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Review Article

Antiviral Agents Against Influenza Viruses

Sehee Park'?, Jin I Kim"* and Man-Seong Park'**

' Department of Microbiology, *Center for Medical Science Research, College of Medicine, Hallym University,

Chuncheon, Gangwon-do, Korea

In annual epidemics and occasional pandemics, influenza viruses cause acute respiratory illnesses in infected humans.
Vaccines and antiviral drugs are two main arsenals available for a fight against influenza viruses. However, vaccines
often exhibit a limited efficacy in high risk populations, and antiviral drugs are always concerned for mutations, which
confer viral resistance. Here we review current advances and knowledge in relation to the usage of antiviral drugs as a
prophylactic or therapeutic and the mechanism of resistant variants mainly against the neuraminidase inhibitors.
Comprehensive understanding of the resistant mechanism will pave a road for developing new antivirals and/or finding

medical or natural alternatives inducing less frequent resistance, and application of combination therapy using two or three

different kinds of antivirals can suggest a useful medical intervention against both of seasonal and highly pathogenic

influenza viruses including resistant variants. In this review, we provide insights of antiviral drugs for the control and

prevention of influenza viruses.
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94 B A ool A AR mhesA AsEoe] o 53
u]- UﬂA /\],uyzp]_ H]—/th‘ﬂ— 74 og 3‘;]_015]—; o];lr (6) o]ﬁ
1957 ofAJo} 1EF <N AKAsian influenza, H2N2) Ut
O FZ oJfFole =2l A HFZHoE wAE o] <k
1005+ o] Alalslom, 19681 25 <1EF<N 2 Hong
Kong influenza, H3N2) th+3] AJolli= oF 100+ 8] Apk
27F AsEI (5). o] tird AHIAE, A= vE o}
g ol 7ke] -7 }AH A (genetic reassortment) O =
s = o] (antigenic shift)= A 22 JTEFMA}
Hpo]g] =g WA= =8 f9lelrk 21417] Hx9 <
7N RAL A FEA] HIND vhol el 2ol o3
2009 Hm]ofl A ﬂ & AT (7). AL 2 27
o] H&T Hupk AlA ZAAoll A 8] $kap HE= Q)
& geok= %FJ 2009 o3 Q1EFlAputol 2]~
(2009 pHIN1)= ZpA ASE ool vla] thi 2]
shelth EER A 2009 pHIN1S] ‘Cﬂ%ﬂ% o =
UARE XA (mortality)> ZA1EA] 1 EF-llxjuto] 2] A9}
e (8, 9). 28] 1997 O]T HS5N1 29914
Z570 &M A(Highly Pathogenic Avian Influenza, HPAI)
upo]2] 2of] of3f) A& Q1A FAAM7F KAk o
t}. o]o] < HPAI H5N1 Hlo]2] 229} 2009 pHINI 7&4
FrAAAR ol o] gk o] whalel] gk vt B
oF ARG wpolY s AR Alxste] A e
W % 1}2 (human-to-human transmission)< 213}7] %= &
Atk (10, 11). =3 HZ By %] H-(swine origin)
9] H3N2 (swH3N2) ¥ 27 fl(avian origin)2] H7N3
(avH7N3) npo]2] 2ol oJgk Q1A ZHdAtel= Xliﬂ‘” 5
& QlEFelAmtol ez gk A AAS] B
Askal ok (12, 13). 18]35 el vhe] 2 4@
A el A, Fddidolel ofsf Ajzo] A np
ol Al H OJXH% Bg e BAddS vehde], A=
AREEE = Al oJ8HA] e Fmtole] A fEo
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AW 0] (antigenic drift) F= ddHolo] ok T 5] 5]
(immune evasion)9} -3 722 AJ3or= WAlFF 9
A 2 5= 59 AT YERE 5 dTh B3k 1997
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= A7 A(trivalent influenza vaccine, TIV)2] $HA A
o|t} (14, 15). 9B 2 sl Exdo] 98 AL 3}
e A Pe] B e -89 Yol B
o AR Fulolel Al A8 A9 QTR o)
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1. o[ AR H LHGHIOH A9 REXHHO

APl Al AR = IEF
= Z A A|(M2 ion channel inhibitor, M2I)
o} ]x](NA inhibitor, NAI)”} 1TtHFig. 1). M2IE= A
3 ?l%—er?lx}‘j}o]ﬂi’\’] M2 ©F 7)5S AASH=
Ao #] 24t} Amantadine (Symmetrel®)¥} rimantadine
(Flumadine™) 5°] ¥3t¥ M2l UWH4 © 2 endosome
oA mielef 2 W2 = FAol2HY) FEE A
o3te] nlo]z]2=9] 23 (envelope)’} 23 (uncoating) ==
AL Walgith o3> Ax vpo]e] o] HA| JAIA|
(ribonucleoprotein complex)”7} A3 W& W& = A
wto} wpole] o] FAS Al =t (3). AT
o Frdshks e A% vholH 252 M21ell tiE Wl
3 FAAPACI(S3IN)S Efshal QlaL, B € Hlo
g zoll= gt glo] dabA ofAlR AdElEA] ekal 9l
t} (19).

