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Influenza HA Subtypes Demonstrate Divergent
Phenotypes for Cleavage Activation and pH of Fusion:
Implications for Host Range and Adaptation
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Abstract

The influenza A virus (IAV) HA protein must be activated by host cells proteases in order to prime the molecule for fusion.
Consequently, the availability of activating proteases and the susceptibility of HA to protease activity represents key factors
in facilitating virus infection. As such, understanding the intricacies of HA cleavage by various proteases is necessary to
derive insights into the emergence of pandemic viruses. To examine these properties, we generated a panel of HAs that are
representative of the 16 HA subtypes that circulate in aquatic birds, as well as HAs representative of the subtypes that have
infected the human population over the last century. We examined the susceptibility of the panel of HA proteins to trypsin,
as well as human airway trypsin-like protease (HAT) and transmembrane protease, serine 2 (TMPRSS2). Additionally, we
examined the pH at which these HAs mediated membrane fusion, as this property is related to the stability of the HA
molecule and influences the capacity of influenza viruses to remain infectious in natural environments. Our results show
that cleavage efficiency can vary significantly for individual HAs, depending on the protease, and that some HA subtypes
display stringent selectivity for specific proteases as activators of fusion function. Additionally, we found that the pH of
fusion varies by 0.7 pH units among the subtypes, and notably, we observed that the pH of fusion for most HAs from human
isolates was lower than that observed from avian isolates of the same subtype. Overall, these data provide the first broad-
spectrum analysis of cleavage-activation and membrane fusion characteristics for all of the IAV HA subtypes, and also show
that there are substantial differences between the subtypes that may influence transmission among hosts and
establishment in new species.
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Introduction host, only the H1, H2, and H3 HA subtypes and the N1 and N2
subtypes are known to have become established in the human
population. Although H5 and H7 subtypes have infected humans,
often with considerable morbidity and mortality, they have yet to

aquatic birds [1]. The full complement of IAV surface glycopro- show efficient transmission between humans. Recent studies have
teins, the hemagglutinin (HA) and neuraminidase (NA), is

Influenza A virus (IAV) is a significant human pathogen that is
maintained in nature via an enzootic replication cycle among

shown that recombinant viruses containing the H5 HA from A/
represented in wild aquatic birds, of which there are currently VietNam/1203/2004 (H5N1) or A/Indonesia/5/2005 (H5N1)
16 HA and nine NA subtypes. The recent identification of IAV were capable of transmitting more efficiently via respiratory
genetic material from bats in Guatemala suggests the circulation of droplet between ferrets if the HA contained mutations that confer
additional antigenically distinct HA and NA subtypes [2].  Sjan2,6Gal binding (N224K and Q2261 for H5Y™ or Q2221 and
Although aquatic birds are believed to be the natural reservoir G224S for H5™), loss of a glycosylation site within the head
for IAV, sporadic cross-species transmission events have led to the domain (N158D for H5"™ or T156A or N154K for H5™), and a

spread of IAVs to other avian species as well as mammals [1].  mutation that increased the stability of the H5 HA (T318I for
These cross-species transmission events are often characterized by H5YN) [3,4].

the rapid evolution of viral proteins for adaptation to the new host, While several viral proteins have been shown to acquire
which may be influenced by a variety of selective pressures, adaptive mutations that mediate more efficient IAV replication
including differences in availability and structure of host cell in specific hosts, the best characterized of these is the HA protein
receptors, variations in host cell transcription/translation factors, [5-13]. The IAV HA protein is responsible for mediating two
variations in host cell entry mechanisms, and sites of replication. primary events during virus entry: 1) binding to cell surface glycan
To date, through either direct transmission or via an intermediate receptors containing terminal sialic acid and 2) mediating
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Author Summary

IAV is associated with significant morbidity and mortality,
and represents a challenging public health threat that
affects social and economic welfare each year, particularly
during IAV pandemics. Although we know that all human
strains derive, either directly or via intermediate hosts,
from avian viral sources, we know very little about the
phenotypic characteristics of the 16 HA subtypes that
circulate in aquatic birds and have potential to infect
mammals. HA membrane fusion properties, in conjunction
with the characteristics for protease activation of HA, a
requirement for fusion, are critical factors involved in the
ecology and transmission of IAVs, and need to be
understood if we are to derive explanations for how
pandemic viruses emerge in humans. We examined the
cleavage-activation and membrane fusion characteristics
for the 16 HA subtypes by transiently expressing HA
proteins in cells. Our findings show that the cleavability of
the HAs vary considerably between subtypes and depend-
ing on the protease. Additionally, analysis of the pH of
fusion for each subtype showed that HA stability varied
significantly among the subtypes, as well as within
subtypes from viruses isolated from different species.
Overall, these data have implications for host range,
potential for adaptation, and persistence in natural
environments.

membrane fusion between the viral and endosomal membranes to
release the ribonucleoprotein core of the virion into the cell. The
IAV HA protein is perhaps the most extensively characterized
class I wviral fusion protein [14-17]. As such, high-resolution
structures of three distinct conformations of the HA during the
replication cycle have been solved: uncleaved HA,, pre-fusion
HA+HA,, and post-fusion HA, (Figure 1) [18-21]. Like all class I
fusion proteins, IAV HA proteins associate in the endoplasmic
reticulum during biogenesis where they non-covalently oligomer-
ize as homotrimers. The HA protein is synthesized in infected cells
as a single polyprotein precursor, HA,. Cleavage of each HA,
monomer into the disulfide-linked HA; and HAy subunits is
required to activate the membrane fusion potential of the HA, and
therefore virus infectivity [22-24]. All HA proteins are cleaved by
activating proteases within a membrane-proximal surface loop at
an R (or K) residue located adjacent to the G residue that
constitutes the N-terminus of the newly generated and highly
conserved fusion peptide of the HAy subunit (Figure 1A). For low-
pathogenic IAV strains, the cleavage site consists of a monobasic
R/K' residue, which may be cleaved by trypsin-like serine
proteases for activation. Generally, these HAs are transported to
the plasma membrane in their uncleaved, HA, form [25,26];
however, recent data regarding cleavage of HA, by the type II
transmembrane serine protease, TMPRSS2, indicates that
TMPRSS2 cleaves HA in the secretory pathway within the cell
[27]. For highly pathogenic IAV strains, the cleavage site consists
of a polybasic stretch of amino acids that may be cleaved by
ubiquitous intracellular furin-like serine proteases, such as furin
and PC6 [28-31]. These HA proteins are cleaved intracellularly
within the trans-Golgi network. Cleavage of HA, by ubiquitous
proteases increases the likelihood for systemic infection, but HA
proteins requiring cleavage by trypsin-like proteases are generally
restricted to specific sites where these enzymes are expressed. In
addition to the amino acid composition of the cleavage site, the
size of the cleavage loop and the presence or absence of nearby
carbohydrates can alter the accessibility of activating protease

[24,32-35].
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Upon cleavage of the trimeric HA; molecule, the newly
generated hydrophobic HAy N-terminal domain (i.e. the fusion
peptide) is relocated to a cavity in the trimer interior where it
forms extensive contacts with residues in the metastable
conformation, which renders the molecule fusogenic (Figure 1B)
[18,21]. Cleaved HA molecules are able to enter host cells via the
endocytic pathway, whereby the HA protein binds to cell surface
receptors containing terminal sialic acid moieties and, following
internalization, undergoes irreversible conformational changes in
response to acidification of the endosomal vesicle, thus triggering
fusion of the viral and endosomal membranes (Figure 1C).
Consequently, cleavage-activation and membrane fusion are
intimately associated with one another, as uncleaved HA
molecules are unable to undergo the necessary acid-induced
conformational changes required for membrane fusion and virus
infectivity [36].

There are a number of candidate proteases potentially involved
in cleavage-activation of the IAV HA( protein, and the use of any
particular protease is likely dependent on the route of infection
and the site of replication. Notable examples include human
airway trypsin-like protease (HAT), which is expressed on ciliated
epithelial cells [37], transmembrane protease, serine 2
(TMPRSS2), which is expressed on epithelial cells of the
respiratory, gastrointestinal, and urogenital tracts [37], tryptase
Clara, which is expressed in Clara cells of the bronchiolar
epithelium [38], as well as the ubiquitously-expressed furin
protease, which displays specificity for HA proteins containing
polybasic cleavage sites. In addition, cleavage of IAV HA( in
embryonated chicken eggs has been shown to occur by a Factor
Xa-like protease [39,40]. More recently, it was shown that the
secreted, catalytic domain of matriptase, a member of the type II
transmembrane serine protease family, was capable of both direct
cleavage of the influenza HA as well as indirect cleavage by way of
promoting the activation of thrombolytic zymogens that have been
shown to cleave HA [41]. Despite what is known, it has been
difficult to unequivocally specify the identity of activating proteases
in natural hosts, and the extent to which HAs of different subtypes
and strains are cleaved by trypsin-like proteases has not been
examined rigorously.

In addition to the availability and cleavage efficiency of
activating proteases, we also know that different HA subtypes
display a range of stability phenotypes, which are related to pH
and temperature, and therefore have varying fusion characteristics
and kinetics of inactivation [42,43]. Together, these properties
may reflect the broad ecological and host environments in which
these viruses persist and replicate, as well as affect the ability, or at
least be a contributing factor in the ability of new viruses to
transmit or adapt to new species. As such, understanding the
susceptibility of HAs from different subtypes to proteases found in
natural sites of infection is necessary to derive insight into
mechanisms of pathogenicity, ease of cross-species transmissibility,
and relative fusogenic capabilities within distinct sites of virus
replication.

The pH of membrane fusion as well as the requirement of
protease activation, although well established, has only been
examined for a limited number of subtypes. Therefore, to examine
the subtypes in greater detail, as well as to discern potential
differences between avian-origin and mammalian-origin HAs, we
have generated a panel of wild-type HA clones, along with their
cognate NA, that are representative of the 16 HA subtypes that
circulate in avian species, as well as several from human isolates of
the H1, H2, H3, and H5 subtypes. In this study, we examined the
efficiency of cleavage-activation by a variety of proteases as well as
the pH at which membrane fusion occurs.
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Figure 1. Structures of the conformations assumed by HA during the virus life cycle. Trimeric HA molecule is shown as a ribbon diagram,
with the HA; subunit colored in blue, the HA; subunit colored in red, and residues corresponding to the fusion peptide colored in yellow. (A) The site
within the trimeric HA molecule that acts as a substrate for activating protease (i.e. the cleavage loop) is denoted with an arrow. (B) Upon proteolytic
activation within the cleavage loop, the N-terminus of the newly generated HA, subunit is relocated to the trimer interior where it forms extensive
contacts with a network of residues within the fusion peptide pocket. This forms the metastable conformation that is primed for fusion. (C) Upon
exposure to low pH, the HA undergoes a series of conformational changes that result in the extrusion of the fusion peptide for mediating membrane

fusion between the virion and endosomal membranes.
doi:10.1371/journal.ppat.1003151.g001

Results

To examine the cleavage-activation and membrane fusion
properties of HA proteins of each subtype, we cloned the HA and
NA genes from influenza A viruses of avian-origin that were
representative of each subtype. As these properties have not been
examined systematically for all avian HA subtypes in a single
study, we chose to use the WHO reference strains for each subtype
for these initial characterizations. We also examined the HAs from
several influenza A viruses of human-origin representing each of
the three HA subtypes that have caused pandemics and circulated
in humans over the past century, as well as an H5NI human
isolate (Table 1). HA and NA genes were cloned into the
PCAGGS expression vector, as described in Materials and
Methods.

