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Influenza A viruses (IAV) are an important human pathogen causing 3 to 5 million 

cases of severe illness and 290,000 to 650,000 deaths globally each year (WHO, 2018). IAVs 

have broad host ranges and are able to infect a wide array of animal species including 

humans, pigs, horses, dogs, waterfowl, and domestic poultry. IAV use sialic acids (Sia) as the 

primary receptor for infection via the hemagglutinin (HA) and neuraminidase (NA) 

glycoproteins. Sia are found in large amounts both on the cell surface as part of the 

glycocalyx and in mucus that protects the respiratory and gastrointestinal tracts. Sia may be 

chemically modified (including 7,9-O-, 9-O-acetyl, 5-N-glycolyl) and are attached to glycan 

chains through different linkages, which vary between hosts and tissues. While the 

importance of Sia α2,3- and α2,6-linkages to IAV tropism and evolution have been well 

studied, the roles of modified Sia in IAV host adaptation are not well known. Modified Sia 

have been identified as inhibitors of NA and HA, but their role during infection is unclear. 

This dissertation discusses the regulation of 7,9-O- and 9-O-acetyl modifications in 

cells through the action of the sialate 7,9-O-acetyltransferase, CasD1, and its complementary 

enzyme the sialate 7,9-O-acetylesterase, SIAE. Additionally, the distribution of 7,9-O-, 9-O-, 

and 4-O-acetyl, along with 5-N-glycolyl, modified Sia is examined for different mouse 

tissues, and secreted mucus and erythrocytes from IAV host species. The effects of these 

modifications on IAV HA and NA function is also determined, as well as their effect on virus 

infection. Finally, the outcome of passaging three IAV virus strains on different MDCK cell 

lineages, including those expressing different modified Sia, was examine using deep 



 

sequencing to determine changes in viral populations over time. 

This dissertation provides new information on the role of chemically modified Sia on 

IAV virus:host interactions, which had previously been overlooked in the IAV research field. 

Understanding the roles of modified Sia will give a more complete understanding of the 

interactions of these viruses with this complex carbohydrate receptor as they move between 

hosts, thus better informing our knowledge of IAV evolution and emergence. 
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CHAPTER ONE 
Introduction  
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The first point of contact between many invading pathogens and their target hosts is 

carbohydrates present on mucosal tissues or on the surface of cells. Carbohydrate chains, or 

glycans, are large organic structures built up of various monosaccharides, and play a variety of 

well described roles in cell communication, homeostasis, and as physical barriers (1–4). While 

for some pathogens, this barrier function of carbohydrates can prevent infection, there are also 

many bacteria, viruses, and parasites that have evolved to utilize glycans as co-receptors or 

primary receptors to initiate infection. Glycans are highly variable, being expressed on the 

surface of cells attached to glycoproteins and glycolipids as part of the glycocalyx, as well as 

being present at mucosal surfaces on secreted glycoproteins like mucins. The diversity of glycans 

is determined by the building of monosaccharide chains, with one monosaccharide added at a 

time, leading to a spectrum of structural complexity from simple glycans chains of only a few 

monosaccharides to highly branched structures built up of hundreds of individual 

monosaccharide units. The building of these glycan chains is also not directly encoded by the 

genome, but is instead determined by the expression of an interwoven network of enzymes in the 

Golgi and endoplasmic reticulum, the expression and activity of which determines the glycans 

added to proteins in a process called glycosylation (5, 6). Different enzymes can also add 

chemical modifications to the monosaccharides that make up the glycan chains, leading to even 

further structurally variability. All of these enzymes involved in glycosylation can vary 

dramatically between cell types, tissues, and even between species leading to complex glycan 

environments that pathogens must navigate.  

Many of these glycan chains on cell surfaces are terminated by a particular 

monosaccharide called sialic acid (Sia, Fig. 1.1A). Similar to glycan chains, Sia are also 

incredibly diverse with many different chemically modified forms existing in nature, varying  
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Figure 1.1 
 
(A) Sialic acids (purple diamonds) terminate glycan chains on glycolipids and glycoproteins as 
part of the glycocalyx on the surface of cells. They can also terminate glycans on secreted 
glycoproteins, like mucins, that make up the protective mucosal barrier in gastrointestinal and 
respiratory tissue. 
(B) Sialic acid (N-acetylneuraminic acid, Neu5Ac) can be modified by the addition of O-acetyl 
modifications at the C-4, 7, and 9 positions, or by the hydroxylation of the N-acetyl group at C-5 
to form N-glycolylneuraminic acid (Neu5Gc) by the enzyme cytidine 5’-monophosphate-N-
acetylneuraminic acid hydroxylase (CMAH). The sialate O-acetyltransferase, CasD1, adds acetyl 
groups at C-7 from which it migrates to the C-9 position (Neu5,9Ac2) under physiological 
conditions. This can allow for an additional acetyl group to be added by CasD1 to C-7 
(Neu5,7,9Ac3). The sialate O-acetylesterase, SIAE, can remove these acetyl modifications, 
restoring the unmodified Neu5Ac form of sialic acid. O-acetyl modifications can also be added 
at the C-4 position by a specific 4-O-acetyltransferase (Neu4,5Ac2) and removed by a 4-O-
acetylesterase. However, the genes for these enzymes have not yet been identified. 
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between tissues and animal species (7, 8). As the common terminal sugar, Sia is often targeted 

by viruses, bacterial adhesion proteins and toxins, as well as parasites (4, 9). This includes 

important human pathogens such as influenza viruses, which are responsible for infecting 

between 9.3 million and 49 million people and killing 12,000 to 79,000 people annually in the 

United States alone (10, 11). Influenza A virus is of particular concern for human health as the 

emergence of novel virus strains from animal reservoirs has historically lead to global pandemics 

and loss of life, such as in 1918 and 2009 (12–14). Influenza A host tropism is determined by Sia 

diversity, with avian and mammalian strains each binding specifically to a different type of Sia 

(15, 16). However, with the great diversity of Sia that is known to vary between species, we do 

not know how many of the different Sia forms affect virus tropism and infection efficiency. In 

this dissertation, I will examine how some chemically modified forms of Sia effect influenza A 

virus infection efficiency and whether they play a role in host tropism. 

1.1 Sialic Acids: simple sugars with built-in complexity 

 Before discussing the specifics of influenza viruses’ interactions with Sia, it is important 

to understand the biology and chemistry of this monosaccharide. Sia is a nine-carbon 

monosaccharide made up of a core pyranose ring (C1-C6) and a glycerol side chain (C7-C9) 

with a N-acetyl chemical modification to C5 giving the core Sia form of N-acetylneuraminic acid 

(Neu5Ac) (7). While traditionally, Sia diversity is defined by the linkage of Sia to the underlying 

glycan chain, Sia can also have lactyl, glycolyl, methyl, acetyl, and sulfate chemical 

modifications added at the C4, C5, C7, C8, and/or C9 positions (17, 18) (Fig. 1.1B). These 

modifications can be added alone or in combination with each other, leading to the possibility of 

over 50 different unique forms of Sia that can vary between cells, tissues, and species. This 

multitude of forms allows for complex interactions with invading pathogens, as well as 
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commensal microbes as part of the microbiome (4, 19). These different chemical forms also play 

an important role in a diversity of functions that are integral for proper organismal development, 

immune responses, and normal cell homeostasis. 

1.1a O-acetyl modifications to sialic acids 

One of the most common chemical modifications to Sia is the addition of O-acetyl groups 

to the C7 and C9 positions of Sia (Neu5,7Ac2, Neu5,9Ac2, Neu5,7,9Ac3) (17, 20). The addition 

of O-acetyl modifications to the C7 and C9 positions is mediated by the sialate O-

acetyltransferase, Cas1 domain containing 1 (CasD1) and these modifications can removed by 

the complementary sialate O-acetylesterase (SIAE) (Fig. 1.1B) (21, 22). CasD1 is localized to 

the late Golgi, where it adds O-acetyl modifications to the activated form of Neu5Ac, CMP-

Neu5Ac, at the C7 position where the modification can then migrate to the C8 and then C9 

positions under physiological conditions, allowing the addition of a second O-acetyl 

modification at C7. The 7,9-O- or 9-O-acetylated Sia is then added to glycans on glycoproteins 

or glycolipids, where it is either retained in the Golgi or transported to the cell surface. The 

existence of a migrase enzyme aiding in the migration of the O-acetyl modification from C7 to 

C9 has been proposed but no enzyme has been yet identified (23, 24). The regulatory processes 

that control the number of acetyl groups added or their positions are not well defined, although 

clear differences in expression of 7,9-O-Ac and 9-O-Ac have been reported in mouse and human 

tissues and chicken embryos (25, 26).  

The regulation and removal of 7,9-O- and 9-O-Ac is carried out by SIAE. The SIAE gene 

encodes two possible isoforms that vary in the presence of a proposed C-terminal localization tag 

in the lysosomal (Lse) form that is absent from the cytosolic form (Cse) (27–29). Lse has been 

found to localize to the Golgi and/or ER and on the surface of cells when over-expressed, with 
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the majority being secreted into the supernatant (27, 29). Immunofluorescence microscopy has 

found that Cse is found diffusely throughout the cytosol, where it is thought to remove 9-O- and 

7-O-acetyl groups to recycle the Sia for reuse in glycosylation (29). However, the regulation of 

Lse and Cse expression has not been well defined, and species and tissue differences in 

expression remain to be fully characterized (28, 30).  

O-acetyl modifications can also be added to the C4 position (Neu4,5Ac2) in some 

species, such as horses, guinea pigs, mice, and some fish (31, 32). 4-O-Ac modifications are 

catalyzed by a separate sialate O-acetyltransferase which has only been functionally 

characterized and no gene encoding this enzyme has yet been identified (33, 34). The sialate 4-

O-acetylesterase remains similarly uncharacterized, making 4-O-acetyl Sia possibly one of the 

least well understood of the Sia chemical modifications (35). 

O-acetyl modifications have been found to change the function of Sia during interactions 

with both cellular and microbial proteins. 7,9-O- and 9-O-Ac play an important role in 

developmental, immunological, and cell-cell signaling processes (17, 35, 36). For example, 

binding of host lectins to Sia, including the Sialic acid-binding immunoglobulin-type lectins 

(Siglecs) that regulate many cell-cell signaling processes, can be affected by O-acetylation of Sia 

(4, 37, 38). This includes activation and differentiation of B- and T-cells which can be modulated 

by the presence of 9-O-acetyl Sia (39, 40). Incorrect regulation of 9-O- and 7,9-O-Ac through 

SIAE activity has been linked to autoimmune disorders through the development of auto-

antibodies (41, 42). Regulation of 7,9-O and 9-O-acetyl levels by SIAE also appear to play 

important roles during early stages of embryonic development, spermatogenesis, and in different 

forms of cancer including acute lymphoblastic leukemia, colon cancer, and breast cancer (43–

46). 
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In addition to regulating homeostatic processes in the host, O-acetylated Sia are also 

involved in many microbial interactions, both with commensal microbes and pathogens. Both 

pathogenic and commensal bacteria can utilize Sia as a carbon source, using sialidase enzymes to 

cleave Sia from cell surfaces and secreted glycoproteins (47). Some pathogenic bacteria will also 

incorporate harvested Sia into a protective capsular shell to prevent immune detection (48). 

However, O-acetyl modifications to Sia can block bacterial sialidase activity (49–51). To 

compensate, some bacteria also express esterases to removed O-acetyl modifications, increasing 

the efficiency of their sialidases (52, 53). Many viruses from both DNA and RNA-genome 

families use Sia as a co-receptor or primary receptor for infection (4, 9). Some viruses, including 

influenza viruses, can also utilize sialidase (neuraminidase, NA) enzymes to cleave Sia with O-

acetylation blocking their activity (54, 55). O-acetyl modifications have also been shown to 

block the binding of reovirus to Sia (56). It is likely that O-acetyl modifications could also 

inhibit many other viruses from binding to Sia, although this remains an understudied 

interaction. However, O-acetyl modifications are not only inhibitory. There are also viruses that 

specifically target O-acetyl modified Sia as their primary receptor, including porcine torovirus 

(9-O-Ac), bovine coronavirus (7,9-O-Ac), infectious salmon anemia virus (4-O-Ac), mouse 

hepatitis virus strain-S (4-O-Ac), and influenza C and D (9-O-Ac) (31, 57–59). The exquisite 

specificity of these viral receptor-binding proteins for these modified Sia has also allowed them 

to be utilized as in situ probes for studying the localization and distribution of these 

modifications in different species and tissues, an advance that has greatly increased the ability to 

study these modified Sia forms (25, 26). 
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1.1b N-glycolyl modifications to sialic acids  

While 7,9-O- and 9-O-Ac Sia have been found to be ubiquitously present in many 

vertebrate species, the N-glycolyl modification (Neu5Gc) has distinct expression across different 

linages of animals (60). Neu5Gc is formed by the modification of the acetyl group at C5 of the 

base Neu5Ac Sia form to a glycolyl group by the enzyme cytidine 5’-monophosphate-N-

acetylneuraminic acid hydroxylase (CMAH) (Fig. 1.1B) (7). Unlike the O-acetyl modifications 

that can be reversibly removed by esterases, the addition of the glycolyl group at C5 is not 

reversible, making Neu5Gc a very stable modified form of Sia. Additionally, Sia modifying 

enzymes like CasD1 can utilize Neu5Gc as a substrate, although likely with much lower 

efficiency, allowing for further chemical modifications to be added to Neu5Gc (21, 61).  

Neu5Gc has very distinct expression across different lineages of animals with some 

species having independently lost function of the CMAH gene and no longer synthesize Neu5Gc. 

This includes humans, new world monkeys, members of the Mustilidae family, western breeds of 

domesticated dogs, birds, and several species of marine mammals (8, 60, 62). One explanation 

for loss of CMAH could have been the selective drive to escape pathogen recognition of Neu5Gc 

as a receptor. For example, in humans, it is thought that CMAH activity was lost due to pressure 

from an ancestral Plasmodium species (63, 64). Indeed, many Sia-binding viruses that use 

humans as their specific host utilize unmodified Neu5Ac as their receptor while related zootropic 

viruses can utilize Neu5Gc. This includes polyomavirus-2, BK, and Merkel cell polyomaviruses 

in humans which all use Neu5Ac, while some polyomaviruses from other mammals (Simian 

Virus-40) use Neu5Gc (4, 9). Similarly, porcine and bovine rotaviruses use Neu5Gc as their 

receptor while human rotaviruses don’t utilize Sia as a primary receptor at all (4, 9). Human-

specific bacterial pathogens, too, seem to find Neu5Gc as a barrier to infection in other species. 
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Salmonella typhi, for example, only infects humans and utilizes a Sia-binding toxin during 

infection that binds specifically to Neu5Ac (65, 66). For human pathogens that rely on Neu5Ac, 

the presence of Neu5Gc in animal model systems, such as mice and rats, can be a difficulty that 

prevents these models from recapitulating the disease as seen in humans. For S. typhi, infection 

using a CMAH-/- mouse has been used as an alternative (67).  

1.1c Sialic acids and mucins  

Sia originally gained their name due to their discovery on salivary mucins (Greek for 

saliva is sialos) (7). Mucin proteins are some of the largest proteins encoded in the human 

genome, being ~200kDa in size with ~80% of the mass due to heavy glycosylation, including 

highly levels of sialylation (Fig. 1.1A) (68). Mucins are also key glycoproteins present in mucus 

barriers in the respiratory tract, gastrointestinal tract, reproductive tract, ocular surfaces, and in 

saliva (68–71). Mucus is also comprised of many other proteins including secreted antibodies, 

anti-microbial peptides, transferrin family proteins, and other cellular proteins secreted by 

immune cells, epithelial cells, and specialized secretory cells like goblet cells and sub-mucosal 

glands (72, 73). Mucins and other mucus proteins play important roles in protecting mucosal 

surfaces from invading pathogens such as viruses and bacteria (68, 74, 75). In the respiratory 

tract, for example, mucus can act as a trap for pathogens with the highly sialylated mucin 

proteins, like Muc5Ac and Muc5B, forming a tangled structure of polymers. Entangled 

pathogens are efficiently removed via the coordinating beating of airway cilia (71).  

However, some pathogens have also developed methods to both exploit mucins and 

evade their protective effects. Sia on mucin proteins can function as an important carbon source 

and many bacteria, both commensal and pathogenic, encode sialidases (neuraminidases) for 

cleavage of Sia with some also expressing O-acetylesterases for removal of acetyl modifications 
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(47, 52, 53). For pathogenic bacteria, released Sia can also be taken up and incorporated into 

protective glycan-shield or capsules to mask them from immune recognition (48). Invading 

viruses have adopted several methods for penetrating through mucus to reach the epithelial cells 

of mucosal tissues. Some viruses, like herpesviruses, encode their own mucin-like proteins that 

allow them to move through mucus using charge interactions (76). However, the most common 

strategy used by many viruses, including orthomyxoviruses, coronaviruses, and 

paramyxoviruses, is to use neuraminidases or esterases to remove Sia decoy receptors to allow 

viruses to “chew” their way through the mucus layer (9, 77–79).  

1.2 Influenza A, B, C, D: it’s as easy as 123 

 Influenza viruses are enveloped viruses with negative sense, segmented RNA genomes 

and are part of the Orthomyxoviridae family, which includes four primary genera: influenza A 

(IAV), influenza B (IBV), influenza C (ICV), and the recently described influenza D (IDV). 

These four genera of viruses share many similar traits including the use of Sia as a primary 

receptor for infection of mucosal tissues, as well as similar replication strategies. However, there 

are some differences in their genomic structures, tropism, and infection methods that distinguish 

these diverse viruses from each other. 

 While many pathogens interact with Sia during infection, influenza viruses offer an 

important model for investigating the interaction of viruses with different Sia forms. IAV and 

IBV are both important human pathogens, and IAV in particular has periodic outbreaks of virus 

from zoonotic origins with the constant threat of an emergent pandemic virus, such as occurred 

in 1918, 1957, and 2009 (12, 14). IAV tropism is determined, in part, by different Sia linkages; 

however, the interaction between IAV and modified Sia has not been fully elucidated. 

Conversely, O-acetyl modified Sia are the primary receptor for both ICV and IDV (59, 80). Such 
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distinct Sia interactions across influenza viruses makes this family of viruses an ideal model for 

understanding the role of modified Sia in host tropism and infection efficiency.  

 1.2a Virus replication process 

 While there are some differences amongst the various orthomyxoviruses, which will be 

covered in the following section, their replication strategy follows a common theme (Fig 1.2). 

First, the virus glycoprotein (hemagglutinin [HA] in IAV and IBV, hemagglutinin-esterase [HE] 

in ICV and IDV) binds to Sia receptors on the surface of the cell, allowing for crosslinking of 

different sialylated cellular glycoproteins. This crosslinking triggers clatherin-mediated 

endocytosis of the virion into the cell inside of an endosome (81). As the endosome moves 

through the endolysosomal pathway, its internal pH drops. The viral M2 protein acts as a proton 

pump to lower the internal pH of the virion, which releases the viral genome from the M1 protein 

in preparation for fusion (82, 83). Once the endosome reaches a target acidic pH, the fusion 

glycoprotein of the virus then triggers allowing for fusion of the viral membrane with the 

endosomal membrane and subsequent release of the viral genome into the cytosol of the cell (82, 

84). The virus genome, coated with NP proteins to block viral RNA sensors in the cytosol, is 

then trafficked to the nucleus via nuclear localization signals on NP to begin genome replication 

(82).  

 Because orthomyxoviruses have a negative-sense RNA genome, they must carry their 

own RNA-dependent RNA polymerase (RdRp) to copy their genome into positive-sense strands  

for protein production. The RdRp is comprised of three proteins: PB1, PB2, and PA. The RdRp 

appropriates the 5’ methylated cap from cellular mRNA through the endonuclease action of PB2, 

a process termed “cap snatching”, to prime transcription of viral mRNA (82, 85). Cap snatching 

not only allows the virus to prime its own RNA for transcription and efficient translation, but it  
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Figure 1.2 

(1) The replication cycle for orthomyxoviruses, demonstrated with IAV here, starts by binding of 
the receptor-binding glycoprotein (HA, in purple) to the Sia receptor. This leads to uptake of the 
virus via clathrin-mediated endocytosis. 
(2) As the endosome matures, it fuses with lysosomes that decrease the internal pH. The M2 
proton pump (in pink), in turn, pumps H+ protons into the virion, which prepares the NP-coated 
RNA genomes for release into the cytoplasm. Once the endosome reaches an appropriate acidic 
level, the receptor-binding glycoprotein triggers fusion between the viral membrane and the 
endosomal membrane, releasing the genome segments into the cytosol. 
(3) The nuclear localization signals on the NP-coated genomes (NP = black circles) lead to 
import of the gene segments into the nucleus. The viral RNA-dependent RNA polymerase 
(RdRp, green circle) copies the negative-sense RNA genomes into positive-sense mRNA. The 
RdRp utilizes cellular 5’ methylated caps to prime copying of viral mRNA and also copies a 
poly(A) tail due to stuttering of the RdRp.  
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(4) Viral mRNA are transported to the cytosol where they are translated by host ribosomes for 
soluble proteins (NP in black, RdRp in green, NS1 in grey, M1 in red). Ribosomes on the ER 
translate the membrane-bound viral proteins (HA in purple, NA in orange, M2 in pink). NP and 
RdRP are transported to the nucleus while the membrane-associated proteins are transported to 
the cell surface. 
(5) Once enough NP has been transported to the nucleus, it binds to the RNA genome segments, 
stabilizing the RdRp interaction with the negative-sense RNA genomes. This allows for 
complete positive-sense RNA templates to be copied for each gene segment. These templates are 
then used to make copies of each of the negative-sense RNA genome segments. The negative-
sense RNA gene segments are then complexed with RdRp and NP to create the vRNP in 
preparation for transport to the cell surface for virion budding. 
(6) The vRNPs associate with M1, HA, and NA at the cell surface membrane. Once all segments 
of the vRNPs are packaged, M1 drives the budding and release of the virion. The receptor-
destroying glycoprotein (NA in orange) prevents the formation of viral aggregates.  
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also decreases cellular translation by destroying cellular mRNA transcripts, which can dampen 

immune responses and improve viral protein production (86). Viral mRNA is polyadenylated by 

stuttering of the RdRp on a section of poly(U) at the end of each gene segment (85). Each 

segment of the orthomyxovirus genome encodes at least one protein, although some segments, 

such as M and NS, encode two proteins that require host cellular mRNA splicing machinery for 

expression (82, 87). M2 and NEP, which are the spliced variants of the M and NS transcripts 

respectively, are expressed at much lower rates than the un-spliced M1 and NS transcripts (87). 

Other alternate transcripts have been reported for the PB1 segment (PB1-F2, N40) and PA 

segment (PA-X) although these do not occur in every IAV strain (82, 87). The positive-sense 

viral mRNA, with the appropriate 5’-caps and polyadenylation, are then transported to the 

cytosol for protein production.  

 Viral proteins are produced using ribosomes and go through the usual protein production 

pathways in both the cytosol, for soluble proteins, and the ER and Golgi for membrane-bound 

proteins. RdRp and NP are imported into the nucleus for further viral mRNA and genome 

production. Surface glycoproteins like HA, NA, M1, and M2 are trafficked through the ER/Golgi 

pathway to the cell surface to begin assembly of virions in preparation for budding. Other 

proteins, like NS1 and PA-X, suppress immune activation through multiple different activities, 

reviewed in (88).   

 Once enough NP protein is produced and transported to the nucleus, the RdRp is able to 

switch to production of full length negative-sense RNA genomes (82, 83, 85). NP helps to 

stabilize the RdRp interaction with viral negative-sense RNA, allowing the RdRp to produce a 

full positive-sense copy of the genome (85). This positive-sense template is then use to produce 

copies of the complete negative-sense RNA of each gene segment. These new negative-sense 
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RNA genomes are each bound by NP and RdRp components (PA, PB1, and PB2) to create the 

vRNP complex (82). The vRNPs are then exported from the nucleus and trafficked to the cell 

surface where NA, HA, M1, and M2 are ready to assemble the virion. Packaging of the eight 

vRNPs, one for each genome segment, occurs through interactions between NP and M1. It is not 

fully understood how the assembling virus is able to assure that one of each necessary segment is 

packaged, although incomplete packaging does occur (89). Once the genome is fully packaged, 

M1 triggers the pinching in of the cell surface membrane, which leads to a newly budded IAV 

virion being released into the extracellular space (82). 

 Released viruses can adhere back to the surface of cells or to other virions through the 

action of the receptor-binding glycoprotein. However, orthmyxoviruses also have a receptor-

destroying enzyme (neuraminidase [NA] in IAV and IBV, the esterase domain of HE in ICV and 

IDV) that prevents the formation of viral aggregates and releases the budding virion completely 

so that it may go on to infect more cells (90). However, before the virus can infect other cells, its 

fusion glycoprotein (HA or HE) must be primed through proteolytic cleavage. For some viruses, 

this cleavage occurs during protein production in the ER/Golgi, but priming can also occur using 

extra-cellular proteases (91, 92). Differences in protease preferences and timing of glycoprotein 

priming have been tied to virulence in IAV between low-pathogenic and high-pathogenic avian 

strains (91). 

1.2b Comparison of influenza A, B, C, and D viruses 

While IAV and IBV are well-known human pathogens that are an important focus of 

public health initiatives and research (10), ICV and IDV are much less well studied. ICV and 

IDV are more similar to each other sharing similar genomic structures of having seven gene 

segments encoding nine known proteins (PB2, PB1, PA, HE, NP, NS, and M), in contrast to the  



	 16	

 
 
 
Figure 1.3 

The genome structures of the four orthomyxoviruses. IAV and IBV each have eight gene 
segments while ICV and IDV have seven segments. However, despite sharing many of the same 
gene segments and core proteins, each orthomyxovirus varies in intron locations and splicing for 
some genes, such as on the M and NS gene segments (82, 93).  
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eight gene segments and ten proteins of IAV and IBV (PB2, PB1, PA, HA, NA, NP, NS, and M) 

(Fig. 1.3). One large difference is the surface glycoproteins expressed between these two groups. 

IAV and IBV express two glycoproteins, hemagglutinin (HA) which acts as the Sia binding and 

fusion protein, and neuraminidase (NA), which destroys the receptor by cleaving Sia from 

oligosaccharides. ICV and IDV have one surface glycoprotein called hemagglutinin-esterase 

(HE) that combines the functions of receptor binding, fusion, and receptor destroying. This 

difference in surface glycoprotein structures also underlies differences in receptor preferences 

between the two groups. IAV and IBV HA preferentially bind unmodified Neu5Ac forms of Sia 

with tissue and host specificity determined by the linkage of Sia to the glycan chain (15, 94). As 

a result, the NA receptor-destroying function also targets these specific Sia receptor types (95). 

ICV and IDV target 9-O-acetyl forms of Sia with the receptor-binding domain of the HE protein 

while the esterase domain functions similar to NA, by destroying the 9-O-Ac receptor by 

removing the acetyl modification (80, 93).  

In addition to these differences in genome structure and glycoprotein functions, the 

different influenza viruses also have different host tropism. ICV and IBV are both primarily 

human pathogens, although outbreaks of ICV and IBV in pigs and IBV in seals have been 

reported (96–98). While IBV, similar to IAV, causes common seasonal epidemics in humans 

with some times severe disease, ICV primarily causes mild upper respiratory infections in 

people. IDV, on the other hand, is the only influenza genera that hasn’t been found to infect 

humans and instead has been isolated from pigs and cows only (59, 93). However, due to the 

ability of the other influenza viruses to infect humans, and its recent discovery, IDV is a topic of 

research and surveillance to determine its risk of zoonotic emergence (99). While IBV, ICV, and 
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IDV have fairly narrow mammalian host ranges, IAV is unique in having extremely broad host 

tropism across mammalian and avian species that warrants a more detailed discussion.  

1.3 Duck, duck, human: influenza A tropism and evolution  

The natural reservoir for IAV is in waterfowl, such as geese and ducks, where it causes 

gastrointestinal infection and is spread via the fecal-oral route (15, 16). However, IAV has 

adapted to a range of different avian species, including songbirds and domestic poultry, and 

mammalian species, including humans, pigs, horses, dogs, and seals (with the occasional 

spillover into other mammalian species such as cats) (Fig. 1.4) (100, 101). IAV subtypes are 

determined by the sequence of their HA and NA genome segments, which are denoted in the 

variant name by the H number and N number (example, H1N1 or H3N2). There are currently 18 

known HA variants and 11 NA variants, which could theoretically provide up to 198 different 

IAV subtypes, although not all combinations of HA and NA have been reported in nature (100). 

To give further complexity, each genome segment of IAV behaves independently during genome 

packaging such that in a cell co-infected with two or more IAV viruses, trading of genome 

segments or reassortment can occur amongst any of the eight segments (89). Thus, even between 

two H1N1 viruses for example, the other six segments can vary widely in their lineage. The 

result is a near infinite number of possible segment combinations, resulting in viruses with vastly 

different host tropisms and pathogenesis. 

