. HOKKAIDO UNIVERSITY

Title Studies on functions of envelope glycoproteins in replication and pathogenicity of influenza A

viruses
Author (s) INFR, K
Degree Grantor biEEKE
Degree Name B (BEZ)

Dissertation Number FAE169565

Issue Date 2026-03-25
DOI https://doi.org/10.14943/doctoral. k16956
Doc URL https://hdl. handle.net/2115/99801
Type doctoral thesis
File Information Daiki Kobayashi.pdf, £

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Studies on functions of envelope glycoproteins

in replication and pathogenicity of influenza A viruses

(A Vv INZTVyHFATALZROERE X OREHERE
BT B REREX v 7 EOHEREICEE T 5 HF9E)

Daiki Kobayashi



Contents

COMECIIES ... msnemnmnnmsmnmnmnmnnnnn 1
List of figures and tables ................c.occoiiiiiiiiiii e 1ii
ADDE@VIALIONIS ..o e e e e e e e e e e e e e e e e e e e e e eeeeeeeaeeeeeeeeeeeeaaeaeaanns 1X
N Ot .o e e e e —a———— X111
PIOEACE ... .o e e e e e e e e e e e e e e 1
Chapter L.t e ettt e e et ee e ettt ee e e s nbeeeeennnbeeeeenraeeeennns 4

Length and density of a2-3 sialyllacose-containing chains on glycopolymers

determine receptor binding of avian influenza viruses

INEEOAUCTION ..ttt ettt st sbe e 5
Materials and Methods ...........cooiiiiiiiiiiiii e 7
RESUILS <.ttt ettt st 13
DIISCUSSION. ...ttt ettt ettt ettt et et e b e sat e et e sab e e bt e sabe et e e sabeenbeesneeenseas 21
Brief SUMMATY ...c.oiiiiiiiieiiecee ettt et et et saae e es 24
Chapter LT .... ..ot ettt e et e e eesbbeesabeeesaas 25

Loss of N-glycosylation in the neuraminidase stalk contributes to enhancing

the pathogenicity of a high pathogenicity avian influenza virus in chickens

INEEOAUCTION ...ttt et st 26
Materials and MEthOds ..........coeeriiiiiiiiiiiieieeee e 28
RESULLS ...t ettt e 37
DISCUSSION. ...ttt sttt sttt et sbe ettt sae et et e saeeaesaeens 83
BIiet SUIMMATY ...eooiiiiiiiie et ettt e e e e et e e s rae e saseeesnseeenes 86



Chapter LLL...... ..ot e et e e st e e e e sneta e e e s ntaeeeeanneeeens 87
Neuraminidase of influenza A viruses induces global desialylation of host cells

via its intracellular function

INEFOAUCTION ..ottt ettt et sttt e st et esabeebeesnseenseas 88
Materials and Methods .........cccvieiiiiiiiiiieie e 90
RESUILS .ttt ettt et e et e e e b e naeeareen 101
DISCUSSION. ...eeeivieeiiieeeiieeeiee et eestteeetaeeeteeesteeesateeessseeessaeesseeesseesnssaesssaeennseees 137
Brief SUMMATY ...cueiiiiiiiiieiiee et et et e e e beesaneens 140
COMCIUSION. ..ottt ettt sttt aeesaeeens 141
ACKNOWIEAGEMENLS..........cooiiiiiiiiiiiiieiieeee et et es 143
REF@ICIICES ..ottt et e et e st e s e e es 145
Summary in Japanese (FISCZEE) ..o 163

1



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

List of figures and tables

Structure of s1aloglyCOPOLYMETS ........cccvieeiiiieiieeieeeeece e 8

Density-dependent glycan-binding specificity of rHAs of duck-origin

ATVS 10 ZlyCOPOLYMETS ...ttt 14

Distance between two glycans interacted with an HA trimer and MD

simulations of a unit of sialoglycopolymers...........ccccceeeveeeviieieieeeeieenne, 16

Density-dependent glycan-binding specificity of duck-origin AIVs to

Fed A1) 0T0) 4 1 1<) €SS 18

HI ability of synthetic sialylglycopolymers...........ccccceeevvieeviiencieenrieenee, 20

Survival of chickens intranasally inoculated with NA-stalk mutant

VITUSES . eeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e e ereraresaeaaanasenanaaanas 38

Survival of chickens from chickens intranasally inoculated with L4

mutants harboring Y65H substitution in the NA-stalk domain................. 42
RNA secondary structures predicted using RNAfold WebServer............. 45
RNA secondary structures predicted using CentroidFold ........................ 46

Virus recovery from chickens intranasally inoculated with L4 mutants

harboring Y65H substitution in the NA-stalk domain........c...cccceveenenene. 48

Biological characteristics of Vac2 mutants with or without

glycosylation in the NA-stalk domain ..........ccceeeevieeriieiniiieeniiecee e 49

i1



Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Gene construction for the FLAG-fused NA protein and comparison of

NA intake in virus virions among Vac2 mutants............cceceerveerveenerennneans 51

MS2 spectrum of the peptide of PONA with three glycans at N47, N56
and N67, and mass chromatograms of precursor ions to identify site

OCCUPANICY eeeennrrreeeenrrreesannrreeeesnsaeesssssseesassseeeessnsseesssnssseesessssseessnsssneesannns 53

MS2 spectrum of the peptide of PONA with four glycans at N47,
N56/57, N67 and N68, and mass chromatograms of precursor ions to

1dentify SIt€ OCCUPANCY ...vvvreeeriieeiiieeeiiieeeieeeeieeerreeeereeeaeeeereeeareeeaeeeenes 54

MS2 spectrum of the peptide of PONA with three glycans at N47, N57

MS2 spectrum of the peptide of PONA with three glycans at N47,

N56/57, and N68, and confirmation of no peptide with two glycans........ 57

Identification of multiple peptides of PONA with three glycans at N47,

NSO/57, and NOS....c..ooiiiiiiiiieeeee et 59

Identification of multiple peptides of PONA with four glycans at N47,

NS56, N57, and NOT ..ottt 60

MS2 spectrum of the peptide of PONA-65H with three glycans at N47,

N56/57 and N67/68, and confirmation of no peptide with two glycans .... 62

MS?2 spectrum of the peptide of PONA-65H with three glycans at N47,

N56/57 and N67, and confirmation of no peptide with two glycans. ........ 64

MS2 spectrum of the peptide of PONA-65H with three glycans at N47,

N57 and N67/68, and confirmation of no peptide with two glycans ......... 66

v



Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

MS?2 spectrum of the peptide of PONA-65H with four glycans at N47,
N56, N57 and N67, and mass chromatograms of precursor ions to

1dentify SIt€ OCCUPANCY.....vvieerieieiiieeiieeeiieeereeeeree et eeaeeeereeeereeeseeeenens 68

Identification of multiple peptides of PONA-65H with four glycans at

N47,N56, NO7 and NOS .......ccoeviiiiiiiiiiiiieeeeseeecee e 70

Glycosylation patterns of potential N-glycosylation sites in the NA-

stalk domain Of VAC2 MIULANTS «.....eueeeeeeeeeeeeeeeeee e e e e e aeeeeeeeeeaees 72

MS2 spectrum of the peptide of PONAAG-47N with a glycan and

confirmation of no peptide without the glycan............ccccoevevieniiennnnnnn. 73

MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at

N56 and confirmation of no peptide without the glycan ........................... 75

MS?2 spectrum of the peptide of PONAAG-56,57N with two glycans

and mass chromatograms of precursor ions to identify site occupancy ....77

MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at
N56/57 and a small amount of non-glycosylated peptide was

ST 1S A 10 AT« I 79

Overview of multiple potential N-glycosylation sites in the NA-stalk
domain of N7 NA and patterns of amino acid truncation in natural

ISOLALES ettt e e e e e —aeaaeeeenaaa——— 82

Alterations in glycan profiles on the surface of MDCK cells infected

WIth PRE Lo 102

PR& infection induces desialylation and fucosylation in MDCK cells.... 104



Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

SNA staining of MDCK cells infected with various AIVs...................... 105

UEA-I staining of MDCK cells infected with various AIVs................... 106

Lectin staining of A549 and Vero E6 cells infected with PR8 or Vac2

PRS8 infection induces desialylation and fucosylation on viral

glycoproteins and hoSt Proteins .........ccceeceveereerienieneniienieneeie e 109

Glycome alterations associated with desialylation and ol-2

fucosylation were induced by the latter stage of PRS replication cycle.. 110

Inhibitory effect of BXA on glycan alterations on PRS8-infected

IMIDICK COIIS et e e e e e e e e e e e 113

Inhibitory effect of BXA on glycan alterations on Vac2-infected

AV 0 D L@ o1 | R 114

Glycome alterations in MDCK cells stably expressed NA protein of

PRE OF VACZ VITUS oo 116

Desialylation and al-2 fucosylation in MDCK cells stably expressed

NA protein 0f VAC2 VITUS ....eeevviieeiieeciieeeiie ettt eaeeesvee e 118

Expression of NA protein induced ol-2 fucosylation without

upregulation of sialyl Lewis X anti@en..........cceceevuerieneenienieneenenienenn 119

Glycan alterations in MDCK cells expressing catalytic-dead NA .......... 121

Treatment with NA inhibitors did not induce glycan alterations in

AV 0 D L@ o1 | 123

vi



Figure 44.

Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Glycan alterations induced by treatment with NA inhibitors in

MDCK -PRENA CEIIS ..o

Glycan alterations induced by treatment with NA inhibitors in

MDCK-VAC2ZNA CEIIS .o

BXA treatment in the PRS8-infected cells did not influence on

desialylation of glycans while inhibited representation of a1-2 fucose ..

Bacterial neuraminidase treatment in MDCK cells diminished sialic

acids while it did not upregulate representation of al-2 fucose..............

Superinfection exclusion was observed in MDCK cells infected with

Glycan profile changes observed on the surface of MDCK cells

during PR INfECHION .....cccuviiiiiiiciie et

Glycan profile changes observed on the surface of MDCK cells

during Vac2 infection.........cueecuieriieiiienie et

Time-dependent NA protein expression and glycan alterations in

MDCK cells infected with VAC2-FLAG ...

Glycome alterations observed in [AV-infected MDCK cells...................

vil

127



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Composition of sialoglycopolymers with  various glycan

representations and deNSITIES ........eeccveerieriienieriieie et

Recombinant viruses generated by reverse genetics and their usage ........

Amino acid sequences of recovered viruses from six chickens (#31—

36) inoculated with L4/PONAAG ........coooviiiiiiieeeeeeeeeeee e

Amino acid sequences of low-frequent variants recovered from

chickens inoculated with L4/PONAAG detected by NGS ............ccuue..

Amino acid sequences of viruses passaged in chicken embryo with

LA/PONAAG ..ottt

List of 45 lectins used in lectin microarray analyses and those glycan

SPECTIICITIES ..vvievvieiiieiieeiie et e ette ettt e et et e et e et e et e ebeesnbeeseesnseenseessseenseas

Primer list used for RT-qPCR of glycosyltransferase genes......................

viil



Abbreviations

3’SLN: 3’-sialyl-N-acetyllactosamine

AAALAC: Association for Assessment and Accreditation of Laboratory
Animal Care

ABSL: animal biosafety level

AIV(s): avian influenza virus(es)

BPL: Bauhinia purpurea lectin

BSA: bovine serum albumin

CPE: cytopathic effect

DAPI: 4’ ,6-diamidino-2-phenylindole
DMEM: Dulbecco’s modified Eagle’s medium
dpi: day(s) post-inoculation

ECA: Erythrina cristagalli agglutinin

EEL: Euonymus europaeus lectin

EGFR: epidermal growth factor

ER: endoplasmic reticulum

FITC: fluorescein isothiocyanate

FUT: fucosyltransferase

Gal: galactose

GAPDH: glyceraldehyde-3-phosphate dehydrogenase
GISAID: Global Initiative on Sharing All Influenza Data
Glc: glucose

GIcNAc: N-acetylglucosamine

GnTIL: N-acetylglucosaminyltransferase |
HA: hemagglutinin or hemagglutination

X



HAU:

HEK293 cell(s):

HI:
HPAIV(s):
hpi:

HRP:
HSV-1:
IAV(s):
IGOT:

IP:

Km:
LacNAc:
LC:
MAL-IL:
MD:
MDCK cell(s):
MEM:
MFE:
MOIL:

MS:
MUNANA:
NA:
NAVC:
NeuAc:

NeuGec:

hemagglutination unit

human embryonic kidney 293 cell(s)
hemagglutination inhibition

high pathogenicity avian influenza virus(es)
hour(s) post-infection

horseradish peroxidase

herpes simplex virus type-1

influenza A virus(es)

isotope-coded glycosylation site-specific tagging
immunoprecipitation

Michaelis constant
galactose-N-acetylglucosamine

liquid chromatography

Maackia amurensis lectin 1

molecular dynamics

Madin-Darby canine kidney cell(s)

Eagle’s minimum essential medium
minimum free energy

multiplicity of infection

mass spectrometry
2-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid
neuraminidase

neuraminidase from Vibrio cholerae
N-acetylneuraminic acid

N-glycolylneuraminic acid



NGS:

N-glycan(s):

NP:
OREF:
OST:
PBS:
PBST:
PCR:
PDB:
PEG:
PNGase F:
RCA120:
rHA(s):

RT-qPCR:

SDS-PAGE:

SD:

SE:

Sia:

SNA:
SSA:
ST3Gal(s):
ST6Gal(s):
TBS:
TCA:

TCIDso:

next generation sequencing
N-linked glycan(s)

nucleoprotein

open reading frame
oligosaccharyltransferase
phosphate-buffered saline
phosphate-buffered saline containing 0.05% Tween 20
polymerase chain reaction
Protein Data Bank

polyethylene glycol

peptide N-glycosidase F

Ricinus communis agglutinin 120

recombinant hemagglutinin(s)

reverse transcription-quantitative polymerase chain reaction

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

standard deviation

standard error

sialic acid

Sambucus Nigra agglutinin
Sambucus sieboldiana agglutinin
B-galactoside a2,3-sialyltransferase(s)
B-galactoside a2,6-sialyltransferase(s)
Tris-buffered saline

trichloroacetic acid

50% tissue culture infectious dose

x1



TJA-IL:

TJA-II:

TMB:

TRITC:

UEA-I:

UTR:

WFA:

WGA:

Trichosanthes japonica agglutinin [
Trichosanthes japonica agglutinin 11
3,3',5,5'-tetramethylbenzidine
tetramethyl rhodamine isothiocyanate
Ulex europaeus agglutinin I
untranslated region

Wisteria floribunda agglutinin

wheat germ agglutinin

xii



1.

Notes

Contents of the present thesis were published in the following articles:

Kobayashi, D., Hiono, T., Adachi, R., Igarashi, M., Matsushita, T., Isoda, N.,
Sakoda, Y., and Matsuoka, K. Length and density of a2-3 sialyllacose-containing
chains on glycopolymers determine receptor binding of avian influenza viruses.

Under submission

Kobayashi, D., Hiono, T., Arakawa, H., Ichikawa, T., Ban, H., Isoda, N., and
Sakoda, Y. 2025. Deglycosylation and truncation in the neuraminidase stalk are
functionally equivalent in enhancing the pathogenicity of a high pathogenicity
avian influenza virus in chickens. J Virol, 99: e01478-24. DOL:
10.1128/jvi.01478-24

Copyright © 2025 Kobayashi et al.

Kobayashi, D., Hiono, T., Isoda, N., and Sakoda, Y. Neuraminidase of influenza

A viruses induces global desialylation of host cells via its intracellular function.

Under submission

Xiil



Preface

Influenza A virus (IAV) has a broad range of hosts, including mammals and birds,
and potentially causes acute respiratory infection [1]. The virus is classified into the
family Orthomyxoviridae and the genus Alphainfluenzavirus, and featured by two surface
glycoproteins: hemagglutinin (HA) and neuraminidase (NA) [2]. On the basis of antigenic
properties of HA and NA, [AVs are classified into 16 HA subtypes (H1-16) and 9 NA
subtypes (N1-9) [3-5]. HA is a trimeric type I transmembrane protein and binds to
sialylated glycoconjugates with terminal sialic acid (N-acetylneuraminic acid [NeuAc] or
N-glycolylneuraminic acid [NeuGce]: Sia) linked to penultimate galactose (Gal) via 02,3
or 02,6 linkages, facilitating viral attachment to host cells [6]. NA is a tetrameric type 11
transmembrane protein and is composed of four domains: a short cytoplasmic tail, a
transmembrane region, a stalk, and a globular head [7]. The NA-head domain recognizes
sialic acids at the non-reducing terminus of glycans and liberates them, leading to viral
release from the infected cells [8, 9]. Therefore, the opposing functions of HA and NA

during the viral infection must be balanced to maintain IAV infection cycles [10].

IAVs are widely distributed among avian species, including ducks, chickens,
various other poultry and wild birds. The viruses cause avian influenza in birds and
therefore are also known as avian influenza viruses (AIVs). Since viruses with all known
HA and NA subtypes have been isolated from aquatic birds, these species are considered
the natural hosts of AIVs [3, 5, 11]. The receptor-binding specificity of viral HA is a
primary factor restricting host range [12], and research regarding the glycan specificity
of HA has focused on the linkage between Sia and the penultimate Gal at the non-reducing
terminus of sialoglycans [13, 14]. AIVs isolated from wild ducks predominantly bind to
Sian2,3Gal, whereas human viruses prefer Siaa2,6Gal [15]. Consistent with these
preferences, duck intestinal epithelia are covered by Sian2,3Gal, whereas human tracheal
epithelia predominantly express Siaa2,6Gal [16, 17]. Furthermore, the presence of
sialylated N-linked glycans (N-glycans) with multiple branches and extensions of
galactose-N-acetylglucosamine (LacNAc) units has been reported in the target organs of
IAVs in the host animals [18-21]. Given the complexity of host glycan structures,
multivalent interactions of IAVs and complex glycans with various representations have
to be assessed. For human influenza viruses, HAs derived from H3N2 [AVs prefer

biantennary sialylated glycans with multiple LacNAc repeats. This preference is



facilitated by a bidentate binding mode, in which two receptor-binding pockets of
adjacent HA monomers within a trimer engage two branches of a biantennary glycan [22,
23]. In contrast, AIVs are unable to adopt these bidentate binding modes due to the
specific orientation of the terminal Sia and Gal [23]. Instead, AIVs bind multiple glycan
complexes to facilitate stronger binding, while the multivalent interactions of AIVs with
complex glycans with various representations remain poorly understood. Therefore, in
Chapter 1, the binding specificity of HA and whole virus particles derived from duck-
origin AIVs was comprehensively analyzed using a series of sialoglycopolymers with

various glycan densities and representations.

AlVs circulating among wild aquatic birds can be transmitted to chickens via
intermediate hosts, such as domestic waterfowl and terrestrial birds. These viruses
subsequently acquire increased pathogenicity through multiple replication cycles within
the chicken population [24]. The insertion of polybasic amino acid residues at the HA
cleavage site is necessary for AIVs to obtain the highly pathogenic phenotype in chickens
[25], whereas several studies have demonstrated that the presence of these polybasic
amino acids alone is insufficient [26, 27]. In addition to the insertion of polybasic amino
acids at the HA cleavage site, viruses possessing short-stalk NA exhibit advantages
regarding viral growth, pathogenicity, and transmissibility in chickens compared to those
with a full-stalk NA [28-30]. In field conditions, viruses with a truncated-stalk NA have
been isolated from diseased chickens and turkeys, whereas they have not been found in
non-pathogenic viruses circulating in wild aquatic birds [31-34]. Furthermore, viruses
harboring short-stalk NA have been selected during the laboratory adaptation of duck-
derived viruses to chickens [35-38]. Consequently, the short-stalk NA is considered a
hallmark of molecular evolution, reflecting the adaptation of AIVs from wild aquatic
birds to chickens. Given that the stalk domain of NA is commonly glycosylated, previous
studies have discussed the influence of stalk glycosylation on the biological function of
NA and viral pathogenicity in chickens [39—41]. Since potential glycosylation sites in the
NA-stalk region can be lost through stalk truncation under field conditions, the functional
significance of amino acid deletion and loss of glycosylation in the NA stalk was further
investigated in Chapter II. The results of virological assays, alongside site occupancy
analyses of glycans on the NA-stalk region of a high pathogenicity avian influenza virus

(HPAIV), indicated that the loss of glycosylation in the NA-stalk region contributes to



enhanced viral pathogenicity in chickens. The findings highlight the critical role of N-
glycosylation in the NA stalk in the pathogenicity of HPAIV in chickens and provide

novel insights into the evolutionary strategies of AIVs.

The primary function of NA in the IAV replication cycle is to liberate sialic acid
from sialylated glycans as viral receptors during budding, thereby facilitating the efficient
release of progeny virions [42]. NA also promotes viral motility on the surface of target
cells by reducing the density of sialylated glycans and enabling escape from “decoy”
receptors, such as mucins [43—46]. Since both HA and NA recognize the same sialylated
glycans, the desialylation of receptor molecules by NA potentially limits superinfection
at the cellular level [47, 48]. However, the intracellular maturation and function of NA
remain poorly understood. To investigate how NA functions intracellularly, glycans
displayed on IAV-infected cells were profiled by lectins, and global glycan desialylation,
accompanied by glycan recapping with fucose, was found in the IAV-infected Madin-
Darby canine kidney (MDCK) cells in Chapter II1. These results suggest that intracellular
NA function prepares virus particles for release prior to viral assembly, and potentially
reducing the requirement for sialic acid hydrolysis during the final budding process.
Furthermore, NA is an attractive target for the development of anti-influenza drugs, such
as oseltamivir and zanamivir [49, 50]; however the inhibitory effects of these antivirals
on intracellular NA functions were limited. The insights may be further applied to the
development of improved antivirals designed to target both intracellular and extracellular

NA activities.

Taken together, this study provides a comprehensive understanding of the
fundamental functions of envelope glycoproteins that facilitate successful viral
replication. By integrating insights into receptor preferences for glycan complexes,
adaptation process associated with increased pathogenicity, and intracellular NA
functions, this work offers a novel framework for understanding the evolutionary

strategies of [AVs.



Chapter I

Length and density of a2-3 sialyllacose-containing
chains on glycopolymers determine receptor binding

of avian influenza viruses



Introduction

The glycan-binding specificity of HA is a crucial factor in determining host
preference for IAV [12]. The binding preference of HA has typically focused on the
linkage between terminal Sia and the penultimate Gal at the non-reducing end of glycans
[13, 14]. Human influenza virus prefers Siaa2-6Gal, which is predominant on epithelial
cells of the human trachea; in contrast AIV preferentially binds to glycans terminating
with Siaa2-3Gal, which are commonly observed in the duck colon [16, 17]. Furthermore,
respiratory tract tissues in human, swine, and chicken present sialylated N-glycans with
multiple branches and extensions of LacNAc units [18-21]. Corresponding to the
structural complexity of glycans in target tissues, certain HAs derived from human
influenza viruses exhibit a preference for biantennary glycans with multiple LacNAc
repeats [22, 23, 51]. Specifically, when a glycan contains more than three LacNAc units
in its arm, the two sialic acid moieties can simultaneously access the receptor-binding
pockets of adjacent HA monomers in a bidentate binding mode [23]. In the case of AIVs,
the bidentate binding mode was not taken because of the spatial orientation of the terminal
Sia and Gal [23]. Given the presence of complex glycans in host tissues, it is necessary
to further characterize the binding preferences of IAVs toward multivalent glycan

structures.

A single HA protein binds to the receptor with only millimolar affinity, whereas
the multivalent receptor-ligand interactions of an AIV macromolecule allow the virus to
attach at much lower concentrations because of the multivalent cluster effect [52]. To
evaluate the impact of multivalency, various polyvalent sialoglycans, such as synthetic
linear polymers, natural polymers, and dendrimers, have been used for binding analyses
with viruses [53-55]. Since the synthesis of glycopolymers with multiple LacNAc units
and antennas is laborious and time-consuming, binding analyses between viral particles
and these glycopolymers are limited, and their multivalent interactions are poorly
understood. In a previous study, LacNAc units in a glycan complex were mimicked by
linking the terminal sialyllactose with subsequent polyethylene glycol (PEG) chains to
simplify the synthetic procedure [56]. The glycan density was further controlled by
polymerizing the glycomonomers with the corresponding number of acrylamide spacers.
Using these synthetic polymers, the glycan binding of wheat germ agglutinin (WGA) and

the inhibitory effect of glycans against mumps virus entry were assessed [56, 57]. These



studies demonstrated that the local glycan density is a critical factor in binding of WGA
and mumps virus. The present study expands upon this work by analyzing glycan binding
of HA and AIV particles using the sialoglycopolymers that incorporate various glycan
densities and LacNAc repeats. This approach facilitates an assessment of the complex

nature of the interactions between AIV particles as macromolecules and glycan clusters.



Materials and Methods
Viruses and cells

An influenza A virus, A/duck/Mongolia/54/2001 (H5N2) (Dk/MNG), was
isolated from the fecal sample of a migratory duck in Mongolia [58]. A/duck/Hong
Kong/960/1980 (H6N2) (Dk/HK) was kindly provided by Prof. Ken F. Shortridge
(University of Hong Kong, Hong Kong SAR; Kikutani et al. [26]). Viruses were
propagated in 10-day-old embryonated chicken eggs at 35°C for 48 h, and these infectious

allantoic fluids were stored at —80°C until use as virus stocks.

HEK293S GnTI-/— cells [60], which lack a functional N-acetyl-
glucosaminyltransferase 1 gene, was maintained in pyruvate-free Dulbecco's modified
Eagle's medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 0.3 mg/mL L-glutamine (Nacalai Tesque, Kyoto, Japan), 100 U/mL penicillin G
(Meiji Seika Pharma, Tokyo, Japan), 0.1 mg/mL streptomycin (Meiji Seika Pharma), 8
pg/mL gentamicin (Takata Pharmaceutical, Saitama, Japan), and 10% calf serum
(Cambrex Bio Science Walkersville, Walkersville, MD, USA). The cells were maintained
at 37°C in a 5% COz atmosphere.

