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2 

Author Summary23 

It is well known that influenza A viruses (IAV) initiate host cell infection by binding to sialic 24 

acid, a sugar molecule present at the ends of various sugar chains called glycoconjugates. 25 

These glycoconjugates can vary in chain length, structure, and composition. However, it 26 

remains unknown if IAV strains preferentially bind to sialic acid on specific glycoconjugates 27 

for host cell infection. Here, we utilized CRISPR gene editing to abolish sialic acid on 28 

different glycoconjugate types in human lung cells, and evaluated human versus avian 29 

IAV infections. Our studies show that both human and avian IAV strains can infect human 30 

lung cells by utilizing any of the three major sialic acid-containing glycoconjugate types, 31 

specifically N-glycans, O-glycans, and glycolipids. Interestingly, simultaneous elimination 32 

of sialic acid on all three glycoconjugate types in human lung cells dramatically decreased 33 

human IAV infection, yet had little effect on avian IAV infection. Our studies indicate that 34 

avian IAV strains can utilize a wide variety of glycoconjugates for infection, whereas 35 

human IAV strains display restrictions in glycoconjugate type usage. These novel studies 36 

show distinct differences in host glycoconjugate preferences between human and avian 37 

IAV strains. 38 

39 

40 
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 3 

Abstract 41 

IAV utilize sialic acid (Sia) containing cell surface glycoconjugates for host cell infection, 42 

and IAV strains from different host species show preferences for structurally distinct Sia 43 

at the termini of glycoconjugates. Various types of cell surface glycoconjugates (N-44 

glycans, O-glycans, glycolipids) display significant diversity in both structure and 45 

carbohydrate composition. To define the types of glycoconjugates that facilitate IAV 46 

infection, we utilized the CRISPR/Cas9 technique to truncate different types of 47 

glycoconjugates, either individually or in combination, by targeting glycosyltransferases 48 

essential to glycan biosynthesis in a human lung epithelial cell line. Our studies show that 49 

both human and avian IAV strains do not display strict preferences for a specific type of 50 

glycoconjugate. Interestingly, truncation of all three types of glycoconjugates significantly 51 

decreased the replication of human IAV strains, yet did not impact the replication of avian 52 

IAV strains. Taken together, our studies demonstrate that avian IAV strains utilize a 53 

broader repertoire of glycoconjugates for host cell infection as compared to human IAV 54 

strains. 55 

56 
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 4 

Introduction 57 

Host glycans expressed on the cell surface in the form of glycoconjugates (glycoproteins, 58 

glycolipids, and glycosaminoglycans) serve as the main entry receptor(s) for a variety of 59 

viruses (Kuchipudi et al., 2021; Palese P and Shaw ML, 2007). This is exemplified by 60 

influenza A viruses (IAV), which utilize sialic acid (Sia) as the host entry receptor. Sia 61 

belongs to a family of 9-carbon sugars (>90 members) predominantly present at the 62 

termini of cell surface glycoconjugates in the deuterostome lineage, including vertebrates. 63 

As such, IAV can infect a broad range of species, including humans, aquatic birds, 64 

domestic birds, swine, and sea mammals, with aquatic birds serving as the reservoir 65 

species for almost all subtypes of IAV (Kessler et al., 2021; Webster et al., 1992). In 66 

humans and pigs, IAV infections occur in the upper respiratory tract, whereas IAV 67 

infections occur in the gastrointestinal tract of avian species. IAV strains from various host 68 

species show preferences for distinct modifications on Sia molecules in the context of their 69 

linkages and backbone sugar chains (Karakus et al., 2020). Human IAV strains 70 

preferentially bind to Sia linked to the penultimate galactose via a a2,6 carbon linkage (i.e. 71 

Siaα2-6Galβ), whereas avian strains prefer a2,3 linked Sia moieties (Raman et al., 2014; 72 

Shi et al., 2014). Differences in IAV host tissue tropism have been attributed to the 73 

availability of different Sia types, as Siaa2,6Gal is abundant in the human upper 74 

respiratory tract and Siaa2,3Gal is highly expressed in the avian intestinal tract (de Graaf 75 

and Fouchier, 2014). As both types of sialoglycans are expressed in the respiratory tract 76 

of swine, they are able to support the replication of both avian and human IAV strains (de 77 

Graaf and Fouchier, 2014). In the past 100 years, IAV strains from zoonotic reservoirs 78 

have crossed the species barrier and caused four pandemics in humans. These pandemic 79 

strains demonstrate the unique ability to bind to Sia receptors present in both human and 80 

avian hosts (Shi et al., 2014; Stevens et al., 2006). Thus, the ability to bind Siaa2,6Gal 81 
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 5 

versus Siaa2,3Gal is considered a critical factor in determining IAV host range (Shi et al., 82 

2014).  83 

 84 

Sia containing glycoconjugates are attached to proteins through asparagine (N-glycan) or 85 

serine/threonine residues (O-glycan), or to glycosphingolipids (GSL). IAV entry is initiated 86 

by binding of viral hemagglutinin (HA) to cell surface sialoglycans, which triggers 87 

intracellular signaling cascades, such as receptor tyrosine kinases (RTK), that facilitate 88 

virion uptake and fusion (Eierhoff et al., 2010). Prior studies suggest that HA can engage 89 

Sia modifications present on several cell surface proteins, such as epidermal growth factor 90 

receptor (EGFR), calcium-dependent voltage channel (Cav1.2i), natural killer cell 91 

receptors (NKP44/46), and nucleolin, to facilitate virion uptake (Karakus et al., 2020). 92 

Moreover, in the absence of Sia, some C-type lectins predominantly expressed on antigen 93 

presenting cells, such as DC-SIGN, L-SIGN, mannose receptor, etc., can also facilitate 94 

IAV uptake by binding to glycan moieties on viral glycoproteins (Karakus et al., 2020). The 95 

glycoconjugate structural features necessary for HA binding have been identified using 96 

chemically defined glycan arrays (Consortium for Functional Glycomics - CFG) and 97 

shotgun lung tissue glycan arrays (Byrd-Leotis et al., 2019b; Byrd-Leotis et al., 2014; 98 

Connor et al., 1994; Jia et al., 2020; Rogers and Paulson, 1983; Stevens et al., 2006). 99 

These studies suggest that human IAV strains preferentially bound to long branched 100 

sialoglycans with poly-lactosamine (polyLN) repeats that had an ‘umbrella-like’ topology, 101 

whereas avian IAV strains preferentially bound to short sialoglycans with a single 102 

lactosamine that had a ‘cone-like’ topology, indicating that glycan topology can also 103 

determine host range (Chandrasekaran et al., 2008). In agreement, circulating human 104 

H3N2 viruses have evolved to utilize extended branched polyLN glycans (N-glycans), 105 

while the parental pandemic H3N2 strain preferentially bound to short sialyl-LN glycans 106 

(Broszeit et al., 2021; Byrd-Leotis et al., 2019a; Peng et al., 2017). In array slides, glycans 107 
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are immobilized in non-natural configurations at a high density with uniformity and hence, 108 

the conclusions can be biased on the repertoire of glycans presented (Raman et al., 2014; 109 

