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Abstract

To develop a mouse model for testing receptor attachment inhibitors of human influenza viruses, the human clinical virus isolate in MDCK cells
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A/NIB/23/89M (H1N1) was adapted to mice by serial passaging through mouse lungs. The adaptation enhanced the viral pathogenici
but preserved the virus receptor binding phenotype, preferential binding to 2–6-linked sialic acid receptors and low affinity for 2–3-linkedors.
Sequencing of the HA gene of the mouse-adapted virus A/NIB/23/89-MA revealed a loss of the glycosylation sites in positions 94 and 1
and substitutions 275Asp→ Gly in HA1 and 145Asn→ Asp in HA2. The four mouse strains tested differed significantly in their sensitiv
A/NIB/23/89-MA with the sensitivity increasing in the order of BALB/cJCitMoise, C57BL/6LacSto, CBA/CaLacSto and A/SnJCitMoise
Testing of protective efficacy of the polyacrylamide conjugate bearing Neu5Ac�2-6Gal�1-4GlcNAc trisaccharide under conditions of letha
sublethal virus infection demonstrated a strong protective effect of this preparation. In particular, aerosol treatment of mice with the
attachment inhibitor on 24–110 h after infection completely prevented mortality in sensitive animals and lessened disease sympto
resistant mouse strains.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Influenza viruses initiate infection by attachment to host cells
followed by endocytosis and fusion of the viral and endosomal
membranes. Attachment is mediated by the interaction of the
viral surface glycoprotein hemagglutinin (HA) with host cell sur-
face receptors containing sialooligosaccharides (Paulson, 1985;
Herrler et al., 1995). An extracellular agent that resembles the
host receptors may inhibit this binding (for a recent review, see
Matrosovich and Klenk, 2003). Airway mucins appear to be
natural inhibitors for the influenza virus infection in the res-
piratory tract of humans. The carbohydrate chains of mucins
are rich in sialic acids. Given their extreme heterogeneity and
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ability to attach to various carbohydrate-binding microorg
isms, airway mucins can be regarded as a combinatorial li
of carbohydrate epitopes developed during evolution to s
as decoys for pathogenic bacteria and viruses (Lamblin and
Roussel, 1993; Scharfman et al., 1995). The literature data con
cerning the protective effect of mucins are inconsistent. Pa
and colleagues showed that mucins contain primarily Sia2-
fragment (Couceiro et al., 1993). However, more recent studi
suggested that human airway mucins also contain Sia2-
terminated moieties (Lamblin et al., 2001). Inhibitors present i
human nasal washings protected mice from several neuro
influenza A virus strains. The neutralizing activity was ass
ated with heat stable and sialidase-sensitive inhibitors, pre
ably mucins (Andrewes et al., 1954). It is necessary to elucida
the role of mucins under natural conditions of influenza in
tion for estimation of the therapeutical perspectives of synt
inhibitors of influenza virus attachment to the host cell rece
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Attempts to design rationally synthetic inhibitors of influenza
virus receptor binding were stimulated in the late 1980s by
accumulated biochemical data on virus receptors and natural
inhibitors (Paulson, 1985; Wiley and Skehel, 1987) and by the
resolution of the structure of hemagglutinin complexed with
sialic acid (Weis et al., 1988).

To increase the potency of synthetic inhibitors, several
approaches for polyvalent presentation of sialoside ligands have
been tested. A series of bivalent sialosides were synthesized that
differed by the nature and the length of spacers between sialic
acid residues, one of them was 100-fold stronger inhibitor than
Neu5Ac�Me (Glick et al., 1991). Symmetrical tetravalent sialo-
sides (‘tetrahedrons’) with formal distances between sialic acid
residues of 110–120̊A showed up to 1200-fold enhancement of
inhibitory activity over monovalent ligand and tetrahedrons with
shorter antennae (Chinarev et al., 1999). Polyvalent inhibitors
in the form of sialylglycopolymers (Matrosovich et al., 1990;
Mochalova et al., 1994; Lees et al., 1994; Mammen et al., 1995;
Sigal et al., 1996; Bovin, 1998), sialic acid-containing liposomes
(Kingery-Wood et al., 1992; Spevak et al., 1993; Guo et al.,
2002), star-like dendritic sialosides (Roy et al., 1993; Reuter
et al., 1999; Tsvetkov et al., 2002), and self-assembling sialo-
glycopeptides (Tuzikov et al., 2003; Bovin et al., 2004) were
considerably or even dramatically more potent than monovalent
compounds.