Expression of recombinant HAs (rHAs)

cDNAs encoding the HA genes Dk/MNG and Dk/HK were previously cloned into
the pCDS5 expression vector [59, 61]. rtHAs were expressed in human embryonic kidney
293 (HEK293S GnTI-/-) cells, which lack functional N-acetyl-glucosaminyltransferase

I gene, and purified from cell culture supernatants as previously described [62].
Glycopolymers

A series of glycopolymers synthesized in previous studies was used [56, 57, 63].
The glycans recognized by AIVs are typically terminated with Siaa2-3GalB1-4GlcNAc
in natural settings, while the synthesis of glycopolymers was carried out by replacing with
Sian2-3GalB1-4Glc due to the low availability of Siaa2-3Galf1-4GIlcNAc (Figure 1A, B).
To mimic the glycans extended with repeating LacNAc units, tri-, hexa-, and
nonaethylene glycol linkers corresponding to mono-, di-, and tri-LacNAc repeats were
connected to the Siaa2-3Galf1-4Glc trisaccharide (Figure 1B). To control the local

density of glycans on the glycopolymers, the glycosyl monomer was polymerized with or
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without acrylamide as spacer units. Herein, “SLPEG(n) x:y” indicates the composition of
glycopolymers, where n represents the number of PEG units (tri-, hexa-, or nonaethylene
glycol), and x:y indicates the average ratio of sugar units and spacer units within the
acrylamide chain (Figure 1A, B). Hereafter, SLPEG(n) 1:0 is referred to as a
homopolymer, SLPEG(n) 1:4.2—4.6 as high-density, SLPEG(n) 1:12—13 as moderate-
density, and SLPEG (n) 1:26-32 as low-density copolymers (Figure 1C). The
composition of PEG and acrylamide units in the series of glycopolymers is listed in Table
1. To normalize the amount of Siaa2-3GalB1-4Glc trisaccharide across the following

analyses, the sugar unit content was calculated.
Solid-phase direct binding assay

The glycan-binding specificity of rHAs and viruses was assessed via a solid-phase
direct binding assay, as previously described [61], using glycopolymers [57, 63]. In this
assay, the concentrations of the glycopolymers with different molecular weights were
adjusted to contain equivalent amounts of glycan units. By this means, an equivalent
amount of Sian2-3Galf1-4Glc trisaccharide with different local densities was
immobilized on the plate. Briefly, the concentration of each glycopolymer was adjusted
to 1.0 uM based on the content of the sugar unit. Then, 50 uL of two-fold serial dilutions
of the glycopolymer solution was added to each well of Nunc Immobilizer Amino C8/F8
96-well strip well microplates (Thermo Fisher Scientific), and the plates were incubated
at 37°C for 1 h. Subsequently, each well was blocked with phosphate-buffered saline
containing 0.05% Tween 20 (PBST) containing 2% bovine serum albumin (BSA, Merck
KGaA, Darmstadt, Germany) at room temperature for 1 h. Next, 5 ug/mL of rHA was
precomplexed with Strep-tag mouse monoclonal antibody (IBA Lifesciences GmbH,
Gottingen, Germany, 1:2000 dilution) and with goat anti-mouse IgG-horseradish
peroxidase (HRP) conjugate (Bio-Rad Laboratories, Hercules, CA, USA, 1:2000
dilution) before incubation for 30 min on ice in PBST containing 0.5% BSA. After
washing the plates, 50 uL of complexes were added and incubated at room temperature
for 1 h. Following washing, 100 pL of 3,3',5,5'-tetramethylbenzidine (TMB) substrate
solution was added to each well. The reaction stopped using 50 pL of 2 N H»SO4, and
absorbance at 450/630 nm was measured using a MULTISKAN JX (Thermo Fisher
Scientific). Data are presented as mean values of three technical replicates with standard

€ITor1S.



Table 1. Composition of sialoglycopolymers with various glycan representations
and densities.

Polymer Polymer composition Sugar Content Mw? ___ __ Sugar unit content
SLPEG(n) x:y M/

n X y z (wt%) (kDa) (mol/g)
SLPEG31:0 0 189 100 155 2.61 1.22 x 103

5 42 245 73 270 2.08 8.95 x 104
SLPEG3 1:1: 12 266 49 407 1.16 5.98 x 104
SLPEG3 1:32 32 157 26 407 1.17 3.23 x 104
SLPEG6 1:0 0 308 100 293 2.02 1.05 x 103

. 1 43 270 76 333 1.84 7.96 x 104
SLPEG6 1:12.3 12.3 213 52 354 2.24 5.48 x 104
SLPEG6 1:26.2 26.2 196 34 536 1.39 3.55 x 104
SLPEG9 1:0 0 148 100 160 2.99 9.23 x 104

46 175 77 239 1.86 7.09 x 104

SLPEG9 1:13 ’ ! 13 193 54 347 1.2 4.98 x 10+
SLPEG9 1:26 26 112 37 321 1.19 3.41 x 104

? Mw indicates weight-average molecular weight.
b Mn indicates number-average molecular weight.
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For the solid-phase direct binding assay using the virus, an influenza virus
suspension (16 hemagglutination units [HAU] in phosphate-buffered saline [PBS]), with
10 nM oseltamivir carboxylate (oseltamivir acid; Chemscene, Monmouth Junction, NJ,
USA), was added to each well after the blocking step described above. The plates were
then incubated at 4°C for 16 h. After washing, mouse H5 and H6 HA monoclonal
antibodies (H3/2 has been described by Hiono et al. [31]; 85-2-2 was a kind gift from
Prof. Ayato Takada and previously established using A/shearwater/South
Australia/1/1972 [H6NS5], respectively) were added to each well, and the plates were
incubated at 4°C for 2 h. The wells were then washed and incubated with a goat anti-
mouse [gG-HRP conjugate (Bio-Rad, 1:2000 dilution) at 4°C for 2 h. After washing, the
binding of the virus particles was detected using a TMB substrate, and the absorbance

was measured using a MULTISKAN JX (Thermo Fisher Scientific), as described above.
Hemagglutination-inhibition (HI) assay

Two-fold serially diluted fetuin (Sigma-Aldrich Co. LLC, Burlington, MA, USA)
and SLPEG6 polymers were prepared, and 25 pL of the solutions were dispensed in a 96-
well plate with a round bottom (Corning, Corning, NY, USA). An equivalent volume of
viral solution containing 4 HAU/50 pL of Dk/HK in PBS was mixed, and the plate was
incubated at 4°C for 30 min. Next, 50 pL of 0.5% chicken red blood cells in PBS was
added and placed at 4°C for 30 min. Chicken serum against Dk/HK was used as a positive

control.

In silico structural model of the binding of a trimeric HA of Dk/HK bound to 3’-
sialyl-N-acetyllactosamine (3’SLN)

The three-dimensional structure of the H6 HA of Dk/HK was constructed based
on the cocrystal structure of trimeric HA of A/Taiwan/2/2013 (H6N1) with 3’SLN
(Protein Data Bank [PDB] ID code 4XKE [32]), as described previously [66].

Molecular dynamics (MD) simulation of glycopolymers

The three-dimensional structures of SLPEG6 (1:0 and 1:4) and SLEPG9 (1:0 and
1:5) were constructed using Molecular Operating Environment software (version 2022;
Chemical Computing Group, Montreal, Canada). MD simulations were conducted using

the Desmond simulation package in the Schrodinger Suite 2022-4 (Schrodinger release
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2022-4; DE Shaw Research, New York, NY, USA). The OPLS4 force field was used for
the energy minimization and MD simulations. The systems were solvated in a 10 A cubic
box with the simple point charge water together with 0.15 M NaCl to produce the
condition of physiological saline. After minimization and relaxation, the production MD
simulations of 1 ps were performed for the SLPEG6 and 9 structures in the NpT ensemble
at 300 K and 1 bar using Langevin dynamics. The obtained models were visualized using
the PyMol software, and the distance between the two oxygen atoms at the C-1 hydroxyl

group of glucose (Glc) was measured.
Ethics statements

All experiments involving genetically modified organisms were authorized by the
Safety Committee on Genetic Recombination Experiments of Hokkaido University
(approval no. 2021-026). This study was approved by the Biosafety Management
Committee on Pathogens and Other Hazardous Agents of the Faculty of Veterinary
Medicine, Hokkaido University (approval nos. 2024-1-68 and 2024-1-71).
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Results
Binding specificity of rHAs derived from two duck-origin AIVs to glycopolymers

The glycan-binding preference of two duck-origin AIVs to glycopolymers
terminating with Siaa2-3GalB1-4Glc triose with various polyethylene glycol (PEG) and
acrylamide units was investigated via solid-phase direct binding assay. To assess the
glycan binding specificity of AIVs, two duck isolates, A/duck/Hong Kong/960/1980
(H6N2) (Dk/HK) and A/duck/Mongolia/54/2001 (H5N2) (Dk/MNG), were selected for
the present study, because rHAs of these strains have exhibited distinct glycan-binding
specificities via glycan microarrays: the rHA of Dk/HK accepted 02,3 sialosides with
multiple LacNAc without branch via a glycan microarray analysis [59], whereas the rHA
of DkK/MNG preferentially bound to biantennary glycans terminating Siao2-3Gal with
multiple LacNAc repeats rather than linear glycans [61]. First, the binding of trimeric
rHAs derived from Dk/HK and Dk/MNG to sialoglycopolymers was assessed (Figure 2).
Both rHAs bound strongly to the series of SLPEG6 polymers, although binding to the
homopolymer and low-density copolymers was slightly weaker than binding to the high-
and moderate-density copolymers. However, the binding of these rHAs to the SLPEG9
homopolymer was markedly weaker than that to the other copolymers. The results
indicate that these rHAs have preferable combinations of local density and representation
of the Sian2-3GalB1-4Glc units to achieve stronger binding. In addition, the rHA of
Dk/HK showed much weaker binding to low-density SLPEG3 copolymers than to the
SLPEG3 homopolymer or high-density SLPEG3 copolymer, whereas the rHA of
DKk/MNG was less affected by the local density of SLPEG3 glycopolymers. The binding
of the SLPEG3 1:12 polymer to AIV particles and rHAs was lower than that of the other
SLPEG3 polymers for unknown reasons. The results indicate that the preferred
combination of local density and representation of the Sian2-3GalB1-4Glc units may

differ among the rHAs.
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Figure 2. Density-dependent glycan-binding specificity of rHAs of duck-origin AIVs
to glycopolymers. Binding of rHAs of Dk/HK (A) and Dk/MNG (B) to glycopolymers.
Homopolymer (red), high-density copolymer (orange), moderate-density copolymer
(light blue), and low-density copolymer (dark blue) were used for a solid-phase direct
binding assay. Data are presented as the mean =+ standard error (SE) in triplicate.
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High-density glycans of the homopolymer interfered with the binding of HA trimers

through steric hindrance

Next, the binding forms of the trimeric HA and sugar units were predicted by in
silico modeling to determine the structural basis of the specific preference of rHAs for
polymers with various sugar unit densities. For this, the structure of a trimeric HA of
Dk/HK in complex with Siaa2-3Galf1-4GIcNAc triose was modeled via homology
modeling to measure the distance between two glycan-binding pockets within a single
HA trimer. Based on the distance between the two oxygens positioned at the C-1 hydroxyl
group of antepenultimate N-acetyl glucosamine (GIcNAc) molecules in adjacent
monomer models, the distance between two glycan-binding pockets was calculated as
45.3 A (Figure 3A; PDB accession number 4XKE; Tzarum et al. [32]). Because glycans
are flexible and dynamic in nature, the distance between two adjacent Siaa2-3Galp1-4Glc
units in a polymer was determined as its average and maximum lengths using MD
simulations. To mimic high-density copolymers and homopolymers, the SLPEG6 and 9
units present on the two acrylamide units, with or without spacer units, were used in the
simulations. Through the 1000 snapshots of a 1 ps MD simulation trajectory, distances
between two Siaa2-3Galf1-4Glc units in SLPEG6 polymers were calculated to be 18.6
A on average and 36.6 A at maximum (with four spacer units) and 16.3 A on average and
30.4 A at maximum (without a spacer unit) (Figure 3B, C). These distances in SLPEG9
units were calculated to be 24.9 A on average and 52.3 A at maximum (with five spacer
units) and 19.9 A on average and 42.2 A at maximum (without a spacer unit) (Figure 3D,
E). Those average distances were shorter than the distance of Siaa2-3GalB1-4GIcNAc
motifs in two binding pockets in an HA trimer (45.3 A), except that only a few scenes
mimicking high-density SLPEG9 copolymer reached that length. These results indicate
that the distance between two adjacent Siaa2-3Galf1-4Glc units in SLPEG6 and 9
polymers subjected to MD simulations does not reach two binding pockets on a trimeric
HA, indicating the unavailability of its bidentate binding with adjacent Siaa2-3Galf1-
4Glc motifs in the polymers. Accordingly, rHAs appear to bind multivalently to glycans
rather than a bidentate binding mode. Given that the rHAs exhibited poor binding avidity
to the SLPEG9 homopolymer (Figure 2), these results suggest that majority of Siao2-
3GalpB1-4Glc motifs in the homopolymers were not engaged in the interaction with HA.

Instead, the high density-glycans likely hindered binding via a negative clustering effect.
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Figure 3. Distance between two glycans interacted with an HA trimer and MD
simulations of a unit of sialoglycopolymers. (A) A model of Dk/HK HA with sialyl-
LacNAc was constructed based on the cocrystal structure of HA from A/Taiwan/2/2013
(H6N1) with sialyl-LacNAc. The distance between two oxygens at the C-1 hydroxyl
group of GIcNAc is indicated with a red broken line. (B—E) The distance between two
Sian2-3Galp1-4Glc motifs in a glycopolymer was calculated based on the MD
simulations. The simulations were performed with glycan units mimicking SLPEG6 1:0
(B), SLPEG6 1:4 (C), SLPEGY 1:0 (D), and SLPEG9 1:5 (E). The frequency of the
distance between two oxygens at the C-1 hydroxyl group of Glc was visualized.
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Clustering HAs on an AIV particle compensates for weak HA binding to lower-

density glycans

As HA does not establish a bidentate binding mode to avian-type receptors [23],
the focus of this study was on the cluster effect of lectin-glycan interactions. HA is a
weak-affinity lectin monomer; therefore, polyvalent interactions of multiple HAs on a
viral particle with a cluster of sialic acids are required for efficient viral attachment to
cells, leading to subsequent viral entry [67]. A solid-phase direct binding assay of virus
particles was performed to evaluate the contribution of HA clusters to the glycan-binding
properties of the virus particles. The assay was conducted at 4°C in the presence of the
NA inhibitor oseltamivir carboxylate to eliminate the contribution of NA enzymatic
activity. Dk/HK particles bound strongly to high- to low-density SLPEG6 and 9
copolymers, but not to homopolymers with the highest density (Figure 4A). The virus
also preferred SLPEG3 low and high-density copolymers but not the SLPEG3
homopolymer and moderate-density copolymer. Because the rHA from Dk/HK exhibited
weaker binding to the low-density copolymers independent of the representation of
Siaa2-3Galp1-4Glc motifs (Figure 2A), clustering HAs on a virus particle compensated
for their weak binding to low-density glycans by employing multivalent HA-glycan
interactions. The Dk/MNG particles exhibited strong binding to high- and moderate-
density SLPEG6 copolymers, whereas their binding to the low-density SLPEG6
copolymer and homopolymer was markedly weaker (Figure 4B). Binding to the low-
density copolymer reached a plateau at lower concentrations. In contrast, the virus was
bound to low- to high-density SLPEGY9 copolymers, except for the SLPEG9
homopolymer. Additionally, the Dk/MNG particles also preferred the high-density
SLPEG3 copolymer and bound relatively weakly to the low-density SLPEG3 copolymer,
whereas binding to the low-density copolymer and homopolymer was clearly low. The
glycan density preference of Dk/MNG particles was comparable to that of tHA, indicating
that the impact of the HA clusters of Dk/MNG on the glycan-binding properties was
limited compared to that of Dk/HK. These results indicate that HA clusters on virus
particles contribute to the compensation for weak binding to lower-density sialoglycans,

depending on the viral strain.

17



A DK/HK (virus particle)
sLPEG3 O-O-Q— sLPEGé  O-O-Q— sLPEGY  QO-O- @

1.8 1.8 1.8

1.5 4

3
2 12 12 4
8 09 09 |
=
[}
a
2 '
2 0.6 1 06 |
0.3 0.3
0 02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 10

Sugar unit (uM-50puL/well)

B Dk/MNG (virus particle)
sLPEG3 O-O-Q— sLPEGé  O-O-@— sLPEGY  O-O-@—

1.8 1.8 1.8 4

EoAl

094 |

0.6 4

Absorbance (A450-As30)

0.3

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Sugar unit (M- 50uL/well)

High-density E Moderate-density - Low-density
copolymer copolymer copolymer

N NEda Wd v

Figure 4. Density-dependent glycan-binding specificity of duck-origin AIVs to
glycopolymers. Binding of virus particles of Dk/HK (A) and Dk/MNG (B) to
glycopolymers in the presence of an NA inhibitor. Homopolymer (red), high-density
copolymer (orange), moderate-density copolymer (light blue), and low-density
copolymer (dark blue) were used for solid-phase direct binding assays. Data are presented
as the mean = SE in triplicate.

=====@——= Homopolymer

18



HI ability of synthetic glycopolymers

Finally, the antiviral potential of these glycopolymers was evaluated via an HI test
using the Dk/HK virus and chicken erythrocytes. A series of SLPEG6 glycopolymers
showed slight inhibition of hemagglutination in the presence of 10 nM oseltamivir
carboxylate, whereas inhibition was not observed when oseltamivir carboxylate was not
used (Figure 5). These results suggested that the hydrolysis of glycopolymers via the NA

activity of the virus impaired the performance of the sialylglycopolymers in HI test.
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Discussion

Protein-carbohydrate interactions, such as HA-glycan interactions, are generally
weak and require multivalent interactions for biological functions [68, 69]. However, the
glycan density that facilitates the receptor binding of HA proteins or virus particles has
not been previously understood. To address this, a series of glycopolymers harboring
various glycan densities was used for binding analyses of HAs and AIVs in this study.
This approach enabled to address the basis of multivalent interactions between glycans
and viral particles. These results demonstrate that an extremely high density of glycans
negatively affects the binding of rHAs to viral particles. Moreover, it has been suggested
that each viral strain has preferred combinations of local density and representation of

glycans via HA-glycan interactions.

The HAs of some human influenza viruses, especially recent H3N2 viruses,
exclusively require the extension and branching of LacNAc units for their glycan partners,
whereas others do not [22, 70]. Similarly, tHA from duck-origin AIVs also showed
various binding preferences for extended and/or multiple antennary glycans with poly-
LacNAc chains, which were previously assessed using glycan arrays. Specifically, rtHA
of Dk/HK preferentially binds to extended glycans with poly-LacNAc repeats, whereas
that of Dk/MNG prefers multiple antennary glycans to extended glycans [59, 61].
Consistent with observations in glycan arrays, this study demonstrates that the rHA of
Dk/HK exhibited much stronger binding to moderate- and low-density SLPEG3
copolymers, as well as SLPEG6 polymers, compared to the SLPEG3 homopolymer and
high-density SLPEG3 copolymer. These results indicate that the rHA of Dk/HK
necessitates extended glycans rather than higher-density glycans. In contrast, tHA of
DK/MNG generally preferred intermediate-density glycans, such as high- and moderate-
density copolymers, and was less affected by glycan extension, indicating that rtHA of
Dk/MNG was more sensitive to glycan density than to glycan extension. These results
suggest that the approach of mimicking the complex backbone of glycans with simple
polymers enables to address the glycan density preference of AIVs without requiring an
extremely laborious glycan synthesis procedure. These results highlight the differences

in glycan preferences between the two rHAs of duck-derived AIVs.
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The present study assessed the binding specificity of a series of
sialoglycopolymers using both rHAs and viral particles. rHAs were precomplexed with
primary and secondary antibodies to enhance the binding between HAs and glycans.
Theoretically, the glycan binding of rHAs observed in this study reflects the sum of
binding via a maximum of four trimers with multivalency, as rHA-antibody complexes
were used for the binding analyses. A previous study using fluorescently labeled HA
illustrated that the free HA trimer failed to detect sialosides in a glycan microarray,
whereas rHAs pre-complexed with primary and secondary antibodies successfully
detected glycans in the array [23]. Free trimeric HA can recognize glycans in tissue
sections, highlighting the requirement for substantial glycan density for free trimeric HA
[23]. The present study further showed that HA clusters in the glycan-binding properties
of AIV particles compensated for the weaker binding of HA to low-density glycans, such
as the SLPEG6 low-density copolymer, via positive clustering effects, as observed in
natural settings (Figures 2 and 4). Because the contribution of positive clustering effects
to HA-glycan binding was different between the two strains, the strain-dependent density
or flexibility of HAs on viral particles could reflect these observations. In contrast, HA
clusters of particles attenuate viral binding to high-density glycans, such as SLPEG6 and
9 homopolymers, via negative clustering effects. These observations may be related to
the number of HAs interacting with sialoglycans or the incompatibility of glycan density
with the HA clusters of a viral particle as a macromolecule [68, 71]. These analyses
should support further understanding of the nature of interactions between AIVs and

sialoglycans.

The potential use of synthetic glycopolymers as antiviral agents against influenza
viruses has long been discussed. Glycopolymers bearing sialyllactoses inhibit the
hemagglutination of AIV only at high concentrations [72]. In this study, it was expected
that the sialyllactose density of the glycopolymer would influence its ability to inhibit
hemagglutination. However, in the present study, a series of sialylglycopolymers did not
show any inhibition in the absence of an NA inhibitor (Figure 5). Moreover, no obvious
difference in the HI ability was observed for polymers with different glycan densities.
Thus, glycan hydrolysis by NA may be a cause of the low inhibitory potential of
sialoglycopolymers against AIVs as an antiviral agent. Therefore, further improvement

of sialoglycopolymers has to be considered to escape NA activity.
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In conclusion, the present study assessed the glycan binding of HAs and AIV
particles to a series of sialoglycopolymers terminating with Siaa2-3Galp1-4Glc units with
various glycan densities and extensions. This approach illustrated the subtly different
glycan-binding preference of HA among virus strains to combinations of local density
and representation of Sian2-3GalB1-4Glc moieties. These findings imply elaborate
protein-carbohydrate interactions via multivalent receptor-ligand binding between AIV
particles and sialoglycans. In contrast, sialoglycopolymers had low potential for
inhibitory effects against AIVs. Thus, further improvements are needed to reduce the
hydrolysis of sialoglycans by NA and to optimize the interactions between AIV particles

and sialoglycans for antiviral activity.
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Brief summary

Influenza A viruses use host sialoglycans for attachment via HA and hydrolyze
them upon budding via NA. The HAs of some human isolates prefer extended and
branched glycans for binding; however, the preference of AIVs for these glycans is poorly
understood. This study addressed the glycan-binding preferences of HA and AIV particles
by using a series of sialoglycopolymers with various glycan representations and densities.
Glycan extension was mimicked by linking the terminal sialyllactose with subsequent
PEG chains, and glycan density was further controlled by polymerizing the
glycomonomers with the corresponding numbers of acrylamide spacers. Recombinant
HAs and particles of two AIVs were used in a solid-phase direct binding assay with the
aforementioned sialoglycopolymers. Both recombinant HAs preferred higher-density
glycans, but did not bind to the homopolymer with the highest density. These observations
suggested that most sialyllactoses in the highest-density polymer were not involved in the
interaction with HA, whereas extremely high-density sialyllactoses negatively impacted
HA binding. Additionally, binding analysis using viral particles demonstrated that HA
clusters on the particles compensated for weak binding to low-density glycans by
employing multivalent HA-glycan interactions. This approach enabled the evaluation of
the complex nature of viral particles as macromolecules in glycan binding and the
clustering effect of glycan density in a glycopolymer. These findings suggest elaborate
protein-carbohydrate interactions via multivalent receptor-ligand binding between AIV

particles and sialoglycans.
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Chapter 11

Loss of N-glycosylation in the neuraminidase stalk
contributes to enhancing the pathogenicity of

a high pathogenicity avian influenza virus in chickens
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Introduction

NA of [AVs is composed of four domains: a short cytoplasmic tail, a
transmembrane region, a stalk, and a globular head [7]. The NA-head domain recognizes
sialic acids at the non-reducing terminus of glycans and liberates them, leading to viral
release from the infected cells [8, 9]. Amino acid truncation in the stalk domain of NA
has been identified as a molecular marker for AIVs that acquire a highly pathogenic
phenotype in chickens, in addition to the polybasic amino acid sequences at the HA
cleavage sites [28-30, 73]. AIVs with truncated NA stalk have been isolated from
terrestrial poultry including chickens and turkeys, while have not been found in non-
pathogenic viruses circulating in wild aquatic birds [31-34].Viruses with stalk-truncated
NA have indeed been isolated as a result of virus passages in quails and chickens [35—
38]. Therefore, viruses with short-stalk NA were considered a result of adaptation of

AlVs from wild aquatic birds to chickens.

IAVs with short-stalk NA exhibit reduced sialidase activity compared to those
with full-stalk NA, but only when tested with bulky substrates like fetuin or erythrocytes
[74]. Both short- and full-stalk NA viruses, show similar reactivity to smaller compounds,
such as N-acetylneuraminyllactose or 2-(4-methylumbelliferyl)-a-D-N-acetylneuraminic
acid (MUNANA) [28, 74]. This pattern is often explained by the “limited access theory,”
which posits that short-stalk NA is partially obscured by the HA, which is taller than NA
and more abundant on the viral surface, thereby restricting its access to bulky sialylated
substrates [74]. In contrast, Durrant et al. [75] challenged this theory, arguing that it does
not fully account for the reduced sialidase activity of short-stalk NA. They noted that a
20-amino-acid deletion in the NA-stalk leaves approximately 81% of the HA height intact,
suggesting that access to the NA globular head domain is unlikely to be significantly
impeded by the reduction in stalk height. Furthermore, structural analyses using cryo-
electron microscopy have shown that NA forms localized clusters rather than being
evenly distributed across the viral surface [76]. These clusters could potentially facilitate
substrate access to the catalytic site of the short-stalk NA. Therefore, the impact of stalk

deletion on NA biological function remains debaTable.

