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INTRODUCTION

In lafe March and early May 1992 an HsN1 influenza
virus caused high mortality on three chicken Tarms in the
NewTerritories, Hong Kong SAR, China. Approximately 75%
mortality occurred on the three farms, with a loss of over
6500 chickens. Also in early lvlay, a descendant of the
HsN1 virus contracled by a young child caused fatal viral
pneumonia with severe complicalions. This was the first
reported avian influenza 1o cause clinicol respiratory il lness
in humans (de Jong et al., 1997: Claas et ai., 1998; Subarrao
er a/., 1998). Following a lag phase of about 6 monlhs, a
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The transmission ot âvian H5N1 influenza viruses to 18 humans in Hong Kong in 1997 with six deaths established that
avian influenza viruses can transmit to and cause lethal infection in humâns. This report characterizes the antigenic ând
biological properties of the H5Nl infloenza viruses isolated from chickens, ducks, and geese from farms and poultry markets
in Hong Kong during 1997 and compâres them with those oT virus isolated from the indêx human câsê. Eâch of the HsNl
viruses from Hong Kong poultry markets th€t were tested were lethal in chickens, possessed polybèsic amino acids at the
carboxy-terminus of HAl, and by definition were highly pathogenic in poultry. The avâilable nonpàthogenic H5 influenza
viruses ând the pâthogenic H5N1 virus from Hong Kong were analyzed with monoclonal antibodies prepared to A,/chicken/
Pennsylvaniâ/1370/83 (H5N2)- The analysis revealed limited antigenic drift in 15 years and established that monoclonal
antibodies are lseful reagenls for identificstion and antigonic analysis of avian strains that mây transmit to humans in the
future. One of the monoclonal antibodies permitted separation of thê H5Nl influenzâ viruses lrcm poultry into two groups
thât correlated with the presence or absence of a carbohydrate at residue 158 adjacent to the aeceptor binding site on HA.
The H5N1 viruses examined replicated in geese, pigs, rats, and mice, but to only a very limited extent in ducks. lt is
noleworthy that âll jntected geese sbed virus ând thêt the HSN 1 virus€s câused disease signs and deatb in a ponion {3 of t 6) ot
the geese, with evidence of systemic spread to the brain. The tropism for geese is unusual and may provide insight into the
origin of thes€ viruses. In mice, the H5N1 virus caLrsed lethal pneuhoniô and spread systomically to the brain. Mice woutd
thus provide an ideal model system for studying immune responses ônd pathogenesis. Transmission experiments in chickens
reve€lêd that the HSN1 viruses âre sprêad by fecal-oral transmissjon rather than by aerosol, and that the viruses are
inactivated by drying of feces at ambient temperature. However, infectivity is maintêined for at least 4 days in wet feces at
25'C. There we(e difterences in the mo.phology ot the H5N1 virusgs isolated from birds and humahs. The pèrpetuation ot
HSNlinf luenzâviausesinthepoullrymarketsinHongKongandthetransmissionofthesevirusestohumansemphasizethe
importance of these markets in the epidemiology of influenza. The poultry markets are of critical importance in the perpêtu
ation ând tr€nsmission of influenza viruses to other avian species ând to mammals, including humans. c) 1gsa r@dènic press

second \r'r'ave' of infection in humans in November and
December 1997 caused 17 additional cases and 5 deaths.
The ages of the 18 palients ranged frorn 1 to 60 years. The
clinica, feâtures of the Iirst 12 cases, described by Yuen et
â1 (1998), included an onsel Vpjcal of classjcal jnllL�enza,
with fever and upper respiratory lract infeclion. However, a
high percentage o1 patients (7 of 12 cases) had severe
complications wilh pneumoniai gastrointestinal maniTesta-
lions, elevated liver enzvmes, and renal failure were also
usually prominent The authors nûted lhat except lor the
index case, all of the children infected fared better than the
adults;the childfen under 13 years hâd uneventful recover-
ies, whereas all 7 of the older patients had severe disease
and ïour died.