An important finding in this respect is that all non-egg-
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2. Materials and methods

2.1. Sialylglycopolymers

High molecular weight polyacrylamide conjugates bear-
ing of Neu5Ac�2-3Gal�1-4Glc� (3′SL), Neu5Ac�2-6Gal�1-
4Glc� (6′SL) and Neu5Ac�2-6Gal�1-4GlcNAc� (6′SLN) were
synthesized by coupling spacered oligosaccharides to poly(N-
oxisuccinimidyl acrylate) as described previously (Tuzikov et
al., 2000; Pazynina et al., 2002; Mochalova et al., 2003; Shilova
et al., 2005). The sialylglycopolymers were designated, respec-
tively, 3′SL-PAA, 6′SL-PAA and 6′SLN-PAA. The structure of
6′SLN-PAA conjugate presented onFig. 1. The average molec-
ular mass of the poly(N-2-hydroxyethylacrylamide) carrier was
about 1500 kDa as estimated by gel-permeation chromatogra-
phy. Content of sialosaccharide in polymer was 0.76 nmol/�g
of polymer.

2.2. Human mucins

Nasal mucins were taken by plastic spatula from four children
and tracheal mucin by expectoration from volunteers, diluted 10
times with PBS and centrifuged 20 min at 5000 rpm. Content of
sialic acids in supernatants was estimated as described (Yao et
al., 1989). Mucin samples were stored at 4◦C and used for the
experiments during the first 1–2 days after preparation.
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ffinity for Neu5Ac�2-6Gal�1-4GlcNAc (6′SLN) (Gambaryan
t al., 1997, 1999). This finding suggested that 6′SLN but
ot merely Neu5Ac or even Neu5Ac�2-6Gal represents th
eceptor determinant recognized by human influenza A

viruses on the surface of their target cells. Recently
nvestigated potential protective effects of virus attachm
nhibitors in mice (Gambaryan et al., 2002a). The animals wer
nfected with the mouse-adapted influenza virus A/Aichi/2
H3N2) and were treated with polyacrylamide (PAA) conjuga
ith (Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1)2-3,6Man�1-
GlcNAc�1-4GlcNAc (YDS) which carried two 6′SLN moi-
ties. Single intranasal inoculations before the infecting or

iple treatments with aerosolized YDS-PAA on days 2–5
nfection increased survival, alleviated disease symptoms
ecreased lesions in the mouse lungs. However this stud

imited to testing the polymeric inhibitors against virus str
ith modified receptor properties due to the egg and m
daptation.

To overcome this drawback, we developed a more ade
nimal model for testing of antiviral attachment inhibito
amely, we adapted clinical human H1N1 virus iso
/NIB/23/89M to mice without significant changes of its ty
al human-virus-like receptor specificity. Previously we te
everal mouse strains for their susceptibility to influenza v
Gambaryan et al., 2002b); four most distinctive strains we
hosen for this study. The goal of this work was to c
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.3. Viruses

The mouse-adapted variant of Aichi/2/68 (H3N2) influe
irus strain was obtained from the virus repository of
vanovsky Institute of Virology, Moscow, Russia. The non-e
dapted human influenza viruses A/NIB/26/90M (H3N2)
/NIB/23/89M (H1N1) (Robertson et al., 1991)) were kindly
rovided by Dr. J.S. Robertson (National Institute for Biolog
tandards and Control, Blanche Lane, Potters Bar, Herts
QG, UK). The original viruses and the mouse-adapted
nt A/NIB/23/89-MA were propagated in Madin–Darby can
idney (MDCK) cells from the American Type Culture Colle
ion in the presence of TPCK-trypsin (2.5�g/ml, Worthington
iagnostics Freehold, NJ) at 37◦C for 48 h. MDCK cells wer

Fig. 1. The structure of 6′SLN-PAA conjugate.
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cultured in minimal essential medium (MEM) with 5% bovine
fetal serum.