To explore the molecular mechanisms by which duck-derived, non-pathogenic

AlVs acquire high pathogenicity in chickens, several studies have conducted serial
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passages of AIVs in chickens [27, 77, 78]. Maruyama et al. [27] and later Ichikawa et al.
[73] performed serial passages of a genetically modified H7N7 non-pathogenic AIV
(rgVac2sub-P0) in chickens. Three passages in chick air sacs, followed by four passages
in chicken lungs, led to the emergence of an HPAIV (Vac2sub-P3L4) with a 34-amino-
acid truncation in the NA stalk under functional coevolution of HA and NA. Their studies
revealed that this NA-stalk deletion along with mutations in HA was a crucial adaptation
for the virus to acquire a highly pathogenic phenotype in chickens when birds were
challenged via intranasal route, in addition to polybasic amino acids at the HA cleavage
site. Notably, the deletion site in the NA stalk included five potential N-glycosylation
sites, while the specific mechanisms by which NA-stalk truncation or deglycosylation
contribute to increased viral pathogenicity remain unclear. Protein modification on the
stem by N-glycans generally modulates the biophysical properties and stability of proteins
by adding large hydrophilic carbohydrates [79]. For example, deglycosylation of the HA
stem region has been shown to reduce viral replication and pH stability [80].
Consequently, it is hypothesized that the loss of N-glycosylations in the NA stalk may
influence NA biological function and viral pathogenicity in chickens. To test this
hypothesis, the present study rescued a virus with a glycosylation-deficient NA-stalk and
evaluated its pathogenicity in chickens. Despite initial genetic instability in vivo, a single
amino acid substitution corrected this instability and resulted in increased pathogenicity
compared with the virus retaining NA-stalk glycosylation. Additionally, viruses with
glycosylation-deficient NA-stalk exhibited decreased erythrocyte elution activity, similar
to that of a virus with truncated NA-stalk.
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Materials and Methods
Viruses and cells

A low pathogenicity AIV, A/duck/Hokkaido/Vac-2/2004 (H7N7) (Vac2; genetic
information accession numbers: AB243417-AB243424; [81]) was used. These viruses
were propagated in 10-day-old embryonated chicken eggs at 35°C for 48 h, and the

infectious allantoic fluids were used as virus stocks.

MDCK cells were maintained in Eagle’s minimum essential medium (MEM;
Shimadzu Diagnostics Corporation, Tokyo, Japan) supplemented with 0.3 mg/mL L-
glutamine (Nacalai Tesque), 100 U/mL penicillin G (Meiji Seika Pharma), 0.1 mg/mL
streptomycin (Meiji Seika Pharma), 8§ pg/mL gentamicin (Takata Pharmaceutical), and
10% fetal bovine serum (Merck). HEK293T cells were maintained in pyruvate-free
DMEM (Thermo Fisher Scientific) supplemented with the above-mentioned antibiotics
and 10% fetal bovine serum (Nichirei Biosciences, Tokyo, Japan). Both cell types were

maintained at 37°C in a 5% CO, atmosphere.
Virus titration

For virus titration, 10-fold dilutions of the virus stocks and organ homogenates
were inoculated into confluent monolayers of MDCK cells and incubated at 35°C for 1 h.
The virus solution, including unbound viruses, was removed from the cells, and the cells
were washed with sterilized PBS. The cells were then cultured in serum-free MEM
containing 1.0 pg/mL of acetylated trypsin (Merck) at 35°C for 72 h. The infectious titers
of the viruses were expressed as 50% tissue culture infectious dose (TCIDso), determined
using the method reported by Reed and Muench [82], by observing the cytopathic effect
(CPE) in virus-infected cells.

Pathogenicity assessment of viruses in chickens

Fertilized eggs of conventional chickens (Gallus gallus domesticus) were
obtained from Iwamura Poultry (Niigata, Japan) and hatched. Six-week-old chickens
were used for the pathogenicity assessment of the viruses. Serum samples were collected
from the chickens before the challenge to confirm the absence of specific antibodies
against the challenge virus using standard HI test protocols with 25 uL of serum.All

chickens were intranasally inoculated with 10*° TCIDs of viruses. To observe survival
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rates and clinical manifestations, six chickens were challenged with each virus and
monitored for 14 days. Once a chicken exhibited severe neurological symptoms, it was
euthanized with an overdose of thiopental sodium (Ravonal, 150 mg/kg; Nipro ES
Pharma Co., Ltd., Osaka, Japan) administered intravenously, based on a humane endpoint.
The number of euthanized chickens was recorded the following day and included in the
survival curve. Lung and brain samples were collected from both deceased and euthanized
chickens for genetic analysis of the recovered viruses. Additionally, a serum sample was
collected from surviving chickens during the experimental period, and HI tests were
performed using Vac2 to confirm seroconversion. For virus titration, blood samples were
collected from chickens at 3 dpi, and the chickens were subsequently euthanized. Tissue
samples from the brain, trachea, lung, liver, kidney, and colon were collected and
homogenized using a Multi-Beads Shocker (MB3000, Yasui Kikai Corp., Osaka, Japan)
to prepare 10% suspensions in MEM. Infectivity titers for blood and tissue samples were
measured using MDCK cells as described above. All infected animals were housed in
self-contained isolator units (Tokiwa Kagaku Kikai Co., Ltd., Tokyo, Japan) within an
animal biosafety level (ABSL) 3 facility at the Faculty of Veterinary Medicine, Hokkaido
University, Hokkaido, Japan.

Reverse genetics

The NA genes of Vac2 mutants were amplified and cloned into the pHW2000
vector [83], using the In-Fusion HD Cloning Kit (Takara Bio Inc., Shiga, Japan),
following the manufacturer’s protocol. To assess the molecular weight of NA proteins, a
nucleotide sequence encoding a FLAG (DYKDDDDK) tag with a single glycine linker
(G) was inserted downstream of the C-terminus coding region of NA. This insertion was
followed by 157 nucleotides from the 3’ end of the open reading frame (ORF), which
includes a noncoding region consisting of a total of 183 nucleotides of the packaging
signal [84, 85]. Individual nucleotide substitutions in the NA gene segments were
introduced via site-directed mutagenesis using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, Inc., Santa Clara, CA, USA) or KOD FX Neo
DNA Polymerase (Toyobo, Osaka, Japan), according to the manufacturer’s instructions.
The other seven gene segments from Vac2 and Vac2-P3L4 were previously cloned into
pHW2000 [27, 73]. The viruses, for which the gene constellations of all eight segments

are listed in Table 2, were rescued via reverse genetics as described previously [83]. The
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Table 2. Recombinant viruses generated by reverse genetics and their usage.

Viral genes

Virus Abbreviation Usage”
PB2 PB1 PA HA NP NA M NS

rgVac2-P3L4/PONA L4/PONA P3L4PB2 P3L4PB1 P3L4PA P3L4HA P3L4ANP PONA P3L4M  P3L4ANS PA
rgVac2-P3L4 L4 P3L4PB2 P3L4PB1 P3L4PA P3L4HA P3L4NP P3L4NA P3L4M  P3L4ANS PA
rgVac2-P3L4/PONAAGlyco L4/PONAAG P3L4PB2 P3L4PB1 P3L4PA P3L4HA P3L4ANP PONAAGlyco P3L4M  P3L4ANS PA
rgVac2-P3L4/PONA-Y65H L4/PONA-65H P3L4PB2 P3L4PB1 P3L4PA P3L4HA P3L4ANP PONA-Y65H P3L4M  P3L4ANS PA
rgVac2-P3L4/PONAAGlyco-Y65H  L4/PONAAG-65H P3L4PB2 P3L4PB1 P3L4PA P3L4HA P3L4ANP PONAAGlyco-Y65H P3L4M  P3L4ANS PA
rgVac2/PONA Vac2/PONA Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONA Vac2M  Vac2NS EEA, MA, MS
rgVac2/P3L4ANA Vac2/LANA Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  P3L4NA Vac2ZM  Vac2NS EEA, MA
rgVac2/PONAAGlyco Vac2/PONAAG Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco Vac2M  Vac2NS EEA, MA
rgVac2/PONA-Y65H Vac2/PONA-65H Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONA-Y65H Vac2M  Vac2NS EEA, MS
rgVac2/PONAAGlyco-Y65H Vac2/PONAAG-65H Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco-Y65H Vac2ZM  Vac2NS EEA
rgVac2/PONAAGlyco-Q47N Vac2/PONAAG-47N Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco-Q47N Vac2ZM  Vac2NS EEA, MS
rgVac2/PONAAGlyco-Q56,57N Vac2/PONAAG-56,57TN  Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco-Q56,57N  Vac2M  Vac2NS EEA, MS
rgVac2/PONAAGlyco-Q67,68N Vac2/PONAAG-67,68N  Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco-Q67,68N  Vac2M  Vac2NS EEA
rgVac2/PONA-FLAG Vac2/PONA-FLAG Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONA-FLAG Vac2M  Vac2NS WB, LB
rgVac2/P3LANA-FLAG Vac2/LANA-FLAG Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  P3L4NA-FLAG Vac2M  Vac2NS WB, LB
rgVac2/PONAAGlyco-FLAG Vac2/PONAAG-FLAG  Vac2PB2  Vac2PB1 Vac2PA Vac2HA Vac2NP  PONAAGlyco-FLAG Vac2ZM  Vac2NS WB, LB

* PA: pathogenicity assessment in chickens, EEA: erythrocyte elution assay, MA: MUNANA assay, MS: mass spectrometry, WB: western blotting, LB: lectin blotting



viruses used for pathogenicity assessment in chickens had a backbone derived from the
resultant virus of serial passages in chickens (Vac2sub-P3L4), and the viruses used in

vitro assays had a backbone of non-pathogenic avian influenza virus (Vac2).
Sanger sequencing of NA genes

Virus RNA was extracted from the allantoic fluid of virus-infected chicken
embryos or organ homogenates using TRIzol LS Reagent (Thermo Fisher Scientific),
according to the manufacturer’s protocol. The extracted RNA was reverse-transcribed
with M-MLV Reverse Transcriptase (Promega Corp., Madison, WI, USA) or
SuperScript™ III Reverse Transcriptase (Thermo Fisher Scientific) using the Uni 12
primer [86]. The NA segments were then amplified with KOD FX Neo DNA Polymerase
(Toyobo) and gene-specific primers [86]. Nucleotide sequences of the polymerase chain
reaction (PCR) products and plasmids were determined using the BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and the Applied Biosystems 3500
Genetic Analyzer (Thermo Fisher Scientific). The sequences were analyzed using

GENETYX ver. 15 (Nihon Server Corp., Tokyo, Japan).
Whole genome sequence

Whole genomes of viruses recovered from L4/PONAAG-inoculated chickens (#31,
33-36) were analyzed. For next-generation sequencing (NGS) of the viruses, the primer
sets described by Ip et al. [87] were used to amplify the whole genome of AIV for NGS
analysis together with three primer sets that specifically improve the yield of PB2, PB1,
and PA segments described by Hew et al. [88]. Oxford Nanopore libraries were prepared
using the NEB Ultra II End Repair/dA-Tailing Module (New England Biolabs, Ipswich,
MA, USA) and sequenced on Flongle using the Nanopore Direct cDNA sequencing kit
or Ligation Sequencing kit V14 (Oxford Nanopore Technologies, Oxford, England). The
obtained reads were mapped and assembled using FIuGAS version 2 (World Fusion,
Tokyo, Japan). The frequency of minor variants was analyzed based on the sequence data
with a minimum coverage of 3,500 reads for NA segment and 500 reads for the other

segments.
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Immunoprecipitation

One milliliter of infectious allantoic fluid containing viruses was mixed with 200
ng of biotinylated anti-H7HA monoclonal antibodies (224/4; previously established in
our laboratory using A/duck/Hokkaido/Vac-2/2004 [H7N7]; [89]). After incubation at
37°C for 1 h, the complexes were captured with Dynabeads MyOne Streptavidin T1
(Thermo Fisher Scientific) at 4°C for 1 h. After washing, virus antigens were eluted from
the magnetic beads and disrupted using 100 mM citric acid containing 1% Triton X-100.
The supernatant was mixed with an equal volume of ice-cold acetone and incubated at
—20°C for 1 h to precipitate proteins. After centrifugation at 13,000 xg at 4°C for 15 min,
the pellets were dried at room temperature for 30 min. The pellets were then incubated
with 20 pL of denaturation buffer (1 M Tris-HCl [pH 8.6], 1% SDS, 1.5% 2-

mercaptoethanol) at 4°C overnight to dissolve them.
Glycosidase digestion

Immunoprecipitated samples were treated with peptide N-glycosidase F (PNGase
F) to release the N-glycans from the NA proteins. The samples were mixed with an
equivalent amount of 5% NP-40 for stabilization and incubated at 37°C for 20 min with

PNGase F PRIME (N-Zyme Scientifics, Doylestown, PA, USA).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and

western blotting

The samples were mixed with an equivalent amount of 2x Laemmli sample buffer
(125 mM Tris-HCI [pH 6.8], 4% SDS, 20% glycerol, 0.02% bromophenol blue, 10% 2-
mercaptoethanol). SDS-PAGE was performed using a 10% TGX™ FastCast™
Acrylamide gel (Bio-Rad) at a constant voltage of 200 V for 35 min under reducing
conditions. The resolved proteins were transferred to an Immobilon-P PVDF membrane
(Merck). The membrane was blocked with PVDF Blocking Reagent for Can Get Signal
(Toyobo). Subsequently, the membrane was probed with an anti-DDDDK-tag
monoclonal antibody (FLA-1, 1:1000 dilution; Medical & Biological Laboratories Co.,
Ltd., Tokyo, Japan) and a goat anti-mouse IgG antibody conjugated with horseradish
peroxidase (1:5000 dilution; Bio-Rad). Proteins were detected using the

chemiluminescence substrate ImmunoStar LD (Fujifilm Wako Pure Chemical Corp.,
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Osaka, Japan) and visualized with a LuminoGraph I (WSE-6100, Atto Corp., Tokyo,
Japan).

Dot blotting

For dot blotting, an Immobilon-P PVDF membrane (Merck) was immersed in
methanol and ultrapure water to wet it. Then, 1 uL of immunoprecipitated virus samples
was spotted onto the membrane and allowed to dry. The membrane was blocked with
PVDF Blocking Reagent for Can Get Signal (Toyobo). Subsequently, the membrane was
probed with either an anti-DDDDK-tag monoclonal antibody (FLA-1, 1:1000 dilution;
Medical & Biological Laboratories) or an anti-nucleoprotein (NP) monoclonal antibody
(183/5, 1:1000 dilution; previously established in our laboratory using A/swine/Hong
Kong/10/1998 [HIN2]) as primary antibodies. After incubation with a goat anti-mouse
IgG antibody conjugated with horseradish peroxidase (1:5000 dilution; Bio-Rad),
proteins were detected using the chemiluminescence method described above. The
chemiluminescent density was quantified as previously described by Ohgane and

Yoshioka [90].

Site-specific glycosylation analysis via liquid chromatography and mass

spectrometry (LC/MS)

The virus particles were collected from 60—-80 mL of infectious allantoic fluid
from chicken embryonated eggs via ultracentrifugation, followed by a 30% sucrose
cushion ultracentrifugation to remove impurities. The pellet was dissolved in 100 pL of
PBS with 0.08% sodium azide and then precipitated with acetone (final concentration of
80%) at —20°C overnight. After centrifugation at 13,000 rpm for 15 min, the precipitate
was recovered and dissolved in 100 mM Tris-HCI (pH 9.0) containing 12 mM sodium
deoxycholate and 12 mM sodium lauroylsarcosinate. The protein samples were treated
with dithiothreitol (equal weight of protein, 37°C, 1 h) to reduce disulfide bonds and then
alkylated with iodoacetamide (2.5 times the weight of protein, 37°C, 1 h, in the dark) and
quenched with dithiothreitol (half the weight of protein, 37°C, 5 min). The proteins were
then diluted fourfold with 50 mM ammonium bicarbonate and digested with rLys-C
endopeptidase (Promega), followed by treatment with Trypsin Gold (Promega). An
aliquot of each digest was treated with PNGase F (Takara Bio) in H2'*O to remove N-
glycans and label glycosylated asparagines with the stable isotope 'O (isotope-coded
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glycosylation site-specific tagging [IGOT] method; [91, 92]). The products were
lyophilized, redissolved in nonlabeled water, treated with trypsin at 4°C overnight, and
purified with MonoTip C18 (GL Sciences, Tokyo, Japan). These labeled peptides were
subsequently analyzed using an LC/MS system with a nanoflow LC, UltiMate 3000
RSLCnano (Thermo Fisher Scientific), and an Orbitrap Eclipse Tribrid mass
spectrometer (Thermo Fisher Scientific) as described previously for IGOT-LC/MS.
Briefly, the peptides were separated using a C18 tip column (Aurora Ultimate, [onOpticks,
Australia, 0.075 mm id x 25 cm length) at 300 nL/min with an acetonitrile gradient (3—
35% acetonitrile in 0.1% formic acid over 45 min). MS2 spectra were obtained data-
dependently (positive mode, cycle time: 3 s, MS1 resolution: 120,000, range: 377-2000,
analyzer: Orbitrap, maximum injection time: 100 ms, MS2 resolution: 60,000, range:
135-2000, isolation window: 1.6, analyzer: Orbitrap, activation. HCD, maximum
injection time: 200 ms, normalized collision energy: stepped [41, 73, 93]). For site-
specific glycosylation analyses, the MS2 spectra were searched using Mascot (ver. 2.8.0.1,
Matrix Science, London, UK) with a UniProtKB sequence database (tax id: 9031,
including HA sequences). Search conditions were as follows: method: MS/MS ion search,
target FDR: 1%, enzyme: semi-trypsin/Lys-C, fixed modification: carbamidomethyl (C),
variable modifications: ammonium loss (peptide N-term C), delta:H(1)N(-1)180(1)(N),
Gln>pyroGlu (peptide N-term Q), and Oxidation (M), mass tolerance (MS1): 7 ppm,
MS2: 10 ppm, max missed cleavage: 2. All spectra of the target peptides were manually

inspected for correct peptide identification and site-specific glycosylation.
Prediction of RNA secondary structure

The RNAfold web server, provided by the ViennaRNA web services
(http://rna.tbi.univie.ac.at/; [94]), and the  CentroidFold web  server
(http://rtools.cbrc.jp/centroidfold/; [95]) were used to predict the secondary structure of
the RNA sequences of NA-stalk domains. The RNA sequences of partial NA segments
(129 nt), including the NA-stalk coding regions, were submitted to either of the above

web servers using the default parameters.
Virus elution assay

The function of NA was evaluated by assessing the ability of viruses to elute

agglutinated chicken erythrocytes, as previously described by Castrucci and Kawaoka
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[96]. The viruses were adjusted to 32 HAU with PBS and serially diluted in borate-
buffered saline with calcium (6.8 mM CaCl, 154 mM NacCl in 20 mM borate buffer, pH
7.2) in technical triplicate. Then, 50 uL of each dilution were incubated with an equivalent
volume of 0.5% chicken erythrocytes at 4°C for 1 h in a U-bottom plate (Corning). The
plate was then moved to 37°C, and the dissolution of hemagglutination due to NA activity
was recorded periodically for 8 h. The elution activity was evaluated as the proportion of
wells where hemagglutination was canceled relative to the total number of wells that had

been hemagglutinated before incubation at 37°C.
NA enzymatic activity

NA enzymatic activity was measured using MUNANA (Sigma-Aldrich) as a
soluble substrate, as described previously [97]. Briefly, the viruses were mixed with
serially diluted MUNANA in 96-well black-bottomed plates. The mixture was exerted at
360 nm at 1-min intervals, and the emission signal was periodically monitored for 30 min
at 37°C using POWER SCAN 4 (Agilent Technologies). The initial reaction rate under
each condition was calculated and plotted to obtain the Michaelis constant, Km, using R

software.
Comparison of NA-stalk domain of N7 AIVs

A total of 1,498 amino acid sequences of N7 NA covering the stalk domain were
obtained from the Global Initiative on Sharing All Influenza Data (GISAID,
https://gisaid.org/) and aligned using multiple sequence alignment software GENETYX
ver. 15 (Nihon Server). Seventy-seven sequences exhibited amino acid deletions in the
stalk domain. Each pattern of deletion was categorized based on the original host of each
virus as indicated in the strain names. The remaining 1,421 sequences were analyzed to

identify amino acid sequences at potential N-glycosylation sites within the stalk.
Ethics statements

All animal experiments were authorized by the Institutional Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Hokkaido University (approval nos.
13-0108, April 8, 2013; 18-0037, April 4, 2018; 21-0016, April 2, 2021; and 23-0053,
March 30, 2023) and were conducted in accordance with the committee’s guidelines. The

facilities where the animal experiments were performed are certified by the Association
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for Assessment and Accreditation of Laboratory Animal Care International (AAALAC

International).

All experiments involving genetically modified organisms, including mutant
viruses generated via reverse genetics, were authorized by the Safety Committee on
Genetic Recombination Experiments of Hokkaido University (approval nos. 2015-019,
August 4, 2015; 2020-009, June 2, 2020) and the Ministry of Education, Culture, Sports,
Science and Technology, Japan (approval nos. 30-Monkashin-Dai-963, March 28, 2019;
2-Monkashin-Dai-654, September 15, 2020; 4-Monkashin-Dai-142, July 7, 2022).
Additionally, the study was authorized by the Biosafety Management Committee on
Pathogens and Other Hazardous Agents of the Faculty of Veterinary Medicine, Hokkaido
University (approval nos. 2017-1-61, 2018-1-59, 2019-1-62, 2022-1-78, 2023-1-40). The
gain-of-function experiments aimed at increasing the pathogenicity of recombinant
HPAIVs in chickens were specifically authorized on April 15, 2021, by the same

committee, with no concerns regarding dual-use.
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Results

Pathogenicity of a recombinant virus with glycosylation-deficient NA stalk in

chickens

A previous study performed serial passages of a genetically modified H7N7 duck
influenza virus in chick air sacs (P3), followed by four passages in chicken lungs (L4).
This adaptation process yielded a high pathogenicity avian influenza virus characterized
by a 34-amino-acid deletion in the NA-stalk region. To verify the previous observation
that truncation of the amino acids in the NA-stalk domain contributes to increased
intranasal pathogenicity in chickens, a pair of viruses harboring a full-length NA stalk
(rgVac2-P3L4/PONA; L4/PONA) and short NA stalk featuring the 34-amino-acid deletion
(rgVac2-P3L4; L4) were used (Figure 6A and Table 2; [73]). Six 6-week-old chickens
were intranasally inoculated with 10*® TCIDso of each virus, and clinical manifestations
were monitored for 14 days. The viral pathogenicity in chickens showed high
reproducibility with previous results: all chickens inoculated with L4 died within 4 days
post-inoculation (dpi), whereas those inoculated with L4/PONA exhibited delayed clinical
onset and survived for 7 days (Figure 6B). Thus, the truncation of the NA-stalk domain

in L4 was proven to increase its pathogenicity in chickens.

Subsequently, to assess the functional significance of the loss of N-glycosylations
on the stalk domain of NA, N/Q mutations that abrogate N-glycosylation sequons (N-X-
S/T) were introduced into the NA-stalk domain of PONA. A virus harboring this NA gene
segment (PONAAGlyco) with the backbone of the other seven gene segments from L4
was generated (rgVac2-P3L4/PONAAGIlyco; L4/PONAAG; Figure 6A). The virus,
L4/PONAAG, was intranasally inoculated into chickens to compare its pathogenicity.
Interestingly, chickens inoculated with L4/PONAAG exhibited various clinical courses
(Figure 6B). One chicken died on 4 dpi, and three were euthanized on 4 or 5 dpi due to
severe neurological signs. Conversely, another chicken died on 9 dpi, and one survived
the 14-day observation period. Furthermore, the surviving chicken seroconverted during
the experimental period (8 HI titer). To investigate the cause of the variable pathogenesis
of L4/PONAAG, NA genes from viruses recovered from the infected chickens were
sequenced. Amino acid substitutions or deletions in the NA-stalk domain were observed

in all viruses recovered from chickens infected with L4/PONAAG (Table 3). Conversely,
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Figure 6. Survival of chickens intranasally inoculated with NA-stalk mutant viruses.
(A) NA consists of a membrane anchor, a transmembrane, a stalk, and a globular head.
PONA is a full-stalk NA, whereas P3L4NA, which was derived from serial passages of
rgVac2-P0 in chickens, contains a 34-amino-acid deletion in the stalk and one amino acid
substitution in the transmembrane. The potential N-glycosylation sites in the PONA are
highlighted in red. PONAAGIyco was generated by introducing N/Q mutations at the five
potential N-glycosylation sites in the stalk, which are highlighted in blue. A series of
viruses carrying either NA gene and accompanied by the L4 backbone were generated
through reverse genetics in this study. (B) Six 6-week-old chickens were intranasally
inoculated with 100 uL of each virus at 10%° TCIDso and observed for 14 days.
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Table 3. Amino acid sequences of recovered viruses from six chickens (#31-36) inoculated with L4/PONAAG.

