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Hiroshi Imagawa”, and Hiroshi Kida*
(Accepted for publication : January 11,2001)

Abstract

To provide information on the antigenic variation of the hemagglutinins
(HA) among equine H 3 influenza viruses, 26 strains isolated from horses in
different areas in the world during the 1963 —1996 period were analyzed using
a panel of monoclonal antibodies recognizing at least 7 distinct epitopes on the
H 3 HA molecule of the prototype strain A/equine/Miami/1/63 (H3N 8 ). The
reactivity patterns of the virus strains with the panel indicate that antigenic
drift of the HA has occurred with the year of isolation, but less extensively
than that of human H 3 N 2 influenza virus isolates, and different antigenic
variants co-circulate. To assess immunogenicity of the viruses, antisera from
mice vaccinated with each of the 7 representative inactivated viruses were ex-
amined by neutralization and hemagglutination-inhibition tests. These re-
sults emphasize the importance of monitoring the antigenic drift in equine in-
fluenza virus strains and to introduce current isolates into vaccine. On the ba-
sis of the present results, equine influenza vaccine strain A/equine/Tokyo/ 2 /71
(H3 N 8) was replaced with A/equine/La Plata/1/93 (H3 N 8 ) in 1996 in Ja-
pan. The present results of the antigenic analysis of the 26 strains supported
the results of a phylogenetic analysis”, that viruses belonging to each of the
Eurasian and American equine influenza lineages have independently evolved.
However, the current vaccine in Japan consists of two American H3 N 8
strains ; A/equine/Kentucky/ 1/81 and Alequine/La Plata/1/93. It is also
therefore recommended that a representative Eurasian strain should be in-
cluded as a replacement of A/equine/Kentucky/ 1 /81.

Department of Disease Control, Hokkaido University Graduate School of Veterinary Medicine,
Sapporo060-0818,Japan

“Division of Molecular Biology, Tochigi Laboratory of Equine Research Institute,

Japan Racing Association, Tochigi329-0412,Japan

*Corresponding author

Department of Disease Control,

Hokkaido University Graduate School of Veterinary Medicine,

Sapporo060-0818, Japan

Phone : (+81-11) 706-5207  Fax: (+81-11) 706-5273.

E-mail : kida@vetmed.hokudai.ac.jp



178 Antigenic variation of equine influenza virus

Introduction

Equine influenza is one of the most im-
portant contagious respiratory diseases of
horses. A/equine/Plague/56 (H7 N 7 ) was the
first influenza virus isolated from a horse in
Czechoslovakia in 1956®. In 1963, a virus of
different subtype, A/equine/Miami/1/63 (H 3
N8) (Eg/Miami/63), was isolated from a
race horse in Miami®. Influenza epidemics
caused by H 3 N 8 viruses have occurred con-
tinuously worldwide. H7 N 7 viruses, on the
other hand, have not been isolated since the

outbreaks in Mongolia and Yugoslavia in 1980.

However, serological studies suggest that H7
N 7 influenza virus is still circulating among
horses in some areas of the world®.

It is believed that equine H 3 influenza
viruses originated from avian influenza vi-
ruses. A phylogenetic analysis indicated that,
since 1987, equine H 3 N 8 influenza viruses
have been diverging into two lineages: the
Eurasian and the American lineages”. Anti-
genic and genetic variations of equine influ-
enza viruses are less extensive than those of
human influenza viruses*®. On the other
hand, the HA genes of H 3 influenza viruses
isolated from the case in China inl989, be-
longed to a different lineage from that of
known equine H 3 influenza viruses, indicat-
ing that the HA gene of the isolate was newly
introduced from an avian source”.

