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Infectivity phenotypes of H3N2 influenza A viruses in primary
swine respiratory epithelial cells are controlled by sialic acid
binding
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SUMMARY

Background—In the late 1990s, triple reassortant H3N2 influenza A viruses emerged and
spread widely in the U.S. swine population. We have shown previously that an isolate
representative of this virus lineage, A/Swine/Minnesota/593/99 (Sw/MN), exhibits phenotypic
differences compared to a wholly human-lineage H3N2 virus isolated during the same time
period, A/Swine/Ontario/00130/97 (Sw/ONT). Specifically, Sw/MN was more infectious for pigs
and infected a significantly higher proportion of cultured primary swine respiratory epithelial cells
(SRECsS). In addition, reverse genetics-generated Sw/MN x Sw/ONT reassortant and point mutant
viruses demonstrated that the infectivity phenotypes in SRECs were strongly dependent on three
amino acids within the hemagglutinin (HA) gene.

Objectives—To determine the mechanism by which Sw/MN attains higher infectivity than Sw/
ONT in SRECs.

Methods—Sw/MN, Sw/ONT, and mutant (reverse-genetics generated HA reassortant and point
mutant) viruses were compared at various HA-mediated stages of infection: initial sialic acid
binding, virus entry, and the pH of virus-endosome fusion.

Results/Conclusions—Sialic acid binding was the sole stage where virus differences directly
paralleled infectivity phenotypes in SRECs, indicating that binding is the primary mechanism
responsible for differences in the infectivity levels of SW/MN and Sw/ONT.
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INTRODUCTION

H1N1 influenza viruses were introduced into North American pigs early in the 20t century,
near the time of the emergence of the related 1918 HIN1 “Spanish influenza” human
pandemic virus (1,2). For many decades the predominant virus circulating in North
American pigs was this “classical” HIN1 (cH1N1) swine virus (2). However, influenza
viruses infecting North American pigs have evolved extensively in recent years. In the late
1990s “triple reassortant” H3N2 (rH3N2) viruses containing genes from classical swine-,
avian-, and human-lineage viruses emerged and spread widely throughout the U.S. swine
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population (3-5). Further reassortment resulted in rHIN1, rH1IN2, rH3NZ1, and rH2N3
viruses in pigs (6-9). Many of these reassortant viruses have caused extensive outbreaks of
disease in pigs, and these viruses also contributed six nucleic acid segments to the 2009
H1N1 human pandemic virus (10,11). Thus, the emergence of these reassortant swine
viruses has had major health implications for both pigs and humans.

To determine what allowed the initial rH3N2 viruses to successfully emerge, spread, and be
maintained in the swine population, we previously compared a representative rH3N2 virus
(A/Swine/Minnesota/593/99 [Sw/MN]) with a wholly human-lineage virus isolated from a
single pig during the same time period (A/Swine/Ontario/00130/97 [Sw/ONT]). SW/ONT
has not been subsequently isolated from pigs, while the rH3N2 viruses spread and have
established stable lineages in the North American swine population. To determine if the
differences in epidemiologic outcomes between Sw/MN and Sw/ONT could have been due
to fundamental differences between the viruses, /n vivo pig experiments were performed. In
these experiments, Sw/MN was infectious at lower doses, exhibited earlier and more
extensive nasal shedding, and caused more severe lung lesions than SW/ONT (12). Using
reverse genetics (rg) to generate viruses in which the hemagglutinin (HA) and
neuraminidase (NA) genes of SwW/MN and Sw/ONT were exchanged, we further showed that
the HA and/or NA genes control the infectivity and replication phenotypes of rgMN and
rgONT /n vivo (13). To examine detailed molecular mechanisms of virus infection, primary
swine respiratory epithelial cells (SRECSs), an in vitro model for virus infection of swine
cells, were utilized. These cells are derived from the target cells of influenza viruses /n vivo,
and express both a2-3- and a2-6-linked sialic acids (14,15), as seen in pigs (16-18).
(Influenza viruses initiate infection by binding to cell surface sialic acids (19).) Reverse
genetics-generated reassortant and point mutant viruses demonstrated that mutation of only
three residues in the HA protein could modify rgMN and rgONT infectivity levels in SRECs
(14). Specifically, three mutations (G124D/A138S/G142E) were necessary to increase
rgONT infectivity to the level of rgMN, whereas only a single mutation from the rgMN to
the rgONT residue at amino acid 138 (S138A) decreased rgMN infectivity to the level of
rgONT.

