Chapter 38

Molecular Basis of a Pandemic of Avian-Type
Influenza Virus

Nongluk Sriwilaijaroen and Yasuo Suzuki

Abstract

Despite heroic efforts to prevent the emergence of an influenza pandemic, avian influenza A virus has
prevailed by crossing the species barriers to infect humans worldwide, occasionally with morbidity and
mortality at unprecedented levels, and the virus later usually continues circulation in humans as a seasonal
influenza virus, resulting in health-social-economic problems each year. Here, we review current knowl-
edge of influenza viruses, their life cycle, interspecies transmission, and past pandemics and discuss the
molecular basis of pandemic acquisition, notably of hemagglutinin (lectin) acting as a key contributor to
change in host specificity in viral infection.

Key words Influenza, Replication, Transmission, Host range, Pandemic, Hemagglutinin,
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1 Introduction

An influenza pandemic is grim as it is unpredictable, rapidly spreads
throughout the world, and is mostly associated with severe clinical
disease and death in humans, leading to the serious socioeconomic
problems. Influenza is an infectious respiratory illness epidemically
caused by human influenza A, B, and C viruses (classified on the
basis of serologic responses to matrix proteins and nucleoproteins),
which are single-stranded, negative-sense RNA viruses of the fam-
ily Orthomyxoviridae [1]. Type A viruses have the greatest genetic
diversity, harboring numerous antigenically distinct subtypes of the
two main viral surface glycoproteins; so far, 18 hemagglutinin
(HA) and 11 neuraminidase (NA) subtypes have been identified.
All possible combined 16x9 subtypes, except for H17-18 and
NI10-11 subtypes, which are detected only in bats (mammals) and
exhibit functions completely different from those of the other sub-
types [2—4], are maintained in waterfowls, mainly in wild ducks.
These avian viruses are occasionally transmitted to other species
that are immunologically naive, in which they may only cause
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outbreaks or may acquire mutations so as to be efficiently transmitted
between new hosts, and they can lead to a pandemic in human
populations. An influenza pandemic has continued to circulate as
an epidemic with an antigenic variant each year, and two human
influenza A subtypes, H3N2 Hong Kong/68 and HIN1 2009
variants, have been seasonally found among humans.

The unexpectedly rapid emergence of A/HIN1 2009 swine pan-
demic recently, ongoing outbreaks of avian influenza viruses in
humans, circulating avian/human/swine influenza viruses in pigs,
and the emergence of influenza A viruses that are resistant to currently
available anti-influenza virus drugs have raised a great concern that a
pandemic could spread rapidly without time to prepare a public health
response to stop the illness spread and could threaten human health
and life throughout the world, becoming a major impediment to
socioeconomic development. We have collected available information
in the influenza A virus field, especially factors playing important roles
in determining viral transmission, in order to know how best to per-
form surveillance, prevent, slow, or limit a future pandemic.

2

Influenza A Virus Infection and Replication

Influenza A virus contains eight (=) ssRNA genomic segments that
encode at least ten proteins; nine are structural proteins and 14
depending on the virus strain and host species are nonstructural pro-
teins (see Fig. 1; also see Table 1). Once inside the host, the virus is able
to escape the host’s innate immune responses in two ways: mainly by
viral nonstructural protein 1 (NS1) attacking multiple steps of the
type I IFN system, resulting in evasion of type I IFN responses [20],
and by viral NA removing decoy receptors on mucins (se¢ Figs. 2 and
3), cilia, and cellular glycocalyx and preventing self-aggregation of
virus particles [22]. Also, the virus is capable of evasion of adaptive
immune responses: evasion of the preexisting humoral or neutralizing
antibodies and seasonal vaccines by antigenic variation in HA and NA
antigens [23], and evasion of cellular immune response by amino acid
substitutions in cytotoxic T-lymphocyte (CTL) epitopes of viral pro-
teins, resulting in a decrease in CTL response [24]. Furthermore,
although the precise functions of PB1-F2 remain unclear and are virus
strain-specific and host-specific, it has been thought that PB1-F2 plays
roles in both innate and adaptive immune responses in order to sup-
port influenza virus infection [25].

The replication cycle of an influenza A virus (see Fig. 2) starts
from attachment of viral HAs to sialic acid (Sia, 5-amino-3,5-
dideoxy-D-glycero-p-galacto-2-nonulosonic acid or neuraminic
acid (Neu)) receptors on the host cell surface (see Subheading 5.3).
This attachment mediates internalization of the virus into the cell
by receptor-mediated endocytosis. While an early endosome
gradually matures, the acidity in the endosome gradually increases.
The low pH activates the integral membrane protein M2 of influ-
enza virus, which is a pH-gated proton channel in the viral lipid
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Fig. 1 Influenza A virus structure. Influenza A virus particles are roughly spherical in
shape with sizes ranging from 80 to 120 nm in diameter, and each particle is envel-
oped by a lipid bilayer derived from the host cell membrane. Inside the envelope,
each of eight (—) ssRNA genomic segments are wrapped with multiple nucleopro-
teins (NPs) and bound to RNA polymerases (PB1, PB2, PA) forming the vRNPs.
The inner layer of the lipid envelope is attached to M1 molecules bound to vRNPs
and to NS2. The outer layer of the lipid envelope is spiked with HA, NA, and M2
molecules with a ratio of about 5/2/1. See color figure in the online version

envelope, conducting protons into the virion interior. Acidification
of the virus interior causes weakening of electrostatic interaction,
leading to dissociation of M1 proteins from the viral RNP com-
plexes (unpacking of the viral genome). The low pH in late endo-
somes also triggers a conformational change in HAs, resulting in
exposure of their fusion peptides that immediately bind hydropho-
bically to the endosomal membrane (fusion), followed by release
of VRNDPs into the cytoplasm. During the course of the endocytic
pathway, sialidase of NAs has been shown to be active [26], possi-
bly in order to promote HA-mediated fusion [27]; however,
further studies are needed to determine the exact mechanisms of
this NA function. It should be noted that HA fusion will not occur
if the HA protein (HAO) is not cleaved to form HAI and HA2 by
a membrane-bound host protease either before or during the
release of progeny virions or with incoming viruses prior to endo-
cytosis at the cell surface (see Subheading 5.2).



usnuy ‘g
A1qndadsns TYN U 9Se2109p [IIM PIIRIDOSSE
218 6N/ TN U T6TH PUt TN/ IN U SF6TN TN/ IN Ul A6TTH 2dfqns N ur uoneinw x4/gH —
J8uer 3soy pue ‘uvorssruusuen) ‘sisoudfoyed
ur sojo1 Aefd Aewr (SuLoquNU ZN) 06-9€ SINPIST UIIMIQ SYN JO SYISUD[ Y[eIs 912 UT SUOLBLIEA —
[192 3s0y

U1 woy Surppnq pue our ANUD [ellA $9JeIN[De) pue uonegoi38e sniia syudadxd Jed A1Ande JSepIfeIs | 00T ($S¥%) osepruruureInaN (e1%1) 9
[8] sisoadode jo uononpuy ‘¢
[£] SuiSeyoed pue uoneosrdos /uondunsuen [era ‘Qwousg [e1ia Jo FupPLFen Je[n[adenu] ‘¢
(Suneo> YNy [e1a) urtoxd prsdesospnN 1 000°T (86%) urordoapnN (§95°1) §
uorsng '
wsidomn anssn pue d8Uer IS0 JO JULUTWINIIP Jofew 7 —
Surpuiq dgeyur] pue pIde JIeIS ¢
(3soy pue snaa uo Juapuadop) JueuTULINSp duaSoried v —
ULI0J 9ATIDR-UOISTY B 9q 01 PIARI A[[edNA[0I01] ‘T
uagnue 10fe " 00S (996) urunn[3gews (8441 %
SIPNOIINU ¢ -(T YNYUW ISOY $IALI[ 1Lt} AIANde sseapnuopuy | 09-0¢ (91£) va (et ¢
UORIPpE pROAPNN T 09-0€ (eL)1aa  (9¢0)C
[9] d-uoxsyrozur jJo uorssardxs Jo woniqIyuy ‘¢
11odunt redpnN ‘¢
[ 5] 3ueuTULIaISP d8URI IS0 Y —
(wstueydaw Surydieus-ded) uondudsuen YW
Tea1a 10§ s1owid se asn 0§ VI Aq PaAed]d A[[ednA[odpnuopud ‘SYARYW Isoy jo sdeos Jo uonrugooay ‘1 09-0¢ (6S2) Tdd (%0 1
uonedr[dar YN [elia pue uonduosuen YNJW [eIIA xa1dwod aseIowA[o
SU22704q JUANIINALS
uonoung uouiA Jad «(SPI9 oulwe Jo "ou) (sapnoajonu
CETBE] ] 19npoud suay JO "ou)
juawbas YNY

suoiauny 118y} pue Juswhas YNy [edin yoea £q papooua suiajosd SNIA ¥ ezuanjjul
I 9jqeL



