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to the Human Host
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The binding specificities of a panel of avian influenza virus subtype H5 hemagglutinin (HA) proteins bearing
mutations at key residues in the receptor binding site were investigated. The results demonstrate that two
simultaneous mutations in the receptor binding site resulted in H5 HA binding in a pattern similar to that
shown by human viruses. Coexpression of the ion channel protein, M2, from most avian and human strains
tested protected HS HA conformation during trafficking, indicating that no genetic barrier to the reassortment
of the HS surface antigen gene with internal genes of human viruses existed at this level.

Influenza A viruses with at least 15 antigenically distinct
hemagglutinin (HA) proteins and nine different neuramini-
dase subtypes can be isolated from avian species (29). Some of
the molecular changes which occur when an avian influenza
virus adapts to a new host (e.g., humans), such as changes in
receptor recognition and mutations in polymerase protein
PB2, have already been characterized (11, 15, 24, 29), but the
genetic restrictions which define the species barrier are still not
fully understood. The consequence of the adaptation of a new
antigenic subtype for replication and transmission in humans is
pandemic influenza, which carries a heavy morbidity and mor-
tality toll.

A major determinant of host range is the affinity of the viral
HA protein for the host cell sialic acid (SA) receptor. In the
natural avian host, SA is joined to the sugar chain through an
a2—3 linkage, and viruses isolated from birds possess HAs
with high affinity for this type of sugar. On the other hand, in
the human respiratory tract, terminal SA is linked through an
a2—>6 bond. Viruses circulating in humans have acquired mu-
tations in their HAs which result in the loss of affinity for a2—3
SA and the concomitant increase in «2—=6 binding (4, 21, 28).
This has been particularly well characterized for the H3 sub-
type, which crossed from ducks into the human population in
1967 and 1968 and caused the 1968 (Hong Kong) influenza
pandemic. HAs from viruses isolated early in the pandemic
differed from their avian progenitors by a change from glu-
tamine to leucine at residue 226 and from glycine to serine at
residue 228 in the HA receptor binding site (RBS) (15). This
may represent the minimum change necessary for the H3 sub-
type to establish itself in the new human host.

In 1997, a highly virulent HSN1 virus spread to live poultry
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markets in Hong Kong. Eighteen people became infected, and
six deaths resulted (3). The viruses recovered from these indi-
viduals were identical in all eight RNA segments to those
isolated from the chickens at the same time, indicating for the
first time that a virus seemingly unadapted for mammalian
replication could replicate in humans (1, 25). However, these
avian viruses did not transmit between humans and this may be
why a pandemic did not ensue.

The crystal structure of an H5 HA from A/Duck/Singapore/
3/97 virus, which is closely related to the HAs of the viruses
isolated in Hong Kong in 1997, such as the primary human
isolate A/HK/156/97, has been determined (9). The width of
the receptor binding pocket is less than that for the previously
studied human H3 HA protein. It is hypothesized that changes
at residues 226 and 228 may allow H5 HA to better interact
with the human form of the SA receptor. We have used cloned
HS HA proteins to test whether such mutations indeed result
in human-receptor binding characteristics.

The full-length cDNA encoding the H5 HA protein from the
human index isolate of the outbreak, A/HK/156/97, was am-
plified by reverse transcription and PCR from viral RNA and
cloned into the expression plasmid pcDNA3 (2). A series of
mutations in the HS HA ¢DNA which altered the nucleotides
encoding the RBS, specifically at residues 226, 227, and 228,
were engineered. At position 226, the mutations changed glu-
tamine to either leucine or valine (the Q226L and Q226V
mutants), and at residue 228, glycine was changed to serine
(the G228S mutant). Changes at residues 226 and 228 were
also generated in combination to create LSS and VSS mutants.
We also generated mutation S2271. This change was present in
a subset of the H5 viruses isolated from humans in Hong Kong
(11).

A hemadsorption assay was used to measure red blood cell
(RBC) binding to exogenously expressed H5 HA. Following
transfection of Vero cells with 1 pg of appropriate plasmids
and 3 pl of Lipofectamine and infection with a recombinant
fowlpox virus (FPV)-expressing T7 RNA polymerase, cells
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were treated with 5.5 mU of bacterial neuraminidase/ml for 1 h
(6). This treatment was necessary because the sugar modifica-
tions on the HA protein itself are sialylated and, in the absence
of viral neuraminidase, the SA will block access to the RBS
(19). It was also necessary to coexpress the HK156 M2 protein
with HK156 HA in order to facilitate cell surface transport of
the functional protein. A 0.2-pug amount of the appropriate M2
expression plasmid was cotransfected with each of the HA
mutants.