2.4. Preparation of the mouse-adapted (MA)-variant

The MA-variant of the A/NIB/23/89M strain was prepared
by 24 subsequent lung-to-lung passages. Outbred 4–6 weeks old
albino mice were inoculated intranasally with 50�l of virus-
containing fluids after light anesthesia with ether. For the first
passage, undiluted culture fluid was used. Subsequent passages
were performed using 10% lung suspension in PBS (pH 7.4)
supplemented with antibiotics. Lungs were harvested 48 h after
infection.

2.5. Sequencing of the HA gene

Viral RNA was isolated using High Pure RNA isolation kit
(Roche, USA). Two overlapping parts of the HA gene (1-727 and
623-1178) were amplified using One Step RT-PCR kit (Qiagen,
Germany). The PCR products were purified (QIA Quick PCR
purification kit, Qiagen) and sequenced by the dideoxy method
using an automatic sequencer (Perkin Elmer, USA).

2.6. Competitive assay of virus binding to soluble receptor
analogs
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incubation with 0.1 ml substrate solution (1 ml 0.5% 3-amino-9-
ethylcarbasole in DMSO + 9 ml0.01% H2O2 in 0.05 M sodium
acetate buffer, pH 5.7) per well. The numbers of infected cells
were counted under the inverted microscope in each of the four
replicates wells and the results were averaged. One stained cell
corresponded to one infection unit (IU) of the virus.

2.8. Inhibition of viral infectivity in cell culture

Two-fold serial dilutions (0.15 ml) of receptor analog samples
in MEM were inoculated onto monolayers (see above), and equal
volume of influenza virus containing from 250 to 1000 IU was
added per well. Incubation and visualization of infected cells
were performed as described above. Concentration of inhibitor
that resulted in 90% inhibition of virus infectivity was expressed
in �M of sialic acid.

2.9. Mice

Male mice of different strains were of the same age (2
months). BALB/cJCitMoise (B/c) and A/SnJCitMoise (A/Sn)
strains were maintained in Mice Breeding Department of Lab-
oratory of Biotechnology, Institute of Bioorganic Chemistry,
Moscow. CBA/CaLacSto (CBA) and C57BL/6LacSto (B6) mice
were kindly provided by Svetlana S. Kardashova, Laboratory
Animals Department, Oncology Center, Moscow.

2

-
s cted
a revi-
o ice
w
o arent
p hala-
t osol
( the
c sted
t hich
w g at
0

2

tmo-
s
s sed
f
p ayed
i ent.
C
s car-
r ups
w n
o per-
f l, the
The affinity of the viruses for soluble receptor analogs
ssayed by using the solid-phase fetuin binding inhibition a
s previously described (Gambaryan and Matrosovich, 199).

n brief, viruses were adsorbed to the wells of fetuin-co
olystyrene EIA microplates (Costar) at 4◦C overnight. Afte
nbound virus was washed off, 0.05 ml of solution contai
fixed amount of HRP-labeled fetuin and a variable amou
on-labeled inhibitor was added to the plate, which was

ncubated for 1 h at 2–4◦C. The solutions were prepared in P
upplemented with 0.02% BSA, 0.02% Tween 80, and 10�mol
f the sialidase inhibitor, 4-amino-4-deoxy-Neu5Ac2en.
lates were washed, and the amount of labeled fetuin b
as determined by using the standard o-phenylenediamine
ogenic substrate. The dissociation constants (Kdiss) of the virus

omplexes with receptor analogs were calculated basing o
oncentration of the sialic acid residues in solution, and
esults were averaged.