Virus / chicken ID  Clinical course Organ sample Amino acid sequence of NA-stalk region®
L4/PONAAG® Original strain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQTT I ITKETDLKTPSY
_ _ Brain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQT——— Sye
#31 Euthanized on 4 dpi
Lung GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQT————— SY
#32 Seroconversion on 14 dpi - No virus rescued
433 Died on 0 d Brain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTHVQQTTIITKETDLKTPSY¢
ied on 9 dpi
. s SR\ L5 10 0 L R HOG MRS 0 U VR DD SN )
Brain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQTTI ITKETDLKTPSY
#34 Euthanized on 5 dpi GLNVSLHLKEKGPKQKEQLTCTT INQQQTTVVENTHVQQTT I ITKETDLKTPSY
. Lung ___ GLNVSLHLKEKGPKQKEQLTCTTINGQQTTVVENTHVQQTTIITKETDLKTPSY
Brain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYV KTPSY
#35 Died on 4 dpi Lu GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYV KTPSY
. GLNVSLHLKEKGPKQKEQLTCTT INQQQTTVVENTYVQQT SY
_ _ Brain GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTCVQQTTI ITKETDLKTPSY
#36 Euthanized on 4 dpi

Lung GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTCVQQTTI ITKETDLKTPSY

2 Mutations observed in isolates from chickens inoculated with L4/PONAAG were determined. The amino acid residues corresponding to the NA-
stalk region at positions 30—83 of L4/PONAAG are aligned.

®T.4/PONAAG serves as the reference inoculum. The underlined residues indicate the introduction sites of N/Q mutations.

¢ A dash (-) indicates amino acid deletion.

4 Gray shading highlights amino acid substitutions.



no mutations in the NA-stalk were found in viruses recovered from chickens inoculated
with either L4/PONA or L4, suggesting the genetic instability of L4/PONAAG. Although
a total of four distinct amino acid mutants were identified among the five individuals, the
Y65H mutation was found in viruses recovered from two co-housed chickens in an
isolator. Notably, one chicken (#34) showed severe neurological symptoms on 5 dpi,
whereas the co-housed one (#33) began to exhibit mild clinical signs on 7 dpi. The
observation was supported by whole genome sequencing and the subsequent population
analysis of minor variants (Table 4). The population of Y65H mutant was higher in the
brain (91.7%) and lung (90.0%) of chicken #33 compared to those of chicken #34 (61.2%
in brain and 74.8% in lung). Additionally, a minor variant 1621V in PA of chicken #34
(0.7% 1n brain and 0.9% in lung) turned to be dominant in chicken #33 (88.4% in brain
and 73.9% in lung). This suggests that the Y65H mutant was likely transmitted from one
chicken (#34) to the other (#33) without further mutation in the NA-stalk. These results
indicate that the Y65H mutant appears to be genetically more stable than the original

L4/PONAAG in chickens.
Genetic stability of Y65H mutant of L4/PONAAG

To validate the genetic stability of the Y65H substitution in the NA protein of
L4/PONAAG, L4/PONAAG and the Y65H mutant were serially passaged in embryonated
chicken eggs. To achieve this, the Y65H substitution, changing thymidine to cytosine,
was introduced into the NA-coding plasmid, and L4/PONAAG-65H was rescued via
reverse genetics (Figure 7A). Subsequently, two viruses—L4/PONAAG and
L4/PONAAG-65H—were independently passaged three times in chicken embryos. Two
distinct variants of L4/PONAAG were obtained (Table 5), whereas no mutants were
obtained from the descendants of L4/PONAAG-65H. This indicates that the Y65H
mutation in the NA-stalk seems to stabilize the genetic properties of PONAAGlyco.

Since an importance of RNA secondary structures of HA genes in acquisition of
serial basic amino acids in the cleavage sites has been proposed [98, 99], RNA secondary
structures of NA stalk-coding region can cause slippage of viral polymerase, resulting the
genetic instability [100]. To confirm the impact of the Y65H mutation on the genetic
stability of the NA stalk-coding region, the RNA secondary structure was predicted
through in silico analyses and compared. The present study focused on the RNA
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Table 4. Amino acid sequences of low-frequent variants recovered from chickens inoculated with L4/PONAAG detected by NGS.

PB2® PBI PA NA
Ch}g“‘«n Organ 280° 191 393 621 65 Mo AT
L L v v Y Y I v Y H C
(CUC)Y' (CUA)  (GUA) (GUC)  (UAU) (UAC)  (AUU) (GUU)  (UAC) (CAC) (UGC)
#31  Bran ¢ = : - : - : - 1.4¢ - - 196 790
Lung - - : - : - : - 1.8 - - 196 784
#33  Brain - - : - : - 9.1 884 27 917 - - -
Lung - - : - : - 246 739 52 900 - - -
#34  Bran - - : - : - 97.6 0.7 1 612 - - -
Lung - - : - : - 975 0.9 203 748 - - -
#35 Bran 60 907 : - 74 862 : - 0.5 - - 915 21
Lung 395 568 : - 378 578 : - 5.8 - - 676 268
#36  Bran - - 72 847 : - : - 52 - 893 - -
Lung - - 96 838 : - : - 8.6 - 859 - -

4 Nucleotide mutations were observed in the four gene segments (PB2, PB1, PA, and NA).

®Methionine encoded by the AUG start codon is defined as position 1.

¢ Amino acid and its encoding codon harboring mutations which was detected in a consensus sequence by NGS analysis are indicated.
The bold letter represents an amino acid of parent virus (L4/PONAAG).

4 Amino acid deletion at positions 67-78 and 70-81.

¢ Period indicates the same amino acid as the parent virus.

P En-dush (-) indicates that the population analysis was not performed.

¢ Frequency (%) of the mutations.



Virus Amino acid sequence of NA
10 30 81
L4/PONA N NN YVNN
L4
L4/PONA-65H N NN HVYNN
L4/PONAAG-65H Q 0Q HVaQ

Number of survival chickens

: === |L4/PONA
| ] ——- |4
e | 4/PONA-65H

e L4/PONAAG-65H

T T T T T
6 8 10 12 14

Days post inoculation

Figure 7. Survival of chickens from chickens intranasally inoculated with L4
mutants harboring Y65H substitution in the NA-stalk domain. (A) Amino acid
sequences of Vac2NA mutants with the Y65H mutation are shown. Recombinant viruses
L4/PONA-65H and L4/PONAAG-65H were generated using reverse genetics. The
potential N-glycosylation sites in the PONA are highlighted in red. PONAAGlyco was
generated by introducing N/Q mutations at the five potential N-glycosylation sites in the
stalk, which are highlighted in blue. The position of Y65H substitutions were underlined.
(B) Six 6-week-old chickens were intranasally inoculated with 100 puL of each Y65H
mutant at 10*° TCIDso and observed for 14 days. Survival of chickens inoculated with
L4/PONA and L4 is indicated with break lines for comparison (Figure 6B).
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Table 5. Amino acid sequences of viruses passaged in chicken embryo with L4/PONAAG.

Passaged virus Amino acid sequence of NA-stalk region?

L4/PONAAG® GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQTTI ITKETDLKTPSY

GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQTTIITKETDLKTPSY
Embryo passage 1-1

GLNVSLHLKEKGPKQKEQL === ENTYVQQTTTITKETDLKTPSY®
Embryo passage 2-1 GLNVSLHLKEKGPKQKEQL—————————— ENTYVQQTTIITKETDLKTPSY
_Bmbryo passage 3-1 . B L
Embryo passage 1-2 GLNVSLHLKEKGPKQKEQLTCTTINQQQTTVVENTYVQQTT I ITKETDLKTPSY
Embryo passage 2-2 GLNVSLHLKEKGPKQKEQLTCTT INQQQTTVVENTYVQQTT I ITKETDLKTPSY
Embryo passage 3-2 GLNVSLHLKEKGPKQKEQLTCTTTNQQQTTVVENTYVQQTTIITKETDLKTPSY¢

a Mutations observed in isolates from chickens inoculated with L4/PONAAG were determined. The amino acid residues
corresponding to the NA-stalk region at positions 30—83 of L4/PONAAG are aligned.

> L4/PONAAG serves as the reference inoculum. The underlined residues indicate the introduction sites of N/Q mutations.
¢ A dash (—) indicates amino acid deletion.

4 Gray shading highlights amino acid substitutions.



sequences (129 nucleotides) coding the NA-stalk region of PONAAGlyco because various
mutation patterns were observed in this region of the recovered viruses from chickens.
The target region formed a stem-loop structure consisting of 34 nucleotides, as predicted
by both minimum free energy (MFE) and centroid structures in RNAfold [94].
Conversely, the stem-loop structure was abolished in the Y65H mutant due to a single
substitution from uracil to cytosine (Figure 8). The stem-loop structure was not observed
in the RNA sequences of either PONA or PONA-Y65H (Figure 8). Predictions made using
CentroidFold also suggested stem-loop formation in the stalk-coding region of
PONAAGlyco (Figure 9). Thus, the presence of the stem-loop structure in the NA-stalk
region of PONAAGlyco appears to be related to the genetic instability. Conversely, the
nucleotide substitution from UAC to CAC (corresponding to Y65H mutation) in
PONAAGIyco compensates for the instability of the RNA secondary structure in the NA-
stalk region. Accordingly, these results support the genetic stability of L4/PONAAG-65H.

NA-stalk deglycosylated virus with Y65H mutation (L4/PONAAG-65H) shows

increased pathogenicity in chickens

The pathogenicity of a pair of genetically stable viruses, L4/PONA-65H and
L4/PONAAG-65H, was assessed in chickens to further investigate the functional
significance of the loss of glycosylation in the NA-stalk. For this purpose, six 6-week-old
chickens were challenged with 10*° TCIDsy of each virus, and clinical manifestations
were monitored. Chickens inoculated with L4/PONA-65H exhibited similar clinical
onsets to those inoculated with L4/PONA, with no significant difference in the survival
curve (p value adjusted using the Bonferroni method following pairwise comparisons
using the log-rank test, p = 1.000; Figure 7B), suggesting that the Y65H substitution in
the NA-stalk did not affect viral pathogenicity in chickens. Conversely, all chickens
inoculated with L4/PONAAG-65H developed severe neurological signs within 4 dpi and
died within 5 days. The time required to affect all individuals inoculated with
L4/PONAAG-65H was shorter than that for L4/PONA-65H and no longer than that for L4.
The difference in the survival curve was not statistically significant (p = 0.118 vs.
L4/PONA-65H; p = 0.162 vs. L4, which was compared to p = 0.023 for L4/PONA-65H
vs. L4). Notably, no mutations, including substitutions or deletions, were found in the
viruses recovered from chickens inoculated with L4/PONA-65H and L4/PONAAG-65H.

Chickens were also euthanized on 3 dpi to investigate viral loads in blood and tissue
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Figure 8. RNA secondary structures predicted using RNAfold WebServer. (A) MFE structure. (B) Centroid structure. Both structures
were generated using default settings from the RNAfold WebServer (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi).
Arrowheads indicate the positions of nucleotide substitution from U (coding 65Y) to C (coding 65H). Arrows indicate stem-loop structures
within the NA stalk-coding region that exhibit higher base-pair probabilities in the PONAAGlIyco.
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Figure 9. RNA secondary structures predicted using CentroidFold. RNA secondary structures were predicted using CentroidFold
(http://rtools.cbre.jp/cgi-bin/index.cgi) with the default McCaskill (BL) model. Arrowheads indicate the positions of nucleotide substitution
from U (coding 65Y) to C (coding 65H). Arrows indicate stem-loop structures within the NA stalk-coding region that exhibit higher base-
pair probabilities in the PONAAGlyco.



samples. The virus titers in the trachea and lung of L4/PONAAG-65H-inoculated chickens
were higher than those in chickens inoculated with L4/PONA-65H (Figure 10).
Additionally, higher levels of viremia were confirmed in the blood samples of chickens
inoculated with L4/PONAAG-65H compared to those inoculated with L4/PONA-65H.
This resulted in higher viral loads in the brain, liver, kidney, and colon. These results
demonstrate that the loss of potential N-glycosylation sites in the NA-stalk domain
contributed to increased viral growth in primary target organs, such as the trachea and
lungs, leading to higher viremia on 3 dpi and shortened survival periods for the infected
chickens. When comparing L4/PONAAG-65H to L4, comparable virus loads were
observed in each tissue sample except the brain (Figure 10). This finding supports the
notion that the loss of glycosylation in the NA stalk is sufficient for rapid viral growth in
chickens and suggests an additional advantage for viruses with short-stalk NA in

replicating in the chicken brain.
Loss of glycosylation in the NA stalk reduces the NA function on the virus particles

Loss of glycosylation in the NA-stalk region in L4/PONA-65H enhanced viral
pathogenicity in chickens, the NA function was assessed based on erythrocyte elution
activity. Previous studies have demonstrated that viruses with a short NA stalk have
reduced elution activity against chicken erythrocytes, which is consistent with their
higher pathogenicity in chickens compared to viruses with a full NA stalk [38, 73, 96].
Thus, this study aimed to address the contribution of deglycosylation in the NA-stalk to
erythrocyte elution activity. Viruses with an L4 backbone could not achieve high HA
titers (<2 HAU) in eggs due to their exceptionally high lethality to chicken embryos.
Therefore, a set of viruses—Vac2/PONA, Vac2/L4NA, and Vac2/PONAAG—using the
backbone of a nonpathogenic AIV (Vac2) were generated and used for the erythrocyte
elution assay as previously described (Table 2; [96]). As expected, the virus with full-
stalk NA, Vac2/PONA, efficiently eluted chicken erythrocytes, whereas the virus with
short-stalk NA, Vac2/L4NA, did not elute erythrocytes within 8 hours (Figure 11A).
Similarly, the NA-stalk deglycosylated virus, Vac2/PONAAG, also failed to elute chicken
erythrocytes, suggesting that the loss of N-glycosylation in the NA-stalk domain, rather
than stalk truncation, reduces the erythrocyte elution activity of the virus. Since Arai et
al. [39] reported that the deglycosylation or truncation in the NA stalk domain has a minor
effect on the substrate-binding affinity of the catalytic site, the NA activity was also
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I L4/PoNA-65H
L4/PONAAG-65H
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p=0.012

Virus titer (log,, TCID5,/g)

Brain Trachea Lung Liver Kidney Colon Blood

Figure 10. Virus recovery from chickens intranasally inoculated with L4 mutants
harboring Y65H substitution in the NA-stalk domain. Virus titers in the organs of
chickens intranasally inoculated with each virus were evaluated 3 days post-inoculation.
The dotted line indicates the threshold for virus titration (<1.8 logio TCIDso/g for organ
samples and <0.8 logio TCIDso/g for blood). *Statistical analysis was performed using
the Mann—Whitney U test between L4/PONA-65H (light green) and L4/PONAAG-65H
(orange). Virus titers below the detection limit were considered as 1.8 logio TCIDso/g for
tissue samples and 0.8 logio TCIDso/g for blood for statistical analysis.
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Figure 11. Biological characteristics of Vac2 mutants with or without glycosylation
in the NA-stalk domain. (A) Erythrocyte elution activity of Vac2/PONA, Vac2/L4NA,
and Vac2/PONAAG was assessed. These mutants harbor full-stalk NA, short-stalk NA,
and glycan-deficient-stalk NA, respectively. (B) Sialidase activity of Vac2/PONA,
Vac2/L4NA, and Vac2/PONAAG to MUNANA was assessed. The initial reaction rate at
each condition was plotted to calculate the K. The data were represented as the mean +
SE of three independent experiments. (C) Erythrocyte elution activity of Vac2 mutants
with partially glycosylated NA in the stalk was assessed.
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evaluated using a small compound, MUNANA. The data were fitted to the Michaelis-
Menten equation via non-linear regression, and the Michaelis constant (Kn) was
calculated for each of the viruses. The K values were 73.7 £ 5.38 uM for Vac2/PONA,
83.8 £4.79 uM for Vac2/PONAAG and 68.3 £ 5.08 uM for Vac2/L4NA, indicating that
their comparable affinities with the small substrate (Figure 11B). Although the maximum
velocity of the reaction (Vmax) for Vac2/L4NA was higher than the others, this rather
reflects the higher input of viruses in the assay. These results demonstrate that while the
deglycosylation and truncation in the NA stalk domain do not affect its sialidase activity
to small substrates, they remarkably affect the erythrocyte elution activity, suggesting the

reduction of activity to bulky substrates.

Next, the effect of the Y65H mutation on elution activity using a pair of Y65H
mutants (Vac2/PONA-65H and Vac2/PONAAG-65H; Figure 11C) was assessed. The
erythrocyte elution activity of Vac2/PONA-65H was relatively lower than that of
Vac2/PONA, whereas the phenotypic change induced by glycosylation deficiency was
evident in the elution activity of Vac2/PONAAG-65H. Thus, the impact of the Y65H
mutation in the NA-stalk domain was limited to the erythrocyte elution activity of the

viruses.
Potential N-glycosylation sites on the NA stalk of rgVac2-PONA were occupied

Given that the loss of potential N-glycosylation sites in the NA-stalk domain
decreased erythrocyte elution activity, two hypotheses arose: a reduction in the NA
molecules on the virus particles or functional changes in NA resulting from the loss of
glycosylations at the stalk. First, the amount of NA incorporated into the virus particles
was assessed. To detect NA proteins using a commercial antibody, plasmids coding
FLAG (DYKDDDDK)-tagged NA proteins were generated as described by Hiono and
Kuno ([85]; Figure 12A). A set of plasmids encoding FLAG-tagged NA (Vac2/PONA-
FLAG, Vac2/PONAAG-FLAG, and Vac2/L4NA-FLAG) was used for virus rescue with
the Vac-2 backbone to obtain higher titers of these viruses. The relative NA/NP ratios of
the glycosylation-deficient virus and NA-stalk truncated virus were compared to the virus
harboring full-stalk NA via dot blotting. The relative NA incorporation was calculated as
1.48 for Vac2/PONAAG-FLAG and 0.74 for Vac2/LANA-FLAG. These values did not
correlate with the NA function as evaluated by erythrocyte elution activity (Figure 12B).
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Figure 12. Gene construction for the FLAG-fused NA protein and comparison of
NA intake in virus virions among Vac2 mutants. (A) Schematic representation of the
gene construction for generating the FLAG (DYKDDDDK)-fused NA protein. (B) NA
intake in the virus virions of Vac2 mutants was assessed by comparing NA/NP ratios of
the virus virions immunoprecipitated with an anti-HA antibody. The relative intensity of
three spots was calculated and normalized to Vac2/PONA. (C) Molecular weight of the
NA proteins was compared to assess glycosylation of the NA-stalk domains under
nontreated and PNGase F-treated conditions. Arrowhead indicates the aggregates of NA
proteins of Vac2/PONAAG on the top of resolving gel.
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Second, to validate the glycan occupancy of the NA-stalk domain, the molecular weights
of NA proteins were compared via western blotting (Figure 12C). The molecular weight
of Vac2/PONA-FLAG was larger than that of Vac2/PONAAG-FLAG under nontreated
conditions. In contrast, after treatment with PNGase F, which removes N-glycans from
the NA proteins, the electrophoretic mobility of Vac2/PONA-FLAG and Vac2/PONAAG-
FLAG was comparable. It should be noted that the faint band was obtained at
approximately 65 kDa in Vac2/PONAAG-FLAG without PNGase F treatment because
this NA was prone to be aggregated due to the deglycosylation, which was also supported
by the presence of another band at the top of the resolving gel. These results indicate that

the stalk domain of PONA-FLAG is glycosylated with at least one N-glycan.
Potential N-glycosylation sites on the NA stalk of rgVac2-PONA were occupied

To comprehensively investigate site-specific glycan occupancy on the NA-stalk
domain, IGOT-LC/MS analysis was performed. Among the tryptic digests identified, all
five potential N-glycosylation sites were included in a single peptide
(QKENLTCTTINQNNTTVVENTYVNNTTIITK). In the IGOT analysis, glycan-
liberated asparagines were converted into '*O-containing aspartic acids by digestion with
PNGase F in H'%0. Therefore, glycosylated peptides could be differentiated from
nonglycosylated peptides by a molecular mass shift of 2.988261 Da per glycosylation site.
In the peptides derived from PONA, three or four sites were generally occupied among
five N-!P-S/T (!P = any amino acid except proline) sites, and peptides with fewer than
three N-glycans were not identified. In MS1 spectra, a total of six distinct peptides
covering the five potential N-glycosylation sites of PONA were identified via Mascot
searching (Figures 13—18). In a peptide glycosylated with three asparagine residues, the
N-glycosylations on N47, N56, and N67 were confirmed by the b and y ions in MS2
spectra (Figure 13A, B). Subsequently, a monoisotopic peak for non- or less-glycosylated
peptides, which have a smaller molecular mass than the glycosylated peptide by 2.988261
Da, was searched for in MS1 spectra. However, no specific ions corresponding to less-
glycosylated peptides were obtained in the MS1 spectra, indicating that peptides with two
glycans were not identified (Figure 13C, D). Moreover, two peptides with four IGOT
labels were identified through database searching using Mascot, and double glycosylation

at either of the NNTT sequons was suspected in these peptides.
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Figure 13. MS2 spectrum of the peptide of PONA with three glycans at N47, N56 and
N67, and mass chromatograms of precursor ions to identify site occupancy. (A) MS2
spectrum of the peptide of PONA containing three glycans. (B) Molecular mass of b and
y ion fragments derived from the peptide of PONA. Red and black letters indicate b and
y ion fragments detected and calculated based on the amino acid sequence, respectively.
(C) MS1 spectra of a peptide with three glycans in upper panel and that with two glycans
in lower panel were compared. The monoisotopic peak of MS1 corresponding to the less-
glycosylated peptide (blue arrow in the bottom panel) was not observed. (D) Base peak
mass spectrum (black) and mass chromatogram of the precursor ions corresponding to
the peptide with three glycans (red) and two glycans (green). The less-glycosylated
peptide was not detected.
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Figure 14. MS2 spectrum of the peptide of PONA with four glycans at N47, N56/57,
N67 and N68, and mass chromatograms of precursor ions to identify site occupancy.
(A) MS2 spectrum of the peptide of PONA containing four glycans.
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Figure 14 (cont). MS2 spectrum of the peptide of PONA with four glycans at N47,
N56/57, N67 and N68, and mass chromatograms of precursor ions to identify site
occupancy. (B) Molecular mass of b and y ion fragments derived from the peptide of
PONA with four glycans. Red and black letters indicate b and y ion fragments detected
and calculated based on the amino acid sequence, respectively. (C) The monoisotopic
peak of MSI1 corresponding to the less-glycosylated peptide, which had a smaller
molecular mass by 2.99 Da (m/z 0.997 [z = +3]; two blue arrows), was observed. (D)
Mass chromatogram of precursor ions shows that the less-glycosylated peptide with three
glycans (40.67 min; green) had a shorter LC retention time compared to the peptide with
four glycans (40.98 min; red).
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Figure 15. MS2 spectrum of the peptide of PONA with three glycans at N47, N57 and
N67. (A) MS2 spectrum of the peptide of PONA containing three glycans. (B) Molecular
mass of b and y ion fragments derived from the peptide of PONA with three glycans. Red
and black letters indicate b and y ion fragments detected and calculated based on the
amino acid sequence, respectively. (C) The monoisotopic peak of MS1 corresponding to
the less-glycosylated peptide was not observed.
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Figure 16. MS2 spectrum of the peptide of PONA with three glycans at N47, N56/57,
and N68, and confirmation of no peptide with two glycans. (A) MS2 spectrum of the
peptide of PONA containing three glycans.
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Figure 16 (cont). MS2 spectrum of the peptide of PONA with three glycans at N47,
N56/57, and N68, and confirmation of no peptide with two glycans. (B) Molecular
mass of b and y ion fragments derived from the peptide of PONA with three glycans. Red
and black letters indicate b and y ion fragments detected and calculated based on the
amino acid sequence, respectively. (C) The monoisotopic peak of MS1 corresponding to
the suspicious less-glycosylated peptide, which had a smaller molecular mass by 2.99 Da
(m/z 0.997 [z = +3]; two blue arrows), was not an ideal peak but a noise. (D) Mass
chromatogram of precursor ions indicates that there was no peptide with two glycans.
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Figure 17. Identification of multiple peptides of PONA with three glycans at N47,
N56/57, and N68. (A) MS2 spectrum of the peptide of PONA containing three glycans.
(B) Molecular mass of b and y ion fragments derived from the peptide of PONA with three
glycans. Red letters indicate b and y ion fragments detected in this analysis, whereas black
letters refer to the calculated molecular weights based on the amino acid sequence. (C)
The monoisotopic peak of MS1 corresponding to the peptide with three glycans (Figure
15) had the same molecular mass, indicating the same peptide.
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Figure 18. Identification of multiple peptides of PONA with four glycans at N47, N56,
N57, and N67. (A) MS2 spectrum of the peptide of PONA containing four glycans. (B)
Molecular mass of b and y ion fragments derived from the peptide of PONA with four
glycans. Red letters indicate b and y ion fragments detected in this analysis, whereas black
letters refer to the calculated molecular weights based on the amino acid sequence. (C)
The monoisotopic peak of MS1 corresponding to the multiple peptides with four glycans
had identified.
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In one of the two peptides, consecutive glycosylations at N67 and N68 were identified
based on the y ion fragments in the MS2 spectrum, whereas N47 and either N56 or N57
were occupied in the peptide (Figure 14A, B). In the other peptide, the b and y ion
fragments were not observed at the NNTT sequon; therefore, the site-specific glycan
occupancy of N56 and N57 was not confirmed (Figure 18). To estimate the abundance
ratio of peptides with three versus four N-glycans, the mass chromatograms of the
precursor ions were analyzed. A monoisotopic peak with m/z 1194.5820 (z = +3) was
obtained, which was assigned to the peptide with four glycans, whereas a larger peak with
m/z 1193.5848 (z = +3), corresponding to the peptide with three glycans, was also
detected (Figure 14C). The latter signal exhibited a shorter LC retention time, confirming
it as the peak of the glycosylated peptide with three glycans (Figure 14D). The ratio of
peak intensities of monoisotopic ions in the MS1 spectra indicated that peptides with four
N-glycans (1.99 E7; Figure 14C) constituted 40% of those with three glycans (5.06 E7;
Figure 14C). These results demonstrate that the NA-stalk domain of PONA is occupied
by three or four N-glycans. Additionally, at least one of the asparagine residues in the

NNTT sequons, observed in N56/57 and N67/68, was glycosylated.