Oseltamivir (Tamiﬂu®)9]— zanamivir (Relenza®)% %5
i NAIE SIEFdAmtol# o] 3 el NA9)
ﬂ"*?——&(actlve site)ol] F-215Fe] NAS] &4 7155 A
S kR, SERHEI AlglA A8 gt YFH o]
Al el 7 Wol ARSI vt (20). 1AL
NALE WA § vpole]2=9] 4lS A4 dpded = glA
Z7)l AREsHH A& Jart £ oREo ¢bd
d wEgE Holuh oA AR o]Fojd = it} (21,
22). H<- T tFE NAIQ! peramivir (Perami Flu®)7} 7]t
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Figure 1. Antiviral agents against influenza virus. Sialidase fusion protein blocks the binding of influenza virus to its cellular receptors
in the cell surface. M2 ion channel inhibitors (M2I) block the ion channel produced by M2 protein. Neuraminidase inhibitors (NAI) block
the process of release of influenza viruses from infected cells. Polymerase inhibitor (PI) inhibits influenza virus polymerase activity.

%-‘j—i ‘ﬂ?ﬁ U]/d v}o] 2] 2 (resistant variant)’} & & 3}3L
AO|(Table 1) ofell thgh A=211 ZIA|7} o] Fofd d g
Zdo] Atk (23). 19991 NAIS] xHfo] AJztg o] F %7]
oF 31 7+e] FAo] w=w, NAS] N274Y (mutation of
asparagine into tyrosine at NA residue 274, N2 numbering)
Hol 2 g3 = NAI Ad59] #2182 0.33% (8/2,287
AANel E2T) (24). AT 20086l o] 22 LEO]o]
H ek 9 Zhrell A E1% NAT UiAdF9] 2%
oF 20%0°l ]2t} (25). L2]al 2009 HIN1 mvsﬁ
WA Aol = NAL WAS7F A HINL who]e]2=9f oF
95%% AFAIgE 2o FRIFI O} (26), o]# Ulidrte]
2220 S NAIY| ARE-<rol gul#ste] vehd 3
2 otk (27, 28). LB EE NAI YWAFES] 24 7]

A9 A AR el AREES olalehs AL AT

o]L—— Z1
o welels A2 21T AoE o @9
E119G/D/A
(mutation of glutamic acid into glycme, aspartic acid, or alanine
at NA residue 119) Wo]= NA Tz o] gAgab= &
He 725 F-9l(framework site)oll 4] Aottt o] fxd
A o] 2 zanamivir®] guanidinium 4712} NA T 119
W oolu|=Ake] %—Er%/‘]'(Ell% o] AFE 2Rg-o] Ak2lr o]
WAgel fruEtt (). olEE ulelg sl S 258
S 9 fAAlE B3l NAIS OI% ghelo Y
YEol 4T 5 Ak 2et oYl ugduol: uto]
Fele AEo] obd F= glo], o]F n
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Table 1. Summary of NA mutations conferring resistance to neuraminidase inhibitors.

Viral phenotypes against NAI (based on the ICs, value)

Virus NA mutations®
Oseltamivir Zanamivir Peramivir

E119A/D/E/V SR R R
Q136K S S

A/HINI H274Y R S R
H274Y +1222V/R R S//R R
H274Y +R221Q + V233M R
N294S R S I/R
E119/V R S//R S/R
E119V +1222V R S S
Q136K S R

A/H3N2 DI51A/D S R
Deletion 245-248 R I S
R292K R R
N294S R
E119G I R

AJHSNI D1938G I R
H274Y R S
N294S R S
R152K R R R
DI98N R R S

5 H273Y R S R
R371K R R

N2 numbering

bs, susceptible; I, intermediate (5-fold < wild-type ICsy < 10-fold); R, resistant (>10-fold increase in wild-type 1Cs); based on the NAI
susceptibility definition of Neuraminidase Inhibitor Surveillance Network (www.nisn.org)

23l7] 913l vlolE] 2~ A g 1AW o](complementary
mutation)= LERE= Ao g ARtk = NA whlE
9] R221Q (mutation of arginine into glutamine at NA residue
221)2} V233M (mutation of valine into methionine at NA
residue 233) ¥ o]i= H274Y Wo|Z 213k NA il = o
A8 AskE IHAA F= Aew FHAIL (30),
1222V (mutation of isoleucine into valine at NA residue 222)
WolE H274Y HE& EN9V dldRlolol] djgh mAdmol
% ZHZF HINI, H3N2 o} mpolg] o] Ao =&
FE Ao g Yehdth (31, 32). 183l HPAI H5N1 o}
npole] 2ol 4] ghlEl NA Tz U] N294S (mutation of
asparagine into serine at NA residue 294) Wo]= H274Y W

o] A F NAI theh WS fakshArt Bagwelrt o
LA ehobte flEl Al (ferret)ell A o] S7Fsh
3k