[61] 350y asnows e UM snaa uewny e jo uoneidepe oY1 SuLnp punoj Ajeaudwiiodxd sem SN
SNIIA Y BZUINJUI JO UTens pue Isoy 91 uo Jurpuadop Area Aewr Spide outwre Jo 181 pue SOPHOIINU JO IqUINU YT,

[61] umowyupn

[8T ‘1] (Sureusis onoidode-nue <« Sureudis onoidode-oid “1d 'y ¢1 1013y) (924

uoned1dar a1 9391dwos 01 19p1o ur uedsdyif 150y Jo jonuod) uwioid onoidode-oid pue onoidode-nuy -

[£1] 2ousnuaia ur saseardur uoneInw §zHJ —

sasuodsax sunuwt aandepe pue ajeuur IS0y JO UODIQIUT

uorssaxdxos 1ot 10§ own aerrdordde a3 mMuUn SYNRYW [eI1A JO 110dX9 JeIONU Y2 JO WONIqIYU]

[91] Sumnrds fema 10y smyeredde Sumids 1501 Jo asn 10§ OS[e ST SYNRYW Je[n[[d jo Sunids jJo uoniqryuy
Sumydieus-ded o1oword 01 SYNRYW TeM]ad Jo 110dXd Ied[dNU Y1 JO WONIqIYU]

¥
g
K4
T

(891-9C1 spwe ourwe
TSN JO UOHIIIP ©) &SN

[s1] (sproe
ourwe /£7-0€T JO

— 1a8u9] doyads urens) TSN

padrds
(068) 8

[¥1] uonesrdor snia 01 [EIUSWILIIP e SOFURYD [9A9] UOIssAIAXD 11911 Inq ‘uonedsrjdar snaa 10§ [enudssouou d1e suralold yrog 920N

uondUNy Iedpun e IIm xo[dwod aserowAjod [eria o3 (PIM s1ovINU]

[£1] 2oUd[NIIA SISBIIOUT UONEINW SQON —

SISOUIUAS UoIoyIaIUI T 9d£3 Jo uononpur Jo uoniqIyuy *
[21] ua01d onordode-oig -

SN [e31A JO 110dXd Ied[dnu 9y Ul PIAJOAUT ST Jey urazoad 110dxo redpnN

Aiqndaosns SuelURWIEPE $ISEIIDIP UONBINW N TES —
surajo1d sueIquuaw eIl [elia Jo 11odsuen Suump 18[or) a1 Jo
1BU) pUE UOMEIOSSIP IN/ TN Summofre Anus [eia SuLmp uoLa 9y3 jo [d s1empouwr 01 [puueyd uoy

[11] Sutppnq pue Ajquiasse snIIA 10§ parmbay] -
A1anoe aserowijod TIA SIIQTUUT ‘s A 01 Surpuiq -
[oT1] Aamar [od YN [e1A SNQIUuT T SINI Iputrg

(snopnu oy woay 310dxd Iy
Sunowoid ST\ eI PI[QUIdSSE A[MIU M PIIBIDOSSE PUE SNI[ONU 3507 03uT 310dwr It Sutmore
SINA Surwodur woj pajenossip) [ ¢ 3rodsuen STNRY [eIIA JO UOMIAIIP S[ONTOD Je) ulold Xmmepw

‘T 00C-0¢T

T 09-0¢C

T 000°¢

(Teuruiay-N ut

SINPISAIT (F JO 3I¢[) OFN
(surens snaia

uo Surpuadop sproe
ourwe ()6 01 dn) ¢4-14d

SU13104G JUANIINLISUON

(121) (TSN)
u1a301d TeInIdNISUON

(£6) TIN ur101d XIRN

(zs2) TN uroad ximepy

Suruueds

AYeay
[ewosoqry
(130 T

pad1dg
(068) 8

padrds

(£20°1) £



452 Nongluk Sriwilaijaroen and Yasuo Suzuki

Glycoproteins

Fuc/SO; modifications can be found at positions
2/3 from the non-reducing terminal Sia.

Asn (N)-glycans
Sia-(Gal-GlcNAc),---GlcNAc

Fuc modification is frequently found at reducing
terminal GIcNAc.

Ser/Thr (O)-glycans
Sia-(Gal-GlcNAc),---GalNAc
O-Man*

O-linked mucin type (O-GalNAc)
Cores 1-8

(some: membrane-bound, most: secreted)

Glycolipids
Sia-Gal

Sia-Gal-Glc
Ganglio-series (-Galp1-3GalNAc-) i Lrmprrys,
Sia-Gal-GalNAc- ) 6

. . CRNA (+)
Sia-penultimate Gal-**  Replication

Sia-internal Gal-*** : vRN:‘() :\
Lacto-series : Transcript!

licatio?
Type-l (-GalB1-3GIcNAc-) Rep
Neolacto-series
Type-ll (-GalB1-4GlcNAc-)
*No report of influenza A virus binding
**Binds to influenza A virus
***Does not bind to influenza A virus
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Fig. 2 Replication cycle of influenza A virus. The viral HAs can bind to sialylglycoconjugated proteins or lipids
(with cartoon representations in the left panel, symbol and text nomenclature used according to the
Nomenclature Committee of the Consortium for Functional Glycomics) including mucin (an 0-GalNAc glycopro-
tein with Siaai2-3Gal linkage consisting of mucus shielding the epithelial surface for cellular protection from
both physical and chemical damage and pathogen infection). The virus particles adsorbed to mucins can be
released by viral NAs that preferentially cleave sialic acid moieties with preference to Sian2-3Gal linkage over
Sian2-6Gal linkage [21]. Right panel: Schematic of replication cycle of influenza A virus, which can be divided
into six distinct parts: (1) attachment, (2) receptor-mediated endocytosis, (3) fusion, (4) transcription and rep-
lication, (5) translation (protein synthesis), and (6) assembly, budding, and release. See the text for details.
See color figure in the online version

The vRNPs in the cytoplasm are immediately imported into the
nucleus most probably by nuclear localization signals in proteins
composed of vVRNPs, and the viral RNA polymerase transcribes
the (-) vVRNAs primed with 5’-capped RNA fragments, which are
derived from cellular mRNAs by a cap-snatching mechanism, to
viral mRNAs and replicates the unprimed (-) vVRNAs to comple-
mentary RNAs, (+) cRNAs, used as templates to generate (-)
VRNAs (transcription and replication). The viral mRNAs are sub-
sequently exported to the cytoplasm for translation into viral pro-
teins by the cellular protein-synthesizing machinery. Viral proteins
needed for viral replication and transcription are transported back
to the nucleus. The newly synthesized vRNPs are exported from
the nucleus to the plasma membrane, mediated by M1 and NS2
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(NEP). Viral HA, M2, and NA proteins are synthesized and glyco-
sylated in the rough endoplasmic reticulum (RER) and the Golgi
apparatus and are transported to the cell surface via the trans-Golgi
network (TGN). Within the acidic TGN, M2 transports H* ions
out of the TGN lumen to equilibrate pH between the TGN and
the host cytoplasm in order to maintain an HA metastable configu-
ration [28]. At the site of budding, HA and NA cluster in lipid rafts
enriched in sphingomyelin and cholesterol to provide a sufficient
concentration of HA and NA in the budding virus [29, 30].
Cytoplasmic tails of HA and NA proteins bind to M1 proteins,
which interact with nucleoproteins of vRNPs. M1 proteins also
attach to M2 proteins to form viral particles (assembly). M2 proteins
mediate alteration of membrane curvature at the neck of the
budding virus, leading to membrane scission. Viral HAs retain the
new virions on the cell surface due to binding to cellular sialylgly-
coconjugates, and thus sialidase activity of viral NAs is required to
destroy these bonds, resulting in release and spread of virions
(release). The viral HAs attach to other host cells and begin the
process anew. The entire influenza A virus replication process
(from viral attachment to progeny viruses burst from the infected
cell) generally takes about 5-12 h, resulting in the production of as
many as 100,000-1,000,000 progeny viruses; only about 1 % of
progeny viruses can infect other cells [31].

3

Influenza A Virus Transmission

Wild waterfowls are the main reservoir of HI-H16 and N1-N9
influenza A viruses [ 32] (see Fig. 4). Influenza A viruses replicate in
the gut of wild waterfowls, which are usually asymptomatic.
Infected wild waterfowls excrete viruses in feces and spread viruses
mainly via virus-contaminated water and fomites (fecal-contami-
nated—-water—oral route). Influenza A viruses have been thought to
able to survive in water for several days [33] and thus migratory
wild waterfowls can spread the virus around the world, normally in
a north—south direction. Some H5 and H7 subtypes crossing to
poultry have acquired mutations converting them into highly
pathogenic avian influenza (HPAI) viruses. Low pathogenic avian
influenza (LPAI) viruses replicate mainly in respiratory and intesti-
nal organs of poultry and cause epidemics of mild disease, whereas
HPAI viruses replicate systemically and cause fatal influenza. Avian
influenza viruses may be directly transmitted from infected birds or
virus-contaminated environments or indirectly transmitted
through mixing with another virus(es) in an intermediate host,
such as pigs, to mammals. Influenza viruses typically replicate in
the respiratory system of mammals, including humans, pigs, and
horses, usually entering through the eyes, nose, mouth, throat,
bronchi, and lungs, and are transmitted through the air by coughs
or sneezes or through secretions or fomites.