The mutant viruses generated in our previous study (14) serve as useful tools to examine the
cellular basis of the infectivity phenotypes of rgMN and rgONT. The aim of the present
study was to determine the step(s) in virus infection of SRECs where rgMN and rgONT
differ, and to determine if differences paralleled the previously defined infectivity
phenotypes (14) of mutant viruses in SRECs. The parental (rgMN and rgONT) and mutant
(HA reassortant and point mutant) viruses were compared at different steps in the infection
process that are mediated by the HA protein: initial virus binding to sialic acids, virus entry
into cells, and the pH at which virus-endosome fusion occurs. The only step where viral
differences paralleled infectivity levels was sialic acid binding, so it appears that this step is
responsible for virus infectivity differences in SRECs, and possibly in pigs /in vivo as well.

MATERIALS AND METHODS

Cells and viruses

Madin Darby canine kidney (MDCK) cells were maintained in Minimal Essential Medium
(MEM, GIBCO/BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin/streptomycin/amphotericin
(GIBCO/BRL) at 37°C in a 5% CO, atmosphere. The SRECs were isolated and grown as
described previously (14). Briefly, distal tracheal specimens from pigs were placed in a
tissue-dissociation solution for 72 h at 4°C. After incubation, cells were dislodged by gentle
agitation, collected by centrifugation, and resuspended. Cells were incubated at 37°C and
5% CO> in uncoated tissue culture dishes for 2 to 6 h, and non-adherent (epithelial) cells
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were collected and seeded into type VI collagen (Sigma Chemical Co., St. Louis, MO)-
coated tissue culture flasks. SRECs were grown in bronchial epithelial growth media
(BEGM, Lonza, Walkersville, MD) at 37°C in a 5% CO, atmosphere and passaged up to
five times prior to infection. The collection and use of SRECs was approved by the Animal
Care and Use Committee of the School of Veterinary Medicine. All viruses were generated
using reverse genetics as previously described (14), and virus titers were determined by 50%
tissue culture infectious dose (TCIDgp) titrations in MDCK cells using the method of Reed
and Muench (20). To ensure highly accurate measurements of infectious particles, viruses
were titered in three independent experiments using one-fifth log dilutions in quadruplicate,
and infected cells were identified by immunocytochemical staining for viral nucleoprotein
expression as described previously (12).

Infection of SRECs

Cells were seeded into type VI collagen-coated 24-well cell culture plates at 50,000 cells per
well, incubated at 37°C and 5% CO», and grown to greater than 95% confluency
(approximately 48 h post seeding). Prior to infection, cells were washed once with BEGM.
Viruses were diluted in MEM media with 0.2% bovine serum albumin (BSA), 0.01% FBS
and antimicrobials, and cells were inoculated at a ratio of 3 TCIDs per cell. Cells were
incubated with virus for 1 h at 37°C and washed twice with BEGM to remove the inoculum.
At 12 h post inoculation, the supernatant was removed and the cells were harvested for flow
cytometric analysis.

Quantification of infected cells by flow cytometry

Infected cells were identified by viral nucleoprotein (NP) expression using the anti-influenza
A NP antibody 68D2 (kindly provided by Y. Kawaoka, University of Wisconsin-Madison),
as described previously (14). Briefly, cells were detached with 0.25% EDTA-trypsin
(GIBCO/BRL), fixed with formalin, permeabilized with 0.1% saponin (Sigma Chemical
Co.), blocked with normal horse serum, and stained with a 1:6400 dilution of 68D2 followed
by a 1:50 dilution of FITC-labeled anti-mouse antibody (Zymed Laboratories Inc., South
San Francisco, CA). Following resuspension of cells in 2% phosphate buffered saline
(PBS)-buffered paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA),
fluorescence intensity was measured with a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) and analyses were completed using FLOWJO 8.5.3 (Treestar,
Ashland, OR).

Sialidase treatment of SRECs

Confluent SRECs in 24-well cell culture plates were washed twice with BEGM and
incubated in BEGM with various amounts of type Il Vibrio cholerae sialidase (Sigma) for 3
h at 37°C. Following incubation, cells were washed twice with BEGM and infected as
described above.