Shi et al., 2014). 110 

 111 

Two prior studies using Chinese hamster ovary (CHO) cell lines lacking N-glycans (due to 112 

mutations in an essential biosynthesis gene Mgat1) arrived at opposite conclusions -  113 

N-glycans were absolutely required for IAV infection (Chu and Whittaker, 2004), and N-114 

glycans were not an absolute requirement (de Vries et al., 2012). The results from the 115 

latter study are consistent with binding studies performed using recombinant HA and a 116 

panel of human embryonic kidney (HEK) 293 CRISPR knock out cells (Narimatsu et al., 117 

2019). In addition, studies in HEK293 CRISPR KO cells also reconfirmed the Siaα2,3 118 

versus Siaα2,6 binding preferences for avian and human HAs, respectively (Narimatsu et 119 

al., 2019). However, these studies were limited to the assessment of HA binding;  IAV 120 

infection and replication were not evaluated. Importantly, as HEK 293 cells likely do not 121 

mimic the glycan repertoire of human lung epithelial cells, our understanding of the types 122 

of glycoconjugates utilized by human and avian IAV strains for infection of human lung 123 

cells remains incomplete.  124 

 125 

In this study, we utilized a human lung epithelial cell line (A549) to assess the preferences 126 

for different glycoconjugate types by avian versus human IAV strains in the context of 127 

infection. To this end, a comprehensive panel of CRISPR gene edited A549 cells were 128 

generated that contained truncated N-glycans [N]-, O-glycans [O]-, or glycosphingolipids 129 

[G]-, either individually or in combination, by disrupting the expression of 130 

glycosyltransferases MGAT1, C1GALT, or UGCG, respectively. Surprisingly, truncation of 131 

individual glycans ([N]-, [O]-, [G]-) in A549 cells had no effect on the replication of multiple 132 

IAV strains; concurrent truncation of two glycan types ([NO]-, [NG]-) in A549 cells showed 133 
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a modest decrease in H1N1 infection, yet no defect in avian H5N1 infection. Thus, beyond 134 

the known Siaα2,3 versus Siaα2,6 differences, the glycoconjugate types also determine 135 

the functional diversity of IAV strains. Importantly, concurrent truncation of all 3 glycan 136 

types ([NOG]-) in A549 cells resulted in a 1-3 log decrease in viral titers for human H1N1 137 

and H3N2 viruses, yet showed little to no change in titers for several avian IAV strains 138 

(H5N1, H7N7, H7N9, H7N9 etc.). The robust replication of avian IAV strains observed in 139 

A549 ([NOG]-) cells was dependent on Sia receptors, suggesting that glycoconjugates 140 

may also contribute to infection. Taken together, our study is the first to demonstrate the 141 

functional relevance of different glycoconjugate types for avian versus human IAV strains. 142 

Importantly, our studies show that avian IAV strains utilize structurally diverse 143 

glycoconjugates for host cell infection as compared to human IAV strains. 144 

145 
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Results: 146 

Generation of A549 cells lacking Sia on N- or O-glycans  147 

We ablated terminal Sia modifications on specific glycoconjugate types in human lung 148 

epithelial A549 cells by targeting glycosyltransferases that are essential for the elongation 149 

of cell-surface N- or O-linked glycans (Figure 1A) (Stolfa et al., 2016). Here, using the 150 

CRISPR/Cas9 technology, we targeted the glycosyltransferases MGAT1 or C1GALT1 to 151 

generate A549 cells with truncated N-glycans ([N]-) or O-glycans ([O]-), respectively 152 

(Figure 1B and Table S1). Loss of individual glycosyltransferases was confirmed by 153 

sanger sequencing of the sgRNA target site, western blot analysis, and lectin staining with 154 

Sambucus Nigra lectin (SNA; specific for α2,6-linked Sia), Vicia Villosa lectin (VVL, 155 

specific for terminal GalNAc), and Cholera toxin B subunit (CTB, specific for GM1 156 

gangliosides) (Figure S1 and Table S2). As previously described, we observed decreased 157 

SNA binding in MGAT1 KO cells ([N]-) as compared to wild type (WT) A549 cells, 158 

demonstrating that truncation of N-glycan structures resulted in the loss of N-glycans with 159 

α2,6-linked Sia moieties (Figure S1C) (Stolfa et al., 2016). As expected, we observed 160 

similar levels of VVL and CTB binding in MGAT1 KO cells ([N]-) as compared to WT cells, 161 

indicating that the expression of O- and GSL-glycans was not significantly altered upon 162 

loss of MGAT1. In C1GALT1 KO cells ([O]-), we observed increased VVL binding due to 163 

higher levels of unmodified GalNAc on truncated O-glycans (Figure S1C). As expected, 164 

C1GALT1 KO cells ([O]-) showed similar levels of SNA and CTB binding as compared to 165 

WT cells, indicating that the expression of N- and GSL-glycans remained unaltered. Taken 166 

together, we successfully generated A549 cells lacking Sia specifically on N- or O-glycans. 167 

 168 

Sia-containing N-glycans or O-glycans are not essential for IAV replication  169 

To determine if removal of terminal Sia on either N- or O-glycans impaired IAV infection, 170 

we performed single-cycle infection assays in [N]- and [O]- KO cells with H1N1 (H1N1-171 
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 9 

GFP) and H5N1 (H5N1-GFP) viruses at a high multiplicity of infection (MOI) (MOI=3), and 172 

assessed GFP expression at 16 hours post infection (hpi) by flow cytometry. We observed 173 

modest differences in the percentage of GFP positive cells between infected WT cells and 174 

[N]- or [O]- KO cells, indicating that truncation of N- or O-glycans individually did not grossly 175 

affect single-cycle IAV infection (Figure 2A). Next, we performed multi-cycle replication 176 

assays in [N]- and [O]- KO cells with four different IAV strains at a low MOI (MOI=0.01-177 

0.001) and observed robust replication for all four IAV strains in both [N]- and [O]- KO cells 178 

at levels similar to WT A549 cells (Figure 2B). Similarly, the replication of vesicular 179 

stomatitis virus (VSV), which enters host cells through interactions with the low-density 180 

lipoprotein-receptor (LDLR) and thus would be unimpaired by truncation of sialoglycans, 181 

also remained unaffected in these KO cells (Finkelshtein et al., 2013). Taken together, 182 

these results demonstrate that loss of Sia on N- or O-glycans did not affect IAV infection 183 

or replication, indicating that they are not solely essential for IAV entry. 184 

 185 

Sia-containing O-glycans or glycosphingolipids can individually support robust 186 

IAV replication 187 

Next, we generated A549 double knockout (DKO) cells with truncations in both N- and O-188 

glycans ([NO]- DKO; expressing only glycosphingolipids (GSL)) as well as DKO cells with 189 

truncations in both N-glycans and GSL ([NG]- DKO; expressing only O-glycans), and 190 

confirmed truncation of the intended glycans as described above (Figure S2A-B and Table 191 