Influenza Pandemics and Hemagglutinin 455

Nélé?ég/NeuSGc Horse Neu5Ac/Neu5Ge S
Upper & lower trachea i
Mainly Neu5Gca2-3 5@7 § wine
17N10. H18N11 \Equlnye viruses: H7N7, H3NG lliated cells (mlnor}. Siaci2-3
. JTLET L, FHAB Goblet cells (major): Siac.2-6
HA: no Sia binding aCFIVIty H3N2, H1N1 NeuSAco2-6:NeudAca2-3 = 3:1 (lower), 5: (upper)
NA: no sialidase activity (seropositive) b L =2 Neu5Gca2-6:Neu5Gca2,3 = 2:1 (lower), 3:1 (upper)
ﬁ’—t- Neu5Ac:Neu5Gc = 6:1 (Iower) 71 (upper)
‘ A 399C Bronchiole & bronchiole-alveoli*
' v d i Bronchial epithelial border: Siaci2-6
- Neu5écu2—6:Neu5%ca2-3 = 13:1((Iun%)
&= Neu5Gca2-6:Neu5Gco2-3 = 6:1 (lung
HPAIHSNT _/ ‘]‘ Pl Comnea Neu5Ac:Neu5Ge = 10:1 (lung)
A=Y b . o Confurtiiva Swine viruses: HIN1, HIN2, H3N2, H2N3, H3N1
= X H1-H13, N1-9 ] / Lacrimal duct Human viruses: HIN1, H3N2
i 2 Avian viruses: HIN7, H2N3 H3N1, H3N3, H3N8, H4NB,
H1N1, H3N3, HPAI: H5N1, H5N5 H4N8, HPAI H5N1, FI5N2, HENG, H7N2, HON2
H3N8, H4N5, 40°C fory ract”
Upper respiratory tracf
LY /@\ Nasal cavity : Neussﬁgu%ca” Humans
- 1 . Pharynx—— : C_Y_
- | ' / ry! ornea, conjunctiva, and lacrimal duct
g U\‘_“ o' Larynx———— 330c  Upper respiratory tract” + trachea & bronchi
& (, = Lower respirato "aC‘ A g7o¢ - Noncifiated cells (major): Neu5Aca26
40°C™ Trachea 2 'g Ciliated cells (minor): NeusAcai2-
& groncpl I ek ower respiratory tract (bronch\ole&alveoll
ronchiole :i - h 5AC 537 56
HPAI HSN1 L IEETLIEE Aveali - L Iéluman Jiruses:HEN2 now extinet HINT, HoN2
feehe o Yy wine viruses:
fET e AL R Avian viruses: HPAI H5N1, LPAIRHPAI H7N7,
- buodenim  Wild waterfowl HON2, H7N2, LPAIGHPAI H7N3, H5N2
5 NeuSAco2-3 [ (seroposmve), H10N7, HZN9, H6N1, H10N8
Jejunum, cecum and colon Trachea: —45)
NeuSAc/Neu5Gea2-3 N
Avian viruses: H1-H16, N1-N9 SmallDuodeny W) Joushe Poultry
HINT, HIN2, Hang, (144 possible subtypes) Lo doum ! NewbAco2-9o26
f 1 2 arge:Cecum " ntestine*
HPAI H5N1, H10N4 ¢ Colon=" =% Duodenum & colon
Neu5Aca2-3/0.2-6
HPAI: H5N1 Note: Proportion of .2-3/c2-6 remains controversial.
LPAI: HIN2, H7N1, H7N2, H7N3, H7N6 HPAI: H5N1, H7N7, H5N2, H7N3, H7N1
LPAI: H1-H7, H9-H11, N1-N9
e 5 S H8 was isolated from turkeys but not other poultry.
H1N3, H13N2, H13N9 \| Ay Iy 'We
e s Vb
s DireCt transmission
hd wh 3 s Isolation
HINL Hanz, Hang, | @ *  Primary site of replication
H5N2, HPAI H5N1 H3N2, HPAI H5N1

Fig. 4 Host range of influenza A viruses. Wild waterfowls are the natural hosts of influenza A viruses of H1-H16 and
N1-N9 subtypes. Influenza A viruses from one host are sometimes transmitted to and continue circulating in other
host species if they can change and adapt to the new hosts, and once adapted to the new host, they usually lose the
capacity to circulate in the previous host. Influenza viruses from wild waterfowl are often transmitted to and from the
domestic ducks using the same aquatic areas, and infected domestic ducks spread the viruses to others, including
poultry, pigs, and farmers, in a local area. Influenza A viruses have been isolated from various animals as shown in
the figure, indicating their capacity to cross the species barrier. Cell surface receptors with Neu5Ac/Neu5Gea2-6/
or2-3 specifically recognized by viral HAs, which initiate viral infection, being a major determinant restricting the host
range of influenza A viruses are shown. See color figure in the online version

4 Emergence of Influenza Pandemics

Having (1) numerous wild waterfowl species as natural reservoirs, (2)
various animal hosts, (3) RNA polymerase without proofreading, and
(4) segmented genome (3 and 4 causing a high mutation rate), influ-
enza A viruses have been difficult to control and /or eradicate. Efforts
for prevention of the next pandemic, either by minimization of cross-
infection between species or rapid identification of novel strains, con-
stitute an essential and primary step for preventing influenza infection
in human beings. Interspecies transmission of influenza A viruses
between animal hosts including pigs, horses, and birds, as well as
humans, has occasionally been detected, but successful propagation
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Table 2

Pandemic phases by WHO in 2009 [34]

Phase Description

1 No human infection by a circulating animal influenza virus

2 Human infection by a circulating animal influenza virus

3 Sporadic cases or small clusters of disease in humans by an animal or human-animal

influenza reassortant virus without sufficient human-to-human transmission

4 Human-to-human transmission of a new virus able to sustain community-level
outbreaks

Pandemic period

5 Sustained community-level outbreaks in two or more countries in one WHO region

6 Sustained community-level outbreaks in at least one other country in another
WHO region

Post-peak Levels of pandemic influenza below peak levels

Possible new wave Levels of pandemic influenza rising again

Seasonal period

Post-pandemic Levels of influenza activity as seen for seasonal influenza

4.1 Past Pandemics

4.1.1 H1N1 Spanish
Influenza Pandemic
(1918-1919): The Greatest
Parental Influenza

and transmission in their new host have been restricted. In the past 95
years, only four influenza A virus strains led to sustained outbreaks in
human populations and started pandemics (see Table 2; also see Fig. 5).

The Spanish influenza pandemic resulted from an avian-descended
HINTI virus. It killed at least 40 million people globally in 1918-
1919, with almost 50 % of the deaths occurring in healthy young
adults of 20—40 years of age, although its clinical symptoms and
pathological manifestations were mainly in the respiratory tract
[45]. This could be due to a too-strong and damaging response to
the infection by healthy immune systems [46]; it is by far the most
devastating influenza pandemic. The pandemic apparently origi-
nated during World War I in the USA at the beginning of 1918
before it appeared in France and then in Spain at the end of 1918
and thus being named Spanish influenza. Despite extensive

>

>

Fig. 5 (continued) between human-avian-swine viruses (2009 pandemic), (2) recurrence of a previous pan-
demic virus in new group of populations from a frozen refrigerator (an HIN1 Russian flu in 1977), (3) seasonal
viral evolution by intrasubtypic reassortment: for example, A/Fujian/411/2002 (H3N2) having a major antigenic
variant due to reassortment between two distinct clades of co-circulating H3N2 viruses [35] (not shown in this
chart), and (4) seasonal viral evolution by adaptation associated with point mutations. The left panel shows the
timeline of direct transmission of the first reported avian influenza A virus subtypes (H7N7 1996 [36], HPAI
H5N1 1997 [37, 38], HON2 1999 [36], H7N2 2002 (only serologic evidence)—2003 [36], HPAI H7N7 2003 [39],
LPAI and HPAI H7N3 2004 [36, 40], H1ON7 2010 [41], and H7N9 [42], HEN1 [43], and H10N8 [44] 2013) from
avians to humans. Human infections with some of these avian influenza virus subtypes, especially HPAI H5N1,
LPAI HIN2, and LPAI H7N9, have occasionally continued to be reported until now (January 2014) [36, 44].
See color figure in the online version
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Fig. 5 A family tree of human influenza A viruses. Based on influenza history, the 1918 H1N1 virus provides
descendants of influenza A viruses that have continued to circulate in human populations by (1) generation
of a novel pandemic virus by reassortment between human-avian viruses (1957 and 1968 pandemics) or
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4.1.2 H2N2 Asian
Influenza Pandemic
(1957-1958)

4.1.3 H3NZ2 Hong Kong
Influenza Pandemic
(1968-1969)

investigations but a lack of available pre-1918 influenza samples,
the emergence pathway of the Spanish pandemic strain either by
direct avian viral mutations alone or by reassortment with another
virus(es) in an intermediate host is still a mystery.

