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Abstract

Influenza D virus (IDV) utilizes bovines as a primary reservoir with periodical spillover to other
mammalian hosts. By using traditional hemagglutination assay coupled with sialoglycan
microarray (SGM) platform and functional assays, we demonstrated that IDV is more efficient in
recognizing both 9-O-acetylated A-acetylneuraminic acid (Neu5,9Ac,) and 9- C-acetylated A-
glycolylneuraminic acid (Neu5Gc9Ac) than influenza C virus (ICV), a ubiquitous human
pathogen. ICV seems to strongly prefer Neu5,9Ac, over NeuSGc9Ac. Since NeuSGc9AcC is
different from Neu5,9Ac, only by an additional oxygen in the group at the C5 position, our results
reveal that the hydroxyl group in Neu5Gc9Ac plays a critical role in determining receptor binding
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specificity, which as a result may discriminate IDV from ICV in communicating with 9-C-
acetylated SAs. These findings shall provide a framework for further investigation towards better
understanding of how newly discovered multiple-species-infecting IDV exploits natural 9-O-
acetylated SA variations to expand its host range.

influenza D virus; influenza C virus; glycan receptors

Introduction

The Orthomyxoviridae family has four influenza genera, A, B, C, and D, which are
classified according to their antigenic differences residing in nucleoprotein (NP) and matrix
(M) proteins. Influenza D virus (IDV) was first isolated in 2011 (Hause et al., 2013) and
officially named in 2016 (https://www.cdc.gov/flu/about/viruses/types.htm). IDV represents
a novel type of virus, which is more closely related to influenza C (ICV) than influenza A
(1AV) or influenza B (IBV) (Hause et al., 2014; Hause et al., 2013). IDV is unique among
four influenza types in that it utilizes bovines as a primary reservoir and amplification host
with periodical spillover to other mammalian hosts (Ducatez et al., 2015; Ferguson et al.,
2015; Ferguson et al., 2018; Foni et al., 2017; Hause et al., 2014; Hause et al., 2013;
Murakami et al., 2016; Nedland et al., 2018; Salem et al., 2017; White et al., 2016; Zhai et
al., 2017). Since its first isolation from a pig with influenza-like symptoms in Oklahoma of
the United States in 2011, IDVs have been found in cattle and swine populations in North
America and Eurasia (Collin et al., 2015; Ducatez et al., 2015; Ferguson et al., 2015; Flynn
etal., 2018; Foni et al., 2017; Hause et al., 2014; Hause et al., 2013; Jiang et al., 2014;
Murakami et al., 2016; Salem et al., 2017; Snoeck et al., 2018; Zhai et al., 2017).
Susceptibility to infection by this novel virus has also been demonstrated in sheep, goats,
horses, camelids, guinea pigs, mice, wild boars, and ferrets (Collin et al., 2015; Ducatez et
al., 2015; Ferguson et al., 2015; Flynn et al., 2018; Foni et al., 2017; Gorin et al., 2019;
Hause et al., 2014; Hause et al., 2013; Jiang et al., 2014; Murakami et al., 2016; Nedland et
al., 2018; Oliva et al., 2020; Quast et al., 2015; Salem et al., 2017; Skelton et al., 2019;
Snoeck et al., 2018; Sreenivasan et al., 2015; Zhai et al., 2017). Of public health importance,
serological evidence of IDV infections in humans has been demonstrated (Hause et al.,
2013; Trombetta et al., 2019; White et al., 2016), and increasing IDV outbreaks in pigs have
been recently observed in China and Italy (Foni et al., 2017; Zhai et al., 2017).

Viral attachment to terminal sialic acids (SAs) of sialoglycans exposed on the cell surface is
a determinant of tissue tropism and host range. To date, little is known about the receptor
usage of IDV and its impact on virus replication. It is also unclear about the similarity and
difference between IDV and its closely related ICV in functional engagement of sialic acid
(SA) receptor on the cell surface. As such, further investigation into the receptor biology of
IDV and biological relevance of SA receptor in IDV infection is needed because it will offer
novel insights into how influenza viruses such as IDV originating from a novel bovine
reservoir frequently transmits to spillover hosts such as pigs and humans. Comparative
studies involving both IDV and ICV may provide some clues as to how two closely related

Virology. Author manuscript; available in PMC 2021 June 01.


https://www.cdc.gov/flu/about/viruses/types.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 3

seven-segment genome-containing influenza viruses read the glycan receptors differentially,
which as a result influences their tissue and species tropism.