Treatment of SRECs with N-glycolylmannosamine (ManNGc)

Cells were plated at 50,000 cells/well in 24-well cell culture plates and grown in the
presence of either 0.3mM or 1.0mM ManNGc. ManNGc was solubilized in dimethyl
sulfoxide (DMSO) and added to a final concentration of 0.05% DMSO. After 48 h,
confluent cells were washed twice with BEGM and infected as described above.

Hemagglutination of turkey and swine red blood cells

Two-fold dilutions of each virus were added to round-bottom plates, and an equal volume of
turkey red blood cells (tRBCs) in PBS was added to a final concentration of 0.125%
erythrocytes (Lampire, Pipersville, PA). After 1 h incubation at room temperature, the
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hemagglutination titer was determined as described previously (21). Viruses were
equilibrated based on tRBC hemagglutination units (HAU), and then tested for the ability to
hemagglutinate swine red blood cells (SWRBC).

glycopolymer binding assay

The sialic acid binding assay was conducted based on previously described methods (22).
Viruses were concentrated by ultracentrifugation (20,000 rpm for 1 h, Beckman L8-70M
ultracentrifuge with SW-28 rotor) and added to 96-well plates. To equilibrate the amount of
each virus used in each assay, real-time RT-PCR (23) was used to quantify influenza matrix
gene RNA. Virus containing approximately 25,000 copies of matrix gene RNA was bound
per well in sodium bicarbonate (pH 9.3). After overnight incubation at 4°C, plates were
rinsed with washing buffer (PBS + 0.01% Tween-20) and serial two-fold dilutions
(beginning with 1.6nM sialic acid) of biotinylated synthetic glycopolymers in the working
buffer (PBS + 0.01% Tween-20 + 0.1% BSA + 0.1uM oseltamivir carboxylate
[neuraminidase inhibitor, kindly provided by Dr. Alexander Klimov, Centers for Disease
Control and Prevention]) were added to each well. Following a second overnight incubation,
plates were rinsed with washing buffer and incubated with streptavidin-peroxidase in the
working buffer at 4°C for 1 h. Finally, plates were rinsed, o-phenylenediamine was added,
and the absorbance (490nm) of each sample was determined using a Model 680 microplate
reader (Bio-Rad, Hercules, CA). Scatchard analyses of A490 (x axis) plotted against A490/
concentration of sialic acid (y axis) were conducted and the slopes from the Scatchard plots
were used to determine the dissociation constants (Kgy;ss) Of virus-glycopolymer complexes,
as described previously (22). The binding of glycopolymers to a virus with many HA
molecules is multivalent, meaning that the values are not true equilibrium dissociation
constants. However, they provide a reproducible measure of the relative affinities of each
virus for each polymer (22).

AlexaFluor 488 virus labeling and glycan array binding

Viruses were labeled with AlexaFluor 488 (Invitrogen, Carlsbad, CA) based on previously
described methods (15,24-26). Briefly, virus stocks grown in MDCK cells were pelleted by
ultracentrifugation (20,000 rpm for 1 h), resuspended in Tris-buffered saline (TBS), and
layered over a discontinuous 20%-60% sucrose gradient in TBS. After centrifugation
(20,000 rpm for 1 h), the virus band at the 20%-60% interface was extracted, diluted in
TBS, and pelleted by centrifugation. Virus pellets were resuspended in 0.15M NaCl +
0.25mM CaCl, + 0.8mM MgCl, pH 7.2, and HAU were determined using turkey
erythrocytes as described above. Viruses were diluted to 50,000 HAU/mI. To 100ul (5,000
HAU) of each virus, 10ul of 1.0M sodium bicarbonate pH 9.0 was added, followed by
0.0005ug/HAU of AlexaFluor solubilized in DMSO. Following a 1 h incubation at room
temperature, labeled viruses were dialyzed into TBS + 0.25mM CaCl, + 0.8mM MgCl, with
Slide-A-Lyzer MINI Dialysis Units (7,000 MWCO, Thermo Scientific, Waltham, MA)
overnight at 4°C. Following overnight incubation, HAU on tRBC and infectious titer in
MDCK cells were re-determined to ensure that labeling with AlexaFluor did not affect virus
binding or infectivity (data not shown). Viruses were frozen at —80°C until further analysis.
Samples were then thawed, BSA and Tween-20 were added to final concentrations of 1%
and 0.05% respectively, and virus binding was examined on a printed microarray (version
4.1) containing synthetic and natural glycans ((27) Consortium for Functional Glycomics,
http://www.functionalglycomics.org).