The site-specific glycan occupancy was also assessed for PONA-Y65H to confirm
the effect of the Y65H mutation on glycosylation in the NA-stalk. As observed with
PONA, three or four of the five potential N-glycosylation sites were occupied, and
peptides with fewer than three N-glycans were not detected (Figures 19-23). Moreover,
the ratio of peak intensities of precursor ions corresponding to triple and quadruple
glycosylated peptides indicated that peptides with four glycans reached a level
comparable to those with three glycans (Figures 19-22).

These results indicate that the potential N-glycosylation sites on the NA-stalk
domain of PONA were occupied. Furthermore, the Y65H mutation did not affect the

overall glycosylation of the NA-stalk domain.
Various contributions of N-glycosylations to NA function among the sites

Because three or four of the five potential N-glycosylation sites in the stalk domain
of PONA were occupied with N-glycans, the functional contribution of each N-
glycosylation site (amino acids 47, 56, 57, 67, and 68) to erythrocyte elution activity was

assessed. To this end, mutant viruses with partially restored N-glycosylation sequons
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Figure 19. MS2 spectrum of the peptide of PONA-65H with three glycans at N47,
N56/57 and N67/68, and confirmation of no peptide with two glycans. (A) MS2
spectrum of the peptide of PONA-65H containing three glycans.
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Figure 19 (cont). MS2 spectrum of the peptide of PONA-65H with three glycans at
N47, N56/57 and N67/68, and confirmation of no peptide with two glycans. (B)
Molecular mass of b and y ion fragments derived from the peptide of PONA-Y65H with
three glycans. Red and black letters indicate b and y ion fragments detected and calculated
based on the amino acid sequence, respectively. (C) The monoisotopic peak of MS1
corresponding to the suspicious less-glycosylated peptide, which had a smaller molecular
mass by 2.99 Da (m/z 0.997 [z = +3]; two blue arrows), was not found. (D) Mass
chromatogram of precursor ions indicates that there was no peptide with two glycans.
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Figure 20. MS2 spectrum of the peptide of PONA-65H with three glycans at N47,
N56/57 and N67, and confirmation of no peptide with two glycans. (A) MS2 spectrum
of the peptide of PONA-65H containing three glycans.
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Figure 20 (cont). MS2 spectrum of the peptide of PONA-65H with three glycans at
N47, N56/57 and N67, and confirmation of no peptide with two glycans. (B)
Molecular mass of b and y ion fragments derived from the peptide of PONA-Y65H with
three glycans. Red and black letters indicate b and y ion fragments detected and calculated
based on the amino acid sequence, respectively. (C) The monoisotopic peak of MS1
corresponding to the suspicious less-glycosylated peptide, which had a smaller molecular

mass by 2.99 Da (m/z 0.997 [z =

+3]; two blue arrows), was not found. (D) Mass
chromatogram of precursor ions indicates that there was no peptide with two glycans.
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Figure 21. MS2 spectrum of the peptide of PONA-65H with three glycans at N47,
N57 and N67/68, and confirmation of no peptide with two glycans. (A) MS2 spectrum
of the peptide of PONA-65H containing three glycans.
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Figure 21 (cont). MS2 spectrum of the peptide of PONA-65H with three glycans at
N47, N57 and N67/68, and confirmation of no peptide with two glycans. (B)
Molecular mass of b and y ion fragments derived from the peptide of PONA-65H with
three glycans. Red and black letters indicate b and y ion fragments detected and calculated
based on the amino acid sequence, respectively. (C) The monoisotopic peak of MS1
corresponding to the suspicious less-glycosylated peptide, which had a smaller molecular
mass by 2.99 Da (m/z 0.747 [z = +4]; two blue arrows), was not an ideal peak but a noise.
(D) Mass chromatogram of precursor ions indicates that there was no peptide with two
glycans.
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Figure 22. MS2 spectrum of the peptide of PONA-65H with four glycans at N47, N56,
N57 and N67, and mass chromatograms of precursor ions to identify site occupancy.
(A) MS2 spectrum of the peptide of PONA-65H containing four glycans.
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Figure 22 (cont). MS2 spectrum of the peptide of PONA-65H with four glycans at
N47, N56, N57 and N67, and mass chromatograms of precursor ions to identify site
occupancy. (B) Molecular mass of b and y ion fragments derived from the peptide of
PONA-65H with four glycans. Red and black letters indicate b and y ion fragments
detected and calculated based on the amino acid sequence, respectively. (C) The
monoisotopic peak of MS1 corresponding to the less-glycosylated peptide, which had a
smaller molecular mass by 2.99 Da (m/z 0.747 [z = +4]; two blue arrows), was observed.
(D) Mass chromatogram of precursor ions shows that the less-glycosylated peptide with
three glycans (35.30 min; green) had a shorter LC retention time compared to the peptide
with four glycans (36.46 min; red).
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Figure 23 Identification of multiple peptides of PONA-65H with four glycans at N47,
N56, N67 and N68. (A) MS2 spectrum of the peptide of PONA-65H containing four
glycans. (B) Molecular mass of b and y ion fragments derived from the peptide of PONA-
65H with four glycans. Red letters indicate b and y ion fragments detected in this analysis,
whereas black letters refer to the calculated molecular weights based on the amino acid
sequence. (C) The monoisotopic peak of MS1 corresponding to the multiple peptides with
four glycans had identified.
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through Q/N substitution in PONAAG were rescued (Figure 24A). The virus harboring
potential glycosylation sites at N56 and N57, Vac2/PONAAG-56,57N, showed
comparable erythrocyte elution activity to the virus with full-stalk NA, rgVac2/PONA
(Figure 24B). Conversely, the virus harboring potential glycosylation sites at N67 and
N68, Vac2/PONAAG-67,68N, did not elute erythrocytes, and the virus with one
glycosylation site at N47, Vac2/PONAAG-47N, showed intermediate elution activity over
8 hours (Figure 24B). These results indicate that the potential N-glycosylation sites at
N56 and N57 significantly contribute to the high erythrocyte elution activity of the virus,
whereas the site at N47 less contributed to this activity. In addition, the results implied
that the presence or absence of glycans at N67 and N68 does not affect the erythrocyte
elution activity. Accordingly, it was speculated that the glycan occupancy at N47 and
N56/57 of the mutants affects erythrocyte elution activity and therefore, the site-specific
glycan occupancy of two mutants, Vac2/PONAAG-47N and Vac2/PONAAG-56,57N, was
assessed via LC-MS/MS. The b and y ion fragments corresponding to N-glycosylation at
N47 of the NA-stalk derived from Vac2/PONAAG-47N were not identified via MS/MS.
However, the precursor ion obtained in the MS1 spectrum indicated an 30 label in a
mono-asparagine residue in the peptide, suggesting that the potential N-glycosylation site
at N47 of PONAAG-47N was occupied (Figure 25). Additionally, the nonglycosylated
peptide was not identified in the mass chromatogram, indicating that glycan occupancy
at N47 of PONAAG-47N reached 100%. Moreover, peptides with one or two N-glycans
in the NA-stalk domain of PONAAG-56,57N were detected via MS/MS (Figures 26-28).
Among these peptides, glycosylation at N56 was identified, but there was no evidence of
single glycosylation at N57. Precursor ions corresponding to nonglycosylated peptides
were detected, with their peak intensity being 20% of that of the single-glycosylated
peptides. Furthermore, the intensity of ion peaks corresponding to double-glycosylated
peptides was 40% lower than that of single-glycosylated peptides (Figures 26-28). These
results indicate that the potential N-glycosylation sites at N47 of PONAAG-47N, and N56
and/or N57 of PONAAG-56,57N were generally occupied. Thus, the functional difference
in erythrocyte elution activity was not due to glycan occupancy alone. Rather, N-
glycosylation at each site contributed differently to erythrocyte elution activity:

glycosylation deficiency at N56 and N57 greatly reduced elution activity, whereas
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Figure 24. Glycosylation patterns of potential /N-glycosylation sites in the NA-stalk
domain of Vac2 mutants. (A) Amino acid sequences of the NA-stalk domain for the
viruses constructed in this study are listed. Glycosylation patterns were summarized based
on LC-MS/MS analysis. (B) Erythrocyte elution activity of Vac2 mutants with the Y65H
substitution in the NA was assessed.
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Figure 25. MS2 spectrum of the peptide of PONAAG-47N with a glycan and
confirmation of no peptide without the glycan. (A) MS2 spectrum of the peptide of
PONAAG-47N harboring a glycan.
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Figure 25 (cont). MS2 spectrum of the peptide of PONAAG-47N with a glycan and
confirmation of no peptide without the glycan. (B) Molecular mass of b and y ion
fragments derived from the peptide of PONAAG-47N with a glycan. Red and black letters
indicate b and y ion fragments detected and calculated based on the amino acid sequence,
respectively. (C) The monoisotopic peak of MS1 corresponding to the suspicious non-
glycosylated peptide, which had a smaller molecular mass by 2.99 Da (m/z 0.997 [z =
+3]; two blue arrows), was not an ideal peak but a noise. (D) Mass chromatogram of
precursor ions indicates that there was no non-glycosylated peptide.
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Figure 26. MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at N56
and confirmation of no peptide without the glycan. (A) MS2 spectrum of the peptide
of PONAAG-56,57N containing a glycan.
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Figure 26 (cont). MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at
N56 and confirmation of no peptide without the glycan. (B) Molecular mass of b and
y ion fragments derived from the peptide of PONAAG-56,57N with a glycan. Red and
black letters indicate b and y ion fragments detected and calculated based on the amino
acid sequence, respectively. (C) The monoisotopic peak of MS1 corresponding to the
suspicious non-glycosylated peptide, which had a smaller molecular mass by 2.99 Da
(m/z 0.997 [z = +3]; two blue arrows), was not identified. (D) Mass chromatogram of
precursor ions indicates that there was no non-glycosylated peptide.
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Figure 27. MS2 spectrum of the peptide of PONAAG-56,57N with two glycans and
mass chromatograms of precursor ions to identify site occupancy. (A) MS2 spectrum
of the peptide of PONAAG-56,57N containing two glycans.
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Figure 27 (cont). MS2 spectrum of the peptide of PONAAG-56,57N with two glycans
and mass chromatograms of precursor ions to identify site occupancy. (B) Molecular
mass of b and y ion fragments derived from the peptide of PONAAG-56,57N with two
glycans. Red and black letters indicate b and y ion fragments detected and calculated
based on the amino acid sequence, respectively. (C) The monoisotopic peak of MS1
corresponding to the less-glycosylated peptide, which had a smaller molecular mass by
2.99 Da (m/z 0.997 [z = +3]; two blue arrows), was observed. (D) Mass chromatogram
of precursor ions shows that the less-glycosylated peptide with one glycan (42.02 min;
green) had a shorter LC retention time compared to the peptide with two glycans (42.54

min; red).
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Figure 28. MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at N56/57
and a small amount of non-glycosylated peptide was identified. (A) MS2 spectrum of
the peptide of PONAAG-56,57N containing a glycan.
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Figure 28 (cont). MS2 spectrum of the peptide of PONAAG-56,57N with a glycan at
N56/57 and a small amount of non-glycosylated peptide was identified. (B) The
monoisotopic peak of MS1 corresponding to the non-glycosylated peptide, which had a
smaller molecular mass by 2.99 Da (m/z 0.997 [z = +3]; two blue arrows), was observed.
(C) Mass chromatogram of precursor ions shows that the non-glycosylated peptide with
one glycan (38.21 min; green) had a shorter LC retention time compared to the peptide
with two glycans (39.43 min; red).
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deficiency at N47 had a milder effect, and deficiency at N67 and N68 did not reduce

erythrocyte elution activity.
Comparison of NA-stalk domain of N7 NA AIVs

Lastly, the potential N-glycosylation motifs in the NA-stalk domain were
compared among field-isolated N7 NA AIVs. A previous study has shown that NA-stalk
deletion in AIVs reduces erythrocyte elution activity, which correlates with increased
viral pathogenicity in chickens [29]. In the present study, N-glycosylations at N56 and
NS57 were found to contribute most significantly to erythrocyte elution activity among the
five potential sites. Therefore, it was hypothesized that the loss of N-glycosylations at
these positions might have a greater impact on the adaptation of N7 NA to chickens.
Amino acid sequences of the NA stalk regionfrom field strains were obtained from
GISAID database and aligned with the PONA sequence (Figure 29). In the comparison of
stalk-truncated strains, four of the five potential glycosylation sites missing in P3L4NA
(specifically at positions N56/57 and N67/68) were consistently located within the
deletion regions, despite the varying truncation positions and lengths observed across 16
distinct patterns. Interestingly, those viruses harboring short-stalk NAs were
predominantly isolated from chickens rather than wild ducks. Conversely, a few strains
lost the potential glycosylation sites at N47 due to amino acid substitutions of the full-
stalk NAs. Notably, at least one potential site in either of the two adjacent glycosylation
sites (NNTT sequons) observed in N56/57 and N67/68 was conserved among the full-
stalk NAs. These results suggest that stalk truncation, which results in the loss of
potential N-glycosylation sites at N56/57 and N67/68 in the NA stalk, is beneficial for
viral adaptation to Galliformes in natural settings. Taken together with the functional
analysis of the Vac2 strains, these stalk truncations of N7 NA result in loss of

glycosylation of the stalk and enhanced viral pathogenicity in chickens.
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Figure 29. Overview of multiple potential N-glycosylation sites in the NA-stalk domain of N7 NA and patterns of amino acid
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Discussion

For certain decades, the “limited access theory” has been believed to explain the
reduced sialidase activity of short-stalk NAs. According to this theory, the shorter height
of the NA stalk compared to HA restricts access to cellular sialylated glycans, impeding
the enzymatic ability to interact with "bulky" substrates [74]. This theory aligns with
observations that viruses with stalk-truncated NA exhibit low erythrocyte elution
activity [73, 96]. In contrast, recent research suggests that the limited access theory may
not fully account for the reduced NA activity of short-stalk NA proteins [75]. The
present study found that the loss of glycosylation in the NA-stalk domain, in addition to
the shortened height of the NA stalk, led to decreased elution activity against bulky
substrates like chicken erythrocytes without alteration of NA enzymatic activity to a
small compound. The observation agreed with the results of MUNANA assays with NA
stalk-truncated or deglycosylated strains in several studies [39, 41, 101]. Perhaps, the
affinity of NA head to bulky substrates was affected by the NA-stalk modification.
Generally, protein glycosylation can decrease root-mean-square fluctuations, enhance
global protein mobility, or increase protein dynamics and flexibility [79, 102-104]. A
molecular dynamics simulation of an NA protein has demonstrated that glycans on the
protein, in general, decrease the protein rigidity. However, the effects of glycosylation
on the protein stability may not be consistent throughout the protein and may
differentially affect the two functional domains; for example, the glycosylation of NA
stabilizes the NA head domain while minimally affecting the stalk domain [105].
Likewise, deglycosylation at the stalk domain can reduce the stability of NA head
domain. Thus, the loss of glycosylation in the NA-stalk plays a critical role in increasing

fluctuation of the NA head and reducing the enzymatic activity to balky substrates.

Deglycosylation or truncation encompassing potential N-glycosylation sites at
the NA stalk mainly contributes to decreasing erythrocyte elution activity of the virus
[39, 40, 106], while the functional contribution of N-glycosylations on the NA stalk was
still controversial due to the less information of the site-specific glycosylation. The
present study highlighted the site-specific contributions of N-glycosylations on the NA-
stalk to the erythrocyte elution activity of viruses. Glycosylation at N56 and N57 was
associated with higher elution activity, whereas glycosylation at N68 and N69, which

are closer to the head domain, did not affect elution activity. Additionally, glycosylation
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at N47, located near the transmembrane domain, contributed intermediate effects to
erythrocyte elution activity. These observations suggest that the position of N-
glycosylation sites influences the stability of the NA head, thereby affecting its activity
on bulky substrates. These results underscore the importance of structural and functional
analyses of NA glycans to understand how NA-stalk deletion affects viral sialidase

activity and its implications for the emergence of HPAIVs.

Amino acid deletions in the NA-stalk domain, including some potential N-
glycosylation sites, have been observed in several isolates of N1-3 and N5—7 subtypes
from terrestrial birds such as chickens and turkeys [34, 93]. In N7 NA, all patterns of
amino acid deletions in the NA-stalk domain of natural isolates included more than one
potential N-glycosylation site, although the lengths of the deletion sites varied among
strains. Conversely, only a few strains lost a potential N-glycosylation site due to amino
acid substitutions in the stalk. These observations suggest that the loss of glycosylation
in the NA-stalk domain in natural settings is primarily achieved through amino acid
deletions rather than substitutions. Kawasaki et al. [107] found that the frequency of
insertions/deletions was 10 times lower than that of nonsynonymous mutations in the
coding regions of NA genes over 15 passages in vitro of an influenza A virus. The
finding supports the idea that a single amino acid deletion in the NA-stalk domain, rather
than multiple nonsynonymous mutations, is more likely to result in the loss of
glycosylation in field isolates. Once a nucleotide deletion in the NA-stalk coding region
occurs and a NA-stalk truncated virus emerges during replication in chicken respiratory
tracts, the NA-stalk truncated virus is likely to become dominant due to its advantage in
viral proliferation potentially via higher affinity to sialoglycans representing on the
target cells or higher potential in escaping from decoy receptors like mucins within the

chicken host.

The functional balance between glycan binding by HA and cleaving by NA is
also considered in the host specificity of AIVs [34, 40, 106]. During the passage to
obtain the L4 mutant, amino acid substitutions in HA were also observed, in addition to
the stalk truncation in NA [73]. It should be noted that no further mutation in HA genes
was obtained from the recovered viruses in the experimental inoculation with the L4
mutant in the present study. The mutations E227G and 1388T in HA observed in the

previous study were essential for the intravenous pathogenicity in chickens and E227G

84



especially contributed to the reduced receptor binding avidity [73]. The reduction of
binding to the receptor by the mutation in HA was perhaps later balanced with the
reduced function of NA by deglycosylation or truncation in the stalk domain, leading to
the efficient replication of L4 and L4/PONAAG in chickens. In theory, lower NA activity
compared with the receptor binding avidity by HA reduces the moving of the virions on
sialic acid-coated surface in vitro [45]. Since the repertoire of sialic acid-containing
glycans varies between species, further studies are needed to address how the reduced

function of NA benefits viral replication in chickens.

In conclusion, the present study proposes a novel theory that the loss of
glycosylation in the stalk domain of NA enhances viral pathogenicity in chickens. This
theory is supported by a combination of site-specific N-glycosylation analysis and
virological assays. In natural settings, amino acid truncation in the NA-stalk occurs more
frequently than multiple amino acid substitutions at potential glycosylation sites.
Consequently, viruses with glycosylation-deficient or truncated NA stalks are likely
selected due to their enhanced replication ability in chickens. However, the precise
mechanisms by which reduced NA activity contributes to increased viral pathogenicity in
chickens remain to be fully elucidated. Further studies are needed to determine how the

loss of glycosylation in NA stalks enhance virus attachment or replication in chickens.
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Brief summary

Influenza A viruses with fewer amino acids in the NA stalk domain are primarily
isolated from chickens rather than wild ducks, indicating that a shortened NA stalk is
considered an adaptation marker of AIVs to chickens. Experimental passages of an H7N7
nonpathogenic AIV (rgVac2-P0) in chickens resulted in a highly pathogenic variant
(Vac2-P3L4) with a 34-amino-acid deletion in the NA stalk, encompassing five potential
N-glycosylation sites. To investigate how amino acid truncation and deglycosylation in
the NA stalk contribute to increased pathogenicity, a virus with glycosylation-deficient
mutations at these sites (rgVac2-P3L4/PONAAGlyco) was constructed. Contrary to
expectations, chickens inoculated with rgVac2-P3L4/PONAAGIyco exhibited variable
clinical outcomes, attributed to the genetic instability of the virus. A single mutation
stabilized the virus and the mutant (rgVac2-P3L4/PONAAGIyco-Y65H) resulted in higher
pathogenicity compared to a virus with restored glycosylation (rgVac2-P3L4/PONA-
Y65H). Glycan occupancy analysis revealed 3—4 glycans at the five potential sites. In
functional analysis, glycosylation-deficient mutants, similar to the short-stalk NA virus,
showed significantly reduced erythrocyte elution activity. Additionally, mutational
analysis indicated variable contributions of N-glycans to elution activity across the sites.
Moreover, the functionally most contributing sites of the five potential N-glycosylation
motifs were consistently included in the amino acid deletions of the stalk-truncated NA
in N7-subtyped field isolates, despite the varying truncation position or length. These
findings suggest that the loss of glycosylation is functionally equivalent to a reduction in
amino acids and it plays a crucial role in enhancing pathogenicity in chickens and

affecting NA function.
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Chapter 111

Neuraminidase of influenza A viruses induces
global desialylation of host cells

via its intracellular function
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Introduction

HA and NAof IAVs are essential for viral attachment, entry and budding. The
main function of NA is to destroy viral receptors upon IAV budding, facilitating efficient
viral release from infected cells, and spreading the infection to other cells [42]. The NA
also promotes viral movement on target cells by reducing the density of sialylated glycans
and removing “decoy” receptors [43—46]. As both HA and NA recognize the same
sialylated glycans during viral replication, destruction of receptor molecules by NA
potentially limits superinfection and reassortment of IAVs at the cellular level [47, 48].
As a virus-specific enzyme, NA is an attractive target for the development of anti-
influenza drugs such as oseltamivir and zanamivir [49, 50]. These drugs aggregate virus
particles at the cellular surface of infected cells [108], leading to the indispensability of
viral NA function during the IAV lifecycle, especially upon virus budding.

IAV envelope and host proteins are glycosylated by N-glycans via co- or post-
translational modification. During N-glycan synthesis, en bloc transfer of an N-glycan
progenitor to N-!P-S/T sequon motif undergoes in the endoplasmic reticulum (ER)
membrane. Glycans are sequentially processed in the ER or Golgi lumen by host
glycosidases and glycosyltransferases [109]. Viral infection sometimes induces atypical
glycan modification of the host cells, as well as of viral proteins, by modulating host
glycan synthesis machinery. For example, herpes simplex virus type-1 (HSV-1) infection
upregulates fucosyltransferase (FUT3, FUTS, and FUT6) genes via the NF«B signaling
pathway, leading to the high level of sialyl Lewis X on infected cells [110, 111]. In
contrast, N-glycans in [AV-infected cells and viral glycoproteins are broadly desialylated
due to viral NA activity [112]. Recent glycobiological approaches using lectins have
suggested global glycome alterations in [AV-infected cells [113, 114]. Glycans displayed
on AV particles propagated in MDCK cell lines and those on IAV-infected cells have
been recognized by EEL (Euonymus europaeus lectin; specific for al-3 galactose) or
TIA-II (Trichosanthes japonica agglutinin II; specific for al-2 fucose), in addition to
ECA (Erythrina cristagalli agglutinin; specific for terminal LacNAc), suggesting
alternative recapping of glycan terminals [113—115]. These unique glycan profiles have
also been confirmed by a glycomic analysis using LC/MS, which indicates al-3
galactosylation and a1-2 fucosylation at the non-reducing terminus of glycans on HA and

NA [116]. Because a1-3 galactosyltransferases and a1-2 fucosyltransferases are localized
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in Golgi apparatus and function to non-sialylated glycans [117, 118], two hypotheses may
support the molecular mechanisms underlying the IAV infection-induced glycosylation
alterations; 1) IAV infections disrupt the normal harmony of glycan synthesis machinery
in host cells to upregulate a.1-3 galactosyltransferase and/or a1-2 fucosyltransferase genes,
or ii) NA intracellularly liberate the terminal sialic acids to generate the terminal LacNAc,

as acceptor of a1-3 galactosyltransferase and/or al1-2 fucosyltransferases [114].

To demonstrate the intracellular function of NA in IAV-infected cells, the present
study first focused on the glycan profiles of IAV-infected MDCK cells and demonstrated
glycan recapping by al-2 fucose on IAV-infected cells, which was supported by the
glycan profiles of NA-expressing cells. Functional analyses indicated that glycan
recapping was induced by the intracellular function of NA in IAV-infected cells,
highlighting the novel mechanisms of fundamental NA functions in promoting virus
release from cells. Moreover, this study demonstrated the potential contribution of NA
functions to superinfection exclusion of IAVs. The findings provide a novel insight into

NA functions in the evolutional strategy of IAVs.
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Materials and Methods
Viruses and cells

The TAVs A/Puerto Rico/8/1934 (HIN1) (PR8), A/duck/Mongolia/47/2001
(H7N1), A/duck/Mongolia/54/2001 (H5N2), A/duck/Hokkaido/84/2002 (HS5N3),
A/duck/Hokkaido/95/1981 (H8N4), A/duck/Hokkaido/66/2001 (HI12NYS),
A/duck/England/1/1956 (H11No), A/duck/Ukraine/1/1963 (H3NS), and
A/duck/Hokkaido/W245/2004 (H11N9) were used. A recombinant IAV, Vac2/PONA-
FLAG (Vac2-FLAG), which was generated in Chapter II via reverse genetics from a
plasmid encoding FLAG-tagged NA with the backbone of A/duck/Hokkaido/Vac-2/2004
(H7N7), was used. Viruses were propagated in 10-day-old embryonated chicken eggs at
35°C for 48 h, and these infectious allantoic fluids were stored at —80°C until use as virus

stocks.

