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Objectives Swine have been regarded as intermediate hosts in the
spread of influenza from birds to humans but studies of the
sialylated glycans that comprise their respiratory tract have not been
extensively studied in the past. This study analyzed the sialylated N-
glycan and O-glycan profile of swine trachea and lung and
correlated this with ex-vivo infection of swine explants with avian
influenza viruses.

Sample Lungs and tracheal samples were obtained from normal
farm and laboratory raised swine and used for ex vivo infection
as well as mass spectrometric analysis. Infection of the ex vivo
tissues used high pathogenic and low pathogenic avian viruses
including the novel H7N9 virus that emerged in China in early
2013.

Main outcome measures Assessment of successful replication was
determined by TCID50 as well as virus immunohistochemistry. The
N-glycan and O-glycan profiles were measured by MALDI-TOF and
sialylated linkages were determined by sialidase treatment. Lectin

binding histochemistry was also performed on formalin fixed tissue
samples with positive binding detected by chromogen staining.

Results The swine respiratory tract glycans differed from the human
respiratory tact glycans in two main areas. There was a greater
abundance of Gal-o-Gal linkages resulting in a relative decrease in
sialylated glycans. The swine respiratory tract also had a greater
proportion of glycans containing Neu5Gc and Siao2-6 glycans than
the human respiratory tract. Infection with avian viruses was confined
primarily to lung bronchioles rather than trachea and parenchyma.

Conclusions In contrast to previous studies we found that there
was not as much expression of Siao2-3 glycans on the surface of the
trachea. Infection of Siaa2-3 binding avian viruses was restricted to
the lower respiratory tract bronchioles. This finding may diminish
the ability of the swine to act as an intermediary in the transmission
of avian viruses to humans.
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Introduction

Influenza virus infection of the respiratory tract involves the
recognition and interaction of the viral hemagglutinin with
the Sia receptor present on the host cell. Since 1983, when
Rogers and Paulson"” delineated a difference in affinity
between avian and human viruses, there have been detailed
investigations on the distribution of different Sia linkages
between different species and on the correlation between the
receptor preference of influenza virus viz Siao2-6 and Siaoi2-3
and infection or transmission. The Siac2-6 is preferentially

recognized by human and swine viruses, but not by equine or
avian viruses. In contrast, avian viruses recognize glycopro-
teins with Siao2-3Gal-GlcNAc and Siao2-3Gal-GalNAc type
of sialic acids as shown by carbohydrate binding array and
more recently by glycan array.>®

Aquatic birds are the main reservoirs for all influenza
viruses. Swine influenza viruses are derived from influenza
viruses of avians or humans or reassortants between them. It
has been proposed that swine could be intermediate hosts for
genetic reassortment between avian and mammalian influenza
viruses.”® The concept of the pig as a “mixing vessel” for new
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viruses is further supported by the demonstration of Siaa2-6
and Siaa2-3 by lectin binding studies”” and reports that swine
are susceptible to a wide range of influenza viruses.'’
However, more recent studies suggest that swine may not be
as readily permissive to a wide range of avian influenza viruses;
for example, there is low susceptibility of domestic pigs to
highly pathogenic (HP) H5N1 infection under laboratory
conditions.'" Even though surveillance of pigs in Indonesia
showed a 7-4% isolation rate of this virus in a defined locality
with little clinical symptoms,'? these reports are the exception
than the rule. In addition, virus binding studies by van Riel
et al."> demonstrated no significant binding of H5N1 to the
trachea or bronchi of pigs but to pneumocytes.

Previous research suggested that avian viruses would not
transmit directly to humans as lectin binding studies
indicated that the human upper respiratory tract was lined
mainly by Siao2-6-terminated glycans, as detected by Sam-
bucus nigra agglutinin binding'* with only a limited detection
of Siao2-3 glycan on goblet cells, as detected by the binding
of Maackia amurensis agglutinin (MAA). However, the
infection of humans with HP H5N1 virus in 1997 indicated
that Siao2-3-terminated glycans are present in human
respiratory tract as the receptor for virus entry, and this
was shown to be the case in the human alveolar epithe-
lium.">'® Infection of H5N1 in humans results in severe
disease but little evidence of direct human-to-human trans-
mission. It has been suggested that the lack of Siaa2-3 glycans
in the human upper respiratory tract is responsible for the
lack of human-to-human transmission.'”'® Recent studies
have demonstrated that mutations in the virus hemaggluti-
nin that lead to a switch in the H5N1 virus receptor binding
preference from Siao2-3 to Siao2-6 glycans contributed to
the acquisition of airborne droplet transmission in ferrets, a
well established correlate for transmission in humans.'”"”

In contrast to the Sia distribution in the human respira-
tory tract, recent lectin binding studies indicated that the
presence of Siao2-3 in the porcine trachea was not as
abundant as previously documented®® ** and this has been
explained by the different isoforms of MAA used in these
studies.”** To clarify the distribution of influenza virus
receptors in the porcine respiratory tract, Bateman et al.>®
performed ultrasensitive mass spectrometric N- and
O-glycan profiles of cultured swine respiratory epithelial
cells (SREC) and correlated this with infection by swine
influenza viruses. They found that there was more Siao2-6
than Siao2-3, and Neu5Ac was more abundant than Neu5Gec,
which would explain the relatively rarity of avian influenza
virus infections becoming established in swine. However,
since the SRECs were obtained from trachea and proximal
bronchi,* the role of the lung parenchyma in virus infection
and replication still remained undecided.