S2). Along with the previously described lectins (SNA, VVL, and CTB), we also assessed 192 

binding of Galanthus Nivalis lectin (GNL), which shows affinity for high mannose 193 

containing N-glycans. We observed increased GNL binding in both [NO]- and [NG]- DKO 194 

cells as compared to WT cells, as loss of MGAT1 increases the levels of high mannose 195 

containing N-glycans (Figure S2B) (Stolfa et al., 2016). In addition, we confirmed the lack 196 

of SNA binding in both [NO]- and [NG]- DKO cells. The disruption of O-glycans or GSL 197 
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 10 

structures in [NO]- and [NG]- DKO cells was verified by increased VVL binding and 198 

decreased CTB binding, respectively. 199 

 200 

To determine if concurrent truncation of two glycan types impairs IAV infection, we 201 

performed single-cycle infections in [NO]- and [NG]- DKO cells with H1N1-GFP or H5N1-202 

GFP. We observed a 30-40% decrease in H1N1-GFP infection for both [NO]- and [NG]- 203 

DKO cells as compared to WT cells (Figure 3A); in contrast, H5N1-GFP infection remained 204 

high in both DKO cell types at levels comparable to WT cells. Next, we performed multi-205 

cycle replication assays in [NO]- and [NG]- DKO cells with H1N1 or H5N1 viruses (Figure 206 

3B and Figure S2B). Surprisingly, replication of both IAV strains remained high in [NO]- 207 

and [NG]- DKO cells, with peak viral titers reaching up to ~107 PFU/mL at 48hpi. These 208 

results demonstrate that Sia on a single major glycoconjugate type (O-glycans or GSL) is 209 

sufficient to support robust replication of H1N1 and H5N1, albeit with reduced H1N1-GFP 210 

infection. 211 

 212 

Validation of IAV glycoconjugate requirements in Nuli-1 cells  213 

To validate our findings in another human lung cell line, we investigated the importance of 214 

different glycoconjugate types for IAV replication in Nuli-1 cells. We generated Nuli-1 DKO 215 

cells with concurrent truncation of both N- and O-glycans by targeting the MGAT1 and 216 

C1GALT1 genes via CRISPR editing and confirmed loss of the intended glycans as 217 

described above (Nuli-1 [NO]- DKO cells; Fig S2D). Similar to our findings in A549 [NO]- 218 

DKO cells, we observed reduced H1N1-GFP infection in Nuli-1 [NO]- DKO cells as 219 

compared to control Nuli-1 cells (Figure 3C). In contrast, H5N1-GFP infection in Nuli-1 220 

[NO]- DKO cells remained high, with levels similar to control Nuli-1 cells. In addition, in 221 

multi-cycle replication assays, H5N1 replication in Nuli-1 [NO]- DKO cells was comparable 222 

to control Nuli-1 cells (Figure 3D). Unlike H5N1, H1N1 showed poor replication in control 223 
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Nuli-1 cells and hence, we did not perform multicycle replication assays with H1N1. Taken 224 

together, our studies in Nuli-1 [NO]- DKO cells confirmed our findings in A549 cells that 225 

Sia on GSL is sufficient for robust H5N1 replication. 226 

 227 

Generation and characterization of A549 cells lacking Sia on three glycoconjugate 228 

types 229 

Next, we generated A549 triple KO (TKO) cells with truncations in N-glycans, O-glycans, 230 

and GSL ([NOG]- TKO) and confirmed loss of the intended glycan types as described 231 

above (Figure S3A-B and Table S2). As anticipated, [NOG]- TKO cells showed increased 232 

GNL binding, decreased SNA binding, increased VVL binding, and decreased CTB 233 

binding (Figure S3B). To define the structural features of N- and O-glycans expressed in 234 

[NOG]- TKO cells, we performed high pH anion exchange chromatography (HPAEC) 235 

followed by fluorescence detection (HPAEC-FL) as well as matrix-assisted laser 236 

desorption/ionization time-of-flight/time-of-flight (MALDI-TOF/TOF) mass spectrometry 237 

(Figures S3C and 4). In WT A549 cells, we detected bi- and tri-antennary N-glycan 238 

structures terminating in high-mannose or Sia by both techniques. In contrast, we only 239 

detected N-glycan structures terminating in high mannose residues in [NOG]- TKO cells 240 

by both techniques. In our O-glycan profiling of WT A549 cells, we observed Core 1 and 241 

Core 2 structures with or without terminal sialic acid modifications (Figure 4B); in [NOG]- 242 

TKO cells, we did not observe distinct O-glycan structures. As GSL are less abundant in 243 

A549 cells, we were unable to perform mass spectrometry analysis to confirm the loss of 244 

GSL in [NOG]- TKO cells. Both CTB binding assay and sanger sequencing of the sgRNA 245 

target region confirmed the loss of UGCG in [NOG]- TKO cells (FigureS3B and Table S2). 246 

Together, these results confirmed truncation of these three glycan types in [NOG]- TKO 247 

cells. 248 

 249 
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H1N1 requires Sia on one of the three major glycoconjugates for robust 250 

replication 251 

Next, we compared single-cycle infections of H1N1-GFP and H5N1-GFP in [NOG]- TKO 252 

and WT cells. H1N1-GFP infection was drastically reduced by >95% in [NOG]- TKO cells 253 

as compared to WT cells (Figure 5A). Surprisingly, we only observed an ~20% reduction 254 

in H5N1-GFP infection in [NOG]- TKO cells as compared to WT cells. To confirm that the 255 

observed reduction in IAV infection was due to decreased virus binding, we performed cell 256 

surface binding assays with purified HA proteins and IAV. In HA binding assays, both H1 257 

and H5 HA proteins showed reduced binding in [NOG]- TKO cells as compared to WT 258 

cells (Figure 5B). Interestingly, H5N1 virions showed higher cell surface binding as 259 

compared to H1N1 virions in [NOG]- TKO cells (Figure 5C); however, the levels of binding 260 

for both H1N1 and H5N1 virions were lower in [NOG]- TKO cells as compared to WT cells. 261 

To confirm these results, we performed single-cycle high MOI kinetics assays and 262 

observed reduced H1N1 virion production over time from [NOG]- TKO cells as compared 263 

to WT cells (Figure 5D). Next, we performed multi-cycle replication assays and observed 264 

a 2-3 log decrease in viral titers over time for H1N1 in [NOG]- TKO cells as compared to 265 

WT cells (Figure 5E). In contrast, H5N1 virus showed robust replication in [NOG]- TKO 266 

cells, with only a modest decrease in viral titers in [NOG]- TKO cells as compared to WT 267 

cells. Together, these data indicate that truncation of three glycan types decreased the 268 

susceptibility of [NOG]- cells to H1N1 infection, yet did not dramatically affect H5N1 269 

infection. 270 

 271 

Various avian IAV strains show versatility in Sia receptor usage 272 

Next, we expanded the panel of influenza viruses and tested the replication of a variety of 273 

influenza A and B viruses in [NOG]- TKO cells. We observed a 1-3 log decrease in the 274 

replication of human and swine H1N1 and H3N2 subtypes as well as influenza B viruses, 275 
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with the exception of the 1968 pandemic H3N2 virus that originated from an avian host 276 

(Figure 6A-B). The 1968 H3N2 strain showed robust replication in [NOG]- TKO cells at 277 

levels comparable to WT cells (Figure S4A). Interestingly, avian IAV replication of H4, H5, 278 