The pandemic virus induced humans to develop immunity that
provides selective pressure and drives the virus to evolve their antige-
nicity. The resulting 1918-derived H1N1 virus, which had antigenic
change annually, caused an epidemic with lower death rates and trig-
gered human immunity to the virus over time. Somehow the
1918-derived HINI1 virus underwent dramatic genetic change with
acquisition of three novel gene segments, avian-like H2, N2, and
PBI1 gene segments, resulting in emergence of the H2N2 pandemic
in 1957 and disappearance of the 1918-derived HIN1 virus from
circulation. However, the 1918-derived HINI1 virus from the pre-
1957 period reappeared in 1977, its reemergence believed to be
from a laboratory in Russia or Northern China, and caused a (low-
grade) pandemic mostly affecting young people less than 20 years of
age due to immunological memory to the virus in most elderly peo-
ple. After that, HIN1 Russian/77 variant became epidemic yearly
until the 2009 HIN1 pandemic emerged, and the virus disappeared
from humans. The disappearance of the preexisting HIN1 seasonal
virus was suggested to be due in part to stalk-specific antibodies
boosted from infection with the 2009 HIN1 pandemic virus [47].

In early 1956, an influenza outbreak of a new H2N2 strain occurred
in China and spread worldwide, resulting in a pandemic in 1957.
It has been believed that the pandemic H2N2 virus evolved via
reassortant between avian H2N2 strain and the preexisting circu-
lating human 1918 HINI strain; it consisted of three gene seg-
ments coding HA (H2), NA (N2), and PB1 derived from an avian
virus, with the other five gene segments derived from a previously
circulating human virus. New HA and NA surface antigens to
human immunity for protection resulted in the Asian influenza
pandemic virus infecting an estimated 1-3 million people world-
wide with approximately two million deaths. The virus became sea-
sonally endemic and sporadic and it disappeared from the human
population after the next pandemic appeared in 1968 [48].

In July 1968, a new influenza A virus was detected in Hong Kong.
It was identified as H3N2, which was believed to be a result of
reassortment between avian and human influenza A viruses: the
HA and PBI1 gene segments were derived from avian influenza
virus and the other six gene segments, including the NA N2 gene
segment, were derived from the 1957 H2N2 virus. The virus killed
up to one million humans varying widely depending on the source,
less deaths than those in previous pandemics. The relatively small
number of death is thought to be due to exposure of people to the
1957 virus, who apparently retained anti-N2 antibodies, which did
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not prevent 1968 infection but limited virus replication and
reduced the duration and severity of illness. Although the next
pandemic occurred in 2009, the virus is still in circulation globally
(as of 2013) as a seasonal influenza strain.

In April 2009, a widespread outbreak of a new strain of influenza
A/HINI subtype referred to as swine flu was reported in Mexico.
By June 2009, the virus had spread worldwide, starting the first
influenza pandemic of the twenty-first century. In August 2010,
the influenza activity returned to a normal level as seen for seasonal
influenza; at least 18,000 laboratory-confirmed deaths from the
pandemic 2009 were reported, but infection with the virus resulted
in mild disease with no requirement of hospitalization [49]. To
date, the influenza A viruses identified among people are 1968
H3N2 and 2009 HINTI viruses.

Genetic composition of the pandemic 2009 viruses isolated from
initial cases indicated that the viruses are composed of PB2 and PA gene
segments of North American avian virus origin, PB1 segment of human
H3N2 virus origin, HA (H1), NP and NS segments of classical swine
virus origin (their genes having been found to circulate in pigs since
1997 /1998 known as avian/human/swine triple reassortant HIN2
swine viruses), and NA (N1) and M segments of Eurasian avian-like
swine HIN1 virus origin (which emerged in European pigs in 1979);
hence, their original description was “quadruple” reassortants (see
Fig. 5). Similarity between the HA sequence patterns of the 1918 pan-
demic and 2009 pandemic viruses and their cross-antibody neutraliza-
tion [50-53] suggested that H1 HA of the 2009 pandemic virus may
have originated from or derived from the same origin of the 1918 pan-
demic virus; probably, the 1918-like pandemic HINI1 virus was trans-
mitted and established in domestic pigs between 1918 and 1920
referred to as the classical swine lineage that circulated continuously in
pigs in the USA. Domestic pigs having a short lifespan (4- to 6-month-
old pigs are killed for their flesh, and female breeding pigs (sows) remain
in the farm until the age of 4-5 years and then taken to be slaughtered
for sausages and bacon) are a frozen-like source for the influenza virus
due to a lack of selection pressure in pigs. Consequently, the HA
sequence of the 2009 swine origin derived from the classical swine lin-
eage is not much different from its origin.

The past pandemics and ongoing direct transmission of avian influ-
enza A viruses into humans suggest two plausible mechanisms that
would permit influenza A viruses to overcome selective pressure
and subsequently become established in human populations
(see Fig. 5; also see Subheading 5.3.3). As shown in Fig. 6, one
mechanism is an adaptation mechanism, in which a nonhuman
virus acquires a mutation(s) (a mutation(s) in the HA gene to rec-
ognize the Neu5Aca2-6Gal receptor considered to be an essential
prerequisite for the beginning of a pandemic) during adaptation to
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Fig. 6 Proposed mechanisms of emergence of an influenza pandemic. The /eff panel is an adaptation mechanism
and the right panel is a reassortment mechanism. See text for details. See color figure in the online version

an intermediate host leading to sufficient human-to-human trans-
mission. The other mechanism is a reassortment mechanism, in
which a nonhuman virus reassorts with a nonhuman virus(es)
and/or a human virus(es) in an intermediate host producing 23
possible reassortants (if two viruses are reassorted), by which the
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reassortant with ability leading to sufficient human-to-human
transmission becomes dominant in the intermediate host. Then
the adapted/reassorted virus can cause influenza outbreaks in
immunologically naive humans, allowing it to adapt (fine tune) for
efficient and sustained human-to-human transmission and finally
causing a global outbreak (pandemic). The first recorded HIN1
pandemic in 1918 is of an unknown origin, the H2N2 pandemic
in 1957 and the H3N2 pandemic in 1968 arose from genetic reas-
sortment between avian virus and human virus with an unknown
intermediate host, and the latest HIN1 pandemic in 2009 arose
from genetic reassortment among avian virus, swine virus, and
human virus with another swine virus in pigs as intermediate hosts.
It is not known when and how a future pandemic will emerge, by
an adaptation or reassortment mechanism, and it is also impossible
to predict which virus subtype will be the next pandemic. In the
post-pandemic period, most people develop immunity to the pan-
demic strain and thus the pandemic virus can continue to cause
seasonal outbreaks (epidemics) if it can change its surface antigens
(antigenic variation) to evade host immunity.

5 Hemagglutinin

5.1 HA1 Is a Major
Target of Neutralizing
Antibodies

HA was so named due to its ability to agglutinate red blood cells via
binding to Sia on red blood cells. Phylogenetically, 18 HA subtypes
are classified into group 1 and group 2 (see Fig. 7a). Notable difter-
ences in structure between the two groups of HAs are in the region
involved in HA conformational change required for membrane
fusion; group 1 HAs contain an additional turn of the helix at resi-
dues 56-58, blocking accessibility of terz-butyl hydroquinone,
which is accessible to group 2 [54]. HA is encoded by the fourth
segment of the influenza A viral genome and is assembled as a homo-
trimeric precursor (HAOQ) (see Fig. 7b). HA is a major target of neu-
tralizing antibodies, plays a pivotal role in avian influenza virus
pathogenicity, and is a major determinant of host range restriction.
It is a lectin that contains one or more carbohydrate recognition
domains that determine host specificity [55] and plays a crucial role
in fusion of the viral envelope and cellular endosomal membrane for
release of the viral genome into host cells (see Fig. 7c—f).