We measured the binding of HA to different linkages of SA
by analyzing differential levels of binding to erythrocytes of
different species which vary in the types of SA they display.
Horse RBCs exclusively display a2—3 terminally linked SA,
whereas guinea pig RBCs predominantly display SA of the
a2—6 linkage and express approximately 1/10 of their SA in
the a2—3 linkage (13, 16; R. Harvey and W. S. Barclay, un-
published data). Accordingly, cells infected with apathogenic
HS5 avian virus, A/Duck/Singapore/3/97, bound horse RBCs
efficiently and also hemadsorbed smaller amounts of guinea
pig RBCs, possibly via the «2—3 SA which they display. On the
other hand, cells infected with the human H3 subtype strain
A/Sydney/5/97 bound only small amounts of horse RBCs but
bound larger amounts of guinea pig RBCs due to specific
binding of «2—6 SA (Fig. 1A). Each of the H5 HA mutants
was assessed for its ability to hemadsorb horse or guinea pig
RBCs (Fig. 1B). By using fluorescence-activated cell scanning
analysis of cell surface expression, we confirmed that the mu-
tations did not significantly alter the ability of the HA proteins
to be transported to the plasma membrane (data not shown).
As expected, HK156 wild-type HA showed a typical avian-
virus-like pattern of efficient binding to a2—3-linked SA. The
S2271 or Q226V changes did not affect receptor binding. The
Q226L and G228S changes each decreased the binding to
horse RBCs without any change in the binding of guinea pig
RBCs. The LSS and VSS double mutants showed a consider-
able loss in their ability to hemadsorb horse erythrocytes, and
in the case of the LSS mutations, this was not at the expense of
overall SA affinity since binding to guinea pig RBCs was high.
In fact, the LSS mutant behaved very much like the human-
adapted H3 HA protein of A/Sydney/5/97 virus that was used
as a control in this assay (Fig. 1A).

For Fig. 2, we used MODELLER (22) to model the muta-
tions onto the structure of the A/Duck/Singapore/3/97 H5 HA
protein. A comparison of panels B to F with the wild-type
structure in panel A shows the increase in the width of the RBS
pocket, which is predicted to allow greater access of the more
bulky a2—6 SA linkage and concomitantly decrease the stabi-
lizing interactions of HA with the a2—3 SA-conjugated recep-
tor. The latter effect may be important for the resistance of
virus to naturally occurring inhibitors in human sera and re-
spiratory secretions which display a2—3-linked SA. Ha et al.
(10) have recently described the structure of an avian H3 HA
that may be a progenitor to human H3 strains. A comparison
with the human H3 structure shows that there are structurally
significant differences in the human HA RBS that cause the
pocket to open. Moreover, the Q226L and G228S substitutions
are also predicted to cause some rearrangement of other res-
idues in the RBS. Whether similar rearrangements occur in the
HS5 HA to accompany the 226 and 228 mutations we have
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FIG. 1. Hemadsorption of horse or guinea pig erythrocytes by
avian or human influenza A virus HA. (A) Vero cells were infected
with either A/Duck/Singapore/97 (D/S) or A/Sydney/5/97 (SYD) at a
multiplicity of infection of >1. Twenty-four hours postinfection, a
0.5% suspension of horse or guinea pig erythrocytes was added for 1 h
at room temperature. Following washing with phosphate-buffered sa-
line, Vero cells and bound erythrocytes were lysed. The absorbance of
the clarified lysate was measured at 540 nm. (B) Vero cells were
infected with FPV directing the expression of T7 polymerase and were
then transfected with plasmids directing the expression of mutant H5
HA (1 pg) and HK156 M2 (0.2 pg) proteins. Forty-eight hours post-
transfection, cells were treated with 5.5 mU of bacterial neuraminidase
(Vibrio cholerae sialidase; Roche) per ml for 1 h. Then a 0.5% suspen-
sion of horse or guinea pig erythrocytes was added, and after 1 h of
incubation at room temperature, cells were washed and lysed for
absorbance measurement. Cells infected with FPV T7 but untrans-
fected were processed in the same way, and the mean absorbance from
these wells was subtracted as background. All transfections were per-
formed in triplicate, and mean absorbance values with standard errors
are shown. WT, wild type.

engineered in this study could only be addressed by a crystal-
lization of mutant HS proteins.