.7. Determination of viral infectivity

MDCK cells were grown in 96-well microplates for tiss
ulture (NUNC, Denmark), washed with MEM and four-fo
erial dilutions (0.15 ml) of influenza virus samples in ME
ere inoculated using four replicate wells per dilution. A

ncubation of the plates for 14 h at 35◦C in 5% CO2 atmosphere
he medium was removed; the cells were fixed with 0.02%
araldehyde for 30 min and washed with PBS. The solutio
RP-labeled fetuin (0.05 ml per well) in PBS supplemented
.01% Tween 20 was added, the plates were incubated for
◦C and washed with PBS-Tween 20. The fetuin-HRP conju
ound to the surface of virus-infected cells was visualize
y
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.10. Method of infection

Mice were infected by either instilling 50�l of virus suspen
ion in PBS into each nostril or by using in-house-constru
pparatus for whole body aerosol exposure described p
usly (Gambaryan et al., 2002a). In the second case, the m
ere exposed for 10 min to aerosol containing about 105 IU
f the virus per liter. The apparatus consisted of a transp
lastic chamber, which was connected to the ultrasound in

or Musson-1 (Rotor, Altai, Russia) generating virus aer
aerosol particle size 3–8�m). The aerosol entered inside
hamber through the inlet in its upper lid and was exhau
hrough the outlet in the bottom part of the chamber, w
as connected via HEPA filter to peristaltic pump operatin
.5 l/min.

.11. Treatment

The infected mice were exposed for 10 min to aerosol a
phere that was prepared by dispersing 200�M (by sialic acid)
olution of 6′SLN-PAA (Fig. 1) in the same apparatus as u
or the infecting. Solution of the sialylglycopolymer in H2O was
oured into special vessel of Musson-1 inhalator and spr

nto 20 l chamber; 2 ml of solution was used for every treatm
ontent of drug in aerosol was approximately 0.02�mol/l. The
econd infected group was treated with placebo (polymeric
ier without the carbohydrate). Two control non-infected gro
ere treated with 6′SLN-PAA or placebo similarly. Calculatio
f the virus and drug deposition in the respiratory tract was

ormed based on the virus or drug concentration in aeroso
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mouse tidal breath volume per minute and the exposition time,
as described elsewhere (Ovcharenko and Zhirnov, 1994).

2.12. Parameters of the disease

Three parameters were used to record animal sensitivity
to virus infection: survival, weight dynamics and lung weight
increase after infection. All mice were labeled and followed
for 12 days after infection, because normally no mortality was
observed in the infected animals afterwards. On day 6 after
infection (the day of minimal weight for surviving mice), the
difference between the average weights of infected animals was
calculated and expressed as percentage of the averaged weight
of non-infected mice. The obtained value was designated as WL
(weight loss). On the 12th day after infection, the percentage of
survived animals (S, %) was calculated for all groups. The sur-
vived animals were euthanized; lungs were excised and weighed.
The difference between average weights of lungs from infected
and non-infected mice was calculated and expressed as percent-
age of non-infected animals’ lung weight. This value was defined
as LWI (Lung weight increase). Average parameters (WL and
LWI) were calculated only if all animals in compared groups
survived. All experiments were performed in accordance with
the “Guide for the Care and Use of Laboratory Animals” (U.S.
Department of Health and Human Services, National Institute
o
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Table 1
Dissociation constants (Kdiss, �M Sia) of virus complexes with human mucins
and sialylglycopolymer, and concentration of 90% neutralization of virus infec-
tivity in MDCK cells (IC90%, �M Sia)

Inhibitors Viruses

A/NIB/23/89M (H1N1) A/NIB/26/90M (H3N2)

Kdiss IC90% Kdiss IC90%

Human tracheal
mucin

0.1 >10 0.5 >10

Human nasal
mucin

0.2 >10 1 >10

6′SLN-PAA 0.01 0.05 0.02 0.5

Kdiss of the virus complex with soluble receptor analogs was assayed by using
the solid-phase fetuin binding inhibition assay; IC90% was assayed in 96-well
plates with MDCK cells monolayer infected by viruses in presence of receptor
analog samples (Material and methods section).