Statistical analysis

Comparisons of infectivity levels of each virus in untreated, sialidase treated, and ManNGc-
treated cells were analyzed using ANOVA-protected Student’s t-tests. Analyses were
performed using the R statistical software (http://www.R-project.org).
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Virus infectivity phenotypes in SRECs

We have previously found that rgMN infects a significantly higher percentage of SRECs
than rgONT (14). Generation of rgMN and rgONT reassortant and point mutant viruses via
reverse genetics indicated that the infectivity levels of these viruses are dependent on amino
acid differences in the HA protein. Specifically, using a series of reassortant viruses where
either the HA and NA genes, the HA gene alone, or the NA gene alone was exchanged, we
showed that the origin of the HA gene determined virus infectivity levels in SRECs. Further,
mutating one to three amino acids of the HA protein to those of the other virus exchanged
the virus infectivity levels (Table 1). In previously published results, the high infectivity
phenotype viruses infected 70% to 95% of cells, whereas low infectivity viruses infected
25% to 40% of cells (14). The parental, HA reassortant, and point mutant viruses were
chosen for further analysis here.

Virus susceptibility to cell surface sialidase treatment

To initially determine if the infectivity differences between rgMN and rgONT viruses are
due to a sialic acid-mediated step, virus susceptibility to sialidase treatment of SRECs was
examined. Prior to infection, cells were treated with Vibrio cholerae sialidase, which
removes a2-3- and a2-6-linked sialic acids (28). As expected, since influenza viruses
initiate infection by binding to cell surface sialic acids (19), the infectivity levels of each
virus decreased significantly (p < 0.01) with cell surface sialidase treatment (Fig. 1A).
However, the viruses were differentially susceptible to sialidase treatment, and these
differences paralleled the virus infectivity levels in SRECs. Specifically, the infectivity of
rgONT and the other low infectivity viruses dropped to mock-infection level after only
0.001 U sialidase treatment, whereas rgMN and the other high infectivity viruses retained
approximately 50% of their initial infectivity after this treatment (Fig. 1A). Treatment with
10x more sialidase (0.01 U) still did not completely abolish infectivity of rgMN and the
other high infectivity viruses.

To ensure that the apparent relative resistance of the high infectivity phenotype viruses to
sialidase treatment was not simply due to higher initial infectivity, rgMN and the high
infectivity viruses were examined in the same assay at lower doses. After sialidase
treatment, cells were infected with either 1.0 or 0.3 TCIDsgg/cell of each virus (Fig. 1B). At
lower doses, the high infectivity phenotype viruses remained relatively resistant to sialidase,
in that they retained infectivity even after SRECs were treated with 0.01 U of sialidase. This
finding demonstrates that rgMN and the other high infectivity viruses interact with cell
surface sialic acids in a fundamentally different way than rgONT and the low infectivity
viruses. We hypothesize that the high infectivity viruses utilize residual sialic acids more
efficiently than the low infectivity viruses. In summary, virus susceptibility to sialidase
treatment of SRECs associated with virus infectivity levels, suggesting that the infectivity
differences between rgMN and rgONT are due to a cell surface, sialic acid-mediated
mechanism.

Virus susceptibility to modulation of cell surface sialic acid species

The two major sialic acid species in the swine respiratory tract are N-acetylneuraminic acid
(NeuAc) and N-glycolylneuraminic acid (NeuGc) (29). To assess virus utilization of these
different sialic acid forms, prior to infection a sialic acid precursor was utilized to modulate
the sialic acid forms on the SREC surface. This precursor, ManNGc, is an analog of sialic
acid, and when added to cell culture media it enters cells, is converted to its corresponding
sialic acid (NeuGc), and is incorporated into glycolipids and glycoproteins on the cell
surface (30). Treatment with ManNGc did not alter cell morphology or viability, and a
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DMSO control showed no change in virus infectivity in the presence of this diluent (data not
shown). We have previously shown by mass spectrometry that ManNGc treatment induces
the expected changes in sialic acid species in SRECs, and that rgMN and rgONT
preferentially utilize NeuAc over NeuGc to infect SRECs (15). The mutant viruses
examined here exhibited the same NeuAc preference, as the infectivity levels of all viruses
decreased after SRECs were grown in the presence of ManNGc. However, as with virus
susceptibility to sialidase treatment of SRECs, the viruses differed in their susceptibility to
ManNGc treatment. Specifically, the infectivity levels of rgONT and the other low
infectivity viruses decreased with as little as 0.03mM ManNGc, while the infectivity of
rgMN and the other high infectivity viruses did not change at this concentration of ManNGc
(Fig. 2). Further, 0.1mM ManNGc completely abolished infectivity of rgONT and the other
low infectivity viruses, whereas rgMN and the other high infectivity viruses retained at least
50% of their original infectivity (Fig. 2). Thus, the high infectivity viruses were more
resistant to changes in sialic acid species on the SREC cell surface, further suggesting that
the difference in SREC infectivity levels involves a sialic acid-mediated event.