Trypsin-mediated cleavage of HA subtypes

Although the requirement for cleavage-activation of HA to
prime the molecule for infectivity is well documented [22,23,44—
46], the extent to which HA is cleaved by trypsin, as well as by
more biologically relevant proteases has not been extensively
examined for all subtypes and s likely to influence the fusogenicity
of HA proteins.

To examine the susceptibility of our panel of HAs to trypsin,
BHK cells were transfected with an HA-expressing plasmid and
then transfected cell proteins were metabolically labeled with
[*°S]-Met, followed by a chase period, and either left untreated or
treated with TPCK-trypsin. HA protein was then immunoprecip-
itated from cell lysates and resolved by SDS-PAGE. Figure 2A
shows the trypsin cleavage profiles for a representative set of the
HAs examined. Quantitative analysis of three independent
experiments showed that the efficiency of HA cleavage varied
substantially from subtype to subtype, ranging from 0-53% of total
cellular HA (Figure 2B). To assess whether the differences
observed in cleavage efficiency were due to differences in the
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level of total HA expressed on the surface of BHK cells, we
examined the percent of each HA that was expressed on the
surface of transfected cells, as described in Material and Methods.
As shown in Figure 2C, the levels of HA expressed on the surface
of transfected cells did not vary considerably, and in cases of
significant variability, there was no positive correlation between
cleavage efliciency and surface expression.

As expected, we observed that the H5 and H7 HAs were
cleaved in the absence of trypsin due to the presence of polybasic
cleavage sites. However, further cleavage was detected following
exposure to trypsin, suggesting that there was a percentage of H5
and H7 HAs that were expressed on the cell surface in an
uncleaved form (Figure 2A and 2B). Surprisingly, we also observed
HA cleavage for the H11 HA in the absence of trypsin, despite the
fact that this HA does not contain a polybasic cleavage site
(Table 1). For these experiments, serum-containing media was
used during the chase period, which provides for the possibility
that the H11 HA 1s being cleaved by a protease present in serum,
such as plasminogen/plasmin. Therefore, to investigate this
possibility, we compared the HA cleavage profile for HI1 using
media lacking or containing serum during the chase period. As
shown in Figures 3A and 3B, the cleavage profiles for the H11 HA
in the absence of serum are indistinguishable from those in the
presence of serum, regardless of the presence of NA. These data
indicate that the H11 HA is being cleaved by a protease other than
those found in serum, or that a protease present in serum is
sequestered by a protein on the surface of HI1 HA-transfected
BHK cells that is not removed by our washes prior to the
starvation period.

Another interesting observation involved the H13 and H16
HAs, for which no trypsin-mediated cleavage was detected
(Figure 2A and 2B). Data shown in Figure 2C confirm that these
HAs were expressed on the surface of BHK cells and therefore
accessible to exogenous trypsin. In addition to the data shown in
Figure 2C, images of the gels of immunoprecipitated total and
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surface-expressed H13 and H16 are shown in Figure 3C. We also
examined whether trypsin-mediated cleavage of the H13 and H16
HAs was affected by the cell type in which HA was synthesized. In
addition to BHK cells, we examined cleavage in both Vero and
DF-1 cells using the same method described above. Figure 3D
shows the data for the H13 HA, which indicates that the cell type
in which HA was synthesized had no detectable effect on its ability
to be cleaved by exogenous trypsin. Expression of H13 and H16
on the surface of Vero and DF-1 cells was also confirmed (data not
shown). The observed lack of trypsin-mediated cleavage of the
H13 and H16 HAs was not specific to those included in the initial
characterization, as we also examined trypsin-mediated cleavage
of two additional H13 HAs and one additional H16 HA, none of
which displayed any detectable cleavage (data not shown).

Effects of NA on trypsin-mediated cleavage of HA

It has been shown that co-expression of NA may influence the
efficiency of HA cleavage [47]. Therefore, we also examined
trypsin-mediated cleavage of HA in the presence of its cognate
NA. Experiments were conducted as described above, except that
a plasmid expressing NA was co-transfected with the HA-
expressing plasmid at a 1:10 ratio. Figure 2A shows the trypsin

PLOS Pathogens | www.plospathogens.org

Table 1. Origin of HA and NA proteins examined and HA cleavage site sequence.
Subtype HA and NA donor HA Cleavage site sequence®

P4 P3 P2 Pl P1’ p2’ p3’ P4’
HIN1 A/duck/Alberta/35/1976 I Q S R G L F G
H2N3 A/duck/Germany/1215/1973 I E S R G L B G
H3N8 A/duck/Ukraine/1/1963 K Q T R G L F G
H4N6 A/duck/Czechoslovakia/1/1956 K A S R G L F G
H5N3 A/tern/South Africa/1961 R Q K R G L F G
H6N5 A/shearwater/Australia/1/1972 I E T R G L E G
H7N3 A/turkey/England/1963 R R R R G L F G
H8N4 A/turkey/Ontario/6118/1968 v E P R G L 13 G
HION2 A/turkey/Wisconsin/1/1966 v S S R G L F G
H10N7 A/chicken/Germany/N/1949 v Q G R G L F G
H11N6 A/duck/England/1/1956 I A S R G L F G
H12N5 A/mallard/Sweden/81/2002 A Q D R G L I G
H13N6 A/gull/Maryland/704/1977 I S N R G L F G
H14N5 A/duck/Astrakhan/263/1982 K Q A K G L F G
H15N8 A/duck/Australia/341/1983 I H T R G L F G
H16N3 A/black-headed gull/Sweden/5/1999 \% G E R G L F G
H1N1 A/Puerto Rico/8/1934 I Q S R G L F G
H1N1 A/WSN/1933 I Q Y R G L F G
H1N1 A/California/04/2009 I Q S R G L F G
H1N1 A/Georgia/F32551/2012 I Q S R G L F G
H1IN1 A/Pennsylvania/08/2008 I Q S R G L F G
H2N2 A/Japan/305/1957 I E S R G L F G
H3N2 A/Aichi/2/1968 K Q T R G L F G
H3N2 A/Victoria/3/1975 K Q T R G I F G
H5N1 A/VietNam/1204/2004 R K K R G L F G
?General nomenclature of substrate cleavage site, with cleavage occurring between the P1 and P1’ positions. The P1 positions are shown in bold type.
doi:10.1371/journal.ppat.1003151.t001

cleavage profiles of HA when co-expressed with its cognate NA.
Quantitative analysis of three independent experiments showed
that, for the majority of HAs examined, co-expression of HA and
NA led to an increase in the percent of total cellular HA that was
cleaved by trypsin (Figure 2D). As expected, co-expression of WSN
HA and NA resulted in HA cleavage in the absence of trypsin due
to the plasminogen binding activity associated with the WSN NA
[47]; however, HA cleavage was significantly enhanced by the
addition of trypsin when co-expressed with WSN NA. Notable
exceptions to the NA-enhanced cleavage phenotype were the H13
and H16 HAs, for which co-expression of NA did not facilitate
trypsin-mediated cleavage of HA (Figure 2A and 2D). We also
examined cleavage of the H13 and H16 HAs in the presence of the
WSN NA to determine whether its plasminogen/plasmin binding
activity could facilitate cleavage of these HAs, and similar to the
data with their cognate NAs, no cleavage was observed (data not
shown).

Effects of NA on cell surface expression of HA

As mentioned, an increase in the percent cleavage of HA was
observed for nearly all HAs examined when co-expressed with its
cognate NA compared to when HA was expressed alone. This was
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Figure 2. Analysis of trypsin-mediated cleavage-activation of HA in the absence and presence of NA. (A) BHK cells were transfected
with 1.0 ug HA plasmid or co-transfected with 1.0 ug HA plasmid and 0.1 ug NA plasmid. At 16 hours post transfection, cells were starved for
methionine and cysteine, and were pulse labeled with 25 uCi [3°S]-methionine for 15 min, followed by a 3 hr chase period. Where indicated,
radiolabeled, HA-expressing cell monolayers were treated with 5 pug/ml TPCK-Trypsin for 15 min. Total cellular HA protein was immunoprecipitated
with a HA-specific antibody and resolved on 12% SDS-PAGs. The gels were fixed and dried, and radiolabeled proteins were visualized by
phosphorimaging. Representative images of gels are shown with the HA subtype denoted at the top of each gel and the identity of each band is
denoted on the left. (B) Quantitation of trypsin-mediated cleavage of HA in the absence of NA. Quantitative analysis was performed on three
independent experiments. For each HA, the intensity of the bands corresponding to HA, and HA, were normalized to their respective methionine
content and the percent cleavage (mean =* standard deviation) is expressed as a percentage of the total cellular HA, by the equation (HA,/
(HA,+HA,)) x100%. * denotes no detectable cleavage. (C) Quantitation of surface-expressed HA. BHK cells were transfected with 1.0 ug HA plasmid.
At 16 hours post transfection, cells were starved for methionine and cysteine, and were pulse labeled with 25 uCi [3°S]-methionine for 15 min,
followed by a 3 hr chase period. Cell surface proteins were then biotinylated and total HA protein was immunoprecipitated with a HA-specific
antibody, followed by immunoprecipitation with streptavidin, and resolved on 12% SDS-PAGs. The gels were fixed and dried, and radiolabeled
proteins were visualized by phosphorimaging. Quantitative analysis of three independent experiments is shown. The percentage of surface-
expressed HA was determined by dividing the amount of surface-expressed HA by the total HA. (D) Quantitation of trypsin-mediated cleavage of HA
in the presence of NA. Quantitative analysis was performed as described in (B). * denotes no detectable cleavage.
doi:10.1371/journal.ppat.1003151.9002

not altogether surprising given that the presence of NA has been
shown to affect cleavage of HA [47,48]. However, during our
studies to asses cleavage and surface expression of the H13 and
H16 HAs, we observed that when the HA and NA proteins were
co-expressed, the level of HA expressed on the cell surface was
greater than when HA was expressed alone, providing a potential
explanation for the increase in cleavage observed in the presence
of NA (i.e. more HA on the surface and available to exogenous
trypsin). To investigate this phenotype further, we co-expressed the
H13 HA at varying ratios with its cognate NA (1:0.1, 1:0.5, and
1:1), and found that co-expression of HA and NA, even at the
lowest ratio tested, led to greater levels of HA expressed on the cell
surface (Figure 4A). We also performed a similar experiment using
the H3, H5, H7, Japan, and Aichi HA-NA pairs, in which we
either transfected 1.0 pg HA plasmid alone or co-transfected

PLOS Pathogens | www.plospathogens.org

1.0 pg HA plasmid and 0.1 ug NA plasmid, and examined the
level of HA expressed on the surface of BHK and Vero cells, as
described in Materials and Methods. The data in Figure 4B show
that co-expression of these HA and NA pairs also result in greater
levels of cell surface-expressed HA.