2. Materials and methods

2.1. Viruses and cells

Madin-Darby Canine Kidney (MDCK) cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at 37 °C with
5% CO,. IAV (HIN1 A/WSN/1933 virus), IBV (B/Brisbane/60/2008), ICV (C/
Johannesburg/1/66), IDVs (D/swine/Oklahoma/1334/2011 and D/bovine/
Oklahoma/660/2013) used for the hemagglutination or the cell-based inhibition assay were
propagated in MDCK cells with DMEM containing 1 pg/ml Tosyl phenylalanyl
chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich). ICV (C/Johannesburg/1/66) and
bIDV (D/bovine/Oklahoma/660/2013) used for the glycan array were propagated in 9 day-
old embryonated specific-pathogen-free (SPF) chicken eggs.

The passage three virus stocks of swine and bovine IDVs (prepared in MDCK cells) were
used for further propagation in eggs or MDCK cells towards glycan array experiments. For
C/Johannesburg/1/66 virus provided by Peter Palese (Mt. Sinai Medical School, New York)
(Gao et al., 2008), two more passages were made in MDCK cells from the initial gift stock
prior to further propagation in eggs to generate labeled ICV virions for glycan array
experiments. Utilization of eggs over MDCK cells to generate virus particles for determining
and comparing the receptor binding preference between ICV and IDV was because ICV
replicates very poorly in MDCK cells, while both ICV and IDV can undergo a productive
replication in eggs so sufficient amounts of virus particles can be readily produced for
glycan array experiments. Note that MDCK cell culture system was used to generate virus
particles for comparative studies of two IDVs (swine D/OK and bovine D/660) in terms of
receptor binding preference in glycan array experiments.

2.2. Sialic acids removal assay

1 ml 5% Turkey red blood cells (RBCs) (Lampire) were treated with 200 milliunits (mU) of
neuraminidase from Clostridium perfringens (Sigma-Aldrich) at 37 °C for 1 hour (h). After
1 h treatment, RBCs were diluted to a final 1% concentration in PBS for the
hemagglutination (HA) assay. 4 HA/25 pl of each virus were mixed with the same amount of
neuraminidase-treated RBCs, followed by 1 h incubation at 4 °C before observing results.
Non-treated RBCs were used as controls.

2.3. Hemagglutination (HA) assay-based competitive inhibition assay

Bovine submaxillary mucin (BSM) (Sigma-Aldrich), synthetic 9- O-acetyl- NV-acetyl-
neuraminic acid (Neu5,9Ac,) and 4- O-acetyl- N-acetylneuraminic acid (Neu4,5Acy)
(Applied Biotech, Austria) were added to different types of viruses containing four HA units
each. Mixtures were incubated for 30 min at room temperature. 25 pl of 0.5% Turkey RBCs
were added to the mixtures followed by reading results after 30 min incubation at room
temperature.

Virology. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 4

2.4. 9-O-Acetyl group removal assay

20 pg pure, synthetic Neu5,9Ac, (Applied Biotech) was treated with 5 mU of sialate-9- O
acetylesterase (9-O-SE) (Applied Biotech) at 37 °C for 3 h. Four HA units of different types
of viruses were incubated with 9- O-SE-treated or non-treated Neu5,9Ac, for 30 min at room
temperature. Then 25 pl of 0.5% Turkey RBCs were added and results were observed after
30 min incubation at room temperature. All HA assays were performed in three independent
assays with each in triplicate.

2.5. Cell-based inhibition assay by receptor analogs (Digital Droplet PCR)

Aliquotes of IDV and ICV (25 ul each) containing 100 TCIDsg were respectively pretreated
with an equal volume of Neu5,9Ac,, Neu5Gc9Ac, and NeuSAc receptor analogs at 20, 80
and 320 ng/ul concentrations for 30 min at 4 °C. MDCK cells in 96-well plates were
infected with virus-receptor analog mixtures for 1 h followed by additional 5 h incubation in
DMEM containing 1 ug/ml of TPCK-trypsin. Supernatants were then removed and cells in
each well were lysed with 200 pl of Trizol (Life Technologies). Total RNAs were extracted
according to manufacturer’s instructions, which were then followed by reverse transcription
reactions with oligo (dT) primer and High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). NP segment-derived mRNA molecules of ICV and IDV were selected
as our target for determining the effects of various receptor analogs on viral replication,
while the mRNA of canine TATA-Box binding protein (TBP) was used as the reference gene
for PCR data normalization. The detailed information for primers and probes is provided in
Table 1. The ddPCR reaction consisted of 10 ul of 2x Supermix for Probes (Bio-Rad), 900
nM primers, 25 nM probes and 8 ul undiluted cDNA into a final volume of 20 pl. Droplets
were generated and PCR amplified according to manufacturer’s recommendation and were
analyzed on a QX200 Bio-Rad Droplet Reader. All samples were tested in three independent
experiments with each assayed in triplicate. No template controls (NTC) were included in
every run. Viral mRNA copies were normalized with TBP references and results were
reported as NP mRNA copies per million TBP.