Hemagglutination of tRBCs and swRBCs

In an initial assessment of virus binding, hemagglutination assays were performed.
Hemagglutination has been extensively utilized to examine influenza virus binding (31-33).
In this assay, viruses bind to sialic acids on the RBC surface, agglutinating the cells (34).
Turkey RBC are commonly used as a standard to examine hemagglutination activity (35—
37), and RBC from different species have been used previously by others to investigate
influenza virus binding (38,39). Here, viruses were equilibrated by hemagglutination on
tRBC and then further examined for their ability to hemagglutinate swRBCs, which express
both NeuAc and NeuGc (40). The rgMN virus and other high infectivity viruses
agglutinated swRBCs, while rgONT and the other low infectivity viruses did not (Fig. 3).
These results indicate that tRBCs contain sialic acids that all six viruses can bind. In
contrast, the results suggest that sSwRBCs, compared to tRBCs, express (and/or express at an
optimal density) specific sialic acids that only the high infectivity viruses can recognize and
use to agglutinate the cells. The difference in swRBC agglutination between rgMN and
rgONT, and the association of swRBC agglutination with infectivity in SRECs, provide
additional evidence that virus infectivity levels are due to differences in virus binding to
sialic acids.

Virus binding to synthetic glycopolymers

A direct binding assay was used to examine virus binding to synthetic sialylated
glycopolymers. Binding of rgMN, rgONT, rgMN S138A, and rgONT G124D/A138S/
G142E to the following polymers was examined: NeuAca2-6GalB1-4GIcNACcp (6'SLN),
NeuAca2-6GalB1-4GIcp (6'SL), NeuAca2-3Galp1-4GIcNACP (3'SLN),
NeuAca2-3GalB1-4GlIcp (3'SL), and NeuGca2-6GalB1-4GIcNACP (6'Ge-SLN). The human-
and swine-like receptor analog is 6'SLN, while the avian-like receptor analog is 3'SL (41—
43). All viruses preferentially bound to a2-6 sialylated glycans over a2-3 glycans, as virus-
polymer dissociation constants were lower (i.e., higher affinity binding) for 6’SLN and 6’SL
than they were for 3'SLN and 3'SL (Fig. 4; similar results were seen with HA reassortant
viruses [data not shown]). With regard to sialic acid species, all viruses preferentially bound
to 6'SLN over 6'Gc-SLN, demonstrating a binding preference for NeuAc over NeuGc.
Taken together, the data indicate that the viruses bind a2-6-over a2-3-linked sialic acids and
NeuAc over NeuGec sialic acids. However, no substantial differences between the viruses
were seen, as binding affinities to this set of sialylated glycopolymers were similar
regardless of virus infectivity levels in SRECs. Thus, while this assay indicated which sialic
acid linkages and species the viruses preferentially bind, it was not able to discern
differences in virus binding that could account for differences in virus infectivity in SRECs.
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Virus binding to glycan microarray

To examine virus binding to a wider range of structurally different sialic acid-containing
glycans, viruses were labeled with AlexaFluor 488 as described previously (24-26) and
binding was examined in a glycan microarray that contains synthetic and natural glycans
(27). We have previously published microarray binding of the parental rgMN and rgONT
viruses, showing that while both viruses preferentially bound a2-6- over a2-3-linked and
NeuAc over NeuGc sialylated glycans, subtle differences in binding were seen between
these two viruses (15). Shown here are data examining microarray binding of the HA
reassortant and point mutant viruses. Results from the glycan array confirmed those of the
synthetic glycopolymer binding assay, in that all viruses preferred a2-6- over a2-3-linked
and NeuAc over NeuGc sialylated glycans. Specifically, viruses bound many glycans that
contained a2-6-linked sialic acid, but no virus showed appreciable binding to asialo, a2-3-,
or a2-8-linked sialylated glycans (Fig. 5). The viruses also only bound to glycans containing
the NeuAc form of sialic acid. Two NeuGc-containing glycans are present on the array, and
none of the viruses bound to either NeuGc glycan (data not shown). In addition, one glycan
(6"SLN) is present on the microarray in both NeuAc and NeuGc form, and all viruses bound
NeuAc much more strongly (between 14x to 600x more strongly, depending on the virus
[data not shown]), demonstrating preferential binding for NeuAc over NeuGc sialic acids.