HA cleavage mediated by human serine proteases

In addition to examining HA cleavage with trypsin, we
examined HA cleavage efficiency by human airway trypsin-like
protease (HAT) and transmembrane serine protease 2
(TMPRSS2), which are both type II transmembrane serine
proteases that have been experimentally shown to cleave IAV
HA [37]. HAT and TMPRSS2 are both expressed in the
mammalian airway epithelium, as well as in many other epithelial
tissues throughout the body, making them viable candidates for
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Figure 3. Analysis of proteolytic cleavage of H11 HA and surface expression of H13 and H16 HAs. (A) BHK cells were transfected with
1.0 ug H11 HA plasmid or co-transfected with 1.0 ug H11 HA plasmid and 0.1 ug N6 NA plasmid. Experimental details are identical to those stated in
Figure 2A, except that during the chase period media either lacking serum or containing 10% fetal bovine serum was used. The conditions assayed
for the samples in each lane are denoted at the top of the gel and the identity of each band is denoted on the left. (B) Quantitation of H11 HA
cleavage in the presence and absence of NA, the presence and absence of 10% fetal bovine serum, and in the presence and absence of trypsin.
Quantitative analysis was performed on three independent experiments. For each HA, the intensity of the bands corresponding to HAy and HA, were
normalized to their respective methionine content and the percent cleavage (mean = standard deviation) is expressed as a percentage of the total
cellular HA, by the equation (HA,/(HA,+HAq))x100%. (C) BHK cells were transfected with 1.0 ug H13 or H16 HA plasmid. At 16 hours post
transfection, cells were starved for methionine and cysteine, and were pulse labeled with 25 uCi [>*S]-methionine for 15 min, followed by a 3 hr chase
period. Cell surface proteins were then biotinylated and total HA protein was immunoprecipitated with a HA-specific antibody, followed by
immunoprecipitation with streptavidin, and resolved on 12% SDS-PAGs. The gels were fixed and dried, and radiolabeled proteins were visualized by
phosphorimaging. The HA subtype is denoted at the top of each gel and the identity of each band is denoted on the left. T=Total HA, S=Surface
expressed HA. (D) BHK, Vero, or DF-1 cells were transfected with 1.0 ug of H13 HA plasmid. Experimental details are the same as described in 2A.
doi:10.1371/journal.ppat.1003151.g003

the proteolytic activation of IAV HA i vivo [49-51]. To examine TMPRSS2. The exception to the aforementioned trend was the
the susceptibility of our panel of HA subtypes to HAT and H12 HA, which was the only HA examined to show greater
TMPRSS2, BHK cells were co-transfected with a HA-encoding cleavage by HAT than by TMPRSS2; the H12 HA was also
plasmid and a plasmid expressing HAT or TMPRSS2, and poorly cleaved by trypsin (Figure 2A and B). Quantitation of
transfected cell proteins were metabolically labeled and isolated as TMPRSS2-mediated cleavage for the H12 HA was not possible,
stated previously and in Materials and Methods. Figure 5A shows as co-expression resulted in an overall decrease in HA protein that
the HAT and TMPRSS2 cleavage profiles for a representative set was immunoprecipitated, and while quantitation of the
of HA proteins examined, and indicate that the efficiency of HA TMPRSS2-cleaved WSN HA was possible, the overall amount

cleavage and profiles of digestion products were dependent on the of HA immunoprecipitated was significantly decreased (See H12
protease and varied substantially among subtypes. Figures 5B and and WSN in Figure 5A). While we do not have a definitive
5C summarize the percent cleavage from quantitative analysis of explanation for the lower levels of total HA that were observed in
three independent experiments. In general, HA proteins co- the presence of TMPRSS2, it is possible that HA is being

expressed with HAT were cleaved to a lesser extent than when co- degraded by TMPRSS2 or that TMPRSS? is cleaving at multiple
expressed with TMPRSS2. The substantial disparity in cleavage sites within the HA, which may render the HA more prone to
efficiency by the two human proteases is most likely due to a degradation within the cell.

combination of differences in HA cleavage site sequences as well as Although the H13 and H16 HAs were not cleaved by trypsin or
protease accessibility to HA. As mentioned previously, TMPRSS2 HAT, TMPRSS2 was capable of cleavage activation of both HAs
has proteolytic activity within the secretory pathway, while HAT is at approximately 32% and 22% of total HA, respectively
only active once on the cell surface; therefore, a higher percentage (Figure 5A-C). Interestingly, cleavage of some of the HAs by
of HA, namely intracellular HA, is available for cleavage by TMPRSS2 resulted in an aberrant cleavage profile as compared to
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Figure 4. Effect of co-expressing NA on cell surface expression of HA. (A) BHK cells were transfected with 1.0 ug H13 plasmid only, or co-
transfected with 0.1 ug, 0.5 pg, or 1.0 ug N6 plasmid. At 16 hours post transfection, cells were starved for methionine and cysteine, and were pulse
labeled with 25 uCi [*>S]-methionine for 15 min, followed by a 3 hr chase period. Cell surface proteins were then biotinylated and total HA protein
was immunoprecipitated with a HA-specific antibody, followed by immunoprecipitation with streptavidin, and resolved on 12% SDS-PAGs. The gels
were fixed and dried, and radiolabeled proteins were visualized by phosphorimaging. The amount of NA plasmid is denoted at the top of each gel
and the migration of HA, is denoted to the left of the gel. T=Total HA, S=Surface expressed HA. The graph to the right of the gel shows the
quantitative analysis of three independent experiments. The percentage of surface-expressed HA was determined by dividing the amount of surface-
expressed HA by the total HA. (B) Experimental details are the same as in A, except that BHK or Vero cells were transfected with 1.0 ug H3, H5, H7,
Japan, or Aichi HA plasmid only or in combination with 0.1 ug of cognate NA plasmid. The data shown represents the quantitative analysis of three

independent experiments. Quantitation was performed exactly as stated in (A).

doi:10.1371/journal.ppat.1003151.9g004

cleavage of the same HA by trypsin. Typically, TMPRSS2-
mediated cleavage resulted in HA; and HAy subunits with slightly
faster migration on SDS-PAGE (Figure 5A, H2, H5, and H10), as
well as multiple cleavage products (Figure 5A, H10 and WSN). It
is unclear why the TMPRSS2-mediated HA cleavage profiles are
different from those obtained with HAT and trypsin, but it is
possible that TMPRSS2 is cleaving at multiple sites within HA or
that it is cleaving a specific glycoform of these HAs, either of which
may explain the relative differences in mobility.

The H5 and H7 HAs contain polybasic cleavage site sequences,
so discerning whether cleavage observed in the presence of HAT
or TMPRSS2 was due to furin-like proteases or the transfected
protease would be impossible given the confines of these
experiments; therefore, they were generally excluded from
analysis. However, Figure 5A shows the gel images for the H5
and H5Y™ HAs. While the level of cleavage observed when these
HAs were co-expressed with HAT was indistinguishable from the
level of cleavage observed in the absence of trypsin, when they
were co-expressed with TMPRSS2, we observed an increase in the
percent of total cleaved HA. As such, the cleavage efficiency of
these HAs in the presence of TMPRSS2 was included in the
quantitative analysis (Figure 5C). Importantly, for the H5 and
H5Y™ HAs, the percent cleavage observed in the absence of

PLOS Pathogens | www.plospathogens.org

trypsin was subtracted from the percent cleavage observed in the
presence of TMPRSS2, which is what is expressed in Figure 5C.

The pH of HA-mediated membrane fusion varies
between and within subtypes

The pH at which each HA protein mediated cell-to-cell fusion
was measured by syncytia formation and luciferase reporter gene
assays, as described in Material and Methods. Syncytia formation
of proteolytically activated HA-expressing BHK cells was assessed
16 hrs post-transfection by incubation with low pH buffer in 0.1
pH unit increments, and the pH of fusion was defined as the
highest pH value at which syncytia were observed (Figure 6A and
Table 2). The pH of fusion was also determined using a
quantitative luciferase-based cell-to-cell fusion assay, in which
fusion is quantified based on the transfer and subsequent
expression of a plasmid encoding firefly luciferase under the
control of the T7 bacteriophage promoter from Vero cells to BSR-
T7/5 target cells. Relative luminescence at each pH value was
determined by subtracting the luminescence detected from Vero
cells transfected with the T7-luciferase plasmid only, and the pH of
fusion was defined as the highest pH value for which mock-
corrected luminescence was detected. A representative set of data
for the syncytia formation and luciferase fusion assays of trypsin-
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Figure 5. Analysis of HA cleavage by human serine proteases, HAT and TMPRSS2. (A) BHK cells were transfected with 1.0 ug HA plasmid
and 0.25 ug of either HAT or TMPRSS2 expression plasmid. At 16 hours post transfection, cells were starved for methionine and cysteine, and were
pulse labeled with 25 uCi [>*S]-methionine for 15 min, followed by a 3 hr chase period. Total HA protein was immunoprecipitated with a HA-specific
antibody and resolved on 12% SDS-PAGs. The gels were fixed and dried, and radiolabeled proteins were visualized by phosphorimaging. The identity
of each HA is denoted above the gel and the migration of HAy, HA;, and HA,; is denoted to the left of the gel. (B) Quantitation of HAT-mediated
cleavage of HA. Quantitative analysis was performed on three independent experiments. For each HA, the intensity of the bands corresponding to
HA, and HA, were normalized to their methionine content and the percent cleavage (mean * standard deviation) is expressed as a percentage of the
total cellular HA, by the equation (HA,/(HA+HA;)) X100%. * denotes no detectable cleavage. (C) Quantitation of TMPRSS2-mediated cleavage of HA.
Quantitative analysis was performed on three independent experiments, as described in (B). The percent cleavage shown for the H5 and H5"N HAs
was determined by subtracting the percent cleavage observed in the absence of trypsin from the percent cleavage observed in the presence of
TMPRSS2.

doi:10.1371/journal.ppat.1003151.g005

cleaved HAs is shown in Figure 6A and B. The data from both
assays is shown graphically in Figure 7 for all HAs (also
summarized in Table 2). The pH at which these HAs mediated
cell-to-cell fusion varied within a range of 5.0-5.7, and there was
consistent agreement between the two fusion assays for each HA.

Consistent with the lack of trypsin-mediated cleavage of the
H13 and H16 HAs, none of those HAs examined displayed any
detectable cell-to-cell fusion, as measured by either the syncytium
formation or luciferase fusion assays (Figure 7). In addition, fusion
was not detected for the H12 HA, for which the level of trypsin-
mediated cleavage observed was approximately 4% (Figure 7). It is
possible that this low level of cleavage is not biologically significant

PLOS Pathogens | www.plospathogens.org

enough to mediate fusion. Notably, we also attempted to assess the
pH of fusion for the H12 HA in the presence of HAT rather than
trypsin, but we were unable to detect fusion using the luciferase-
based cell-to-cell fusion assay (data not shown). As shown above,
the H11 HA was cleaved in the absence of trypsin; however, we
were not able to detect cell-to-cell fusion mediated by the HI1 HA
in the absence of trypsin (data not shown).