QAEFMAputol) 2~ H FehulEl HASH NA ©h
A9 ¥ (balance)> vfole] 29 FAof wjg- Fagh

L
TEE=), o] HA Tzl 2]
Zre] qtedo] A s o] nfolg 9] Aol gt o]7] o
olt}. = HINI o}& ulol]2~o] HA ¥ a 1 82, 141,
+= 189 (H3 numbering)H o] o}m]=Atol] Wol7} Q1S 7

A
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b= WAdntel 2 a7t ¢

_o’_ = HolE 7
FHoR FAE A Ao SHr) 35).
23 N =

7

A FAAE 74 vlolel 2= NAL
o 2449 NA 445 71 volefz=urt o 2
AsE S A Ao /g o83t Aol Wy
AT (36). = NA 314} ofeje] ] 77 f-7d AR

NA 2=k glﬂ]-olai/’\q AgpEe AA A= =4
3 9 47F B9 d8S <& S 2tk 200713200901 wH
A% HINI o} u%éﬂkolaé«t— ol SHE B
A AAA ez vhol 27t Sibel A= o AL 9)

aeR A4 AFEE I 9 NAO] gk Wgutole s
g g oR ] Sl WS AAsle /4
2L, WAHlS Bekels BA fal agja AuiEo)
FFE A= FHA T o5 UF T HES

o] ol Ao} Fr}aL AbREIL.
2. M} gtulolal AH

(1) SFME W AL H[ZHE SHA| (sialidase fusion
protein)

DASI181-2 Fludase” (Nexbio, Inc., San Diego, CA) A5
o2 JdEo, 3F7] AduMEe x| EAlshE Al
~Ksialic acid)= H|&/ds}ste] vlolg] 7t A3k 7F
Ax= A 9AIR] F-Zattachment) ZH S AT AS
2 44 JrkFig 1) (37). DASI81- 2009 HINI th+3
HRo 22, HINI, H3N2 o} o] Al Ql&FdAputole]
2=, 71231 HPAI H5N1 Hlele] 2o tjsl] B5F 393t
FHE YRR (38~40). DASIS1O] thak Al14F It
Alge A= 55 o] duhe jlo]l FSlol 7hsshiom,
AA m=ell A 2 A Sl itk

(2) Hiolz{& Sgtaa XA (polymerase inhibitor,
PI)

Respiratory syncytial virus (RSV)ell ©] &t 7123k X5
A& 521 ribavirin T2 DNA % RNA H}o]2]2=o]
= 337 e HHY mEFuUeA= f-AH(nucleoside
analogue)©|t} (41, 42). A%} ribavirin H}o] 2] A~k
oft]e} <A1 DNA 28 RNA A4S s,
M| E(bone marrow progenitors)oll =4S UERE
Row gzl el 48 Aot} e 7
FULAIE FAA AlFe] Fnto]] 2A]Q] Favipiravir
(T-705)= npolg 2=o] Frdx} EAl|27g
o Z-&sl= ghufol AR AE-2] Toyama Chemical®ll

WH

rr1

ribavirinZ}= &
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A 7HHLQ°41:} T-705% HINI, H2N2, H3N2, H5N1 ©}3,
Follzputol e, Z12]al HINI NAIL WAdul
o]} 2ol A ﬁuﬂ} PZEH AT} @3). T=AFINE &
7 Ao, nlolel 2 4 & Hu) 9AIzte] At F
favipiravirg T30S o= 88.9%2] AEES HA
o}, S QIEFdAufo] 2 28t o} 2} arenavirus, West
Nile virus, ~12] I yellow fever virus®ll A= &5&
Helok @A) QIEFArputol | el thate] ml=ell A Sl
827, 2]l Aol A QA3 AlE Foll Stk

(3) MME2 NA XXl (neuraminidase inhibitor, NAI)

AEF g-glvetel A 5171 peramivire Al 2% 4
W5=AHE(intravenous, 1.V.)) NAI Aot} 20003 F-E =
ol 1EFMAF Ao 953k sl A ARRE
AL AL, S, wE A eal dYAAE A5

AR} AR ok w3 ok

AT 44). 3 o5 FAEAA 5
o

| dERAAR A {108 2R

BE:] Csﬂ o]

HF= O]
T 1 RN
o] &

J
=
Bag
A

.