2.6. Virus labeling and sialylated glycan microarray (SGM)

IDV and ICV were propagated in 9d-old embryonated SPF chicken eggs. Allantoic fluid was
harvested at 72 hours. The clarified supernatant was layered over a 20% sucrose cushion in
PBS buffer and then ultracentrifuged at 100,000 x g for 2 h at 4 °C in a SW28 rotor
(Beckman Coulter). Pellets were resuspended in PBS and further purified over a 30-60%
cold sucrose gradient at 28,000 rpm for 4 h at 4 °C in an SW 28 rotor. Fractions (1.0 ml)
were collected from the top and all fractions showing greater or equal to 6 log, HA units
were pooled together, followed by a final ultracentrifugation through a 20% sucrose cushion
(w/v) in PBS at 100,000 g for 2 h at 4 °C. The pellets were resuspended in CMS buffer (0.15
M NaCl, 0.25 mM CaCl,, 0.8 mM MgCls, pH 7.4) and diluted to a solution containing 1.0 x
10° HAU (HA unit)/ml.

We employed the standard protocol to generate dye-labeled IDV and ICV virions as
described previously (Song et al., 2011). In brief, 10 pul of 1.0 M sodium bicarbonate (pH
9.0) was added into 100 pl purified viruses containing ~1.0 x 104 HA units followed by
addition of Alexa Fluor-488 succinimidyl ester (Molecular Probes) in a ratio of 0.005 g
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Alexa per HAU. This ratio was determined by the HA titration experiment to give maximal
labeling without loss of binding activity. After stirring for 1 h at room temperature in the
dark, the labeling reaction mixtures were dialyzed (Slide-A-Lyzer Mini Dialysis Units 7000
MWCO, Pierce) at 4 °C for overnight. After functional evaluation (HA activity), labeled
viruses were ready for glycan receptor binding experiment.

To determine the glycan-binding specificities of labeled IDV and ICV, a glycan screen array
was performed at the Consortium for Functional Glycomics. The printed glycan microarray
consists of 77 sialoglycans incorporating 16 sialic acid forms in a2-3 and a2-6-linkages to
different underlying structures (Song et al., 2011). Briefly, fluorescent labeled virus was
incubated on a glycan microarray slide under a coverslip at 4 °C for 1 h, washed to remove
unbound virus, and scanned using a ProScan Array (Perkin-Elmer Life sciences) equipped
with multiple lasers. The data were processed using the manufacturer’s software as
described previously, which provided raw values in relative fluorescence units (RFU) from
each spot in an Excel spreadsheet. The intensity of binding to each of the 77 glycans on the
array was graphed and shown as values representing means + S.D.s of four replicate
samples.

3. Results

3.1. 9-O-Acetyl group is a critical sialic acid receptor determinant of bovine IDV.

We first employed the traditional hemagglutination (HA) assay to determine the glycan
receptor of IDV. To determine whether sialic acid serves as a component of the receptor for
bovine IDV (bIDV), we treated turkey RBCs with neuraminidase from Clostridium
perfringens. As summarized in Table 2, pretreatment with neuraminidase resulted in a
complete loss of RBC agglutination mediated by bIDV as well as by IAV A/WSN/1933
(H1N2), IBV (B/Brisbane/60/2008), or ICV (C/Johannesburg/1/66). This result indicated
that sialic acid was involved in bIDV-mediated RBC agglutination. Agglutination of RBCs
by bIDV was also inhibited in the presence of bovine submaxillary mucin (BSM) used at
concentrations ranging from 6.25 to 400 ng/ul, which is rich in Neu5,9Ac; and Neu5Gc9Ac
(Table 3) (Langereis et al., 2015). Intriguingly, the level and pattern of inhibition of bIDV-
mediated RBC agglutination by BSM were similar to that observed in ICV, which is known
to utilize Neu5,9Ac,-containing glycans as receptors for viral entry (Rosenthal et al., 1998),
thereby suggesting that bIDV likely utilizes Neu5,9Ac»-glycans as receptors for attachment.
To further confirm these results, we performed the HA-based competitive inhibition assay
involving a synthetic Neu5,9Ac,. Neu4,5Ac, was used as a control, which has O-acetyl
group at the C4, not the C9, position. RBC agglutination by bIDV and ICV was not inhibited
by Neu4,5Ac, (up to 1280 ng/ul, the maximum concentration used). In contrast,
agglutination was completely lost for bIDV at the presence of 20 ng/ul Neu5,9Ac, and for
ICV at 80 ng/ul Neu5,9Ac, (Table 4). This result further demonstrated that Neu5,9Ac; is a
receptor sialic acid form of bIDV. It is interesting to note that the minimal concentration to
abolish ICV-mediated RBC agglutination was 4 times higher than that needed for bIDV.
Finally, pretreatment of the synthetic Neu5,9Ac,-glycan with recombinant sialate-9- -
acetylesterase (9-O-SE) (e.g., removes 9- C-acetylated group) abolished its inhibitory effect
of bIDV- or ICV-mediated RBC agglutination, whereas binding and agglutination of RBCs