HA-mediated fusion of TMPRSS2-cleaved HAs

Given the aberrant cleavage patterns and altered migration of
the HA subunits liberated upon TMPRSS2 cleavage, we wanted
to determine whether the TMPRSS2-cleaved HAs were in fact
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Figure 6. The pH of fusion for a select representative group of HA proteins. (A) Photomicrographs of syncytia formation assay. BHK cells
were transfected with 1.0 pg HA plasmid. At 16 hrs post transfection, HA-expressing BHK cells were treated with TPCK-trypsin (5 pug/ml), followed by
treatment with pH-adjusted PBS in 0.1 pH unit increments, neutralized, and incubated at 37°C for 2 hr. Cells were then washed with PBS, fixed,
stained, and imaged. Photomicrographs corresponding to the last pH at which syncytia were observed and 0.1-pH unit higher are shown. (B)
Luciferase reporter gene assay for fusion. Vero cells were co-transfected with 1.0 ug HA plasmid and 1.0 ug T7-Luciferase plasmid. At 16 hrs post
transfection, HA-expressing Vero cells were treated with TPCK-trypsin (5 pg/ml), followed by treatment with C. soybean trypsin inhibitor (20 ug/ml).
HA-expressing Vero cells were overlaid with BSR-T7/5 target cells that constitutively express T7 RNA polymerase. The two cell populations were
incubated for 1 hr, at which time cell monolayers were pulsed with pH-adjusted PBS in 0.2 pH unit increments at the indicated pH for 5 min to trigger
fusion, and then were neutralized. Cells were incubated for 6 hrs at 37°C to allow for cell-to-cell fusion to occur, which would mediate transfer of the
T7-luciferase plasmid and expression of firefly luciferase. Luminescence was measured as an indicator of membrane fusion in cell lysates. The graphs
show the mean background-adjusted relative luminescence (+ standard deviation) as a function of pH obtained from three independent

experiments.
doi:10.1371/journal.ppat.1003151.g006

fusogenic. In addition to examining fusion for the TMPRSS2-
cleaved H2, H5, H10, and WSN HAs mentioned above, we also
examined whether the H13 and H16 HAs were capable of
mediating fusion. To examine fusion, we utilized the luciferase-
based cell-to-cell fusion assay described above and in Materials and
Methods. The data in Figure 8 show that, although these
TMPRSS2-cleaved HAs have aberrant cleavage profiles compared
to cleavage by trypsin, they are still capable of mediating fusion.
Additionally, the TMPRSS2-cleaved H13 and H16 HAs are also
capable of mediating fusion, albeit at a very low level (Figure 8).

Discussion

TAV HA membrane fusion properties, in conjunction with the
characteristics for protease activation of HA, a requirement for
fusion, are critical factors that are likely involved in the ecology
and transmission of IAVs in nature. Both properties have the
potential to influence virus stability, as viruses with cleaved HAs
can be prematurely triggered to undergo conformational changes,
and thus inactivated, by environmental conditions prior to

PLOS Pathogens | www.plospathogens.org

encountering permissive hosts or sites of infection. The environ-
mental milieu encountered by IAVs in nature potentially exerts
relatively varied selective pressures that may drive these viruses to
evolve HAs to have properties that increase or decrease stability;
however, any modulation of stability needs to be counterbalanced
by the requirement for HA to be triggered by endosomal pH to
undergo the irreversible conformational changes that initiate
membrane fusion during virus entry. Of the 16 HA subtypes that
circulate in aquatic birds, and thus have the potential to infect
mammals, there is analysis of cleavage-activation and membrane
fusion characteristics for only a very limited number of subtypes.
In the present study, we examined a panel of HA proteins that
were derived from the WHO reference strains representative of
the 16 subtypes, as well as HA proteins derived from human
viruses that are representative of subtypes that have infected
humans over the last century, for their susceptibility to cleavage by
trypsin as well as the human serine proteases, HAT and
TMPRSS2. Additionally, we examined the pH at which each
HA mediated membrane fusion. Our data have shown that, while
nearly all HAs were cleaved by trypsin, HAT, and TMPRSS2, the
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efficiency of cleavage varied considerably from subtype to subtype,
and some HAs were resistant to cleavage by certain proteases
(Figures 2 and 5; Table 2). Further, we found that the pH of fusion
varied by 0.7 pH units among the HA subtypes examined, as well
as among HAs derived from viruses isolated from different hosts
(Figures 6 and 7; Table 2). Overall, these data have implications
for the stability, replication, and transmissibility of IAVs in various
environmental conditions and host species.

Examination of the cleavage site sequences for all of the HAs
utilized in this study did not reveal any overt rationale for the
variations in cleavage efficiency for most of the HAs (Table 1).
Generally, cleavage by trypsin is less affected by residues in the P
and P, positions, with the notable exceptions of Pros and Glyy,
both of which reduce the efficiency of cleavage [52]. Similarly,
trypsin shows little preference at the Py position; however, charged
residues in the Py position significantly reduce cleavage efficiency
[52]. This may be a contributing factor to the substantially low or
undetectable cleavage observed for the H12 and H16 HAs, which
contain Aspy and Gluy, respectively.

To our knowledge, the optimal substrate for TMPRSS2 has not
been characterized. Studies examining the activity of TMPRSS2

PLOS Pathogens | www.plospathogens.org
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Table 2. Summary of proteolytic cleavage and fusion data for all HAs examined.

(=) Neuraminidase® (+) Neuraminidase® pH of Fusion®
HA Subtype (—) Trypsin (+) Trypsin (=) Trypsin  (+) Trypsin (+) HAT? (+) TMPRSS2? Syncytia Luciferase
H1 - 18 - 36 - 65 5.6 5.6
H2 = 34 = 41 10 59 5.5 54
H3 - 21 - 28 - 7 55 5.6
H4 = 16 7 34 4 77 55 54
H5 33 38 43 53 - 53 54 54
H6 1 23 2 69 2 69 55 54
H7 7 18 16 22 54 54
H8 = 41 = 40 = = 54 54
H9 - 44 3 56 19 91 5.1 5.0
H10 = 30 = 61 = 75 5.1 5.0
H11 15 29 10 40 30 45 5.6 5.6
H12 = 4 = 6 36 = ND ND
H13 - - - - - 32 ND ND
H14 = 16 = 61 1 60 53 52
H15 - 43 - 55 * * 54 54
H16 = - - - - 22 ND ND
H1PR8 - 27 - 44 7 75 5.1 5.0
H1WsN - 53 29 67 6 59 5.1 5.0
H1<A0° - 19 - 20 - 41 5.5 5.6
H1®A™ / / / / / / 53 54
H1PA08 / / / / / / 57 58
H2/AP - 26 - 33 11 24 5.2 5.2
H3Aihi - 51 - 38 14 76 5.2 5.2
H3Victera / / / / / / 5.0 5.0
H5YN 43 52 67 84 ND 44 56 5.6
ND - None Detected.
/=Not Determined.
2- The disparity in the pH of fusion is likely due to the fact that the luciferase assay was done in 0.2 pH unit increments and the syncytia assay was done in 0.1 pH unit
increments.
B- Values shown are percent cleavage of total HA expressed in transfected cells.
*Not determined due to poor antibody reactivity.
doi:10.1371/journal.ppat.1003151.t002

have typically utilized a broad trypsin substrate containing a
GlysGlysArg; cleavage site, which only moderately resembles the
cleavage site found in the H10 HA (Table 1). Most of the HAs
examined in this study were cleaved efficiently by TMPRSS2,
indicating that variations to this broadly utilized substrate are well
tolerated. Of the HAs that were most efficiently cleaved by
TMPRSS2, the only conserved cleavage site features consisted of
having a small hydrophobic amino acid in the P, position and a
Ser/Thr in the Py position, but these features are not absolute
determinants for cleavage, as HAs containing other residues at
these positions are also cleaved with varying efficiency by
TMPRSS2. The optimal substrate shown to be hydrolyzed by
HAT is Arg,GlnsAspoArg; [53]. Of the HAs examined, the H12
HA cleavage site sequence shows the highest degree of similarity
with AlayGlngAspoArg), owing to the relatively robust cleavage of
the H12 HA by HAT (Figure 5A and 5B).

The H13 and H16 HAs did not show any detectable cleavage
by trypsin, despite the fact that they were expressed on the cell
surface and available to exogenous trypsin. A recent study, in
which the crystal structure of an H16 HA in its uncleaved HA,
form was solved, provides a potential explanation for the general
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Figure 7. Summary of the pH of fusion obtained from the syncytium and luciferase assays for all subtypes examined. (*) indicates no

fusion was detected.
doi:10.1371/journal.ppat.1003151.g007

lack of trypsin-mediated cleavage [54]. Comparison of the
structure of the cleavage loop of H16 to the available H1 and
H3 structures shows that the cleavage loop consists of a short a-
helix that “hides” the cleavage site within the cavity found within
the trimer interior that contains several ionizable residues believed
to be important in triggering fusion. Unlike the H16 HA, the
cleavage loop of the H3 HA extends away from the trimer and the
cleavage site is situated far enough from the cavity that no contacts
are formed until post-cleavage when the newly generated N-
terminus of HA, is relocated to the trimer interior. A similar
structure is found with the H1 HA, except that the cleavage site
abuts the HA, but remains accessible to protease [54]. Consistent
with the observed lack of HA cleavage by trypsin, neither the H13
nor the H16 mediated fusion in the presence of trypsin, as assessed
by our fusion assays. This phenotype provides a likely explanation
for why H13 and H16 viruses were not efficiently propagated or
able to form plaques in MDCK cells in the presence of trypsin;
however, both viruses replicated to high titers in embryonated
chicken eggs [55]. A recent study showed that H13 and HI6-
containing recombinant viruses were only recoverable when
transfected 293T cells were injected into embryonated chicken
eggs for propagation, indicating that a protease present in
embryonated chicken eggs was necessary for cleavage and
replication of H13 and H16 recombinant viruses [55]. While the
H13 and H16 HAs were not cleaved by trypsin or HAT, they were
both cleaved with similar efficiency by TMPRSS2 (32% and 22%,
respectively), which was sufficient to provide a very modest level of
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fusion (Figure 8). Discriminate utilization of activating proteases
may play a role in the ecology and host range of influenza viruses
in nature. It is interesting that H13 and HI16 viruses have not
been isolated from as many avian species as other HA subtype
viruses, but rather appear to be generally restricted to the order
Charadriformes.