Bryans et al.(1966)” established an
equine influenza vaccine containing two pro-
totype strains, A/equine/Prague/1/57 (H7N
7) and Eq/Miami/63 (H3N§8).
genic variation of equine H 3 N 8 viruses has
been detected, although the extent of the vari-
d*®* it has been recom-

Since anti-

ation was limite
mended that the vaccine should contain cur-
rent H 3 N 8 equine influenza virus strains. In
addition, it was shown that H 3 N 8 influenza
viruses antigenically different from the proto-

type Eq/Miami/63 were cocirculating in the
horse population®. According to these findings,
virus strains isolated from 1979 to 1981 were
introduced into the equine influenza vaccine
in Japan. In countries in Europe and America,
two H 3 N 8viruses, A/equine/Miami/ 1/63
and A/equine/Fontainebleau/79 are used as
vaccine strains. However, it was revealed that
equine influenza spread even to vaccinated
herds®"*'” and that viruses currently isolated
were antigenically different from these vac-
cine strains®'”.

In Japan, the outbreak of equine influ-
enza caused by H 3 N 8 virus first occurred in
December, 1971.

nated from five horses imported from New

The causative virus origi-

Zealand. Since then, vaccines containing Egq/
Miami/63 and Alequine/Tokyo/2/71 (H3N
8) (Eg/Tokyo/71) had been used. In1986, Eq
/Miami/63 strain was replaced with A/equine/
Kentucky/ 1/81 (H3 N 8) (Eq/Kentucky/
81) in the vaccine. Although equine influenza
has not occurred since thel971 outbreak in Ja-
pan, recent international horse trade raises
the possibility of introduction of influenza vi-
rus into horses. In the present study, anti-
genicity and cross immunogenicity of influ-
enza viruses including strains currently iso-
lated from horses in the world were analyzed.

Materials and methods

Viruses

Influenza virus strains isolated in the
USA, Japan, Switzerland, France, UK, Swe-
den, Chile, Spain, Argentina, and South Africa
from 1963 to 1996 were used (Table 1) . These
viruses were propagated in the allantoic cav-
ity of 10-to 11-day-old embryonated chicken
egg at 35C for 48 hr and then purified from
the allantoic fluid'?.

Monoclonal antibodies
Hybridoma cells producing monoclonal
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Table 1 . H 3 N 8 virus strains used in this study

Viruses Place of origin Referrence
Alequine/Miami/1/63 (Eq/Miami/63) USA Waddell et al . , 1963
Alequine/Tokyo/2/71 (Eq/Tokyo/71) Japan Kumanomido et al ., 1972
Alequine/Kentucky/1/76 (Eq/Kentucky/76) US.A Hinshaw et al ., 1983
Alequine/Switzerland/2225/79  (Eq/Switzerland/79) Switzerlan Burrowset al ., 1981
A/equine/Fountainebleaw/79 (Eg/Fountainebleau/79) France Piateauetal ., 1979
Al/equine/California/1/80 (Eq/California/81) US.A Hinshaw et al ., 1983
Alequine/Kentucky/1/80 (Eq/Kentucky/81) USA Hinshaw et al ., 1983
Alequine/Kentucky/1/81 (Eq/Kentucky/81) US.A Hinshaw et al ., 1983
A/equine/New York/500/83 (Eq/New York/83) US.A Kawaoka et al ., 1989
Alequine/Santiago/1/85 (Eq/Santiago/85) Chile Kawaoka et al . , 1989
Alequine/Cordoba/5/85 (Eq/Cordoba/85) Spain

Alequine/Santa Fe/1/85 (Eq/Santa Fe/85) US.A

Al/equine/La Plata/1/85 (Eq/La Plata/85) Argentina

A/equine/Johannesberg/85 (Eg/Johannesberg/36) South Africa Kawaoka and Webster, 1989
Alequine/Kentucky/692/88 (Eq/Kentucky/88) USA