1.3a Determinants of influenza A host tropism 

One determinate of IAV host tropism is the linkage type of Sia to the underlying glycan 

chain. As mentioned previously, Sia can vary in their linkage including α2,3-, α2,6-, and α2,8-

linkage to galactose. Both α2,3- and α2,6-linkages are found in most tissues in vertebrate species, 

while α2-8-linked Sia is primarily found associated with neurons and the central nervous system 
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(7). However, the ratio and distribution of α2,3- to α2,6-linked Sia can vary between species, and 

it is this variability that underlies the tropism differences in IAV (Fig. 1.4). For example, the HA 

of avian strains of IAV binds to α2,3-linked Sia which is also the dominant Sia linkage found in 

the GI tract of birds where the virus replicates. Conversely, human strains of IAV have an HA 

that prefers α2,6-linked Sia, as there is a larger proportion of this linkage type in the upper-

respiratory tract which is the primary virus replication site in humans (15, 16, 100). However, 

humans do have α2,3-linked Sia in the lower portions of the respiratory tract, including the 

lungs, allowing for potential receptors for avian strains of IAV (16). It has been proposed that 

human infections of avian IAV strains can occur if the virus is inhaled deeply enough in the 

respiratory tract to bind to these α2,3-linked Sia receptors (102). However, these avian IAV 

strains have not yet shown an ability to spread efficiently person to person, possibly due to a 

combination of α2,6-linked Sia utilization in the upper-respiratory tract and other factors such as 

differences in virion stability and the presences of other host factors (103). 

Pigs are thought to be a “mixing vessel” as they express both α2,3- and α2,6-linked Sia 

throughout their respiratory tract, allowing for infection by both human, avian, and swine IAV 

strains (16, 100). Co-infection of these different strains allows for reassortment of gene segments 

between these different viruses and emergence of novel IAV strains (104). This is likely how the 

2009 H1N1 pandemic virus arose, as it resulted from a triple re-assortment virus of gene  

segments from human, swine, and avian IAV strains (12). Unlike birds and humans, pigs have an 

intact CMAH gene and produce Neu5Gc in their respiratory tract and mucus (60, 105). Some 

previous research has shown that Neu5Gc in pig mucus can inhibit IAV NA cleavage (106). 

However, the effect of Neu5Gc on virus adaptation hasn’t been well characterized. Other IAV 

host species include dogs and horses. Previous research has shown that IAV strains from both  
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Figure 1.4 

Influenza A virus has a broad host range with each host species having different Sia 
environments. Natural IAV hosts are at the top with arrows denoting jumping of virus strains 
from one host into another. Species used in IAV research are in the box at the bottom. 
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dogs and horses prefer to bind α2,3-linked Sia, similar to avian IAV strains (107). This could 

explain why both avian H3N2 and equine H3N8 were able to emerge in dogs during the last 15 

years (108).  

While receptor binding is an important host determinate, it is only the first hurdle a virus 

must overcome when jumping into a new host. The pH stability of HA represents an additional 

barrier to infection, as it determines the timing of HA protein unfolding and fusion with the 

endosomal membrane (84, 109). If HA is too unstable at low pH, this can lead to premature 

unfolding of the HA protein which neutralizes the virus before it can properly fuse. Conversely, 

if HA is too stable then it can lead to degradation of the virion as the endosome matures into a 

lysosome. Different species generally have different pH ranges for ideal timing of HA unfolding 

for successful fusion, with human strains having an ideal range of 5.0 to 5.6, while swine and 

avian strains tend to have higher pH activation values (84, 110). pH stability can also have 

important impacts on transmissibility and environmental stability of virus, as mutations in the 

HA stem have been shown to effect these characteristics in animal models (111, 112).  

Another well-studied factor in host specificity, particularly between avian and 

mammalian IAV strains, is virus polymerase activity. One example is the interaction between 

PB2 and the host-factor importin-α, which is necessary for efficient import of the viral vRNP 

complex into the cell nucleus (113). Avian-adapted viruses utilize importin-α3 when infecting 

mammalian cells, while mammalian-adapted viruses utilize importin-α7 (103, 113, 114). 

Mutations in PB2 that allow for avian viruses to switch to using importin-α7 leads to more 

efficient infection and transmission, indicating that interaction with host-specific factors during 

replication can act as a species barrier. Similarly, interactions between the viral RdRP complex 

of PB1, PB2, and PA are also effected by differences in the host factor ANP32A, which varies 
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between mammalian and avian hosts (115, 116). Other mutations in avian IAV PB2, PA, and NP 

have been proposed to improve interactions with mammalian proteins, cellular RNA binding, 

and efficient replications at mammalian respiratory tract temperatures showing that species 

barriers are usually not singular but are instead a combination of complex interactions between 

viral proteins, cell receptors, and the host cellular environment (103). 

1.3b Influenza A HA and NA balance 

 While it may seem counter productive to carry an enzyme that removes the necessary 

receptor for viral infection, NA is highly important for efficient infection by allowing for 

penetration of mucus and prevention of viral aggregate formation during virion budding (117). 

The efficiency of IAV infection relies, however, on HA and NA functions being in balance. This 

need for balance can be seen during experimental conditions, such as when IAV is passed in the 

presence of an NA inhibitor, such as Zanamivir and Oseltamivir, where without the use of NA, 

virus replication is greatly reduced (118). Interestingly, viruses that gain resistance to NA 

inhibitors tend to favor compensatory mutations in HA to decrease Sia binding affinity over the 

more obvious tactic of selecting for mutations in NA to prevent binding of the drug (119). 

Similar mutations to decrease HA binding affinity are also seen in recombinant viruses without 

NA or with NA mutants that lack a stalk domain (95, 120). On the opposite end of this spectrum, 

mutations in HA in recombinant virus that increase HA binding affinity lead to an increased 

dependence on NA cleavage (120). Thus, HA binding and NA are kept in balance with each 

other in these experimental systems. 

 Natural evolution of IAV also shows the need for HA/NA balance, in particular during 

host switching events. The best documented is the matching of HA binding specificity with NA 

cleavage between avian and mammalian viruses. As birds are the natural host of IAV, the 
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cleavage preference for NA in avian strains is against α2,3-linked Sia which matches the HA 

binding preference (90). For example, when the avian H2N2 IAV emerged in humans in 1957, 

first the HA adapted to binding α2,6-linked Sia, but its NA retained an α2,3-linked Sia cleavage 

preference (120, 121). Over time, and following a reassortment event during which the HA 

segment was swapped for an H3, the NA segment gained efficient α2,6-linked cleavage, while 

also retaining the ability to cleave α2,3 linked Sia. A similar case for the acquisition of α2,6-

linked NA cleavage function to match HA binding was also seen for human-adapted H1N1 

viruses (120). 

As detailed previously, mammalian species express different combinations of Sia 

including linkage types and chemical modifications. IAV hosts like humans, birds, and dogs lack 

a functional CMAH gene and express predominantly Neu5Ac Sia forms while pigs and horses 

retain CMAH function and can have high levels of Neu5Gc in their respiratory tissues (60, 122). 

Other chemically modified forms are also differentially expressed across IAV host species 

including 7,9-O- and 9-O-Ac which are present at variable levels in respiratory tissues between 

species, and 4-O-Ac which is highly expressed in horse tissues (25, 31, 32). Previous research 

has found that these chemically modified forms can be inhibitory for HA binding and NA 

cleavage, although this remains an understudied aspect of IAV biology (32, 54, 55, 123, 124). It 

is not know if these Sia modifications can act as a barrier for virus moving between species or if 

they exert any selective pressure on emerging viruses.  

1.4 Thesis Goals 

 The driving question of this dissertation is to determine how modified Sia might affect 

IAV infection efficiency through interactions with HA and NA. If both O-acetyl and N-glycolyl 

modifications to Sia are inhibitory to IAV HA and NA, it follows that viruses would be selected 
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to either avoid these modifications interacting with HA or NA, or adapt to utilizing them as 

potential receptors.  

 Chapter 2 looks at the regulation of 7,9-O- and 9-O-acetyl modified Sia in cell culture 

using CRISPR-Cas9 manipulation of CasD1 and SIAE expression. The effects of cell-surface 

expressed 7,9-O- and 9-O-Ac on IAV, IBV, ICV, and IDV infection were determined. 

 Chapter 3 examines the display of O-acetyl and Neu5Gc Sia forms across mouse mucosal 

tissues, as well as in secreted mucins and erythrocytes of IAV host species. The effects of 

modified Sia on HA binding and NA cleavage efficiency are also determined using functional 

assays.  

 Chapter 4 utilizes new advances in Illumina MiSeq deep sequencing to examine whole 

virus population changes of IAV over time during passage on different MDCK cell lines. MDCK 

cells have been the gold standard cells for IAV growth in vitro, including acting as a tractable 

model for expressing different Sia forms including linkages and Neu5Gc synthesis. However, 

MDCK cells are also innately heterogeneous and are comprised of two different cell types that 

vary in their permissiveness to IAV infection. In this chapter, selection of minority variants in 

three IAV strains serial passed on MDCK-wild type cells, MDCK-SiaT1, MDCK-CMAH, 

MDCK-Type I, and MDCK-Type II cells were determined. 

 Chapter 5 summaries the findings of chapter 2-4 and discusses how this research fits into 

the broader IAV field, as well as future directions for the work described here. 
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CHAPTER TWO 

Expression of 9-O- and 7,9-O-acetyl modified sialic acid in cells and their effects on 

influenza viruses 
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2.1 ABSTRACT 

Sialic acids (Sia) are widely displayed on the surfaces of cells and tissues. Sia come in a 

variety of chemically modified forms, including those with acetyl modifications at the C7, C8, 

and C9 positions. Here, we analyzed the distribution and amounts of these acetyl modifications 

in different human and canine cells. As Sia or their variant forms are receptors for influenza A, 

B, C, and D viruses, we examined the effects of these modifications on virus infections. We 

confirmed that 9-O-acetyl and 7,9-O-acetyl modified Sia are widely but variably expressed 

across cell lines from both humans and canines. While they were expressed on the cell surface of 

canine MDCK cell lines, they were located primarily within the Golgi compartment of human 

HEK-293 and A549 cells. The O-acetyl modified Sia were expressed at low levels of 1-2% of 

total Sia in these cell lines. We knocked out and over-expressed the sialate O-acetyltransferase 

gene (CasD1), and knocked out the sialate O-acetylesterase gene (SIAE) using CRISPR/Cas9 

editing. Knocking out CasD1 removed 7,9-O- and 9-O-acetyl Sia expression, confirming 

previous reports. However, over-expression of CasD1 and knockout of SIAE gave only modest 

increases in 9-O-acetyl levels in cells and no change in 7,9-O-acetyl levels, indicating that there 

are complex regulations of these modifications. These modifications were essential for influenza 

C and D infection, but had no obvious effect on influenza A and B infection.  

2.2 IMPORTANCE 

Sialic acids are key glycans that are involved in many different normal cellular functions, 

as well as being receptors for many pathogens. However, Sia come in diverse chemically 

modified forms. Here we examined and manipulated the expression of 7,9-O- and 9-O-acetyl 

modified Sia on cells commonly used in influenza virus and other research by engineering the 

enzymes that produce or remove the acetyl groups.  
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2.3 INTRODUCTION 

Sialic acids (Sia) are a family of nine-carbon monosaccharides expressed mainly in 

vertebrates that serve as terminal residues of carbohydrate chains on cell membrane 

glycoproteins and glycolipids, as well as on secreted glycoproteins at all mucosal surfaces (Fig 

2.1A) (1, 2). Sia are key mediators of many cell and tissue functions, where they are bound by 

cellular receptors such as selectins and siglecs (3, 4). Their ubiquitous presence on cells, tissues, 

and mucosal surfaces also make Sia a key point of contact for both commensal microbes and 

invading pathogens, including viruses, bacteria, and parasites (3).  

Sia are highly diverse as there are more than 50 different chemically distinct variants 

formed from the basic structure of N-acetylneuraminic acid (Neu5Ac) by the addition of 

chemical groups at various positions on the pyranose ring or the glycerol side chain. These 

modifications include acetyl, sulfo, methyl, and lactyl groups, among others, which may be 

present individually or in many combinations (1). As many different enzymes and pathways 

introduce these modifications, complex mixtures of Sia forms may be present, with significant 

variation in both the levels and specific combinations of each modification (1, 2, 5).  

Common chemical additions include O-acetyl modifications to the C-4, 7, 8, and/or 9 

positions, resulting in a variety of combinations including Neu4,5Ac, Neu5,9Ac2, Neu5,7,9Ac3 

Sia. The addition of O-acetyl modifications to the C7 and/or C9 positions is mediated by the 

sialate O-acetyltransferase enzyme, Cas1 domain containing 1 (CasD1) (Fig. 2.1B). CasD1 

appears to add acetyl groups to the C7 position of Sia, from which it may migrate to the C8 and 

C9 position under physiological conditions, allowing the possible addition of another acetyl 

group to C7 (6, 7). A migrase enzyme has been proposed to aid in the transfer of the acetyl group 

from C7 to C9, however a specific enzyme has yet to be identified (5, 8, 9). CasD1 is localized in  
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Figure 2.1 

A) Sialic acids (purple diamonds) terminate glycan chains on glycolipids and glycoproteins as 
part of the glycocalyx on the surface of cells. They can also terminate glycans on secreted 
glycoproteins, like mucins, that make up the protective mucosal barrier in gastrointestinal and 
respiratory tissue. B) The sialate O-acetyltransferase, CasD1, adds acetyl groups to sialic acid 
(N-acetylneuraminic acid, Neu5Ac) at the C-7 from which it migrates to the C-9 position 
(Neu5,9Ac2) under physiological conditions. This can allow for an additional acetyl group to be 
added by CasD1 to C-7 (Neu5,7,9Ac3). The sialate O-acetylesterase, SIAE, can remove these 
acetyl modifications, restoring the unmodified Neu5Ac form of sialic acid. 
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the late Golgi, so acetyl modifications are added during the later stages of protein glycosylation. 

The regulatory processes that control the number of acetyl groups added or their positions have 

not been well defined, although clear differences in expression of 7,9-O-Ac and 9-O-Ac have 

been reported in mouse and human cells and tissues, in chicken embryos, and in the tissues of 

some other animals (10, 11). CasD1 uses acetyl-CoA and likely has a preference for CMP-

Neu5Ac as a substrate, so that it is less active on CMP-Neu5Gc (7).  

At least one sialate O-acetylesterase (SIAE) enzyme regulates the display of 7,9-O- and 

9-O-Ac in many cells and tissues (Fig. 2.1B). The SIAE gene encodes two isoforms that vary in 

the presence of a proposed C-terminal localization tag in the lysosomal (Lse) form that is absent 

from the cytosolic form (Cse) (12). However, the processes that regulate the expression and 

activity of these two isoforms remain poorly defined. Lse has been found to localize to the Golgi 

and/or ER and on the surface of cells when over-expressed, with the majority being secreted into 

the supernatant (12). Antibody staining shows that Cse is found diffusely throughout the cytosol, 

where it is thought to remove 9-O- and 7-O-acetyl groups to recycle the Sia for reuse in 

glycosylation (12). Despite the reports of distinct protein expression in mouse tissues, 

bioinformatic analysis of RNA expression in human cells and tissues show mRNA 

corresponding to the Lse form of SIAE and none responding to the Cse form (13). It is therefore 

still unclear how these two isoforms are regulated in humans or other animals, whether their 

expression relates to CasD1, or what controls the levels and locations of 9-O- and 7,9-O-Ac 

expression. 

Sia O-acetylation and de-acetylation play important roles in many different biological 

processes, particularly in development, cancer, and immunology. For example, O-acetyl 

modifications to Sia may alter the binding of host lectins, including the Sialic acid-binding 
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immunoglobulin-type lectins (Siglecs) (3, 5, 14). Siglecs are regulators of many different cell 

functions and developmental processes – examples include B- and T-cells where the presence of 

9-O-acetyl Sia modulates immune cell activation and differentiation (15). In B-cells, negative 

regulation of B-cell receptor (BCR) activation by Siglec CD22 is mediated by binding to 

Neu5Ac-terminated glycan chains on the BCR, which can be blocked by O-acetyl modifications 

(16, 17). The presence of 9-O-Ac can also reduce the activity of sialidases, including human 

neuraminidases (18). Incorrect regulation of 9-O-Ac, 7,9-O-Ac, and SIAE activity has been 

linked to autoimmune disorders through the development of auto-antibodies (17, 19). 9-O-Ac 

and 7,9-O-Ac and their regulation by SIAE also appear to play important roles during early 

stages of embryonic development, spermatogenesis, and in different forms of cancer including 

acute lymphoblastic leukemia, colon cancer, and breast cancer (20–23). 

Effects of different Sia modifications have also been suggested for the binding of 

pathogens or on the activities of their sialidases (neuraminidases). However, in general these are 

still not well documented, with the exception of those that use the modified forms as receptors. 

Influenza A (IAV), influenza B (IBV), influenza C (ICV) and influenza D (IDV) viruses use Sia 

as their primary receptors for host recognition and cell entry, but with different effects of Sia 

modification. IAV and IBV interact with Sia through two surface glycoproteins, hemagglutinin 

(HA) and neuraminidase (NA). For both IAV and IBV, HA binds Sia to initiate the endocytic 

uptake of the virus by the cell, leading to fusion between the viral envelope and the endosomal 

membrane at low pH (24, 25). NA is a sialidase which cleaves Sia off glycan chains when it is 

present in mucus or on the surface of cells, allowing the virus to penetrate to the epithelial cells, 

and also preventing aggregation of newly produced virus after budding (26, 27). In contrast to 

IAV and IBV, ICV and IDV have one surface glycoprotein, the hemagglutinin-esterase fusion 
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protein (HEF), which serves similar purposes to both HA and NA. HEF binds specifically to 9-

O-acetyl Sia to initiate uptake of the virus into cells, while the esterase domain removes 9-O-

acetyl modifications, releasing the virus from mucus, and disassembling virus aggregates after 

budding (28–31). While the role of O-acetyl modified Sia for ICV and IDV infections are well 

documented, how these modifications affect IAV is not well characterized. In addition, while 

previous preliminary studies have suggested that the presence of 9-O-Ac on cells may be 

inhibitory for both NA activity and HA binding of IAV (32, 33), the details are unclear.  

 Here we examine and more closely define the expression and distribution of 9-O-acetyl 

and 7,9-O-acetyl Sia on cells in culture, define the effects of SIAE and CasD1 on display of 

these Sia modifications, and perform an initial examination of the effects of these modified Sia 

on infection by IAV, IBV, ICV, and IDV. We used CRISPR-Cas9 for gene engineering of the 

enzymes that add or remove the 9-O- and 7,9-O-acetyl groups from Sia, and combine these with 

the recently developed viral protein-derived probes that specifically recognize modified Sia. By 

merging these with HPLC-based quantification of the different Sia forms, we provide a more 

detailed understanding of the expression and localization of these modifications in cells, and 

examine their effects on host-virus interactions as examples.  

2.4 RESULTS 

Expression of 7,9-O- and 9-O-acetyl Sia in cells. There is currently only sporadic 

information about the expression of modified Sia on commonly used cell lines, or an 

understanding of how that compares to the expression in animal tissues. We examined cell lines 

that are widely used in many experimental systems: A549 human type II alveolar epithelial cells, 

HEK-293 human kidney derived cells (possibly embryonic adrenal precursor cells (34)), and 

MDCK canine kidney epithelial cells. Additionally, we tested MDCK-type I and type II cells that 
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were previously sub-cloned by others from the ATCC MDCK line (MDCK-NBL2) and which 

have been extensively characterized (35–37). We used probes derived from porcine torovirus 

(PToV) and bovine coronavirus (BCoV) hemagglutinin-esterase proteins (HE) that were fused to 

human IgG1 Fc and which had the esterase active site inactivated (HE-Fc). The PToV HE-Fc 

probe recognizes 9-O-Ac, while BCoV HE-Fc recognizes primarily 7,9-O-Ac although with a 

low affinity for 9-O-Ac (10, 11). By immunofluorescence microscopy, the different forms were 

present at variable levels, with between 10 and 70% of the cells of each type showing staining 

under standard culture conditions (Fig. 2.2A,B). MDCK-NBL2 and MDCK-type I cells showed 

both strong surface and internal staining for 7,9-O- and 9-O-Ac forms, while both were mostly 

found in intracellular locations in A549 and HEK-293 cells, with an occasional cell showing 

bright surface staining. MDCK-type II cells showed staining only for 9-O-Ac and none for 7,9-

O-Ac, indicating that these modifications are regulated independently. In HEK-293 and A549 

cells, both 7,9-O- and 9-O-Ac appeared to be localized within the Golgi compartment as 

confirmed by co-staining with the Golgi marker GM130 (Fig. 2.3). Similar localization 

differences between some cell lines have been seen previously using the ICV HEF as a probe 

(38). In our studies, there was inherent variability within populations in terms of both level of 

staining and localization. For example, in MDCK-NBL2 not all cells were positive for 9-O-Ac, 

while in MDCK-type I some cells retained more 9-O-Ac and 7,9-O-Ac internally while others 

displayed more of the modified Sia on their surface (Fig. 2.2A). This heterogeneity was 

consistent between different passages of each cell line.  

The expression levels of those modified Sia variants were also quantified by HPLC 

analysis using DMB labeling and fluorescence detection (39). The cells were treated at 80˚C for 

3h in the presence of 2M acetic acid, and therefore the data likely represents the total Sia present  
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Figure 2.2 

Surface and internal expression of 9-O-Ac and 7,9-O-Ac on different cell lines.  
A) Fluorescent staining of human HEK-293, A549, and canine MDCK AATC line (NBL2), 
MDCK type I, and MDCK type II. Cells were probed with HE-Fcs probes derived from BCoV 
and PToV, which recognize 9-O-Ac and 7,9-O-Ac respectively. Cells were permeabilized (perm) 
using Carbo-Free blocking reagent with 0.001% Tween-20 while non-permeabilized cells (non-
perm) received only Carbo-Free block. All cells imaged at 60×, nuclei stained with DAPI. Scale 
bar = 10 µm. B) Representative flow cytometry graphs showing distribution of positive staining 
for HEK-293, A549 and MDCK-NBL2 cell lines. BCoV and PToV HE-Fcs probes were used 
and permeabilization (perm) and non-permeabilization (non-perm) methods were as in IFA 
staining.  
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Figure 2.3  

Staining of HEK-293, A549, and MDCK-NBL2 cells with PToV HE-Fc for 9-O-Ac, and co-
staining for the Golgi marker GM130. Cells were permeabilized using 0.001% Tween-20 and 
imaged at 60x magnification. Scale bar = 10 µm. 
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in the cells. Even though some cell lines showed strong staining by the HE-Fc probes, levels of 

9-O-Ac were 1-2% of the total collected Sia from all cells while levels of 7,9-O-Ac were below 

the level of detection in all cell lines (Fig. 2.2; Table 2.1; Fig. 2.4). This includes cells from 

other species including cat, mouse, horse, and swine. Unique among the cells tested, A549 cells 

are secretory and express significant levels of mucin (including MUC1 and MUC5B) (40). While 

mucin proteins are not the only secreted protein found in mucus, we chose to focus on them due 

to their high levels of glycosylation (80% of weight) and proposed importance as a barrier to 

pathogens (41–43). We found that A549 cells were able to secrete MUC5B into conditioned 

media (Fig. 2.5A), although we found that the amounts secreted were variable between 

collections. Analysis of conditioned media from A549 cells showed approximately 2% of Sia 

was 9-O-Ac on secreted proteins with no 7,9-O-Ac detected, indicating that at least in these cells, 

secreted proteins were not enriched for O-acetylated Sia (Fig. 2.5B). However, it would be worth 

examining proteins secreted by primary cells from humans or that are present in different tissues, 

including mucins, to determine whether the secreted proteins from A549 are representative of 

respiratory mucus. 

The low levels of 9-O- and 7,9-O-Ac detected on HEK-293, A549, and MDCK cells by 

HPLC could be due to the heterogeneity of the population, as this method measures total Sia for 

all cells in the population. However, it is likely that even on cells expressing higher levels of 7,9-

O- and 9-O-Ac, these modified Sia make up a small proportion of the total Sia present in the cell 

or glycocalyx. Previous studies have reported that podoplanin (GP40 in canine cells) is a primary 

carrier of 9-O-Ac on MDCK cells and therefore acts as the main receptor for ICV (44, 45). 

However, when we co-stained MDCK cells with an anti-podoplanin antibody and PToV HE-Fc, 

we saw little correlation between podoplanin and 9-O-Ac staining (Fig. 2.6).  
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Table 2.1 

Total sialic acids were collected from different cell lines via mild acid hydrolysis and analyzed 
using HPLC. Percentages are out of total sialic acid collected. Representative chromatograms for 
standard, HEK-293, A549, and MDCK-NBL2 are presented in Figure 2.4. n/d = not detected.  
* primary swine nasal (SiNEC) and tracheal (SiTEC) epithelial cells, courtesy of Dr. Stacey 
Schultz-Cherry. 
 

Cell Type Species %Neu5Gc % Neu5Ac % 9-O-Ac % 7,9-O-Ac 

A549 Human 2.21 96.40 1.39 n/d 

HEK-293 Human 2.26 96.72 1.02 n/d 

MDCK-NBL2 Canine 0.79 97.89 1.32 n/d 

MDCK Type I Canine 0.66 97.67 1.67 n/d 

MDCK Type II Canine 0.76 98.13 1.11 n/d 

NLFK Cat 2.00 96.87 1.13 n/d 

EqKc3 Horse 2.93 97.07 n/d n/d 

NBL6 Horse 2.52 96.38 1.1 n/d 

L cells Mouse 3.87 96.13 n/d n/d 

A72 Canine 2.04 95.85 2.11 n/d 

SiNEC Swine* 4.69 93.56 1.75 n/d 

SiTEC Swine* 1.97 96.54 1.49 n/d 
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Figure 2.4 

HPLC chromatograms showing wild-type HEK-293 cells, A549 cells, MDCK-NLB2 cells, and 
bovine mucin standard of O-acetyl modifications. Total sialic acids were collected from cell lines 
and standards via mild acid hydrolysis. Neu5Gc on cells is likely derived from the fetal bovine 
serum used in the growth media, which is taken up by cells and displayed on the cell surface. 
Humans and canines do not have a functional CMAH gene to synthesize Neu5Gc endogenously. 
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Figure 2.5 

A549 conditioned media was analyzed for the presence of secreted mucins and total sialic acid 
content. 
A) Conditioned media from A549 was concentrated using a 30kd filter column and then titrated 
on a western blot for Muc5B expression compared to a purified human Muc5B (a gift from 
Stefan Ruhl, University of Buffalo). B) A representative chromatogram of total sialic acid 
collected from A549 conditioned media using HPLC analysis. The percent of different sialic acid 
forms found in total sialic acid collected is summarized in the table. 
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Figure 2.6 

MDCK-NBL2 cells were co-stained for the presence of 9-O-Ac using PToV HE-Fc (green) and 
canine podoplanin (red) using an anti-podoplanin antibody (courtesy of Dr. Yukinari Kato, 
Tohoku University). Cells were imaged at 40× and 60× magnification as indicated. Scale bars = 
10 µm. 
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Production of CasD1 knock out and over-expressing cells. 

Knock out and over-expression of CasD1. To better understand the control of 

expression of 7,9-O- and 9-O-Ac, glyco-engineered cell lines were created by manipulating the 

expression of CasD1 and SIAE genes. To do this, we knocked out CasD1 via CRISPR-Cas9 

editing, or over-expressed CasD1 via transfection of an expression plasmid. Knock-out variants 

of CasD1 (ΔCasD1) were prepared from MDCK-NBL2, A549, and HEK-293 cells using 

CRISPR-Cas9 targeting of early exons in the CasD1 gene (Fig. 2.7A). ΔCasD1 clones were 

confirmed by examining for 7,9-O- and 9-O-Ac display, and then by PCR and sequencing of the 

genomic region surrounding the deletion in modified Sia negative clones (Fig. 2.7A). For all cell 

types, ΔCasD1 variants showed loss of both 7,9-O- and 9-O-Ac display when probed with the 

different specific HE-Fc probes via flow cytometry and immunofluorescence microscopy (Fig. 

2.7B, C, D). This agrees with previous findings that loss of CasD1 leads to loss of both 7,9-O- 

and 9-O-Ac modifications in haploid HAP1 cells (7). HPLC analysis of total Sia showed a 

significant decrease in 9-O-Ac expression compared to wild-type (WT) cells, however very low 

levels (<1%) were still detectable, despite a lack of staining with the HE-Fc probes (Fig. 2.7E). 

This could be due to exogenous Sia from the fetal bovine serum in the growth media, as is the 

case for Neu5Gc which is also detectable at similarly low levels on cells even though the gene 

for Neu5Gc synthesis, CMAH, is not functional in humans or canines (Fig 2.4) (46, 47).  