The H12 HA was cleaved by trypsin at very low levels (approx.
4%); however, this level of cleavage was not sufficient to mediate
cell-to-cell fusion, as assessed by our assays. Unlike all other HAs
examined, the H12 HA was most efficiently cleaved by HAT, but
even for the HAT-cleaved HI12 HA we were unable to
demonstrate fusion activity. In a recent study, a recombinant
virus expressing the H12 HA examined in this study was found to
replicate poorly in MDCK cells (titers of 10*%), whilst replication
in eggs was fairly robust (10”) [55]. Embryonated chicken eggs are
known to express a Factor Xa-like serine protease, and the relative
difference in titers obtained for the H12 viruses may reflect the
activities of available proteases. In addition to the recognition of
HA as a substrate for activating proteases, there is also the
requirement for the activating protease to generate specific
cleavage products containing fusion-active sequences at the HAy
N-terminus. The HA, N-terminal fusion peptide domain that
results from cleavage is the most conserved region in HA, with the
sequence GLFGAIAGFIE being virtually invariant in natural
isolates. HA digestion by proteases such as thermolysin, which
cleaves between the G and L at position 2 of authentic HA,,
render the HA inactive for fusion and results in non-infectious
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Figure 8. HA-mediated fusion in the absence of trypsin, the presence of trypsin, or the presence of TMPRSS2, as measured using
the luciferase reporter gene fusion assay. Vero cells were transfected with 1.0 ug HA plasmid, 1.0 ug T7 luciferase plasmid, and, where
indicated, 0.25 ug TMPRSS2 plasmid. At 16 hours post transfection, HA-expressing Vero cells were either left untreated or treated with TPCK-trypsin
(5 ng/ml), and overlaid with BSR-T7/5 target cells. Cells were then treated with PBS or PBS that had been pH adjusted to 5.0 with citric acid,
neutralized, and incubated at 37°C for 6 hr to allow for cell-to-cell fusion to occur. Cell populations were then harvested and the luciferase activity
resulting from the fused cell populations was quantified and is expressed as the mean * standard deviation of relative luminescence units (RLU).

doi:10.1371/journal.ppat.1003151.g008

virus [23,33,56,57]. It is possible, particularly for the H12 HA,
that cleavage with the HAT protease does not generate an
authentic HAy N-terminus that is capable of mediating fusion.

During this study, we observed that trypsin-mediated cleavage
was enhanced when HA and NA proteins were co-expressed. We
expected to see greater levels of cleavage of the WSN HA when
co-expressed with the WSN NA in the absence of trypsin due to its
plasminogen/plasmin binding activity [47]. The majority of the
NAs utilized in this study do not appear to stimulate HA cleavage
in the absence of trypsin, with the exception of the H4, H6, and
H9 HAs, and even these levels of cleavage are limited to less than
7% of total HA. The cognate NAs for the H4, H6, and H9 HAs do
not contain the carboxy-terminal K in conjunction with the
absence of the glycosylation site at position 146 (N2 numbering)
that was shown to be required by the WSN NA for its plasminogen
binding activity [48]. As such, it is unclear why co-expression of
the H4, H6, and H9 NAs stimulate cleavage in the absence of
trypsin, but nevertheless may be due to an endogenous serum
protease. However, the presence of NA had a considerable effect
on cleavage of HA in the presence of trypsin (Figure 2A and 2D,
Table 2). While we do not have a definitive explanation for the
increase in HA cleavage, we did observe that when HA and NA
proteins are co-expressed in transfected cells, the total amount of
HA on the surface of the cell is greater, providing more of the total
cellular HA for cleavage upon addition of exogenous trypsin
(Figure 4). We are currently assessing the impact of cognate and
non-cognate NAs on surface expression and cleavage efficiency to
determine whether this is another mechanism by which HA and
NA functions balance one another in nature [58-62].

The HAs examined in this study all mediated membrane fusion
between pH 5.0 and 5.7 (Figure 7, Table 2). Interestingly, we
observed that most of the HAs derived from human isolates
mediated membrane fusion 0.1-0.5 pH units lower than an HA of
the same subtype that was derived from an avian species, with
most differences being =0.3 pH units lower. The exceptions to the
aforementioned disparity between the pH of fusion for avian-
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origin and mammalian-origin HAs were the HAs derived from A/
VietNam/1203/2004 (H5N1), which mediated membrane fusion
0.2 pH units higher than the HA derived from A/tern/South
Africa/1961 (H5N3), and A/Pennsylvania/08/2008 (HINTI),
which mediated membrane fusion 0.1 pH units higher than A/
duck/Alberta/35/1976 (HIN1). The H5NI viruses have yet to
acquire the ability to transmit efficiently between humans, as such,
increasing acid stability of the HA may represent a potential for
adaptation. In fact, a recent study showed that passage of a
recombinant H5N1 virus in ferrets led to the acquisition of
mutations, one of which increased the stability of HA, that
increased the efficiency of droplet transmission between ferrets
[3]. The higher pH of fusion observed for the A/Pennsylvania/
0872008 (HIN1) HA was particularly interesting. It was the only
human HA examined that mediated membrane fusion higher
than the avian HAs examined in this study. HIN1 viruses were
reintroduced into the human population in 1977 and have
continued to co-circulate with seasonal H3N2 viruses. However,
it is interesting to note that among the circulating seasonal
influenza viruses, the HINI wviruses rarely predominated the
H3N2 influenza viruses, and generally only did so following
unusually mild H3N2 epidemics and were characterized by lower
mortality rates [63-65], which is suggestive of greater fitness of
H3N2 viruses than HIN1 viruses in the human population. It is
possible that the acid stability of the HA protein is a contributing
factor in the dynamics of seasonal epidemics of HIN1 and H3N2
viruses.

Although the A/California/04/2009 (HINI1) HA mediated
membrane fusion at pH 5.5, only 0.1 pH unit lower than the HA
from A/duck/Alberta/35/1976 (HIN1), the HA from a more
recent HINI1 wvirus that shares >99% identity with the A/
California/04/2009 (HINI) HA mediated membrane fusion at
pH 5.3. The A/California/04/2009 (HINI1) strain was a very
early isolate from the 2009 pandemic and the higher pH of fusion
may be indicative of its prior adaptation to the porcine host,
whereas the A/Georgia/F'32551/2012 (HIN1) presumably has
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been circulating in the human population and the lower pH of
fusion may represent an adaptation to the human host.

Of the avian-origin HAs examined, the H9 and H10 HAs had
greater acid stability than the other subtypes. Of these two
subtypes, viruses having an H9 HA may be of greater significance,
as HIN2 viruses are widespread in poultry in Asia and there have
been reported cases of human infection with HOIN2 IAVs [66-68].
On one hand, our data may indicate that H9 and H10-containing
viruses have a smaller evolutionary barrier to overcome if
transmitted to humans; however, we caution against this strict
interpretation, as our study is limited to one isolate for most
subtypes, and it would not be at all surprising to find a degree of
variability in the pH of membrane fusion as more isolates are
examined in the future. For example, it has been shown that the
pH of fusion of pathogenic H7 subtypes from chicken isolates can
vary by as much as 0.6 pH units [69], and a comparison of H7N3
viruses from turkeys and ducks showed that the viruses isolated
from turkeys mediated membrane fusion below pH 6, whilst the
viruses isolated from ducks still retained fusion activity at pH 6
[70].

In support of the concept that pH may play a role in adaptation
or pathogenicity, a recent study examined the infectivity and
immunogenicity of two NS1-deficient HSN1 (A/Viet Nam/1203/
2004) viruses having either the wild-type HA or an HA encoding
the K58I mutation in the HAy subunit [71]. Previous studies on
the H3, H7, and H5 HAs have shown that the HA, K581
mutation decreases the pH at which the HA mediates viral
membrane fusion by 0.7 pH units (H3 and H7) or 0.6 pH units
(H5) [72,73]. When the infectivity of the NS1-deficient viruses was
examined after exposure to acidic buffer or heat, the virus having
the K58I substitution retained infectivity after exposure to lower
pH and higher temperatures. When virus replication in the mouse
upper respiratory tract was examined, the virus having the K581
mutation was present in nasal tissue homogenates at higher titers
than the virus with a wild-type HA, and also yielded higher titers
of neutralizing antibodies; however, both viruses were capable of
protecting mice from lethal challenge [71]. Interestingly, the virus
expressing the acid-stable H5-K58I HA replicated less well in
mammalian cell culture than the virus expressing the wild-type
HA. It was shown previously that IAVs that have been passaged in
embryonated chicken eggs rapidly selected for HA mutants that
mediated membrane fusion at higher pH when passaged in
mammalian cells [74]. If acid-stability of HA is a phenotype that
mediates more robust viral replication in mammalian species, it i3
possible that the aforementioned selection of acid labile HA
proteins represent an adaptation to the cell culture system and
does not necessarily represent a host-specific adaptation. Perhaps
the most reliable means to examining species-specific adaptation
as it relates to fusion is through surveillance and passage
experiments i vivo, as there are several environmental factors
that are not recapitulated in most cell culture systems that may
drive the evolution of the HA more than most other IAV proteins
given its exposure on the surface of the cell/virion. Examples of
these conditions include the acidification of the nasal passageway
In response to irritation or inflammation [75,76], the temperature,
salinity, and pH of waterways, and the pH of the intestinal tract
where many avian viruses replicate. Along these lines, analysis of
H5N1 IAV isolates from chickens that were considered either
highly pathogenic or moderately pathogenic viruses showed that
the pathogenicity was modulated by the acid stability of the HA
protein. Specifically, the highly pathogenic IAV encoded for an
HA that mediated membrane fusion at a higher pH than the HA
from the moderately pathogenic IAV [77], indicating that acid
lability of HA may be a contributing factor in determining
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pathogenesis in avian systems. In a separate study, using
recombinant HS5N1 viruses that were engineered to contain
mutations previously found to alter the pH of fusion, it was shown
that a relatively high pH of fusion was essential for infectivity,
shedding, and transmission in ducks [78].

Additionally, a more recent study has shown that experimental
acquisition of four mutations in the H5 HA from A/VietNam/
1203/2004 (H5N1), one of which decreases the pH at which the
HA mediates membrane fusion results in more efficient respiratory
droplet transmission between ferrets [3,4]. Of the four mutations
introduced or selected for in the H5> HA, two were involved in
increasing the ability of the H5 HA to bind to Siaa2,6Gal (N224K
and Q226L), one resulted in the loss of a glycosylation site on the
globular head of the HA (N158D), and one, T318I, was
responsible for the increased stability observed for the H5 HA.
While the presence of all four mutations resulted in the most
efficient respiratory droplet transmission between ferrets, a virus
having three mutations (N158D/N224K/Q226L) in the H5 HA
was sufficient to mediate a modest level of transmission, and a
virus having only the T318I mutation in HA that increases
stability was unable to mediate respiratory droplet transmission
between ferrets [3], indicating that transmissibility is a multifac-
torial trait that is influenced by a variety of phenotypes.

Although the avian viruses examined in our study were not
direct progenitors of the human viruses, the collective data on
avian and human HAs within a given subtype show an overall
trend to suggest that the acid stability of the HA may play a role in
adaptation to humans. However, the data for A/Pennsylvania/
0872008 (HIN1) HA indicate that a low pH phenotype is not a
property of all circulating human viruses, and it is yet to be
determined whether any adaptive effects of HA stability will be
subtype or strain dependent, or if the contributions of other factors
in a given genetic backbone may have superseding influence in the
competitive environment. Furthermore, it may prove that once
viruses are adapted, other selection criteria such as immune
pressure, or drug-resistance to compounds such as o-adamantanes,
exert overriding effects on the fusion pH phenotype. Additionally,
it is well established that there are many mutations that can alter
the acid stability of HA and that they occur throughout the length
of the protein. This increases the likelihood that the selection of a
specific mutation within HA in response to a particular host
pressure may also have the ability to influence another function of
HA. Nevertheless, it will be interesting to continue to monitor and
compare the fusion pH of avian and human viruses in order to
ascertain whether this property plays a role in adaptation and/or
viral fitness in different species.