MDCK and MDCK-FUT cells [64] were maintained in MEM (Shimadzu
Diagnostics) supplemented with 0.3 mg/mL L-glutamine (Nacalai Tesque), 100 U/mL
penicillin G (Meiji Seika Pharma), 0.1 mg/mL streptomycin (Meiji Seika Pharma), 8
pg/mL gentamicin (Takata Pharmaceutical), and 10% fetal bovine serum (Merck) in an
incubator at 37°C with 5% CO.. A549 and Vero E6 cells were maintained in DMEM
(Thermo Fisher Scientific) supplemented with 0.3 mg/mL L-glutamine (Nacalai Tesque),
100 U/mL penicillin G (Meiji Seika Pharma), 0.1 mg/mL streptomycin (Meiji Seika
Pharma), 8 pg/mL gentamicin (Takata Pharmaceutical), and 10% fetal bovine serum

(Nichirei Biosciences) in an incubator at 37°C with 5% COa.
Antibodies and lectins

Anti-PR8 HA monoclonal antibodies (2F1A7 and 016) were purchased from Sino
Biological (11684-MMO03 and 11684-R016; Beijing, China), and biotinylated anti-
DDDDK-tag monoclonal antibody (FLA-1) was purchased from Medical & Biological
Laboratories (M185-6). The HA antibody was purified using a MonoSpin ProG column
(GL Sciences) and then biotinylated using a Biotin Labeling Kit — NH> (Dojindo
Laboratories, Kumamoto, Japan) for immunoprecipitation of PR8 HA, as previously
described by Hiono et al. [114]. For detection of HA derived from AIVs, HS and H7 HA

monoclonal antibodies previously established (64/1 has been described by Soda et al.

90



[119] and 253/1 has been described by Manzoor et al. [120], respectively) were used. In
addition, H3 HA  monoclonal antibody (D17/4)  established using
A/duck/Hokkaido/8/1980 (H3N2), H8 HA monoclonal antibody (66/B8) established with
A/turkey/Ontario/6118/1968 (H8N4), HI1 HA monoclonal antibody (1C6/2/1)
established with A/duck/England/1/1956 (H11N6), and H12 HA monoclonal antibody
(146/5/1) established with A/duck/Alberta/60/1976 (H12N5) were kindly provided from
Prof. Ayato Takada. An anti-NP monoclonal antibody (183/5) was previously established
using A/swine/Hong Kong/10/1998 (H9N2) [121]. The anti-sialyl Lewis X antibody
(KM93) was purchased from Kyowa Kirin (Tokyo, Japan) and anti-B-actin monoclonal
antibody (BA3R) was purchased from Applied Biological Materials (Richmond, BC,
Canada). Fluorescein (FITC)-conjugated SNA (Sambucus Nigra agglutinin; FL-1301-2)
and biotinylated UEA-I (Ulex europaeus agglutinin I; B-1065-2) were purchased from
Vector Laboratories (Burlingame, CA, USA). FITC-conjugated ECA was purchased from
EY Laboratories (F-5901-5; San Mateo, CA, USA). Two fluorescently labeled
streptavidin-Alexa Fluor 488 and 555 conjugates were purchased from Thermo Fisher
Scientific and horseradish peroxidase (HRP)-conjugated streptavidin was purchased from
Jackson ImmunoResearch (West Grove, PA, USA). Chicken polyclonal antisera against
PR8 or Vac2 were also used for immunostaining of NA-overexpressing cells. The
secondary antibodies used were anti-mouse IgG-Alexa Fluor 568, anti-rabbit IgG-Alexa
Flour 555, anti-rabbit IgG-Alexa Flour 594 (Thermo Fisher Scientific), anti-chicken IgG-
tetramethyl rhodamine (TRITC) (Abnova; Taipei, Taiwan), anti-mouse IgG-FITC
(Rockland Immunochemicals Inc., Pottstown, PA, USA), anti-mouse IgG-HRP (Bio-
Rad), and anti-FITC-HRP (Southern Biotech, Birmingham, AL, USA) were used.

Virus titration

Ten-fold dilutions of the virus stocks and cellular supernatants were inoculated
into confluent monolayers of MDCK cells and incubated at 35°C for 1 h. The viral
solution, including unbound viruses, was removed from the cells, and the cells were
washed with serum-free MEM. Cells were cultured in serum-free MEM containing 1.0
ug/mL of acetylated trypsin (Merck) at 35°C for 72 h. The infectious titers of the viruses
were expressed as TCIDso, determined using the method reported by Reed and Muench
(1938) [82] by observing the cytopathic effect in virus-infected cells.
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Assessment of inhibitory effects of NA inhibitors on virus growth

Confluent monolayers of MDCK cells seeded in 24-well plates were inoculated
with PR8 at 100 TCIDso/well and incubated at 35°C for 1 h. The viral solution, including
unbound viruses, was removed from the cells, and the cells were washed with serum-free
MEM. The cells were then cultured in serum-free MEM containing 1.0 pg/mL of
acetylated trypsin (Merck) and the corresponding dose of each NA inhibitor, laninamivir
(MedChemExpress, Monmouth Junction, NJ, USA), laninamivir octanoate (Merck),
oseltamivir carboxylate (ChemScene) at 35°C for 48 h. Culture supernatants were

collected and the virus titers were determined.
Cloning of NA expression plasmids

The NA gene of PR8 was amplified and independently cloned into the pGEM-T
Easy Vector (Promega) by ligation with T4 DNA Ligase (Promega). A nucleotide
sequence encoding a FLAG (DYKDDDDK) tag with a single glycine linker (G) and stop
codon was inserted into the C-terminal coding region of each NA gene using the KOD
Plus Mutagenesis Kit (Toyobo), and the construct was designated pGEM-T-PRENA-
FLAG. The pGEM-T-PRSNA-FLAG and a pCXN2-empty vectors were digested with
EcoRI (Toyobo) at 37°C for 1 h and the NA-coding fragments were cloned into the
pCXN2 expression vector [122, 123] using DNA Ligation kit <Mighty Mix> (Takara
Bio) and designated as pCXN2-PR8NA-FLAG. The Vac2NA-coding fragments were
amplified from pHW2000-Vac2NA-FLAG, which was constructed in Chapter II to
rescue an infectious virus, and cloned into the pCXN2 vector (pCXN2-Vac2NA-FLAG)
using an In-Fusion HD Cloning Kit (Takara Bio).

To generate the catalytic-dead NA-coding plasmids, a nucleotide mutation
encoding an amino acid substitution of E119V (GAG to GTG) [124], D151G (GAC to
GGC) [125] and 12221 (ATA to CTA) [126] in PR8 NA was individually introduced into
pCXN2-PRENA-FLAG. The mutations were introduced by site-directed mutagenesis
using KOD One DNA polymerase (Toyobo) and complementary primer sets for each

substitution.
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Establishment of NA stably overexpressed MDCK cells

MDCK cells cultured on a 12-well plate were transfected with 1 pg of pCXN2-
PR8NA-FLAG or pCXN2-Vac2NA-FLAG using Lipofectamine 3000 (Thermo Fisher
Scientific) and maintained in a culture medium with 500 pg/mL of G418 sulfate
(FUJIFILM Wako Pure Chemical). To establish cloned NA-expressing cells, the
transfected cells were passaged seven times and G418-resistant clones were isolated and
transferred to 12-well plates. Each clone was passaged four times in the presence of G418

sulfate and frozen to prepare the cell stock.

For establishment of catalytic-dead NA expressing cells, 1 pg of pPCXN2-PRENA-
FLAG or its mutants was mixed with Lipofectamine 3000 (Thermo Fisher Scientific) in
a 12-well plate. A suspension of MDCK cells was then added to the plate and incubated
in Opti-MEM (Thermo Fisher Scientific) at 37°C for 48 h in the presence of two TBK1
inhibitors, 1 uM of BX795 (Merck) and 1.5 uM of amlexanox (Tokyo Chemical Industry,
Tokyo, Japan) [127]. The cells were maintained in culture medium containing 500 ug/mL
of G418 sulfate (FUJIFILM Wako Pure Chemical Corp.). The resulting G418-resistant

cell populations were passaged twice and subjected to lectin staining.
Lectin and immunofluorescent staining

Confluent monolayers of MDCK, MDCK-FUT, MDCK-PR8NA, and MDCK-
Vac2NA cells were seeded on glass chamber slides (Matsunami Glass), washed with PBS,
and fixed for 10 min in cold methanol or 4% paraformaldehyde in PBS. For staining of
[AV-infected cells, MDCK cells were infected with either PR8 or Vac2 at multiplicity of
infections (MOI) of 0.1, 1, or 100, and then fixed. For functional analyses of NA, virus-
infected MDCK cells were maintained in serum-free MEM supplemented with acetylated
trypsin, laninamivir (MedChemExpress), laninamivir octanoate (Merck), oseltamivir
carboxylate (ChemScene), or baloxavir acid (BXA; Shionogi, Osaka, Japan). For
assessment of extracellular NA function, confluent monolayers of MDCK cells were
cultured in serum-free MEM supplemented with equivalent units of neuraminidase from
Vibrio cholerae (Merck, N7885) at 37°C for 16 h. Before staining, the cells were washed
three times with PBS. To detect viral antigens and glycan epitopes, the cells were
incubated with the corresponding primary antibody (anti-NP, anti-HA, or anti-DDDDK
monoclonal antibody) together with lectin (FITC-SNA or biotinylated UEA-I) at 4°C
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overnight. After washing three times with PBS, the cells were incubated with the
appropriate fluorescent-labeled secondary antibodies or streptavidin at room temperature
for 2 h. After washing three times with PBS, the cells were counterstained with 4°,6-
diamidino-2-phenylindole (DAPI; Dojindo). The cells were mounted using the SlowFade
Diamond Antifade Mountant (Thermo Fisher Scientific) and observed under a
fluorescence microscope (Axiovert 200; Carl Zeiss, Oberkochen, Germany). The signal
intensities of fluorescent images staining with lectins were quantitated by Imagel
software version 1.54g [128]. The data are represented as mean signals of three fields of
view tstandard deviations (SD). The mean of signal intensities were statistically analyzed
by Student’s t-test or one-way ANOVA with Dunnet’s post hoc test via EZR software
version 1.63 [129].

Lectin microarray analysis

Lectin microarray analyses were performed as previously described with some
modifications [114, 130, 131]. Briefly, for virus-infected cells, confluent MDCK cells
were inoculated with PR8 at MOI = 1 or PBS as mock and cultured at 35°C for 1 h. The
cells were then washed and cultured in serum-free MEM containing 1.0 pg/mL of
acetylated trypsin at 35°C for 12 h. The IAV-infected cells and NA-expressing cells were
washed with ice-cold PBS three times and labeled with 1 mg/mL of EZ-Link Sulfo-NHS-
Biotin (Thermo Fisher Scientific) at 4°C for 1 h. The cells were then washed with Tris-
buffered saline (TBS) to quench the remaining biotin-labeling reagents and lysed with
TBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and an EDTA-
free protease inhibitor (cOmplete ULTRA Tablets, Mini, EDTA-free; Roche, Basel,
Switzerland). Protein samples were diluted with probing buffer (TBS containing 1%
Triton X-100, 500 mM glycine, 1 mM CaCl;, and 1 mM MnCl;) and applied to an
activated LecChip (Ver.1.0; Precision System Science Co., Ltd., Chiba, Japan; Table 6).
The array glass slides were incubated at 20°C overnight. After washing, slides were
overlaid with streptavidin and Alexa Fluor 555 conjugate (Thermo Fisher Scientific).
After washing, the slides were scanned using an evanescent field excitation fluorescence
imager (GlycoStation Reader 1200, Precision System Science; Chiba, Japan). Luminance
obtained from the images was measured using GlycoStation ToolsPro Suite ver. 2
(Precision System Science). The data are mean-normalized and represented as mean

signals of three spots +SD.
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S6

Table 6. List of 45 lectins used in lectin microarray analyses and those glycan specificities.

No. Name Origin Reported glycan specificity® Classification by specificity

1 LTL Lotus tetragonolobus Fucal-3GlcNAc, Lewis X, sialyl Lewis X Fucose

2 PSA Pisum sativum Fucal-6GIcNAc , a-Man Fucose

3 LCA Lens culinaris Fucal-6GlcNAc , a-Man, a-Glc Fucose

4 UEA-I Ulex europaeus Fucal-2GalB1-4GlcNAc Fucose

5 AOL Aspergillus oryzae Terminal aFuc, Lewis X, sialyl Lewis X Fucose

6 AAL Aleuria auranti Terminal aFuc, Lewis X, sialyl Lewis X Fucose

7 MAL-I Maackia amurensis Sian2-3Gal Sialic acid

8 SNA Sambucus nigra Siaa2-6Gal/GalNAc Sialic acid

9 SSA Sambucus sieboldiana Sian2-6Gal/GalNAc Sialic acid
10 TJA-I Trichosanthes japonica Sian2-6Galp1-4GlcNAc Sialic acid
11 PHA-L Phaseolus vulgaris Tri/tetra-antennary complex-type N-glycan LacNAc
12 ECA Erythrina cristagalli Lac/LacNAc LacNAc
13 RCAI120 Ricinus communis Lac/LacNAc LacNAc
14 PHA-E Phaseolus vulgaris Bi-antennary complex-type N-glycan with outer Gal and bisecting GIcNAc LacNAc
15 DSA Datura stramonium Chitin, poly LacNAc, LacNAc LacNAc
16 GSL-II Griffonia simplicifolia Agalactosylated tri/tetra antennary N-glycan —
17 NPA Narcissus pseudonarcissus High-Mannose including Mana1-6Man Mannose
18 ConA Canavalia ensiformis High-Mannose including Manal-6(Manal-3)Man Mannose
19 GNA Galanthus nivalis High-Mannose including Mana1-3Man Mannose
20 HHL Hippeastrum hybrid High-Mannose including Mana1-3Man or Mana1-6Man Mannose
21 ACG Agrocybe cylindracea Sian2-3Galp1-4GlcNAc —
22 TxLC-I Tulipa gesneriana Manal-3(Manal-6)Man, bi/tri-antennary complex-type N-glycan, GalNAc —
23 BPL Bauhinia purpurea Galp1-3GalNAc, tri/tetra-antennary complex-type N-glycan with outer Gal Galactose
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Table 6 (cont). List of 45 lectins used in lectin microarray analyses and those glycan specificities.

No. Name Origin Reported glycan specificity Classification by specificity
24 TIJA-II Tanthes japonica Fucal-2Galp1/GalNAcp1, tri/tetra-antennary complex-type N-glycan with outer Gal ~ Galactose
25 EEL Euonymus europaeus Galal-3[Fuc al-2 Gal], Gal al-3 Gal Galactose
26 ABA Agaricus bisporus GalB1-3GalNAca-Thr/Ser (T) and sialyl-T Galactose
27 LEL Lycopersicon esculentum Chitin, poly LacNAc Chitin
28 STL Solanum tuberosum Chitin, poly LacNAc Chitin
29 UDA Urtica dioica Chitin, poly LacNAc Chitin
30 PWM Phytolacca americana Chitin, poly LacNAc Chitin
31 Jacalin Artocarpus integrifolia Galp1-3GalNAca-Thr/Ser (T) and GalNAca-Thr/Ser (Tn) O-glycan
32 PNA Arachis hypogaea GalB1-3GalNAca-Thr/Ser (T) O-glycan
33 WFA Wisteria floribunda GalNAcB1-4GIlcNAc (LacdiNAc), terminal GalNAc O-glycan
34 ACA Amaranthus caudatus GalB1-3GalNAca-Thr/Ser (T) O-glycan
35 MPA Maclura pomifera GalPB1-3GalNAca-Thr/Ser (T) and GaINAca-Thr/Ser (Tn) O-glycan
36 HPA Helix pomatia Terminal GalNAc O-glycan
37 VVA Vicia villosa a- or B-linked terminal GaINAc and GalNAca-Thr/Ser (Tn) O-glycan
38 DBA Dolichos biflorus GalNAco-Thr/Ser (Tn) and GalNAca1-3GalNAc O-glycan
39 SBA Glycine max Terminal GalNAc O-glycan
40 Calsepa Calystegia sepium Man, Maltose —

41 PTL-I Psophocarpus tetragonolobus o-GalNAc, Gal —
42 MAH Maackia amurensis Sian2-3Galp1-3(Sian2-6)GalNAc (disialyl-T) —
43 WGA Triticum aestivum Chitin, multicalent Sia —
44 GSL-I-A4  Griffonia simplicifolia a-GalNAc, GalNAcao-Thr/Ser (Tn) —
45 GSL-I-B4  Griffonia simplicifolia a-Gal —

2 Specificity data of lectins were obtained from LfDB (Lectin Frontier Database; https://acgg.asia/db/1fdb/).



Immunoprecipitation

Confluent MDCK cells were inoculated with PR8 at MOI = 1 or PBS as mock
and cultured at 35°C for 1 h. Cells were washed and cultured in serum-free MEM
containing 1.0 pg/mL of acetylated trypsin at 35°C for 24 h. Then, 1 mL of infectious cell
culture supernatants was mixed with trichloroacetic acid (TCA, FUJIFILM Wako Pure
Chemical) and incubated at 4°C for 3 h to precipitate proteins in cellular supernatant.
After centrifugation, TCA was removed, and the pellet was washed with cold acetone.
The protein samples were centrifuged and the pellet was resolved in 1 M Tris-HCI (pH
8.6) containing 1% SDS and 1.5% 2-mercapt ethanol. The samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, western blotting, and lectin
blotting of the cell supernatant (Sup). The original cellular supernatant was also
immunoprecipitated to enrich HA proteins as immunoprecipitated samples (IP).
Biotinylated anti-HA monoclonal antibodies (200 ng; Sino Biological). After incubation
at 37°C for 1 h, the complexes were captured with Dynabeads MyOne Streptavidin T1
(Thermo Fisher Scientific) at 4°C for 1 h. After washing, viral antigens were eluted from
the magnetic beads by disruption with 100 mM citric acid containing 1% Triton X-100.
Biotinylated antibodies contaminated into the eluted samples were depleted by incubation
with Dynabeads MyOne Streptavidin T1 at 4°C for 1 h. The culture supernatant of mock-

infected cells was used as a negative control.
SDS-PAGE, silver staining, western and lectin blotting

Samples were mixed with an equivalent amount of 2x Laemmli sample buffer
(125 mM Tris-HCI [pH 6.8], 4% SDS, 20% glycerol, 0.02% bromophenol blue and 10%
2-mercaptoethanol). SDS-PAGE was conducted using a 4-15% Mini-PROTEAN TGX
Precast Protein Gel (Bio-Rad) at a constant voltage of 200 V for 35 min under reducing
conditions. For silver staining, the proteins on the gel were stained with EzStain Silver
(AE-1360; Atto) following the commercial protocol. For Western and lectin blotting, the
resolved proteins were transferred to Immobilon-P PVDF membranes (Merck). The
membrane was blocked with a PVDF Blocking Reagent for Can Get Signal (Toyobo). To
detect viral HA or NA, the membrane was probed with an anti-PR8 HA monoclonal
antibody (2F1A7, 1:2000 dilution, Sino Biological) or an anti-DDDDK tag monoclonal
antibody (FLA-1, 1:2000 dilution, Medical & Biological Laboratories), and then a goat
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anti-mouse IgG monoclonal antibody conjugated with HRP (1:10000 dilution; Bio-Rad).
For loading control, the membrane was probed with an anti-f-actin monoclonal antibody
(BA3R, 1:2000 dilution; Applied Biological Materials), followed by the mouse-IgG HRP
conjugate (1:10000 dilution). For lectin blotting, the membrane was probed with FITC-
labeled ECA (1:2000 dilution; EY Laboratories), biotinylated UEA-I (1:2000 dilution;
Vector Laboratories) or FITC-labeled SNA (1:2000 dilution; Vector Laboratories), and
appropriate  HRP-conjugates, goat anti-FITC antibody (1:10000 dilution; Southern
Biotech), or HRP-streptavidin (1:10000 dilution; Thermo Fisher Scientific), respectively.
Proteins were detected using a chemiluminescent substrate, ImmunoStar LD (FUJIFILM
Wako Pure Chemical) or Immobilon Crescendo Western HRP substrate (Merck), and
visualized using LuminoGraph I (WSE-6100, Atto).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) of

glycosyltransferases

Lysates of PR8-infected cells and NA-expressing cells were collected and
subjected to quantification of FUT1 and FUT2 genes, with the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as a housekeeping gene. Total RNA was
extracted from cellular lysates using TRIzol Reagent (Thermo Fisher Scientific) in
triplicate and reverse-transcribed into cDNA using ReverTra Ace (Toyobo).
Subsequently, qPCR was performed with the KOD SYBR qPCR Mix (Toyobo) using the
Applied Biosystems StepOnePlus real-time PCR system (Thermo Fisher Scientific). The
primer sequences used for qPCR are listed in Table 7 [132]. Specific amplification of the
fucosyltransferase and GAPDH genes was confirmed using melting curve analysis. The
relative mRNA expression levels of target genes were calculated by comparative Ct
method and presented as 224" with a housekeeping gene encoding GAPDH as an
internal control. The data are represented as mean expression level of biological triplicates

+SD.
Assessment of superinfection exclusion

Confluent monolayers of MDCK cells seeded on glass chamber slides
(Matsunami Glass) were inoculated with either PR8 or Vac2-FLAG at an MOI of 1, and
incubated at 35°C for 30 min. The viral solution, including unbound viruses, was removed

from the cells, and the cells were washed with serum-free MEM. The cells were then
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Table 7. Primer list used for RT-qPCR of glycosyltransferase genes.

Gene Direction Primer sequence Reference

FUTI Forword GATGTGGGCTGCACTTGC Designed in this paper
Reverse  GAAGACGGCTGAAAGAACACAG

FUT2 Forword CTGGGCGGTTCTGATTTTTGAG Designed in this paper
Reverse ATGGGGAAGAAAGACACCTGAC

GAPDH Forword TTCCACGGCACAGTCAAG Menzes-Souza et al. [132]
Reverse ACTCAGCACCAGCATCAC
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cultured in serum-free MEM containing 1.0 pg/mL of acetylated trypsin (Merck) at 35°C
until the secondary infection. After washing with serum-free MEM, PR8 or Vac2-FLAG
was inoculated into the cells at an MOI of 1 and further incubated at 35°C for 30 min.
The viral solution was removed from the cells, and the cells were washed once with
serum-free MEM. The cells were then cultured in serum-free MEM containing 1.0 pg/mL
of acetylated trypsin (Merck) at 35°C until 8 h post primary viral infection. The cells were
then washed with PBS and fixed with 4% paraformaldehyde in PBS at room temperature
for 10 min. Viral antigens on the cells were stained using the abovementioned

immunofluorescence staining method.
Ethics statements

All experiments using genetically modified organisms, including mutant viruses
generated by reverse genetics, were authorized by the Safety Committee on Genetic
Recombination Experiments of Hokkaido University (approval no. 2020-009, June 2,
2020) and the Ministry of Education, Culture, Sports, Science, and Technology, Japan
(approval no. 4-Monkashin-Dai-142, July 7, 2022). This study was approved by the
Biosafety Management Committee on Pathogens and Other Hazardous Agents of the
Faculty of Veterinary Medicine, Hokkaido University (approval nos. 2022-1-82, 2023-1-
43 and 2024-1-70).
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Results
Changes in the glycan profiles on the surface of MDCK cells infected with an IAV

To validate previously observed glycome alterations in MDCK cells infected with
IAV [113, 114, 116], glycan structures on the surface of MDCK cells infected with IAV,
A/Puerto Rico/8/1934 (H1N1) (PR8), were profiled using a lectin microarray. Briefly, the
cellular surface of MDCK cells inoculated with PR8 or mock-infected cells was labeled
with hydrophilic biotin-NHS analogs, and the cell lysates were subjected to lectin
microarray analysis to assess the reactivity of a series of lectins [114, 131]. Cell surface
glycan profiles were enriched by detecting biotin-labeled proteins using fluorescently
labeled streptavidin (Figure 30). Lectins specific to sialylated glycans (MAL-I [Maackia
amurensis lectin I], SNA, SSA [Sambucus sieboldiana agglutinin], and TJA-I
[Trichosanthes japonica agglutinin 1]) exhibited low signal intensities in PR8-infected
MDCK cells. In contrast, ECA, RCA120 [Ricinus communis agglutinin 120], BPL
[Bauhinia purpurea lectin], and WFA [Wisteria floribunda agglutinin], which
preferentially recognize the terminal LacNAc or its cluster [133], exhibited higher signal
intensities in PRS8-infected cells than mock-infected cells. These results indicated
desialylation on the surface of PR8-infected MDCK cells. Next, glycans terminating with
al-3 galactose or al-2 fucose were examined because previous reports noted that these
have been observed in [AV-infected MDCK cells but rarely detected in non-infected cells
[114, 116]. Although al1-3 galactose had been observed from whole cell lysates of PRS-
infected MDCK cells [114], the EEL signal intensity was not high in the PR8-infected
MDCK cells compared to the mock-infected ones in this study (Figure 30). In contrast,
the higher signal intensity of TJA-II, specific for al-2 fucose, was observed in PR8-
infected cells, consistent with previous studies [114, 116]. These results indicate that
[AV-infected cells display glycans terminating with al-2 fucose instead of sialic acids,

suggesting a unique glycan profile on IAV-infected cells.