Due to the heterogeneity and low expression of 7,9-O- and 9-O-Ac in WT cells, we 

sought to engineer cells with more homogeneous and higher levels of these modifications. We 

over-expressed the human CasD1 (CasD1-OX) in the ΔCasD1 variants of MDCK-NBL2, A549, 

and HEK-293 cells, expecting that expression of CasD1 under a strong promoter in the ΔCasD1 

background would increase the consistency of the synthesis and display of 9-O- and 7,9-O-acetyl 
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Sia relative to WT. CasD1-OX cells showed significantly higher levels of CasD1 mRNA 

compared to WT cells, indicating that the CasD1 expression plasmid was being transcribed at 

high levels (Fig. 2.7E). However, only a modest increase in average 9-O- and 7,9-O-Ac 

expression across the population in HEK-293 cells was seen by flow cytometry, while 

fluorescent microscopy showed heterogeneity of expression in the population (Fig. 2.7B, C, D). 

The transfected MDCK and A549 CasD1-OX cells showed recovery of 9-O- and 7,9-O-Ac 

synthesis when analyzed by flow cytometry and immunofluorescence microscopy, but levels 

were not as high as seen in WT cells (Fig. 2.7B, C, D). HPLC analysis confirmed the expression 

levels for HEK-293, A549, and MDCK cells (Fig. 2.7F). Additionally, heterogeneity was still 

seen in these populations for 9-O-Ac. This suggests that 7,9-O- and 9-O-Ac expression is not 

directly regulated by the levels of CasD1 gene expression, but may be affected by post-

translational regulation of CasD1 activity or removal of the modifications by SIAE or other 

enzymes. In addition, these modifications are not regulated the same across individual cells as 

evidenced by the population heterogeneity. SIAE transcripts were consistently expressed in 

HEK-293 WT, ΔCasD1, and CasD1-OX cell populations by qPCR analysis, although SIAE 

mRNA levels in CasD1-OX cells were lower than those seen in WT (Fig. 2.7E).  

SIAE knock out cells and display of modified Sia. To determine the role of SIAE 

activity in regulating 7,9-O- and 9-O-Ac display, SIAE knockout (ΔSIAE) cells were generated 

from WT HEK-293 and A549 cells by targeting early exons in the SIAE gene (Fig. 2.8A). 

Complete knockout of SIAE was confirmed both by genotyping to show deletions in both alleles 

and by loss of mRNA by qPCR (Fig. 2.8A, D). ΔSIAE cells showed a small but significant 

increase in surface display and a large increase in internal display of 9-O-Ac based on flow 

cytometry, but did not appear to show any changes in surface or internal display of 7,9-O-Ac  
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Figure 2.7 

Editing expression of CasD1 in A549, HEK-293, MDCK-NLB2 cells.  
A) Schematic of edits in the CasD1 gene and genotypes of edited cells for HEK-293, A549, and 
MDCK-NBL2 cells. B) Phenotype of edited cells by flow cytometry using 9-O-Ac probe (PToV 
HE-Fc). Cells were permeabilized using 0.001% Tween-20 to determine internal expression, as 
most modified Sia is retained internally. The graph is representative of three independent 
experiments. C) Immunofluorescence microscopy images of the different engineered cells 
stained with PToV HE-Fc to detect 9-O-Ac. Cells were permeabilized to reveal both surface and 
internal expression. Cells imaged at 60× magnification. Scale bar = 10 µm. D) Staining of 
MDCK WT, ΔCasD1, and CasD1-OX showing representative display of 7,9-O-Ac using the 
BCoV HE-Fc probe. Cells were permeabilized to reveal both surface and internal expression. 
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Cells imaged at 60× magnification. Scale bar = 10 µm. E) qPCR of CasD1 and SIAE expression 
in HEK-293 WT, ΔCasD1, CasD1-OX cells. CasD1 still shows mRNA due to mismatch between 
qPCR primers and edit sites, mRNA is still present but doesn’t produce functional protein. 
Expression relative to house-keeping gene, GAPDH. Data analyzed using t-test in PRISM 
software. F) HPLC data for total Sia collected from cells by mild acid hydrolysis for WT, 
ΔCasD1, and CasD1 OX in HEK-293, A549, and MDCK cells. Data analyzed by t-test using 
PRISM software.  
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001. 
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Figure 2.8 

Editing the expression of SIAE in HEK-293 and A549 cells. 
A) Schematic of edits in the SIAE gene, which was targeted to remove both isotypes of SIAE. 
The genotypes of edited cells show frame-shifts that lead to stop codons in all cases. B) Staining 
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of the different engineered cells with PToV HE-Fc to detect 9-O-Ac. Cells were permeabilized 
using 0.001% tween-20 to determine surface and internal expression. Cells imaged at 60x. Scale 
bar = 10 µm. C) Flow cytometry using PToV HE-Fc showing relative display of 9-O-Ac. Cells 
were permeabilized using 0.001% tween-20 to show both surface and internal expression. Graph 
is representative of three independent experiments. D) qPCR of relative SIAE and CasD1 mRNA 
expression in HEK-293 WT, ΔSIAE, and ΔSIAE+CasD1 cells compared to GAPDH. SIAE 
qPCR primers overlap with edit site. Data analyzed by t-test using PRISM software. E) HPLC 
data for total Sia collected from cells by mild acid hydrolysis for WT, ΔSIAE, and 
ΔSIAE+CasD1 in HEK-293 and A549 cells. Data analyzed by t-test using PRISM software. F) 
Growth curve WT, ΔSIAE, and ΔSIAE+CasD1 in HEK-293 and A549 cells. Cells were counted 
every 24 hours. Experiment was performed in triplicate. Data analyzed by 2-way Anova using 
PRISM software. 
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001. 
  



 56 

(Fig. 2.8B, C). HPLC analysis also showed a small increase of 9-O-Ac in HEK-293 cells, but no 

7,9-O-Ac was detected in either cell line (Fig. 2.8E). When the overexpression CasD1 plasmid 

was transfected into ΔSIAE cells (ΔSIAE+CasD1), cells showed an increase in both surface and 

internal 9-O-Ac, but no increase in surface or internal display of 7,9-O-Ac by either flow 

cytometry or immunofluorescence microscopy (Fig. 2.8B,C). HPLC confirmed the flow 

cytometry results by showing a small increase of 9-O-Ac levels in HEK-293 cells, similar to 

those seen in CasD1-OX (Figs. 2.8E). A549 cells showed a small but non-significant increase in 

9-O-Ac levels compared to WT by HPLC analysis. Interestingly, HEK-293 ΔSIAE+CasD1 cells 

grew more slowly than either ΔSIAE or WT cells (Fig. 2.8F). However, A549 ΔSIAE+CasD1 

showed increased growth rates compared to ΔSIAE or WT cells, while ΔSIAE cells had slightly 

lower growth rates compared to WT. This suggests that 7,9-O- and 9-O-Ac may affect cell 

metabolism and growth rates, and that these effects may be cell type specific. Overall, these 

results show that SIAE regulates levels of 9-O-Ac and 7,9-O-Ac, but that knocking out SIAE 

only leads to small increases in these modifications. However, there appear to be mechanisms 

regulating the surface display of 9-O-Ac and 7,9-O-Ac, as most of the modified Sia were 

specifically retained in the Golgi on human HEK-293 and A549 cells, in comparison to WT 

MDCK cells which appear to display most modified Sia on their surface. 

Effects of 7,9-O-Ac and 9-O-Ac on influenza A, B, C, and D virus infection. To test 

the effects of 9-O-Ac and 7,9-O-Ac on virus infection, WT, ΔCasD1, and CasD1-OX HEK-293 

cells were inoculated with human H1N1 (A/California/04/2009) and human H3N2 

(A/Victoria/361/2011) IAV strains, and found no significant difference in infection efficiency in 

any of these cells (Fig. 2.9A). IAV strains, and IBV strains B/Colorado/06/2017 and 

B/Memphis/1/2018, also showed equal infection efficiency on MDCK WT compared to ΔCasD1 
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and CasD1-OX cells (Fig. 2.9B,D). B/Memphis did show a difference in relative infected cell 

counts between ΔCasD1 and CasD1-OX, although B/Colorado did not. However, ICV strains 

C/Ann Arbor/1/50, C/Taylor/1233/1947, and C/Victoria/1/2011, as well as IDV strains 

D/bovine/MS/C00020N/2014 and D/swine/OK/1334/2011, showed no infectivity in MDCK 

ΔCasD1 (Fig. 2.9C,D). The C/Ann Arbor and C/Victoria recovered a low level of infectivity in 

the MDCK CasD1-OX cells, while the D/bovine, and D/swine strains had a higher level of 

infectivity recovered in the CasD1-OX cells compared to ICV, but still were much lower than in 

MDCK WT. The inability of the ICV and IDV strains to fully recover infectivity may be due to 

the low surface levels of 9-O-Ac Sia on MDCK CasD1-OX cells.  While the CasD1-OX cells 

had detectable surface levels of 9-O-Ac, these levels were lower than in MDCK WT and could 

be below the receptor levels required for efficient infection by these viruses. This suggests that 

ICV and IDV are able to utilize the levels of modified Sia on MDCK WT as their primary 

receptors for binding and infection, but cannot infect when they are removed or below a certain 

necessary threshold. 

Effects of 7,9-O- or 9-O-acetyl Sia modifications on HA binding and NA activity. 

Since the low levels of 7,9-O- and 9-O-AC on the surface of cells did not effect IAV infection in 

our assays, we sought to determine the effects of these modifications on HA binding and NA 

cleavage using mouse erythrocytes which have ~45% of their total Sia is O-acetylated, primarily 

7,9-O- and 9-O-Ac (Fig 2.10A). While mouse erythrocytes contain primarily α2,3-linked Sia, 

they also contain some α2,6-linked Sia that could be bound by human IAV strains (Fig. 2.10A). 

Mouse erythrocytes were therefore used as a substrate for both binding (hemagglutination) 

assays and neuraminidase cleavage assays. The human IAV strains human H1N1 

(A/California/04/2009) and human H3N2 (A/Victoria/361/2011) strains were mixed with either  
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Figure 2.9 

Infection of WT, ΔCasD1, and CasD1-OX cells with IAV, IBV, ICV, and IDV. 
A) HEK-293 WT, ΔCasD1, CasD1-OX cells were inoculated at MOI 0.1 with IAV strains 
pH1N1 (A/California/04/2009) and Victoria H3N2 (A/Victoria/361/2011). Cells were fixed at 24 
hours and infected cells per field were counted. Experiment was performed in triplicate. Data 
analyzed by 2-way Anova using PRISM software. B) MDCK WT, ΔCasD1, and CasD1-OX 
cells were inoculated at high MOI with IAV strains pH1N1 (A/California/04/2009) and Victoria 
H3N2 (A/Victoria/361/2011), and IBV strains B/Memphis/1/2018 and B/Colorado/06/2017 for 
48 hr, then imaged at 10x magnification. Scale bar = 100 µm. Representative images of three 
independent experiments. C) MDCK WT, ΔCasD1, and CasD1-OX cells were inoculated at high 
MOI with ICV strains C/Ann Arbor/1/50, C/Taylor/1233/1947, and C/Victoria/1/2011, and IDV 
strains D/bovine/MS/C000020N/2014 and D/swine/OK/1334/2011 for 48 hr, then imaged at 10x 
magnification. Scale bar = 100 µm. Representative image of three independent experiments. D) 
Quantification of relative infected cell counts for (B) and (C) as determined through image 
analysis with Image J. Data analyzed by 2-way Anova using PRISM software. 
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001.  
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untreated mouse erythrocytes or mouse erythrocytes pre-treated with esterase active BCV HE-Fc 

to remove all acetyl modifications (Fig. 2.10B). Significantly greater hemagglutination was seen 

for both viruses on the esterase-treated mouse erythrocytes compared to untreated erythrocytes. 

It should be noted that the hemagglutination was still quite low, likely due to the lower levels of 

α2,6-linked Sia on mouse erythrocytes.  

To determine the effect of 7,9-O- and 9-O-Ac on NA cleavage, mouse erythrocytes were 

incubated with soluble NA, in the form of NA-expressing virus like particles (VLPs) (48). Freed 

Sia was then collected, analyzed using HPLC, and the profile of Sia released by the NA VLPs 

was compared to Sia composition on mouse erythrocytes released by chemical hydrolysis (Fig. 

2.10C). The profiles for both N1 and N2 VLPs showed a preferential release of unmodified 

Neu5Ac compared to modified Sia forms, shown in the increased proportion of this Sia in the N1 

and N2 profiles. Compared to the chemical release profile, the N1 VLPs did not release any 

detectable O-acetylated Sia, while the N2 VLPs were able to release 9-O-Ac (Neu5,9Ac2), but 

released significantly less 7-O- and 8-O-Ac, and were unable to release any 7,9-O-Ac 

(Neu5,7,9Ac3). Similar to N2 VLPs, commercial NeuA from Arthrobacter ureafaciens, used as 

an activity control, also had a bias towards unmodified Neu5Ac, with decreased activity against 

7-O-, 8-O-, and 7,9-O-Ac. These results indicate that mono O-acetyl modifications, including 7-

O-, 8-O-, and 9-O-Ac, reduced the Sia susceptibility to NA cleavage and that di-acetyl 7,9-O-Ac 

was the most resistant to NA cleavage. Additionally, there was variability between the ability of 

the NA VLPs and NeuA to cleave the different Sia forms. While the presence of these modified 

Sia on cells was too low to effect IAV infection, it is likely that higher levels present on 

erythrocytes, or potentially in secreted proteins in mucus, would inhibit infection or release of 

virus. 



 60 

 

Figure 2.10 

The effects of 7,9-O- and 9-O-Ac on IAV HA binding and NA cleavage  
A) Surface lectin staining for α2,6-linked Sia and α2,3-linked Sia on mouse erythrocytes via flow 
cytometry and a table showing total Sia analysis of mouse erythrocytes using HPLC. Data for 
each Sia variant is given as a percent of total Sia, averaged across three independent samples.  
B) Hemagglutination of human H1N1 and H3N2 IAV strains on untreated or esterase treated 
mouse erythrocytes. Data is averaged across three independent experiments, with data analyzed 
by 2-way Anova using PRISM software. C) Profiles of total Sia freed by either chemical 
treatment, N1 VLPs, N2 VLPs, or commercial NeuA sialidase as determined by HPLC. Data is 
averaged across two independent experiments.  
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001. 
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2.5 DISCUSSION 

Both 9-O-Ac and 7,9-O-Ac Sia are widely expressed within tissues and on mucosal 

surfaces of many animals, but with significant variation in the amounts present in different cells, 

tissues, and animals (10, 11). These modified Sia are present in secreted mucus on mucosal 

surfaces, including GI and respiratory tissues, where they can potentially control many 

interactions with both normal flora and pathogens. However, there is still little known about the 

details of their display levels, cell association, and the ways in which their synthesis is regulated 

either in cells or on mucosal surfaces. While there have been suggestions that 9-O- and 7,9-O-Ac 

might influence IAV and IBV infection by interfering with HA binding or NA activities, direct 

evidence for their effects is sparse. In contrast, ICV and IDV are known to use 9-O-Ac as their 

primary receptor for cell binding and infection. Here we use a number of new tools to define the 

cell-specific expression of 9-O- and 7,9-O-Ac and provide a preliminary test of their effects on 

IAV, IBV, ICV, and IDV infection. 

We confirmed that 9-O- and 7,9-O-Ac are expressed on cells in culture and that 

expression varies between cell lines, as has been previously reported (38). However, when 

present these modified Sia made up only 1 to 2% of the total Sia when analyzed by HPLC. Cells 

showed distinct population heterogeneity in 7,9-O- and 9-O-Ac display and localization that was 

observed over many passages examined. Previous studies using ICV HEF probes found similar 

staining patterns on some cell lines and also showed that after sorting into high and low staining 

populations, both populations returned to previous levels of heterogeneity within a few passages 

(11, 38). Here we saw that the modified Sia are retained in the Golgi of HEK-293 and A549 

cells, although an occasional cell displayed these modified Sia on the surface. It is not clear why 

these modified Sia are localized in the Golgi, although perhaps the modifications could block the 
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onward trafficking of glycoproteins to the cell surface. In contrast to the human cells lines, 

MDCK cells showed many cells expressing 7,9-O-Ac and 9-O-Ac on the cell surface, raising the 

possibility that trafficking could be cell-type or species specific. A summary of the synthesis and 

localization of 7,9-O- and 9-O-Ac is shown in Figure 2.11.  

To look more closely at the expression and roles of 7,9-O- and 9-O-Ac modifications and 

their effects on viral infections, we prepared glyco-engineered cell lines that lacked these 

modifications or that expressed higher levels of CasD1. A deletion and frame shift in CasD1 

completely removed both 9-O- and 7,9-O-Ac expression, confirming this enzyme was 

responsible for creating both modifications, likely through addition to the C-7 position, from 

which it migrates to the C-9 position (5, 8, 9). Adding CasD1 back into the cells by plasmid 

transfection restored modified Sia expression, but none of the cell clones isolated showed 

universally higher levels of modified Sia synthesis and population heterogeneity was still seen. 

The CasD1-transfected HEK-293 cells showed the greatest increase, while for A549 and MDCK 

cells expression was similar to or lower than WT cells. However, even in the HEK-293 CasD1-

OX cells, 9-O-Ac still only accounted for ~1.5% of total Sia and 7,9-O-Ac was not detected. 

This indicates that the levels of these modifications are not only controlled by the expression of 

CasD1, and could be regulated by other processes. Additionally, there is clearly a differential 

regulation of 7,9-O-Ac compared to 9-O-Ac, as over-expressing CasD1 did not lead to an 

increase in 7,9-O-Ac, as it was not detectable by HPLC and only very low fluorescence via 

staining with BCoV HE-Fc. 

One candidate for control of these modifications is SIAE. When we knocked SIAE out of 

HEK-293 and A549 cells, we saw an increase in 9-O-Ac that was still retained in the Golgi but  
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Figure 2.11 

Summary of proposed 7,9-O- and 9-O-acetyl sialic acid production and trafficking in cells. 
(1) Sia (purple diamond) is added to the growing glycan chain in the Golgi by sialyltransferases 
using CMP-Neu5Ac or CMP-Neu5Gc substrates which are synthesized in the nucleus by the 
addition of cytodine monophosphate (CMP) to Neu5Ac or Neu5Gc, and are specifically 
imported into the Golgi. 
(2) CMP-Neu5Ac or CMP-Neu5Gc Sia are modified by CasD1, adding one or two acetyl groups 
to form 9-O-Ac or 7,9-O-Ac, respectively (red circles) before being added to glycan chains. The 
majority of glycoproteins with these modifications are retained in the Golgi (large arrow) of 
many cells including the HEK-293 and A549 cells examined here, while only some, and mostly 
9-O-Ac, are transported to the cell surface (small arrow).  
(3) Surface displayed O-acetyl Sia can interact with pathogens, cell receptors, or lectins. For 
example, influenza C virus uses 9-O-Ac as its receptor. Secreted forms of SIAE may also 
remove the O-acetyl modifications, altering these lectin-ligand interactions. 
(4) When glycoproteins are recycled from the cell surface, the lysosomal form of SIAE (LSE) 
can remove O-acetyl modifications from Sia. Free Sia are exported to the cytosol, where the 
cytosolic form of SIAE (CSE) can also remove any remaining O-acetyl modifications. 
Unmodified Sia can then be “activated” in the nucleus by the addition of CMP and transported to 
the Golgi for addition to new glycan chains.  
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no increase in 7,9-O-Ac. Expressing CasD1 from a plasmid in ΔSIAE HEK-293 and A549 cells 

resulted in an additional small increase in 9-O-Ac that was still Golgi associated, but with little 

increase in expression on the cell surface. Similar to the CasD1-OX cells, no increase in 7,9-O-

Ac was seen in either ΔSIAE and ΔSIAE+CasD1 cell lines by HPLC analysis. Both 

ΔSIAE+CasD1 lines had altered growth rates compared to WT cells: HEK-293 ΔSIAE+CasD1 

had delayed growth rates, while A549 ΔSIAE+CasD1 had increased growth rates. This suggests 

that dysregulation of SIAE and CasD1 by gene manipulation affects cell metabolism and growth 

in a cell-type specific manner, possibly through the build-up of glycoproteins in the Golgi or 

through dysregulation of the sialic acid recycling pathway. These effects on cell growth could 

have implications for cancer and organismal development, as these variant Sia are involved in 

both these processes (15–17, 20–23, 49). Further research is needed to determine how 7,9-O- and 

9-O-Ac expression is regulated, how they are transported within the ER and Golgi, and their 

roles in cell growth. Of particular interest will be disentangling the individual regulation of 7,9-

O-Ac from 9-O-Ac, as there does seem to be differences in how they are regulated both in our 

cells and in previously reported expression in animal tissues (10, 11). 

Studies with two strains of IAV and two strains of IBV showed no differences in 

infection efficiency in WT HEK-293 or MDCK-NBL2 cells compared to their ΔCasD1 or 

CasD1-OX variants. This is unsurprising, as >95% of the Sia is un-acetylated Neu5Ac which can 

be utilized by IAV and IBV as a receptor for binding and entry. While the low levels present on 

cells were not enough to effect either IAV and IBV infection, we did determine that higher 

levels, such as those found on mouse erythrocytes (~45% O-Ac), were able to block IAV HA 

binding and decrease IAV NA cleavage efficiency in a strain dependent manner. It is possible, 

then, that if higher levels are present on secreted proteins in mucus, they could inhibit infection 
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prior to the virus reaching the cell surface. Further analysis of mucus O-acetylation in IAV hosts 

would be necessary to determine if 7,9-O- and 9-O-Ac could contribute to the barrier function of 

mucus in respiratory tissues (41). 

The 1-2% of 9-O-Ac on the surface of WT MDCK-NBL2 cells was sufficient for ICV 

and IDV virus binding and entry, and that cell susceptibility was lost when CasD1 was 

inactivated. Interestingly, there does still seem to be necessary minimum threshold of 9-O-Ac 

presence needed for some ICV and IDV strains to infect cells, as C/Ann Arbor and C/Victoria 

were able to infect some MDCK-CasD1 OX cells, at a lower level than MDCK WT, while 

C/Taylor strain was not. Similarly, IDV also showed lower levels of infectivity in MDCK-CasD1 

OX cells compared to MDCK-WT. It is likely that similar results would be seen for other viruses 

that use these modified Sia as a receptor, including human coronaviruses OC43 and HKU1 (50).   

In summary, we have shown that these modifications are present in different cell lines 

sourced from different species of animals, but they make up a small minority of the total Sia 

present. In addition, these modifications vary considerably in their localization and have an 

inherent heterogeneity within cell populations. While the presence of both 7,9-O- and 9-O-Ac 

were dependent on the activity of CasD1, the relative proportions, levels of expression, and 

localization appear to be controlled by more complex mechanisms than simply the expression of 

CasD1 and SIAE. How this regulated expression affects cell homeostasis is unknown, but it is 

likely relevant during development, immune responses, and in cancers that show dysregulation 

of 7,9-O- and 9-O-Ac expression. For viruses such as ICV and IDV that rely on 9-O-Ac for 

infection, the low levels seen on cell surfaces are sufficient for infection. We found that 7,9-O- 

and 9-O-Ac do have inhibitory activity on HA binding and NA cleavage when present at higher 

levels. While these modifications are present on cell surfaces at levels too low to affect IAV and 
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IBV infection, they are expressed at much higher levels in mucosal tissues and in secreted mucus 

proteins of many animals, which may provide a more effective barrier (10, 11, 51–53). We are 

currently examining these processes for secreted mucus and other sources in different animals.  

2.6 MATERIALS AND METHODS 

Cells and virus. HEK-293, A549, MDCK-NBL2, MDCK type I, and MDCK type II 

cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 5% fetal bovine serum 

and 50 µg/ml gentamicin. HEK-293, A549, and MDCK-NBL2 cells were obtained from ATCC. 

MDCK type I and type II cells were gifts from Dr. William Young (University of Kentucky) (35, 

37, 54, 55). SiNEC and SiTEC cells were gifts from Dr. Stacey Shultz-Cherry (St. Jude 

Children’s Hospital). Influenza A virus strains pH1N1 (A/California/04/2009) and Victoria 

H3N2 (A/Victoria/361/2011) were rescued from reverse genetics plasmids using established 

protocols (56, 57). Rescued viruses were grown to low passage on MDCK-NBL2 cells using 

infection media containing DMEM, 0.03% BSA, and 1 µg/ml TPCK-treated trypsin. Influenza B 

strains B/Colorado/06/2017 and B/Memphis/1/2018, and influenza D strains 

D/bovine/MS/C00020N/2014 and D/swine/OK/1334/2011 were gifts from Dr. Richard Webby 

(St. Jude Children’s hospital) and were grown in infection media containing DMEM, 0.03% 

BSA, and 1 µg/ml TPCK-treated trypsin. Influenza C virus C/Ann Arbor/1/50 and 

C/Taylor/1233/1947 were a gift from Dr. Andrew Pekosz (Johns Hopkins University), 

C/Victoria/1/2011 was a gift from Dr. Richard Webby (St. Jude Children’s Hospital). All ICV 

strains were grown on MDCK-NBL2 cells using infection media containing DMEM, 0.03% 

BSA, and 5 µg/ml TPCK-treated trypsin.  

Immunofluorescence microscopy and flow cytometry. Cells were stained using probes 

derived from viral hemagglutinin esterase proteins fused to human IgG1 Fc (HE-Fc). The 
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porcine torovirus strain 4 HE-Fc (PToV HE-Fc) primarily recognizes 9-O-Ac and the bovine 

coronavirus Mebus strain HE-Fc (BCoV HE-Fc) recognizes 7,9-O-Ac and shows low levels of 

binding to 9-O-Ac (10, 11). For immunofluorescence microscopy, cells were seeded onto glass 

coverslips and incubated overnight at 37°C and 5% CO2. Coverslips were fixed in 4% 

paraformaldehyde (PFA) for 15 min. Coverslips were incubated with Carbo-Free Blocking 

Solution (Vector Laboratories) for 1 hr at room temperature, with optional permeabilization with 

0.001% Tween-20. To stain, HE-Fc probes were pre-complexed with Alexa-488 labeled anti-

human IgG antibody for 1 hr at 4°C then diluted in Carbo-Free blocking solution to a final 

concentration of 5 µg/ml HE-Fc and 1:500 of secondary antibody. Cells were stained with HE-

Fc/anti-IgG complex for 1 hr at room temperature. Coverslips were mounted using Prolong 

Antifade-Gold with DAPI (Invitrogen). Cells were imaged using a Nikon TE300 fluorescent 

microscope. For flow cytometry, cells were seeded onto non-adherent cell culture dishes and 

incubated overnight at 37°C and 5% CO2. Cells were collected using ice-cold PBS (HEK-293 

and A549 cells) or Accutase (Sigma, MDCK cells) to retain surface glycans, then fixed in 4% 

PFA for 15 min. Cells were blocked as above. HE-Fc probes were prepared as above with final 

concentrations of 5 µg/ml HE-Fc probe and 1:1200 of anti-IgG. A Millipore Guava EasyCyte 

Plus flow cyotometer (EMD Millipore, Billerica, MA) was used to collect data, analysis using 

FlowJo software (TreeStar, Ashland, OR). Statistical analyses were performed in PRISM 

software (GraphPad, version 8). 

Cell line mutations and characterization. Two methods for utilizing CRISPR-Cas9 

were used. For A549 and MDCK cells, paired Cas9 plasmids (PX459, Addgene plasmid #62988) 

targeted adjacent sites in early exons of CasD1 as diagrammed in Figure 4A. Plasmids were 

transfected using TransIT-X2 (Mirus Bio LLC) (8). For HEK-293 cells, nickase Cas9 plasmids 



 68 

(PX462, Addgene plasmid #62987) were used instead. Transfected cells were selected with 

puromycin and single cell clones screened with PToV-P4 HE-Fc to identify non-staining 

variants. Edited sequences were confirmed by PCR amplification of the targeted regions, and 

sequencing the PCR product for each allele. Knock-out cell lines were used to prepare over-

expression cell lines by transfection of a pcDNA3.1(-) plasmid expressing the complete human 

CasD1 cDNA open reading frame synthesized by Bio Basic (Markham, Ontario, Canada). 

Transfected cells were selected with G418 and single cell clones screened by staining with 

PToV-P4 HE-Fc to identify 9-O-Ac positive cell lines. Editing of the SIAE gene followed a 

similar protocol for CRISPR-Cas9 as above, and the gene regions targeted are shown in Figure 

5A. After transfection and selection, cells were cloned and single-cell clones were screened by 

direct PCR amplification of the target gene region and analysis of the PCR product size for the 

edited form of both alleles. Full sequencing of each allele and qPCR were performed to confirm 

deletion of the gene. 

Quantification of Sia variants. The Sia composition of cells were determined by 

incubating with 2M acetic acid at 80°C for 3 hr, filtration through a Microcon 10 kD centrifugal 

filter (Millipore), and drying in a SpeedVac vacuum concentrator. Released Sia were derivatized 

with 1,2-diamino-4, 5-methylenedioxybenzene (DMB, Sigma Aldrich) for 2.5 hr at 50°C (39). 

HPLC analysis was performed using a Dionex UltiMate 3000 system with an Acclaim C18 

column (ThermoFisher) under isocratic elution in 7% methanol, 7% acetonitrile, and 86% water. 