When binding to specific NeuAca2-6 sialylated glycans available on the microarray is
examined in detail, more subtle differences in virus binding profiles become evident. Two
major types of glycans that viruses bound to were biantennary and polylactosamine glycans.
Lactose, which consists of one galactose and one glucose moiety, is integral to both of these
glycan types. Biantennary glycans terminate in two antennae (each of which contain one
lactose moiety capped with sialic acid), whereas polylactosamine glycans terminate in two
or more repeat units of lactose capped with sialic acid. Our results demonstrate that among
NeuAca2-6 sialylated glycans, rgMN bound both biantennary and polylactosamine
approximately equally, while rgONT preferentially bound polylactosamine glycans (15) and
data not shown). As expected, the rgONT + MN HA virus had a binding profile similar to
rgMN, as it bound biantennary and polylactosamine glycans to approximately equal degrees
(Fig 5A). Conversely, rgMN + ONT HA exhibited similar binding to rgONT, by
preferentially binding polylactosamine glycans (Fig 5B). Thus, exchanging the HA gene
reverses both SREC infectivities and the binding profile of the viruses. Furthermore, with
respect to biantennary and polylactosamine glycan binding, rgONT G124D/A138S/G142E
bound similarly to rgMN, and rgMN S138A bound similarly to rgONT (Fig 5C-D). In
summary, high-infectivity viruses bind to both biantennary and polylactosamine glycans,
whereas low-infectivity viruses bind polylactosamine glycans but have little to no affinity
for biantennary glycans. The association between the binding profiles and SREC infectivity
levels further indicates that the binding differences are likely responsible for virus infectivity
phenotypes in SRECs.

Virus entry kinetics

Although the results of the above experiments indicate that differences in sialic acid-
mediated events are likely responsible for the infectivity phenotypes of rgMN and rgONT in
SRECs, we considered the possibility that more than one mechanism could be involved. As
such, virus entry kinetics and the pH of virus-endosome fusion were also examined. To
examine virus entry Kinetics, the time to virus-endosome fusion was examined using
inhibitors of endosomal acidification. Influenza viruses that have undergone fusion with
endosomes are resistant to endosomal acidification inhibition, so time to resistance is a
measure for virus entry kinetics up to the fusion event (44-46). SRECs were infected with
each virus and inhibitors were added every 40 min after infection to determine the time to
which viruses attained resistance to the inhibitors. All viruses became resistant to the
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inhibitors at approximately the same time (200-240 min), and the resistance kinetics of all
viruses were comparable (Supp. Fig. 1). Thus, it is unlikely that rgMN and rgONT
infectivity levels in SRECs are due to differences in virus entry kinetics.

pH stability of viruses

In the final step of influenza virus entry through endosomes, endosomal acidification
triggers the viral HA protein to undergo irreversible conformational changes to induce virus-
endosome fusion. Influenza viruses typically fuse between pH 5.0 and pH 6.0, but individual
viruses fuse at different specific pH levels (19). To determine if the high infectivity viruses
fuse with endosomes at a different pH than the low infectivity viruses, the fusion pH of each
virus was examined with an inactivation assay. If the pH triggers a conformational change in
the HA protein, the HA is not in the correct formation to bind sialic acids and the virus is not
infectious (47,48). The HA of rgMN underwent its conformational change at higher pH than
the HA of rgONT, as rgMN lost infectious titer at a higher pH (pH 5.4), whereas rgONT
retained infectivity down to pH 5.2 (Supp. Fig. 2). Physiologically, as the viruses enter cells,
this could mean that rgMN fuses with endosomes sooner than rgONT. However, when
mutant viruses were examined this difference did not parallel SREC infectivity levels, so it
is unlikely that fusion pH explains virus infectivity levels in SRECs.