Change in HA antigen is responsible for epidemics and pandemics.
Change in HA antigen either by accumulation of mutations in
HALI of five proposed antigenic sites (based on amino acid sequence
comparison among viruses isolated from different years or among
variants grown in the presence of mouse monoclonal antibodies) as
shown in Fig. 7¢ [56-59] or by intrasubtypic reassortment between
distinct clades of co-circulating influenza A viruses [ 35 ] is responsible
for evasion of recognition by the host antibodies and thus
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Fig. 7 HA structure and its functions. (a) 18 HA subtypes are phylogenetically classified into six clades segre-
gated into two groups as indicated in the chart. (b) HA forms a homo-trimeric precursor (HAO) by which each
monomer consists of HA1 and HA2 (PDB: 1rd8) and the C-terminus of HA2 anchors each monomer in the viral
membrane. It provides four events important for the entry of influenza virus into the host cell. (c) Antigenicity.
HA1 is a major viral antigen with five important antigenic sites as indicated. (d) Cleavage. HAO with a single
basic residue is cleaved by extracellular proteases into HA1 (~329 amino acids) and HA2 (~221 amino acids).
HAO with multiple basic amino acids at the cleavage site (residues 324-329) in HPAI viruses is cleaved intra-
cellularly in the trans-Golgi compartment by ubiquitous proteases. Two amino acids in the cleavage sites that
are critical for the recognition by proteases are underlined. (e) Attachment. HA1 carries a receptor binding site
at the membrane-distal tip, which is formed by 190-helix, 130-loop, and 220-loop. Amino acid substitutions in
this binding site and virus-receptor binding assays revealed two amino acid residues critical for determinants
of virus binding preference: at positions 190 and 225 for H1 virus (E190 and G225 HA preferring «2-3 recep-
tors, and D190 and D225 HA favoring a2-6 receptors) and at positions 226 and 228 for H2 and H3 viruses
(Q226 and G228 HA preferring a2-3 receptors, and L190 and S225 HA preferring «2-6 receptors). Left panel:
Crystal structures of HAs of A/California/04/2009 (H1N1) interactions with 3'SLN (PDB: 3ubg) and with 6’SLN
(PDB: 3ubn) and those of A/Anhui/1/2013 (H7N9) interactions with 3'SLN (PDB: 4BSD) and with 6’SLN (PDB:
4BSC). Circular broken lines indicate amino acids that interact with Neu5Ac and are highly conserved among
different H1—-H16 HA subtypes, except position 155 (V/I for increased binding to Neu5Gc). The other broken
lines indicate amino acids involved in interactions with internal sugars of the glycan receptor. (f) Fusion. At
acidic pH, the cleaved HA in HA1 (gray)-S-S-HA2 (green) form is conformationally changed. The N-terminal
HA2 fusion peptide (residues 1-23) buried inside the interior of the HA molecule at neutral pH pops out and is
quickly inserted into the host endosomal membrane, leading to membrane fusion (modeled in right panel). See
color figure in the online version
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€. HA binds specifically to sialic acid-receptors.

At the edges of each HA monomer, a Sia binding site is
formed by 190-helix, 130-loop and 220-loop.

HA Subtype  Avian preference  Human preference
(02-3 (02-6)

H1 190E, 225G 190D, 225D
H2/H3 226Q, 228G 226L, 2285
226L+2285/224K in H5/H7 HAs and Q226L in H9 HA may

J  be critical for transmission in humans (108-111).
H17&H18 HAs do not bind to canonical Sia receptor (3-4).
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5.2 HA Cleavage Is
a Critical Determinant
of Pathogenicity

in Gallinaceous
Poultry

Internal virus

continuous circulation of the virus in host populations. Amino acid
sequencing studies of HAs of avian and animal viruses isolated
from different periods of time have shown that the HAs of avians
and animals that have shorter lifespans have higher conservation of
amino acid sequences than that of human virus isolates, suggesting
that avian/animal viruses are subjected to little immune pressure,
resulting in less antigenic variation than that of human virus strains
[60, 61].

Introduction of a novel HA antigen, resulting from genetic
reassortment during mixed infection, from direct introduction of a
nonhuman influenza virus, or from reintroduction of human influ-
enza viruses that had disappeared from circulation, into immuno-
logically naive human populations is a key factor of an influenza
virus with pandemic potential.

To enable HA conformational changes that lead to membrane
fusion, which is critical for viral infectivity and dissemination, HAO
must be cleaved by a host cell protease into subunits HAI and
HA2; thereby, the host protease is a determinant of tissue tropism
of the virus. Influenza virus HAO usually contains a monobasic
cleavage site (see Fig. 7d), which is recognized by extracellular
trypsin-like proteases, such as tryptase Clara from rat bronchiolar
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epithelial Clara cells [62] and mast cell tryptase from the porcine
lung, found only in a few organs, and thus virus infection is local-
ized in a limited number of organs, such as the respiratory and
intestinal tracts, resulting in mild or asymptomatic symptoms
(including ruffled feathers and decreased egg production); hence,
the causative viruses are called LPAI viruses [63]. Multiplication of
H5 or H7 LPAI viruses in chickens and turkeys generates HPAI
viruses having multiple basic amino acids (see Fig. 7d) at the HA
cleavage site recognized by intracellular ubiquitous subtilisin-like
proteases, such as furin and proprotein convertase 6 (PC6), which
are present in a broad range of organs, allowing the virus to infect
multiple internal organs with a mortality rate as high as 100 %
within 48 h (lethal systemic infection or fowl plaque typically being
characterized by cyanosis of combs and wattles, edema of the head
and face, and nervous disorders [ 64—67]). Sequence analysis of the
HA cleavage site showed that some LPAI H5 and H7 subtypes
contain a purine-rich sequence, and thus a direct duplication
(unique insertion) in this region could lead to lysine (K) and/or
arginine (R)-rich codons (codon AAA or AAG specifying lysine
and codon AGA or AGG specifying arginine); this is a reason why
HPAI viruses have been derived only from subtypes H5 and H7
[68]. Not only the basic cleavage site sequence but also a carbohy-
drate side chain near the cleavage site contributes to determination
of pathogenicity (virulence) if it interferes with the host protease
accessibility.

Since the first report of a HPAI H5NI1 progenitor strain in
1996 from a farmed goose in Guangdong Province, China (A/gs/
Guangdong/1,/96 designated as Clade 0), the world has intermit-
tently experienced HPAI virus outbreaks, both recurrence and new
HPAI virus outbreaks, in domestic birds classified into groups or
clades (20 clades having been recognized at present) and subdi-
vided into subclades and lineages based on their phylogenetic
divergence as the virus continues to evolve rapidly [69, 70].
Although they are generally restricted to domestic poultry on
farms with high mortality rates and substantial economic losses,
HPAI H5NI1 viruses have occasionally been isolated from some
species of wild waterfowls, including wood ducks and laughing
gulls, with varying degrees of severity [71-75]; thus, migration of
susceptible waterfowls could spread HPAI H5N1 viruses over long
distances, leading to difficulties for avian influenza control. The
significant species-related variation in susceptibility to and clinical
disease caused by H5N1 virus infection has been determined not
only in wild birds but also in other animals. For example, pigs can
be infected with HPAI H5N1 viruses, but they have almost no or
very weak disease symptoms or only slight respiratory illness.
Without influenza-like symptoms, the virus may adapt to mamma-
lian hosts in the respiratory tract of this potential intermediate host
[76], which contains gradual increases in Neu5Aca2-6Gal, a
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human receptor, over Neu5Aca2-3Gal, an avian receptor, from
upper and lower parts of the porcine trachea towards the porcine
lung, a primary target organ for swine-adapted virus replication
[77]. Humans can be infected with HPAI H5N1 virus (first report
in 1997) with severe disease and high death rate. The ecological
success of this virus in crossing the species barrier from poultry to
infect diverse species including wild migratory birds and other
mammals including pigs, cats, and dogs with sporadic infections in
humans often with fatal outcomes [78, 79] highlighted the possi-
bility of HPAI H5N1 development to a pandemic strain either by
gradual modification of existing structures or rapid modification by
reassortment with a human epidemic strain. Although the world
has been at phase 3 in WHOQO?’s six phases of pandemic alert since
2006 [80], HPAI H5N1 viruses should not be neglected in efforts
to perform surveillance and health management planning.

In addition to HPAI H5NI1 viruses, other avian influenza
viruses including LPAI H5N1, HPAI and LPAI H7N7, HPAI
H7N3, and LPAI H9N2 viruses have occasionally crossed the spe-
cies barrier to infect other mammals including humans (see Fig. 4)
and have caused generally mild disease (with conjunctivitis or mild
respiratory symptoms) in humans. Recently, LPAI H7N9 virus (a
novel avian—avian reassortant virus: HA from wild-duck H7N3
virus, NA from wild-bird H7N9 virus, PA, PB1, PB2, NP, and M
from chicken HON2 virus, and NS from another chicken HON2
virus) identified in humans in February 2013 in China has killed
45 (due to severe pneumonia) of the 139 laboratory-confirmed
cases (case-fatality ratio of about 32 %) according to WHO data in
November 2013 [42, 81]. This evidence indicated that HPAI
viruses primarily infect poultry and cause severe illness and high
death rates in poultry and that they occasionally infect other non-
poultry species with variation in severity depending on the virus
strain and host. LPAI viruses spread silently in poultry and occa-
sionally spread to other non-poultry species and often cause mild
illness but are capable of causing severe disease, such as disease
caused by LPAI H7NO virus infection in humans. Thus, more
studies are needed to understand differences in pathogeneses of
these viral infections.

