than the HAs of closely
related avian viruses. To assess molecular changes in the HA that
were responsible for these differences we compared HAs of the
EAsw viruses isolated in 1979 to 1981 with HAs of all H1 avian
viruses sequenced to date and reconstructed amino acid sequences
at the nodes of phylogenetic tree separating EAsw viruses from the
avian viruses (see Fig. 1a). This analysis revealed that the hypo-
thetical first EAsw virus differed from the hypothetical avian pre-
cursor by eight amino acid substitutions (Table 2 and Fig. 3).

Four substitutions were located in the receptor-binding do-
main of the HA1 subunit. Amino acids in positions 155 and 190
(H3 numbering [49]) are in direct contact with sialic acid and play
important role in receptor recognition (50, 51). Amino acid in
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FIG 3 Eight amino acid substitutions separating HAs of EAsw viruses from their
putative avian ancestor. The model is based on the X-ray structure of the HA of
A/duck/Alberta/35/1976 (2WRH, Protein Data Bank). For clarity, two HA mono-
mers are colored gray, and the third monomer is colored green (HA1) and cyan
(HA2). Location of substitutions is shown on this monomer as yellow spaced-
filled models; sialic acid (Neu5Ac) in the receptor-binding site is shown as ball-
and-stick model. Amino acids are numbered using H3 numbering system, with
the subscript referring to HA2. Ten N-terminal amino acid residues of the fusion
peptides of all three monomers are depicted in red.
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structural regions of the HA1 known to modulate the low pH
conformational transition, such as interface between HA1 mono-
mers, interface between HA1 and HA2 monomers and interface
between the receptor-binding and vestigial esterase subdomains
(16-18). Thus, the potential effects, if any, of these four mutations
in HA1 on pH optimum of fusion remain obscure.

Four other substitutions (T49,S, N72,D, R75,K, and S113,F)
were located in the HA2 subunit (Fig. 3). Amino acid residues in
three out of four mentioned positions are conserved in the HAs of
avian viruses (Table 2), implying that substitutions in these three
positions could reduce virus fitness in birds by altering HA expres-
sion and/or functions. The amino acid 49, is located in the mid-
section of the smaller HA2 helix, and its side chain is exposed to
solvent without making contacts with other parts of the HA. It is
not likely, therefore, that conservative substitution T49,S can sig-
nificantly affect fusion activity of swine virus HA. The amino acids
in positions 72, and 75, belong, respectively, to the loop connect-
ing two helixes and the tip of the central large helix. Side chains of
either residue forms close contacts with amino acids of the vesti-
gial esterase subdomain of HA1. Mutations in this structural re-
gion are well known to affect the pH of the HA conformational
transition (16—18). In particular, the mutation G75,R in the HA of
H3N2 human virus increased pH threshold for fusion by 0.4 U
(52). Residue 113, is located on the large helix with its side chain
facing the internal hydrophobic pocket with buried fusion pep-
tides. The residue contacts phenylalanine in position 3, of the
fusion peptide of its own HA2 monomer and leucine in position 2,
of the neighboring HA2 monomer. Mutations in the fusion pep-
tide and in its pocket are known to alter HA conformational sta-
bility and fusion pH threshold (16—-18). All but 1 of 455 avian HA
sequences analyzed harbored S in position 113,, whereas one
avian virus (GenBank accession number KC209515), similarly to
the avian-like swine viruses, carried the nonconservative muta-
tion S113,F. Remarkably, the mutation seemed to emerge after
serial passaging of the original virus isolate A/mallard/Nether-
lands/10-Nmkt/1999 (HIN1) in the newborn pig trachea cell line
NPTr (53).