DISCUSSION

Elucidating the mechanism responsible for infectivity levels of rgMN and rgONT in SRECs
further informs our understanding of host range specificity of influenza viruses and may
provide insight at a cellular level as to why the triple reassortant H3N2 viruses emerged and
spread widely throughout the North American swine population. Results of SREC
infectivity experiments described here demonstrated that the only HA-mediated stage of
infection where differences paralleled infectivity levels was sialic acid binding.

Sialic acid binding has previously been found to be a major determinant of influenza virus
species specificity, as avian viruses preferentially bind a2-3-linked sialic acids while human
and swine viruses preferentially bind a2-6 sialylated glycans (32,33,41,49). Our studies
further support the importance of sialic acid binding specificity in determining influenza
virus infectivity, but previous studies have not dissected fine details of sialic acid binding by
swine influenza viruses in parallel with studies of infectivity in swine cells. The rgMN and
rgONT viruses both preferentially bound to a2-6-linked sialic acids (Fig. 4 and 5). This is
not unexpected, as both viruses contain human-lineage HA genes. Our experiments went
beyond this initial characterization to examine more subtle binding differences.

All viruses examined in the microarray bound only to a2-6 sialylated glycans, as no binding
was seen to asialo or a2-3 sialylated glycans (Fig. 5). This confirms results of the polymer
binding assay (Fig. 4) and complements functional data demonstrating that both rgMN and
rgONT utilize a2-6 sialylated glycans to infect SRECs (15). These results are also consistent
with recent glycan microarray binding analyses of human and swine viruses, where
selectivity for a2-6 and very limited binding to a2-3 glycans was consistently observed
(50,51). The viruses examined in the current study did not bind to every a2-6 sialylated
glycan on the array, indicating that the overall a2-6 structure is necessary, but not sufficient,
for binding. Two major forms of glycans that viruses bound were biantennary and
polylactosamine (Fig. 5); binding to these glycans was also reported with other swine and
human viruses (50,51). Others have reported that human-origin viruses preferentially bind to
02-6 polylactosamine glycans (52,53). Our results are in accordance with these reports, as
rgONT, a wholly human virus isolated from a single pig, preferentially bound
polylactosamine glycans (15). Conversely, rgMN, representative of the rH3N2 viruses that
spread widely throughout the swine population, bound both biantennary and
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polylactosamine glycans. It is interesting to speculate that rgMN’s ability to bind both
biantennary and polylactosamine glycans might be an adaptation to increase infectivity and/
or transmission among pigs.

A possible alternative explanation for the infectivity differences describe here is that high
infectivity viruses use a non-sialic acid alternative receptor to infect SRECs. However, we
believe that the data strongly support the importance of sialic acid-mediated events in SREC
infectivity of these viruses. First, the amino acids important in rgMN and rgONT infectivity
levels in SRECs are located in or near the sialic acid binding site of the HA protein (14). In
particular, residue 138 is directly across the binding site from residue 190 and at a right
angle to residue 226; all three of these positions are associated with sialic acid binding (54).
(For a further discussion of the topology of these residues please refer to Busch et al (14).)
Second, modulation of cell surface sialic acids, which likely affects the sialic acid density,
differentially affects high versus low infectivity viruses (Fig. 1 and 2). The relationship
between sialic acid density and influenza binding has been reported previously (54). Third,
high infectivity viruses are able to agglutinate sSwRBC while low infectivity viruses are not
(Fig. 3). Lastly, the glycan array binding profiles of the parental, HA reassortant, and point
mutant viruses consistently paralleled virus infectivity in SRECs (Fig. 5).

Our previous mass spectrometry analysis of the N- and O-linked glycans expressed by
SRECs showed that SRECs express quantitatively more a2-6- than a2-3-linked sialic acid,
and that both polylactosamine and biantennary glycans are present (15). In particular,
biantennary glycans on the glycan microarray are almost identical to SREC glycans defined
by mass spectrometry (the only difference is that the SREC glycans contain one fucose
moiety on the reducing end GIcNAC). Polylactosamine glycans on the microarray are also
expressed on SRECs (again, SREC glycans differ only in that they contain one fucose
moiety on the reducing end GIcNAC). Thus, the differences seen in glycan array binding are
likely to be biologically relevant and directly related to SREC infection.