H7, and H9 subtypes remained high in [NOG]- TKO cells (Figures 6C-D and S4B). Taken 279 

together, our findings show that human and swine IAV strains require Sia on one of the 280 

three major glycoconjugates for viral entry, whereas avian IAV strains utilize an expanded 281 

repertoire of glycoconjugates. 282 

 283 

H5N1 IAV replication in [NOG]- TKO cells is dependent on residual Sia 284 

The ability of several avian IAV strains to replicate in [NOG]- TKO cells led us to consider 285 

that there may be residual Sia moieties in [NOG]- TKO cells. As loss of C1GALT1 results 286 

in truncation of Core1 and Core 2 O-glycans yet does not impact biosynthesis of sialyl Tn 287 

antigen (STn), we assessed STn levels with a specific antibody. We observed increased 288 

STn expression in [NOG]- TKO cells as compared to WT A549 cells, suggesting that H5N1 289 

viruses may utilize STn as entry receptors (Figure S5A-B). Next, to demonstrate that avian 290 

H5N1 replication occurs in a Sia-dependent manner in [NOG]- TKO cells, we performed 291 

multi-cycle replication assays in a presence of viral neuraminidase inhibitor (Oseltamivir 292 

carboxylate). In this way, we can determine if IAV virions produced from [NOG]- TKO cells 293 

require neuraminidase for release. We observed a >4 log decrease in H5N1 titers upon 294 

treatment with Oseltamivir for both [NOG]- TKO cells and WT cells, indicating that viral 295 

neuraminidase activity is essential for H5N1 replication in [NOG]- TKO cells (Figure 6E). 296 

In addition, pretreatment of [NOG]- TKO cells with C. Perfringens sialidase for 2hrs 297 

dramatically reduced single-cycle H5N1 infection in [NOG]- TKO cells, validating the Sia-298 

dependent replication of H5N1 in these cells (Figure 6F). Together, our studies 299 

demonstrate that avian H5N1 can utilize diverse Sia moieties including residual Sia not 300 

present on the three major glycan types.  301 
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 302 

 303 

Discussion 304 

In this study, we assessed the importance of various cell surface Sia-containing 305 

glycoconjugates to human versus avian IAV infection. Using the CRISPR/Cas9 gene 306 

editing technique, we truncated the three major types of glycoconjugates (N-glycans, O-307 

glycans, and GSL), either individually or concurrently, in a human lung epithelial cell line 308 

(A549) and evaluated IAV replication. Our studies demonstrated that both human and 309 

avian IAV strains did not show strict preferences for any of the three types of 310 

glycoconjugates for host cell infection. Interestingly, our studies in [NOG]- TKO cells 311 

showed that concurrent truncation of the three major glycoconjugates significantly reduced 312 

human H1N1 and H3N2 replication, indicating that human IAV strains require the 313 

presence of Sia on one of the three major glycoconjugates. In contrast, several avian IAV 314 

strains demonstrated robust replication in [NOG]- TKO cells, suggesting that avian IAV 315 

strains utilize an expanded repertoire of glycoconjugates. Taken together, our studies 316 

reveal that human and swine IAV strains differ starkly from avian IAV strains in 317 

glycoconjugate receptor requirements in human lung epithelial cell lines.  318 

 319 

It has been well-established that avian and human IAV strains differ in Siaa2,3Gal versus 320 

Siaa2,6Gal receptor preferences (Raman et al., 2014; Shi et al., 2014).  However, it 321 

remains unknown if a specific type of glycoconjugate serves as the primary receptor or if 322 

multiple glycoconjugates are capable of facilitating IAV entry. Much of our understanding 323 

of the utilization of glycoconjugate types by various IAV strains has been inferred from in 324 

vitro virion or purified HA binding assays on glycan array slides (Byrd-Leotis et al., 2019b; 325 

Byrd-Leotis et al., 2014; Connor et al., 1994; Jia et al., 2020; Rogers and Paulson, 1983; 326 
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Stevens et al., 2006) (Broszeit et al., 2021; Byrd-Leotis et al., 2019a; Peng et al., 2017). 327 

Studies with CFG arrays and shotgun lung tissue glycan arrays indicated that human 328 

adapted IAV strains preferred longer branched polyLN glycans (N-glycans) for attachment. 329 

Interestingly, some of the parental pandemic IAV strains originating from avian hosts 330 

bound to short sialyl-LN glycans, suggesting that avian IAV strains may adapt to utilize 331 

polyLN in humans. Our mass spectrometry analysis of WT A549 cells showed the 332 

presence of short branched N-glycans with one or two LN repeats and single LN 333 

containing O-glycans (Figure 4); however, longer branched polyLN were not detected in 334 

A549 cells. In congruence with glycan array studies, we observed reduced H1N1-GFP 335 

infection in both [NO]- and [NG]- DKO cells, suggesting that human IAV strains may prefer 336 

Sia linked to extended glycans with LN repeats (N-glycans) for efficient host cell 337 

attachment (Figure 3A). Surprisingly, in the multi-cycle replication studies with H1N1 in 338 

[NO]- and [NG]- DKO cells, we observed robust virus replication despite the lack of 339 

branched LN repeat containing glycans, indicating that branched LN structures are not 340 

absolutely necessary for human IAV infection in A549 cells. In contrast, avian H5N1-GFP 341 

infection and H5N1 replication remained grossly unaffected in both [NO]- and [NG]- DKO 342 

cells, indicating that shorter glycoconjugates can support robust avian IAV infection. Some 343 

of the discrepancies observed between our studies and the aforementioned glycan array 344 

studies may be in part due to the manner in which sialoglycans are presented on the host 345 

cell surface versus on an array slide (Chan et al., 2013; Raman et al., 2014; Shi et al., 346 

2014; Walther et al., 2013). In array slides, glycans are presented at a high density with 347 

uniformity; as such, the printed glycan arrays may allow for efficient engagement of 348 

multiple HA trimers from the same virion. In contrast, HA receptor engagement on the host 349 

cell surface likely occurs in a progressive manner through lateral movement of the virion 350 

on the cell surface, which may be necessary for activation of intracellular signaling 351 

pathways through receptor clustering (Karakus et al., 2020). It is possible that in tissue 352 
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culture, long polyLN containing sialoglycans are not required for IAV infection, yet are 353 

necessary for efficient virion binding in glycan arrays. Thus, our CRISPR glycoengineered 354 

cells serve as a complementary model system to investigate the importance of host 355 

glycans for IAV replication, as the glycans are presented in the context of a host cell. 356 

 357 

Similar to the aforementioned glycan array studies, a recent study assessed viral HA 358 

binding to different glycoconjugate types in CRISPR edited HEK 293 cells lacking 359 

individual or a combination of glycoconjugate types (Narimatsu et al., 2019). Here, the 360 

authors observed reduced binding for human H1 and H3 HAs in HEK DKO cells, yet no 361 

difference in avian H5 HA binding. These findings correlated with the reduced levels of 362 

H1N1-GFP but not H5N1-GFP infection observed in our A549 [NO]- and [NG]- DKO cells, 363 

indicating that H1N1 viruses showed a preference for N-glycans (Figure 3A).  In the same 364 

study, the authors observed reduced binding of both human and avian HA subtypes in 365 