Distinct selective pressures on IAVs in mammalian versus avian
systems govern differential replication of IAV isolates in various
host species. Known adaptation traits for IAVs include modifica-
tions to proteins that alter the replicative efficiency of the RNA
synthetic machinery, alterations to proteins that affect modulation
of the host immune system, and modifications to the HA that
affect cleavage-activation, receptor binding capability and speci-
ficity, as well as membrane fusion. The pH of fusion and the
susceptibility of HA to host cell proteases may have broad
implications for the stability and transmissibility of IAVs in nature,
as well as the ability of viruses to infect and replicate in various
host cell tissues (e.g. respiratory tract of humans, intestinal tracts of
wild birds) and in evading the effects of anti-viral compounds [73].
The studies reported here emphasize that protease activation and
membrane fusion properties of influenza A viruses may vary
substantially, and that these may reflect varying ecological niches
to which the different subtypes and strains have adapted. Overall,
HA cleavability and acid stability has been shown to vary widely
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among HA subtype and host species, and is suggested to impact
cross-species transmission, pathogenesis, and the emergence of
novel influenza virus strains in humans.

Materials and Methods

Cells and viruses

BHK-21 cells (ATCC CCL-10) were used for transfection of
plasmids to analyze fusion by syncytia formation and to analyze
cleavage activation by select proteases. Vero cells ATCC CCL-81)
were used for transfection of plasmids to analyze fusion by the
quantitative cell-cell fusion assay, described below. BSR-T7/5 cells
(originally obtained from Karl-Klaus Conzelmann) were used as
target cells in the cell-cell fusion assay [79].

WHO reference strains of influenza A virus were obtained from
Dr. Alan Hay at the MRC National Institute for Medical
Research (Mill Hill, London). The A/Victoria/3/1975 (H3N2)
virus was obtained from BEI Resources.

Plasmids

To simplify cloning of the HA and NA genes into pCAGGS
[80], we engineered the pCAGGS vector to utilize ligation-
independent cloning (LIC). The sequence between the EcoRI and
BgllIl restriction sites of pCAGGS was replaced with a cassette
encoding the chloramphenicol acetyl transferase (CAT) gene as
well as the ccdB lethal gene that was derived from the Reading
Frame C.1 (RFC.1) cassette in the Gateway Vector Conversion
System (Invitrogen). From the RFC.1 template, a fragment
corresponding to nucleotides 141-1584 was amplified by PCR
using primers that encoded a 15-nucleotide sequence for LIC
purposes and the Swal recognition sequence. The fragment was
cloned into pCAGGS between the EcoRI and BgllI restriction
sites. The resulting sequence between the EcoRI and Bglll
restriction sites is 5" (GAATTC)gor1 CTGTACTTCCAATCC
(ATTTAAAT)s a1 -nucleotides 141-1584 of RFC.1- (ATT-
TAAAT)sya1 GGAAGTGGATAACGG (AGATCT)ggy 3', with
the EcoRI, Swal, and Bglll recognition sequences denoted in
parentheses. The newly generated plasmid was named pCAGGS-
LIC with a total size of 6.2 kb.

For cloning purposes, each HA and NA gene was amplified by
RT-PCR from viral RNA obtained from the viruses listed in
Table 1 using a (+) sense primer having the 5" LIC-specific
flanking sequence of 5" TACTTCCAATCCATTTGCCAC-
CATG, with the start codon underlined, and a (—) sense primer
having the 5" LIC-specific flanking sequence of 5° TTATC-
CACTTCCATTTGTCA, with the stop codon underlined. In
addition to the sequences shown, each primer had an additional
12-18 nucleotides of gene-specific sequence following either the
start or stop codon. We utilized standard LIC procedures for
generation of each HA and NA plasmid. Briefly, the pCAGGS-
LIC vector was digested with Swal and the 4.7 kb fragment was
gel purified and utilized in a T4 DNA polymerase reaction with
dGTP as the only nucleotide source. HA and NA genes were
amplified by RT-PCR using the LIC primers described above,
purified, and utilized in a T4 DNA polymerase reaction with
dCTP as the only nucleotide source. The T4 DNA polymerase-
treated vector and PCR product were incubated together on ice
for 30 min to ligate the complementary 16 bp overhangs
generated during T4 DNA polymerase reactions and transformed
into competent cells. Clones were initially screened by restriction
digestion with either EcoRI or BamHI and positive clones were
further verified by sequence analysis.

Plasmids encoding human airway trypsin-like protease
(HAT) or transmembrane protease, serine 2 (TMPRSS2) were
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kindly provided by Gary Whittaker (Cornell University, Ithaca,
NY).

Antibodies

The HA-specific antibodies utilized in this study are detailed
below. From BEI Resources, we obtained the following: goat anti-H1
HA (A/duck/Alberta/35/1976_HIN1), goat anti-H2 HA (A/duck/
Germany/1215/1973_H2N3), goat anti-H2 HA (A/Singapore/1/
1957_H2N2), goat anti-H3 HA (A/duck/Ukraine/1/1963_H3NS8),
goat anti-H4 HA (A/duck/Czechosovakia/1956_H4NN6), goat anti-
H5 HA (A/tern/South Africa/1961_Hb5N3), goat anti-H7 HA (A/
Canada/RV444/2004_H7N3), goat anti-H8 HA (A/turkey/On-
tario/6118/1968_H8N4), goat anti-H10 HA (A/chicken/Ger-
many/N/49_HI10N7), goat anti-HIl HA (A/duck/England/
1956_H11NG6), goat anti-H1 HA (A/Puerto Rico/8/1934_HINI),
goat anti-H5 HA (A/Vietnham/1203/2004_H5N1). The rabbit anti-
H12 (A/mallard/Sweden/81/2002_H12N5) and rabbit anti-H16
(A/black headed gull/Sweden/5/1999_HI16N3) serum was kindly
provided by Ron Fouchier (Erasmus Medical Center, Rotterdam,
The Netherlands). For detection of the Aichi HA, we utilized rabbit
anti-X-31 serum. The chicken anti-H15 HA antibody was obtained
from Veterinary Laboratories Agency. The goat anti-H6 (A/
shearwater/Australia/1/1972_H6N5), goat anti-H9 (A/turkey/Wis-
consin/1/1966_HIN2), goat anti-H13 (A/gull/Maryland/704/
1977_H13N6), and goat anti-HI14 (A/duck/Astrakhan/263/
1982_H14N5) were kindly provided by Alan Hay (MRC National
Institute for Medical Research, Mill Hill, London).

Fusion assays

HA-mediated membrane fusion was examined using two
independent assays: a qualitative syncytia assay and a quantitative
cell-cell fusion luciferase reporter assay. Syncytia assays were done
as described previously [72]. Briefly, BHK-21 cells were
transfected with 1.0 pg of HA plasmid using Lipofectamine
(Invitrogen), according to the manufacturer’s recommendation.
Where noted, 0.25 ug HAT or 0.25 pg TMPRSS2 plasmids was
included in the transfection. At 16-18 hrs post transfection, HA-
expressing BHK cells were washed once with PBS and treated
with 5 pg/ml TPCK-Trypsin (Sigma) at 37°C for 15 min.
Trypsin-treated HA-expressing cells were subsequently exposed
to 1.0 ml PBS that had been pH adjusted using 100 mM citric
acid to the indicated pH and incubated at 37°C for 5 min. The
pH-adjusted PBS was removed and HA-expressing cells were
neutralized by the addition of complete growth medium and
incubated at 37°C for 2 hr to allow syncytia to form. Cells were
subsequently stained with the Hema3 Stat Pak according to the
manufacturer’s recommendation. Syncytia were visualized and
photographed using a Zeiss Axio Observer inverted microscope
with attached digital camera.

The quantitative luciferase cell-cell fusion assay was done as
previously described [72]. Briefly, Vero cells were co-transfected
with 1.0 pg of HA plasmid and 1.0 pug of a plasmid expressing
firefly luciferase under control of the T7 bacteriophage promoter
using Lipofectamine (Invitrogen), according to the manufacturer’s
recommendation. Where noted, 0.25 pug HAT or 0.25pug
TMPRSS2 plasmid was included in the transfection. At 16 hrs
post transfection, HA-expressing Vero cells were washed once with
PBS and treated with 5 pg/ml TPCK-Trypsin (Sigma), where
indicated, at 37°C for 30 min. Trypsin-treated/untreated HA-
expressing cells were subsequently overlaid with BSR-T7/5 target
cells, which constitutively express the bacteriophage T7 RNA
polymerase, and BSR-T7/5 cells were allowed to settle and adhere
for 1 hr at 37°C. Following overlay with BSR-T7/5 target cells,
cells were washed once with PBS and exposed to 1.0 ml PBS that
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had been pH adjusted using 100 mM citric acid to the indicated
pH and incubated at 37°C for 5 min. The pH-adjusted PBS was
removed and HA-expressing cells were neutralized by the addition
of complete growth medium and incubated at 37°C for 6 hrs to
allow for HA-expressing cells to fuse with BSR-T7/5 target cells in
order to mediate transfer and expression of the T7-luciferase
plasmid in BSR-T7/5 target cells. At 6 hrs post-neutralization,
cells were washed once with PBS, lysed with 0.5 ml Reporter Lysis
Buffer (Promega) and clarified of cell debris by centrifugation at
15,000 g at 4°C. From each clarified lysate, 150 ul was
transferred to a 96-well plate (white polystyrene, Corning) and
the luciferase activity resulting from the fused cell populations was
quantified using a BioTek Synergy 2 Luminometer, using 50 pl of
luciferase assay substrate (Promega) injected into each sample.

Protease cleavage and immunoprecipitation

BHK, Vero, or DF-1 cells were transfected with 1.0 ug of HA
plasmid using Lipofectamine (Invitrogen), according to the
manufacturer’s recommendation. Where noted, 0.1 pg NA,
0.5 ug NA, 1.0 ug NA, 0.25 pg HAT, or 0.25 pg TMPRSS2
plasmids was included in the transfection. At 16-18 hrs post
transfection, HA-expressing BHK cells were washed twice with
PBS and starved for methionine and cysteine by incubation in
MEM (- Met-Cys) at 37°C for 30 min. Transfected cell proteins
were subsequently pulse labeled by the addition of 25 pCi [*°S]-
methionine (Perkin Elmer) to the starvation medium and
incubated at 37°C for 15 min, at which point cells were washed
with PBS and chased with complete growth medium supplement-
ed with 20x cold methionine at 37°C for 3 hr. After the chase
period, cells were washed once with PBS and treated with either
DMEM or DMEM supplemented with 5 pg/ml TPCK-Trypsin
(Sigma) at 37°C for 15 min. Where noted, surface proteins were
biotinylated with 2 mg EZ-Link Sulfo-NHS-SS-Biotin (Thermo
Scientific) in PBS, pH 8.0 at ambient temperature for 30 min.
Biotinylation reactions were quenched by washing cells twice with
PBS, pH 8.0 supplemented with 50 mM glycine. Cells were then
washed once with ice-cold PBS and lysed with 0.5 ml RIPA buffer
[50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.5%
deoxycholate; 1% triton X-100; 0.1% SDS]. Cell lysates were
centrifuged at 16,000 g for 10 min to pellet cell debris and
cleared lysates were harvested.