Influenza viruses enter the body and search for cells among the
host cells in which they can replicate and grow. Influenza virus
homing is triggered by interactions between viral HA spikes and
sialylglycoconjugates on host cell surface [82], which play roles in
a wide variety of host biological processes, including cell prolifera-
tion, apoptosis, and differentiation [83]. More than 50 types of
sialic acids are found in nature, with N-acetylneuraminic acid
(Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) being the
most prevalent forms. Not only sialic acid type but also glycosidic
linkage type (the most common terminal linkages being a2-3 and
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a2-6 linkages), substructure (such as GalNAc or GlcNAc), and
other modifications (such as fucosylation and sulfation) cause
diversity in sialylglycoconjugates (see Figs. 2, left panel and 3)
[84, 85]. The sialic acid type and the glycosidic linkage type on the
host cell surface are the principal determinants of host range restric-
tion of influenza viruses, although other glycan modifications may
be involved in the virus-receptor binding preference. Therefore,
the distribution of sialylglycoconjugates among animal species and
tissues, a crucial factor for influenza A infection and transmission,
has been extensively investigated either by lectin histochemical anal-
ysis with Maackia amurensis agglutinin (MAA-I specific for Siaa2-
3Galpl-4GlcNAc-, MAA-II for Siaa2-3Galpl-3GalNAc) and
Sambucus nigra agglutinin  (SNA specific for Sian2-6Galpl-
4GlcNAc-) or by structural characterization using sequential glyco-
sidase digestion in combination with HPLC and mass spectrometry.
Figure 4 shows sialic acid-containing receptors in main target
organs in important host species of influenza A viruses.

So far (2013), all H1-H16 and N1-N9 avian influenza viruses
have been reported in 12 bird orders, most having been isolated
from the order Anseriformes, especially in the family Anatidae
(ducks, swans, and geese), and the order Charadriiformes (shore
birds) in the family Laridae (gulls, terns, and relatives). It should
be noted that the newest H17N10 and H18NI11 viruses recog-
nized in 2012 and 2013, respectively, were found only in bats, the
little yellow-shouldered bat Sturnira lilium for H17N10 and the
flat-taced fruit bat Artibeus planirostris for H1ISN11, in the family
Phyllostomidae, a family of frugivorous bats that are abundant in
Central and South America [2, 3]. Ducks in the Anatinae subfam-
ily belonging to the family Anatidae are the most common source
of influenza A virus isolation and risk for virus transmission [86].
Almost all ducks are naturally attracted to aquatic areas including
wetlands, lakes, and ponds for resting, feeding, and breeding in
their course of migration, allowing influenza viruses to be trans-
mitted to and from domestic duck populations. Infected domestic
ducks spread the virus to other avian species in a local area [73].
The duck tracheal and intestinal epithelium was shown to predom-
inantly express Siaa2-3Gal oligosaccharides (the ratio of Siaa2-
6Gal to Sian2-3Gal in the duck trachea being approximately 1:20)
[87, 88]. Not only Neu5Aca2-3Gal but also Neu5Gcea2-3Gal (not
found in chickens) glycans are present in the epithelium of the
duck jejunum, cecum, and colon [89]. Correlated with the duck
hosts, the duck-isolated influenza viruses preferentially bind to
Neu5Ac/Neu5Gcea2-3 receptors (avian receptors) [82, 89-91].
This also agrees with the finding that avian influenza virus isolates
replicate efficiently in chorioallantoic cells of 10-day-old chicken
embryonated eggs that contain N-glycans, which are essential for
entry into host cells of influenza virus infection [92], with molar
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percents of a2-3 linkage and a2-6 linkage of 27.2 and 8.3, respec-
tively [93].

Studies on sialic acid substructure binding specificity of influ-
enza viruses revealed that although most avian viruses share their
preferential binding to terminal Neu5Aca2-3Gal, duck-isolated
influenza viruses prefer the p1-3 linkage between Neu5Aca2-3Gal
and the next sugar residue such as 3'Siale® and 3'SiaTF, whereas
gull-isolated influenza viruses show high affinity for the f1-4 linkage
such as 3'SLN, for fucosylated receptors such as 3'Siale¥, and for
sulfated receptors such as Neu5Aca2-3Galpl-4(6-O-HSO;3)GlcNAc
(6-0O-Su-3’'SLN) and 6-O-Su-3'Sial.e* (see Fig. 3) [90]. These
receptor-binding specificity data of influenza viruses are correlated
well with intestinal epithelial staining with SNA and MAA lectins
showing that the duck intestinal epithelium expressed a high level of
Sian2-3Galpl-3GalNAc-moieties (preferential to MAA-II), whereas
the gull intestinal epithelium dominantly expressed Siaa2-3Galpl-
4GIlcNAc-moieties (preferential to MAA-I).

Screening using a virus-receptor binding assay together with
molecular modeling revealed that gull-viral HAs with 193R /K dis-
played increased affinity for 6-O-Su-3’SLN and 6-O-Su-3’Sial.e*
due to favorable electrostatic interactions of the sulfate group of
the receptor and positively charged side chain of 193R/K [94,
95]. The gull-viral HAs with 222Q exhibited binding affinity for
the fucosylated receptor 3'Siale* similar to binding affinity for the
nonfucosylated counterpart 3'SLN, while duck influenza viruses
showed inefficient binding to the fucosylated receptor due to steric
interference between its bulky 222K on the HA and the fucose
moiety of the receptor [94, 95]. Only some gull-isolated influenza
viruses have potential to infect ducks, indicating that there is a
host-range restriction between avian species [96].

Several influenza A viruses including H1-H13 and N1-N9 sub-
types have been isolated from domesticated poultry in the family
Phasianidae of the order Galliformes, including turkeys, chickens,
quails, and guinea fowls [97, 98]. Adapted avian influenza viruses
in domestic poultry can be divided into two main forms according
to their capacity to cause low or high virulence in the infected
poultry (see Subheading 5.2). Both forms of avian isolates from
poultry before 2002 mainly bind to a2-3 sialyl linkages using either
synthetic sialyloligosaccharides or erythrocytes as molecular probes
for influenza virus binding specificity [99-102], but since 2002,
some of the isolates have shown an increase in binding to a2-6
sialyl linkages (see Subheading 5.3.3). Tissue staining with avian
and human influenza viruses and with MAA and SNA lectins has
shown the presence of Sian2-3Gal- and Siaa2-6Gal-terminated
sialyloligosaccharides in respiratory and intestinal epithelia of gal-
linaceous poultry, including chickens and quails [87, 103-108].
However, the proportion of a2-3 and a2-6 sialyl linkages in
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5.3.3 Human Beings

respiratory and intestinal epithelia of the poultry is still controver-
sial [87, 107, 109]. Thus, more investigations of the structure and
distribution of receptors in the replication sites of influenza A
viruses are needed to understand the basis of viral infection and
transmission.