Sia standards included bovine sub-maxillary mucin and commercial standards for Neu5Ac and 

Neu5Gc (Sigma Aldrich). Statistical analyses were performed in PRISM software (GraphPad, 

version 8). 
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Characterization of A549 conditioned media. Conditioned media from A549 cells was 

prepared by washing a fully confluent flask of cells to remove any serum, and allowing the cells 

to grow in serum-free media for 5-7 days. Conditioned media was collected, dialyzed with three 

volumes of PBS, and concentrated using a 30 kD centrifugal filter (Pall Corporation). Protein 

concentration was determined using a Qubit 4 fluorometer (Invitrogen). To determine Muc5B 

presence, two-fold dilutions of conditioned media were compared to purified human Muc5B 

using a 8% SDS-PAGE gel and probed with an anti-human Muc5B antibody (both purified 

protein and antibody were gifts from Dr. Stefan Ruhl, University of Buffalo). Conditioned media 

was analyzed for total Sia using the HPLC methods listed above. 

qPCR of SIAE and CasD1 expression. RNA from cells was extracted using EZNA 

Total RNA Kit I (Omega Bio-Tek) and cDNA was synthesized using SuperScript II Reverse 

Transcriptase (Invitrogen) standard protocol using oligo(dT)12-18 primers (Invitrogen). CasD1 

and SIAE specific primers were designed using Geneious (Biomatters, Ltd.). For CasD1, 

adequate primers could not be targeted around the CRISPR-Cas9 edit site due to high G/C 

content. qPCR was performed on a Applied Biosystems StepOnePlus Real-Time PCR System 

using Fast SYBR Green (Bio-Rad). Data was analyzed using StepOne software (Applied 

Biosystems, version 2.1) and PRISM statistical analysis software (GraphPad, version 8). 

Virus infection assays. For infection in HEK-293 cells with influenza A virus, cells were 

seeded on coverslips and inoculated with an MOI of 0.1. Coverslips of inoculated cells were 

fixed at 24 hrs and stained for virus using an anti-NP antibody and co-stained with DAPI.  

Percent-infected cells were determined by imaging coverslips and counting infected cells per 

field. Statistical analyses were performed in PRISM software (GraphPad, version 8). For 

infection in MDCK cells with influenza A, B, C, and D, cells were seeded into 96 well plates and 
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inoculated for 48 hrs. Cells were then fixed and stained using a mouse anti-influenza A NP 

antibody, a mouse anti-influenza B NP antibody (Abcam), a poly-clonal mouse anti-influenza C 

antibody (a gift from Dr. Peter Palese, Icahn School of Medicine at Mount Sinai), or a poly-

clonal rabbit anti-influenza D antibody (a gift from Dr. Feng Li, South Dakota State University). 

Cells were imaged using a Nikon TE300 fluorescent microscope. Images were analyzed for 

relative infected cell counts using Image J (NIH and LOCI, University of Wisconsin). 

Mouse erythrocyte hemagglutination and lectin staining. Mouse erythrocytes were 

collected from C57BL/6 mice by euthanizing the mice and immediately collecting blood by heart 

puncture into Alsevier’s solution. Erythrocytes were washed in PBS three times and diluted to 

5% v/v in PBS. To determine Sia linkage type, 5% washed erythrocytes were blocked for 1 hr 

using 1x Carbo Free blocking buffer (Vector Laboratories) and then stained for 1 hr with 

fluoroscein-labeled plant lectins SNA, which binds α2,6-linked Sia, and MAA I, which binds 

α2,3-linked Sia (Vector Laboratories). Stained erythrocytes were then analyzed using flow 

cytometry as described above.  For hemagglutination experiments, 5% mouse erythrocytes were 

left untreated or treated with 30 ug/ml BCoV HE-Fc for 18 hrs at 37°C, then diluted to 0.75% 

v/v in PBS for HA assays. Briefly HA assays were performed by 2-fold serially diluting virus in 

duplicate per treatment in a V-bottom 96 well plate. Treated or untreated mouse erythrocytes 

were added to virus and allowed to hemagglutinate at 4°C to prevent NA cleavage.  

Generation of NA VLPs & NA cleavage assay. NA sequences were obtained from 

GenBank (N1: ACP44181, N2: AGC70842). Sequences were tagged, codon optimized, and 

ordered through Biomatik in the PcDNA3.1(+) vector. To produce VLPs, HEK-293T cells were 

seeded in 15cm plates and transfected when 80% confluent. Cells were transfected with 4 µl of 

Polyethylenimine (PEI) (Polysciences (cat# 23966-2)) at 1mg/ml concentration for every 1 µg 
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plasmid DNA stock of in 9ml of Opti-MEM. Eight hours post transfection, 6ml of pre-warmed 

Opti-MEM was added. Supernatant was collected 72 hours post transfection and purified using 

ultracentrifugation (110,000 xg, 1.5 hrs, 4°C) through a 20% sucrose cushion. Pellet was re-

suspended in PBS and stored at 4°C. To determine NA cleavage on mouse erythrocytes, 5% v/v 

mouse erythrocytes in PBS were treated with 1:100 NA VLPs for 4 hours at 37°C. Free Sia was 

collected and prepared for HPLC analysis as above. 
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CHAPTER THREE 

Modified sialic acids on mucus and erythrocytes inhibit influenza A HA and NA functions 
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3.1 ABSTRACT 

Sialic acids (Sia) are the primary receptors for influenza viruses, and are widely displayed 

on cell surfaces and in secreted mucus. Sia may be present in variant forms that include O-acetyl 

modifications at C4, C7, C8, and C9 positions, and N-acetyl or N-glycolyl at C5. They can also 

vary in their linkages, including α2-3 or α2-6-linkages. Here, we analyzed the distribution of 

modified Sia in cells and tissues of wild-type mice, or in mice lacking the cytidine 5’-

monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) enzyme that synthesizes N-

glycolyl modifications (Neu5Gc). We also examined the variation of Sia forms on erythrocytes 

and saliva from different animals. To determine the effect of Sia modifications on influenza A 

virus (IAV) infection, we tested for effects on hemagglutinin (HA) binding and neuraminidase 

(NA) cleavage. We confirmed that 9-O-acetyl, 7,9-O-acetyl, 4-O-acetyl, and Neu5Gc 

modifications are widely but variably expressed in mouse tissues, with the highest levels 

detected in the respiratory and gastrointestinal tracts. Secreted mucins in saliva and surface 

proteins of erythrocytes showed a great degree of variability in display of modified Sia between 

different species. IAV HA from different virus strains showed consistently reduced binding to 

both Neu5Gc and O-acetyl modified Sia; however, while IAV NA were inhibited by Neu5Gc 

and O-acetyl modifications, there was significant variability between NA types. The 

modifications of Sia in mucus may therefore have potent effects on the functions of IAV, and 

may affect both pathogens and the normal flora of different mucosal sites. 

3.2 IMPORTANCE 

Sialic acids (Sia) are involved in many different cellular functions and are receptors for many 

pathogens. Sia come in many chemically modified forms but we lack a clear understanding of 

how they alter the interactions with microbes. Here we examine the expression of modified Sia 
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in mouse tissues, on secreted mucus in saliva, and on erythrocytes, including those from IAV 

host species and animals used in IAV research. These Sia forms varied considerably between 

different animals, and their inhibitory effects on IAV NA and HA activities and on bacterial 

sialidases (neuraminidases) suggest a host-variable protective role in secreted mucus.  

3.3 INTRODUCTION 

Sialic acids (Sia) are a family of nine-carbon monosaccharides that often serve as 

terminal residues of carbohydrate chains. They are present at high levels on cell membrane 

glycoproteins and glycolipids, as well as on secreted glycoproteins and mucus at all mucosal 

surfaces (Fig. 3.1A) (1, 2). Sia are key mediators of many normal cell and tissue functions 

through a wide variety of highly regulated cell-cell interactions during both development and 

homeostatic processes, where they may be bound by cellular receptors and members of the 

selectin family (3, 4). Their ubiquitous presence on cells, tissues, and mucosal surfaces also 

make Sia a key point of contact for commensal microbes and for invading pathogens including 

viruses, bacteria, and parasites (3, 5, 6).  

Sia are a highly diverse family of molecules that may be present as more than 50 

structurally and chemically distinct modified variants. These are formed from the basic structure 

of the N-acetylneuraminic acid (Neu5Ac) by the addition of chemical groups at various positions 

on the pyranose ring or the glycerol side chain. Those modifications may include N-glycolyl 

and/or O-linked acetyl, sulfo, methyl, and lactyl groups, among others (1, 2, 7). Many different 

enzymes and pathways introduce these chemical modifications and some can be removed by 

regulatory enzymes. The different modified Sia are often themselves substrates for modifying 

enzymes and transferases, so that each modification may alter the synthesis of other modified 

forms. This therefore leads to complex patterns and mixtures of modified Sia forms, with   
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Figure 3.1  

A) Sialic acids (purple diamonds) terminate glycan chains on glycolipids and glycoproteins as 
part of the glycocalyx on the surface of cells. They can also terminate glycans on secreted 
glycoproteins, like mucins, that are an important component of the protective mucosal barrier in 
gastrointestinal and respiratory tissue. B) Sialic acid (N-acetylneuraminic acid, Neu5Ac) can be 
modified by the addition of O-acetyl modifications at the C-4, 7, and 9 positions, or by the 
hydroxylation of the N-acetyl group at C-5 to form N-glycolylneuraminic acid (Neu5Gc) by the 
enzyme cytidine 5’-monophosphate-N-acetylneuraminic acid hydroxylase (CMAH). The sialate 
O-acetyltransferase, CasD1, adds acetyl groups at C-7 from which it migrates to the C-9 position 
(Neu5,9Ac2) under physiological conditions. This can allow for an additional acetyl group to be 
added by CasD1 to C-7 (Neu5,7,9Ac3). The sialate O-acetylesterase, SIAE, can remove these 
acetyl modifications, restoring the unmodified Neu5Ac form of sialic acid. O-acetyl 
modifications can also be added at the C-4 position by a specific 4-O-acetyltransferase 
(Neu4,5Ac2) and removed by a 4-O-acetylesterase. However, the genes for these enzymes have 
not yet been identified.  
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significant variation in both the levels and specific combinations of modifications in different 

hosts, tissues, and under different physiological conditions (4, 8–11). The role of these modified 

Sia forms on cellular functions and interactions with microbes has been understudied due to a 

lack of reagents. The recent development of specific probes for some Sia variants (12, 13) 

combined with existing methods for studying glycans has allowed us to finally determine the 

expression of modified Sia between species and tissues, as well as beginning to unravel their 

effects on host:pathogen interactions. 

Sialic acid modifications. While there exist in nature over 50 different chemical forms of 

Sia, the most common chemical additions seen in vertebrates include ester-bonded O-acetyl (O-

Ac) modifications to C-4, 7, 8, and/or 9 positions, resulting in a variety of combinations of Sia 

forms including Neu4,5Ac2, Neu5,9Ac2, Neu5,7,9Ac3 Sia, as well as their N-glycolylneuraminic 

acid (Neu5Gc) analogs with the same O-acetyl modifications (Fig. 3.1B). Neu5Gc is produced 

from Neu5Ac by the activity of cytidine 5’-monophosphate-N-acetylneuraminic acid 

hydroxylase (CMAH) in the cytoplasm of cells, and this enzyme is missing or inactive in some 

animals, including humans (9). The addition of O-Ac to the C7 and/or C9 positions is mediated 

by the sialylate O-acetyltransferase enzyme, Cas1 domain containing 1 (CasD1), which has been 

suggested to add an O-acetyl group to the C7 position, from which it would migrate to the C8 

and C9 position under physiological conditions, allowing the possibility of the addition of 

another O-acetyl group to C7 (7, 14, 15). The regulatory processes that control the number or 

positions of acetyl groups have not been well defined, although distinct differences in expression 

of 7,9-O-Ac and 9-O-Ac Sia have been reported in mouse and human tissues, chicken embryos, 

and in some other animals (7). CasD1 uses acetyl-CoA to modify Sia in the activated CMP-Sia 

form before it is added to the glycan chain, and likely has a preference for CMP-Neu5Ac as a 
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substrate and is less active on CMP-Neu5Gc (15). The sialate O-acetylesterase (SIAE) enzyme 

can remove the 7,9-O- and 9-O-Ac modifications, although its activities and roles are not well 

understood (16–19). The 4-O-Ac Sia is produced in some tissues of many animals by a distinct 

sialate 4-O-acetyltransferase that is also likely expressed in the Golgi compartment; however, the 

gene for this enzyme has also not yet been identified (20–22). 

The 7, 8, and/or 9-O-Ac Sia appear to be present at low levels - a few percent or less - in 

the cell-associated Sia on many cultured cells, but may be present at higher levels (10 to 50%) in 

Sia on the secreted mucus of various animals and on erythrocyte-associated glycans (13, 23). 

However, the expression, distribution, and regulations of these modified Sia are not well 

documented, nor do we understand their impact on pathogens, host homeostasis, and normal 

microbiota at different mucosal sites (12, 13, 24, 25).  

It is important to remember that while O-acetyl and Neu5Gc are the most common 

chemically modified forms of Sia and the focus of this study, there is a greater diversity of Sia 

that exist in nature. These other chemically modified forms, including O-sulfo, O-lactyl, and O-

methyl modifications, likely play important roles in development and cell-cell signaling (1). Both 

O-sulfo and O-methyl modifications have been detected in invertebrate species such as sea stars 

and sea urchins, as well as some mouse tissues (26–28). O-lactyl Sia has been detected in human 

gastric aspirate along with O-acetyl modified Sia (29). However, similar to O-acetyl and Neu5Gc 

modifications, these other Sia variants have also been understudied due to a lack of reagents; 

thus, little is known about their specific regulation, expression, and function in different animal 

species and tissues. 

Modified sialic acid and pathogen interactions. Many pathogens interact with Sia on 

host cells at various stages in their infection cycles, including various viruses, bacteria, and 
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parasites (3, 5). The densely expressed Sia within various mucus layers on mucosal surfaces also 

act to bind incoming pathogens and likely regulate both the release and transmission of 

pathogens (30, 31). Many pathogens therefore express proteins that attach to Sia, as well as 

expressing receptor-modifying enzymes such as sialidases (neuraminidases) that remove the Sia 

from the underlying glycan. Bacterial adhesins and toxins may recognize Sia on the surface of 

cells, and many bacteria can also use Sia as a metabolic carbon source after release through the 

activity of neuraminidases, and uptake into the cell by Sia transporters (3, 32–35). These 

bacterial interactions with Sia are potentially affected by chemical modifications (34, 36). Both 

enveloped and non-enveloped viruses may also bind Sia as primary receptors or co-receptors for 

cell recognition and infection, although only the enveloped viruses appear to express 

neuraminidases or sialate O-acetyl esterases, possibly to reduce aggregation of viral particles 

during budding (5, 37). For some viruses, Sia modifications are required for infection as viral 

proteins specifically bind to modified Sia – examples include human coronavirus OC43 and 

HKU1, and influenza C and D viruses, which all require 9-O-Ac Sia for cell infection (38, 39).  

Significant effects of different Sia modifications on the binding of pathogens or the 

activities of their sialidases (neuraminidases) have been suggested, but in general these are still 

not well understood. Influenza A viruses (IAV) use Sia as primary receptors for host recognition 

and cell entry through the activity of two surface glycoproteins that interact with Sia, 

hemagglutinin (HA) and neuraminidase (NA). HA is a trimeric protein that binds Sia to initiate 

the endocytic uptake of the virus by the cell, leading to fusion between the viral envelope and the 

endosomal membrane after exposure of the virus to low pH (40). NA is a sialidase which cleaves 

Sia from the mucus, cell surface, and from viral glycoproteins, allowing the virus to penetrate 

through mucus to the epithelial cells and reducing the aggregation of virions after budding from 
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the surface of cells (41). Previous studies have shown that modifications such as 7,9-O- and 9-O-

Ac Sia are expressed on cells or in tissues of many IAV host species and there is some evidence 

that these modifications may be inhibitory for NA activity and HA binding (42, 43). However, 

the specific effects of 7,9-O- and 9-O-Ac on the binding of Sia by HA or the cleavage of Sia by 

IAV NA have not been examined in detail, and it is unclear whether these changes influence 

infection efficiency or viral shedding. For example, modification of HA binding might influence 

the attachment of virus to cells or to mucus, while inhibition of NA cleavage of O-acetyl 

modified Sia may lead to virus being trapped in the mucus and cleared, reducing the efficiency 

of infection.  

The difference between Neu5Gc and Neu5Ac has been found to influence the tropism of 

several different viruses, as well as some bacterial toxins (3, 5). Indeed, it has been proposed that 

the loss of the CMAH gene in humans was an adaptive response to pathogen pressures (44–46). 

Neu5Gc is highly expressed in some tissues of IAV natural host species, including pigs and 

horses, and is also present in the tissues of mice and guinea pigs, which are frequently used as 

animals models (9, 47). Neu5Gc has been seen to prevent binding of the HAs of some IAV, 

particularly in human-adapted strains (43, 48), but the effects on NA have not been well 

characterized. Nevertheless, examination of swine IAV isolates found distinct strain differences 

in their ability to cleave Neu5Gc by sialidase activity which were generally lower than against 

Neu5Ac (49).  

 In this study, we define the expression of 7,9-O-Ac, 9-O-Ac, and Neu5Gc modified Sia in 

the mucus, saliva, and on erythrocytes of different IAV host animals, as an example to highlight 

the variability in expression of different Sia modifications between species. We also examine the 

display of modified Sia on the tissues and secreted mucus of mice, an important model species 
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not only for IAV research, but many viruses and bacterial pathogens. Finally, we test the effects 

of these modifications on HA binding and NA activity of different strains of IAV, as well as their 

potential to alter virus infection. While we have focused on IAV in these studies, defining the 

expression of modified Sia between different hosts and in mice has importance to many viruses 

that infect mucosal tissues. Therefore the findings here are broadly relevant and underline the 

need for understanding the expression of modified Sia between species and their potential role in 

virus tropism and infection. 

3.4 RESULTS. 

Distribution of modified Sia in mouse tissues. Previous research on display of modified 

Sia in animal tissues and cultured cells have shown varying distributions of 7,9-O-Ac, 9-O-Ac, 

and 4-O-Ac Sia depending on the animal and the tissue examined (12, 13). Mice are an important 

model species for biomedical research, and some tissues have previously been screened for O-Ac 

display using probes derived from viral glycoproteins (virolectins) and by other methods (12, 

13). We examined the distribution of modified Sia in a variety of tissues of wild-type (WT) 

C57/BL6 mice. Both 9-O- and 7,9-O-Ac were found throughout the lung and trachea as well as 

in the tracheal sub-mucosal glands that produce most of the mucus (Fig. 3.2A). These modified 

Sia were also found throughout the GI tract, with staining associated with epithelial cells, goblet 

cells, and associated mucus layers of the gastrointestinal tissues, including the stomach, small 

intestine, and colon (Fig. 3.2B). Interestingly, 9-O-Ac appeared to be present in higher amounts 

in most tissues, including salivary gland and esophagus, while the 7,9-O-Ac staining was 

minimal. However, 7,9-O-Ac did stain stronger than 9-O-Ac in stomach-associated mucus, and 

on tracheal epithelial cells. This seems to indicate that while the same enzymes (CasD1 and 

SIAE) are considered to control the presence of these modifications, the expression of 9-O- and 
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7,9-O-Ac are differentially regulated in individual tissues. The 4-O-Ac Sia showed high levels of 

probe binding in the colon, primarily in the mucus, and there was also some expression on the 

mucosal surfaces in the stomach, small intestine (jejunum) and trachea, as well as on cells within 

the red pulp of the spleen (Fig. 3.2A, B; Fig. 3.3).  

The virolectin probes used are sensitive, but did not reveal the quantity of each of the 

modified Sia forms present. To determine the relative amounts of different Sia forms, we tested 

tissues from mice using 1,2-diamino-4,5-methylenedioxybenzene (DMB) labeling of the Sia and 

analysis with high performance liquid chromatography (HPLC), under conditions that reveal the 

amounts of Neu5Ac and Neu5Gc, and preserve most of the O-acetylation of the Sia (50). The 

WT mice showed varying levels of Neu5Gc (Fig. 3.4A; Table 3.1), while, as expected, the 

CMAH-/- mice showed only Neu5Ac in all tissues, similar to amounts reported previously for 

some of those tissues (51) (Table 3.2). The lack of Neu5Gc in CMAH-/- mice was also seen in 

GI tissues, indicating that Neu5Gc from dietary sources was not detectably being taken up by 

these mice, as is seen in humans who eat a diet containing that Neu5Gc (52). In the WT mice, 

tissues showed a great deal of variability in Neu5Gc expression. Most tissues had around 50–

60% Neu5Gc; however, some tissues, including the liver, had higher levels of over 70%, while 

the brain and salivary glands had only 10%. All O-acetyl Sia variants combined comprised 

between 2 and 16% of the Sia in most tissues, with the majority being 9-O-Ac (1–9% of total 

Sia) (Fig. 3.4B; Table 3.1). There was about 1.5 to 3 fold higher levels of O-acetyl Sia in most 

tissues of the CMAH knock-out mice (Fig. 3.4C; Table 3.2), as has been reported previously 

(51). The levels of 4-O-Ac Sia were generally low, making up ~2% of the Sia in small intestine 

(duodenum) and ~1% in spleen, testes, and esophagus. Mouse colon samples showed the highest 

levels of total O-acetylation, with ~17% of Sia having one or more O-acetyl modification, again   



	 87	

 

Figure 3.2  

Expression of O-acetylated Sia varies between tissues in wild-type C57BL/6 mice. Frozen tissue 
sections from respiratory tissues (A) and gastrointestinal tissues (B) were stained using 
virolectins derived from the hemagglutinin esterases (HE-Fc) of various nidoviruses with high 
specificity for the different O-acetyl modified Sia forms. Sections were counterstained with 
hematoxylin and imaged at 40x magnification.   
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Figure 3.3 

Expression of O-acetylated Sia varies between tissues in wild-type C57BL/6 mice 
Frozen tissue sections were stained using virolectins derived from the hemagglutinin esterases 
(HE-Fc) of various nidoviruses with high specificity for the different O-acetyl modified Sia 
forms. Sections were counterstained with hematoxylin and imaged at 40x magnification. 
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Figure 3.4 

Neu5Gc and O-acetyl Sia modifications vary by tissue in wild-type C57BL/6 mice, and absence 
of Neu5Gc in CMAH-/- mice leads to an increase in O-acetylation across tissues. Total Sia was 
measured from tissue samples using HPLC analysis to determine relative Sia quantities. (A) 
Neu5Gc levels were measured across tissues in wild-type (WT) mice, showing highly specific 
expression. CMAH-/- had undetectable levels of Neu5Gc. (B, C) Percent O-acetyl modified Sia in 
different tissues from WT (B) and CMAH -/- (C) mice are given as a heat map showing variation 
across tissues. White squares indicate when a Sia form is below detection. Values are given as 
the percentage of total Sia collected from tissue samples. Sample size for each tissue was three 
individual mice (n=3) of each mouse strain with average values for total sialic acid content given 
in Tables 3.1 and 3.2.  
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Table 3.1 

Average relative Sia quantities as determined by HPLC analysis for each tissue tested in WT 
C57BL/6 mice (n=3). Table shows the proportion of total Sia for each variant given as a 
percentage, with the sum of all O-acetyl forms combined given in the far right column. If a Sia 
form was below detection, this is indicated by b/d 
 

Tissue Neu5Gc Neu5Ac Neu5,9Ac Neu5,7Ac2 Neu5Gc8Ac Neu4,5Ac2 Neu5,8Ac2 Neu5,7,8/9Ac3 
O-Ac 
sum 

Lung 50.2 47.6 1.2 b/d 1.3 0.5 0.2 0.4 3.6 
Trachea 43.0 53.5 1.3 b/d 1.5 0.4 0.2 0.4 3.7 
Stomach 27.2 68.8 2.0 0.7 0.6 0.7 0.2 b/d 4.3 

Aorta 58.4 38.2 1.4 b/d 1.7 b/d 0.2 b/d 3.3 
Brain 9.8 83.1 4.5 1.0 2.5 1.1 0.5 b/d 9.5 

Esophagus 53.1 43.2 1.5 b/d 1.4 0.6 0.2 0.2 3.9 
Spleen 49.6 45.2 2.4 b/d 1.0 1.1 0.3 0.8 5.6 
Testes 57.1 40.4 1.1 b/d 0.8 1.2 b/d b/d 3.0 

Salivary 
Gland 11.1 85.5 1.9 3.6 0.2 0.2 0.1 b/d 6.0 

Liver 72.6 23.8 1.0 b/d 1.7 0.8 0.2 b/d 3.7 

Small 
Intestine 

(duodenum) 
27.6 68.7 1.3 b/d 0.6 1.8 0.1 b/d 3.8 

Uterine Horn 45.3 52.4 0.8 b/d 1.4 0.4 0.1 b/d 2.6 
Kidney 43.8 53.5 1.1 0.5 1.0 0.4 0.1 0.2 3.4 
Tongue 51.5 45.8 1.2 b/d 1.1 0.5 n/d b/d 2.8 

Heart 43.2 53.3 1.8 b/d 0.9 0.8 0.2 0.6 4.3 

Large 
Intestine 
(colon) 

5.9 77.2 9.0 3.8 b/d b/d 1.6 2.6 16.9 

Thymus 52.1 44.8 1.1 b/d 0.6 1.3 0.1 b/d 3.1 
Pancreas 38.5 59.1 1.2 b/d 0.7 0.4 0.2 b/d 2.5 

 

.  
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Table 3.2 
 
Average relative Sia quantities as determined by HPLC analysis for each tissue tested in  
CMAH-/- C57BL/6 mice (n=3). Table shows the proportion of total Sia for each variant given as 
a percentage, with the sum of all O-acetyl forms combined given in the far right column. If a Sia 
form was below detection, this is indicated by b/d.  
 

Tissue Neu5Gc Neu5Ac Neu5,9Ac Neu5,7Ac2 Neu5Gc8Ac Neu4,5Ac2 Neu5,8Ac2 Neu5,7,8/9Ac3 
O-Ac 
sum 

Lung b/d 92.7 5.6 1.5 b/d 0.5 0.8 1.0 9.4 

Trachea b/d 93.4 5.8 1.1 b/d 0.2 0.7 0.7 8.5 

Stomach b/d 92.6 3.4 4.5 b/d 0.8 0.4 0.9 10.0 

Aorta b/d 90.5 5.4 2.3 b/d b/d 1.2 1.1 10.0 

Brain b/d 94.6 5.1 1.1 b/d b/d 0.6 b/d 6.7 

Esophagus b/d 92.8 4.4 1.5 b/d 0.5 0.7 0.6 7.6 

Spleen b/d 90.4 4.9 4.9 b/d 0.9 0.7 0.9 12.2 

Testes b/d 95.7 5.2 0.7 b/d 0.6 0.2 b/d 6.7 

Salivary 
Gland b/d 96.5 2.0 1.5 b/d 0.4 0.5 0.3 4.7 

Liver b/d 90.1 5.3 3.6 b/d 0.8 0.8 0.7 11.2 

Small 
Intestine 

(duodenum) 
b/d 94.3 3.8 2.2 b/d 1.2 0.3 0.4 8.0 

Uterine Horn b/d 94.9 4.0 0.9 b/d 0.6 0.4 0.3 6.2 

Kidney b/d 93.8 5.0 1.5 b/d 0.4 0.5 0.5 7.9 

Tongue b/d 94.2 4.3 1.1 b/d 0.4 0.6 0.4 6.7 

Heart b/d 92.7 4.7 1.1 b/d 0.3 0.6 0.6 7.3 

Large 
Intestine 
(colon) 

b/d 84.2 10.5 5.7 b/d 0.1 1.7 1.8 19.8 

Thymus b/d 92.6 4.3 2.4 b/d 1.2 0.5 0.4 8.8 

Pancreas b/d 94.1 3.9 1.3 b/d 0.6 0.5 0.5 6.8 
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primarily 9-O-Ac. Given the patterns seen using the HE-Fc virolectin staining, the 7,9-O- and 9-

O-Ac forms must be present at high levels within or on certain cell sub-populations, as well as 

within mucus or mucus-secreting cells. For example, the high levels of 7,9-O- and 9-O-Ac found 

in the mouse colon were most likely associated with secreted mucus as most of those modified 

Sia were present in goblet cells (Fig. 3.2B). However, the differences seen between probe 

binding and the ratios of the different modified Sia within the total Sia underscore the 

importance of quantifying the different forms. 

Analysis of modified Sia in saliva, mucus, and on erythrocytes. It has been previously 

reported that human colonic mucin is highly enriched in 9-O-Ac Sia, which may regulate the 

activity of some sialidases and Sia transporters of the gut microflora (11, 36, 53, 54). Strong 

staining for 9-O-Ac in human respiratory tissues, and also within the submucosal glands of 

human respiratory tissue have also been reported, indicating that mucus from these glands could 

be enriched in O-acetylated Sia (53, 54). To determine if human respiratory mucus was enriched 

in 7,9-O- and 9-O-Ac, secreted mucus from primary normal human bronchial epithelial cells 

(NHBE) as well as conditioned media from human alveolar basal epithelial adenocarcinoma 

A549 cells, were analyzed by HPLC to determine Sia composition. We found that the secreted 

proteins in mucus from NHBE cells and A549 cells conditioned media contained primarily 

unmodified Neu5Ac with ~1–2% of 9-O-Ac and no detectable levels of 7,9-O-Ac (Table 3.3). 