Cell lysates were pre-cleared with 50 pl Protein-G Dynabeads
(Invitrogen) at ambient temperature for 30 min. Protein-G
Dynabeads were conjugated to HA-specific antibody in
PBS+0.02% Tween-20 at ambient temperature for 30 min and
unbound antibody was washed away from Protein-G dynabeads
with PBS+0.02% Tween-20. Protein-G pre-cleared lysates were
subsequently incubated with Protein-G/antibody complexes at
ambient temperature for 1 hr. Antigen/antibody/Protein-G
complexes were washed 3 X with PBS, resuspended in 30 pl 1x
SDS sample buffer, boiled for 5 min, and the bead eluate was
harvested. For the H15 immunoprecipitations, after cell lysates
were pre-cleared with 50 pl Protein-G Dynabeads, cleared lysates
were incubated with the chicken anti-15 HA antibody for 1 hr
with rocking. Antigen/Antibody complexes were subsequently
incubated at ambient temperature for 1 hr with Protein-G
Dynabeads that had been conjugated to a goat anti-chicken IgY
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antibody. Antigen/Antibody/Protein-G complexes were washed
and processed as stated above.

When immunoprecipitating HA from cells whose surface
proteins had been biotinylated, antigen/antibody/Protein-G
complexes were washed 3x with PBS, resuspended in 50 ul
50 mM Tris-HCI+0.5% SDS, boiled for 5 min, and the bead
eluate was harvested. Of the 50 pl eluate, 25 pl was subsequently
immunoprecipitated with Streptavidin M-280 Dynabeads (Invi-
trogen) to pull down the cell-surface expressed HA and 25 ul
served as the total HA sample. Briefly, 100 pl of Streptavidin M-
280 Dynabeads were washed 3x with PBS+0.2% BSA and
resuspended in 975 pl Streptavidin binding buffer [20 mM Tris-
HCI, pH 8.0; 150 mM NaCl; 5 mM EDTA; 1% Triton X-100;
0.2% BSA], to which 25 pl of the eluate was added. The mixture
was incubated at ambient temperature for 1 hr, at which time the
streptavidin bound HA was washed 3x with PBS+0.2% BSA,
resuspended with 35 ul 1x SDS sample buffer, boiled for 5 min,
and the bead eluate was harvested. For gel analysis, the 25 pl total
HA fraction was brought to a V¢ of 35 ul with 3x SDS sample
buffer and 20 pl of each sample was resolved on a 12% SDS-PAG.

SDS-PA gels were fixed with 50% Methanol/10% Acetic Acid
for 30 min at ambient temperature and fixed gels were dried
under vacuum for 1 hr at 80°C prior to being exposed to a
phosphorimaging screen. Phosphor screens were scanned on a
Typhoon Trio variable mode imager (GE Healthcare Life
Sciences). The intensity of the bands corresponding to HA,,
HA,, or HAy was determined using the ImageQuant software,
normalized to the methionine content of the appropriate subunit,
and percent cleavage was determined using the equation (HAy/
(HAo+HA()) x100%. For analysis of cell surface-expressed HA, the
total level of HA in each lane was determined and the percent of
surface expressed HA was determined by the following equation,
(cell surface HA/total HA)x100%.

Acknowledgments

We thank fellow members of the Steinhauer lab and Hassan Zaraket for
helpful discussions and critical comments throughout the course of this
work, as well as Daniel Dlugolenski for critical comments on the
manuscript. We also thank David Stallknecht, Mark Tompkins, Ralph
Tripp, Daniel Dlugolenski, and Jennifer Pickens for providing the viral
RNA from the additional H13 viruses examined in this study as well as the
isolate from which the A/California/04/09 (HIN1) HA was derived;
Anice Lowen and Robert Berris (Children’s Healthcare of Atlanta) for
providing the A/Georgia/F32551/2012 (HINI1) clinical isolate; BEI
Resources for supplying the A/Victoria/3/1975 (H3N2) virus and viral
RINA, as well as several anti-HA antibodies utilized in this study; Ron
Fouchier for providing the H12 HA and N5 NA plasmids from A/
mallard/Sweden/81/2002, the H16 HA and N3 NA plasmids from A/
black headed gull/Sweden/5/1999, the rabbit anti-H12 serum, and the
rabbit anti-H16 serum used in these studies; Gary Whittaker for sharing
the pCAGGS-HAT and pCAGGS-TMPRSS?2 plasmids; Tim Barnett for
technical advice and assistance; Konrad Bradley for generating the H5Y™
subclone; Julia Sobolik and Evangeline Agbogu for technical assistance.

Author Contributions

Conceived and designed the experiments: SEG DAS CJR. Performed the
experiments: SEG MLR. Analyzed the data: SEG DAS. Contributed
reagents/materials/analysis tools: CJR. Wrote the paper: SEG.

3. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, et al. (2012) Experimental
adaptation of an H5 HA confers respiratory droplet transmission to a reassortant
H5 HA/HINI virus inferrets. Nature 486: 420-8.

4. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, et al. (2012) Airborne
transmission of influenza A/7H5N1 virus between ferrets. Science 336: 1534—1541.

February 2013 | Volume 9 | Issue 2 | €1003151



21.

26.

27.

28.

29.

30.

32.

33.

34.

. Almond JW (1977) A single gene determines the host range of influenza virus.

Nature 270: 617-618.

. Oxford JS, McGeoch DJ, Schild GC, Beare AS (1978) Analysis of virion RNA

segments and polypeptides of influenza A virus recombinants of defined
virulence. Nature 273: 778-779.

Scholtissek C, Burger H, Kistner O, Shortridge KF (1985) The nucleoprotein as
a possible major factor in determining host specificity of influenza H3N2 viruses.
Virology 147: 287-294.

Scholtissek C, Koennecke I, Rott R (1978) Host range recombinants of fowl
plague (influenza A) virus. Virology 91: 79-85.

Scholtissek C, Murphy BR (1978) Host range mutants of an influenza A virus.
Arch Virol 58: 323-333.

Snyder MH, Betts RF, DeBorde D, Tierney EL, Clements ML, et al. (1988)
Four viral genes independently contribute to attenuation of live influenza A/Ann
Arbor/6/60 (H2N2) cold-adapted reassortant virus vaccines. J Virol 62: 488
495.

Snyder MH, Buckler-White AJ, London WT, Tierney EL, Murphy BR (1987)
The avian influenza virus nucleoprotein gene and a specific constellation of
avian and human virus polymerase genes each specify attenuation of avian-
human influenza A/Pintail/79 reassortant viruses for monkeys. J Virol 61:
2857-2863.

Snyder MH, Clements ML, De Borde D, Maassab HF, Murphy BR (1985)
Attenuation of wild-type human influenza A virus by acquisition of the PA
polymerase and matrix protein genes of influenza A/Ann Arbor/6/60 cold-
adapted donor virus. J Clin Microbiol 22: 719-725.

. Treanor JJ, Snyder MH, London WT, Murphy BR (1989) The B allele of the

NS gene of avian influenza viruses, but not the A allele, attenuates a human
influenza A virus for squirrel monkeys. Virology 171: 1-9.

. White JM, Delos SE, Brecher M, Schornberg K (2008) Structures and

mechanisms of viral membrane fusion proteins: multiple variations on a
common theme. Crit Rev Biochem Mol Biol 43: 189-219.

. Gamblin SJ, Skehel JJ (2010) Influenza hemagglutinin and neuraminidase

membrane glycoproteins. ] Biol Chem 285: 28403-28409.

. Harrison SC (2008) Viral membrane fusion. Nat Struct Mol Biol 15: 690-698.
. Kielian M, Rey FA (2006) Virus membrane-fusion proteins: more than one way

to make a hairpin. Nat Rev Microbiol 4: 67-76.

. Wilson IA, Skehel JJ, Wiley DC (1981) Structure of the haemagglutinin

membrane glycoprotein of influenza virus at 3 A resolution. Nature 289: 366—
373.

. Bullough PA, Hughson FM, Skehel JJ, Wiley DC (1994) Structure of influenza

haemagglutinin at the pH of membrane fusion. Nature 371: 37-43.

. Bizebard T, Gigant B, Rigolet P, Rasmussen B, Diat O, et al. (1995) Structure of

influenza virus haemagglutinin complexed with a neutralizing antibody. Nature
376: 92-94.

Chen J, Lee KH, Steinhauer DA, Stevens DJ, Skehel JJ, et al. (1998) Structure of
the hemagglutinin precursor cleavage site, a determinant of influenza
pathogenicity and the origin of the labile conformation. Cell 95: 409-417.

. Klenk HD, Rott R, Orlich M, Blodorn J (1975) Activation of influenza A viruses

by trypsin treatment. Virology 68: 426-439.

. Lazarowitz SG, Choppin PW (1975) Enhancement of the infectivity of influenza

A and B viruses by proteolytic cleavage of the hemagglutinin polypeptide.
Virology 68: 440-454.

Steinhauer DA (1999) Role of hemagglutinin cleavage for the pathogenicity of
influenza virus. Virology 258: 1-20.

“ompans RW (1973) Influenza virus proteins. II. Association with components
of the cytoplasm. Virology 51: 56-70.

Lazarowitz SG, Compans RW, Choppin PW (1971) Influenza virus structural
and nonstructural proteins in infected cells and their plasma membranes.
Virology 46: 830-843.

Bottcher-Friebertshauser E, Freuer C, Sielaff F, Schmidt S, Eickmann M, et al.
(2010) Cleavage of influenza virus hemagglutinin by airway proteases
TMPRSS2 and HAT differs in subcellular localization and susceptibility to
protease inhibitors. J Virol 84: 5605-5614.

Garten W, Hallenberger S, Ortmann D, Schafer W, Vey M, et al. (1994)
Processing of viral glycoproteins by the subtilisin-like endoprotease furin and its
inhibition by specific peptidylchloroalkylketones. Biochimie 76: 217-225.

Rott R, Klenk HD (1987) Significance of viral glycoproteins for infectivity and
pathogenicity. Zentralbl Bakteriol Mikrobiol Hyg A 266: 145-154.

Webster RG, Rott R (1987) Influenza virus A pathogenicity: the pivotal role of
hemagglutinin. Cell 50: 665-666.

. Horimoto T, Nakayama K, Smeckens SP, Kawaoka Y (1994) Proprotein-

processing endoproteases PC6 and furin both activate hemagglutinin of virulent
avian influenza viruses. ] Virol 68: 6074-6078.

Bosch X, Garten W, Klenk HD, Rott R (1981) Proteolytic cleavage of
influenza virus hemagglutinins: primary structure of the connecting peptide
between HA1 and HA2 determines proteolytic cleavability and pathogenicity of
Avian influenza viruses. Virology 113: 725-735.