Virology. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 6

by AV were not affected (Table 5). In summary, the results of our qualitative HA-based
experiments suggest that bIDV uses Neu5,9Ac; as a receptor sialic acid form for infection.

3.2. Receptor binding characteristics of labeled bIDV and ICV on a sialoglycan microarray

(SGM).

In parallel, we utilized sialoglycan microarray (SGM) approach to examine the specific
glycans that serve as potential receptors for bIDV and ICV. The SGM used consists of 77
sialoglycans incorporating 16 sialic acid forms in a2-3 and a2-6-linkages to different
underlying structures (Song et al., 2011). Under an identical condition, we found that bIDV
preferred to bind glycans terminated in either Neu5,9Ac, (IDs#38 and 52) or Neu5Gc9Ac
(IDs#39 and 53) (Fig. 1A). Other forms of glycans failed to achieve significant interactions
with bIDV, indicating a specific binding directed largely by the 9- G-acetyl group. Binding of
bIDV to 9-O-acetylated glycans was not dependent on the specific linkage (a.2-3 or a.2-6)
(IDs#39 Vs. 53 and 38 Vs. 52) (Fig. 1C). ICV array did not give clear data (low signal/noise
ratio). Nevertheless, only #38 glycan terminated with Neu5,9Ac, (a2—6-linkage) showed
consistent interactions with ICV (Fig. 1B) in our repeated SGM experiments. Neu5,9Ac, has
been shown previously as a receptor determinant of ICV infection (Rogers et al., 1986). In
summary, the glycan array-based data are consistent with the observations of the HA-based
experiments, thereby further demonstrating that bIDV utilizes 9- O-acetylated SAs-
containing glycans as receptors for viral entry and infection.

Binding to both Neu5,9Ac,- and Neu5SGc9Ac- containing glycans by bIDV was also
confirmed in additional microarray experiment involving another IDV strain, swine D/OK
(D/swine/Oklahoma/1334/2011) (sIDV used here). sIDV is a representative strain of IDV
D/OK lineage, while bIDV represents IDV D/660 lineage (Collin et al., 2015). As
summarized in Fig. 2, despite the observed fine receptor binding differences between sIDV
and bIDV, two IDV strains overall behaved similarly in interacting with glycans terminated
with Neu5,9Ac, or Neu5Gc9Ac. For example, both viruses displayed good binding to
Glycan ID#: 21, 38, and 39 (Figs. 2A, 2B, and 2C). This result indicates that sIDV is similar
to bIDV in engagement of glycan receptors. It should be noted that the receptor binding
specificity of bIDV appeared to be reproduced nicely between two independent experiments
presented in Figs. 1 and 2, respectively. In addition to Glycan IDs: 6, 38, 39, 52, and 53 (Fig.
1A), in this comparative glycan array experiment involving two IDV strains, bIDV also
picked up three more glycans (IDs#5, 20, and 21) terminated with Neu5,9Ac, or
Neu5Gc9Ac (Figs. 2A and 2C). Note that IDs# 20 and 21 were relative weak binding
partners for bIDV. The slightly different glycan-binding patterns between two separate
experiments may be caused by the propagation system that derived virus particles (eggs used
for Fig. 1 and MDCK cells for Fig. 2).

Further analysis of glycan array data related to two influenza D viruses (Fig. 2) revealed that
bIDV and sIDV possessed distinct receptor fine specificities, despite having overlapping
binding partners. For example, bIDV displayed a broader receptor specificity and its glycan-
binding was not affected substantially by sialyl linkages (a.2-3/6) and internal glycans
bearing 9-O-acetyl group. In contrast, sIDV had a narrower receptor specificity and
preferred to bind to sialosides with specific linkages and internal glycans, including a.2—6-
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sialylated biantennary complex N-glycans with Neu5,9Ac2 (ID#38) or Neu5Gc9Ac (ID#39)
and a.2-3- sialylated LNNT with Neu5Gc9Ac form only (ID#21). Because sIDV and bIDV
belong to two distinctive antigenic clades represented by D/OK and D/660 plus these two
viruses differing in 6 surface-exposed positions around the receptor-binding pocket of the
hemagglutinin-esterase-fusion protein (data not shown), we speculate that these critical
mutations confer broad receptor specificity to bIDV, which certainly warrants further
investigation.