By early December 1992 there was great concern that
an inc ip iênl  pande.n ic  of  in f iuenta was eme.ging i r
Hong Kong. Human influenza cases were occurring with
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appârently random distributlon, and the viruses isolated
were av ian H5N1 st ra ins.  Because i t  was urgenl  to  de-
termine the source o.f the vlruses, an international lask
force ol virologists wâs assembled for surveillance ot the
poutry  markets.  In f luenza HbNl  wâs iso lated l rom ap
proximately 2o% ol fecal samples from chickens and
l rorn appro)  maTêl \ ,  1o 'o o ' feca samples f 'om ducis  a 'd
geese. lt becâme apparent that poultry markets were the
source of H5N1 influenza viruses, setting the stage ior
the decision to depopulate Hong Kong's poultry

Prior to this outbreak, Hb influenza viruses had been
isolated only frorn avian species. The Hb inTluenza viruses
are perpetuated in a nonpathogenic form in wild aquaTic
birds in dilferent regions of the world and in domestic
ducks in  Southern China (Hinshaweaal ,  1980;  Sharpela l ,
1993: Shorlridge, 1992: Sùss el al., 19941. Only the Mern/
South Africa/61 (H5N3) influenza virus has been associated
with moftalily in i1s naTural host (Becker, 1966). Highly
pathogenic, H5 influenza viruses previously isolated from
lelhal outbreaks in domestic poultry (i.e., chickens and
urkeys) include A'lchicken/Scolland/59 (HbN 1 ) (Pereira el
a/-, 1965), A'lturkey/Onrario/773466 (HbNg) (Nârayan er at,
1969), A,/chicken/Pennsylvania/1370/83 (H5N2) (Bean er â/,
1985). and A/chicken/Querata rol14588/95 (H5N2) (Hori-
moto el al. 1995). Available evidence indicales thâl the
highly pathogenic avian H5, as well as the H7 strâins,
evolve Trom nonpathogenic precursors (Rôhm er a/., 1995)
Although previous studies found no evidence that A,/chick-
enlPennsylvan ial1370i83 (HbN2) virus had been transmil
led to poullry workers {Bean et al., 1985), more recenl
sÏudies in southern China indicated low levels of antibodies
1o all avian influenza virus subtypes tested in the rural
human population (Shortridge, 1992).

The presenl study characterizes H5N1 influenza vi-
ruses isolated from dorneslic poultry and Trom the mar-
kel environment in Hong Kong during the second wave of
H5N1 human in f luenza in  November and December lg9T
The H5N1 influenza viruses initially isolaled from chick-
ens in March and l,{ay 1997 were biologically character-
ized by anligenic analysis wilh monoclona! antibodies
and polyclonal sera, measuremenl ot their slabili ly at
environmental temperatures, and assessment of their
âbi l i t ies 10 repl ica le in  ducks,  geese,  p igs,  rats ,  and mice
under experimental conditions. The studies estalll ished
that there were two antigenically dislinguishable sub-
groups of  H5N1 inf luenza v i rus c i rcu lat ing in  poul t ry  in
Hong Kong. Both groups were lethal for chickens and
replicated in experimental animals, bul failed to lransmit
betv/een mammals.

RESULTS

Pathogenicity of HsN1 influenzâ viruses isolated from
poullry in Hong Kong

One of the initial requirements after an influenza virus
t ransmits  to  humans is  to  f ind a su i tab le vaccine st ra in.

There was an urgent  need to iso late nonpaïhogenic
HSNl v i ruses that  could se 've as a suf logâte vaccine
strain. The pathogenicity of isolâtes from poultry in Hong
Kong was assessed by inoculat ion in lo  ch icken embryos
and sequencing of the connecting peptide of the HA. All
o f  the v i ruses examined k i l led l0-  to  12-day-o ld ch icken
embryos and the chicken embryo infeclious dose corTe-
sponded to the chicken embryo le thal  dose (ElDEc-
ELDEo). Viruses isolaled Jrom chickens (rV = 39), ducks
(A/ = 7), and geese (/V - 2) were inoculated either
intravenously or intranasally into chickens. After inlrave-
nous in ject ion,  some v i ruses k i l led the inocula led b i rds
wllhin 16 h (range, 16-4 daysi resulls not shown). After
inoculation into the nares, the time to dealh was longer
(2 to 3 daysi lable 1). The lethal chicken dose (CLDso) of
human iso late (HK156-97)  and the in i t ia l  ch icken iso late
(CHK258-97) was 0.5 egg inTectious doses (ElDso). Chick-
ens inoculated with either isolate developed disease
signs typ ica l  oJ h ighly  pathogenic av iân in f luenza,  inc lud-
ing swelling of the head and leg joints, generalized
hemorrhage, loss of abili ly to stând, and general paral
ysis. Each of the chicken, duck, and geese isolates
studied were lethal Tor chickens and showed similar
pathological features to the index human (HK156-97) and
chicken viruses (CHK220-97 , CH K258-97) that have been
described (Suarez eI a/., 1998). Sequences lhrough the
connecting peptide region of the HA oï each of the
chicken, duck, and goose isolates showed that There
was no variâtion an the sequence at the connecting
peptide and that all viruses possess a series of basic
amino ac ids (BÊRRRKKR),  bul  CHK258-97 has Ala aÎ  -  1  1
while the olhers have Ihr ât this position (Table 1). Thus,
each of  the H5N1 v i ruses examined was le thal  in  ch ick-
ens,  possessed mul t ip le  basic  amino ac ids at  the con-
necting peptide of HA, and met the deïinition of highly
pathogenic avlan influenza virus (Senne et al., 1996).
ïherefore, none of the HbNl influenza viruses exarnined
were suitable as a surrogale vaccine strain.