R

Q2 o mlu

=
>~

_Lz

o2 ¥
oseltamivir LHHH]-O]H’\OH WAk WAdE Hol7] o
ol WAdntelel 22 gk 7+ A Eo& peramivire]
Alg-o] AlgHA o]} (46). CS-8958%= 47! laninamivirs=
zanamivire} A 21 F2E 7HXE NAIO|H, 117
3k Aol FAlS tidto = 3k o5 SHpharmacokinetics)™
7F A3, 2 R Y8 &lels W of=e =
oF 3o|m A zhE AJgFo] oF 1444]17KQ1 Bl o= gl
=T} (47). HINL, H3N2 AEA Q1&Flxjulole]x~, 1
2] HPAI H5N1 % BE QIEFlAjuto]e]2~o FH S
3l g3E Xl laninamivires YA lA 20~40 mg2]
dESoulo 7w 5017} 23] Fofgt oseltamivire} H]
=5k utol 2 TeS HERIT dAA] GiellA 1l
] Inavir® (Daiichi Sankyo Tokyo, Japan)®] 5o 2
m] Folt} I U A8 NAISl A-315675% 9=
Zpatol g 2of] A wh-2of A GairE YFE A
o} QVIAIE A HdetA] Fate] s AR EE S

r'
ol
i
39
fu)
N
N
i)
>
=
aw
3
N
<
r&
me
P
Kl
%0,

Aoz dEA Utk

3. QIESRAX ¥ XNEEZHZEAM HAZEA
(immunomodulator) A2

< Bary FAn] 2o A HPAI HSNI Hpo]#] 29

7] 3 (aerosol transmission) 74> HPAI H5N1 H}o]
a2 A% Oifd) HAe] & tAla FAIAY
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Table 2. Summary of reported combination therapies against influenza viruses.
M21 NAI PI
Virus Reference
Amantadine Rimantadine Oseltamivir ~ Peramivir Rivabirin ~ Favipiravir

A/NWS/33 . ° (54)
A/NWS/33 o (55)

AMHINL  A/NWS/33 . (56)
A/Puerto Rico/8/34 ° 67
A/California/04/09 ) ° (58)
A/Aichi/2/68 ° (59)

AH3N2  A/Victoria/3/75 . (55
A/Victoria/3/75 . . (60)
A/Duck/MN/1525/81 (61)
A/Duck/MN/1525/81 o (61)
A/Duck/MN/1525/81 e ° (61)

AMH5N1  A/Duck/MN/1525/81 o (55)
A/Vietnam/1203/04 e (62)
A/Vietnam/1203/04 ° (63)
A/Turkey/15/06 ° (63)

B B/Sichuan/379/99 . (64)

5 EN A
(10, 11), 1997 S[-F2 ASHIL Q= HPAL HNI whel 4. HetRH (combination therapy)

al S%
2 zoll o5k Q1A HAAME ST AGAANA
WHE =3 cytokine storm'ol] ]38k WA FTtell 711
Sk o2 A ) (48, 49). SR TE o]k hyper-
cytokinemia (cytokine storm)& ZdgHchal S|4 HPAI
H5N1 Hpo]e] 9] Bl do] vholx]= A ofut} (50).
B3, glucocorticoidsE A" W2 HPAI HSN1 7H3 $k#}
94 01]57]- /\]—H]—Q 7:]31}_.% =3 X‘]Oﬂ/ﬂ h:E]-O] 017]
31415k (51, 52), HPAI H5N19] 2|3k 7+edell awb4 el o
< HlelPlaE FA o ® st A mASH FHieskA
H Adukg-s 2dste A8AE ¥t AHS
AL G vk w= AFY R % (Food and
Drug Administration, FDA)9 A <-¢1% COX-2 inhibitor
(celebcoxib, PF-04178903), macrolide (azithromycin, erythro-
mycin, etc.), glucocorticoids, L& 1L statins 52 HF4
OFR S o] 88t OlZ2allx} 7+ 5o FLAo|
SH A7 AR AL o R ¥ W ATE F3l
Aol A o] #H-golirt Frteojol & Aow et
(53).

ol
ﬁa 2

o Ho ofo
fronz

QER Aol 2ol oG PAATS A sk A}
1= gutolelzAle] we gy

o
, Futelg Aol vk AFE 2 ¢ dtke

o
m

o] al =
el 9t °l°ﬂ gk tijko® Hape] Futo]y A&
o) AL QBT Aol iAo TeS wel

A= 59 EZXﬂE ol-g&-3k Wekaro] thFHal vt
(Table 2) (54~64). C& 7+ H}o] 2] 2 (hepatitis C virus, HCV)
a9 Al H 94 vho] 2] 2 (human immunodeficiency
virus, HIV)oll 499 SAES tiate s 1 a840] 3
el WFRHAT (65, 66), AZFNAL] Aol WL
842 45, Foluls Fntolg Al £32 A4
Bok ofe), A= T2 T oA 7] A7 Hadditive
effect) == A5 (synergy effect)2l8-<S 71dg 4= L,
Wdntelg o] RS UE 5 Atk RS 7IdE
T ATt (67).