Alequine/Kentucky/12717/90 (Eq/Kentucky/90) US.A

Alequine/Alaska/29759/91 (Eqg/Alaska/91) USA

Alequine/Kentucky/1/91 (Eq/Kentucky/91) USA

A/equine/Idaho/37875/91 (Eq/Idaho/91) US.A

A/equine/Kentucky/1/92 (Eq/Kentucky/92) USA

Alequine/Lambourn/22778/92 (Eq/Lambourn/92) United Kingdom

Alequine/Avesta/1/93 (Eq/Avesta/93) Sweeden

Alequine/La Plata/1/93 (Eg/La Plata/93) Argentina

Alequine/Kentucky/1/94 (Eq/Kentucky/94) USA

Alequine/La Plata/1/95 (Eq/La Plata/95) Argentina

Alequine/La Plata/1/96 (Eg/La Plata/96) Argentina

antibodies to the HA of A/equine/Miami/ 1 /63

(H3N8) influenza viruses were prepared
following fusion of myeloma cells SP2/0 Ag
14®with spleen cells from mice immunized
with each virus"”’. The spleen donor was a
BALB/c mouse immunized with two intraperi-
toneal injections of each of the purified influ-
enza viruses (~10ug hemagglutinin pro-
tein) given 3 weeks apart. Fusion was carried
out 2 - 3 months later, 4 days after an intrave-
nous booster injection of the purified virus.
The hybridoma cells producing antibodies
were cloned in soft agar and grown intraperi-
toneally to produce ascites in BALB/c mice.

Monoclonal antibodies to the HA of A/duck/
Hokkaido/8/80 (H3N8) and A/Aichi/2 /68

(H3N2) described previously'” were con-
firmed to bind to the HA of A/equine/Miami/ 1
/63 and used in this study.

Serological tests

Hemagglutination and hemagglutination
-inhibition (HI) tests were performed by the
microtiter methods™. Viral antigens for the
HI test were prepared by disruption of the pu-
rified influenza viruses with 0.1% Tween 20
and an equal volume of ether for 30 min at
20C. Enzyme-linked immunosorbent assay
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10)

(ELISA) was done as described previously™.

Goat anti-mouse IgG antibody conjugated
with horseradish peroxydase was used (BIO
RAD) for ELISA. Neutralization tests were
performed by a plaque reduction assay using
MDCK cells”.

Selection of antigenic variants

Antigenic variants were selected as de-
scribed previously'”. Briefly, monoclonal anti-
body was mixed with serially diluted parent
virus, incubated for 30 min at 20°C, and the
mixture was inoculated into 10-to 11-day old
embryonated chicken eggs. Antigenic vari-
ants that grew in the presence of the monoclo-
nal antibody were plaque-cloned on MDCK

cells.

Sequencing of the HA genes

Viral RNA was extracted from purified vi-
rus”’. c¢cDNA was synthesized by using reverse
transcriptase” and random 6 -base synthetic
primer (Promega). The HA genes of equine
H 3 influenza viruses were amplified by po-
lymerase chain reaction (PCR)" using syn-
thetic primers as follows; MIHA 20: 5°-
TCTGTCAATCATGAAGACAACC- 3’ and MI-
HAR1058:5" -GCTATTGCTCCAAAGATTCCT
CTG-3’ . Direct sequencing of the PCR prod-
ucts were performed with the above primers

Table 2. Characterization of monoclonal antibodies to Eq/Miami/63 HA molecule

and H 3 -785R : 5’ -TATTGTCAAATAGATGC
TTA-3"%.

Immunization of mice
The potency of the vaccine was deter-
mined by titrating the neutralizing antibodies
produced in the immunized mice by egg
method. Briefly, four-week-old male ddY mice
(Nippon SLC) were intraperitoneally immu-
nized with 0.5ml of the five-fold serial dilu-
tions of 0.1%formalin-inactivated vaccine in
PBS. Three weeks later, sera were obtained
from the mice and pooled. Each pool was di-
luted twofold and subjected to HI and neu-
tralization tests. Equal volumes of each dilu-
tion and the 10*° EIDy of challenge virus sus-
pension were mixed and inoculated in embry-
onated chicken eggs.
Animal experimentations
formed according to the Guidelines for Animal
Experimentation at Hokkaido

were per-

University
Graduate School of Veterinary Medicine.