Sequencing of the HA of the mouse-adapted virus
A/NIB/23/89M (23M-MA) demonstrated that it differs from the
clinical material (Robertson et al., 1991) by three replacements
in HA1 (96Thr→ Lys, 163Asn→ Lys and 275Asp→ Gly) and
one replacement in HA2 (145Asn→ Asp) (H3 numbering sys-
tem). However, one of them, (163Asn→ Lys) – was found in
parent virus taken for adaptation. Hence, 163Asn→ Lys substi-
tution appeared in the course of passaging in MDCK culture.

After 24 passages in mice the productivity of the virus 23M-
MA in culture and ability to propagate in mouse lungs had
been increased (data not shown). Pathogenicity of this virus
was compared to that of the starting virus NIB/23/89M and
the mouse adapted virus A/Aichi/1/68 (Aichi-MA) using four
strains of mice with different sensitivity. Groups of eight mice
were infected by 103 IU of each virus and were monitored daily
for 12 days.

The results of one representative experiment are given in
Table 3. Two to three days after infection with Aichi-MA,
the mice decreased consumption of food and sharply lost their
weight. The virus caused 100% mortality in the A/Sn, CBA and
B6 animals whereas weight of more resistant B/c mice grad-
ually increased after day 6, and all animals survived. Virus
NIB/23/89M did not cause visible disease symptoms in any
group of mice tested. Weight curves of control and infected
animals did not display significant differences; the only conse-
quence of infection was the formation of antibodies to the virus
( eaths

T
R riants
(

V

P
A
A
A

V

f Health Publication No. 93-23, revised 1985).
Statistical analysis of survival dynamic was performed u

ilcoxon two-sample test and of WL and LWI was p
ormed using paired Student’st-test (http://www.statistics.com
ontent/javastat.html#Comparisons).

. Results

To assess the antiviral effect of synthetic sialylglycopolym
ts affinity to viruses and ability to suppress the virus infecti
ere compared to those of the airway mucins. The conte
ialic residues in preparations of mucins (calculated on s
cid) was in the range 0.5–2 mmol/l. Dissociation constan
uman influenza virus with human tracheal and nasal mu
nd sialylglycopolymer 6′SLN-PAA and concentration of 90
eutralization of virus infectivity are given inTable 1. Virus
ffinity to mucin, expressed in total concentration of sialic a

s rather high; however, mucins did not appreciably inhibit
iral infection in cell culture. In contrast, the synthetic inhib
′SLN-PAA strongly suppressed the infection of MDCK ce
nder the same experimental conditions.

There was need in adequate experimental model in ord
ssay protective effects of 6′SLN-PAA in animals. To this end
e decided to adapt to mice clinical human influenza viruses
ere isolated in MDCK cells and were never passaged in ch
mbryos. Our attempts to adapt H3N2 and type B viruses f
ut we succeeded in adaptation of H1N1 virus A/NIB/23/8
o mice by consecutive 24 lung-to-lung passages in mice
eceptor specificity of the virus at distinct passages is show
able 2. The virus retains increased affinity to 6′SLN-PAA after
daptation.
o

t
n

data not shown). Mouse-adapted virus 23M-MA caused d

able 2
eceptor specificity of A/NIB/23/89M (H1N1) and its mouse-passaged va

MA)

irus Kdiss of virus-inhibitor complexes (�M Sia)

3′SL-PAA 6′SL-PAA 6′SLN-PAA

arent NIB/23/89M 1 1 0.01
fter 3 passages 1 1 0.01
fter 16 passages 0.5 0.5 0.01
fter 24 passages
(23M-MA)

0.5 0.3 ≤0.01

iruses were passaged in cell culture prior to testing.

http://www.statistics.com/content/javastat.html
http://www.statistics.com/content/javastat.html
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Table 3
Percentage of survival (S, %)a, weight loss (WL, %)b and lung weight increase (LWI, %)c during influenza infection in four strains of mice

Virus B/c B6 CBA A/Sn

S WL LWI S WL LWI S WL LWI S WL LWI

Aichi-MA 100 15 ± 4 70 ± 20 0 (7.25) 24± 6 – 0 (8) 23± 5 – 0 (6.75) 27± 4 –
NIB/23/89M 100 3± 5 10 ± 20 100 5± 7 15± 20 100 6± 8 14± 7 100 6± 7 15± 10
23M-MA 100 6 ± 5 60 ± 30 100 15± 8 50± 30 50 (9.1) 20± 6 – 50 (8.5) 23± 7 –