AZFlAtolE 2o o7 3 Azl o] &H= W
oS F2 M2l NAIL 28] PIe] Al 7H4] AlAlE

r
e

e

|
3)
=

o o

r_l
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AH8-FCKTable 2). 7 7HA NAIE o] & Kl
oseltamivire} peramivir AFolol] UEbd 4 )& AL
(antagonism)°l] THEk ¢-217F ARlon}, 232 QIEF<l

H}O]Eﬁi—e- o%olg]_‘:‘ A=t S JERE= Ao g Q-
HSAIL (56), NAISH M2IE o] &% vk Wekany 4
oA peramivir®} rimantadine®] W3 oS wlolg
Alell glolx g e 43 Fs2e-S Hehd
o} (60). T3 PIQ] favipiravir2} oseltamivirﬁ NAIE 0]

10 oo ¥ 12 mdh o N

,Zb oFEe] I aEThE o ii}ﬁﬁi HMﬂii
JAsh= AL F9lEitt (55). F 7HA =] =g
ol MR U8 7HS o 8}% NAI, M2I
I3l PIo] Al 7HA] AA BFE o] &gk wWEaeHe 7t
of=o] g amET 1 52 F5AES HERIIAL
dutolelze disiAE &5o] YFu o], Al A
Zol 9t} (68). A%k 20000 uHaEt HINI o643 w}
olg] e 7= Z-—‘:‘ﬂ'xl’*—‘ o= AlgH oseltamivir
9} zanamivirs ©]-&3F W AN dEoNHT 84
o] Wt Ao EHo] (69), TFF At g}
oFS mlE e

2

£

d

,4
fo o
mE

o7 XLQ.EI 2= o]l H A3l

QEF Ao el 2t AP FHEFABS
weke Bl siuih s Ay %—“%Jx}

nlolg] 29} 7 A o7 WAE = gL ol
SAalE AR5 ol BA AF A ﬂ%%oﬂ% w2l
o w}o]a%xﬂﬂ B o] glo] 4RATE o
WS -8 el ALLE L QlE e wae] )
Li;‘— dRuto]# 2o & ] PH9 A 285
(broad-spectrum efficacy)> L 3l F-3s}= Hlo]# =
Agak W} gulolzl Aol ela) ek &
59 o 22 917] Aol dutolE2=A17E Al
a3l el Qb thedlel @ 4 ek 1z v

FF

iu) r‘j of ro rlr

ole Al Ao Qg Utele 20 2W /1AL 7
gela gulolels e A 4 ol Wikae
Ao guoledzale] QA NG Fris A2 &
S E e Fa vl B 4 gtk aeuz o)
S8 A%Aoln A% gl A77h A48 daw 44
o,

S Park, et al.

I

il

fad

HO

i

1) WHO. Fact sheet:
mediacentre/factsheets/fs211/en/. 2009.

2) Palese P, Shaw ML. Fileds Virology, Ch.47 Orthomyxoviridae:
The viruses and their replication. 5th ed: Lippincott Williams
& Wilkins, 2007.

3) Wright PE, Neumann G, Kawaoka Y. Fileds Virology, Ch.48
Orthomyxoviruses. 5th ed: Lippincott Williams & Wilkins,
2007.

4) Clark NM, Lynch JP 3rd. Influenza: epidemiology, clinical
features, therapy, and prevention. Semin Respir Crit Care Med
2011;32:373-92.

5) Palese P. Influenza: old and new threats. Nat Med 2004;10:
S82-7.

6) Taubenberger JK, Reid AH, Janczewski TA, Fanning TG.

Integrating historical, clinical and molecular genetic data in

influenza (seasonal). www.who.int/

order to explain the origin and virulence of the 1918 Spanish
influenza virus. Philos Trans R Soc Lond B Biol Sci 2001;
356:1829-39.

7) Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish
A, et al. Antigenic and genetic characteristics of swine-origin
2009 A (HINI1) influenza viruses circulating in humans.
Science 2009;325:197-201.

8) Maines TR, Jayaraman A, Belser JA, Wadford DA, Pappas C,
Zeng H, et al. Transmission and pathogenesis of swine-origin
2009 A (HIN1) influenza viruses in ferrets and mice. Science
2009;325:484-7.

9) Dawood FS, Iuliano AD, Reed C, Meltzer MI, Shay DK,
Cheng PY, et al. Estimated global mortality associated with
the first 12 months of 2009 pandemic influenza A HIN1 virus
circulation: a modelling study. Lancet Infect Dis 2012;12:
687-95.

10) Russell CA, Fonville JM, Brown AE, Burke DF, Smith DL,
James SL, er al. The potential for respiratory droplet-
transmissible A/HSN1 influenza virus to evolve in a mammalian
host. Science 2012;336:1541-7.

11) Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E,
Munster VJ, et al. Airborne transmission of influenza A/H5N1
virus between ferrets. Science 2012;336:1534-41.

12) CDC. Swine-origin influenza A (H3N2) virus infection in two
cildren--Indiana and Pennsylvania, July-August 2011. MMWR



Antiviral Agents Against Influenza Viruses

Morb Mortal Wkly Rep 2011;60:1213-5.

13) CDC. Notes from the field: Highly pathogenic avian influenza
A (H7N3) virus infection in two poultry workers -- Jalisco,
Mexico, July 2012. MMWR Morb Mortal Wkly Rep 2012;
61:726-7.

14) de Jong JC, Beyer WE, Palache AM, Rimmelzwaan GF,
Osterhaus AD. Mismatch between the 1997/1998 influenza
vaccine and the major epidemic A (H3N2) virus strain as the
cause of an inadequate vaccine-induced antibody response to
this strain in the elderly. J Med Virol 2000;61:94-9.

15) Skowronski DM, Masaro C, Kwindt TL, Mak A, Petric M, Li
Y, et al. Estimating vaccine effectiveness against laboratory-
confirmed influenza using a sentinel physician network:
results from the 2005-2006 season of dual A and B vaccine
mismatch in Canada. Vaccine 2007;25:2842-51.

16) Sugaya N, Tamura D, Yamazaki M, Ichikawa M, Kawakami
C, Kawaoka Y, et al. Comparison of the clinical effectiveness
of oseltamivir and zanamivir against influenza virus infection
in children. Clin Infect Dis 2008;47:339-45.

17) Carrat F, Duval X, Tubach F, Mosnier A, Van der Werf S, Tibi
A, et al. Effect of oseltamivir, zanamivir or oseltamivir-
zanamivir combination treatments on transmission of influenza
in households. Antivir Ther 2012;17:1085-90.

18) Lapinsky SE. HIN1 novel influenza A in pregnant and
immunocompromised patients. Crit Care Med 2010;38:e52-7.

19) Jackson RJ, Cooper KL, Tappenden P, Rees A, Simpson EL,
Read RC, et al. Oseltamivir, zanamivir and amantadine in the
prevention of influenza: a systematic review. J Infect 2011;62:
14-25.

20) Moscona A. Neuraminidase inhibitors for influenza. N Engl J
Med 2005;353:1363-73.

21) He G, Massarella J, Ward P. Clinical pharmacokinetics of the
prodrug oseltamivir and its active metabolite Ro 64-0802.
Clin Pharmacokinet 1999;37:471-84.

22) Davies BE. Pharmacokinetics of oseltamivir: an oral antiviral
for the treatment and prophylaxis of influenza in diverse
populations. J Antimicrob Chemother 2010;65 Suppl 2:1i5-ii10.

23) Nguyen HT, Fry AM, Gubareva LV. Neuraminidase inhibitor
resistance in influenza viruses and laboratory testing methods.
Antivir Ther 2012;17:159-73.

24) Monto AS, McKimm-Breschkin JL, Macken C, Hampson AW,
Hay A, Klimov A, et al. Detection of influenza viruses resistant
to neuraminidase inhibitors in global surveillance during the

first 3 years of their use. Antimicrob Agents Chemother 2006;

291

50:2395-402.

25) Meijer A, Lackenby A, Hungnes O, Lina B, van-der-Werf S,
Schweiger B, ef al. Oseltamivir-resistant influenza virus A
(HINT1), Europe, 2007-08 season. Emerg Infect Dis 2009;15:
552-60.

26) WHO. Influenza A (HIN1) virus resistance to oseltamivir.
WHO, Geneva, Switzerland. www.who.int/csr/disease/
influenza/h1nl_table/en/. 2009.

27) Dharan NJ, Gubareva LV, Meyer JJ, Okomo-Adhiambo M,
McClinton RC, Marshall SA, et al. Infections with
oseltamivir-resistant influenza A (HIN1) virus in the United
States. JAMA 2009;301:1034-41.

28) Kramarz P, Monnet D, Nicoll A, Yilmaz C, Ciancio B. Use of
oseltamivir in 12 European countries between 2002 and
2007--lack of association with the appearance of oseltamivir-
resistant influenza A (HIN1) viruses. Euro Surveill 2009;14.

29) Ives JA, Carr JA, Mendel DB, Tai CY, Lambkin R, Kelly L, et
al. The H274Y mutation in the influenza A/HINI1 neura-
minidase active site following oseltamivir phosphate treatment
leave virus severely compromised both in vitro and in vivo.
Antiviral Res 2002;55:307-17.

30) Bloom JD, Gong LI, Baltimore D. Permissive secondary
mutations enable the evolution of influenza oseltamivir
resistance. Science 2010;328:1272-5.