Results

Characterization of monoclonal antibodies to
Alequine/Miami/ 1 /63 (H3N8) influenza virus
HA

In this study, we prepared 10 monoclonal
antibodies which reacted to Eq/Miami/63HA
at high titers by ELISA (Table 2 ). Seven mon-

MAb ELISA titers HI titers Neutralizing Isotype of im-
S (x100) intact virus HA rosset antibody titers munoglobulin
M6/1 1,024 1,280 3,200 2,400 IgG2a
M1/4 65, 536 25,600 25,600 5, 600 IeG 1
D58/ 2 69, 536 2,560 3,200 400 IgG2a
Al13/1 4,096 1,280 1,600 400 IgG2a
A32/2 16,384 25,600 51, 200 25,600 IgG 3
M18/1 16,384 <80 1,280 2,100 IgG 1
M12/3 16, 384 <80 1,600 800 IgG1
D22/ 3 4,096 <80 <80 <100 IgG2a
M9/2 1,024 3,200 3,200 1,400 IgG 3
M4l/2 4,096 25,600 25, 600 16, 900 I1gG 3
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oclonal antibodies inhibited hemagglutination
of intact virus but the other three antibodies

(D22/3,M12/3,and M18/1) did not. Since it
was shown that some of monoclonal antibod-
ies to avian influenza virus HA failed to in-
hibit hemagglutination of intact virus but in-
hibited that of HA rossets'”, HA rossets of Eq
/Miami/63 were prepared as antigen for HI
test. As shown in Table 2, M12/3 and M18&/1
inhibited the hemagglutination of the HA ros-
sets. Nine monoclonal antibodies neutralized

infectivity of Eq/Miami/63 but D22/ 3 did not.

Epitope mapping of the HA molecule of equine
influenza virus with antigenic variants

To establish the epitope specificity of each
monoclonal antibody, a series of antigenic
variants were selected in the presence of the

Table 3.

monoclonal antibodies and their reactivity
patterns with each antibody were analyzed by
ELISA (Table3).
lected in the presence of each monoclonal an-
tibody did not react with the homologous anti-
body. Out of 10 monoclonal antibodies, 3anti-
bodies (M 6/1,M18/1,and M12/3 ) recognized
independent epitopes. While the other 7 anti-
bodies recognized two distinct overlapping

The antigenic variants se-

epitope regions. One was recognized with M 1
/4,A13/1,D58/2,and A32/2. The other was
recognized with D22/3,M 9/2,and M41/2.
Therefore, five different antigenic sites were
defined on the equine H 3 HA using the pre-
sent 10 monoclonal antibodies.

To define the location of the epitopes rec-
ognized by the panel of monoclonal antibodies
on the HA molecule, the HA genes of the anti-

Reactivity patterns of antigenic variants selected with monoclonal antibodies

Reactivity of antigenic variants

MAbs vM6/1  vMl/4  vD58/2  vAl3/1

vA32/2

vM18/1 vMI12/3 vD22/3 vM4l/2 vM9/2

Mé6/1 -

M1/4 - -

D58/2 - - -
Al3/1 - -
A32/2 -
M18/1

M12/3

D22/3
M41/2

M9/2

Each of the monoclonal antibodies was tested by ELISA with the variants ; no entry indicates=1, 600, ; —in-

dicates no binding (<400).

Table 4 . Positions of nucleotide substitutions on the HA genes of variants
selected with monoclonal antibodies and the deduced amino acid

Nucleotide change Amino acid change
Antigenic variants Location Nucleotide Location Amino acid
vM6/1 595 G—T 198 Asn—Asp
vM1/4 424 C—A 141 Arg—Met
vAl3/1 399 T—C 133 Asn—Asp
vA32/2 472 G—A 157 Ser—Tyr
vM41/2 495 T—C 165 Asn—Asp
vM9/2 496 T—G 165 Asn—Thr
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M41/2
165: Asn» Asp

Moy2 \ Mé/1
165: Asn » Thr N

—_— _— 198: Asn » Asp

Al13/1
133: Asn» Asp

A32/2
157: Ser » Tyr

M1/4
141: Arg > Met

Fig. 1. Positions of amino acid substitution in the
HA of monoclonal variants of A/equine/Mi-
ami/1/63 (H3N 8) placed on the A/Aichi/
2/68 (H3 N2 ) HA (Wiley et
al.,1981) . ®indicates the position of
amino acid substitution in the HA of mono-
clonal variant.