HEK 293 TKO cells (Narimatsu et al., 2019). We also observed reduced binding of H1 and 366 

H5 HA proteins in A549 [NOG]- TKO cells as compared to WT cells (Figure 5B); 367 

interestingly, our virion binding assays showed significantly lower levels of H1N1 virion 368 

binding as compared to H5N1 in A549 [NOG]- TKO cells, suggesting that avian H5N1 virus 369 

has the ability to bind to other available glycoconjugate types (20% vs 55%; Figure 5C). 370 

Similarly, in single-cycle infection assays, we observed negligible H1N1-GFP infection 371 

(<3%) yet robust H5N1-GFP infection (>75%) in A549 [NOG]- TKO cells, indicating that 372 

avian H5N1 virus can utilize other types of glycoconjugates as receptors. These 373 

differences in glycoconjugate receptor requirements for human versus avian IAV strains 374 

were most pronounced in multi-cycle replication assays in [NOG]- TKO cells. Here, we 375 

observed a 1-3 log decrease in viral titers for human H1N1 and H3N2 viruses as compared 376 

to WT cells, yet little to no change in the replication of several avian IAV strains (Figures 377 

5E and 6A-D). The robust replication of avian IAV strains observed in [NOG]- TKO cells 378 
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occurred in a Sia-dependent manner, as both pretreatment with sialidase or addition of 379 

Oseltamivir treatment decreased H5N1 infection or replication, respectively (Figure 6E-F380 

 ). Together, these studies demonstrate that avian IAV strains can utilize a broader 381 

repertoire of glycoconjugate receptors as compared to human IAV strains for host cell 382 

infection. 383 

 384 

For truncation of O-glycans, we targeted the biosynthesis gene C1GALT1 to disrupt the 385 

biosynthesis of Core 1 and Core 2 structures, which were the major types of O-glycans 386 

detected in our mass spectrometry analysis of WT A549 cells (Figure 4B); however, it 387 

should be noted that the expression of sialyl Tn antigen was higher in [NOG]- TKO cells 388 

as compared to WT cells (Figure S5B). A recent NMR study demonstrated that avian 389 

H5N1 viruses displayed strong interactions with GalNAc moieties in O-glycans, and thus 390 

it is possible that avian IAV strains utilize sialyl Tn antigens as entry receptors in [NOG]- 391 

TKO cells (Mayr et al., 2018). As previously reported by CFG glycan array studies, it is 392 

likely that human IAV strains are unable to efficiently attach to shorter sialoglycans like 393 

sialyl Tn antigens (de Vries et al., 2014; Thompson and Paulson, 2021). Together, these 394 

findings indicate that extended sialoglycans are dispensable for avian IAV infection, yet 395 

may be necessary for efficient infection of human and swine IAV strains. Alternatively, as 396 

truncation of multiple glycan types in [NOG]- TKO cells reduced the cell surface availability 397 

of Sia, it is possible that human IAV strains require a higher threshold for Sia receptor 398 

density as compared to avian IAV strains for host cell binding and infection. This 399 

interpretation is in agreement with our previous study in which avian H5N1 virus showed 400 

robust replication in A549 cells cultured in the presence of 3Fax-Neu5Ac, a competitive 401 

inhibitor of sialyltransferases that decreases the cell surface Sia density (Han et al., 2018). 402 

In contrast, H1N1 and H3N2 viruses showed a >3 log reduction in viral titers in 3Fax-403 

Neu5Ac treated A549 cells. Thus, our studies demonstrate that the receptor requirements 404 
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of avian versus human IAV strains extend beyond the well-established Siaa2,3 vs Siaa2,6 405 

linkage preferences. 406 

 407 

In summary, our studies in CRISPR glycoengineered human lung epithelial cells highlights 408 

the stark differences in glycoconjugate receptor usage by avian versus human and swine 409 

IAV strains. Human IAV strains required one of the three major types of glycoconjugates 410 

for efficient host cell infection, with some preference for N-glycans. In contrast, avian IAV 411 

strains demonstrated versatility in glycoconjugate receptor usage, as these strains 412 

replicated efficiently in cells with truncated N-glycans, O-glycans, and GSL. Taken 413 

together, our data indicates that human IAV strains may rely on a limited repertoire of 414 

glycoconjugates for host cell infection, whereas avian IAV strains can utilize diverse 415 

glycoconjugates for viral entry. These findings will have important implications for our 416 

understanding of how glycoconjugate receptor usage determines the host range of 417 

zoonotic IAV strains. 418 

 419 

  420 
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Materials and Methods 421 

Cells and Viruses.  422 

Human lung epithelial (A549) cells and African green monkey kidney (Vero) cells 423 

were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, 424 

Atlanta Biologicals) and 1% penicillin/streptomycin (P/S). Nuli-1 cells were cultured 425 

on Collagen IV coated plates as previously described in Bronchial Epithelial Cell 426 

Growth Media (BEGM) with supplements (Lonza) (Zabner et al., 2003). Madin-427 

Darby canine kidney (MDCK) cells were cultured in MEM supplemented with 10% 428 

FBS and 1% P/S.  429 

 430 

IAV strains used in this study were obtained from different sources – A/Puerto 431 

Rico/8/1934 (H1N1, Mount Sinai), high virulent PR8 (hvH1N1 provided by Dr. 432 

Georg Kochs), A/Hong Kong/1/1968 (HK68, H3N2), A/Wyoming/03/2003 (H3N2), 433 

A/Victoria/3/1975 (H3N2), A/Philippines/2/1982 (H3N2), 434 

A/Swine/Minnesota/37866/1999 (SwH1N1), a low pathogenic version of 435 

A/Vietnam/1203/2004 (H5N1-low pathogenic), low pathogenic version of 436 

A/Netherlands/213/2003 (H7N7-low pathogenic, kindly provided by Dr. Ron 437 

Fouchier), A/blue-winged teal/Illinois/10OS1563/2010 (H4N6), A/Rhea/North 438 

Carolina/39482/1993 (H7N1), A/shorebird/Delaware Bay/127/2003 (H9N2), and 439 

A/Anhui/1/2013 H7N9 2:6 PR8 reassortant virus (H7N9 (PR8)). H1N1-GFP (PR8) 440 

and H5N1-GFP viruses were grown as previously described (Kandasamy et al., 441 

2020; Manicassamy et al., 2010). Influenza B strains used in this study - 442 

B/Yamagata/16/1988, B/Nevada/03/2011, B/Texas/06/2011. All influenza viruses 443 
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were either grown in embryonated eggs or MDCK cells. Influenza viruses were 444 

aliquoted and stored at -80°C before titering by plaque assay on MDCK cells using 445 

2.4% Avicel RC-581 (a kind gift from FMC BioPolymer, Philadelphia, PA). Viral 446 

plaques were quantified 2-3 days post infection by crystal violet staining. Vesicular 447 

stomatitis virus expressing GFP (VSV), kindly provided by Dr. Glenn Barber at the 448 