Functional studies of the roles of Neu5,9Ac,- or Neu5Gc9Ac-containing glycans in

IDV and ICV infection.

To determine the functional relevance of these receptor candidates, we first tested four
synthetic glycans and examined their ability to disrupt the agglutination of turkey RBCs by
IDV and ICV in hemagglutination inhibition format where we replaced antibody with
receptor analogs with four HA unit-working concentration used for each virus per reaction.
These four glycans were NeuS5Aca2-3LNNTBProNs, Neu5Gca2-3LNNTPRProNs,
Neu5ACc9ACa2-3LNNTRProNs, and NeusGc9Aca2-3LNNTRProNs. As shown in Fig. 3,
the presence of both glycans containing Neu5,9Ac; (Fig. 3C) or Neu5Gc9Ac (Fig. 3D) ata
concentration of 20 ng/pl and above resulted in a complete loss of RBC agglutination by
IDV. In contrast, neither glycan containing Neu5Ac (Fig. 3A) nor that containing Neu5Gc
(Fig. 3B) affected IDV-mediated RBC agglutination, thereby confirming our glycan array
data. Interestingly, we noticed that ICV needed 4 and 16 times higher concentrations of
Neu5,9Ac, and Neu5Gc9Ac-glycans, respectively, than IDV for completely losing RBC
agglutination ability. This result suggests that IDV binds both glycans terminated with 9-O-
acetylated SAs with higher affinity than ICV, and ICV prefers Neu5,9Ac, over Neu5Gc9Ac.

In parallel, four synthetic glycans were examined for their ability to inhibit the replication of
ICV (Fig. 4A) and IDV (Fig. 4B) in a MDCK cell-based replication assay. After
pretreatment for 30 min at 4 °C, MDCK cells were infected with 100 TCIDsg of IDV or

ICV, followed by an additional 6 h-incubation. Extracted cellular RNAs were subjected to
reverse transcription with oligo(dT) followed by Bio-Rad QX200 Droplet Digital PCR
(ddPCR) with primers and probe targeting viral NP gene. These ddPCR reactions included
another set of primers and probe targeting canine TATA box binding protein (TBP) gene as
an internal reference to derive the relative copy number of viral NP mRNA. The detailed
information for primers and probes is provided in Table 1. As shown in Fig. 4B, both
Neu5,9Ac, and Neu5Gc9Ac-glycans exhibited a dose-dependent inhibition of IDV
replication. For example, IDV infectivity was reduced approximately by 50% with
Neu5,9Ac,-glycan and by 40% with Neu5Gc9Ac-glycan at 64 ng/ul, respectively, whereas
the infectivity was reduced by 90% with either treatment at 1024 ng/ul. Similarly, a dose-
dependent inhibition of ICV replication was observed by the above receptor analogs but the
inhibition levels were less pronounced (Fig. 4A). Interestingly, ICV replication was inhibited
more significantly by glycans containing Neu5,9Ac, than the one containing Neu5Gc9Ac
(Fig. 4A). The concordance between the cell-based and HA-based inhibition assays further
validates our findings from glycan array experiments. In summary, our data suggest that IDV
binds both glycans terminated with Neu5,9Ac, and Neu5Gc9Ac equally well, while ICV
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prefers Neu5,9Ac, over NeusGc9Ac-glycan. Our results also indicate that IDV is more
efficient in recognizing Neu5,9Ac, and Neu5Gc9Ac receptors than ICV.

4. Discussion

Since its identification in 2011, to date IDVs have evolved into two genetic and antigenic
lineages, represented by well-characterized swine IDV (sIDV) isolate D/swine/Oklahoma/
1334/2011 (D/OK) and bovine IDV (bIDV) isolate D/bovine/Oklahoma/660/2013 (D/660) in
North America (Collin et al., 2015). Recently, new genetic lineage of IDV has been reported
in cattle herds in Japan (Murakami et al., 2020). Despite the seroprevalence of IDV in
humans and pigs and other mammals, it is generally believed that IDV utilizes bovines as a
primary reservoir and host with frequently spillover to other animal hosts (Hause et al.,
2014; Sreenivasan et al., 2015).