genic variants selected with the antibodies
were sequenced. The deduced amino acid se-
quence of the HA molecule of antigenic vari-
ants revealed a single amino acid substitution
in each variant (Table 4 ). These substitutions
were located in the regions corresponding to
the antigenic sites A (M 1/4 and A13/1), AB
(A32/2), and B (M6/1,M41/2,and M9/
2) on the A/Aichi/2/68 (H3N2) HA mole-
cule® (Fig.1).
Antigenic comparison of H3N8equine influ-
enza viruses
Antigenecities of 26 equine influenza vi-

ruses including vaccine strains and recent iso-
lates were analyzed by ELISA using the panel
of monoclonal antibodies to the H 3 HA (Table
5). The results indicate that equine influ-
enza viruses showed antigenic drift with the
year of isolation. Antigenic analysis of the
strains with the panel of monoclonal antibod-
ies also revealed that antigenicity of recent
isolates was different from that of Eq/Tokyo/
71 and Eqg/Kentucky/81.

Comparison of immunogenicity of vaccine
strains and recent isolates from horses
We examined the cross immunogenicity be-
tween the recent epidemic and vaccine strains
according to the vaccine standard'. The sera
of mice vaccinated with each of the 7 strains
showed high HI antibody titers against the
homologous strain. Mice immunized with Eq/
Tokyo/71 showed high HI antibody titer to Eq/
Alaska/91 and Eg/Idaho/91, but significantly
lower titers to Eq/Kentucky/92. On the
other hand, mice immunized with Eqg/Ken-
tucky/81 showed high HI antibody titers to Eq
/Idaho/91, but significantly lower titers to Eq/
Alaska/91 and Eqg/Kentucky/92 (data not
shown). These sera were then examined by
neutralization test (Table 6 ). The sera of mice
immunized with the previous vaccine strain
(Eg/Tokyo/71 or Eq/Kentucky/81) neutralized
infectivity of Eg/Idaho/9land Eg/Alaska/91l
(>5*°, but not that of Eg/Kentucky/92
(< 5'*). The sera of mice immunized with
ether Eq/Idaho/91 or Eq/Alaska/91 neutralized
infectivity of the homologous strains (> 5*?%),
but not that of Eq/Kentucky/92 (< 5%°). In
contrast, when mice were immunized with Eq
/Kentucky/92, the sera of these mice neutral-
ized infectivity not only of resent strains
(5495, and 5*%, respectively) but also of
vaccine strains (5%*%and 5%°, respectively).
The results indicate that the vaccine does not
induce anti-Eq/Kentucky/92 neutralizing anti-
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Table 5. Reactivity of MAbs to the equine H 3 influenza viruses
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Viruses

Mo6/1

M1/4

D58/2 D22/3 MI18/1

Al3/1

A32/2

M12/3 M9/2

M41/2

Eq/Miami/63
Eqg/Tokyo/71
Ea/Kentucky/76
Eq/Switzerland/79
Eq/Fountainebleau
E§/California/80
Eq/Kentucky/80
Eqg/Kentucky/81
Eqg/New York/83
Eq/Santiago/85
Eq/Cordoba/85
Eqg/Santa Fe/85
Eq/La Plata/85
Eqg/Johannesberg/86
Eqg/Kentucky/88
Eg/Kentucky/90
Eq/Alaska/91
Eqg/Kentucky/91
Eq/Idaho/91
Eqg/Kentucky/92
Eqg/Lambourn/92
Eqg/Avesta/93
Eqg/La Plata/93
Eqg/Kentucky/94
Eg/La Plata/95
Eq/La Plata/96

+

+

+

+

+
+

+

+

+
+

_|_

+ + + + + 4+ o+

-+

+
+

+

+

4+

+

-+

S T T e e S S S SR

+ +

+
_|_

+

+ +

|

+ 4+ + + +

!

e T i e S S S

+

T L i o e S S R S

+ o+ + + o+ A+

Each of the monoclonal antibodies was tested with equine H 3 viruses by ELISA ; + means

significant binding to the virus (=1 :1,600), —indicates no binding to the viruses (< 1 :400).