Previous studies reported that some influenza viruses bind to a2-8-linked sialic acids (55).
However, none of the viruses examined here bound to a2-8 sialylated glycans, so it appears
that rgMN and rgONT do not bind this moiety and thus are unlikely to use it to infect
SRECs. The lack of virus binding to a2-8 sialylated glycans complements our prior analysis
of SREC glycans by mass spectrometry, where this moiety was not found on SRECs (15).

In summary, sialic acid binding is the most likely determinant of the infectivity phenotypes
of rgMN and rgONT in SRECs. The data presented herein expand our understanding of the
factors that control infectivity of influenza viruses across species barriers; in this case,
viruses with human virus-lineage HA that either did (Sw/MN) or did not (Sw/ONT) adapt to
readily infect pigs. Both rgMN and rgONT preferentially bound NeuAc over NeuGc and
02-6 over a2-3 sialylated glycans. However, glycan microarray binding data exposed subtle
differences in binding, wherein rgMN and other high infectivity viruses bound equally to
biantennary and polylactosamine glycans while rgONT and other low infectivity viruses
preferentially bound polylactosamine glycans. Virus acquisition of binding to these a2-6
sialylated glycans may be important in the emergence and persistence of novel influenza
viruses in the swine population, and serve as a potential marker for swine adaptation of
influenza viruses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Virus infectivity in SRECs following cell treatment with Vibrio cholerae sialidase. Cells
were treated with sialidase for 3 h, washed and infected with 3 TCIDsgg/cell (A), 1 TCID5p/
cell (B) or 0.3 TCIDgp/cell (B). Results shown are mean +/— SEM of three experiments
performed in triplicate. Compared to untreated cells, each virus demonstrated significantly
lower (p < 0.01) infectivity levels in SRECs treated with 0.001 U, 0.003 U, or 0.01 U of

sialidase.
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Virus infectivity in SRECs cultured in the presence of ManNGc. Cells were cultured with
ManNGc for 48 h, washed and infected with 3 TCIDsgg/cell. Results shown are mean +/-
SEM of three experiments performed in triplicate. *, p<0.01 compared to untreated cells.
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FIG 3.

Hemagglutination of turkey and swine red blood cells (tRBC and swRBC). Results shown
are mean +/— SEM of four independent experiments. Similar hemagglutination patterns were
seen with swRBC collected from different donor pigs.

Influenza Other Respir Viruses. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bateman et al.

Kdiss (nM sialic acid)

600 -

500 -

400 -

300

200

100 -

Page 17

6'SLN
6'SL
3'SLN
3'SL
6'Ge-SLN

JEEN

P77
!

5 vt

7

Hn:h
R

Sw/ONT

Sw/MN

Sw/MN S138A Sw/ONT G124D/A138S/G142E

FIG 4.

Binding affinity of viruses to synthetic glycopolymers. Linear regression analysis was
conducted using Scatchard plots, and values are presented as the constant of dissociation
(Kgiss)- Lower values indicate higher affinity binding. Results shown are mean +/— SEM of
6 independent experiments.
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FIG 5.

Glycan microarray analysis of virus binding. (A) rgONT + MN HA, (B) rgMN + ONT HA,
(C) rgONT G124D/A138S/G142E, and (D) rgMN S138A hinding to glycans was performed
on microarray version 4.1 from the Consortium for Functional Glycomics. Results shown
are the average of four replicate spots +/— SEM after the highest and lowest readings of six
were excluded, with the highest value set to 100. As the binding of all a2-3-linked, a2-8-
linked, and asialo glycans was low, the structures of only five of each glycan are plotted on
the graph for clarity of presentation. Glycan structures can be found in Supplementary Table
1. Bi = biantennary a2-6-containing sialylated glycans (the first three NeuAcoa2-6 bars).
Poly = polylactosamine a2-6-containing sialylated glycans (the second four NeuAca2-6

bars). Binding data for parental rgMN and rgONT has been published previously (15).
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TABLE 1
Virus infectivity in SRECs?

High infectivity phenotype  Low infectivity phenotype

rgMN rgONT
rgONT + MN HA rgMN + ONT HA
rgONT G124D/A138S/G142E rgMN S138A

aAfter cells were inoculated with 3 TCIDgq/cell of each virus for 1 h, viruses with a high infectivity phenotype infected 70-95% of SRECs,
whereas viruses with a low infectivity phenotype infected 25-40% of cells (14).
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