The recognition of terminal sialic acids (SAs) of sialoglycans exposed on the cell surface is
the first and critical step of the influenza virus life cycle. Our study has presented multiple
lines of evidence supporting that IDV binds to Neu5,9Ac2 and/or Neu5Gc9Ac and utilizes
them for viral entry, while ICV prefers Neu5,9Ac2 over Neu5Gc9Ac. The present work
reported here has extended and further supports a previous structure-based study of IDV
receptor binding (Song et al., 2016). Using a fluorescent dye-labeled recombinant
Hemagglutinin-Esterase-Fusion (HEF) protein of IDV swine D/OK (sIDV), Song and
colleagues found that sIDV HEF protein interacted with both a2-3 and a2—-6-linked 9-O-
acetylated SAs (Song et al., 2016), suggesting that sIDV likely utilizes them as its receptors
for virus entry. Furthermore, this study resolved the crystal structure of sIDV HEF, showing
that sIDV differed from its related ICV in that its HEF protein possessed an open receptor-
binding cavity, which may allow IDV to accommodate more diverse SA 9-C-acetyl moieties
that could broaden its tissue and species tropism. Taken together, these studies demonstrate
that IDV is more efficient in recognizing both Neu5,9Ac2- and Neu5Gc9Ac-containing
glycans than ICV, and ICV seems to preferentially bind to glycans with Neu5,9Ac, over
Neu5Gc9Ac as a terminal sialic acid.

Neu5Gc and Neu5Gc9Ac are generally abundant in many agricultural animals such as cattle
and swine (Samraj et al., 2015), but are absent in humans and ferrets due to frame-shift
mutations of cytidine 5’-monophospho- A-acetylenuraminic acid hydroxylase (CMAH) that
converts CMP-Neu5Ac to CMP-Neu5Gc (lrie et al., 1998; Ng et al., 2014), the precursor of
the NeubGc9Ac-glycans. The efficient usage of either Neu5,9Ac, or Neu5Gc9Ac receptor
likely gives IDV an ecological niche to infect multiple agricultural animals with abundant
expression of Neu5Gc9Ac as well as humans only expressing Neu5,9Ac,. The zoonatic risk
to humans by IDV is further supported by our previous study showing that ferrets are
susceptible to IDV infection (Hause et al., 2013). It should be noted that despite the genetic
inability to synthesize Neu5Gc and its derivative Neu5Gc9Ac, humans still possess the
cellular 9- O-acetylation machinery for the synthesis of 9- O-acetylated sialic acids. In this
regard, humans can take Neu5Gc from dietary sources, convert it into Neu5Gc9Ac, and
express it on the cell surfaces of various cell types (Bardor et al., 2005). It has been shown
previously that Neu5Gc and possible its 9-O-acetylated form (Neu5Gc9Ac) can be
accumulated in human cancer cells through an unknown mechanism (Inoue et al., 2010). In
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light of the fact that exogenous expression of nonhuman Neu5Gc can make humans
vulnerable to pathogens utilizing Neu5Gc as a receptor for infection (Byres et al., 2008), it
will be interesting to address in the near future whether humans or ferrets expressing
exogenous NeubGc9Ac under certain conditions are more susceptible to IDV infection.

Humans are thought to be the primary host and reservoir of ICV, although this virus has
been identified in other hosts probably after reverse zoonotic transmission from humans
(Matsuzaki et al., 2006). Our observation that ICV preferentially uses Neu5,9Ac, over
Neu5GCc9AcC receptors appears to support this theory. First, as discussed above, the
evolutionary loss of CMAH gene for conversion of NeuSAc to NeubGc may make humans
exclusively and abundantly express Neu5Ac and Neu5,9Ac, (Irie et al., 1998). As such
humans become a perfect host for ICV that selectively prefers Neu5,9Ac; for infection.
Second, agricultural animals such as cattle and pigs that are rich in Neu5Gc can express high
levels of Neu5Gc9Ac (Samraj et al., 2015). Because a significant portion of Neu5Ac has
been converted to Neu5Gc in these animals, the number of Neu5Ac molecules available for
synthesizing Neu5,9Ac; is substantially reduced. Reduced expression of the Neu5,9Ac,
receptor may render agricultural animals less susceptible to ICV infection when compared to
humans. In case these animals would be infected by ICV after reverse zoonotic transmission
from humans, it is questionable that ICV transmission can be sustained. On the other hand,
IDV differs from ICV in that it effectively engages with no clear preference Neu5,9Ac,
and/or Neu5Gc9Ac. One can envision that the differential expression levels of these two 9-
O-acetylayed sialic acids in animals and humans may not substantially affect IDV
replication and spread. Therefore, this unique receptor binding property should enable IDV
to effectively infect and transmit among different mammalian hosts including humans.