To clarify the discrepancies between studies on the role of
pigs in avian influenza virus infection, we explored the sialic

acid (Sia) receptor distribution in the swine respiratory tract
in order to provide insights into the permissiveness or lack of
permissiveness of swine to avian influenza viruses. Further-
more, we performed mass spectrometric analysis on normal,
healthy pig lung and trachea and correlated the glycan
distribution data with virus tropism ascertained from pig
respiratory organ explant infections. The viruses included in
this study include the H7N9 avian virus, which has caused an
outbreak in Mainland China in 2013, HP H5N1, and low
pathogenic avian viruses of other subtypes on which glycan
arrays had been previously performed. As miniature pigs
have been used in experimental laboratory influenza infec-
tion or vaccination,” ? in this study, we also compared the
mass spectrometric profile of miniature pigs with healthy
farm pigs. This comparison is important to reveal the
situation in the farm pigs which harbor the swine virus as
well as being constantly exposed to the environment and
therefore avian influenza viruses.

Materials and methods

Viruses used

A/Shanghai/2/2013 (Sh2/H7N9),A/Hong Kong/483/97 (H5
N1), A/Hong Kong/486/97 (H5N1), A/Vietnam/3046/04
(H5N1), A/Vietnam/1203/04 (H5N1), A/Northern pintail/
Hong Kong/MP5883/2004 (H5N8), A/Duck/Bavaria/1/1977
(HIN1), A/Quail/Hong Kong/G1/97 (H9N2), A/Chicken/
Hong Kong/Y280/97 (H9N2). A/Hong Kong/415742/09
(HIN1pdm), A/swine/HK/4167/99 (HINI1), and A/Okla-
homa/1992/05 (H3N2) were used as positive controls.

Swine respiratory organ explant culture

The intact respiratory organs of swine were obtained from
pigs being slaughtered in a local abattoir. These tissues were
taken from 6-month-old pigs (Sus Scrofa domestica) and
delivered within 3 hours after slaughtering in a sterile plastic
container at 4°C. Our previous experience with surveillance
for swine influenza viruses at this abattoir in recent years has
shown an influenza virus isolation rate of around 1%.”' To
screen for evidence of current influenza infection in the
animal, a tracheal swab was taken and tested for influenza M
gene by real-time qPCR; if a positive result was obtained,
those particular set of tissues were discarded.

Tracheobronchial epithelium (TBE)

The tracheobronchial region was removed from the respira-
tory organ and moisturized by rinsing in transport medium.
The cartilage of the tracheobronchial region was pinned on a
dissection board while a pair of fine forceps was used
together with a sharp scalpel to remove the TBE from the
cartilage carefully. The TBE was cut using a disposable 5-mm
biopsy and cultured in MEM (Gibco, Carlsbad, CA, USA)
with 100 U/ml penicillin, 100 pg/ml streptomycin, 1 pg/ml
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kanamycin, 0-3 mg/ml glutamine, and 0-02 M HEPES at an
air-liquid interface (ALI). The thin TBE explants were placed
with the epithelial surface upward on a surgical sponge
(Simport) and put inside a 12-well plate. Culture medium
was added into each well with the epithelial explants and the
surgical sponge floating on the medium.

Lung parenchymal mucosa

We adopted the method of van Poucke et al.”™ with slight
modifications. The lung was perfused with cold transport
medium using a clear tracheal tube 4-0 mm (Ruschelit,
Research Triangle Park, NC, USA) through the bronchiole
until the lobe was fully expanded. The transport medium
was aspirated and replaced by 1% agarose in PBS (Sigma,
St. Louis, MO, USA). Icepacks were then put below and
above the lung lobe to solidify the agarose. This tissue was
further embedded in 4% agarose and cut in slices, using a
cryotome blade with a thickness <1 mm. The thin slices of
explant were cut using disposable 5-mm biopsy punch
(Miltex, Plainsboro, NJ, USA) and cultured in DMEM
(Gibco) with 2-5 pg/ml bovine insulin (Sigma), 0-5 pg/ml
hydrocortisone (Sigma), 0-5 pg/ml vitamin A 0-5 (Sigma),
0-1 mg/ml gentamycin, and 50 pg/ml polymycin B.

The medium of these explants was changed every hour in
the first four hours and incubated at 37°C in a humidified
incubator with 5% CO, supply and fixed in 10% saline-
buffered formalin at 0, 24, 48, and 72 hour after preparation,
to evaluate their morphology, viability, and influenza

l. 20

receptor distribution.