This indicates that secreted mucus from these respiratory cells in culture are not enriched for O-

acetyl modifications, which differs from previous reports for colonic mucin (11, 53). 

To look more broadly at the possible range of modified Sia present in secreted mucus in 

different animals, we examined saliva from a number of influenza host species, including human, 

pig, horse, and dog (Fig. 3.5A,B). While the proteins in saliva differ from those found in 
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respiratory mucus, they do contain some of the same heavily glycosylated proteins including 

mucins like MUC5B (55–57). Human saliva was similar to the secreted mucus from NHBE and 

A549 cells in containing primarily Neu5Ac with little 9-O-Ac Sia, and the composition of dog 

saliva showed a similar profile. However, most other animals showed far more diversity in their 

Sia profiles, with both mice and horses having enrichment for several different O-acetyl 

modifications. Laboratory mouse saliva contained a combined ~17% O-acetylated Sia in the 

forms of 7-O-, 8-O-, and 9-O-Ac, while horse saliva contained ~10% 4-O-Ac as well as ~19% of 

other O-acetyl Sia variants combined. Pig saliva were unique among the IAV hosts examined in 

having ~90% of total Sia being of the Neu5Gc form. The diversity of modifications seen in 

mouse, horse, and pig saliva may have a strong influence on any Sia-binding pathogens, 

including influenza viruses, as well as on commensal bacterial communities in different species. 

Erythrocytes (red blood cells, RBCs) express high levels of sialylated surface molecules, 

primarily on glycophorins, and are used in IAV research to study the interactions of HA binding 

specificity, determining viral titer through the hemagglutination assay, and inhibition of 

hemagglutination by antibodies (HAI assay) (58, 59). It has long been known that IAV varies in 

hemagglutination of RBCs from different species, at least in part due to differences in the Sia 

linkages present. The structures of HAs with Sia bound often suggest that modification of the 

C4, 5, 7, and/or 9 positions would influence IAV interactions with Sia. We found that chicken 

and guinea pig RBCs, which are often used to titer IAV virus and as the standard substrate for 

HAI assays, contained almost exclusively unmodified Neu5Ac, as did those from humans and 

dogs (Fig. 3.5C,D). In contrast, pig, horse, cow, and sheep RBCs contain high proportions of 

Neu5Gc, along with varying amounts of O-acetyl modifications. The high levels of Neu5Gc Sia 

present on the RBCs of these species had been previously reported, although not directly  
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Table 3.3 

A549 conditioned media and collected mucus from NHBE cultures were analyzed for 
total sialic acid content using HPLC analysis. Table shows the proportion of total Sia for each 
variant given as a percentage, with the sum of all O-acetyl forms combined given in the far right 
column. If a Sia form was below detection, this is indicated by b/d. Percentages are an average of 
multiple conditioned media collections from A549 cells (n=4) and multiple NHBE donors (n=4). 

 

Cells Source Neu5Gc Neu5Ac Neu5,9Ac Neu5,7Ac2 Neu5,8Ac2 Neu5,7,8/9Ac3 

A549 Conditioned 
media* b/d 98.16 1.84 b/d b/d b/d 

NHBE mucus b/d 98.6 1.40 b/d b/d b/d 

 
*: collected from A549 bronchial epithelial cells conditioned media, contains mucins  
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Figure 3.5 

Total Sia of saliva (A, B) and erythrocytes (C, D) was collected via acid hydrolysis and analyzed 
using HPLC. O-Acetyl Sia percentages are given as a heat map with white squares indicating 
when a Sia form is below detection. Values are given as the percentage of total Sia collected 
from tissue samples. Saliva sample sizes (n = number of individuals of each species): human 
(n=3), mouse (n=5), pig (n=4), horse (n=3), dog (n=5), cow (n=7). Erythrocyte sample sizes (n = 
number of individuals of each species): human (n=2), guinea pig (n=1), mouse (n=2), pig (n=1), 
horse (n=1), cow (n=1), sheep (n=1), chicken (n=1), dog (n=2).  
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quantified as presented here (23, 60). The mouse erythrocytes tested here (from C57BL/6 mice) 

had the greatest diversity of modifications, with little Neu5Gc, around 50% Neu5Ac, and ~50% 

of the Sia modified by 7, 8 and/or 9-O-acetylation, as previously reported (44).  

Effects of modified Sia on NA cleavage. Neuraminidases (sialidases) expressed by 

bacteria and viruses cleave Sia from oligosaccharides and glycoconjugates, and some have been 

shown to be affected by various Sia modifications (42, 48, 60–62). But little is known about the 

effects of modified Sia on IAV NAs from different strains. We examined the effects of Sia 

modifications on cleavage by several different IAV NAs, as well as on the activity of 

Arthrobacter ureafaciens neuraminidase (NeuA) which was included as a positive control for 

sialidase activity. Substrates used had high levels of 7,9-O- and 9-O-Ac Neu5Ac (bovine sub-

maxillary mucin, BSM), Neu5Gc (horse RBCs), or unmodified Neu5Ac (chicken RBCs). IAV 

NA from a variety of different IAV strains (N1, N2, N3, N7, and N9) were expressed alone in 

cells (Fig. 3.6A) and recovered as purified VLPs (Fig. 3.6B) (63). VLPs are composed of cell 

membranes and NA glycoproteins only with very few host-derived surface proteins. The sources 

for the NA proteins were from both human isolates (N1, N7, and N9) and avian isolates (N2 and 

N3). These NA VLPs were first tested for enzymatic activity using a standard NA cleavage assay 

using methylumbelliferyl N-acetylneuraminide (MuNANA) as the substrate and a dilution of 

1:100 was chosen for further cleavage analysis as this gave an equal and high level of enzymatic 

activity for all VLPs (Fig. 3.6C) (48). The NA-expressing VLPs were incubated with BSM or 

with RBCs, and the released Sia were collected and analyzed by HPLC. For BSM, HPLC 

profiles of total Sia were created to compare NA cleavage preferences (Fig. 3.7A). These 

profiles showed the Sia forms that were susceptible to NA cleavage and release while the non-

released forms were considered to be resistant to NA. These HPLC profiles were then compared 
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to the total Sia released chemically by acid hydrolysis, an unbiased method that removes all Sia 

forms present in the original sample (50). All of the viral NA and the bacterial NeuA showed the 

highest level of cleavage for unmodified Neu5Ac compared to any of the modified forms, as 

more Neu5Ac was present in the released profiles compared to chemical release. There was 

substantial variation in the cleavage activity against the modified Sia by the different viral NAs. 

N1 and N7 showed the lowest activities against any modified Sia, N3 and N9 had intermediate 

activities, while N2 and NeuA were active against the greatest number of modified forms, and 

most closely matching the chemical release profile. There was lower activity for mono-O-

acetylated Sia (7-O-, 8-O-, and 9-O-Ac) by N1, N3, N7, and N9, while all NAs tested had lower 

activity against the di-O-acetylated Sia (7,8/9-O-Ac2) and mono-O-acetylated Neu5Gc forms. All 

the viral and bacterial NAs apart from N2 had several-fold lower activities on Neu5Gc alone, as 

seen in the smaller proportion of that Sia form released compared to the chemical release profile.  

To further test the ability of these NA VLPs to cleave Neu5Gc compared to Neu5Ac, the 

amounts of Sia released from either horse RBCs (84% Neu5Gc) or chicken RBCs (99% 

Neu5Ac) were compared. All NAs showed significantly lower levels of Neu5Gc Sia released 

from horse RBCs compared to the amounts of Neu5Ac released from chicken RBCs (Fig. 3.7B). 

When compared directly, NA VLPs removed 5–12% of Neu5Gc compared to their activities on 

Neu5Ac (Fig. 3.7C). Again, variability was seen between NA VLPs here, with N7 having the 

lowest activity against Neu5Gc compared to Neu5Ac and N9 having the most. There was also 

variability in cleavage activity between NA from different strains as well, as seen in the variable 

amount of Neu5Ac removed by the NA VLPs in Figure 3.7B, but it is unclear whether this 

difference is due to the intrinsic activities of the NAs when expressed as VLPs or to innate 

differences in the specific activities of each NA enzyme, or both. It is clear, however, that O- 



	 98	

 

Figure 3.6  

NA VLPs produced in HEK-293 cells are enzymatically functional. A) NA levels after control 
background subtraction from Coomassie Blue stain of NA protein expression in VLPs. Data 
represents the single preparation of VLPs used in these experiments. B) TEM micrograph of a 
VLP expressing N2. C) Comparison of NA enzymatic activity using a MuNANA assay between 
different NA serotypes. One representative experiment is shown (n = 3). NA standard was the 
commercial bacterial sialidase, NeuA. 
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Figure 3.7 

NA VLPs preferentially cleave unmodified Neu5Ac Sia and NA activity is inhibited by O-acetyl 
and Neu5Gc modifications. A) Bovine sub-maxillary mucin was treated with 1:100 NA VLPs or 
Arthrobacter ureafaciens NA (NeuA) for 4 hrs at 37°C and freed Sia was collected and analyzed 
using HPLC. The profiles of freed Sia were then compared to the profile of Sia removed 
chemically, a more unbiased approach. Profiles shown are the average of two independent 
experiments. B, C) Chicken erythrocytes (Neu5Ac) or horse erythrocytes (Neu5Gc) were treated 
with 1:100 NA VLPs for 4 hrs at 37°C and freed Sia was collected and total Sia removed was 
determined using HPLC. (B) Average area counts per minute (area under curve of 
chromatogram) were used as a measure of the absolute amount of Sia removal to compare Sia 
released between chicken and horse erythrocytes. (C) Relative area counts compared between 
chicken and horse erythrocytes. Data shown is average of two independent experiments. Data 
analyzed by t-test using PRISM software. * = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value 
≤0.001.  
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acetyl and Neu5Gc modifications inhibit the activities of many different IAV NA and of NeuA, 

and that multiple modifications, such as di-O-acetyl modifications, or Neu5Gc that is also O-

acetylated, were even more inhibitory, showing high resistance to most of the viral and bacterial 

NAs tested here.  

Effects of modified Sia on HA binding. The initiation of IAV infection requires HA 

glycoprotein binding to Sia to allow the virus to be taken up into the cell, and there appears to be 

a direct relationship between Sia binding affinity and infection (64). To clearly determine the 

effect of Sia modifications on HA binding, we examined the binding of soluble HA fused to a 

human IgG1 Fc (HA-Fc) to synthetic, biotinylated α2–6 linked sialosides of Neu5Ac, 

Neu5Ac9NAc, and Neu5Gc (65). Neu5Ac9NAc was used instead of 9-O-acetyl Neu5Ac 

(Neu5,9Ac2) due to the increased stability of the 9-N-Ac group (66, 67). Briefly, ELISA-grade 

96 well plates were coated with HA-Fc derived from California/04/2009 H1N1 and Aichi/2/1968 

H3N2 strains, then incubated with the synthetic biotinylated sialosides. Binding of the 

biotinylated sialosides to the HA-Fc was detected using a streptavidin-linked HRP probe as 

previously described (68, 69). Compared to Neu5Ac sialosides, both California/04/2009 H1 and 

Aichi/1968 H3 HA-Fcs had decreased binding to Neu5Gc and Neu5Ac9NAc (Fig. 3.8A). The 

addition of the N-acetyl group at C9 blocked most binding, while Neu5Gc showed only a low 

level of binding. We saw the same binding dynamics for other H1 and H3 HA-Fc, but the SNA 

lectin, which recognizes α2–6-linked Sia, bound equally well to Neu5Ac and Neu5Gc, but not to 

Neu5Ac9NAc (Fig. 3.8B). This shows that the presence of O- (and in this case N-) acetyl 

modifications can inhibit many Sia-binding proteins. 

Effects of modified Sia on influenza A infection. While the low surface expression of 

9-O- and 7,9-O-Ac on cells does not reduce IAV infection, viruses will also encounter modified 
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Sia in mucus, which in many hosts and tissues has larger amount of these modifications. To 

determine how these Sia modifications can affect IAV infection, untreated BSM or BSM treated 

with esterase to remove 9-O-Ac and 7,9-O-Ac, were incubated with A/California/04/2009 

(pH1N1), A/Puerto Rico/8/1934 (PR8 H1N1), and A/Victoria/361/2011 (Victoria H3N2) prior to 

infection of cells (Fig 3.9A). Both untreated BSM and esterase-treated BSM were inhibitory 

towards all three IAV strains, a trend towards higher inhibition by esterase-treated BSM, and 

significantly more inhibition for the PR8 H1N1 strain. This suggests that removing the 7,9-O- 

and 9-O-Ac from the Sia may have increased the virus binding to the mucin and inhibition of 

viral infection. 

Sia in sera have long been known to bind to influenza viruses, so that sera are often 

treated with neuraminidase as a “receptor destroying enzyme” prior to use in serological tests 

(70, 71). To specifically compare the effects of added Neu5Gc or Neu5Ac on the efficiency of 

infection, the same three IAV strains were incubated with mouse serum from either wild-type 

mice (>80% Neu5Gc) or CMAH-/- mice (100% Neu5Ac) prior to inoculation of cells (Fig. 3.9B). 

In this case no specific trend was detected for the three viruses tested. Victoria H3N2 showed 

almost complete inhibition of infection by both sera, while PR8 H1N1 had a lower level of 

inhibition. Only pH1N1 showed a significant difference in response to the serums, with the WT 

mouse serum having a much stronger inhibitory effect compared to the CMAH-/- serum. This 

suggests that Neu5Gc vs. Neu5Ac inhibition may vary by virus strain, and that likely depends on 

some combination of HA binding specificity and NA activity. 

3.5 DISCUSSION 

Modified Sia are widely expressed within tissues and on mucosal surfaces of many 

animals, but with significant variation in the amounts of each modified Sia present (12, 13).  
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Figure 3.8 

Soluble HA-Fc binding to synthetic sialosides showed decreased binding to modified Sia in an 
ELLA assay. A, B) Soluble HA constructs were developed by expressing HA proteins from 
different IAV strains fused to a human IgG1 Fc (HA-Fc). HA-Fc binding to synthetic α2–6-
linked sialosides was assessed using an ELLA assay. Titration curves of sialoside binding by 
HA-Fc for (A) A/California/04/2009 H1N1 and (B) A/Aichi/2/1968 H3N2 were measured via 
colorimetric measurement. C) Sialoside binding for different H1 and H3 HA-Fc were determined 
using 2 µg of sialic acid. Lectin from Sambucus nigra (SNA), which specifically binds α2–6-
linked Sia, was also included as a control. Data is shown as relative to HA-Fc binding to 
unmodified Neu5Ac. 
Data analyzed by 2-way Anova using PRISM software. Data is average of three independent 
experiments. 
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001. 
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Figure 3.9 

Virus infection is inhibited by mucin with greater inhibition when O-acetyl groups are removed. 
Virus infection is also inhibited by serum, with no clear difference between Neu5Ac and 
Neu5Gc presence. 
A) A/California/04/2009 (pH1N1), A/Puerto Rico/8/1934 (PR8, H1N1), and 
A/Victoria/361/2011 (Victoria, H3N2) were mixed with 20 µg of BSM or BSM pre-treated with 
esterase active bovine coronavirus (BCoV HE-Fc) to remove O-acetyl modifications. This 
mixture was then used to infect cells at an MOI of 0.5 for 10 hrs. Infectivity was determined by 
flow cytometry analysis for NP positive cells.  
B) A/California/04/2009 (pH1N1), A/Puerto Rico/8/1934 (PR8, H1N1), and 
A/Victoria/361/2011 (Victoria, H3N2) were mixed with serum from either WT mice (Neu5Gc) 
or CMAH-/- mice (Neu5Ac). This mixture was then used to infect cells at an MOI of 0.5 for 10 
hrs. Infectivity was determined by flow cytometry analysis for NP positive cells.  
Data analyzed by 2-way Anova using PRISM software.  
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001.  
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Modified Sia are present at high levels on mucosal surfaces, including in GI and respiratory 

tissues, indicating that they are likely involved in tissue- and host-specific interactions with both 

pathogens and normal flora. While there have been suggestions that 9-O-Ac, 7,9-O-Ac, and 

Neu5Gc Sia might influence IAV infection by interfering with HA binding or NA activities, 

there is not a lot of direct evidence for their effects. The goal of this study was to re-examine and 

define the tissue-specific expression of the 9-O-Ac, 7,9-O-Ac, and Neu5Gc Sia in mice and in 

secreted mucus from different IAV host species. We also defined the effect of these Sia 

modifications on HA binding, NA activity, and infection for different IAV strains. While we 

focused on IAV in these studies, the findings here are broadly relevant and underline the need for 

understanding the expression of modified Sia between species and their potential role in tropism 

and infection of many viruses that interact with or utilize Sia during infection. 

Mouse tissue distribution. In previous studies we have shown that there is variation in 

the expression of the 9-O-, 7,9-O- and 4-O-Ac Sia (13). To better understand the type of 

variation seen in other tissues, we examined the distribution of these forms, as well as Neu5Gc, 

in the different tissues of wild-type C57BL/6 mice, as well as for CMAH-/- mice. Using the HE-

Fc virolectin probes, O-acetyl modified Sia were found only in specific tissues and on certain 

cell subpopulations. Higher staining was seen for cells and mucus in the respiratory and GI 

tracts, with trachea and colon having particularly strong staining for O-acetyl Sia on epithelial 

cells and associated mucus layers. The percentages of O-acetyl modified Sia in the tissues of 

mice varied widely, with high levels of 7,9-O-Ac2 and 9-O-Ac being found on erythrocytes 

(~47%) and the colon (~19%). The levels in most other tissues varied between 2 and 9%, 

although these would likely be associated with higher levels on the smaller subsets of cells that 

were positive for staining with the probes. Neu5Gc was also present in many wild-type mouse 



	 105	

tissues with expression varying widely (between 10 and 80%). This is consistent with staining 

for Neu5Gc previously reported in some mouse tissues (51). 4-O-Ac Sia was found in small 

quantities in only a few tissues, with the highest being found in small intestine (~2%). This is 

consistent with previous findings of 4-O-Ac levels in mouse brain and liver quantified by 

GC/MS, although gut associated levels of 4-O-Ac were much higher in that study, possibly due 

to differences in tissue preparation (72). Considering the high level of apparent 4-O-Ac specific 

staining for the mucus in the colon, further investigation of this modification in mouse colonic 

mucin would be warranted.  

It is interesting to note that the levels of O-acetyl modifications were more prevalent on 

Neu5Ac Sia than on Neu5Gc, and that when Neu5Gc was removed in the CMAH-/- mice, the 

levels of O-acetyl modified Sia were higher across most tissues tested. This is consistent with 

previous analysis of some CMAH-/- tissues by immunohistochemical staining (51). However, 

Neu5Gc also had O-acetyl variants (Neu5Gc7Ac and Neu5Gc8Ac) that were present at low 

levels in mouse tissues, as well as in bovine mucin, which are consistent with previous reports 

(28, 73). It has been previously shown that the O-acetyltransferase, CasD1, prefers CMP-

Neu5Ac as a substrate over CMP-Neu5Gc, but it appears to still have some activity on CMP-

Neu5Gc (15). However, the regulation of the O-acetyl modification placement on both Neu5Ac 

and Neu5Gc, and possible differences between these two Sia forms, remains to be fully 

elucidated.  

Variation on erythrocytes, in saliva, and on other mucins. Erythrocytes are an 

important tool in virology for analyzing virus binding to Sia in hemagglutination assays, as well 

as for determining virus titer, and antibody inhibition (HAI assays) (58, 59). It has long been 

known that IAV varies in hemagglutination of RBCs from different species, at least in part due 
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to differences in the Sia linkages present. The structures of HAs with Sia bound often suggest 

that modification of the C4, 5, 7, and/or 9 positions would influence IAV interactions with Sia. 

We found the Sia modifications on erythrocytes vary greatly between species, with mice have a 

high degree of O-acetyl modified Sia while horses, cows, sheep, and pigs have primarily 

Neu5Gc Sia. The reasons for such variation in Sia modifications are likely complex and could 

involve cell-cell signaling between erythrocytes and endothelial and immune cells, as well as 

interactions with pathogens. It has recently been suggested that loss of Neu5Gc expression in 

humans could be related to pressure from an ancestral strain of Plasmodium falciparum (44, 46). 

To define the variation of modified Sia present in secreted mucus across different 

animals, we examined saliva as it contains many of the same heavily glycosylated proteins and 

mucins, including MUC5B, that are present in respiratory mucus (55–57). We found a great deal 

of variability in both the amounts and types of modified Sia present. Some animals (horses, mice, 

and cows), had larger amounts of O-acetyl Sia in their saliva, while human and dogs had 

primarily unmodified Neu5Ac forms. Pigs are a natural IAV host, and their saliva contained 

primarily Neu5Gc, so that pig saliva might inhibit IAV infection. Horses had around 10% 4-O-

Ac Sia present in their saliva. The 4-O-Ac modification has been proposed to be a potent 

inhibitor of many types of viral and bacterial neuraminidases, and to be the γ-inhibitor of horse 

serum, where it may be present at high levels on the α-2 macroglobulin protein (61, 70, 74). 

However, as the gene for the 4-O-sialyl acetyltransferase has not yet been identified, little is 

known about its synthesis, expression, or regulation (21, 22).  

It has previously been reported that human colonic mucus is enriched for 7,9-O- and 9-O-

Ac (11, 53). However, human saliva and secreted mucus from respiratory cells contained mostly 

unmodified Neu5Ac, suggesting different expression of modified Sia in the mucus of the 
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respiratory and gastrointestinal tissues. This may be due to the particular functional 

characteristics of the microbiome in the GI tract compared to other mucosal sites, where 7,9-O- 

and 9-O-Ac on colonic mucus may decrease bacterial degradation of sialylated glycans, perhaps 

improving mucus integrity (75, 76). Microbiome interactions may also explain the increased O-

acetyl modifications found on both cow and mouse saliva. Cows are ruminants and as part of 

their digestion, regurgitate partially digested food from their microbe-rich rumen into their 

mouth to continue chewing as a cud to extract more nutrients. Somewhat similarly, mice are 

coprophagic and consume feces, along with associated microbes, to re-digest again to improve 

absorption of nutrients. This would give both cows and mice the potential for more complex 

mucus and microbe interactions in both the oral cavity and the gut, thus having O-acetyl 

modifications on sialylated glycans on saliva mucus proteins could be advantageous by 

preventing degradation. However, further research is needed on the roles of these modifications 

for the interactions between oral and colonic mucus with the microbiome. 

Effects of modified Sia on influenza viruses. IAV use Sia as their primary receptor for 

host infection, and the specific linkages of Sia to the underlying glycan chain have long been 

known to influence host tropism (40). We examined the effects of O-acetyl and Neu5Gc 

modifications on IAV HA binding, NA cleavage, and on infection, and found differences among 

the IAV strains examined. All the different IAV NA tested showed preferential removal of 

Neu5Ac over any modified Sia form. Cleavage by N1, N7, and N9 were strongly inhibited by 

mono-acetylated Sia, while N2 and N3 were less affected. All NA had much lower activity 

against Neu5Gc, di-acetylated Sia, and particularly against Neu5Gc forms with additional O-

acetylations. This confirms previous reports showing or suggesting inhibition of NA cleavage in 

H1N1 and H3N2 strains (42, 48), but revealing that there is wide variation of effects on different 
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NA types. These differences did not seem to follow broad structural groupings between Group 1 

NA proteins (N1, N4, N5, N8) and Group 2 NA proteins (N2, N3, N6, N7, N9) (77). However, 

one possible source of variation could be the host tropism of the parent viruses for the NA 

proteins used in the VLPs. Both N2 and N3 originate from avian isolates and while N1, N7, and 

N9 came from human isolates, which could explain differences seen in response to mono-

acetylated Sia.  Differences in NA cleavage ability against Neu5Gc had previously been reported 

for swine IAV isolates (49) but comparisons between NA proteins against O-acetylated Sia 

forms have been restricted to human isolates (42). The structure of NA inhibitors, such as 

Oseltamivir and Zanamivir, resemble Sia with side groups added along the glycerol side chain, 

analogous to C7 through C9, and at the C5 and C4 positions (78). The location of these 

inhibitory side groups resembles the chemical modifications of NeuGc and 7,9-O- and 9-O-Ac 

Sia variants, which explains why these natural Sia forms are NA inhibitors. It would be of 

interest to examine NA cleavage efficiency against these natural modified Sia forms from IAV 

strains that were adapted to other hosts with Neu5Gc expression, such as horses and pigs, as well 

as NA proteins with resistance to synthetic NA inhibitors. 

Acetylation and Neu5Gc modifications were also inhibitory for HA binding, with soluble 

HA-Fc sourced from different H1N1 and H3N2 IAV strains showing significantly lower binding 

to these forms compared to unmodified Neu5Ac in an ELLA assay. Previous research has shown 

that Neu5Gc is not bound by most natural IAV isolates, with the exception of an equine H7N7 

strain. Comparisons between this equine H7N7 strain and a lab-generated H5 Y161A mutant that 

bound Neu5Gc, it was found that the structural changes in the 130-loop caused by the loss of 

hydrophobic interactions of the H1 Y161A mutation were also shared in the H7 structure (48). 

Thus, it appears that the receptor-binding pocket of most IAV HA proteins cannot accommodate 
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the Neu5Gc modification due to steric hindrance of the 130-loop. Structural analysis of HA 

proteins with O-acetyl variants have not been studied to this same level of detail; however, 

current structural models of HA bound to Neu5Ac show important hydrogen-bond interactions 

between the C9 of Sia and amino acids at position 98, 190, and 228 in the receptor binding 

pocket (79). It is likely that the O-acetyl modification at C9 would block Sia from binding 

correctly in the receptor-binding pocket.  

IAV infects cells at mucosal surfaces including in the gastrointestinal tract of birds and 

the respiratory tract of mammalian hosts. Therefore, it is likely that viruses interact directly with 

mucus both to initiate infection and during viral release. Using untreated or esterase treated BSM 

(to remove 7,9-O- and 9-O-Ac) it was seen that the unmodified Neu5Ac was most inhibitory, 

suggesting that O-acetyl Sia reduces HA binding to the mucin, allowing binding to the 

unmodified Sia on the cell surface. Esterase treatment, therefore, allows more efficient binding to 

the BSM and greater inhibition of IAV infection. For some viruses there is likely a 

complementarity between the inhibitory effects of 7,9-O- and 9-O-Ac on HA and NA, where 

lower HA binding allows the viruses to avoid binding to Sia forms that NA cannot remove 

efficiently. This effect has been reported for virus grown in the presence of other NA inhibitors 

(64, 80), and is seen in the balance between the activities of the HA and NA for the α2–3 and 

α2–6-linked Sia (80, 81). Incubation of virus with the wild-type mouse serum (>80% Neu5Gc) 

compared to the serum of CMAH-/- mice (100% Neu5Ac) also showed varying effects. Inhibition 

by WT serum was seen only for pH1N1 virus, while Victoria H3N2 and PR8 H1N1 were 

inhibited by both sera. This could confirm previous findings that the density of Sia on these 

serum proteins is the strongest inhibitory factor rather than the type of modified Sia present, as 

shown for incubation with horse serum (82). However, the variable results for different viruses 
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may indicate variation in sensitivity to Neu5Gc between strains that requires further 

investigation. A recent paper showed that repeat passaging of human and canine strains of IAV 

in wild-type mice compared to CMAH-/- mice saw no mutations in HA or NA, nor any 

differences in disease severity between mouse strains (83). It is possible that the amount of 

unmodified Sia present in mouse respiratory tissue is sufficient for infection, with virus avoiding 

binding to Neu5Gc. However, a natural isolate of equine H7N7 has previously been described to 

preferentially binding Neu5Gc which seems to indicate that adaptation to bind this Sia form is 

possible (48). Therefore, it would also be worthwhile comparing the interactions of IAV strains 

adapted to different host species with Neu5Gc, particularly species with higher levels of 

modified Sia present in their respiratory tracts such as horses and pigs.  

In summary we have shown that both the O-acetyl and Neu5Gc modifications present on 

secreted glycoproteins in mucus and saliva, as well as on erythrocytes, vary greatly between 

different species. Some of these modifications inhibit HA binding and NA cleavage, but with a 

significant variability between IAV strains. While the presence of these modifications can inhibit 

infection, how they affect virus host tropism and evolution is likely complex and still not fully 

understood. 

3.6 MATERIALS AND METHODS 

Cells and virus. Canine MDCK-NBL2 (ATCC) and A549 (ATCC) cells were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) with 5% fetal bovine serum and 50 µg/ml 

gentamicin. Influenza A virus strains pH1N1 (A/California/04/2009), Victoria H3N2 

(A/Victoria/361/2011), and PR8 (A/Puerto Rico/8/1934) were rescued from reverse genetics 

plasmids using previously established protocols (84). Rescued virus were grown to low passage 
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on MDCK-NBL2 cells using infection media containing DMEM, 0.03% BSA, and 1ug/ml 

TPCK-treated trypsin.  