University of Miami, FL, was propagated in Vero cells and titers were determined 449 

by plaque assay on Vero cells using 1% methylcellulose (Sigma)(Stojdl et al., 450 

2003). 451 

 452 

Generation of CRISPR KO Cells. 453 

MGAT1 and C1GALT1 KO A549 cells were generated using the lentiCRISPR v2 454 

(#52961, Addgene) single vector system as previously described with Puromycin 455 

selection (Sanjana et al., 2014; Shalem et al., 2014). MGAT1 single KO cells 456 

were used to generate MGAT1/C1GALT1 DKO cells and MGAT1/UGCG DKO 457 

cells with the pLentiSpBsmBI sgRNA Hygro vector (#62205, Addgene). 458 

MGAT1/C1GALT1 DKO cells were used to generate MGAT1/C1GALT1/UGCG 459 

TKO cells with the lentCRISPRv2 neo vector (#98292, Addgene). Primers for 460 

sgRNA target sites used here are listed in Table S1. On day 2 post lentivirus 461 

transduction, A549 cells were subjected to drug selections for ~14 days at the 462 

following concentrations: puromycin - 2ug/ml (Invivogen), hyrgromycin - 800ug/ml 463 

(Invitrogen), neomycin (G418) - 800ug/ml (Invitrogen). Clonal knockout cells 464 

were isolated by seeding ~100 cells in a 150mm plate and allowing them to grow 465 

as individual colonies. Successful KO clones were initially identified by flow 466 
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cytometry using lectins, and subsequently confirmed by western blot analysis for 467 

loss of MGAT1 and/or C1GALT1 expression. In addition, disruption of the 468 

intended target sites was confirmed by Sanger sequencing of the region flanking 469 

the sgRNA target as previously described (Table S2) (Han et al., 2018). Identified 470 

insertions and deletion mutations at the sgRNA target sites are listed in Table S2. 471 

 472 

Virus Infections.  473 

For assessment of single cycle virus infections, cells were seeded at a density of 474 

3x105 cells per well in a 12-well plate, and infection with GFP viruses was 475 

performed in infection media without the addition of TPCK-treated trypsin. At 16 476 

hours post infection, cells were trypsinized and prepared for flow cytometric 477 

analysis. Data was acquired on a BD FACSVerse instrument and analyzed using 478 

FlowJo software. For assessment of multi-cycle virus replication, WT and knockout 479 

A549 cells were seeded in triplicate at a density of 8x105 cells per well in a 6-well 480 

plate. On the next day, cell numbers were measured prior to infection. Cells were 481 

washed twice with phosphate buffered saline (PBS) and inoculated with virus at 482 

the indicated MOI in infection media (DMEM supplemented with 0.2% bovine 483 

serum albumin (BSA) and 0.9 µg/ml TPCK-treated trypsin (Sigma). The inoculum 484 

was removed after incubation for 1 h at 37°C, and cells were washed twice with 485 

PBS before addition of fresh infection media. Supernatants were collected at the 486 

indicated times points and stored at -80°C and viral titers were measured by plaque 487 

assay. VSV infections were performed as above with infection media not 488 
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supplemented with TPCK-treated trypsin, and supernatant titers were assessed by 489 

plaque assay on Vero cells using 1% methylcellulose (Sigma). 490 

 491 

Sialidase and Oseltamivir Carboxylate Treatment. 492 

For sialidase pre-treatment experiments, cells seeded in 12-well plates were pre-493 

treated with 500 mU/mL α2-3/6/8 sialidase from Clostridium perfringens (Sigma-494 

Aldrich) for 3 hours at 37°C before infection. For viral neuraminidase inhibitor 495 

treatment experiments, Oseltamivir carboxylate (kind gift from Roche) was added 496 

at the indicated concentrations to the infection media after 1 hr virus infection. 497 

 498 

Western Blot Analysis. 499 

Whole cell extracts were prepared using RIPA buffer containing protease inhibitors 500 

(Roche) and western blot analysis was performed with ~80ug of total protein as 501 

previously described (Han et al., 2018). Anti-MGAT1 (ab180578 Rabbit 502 

monoclonal) and anti-C1GALT1 (ab237734 Rabbit polyclonal) antibodies for 503 

western blot analysis were purchased from Abcam and used at a 1:1000 dilution.  504 

 505 

Lectin and Antibody Staining.  506 

Fluorescein labeled Galanthus Nivalis Lectin (GNL-FITC, #FL-1241 1:250), Cy3 507 

labeled Sambucus Nigra Lectin (SNA-Cy3, #CL-1303, 1:500), and fluorescein 508 

labeled Vicia Villosa Lectin (VVL-FITC, #FL-1231, 1:500) were purchased from 509 

Vector Laboratories. FITC-conjugated Cholera Toxin B subunit (CTB-FITC, 510 

#C1655, 1:250) was purchased from Sigma-Aldrich. Anti-Sialyl Tn antibody was 511 
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purchased from ThermoFisher. Cells were incubated with the fluorescently labeled 512 

lectins for 30 min on ice in lectin staining buffer (PBS supplemented with 0.2% BSA 513 

and 0.1 mM CaCl2) and excess unbound lectin was removed by washing in the 514 

same buffer. Data was acquired on a BD FACSVerse flow cytometer and analysis 515 

was performed using FlowJo Software. 516 

 517 

HA Binding Assay.  518 

Cell surface binding of HA proteins was performed with purified recombinant H1 519 

HA and H5 HA (BEI Resources). Briefly, 1x106 cells were incubated with 5 µg of 520 

HA on ice for 1 hr, and the unbound protein was removed by washes with staining 521 

buffer (PBS supplemented with 0.2% BSA and 2 mM EDTA). Cells were then fixed 522 

with 4% paraformaldehyde for 10 min at RT and washed with PBS. Non-specific 523 

secondary antibody binding to cells was blocked using blocking buffer (staining 524 

buffer supplemented with 5% normal goat serum and 0.1% Tween 20) for 15 min. 525 

The amount of bound HA was measured using anti-H1N1 rabbit sera or anti-H5N1 526 

mouse sera for 1 hr, followed by a secondary goat antibody conjugated with Alexa 527 

Fluor 647 (Invitrogen) for 30 min. All blocking and staining steps were performed 528 

on ice. Cells were analyzed by flow cytometry on a BD FACSVerse flow cytometer; 529 

data analysis was performed using FlowJo Software. 530 

 531 

 532 

Cell Surface Virion Binding Assay.  533 
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Measurements of cell surface binding by IAV particles were performed with 1x106 534 

cells at an MOI=100. Binding of virions was carried out on ice for 1hr 30min, and 535 

the unbound virions were removed by extensive washes with staining buffer (PBS 536 

supplemented with 0.2% BSA and 2mM EDTA). Cells were then fixed with 4% 537 

paraformaldehyde for 10 min at RT and washed with PBS. The levels of virion 538 

binding were measured by cell surface staining with anti-H1N1 rabbit sera or anti-539 