Lectin binding and immunohistochemistry
Expression of Sialic acid by lectin histochemistry was per-
formed using lectins SNA, MAA-I, and MAA-II as published
previously and obtained from Vector Laboratories.”> PNA
lectin preferentially binds Galf31-3GalNAc. Thomsen-
Freidenreich (TF) antibody (A78-G/A7) was purchased from
LabVision Thermo Scientific (Waltham, MA, USA), and
Neu5Gce antibody staining was performed using a chicken
monoclonal antibody from Sialix (San Diego, CA, USA).
Sections were pretreated with a sialidase (DAS181, Nex Bio,
San Diego, CA, USA) for 2 hours at RT to remove both 02-3-
and o2-6-linked Sia.

Immunohistochemical staining and virus titration
assay

Immunohistochemical staining of lung and tracheal tissue
was carried out using the influenza nucleoprotein. The tissue
sections were incubated with 0-1% pronase (Roche,
Mannheim, Germany) in 0-1 M Tris (pH7-5) at 37°C for
1 minute and blocked with 3% H,O, in TBS for 10 minute
followed by treatment with an avidin/biotin blocking kit
(Vector Lab). After blocking with 10% normal rabbit serum
for 10 minute at RT, the sections were incubated with 1/25
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(15 pg/ml) HB65 antibody for 1 hour at RT followed by
biotinylated rabbit anti-mouse (Dako Cytomation, Carpin-
teria, CA, USA) diluted 1/100 for 30 minute at RT. After
incubation with Elite-ABC kit (Vector Lab PK-6100) diluted
1/50 for 30 minute at RT, the sections were developed with
Vector NovaRed substrate kit (Vector Lab SK-4800). To
determine productive viral replication from the infected
biopsies, the supernatant of the infected cultures was collected
at 1, 24, 48, and 72 hour post-infection and stored at —80°C
for virus titration using TCIDs, assay in MDCK cells as
described previously.”> An increasing virus titer along the
time course provided evidence of productive virus replica-
tion.

Mass spectrometry

Normal pig trachea and lung

Two 3-month-old pigs from a high health status farm in
France that was negative for influenza A viruses were used.
The animals were housed together in a HEPA-filtered
experimental unit with ad libitum access to water and food.
At arrival, they were treated intramuscularly with ceftiofur
(Naxcel®, Pfizer-1 ml/20 kg body weight) to clear the
respiratory tract from possible infections with Actinobacillus
pleuropneumoniae, Pasteurella multocida, Haemophilus para-
suis, and Streptococcus suis. Two days later, they were
euthanized by intravenous administration of thiopental
(Penthotal®, Kela-12-5 mg/kg body weight) and exsangui-
nated. Miniature pig lung was isolated from adult mini-pigs
(45-50 kg, 9-12 months old).> All tissues were snap-frozen
in liquid nitrogen before glycan extraction. Additional blocks
were placed in 10% neutral-buffered formalin for tissue
processing.

The lung and trachea N-glycans were prepared for mass
spectrometric analysis as previously described.’ Briefly, the
tissues were homogenized and sonicated in a homogenization
buffer of 1% CHAPS (v/v) in 25 mm Tris, 150 mM sodium
chloride (NaCl), 5 mm EDTA in water, pH 7-4 and subse-
quently dialyzed in a 50 mM ammonium bicarbonate (Am-
bic) buffer. The samples were reduced, carboxymethylated,
and digested with trypsin (EC 3.4.21.4; Sigma). The N-glycans
were released by digestion with PNGase F (EC 3.5.1.52; Roche
Molecular Biochemicals) and purified by reverse-phase C18
Sep-Pak (Waters) chromatography. Sialidase cleavage was
performed with Sialidase S (recombinant from Streptococcus
pneumoniae expressed in E. coli, Glyco, 170 mU) and Siali-
dase A (recombinant from Arthrobacter ureafaciens expressed
in E. coli, Glyco, 170 mU), in 50 mM Sodium acetate, pH 5-5.
Sialidase S cleaves 02-3 linkages and Sialidase A cleaves 2-3
and o2-6 linkages. Sialidase specificity and experimental
conditions were established by experiments with sialylated
glycan standards with known Sia linkages. The products of
digestion were determined by mass spectrometry. The digest
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samples were lyophilized, permethylated, and purified by C18
Sep-Pak (Waters). Matrix-assisted laser desorbtion ioniza-
tion—time of flight (MALDI-TOF) data were acquired on a
Voyager-DE STR mass spectrometer (PerSeptive Biosystems,
Framingham, MA, USA) in the reflectron positive mode with
delayed extraction. Permethylated samples were dissolved in
10 pl methanol, and 1 pl of dissolved sample was premixed
with 1 pl of matrix [20 mg/ml 2,5-dihydroxybenzoic acid
(DHB) in 70% (v/v) aqueous methanol before being loaded
onto the sample plate. MALDI-TOF/TOF experiments were
performed on a 4800 Proteomics Analyzer (Applied Biosys-
tems, Framingham, MA, USA) operated in the reflectron
positive ion mode.