Erythrocytes, mucus, and saliva. Chicken, cow, sheep, guinea pig, and pig erythrocytes 

were sourced from Lampire Biological Laboratories (Pipersville, PA). Horse and mouse blood 

were sourced from The Baker Institute for Animal Health (Cornell University, Ithaca, NY). Dog 

blood was sourced from the Cornell Veterinary Hospital Diagnostic Center (Ithaca, NY). All 

erythrocytes were washed in PBS three times and diluted to 5% v/v in PBS. Bovine 

submaxilliary mucin was purchased from Sigma-Aldrich (St. Louis, MO). Animal studies were 

all subject to approved protocols from the Cornell Institutional Animal Care and Use Committee.  

Saliva from humans was collected by passive drooling following the protocol approved 

by the University at Buffalo Human Subjects IRB board (study # 030–505616). Informed 

consent was obtained from all human participants. Saliva from animals was collected by suction 

using commercially available devices containing absorbent sponges in a syringe-like receptacle 

(Super-SAL and Micro-SAL, Oasis Diagnostics, Vancouver, WA). Saliva from mice (laboratory 

strain C57BL/10SnJ) was kindly provided by Jill Kramer (University at Buffalo) using a 

collection procedure as previously described (85). Saliva from dogs, cows, horses, and pigs, was 

provided by Erin Daugherity and Luce E. Guanzini (Cornell University). Animals were not 

allowed to eat or drink prior to the collection to ensure the oral cavity was free of food and other 

debris. The collection was performed using a commercially available device (Micro-SAL). Large 

animals were gently restrained and a larger collection device (Super-SAL) was placed under the 

tongue for up to three minutes, or until fully soaked. Saliva from castrated domestic pigs were 

also provided by Anja Globig (Friedrich-Loeffler-Institut, Insel Riems - Greifswald, Germany). 

Saliva from dogs was also kindly provided by Barbara McCabe (Buffalo, NY).  
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Normal human bronchial epithelial cells (Lonza; cat#CC-2540S) were seeded onto 

human placental collagen-coated permeable transwell inserts at a density of 2.5x104 cells per 

well and cultured in bronchial epithelial cell growth basal medium (BEBM) supplemented with 

bronchial epithelial cell growth SingleQuots (BEGM) in both the apical and basal compartments. 

After reaching confluence at approximately 7 days post seeding, apical media was aspirated, and 

basal media replaced with air-liquid interface media containing half DMEM, half BEBM, plus 

the BEGM SingleQuots to complete differentiation. Apical surfaces of NHBE cells were washed 

twice with phosphate buffered saline (PBS) to collect mucins for HPLC analysis. 

Conditioned media from A549 cells was prepared by washing a fully confluent flask of 

cells to remove any serum and allowing the cells to grow in serum-free media for 5-7 days. 

Conditioned media was collected, dialyzed with three volumes of PBS, and concentrated using a 

30 kD centrifugal filter (Pall Corporation). Protein concentration was determined using a Qubit 4 

fluorometer (Invitrogen). 

Immunohistochemistry of mouse tissues. Expression of O-acetyl modified Sia in 

various tissues of mice was examined by preparing frozen sections of optimal cutting 

temperature compound (OCT)-embedded tissue.  After a 30 min fixation in 10% buffered 

formalin, sections were incubated with recombinant virolectins made by expressing nidovirus 

HE glycoprotein fused to the Fc region of human IgG1, as described by others (12). Nidovirus 

HEs are specific for O-acetyl Sia modifications: MHV-S for 4-O-Ac, BCoV-Mebus for 7,9-O-Ac 

(and low recognition of 9-O-Ac), PToV-P4 for 9-O-Ac. Virolectins were then detected using a 

biotin-conjugated αFc region secondary antibody followed by incubation with the Vectastain 

ABC reagent and NovaRed substrate (Vector). Sections were counterstained with hematoxylin. 
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Quantification of sialic acid by HPLC The sialic acid composition from tissues, mucin, 

and erythrocytes were analyzed by HPLC analysis as previously described (50, 86). In brief, Sia 

from 20-30 mg of tissue, 50 µg of mucin or saliva, or 100 µl of washed 5% v/v erythrocytes were 

release using 2M acetic acid at 80°C for 3 hr followed by filtration through a 10kD centrifugal 

filter (Microcon) and dried using a vacuum concentrator (SpeedVac). Released Sia were labeled 

with 1,2-diamino-4, 5-methylenedioxybenzene (DMB, Sigma Aldrich) for 2.5 hr at 50°C. HPLC 

analysis was performed using a Dionex UltiMate 3000 system with an Acclaim C18 column 

(ThermoFisher) under isocratic elution in 7% methanol, 7% acetonitrile, and 86% water. Sia 

standards were bovine submaxillary mucin, normal horse serum, and commercial standards for 

Neu5Ac and Neu5Gc (Sigma Aldrich). Pre-treatment of samples with 30 µg/ml esterase-active 

BCoV HE-Fc overnight at 37°C removed 7,9-O- and 9-O-acetyl modifications. Final data 

analysis was completed using PRISM software (GraphPad, version 8). 

Biotinylated a2–6-linked sialosides. Biotinylated α2–6-linked sialosides Sia α2–

6LacNAc-biotin containing Neu5Ac, Neu5Gc, or Neu5Ac9NAc as the sialic acid form were 

synthesized from LacNAc-biotin (87) as the acceptor substrate and Neu5Ac, ManNGc (88), or 

ManNAc6NAc (67) as the donor precursor using a one-pot multienzyme sialylation system 

similar to that described previously (89). 

IAV HA affinity for 9-O-Ac modified Sia. HA-Fc constructs were produced as 

previously described (90). HA-Fc binding to sialosides was performed as previously described 

(68, 69). In brief, ELISA-grade 96 well plates (ThermoFisher Scientific) were coated with 5 µg 

of HA-Fc for overnight at 4°C. Plates were then washed 3× with PBS and blocked using 1x 

Carbo Free Blocking Buffer (Vector Labs, Burlingame, CA) for 1 hr. After blocking, plates were 

washed once with PBS and treated with sialosides diluted in PBS for 3 hr at room temperature, 
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then washed 3× with PBS. Plates were then incubated with HRP-streptavidin complex (Vector 

Labs) for 45 min, washed 3× with PBS, then incubated with 3,3’,5,5’-tetramethyl benzidine 

(TMB, Thermo Fisher Scientific). TMB development was stopped with 2M sulfuric acid and 

then analyzed using a colorimetric plate reader (Multiskan EX, ThermoFisher Scientific). Data 

analysis was completed in PRISM software (GraphPad, version 8).  

Generation of NA VLPs. NA sequences were obtained from GenBank (A/Ohio/07/2009 

N1: ACP44181; A/mallard/Ohio/11OS2045/2011 N2: AGC70842; A/chicken/Murree/NARC-

01/1995 N3: ACL11962, A/Netherlands/219/2003 N7: AAR11367, A/Yunnan/0129/2017 N9: 

ARG43209). Sequences were codon optimized, tagged, and ordered through Biomatik in the 

pcDNA3.1(+) vector. To produce VLPs, HEK-293T cells were seeded in 15cm plates and 

transfected when 80% confluent. Cells were transfected with 4 µl of Polyethylenimine (PEI) 

(Polysciences cat# 23966-2) at 1 mg/ml concentration for every 1 µg plasmid DNA stock in 9ml 

of Opti-MEM. Eight hours post transfection, 6ml of pre-warmed Opti-MEM was added. 

Supernatant was collected 72 hours post transfection and purified using ultracentrifugation 

(110,000xg, 1.5 hours, 4°C) through a 20% sucrose cushion, then the pellet re-suspended in PBS 

and stored at 4°C.  

NA cleavage assay with NA VLPs. Bovine sub-maxillary mucin (BSM) or erythrocytes 

from horses and chickens were used as a substrate to determine NA activity of the different NA 

VLPs. Briefly, 50 µg of BSM or 5% v/v washed erythrocytes in PBS were treated with 1:100 NA 

VLPs or 1:100 Arthrobacter ureafaciens NA (NeuA, New England BioLabs) for 4 hours at 

37°C. These dilutions of VLPs were chosen based the enzymatic activity as determined by a 

standard NA cleavage assay using methylumbelliferyl N-acetylneuraminide (MuNANA) as the 

substrate (48). The conditions for NA cleavage were chosen to allow for enough Sia to be 
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released for HPLC analysis based on enzymatic activity of the NA VLPs and NeuA control. Free 

Sia was collected and prepared for HPLC analysis as above. 

Mucin and serum inhibition of infection. MDCK cells were seeded to ~80% 

confluency in 12 well plates with cells allowed to settle for 6 hrs. Virus was diluted in PBS to 

give MOI of 0.5 and then mixed with 20 µg untreated BSM or esterase treated BSM and 

incubated for 45 min at room temp. For mouse serum inhibition, virus was mixed with 200 µg 

wild-type or CMAH-/- serum instead. Serum- or mucin-treated virus was then added to washed 

MDCK cells and incubated for 1 hr with tilting to prevent cell drying. Inoculum was then 

removed, media added and cells were incubated for 10 hrs. Cells were then harvested, stained 

with an anti-influenza A NP antibody, and analyzed for infection using a Millipore Guava 

EasyCyte Plus flow cyotometer (EMD Millipore, Billerica, MA) with analysis using FlowJo 

software (TreeStar, Ashland, OR). Statistical analyses were performed in PRISM software 

(GraphPad, version 8). 
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CHAPTER FOUR 

Influenza A viruses serially passaged in different MDCK cell lines show few sequence 

variations across genomes except in HA 
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4.1 ABSTRACT 

Deep sequence analysis provides an opportunity to follow the emergence and dynamics 

of virus mutations in real time. Viruses are grown in cell culture for research and for vaccine 

development. However, cell lines used to grow virus are often not derived from the same host 

species or tissue that the virus naturally replicates in. The selective pressures of culturing virus in 

vitro is still only partially understood. We passaged human H3N2, H1N1pandemic, and canine 

H3N2 influenza A viruses (IAV) in different lineages of MDCK cells. MDCK cells are naturally 

heterogeneous, and they are a tractable model for engineering sialic acid (Sia) receptor 

expression. We passaged viruses in different lineages of MDCK cells, including those 

engineered to express different forms of Sia receptor, including α2,3- and α2,6-linkages or 

expression of N-glycolylneuraminic acid (Neu5Gc) or N-acetylneuraminic acid (Neu5Ac) forms. 

While the different MDCK variants were genetically identical, they varied in IAV susceptibility. 

MDCK Type II cells had lower infection efficiency and virus production, and were highly reliant 

on protease presence in infection media. When viruses were passaged in the different cells they 

showed only small numbers of consensus-level mutations, most of which were in the HA gene. 

Both human IAV showed selection for single nucleotide minority variants in the HA stem across 

cell types, and more variants arose at low frequency in the receptor binding site in virus passaged 

in cells with Neu5Gc. Canine H3N2 also showed minority variants near the receptor-binding site 

in cells with Neu5Gc and those expressing α2,6-linkages.  

4.2 IMPORTANCE  

The adaptability of viruses is a fundamental property that allows their sustained success in nature 

in the face of varying host environments and immune responses that attempt to control their 

replication and spread. Growth of viruses in culture is widely used for their study and for 
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preparing vaccines, yet the selections that cell passaging imposes on viruses is often poorly 

understood. Here we use deep sequence analysis to define in detail how three different influenza 

A viruses respond to passaging in different lineages of canine MDCK cells which are commonly 

used for their growth, and in MDCK cells engineered to express different forms of their cell 

surface receptor, sialic acid. The results show that only a few changes in the virus population 

sequences become widespread, and these are primarily in the HA gene.  

4.3 INTRODUCTION 

 High levels of genetic variation are a characteristic feature of RNA viruses. Evolution in 

the face of antibody immunity, anti-viral drug treatment, and emergence into new host species 

are necessary for viruses to continue to successfully propagate and transmit over extended 

periods of time. While the natural and experimental evolution of viruses has been described 

many times, the underlying processes of sequence variation, genetic drift, and selection that drive 

evolution of viral genomic sequences at a whole population scale are still not well understood. In 

this study, we define the detailed dynamics of virus evolution in an in vitro model, allowing us to 

better understand key aspects of the selection pressures that act on virus populations, particularly 

host cell and receptor adaptation. 

The growth of viruses in culture is widely used to assess their properties and many “wild 

type” viruses used in research and virus strains used in vaccine development have been 

extensively passaged in culture. Yet the selection pressures that cell culture imposes on these 

viruses are often poorly understood. Often, viruses are grown in cell lines that are derived from 

different species and tissues that the virus does not infect during a natural infection. Influenza A 

viruses (IAV) are a segmented, negative-sense RNA virus that replicates in respiratory tissues in 

mammals and in the gastrointestinal tracts of birds (1, 2). However, Madin-Darby Canine Kidney 
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(MDCK) cells have been considered the gold standard cell line for the culturing of IAV since the 

mid-1970s (3). These cells were isolated from the kidney of a dog and established in culture and 

have features of proximal tubule epithelial cells (4, 5). Their use for growing IAV likely stems 

from their ability to grow high titers of many avian and human IAV strains, to remain attached to 

the growth substrate in the presence of the trypsin used in infection media to cleave and prime 

the hemagglutinin (HA) glycoprotein for infection, and human viruses appear to show relatively 

few mutations after passage in MDCK cells, although some selection of HA mutations may 

occur (3, 6). In contrast, growth of human IAV isolates in embryonated chicken eggs, long used 

for isolation and growth of many viruses, often results in the selection of mutations in HA 

associated with the adaptation of viruses to the predominant α2,3-linkage of the sialic acid (Sia) 

receptor present, which is often referred to as the “avian receptor” form (7, 8). These HA 

mutations that arise during egg passaging may alter the antigenic structure of the HA, which can 

have consequences for viruses used in vaccines (7, 9, 10).  

The original MDCK cells, including the MDCK-NBL2 available from the American 

Type Culture Collection, have been shown to be highly heterogeneous, and many alternate 

MDCK cell lineages now exist (4). A number of studies have shown that different MDCK clones 

vary significantly in their properties and have been broadly grouped into “Type I” and “Type II” 

cells (5, 11–14). MDCK-Type I cells are generally sub-cloned from a low passage of the parental 

MDCK cell line and have a small, flat, spindle-like morphology with strong tight junctions 

(giving high electrical resistance) and higher density of NA-K proton pumps (11, 12, 15). In 

comparison, MDCK-Type II cells have been sub-cloned from a high passage of MDCK cells and 

are large, cuboidal cells that grow in clusters and are characterized as having “leaky” tight 

junctions (giving low electrical resistance), with fewer NA-K proton pumps, and a slower growth 
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rate (11, 12, 15). The MDCK-Type I and MDCK-Type II cells also differ in their lipid 

composition and their ability to develop hemicysts resulting from transport of liquid through the 

monolayer (12, 14). These different cell lineages provide interesting models for examining the 

effects of in vitro passaging on IAV variation. Previous research using a variety of different sub-

clones of MDCK showed that Type-II-like cells supported a lower replication of IAV compared 

to Type-I-like clones, possibly due to differences in endogenous protease expression (16). 

However, it is not known whether the different MDCK cell lineages can select for different IAV 

variants.  

One classic paradigm in studies of IAV host range is that IAV tropism is determined by 

the linkage of Sia to the underlying carbohydrate chain, or glycan, on the surface of cells (1). 

Human-adapted IAV strains preferentially bind to α2,6-linked Sia, the predominant linkage 

found in the upper respiratory tract of humans (17). In contrast most avian IAV strains prefer an 

α2,3-linked Sia, the dominant form found in the gastrointestinal tract of birds where the virus 

replicates (18). Pigs have been described as a “mixing vessel” due to the fact that they express 

both α2,6- and α2,3-linked Sia in their respiratory tract, allowing for the potential co-infection by 

both mammalian and avian IAV strains, which would permit reassortment (19). However, in 

addition to linkage type there is considerable variation in Sia structures, including the addition of 

a variety of chemical modifications (20, 21). The most basic Sia form is N-acetylneuraminic acid 

(Neu5Ac), and the hydroxylated form of Neu5Ac, N-glycolylneuraminic acid (Neu5Gc), is one 

of the most common Sia variants. This modification is synthesized by cytidine 5’-

monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) that is highly expressed in many 

mammals, but has been independently lost in some vertebrate lineages (22). Many natural hosts 

of IAV only have Neu5Ac due to loss of CMAH function, including humans, western breeds of 
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dogs, and birds, while other hosts such as horses and pigs express high levels of Neu5Gc in their 

respiratory tract and other tissues (22–25). While some effects of Neu5Gc have been 

characterized in functional assays on hemagglutinin (HA) and neuraminidase (NA) (26–28), it 

remains unclear how or if this modified Sia acts as a selective pressure on the virus. 

MDCK cells may also be used as a model for modifying Sia properties by engineering 

the enzymes involved in Sia modification or linkages. Plasmid expression of β-galactoside α2,6-

sialyltransferase 1 (ST6GAL1) has been used to produce MDCK-SiaT1 cells which express 

higher levels of α2,6-linked Sia compared to wild-type MDCK cells (29). Human viruses passed 

on standard MDCK cells may show mutations associated with selection by α2,3-linked Sia, 

while fewer mutations were observed after passage of viruses in MDCK-SiaT1 cells (6, 30, 31). 

MDCK-SiaT1 have therefore become the preferred cell line for culturing human IAV, 

particularly for clinical isolates (32). MDCK cells appear to express little or no detectable 

Neu5Gc, due to their origin in a western breed of dog, and therefore can act as a model for 

Neu5Gc presence through transfection with a CMAH expression plasmid. 

 In this study, we passaged three different IAV strains (A/California/04/2009 pH1N1, 

A/Wyoming/2003 H3N2, and A/canine/Illinois/2015 H3N2) in different MDCK cell lines to 

determine the effects on sequence variation within virus populations. Each virus stock was 

derived from reverse genetic plasmids and serially passaged on MDCK-NBL2, MDCK-SiaT1, 

MDCK-CMAH, MDCK-Type I, or MDCK-Type II cells. The virus populations were analyzed 

in detail using deep sequencing to determine the roles of different cell types and Sia forms on 

IAV selection.  
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4.4 RESULTS 

Development of MDCK cell lines. We used the standard ATCC line of MDCK-NBL2 

(MDCK-WT) as the parental line to create the different MDCK cell lines for this study. MDCK-

WT cells express both α2,3- and α2,6-linked Neu5Ac Sia, and only trace amounts of Neu5Gc 

(<1%), either due to uptake from the fetal bovine serum in growth media or possibly from 

residual CMAH activity (Figs. 4.1A,C) (33). To create MDCK cells with higher levels of the 

human-like α2,6-linked Sia, MDCK-WT cells were transfected with an expression plasmid 

carrying the human ST6GAL1 gene to generate MDCK-SiaT1 cells (29). Compared to MDCK-

WT, MDCK-SiaT1 cells showed increased staining in flow cytometry for the Sambucus nigra 

(SNA) lectin which recognizes α2,6-linked Sia (Fig. 4.1B). MDCK-WT cells were transfected 

with an expression plasmid carrying CMAH and sub-cloned to create a cell line that expressed 

Neu5Gc (MDCK-CMAH). MDCK-CMAH cells expressed ~40% of their total Sia as Neu5Gc 

(Fig. 4.1C) and maintained consistent Neu5Gc expression across cell passages. These levels of 

Neu5Gc are comparable to those seen in pig respiratory tissues (Table 4.1). 

 Other MDCK cell variants examined here include clones originally isolated and 

characterized as described in Nichols et al (11), which were a kind gift from Dr. William Young 

(University of Kentucky), that were defined as MDCK-Type I and MDCK-Type II cell lines. 

These MDCK-Type I and MDCK-Type II cells expressed the same amount of α2,3-linked Sia as 

MDCK-WT when stained with Maakia amurensis type I (MAA I) lectin, but MDCK-Type II had 

higher staining for α2,6-linked Sia when stained with SNA lectin (Fig. 4.1A).  

Viral passaging and analysis. The experimental design used in this study is diagrammed 

in Figure 4.2. To compare results between different IAV strains, we tested three viruses:  
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Figure 4.1 

A) Plant lectins MAA (α2,3-linked Sia) and SNA (α2,6-linked Sia) were used to compared 
linkage types between MDCK-WT, MDCK-Type I, and MDCK-Type II cells via flow 
cytometry. B) Plant lectin SNA was used to determine amount of α2,6-linked Sia on MDCK-WT 
cells compared to MDCK-SiaT1 cells via flow cytometry. C) HPLC analysis of total Sia 
collected from MDCK-WT and MDCK-CMAH cells.  
Data analyzed by one-way ANOVA using PRISM software.  
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001.  
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Table 4.1.  
 
HPLC analysis for total sialic acid content for tissue from pigs. Data given as percent of total Sia 
averaged across three runs 
 

Tissue %Neu5Gc %Neu5Ac %Neu5,9Ac2 
Upper Lung 36.8 51.0 0.7 
Lower Lung 37.9 52.0 0.5 

Lower Trachea 14.4 81.4 0.3 
Upper Trachea 14.1 83.9 0.3 
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Figure 4.2. 

A) Diagram of replicate one for virus passaging in MDCK cells. Passages were completed for 
human IAV strains wyoH3N2 and pH1N1, along with CIV H3N2 at a low MOI of 0.001. Virus 
was sequenced for passage 1, 5, and 10. MDCK-Type II cells did not produce enough progeny 
virus despite increasing MOI, so no virus was sequenced for this cell type. For Zanamivir 
passaged virus, an MOI of 0.005 was used and Zanamivir concentration was increased during 
each passage from 0.01 µM to 1 µM. 
B) Replicate two was used to determine if there was variation between virus populations 
passaged in MDCK-WT and MDCK-CMAH, three individual populations of each virus were 
passaged 5 times. Virus in passage 1 and 5 were sequenced for each population. 
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pandemic H1N1 (pH1N1, A/California/04/2009), a seasonal H3N2 (wyoH3N2, 

A/Wyoming/2003)), and a canine H3N2 strain (CIV H3N2, A/canine/Illinois/2015). Viruses 

were recovered from reverse genetics plasmids as previously described (34), and stocks prepared 

after two passages in MDCK-WT cells. Each virus was titrated by TCID50 assay in MDCK-WT 

cells, and passaged five times at low MOI of 0.001 in MDCK-WT, MDCK-CMAH, MDCK-

Type I, or MDCK-SiaT1 cells. Viruses were then passaged for an additional five passages in 

MDCK-WT, MDCK-CMAH, and MDCK-SiaT1 cells, giving a total of ten passages. Passaging 

of virus in MDCK-Type II cells failed, which will be covered in more detail. The same passaging 

methods were repeated in MDCK-WT and MDCK-CMAH as a second replicate using three 

separate passage series per cell type for five passages to determine the reproducibility of the 

variants seen. As a positive control for virus selection, we also passaged each virus five times in 

the presence of increasing concentrations of 4-guanidino-2,4-dideoxy-2,3-dehydro-N-

acetylneuraminic acid (Zanamivir), as previously described (35, 36).  

Viral RNA was extracted from the stock virus, and from viruses recovered after passage 

1, 5, and 10, and viral genomes was amplified using whole genome RT-PCR as previously 

described (37). Libraries were prepared using Illumina Nextera XT and sequenced using 

Illumina MiSeq with 2x250 base paired end reads. To control for error during sequencing, the 

plasmid stocks for each virus were also deep sequenced (Fig. 4.3), and to control for RT-PCR 

introduced error, a variant calling threshold of 2% was used. Average coverage for all gene 

segments for pH1N1 and wyoH3N2 (Fig. 4.4A,B) was 1000 to 10000 reads per base pair. The 

coverage for most gene segments for CIV H3N2 were comparably high, apart from the HA gene 

segment, which had consistently lower coverage (between 50-200 reads per base pair) for 

reasons that are unclear. CIV H3N2 HA-specific primers were therefore used to prepare 
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additional libraries with higher coverage (Fig. 4.4C). The second replicate of the wyoH3N2 

passages could not be completed to passage 5 in MDCK-WT cells, as the virus titers dropped 

below detectable limits during passage 3 for all three flasks. 

MDCK-Type II cells less permissive to IAV infection. All three viruses replicated well 

in the MDCK-WT and MDCK-Type I cells, while replication was less efficient in MDCK-Type 

II cells despite MDCK-Type II cells expressing similar amounts of Sia on their surface as both 

MDCK-WT and MDCK-Type I cells (Fig. 4.1A). Lower numbers of infected cells were seen at 

early time points of infection (Fig. 4.5A,B) and significantly less virus was collected in the 

supernatant after 48 hours (Fig. 4.5C). We also found that virus infections in these were very 

sensitive to the presence of trypsin in the media, as had previously been reported (16). 

Passage with Zanamivir. Passaging of virus with the NA inhibitor Zanamivir has 

previously been shown to select for mutations in both NA and HA (35, 38, 39). As a positive 

control for selection, we therefore passaged the three IAVs in increasing concentrations of 

Zanamivir starting at 0.01 µM in passage one up to 1.0 µM in passage 5. For pH1N1 virus, no 

single nucleotide variants (SNVs) arose in NA or in the HA1 domain of HA where the receptor-

binding site is located (Fig. 4.6A). Some SNVs did arise in the stalk of pH1N1 HA, however 

these same SNVs also arose in all other pH1N1 virus populations passaged in the different 

MDCK cell lines, as will be discussed in more detail. For wyoH3N2, no SNVs arose in NA, but 

some did arise in HA (Fig. 4.6B), including A163T (62%) and L244V (28%) in the HA1 

domain. In CIV H3N2, the variant S231G in HA reached near fixation and is near to a R229I 

variant that was previously found to confer NA inhibitor resistance in cell-based assays (40). 

CIV H3N2 also saw fixation of the A27T variant in NA that was present in the stock virus and  
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Figure 4.3 

Single nucleotide variants (SNV) in plasmids and stock virus were analyzed for pH1N1, 
wyoH3N2, and CIV H3N2. Data is shown for the whole genome. Non-synonymous mutations 
are filled in shapes while synonymous mutations are open shapes.  
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Figure 4.4.  

Average coverage for each genome segment for replicate one and replicate two were determined 
for A) pH1N1, B) wyoH3N2, and C) CIV H3N2. For analysis, a cutoff of 200 reads per base pair 
was set.  
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Figure 4.5.  

MDCK-Type II cells had low number of infected cells and less progeny virus than MDCK-WT 
cells. A) MDCK-WT and MDCK-Type II cells were infected at an MOI of 0.25 for 12 hours, 
fixed and stained for NP protein. Cell were imaged at 10x. B) Flow cytometry of MDCK-WT 
and MDCK-Type II cells infected at an MOI of 0.25 for 6 hours, fixed and stained for NP 
protein. C) Supernatant from MDCK-WT and MDCK-Type II cells infected at an MOI of 0.01 
for 48 hours was collected and virus titers determined by RT-qPCR for the M gene segment. 
Data analyzed by t-test using PRISM software.  
* = p-value ≤0.05; ** = p-value ≤0.01; *** = p-value ≤0.001. 
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Figure 4.6.  

Single nucleotide variants (SNV) were analyzed for A) pH1N1, B) wyoH3N2, and C) CIV 
H3N2 passaged in Zanamivir. Data is shown for the whole genome for passage one and passage 
five on the left panel, while the nucleotide position of SNVs for HA are mapped on the right 
side. Non-synonymous mutations are filled in shapes while synonymous mutations are open 
shapes. 
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fixation of a G228R variant in M1 in the M segment, both of which also reached high frequency 

in other CIV H3N2 passaging populations. 

Passage of pH1N1 in MDCK-WT, MDCK-SiaT1, and MDCK-Type I cells. When 

pH1N1 was passed in MDCK-WT, MDCK-SiaT1, and MDCK-Type I cells, SNVs were detected 

in most gene segments; however, the majority of these SNVs were at low frequency, 

synonymous, and not consistently carried between passages. The exception to this was in the HA 

segment encoding hemagglutinin, which had the greatest number of non-synonymous SNVs with 

very few synonymous variants (Fig. 4.7; Table 4.2). Most SNVs introduced substitutions into 

the HA2 stalk domain, while few SNVs were seen in HA1 corresponding to the receptor binding 

site domain. None of the SNVs in HA1 were selected or carried through passage 5 for MDCK-

Type I or passage 10 for MDCK-WT and MDCK-SiaT1. Minority SNVs in the stalk domain 

increased in frequency between passages p1 and p5 from 25%-45% up to 45%-85%, with the 

highest frequency being at amino acid position 445, a variant that was also present at low 

frequency in the stock virus (Table 4.2). By passage 10, minority variants at position 445 in both 

MDCK-WT and MDCK-SiaT1 were fixed, with K445E fixed in MDCK-SiaT1 cells and K445M  

fixed in MDCK-WT (Fig. 4.7A,B, Table 4.2). Interesting, neither variant was carried to passage 

5 in MDCK-Type I, but an SNV near by, T436N, reached a frequency of 58% (Fig. 4.7C, Table 

4.2). MDCK-WT passaged virus also saw fixation of another stalk variant, R509G, by passage 

10 that arose between passage 5 and 10 (Fig. 4.7A). Other SNVs clustered in this same region of 

HA2, including at residues 436, 439, 441, 442, 443, 446, and 448, with some reaching high 

frequencies of 10-50%. Glycosylation sites on HA were maintained across all passaged virus 

except in one population of MDCK-WT-passaged virus in replicate two, where loss of the 
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proposed glycosylation site at site 21 occurred in passage 1 at a frequency of 13% and was 

maintained through passage 5 at a frequency of 12% (Fig. 4.8C; Table 4.2).  