Antigenic ânalysis

To determine the antigenic diversity of the HbNl inJlu-
enza viruses isolated from poultry in Hong Kong, the
v i ruses,  inc luding the index human case (HK156-s7) ,
were analyzed with monoclonal antibodies (lVlABs) and
monospecific polyclonal goal and ferrel antisera to the
Hb hemagglu l in in  in  Hl  tests .  A panel  of  6  MABS was
selected from our pool of 17 [,4ABs based on discrirni-
native reactivities between isolales (results not shown).
Each oT the viruses included in the study reacled with the
monospecific reference goat anlisera, establishing that
they belonged to the H5 sublype (Table 2). Fourteen ot
the viruses had the same reactivity pattern shown by
A,/Hong Kong/]56/97 Fourviruses had reactivity patterns
resembling A"/chicken/Hong Kong/258/97. ïhe difference
belween these two groups was loss of reactivity with one



AVIAN HsN1 NFLUENZA FRO[,4 HONG KONG

TABLE 1

H5 Influenzâ A Viruses Used in the Study of Hong Kong lsolates

Lethal i ty  lor  chickens

Virus slrain Subtype
Route of

Abbrev aI on inoculal ion

l lme to Nucleot des Conneating
death of HA peptide Carbohydrate
{days) sequenced sequences at res dle 15i3

Humên
Chicken

TPQRERRRKKR
TPORERRRKKR
APORERÊFKKR
TPORERRRKKR
TPOREFRRKKR
TPQRERRRKKR
TPQRERRRKKR
TPORERRRKKR
TPQRERRBKKR
TPOFERRRKKF
TPQRERRRKKR
TPQRERRRKKR
TPORERFRKKR
TPORERRRKKR
TPQRERRRKKB
TPQRERRRKKR
TPORERRRKKR
TPORERRRKKR
TPOBERRFKKR
TPORERRRKKR
TPORERRRKKR
TPQRERRRKKR
TPORERRRKKR

VPORETR
VPORETR
VPORËTB
VPORÊIR
VPQRETR
VPORÉTR
VPQRËÏR

A'Hong Kong/156/97
A''ch icken/H on g Ka ngl 220 /9i
A,/chicken/Hong Kong/258/97
A,/ch cken/H on g Kô.'gl] 2aie7
A,/chlcken/Hong Kang/l a6/97
A,/chicken/Hong Kong/g1 5/97
,A/s lky chlcken/Hong Kong/p17i97
,A/chicken/Hong Kong/y385/97
tuchicken/Hong Kong/y388/97
A,/chicken/Hong Kon g./1 203/97
A/chicken/Hong Kong/g] 6/ g t-
A/chicken/Hong kong/990/97
A/chicken/Hong Kong/w31 /97
A"/chicken/Hong Kong/w307/97
A"/chicken/Hong Kon g/w308/97
A,/chicken/Hong Konglpzl /97
A"/chicken/Hong Kong/w608/97
A,/chicken/Hon g Kong/w609/97
A,/chicken/Hong Kanglwl Ê2/97
A"/ducUHong Kon g/p46/s7
A,/duck/Hon g Kong/y283/97
,A/goose/Hong Kong/w355/S7
A,/goose/Hon g Kon9/w37 4 /g'l