Statistical analysis

The differences of log;o-transformed viral titers from infected
culture collected at different time points post-infection and
different viruses were compared using one-way ANOVA
followed by Bonferroni multiple-comparison test. Differences
were considered as significant at P < 0-05. The statistical
analysis was carried out using GraphPad Prism 5.
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Results

Swine lung contains sialylated glycan receptors for
influenza viruses

The MALDI-TOF spectra derived from the permethylated
N-glycans of control pig lung (Figure 1) contained a diverse
range of [M+Na]" molecular ion signals. Expressed signals
consistent with both high mannose type N-glycans (m/z
15799, 1783-7, 19877, 2191-7 and 2395-8, Hexs oHexNAc,)
and complex type bi-, tri-, tetra-antennary and polylactos-
amine extended core fucosylated structures (m/z 2243-
8- 5959-9, Hex;HexNAc,Fuc-Hex,;HexNAcgFuc) were pres-
ent. The complex glycans were capped with either the Gala1-
3Gal sequence (for example, m/z 2652-3, 3305-7, and 3959-0
highlighted in blue, Hex;HexNAc,Fuc-Hex; HexNAcsFuc
consistent with bi-, tri-, and tetra-antennary core fucosylated
structures) or NeuAc (for example m/z 2605-1 and 3054-5
NeuAcHexsHexNAc,Fuc- NeuAcHexgHexNAc,Fuc consis-
tent with mono-sialylated bi- and tri-antennary core fucosy-
lated structures highlighted in red). Complex N-glycans
capped with the NeuGc form of Sia were also observed (for
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Figure 1. N-glycan profile of swine lung. MALDI-TOF mass spectra of permethylated N-glycans from the intermedidate lobe of swine lung was obtained
from the 50% MeCN fraction from a C18 Sep-Pak column (“Materials and Methods”). Annotated structures are according to the Consortium for

Functional Glycomics guidelines. All molecular ions are [M+Na]+.

Putative structures are based on composition, tandem MS, and the biosynthetic

knowledge. Structures that show sugars outside a bracket have not been unequivocally defined. Sialylated species are annotated in red and those with

GalaGal are annotated in blue.
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example m/z 2635-1, 2839-4, 3084-5, 3492-6 NeuGcHexg
HexNAc,Fuc- NeuGcHexgHexNAcsFuc also highlighted in
red). A ratio of 3:2 Ac:Gc was identified comparing the peaks
at m/z 2605,2635 and 2809,2839. This ratio appeared
reversed for the larger tri- and tetra-antennary structures.
The second pig lung that was processed separately had a
similar range of glycans present (Figure S1). The glycans
detected and their relative abundance are listed in Table SI.

Sian2-3 and Siao2-6-linked N-glycans were found in
pig lung

The proportion of a2-3- versus 0.2-6-linked Sia present in the
N-glycans of porcine lung was further investigated by
comparing sensitivity to digestion with linkage-specific
sialidases and control samples without sialidase treatment
(Figure 2). Sialidase S was used for the specific release of
02-3-linked Sia, and Sialidase A for release of both 62-3- and
02-6-linked Sia. The MALDI-TOF spectra of porcine lung
N-glycans are shown after digestion with Sialidase S

Swine glycans and influenza infection |

(Figure 2B), Sialidase A (Figure 2C), and control undigested
(Figure 2A). Digestion of the pig lung N-glycans with
Sialidase A (Figure 2C, Table S1) caused a complete loss of
all Sia-containing glycans (e.g. m/z 2605-3, 2635-3, 2809-4,
2839-4, 2966-5, 3054-5, 3084-5, 3258-4, 3462-6, 3492-6, and
4146-1). Concurrent with these observations, the glycans at
m/z 2244-0 (HexsHexNAc,Fuc), 2448-1 (HexsHexNAc,Fuc),
2693-2 (HexgHexNAcsFuc;), 3101-4 (HexgHexNAcsFuc),
33469 (HexgHexNAcgFuc), 3550-6 (HexoHexNAcgsFuc),
and 3754-6 (Hex;oHexNAcsFuc), which would be produced
by de-sialylating the above glycans, increased in abundance
after Sialidase A treatment, confirming the presence of Sia-
containing N-glycans in the pig lung. By contrast, digestion
of the pig lung N-glycans with Sialidase S (Figure 2B)
caused a partial loss of Sia-containing glycans with signals
at m/z 2605-5, 2636-5, 2809-6, 2839-6, 3054-7, 30847,
3462-9, 3942-9, and 4146-3 still remaining. This confirmed
that pig lung N-glycans contained both 02-3- and o2-6-
linked Sia.
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Figure 2. N-glycan profile of swine lung following sialidase treatment. Part

ial MALDI-TOF MS profiles of the permethylated N-linked glycans derived from

swine trachea after digestion with sialidase S (2-3 specific) or sialidase A (¢:2-3 and a2-6 specific). Data were obtained from the 50% acetonitrile fraction
and all molecular ions are present in sodiated form ([M+Na]+). Sialylated species are annotated in red and those with GalaGal are annotated in blue.
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Sialylated N-linked glycans are also present in swine
trachea