Global desialylation and al1-2 fucosylation on the surface of PR8-infected MDCK

cells

For further validation of whether glycome alteration was specifically observed in
virus-infected cells, fluorescent staining was performed with lectins specific for terminal

sialic acids (SNA) and a1-2 fucose (UEA-I), in parallel with immunostaining using an
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Figure 30. Alterations in glycan profiles on the surface of MDCK cells infected with PR8. The surface of MDCK cells infected with
mock (gray bars) and PRS8 (orange bars) were labeled with biotin and the whole cell lysates were placed on lectin microarray slides to incubate
with a set of lectins. The interactions of glycans displayed on the cellular surfaces and lectins were detected with a fluorescent-labeled
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anti-PR8 HA antibody. The surface of HA-positive cells was not stained by SNA (Figure
31B, C), while the mock-infected HA-negative cells were strongly stained by SNA
(Figure 31A, C), indicating desialylation on the surface of HA-positive cells. Conversely,
UEA-I signal intensity was higher on the surface of HA-positive cells than HA-negative
cells (Figure 31D—F). These results demonstrated desialylation and glycan recapping with
al-2 fucose on the HA-positive MDCK cells after PR8 infection.

al1-2 fucosylation is induced on the surface of MDCK cells by a broad range of IAV

strains

To investigate whether the changes in glycan profiles in MDCK cells during PR8
infection are commonly observed by other IAV infections, the reactivities of SNA and
UEA-I were tested in MDCK cells infected with duck-origin IAVs with NA subtypes
from N1 to NO. Eight strains (N1-6, N8 and N9 subtypes) are non-pathogenic AIVs
isolated from ducks and a N7 strain is a recombinant virus, Vac2-FLAG, whose NA was
tagged with FLAG (DYKDDDDK) for detection of NA expression in the infected cells.
The infection of cells was confirmed by staining with corresponding anti-HA monoclonal
antibodies. Fluorescent intensities of SNA in AIV-infected cells varied among the strains.
Especially, the signals were drastically diminished in cells infected with N1, N4, and N6—
8 viruses (Figure 32). In contrast, marked increase in UEA-I signal was observed in all
cells infected with AIVs except an N3 virus (Figure 33). It was noted that the growth of
the N3 virus, A/duck/Hokkaido/84/2002 (H5N3), was low in MDCK cells, possibly
causing slight increase of UEA-I signal in the infected cells without significant difference.
These results suggest that the changes in glycan profiles with increased al1-2 fucose can

be commonly observed in [AV-infected MDCK cells.

IAYV infection induces desialylation without terminal recapping with fucose in A549

and Vero Eo6 cells

Because IAVs leads a global decrease in sialic acid and an increase in a1-2 fucose
on the surface of infected MDCK cells, a similar assay was attempted using A549 and
Vero E6 cell lines. Since PR8 protein expression was not high in those cells, lectin
fluorescent staining showed an obvious decrease in SNA signal intensity for both PR8
and Vac?2 infections (Figure 34A—C, G-I). In contrast, an increase in UEA-I signals was

not observed (Figure 34D-F, J-L). Thus, hydrolysis of sialic acid by NA was induced
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Figure 31. PR8 infection induces desialylation and fucosylation in MDCK cells.
(A, B) Lectin and immunofluorescence staining of mock- or PR8-infected MDCK cells
at 8 hpi. Cells were stained with SNA (green) and an anti-PR8 HA monoclonal antibody
(red), and counterstained with DAPI (blue). (C) Fluorescent intensities derived from SNA
in an average of three fields of view were compared between mock- and PR8-infected
cells. The signal intensity of PR8-infected cells was significantly lower than that of mock-
infected ones (p < 0.01, Student’s t-test). (D, E) Cells were stained with UEA-I (green)
and an anti-PR8 HA monoclonal antibody (red), and counterstained with DAPI (blue).
(F) Fluorescent intensities derived from UEA-I in an average of three fields of view were
compared between mock- and PR8-infected cells. The signal intensity of PR8-infected
cells was significantly higher than that of mock-infected ones (p < 0.01, Student’s t-test).
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Figure 32. SNA staining of MDCK cells infected with various AIVs. (A-J) Lectin and
immunofluorescence staining of AIV (N1-9 subtypes) or mock-infected MDCK cells at
8 hpi. (K) Fluorescent intensities derived from SNA in an average of three fields of view
were compared. The signal intensities of [AV-infected cells compared to that of mock-
infected ones were statistically analyzed by one-way ANOVA with Dunnett’s post hoc
test (*: p <0.05, **: p <0.01, ***: p <0.001).
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Figure 33. UEA-I staining of MDCK cells infected with various AIVs. (A-J) Lectin
and immunofluorescence staining of ATV (N1-9 subtypes) or mock-infected MDCK cells
at 8 hpi. (K) Fluorescent intensities derived from UEA-I in an average of three fields of
view were compared. The signal intensities of [AV-infected cells compared to that of
mock-infected ones were statistically analyzed by one-way ANOVA with Dunnett’s post
hoc test (*: p <0.05, **: p <0.01, ***: p <0.001).
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Figure 34. Lectin staining of A549 and Vero E6 cells infected with PRS8 or Vac2 virus.
(A-F) Lectin and immunofluorescence staining of IAV or mock-infected A549 cells at 8
hpi. (G-L) Lectin and immunofluorescence staining of IAV or mock-infected Vero E6
cells at 8 hpi.
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after IAV infection in various types of cells, whereas glycan recapping appears to be

highly dependent on the cell-specific glycan synthesis machinery.
Glycan alterations are induced in both viral and host proteins by IAV infection

The present study further examined whether the changes in glycan profiles were
specific to either viral or host proteins. To assess this, culture supernatants and whole cell
lysates of mock- or PR8-infected cells were subjected to lectin and western blot analyses
(Figure 35). The total protein concentration in whole-cell lysates was approximately
adjusted using the band intensities of silver staining. Viral HA was enriched via
immunoprecipitation using an anti-HA antibody. A band of approximately 65 kDa
(arrowhead) detected by the anti-HA antibody in the immunoprecipitated sample of the
PR8-infected cells was observed by lectin blotting with both lectins specific for LacNAc
(ECA) and al-2 fucose (UEA-I). In contrast, HA protein was not detected in the
immunoprecipitated sample with lectin specific for terminal sialic acids (SNA). This
demonstrated that desialylation and glycan recapping with al1-2 fucose are observed on
the viral HA. Moreover, lectin blotting of whole-cell lysates and culture supernatants of
PR8-infected cells exhibited several higher-intensity bands than those of mock-infected
cells using ECA and UEA-I, in addition to a high-intensity band of HA, while the band
intensity of SNA in whole-cell lysates was lower in PR8-infected cells. It should be noted
that several bands were observed in the culture supernatant of PR8-infected cells when
blotting with SNA. This reflects a higher degree of protein contamination in the
supernatant of virus-infected cells compared to that of mock-infected cells. These results
suggested some host proteins, as well as viral HA, were globally desialylated and a1-2

fucosylated during PR8 infection in MDCK cells.

al-2 fucosylation in IAV-infected cells are induced by the latter part of a viral

replication cycle

Since PRS infection induced global changes in the glycome of virus-infected-
MDCK cells, the displays of sialic acids and a1-2 fucose on the cells were monitored by
time-course analysis from the viral infection (Figure 36A, B). The cells infected with PR8
ata MOI of 1 showed a decrease in SNA signals at 3 h post-infection (hpi), and the signals
decreased at 6 and 9 hpi (Figure 36A, C). Conversely, the proportion of cells recognized
by UEA-I increased at 6 hpi and showed high-intensity signals in the perinuclear space at
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Figure 35. PRS infection induces desialylation and fucosylation on viral glycoproteins and host proteins. Whole cell lysates (Lys.)
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and supernatant (Sup.) of mock- and PR8-infected MDCK cells were collected for western blotting and lectin blotting. Whole cell lysates
were immunoprecipitated with the anti-PR8 HA antibody (IP). Those samples were analyzed by SDS-PAGE with silver staining, western
blotting with the anti-PR8 HA antibody, and lectin blotting with ECA, UEA-I, and SNA. The filled arrowheads indicate a size of 65 kDa,
which is considered HA proteins of PR8. The opened arrowheads indicate around 65 kDa, while the clear bands were not observed.
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Figure 36. Glycome alterations associated with desialylation and a1-2 fucosylation
were induced by the latter stage of PR8 replication cycle. (A, B) PR8-infected MDCK
cells were fixed with methanol at multiple time points of 1, 3, 6, and 9 hpi, and lectin
stained with SNA or UEA-I (green) together with immunostaining with an anti-NP
monoclonal antibody (red). Cells were also counterstained with DAPI (blue).
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Figure 36 (cont). Glycome alterations associated with desialylation and «l-2
fucosylation were induced by the latter stage of PR8 replication cycle. (C) Fluorescent
intensities derived from SNA in an average of three fields of view were compared
between mock- and PR8-infected cells by one-way ANOV A with Dunnett’s post hoc test
(*: p<0.05, **: p<0.01, ***: p <0.001). (D) Fluorescent intensities derived from UEA-
I in an average of three fields of view were compared between mock- and PR8-infected
cells by one-way ANOV A with Dunnett’s post hoc test (*: p <0.05, **: p <0.01, ***: p
< 0.001). (E) mRNA expression levels of al-2 fucosyltransferase (FUT1 and FUT2)
genes were quantified via RT-qPCR. The relative mRNA levels of FUT1 and FUT2 genes
were normalized based on the expression level of GAPDH gene as a house keeping gene
and were compared between mock- and PR8-infected MDCK cells at multiple time points.
The data are presented as mean expression level of biological triplicates +SD.
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6 and 9 hpi (Figure 36B, D). Corresponding to these signal changes in SNA and UEA-I,
immunostaining with an anti-NP antibody indicated that viral NP was localized in the
nucleus of the infected cells at 3 hpi, whereas nuclear export of NP was confirmed at 6
hpi in the latter stage of the IAV replication cycle, corresponding to the timeline for viral
protein expression. These results suggested that the latter part of the viral replication cycle,
including viral protein expression and assembly, induces glycome alterations in IAV-
infected MDCK cells. Next, expression levels of endogenous fucosyltransferase (FUT1
and FUT?2) genes, which are responsible for a1-2 fucosylation, were quantified via RT-
qPCR in a time course after PR8 infection in MDCK cells. The mRNA levels of both
FUT1 and FUT?2 increased slightly at 3 hpi, with no significant difference; thereafter, the
expression levels remained low until 12 hpi, potentially due to the host protein shutoff by
PRS infection (Figure 36E). Thus, the increased glycan recapping by a1-2 fucose at 6 hpi
or later in the IAV-infected cells could not be due to the upregulation of endogenous

FUT1 or FUT2 gene expression.

The association between glycome alteration in IAV-infected cells and viral
protein expression was investigated. Lectin staining was performed on IAV-infected
MDCK cells maintained in the presence of a cap-dependent endonuclease inhibitor, BXA,
to suppress the mRNA synthesis of viral proteins and their subsequent expression [134,
135]. All PR8-infected cells showed a decrease in SNA signal intensity, regardless of
treatment dose of BXA, compared to the mock-infected cells (Figure 37A-D). Cells that
were faintly stained with an anti-PR8 HA antibody under 1000 nM of BXA remained low
signal intensity of UEA-I by lectin staining (Figure 37E). Conversely, HA-positive cells
treated with lower concentrations (100, 10, and 1 nM) of BXA exhibited higher UEA-I
signal intensities (Figure 37F—H). These results emphasize that glycome alterations were
not caused by IAV entry but at a later stage of the replication cycle, including viral
genome transcription, protein expression, or assembly. A similar trend was observed in
Vac2-infected MDCK cells, suggesting that these glycome alterations are mediated by a
conserved mechanism across TAV strains (Figure 38). To elucidate the mechanism
underlying these glycome changes, the present study focused on the expression and

function of NA in [AV-infected cells.
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Figure 37. Inhibitory effect of BXA on glycan alterations on PR8-infected MDCK
cells. MDCK cells infected with PR8 were cultured in the presence of 1-1000 nM of
BXA for 8h and subjected to lectin and immunofluorescence staining. (A—D) The cells
were stained with SNA (A-D; green) or UEA-I (E-H; green) and an anti-PR8 HA
monoclonal antibody (red), and counterstained with DAPI (blue). Fluorescent intensities
derived from SNA or UEA-I in an average of three fields of view were compared between
mock- and PR8-infected cells. The statistical analysis was performed with Student’s t-
test.
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Figure 38. Inhibitory effect of BXA on glycan alterations on Vac2-infected MDCK
cells. MDCK cells infected with Vac2 were cultured in the presence of 1-1000 nM of
BXA for 8h and subjected to lectin and immunofluorescence staining. (A—D) The cells
were stained with SNA (A-D; green) or UEA-I (E-H; green) and an anti-H7 HA
monoclonal antibody (red), and counterstained with DAPI (blue). Fluorescent intensities
derived from SNA or UEA-I in an average of three fields of view were compared between
mock- and Vac2-infected cells. The statistical analysis was performed with Student’s t-
test.
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NA expression in MDCK cells induced desialylation and glycan recapping with al-

2 fucose

To investigate the contribution of NA to glycome alterations in [AV-infected cells,
MDCK cells stably expressing PR§ NA (MDCK-PR8NA) or Vac2 NA (MDCK-
Vac2NA) were established. NA expression in MDCK cells was confirmed by detecting
FLAG-fused NA proteins by western blotting with an anti-DDDDK-tag monoclonal
antibody (Figure 39A). A band of either 55 kDa for PR8 NA or 75 kDa for Vac2 NA was
detected in each NA-expressing cells via western blotting, indicating the expression of

the designed NA in each cloned cells.

The glycan structures on the surface of NA-expressing cells were profiled using a
lectin microarray. These NA-expressing cells exhibited glycan profiles similar to those
of PR8-infected cells (Figures 30 and 39B). In particular, lectins specific for sialylated
glycans (MAL-I, SNA, SSA) showed low signal intensities for NA-expressing cells,
whereas lectins specific for al-2 fucose (TJA-II), as well as those specific for terminal
LacNAc or its clusters (ECA, RCA120, BPL, WFA), exhibited higher signal intensities
for NA-expressing cells than parental MDCK cells. Subsequently, glycome alterations in
MDCK-PR8NA or MDCK-Vac2NA cells were also assessed by lectin staining with SNA
and UEA-I (Figures 39C—H and 40). Both NA-expressing MDCK cells exhibited lower
intensity SNA signals and higher intensity UEA-I signals than parental cells. Although
the signal intensities of UEA-I were low for both PR8-infected and NA-expressing
MDCK cells via lectin microarray, they might have been affected by the orientation or
representation of the glycan recognition epitope of this lectin on the microarray slide.
Furthermore, the glycan structures recognized by UEA-I were further validated by al-2
fucosidase pretreatment prior to lectin staining (Figure 41). To this end, parental MDCK
cells, MDCK cells overexpressing al,3/4 fucosyltransferases (MDCK-FUT cells), and
MDCK-PR8NA cells were used [64]. The signal intensities of an anti-sialyl Lewis X
antibody against MDCK-FUT cells were consistent regardless of pretreatment with a1-2
fucosidase as a negative control (Figure 41C, D). In contrast, the signal intensities of
UEA-I in MDCK-PR8NA cells were higher than those in parental cells (Figure 41A, E).
Moreover, the signal intensity decreased by a1-2 fucosidase pretreatment (Figure 41E, F),
supporting the presence of al-2 fucose on MDCK-PR8NA cells. Overall, the NA-

expressing MDCK cells have the same glycome alterations of desialylation and glycan

115



Parental MDCK
MDCK-PRSNA
MDCK-Vac2NA

Marker

(kDa)

120—
100—

80—

60—

50—

Parental MDCK [l MDCK-PRSNA [l MDCK-Vac2NA

12

-
o
L

-]
L

Mean-normalized intensity

Fucose Sialic acid LacNAc Mannose Galactose  Chitin O-glycan

C Parental MDCK D MDCK-PR8NA E

SNA a-PR8/Vac2 antisera SNA a-PR8/Vac2 antisera p<0.01

1.2 4

o o e =
IS o ) =)
L s s

Relative intensity

o
N
N

o

Parental PR8NA

or Vac2 virus. (A) Expression of each FLAG-tagged NA protein derived from PR8 or
Vac2 was confirmed via SDS-PAGE with western blotting using an anti-DDDDK-tag
monoclonal antibody. (B) The surface of NA-expressing MDCK cells was labeled with
biotin and whole cell lysates were placed on lectin microarray slides to incubate with a
set of lectins. The interactions of glycans displayed on the cellular surfaces and lectins
were detected with a fluorescent-labeled secondary antibody. The data are mean-
normalized and presented as mean signals of three spots £SD. (C, D) The wild type and
PR8 NA-expressing MDCK cells were stained with SNA (green) and immunostained
with a mixture of PR8 and Vac2 chicken antisera (red) and counterstained with DAPI
(blue). (E) Fluorescent intensities derived from SNA in an average of three fields of view
were compared between wild type and PR8 NA-expressing cells. The statistical analysis
was performed with Student’s t-test.
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Figure 39 (cont). Glycome alterations in MDCK cells stably expressed NA protein of
PR8 or Vac2 virus. (F, G) The wild type and PR8 NA-expressing MDCK cells were
stained with SNA (green) and immunostained with a mixture of PR8 and Vac2 chicken
antisera (red) and counterstained with DAPI (blue). (H) Fluorescent intensities derived
from SNA in an average of three fields of view were compared between mock- and PR8-
infected cells. The statistical analysis was performed with Student’s t-test. (I) mRNA
expression levels of FUT1 and FUT2 genes in the NA-expressing cells were quantified
via RT-qPCR. The relative mRNA levels of FUT1 and FUT2 genes were normalized
based on the expression level of GAPDH gene as a house keeping gene and were
compared between wild type and PR8 NA-expressing cells. The data are presented as
mean expression level of biological triplicates +SD.
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Figure 40. Desialylation and a1-2 fucosylation in MDCK cells stably expressed NA
protein of Vac2 virus. (A, B) The wild type and Vac2 NA-expressing MDCK cells were
stained with SNA (green) and immunostained with a mixture of PR8 and Vac2 chicken
antisera (red) and counterstained with DAPI (blue). (C) Fluorescent intensities derived
from SNA in an average of three fields of view were compared between mock- and Vac2-
infected cells. The statistical analysis was performed with Student’s t-test. (D, E) The
wild type and Vac2 NA-expressing MDCK cells were stained with UEA-I (green) and
immunostained with a mixture of PR8 and Vac2 chicken antisera (red) and counterstained
with DAPI (blue). (F) Fluorescent intensities derived from UEA-I in an average of three
fields of view were compared between mock- and Vac2-infected cells. The statistical
analysis was performed with Student’s t-test.
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Figure 41. Expression of NA protein induced a1-2 fucosylation without upregulation

of sialyl Lewis X antigen. (A, B) Wild-type MDCK cells were co-stained with an anti-

sialyl Lewis X monoclonal antibody (green) and UEA-I (red) with (B) or without (A)
pretreatment with ol-2 fucosidase. MDCK cells overexpressing a chicken
fucosyltransferase (cFUT3/5/6) gene (C, D) and NA-expressing MDCK cells (E, F) were
also costained with the anti-sialyl Lewis X antibody (green) and UEA-I (red) with or

without pretreatment with a1-2 fucosidase and also counterstained with DAPI (blue).
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recapping with a1-2 fucose, which were observed in IAV-infected MDCK cells.

The mRNA expression of al-2 fucosyltransferase genes in the NA-expressing
MDCK cells were also evaluated by RT-qPCR to exclude the possibility of the increased
expression of these genes (Figure 39I). The results demonstrated that endogenous
expression levels of FUT1 and FUT2 in MDCK-PR8NA cells were relatively lower, and
vice versa, those in MDCK-Vac2NA cells were slightly higher, compared to parental
MDCK cells with no significant difference. Accordingly, al1-2 fucosylation observed on
the NA-expressing MDCK cells were not regulated by FUT1 or FUT2 gene.

Catalytic activity of NA is necessary for desialylation and glycan recapping with al-

2 fucose

NA expression in MDCK cells led to desialylation and glycan recapping,
suggesting that the catalytic activity of NA is required for this glycan alteration. To test
this hypothesis, catalytic-dead mutants of PR8 NA (E119V, D151G, and 1222L) were
expressed in MDCK cells [124—-126], and the resulting bulk G418-resistant populations
were subjected to lectin staining. As biologically independent NA-expressing cells
showed variability in the signal intensities of SNA and UEA-I, the mean of three
biological replicates was analyzed. Cells expressing wild-type PR8 NA (WT) exhibited
lower SNA signal intensities than parental MDCK cells but higher intensities than the
cloned MDCK-PR8NA cells (Figure 42A, B). Both E119V and DI51G mutant-
expressing cells retained the SNA signal intensities, while the effect of the 1222L
mutation was limited (Figure 42B, C). In contrast, UEA-I signal intensities in mutant NA-
expressing cells were lower than those in WT-expressing cells (Figure 42D). Specifically,
E119V- and D151G-expressing cells exhibited much lower UEA-I signal intensities than
1222L-expressing cells (Figure 42E, F). Additionally, UEA-I signal and NA (detected by
antiserum) merged in WT- and 1222L-expressing cells, but not in E119V- or D151G-
expressing cells (Figure 42D), suggesting that the impairment of NA function by the
E119V and D151G mutations contributed to the lower UEA-I signals in MDCK cells.
Taken together, these results demonstrate that the catalytic activity of NA is required for

desialylation and glycan recapping with al-2 fucose in MDCK cells.
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Figure 42. Glycan alterations in MDCK cells expressing catalytic-dead NA. MDCK
cells were transfected with wild-type (WT) or catalytic-dead mutants (E119V, DI151G,
and [222L) of PR8 NA, and G418-resistant populations were analyzed. (A)
Representative images of SNA staining. (B) Fluorescence intensities of SNA were
quantified from the average of three fields of view per sample across three biologically
independent replicates. (C) Mean SNA signal intensities from three biological replicates
were compared between WT and each mutant. Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post hoc test (*: p < 0.05, **: p <0.01, ***: p
< 0.001). (D) Representative images of UEA-I staining. (E) Fluorescence intensities of
UEA-I were quantified from the average of three fields of view per sample across three
biologically independent replicates. (F) Mean UEA-I signal intensities from three
biological replicates were compared between WT and each mutant. Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s post hoc test (*: p <0.05,
**: p <0.01, ¥**: p <0.001).
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Intracellular NA function is crucial for glycan recapping with a1-2 fucose in the

IAV-infected cells

Since al-2 fucosyltransferases are localized at the Golgi apparatus in host cells
[117], glycan recapping with a1-2 fucose observed in NA-expressing and A V-infected
cells suggests that NA liberates sialic acids from non-reducing terminus of glycans and
serves LacNAc as an acceptor for al-2 fucosyltransferases intracellularly. Thus, the focus
of this study was to determine whether intracellular or extracellular functions of NA
predominantly contribute to glycome alterations in cells. To inhibit extracellular NA
activity in MDCK-PR8NA and -Vac2NA cells, cells were cultured in the presence of
either of the three NA inhibitors, laninamivir, laninamivir octanoate, or oseltamivir
carboxylate. Then, the reactivities of SNA and UEA-I were evaluated by lectin staining.
The tests were performed with 200 uM of NA inhibitors, which inhibit growth of PR8
virus in MDCK cells (Figure 43A), and no influence of NA inhibitors on an increase of
sialic acid or a decrease of al1-2 fucose was confirmed in advance (Figure 43B—K). When
the NA-expressing MDCK cells were treated with NA inhibitors, signal intensity of SNA
was higher compared to the cells incubated without the inhibitor (Figures 44A—E and
45A-E). The signal intensity of UEA-I remained high in laninamivir and oseltamivir
carboxylate-treated cells, whereas the intensity decreased in laninamivir octanoate-
treated cells (Figures 44 F—J and 45 F-J). Since laninamivir octanoate could be taken up
by cells and transformed into the activate form in the cells [136], a decrease in the UEA-
I signal intensity could be reflected by inhibition of NA function, intracellularly. These
results indicated that inhibition of extracellular NA activity did not influence the glycan
recapping by a1-2 fucose in NA-expressing MDCK cells, while inhibition of intracellular

NA activity led to a decrease of al1-2 fucose on the cells.