Passaging of pH1N1 in MDCK-CMAH cells. Initial passage of virus in MDCK-CMAH cells 

showed more SNVs that introduced coding changes into the HA1 domain, so that a second 

replicate of five passages in three separate virus populations was performed to determine if there 

was variation in SNVs (Fig. 4.3). MDCK-CMAH passaged virus populations showed most 

SNVs in the HA gene segment, along with some changes in PA that were primarily synonymous 

and not consistent between virus populations (Fig. 4.8B). MDCK-CMAH passaged pH1N1 

showed emergence of SNVs in the HA2 stalk domain at positions 441, 442, and 445 as seen in 

virus passed in other MDCK cell lines. Several apparently MDCK-CMAH specific SNVs arose 

near the receptor-binding site of HA during the later passages in these cells (Fig. 4.8, Table 4.2). 

These include polymorphisms of residues 138 and 228 of HA1 in all MDCK-CMAH-passaged 

virus populations in both replicate one and two, although these were not maintained through 

passage 10.  Residues 128 and 228 fall within the well-characterized outer loops of the receptor-

binding site and affect α2,3- or α2,6-Sia binding preference (41). Other SNVs near the receptor-

binding site also arose in different MDCK-CMAH passaged virus populations, although there 

was variability between virus populations (Fig. 4.8C). However, none of the SNVs near the 

receptor-binding site were present at higher frequency than 15% by passage 5, except one 

passage 5 population in replicate two (A138S, ~30%). After 10 passages in MDCK-CMAH cells, 

only a low frequency variant, I269N (4%), was present in HA1. Some pH1N1 virus passed in 

MDCK-CMAH cells also showed loss of glycosylation sites at 21 and 33 at low frequency 

(<10%) (Fig. 4.8B,C), similar to that seen in some populations of MDCK-WT passed virus.  



	 142	

 
Figure 4.7 

Single nucleotide variants (SNV) were analyzed for pH1N1 passaged in A) MDCK-WT, B) 
MDCK-SiaT1, and C) MDCK-Type I cells. Data is shown for the whole genome for passage one 
and passage 10 (A,B) or passage 5 (C) on the left panel, while the nucleotide position of SNVs 
for HA are mapped on the right side with particular amino acid changes noted. Non-synonymous 
mutations are filled in shapes while synonymous mutations are open shapes.  
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Figure 4.8 

Single nucleotide variants (SNV) are mapped for pH1N1 passaged in MDCK-WT and MDCK-
CMAH. A) SNVs from replicate one are mapped for the whole genome (left panel) and for HA 
alone (right panel) for passage 1 and passage 10. B) Whole genome map for SNVs from the three 
independent virus populations of pH1N1 passaged in MDCK-WT or MDCK-CMAH. C) The 
nucleotide position of SNVs mapped for HA only from the three virus populations of pH1N1 in 
MDCK-WT or MDCK-CMAH. Particular amino acid changes as result of SNVs are also noted. 
Non-synonymous mutations are filled in shapes while synonymous mutations are open shapes.  
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Table 4.2. Single Nucleotide Variants in pH1N1 segments HA and NA 

HA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

 Stock  
G228A (5%), V379I (2%), 

K445M (6%),   

MDCK-WT 

Rep 1 F1 
V381I (10%), D441N (18%), 
N443S (2%), K445M (38%), 

R509G (3%) 

L59 (3%), V381I (6%), D441N 
(28%), K445M (57%), N446D 

(10%) 

K445M (100%), R509G 
(100%) 

Rep 2 

F1 
F332L (7%), Y353F (2%), 

Y439D (6%), K445E/M (6%, 
44%), Y448C (6%) 

F332L (3%), T436N (11%), 
S442L (10%), K445M (77%)  

F2 

T23P (13%,) F332L (10%), 
D348Y (5%), V381I (3%), 
T436N (7%), D441Y/N/E 

(27%, 5%, 3%), S442L (7%), 
K445M (2%), R509G (5%) 

T23P (12%,) F332L (4%), 
T436N (6%), D441Y/N (13%, 
14%,), K445M (11%), N446D 

(47%) 
 

F3 
I15L (2%), L331I (17%), 

D441N/G (3%, 9%), S442L 
(39%), K445M (24%) 

D441N (5%), S442L (86%), 
K445M (10%)  

MDCK-
CMAH 

Rep 1 F1 

Y17H (7%), G228A (9%), 
F332L (5%), E376D (24%), 
D441N (30%), S442L (3%), 

K445M (5%) 

G228A (3%), F332L (11%), 
Y363C (2%), E376D (16%), 
D441N (49%), S442L (8%), 

K460E/M (3%, 8%) 

T136 (8%), I269N (4%), 
F332L (27%), E376D 
(4%), D441N (29%), 
S442L (37%), K445E 

(6%) 

Rep 2 

F1 

L71 (2%), G228A (5%), F332L 
(3%), A373V (3%), V381I 

(5%), T436N (3%), D441N/Y 
(5%, 2%), N443S (10%), 

K445E/M (3%, 21%), K456R 
(4%), Y470N (3%) 

E75V (3%), A138S (29%), 
G228A (13%), F332L (6%), 

I339L (6%), D430 (3%), 
T436N (11%), D441Y/N (24%, 

9%), S442L (9%), N443Y/S 
(4%, 10%), K445E/M (10%, 
8%), L462 (3%), I462T (2%), 

F469L (2%) 

 

F2 

F332L (10%), V381I (10%), 
A425T (2%), T436N (8%), 

D441Y/N (14%, 9%), K445M 
(11%) 

N33D (3%), G228A (4%), 
F332L (40%), V381I (4%), 
N404 (3%), T436N (15%), 

D441Y/N (21%, 16%), K445M 
(11%), P504 (3%) 

 

F3 

D11N (2%), T23P (5%), D24N 
(4%), V381I (4%), T436N 

(5%), D441N/Y (14%, 7%), 
S442L (7%), N443Y (4%), 
K445M (9%), Y448C (3%), 

V451I (9%) 

T23P (19%), D93N (2%), 
A138S (6%), G228A (3%), 
L331I (6%), T436N (13%), 

D441N/Y (16%, 9%), S442L 
(32%), K460M (6%), V451I 

(6%) 

 

MDCK-
SiaT1 Rep 1 F1 L151 (5%), I385V (3%), 

D441G (3%), K445E (27%) D441G (2%), K445E (94%) L154 (25%), T393I 
(4%), K445E (100%) 

MDCK-
Type I Rep 1 F1 

P128L (2%), G228A (2%), 
V237L (5%), E407 (4%), 

T436N (10%), D441N (3%) 

E407 (15%), T436N (58%), 
D441N (11%), K460E/M (6%, 

4%)  

MDCK-
Type II Rep 1 F1    

MDC+ 
Zanamivir Rep 1 F1 

D11N (3%), A19G (7%), I323F 
(5%), V381I (4%), T436N 

(5%), D441N (5%), K445Q/M 
(2%, 17%), N446S (14%), 

Y448C (20%) 

V381I (9%), T436N (3%), 
K445Q (38%), N446S (27%), 

Y448C (25%)  
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Table 4.2 continued 
 

NA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-WT 

Rep 1 F1 V234 (5%)   

Rep 2 

F1 V453M (3%) N28K (3%), S31P (5%), N71 
(19%), C233 (8%)  

F2 G147R (5%), R361 (5%), 
I427V (8%) 

N146 (2%), G147R (4%), R361 
(4%), I427V (3%)  

F3  Y100 (9%)  

MDCK-
CMAH 

Rep 1 F1   
N42D (4%), T72I (3%), 

C446W (2%) 

Rep 2 
F1    F2 C49Y (3%), P377 (2%)   F3 F322L (4%) V81I (3%), F322L (2%)  MDCK-

SiaT1 Rep 1 F1  I263V (17%), I389L (3%) Q136 (3%), I263V 
(13%) 

MDCK-
Type I Rep 1 F1    

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1    

Italics give synonymous mutations, non-italics give non-synonymous mutations 
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 Passage of wyoH3N2 in MDCK-WT, MDCK-SiaT1, and MDCK-Type I cells. The 

wyoH3N2 results varied, and the virus did not propagate past passage 3 in the MDCK-WT cells 

in the second replicate, likely due to the poor cell culture growth of recent H3N2 human viruses 

(42, 43). In other passage series in all MDCK cell lines, most SNVs were seen in the HA gene 

segment (Fig. 4.9A, B; Table. 4.3). Changes of residues in HA1 near the receptor-binding site of 

HA included residue N216K, which arose after five passages in both MDCK-WT and MDCK-

Type I at 16% and 2% respectively (Fig. 4.9A,D). In MDCK-WT, N216K reached over 80% by 

passage 10. However, few SNVs in HA1 were seen in the MDCK-SiaT1 passaged virus and 

none were carried to passage 10, which is consistent with previous reports (Fig. 4.9B) (31).  

WyoH3N2 virus passaged in MDCK-WT also showed a low frequency loss of a 

glycosylation site at residue 165 in HA1 (N165T), which was maintained at a frequency of 5-

10% through passage 10 in MDCK-WT passaged virus. SNVs in the stalk domain of HA2 

occurred after passage in MDCK-WT, MDCK-Type I, and MDCK-SiaT1 cells (Fig. 4.9; Table 

4.3). HA residue 404 had two variants, G404R and G404E, present in most populations at high 

frequency in passage 5 (16-75%) and G404E was maintained through passage 10 in MDCK-WT 

passaged virus at 12% frequency (Fig. 4.9A). Both variants were present in the stock virus at low 

frequencies (Fig. 4.3). Other stalk mutations include G465S, which was completely fixed in 

MDCK-SiaT1 cells in passage 5 and maintained through passage 10 (Fig. 4.9B), and G463D, 

which reached over 40% in MDCK-Type I cells (Fig. 4.9C). Neither of these mutations was 

detected in the stock virus or the MDCK-WT grown virus. For the other gene segments, only a 

few low frequency (<3%) SNVs occurred, but most were synonymous mutations and were not 

retained across passages (Fig. 4.9).  
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 Passage of wyoH3N2 in MDCK-CMAH cells. WyoH3N2 passaged in MDCK-CMAH 

showed more low frequency SNVs near the receptor-binding site than were seen in other MDCK 

cell lines, although results varied between virus populations (Fig 4.10; Table 4.3). SNVs 

included substitutions of HA residues V186I, P221S, and Y233H at low frequencies (<5%) in 

both replicate 1 and replicate 2. WyoH3N2 passaged in MDCK-CMAH saw a high frequency 

SNV at residue N216K by passage 10 in replicate 1 (92%) similar to MDCK-WT passaged virus, 

as well as SNVs G404R/E (20-50% by passage 5), G465S (~10% by passage 5), and the loss of 

the glycosylation site at position 165 (2-16%) that were also seen in other cell passaged 

populations. However, only the D487N variant was maintained through all 10 passages in 

replicate 1. Few non-synonymous SNVs arose in the NA gene segment across wyoH3N2 

passages; however, SNVs did arise in passage 10 that led to changes in the proposed secondary 

Sia binding site of NA in MDCK-WT (S367G, 11%) and MDCK-CMAH (R428K, 37%). As this 

secondary binding site has only recently been described (44), the importance of this site for 

infection in cell culture and the effects of these mutations will require additional research. 

Additionally, one SNV appeared repeatedly in the PA gene segment in MDCK-WT (42% in 

passage 5, lost by passage 10) and in MDCK-CMAH (10% in passage 5, 5% in passage 10) in 

replicate one, F600S. This variant is located in the C-domain of PA that interacts with PB1, 

however position 600 is not directly involved in this interaction and it is unclear if this variant 

has any function.  

CIV H3N2 in MDCK-WT, MDCK-SiaT1, and MDCK-Type I cells. The CIV H3N2 

showed little consistent selection for HA stalk mutations, with only a few SNVs arising at very 

low frequency including a SNV at position I335K that was also present in the stock virus at a 

frequency of 8% and reached 10-30% by passage 5 but was not maintained through passage 10  



	 148	

 
Figure 4.9 

Single nucleotide variants (SNV) were analyzed for wyoH3N2 passaged in A) MDCK-WT, B) 
MDCK-SiaT1, and C) MDCK-Type I cells. Data is shown for the whole genome for passage one 
and passage ten (A,B) or passage 5 (C) on the left panel, while the nucleotide position of SNVs 
for HA are mapped on the right side with particular amino acid changes noted. Non-synonymous 
mutations are filled in shapes while synonymous mutations are open shapes.  
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Figure 4.10 

Single nucleotide variants (SNV) are mapped for wyoH3N2 passaged in MDCK-WT and 
MDCK-CMAH. A) SNVs from replicate one are mapped for the whole genome (left panel) and 
for HA alone (right panel) for passage one and passage ten. B) Whole genome map for SNVs 
from the three independent virus populations of wyoH3N2 passaged in MDCK-WT or MDCK-
CMAH. C) The nucleotide position of SNVs mapped for HA only from the three virus 
populations of wyoeH3N2 in MDCK-WT or MDCK-CMAH. Non-synonymous mutations are 
filled in shapes while synonymous mutations are open shapes.  
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Table 4.3. Single Nucleotide Variants in wyoH3N2 segments HA, PA, and NA 

HA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

Stock   
P293L (4%), G404R/E 

(3%, 1%)   

MDCK-
WT 

Rep 1 F1 

L157S (2%), P293L 
(6%), G404R/E (15%, 
12%), R456K (5%), 

G510 (2%) 

N165T (9%), N216K (16%), 
K397R (7%), G404R/E 

(19%, 47%) 

T12 (3%), N165S (6%), 
N216K (83%), V347M (7%), 

G404E (12%) 

Rep 2 

F1 K391 (2%), G404R 
(3%), R492K (3%) virus failed to replicate to p5  

F2 
A163T (4%), P293L 
(9%), G404R/E (7%, 

3%) 
virus failed to replicate to p5  

F3 
N165T (10%), T167N 

(3%), P293L (7%), 
G404R/E (6%, 4%) 

virus failed to replicate to p5  

MDCK-
CMAH 

Rep 1 F1 

A163T (4%), N216K 
(4%), P293L (7%), 

K391 (5%), G404R/E 
(9%, 6%), D441Y 
(2%), R492K (6%) 

H17R (12%), T37 (8%), 
A163T (3%), N165T (2%), 

T167N (2%), N216K (55%), 
S247 (3%), P293L (10%), 

G333S (7%),  K397R (4%), 
G404R/E (3%, 4%), G463D 
(3%), G465S (9%), D487N 

(8%) 

H17R (5%), N216K (92%), 
D487N (14%) 

Rep 2 

F1 

N165T (5%), V186I 
(2%), P293L (7%), 

G404R/E (22%, 15%), 
R456K (6%) 

N165T (16%), P293L (3%), 
G404R/E (35%, 28%), 

R456K (11%)  

F2 

A163T (12%), Y233H 
(3%), P293L (4%), 

G404R/E (25%, 3%), 
A495T (5%) 

A163T (15%), Y233H (4%), 
G404R/E (45%, 14%), 

R492K (2%)  

F3 P221S (3%), P293L 
(10%), G404E (39%) 

P221S (3%), P293L (5%), 
G404R/E (4%, 74%)  

MDCK-
SiaT1 Rep 1 F1 

P293L (3%), K391R 
(2%), K397R (3%), 
G404R/E (4%, 3%), 
D441N/Y (2%, 3%), 

G465S (1%) 

G465S (99%) G465S (99%) 

MDCK-
Type I Rep 1 F1 A163T (2%), P293L 

(4%), G404R (7%) 

N38D (2%), A163T (8%), 
N216K (2%), P293L (2%), 

G333S (4%), G404R/E 
(17%, 9%), G463D (43%), 

G465S (3%) 

 

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1 

A163T (11%), P293L 
(11%), G404R/E (10%, 

11%) 

T65 (24%), A163T (62%), 
L244V (28%), K391 (5%), 
G404R/E (3%, 8%), S442 

(3%), R492K (6%) 
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Table 4.3 continued 
 

PA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-
WT 

Rep 1 F1  F600S (42%) D3 (3%), D516 (10%), S588P 
(3%) 

Rep 2 

F1  virus failed to replicate to p5  
F2 I145T (4%), F600S 

(4%) virus failed to replicate to p5  
F3  virus failed to replicate to p5  

MDCK-
CMAH 

Rep 1 F1  

N228 (6%), K340 (4%), 
V541M (3%), C561Y (2%), 
C562 (2%), F600S (10%) 

N228 (6%), S571* (7%), 
F600S (5%) 

Rep 2 
F1 K281 (5%) K281 (7%)  F2 N228 (9%) N228 (5%)  F3    

MDCK-
SiaT1 Rep 1 F1  R168 (11%), G555 (4%) 

L65I (6%), R168 (45%), 
G235A (8%), I292 (3%), 

V668I (4%) 
MDCK-
Type I Rep 1 F1    

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1  D3G (3%)  

 
NA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-
WT 

Rep 1 F1  
M51I (3%), L255 (5%), 

D463 (9%) 

I8 (5%), I73T (4%), N329 
(3%), S367G (11%), N387 

(3%), D463 (21%) 

Rep 2 
F1  virus failed to replicate to p5  F2  virus failed to replicate to p5  F3  virus failed to replicate to p5  

MDCK-
CMAH 

Rep 1 F1  P282 (2%) 
G137 (13%), V143 (8%), 

P282 (14%), N358K (3%), 
R428K (37%) 

Rep 2 
F1 L255 (8%) L255 (7%)  F2 R403 (10%) R403 (11%)  F3    MDCK-

SiaT1 Rep 1 F1 I20T (3%), L35 (3%)   
MDCK-
Type I Rep 1 F1    

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1    

Italics give synonymous mutations, non-italics give non-synonymous mutations 
  



	 152	

in any virus populations (Fig. 4.3; Fig. 4.11). This I335K variant was positioned just after the 

cleavage site between HA1 and HA2 and may be associated with protease susceptibility. Other 

SNVs in HA varied between the replicates in MDCK-WT cells. Residue S186I reached over 

50% in passage 5 and over 90% frequency by passage 10 in replicate one, while in the three 

populations in replicate two had only low frequency SNVs in HA by passage 5 (Fig. 4.11A, Fig. 

4.12B). Passage in both MDCK-Type I and MDCK-WT cells had a variant at position 186 reach 

~50% frequency (Fig. 4.11C). In MDCK-SiaT1 cells, the SNV at position S219P in the receptor-

binding site reached a frequency of 98% by passage 10 (Fig. 4.11B). Previous reports have 

shown mutations at position 219 associated with changes in receptor binding preference in 

human H3N2 virus passaged in eggs (45).  

An A27T variant in the NA was present in the stock virus (14%) and reached 60-95% by 

passage 5 in all cells (Fig. 4.11D). In the passage 10 virus population in MDCK-WT cells, A27T 

reached 97% frequency while in passage 10 virus from MDCK-SiaT1, the population was split 

between A27T (48%) and L35Q (48%). One MDCK-WT passage 5 virus population in replicate 

two also had the L35Q variant (80%) (Fig. 4.12D; Table 4.4). Several additional SNVs occurred 

in the NA transmembrane and stalk domain by passage 5 and passage 10, including residues 28, 

30, 35, 36, and 37 at frequencies of 5-70%. Similar mutations were also seen in canine H3N2 

viruses when they were passaged on feline cells, so could be a general cell culture adaptation for 

increased stability or budding efficiency (46). 

The other gene segments of CIV H3N2 virus showed few consistent minority SNVs 

between passages and cell types. C489S variant in PA was present in the stock virus and was 

maintained through passage 5 and passage 10 of all virus populations at <10% frequency. An NS 

segment variation within the NEP protein at position 35 was seen in all virus populations at low 
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(<5%) frequency in passage 1 and was maintained in MDCK-WT passaged virus through 

passage 10 at low frequency. Also, a G228R variant in M1 reach high frequency in MDCK-WT 

passaged virus by passage 10. This variant also reached fixation in virus passaged in Zanamivir 

(Table 4.4). 

CIV H3N2 in MDCK-CMAH cells. These viruses showed a similar inconsistency 

between replicate one and replicate two virus populations (Fig 12. A,B), with more SNVs in 

HA1 in replicate two MDCK-CMAH passed virus compared to MDCK-WT passed virus, with 

variants near the receptor-binding site at residues 183, 186, 188, 219, and 221, with many 

reaching frequencies of 20-70% (Fig. 4.12B,C; Table 4.4). However, in replicate one only the 

S186I variant reached high frequency (96% by passage 10) in MDCK-CMAH passed virus, with 

other minority variants at positions 129, 183, 221, and 252 present at 10% or lower frequencies. 

The S186I is also nearly fixed in MDCK-WT passaged CIV H3N2 in replicate one by passage 10 

(Fig. 4.12A). However, the S186I appeared in all MDCK-CMAH passaged viruses at a 

frequency of 17% to 67% by passage 5 across both replicates, but was detected only in replicate 

one in MDCK-WT. The variants S219P and P221L were seen at low frequency across several of 

the MDCK-CMAH populations by passage 5 and are within the 220-loop of the receptor-binding 

site. P221L only occured in MDCK-CMAH passaged virus (43% frequency in passage 5, 

replicate two) while S219P also occurred in MDCK-SiaT1 passaged virus (98% by passage 10). 

Similar to passage in other MDCK cell lines, viruses passaged in MDCK-CMAH also showed 

variation of HA residue 335 in the stalk at low frequency, as well as SNVs in NA at positions 20, 

27, 28, 35, and 36, with A27T having high frequency in all passage 5 virus populations. For 

passage 10 virus in MDCK-CMAH, the frequency of A27T decreased due to the rise in 

frequency of V20A (Table 4.4). The low frequency C489S variant in PA, F35L in NEP sequence  
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Figure 4.11 

Single nucleotide variants (SNV) were analyzed for CIV H3N2 passaged in A) MDCK-WT, B) 
MDCK-SiaT1, and C) MDCK-Type I cells. Data is shown for the whole genome for passage one 
and passage ten (A,B) or passage 5 (C) on the left panel, while the nucleotide position of SNVs 
for HA are mapped on the right side with particular amino acid changes noted. D) SNVs mapped 
for NA for passage 10 for MDCK-WT and MDCK-SiaT1 or passage 5 for MDCK-Type I. Non-
synonymous mutations are filled in shapes while synonymous mutations are open shapes.  
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Figure 4.12 

Single nucleotide variants (SNV) are mapped for CIV H3N2 passaged in MDCK-WT and 
MDCK-CMAH. A) SNVs from replicate one are mapped for the whole genome (left panels) and 
for HA alone (middle panels) and NA alone (right panels) for passage one and passage ten. B) 
Whole genome map for SNVs from the three independent virus populations of CIV H3N2 
passaged in MDCK-WT or MDCK-CMAH. C) Nucleotide position of SNVs mapped for HA 
only from the three virus populations of CIV H3N2 in MDCK-WT or MDCK-CMAH. D) 
Nucleotide position of SNVs mapped for NA only for the three virus populations of CIV H3N2 
in MDCK-WT or MDCK-CMAH. Non-synonymous mutations are filled in shapes while 
synonymous mutations are open shapes. 
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Table 4.4. Single Nucleotide Variants in CIV H3N2 segments HA, PA, NA, NS, and M 

HA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 
Stock   I335K (8%)   

MDCK-
WT 

Rep 1 F1 
P99S (5%), G129R (7%), 
S205 (4%), I335K (10%), 

I478M (3%) 

T28 (4%), F79L (9%), P99S 
(5%), G129R (10%), T155 

(14%), N159 (18%), Y161H 
(19%), S186I (53%), Q189K 

(7%), I335K (17%), E401 
(11%) 

G5 (2%), P21T (3%), T28 
(28%), F79L (4%), 

G129R (4%), T155 (4%), 
N159 (6%), Y161H (7%), 
S186I (91%), E401 (4%) 

Rep 2 

F1 R150I (3%), I335K (14%), 
K446R (3%) 

A106T (4%), R150I (15%), 
I335K (4%), Q376L (3%), 

G404 (2%)  

F2 G124 (3%), I335K (8%) F79L (5%), V323I (9%), 
I335K (3%)  

F3 I335K (3%) I335K (3%)  

MDCK-
CMAH 

Rep 1 F1  

G129R (10%), H183Q (4%), 
S186I (67%), P221L (5%), 
I335K (14%), K508T (2%) 

S186I (96%), P221L 
(4%), I252V (2%), K292 

(4%), A476 (5%) 

Rep 2 

F1 N188K (3%), I335K (6%), 
K446R (3%) 

D101N (12%), S186I (17%), 
N188K (9%), Q210R (23%), 
P221L (43%), I335K (4%)  

F2 
G129R (3%), S186I (4%), 
S219P (3%), I335K (5%), 

V384M (3%) 

D101N (17%), G129R (8%), 
Y161H (8%), S186I (50%), 
S219P (14%), I262S (2%), 
I335K (2%), V384M (16%) 

 

F3 V112A (3%), G129R (4%), 
V384M (2%) 

F79L (28%), D101N (19%), 
G129R (54%), S186I (14%), 

R240 (3%), I252V (4%), 
I335K (4%) 

 

MDCK-
SiaT1 Rep 1 F1 S219P (6%), I335K (12%) S186I (3%), S219P (82%), 

I335K (7%) 

A69S (6%), S219P 
(98%), L439 (6%), 

N483D (3%), D493N 
(3%) 

MDCK-
Type I Rep 1 F1 I335K (11%) 

Y161H (3%), S186I (53%), 
S219P (3%), N322 (6%), 

I335K (30%)  

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1 L516 (3%) S231G (97%)  
 

PA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 
Stock, p2   C489S (1%)   

MDCK-
WT 

Rep 1 F1 C489S (3%) C489S (4%) 
I120 (31%), D243N (4%), 
L246 (2%), V379M (3%), 

C489S (7%) 

Rep 2 

F1 C489S (2%), R508K (4%) T162N (2%), I354T (9%), 
C489S (2%), V557M (11%)  

F2  
N234D (9%, truncates PA-X), 

K328E (3%)  
F3 R212S (6%), C489S (3%) E237G (3%), H427 (2%)  

MDCK-
CMAH 

Rep 1 F1 S250 (4%), C489S (4%) I423 (3%), C489S (5%) V100A (3%), L270 (4%), 
I423 (4%), C489S (6%) 

Rep 2 
F1  I201T (3%)  F2    F3  I145 (2%)  



	 157	

Table 4.4 continued 
	

PA Segment, continued 

 Replicate Flask Passage 1 Passage 5 Passage 10 
MDCK-
SiaT1 Rep 1 F1 C489S (3%) I348 (26%), C489S (5%) T98 (4%), I348 (17%), 

C489S (4%), E538D (3%) 
MDCK-
Type I Rep 1 F1 C489S (3%) C489S (7%)  

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1 C489S (7%)   
 

NS Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-
WT 

Rep 1 F1 F35L (7%, NEP) F35L (4%, NEP) F35L (9%, NEP), L87V 
(5%), L120F (3%) 

Rep 2 

F1 
F35L (2%, NEP), R211I 

(10%, NEP), D160Y (10%, 
NS1)   

F2 T129I (5%), F35L (3%, 
NEP)   

F3 F35L (3%, NEP) D74N (3%)  

MDCK-
CMAH 

Rep 1 F1 F35L (4%), NEP) F35L (4%, NEP) F35L (2%, NEP) 

Rep 2 
F1  K88R (4%)  F2 F35L (4%, NEP)   F3 F35L (3%, NEP) F35L (4%, NEP)  MDCK-

SiaT1 Rep 1 F1 F35L (3%, NEP) T58 (2%) S87P (2%), N127T (3%), 
R140 (7%), Stop (3%) 

MDCK-
Type I Rep 1 F1 F35L (3%, NEP)   

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1    
 

NA Segment 

 Replicate Flask Passage 1 Passage 5 Passage 10 
Stock, p2   A27T (14%)   

MDCK-
WT 

Rep 1 F1 A27T (77%), I28L (5%) A27T (95%), I28L (5%), 
A30T (4%) 

A27T (97%), I28L (3%), 
A30T (71%), E83K (2%), 

S109 (4%), D399 (2%) 

Rep 2 

F1 A27T (60%), I28L (6%), 
Y36H (3%), F37S (3%) 

I26 (4%), A27T (88%), Y36H 
(13%), F37S (14%), S416G 

(3%)  

F2 A27T (71%), I28L (5%), 
Y36H (6%), V50 (3%) 

I26T (22%), A27T (92%), 
N43S (4%), M210I (3%), 

R435S (22%)  

F3 A27T (74%), I28L (3%), 
L35Q (3%) 

V20A (13%), A27T (19%), 
L35Q (81%)  

MDCK-
CMAH 

Rep 1 F1 A27T (80%), I28L (9%), 
Y284 (6%) 

V20A (9%), A27T (84%), 
I28L (8%), Y36H (8%), L426 

(17%) 

V20A (44%), A27T 
(61%), I28L (4%), Y36H 
(38%), E83 (3%), L426 

(10%) 

Rep 2 F1 
A27T (68%), I28L (9%), 
Y36H (9%), C42R (5%), 

V418 (2%) 

V20A (9%), A27T (71%), 
I28L (5%), Y36H (20%), 
C42R (9%), V50A (4%), 

I62T/M (4%, 2%), V418 (5%) 
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Table 4.4 continued 
	

NA Segment, continued 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-
CMAH Rep 2 

F2 A27T (77%), I28L (3%), 
Y36H (2%) 

V20A (3%), A27T (73%), 
T32 (5%), L35Q (21%), 
Y36H (11%), F37S (4%) 

 

F3 A27T (79%), I28L (5%) 
A27T (90%), I28L/F (4%, 
3%), Y36H (3%), V212A 

(5%), G270 (3%), V444 (3%)  

MDCK-
SiaT1 Rep 1 F1 A27T (55%), I28L (11%), 

L35Q (8%) 
A27T (60%), I28L (3%), 

L35Q (35%) 

A27T (48%), L35Q 
(48%), S46A (4%), C53 

(3%), P166 (3%), V212A 
(4%) 

MDCK-
Type I Rep 1 F1 A27T (70%), I28L (5%), 

C42R (2%), N336D (3%) 
A27T (82%), I28L (14%), 
Y36H (3%), N336 (3%)  

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1 A27T (74%), I28L (7%), 

R118 (2%) A27T (100%)  
 

M Segments 

 Replicate Flask Passage 1 Passage 5 Passage 10 

MDCK-
WT 

Rep 1 F1 E225 (2%) D89 (12%), G228R (29%) 
L28F (10%), D89 (10%), 
S195 (10%), V213 (2%), 

G228R (89%) 

Rep 2 

F1 H162 (3%) K21 (7%)  
F2 I27T (3%, M2) I27T (42%, M2), R61G (4%, 

M2)  
F3 I219 (6%) I51V (6%, M2)  

MDCK-
CMAH 

Rep 1 F1  M248V (4%) G228R (68%), M248V 
(14%) 

Rep 2 

F1  D89 (5%), K113 (5%)  F2  G228R (16%)  

F3 S31G (2%, M2) 
E23K (2%), G129D (4%), 
A182T (3%), G228R (6%), 

S31G (3%, M2)  

MDCK-
SiaT1 Rep 1 F1 V80A (6%), S260N (5%) V80A (50%), S31N (7%, M2) V80A (62%), S31N (8%, 

M2) 
MDCK-
Type I Rep 1 F1 N13K (6%, M2) D89 (2%), N13K(6%, M2)  

MDCK-
Type II Rep 1 F1    

MDCK+ 
Zanamivir Rep 1 F1  A182T (3%), G228R (98%)  

Italics give synonymous mutations, non-italics give non-synonymous mutations 
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of the NS segment, and G228R variant in M were also seen in the MDCK-CMAH passaged 

virus.  