Table 6 . Virus neutralization with vaccinated mouse sera

Neutralization titers”of mouse sera immunized with the following vaccines (logs)

Viruses

Vaccine”

Eg/Miami/63 Eq/Tokyo/71 Eq/Kentucky/81 Eq/Idaho/91 Eq/Alaska/91 Eq/Kentucky/92

Eg/Miami/63 2.50
Eqg/Tokyo/71 4.30
Eq/Kentucky/81 4.75
Eqg/Idaho/91 4.25
>5.17
<1.50

Eqg/Alaska/91
EqgKentucky/92

4.25
2.50
<1.50
<1.50
<1.50
<1.50

<1.50
>5.50
<1.90
4.50
>4.50
<1.50

1.85
<1.%0
4.50
4.50
4.00
<1.50

<1.50
4.00
2.50
4.50
4.50

<1.50

<1.50
>5.50
2.85
>5.25
>5.50
<1.50

<1.50
3.50
4.50
4.00
4.50
4.25

“Neutralization titers are expressed as log:of the highest vaccine dilution to give protection10‘EIDs challenge virus.

YConstructed of inactivated Eq/Tokyo/7] (H3N ), Eg/Kentucky/81 (H3N8), and Eq/Newmarket/77 (H7N7)
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bodies but Eq/Kentucky/92induced neutraliz-
ing antibodies to both 1991 isolates and vac-
cine strains.

Discussion

In the present study, the antigenicity of
the hemagglutinins of 26 equine H 3 N 8 influ-
enza viruses isolated during the 1963 to 1996
period was analyzed with the panel of mono-
clonal antibodies. The present results of anti-
genic analysis indicate that antigenic drift
has occurred in the equine H 3 virus HA since
1976 with the year of isolation. The extent of
the antigenic drift of equine influenza virus is
much more than that of duck influenza virus
strains which was shown to be highly con-
served, but less than that of human strains”".
One of the vaccine strains, Eq/Kentucky/81re-
acted with 7 of the panel of monoclonal anti-
bodies to the HA of Eq/Miami/63, while Eq/
Kentucky/92, Eq/La Plata/93, Eq/Kentucky/94,
Eq/La Plata/95,and Eq/La Plata/96reacted
only with a few of the panel of monoclonal an-
tibodies to the HA of Eq/Miami/63, indicating
that recent isolates are antigenically different
from the vaccine strain. Two recent Eurasian
isolates, Eq/Lambourun/92and Eq/Avesta/93,
showed different reactivity patterns from the
above recent American strains, supporting the
notion, based on the results of phylogenic
analyses, that the Eurasian strains have
evolved in a different lineage from that of the
American strains.

The present results showed that neither
vaccine strains (Eq/Tokyo/71 and Eg/Ken-
tucky/81) nor the 1991 isolates tested induced
sufficient neutralizing antibodies to Eq/Ken-
tucky/92 in mice. In contrast, immunization
with Eq/Kentucky/92 induced neutralizing an-
tibodies not only to the 1991 isolates but also
to the vaccine strains in mice. Thus, Eq/Ken-
tucky/92 was more immunogenic to a wide
range of equine H 3influenza viruses than

the vaccine strains. It was, therefore, recom-
mended that Eg/Kentucky/92 or a recent
American strain should be included in the
vaccine, Eq/Tokyo/71being replaced with Eq/
La Plata/93 in Japan in 1996.

Phylogenetic analysis revealed that there
are 2 European and American lineages of
equine influenza viruses*'®. It has been de-
scribed that even vaccinated horses were in-
fected with influenza virus belonging to the
American lineage in Europe where the vac-
cine is prepared only from FEurasian
strains®®". Equine influenza vaccine cur-
rently used in Japan contains two H3 N8
strains, Eq/Kentuckey/81 and Eq/La Plata/93,
both of which belong to the American lineage.
On the basis of the present results of anti-
genic and phylogenetic analyses, it is recom-
mended that a Eurasian strain (Eq/Lambourn
/920r Eq/Avesta/93) be included as a replace-
ment of Eq/Kentucky/81 in the equine influ-

enza vaccine.
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