Matrosovich et al. (15) identified human isolates from early
in the Asian influenza pandemic of 1957 that still carried the
avian-virus-like residues at positions 226 and 228. Other strains
from that year contained just one of the two changes associated
with human viruses, the Q—L mutation at position 226, and
already showed altered receptor binding characteristics. By
1958, only 1 year into the pandemic, simultaneous humanizing
mutations at residues 226 and 228 were fixed in the H2 human
virus lineage. This example serves to illustrate the proposition
that receptor binding changes are not a prerequisite for early
zoonotic events but are strongly selected for during the circu-
lation of new subtypes of viruses in humans. Applying this
proposition to the HS situation, it can be hypothesized that if
the HS viruses which transmitted to humans in 1997 had con-
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FIG. 2. Modeling of point mutations into the receptor binding site of H5 HA. (A) Wild type; (B) G228S mutant; (C) Q226L mutant;
(D) Q226V mutant; (E) LSS double mutant; (F) VSS double mutant. Native residues 226Q, 2278, and 228G are shown in orange, pink, and yellow,
respectively. Mutations to a hydrogen bonding residue (serine) are shown in red, and mutations to a hydrophobic residue (leucine-valine) are
shown in blue.
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FIG. 3. (A and B) Human and avian virus M2 protein expression. Forty-eight hours following transfection of 0.2 g of plasmid DNA, cells were
incubated with primary antibodies against M2. A mouse monoclonal antibody (14C2) was used to detect the human M2 proteins (A), and a rabbit
polyclonal antiserum raised against a swine influenza virus M2, kindly provided by P. Heinen, was used to detect the avian M2 proteins (B).
Fluorescein isothiocyanate-conjugated secondary antibody was used, and the mean fluorescence intensity of each sample was measured by
fluorescence-activated cell sorter analysis. (C) Representation of the ability of different M2 proteins to support hemadsorption by H5S HA. Vero
cells were transfected with 1 g of plasmid directing the expression of HK156 HA and 0.2 g of plasmid expressing different avian or human viral
M2 proteins and incubated either with (grey bars) or without (black bars) 5 uM amantadine. Forty-eight hours posttransfection, cells were treated
with 5.5 mU of bacterial neuraminidase (V. cholerae sialidase) per ml, and a 0.5% suspension of horse erythrocytes was added. After 1 h of
incubation at room temperature, cells were washed and lysed for absorbance measurement at 540 nm. Cells infected with FPV T7 but untransfected
were processed in the same way, and the mean absorbance from these wells was subtracted as background. All transfections were performed in
triplicate, and mean absorbance values with standard errors are shown. D/S, A/Duck/Singapore/3/97; 156, A/HK/156/97; Pan, A/Panama/99; Syd,
A/Sydney/5/97.
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tinued to circulate, changes at HA residues 226 and 228 might
have been selected. The data presented in this study illustrate
that the HS protein can tolerate these changes and that they do
alter the characteristics of the protein towards those of an HA
with higher affinity for human receptors. It is likely that the
changes occur in a stepwise fashion, as reported for the above-
described H2 example, and we show here that both single
changes Q226L and G228S affect «2—3 SA binding. It is pos-
sible that the mutations we have introduced into H5S HA would
not be tolerated in the context of infectious virus. Previously, it
has been shown that changes in the RBS can affect the pH of
fusion of HA (5). To fully establish the viability and charac-
teristics of viruses carrying these mutations, it would be nec-
essary to introduce them into recombinant viruses by using
reverse-genetics techniques (7, 17). However, such viruses
would require isolation and handling under high containment
conditions, which limits easy experimental confirmation.