H5N1 mouse sera. Briefly, cells were blocked with staining buffer for 15 min, 540 

incubated with anti-H1N1 rabbit sera or anti-H5N1 mouse sera (1:500) for 1 hour, 541 

washed with blocking buffer to remove unbound antibodies, then subsequently 542 

incubated with a secondary goat antibody conjugated with Alexa Fluor 488 543 

(Invitrogen) for 30 min. Data acquisition was performed on a BD FACSVerse flow 544 

cytometer and analysis was performed using the FlowJo software. 545 

 546 

 547 

Glycan Analyses. 548 

Analysis for N-glycans and O-glycans as well as quantification of sialic acid was 549 

performed at the GlycoAnalytics Core at the University of California at San Diego. 550 

For analysis of glycan structures, WT A549 cells and [NOG]- TKO cells were 551 

homogenized in the presence of protease inhibitors and proteins were quantified 552 

using the BCA kit. Approximately 400ug of proteins were used for the analysis of 553 

N- and O-glycans. N-glycans were isolated by treatment with PNGase F (NEB) 554 

under denaturing conditions followed by solid phase extraction purification. 555 

Approximately 200ug of purified N-glycans were tagged with 2-aminobenzamide 556 
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fluorophore and analyzed using high pH anion exchange chromatography 557 

(HPAEC) analysis. In addition, approximately 140µg of purified N-glycans were 558 

subjected to permethylation and analyzed by MALDI-TOF/TOF mass 559 

spectrometry.  O-glycans were isolated by reductive beta elimination method as 560 

previously described and analyzed by MALDI-TOF/TOF mass spectrometry 561 

(Bruker Autoflex). Mass spectrometry data was annotated using GlycoWork Bench 562 

software. 563 

 564 

Statistical Analysis.  565 

Statistical significance was determined by two-tailed unpaired Student’s t test, 566 

and pValues ≤ 0.05 were considered significant and denoted with an asterisk. 567 

Non-significant values are denoted as ns. 568 

 569 

570 
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Main Figures 721 

722 

Figure 1. Representative structures of Sia-containing glycoconjugates and 723 

the key glycosyltransferases essential for glycoconjugate biosynthesis. (A) 724 

Schematic representation of different glycans terminating with Sia. For N-glycans: 725 

high-mannose, hybrid, and complex structures are shown; for O-glycans: Core 1 726 

and Core 2 structures are shown; ganglioside GM1 type glycolipid is shown. (B) 727 

Key glycosyltransferases essential for biosynthesis of individual glycan types. 728 

MGAT1 is necessary for the formation of hybrid and complex N-glycans. C1GALT1 729 

is essential for the synthesis of Core 1 and Core 2 O-glycans. UGCG is essential 730 

for the first step of glycolipid biosynthesis. 731 
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733 

Figure 2. Truncation of N- or O-glycans individually does not affect IAV 734 

infection and replication. (A) Single-cycle infection assays with H1N1-GFP and 735 

H5N1-GFP in individual glycan KO cells. WT and KO cells seeded in 6-well dishes 736 

were infected with H1N1-GFP or H5N1-GFP at a high MOI (MOI=3) without TPCK-737 

treated trypsin and at 16hpi, the percentage (%) of GFP expressing cells was 738 

determined by flow cytometric analysis. Top: Comparison of infection levels 739 

between WT and [N]- KO cells; bottom: comparison of infection levels between WT 740 

and [O]- KO cells. Data are represented as mean percentage of GFP+ cells from 741 

triplicate samples ± SD. (B) Multi-cycle replication assays with various IAV strains 742 

and VSV in individual glycan KO cells. WT and KO cells seeded in 6-well dishes 743 

were infected with various IAV strains or VSV at a low MOI (MOI=0.001-0.01) in 744 

the presence of TPCK-treated trypsin and at 48hpi, viral titers in the supernatants 745 

were determined by plaque assay in MDCK cells. Top: comparison of viral 746 
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replication in WT and [N]- KO cells; bottom: comparison of viral replication in WT 747 

and [O]- KO cells. Data are represented as mean titer of triplicate samples ± SD 748 

(PFU/mL). * denotes p-value ≤0.05. ns is non-significant. Data are representative 749 

of at least three independent experiments. 750 

  751 
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 752 

753 

Figure 3. Concurrent truncation of two glycan types decreases H1N1 but not 754 

H5N1 infection. (A) Single-cycle infection assays with H1N1-GFP and H5N1-GFP 755 

in [NO]- and [NG]- DKO cells. WT and DKO cells seeded in 6-well dishes were 756 

infected with H1N1-GFP or H5N1-GFP at a high MOI (MOI=3) without TPCK-757 

treated trypsin and at 16hpi, the % of GFP expressing cells was determined by 758 
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flow cytometry analysis. Left: comparison of infection levels between WT and [NO]- 759 

DKO cells; right: comparison of infection levels between WT and [NG]- DKO cells. 760 

Data are presented as mean percentage of GFP+ cells from triplicate samples ± 761 

SD. (B) Multi-cycle replication assays with H1N1 and H5N1 viruses in [NO]- and 762 

[NG]- DKO cells. WT and DKO cells seeded in 6-well dishes were infected at a low 763 

MOI with H1N1 (MOI=0.01) or H5N1 (MOI=0.001) in the presence of TPCK-treated 764 

trypsin and at 48hpi, viral titers in the supernatants were determined by plaque 765 

assay in MDCK cells. Left: comparison of viral replication in WT and [NO]- DKO 766 

cells; right: comparison of viral replication in WT and [NG]- DKO cells. (C) Single-767 

cycle infection assays with H1N1-GFP and H5N1-GFP in Nuli-1 [NO]- DKO cells. 768 

Nuli-1 WT and DKO cells seeded in 6-well dishes were infected with H1N1-GFP 769 

or H5N1-GFP at a high MOI (MOI=3) without TPCK-treated trypsin and at 16hpi, 770 

the % of GFP positive cells was determined by flow cytometric analysis. Data are 771 

represented as mean percentage of GFP+ cells from triplicate samples ± SD. (D) 772 

Multi-cycle replication assays with H5N1 virus in Nuli-1 [NO]- DKO cells. Nuli-1 WT 773 

and DKO cells seeded in 6-well dishes were infected at a low MOI with H5N1 774 

(MOI=0.001) in the presence of TPCK-treated trypsin and viral titers in the 775 

supernatants at different hpi were determined by plaque assay in MDCK cells. 776 

Data are represented as mean titer of triplicate samples ± SD (PFU/mL). * denotes 777 

p-value ≤0.05. ns is non-significant. Data are representative of at least three 778 

independent experiments. 779 

 780 
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Figure 4. MALDI TOF/TOF analysis for N- and O-glycan structures in A549 782 

and [NOG]- TKO cells. N-glycans and O-glycans were extracted from uninfected 783 

A549 WT and [NOG]- TKO cells and subjected to MALDI TOF/TOF analysis. (A) 784 

Comparison of N-glycans expressed in WT and [NOG]- TKO cells. (B) Comparison 785 

of O-glycans expressed in WT and [NOG]- TKO cells. 786 
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Figure 5. H5N1 but not H1N1 shows robust infection and replication in [NOG]- 788 

TKO cells. (A) Single-cycle infection assays with H1N1-GFP and H5N1-GFP in 789 

[NOG]- TKO cells. WT and TKO cells seeded in 6-well dishes were infected with 790 