Each group of mice contained eight animals infected intranasally with 103 IU of virus per mouse.P-value for comparison WL between animals infected Aichi-MA
or 23M-MA and control group was <0.01, while for NIB/23/89M was nearly 0.5 (paired Student’st-test). For B/c mice LWI instead of WL was statistically treated.

a Determined on day 12, the mean day of death is shown in brackets (calculated for dead animals only).
b Determined on day 6.
c Determined on day 12, when all mice survived.

of some infected A/Sn and CBA mice whereas all infected B/c
and B6 mice survived. However, the B6 mice clearly responded
to infection with their weight curves having distinct minimum
on days 6–7 after infection. Weight curves of infected and con-
trol B/c animals did not differ significantly but it was possible
to detect illness of the infected mice by the increase in the lung
weight. Virus 23M-MA, unlike the widely used mouse-adapted
strain Aichi/2/68-MA, causes milder disease symptoms in mice,
and represents a more adequate model of a typical influenza
disease in humans. In subsequent experiments we used mouse
strains with different sensitivity to 23M-MA to account for vari-
able severity of influenza in humans.

The B/c, A/Sn and CBA mice were used to test the pro-
tective effect of 6′SLN-PAA during infection with 23M-MA
virus. Infection and drug administration were performed using
the aerosol method. Mice were labeled and divided into groups.
Three regimens of treatment with the sialylglycopolymer were
tested. In the first regimen, mice were treated with 6′SLN-PAA
aerosol only once, 20 min before the infecting (103 IU of the
virus per mouse). The calculated total dose of the polymer
received by each animal was about 5 nmol with respect to sialic
acid. According to the second regimen, mice were treated with
6′SLN-PAA aerosol started 24 after infecting (103 IU per mouse)
by 10 min treatments, eight doses per day during 4 days (every
2 h with 10 h night break). The calculated dose was about 2�g

of the polymer (∼1.5 nmol by sialic acid) per mouse in a single
treatment. In the third regimen, the analogical treatments with
6′SLN-PAA aerosol were started after detection of the first dis-
ease symptoms, namely, 48 h after infection. In this case, the
virus dose was increased to 104 IU per mouse, which resulted in
a 100% mortality of non-treated animals.

Four groups of mice were used in each of the experiments.
Two control non-infected groups were treated by either 6′SLN-
PAA or placebo. No significant differences in weight dynamics
between these groups were observed in any of the experiments,
demonstrating a lack of any significant toxic effects of 6′SLN-
PAA. Two other groups of mice were infected and treated with
either 6′SLN-PAA or placebo.

Data on survival and weight loss of mice subjected to various
treatment regimens are given inTable 4. Treatment of non-
infected animals with 6′SLN-PAA did not affect their weight.
Treatment of infected animals displayed significant therapeutic
effect in infected mice in all cases. Treatment before the infecting
dramatically increased survival of mice (P-value for compari-
sonS and WL between placebo–treated and 6′SLN-PAA-treated
infected animals was <0.01 in Wilcoxon two-sample test and in
paired Student’st-test). Multiple treatments started 24 h after
infection was even more efficient and completely prevented
mortality. The preparation was effective even when mice were
infected with lethal dose of virus and treatment was started as

T
E za vir

I

103 IU

S

N 100
N 100
2 40 (8
2 100

N ls. M n
L <0.00 nd
6 test.

forme
y 2 h per

m

able 4
ffect of different treatment regimens with aerosolized 6′SLN-PAA on influen

nfection Treatment Virus dose, treatment regimena

103 IU, pretreatmentb

S WL

o Placebo 100 0± 3
o 6′SLN-PAA 100 2± 4
3M-MA Placebo 30 (8.5) 19± 7
3M-MA 6′SLN-PAA 90 8± 4

on-infected groups contained 5 animals and infected contained 10 anima
W between placebo–treated and 6′SLN-PAA-treated infected animals was
′SLN-PAA-treated infected animals was <0.01 in Wilcoxon two-sample
a Definition for S and WL – see footnotes forTable 3.
b Single treatment with 6′SLN-PAA (5 nmol by sialic acid per mouse) per
c Treatments with either placebo or 6′SLN-PAA by 10 min exposures ever
ouse during a single treatment.
us infection in CBA mice