31) Baz M, Abed Y, McDonald J, Boivin G. Characterization of
multidrug-resistant influenza A/H3N2 viruses shed during 1
year by an immunocompromised child. Clin Infect Dis 2006;
43:1555-61.

32) Pizzommo A, Bouhy X, Abed Y, Boivin G. Generation and
characterization of recombinant pandemic influenza A (HIN1)
viruses resistant to neuraminidase inhibitors. J Infect Dis
2011;203:25-31.

33) Kiso M, Ozawa M, Le MT, Imai H, Takahashi K, Kakugawa
S, et al. Effect of an asparagine-to-serine mutation at position
294 in neuraminidase on the pathogenicity of highly pathogenic
H5N1 influenza A virus. J Virol 2011;85:4667-72.

34) Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB,
Bovin NV, Kobasa D, et al. Balanced hemagglutinin and
neuraminidase activities are critical for efficient replication of
influenza A virus. J Virol 2000;74:6015-20.

35) Ginting TE, Shinya K, Kyan Y, Makino A, Matsumoto N,
Kaneda S, ef al. Amino acid changes in hemagglutinin
contribute to the replication of oseltamivir-resistant HIN1
influenza viruses. J Virol 2012;86:121-7.



292

36) Bouvier NM, Rahmat S, Pica N. Enhanced mammalian trans-
missibility of seasonal influenza A/HIN1 viruses encoding an
oseltamivir-resistant neuraminidase. J Virol 2012;86:7268-79.

37) Malakhov MP, Aschenbrenner LM, Smee DF, Wandersee MK,
Sidwell RW, Gubareva LV, et al. Sialidase fusion protein as a
novel broad-spectrum inhibitor of influenza virus infection.
Antimicrob Agents Chemother 2006;50:1470-9.

38) Belser JA, Lu X, Szretter KJ, Jin X, Aschenbrenner LM, Lee
A, et al. DAS181, a novel sialidase fusion protein, protects
mice from lethal avian influenza H5N1 virus infection. J
Infect Dis 2007;196:1493-9.

39) Triana-Baltzer GB, Gubareva LV, Nicholls JM, Pearce MB,
Mishin VP, Belser JA, et al. Novel pandemic influenza A
(HIN1) viruses are potently inhibited by DAS18]1, a sialidase
fusion protein. PLoS One 2009;4:¢7788.

40) Hedlund M, Aschenbrenner LM, Jensen K, Larson JL, Fang F.
Sialidase-based anti-influenza virus therapy protects against
secondary pneumococcal infection. J Infect Dis 2010;201:
1007-15.

41) Balfour HH Jr. Antiviral drugs. N Engl J Med 1999;340:1255
-68.

42) Brooks MJ, Sasadeusz JJ, Tannock GA. Antiviral chemo-
therapeutic agents against respiratory viruses: where are we
now and what's in the pipeline? Curr Opin Pulm Med 2004;
10:197-203.

43) Furuta Y, Takahashi K, Shiraki K, Sakamoto K, Smee DF,
Barnard DL, et al. T-705 (favipiravir) and related compounds:
Novel broad-spectrum inhibitors of RNA viral infections.
Antiviral Res 2009;82:95-102.

44) Kohno S, Yen MY, Cheong HJ, Hirotsu N, Ishida T, Kadota J,
et al. Phase Il randomized, double-blind study comparing
single-dose intravenous peramivir with oral oseltamivir in
patients with seasonal influenza virus infection. Antimicrob
Agents Chemother 2011;55:5267-76.

45) Kohno S, Kida H, Mizuguchi M, Hirotsu N, Ishida T, Kadota
J, et al. Intravenous peramivir for treatment of influenza A
and B virus infection in high-risk patients. Antimicrob Agents
Chemother 2011;55:2803-12.

46) Birnkrant D, Cox E. The Emergency Use Authorization of
peramivir for treatment of 2009 HINI1 influenza. N Engl J
Med 2009;361:2204-7.

47) Ikematsu H, Kawai N. Laninamivir octanoate: a new long-
acting neuraminidase inhibitor for the treatment of influenza.
Expert Rev Anti Infect Ther 2011;9:851-7.

S Park, et al.

48) Yuen KY, Chan PK, Peiris M, Tsang DN, Que TL, Shortridge
KF, et al. Clinical features and rapid viral diagnosis of human
disease associated with avian influenza A HSNI1 virus. Lancet
1998;351:467-71.

49) de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ,
Chau TN, ef al. Fatal outcome of human influenza A (H5N1)
is associated with high viral load and hypercytokinemia. Nat
Med 2006;12:1203-7.

50) Salomon R, Hoffmann E, Webster RG. Inhibition of the
cytokine response does not protect against lethal HS5NI1
influenza infection. Proc Natl Acad Sci U S A 2007;104:
12479-81.

51) Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong
MD, et al. Avian influenza A (H5N1) infection in humans. N
Engl J Med 2005;353:1374-85.

52) Chotpitayasunondh T, Ungchusak K, Hanshaoworakul W,
Chunsuthiwat S, Sawanpanyalert P, Kijphati R, ef a/. Human
disease from influenza A (H5N1), Thailand, 2004. Emerg Infect
Dis 2005;11:201-9.

53) Darwish I, Mubareka S, Liles WC. Immunomodulatory therapy
for severe influenza. Expert Rev Anti Infect Ther 2011;9:807
-22.

54) Smee DF, Bailey KW, Morrison AC, Sidwell RW. Combination
treatment of influenza A virus infections in cell culture and in
mice with the cyclopentane neuraminidase inhibitor RWJ-
270201 and ribavirin. Chemotherapy 2002;48:88-93.

55) Smee DF, Hurst BL, Wong MH, Bailey KW, Tarbet EB,
Morrey ID, et al. Effects of the combination of favipiravir
(T-705) and oseltamivir on influenza A virus infections in
mice. Antimicrob Agents Chemother 2010;54:126-33.

56) Smee DF, Hurst BL, Wong MH, Tarbet EB, Babu Y'S, Klumpp
K, et al. Combinations of oseltamivir and peramivir for the
treatment of influenza A (HIN1) virus infections in cell culture
and in mice. Antiviral Res 2010;88:38-44.

57) Masihi KN, Schweiger B, Finsterbusch T, Hengel H. Low
dose oral combination chemoprophylaxis with oseltamivir
and amantadine for influenza A virus infections in mice. J
Chemother 2007;19:295-303.

58) Tarbet EB, Maekawa M, Furuta Y, Babu YS, Morrey JD,
Smee DF. Combinations of favipiravir and peramivir for the
treatment of pandemic influenza A/California/04/2009 (HIN1)
virus infections in mice. Antiviral Res 2012;94:103-10.

59) Galabov AS, Simeonova L, Gegova G. Rimantadine and

oseltamivir demonstrate synergistic combination effect in an



Antiviral Agents Against Influenza Viruses

experimental infection with type A (H3N2) influenza virus in
mice. Antivir Chem Chemother 2006;17:251-8.

60) Bantia S, Kellogg D, Parker CD, Babu YS. Combination of
peramivir and rimantadine demonstrate synergistic antiviral
effects in sub-lethal influenza A (H3N2) virus mouse model.
Antiviral Res 2010;88:276-80.

61) Smee DF, Hurst BL, Egawa H, Takahashi K, Kadota T, Furuta
Y. Intracellular metabolism of favipiravir (T-705) in uninfected
and influenza A (HSN1) virus-infected cells. J Antimicrob
Chemother 2009;64:741-6.

62) llyushina NA, Hoffmann E, Salomon R, Webster RG,
Govorkova EA. Amantadine-oseltamivir combination therapy
for H5N1 influenza virus infection in mice. Antivir Ther 2007,
12:363-70.

63) llyushina NA, Hay A, Yilmaz N, Boon AC, Webster RG,
Govorkova EA. Oseltamivir-ribavirin combination therapy for
highly pathogenic H5N1 influenza virus infection in mice.
Antimicrob Agents Chemother 2008;52:3889-97.

64) Smee DF, Wong MH, Bailey KW, Sidwell RW. Activities of
oseltamivir and ribavirin used alone and in combination
against infections in mice with recent isolates of influenza A
(HINT1) and B viruses. Antivir Chem Chemother 2006;17:185

293

-92.

65) Gelman MA, Glenn JS. Mixing the right hepatitis C inhibitor
cocktail. Trends Mol Med 2010.

66) Evering TH, Mehandru S, Racz P, Tenner-Racz K, Poles MA,
Figueroa A, et al. Absence of HIV-1 evolution in the gut-
associated lymphoid tissue from patients on combination
antiviral therapy initiated during primary infection. PLoS
Pathog 2012;8:¢1002506.

67) Beigel J, Bray M. Current and future antiviral therapy of severe
seasonal and avian influenza. Antiviral Res 2008;78:91-102.

68) Nguyen JT, Hoopes JD, Smee DF, Prichard MN, Driebe EM,
Engelthaler DM, et al. Triple combination of oseltamivir,
amantadine, and ribavirin displays synergistic activity against
multiple influenza virus strains in vitro. Antimicrob Agents
Chemother 2009;53:4115-26.

69) Petersen E, Keld DB, Ellermann-Eriksen S, Gubbels S, Ilkjaer
S, Jensen-Fangel S, ef al. Failure of combination oral
oseltamivir and inhaled zanamivir antiviral treatment in
ventilator- and ECMO-treated critically ill patients with
pandemic influenza A (HIN1)v. Scand J Infect Dis 2011;43:
495-503.