Human-adapted influenza A viruses that possess efficient human-
to-human transmission ability mainly target the human upper
respiratory tract, where they can be readily spread with a sneeze or
cough. Lectin histochemistry of human respiratory tissues demon-
strated that epithelial cells in the upper respiratory tract (nose-
larynx) and in the upper part of the lower respiratory tract (trachea
and bronchi) are enriched in a2-6 sialylated glycan receptors with
a small proportion of «2-3 sialylated glycans [110]; using human
airway epithelium (HAE) cells, lectin staining indicated that a2-6-
linked sialylated receptors are dominantly present on the surface of
nonciliated cells, while a2-3-linked sialylated receptors are present
on ciliated cells [111, 112]. In the lower part of the lower respira-
tory tract (lung), a2-6-sialylated glycans can be found on epithelial
cells of the bronchioles and alveolar type-I cells; a2-3-sialylated
glycans can be found on nonciliated cuboidal bronchiolar cells and
alveolar type-II cells [110, 113]. Recent mass spectromic analysis
of glycan structures of human respiratory tract tissues showed that
both Sia 2-3 and a2-6 glycans are present in the lung and bron-
chus [114]. The pattern of lectin localization correlated with the
pattern of virus binding and infection: human-adapted viruses
bound extensively to bronchial epithelial cells but intensively to
alveolar cells, and the opposite results were found for avian viruses
[110]; human-adapted viruses and avian viruses preferentially
infected nonciliated cells and ciliated cells in the HAE, respectively
[111, 112]. Clinically, seasonal influenza viruses mainly infect the
upper respiratory tract [115]; however, pulmonary complications
of influenza virus infection related to secondary bacterial pneumo-
nia (such as by Staphylococcus anreus infection) rather than primary
influenza pneumonia can occur, especially in children less than 2
years of age, adults more than 65 years of age, pregnant women,
and people with comorbid illnesses/poor nutrition [115, 116].
The 2009 HIN1pdm viruses mostly attack the upper respiratory
tract, resulting in subclinical infections or mild upper airway ill-
ness, but some are able to replicate in the lower respiratory tract as
seen from diffuse alveolar damage in autopsy tissue samples from
patients who died from the 2009 H1NI1pdm virus. The viruses
probably acquire D222G in HAs, leading to dual receptor specific-
ity for a2-3- and a2-6-linked sialic acids [117], and more than
25 % of samples were co-infected with bacteria [118, 119]. Either
HPAI H5 or H7 infection in terrestrial poultry spreads rapidly and
causes damage throughout the avian body [120], but HPAI H5N1
infection in humans seems to be restricted to the respiratory tract
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and intestine, and H5N1 virus mainly replicates in pneumocytes,
frequently causing death with acute respiratory distress syndrome
(ARDS) (fatality rate of about 60 %) [121]. Either HPAI or LPAI
H7 infection or LPAI H9, H10, and H6 infection in humans can
result in disease in both ocular tissues that predominantly express
a2-3-linked Sia receptors [122] and the respiratory tract with
uncomplicated influenza-like illness [40, 41, 123, 124], but one
veterinary doctor who was infected with HPAI H7N7 virus, in an
outbreak in the Netherlands in 2003, died with ARDS [39] and
approximately 32 % of people infected with a novel reassortant
LPAI (H7N9) virus died from severe pneumonia and breathing
difficulties (dyspnea) [42, 81, 125]. The first human case of avian
influenza A (H10NS8) virus has recently been detected in China in
a 73-year-old immunocompromised female, who visited a live bird
market and was hospitalized on November 30, 2013 and died of
severe pneumonia on December 6, 2013 [44]. Not only epidemio-
logic surveillance but also molecular surveillance of influenza virus
infection has become strengthened for rapid response to outbreaks
of influenza virus having potentially unpredictable changes.

In general, influenza viruses evolve with changes in their envi-
ronment, such as immune response and receptors, until achieving
optimal viral fitness. Since 2002, some H5 and H7 poultry iso-
lates, including A/Ck/Egypt/RIMDI12-3,/2008 (H5N1) of
sublineage A [101], A/Tky/VA/4529,/02 (H7N2), A/Ck/
Conn/260413-2 /03 (H7N2) of the North American lineage, and
A/Laughing gull/DE /22 /02 (H7N3) of the Eurasian lineage,
have displayed significantly increased binding to a2-6 sialyl glycans
[95, 126]. It should be noted that after the first outbreak of HPAI
H5NI virus in Egypt in 2006 [127], the virus has continued to
undergo mutations, resulting in sublineages A-Dj; at present
(2013), sublineages B and D are dominant in Egypt, while sublin-
eage A has not been detected. Hemagglutination of an H9 human
isolate, A/Hong Kong,/1073 /99 (H9N2), with guinea pig eryth-
rocytes was shown to be inhibited by both a2-3 and a2-6-linked
sialic acid containing polymers [128]. This characteristic of avian
H5, H7, and H9 viruses highlights the possibility of the potential
of these avian influenza viruses for development to infect and
spread among humans in the future. Similar to H2 and H3 HAs of
pandemic H2N2 in 1957 and H3N2 in 1968 (see Fig. 7¢), Q226L
and G228S/N224K mutations in H5 HA[129, 130], Q226L and
G228S mutations in H7 HA [131], and Q2261 mutation in H9
HA [132] have been experimentally shown to be associated with
preferential binding to the a2-6 human-type receptor. Notably, the
HS5 virus harboring either Q226L-G228S [129] or Q2261.-N224K
[130] mutation in combination with loss of the 158-161 glycosyl-
ation site (N158D or T160A) near the receptor binding pocket
and T3181 or H107Y substitution in the stalk region (believed to
increase the stability of the HA variant) has been shown to have
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534 Pigs

preferential binding to Sian2-6Gal, efficient respiratory droplet
transmission in ferrets, and viral attachment to human tracheal epi-
thelia. Nonetheless, another viral factor(s) has been believed to be
involved for avian viruses to gain efficient human-to-human trans-
mission (see Subheadings 6 and 7).

Pigs serve as intermediate hosts for pandemic generation due to
being mixing reservoirs of influenza A viruses, allowing genetic
reassortment [133]. Indeed, interspecies transmission of avian and
human viruses to pigs and vice versa has been documented in
nature [134-136], and the recent pandemic HIN1 2009 has been
confirmed to be of swine origin [137]. Lectin staining demon-
strated high levels of a2-3 and a2-6 Sia expressed in the porcine
respiratory epithelium [88, 133], and HPLC and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) analyses showed gradually increased molar
ratios of ®2-6/a2-3-linked sialyl glycans of 3.2-, 4.9-; and 13.2-
fold for Neu5Ac and 1.8-,2.7-, and 5.9-fold for Neu5Gc from the
upper trachea and the lower trachea towards the lungs (the major
replication site of swine-adapted influenza viruses) of a pig, respec-
tively [77]. NeuSAc/NeubGce ratios are 24.8/4.3 in the swine
upper trachea, 27.1 /4.1 in the swine lower trachea, 40.5/4.2 in
the swine lung [77], and 98 /2 in the duck intestine [89], whereas
normal human tissues carrying nonfunctional hydroxylase to pro-
duce Neu5Ge [138] possess only NeubAc if Neu5Ge-containing
food such as pork has not been eaten. Most duck-derived and
swine-derived influenza A viruses displayed marked binding to
Neu5Geg, related to the presence of V/I155 in H1 swine-adapted
HAs [139], but they preserved preferential binding to Neu5Ac
glycoconjugates, whereas human-adapted influenza viruses showed
preferential binding to only Neu5Ac glycoconjugates [89, 140].
The swine-origin pandemic HIN1 2009 virus containing V155
rapidly spreads worldwide. Either T155Y or E158 G mutation gen-
erated by a reverse genetics system in human H3 HA facilitates
virus binding to Neu5Gc but retains strong binding affinity to
NeubAc [141]. HAlo virus (A/Vietnam /1203 /04 (H5N1) virus
with removal of the multibasic cleavage site, responsible for high
pathogenicity) with Y161A mutation generated by a reverse
genetics system showed change of preferential binding from
Neu5Ac to Neu5Ge with a five- to tenfold growth defect on
MDCK cells [142]. It is still uncertain whether different ratios of
Neu5Ac/Neu5Ge among animal species affect potential infection
of influenza A viruses. Clearly, avian viruses with «2-3 binding
preference would not overcome the interspecies barrier for ethi-
cient transmission in humans unless its binding preference is
switched to ®2-6. Thus, findings that classical swine influenza A
viruses bind preferentially to Neu5Aca2-6Gal [88, 118, 143, 144 ]
and that avian-like swine viruses acquired higher binding affinity
for NeubAca2-6Gal over time [88, 118, 143] suggest that pigs
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provide a great source of natural selection of virus variants with
a2-6 receptor-binding HAs, a prerequisite for a human pandemic.

Epithelial cells of the horse trachea showed prevalence of Sian2-
3Gal using lectin staining with Neu5Gc accounting for more than
90 % of Sia by HPLC analysis. Although most equine influenza
viruses display high recognition of Neu5Gcea2-3Gal, they still pre-
fer binding to NeubAca2-3Gal [82].

Seal and whale lung cells contain predominately Siaa2-3Gal
over Siaa2-6Gal by lectin staining, and both seal and whale viruses
prefer to recognize Siaa2-3Gal [145].

6 PB2

Changes in amino acid(s) in the RNA polymerase PB2 subunit
resulting in different surface shape and /or charge affecting its pro-
tein’s interaction with cellular factors have been thought to con-
tribute to efficient transmission of influenza viruses in humans, a
characteristic of an influenza virus in a pandemic outbreak. T271A
plays roles in (1) acquisition of HA mutation conferring recogni-
tion of a human-type receptor and (2) efficient respiratory droplet
transmission [146, 147]. E627K/Q591R/D701N facilitates (3)
efficient influenza virus replication in the upper respiratory tract of
humans and (4) efficient influenza virus replication at 33 °C in the
human upper part airway [102].

7 Other Influenza Virus Proteins

Changes in amino acids in other viral proteins, such as PA and
NS1, interacting with cellular factors could contribute to the emer-
gence of an influenza pandemic, and further studies are therefore
needed to clarify viral factors involved in generation of a potential
pandemic virus.