In summary, based on their nature and location, from one to
three substitutions in the HA2 (positions 72, 75, and 113) were
likely responsible for the alteration of conformational stability and
fusion pH optimum during the emergence of an avian-like swine
virus from its avian ancestor. Studies are in progress in our lab to
test this hypothesis and to identify specific set of mutations in-
volved.

pH dependence of the fusion activity of pandemic virus HAs.
Based on our data (Table 1), the HAs of viruses from 1968 and
2009 pandemics had a lower pH optimum of fusion than the HAs
of most swine viruses analyzed. To test this observation further,
we compared the HAs of all four known pandemic viruses for their
fusion activation at low pH. Because the whole 1918 pandemic
virus was not available, the experiments were performed using
cell-expressed HAs. The HA of A/swine/Marseille/1980 was in-
cluded in the analysis since this virus displayed fusion character-
istics typical of the majority of swine viruses tested (see Table 1).
The 1918 HA required the lowest pH for fusion activation, since
syncytium formation was only observed at pH 5.1 and below (Fig.
4). The 1957 and 1968 HAs started to cause weak but significant
syncytium formation at pH 5.2. The HA of 2009 virus was able to
induce pronounced cell-to-cell fusion at pH 5.4, whereas the HA
of A/swine/Marseille/1980 was already active at pH 6.0. Thus, in

1574 jvi.asm.org

Journal of Virology

-o— A/Brevig Mission/1/1918
-=- A/Singapore/1/1957

-e- A/Hong Kong/1/1968
- A/Hamburg/5/2009

- -a A/swine/Marseille/2260/1980

Efficiency of syncytia formation, %
N
(3,

0 - -
50 52 54 56 58 6.0 62 64 66 68 7.0
pH

FIG 4 Syncytium formation in HeLa cells expressing HA proteins after expo-
sure to low pH. Cells were transfected with plasmids encoding HAs of pan-
demic viruses A/Brevig Mission/1/1918 (HIN1), A/Singapore/1/1957
(H2N2), A/Hong Kong/1/1968 (H3N2), A/Hamburg/5/2009 (HIN1),and HA
of A/swine/Marseille/2260/1980 (HIN1). The cells were exposed to different
pHs 16 h posttransfection, incubated to allow syncytium formation, and con-
trasted using Giemsa stain. The numbers of nuclei in syncytia were counted
and are expressed as percentages of the total nuclei in the same microscopic
field. The data represent mean values; error bars show 95% confidence inter-
vals.

this assay all four pandemic HAs required significantly lower pH
for fusion activation compared to the swine virus HA.

DISCUSSION

Whereas receptor-binding specificity of influenza virus HA is a
well-known factor determining viral host range (8—11), the role of
the fusion-promotion characteristics of the HA in host range re-
striction is less well understood (17, 19). The pioneering studies of
Scholtissek showed that stability of influenza viruses at low pH
correlated, at least partially, with the viral host species (27, 54),
implying that host-specific differences exist between the viruses in
the pH optimum of HA conformational stability. Recently, this
notion was confirmed by studies on highly pathogenic H5N1 vi-
ruses which showed that replication and pathogenesis of H5N1
viruses in experimentally infected ducks, chickens, mice, and fer-
rets were differently regulated by pH of HA activation (20-22, 24,
25, 55-57). These results highlight the necessity to characterize
host-specific parameters of membrane fusion activity of influenza
viruses with various HA subtypes from major natural host species,
such as wild and domestic birds, pigs, horses, and humans.

In the present study, we focused on HIN1 viruses in aquatic
birds and pigs. The HIN1 viruses are ubiquitous, they demon-
strated a propensity for interspecies transmission, and they caused
pandemics in 1918 and 2009. Furthermore, availability of EAsw
viruses isolated at the very beginning of the European swine
epizootic and closely related aquatic bird viruses isolated at the
same time in the same geographical area (see Fig. 1) provided a
unique opportunity to assess genotypic and phenotypic changes
in the HA that accompanied avian-to-swine adaptation of the vi-
rus. The results of three phenotypic assays indicated that the HAs
of the early EAsw virus strains undergo conformational transition
and mediate fusion at a higher pH than HAs of the closest available
avian counterparts (Table 1). These differences in pH optimum of
HA activation were associated with amino acid substitutions in
the conserved positions of HA2 subunit that separate early isolates
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of EAsw swine viruses from the avian precursor (Fig. 3). Several
other tested swine viruses of the EAsw lineage and other lineages
behaved similarly to the early EAsw virus isolates, suggesting that
relatively high pH optimum of fusion is a typical trait of swine-
adapted influenza viruses. Our results suggest that HA fusion
characteristics of avian HIN1 viruses reduced viral fitness in pigs,
and alteration of the pH optimum of fusion occurred during the
avian-to-swine adaptation of the virus. It remains obscure
whether these changes were essential for the initial adaptation of
the virus to replicate and transmit in pigs or they were acquired
during subsequent years of virus circulation in pigs prior to its
detection and isolation in 1979 (41). This question can be an-
swered by studying replication and transmission of wild type and
recombinant viruses with relevant mutations in the HA in exper-
imentally infected pigs as described previously (58, 59).