, 24 h post-treatmentc 104 IU, 48 h post-treatmentc

WL S WL

0± 5 100 0± 4
−3 ± 5 100 2± 3

.1) 17± 8 0 (6.6) 25± 6
6± 4 40 (8.6) 18± 4

ice were infected by aerosol exposure with indicated virus dose.P-value for compariso
1 (paired Student’st-test);P value for comparisonS between placebo–treated a

d 20 min before the infecting.
with 10 h night break. The 6′SLN-PAA dose was about 1.5 nmol by sialic acid
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Table 5
Effect of aerosolized 6′SLN-PAA on influenza virus infection in three strains of micea

Infection Treatment B/c CBA A/Sn

S WL S WL S WL

No Placebo 100 0± 4 100 0± 4 100 0± 5
No 6′SLN-PAA 100 1± 3 100 −1 ± 4 100 0± 3
23M-MA Placebo 90 8± 5 60 (8.5) 15± 7 10 (8.2) 20± 6
23M-MA 6′SLN-PAA 100 4± 4 100 7± 4 100 8± 4

Non-infected groups contained 5 animals, infected groups contained 10 animals. Mice were infected by aerosol exposure to about 103 IU of virus per mouse and
treated with either placebo or 6′SLN-PAA on days 2–5 after infection, by 10 min exposures every 2 h with 10 h night break. The 6′SLN-PAA dose was about 1.5 nmol
by sialic acid per mouse during a single treatment.P-value for comparison WL between placebo–treated and 6′SLN-PAA-treated infected animals was <0.001 (paired
Student’st-test).

a Definition for S and WL – see footnotes forTable 3.

late as 48 h after infection: although the mice lost their weight
significantly, 40% of the animals survived (P-value <0.01 in
Wilcoxon two-sample test).

Weight and survival curves for one of the strains (A/Sn)
infected by 103 IU of virus and treated starting of the treatment
from 24 h after infection, are given inFig. 2. A marginal weight
gain can be observed in non-infected group of animals. By
contrast, infected and placebo treated animals displayed sharp
weight loss on days 3–8, and 9 out of 10 animals in this group
eventually died. The weight loss in animals treated with 6′SLN-
PAA aerosol starting 24 h after infection was about three times
lower than in the placebo-treated group. These animals gained
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weight gradually starting with days 7–8 post infection, and none
of them died.

Data on survival and weight loss for B/c, CBA and A/Sn
mice are given inTable 5. Treatment of non-infected animals
with 6′SLN-PAA did not affect their weight. Infection with the
23M-MA virus caused weight loss and death of 10% of the
B/c mice, 40% of the CBA mice and up to 90% of the A/Sn
mice. Treatment with 6′SLN-PAA lessens the weight loss and
completely abolishes mortality in sensitive mouse strains.

4. Discussion

Development of synthetic inhibitors of influenza virus recep-
tor binding was hampered by data on natural inhibitors that are
abundant on the surface of target cells. Indeed, in our exper-
iments human airway mucins inhibited virus attachment to
receptor analogs even at 1000-fold dilution. This should appar-
ently induce strong competition with cellular receptors. In this
view, utilization of synthetic sialylglycopolymers for additional
interference with the virus attachment to cells does not seem
promising. However, in the course of natural infection the virus is
able to efficiently overcome the mucin barrier. Moreover, despite
the high binding affinity of mucins for the virus in the in vitro
binding assay, they did not appreciably inhibit the viral infec-
tion in cell culture (Table 1). In contrast, the synthetic inhibitor
6′SLN-PAA strongly suppressed the infection of MDCK cells
u iffer-
e cins
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6 , and
s
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t by
m the
6

iden-
t with
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ig. 2. Weight dynamics and survival of A/Sn mice from non-infected co
roup treated with placebo (blue, 5 mice); non-infected control group tr
ith 6′SLN-PAA (cyan, 5 mice); and virus infected mice treated either
lacebo (red, 10 mice) or 6′SLN-PAA (green, 10 mice). Mice were treated
ays 2–5 after infection (103 IU per mouse) by 10 min exposures every 2 h w