9-O-Acetylated derivatives (Neu5,9Ac, and Neu5Gc9Ac) and their precursors (NeuS5Ac and
Neu5Gc) are the most common sialic acids in nature (Song et al., 2011). Neu5Gc9Ac is
different from Neu5,9Ac, only by an additional oxygen atom at the C5 position (Song et al.,
2011) (Fig. 1D). The differential usage of these two nearly identical 9- C-acetylated SAs
between IDV and ICV implies that these two seven-segmented influenza viruses diverge in
communicating with both O-acetyl group at the C9 position and acetyl/glycolyl groups at the
C5 position in terminal 9-carbon sialic acids (Fig. 1D). We interpret our experimental data
presented here that IDV in general may have high binding affinity and broad specificity,
while ICV may have lower binding affinity and narrow selectivity for 9-O-acetylated SAs.
Such qualitative and quantitative differences in the virus-glycan receptor interaction that
may ultimately discriminate IDV from its related ICV in infection landscape and ecology,
which clearly warrants further investigation.
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Figure 1. Identification of 9-O-acetylated SA receptors of IDV.
Glycan binding analyses as measured by relative fluorescence intensity (RFU) were

presented for labeled bIDV (D/bovine/Oklahoma/660/2013) (A) and ICV (C/
Johannesburg/1/66) (B) respectively. The structures of the sialoglycans showing a significant
interaction with bovine IDV are listed in (C). Note a “*” sign indicates glycans that bind to
both IDV and ICV with gray yellow shade (C). Chemical structures of Neu5,9Ac, and
Neu5Gc9Ac are showed in (D). For virus labeling and sialylated glycan microarray (SGM)
experiment, in brief, Alexa488 fluorescence-labeled bovine IDV or ICV was incubated at
4°C for 1 h on the printed glycan array that consists of 77 siaoglycans incorporating 16 SA
forms in a2-3 and a2-6 linkages to different underlying structures. Following washing 6
times to remove unbound viruses, the slides were scanned using a ProScan Array (Perkin-
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Elmer Life sciences) equipped with four lasers covering an excitation range from 488 to 637
nm. For Alexa488 fluorescence, 495 nm excitation and 510 nm emission were used. The
data were processed using the manufacturer’s software, which provided raw values in
relative fluorescence units (RFU) from each spot in an Excel spreadsheet. The intensity of
binding to each of the 77 glycans on the array was graphed and shown as values representing
meanzS.D. of 4 replicates. Note that an equal amount of purified IDV or ICV (500 HA
units) grown in embryonated eggs was used for the glycan array analysis. The data presented
were representative of 2 independent glycan microarray experiments performed in 4
replicates.
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Figure 2. Receptor binding profiles of bovine IDV D/660 (bIDV) and swine IDV D/OK (sIDV).
Glycan binding analyses as measured by relative fluorescence intensity (RFU) were

presented for labeled bIDV (A) and sIDV (B) respectively. The structures of the sialoglycans
showing a significant interaction with bIDV are listed in (C). Note a “*” sign indicates
glycans that bind to both bIDV and bICV shaded in gray yellow (C). Experimental
procedures were similar to those described in Figure 1 except that MDCK cells instead of

eggs were used to grow two viruses. The data presented were representative of 2

independent glycan microarray experiments performed in 4 replicates.
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Figure 3. Inhibition of viral hemagglutination by receptor analogs.
The receptor analogs Neu5Ac (A), Neu5Gc (B), Neu5,9Ac¢, (C), and Neu5Gc9Ac (D) at

indicated concentrations were added to IDV (D/bovine/Oklahoma/660/2013) or ICV (C/
Johannesburg/1/66) containing 4 HA units each. Mixtures were incubated for 30 min at
room temperature. Aliquotes of turkey RBCs were then added to the mixtures and results
were read after 30 min. The data shown represents 4 independent experiments performed in
duplicate. Note that “+” sign indicates no hemagglutination, while “~" denotes evident
hemagglutination. DMEM serves as a mock negative control to replace the virus solution in
the HA assay to determine any non-specific inhibitory effect on hemagglutination caused by
indicated receptor analogs.
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Figure 4. Inhibition of viral replication in MDCK cells by receptor analogs.
MDCK cell-based multiple-round replication assay was used to determine the inhibition of

ICV (A) and IDV (B) replication by receptor analogs. Aliquotes of IDV (D/bovine/
Oklahoma/660/2013) and ICV (C/Johannesburg/1/66) containing 100 TCIDsgq were
respectively pretreated with Neu5,9Ac,, NeuSGc9Ac, or NeubAc receptor analogs at
indicated concentrations for 30 min at 4 °C. MDCK cells were washed once with PBS and
then infected with the virus-receptor mixtures for 1 h. Cells were washed 3 times and further
incubated in DMEM containing 1 pg/ml of TPCK-trypsin for 6 h, and then lysed for RNA
purification. The RNA samples were reverse transcribed using oligo(dT) primer. IDV or ICV
NP gene and canine TBP housekeeping gene primers and probes were used in ddPCRs.
Non-template controls (NTC) were included in every ddPCR run. The normalized results are
shown as NP mRNA copies per million TBP, which represent mean+S.D. of 3 independent
experiments performed in triplicate. Note that the different scale (10-fold difference) in Y-
axis is used for panel 4A and 4B towards better visualization of influenza C virus replication
and the inhibitory effects mediated by receptor analogs.
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Table 1.