The MALDI-TOF spectra of porcine trachea (Figure 3)
showed fewer types of sialylated glycans compared with
porcine lung. However, it should be noted that a more
limited amount of tissue for glycomic analysis was avail-
able, which could inhibit the detection of higher molecular
weight glycan species. The spectra derived from the control
undigested sample indicated that similar to the lung, the
pig trachea also expressed signals consistent with both high
mannose type N-glycans (m/z 1579-8 1783-9, 19880,
2192-1, and 2396-2, Hexs9HexNAc,) and complex type
bi-, tri-, tetra-antennary and polylactosamine extended
core fucosylated N-glycans (m/z 1836-2-4245-5, Hex;
HexNAc,Fuc-Hex;gHexNAcgFuc). The complex glycans
were also capped with either the Galal-3Gal sequence
(for example m/z 2652-3, 3305-6 and 3959-0) or Sia, both
NeuAc and NeuGce (for example, m/z 2809-4 and 2839-4).
Digestion of the pig trachea N-glycans with Sialidase A
(Figure 4C) also caused a loss of most Sia-containing
glycans with a concurrent increase in the abundance of

their de-sialylated products (m/z 2244-2, 2448-4, 2693-6,
and 3102-1), confirming the presence of Sia-containing N-
glycans in the pig trachea. By contrast, digestion of the pig
trachea N-glycans with Sialidase S (Figure 4B) also caused
a partial loss of Sia-containing glycans with signals at m/z
2605-6, 26356, 2809-6, 2839-6, 3054-8, 3084-8, still remain-
ing. Also of note is that the reduced complexity caused by
the digestion with the sialidases affords the detection of
higher MW polylac-containing N-glycans, for example, at
m/z 4246 and 4492. This confirmed that pig trachea, such
as the pig lung, contains N-glycans with both 2-3- and
02-6-linked Sia.

Siaa2-6 dominancy of N-linked glycans in pig
trachea and lung

It has been demonstrated that relative quantitation based on
signal intensities of permethylated glycans analyzed by
MALDI-TOF MS is a reliable method, especially when
comparing signals over a small mass range within the same
spectrum.” We compared the changes in the intensities of
glycans with a single galactose antenna, which will increase
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Figure 3. N-glycan profile of swine trachea. MALDI-TOF mass spectra of permethylated N-glycans from the trachea of swine was obtained from the 50%
MeCN fraction from a C18 Sep-Pak column (“Materials and Methods"”). Annotated structures are according to the Consortium for Functional Glycomics
guidelines. All molecular ions are [M+Nal+. Putative structures are based on composition, tandem MS, and the biosynthetic knowledge. Structures that

show sugars outside a bracket have not been unequivocally defined.
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Figure 4. N-glycan profile of swine trachea following sialidase treatment. Partial MALDI-TOF MS profiles of the permethylated N-linked glycans derived
from swine trachea after digestion with sialidase S (a2-3 specific) or sialidase A (¢2-3 and ¢.2-6 specific). Data were obtained from the 50% acetonitrile
fraction and all molecular ions are present in sodiated form ([M+Na]+). Sialylated species are annotated in red and those with GalaGal are annotated in
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19814

Figure 5. O-glycan profile of swine lung.
MALDI-TOF mass spectra of permethylated
O-glycans of swine lung. O-Glycomic profiles
were obtained from the 35% MeCN fraction
from a C18 Sep-Pak column (“Materials and
Methods”). Annotated structures are
according to the Consortium for Functional
Glycomics guidelines. All molecular ions are
[M+Nal+. Putative structures are based on
composition, tandem MS, and the biosynthetic
knowledge. Mass [z
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with the removal of Sia, with glycans that contained the
Gal-a Gal sequence, which will not change with sialidase
treatment (e.g. m/z 2652-3 and 3305-8). This gives an
indication of the relative activity of the two sialidases and
therefore the relative abundance of o2-3- and o2-6-linked
Sia. For example (Figures 2 and 4), we compared the relative
abundance of the peaks at m/z 2448/2652 and m/z 3102/
3306, containing bi- and tri- antennary core fucosylated
structures (HexgHexNAc,Fuc/Hex;HexNAc,Fuc and Hexg
HexNAcsFuc/HexgHexNAcsFuc). In both the lung and
trachea, there was a greater relative increase in the glycans
at m/z 2448 and 3306 with Sialidase A digestion, indicating a
higher expression of o2-6-linked Sia N-glycans in the pig
lung and trachea.

O-Linked glycans

O-Glycan data of the pig lung (Figure 5) showed the
presence of both core 1 and core 2 structures. Low levels of
mono-sialylated core 2 structure at m/z 1344-7 were detected.

ié%'

2244.1 22851 2396-2 2448-2 24092 26053 26353 2652.3 28874

29065 _3054:3 3084-3

In contrast, the main glycan present was the galactose-
terminated core 2 structure at m/z 1187-4