Palhogenic

H5N1 HK156-97 lN
H5N1 CHK220-97 lN
H5N1 CHK258-S7 ]N
H5N1 CHK728-97 N
H5N1 CHK786-97 ]N
H5N1  CHK915-97  IN
HsNr  CHK]T  97  lN
H5N1 CHK385-97 lN
H5N1 CHK388-97 IN
H5N1 CHKr203-97 lN
H5N1 CHK976-97 ND"
HsN] CHKggO S7 ND'
H5l{1 CHK31-97 lN
HsN] CHK3O7-97 IN
HSNr CHK308-97 lN
H5N1  CHK2 ] -97  lN
HSN] CHK608'97 lN
H5N1 CHK6O9-97 IN
H5N1 CHK162'97 IN
H5N1 DHK46-S7 IN
H5N1 DHK283 97 IN
H5N] GHK355-97 IN
H5N1 GHK374-97 IN

Nonpathogenic

H5N6 DP84 ND
H5N2 DP86 ND
H5N1  DMN81  ND
H5N3 DHK2O5-77 ND
H5N3 DHK689-79 ND
H5N2 TRANIT3 ND
HsN] GPA83 ND

3  8  1767
2 38-1146

2-3 21-1746
2 21 1146
2 21-1146

2 3 21-1146
2 3 21-1746
2  21 -1746
2  21  1 l4E
2 21-1111
-  21 -1111
-  2 1  1 1 1 1
2 ?95-1111
2  2 9 5 - l l l l
2 295-111'�1

2  3  2 S 5  l 1 1 l
2 295-1111
2 295-1111
2 445-1111

2-3 21-1146
2 3 21-1111
2 21-1746
2 295-1111

-  21 -1114
21-1718

21'1704
21  17DA
64-1091
21  1721

+
+

+

Duck

Duck A./d uck/Potsd a m/221 6-4,'84
A,/d uck/Potsdâ m/1 402-6/86
A./duck/Nl in nesota/i 525/B 1
A,/duck/Hong KorgizlS/1 1
A/duck/Hong Kong/698/79

Turkey A./turkey/Ramon/73
Gull  A/gu' l /Pennsylvania/4175183

'RNA analysis only. ND, not determined.

MAB. One virus demonstraled a unique reactivity pattern,
A"/duck/Hong Kong,^/283/97 reacted with 4 oT the 6
MABS. One of the HSN1 virus isolales gave vâriable
reactivity patlerns with the [,4ABs on initiâl isolalion and
second egg passâges, indicating a mixture of viruses.
Cloning oT lhis isolâte A,/chicken/Hong Kong/728/97 al
limiting dilulion in chicken embryos resulted in a reac-
tivity profile similâr 10 A'/Hong Kong/156/97 The postin-
fection Terret antiserum to the index human câse (HK]56-
97) discriminaled between itself and all of the other
H5N1 isolates (Iable 2), but did not differenliate them
into distinguishable groups. Similarly, the monospecific
goat anti-H5 serum did not discriminate between the two
groups of viruses that âre separable by lvlAB CP46.

Ant igenic  ânâlys is  of  nonpathogenic H5 in f luenza v i -
ruses isolated from different regions of the world showed

reactivity with the panel o'f l\,4ABs and with the reference
polyclonal goal antiserum. This panel of anlibodies did
not discriminale between the eârlier Hb isolated Trom
Hong Kong lA./duck/Hong Kong/698/79 (H5N3)] and the
index human case, ând there was considerâble cross
reactivily beTween A/duck-/Potsdam/1402-6/86 (H5N2),
fuduck/Minnesota/ l525/81 (HbN1) and the index human
case. The other strains show less reactivity. Each of the
nonpathogenic vifuses weTe considered potential surro-
gates for vaccine preparation and were provided to the
Cenlers for Disease Conlrol and Ïhe World influenza
Cenler for evaluation.