It has recently been suggested that certain internal gene
products from human viruses, such as the matrix protein M1
and/or the ion channel protein M2, encoded on RNA segment
7, and certain avian HA subtypes are incompatible (23). Re-
assortment with HA genes like the HK/97 H5 HA is even more
restricted than for other HAs because of a string of basic
amino acids at the HA1/HA2 cleavage site which render the
HA susceptible to cleavage by ubiquitous intracellular pro-
teases, such as furin. Although this susceptibility to cleavage
increases the tissue tropism of the virus, it also places the newly
synthesized HA at risk for premature fusogenic conforma-
tional change. This possibility is avoided by viral expression of
an ion channel protein, M2, which allows protons to flow out
from the late Golgi apparatus, thus maintaining this compart-
ment at a higher pH than usual (18, 27). It was previously
shown that the potency of the M2 ion channel varies among
virus strains and that some reassortants are not viable due to
an incompatibility between the gene products of segment 4,
encoding HA, and segment 7, encoding M2 (8). In addition,
functional transport of the multibasic H7 Rostock HA protein
required four times as much of the human A/Udorn/72 M2 ion
channel as of the homologous Rostock avian M2 protein (27).
We therefore asked whether human M2 proteins from strains
circulating in 1997 and later could facilitate transport of func-
tional multibasic HS HA to the mammalian cell surface.

We cloned the M2 open reading frames from avian and
human viral sources into pcDNA3 and cotransfected equal
concentrations (0.2 pg) of plasmid DNA with 1 wg of wild-type
HK156 HS HA plasmid. We used M2-specific antisera to check
that the levels of expression of each M2 protein were similar
(Fig. 3A and B). Although it is not possible to make a complete
comparison because different antibodies were needed to ana-
lyze the expression of human or avian M2 proteins due to
differences in their sequences, the results showed that all M2
proteins were expressed well and that within the two sets an-
alyzed, expression levels were equivalent. Significantly, the two
human M2 genes cloned from H3N2 viruses circulating in 1997
and 1999, A/Sydney/5/97 and A/Panama/99, were as effective in
this assay as the homologous M2 ion channel derived from the
human index isolate HK156 or the avian virus M2 gene cloned
from A/Duck/Singapore/3/97 virus (Fig. 3C). To confirm that
the ion channel activity was indeed responsible, we repeated
each assay in the presence of amantadine, a drug that inhibits
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the ion channel activity of M2. Following transfection of the
two HA and M2 plasmids, 5 uM amantadine was added and
the cells were incubated for a further 48 h before the hemad-
sorption assay was performed. The facilitative effect of M2 on
HA transport was inhibited (Fig. 3C). The ability of human M2
protein to support H5 HA transport is significant because it
indicates that there was no genetic barrier operating at this
level to prevent the generation of an avian-human reassortant
virus containing segment 4 RNA, encoding a novel HA sub-
type, mixed with a human segment 7 RNA.

Interestingly, we found that WSN M2 was much less active in
supporting the functional transport of HS HA in the hemad-
sorption assay even though it was expressed to the same
amount as the other human virus M2 channels. This finding
suggests that the ion channel activity of this protein is low. The
WSN M2 protein has an S-to-N change at residue 31, which is
associated with resistance to the drug amantadine. However, it
should be stated that amantadine resistance does not neces-
sarily result in the loss of ion channel activity since several
strains of avian influenza virus with multibasic HA cleavage
sites have acquired mutations which lead to drug resistance
(reviewed in reference 12). We did not determine the levels of
activity of different M2 proteins. However, bearing in mind
that M2 is highly expressed in the infected cells and that we
coexpressed M2 from only one-fifth the amount of plasmid
DNA used for HA expression in these studies, it is not likely
that our results have been affected by the overexpression of
M2. It is possible that by transfecting increased amounts of the
WSN M2 protein, H5 HA transport would be rescued, but how
these levels of M2 and HA expression relate to virus infection
is not clear. It is already known that some M2 ion channels are
not active enough to support the transport of multibasic HA in
aviral context (8). It might be important to consider this during
the designing of recombinant viruses to be used as pandemic
vaccines: several groups have recently described the recovery
of viruses containing human internal proteins and avian HS
HA genes (14, 26) with the multibasic site HS HA removed
(because of obvious safety considerations). Since influenza vi-
rus has a known capacity to acquire mutations and insertions
around this region (20), coupling such engineered HA genes
with an incompatible M2 protein may limit the risk of reversion
during vaccine propagation. The hemadsorption assay that we
have presented here is a functional test for monitoring the
ability of exogenous proteins to mediate changes in the pHs of
intracellular compartments and assist in the transport of viral
membrane proteins. As such, it may prove useful for the anal-
ysis of potential proton channel activity bestowed by different
M2 proteins as well as by other viral or host cell proteins.
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