H1N1-GFP or H5N1-GFP at a high MOI (MOI=3) without TPCK-treated trypsin and 791 

at 16hpi, the % of GFP positive cells was determined by flow cytometric analysis. 792 

Data are represented as mean % of GFP+ cells from triplicate samples ± SD. (B) 793 

Comparison of cell surface binding of purified HA in [NOG]- TKO cells. WT or 794 

[NOG]- TKO cells were incubated with purified H1 or H5 subtype HA on ice and 795 

HA binding was measured by flow cytometry. (C) Comparison of cell surface 796 

binding of H1N1 and H5N1 virions in [NOG]- TKO cells. WT or [NOG]- TKO cells 797 

were incubated with H1N1 or H5N1 virus (MOI=100) on ice and virion binding was 798 

measured by flow cytometry. For B and C, data are represented as mean relative 799 

binding from triplicate samples ± SD. (D) Single-cycle replication assays with H1N1 800 

in [NOG]- TKO cells. WT and DKO cells seeded in 6-well dishes were infected at 801 

an MOI=3 without TPCK-treated trypsin and at various times post-infection, 802 
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supernatants were collected and viral titers were determined after the addition of 803 

TPCK-treated trypsin 1hr prior to plaque assay. (E) Multi-cycle replication assays 804 

with H1N1 and H5N1 in [NOG]- TKO cells. WT and DKO cells seeded in 6-well 805 

dishes were infected at a low MOI with H1N1 (MOI=0.01) or H5N1 (MOI=0.001) in 806 

the presence of TPCK-treated trypsin and viral titers in the supernatants at different 807 

hpi were determined by plaque assay in MDCK cells. For D and E, data are 808 

represented as mean titer of triplicate samples ± SD (PFU/mL). * denotes p-value 809 

≤0.05. ns is non-significant. Data are representative of at least three independent 810 

experiments. 811 
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 813 

 814 

Figure 6. Avian but not human IAV strains show robust replication in [NOG]- 815 

TKO cells in a Sia dependent manner. (A-D) Multi-cycle replication assays with 816 

various IAV and influenza B strains in [NOG]- TKO and WT cells. (A) Replication 817 
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of human and swine IAV strains. (B) Replication of human influenza B virus strains. 818 

(C) Replication of avian H5N1 viruses from different representative clades. (D) 819 

Replication of other avian IAV strains. Data are represented as mean titer of 820 

triplicate samples ± SD (PFU/mL). (E) Treatment with Oseltamivir carboxylate 821 

limits H5N1 replication in [NOG]- TKO cells. WT and DKO cells seeded in 6-well 822 

dishes were infected at a low MOI with H5N1 (MOI=0.001) and incubated with the 823 

indicated concentrations of Oseltamivir carboxylate (‘TF’) in the presence of TPCK-824 

treated trypsin. At 48hpi, viral titers in the supernatants were determined by plaque 825 

assay in MDCK cells. Data are represented as a percentage mean titer of triplicate 826 

samples relative to untreated cells ± SD. (F) Sialidase pretreatment decreases 827 

H5N1 infection in [NOG]- TKO cells. WT or [NOG]- TKO cells seeded in 6-well 828 

plates were pretreated with 500 mU/mL sialidase from Clostridium perfringens 829 

(Sigma) for 3 hours at 37°C before infection with H5N1-GFP (MOI=3). At 16hpi, 830 

the % of GFP positive cells was determined by flow cytometric analysis. Data are 831 

represented as mean percentage of GFP+ cells from triplicate samples ± SD. * 832 

denotes p-value ≤0.05. ns is non-significant. Data are representative of at least 833 

two independent experiments. 834 
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Supplementary Figures 836 
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 41 

Figure S1. Characterization of [N]- and [O]- KO cells. (A) Binding specificities of 838 

different lectins used in this study. GNL - Galanthus Nivalis Lectin, SNA -839 

Sambucus Nigra Lectin, VVL - Vicia Villosa Lectin, and CTB - Cholera Toxin B 840 

subunit. (B) Western blot analysis of MGAT1 and C1GALT1 expression in KO 841 

cells. b-actin levels are shown as loading controls. (C) Comparison of the binding 842 

properties of various lectins in WT and KO cells. Representative flow cytometry 843 

plots showing differences in lectin binding. Data are representative of at least two 844 

independent experiments.  845 
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847 

Figure S2. Characterization of [NO]- and [NG]- KO cells. (A) Western blot 848 

analysis of MGAT1 and C1GALT1 expression in DKO cells. b-actin levels are 849 

shown as loading controls. (B) Comparison of the binding properties of various 850 

lectins in WT and DKO cells. Representative flow cytometry plots showing 851 
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differences in lectin binding. Data are representative of at least two independent 852 

experiments. (C) Multi-cycle replication assays with H1N1 and H5N1 in [NO]- and 853 

[NG]- DKO cells. WT and DKO cells seeded in 6-well dishes were infected at a low 854 

MOI with H1N1 (MOI=0.01) or H5N1 (MOI=0.001) in the presence of TPCK-treated 855 

trypsin and viral titers in the supernatants at different hpi were determined by 856 

plaque assay in MDCK cells. Data are represented as mean titer of triplicate 857 

samples ± SD (PFU/mL). * denotes p-value ≤0.05. ns is non-significant. Data are 858 

representative of at least two independent experiments.  (D) Comparison of the 859 

binding properties of various lectins in Nuli-1 WT and DKO cells. Representative 860 

flow cytometry plots showing differences in lectin binding. Data are representative 861 

of at least two independent experiments. 862 
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 864 

Figure S3. Characterization of [NOG]- TKO cells. (A) Western blot analysis of 865 

MGAT1 and C1GALT1 expression in [NOG]- TKO cells. b-actin levels are shown 866 

as loading controls. (B) Comparison of the binding properties of various lectins in 867 

WT and [NOG]- TKO cells. Representative flow cytometry plots showing 868 

differences in lectin binding. Data are representative of at least two independent 869 

experiments. (C) Comparison of HPAEC-FL profiles of 2-aminobenzamide (2-AB) 870 

tagged N-glycans from WT and [NOG]- TKO cells. N-glycans were isolated by 871 

PNGaseF treatment, tagged with 2-AB, and analyzed by HPAEC followed by 872 

fluorescence detection.  873 
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 875 

Figure S4. Assessment of H3N2 and H7N7 replication in [NOG]- TKO cells. 876 

WT and TKO cells seeded in 6-well dishes were infected at a low MOI with H3N2 877 

or H7N7 (MOI=0.01) in the presence of TPCK-treated trypsin and viral titers in the 878 

supernatants at different hpi were determined by plaque assay in MDCK cells. 879 

Data are represented as mean titer of triplicate samples ± SD (PFU/mL). * denotes 880 

p-value ≤0.05. ns is non-significant. Data are representative of at least two 881 

independent experiments.  882 
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 884 

Figure S5. Assessment of Sia levels in [NOG]- TKO cells. (A) Structure of sialyl 885 

Tn antigen. (B) Flow cytometry plots comparing STn antigen levels in WT and 886 

[NOG]- TKO cells. STn levels were analyzed using anti-STn antibody and 887 

representative histograms are shown.  888 
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