0 h night break. The 6′SLN-PAA dose was about 1.5 nmol by sialic acid per
ouse during a single treatment. Abrupt drop of curves denotes the death o
ouse.P-value for WL difference between the two control groups and between

he two infected groups was 0.528 and <0.001 accordingly (in paired Student’
-test).
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nder the same experimental conditions. This marked d
nce between the synthetic inhibitor and the natural mu

nhibitors could be likely explained firstly, by higher stability
′SLN-PAA to cleavage by proteases or/and neuraminidase
econdly, by higher content of receptor moiety (6′SLN) in the
ynthetic inhibitor as compared to airway mucins. More ef
ive suppression of viral growth by synthetic inhibitor than
ucins stimulated our investigations of the possibility to use

′SLN-PAA against influenza virus.
We have demonstrated earlier that a polymer bearing b

ate undecasaccharide, YDS-PAA, protects mice infected
ouse-adapted H3N2 influenza virus A/Aichi/2/68 (Gambaryan
t al., 2002a). However, A/Aichi/2/68 is not a typical huma
irus because of its initial adaptation to chicken emb
ollowed by mouse adaptation. It is known that adapta
o chicken embryos changes receptor specificity of the
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(Gambaryan et al., 1997, 1999). Another apparent drawback
of this virus strain is that its high pathogenicity for mice does
not allow to modeling the typical course of influenza disease in
humans.

To avoid these problems, development of more adequate
experimental model was attempted. We successfully adapted
clinical human isolate in MDCK cells A/NIB/23/89M (H1N1)
(Robertson et al., 1991) to mice. Three amino acid replacements
discriminate 23M-MA from the parent virus, taken for adap-
tation, namely, 96Thr→ Lys, and 275Asp→ Gly in H1 and
145Asn→ Asp in H2. 96Asn→ Lys replacement resulted in
loss of glycosylation site near the receptor-binding site. The loss
of glycosylation site at amino acid 94 has been also observed
in the case of adaptation H1N1 virus A/USSR/90/77 to mice
(Shilov et al., 1984). The replacement 275Asp→ Gly could
increase the mobility of the HA globular head due to a close
proximity of this amino acid to disulfide bridge between 52Cys
and 277Cys in the stem and the head of the HA. The 145Asn of
HA2 is located near the cleavage site of HA0. It seems likely,
therefore, that the mutation 145Asn→ Asp in the HA2 of our
mouse-adapted virus could affect the efficiency of HA cleavage
in a way described previously for the mutation 156Thr→ Asn in
HA2 of adapted to mice A/HK/1/68 virus (Brown et al., 2001).

We monitored the receptor specificity of the virus at distinct
mouse passages. The parent virus displayed the typical receptor-
binding phenotype of human H1N1 influenza viruses, namely,
a r
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low affinity for 3′SL-PAA and 6′SL-PAA, and much highe
ffinity for 6′SLN-containing sialylglycopolymer. The recep
roperties of the mouse-adapted virus were practically iden

o the parent strain (Table 2).
Using this improved animal model, we found that 6′SLN-

AA protects mice from the H1N1 influenza virus. Beca
′SLN is the high-affinity receptor shared by all human influe
and B viruses (Gambaryan et al., 1997, 1999; Mochalova e
003), 6′SLN-containing polymeric inhibitors could afford pr

ection from all human epidemic strains. Furthermore, it is
ently believed that the virus recognition of 6′SLN-terminated
eceptors is indispensable for the efficient human-to-hu
pread of the virus (Matrosovich et al., 1999, 2000). If this
ypothesis is true, drugs on basis of 6′SLN could be effectiv

or the protection against newly emerging pandemic influ
irus strains.
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