Primers and probes used for digital droplet PCR.

Target genes

Primers/probes name  Primers/probes sequence

IDV NP

ICV NP

Canine TBP

gD660NP-For 5’-TGCCGATTGGTGGAGTCAA-3’

gD660NP-Rev 5’-TTTCAGTGCCATTCCCAATCT-3’

gD660NP-Probe 5'-6FAM-AGCTGGGAAATGTAGTGC-MGBNFQ-3’
qJHBNP-For 5’-TGAAGCCTACATTGCCATTTGT-3’

gqJHBNP-Rev 5’-GCCATTTTCCAGGATCAACATT-3’
gqJHBNP-Probe 5'-6FAM-AGGAAGTGGGCCTTAA-MGBNFQ-3’
Canine-TBP-For 5’-AGGATGATCAAACCCAGAATTGTT-3’
Canine-TBP-Rev 5’-GCCCTTTAGAATAGGGTAGATGTTTTC-3’
Canine-TBP-Probe 5’-VIC-TTGTACTAACAGGTGCTAAAG-MGBNFQ-3’
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The effects of neuraminidase (NA) treatment on agglutination of Turkey red blood cells by viruses.

Table 2.

Virus Untreated RBCs  NA-treated RBCs
A/WSN/1933 (HIN1) _a Ry
B/Brisbane/60/2008 - +
C/Johannesburg/1/66 - +
D/bovine/Oklahoma/660/2013 - +

a . - h T
the minus (=) sign indicates evident hemagglutination in the wells.

b . L
the plus (+) sign denotes non-hemagglutination in the wells.
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Table 3.

The effects of bovine submaxillary mucin (BSM) treatment on agglutination of Turkey red blood cells by
viruses.

Virus BSM (ng/ul)
PBS 6.25 25 100 400

A/WSN/1933 (HIN1) B
B/Brisbane/60/2008 - - - - -
C/Johannesburg/1/66 - - +b + +
D/bovine/Oklahoma/660/2013 - - + + +
DMEM® o+ o+

athe minus (-) sign indicates evident hemagglutination (no inhibitory effect) in the wells.
bthe plus (+) sign denotes non-hemagglutination (inhibitory effect) in the wells.

DMEM serves as a negative control to replace the virus solution in the HA assay to determine any non-specific inhibitory effect on
hemagglutination caused by BSM. Non-hemagglutination indicated by (+) sign is anticipated.
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The effects of synthetic Neu5,9Ac, and Neu4,5Ac, receptor analogs on agglutination of Turkey red blood

cells by viruses.

Virus Neu5,9Ac, (ng/ul)
PBS 5 20 80 320 1280
A/WSN/1933 (HIN1) a - - - - -
B/Brishane/60/2008 - - - - - -
ClJohannesburg/1/66 - - - b +
D/bovine/Oklahoma/660/2013 - -+ + + +
DMEM® + o+ o+ o+ o+ +
Virus Neu4,5Ac, (ng/ul)
PBS 5 20 80 320 1280
A/WSN/1933 (HIN1) - - - - - -
B/Brisbane/60/2008 - - - - - -
C/Johannesburg/1/66 - - - - - -
D/bovine/Oklahoma/660/2013 - - - - - -
DMEM + + + + + +

athe minus (=) sign indicates evident hemagglutination (no inhibitory effect) in the wells.

bthe plus (+) sign denotes non-hemagglutination (inhibitory effect) in the wells.

DMEM serves as a negative control to replace the virus solution in the HA assay to determine any non-specific effect on hemagglutination caused

by indicated receptor analogs. Non-hemagglutination indicated by (+) sign is anticipated.
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Table 5.

The effects of synthetic Neu5,9Ac, receptor analog and recombinant sialate-9- O-acetylesterase (9-O-SE)
pretreated Neu5,9Ac, on agglutination of Turkey red blood cells by viruses.

Virus PBS Neu5,9Ac, Neu5,9Ac, with 9-O-SE  9-O-SE with PBS
A/WSN/1933 (HIN1) a - - _
C/Johannesburg/1/66 - +b - -
D/bovine/Oklahoma/660/2013 - + - -

a . - . — - .
the minus (-) sign indicates evident hemagglutination (no inhibitory effect) in the wells.

bthe plus (+) sign denotes non-hemagglutination (inhibitory effect) in the wells.
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