Lung of minipig contained more Sia2-3-linked
glycan than normal farm pigs

We compared the two lungs from normal pigs with lung
tissue obtained from a minipig (Figure 6). Differences
between the normal and minipig lungs were identified. In
particular, the minipig lung tissues had a high abundance of
monosialylated and disialylated biantennary core fucosylated
structures (NeuAcHex5HexNAc4Fuc, NeuAc2Hex5Hex-
NAc4Fuc) at m/z 2605-3 and 2966-5, which was relatively
low in the normal pig lung. In contrast, the biantennary
glycan with the terminal Galol-3Gal m/z 2652-3 (Hex;
HexNAc,Fuc) was more abundant in the normal pigs than
tissues from minipigs. The NeuAc to NeuGc ratio was similar
between the normal and minipigs in the biantennary glycans
at m/z 2605-3, 2635-3, 2809-4, 2839-4, 3054-5, and 30845,
but again this ratio appeared reversed for the larger tri- and
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Figure 6. N-glycan profile of mini-pig lung. MALDI-TOF mass spectra of permethylated N-glycans from the intermedidate lobe of a mini-pig lung was
obtained from the 50% MeCN fraction from a C18 Sep-Pak column (“Materials and Methods"). Annotated structures are according to the Consortium
for Functional Glycomics guidelines. All molecular ions are [M+Na]+ Putative structures are based on composition, tandem MS, and the biosynthetic

knowledge. Structures that show sugars outside a bracket have not been unequivocally defined. Sialylated species are annotated in red and those with

GalaGal are annotated in blue.
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tetra-antennary structures. In addition, the data from
sialidase treatment indicated a greater abundance of o2-
3-type linkages in the minipig lung compared with the

normal pig lung.

Lectin histochemistry of trachea and lung samples
Lectin binding results showed that there was strong binding
of SNA to the tracheal epithelium and bronchiolar epithe-
lium with weak binding to pneumocytes. In contrast, there
was no significant binding of MAA-I or MAA-II to the
tracheal epithelium but binding to the submucosa (Fig-
ure 7). Binding of MAA-I was seen to the bronchiolar
epithelium with no significant binding of MAA-IL. This
binding was removed with sialidase treatment. PNA binding
was identified weakly in the tracheal and bronchiolar
epithelium but increased marginally after sialidase treatment.
There was a medium intense positive staining on the surface
of the tracheal epithelium for NeuGc, and this was also
present on the surface of alveolar epithelial cells (Figure S2).

Avian influenza A virus infection in pig lung and
trachea

Virus replication kinetics of high and low pathogenic avian
influenza viruses in tracheal and lung explants of normal pigs
is shown (Figure 8). Unlike cell lines derived from a single
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tissue or tumor, pig explant cultures are more susceptible to
donor-to-donor variations as they are from the respiratory
organs of different pigs with individual variations. There was
minimal replication of H5NT1 in the swine trachea compared
with the lung apart from one of four samples in which there
was a 2 log increase with A/VN/3046/04 and A/VN/1203/04
infection and three of five cases where there was a 1 log
increase for A/HK/483/97. In contrast, consistent replication
in the swine lung was observed with most of the H5NI
viruses studied apart from A/VN/3046/04 where replication
was only seen in two of five samples. Some of the low
pathogenic avian viruses, A/Quail/HK/G1/97 (H9N2) and A/
Northpintail/HK/MP5883/04 (H5N8), showed limited repli-
cation in the trachea, but most of them were able to replicate
in pig lung. The recent H7N9 virus that has caused an
outbreak in Mainland China in the early part of 2013 showed
consistent replication in the bronchioles of the swine lung
(Figure 9). The control viruses, A/swine/HK/4167 (HIN1),
A/Oklahoma/1992/05 (H3N2), and A/Hong Kong/415742/09
(HIN1pdm), infected and replicated productively in all
experiments with more than 2 log increase in trachea and at
least 1 log increase in lung (Figure S3).
Immunohistochemistry of the ex vivo tissues was per-
formed on all samples. This showed that at 24, 48, and
72 hours post-infection, there was absent to minimal stain-

MAA-II PNA NeuSGc

PNA TF

Figure 7. Lectin Histochemistry of swine trachea and lung. Trachea sections showing binding of SNA (a2-6 glycans), MAA-I (¢2-3 N glycans), MAA-II (a2-
3 O-glycans, PNA(Gals1-3Gal/GalNAc) and Neu5Gc. CTL indicates control sections and Sial are sections pretreated with a sialidase that removes both a2-3
and a:2-6 sialic acids. Lung and bronchiole sections are in the lower panel and TF indicates the Thomsen-Freidenreich antibody which is more specific for

Gals1-3GalNAc. Magnification x200.

© 2013 The Authors. Influenza and Other Respiratory Viruses published by John Wiley & Sons Ltd.

1277 |



Chan et al.