8 Concluding Remarks

Of the three types of influenza viruses, only type A can lead to a
pandemic, possibly due to the variety of subtypes originating from
wild water fowls that harmoniously interact with the virus in coop-
eration with the virus’s ability to cross the species barrier to infect
a variety of animals (see Fig. 8). A virus crossing the species barrier
to infect a new host species must experience a new environment in
the host body including cellular receptors, host factors supporting,/
against virus replication, and local temperature, and thus is limited
unless there is transmission evolution to surmount the species bar-
rier. Of the influenza A viruses crossing into and establishing in
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Classified into subtypes based on HA and NA sequences

Wild waterfowl H1-H16, N1-N9
1° Target Intestine (40°C) (no disease due to harmonious interactions between virus & host)
I Disease possible ?
I
A Cross * HA cleavage site, -lv #
Animals %%tl\pl“% g . e c otherfaglors? A T
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Require cellular factors for virus replication ~ H2N2-1957 (extinct) ictoria
Disable/escape host immune response H3N2-1968 Yamagata
Modulate apoptotic pathways H1N1-2009 (different lineage from HIN1-1918)
Host defense Zoonoses (candidates for the next pandemic)
Physiological defense Swine: H1, H2, H3
Immune response Poultry: H5, H7, H9, H6, H10
Apoptosis
More susceptible to severe disease I | |
- <2 or >65 years old -
-Pregnantwomen Influenza viruses
- Immunocompromised individuals Classified into types based on serological cross-reactivity of M proteins and NPs
- People with underlying chronic diseases, such
as obstructive airway disease and ——  Seasonal influenza: Winter for northern and southern earth
cardiovascular disease, and obese people Rainy season for hot countries
- Poor nutritional status —Pandemic*/avian*/animal influenza:All seasons possible
- Living in an area without vaccine and medicine * Only type A has caused pandemic and avian influenza.

Fig. 8 A summary of human infection with influenza virus and emergence of an influenza pandemic. Airborne
influenza in humans is caused by type A, B, or C, prevalent in the rainy season in several tropical regions, such
as Thailand, Vietnam, and Brazil, and in winter (November—April for the Northern Hemisphere and May—October
for the Southern Hemisphere), due to virus stability and host vulnerability to infection. Types A and B cause
annual epidemic influenza typically due to virus antigenic variation (minor change); generally, they do not
cause severe disease except in people under conditions as indicated [115, 116]. Type C usually causes only
mild illness in humans [148]. Type B is restricted to humans, though occasionally found in seals [149] and
ferrets [150], type C can be isolated from humans and pigs and is found in seropositive dogs [151], and type
A viruses have natural reservoirs in the intestinal tract (40 °C) of wild birds (harmonious interactions with the
virus allowing the production of variety of subtypes without selective pressure) and are transmitted via feces
to domestic birds (intestinal tract, 40 °C) and from domestic birds to other animals (respiratory tract of pigs,
39 °C) if they are able to fine-tune for transmission to and replication in the new host. So far, only H1N1
Spanish/18, H2N2 Japan/57, H3N2 Hong Kong/68, and H1IN1 Swine/09 have been successfully established in
humans. Currently only H3N2 Hong Kong/68 and H1N1/09 variants are circulating in humans. Epizootic influ-
enza A viruses still cross to humans occasionally, and thus qualitative surveillance of the next pandemic
zoonoses is needed. See color figure in the online version

terrestrial poultry, some of the LPAI H5 and H7 subtypes have
evolved into HPAI viruses with a universal pathogenic marker of a
multibasic cleavage site causing systemic infection with a mortality
rate as high as 100 % in poultry [152]. It was virtually unknown
what factors in poultry drive the virus to acquire an HPAI property
and why the HPAI viruses have continued to circulate in poultry
despite the fact that a rapid and high fatality rate due to the HPAI
property could result in a dead end for virus transmission. These
questions challenge researchers to unravel the ultimate selection
parameter for survival of the fittest during virus-host co-evolution,
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each of which has evolved to prevail with the host attempting to
escape from or restrict the infection by various means including
host immunity and apoptosis and the virus evolving strategies to
block/evade host clearance mechanisms and to support its propa-
gation including entry to the host cell and use of the host cellular
machinery for each step of its life cycle [153]. LPAI and HPAI
viruses can sometimes infect other animals but with limited trans-
mission, including wild birds [154], pigs [75], and humans [155],
and cause mild to severe and fatal diseases (assessed by the number
of severe cases and deaths) depending on the followings: (1) envi-
ronmental factors, such as cold weather facilitating viral infection,
(2) susceptibility and response of each host, which are accounted
for by host genetics and other factors including age and health
status, and (3) virus strain, with each virus strain having distinct
pathogenic profiles in different host species: more research is
needed to understand viral pathogenesis. For efficient transmission
in humans, a nonhuman virus acquires mutations through either
an adaptation or reassortment mechanism for sufficient human-to-
human transmission, providing a chance for the virus to further
evolve until it can achieve suitable interactions with host factors for
efficient replication and transmission in human populations and
eventually leading to a pandemic. Viral factors believed to play key
roles in generating an influenza virus with pandemic potential are
HA and PB2. Homotrimeric HA carries the followings: (1) anti-
genic sites, which if new, are not recognized by the host immune
system, (2) receptor binding sites, which if they have 190D and
225D in H1 HA, 226L together with 228S (or 224K in H5 HA)
in H2, H3, H5, or H7 HA, and 226L in H9 HA, are believed to
confer virus preferential binding to a human-type receptor, (3) gly-
cosylation sites, which if there is loss of glycosylation at 158-160,
are believed to enhance HPAI H5NI1 virus binding to a human-
type receptor, and (4) stalk domains with T318A or H107Y, pos-
sibly being acquired for sustained and efficient human-to-human
transmission of the H5 HA variants. Viral PB2 with 271A together
with 627K/591R /701N enhances HA binding to human-type
receptors, enhances respiratory droplet transmission, supports viral
growth in a mammalian host at 33 °C, and facilitates efficient viral
replication in the human upper respiratory tract. Investigation
should be continued to identify other factors involved in efficient
influenza virus replication and transmission in humans for use as
viral genetic markers for early surveillance of the emergence of a
pandemic.

Although there has been an accumulation of information on
influenza; (1) new variants have emerged, (2) avian viruses have
occasionally infected other animals including intermediate hosts
carrying both avian-type and human-type receptors, such as pheas-
ants, turkeys, quails, and guinea fowls, with pigs in particularly
tending to drive the virus binding to a2-6 human-type receptors,
and (3) an influenza pandemic is still unpredictable. HPAI H5N1
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viruses have caused sporadic human infections since 1997, and the
pandemic phase is currently at level 3 (see Table 2, small clusters of
disease in people). A new LPAI H7N9 virus reassorted between
avian viruses in poultry just crossed species to infect humans in
February 2013 and is now (January 2014) at pandemic level 3.
Except for the pandemic 1918 virus, past pandemics emerged from
an existing human strain picking up new genes (new to human
immunity but efficient replication in the human upper respiratory
tract) from an avian and /or swine virus(es). This evidence suggested
that new variants that have emerged via reassortment acquire major
change in their genetic materials fitting with a new host condition
more easily and faster than do variants that have emerged via point
mutations alone, which have gradual changes in their genetic mate-
rials. Thus, avoiding intermediate host infection with more than one
influenza virus strain should be important for preventing/delaying
the next pandemic. More knowledge of the molecular requirements
of reassortment at levels of viral and host factors could lead to a bet-
ter understanding of how appropriate viruses emerge, leading to
strategies for efficient prevention and antiviral interventions.
Identitying viral and host factors, especially knowledge gained from
their interaction structures, required for efficient replication in each
host species may be a key for understanding virus—host determinants
and surveillance of viral host jumps and pathogenesis of influenza
virus infection leading to the disease.

Available data have suggested that an influenza pandemic has
never emerged through direct viral mutations alone. However,
highly mutable avian influenza A viruses that have sporadically
continued direct transmission to and infection in humans have
raised concerns for pandemic potential with unpredictable patho-
genesis (depending on virus-host interactions). HPAI H5NI1
viruses have continued to infect humans with high morbidity and
mortality rates, some isolates showing increased binding to a2-6
human-type receptors, and they are able to infect a variety of ani-
mals including wild birds and pigeons, which are responsible for
introduction of the viruses they carry into different areas, pigs,
which are mixing vessels driving the virus to bind to human-type
receptors, and cats, which are in close contact with human beings
[156]. Also, novel reassortant LPAI (invisible disease in domestic
poultry) H7N9 viruses contain some mammalian flu adaptations,
PB2-627K and 226L, and they target upper and lower respiratory
tracts of infected primates [157] and cause severe illness with a
high death rate in humans. In addition to surveillance of human
infection, extensive surveillance of infection of these viruses to
other animals and back to migratory birds should be carried out
since control of the viral spread into other regions relies on early
recognition. Continuing surveillance is important for understanding
how a pandemic emerges and establishing strategies for efficient
control and treatment if a pandemic arises as well as for prevention
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and control of the next pandemic. The best way for preventing
influenza spread and a pandemic is to avoid direct contact with
materials having suspected contamination as well as hygiene in
healthcare for both animals and farmers, especially in mixed
duck—poultry—pig farms.
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