To assess extracellular and intracellular NA functions in IAV-infected cells,
MDCK cells were inoculated with an extremely high titer of PR8 (MOI = 100) premixed
with BXA and stained with lectins. The signal intensity of SNA in the PR8-infected cells
with or without BXA treatment decreased at 3 hpi (Figure 46A—D). In particular, the cells
cultured without BXA treatment showed a remarkable decrease in the SNA signal
intensity at 6 and 9 hpi. On the other hand, an increase in UEA-I signal intensity was
observed in the virus-infected cells cultured without BXA from 6 hpi, while the UEA-I

signal remained low in the BXA-treated cells as well as the non-infected cells (Figure
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Figure 43. Treatment with NA inhibitors did not induce glycan alterations in MDCK
cells. (A) Antiviral effect of NA inhibitors (laninamivir, laninamivir octanoate,
oseltamivir carboxylate) was assessed by culturing the PR8-infected cells in the presence
of several concentrations of the inhibitors. The dotted line indicates the threshold for virus
titration (<0.8 logio TCIDso/mL). To compare the viral titers between mock- and NA
inhibitor-treated groups, statistical analysis was performed using the one-way ANOVA
with Dunnett’s post hoc test (*: p <0.05, **: p <0.01, ***: p <0.001). Virus titers below
the detection limit were considered as 0.8 logio TCIDso/mL for statistical analysis.
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Figure 43 (cont). Treatment with NA inhibitors did not induce glycan alterations in
MDCK cells. (B-E) MDCK cells treated with NA inhibitor were stained with SNA. (G—
J) MDCK cells treated with NA inhibitor were stained with UEA-I. Fluorescent intensities
derived from SNA (F) and UEA-I (K) in an average of three fields of view were compared
to non-treated control (NC). The statistical analysis was performed using the one-way
ANOVA with Dunnett’s post hoc test (*: p < 0.05, **: p <0.01, ***: p <0.001).
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Figure 44. Glycan alterations induced by treatment with NA inhibitors in MDCK-
PRS8NA cells. (A-D) MDCK-PR8NA cells treated with NA inhibitor were stained with
SNA. (F-TI) MDCK-PR8NA cells treated with NA inhibitor were stained with UEA-I.
Fluorescent intensities derived from SNA (E) and UEA-I (J) in an average of three fields
of view were compared to non-treated control (NC). The statistical analysis was
performed using the one-way ANOV A with Dunnett’s post hoc test (*: p <0.05, **: p <

0.01, ***: p < 0.001).
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Figure 45. Glycan alterations induced by treatment with NA inhibitors in MDCK-
Vac2NA cells. (A—D) MDCK-Vac2NA cells treated with NA inhibitor were stained with
SNA. (F-I) MDCK-Vac2NA cells treated with NA inhibitor were stained with UEA-I.
Fluorescent intensities derived from SNA (E) and UEA-I (J) in an average of three fields
of view were compared to non-treated control (NC). The statistical analysis was
performed using the one-way ANOV A with Dunnett’s post hoc test (*: p <0.05, **: p <

0.01, ***: p < 0.001).
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Figure 46. BXA treatment in the PR8-infected cells did not influence on desialylation
of glycans while inhibited representation of a1-2 fucose. MDCK cells were infected
with an extremely high titer of PR8 (MOI = 100) and cultured in the presence (B) or
absence (C) of 10 uM BXA. Mock-infected MDCK cells were also treated with10 uM
BXA as a control. The cells were fixed with 4% paraformaldehyde at multiple time points
of 1, 3, 6 or 9 hpi. The cells were then lectin stained with SNA or UEA-I (green) together
with immunostaining with an anti-PR8 HA monoclonal antibody (red) and also
counterstained with DAPI (blue).
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Figure 46 (cont). BXA treatment in the PR8-infected cells did not influence on
desialylation of glycans while inhibited representation of al-2 fucose. (D) Time-
dependent fluorescent intensities derived from SNA in an average of three fields of view
were compared. The data were represented by calculating relative intensities compared
to 1 hpi of mock-infected group. The statistical analysis was performed by one-way
ANOVA with Dunnett’s post hoc test in comparison to 1 hpi as a control within a group
(*: p <0.05, **: p < 0.01, ***: p <0.001). (E) Time-dependent fluorescent intensities
derived from UEA-I in an average of three fields of view were compared. The data were
represented by calculating relative intensities compared to 1 hpi of mock-infected group.
The statistical analysis was performed by one-way ANOVA with Dunnett’s post hoc test
in comparison to 1 hpi as a control within a group (*: p < 0.05, **: p < 0.01, ***: p <
0.001).
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46C-E). To further assess the influence of extracellular NA activity on glycan alterations,
MDCK cells were cultured with recombinant neuraminidase from Vibrio cholerae
(NAVC) and subjected to lectin staining. The treatment with bacterial neuraminidase
markedly decreased the signal intensity of SNA, whereas no increase in UEA-I signal
was observed (Figure 47). Consistent with the observations using NA-expressing cells,
these results demonstrate that intracellular NA function is necessary for glycan recapping
with al-2 fucose. Conversely, NA on viral particles hydrolyzes sialylated glycans;
however, extracellular NA functions cannot induce glycan recapping in [AV-infected

cells.
NA function contributes to superinfection exclusion of IAVs

Since sialic acid-containing glycans serve as initial receptors for IAVs on host
cells, desialylation of IAV-infected cells by intracellular NA is likely to interfere with
secondary IAV infection. To test this hypothesis, a superinfection experiment with IAVs
was performed in MDCK cells at several time intervals between primary and secondary
infections. MDCK cells infected with PR8 or Vac2-FLAG were inoculated with the other
virus. After fixing the cells 8 h post primary IAV infection, PR§ HA and Vac2 NA
proteins were detected by immunofluorescent staining. The proportion of Vac2 NA-
positive cells per PR8-primarily infected cell decreased when Vac2 was inoculated at a 2
h or longer interval after PR8 infection, and Vac2 NA-positive cells were not detected
when there was a 5 or 6 h-interval from primary PRS8 infection to secondary Vac2
inoculation (Figure 48A). The time intervals required for the inhibition of 2 h and
blocking superinfection for 5 h were similar, even when PR8 was inoculated into Vac2-
primarily infected MDCK cells (Figure 48B). To validate desialylation and al-2
fucosylation on IAV-infected cells, PR8 or Vac2-FLAG virus was inoculated into MDCK
cells at the same experimental condition of MOI with superinfection assay and the glycan
profiles were monitored until 6 hpi by lectin staining and blotting (Figures 49-51). SNA
signal intensities in [AV-infected cells decreased from 3 hpi and UEA-I signal intensities
increased from 5 hpi (Figure 49C, D and 50C, D). In addition, the NA expression in Vac2-
FLAGe-infected cells was confirmed slightly at 4 hpi and obviously at 5 hpi by western
blotting, together with increase in band intensities by lectin blotting with UEA-I (Figure
51). Taking account of the impact of desialyoltion and a1-2 fucosylation on [AV-infected
MDCK cells after 5 hpi (Figures 49-52), the complete superinfection exclusions by 5 h-
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Figure 47. Bacterial neuraminidase treatment in MDCK cells diminished sialic acids
while it did not upregulate representation of a1-2 fucose. (A, C) MDCK cells were
treated with recombinant neuraminidase derived from Vibrio cholerae (NAVC). The cells
were stained with SNA and UEA-I (green) and counterstained with DAPI (blue). (B, D)
The signal intensities of each lectin in the neuraminidase-treated cells were compared
with those in the non-treated cells (NC). The statistical analysis was performed with
Student’s t-test.
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Figure 48. Superinfection exclusion was observed in MDCK cells infected with an
TIAV. (A) MDCK cells primarily infected with PR8 at MOI = 1 were secondarily
inoculated with Vac2-FLAG at MOI = 1 at different time intervals. The cells were fixed
in 4% paraformaldehyde at 8 hpi from the primary infection. Viral protein expression was
detected by an anti-PR8 HA monoclonal antibody (red) or an anti-DDDDK monoclonal
antibody for Vac2 NA (green) via immunofluorescent staining. (B) MDCK cells
primarily infected with Vac2-FLAG at MOI = 1 were secondarily inoculated with PR8 at
MOI =1 at different time intervals. (C) Virus growth kinetics of PR8 in MDCK-PRENA
cells were compared with those in MDCK-WT cells. The culture supernatants were
collected and the infectious titer in the samples were calculated using MDCK cells.
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Figure 49. Glycan profile changes observed on the surface of MDCK cells during
PR8 infection. MDCK cells infected with PR8 at an MOI of 1 were fixed in 4%
paraformaldehyde for 3—6 hpi. The cells were then stained with either SNA (A) or UEA-
I (B) for glycan profiling (green), and HA protein expression was detected using an anti-
PR8 HA monoclonal antibody (red) and also counterstained with DAPI (blue). (C, D)
The signal intensities of the lectins were statistically analyzed by one-way ANOVA with
Dunnett’s post hoc test (*: p < 0.05, **: p <0.01, ***: p <0.001).
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Figure 50. Glycan profile changes observed on the surface of MDCK cells during
Vac2 infection. MDCK cells infected with Vac2-FLAG at an MOI of 1 were fixed in 4%
paraformaldehyde for 3—6 hpi. The cells were stained with either SNA (A) or UEA-I (B)
for glycan profiling (green), and the expression of NA proteins was detected using an
anti-DDDDK-tag monoclonal antibody (red). and also counterstained with DAPI (blue).
(C, D) The signal intensities of the lectins were statistically analyzed by one-way
ANOVA with Dunnett’s post hoc test (*: p <0.05, **: p <0.01, ***: p <0.001).
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Figure 51. Time-dependent NA protein expression and glycan alterations in MDCK
cells infected with Vac2-FLAG. Whole lysates of Vac2-FLAG-infected MDCK cells
were assessed by western blotting and lectin blotting. NA protein and B-actin expressed
in MDCK cells were detected with anti-DDDDK and B-actin antibodies, respectively.
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Figure 52. Glycome alterations observed in IAV-infected MDCK cells. (A) Sialylation of glycans is induced by sialyltransferases in the
Golgi apparatus of non-infected MDCK cells and terminal sialic acids displayed on the cell surface can be recognized by SNA. (B) Since
NA obtains its function intracellularly during IAV infection, desialylation in the Golgi apparatus by the intracellular NA function induces
glycan recapping with al-2 fucose. The intracellular NA function blocks re-sialylation, contributing to efficient IAV budding.



interval between two IAV infections were likely due to the lack of sialic acids on the cell

surface.

The ability of PRS8 to replicate MDCK-PR8NA cells, which established by cell
cloning and express similar amount of NA with IAV-infected cells at 56 hpi (Figure 51),
was also assessed. MDCK-PR8NA cells infected with PR8 did not exhibit any cytopathic
effects for up to 72 hpi. In parallel, the viral titer in the supernatant was 10*- fold lower
than that in parental MDCK cells at 24 hpi and remained lower until 72 hpi (Figure 48C).

These results suggested that NA expression in host cells restricted IAV infection.
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Discussion

The present study found that virus-infected cells displayed al-2 fucose-capping
glycans instead of sialylated ones, in agreement with previous studies [113, 114, 116].
The global glycome alteration with desialylation and a1-2 fucosylation was also observed
in NA-expressing MDCK cells without upregulation of FUT1 and FUT2 gene
expressions. Since FUT1 and FUT2 were localized in Golgi apparatus [117], the
mechanisms of glycan recapping by al-2 fucose observed in IAV-infected cells can be
explained by intracellular NA functions: viral NA has obtained its catalytic activity in the
Golgi apparatus and it provides acceptors for al-2 fucosyltransferases as a competitor of
sialyltransferases. Moreover, the occupation of the glycan terminus by al-2 fucose on
both host and viral proteins, as a result of intracellular NA functions, limits the
opportunities of re-sialylation. Hence, in addition to the conventional theory that NA
functions cleave sialic acids on the cellular surface during viral release, intracellular NA
functions provide an advantage for virus release by reducing sialoglycan traps. These
findings highlighted a novel mechanism of NA action that supports viral budding in [AV-

infected cells.

Glycan capping with sialic acids in host cells is regulated by p-galactoside a2,3-
sialyltransferases (ST3Gals) and a2,6-sialyltransferases (ST6Gals) [137]. A previous
study revealed that knocking out either ST3Gals or ST6Gals (KO) in MDCK cells
increased the proportion of Sian2,6Gal in ST3Gals-KO cells and Siao2,3Gal in ST6Gals-
KO cells [130]. In contrast, double KO cells, as well as sialic acid transporter (SLC35A1)-
KO cells, showed a lack of sialylated glycans. Corresponding to the global desialylation,
these cells reacted remarkably strongly to UEA-I, TJA-II, and EEL in the lectin
microarray. Taken together with glycan recapping observed with IAV-infected cells in
this study, these observations indicate that intracellular global desialylation is a trigger of
glycan recapping with al-2 fucose and/or a1-3 galactose in MDCK cells. Although a1-2
fucose on the IAV-infected cells is likely to be a consequence of intracellular NA activity,
the unique glycan structure may have an unknown role in differentiating IAV-infected
cells from non-infected ones. It is of interest that glycan recapping by a1-3 galactose was
not detected in this study, dissimilar from previous studies [113, 114, 116]. The MDCK
cells originating from canine possess the functional al-3 galactosyltransferase gene

required for synthesizing a.1-3 galactose at non-reducing terminus of glycans [138]. Since
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the monosaccharides used in the enzymatic glycosylation rely heavily on the sugar intake
of cells [ 139], differences in culture conditions or components of the cell culture medium,

such as fetal bovine serum, might influence the glycome of IAV-infected MDCK cells.

Lectin staining of A549 and Vero E6 cells revealed desialylation following IAV
infection. Additionally, lectin staining of respiratory tissues from IAV-infected animals
showed no binding of recombinant HA in their epithelia, especially in the cells that were
positive for AV antigens [121], suggesting the desialylation by the NA function
following the IAV infection. In contrast, al-2 fucosylation could not be detected in other
cell lines except MDCK cells. Consistent with this observation, previous lectin
microarray analysis demonstrated that virus particles propagated in A549 and Vero E6
cells strongly reacted with chitin-binding lectins, suggesting higher representations of
poly-LacNAc structures rather than recapping with a1-2 fucose [114]. These observations
suggested that intracellular NA functions can contribute to the desialylation in the IAV-
infected cells, while the glycan recapping process heavily dependent on the glycan
synthesis machinery in the host cells. The present study could assess the intracellular NA
functions by detecting a1-2 fucose on the cellular surface, because the a1-2 fucosylation
proceeds exclusively on glycan capping with sialic acid in the Golgi of host cells.
However, differentiation of intracellular and extracellular NA functions by observing
glycan structures on the IAV-infected cells is still challenging without the unique glycan
structures exclusively present on the glycan terminus, including al-2 fucose or al-3
galactose. Accordingly, the present study could not prove the intracellular NA activity in

other cell lines except MDCK cells.

In agreement with low PR8 replication in the NA-expressing cells in this study,
the sialic acid transporter SLC35A1-knockout MDCK cells or sialyltransferase (all
ST3Gal and ST6Gal series)-deficient MDCK cells exhibited significantly decreased IAV
replication ability [130]. Since the intracellular NA activity in NA-expressing cells
competes for sialyltransferases and induces a similar glycome as the SLC35A1-knockout
or sialyltransferase-deficient cells, low IAV growth in these cells suggests that sialic acids
on the cell surface are required for efficient IAV replication but are not necessary for
infection. These observations correspond to the theory that functional receptors, such as
epidermal growth factor (EGFR) or calcium channels (CaV1.2), are required for [AV

entry into cells via clathrin-mediated endocytosis or micropinocytosis, although IAVs use
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sialosides for cell attachment [140—142]. Indeed, the absence of sialic acids in cells
reduced interactions between IAVs and EGFR, inducing fewer downstream signals and
clathrin-mediated endocytosis [143]. Thus, global desialylation of IAV-infected cells
could reduce the opportunities for secondary infecting viruses to access functional
receptors, thereby potentially shaping the window for superinfection. The mechanism, in
combination with liberation of sialic acid by extracellular NA expressed on the plasma
membrane, facilitates the latter phase of superinfection exclusion. Moreover, the short
window for superinfection in advancing budding may be beneficial for IAVs to facilitate
a viral replication cycle using sufficient intracellular resources and produce progeny

virions at the cellular level.

In conclusion, this study indicated that the NA protein obtains its catalytic
function intracellularly and induces glycome alterations in infected MDCK cells. The
intracellular NA function contributes to global desialylation and glycan recapping with
al-2 fucose, leading to efficient virus release from host cells. This demonstrated a novel
theory that intracellular NA activity, in addition to extracellular activity, hydrolyzes
sialosides and blocks interactions between progeny virus particles and the virus receptor
to advance virus budding. Consequently, glycan recapping induced by the NA functions
potentially restricts secondary IAV infection in cells, resulting in a strict window of
superinfection. These findings provide insights into the evolutionary strategies of IAVs
by maintaining a balance between successful replication and reassortment under limited

superinfection opportunities controlled by the NA functions.
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Brief summary

The NA of IAVs plays a role in the release of viruses from infected cells. NA on
viral particles hydrolyzes sialylated glycans on the cell surface for viral budding.
However, the maturation and intracellular functions of NA are poorly understood. To
investigate how NA functions intracellularly, glycans displayed on IAV-infected MDCK
cells were profiled by lectins and global glycome alterations, accompanied by exposed
terminal galactose and glycan recapping with al-2 fucose, were found in the virus-
infected MDCK cells. Since al-2 fucosyltransferases are localized in the Golgi, these
unique structures suggest a potential NA function in the [AV-infected cells. Functional
analyses using antivirals and NA-expressing cells indicate that intracellular NA function
is necessary for the glycome alterations. Time-course analyses in IAV-infected cells
revealed that global desialylation and al-2 fucosylation could be observed 5 h post-
infection, corresponding to the timeframe of viral protein expression. These observations
provide a novel theory of NA functions that NA obtains its enzymatic activity
intracellularly before virus assembly and serves desialylated glycans for competitive
glycosyltransferases, including al-2 fucosyltransferases, as their acceptors, resulting in
glycan recapping with a1-2 fucose. Hence, intracellular NA blocks the re-sialylation of
glycans, promoting efficient virus release from infected cells by inhibiting the interaction
between progeny virions and sialosides. This study further demonstrated the potential NA
functions of limiting secondary IAV infection. These findings provide insights into the
evolutionary strategies of [AVs for shaping the strict window of superinfection by NA

functions under a balance between successful replication and reassortment.
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Conclusion

[AVs infect various animal species among mammals and birds. The viruses pose
a risk to humans through acute respiratory infections, a significant economic loss in
poultry industries, and huge mortality cases in wildlife, especially due to HPAIV
infections. Accordingly, understanding the mechanisms of IAV replication and

pathogenesis is necessary for controlling influenza virus infections.

Two surface glycoproteins of [AVs, HA and NA, have primary functions in viral
attachment and release in a replication cycle, respectively. These two proteins have
opposing roles in the viral replication cycle; HA binds to sialosides on the surface of
target cells and initiates viral infection, whereas NA hydrolyzes the sialic acid at the non-
reducing terminus, leading to the viral release from the infected cells. Since interactions
between HA and glycans are generally weak, multivalent HA-glycan interactions are
required in the natural setting. To assess the complex nature of glycan-binding specificity
of AIVs via multivalent interactions, Chapter I used glycopolymers harboring various
representations and densities of Siaa2-3GalB1-4Glc, which mimicked AIV receptors. The
results demonstrated differences in binding preference of HAs among duck-origin AIVs
based on the local glycan density and representation of Siaa2-3GalfB1-4Glc moiety.
Moreover, the glycan-binding preference of AIV particles revealed a compensation for

weak HA-glycan binding by employing multivalent HA-glycan interactions.

The functions of surface glycoproteins are also known to be associated with ATV
pathogenesis in chickens. Herein, Chapter II focused on the molecular basis of amino acid
truncation of the NA-stalk domain of an HPAIV to the viral pathogenicity in chickens. A
previous study passaged a genetically modified non-pathogenicity AIV in chickens and
resulted in an HPAIV with a 34-amino-acid deletion in the NA stalk, encompassing five
potential N-glycosylation sites [78]. The subsequent pathogenicity assessment in vivo, as
well as functional and glycan occupancy analyses of NA in vitro, revealed that the loss
of glycosylation was functionally equivalent to amino acid truncation in enhancing

pathogenicity in chickens, in addition to reducing the NA activity to chicken erythrocytes.

Chapter III demonstrated that intracellular NA functions of IAVs were involved
in global desialylation and glycan recapping in the virus-infected MDCK cells. Contrary

to the conventional theory that NA liberates sialic acid on the cell surface upon virus
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release from the cell, this study revealed that NA also functions intracellularly to induce
the global desialylation in infected cells prior to viral budding. Based on these
observations, [AV particles are poised to be released from infected cells at viral budding
without the barrier of HA-glycan interactions. The findings provide insights into the
evolutionary strategies of [AVs that enable efficient release from infected cells and limit
the window for superinfection. The mechanisms further contribute to promote successful
replication and restrict reassortant opportunities. Moreover, the results support the design

of more effective and rational antiviral drugs by targeting the intracellular NA function.

In conclusion, the present study highlights novel functions of envelope
glycoproteins in the replication and pathogenesis of I[AVs. These improved
understandings of the molecular basis of IAVs contribute to a better understanding of the

molecular evolution and strengthen countermeasures against [AVs.
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Summary in Japanese (FIXEE)

AVINIVYE A VANVRIHAEY S LOCKICLFRE 2L, FIC
BUEOMREBRERELIERI T, RVANVZADOREICIE~Y I VF =V
(HA) /47 3=X—% (NA) O 2 EEHOKRMEME S v X7 EMRHFIET %,
HA [ ZEERMIIEERT F o> 7 o2 g8 L v A v RS2 ER S 2 —77. NA L
B O RIFD L TABEYIKI L 7 4 L 2 DM S Ol 1EES 2, Lz
255 T, HA & NA DK T BHEEDNT vV RFIA Vv INVZ VT A VA VRD

ERBROMEFFICEHEECTH 5,

BAVINZIVFRAVINZVFAVALRCERT 2RKED 7 4 VA
TR CTH b, NEXFUHEOKEED LI T RCOIMFEHRML DL v 7 LT v
P AVANVARGHEINDE Z Lo, HAEKEEZA VINVNZVFATALAD
HAEFELEZONS, WEDOHT2HMELEOEA v I v F T 4 L 2H
TeA EDORERELC=T b Y UNOBEAEREITEHET 282K L =7
FUNDRBRBMELZERT LI 8H 5, $72. VA NVADEIEN TR Z
BORT e, HATHRIA HS 2 WIE HT OV A LA Tix="7 b VITk L TEIE
7R 2 R, SRREEEA v ILZ VY F I ALZAREET 2235 5,
ZD®, KEROFIHDO =0T EA v I v F v 4 L 207 EMniEs
KO=7 + Y ics T 2 REMEGHER OIS LHETSH 5,

WA D H BECTHERHEIE L T2 BRI /A v 7 v v F Y A LRI E
IC 023 v 7 ufiE AR LGl 2, — 77, 02,6 YT R RAERL LT
R IT2e bHEA Vv IALZ UV F I AL ZD HA ITIE, 02,6 > 7 B flE RS
2 HH OB OMEPCHIICRENZ R T ORH 203, A v Irz vy
TANZATIEINLICHT 2FRER WSO I o TR, AFEHE—E T,
BAVvINZVFIANZROMEAZ HA LV ANVZAKTFEHWT, B LR
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HEDRZR S 023 7 uiCN I 2 AR REZ B L 72, BRA BRI LRT
BEERFD 2,3 VT R AGEEHF ) v —Ic X VHEAT 220, FEHOME
FRIFDL T INT 7 P —RCRIOERLZFYTFL V7Y a—ri{zefla
L. WHOBEIIMEHEE /) ~—RICEAT L2727 IAVT IVOREEZ DL &
TR L 72, #Hi 2 HA IHEEHEBEAG VR ) = — I fEE Lz b oD, 1
HEEARD @AY = —ICN T 2 AT Ko7, OB RIZ. K
~—FED% < D 23 7 ulEs HA L OGBS L TwhneEzxbh, &
LARWEEOREHIZ HA L OfiGx25H» 2 tEZxbNE, —J7. VA VRS
FIHECEEOREHICN L Th SmuitiaEz R L7z, Zhidv 4 v 2R+ kic
TFES 2 88D HA D8 & LAlHAMER 32 & & ic X 0 RS D B I N
TR 2 7R Z—RIGERT 2 ¢ E2 LN, KAFEEHV2S
Ik, TANRRKT B DR A I I 2 B A A B B
£ %27 7 AX =R OFHM % FIREIC L 72,

BAVINZVYFTANAD NA OEEFIEMENL % & T 5HE & B @ %
D7, AP —2#IE =7 FYVHRIRICBWTT IV BRE D B 2 L
Hb, FITHE I, IEHEFEEEA Y 70T Y F Y A0 2 b s i
(rgVac2-P0) & =7 bV COEMMMRZRT, =7 b UV ICEIEH MR % R
THE (Vac2-P3L4) 2354, ZORIINA R b—ZHHIBO T I 7 B 5 2D
N BB IR AL 2 &G DI TREL Tz, 20720, AFREETIE NA &
b= 7 I DOPEHDOREE L OT IV MOREBARKTANZD =T F Y icx4
LIREMNEE @ 2 0 THEXHL 2T ZHME L, 5. T/
ERIC X OO A RIEL 72 NA IR T2 27 v —=v 7 L, fho#EE 75
IR DM R sk icHE oI 2 7 4 v 2 (rgVac2-P3L4/PONAAGlyco) % {EH!
Lo COUVANRZEMMLEZ=7 Y I3MRA Rin2 R, 27 AV RE
BFOARLEEDRD b, BIETORRELZMNET 27 I/ BEEZ N
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ZTBEEEHCT=7 PV IicH T 2REHEZ IR L& 25, FEHRIEY 4
VA HEE AR OBIR L IR L C =7 F D ic L CEvREEE R Lz, R b
— 7 S OPESH A INFALIC B T 2 B S AR 2T L 728 25, #RETO ¥ A
VAD NA A b — 75T 3-4 2PTICHEEA ML CTH Y. 2D NA ZFD
7 A V2 DRIMBKGERERED E\c—77, FEERIBY A V23T I 7 BREY A v
A & RIS AR IMBRERERE AMK D> o 720 AL X D NA X b — 7SI OB B
Z7 2 BERR EFIRRIC NA DIEREZIK T 24, VAL RD=T F VITH$ 3
RIRME AR X ¢ 2 2 L 2L T LT,

AVINIVHF ATANVAD NA XY A NRRT LTy T g%z b3 2 1
REZ Fro 23, MR <o K FERE PRI S 221 o Tk v, AfEE =5
Tl NA OMIIEHN CORRER TR 2720, A VI NVT Vv HF A T ANVRITERGEL
7= KRB S pRLAliE (MDCK #ifi) oK O RE#EhEZ L 7 F v ic X Y kT
L7ze ZDFER, 7 A4 v 2ITEGE L 72 MDCK AlIAE 13 ERSAIAE & bl L <
KUGICAH T 7 b =A% al-2 7 23— A% RO L Tz, al2 73— X
BRI TV ERNICREL., Y TABRERERELEN T2 L0206, v A4
VAR GSHIIN T NA 3> T VB2 T 2 e D C L BRI Lz, X
7o VAN AEGANE F OREH ORI 2 B L2 & 2 AL BB S IR
B, Wi 7 Vb e al-2 7 2 — 2 D§E% 2 E D, BREMEATOY A v 2 X v
NI ORI EREFNIC L7, SN OBIEMER L V. NA 2R T TEACHT
DOREGAEN T CICEREEZ B L TB Y., By 7 ) bic X 0 o 7 VBRI
RN T 2 al2 7 2 — AEBERICHEEEHiOBRE 52 TWwb el
7zo F 72 NA OHIIEN CTOMREILEEMIE, O HIFET 2V A V2D T nll
EOMBEMERZRO L. vALMZBHEREL TS EHE2 615, I HIC,
NA O NFERE IX MRS O BEREIC N 2 <. B R T O > 7 v B % 5 5

Lo AVINZVHFATANZROEBEDOHEICHFG LWL EEZLND,
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LAk, AFEIC X VAL I o 2 RFIZ. A VY IAZVHF A VA NVADE
B LRI EFRIERE OMIHICEM T 2 & £ DI, PV AL RIEDFAFRICH L T
Wiz HlRZ RS 20D TH 5, AWIEBRGA v IV HF A 7 A VR
QUEDHES X HIENCE T 2 2 L3 WifF T s,
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