A AMHK/483/9T (H5N1) B AHKI486/9T (HSN1) C ANVNM203/04 (H5N1) D ANVNI3046/04 (HSN1)
Trachea Lung Trachea Lung Trachea Lung Trachea Lung
1 1 1 10 L 1 1 i
il #
%m‘ 10t %m‘ ' 1 %
o o gm‘ f 10
Ell}’ - Ell}‘ 107 Uia W 2
Rl —
1y s Wty 1T ¥ T™TT—T 1 T T T 1T T T I
1 24 48 72 1 M o4& T2 i 24872 1M o4 T2 1 M 4 m TOM o4& T2 1 24 48 M2 1 M 4 T2

E A/DuckiBavaria/11977 (H1N1)
Trachea

F AQuaillHKIG1/9T (HINZ)
Trachea

Lung

Lung

R —— 10"
1 Mo T 1 M a8 T2

Hours Post infection  Houwrs Post infoction

1 M a8 T T 2a an 12
Hours Post infection  Hours Post infection

G A/Chicken/HKY280/97 (HINZ)

H AiNorthpintai/HK/MP5883/04 (H5NS)

Trachea Lung Trachea

T —TT
1T M 48 T2 1 4 &8 72
Hours Post infection

T M & n
Hours Postinfection  Howrs Post infoction

1T 24 &8 2
Hours Post infection

’ 1
K Wi
» T
e
1“‘.{‘..
x
COEE
.l
-
. ‘. ¥ 3 & S, T o o
) 0 N " . -«-..l\‘ - Ao

Figure 8. Virus replication kinetics of avian viruses in ex vivo trachea and lung. (A-H) Viral replication in ex vivo biopsies infected with 106TCID50/ml of
influenza viruses as indicated by TCID50 assay. Each chart shows the virus titer from three independent experiments. (I-L) Immunohistochemistry for
influenza nucleoprotein in the bronchioles of A/Duck/Bavaria/1/1977 9 (1), A/Quail/HK/G1/97 (J), A/Chicken/HK/Y280/97 (K) and A/Northpintail/HK/

MP5883/04 (L).

ing of the tracheal tissues with all viruses tested, even in the
H5NI1 cases where a 2 log increase in viral titer was seen
(Figure S4). As these blocks were serially sectioned through
this suggests that the infection is very focal. In contrast,
positive antigen was detected in lung tissues infected with
HS5NT1 avian viruses where infection was mainly localized to
bronchioles (Figure 10). Pulmonary extension was mainly
present in tissues infected with H5NI1 in contrast to other
avian viruses including H7N9 where infection was confined
to bronchioles (Figure 8).

[ e s o

Discussion

We found minimal infection of ex vivo cultures of swine
trachea with H5N1 and other avian Siaa2-3 binding viruses,
and this is thus in accord with the virus binding experiments
1" and with the lectin binding studies of the
trachea where there was no significant binding of MAA-I or
MAA-II to the tracheal epithelium. However, the presence of
infection in bronchioles by H5N1 does appear to be in
contrast to the previously published patterns of viral

of van Rie

Lung

Figure 9. H7N9 replication in swine lung. (A)
shows positive immunohistochemical staining
in bronchioles, and (B) shows the virus titer
from three independent experiments.
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Figure 10. Immunohistochemistry of HSN1 replication in the swine lung. Ex vivo explants were infected with A/HK/483/97, A/HK/486/97, A/NN/1203/04
and A/VN/3046/04 and fixed at 24, 48 and 72 hours followed by tissue processing and staining for influenza nucleoprotein. Magnification x200.

attachment. As the 2 isoforms of MAA and SNA do not have
a strong binding affinity to NeuGc compared with NeuAc, an
absence of lectin binding does not necessarily mean that Sia
is not present. Indeed, the NeuGc antibody did stain the
surface of the bronchi and bronchioles, indicating that
NeuGc was present. Most of this staining was abolished with
Sialidase A treatment, but not with Sialidase S treatment,
indicating that the NeuGc is more 2-6-linked than 2-3-
linked.

Using fresh explanted lung tissues from 6-month-old
swine, we found that the main site of viral replication of
all avian viruses was in the lung rather than the trachea
(Figure 8), and immunohistochemistry localized this to
bronchioles rather than pneumocytes. Our previous stud-
ies,”® and control HIN1 infection (Figure S1), show that
the bronchioles appear to be a common site for replication
of seasonal and avian viruses and a switch to an “avian”
type of virus led to more lower respiratory tract tropism.*®
In this area, there was binding with SNA and MAA-1
(Figure 7). Binding with MAA-II to the bronchioles was
minimal, but there was staining with TF after sialidase
treatment to pneumocytes, and PNA binding was also
increased after sialidase treatment. These findings would
indicate that o2-3-linked N-glycans are the potential
receptors for the avian viruses H5N1 and H5NS8 in the

bronchiolar epithelium. As the mass spectrometric data on
the lung tissue demonstrated that there is a low quantity
of Sia-core 1 at m/z 895 and a very low level of di-Sia-core
1 at m/z 1256 (Figure 5), this would suggest that the main
O-glycan present in the pneumocytes is the sialylated TF
glycan. The low abundance of the disialylated TF can be
explained by the presence of the al-3-galactose transferase
enzyme in the pig lung which is absent in human tissues
as these lack a functional GGTA1 (al,3-galactosyltransfer-
ase) gene.”” The presence of this enzyme leads to a
competition of the terminal Gal in Sia-core 1 for Sia and
Gal, and the mass spectrometric findings suggest a greater
preference for the Gal rather than the Sia, resulting in a
very low level of Sia-core 1. Therefore, this reduces the
probability for H5NI1 virus to infect the alveolar epithe-
lium by utilizing Sia-TF. Previous mass spectrometric
studies have also shown that porcine submaxillary mucin
has minimal di-Sia-core 1.%®

The only previous publication that has addressed the
glycan distribution in the porcine respiratory tract was by
Bateman et al.”> who used tissues derived from the trachea.*®
They found a greater abundance of 02-6-terminated glycans
than that seen in our MS analysis where we found more a2-3
glycans. This is explainable with the data in Figure 7 where
there is no binding of MAA-I or MAA-II to the epithelium

© 2013 The Authors. Influenza and Other Respiratory Viruses published by John Wiley & Sons Ltd.