3.5 DISCUSSION  

MDCK cell types varied in virus infection efficiency. Many MDCK cell stocks, 

including the standard ATCC lineage, are well known to be heterogeneous and to give rise to 

phenotypically distinct cells when passaged only 20 or more times, and some lineages differ in 

susceptibility to IAV strains (6, 16). While MDCK-WT cells and MDCK-Type I cells examined 

here were quite susceptible and grew the virus to high titers, the MDCK Type II clone cells were 

infected at much lower levels by all three IAVs tested. A previous study with similar cells 

showed that some clones lacked necessary proteases to activate HA for infection (16). Whether 

there are further differences in the cells, including activation of interferon responses or 

trafficking of viral proteins during infection remains to be seen. However, the marked 

differences between the MDCK-Type II cells and the MDCK-WT and MDCK-Type I cells in 

terms of glycolipid composition, metabolism, and polarization could contribute to this decrease 

in infection efficiency (13–15). 

Only low levels of variation were detected in viruses passaged in different MDCK 

lineages. The three viruses used here all derived from reverse genetics plasmids, so only a small 

number of variants were detected in the starting virus populations grown in MDCK-NBL2 cells, 

primarily in the HA segment. After repeated passages of the viruses in the different MDCK cell 

lines, only a few SNVs were present within most of the viral gene segments, and most variants 

were in the HA gene segment (Fig. 4.13), and for CIV H3N2 also the NA gene segment. It could 

be that there was greater variability present in the population beneath our variant frequency 

cutoff of 2%; however, it is likely that if any of those variants had increased fitness or  
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Figure 4.13 

Models of IAV HA with receptor binding (green) and amino acid changes (red) for each passage 
virus population. Inset images show the interior of the HA trimer with one monomer removed to 
highlight amino acid variants that are not solvent exposed. HA models were created using 
PYMOL with structures from A/Aichi/2/1968 H3 (2YPG) and A/California/04/2009 H1 (3LZG).   
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functionality within the virus population, they would have risen to an appreciable level during 

the time course of this study. While replication in cell culture lacks many of the selective 

pressures found in natural infection, low levels of diversity within IAV populations have also 

been reported in human, equine, and canine infection (47–50). Very similar results were seen in a 

recent publication from our lab, which showed an equally low level of population variation in 

IAV passaged in both wild type and CMAH-/- mice (37). However, we did see different minority 

variants arise in individual virus populations in our second replicate experiments, where three 

virus populations were passaged five times in MDCK-WT or MDCK-CMAH cells. Thus, our 

data seems to indicate little variation within populations, but possibly higher variation between 

populations. This would be in-line with current thinking that intra-host variation is much lower 

than global variation in human IAVs (47). 

For the pH1N1 and wyoH3N2 human IAV strains, most coding changes altered residues 

within the stalk region of HA gene in regions of the protein associated with pH stability, with 

some increasing to high frequency between 40% and 99%. Similar mutations effecting pH 

stability have been suggested to influence host tropism and transmission stability (51, 52). These 

mutations may therefore result from selection for HA stability at different pHs, or for more 

efficient protease cleavage or fusion in MDCK cells under the culture conditions of our studies. 

Comparing the sequences to those in databases showed that many of the stalk mutations that 

reached fixation in this study are present in other IAV isolates. In pH1N1, the K445E/M 

mutations were also present in some swine viruses and a few human isolates. Where culture 

information was available, most of these isolates had been passed in MDCK cells, so it is 

possible that these represent culture adaptation. The G404R/E mutations that arose in several 

wyoH3N2 populations, however, were primarily seen in equine and canine isolates, although 
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passaging information for these were not always available. The lack of information about 

passaging history of many isolates in the database makes it difficult to draw any solid 

conclusions. SNVs in the HA stalk were not as prevalent in CIV H3N2 virus, so are likely 

associated with the specific sequences of the human viruses, or their replication in canine cells.  

Sialic acid linkages and effects on viruses. Human IAV favor cell binding and infection 

using the α2,6-linked Sia, which is common in the human upper respiratory tract, and the 

MDCK-SiaT1 cells have higher expression of this form of Sia linkage. Human viruses passaged 

in wild-type MDCK cells have previously been reported to have mutations around their Sia 

binding sites (30, 53). We saw no significant difference in the SNVs near the HA receptor-

binding site in pH1N1 when passed in MDCK-WT compared to MDCK-SiaT1 cells. In 

wyoH3N2, one mutation at position 216 near the receptor-binding site reached a high frequency 

when passed in MDCK-WT while no mutations in HA1 arose in MDCK-SiaT1 cells. This 

confirms that MDCK-SiaT1 maintain virus receptor-binding preference, although this appears to 

be more important for human H3N2 than H1N1 viruses in our study. CIV H3N2 virus 

specifically binds to α2,3-linked Sia (54), and when passaged in MDCK-SiaT1 cells, CIV H3N2 

showed near fixation of residue S219P near the receptor-binding site, suggesting selection by the 

Sia linkage type. Across the different MDCK cell lines, CIV H3N2 virus also showed a number 

of SNVs arising in the NA gene close to or within the trans-membrane and stalk region of NA, 

centered around position 27. Some of these mutations rose to near fixation in all CIV H3N2 

passages, suggesting that these mutations increase stability or budding efficiency in cell culture. 

Indeed, similar mutations were seen in canine IAV strains passaged in feline cells (46). While 

some of these mutations did not correspond to any IAV isolates in the NCBI database (A27T and 

L35Q), others were seen in natural canine and avian isolates. 
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Cell expression of Neu5Gc shows varying effects. Most IAV that have been tested 

show a preference for binding Neu5Ac, which is the Sia form found in humans, birds, western 

breeds of dogs, and on MDCK cells (55, 56). But, pigs and horses do express high levels of 

Neu5Gc in their respiratory tract (24, 25). Some viruses from horses, particularly the H7N7 

strain that circulated from 1956 until the mid-1970s, appear to bind Neu5Gc preferentially (26). 

Additionally, laboratory-generated HA proteins that bind Neu5Gc were made through a T155Y 

mutation, with residues 143 and 158 also being related to this shift in Sia binding preference 

(57). Passaging of all three IAVs in MDCK-CMAH cells, which express ~40% Neu5Gc, resulted 

in more SNVs near the receptor-binding site compared to viruses passaged in MDCK-WT cells, 

although these SNVs were consistently low frequency and none of them matched the previously 

described mutations for changing binding preference from Neu5Ac to Neu5Gc (26, 57). Few of 

these SNVs in HA1 arose consistently across virus populations, with instead a variety of low 

frequency SNVs in the HA1 region arising in different MDCK-CMAH passaged virus 

populations. The variants identified have not been previously reported as effecting Neu5Gc 

binding, but were similar to mutations effecting α2,3- or α2,6-linked Sia binding (41). Not all 

mutations that arose in MDCK-CMAH passaged virus were within the receptor-binding site, and 

many fell within important antigenic regions nearby (58). The low frequency of these variants 

may result from the fact that ~40% of Sia on cells was Neu5Gc, so viruses were able to bind the 

remaining ~60% of Neu5Ac on the cell surface to bypass the Neu5Gc. However, a smaller pool 

of available receptor may result in selection for mutations in or near the receptor-binding site that 

optimize Sia binding to the remaining Sia receptors or to relax Sia binding preference to improve 

binding to Neu5Gc receptors (26). The levels of Neu5Gc in our MDCK-CMAH cells were 
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similar to those found in pig respiratory tract, where they may affect receptor-binding 

preferences and alter antigenic sites during natural infection in pigs. 

As a control to test for the ability to detect the emergence of mutations under direct 

selection, we also passaged each virus in the presence of 2-deoxy-2,3-didehydro-N-

acetylneuraminic acid (DANA or Zanamavir). By passage 5, pH1N1 did not see any SNVs arise 

in NA or HA besides the stalk mutations that consistently arose in all MDCK passaged virus. 

WyoH3N2 had two SNVs arise in HA near the receptor-binding site at position 163 and 244, 

while CIV H3N2 had a S231G mutation reach fixation in HA. Previous studies have found that 

IAV strains can avoid NA inhibition through mutations in HA that change Sia binding affinity, 

so that the mutations in HA we saw in wyoH3N2 and CIV H3N2 could be tied to Zanamivir 

resistance (38, 40, 59). Mutations in NA that give resistance often require longer passaging (60).  

In summary, passage of the three viruses up to 10 passages in the variant MDCK cells or 

those expressing different Sia forms resulted in only a small number of changes in the HA gene 

segment, or a small number of variants in the NA gene segment of CIV H3N2, with little 

variation across all other gene segments.  

3.6 MATERIALS AND METHODS. 

Cells and viruses. MDCK-NBL2 and HEK293T cells were obtained from ATCC. 

MDCK-SiaT1 cells were prepared by transfection of the ST6Gal1 gene in a plasmid under the 

control of the CMV promoter (pcDNA3.1, Invitrogen). Cell clones with increased levels of α2,6-

linked Sia were identified by staining with the Sambucus nigra (SNA) lectin (Vector 

laboratories). MDCK-CMAH cells were prepared by transfection of the human CMAH gene in a 

plasmid under the control of the CMV promoter (pcDNA3.1, Invitrogen). Clones with Neu5Gc 

expression were determined by HPLC analysis as previous described (61). MDCK-Type I cells 
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(clone AA7) and MDCK-Type II cells (clone BG12) were a gift from Dr. William Young 

(University of Kentucky) and were originally cloned and characterized by Dr. Guy E. Nichols 

(11). All cells were grown in DMEM with 10% fetal calf serum, and 50µg/ml gentamycin. 

Three IAV strains were derived from reverse genetics plasmids, comprising (i) human 

H1N1 pandemic IAV (A/California/04/2009, pH1N1) in plasmid pDP2002, (ii) human H3N2 

seasonal IAV (A/Wyoming/3/2003, wyoH3N2) in plasmid pDZ, and (iii) a canine H3N2 IAV 

(A/Canine/IL/11613/2015, CIV H3N2) in pDZ. The plasmid encoding each viral segment was 

prepared from a single bacterial colony, and an 8-plasmid mixture for each virus was prepared 

and used for transfection of a 3:1 co-culture of HEK293T cells and MDCK cells (MDCK-SiaT1 

cells for wyoH3N2). Each virus was passaged two additional times in the same MDCK, or 

MDCK-SiaT1 cells, to generate a passage-3 stock, which was tested for infectivity by TCID50 

assay. Each plasmid mixture (as DNA) and the virus stocks were then used to generate libraries 

for Illumina sequencing, as described below, revealing the original sequences and any baseline 

variation of the virus populations used for cell passaging. 

Lectin staining by flow cytometry. Cells were seeded at sub-confluency and incubated 

overnight at 37°C and 5% CO2. Cells were collected using Accutase (Sigma) to retain surface 

glycans, then fixed in 4% PFA for 15 min. Cells were blocked using Carbo-Free Blocking 

Solution (Vector Laboratories). Fluorescein-conjugated plant lectins from Sambucus nigra 

(SNA) and Maackia amurensis lectin I (MAA I) (Vector Laboratories) were diluted 1:1200 in 

blocking buffer and incubated with cells for one hour . A Millipore Guava EasyCyte Plus flow 

cyotometer (EMD Millipore, Billerica, MA) was used to collect data, analysis using FlowJo 

software (TreeStar, Ashland, OR). Statistical analyses were performed in PRISM software 

(GraphPad, version 8). 
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Passaging of virus in cells. For virus passaged in MDCK-WT, MDCK-SiaT1, MDCK-

CMAH, and MDCK-Type I cells, virus was passaged at low MOI of 0.001 for passage one and 

two, then blind passaged for passage three through five or ten, depending on cell type (see 

Figure 4.2). For the Zanamivir passaged virus, Zanamivir concentration was 0.01µM for passage 

one, 0.1 µM for passage two, and kept at 1.0 µM for passage three through five. Virus was 

inoculated at a constant MOI of 0.005 following titering after each passage. For infections, cells 

were seeded at sub-confluency in T12.5 flasks and allowed to settle for 4 to 6 hrs. Once settled, 

cells were washed and inoculated with virus diluted in infection media (DMEM with 0.3% BSA 

and 1µg/ml TPCK-treated trypsin (Sigma Aldrich)) and allowed to adsorb for one hour. 

Inoculum was removed and infection media replaced. Virus was collected at 48 hrs.  

Infection of MDCK Type II cells. For analysis of infected by fluorescent microscopy, 

cells were seeded onto Thermanox plastic coverslips (Thermo Fisher Scientific) at near 

confluency and allowed to settle for 8 hrs before infection at an MOI of 0.25 for 12 hrs. 

Coverslips were then fixed with 4% paraformaldehyde and stained with a mouse anti-NP 

antibody and fluorescence-conjugated goat anti-mouse secondary. Infected cells were imaged 

using a Nikon TE300 fluorescent microscope. For analysis of infected cells via flow cytometry, 

cells were seeded into 12-well plates to be near confluency and allow to settle for 8 hrs before 

infection at an MOI of 0.25. At 6 hours post infection, cells were trypsinized and fixed with 4% 

paraformaldehyde and stained with a mouse anti-NP antibody and fluorescence-conjugated goat 

anti-mouse secondary. A Millipore Guava EasyCyte Plus flow cyotometer (EMD Millipore, 

Billerica, MA) was used to collect data, analysis using FlowJo software (TreeStar). Statistical 

analyses were performed in PRISM software (GraphPad, version 8). For titering of virus, cells 

were seeded in 12-well plates as described and infected at an MOI of 0.01 and supernatant was 
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collected at 48 hrs post infection. Viral RNA was isolated using the QIAamp Viral RNA Mini 

Kit (QIAGEN). Influenza genome copies were quantified from RNA isolations by reverse 

transcription and quantitative PCR (RT-qPCR) for the M segment modified from CDC protocol 

(62).Products were amplified using Path-ID (Applied Biosystems) with M-specific primers (5’ to 

3’, F: GACCRATCCTGTCACCTCTGAC, R: AGGGCATTYTGGACAAAKCGTCTA), 

probed with 5’-TGCAGTCCTCGCTCACTGGGCACG-3’ and run on a 7500 Fast Real-Time 

platform against a standard curve.  

Viral RNA extraction and virus titering. Viral RNA (vRNA) was isolated from cell 

culture supernatant using the QIAamp Viral RNA Mini Kit (QIAGEN). Influenza virus titers 

were determined by TCID50 on MDCK-NBL2 cells. 

Library generation and NGS sequencing. Library generation was performed as 

previously described (37). In brief, total vRNA was incubated with Superscript III and Platinum 

Taq-HiFi (Invitrogen) in the presence of universal influenza amplifying primers (5’ to 3’, uni12a: 

GTTACGCGCCAGCAAAAGCAGG; uni12b: GTTACGCGCCAGCGAAAGCAGG; uni13: 

GTTACGCGCCAGTAGAAACAAGG). For CIV H3N2, HA-specific primers (forward: 

AGCGAAAGCAGGGGATACT; reverse: CCAGTAGAAACAAGGGTGTTTT) were used in 

addition to the universal primer set to increase amplification of this segment. Viral cDNA 

products were purified by Agencourt AMPureXP magnetic beads (Beckman Coulter) and 

quantified by QuBit (Invitrogen). NGS sequencing libraries were prepared using Nextera XT 

DNA Library Prep Kit (Illumina). Pooled libraries were run on an Illumina MiSeq v2 for 250bp 

paired reads in the Cornell Genomics Facility of the Biotechnology Research Center. 

Sequence analysis and variant calling. Analysis was performed in Geneious v.11.1.5. 

Read trimming was performed by the BBDuk script (https://jgi.doe.gov/data-and-
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tools/bbtools/bb-tools-user-guide/bbduk-guide/), followed by read merging, and alignment to the 

reference genomic plasmid sequence for each virus. For variant calling, we considered those at 

>2% frequency with minimum 200 read coverage.  

Graphing and analysis. All figure graphs were generated in GraphPad Prism v.8.1.2. 
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CHAPTER FIVE 

Summary and Conclusions 
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 The goal of this thesis was to determine the role of modified sialic acids (Sia) on 

influenza A (IAV) infection efficiency and tropism. The focus was on 7,9-O- and 9-O-acetyl Sia, 

as well as N-glycolyl Sia (Neu5Gc), and how the expression of these modified Sia varied 

between individual cells, in tissues, and between IAV host species. Sia linkage variation has 

been previously shown to be an important host tropism-determining factor for IAV; however, 

little research has been done on how other structural variants of Sia, such as O-acetyl and N-

glycoyl modifications, affect the virus. As Sia modifications are also an understudied area of 

glycobiology, understanding the regulation and expression of these modified Sia in animals is 

key to understanding how these modifications act in the ecological landscape of IAV evolution.  

 This thesis sought to improve our understanding of modified Sia expression and their 

interaction with IAV from three approaches. The first focused on the expression of 7,9-O- and 9-

O-Ac on cells in culture and their effect on IAV, influenza B (IBV), influenza C (ICV), and 

influenza D (IDV) viruses. The second determined differences in modified Sia expression across 

the tissues in mice, an important model species, as well as between secreted mucus from 

different IAV host species. It also looked functionally at the effect of these modifications on IAV 

glycoproteins, hemagglutinin and neuraminidase. Finally, the third was an in depth look at 

changes in IAV populations during serial passages on different MDCK cell lineages, including 

cells expressing different Sia modifications. All three approaches have built a more complete 

picture of the complexity of interactions between IAV and its Sia receptor. 

5.1 7,9-O- and 9-O-acetyl Sia on cells and effects on influenza viruses 

 This paper was the first examination of how 7,9-O- and 9-O-Ac are regulated by the 

sialate O-acetyltransferase, CasD1, and the sialate O-acetylesterase, SIAE. It showed how the 

localization of these O-acetyl Sia modifications varies between different cell types and 
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confirmed that CasD1 was responsible for expression of both 9-O-Ac and 7,9-O-Ac 

modifications. This was also the first quantification of O-Ac modifications in different cell lines 

using HPLC analysis, which revealed that these modifications are a minority of total Sia in a cell. 

However, despite making up 1-2% of the total Sia, it seems that regulation of these modifications 

could be quite important for cell homeostasis. Dysregulation of these modifications through 

knocking-out SIAE and over-expressing CasD1 led to changes in cell growth, reducing growth in 

HEK-293 cells and increasing growth in A549 cells. It also may influence glycoprotein 

trafficking through the ER/Golgi pathway, as increasing O-Ac levels through over-expression of 

CasD1 led to most glycoproteins with these modifications being retained in the Golgi. 

Functional assays showed that high levels of 7,9-O- and 9-O-Ac can inhibit IAV 

hemagglutinin (HA) binding and neuraminidase (NA) cleavage. However, while 9-O- and 7,9-O-

Ac are necessary for infection of ICV and IDV, which utilize 9-O-Ac as their primary receptor, 

the low levels on cell surfaces do not effect IAV and IBV, as plenty of unmodified Sia remain to 

act as receptors for these viruses. 

There are many questions that remain to be addressed from both a cell biology aspect, as well 

as for virus:host interactions. First, it is not clear what role these O-acetyl modifications might be 

playing in cell-cell signaling and homeostasis. Dysregulation of CasD1 and SIAE did seem to 

effect cell growth, which may play a role in some types of cancer as they often show changes to 

glycosylation patterns, including O-acetyl modifications. Similarly, how these modifications 

regulate trafficking of glycoproteins in the ER/Golgi pathway will require more research. It also 

appears from this work and others that 7,9-O-Ac and 9-O-Ac are regulated differently, as over-

expressing CasD1 only increased 9-O-Ac and not 7,9-O-Ac, although the mechanism for this 

differential expression is currently unclear. 
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 While 7,9-O- and 9-O-Ac did inhibit IAV HA binding and NA cleavage, the low levels 

present on cell did not effect virus infection for both IAV and IBV viruses. However, for ICV 

and IDV which utilize 9-O-Ac as their primary receptor, the 1-2% present on the cell surface is 

adequate for infection. Despite rescuing expression of 9-O-Ac in our MDCK CasD1 over-

expression cells, the surface levels of 9-O-Ac for these cells are lower than on wild-type MDCK 

cells. Not all ICV strains regained infection in MDCK CasD1 over-expression cells, and IDV 

virus had lower infection rates. This raises the question of how much receptor is necessary to 

trigger uptake of virus for infection? While the small minority of 9-O-Ac on MDCK wild-type 

cells can support infection, some necessary threshold appears to exist below which infection does 

not occur. 

5.2 Modified Sia on mucins and effects on influenza A virus HA and NA 

 This paper sought to determine variations in modified Sia expression across different 

tissues in an important animal model, the mouse, as well as across secreted mucus in different 

IAV host species.  Additionally, the effect of Sia modifications on IAV HA and NA were 

examined in functional assays and during infection. I found that across mouse tissues, 

particularly mucosal tissues, there was variation in both O-acetyl modifications and Neu5Gc 

expression, confirming previous reports. Most O-acetyl modifications were associated with 

mucus in the respiratory and gastrointestinal tracts. In mice knocked out for the CMAH gene, the 

lack of Neu5Gc led to higher expression of O-acetyl modified Sia across most tissues. Secreted 

mucus in the saliva of some IAV host species also showed enrichment for O-acetyl modifications 

while pigs showed extremely high levels of Neu5Gc. However, secreted mucus in saliva from 

humans, as well as from primary and immortalized cells from human respiratory tissues, had 

very little Sia modifications. Similarly, the Sia modifications present on erythrocytes also varied 
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between different species, which is important as erythrocytes are often used to test virus binding 

in hemagglutination assays. 

 In functional assays, IAV HA showed decreased binding to modified Sia across human 

H1 and H3 glycoproteins. NA also had much lower cleavage against Neu5Gc and 7,9-O-acetyl 

modified Sia, although with some strain differences possibly related to the host tropism of the 

virus. Despite being inhibitory of both HA and NA, mucin with these modifications was actually 

less inhibitory than mucin without them in infection assays. This is likely because mucin with 

unmodified Sia has a higher density of decoy receptors, leading to more efficient trapping of 

virus. 

 The variation seen between IAV host species on modified Sia in secreted mucin raises 

interesting questions about the effect of these differences on host-specificity of different IAV 

strains. In this study, I focused on human strains of IAV; however, virus that is adapted to pigs or 

horses, which have higher levels of Neu5Gc, might have different sensitivities towards inhibition 

by Sia modifications. Previous reports have shown that the equine H7N7 virus can bind Neu5Gc 

as its receptor. Similarly, how other viruses that infect in the respiratory or gastrointestinal 

interact with these modified Sia in mucus will be a fascinating area of future research. Viruses 

are not the only pathogens that interact with Sia, as many bacteria and parasites also either utilize 

Sia during infection, or would need to penetrate mucus as part of the infection process. The 

effect of these modifications on commensal bacteria and how these might vary between different 

species also remains to be seen. 

5.3 Sequence variation of influenza A viruses grown in MDCK cell lineages 

 In this chapter, the changes in IAV populations when passaged in different MDCK 

lineages were examined. MDCK cells are heterogeneous and many different clonal cell lines 
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have been developed from them, including MDCK-Type I and MDCK-Type II cells. 

Additionally, MDCK cells have been used as a model for expressing different Sia forms 

including increased α2,6-linked Sia in MDCK-SiaT1 cells and Neu5Gc expression in MDCK-

CMAH cells. While previous reports have shown mutations in different IAV strains when 

serially passed in standard MDCK cells, in depth population changes in viruses serially passaged 

on different MDCK cell lineages have not been examine. 

 While all of the MDCK cell lineages were developed from the same standard MDCK cell 

lineage from ATCC (MDCK-NBL2, denoted WT here), it was surprising to find that one of the 

lineages was less permissive to virus infection. MDCK-Type II cells showed lower infection 

efficiency and virus release than the other MDCK cell lines. The cause of this is likely due 

differences in host factors, such as protease production which had previously been reported for 

MDCK-Type II clones. Infection in these cells appears to be highly dependent on trypsin 

presence in infection media. For the other cell lineages, all of them were able to grow virus for 

the complete five or ten passages in the experiment. 

 We found that for the three virus strains examined, A/California/04/2009 (pH1N1), 

A/Wyoming/2003 (wyoH3N2), and A/canine/Illinois/2015 (CIV H3N2), very few single 

nucleotide variants (SNV) arose across the genome in all the cell lineages except for in HA. Both 

pH1N1 and wyoH3N2 primarily showed SNV in the stalk region of HA, likely related to pH 

stability. In MDCK-CMAH cells that expressed Neu5Gc, pH1N1 and wyoH3N2 also showed 

more low frequency SNVs near the receptor-binding site than in MDCK-WT cells although these 

rarely rose above a frequency of 10% and were inconsistent between virus populations. For CIV 

H3N2, most SNVs were in HA1 with more SNVs near the receptor-binding site in MDCK-

CMAH compared to MDCK-WT, although again maintained at low frequency. CIV H3N2 also 



	 181	

showed high frequency SNVs in the transmembrane and stalk domain of NA in all cell lineages, 

possibly related to budding efficiency or stability in cell culture.  

 The results show few SNVs across the genomes of all three IAV, except in HA. This is 

consistent with previous research performed in our lab, passaging virus in mice, as well as 

studies showing low diversity within individual infected humans, horses, and dogs. It also 

appears that Neu5Gc acts as a weak selective pressure, confirming a previous study from our lab 

showing no selected mutations in virus passaged in mice expressing Neu5Gc compared to those 

that lacked functional CMAH activity. 

5.4 Final comments 

 Overall, the papers presented in this thesis represent an in depth analysis of the 

expression of modified Sia on cells, in tissues, and in secreted mucus across different influenza 

host species and animal models. How these modifications functionally effect IAV HA binding 

and NA cleavage was also determined, as well as how variation in Sia expression can affect virus 

evolution over time in the important in vitro model of MDCK cells. Variation in Sia expression 

is an important aspect of IAV evolution and host adaptation, but previous research had mainly 

been focused on the effects of Sia linkage type. The research here on O-acetyl and Neu5Gc 

forms of modified Sia is an expansion of this research and showed the importance of studying 

how other chemical and structural changes to Sia can effect virus infection and tropism. Sia exist 

in nature as over 50 different distinct forms that vary between different species, tissues, and cell 

types. The complexity of all these Sia variations to host tropism and infection will continue to be 

a valuable area of research not just for IAV, but many other human and animal pathogens. 