Hypothetical mechanisms by which pH optimum of HA-me-
diated fusion could affect virus fitness in distinct host species have
been discussed (17-19, 22, 28, 54). First, the kinetics of acidifica-
tion and the levels of pH in the endosomal compartment may vary
depending on host species, target tissue, cell type, and differenti-
ation and metabolic state of the cell. A balance between endo-
somal pH in the cells and pH optimum of HA conformational
transition was shown to affect the efficiency of viral infection (20,
28, 60). Differences in sensitivity of viruses to ammonium chlo-
ride during cell entry (Table 1) well illustrate this phenomenon.
Second, host-specific differences in the pH and temperature at
mucosal surfaces in target tissues of different species may also play
arole in determining pH optimum of HA fusion and stability. For
example, in humans, the nasal pH varies from 5.2 to 8.0 (61, 62),
the lower values being sufficiently acidic to can cause rapid virus
inactivation. In ducks, the viruses replicate in the cells lining the
lower intestinal tract (63, 64) with pH values between 6 and 8 (65,
66), although on its route to target cells the virus has to pass the
highly acidic environment of the gizzard. Third, requirements for
virus persistence in the environment may vary significantly de-
pending on ecology of viral host species and mode of virus trans-
mission (67, 68). For example, a higher pH stability and thermo-
stability may be required for virus transmission by fecal-oral route
through water in aquatic birds and by airborne droplets in hu-
mans compared to direct contact transmission in crowded do-
mestic poultry flocks and pig herds. Thus, the optimal pH of fu-
sion and stability of the HA in its host species is determined by a
balance between several not yet well-defined selective pressures.
Our results suggest that this balance differs between aquatic birds
and pigs.

Unlike most avian influenza viruses, swine-adapted viruses
preferentially bind to Sia2-6Gal-terminated (“human-type”) re-
ceptors (50, 69-72). It is believed, therefore, that adaptation of the
HA of avian viruses to receptors in pigs increases viral zoonotic
and pandemic potential. This theory gained strong support after
emergence of the 2009 pandemic virus from a swine virus without
significant changes in receptor specificity (73, 74). In contrast, our
data suggest that the levels of conformational stability of the HA of
swine-adapted viruses may not be optimal for viral circulation in
humans. In our experiments, two pandemic viruses tested had
more pH-stable HAs than a majority of swine viruses, as judged by
viral sensitivity to ammonium chloride and pH optimum of he-
molytic activity (Table 1). Interestingly, three of four swine viruses
isolated in Thailand and United States from sporadic human cases
of infection differed from other swine viruses and resembled pan-
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demic virus strains with respect to their sensitivity to ammonium
chloride. It remains obscure whether this effect represents natural
strain-specific variation among viruses with “classical” swine HA
or reflects ongoing adaptation of these swine viruses to humans.
The distinctions between the pH stability of swine and pandemic
virus HAs were further confirmed in experiments with expressed
HA proteins (Fig. 4). The HA of the viruses from three previous
pandemics displayed a similar pH of fusion activation that was
significantly lower than that of the swine virus HA. Interestingly,
the HA of the swine-origin pandemic virus A/Hamburg/05/2009
showed an intermediate phenotype. This virus was isolated in late
April 2009, at the very beginning of the emerging pandemic. No-
tably, subsequent circulation of the virus in human population led
to a selection of a fitter variant with mutation E47,K in the HA that
lowered pH of fusion and increased pH stability (75).

In summary, our finding that transmission of an avian HIN1
virus to pigs in Europe in late 1980s was accompanied by changes
in conformational stability of the HA represents the first formal
evidence of alteration of the HA fusion activity/stability during
influenza virus adaptation to a new host species under natural
settings. This finding prompts further detailed studies on mem-
brane fusion characteristics of influenza viruses circulating in dif-
ferent host species, alterations of these characteristics during in-
terspecies transmission, and their potential effects on viral
zoonotic and pandemic potential.
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