1279 |



[ chan et al.

but positive binding of MAA-I and -II to the submucosa.
Similar findings were also reported by Nelli et al.*' As we are
not currently able to separate the epithelium from the
submucosa for our glycan analysis of tracheal tissues, the o2-
3 positive tissues most likely represent glycans present in the
submucosa. When the MS findings were compared with
human lung tissues,” the two main differences present in the
swine respiratory tract tissues were the high abundance of
Galo1-3Gal and relative lack of extended sialylated LacNAc
repeats.

Our findings that H5N1 replicates in a similar anatom-
ical site to where swine and human viruses replicate lend
credence to evidence that the pig can still be a site for
mixing of viruses and where H5N1 can acquire increased
affinity to o2-6-terminated glycans.'” There was replication
identified in the lung by H7N9 similar to other avian
viruses (Figure 9), supporting data from a previous study
that found replication in the respiratory tract by this recent
H7N9 using PCR analysis.*” A recent study using an avian
H4NG6 has also shown scanty replication of avian influenza
virus in alveolar tissues.”” Lectin binding studies and ex vivo
cultures show that the trachea is not likely to be an ideal
anatomical site for replication of predominantly o2-3
binding viruses or virus growth but in contrast may be
an anatomical region that favors a selection pressure for the
emergence of avian viruses with a greater binding prefer-
ence for a2-6-linked glycans. We found that there is limited
evidence of infection of pneumocytes, and this may explain
why influenza infection in swine produces few clinical
symptoms and is not associated with great mortality. The
high abundance of Galo1-3Gal structures identified by our
MS analysis leads to a relative decrease in sialylated glycans,
especially those with an extended LAcNAc structure. If
these extended structures are involved in influenza virus
binding, this finding may explain the lack of replication in
this anatomical site.' The comparative lack of replication
in pneumocytes can also be explained by the unique
glycosylation features of porcine surfactant protein-D which
has greater inhibitory activities against a wide range of
influenza A viruses compared with human surfactant
proteins.*?

The minipig has been often used as laboratory animal to
study infection in a number of situations, including studies
of swine influenza.”®* Our MS findings (Figure 6) show
that the lung from these animals has a different glycan
profile to that seen in normal pigs with more expression of
higher molecular weight tetra-antennary Neu5Gc-contain-
ing N-glycans and more o2-3-linked Sia glycans. This may
give a bias toward susceptibility to different avian viruses,
and so studies on virus tropism, infection, or transmission
using these animals might need to be interpreted with
caution, in the light of these findings. The pig tissues used
for explants were obtained from local slaughter house

which probably represents the true population in the farm
and environment, as well as pre-existing exposure to
respiratory viruses; thus, we consider that these should
continue to be utilized in the determination of tropism
studies of different influenza viruses to demonstrate the
potential public health risk.

In conclusion, our mass spectrometric analysis shows that
compared with the human respiratory tract, the swine lung
has fewer types of sialylated glycans present owing to the
presence of the Galal-3Gal structures, and of the sialylated
glycans present, there are more 02-6 N-glycans present than
02-3 N-glycans. This may account for the relative lack of
replication of H5N1 in tracheal tissues. Our ex vivo evidence
demonstrates that the lower respiratory tract of the domestic
pig, in particular the bronchiolar region, is a site where o2-3-
binding H5N1 and o2-6-binding HIN2 avian viruses can
efficiently replicate. As this is also an anatomical site where
swine and human viruses replicate, this demonstrates that the
pig is still a likely candidate for the continuing emergence of
novel reassorted viruses.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. N-glycan profile of two swine lungs for
comparison.

Figure S2. Neu5Gc staining of swine bronchiole and lung
parenchyma x200.

Figure S3. Virus replication kinetics of 3 control swine (A)
and human (B,C) viruses in ex vivo trachea and lung.
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Figure S4. Immunohistochemistry for influenza Table S3. Swine trachea N-glycan profile.
nucleoprotein in the tracheas infected with A/Chicken/ Table S4. Swine trachea sialidase treatment N-glycan
HK/Y280/97, A/Quail/HK/G1/97 (J), A/Northpintail/HK/ profile.
MP5883/04 and A/Swine/HK/4167/99 and fixed at 48 hours.
Table S1. Swine lung N-glycan profile.
Table S2. Swine lung sialidase treatment N-glycan profile.

Table S5. Swine lung O-glycan profile.
Table S6. Mini-pig lung N-glycan profile.
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