Garten W, Bosch FX, Linder D, Rott R, Klenk HD (1981) Proteolytic activation
of the influenza virus hemagglutinin: The structure of the cleavage site and the
enzymes involved in cleavage. Virology 115: 361-374.

Kawaoka Y, Webster RG (1989) Interplay between carbohydrate in the stalk
and the length of the connecting peptide determines the cleavability of influenza
virus hemagglutinin. J Virol 63: 3296-3300.

PLOS Pathogens | www.plospathogens.org

36.

37.

38.

39.

40.

41.

42.

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

60.

61.

62.

63.

Phenotypic Analysis of Influenza HA Subtypes

Ohuchi R, Ohuchi M, Garten W, Klenk HD (1991) Human influenza virus
hemagglutinin with high sensitivity to proteolytic activation. J Virol 65: 3530~
3537.

Scholtissek C (1986) Influenza A viruses with noncleaved hemagglutinin are not
internalized after adsorption. Brief report. Arch Virol 90: 159-163.

Bottcher E, Matrosovich T, Beyerle M, Klenk HD, Garten W, et al. (2006)
Proteolytic activation of influenza viruses by serine proteases TMPRSS2 and
HAT from human airway epithelium. J Virol 80: 9896-9898.

Kido H, Yokogoshi Y, Sakai K, Tashiro M, Kishino Y, et al. (1992) Isolation
and characterization of a novel trypsin-like protease found in rat bronchiolar
epithelial Clara cells. A possible activator of the viral fusion glycoprotein. J Biol
Chem 267: 13573-13579.

Gotoh B, Ogasawara T, Toyoda T, Inocencio NM, Hamaguchi M, et al. (1990)
An endoprotease homologous to the blood clotting factor X as a determinant of
viral tropism in chick embryo. EMBO J 9: 4189-4195.

Gotoh B, Yamauchi F, Ogasawara T, Nagai Y (1992) Isolation of factor Xa from
chick embryo as the amniotic endoprotease responsible for paramyxovirus
activation. FEBS Lett 296: 274-278.

Hamilton BS, Gludish DW, Whittaker GR (2012) Cleavage Activation of the
Human-Adapted Influenza Virus Subtypes by Matriptase Reveals both Subtype
and Strain Specificities. J Virol 86: 10579-10586.

Scholtissek C (1985) Stability of infectious influenza A viruses at low pH and at
elevated temperature. Vaccine 3: 215-218.

Scholtissek C (1985) Stability of infectious influenza A viruses to treatment at low
pH and heating. Arch Virol 85: 1-11.

. Lazarowitz SG, Compans RW, Choppin PW (1973) Proteolytic cleavage of the

hemagglutinin polypeptide of influenza virus. Function of the uncleaved
polypeptide HA. Virology 52: 199-212.

. Lazarowitz SG, Goldberg AR, Choppin PW (1973) Proteolytic cleavage by

plasmin of the HA polypeptide of influenza virus: host cell activation of serum
plasminogen. Virology 56: 172-180.

Appleyard G, Maber HB (1974) Plaque formation by influenza viruses in the
presence of trypsin. J Gen Virol 25: 351-357.

Goto H, Wells K, Takada A, Kawaoka Y (2001) Plasminogen-binding activity of
neuraminidase determines the pathogenicity of influenza A virus. J Virol 75:
9297-9301.

Goto H, Kawaoka Y (1998) A novel mechanism for the acquisition of virulence
by a human influenza A virus. Proc Natl Acad Sci U S A 95: 1022410228,
Yasuoka S, Ohnishi T, Kawano S, Tsuchihashi S, Ogawara M, et al. (1997)
Purification, characterization, and localization of a novel trypsin-like protease
found in the human airway. Am J Respir Cell Mol Biol 16: 300-308.

Wilson S, Greer B, Hooper ], Zijlstra A, Walker B, et al. (2005) The membrane-
anchored serine protease, TMPRSS2, activates PAR-2 in prostate cancer cells.
Biochem J 388: 967-972.

Bugge TH, Antalis TM, Wu Q (2009) Type II transmembrane serine proteases.
J Biol Chem 284: 23177-23181.

Furlong ST, Mauger RC, Strimpler AM, Liu YP, Morris FX, et al. (2002)
Synthesis and physical characterization of a P1 arginine combinatorial library,
and its application to the determination of the substrate specificity of serine
peptidases. Bioorg Med Chem 10: 3637-3647.

. Wysocka M, Spichalska B, Lesner A, Jaros M, Brzozowski K, et al. (2010)

Substrate specificity and inhibitory study of human airway trypsin-like protease.
Bioorg Med Chem 18: 5504-5509.

Lu X, Shi Y, Gao F, Xiao H, Wang M, et al. (2012) Insights into avian influenza
virus pathogenicity: the hemagglutinin precursor HAO of subtype H16 has an
alpha-helix structure in its cleavage site with inefficient HA1/HA2 cleavage.
J Virol 86: 12861-12870.

. Keawcharoen J, Spronken MI, Vuong O, Bestebroer TM, Munster V], et al.

(2010) Repository of Eurasian influenza A virus hemagglutinin and neuramin-
idase reverse genetics vectors and recombinant viruses. Vaccine 28: 5803-5809.
Steinhauer DA, Wharton SA, Skehel JJ, Wiley DC (1995) Studies of the
membrane fusion activities of fusion peptide mutants of influenza virus
hemagglutinin. J Virol 69: 6643-6651.

Orlich M, Rott R (1994) Thermolysin activation mutants with changes in the
fusogenic region of an influenza virus hemagglutinin. J Virol 68: 7537-7539.
Wagner R, Matrosovich M, Klenk HD (2002) Functional balance between
haemagglutinin and neuraminidase in influenza virus infections. Rev Med Virol

12: 159-166.

. Hughes MT, McGregor M, Suzuki T, Suzuki Y, Kawaoka Y (2001) Adaptation

of influenza A viruses to cells expressing low levels of sialic acid leads to loss of
neuraminidase activity. J Virol 75: 3766-3770.

Mitnaul L], Matrosovich MN, Castrucci MR, Tuzikov AB, Bovin NV, et al.
(2000) Balanced hemagglutinin and neuraminidase activities are critical for
efficient replication of influenza A virus. J Virol 74: 6015-6020.

Gulati S, Smith DF, Air GM (2009) Deletions of neuraminidase and resistance to
oseltamivir may be a consequence of restricted receptor specificity in recent
H3N2 influenza viruses. Virol J 6: 22.

Gulati U, Wu W, Gulati S, Kumari K, Waner JL, et al. (2005) Mismatched
hemagglutinin and neuraminidase specificities in recent human H3N2 influenza
viruses. Virology 339: 12-20.

Wolf YI, Viboud C, Holmes EC, Koonin EV, Lipman DJ (2006) Long intervals
of stasis punctuated by bursts of positive selection in the seasonal evolution of
influenza A virus. Biol Direct 1: 34.

February 2013 | Volume 9 | Issue 2 | €1003151



64.

66.

67.

68.

69.

70.

71.

72.

Kaji M, Watanabe A, Aizawa H (2003) Differences in clinical features between
influenza A HIN1, A H3N2, and B in adult patients. Respirology 8: 231-233.

. Wright PF, Thompson J, Karzon DT (1980) Differing virulence of HIN1 and

H3N2 influenza strains. Am J Epidemiol 112: 814-819.

Peiris JS, Guan Y, Markwell D, Ghose P, Webster RG, et al. (2001) Coocirculation
of avian HIN2 and contemporary “human’ H3N2 influenza A viruses in pigs in
southeastern China: potential for genetic reassortment? J Virol 75: 9679-9686.
Peiris M, Yuen KY, Leung CW, Chan KH, Ip PL, et al. (1999) Human infection
with influenza HIN2. Lancet 354: 916-917.

Guan Y, Shortridge KF, Krauss S, Chin PS, Dyrting KC, et al. (2000) HON2
influenza viruses possessing H5N1-like internal genomes continue to circulate in
poultry in southeastern China. J Virol 74: 9372-9380.

Grambas S, Hay AJ (1992) Maturation of influenza A virus hemagglutinin
estimates of the pH encountered during transport and its regulation by the M2
protein. Virology 190: 11-18.

Giannecchini S, Campitelli L, Calzoleti L, De Marco MA, Azzi A, et al. (2006)
Comparison of in vitro replication features of H7N3 influenza viruses from wild ducks and
turkeys: potential implications for interspecies transmission. J Gen Virol 87: 171-175.
Krenn BM, Egorov A, Romanovskaya-Romanko E, Wolschek M, Nakowitsch S,
et al. (2011) Single HA2 mutation increases the infectivity and immunogenicity
of a live attenuated H5N1 intranasal influenza vaccine candidate lacking NSI.
PLoS One 6: ¢18577.

Reed ML, Yen HL, DuBois RM, Bridges OA, Salomon R, et al. (2009) Amino
acid residues in the fusion peptide pocket regulate the pH of activation of the
H5NI influenza virus hemagglutinin protein. J Virol 83: 3568-3580.

PLOS Pathogens | www.plospathogens.org

17

76.

77.

78.

79.

80.

Phenotypic Analysis of Influenza HA Subtypes

Steinhauer DA, Wharton SA, Skehel JJ, Wiley DC, Hay AJ (1991) Amantadine
selection of a mutant influenza virus containing an acid-stable hemagglutinin
glycoprotein: evidence for virus-specific regulation of the pH of glycoprotein
transport vesicles. Proc Natl Acad Sci U S A 88: 11525-11529.

. Lin YP, Wharton SA, Martin J, Skehel JJ, Wiley DC, et al. (1997) Adaptation of

egg-grown and transfectant influenza viruses for growth in mammalian cells:
selection of hemagglutinin mutants with elevated pH of membrane fusion.

Virology 233: 402-410.

. Fischer H, Widdicombe JH (2006) Mechanisms of acid and base secretion by the

airway epithelium. ] Membr Biol 211: 139-150.

Fischer H, Widdicombe JH, Illek B (2002) Acid secretion and proton
conductance in human airway epithelium. Am J Physiol Cell Physiol 282:
C736-743.

DuBois RM, Zaraket H, Reddivari M, Heath RJ, White SW, et al. (2011) Acid
stability of the hemagglutinin protein regulates H5N1 influenza virus
pathogenicity. PLoS Pathog 7: ¢1002398.

Reed ML, Bridges OA, Seiler P, Kim JK, Yen HL, et al. (2010) The pH of
activation of the hemagglutinin protein regulates H5NI1 influenza virus
pathogenicity and transmissibility in ducks. J Virol 84: 1527-1535.

Buchholz U]J, Finke S, Conzelmann KK (1999) Generation of bovine respiratory
syncytial virus (BRSV) from ¢DNA: BRSV NS2 is not essential for virus
replication in tissue culture, and the human RSV leader region acts as a
functional BRSV genome promoter. J Virol 73: 251-259.

Niwa H, Yamamura K, Miyazaki J (1991) Efficient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108: 193-199.

February 2013 | Volume 9 | Issue 2 | €1003151