Cha ra cterization of the HA of the index human ând
chicken iso lates (Subbarao e la l ,  1998;  Claas eaal ,  1998)
revealed the presence of a mutation ât amino acid res-
idue 158 of HA1. We sequenced each of the HAs through
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TABLE 2

Antigenic Analysis of HsNl Influenza Viruses from Poultry in Hong Kong

[ ,4onoc onal  ânt ibodies H l ] ters to Po yc cna sera

V  RUSES

tern/
Sa/61
(goat)

,4"/chlcken/PAJ 1 370183 ,{chlcken./PA81 25,/83

cP58 116126 4061/

Ant; ,rv Glycosylat on
Hl( at amino

156,/97 acid 158
(ferreo (+/ ) CHO

Pathogenlc strains
A"/Hong Kongll56/97
l/si lky chicken/Hong Kong,/

P119 t
^,/chicken/Hong KongÂV3l/97
Ê/goose/il ong Kangry 31 4 I 97
A,/duck,/Hong Kong,ry283l97
High path Hong Kong"
,A,t c h i c k e n / H on I K otlg / 258 / I 1
A,/chicken/Hong Kong /220/97
éJchicken/Hong Kong/786,/97
P,/ch icke n/l l ong Kong/Y385,/97
P,lchicken/ Hon g Kon giY388/97

Nonpêthogenic strains
A,/ducUSinga pore/3/97
A,/ducUHong Ko|l g/698t9
ly'duck/Porsdam/1 402-6/86
Pv duck,/M innesota/1 525/8 1
N d u ck I P aïsd am / 22 1 6- 4 / I 4
A,/turkey/Ramont3
A,/g u IllPe n n sylvanla/41 75l83

Beference slrains
A/lern/Sl,/6 1
A/chicken/Pennsylvania/

1370/83

400 400
400 400
400 400

200 800 200 800
800 400
800 400
800 400
800 4aa
800 800

100  100
400 800
100 400
800 1600
<  100

1600 24A 640

400 40 40
1600 32A 80
800 160 80
3204 640 4A

400-3200 8c-640 40 640
200 4a 20
204 4a 4a
400 80 40
400 40 80
400 80 NT

3200 160 80
3200 160 NT
6400 2560 NT
6400 640 NT
3200 2560 NT

<  5120  NT
1600 640 NT

1 0

't2800

800
3200
3200
6400

1600  12800

3200
1600
6400
6400
12800
6400

1600

6400

6400

3200
3200
6400
6400

3200 12800
3200

>12800
3200
3200
3200

6400
6400
12800
12800
12800
100

12800

400

6400

3200

1600
3200
3200
6400

1600-3200
1600
32AO
3200
3200
NT

6400
6400
6400
12800
6400
200
6400

400

3200

+
+
+
+

NT
NÏ
NÏ
NT
NT
NT
NT

fvolê. Nl nor rêsred. . , less lhdr 100.
'  Range ot antibody t i ters for 11 isolates.

th is  region and found that the v i ruses could be separa led
into tvvo groups on the basis of the presence or absence
oï a potential carbohydrate at this site (Table 1) ând that
the reactivity of one oï our monoclonal antibodies (CP46)
correlated with the presence or âbsence o'f thls mula-
l ional  change.

The neuraminidase of  each of  the H5N1 v i ruses were
identiTied with a panel of monospecific antisera to the
nine neuraminidase subtypes. Each of the viruses re-
âcted with the N1 antiserâ ând partial sequencing of
each gene encoding the NA confirmed that they be-
longed to the N1 sublype (results not shown).

Animal studies

Since the HsN1 influenza in Hong Kong transmitted to
and caused severe inleclion in humans, studies were
done to eslablish the properties of these viruses in
exper imenta l  an imals.

Replication in ducks. Since wild ducks are regarded as
a possible reservoir for jnfluenza viruses, and virus was
isolaled ïrom fecâl samples collected under duck cages

in the poultry markets, studies were done in this species
to determine the eldent of replication. The virus from the
index human case (HKl56-97), an early chicken isolate
(CHK258-97), and a duck isolâÎe (DHKY283-97) were in-
oculated into groups of Pekin ducks bythe orâl and nasal
routes. Both the human and the chicken viruses grew 1o
very low tilers (2-5 vs 1.5 for CHK258-97 and HKl56-97) in
the trachea and were shed in the feces of less than half
the ducks, bul the duck isolate iailed to replicate (Iable
3) .  None of  the v i ruses caused d isease s igns and food
intake was not  d imin ished.  The CHK258-97 (H5N1)v i rus
was shed for a longer periôd oT lime Trom the .trachea

than was the human H5N1 v i rus,  bul  the shedding oc-
curred in only two of the six ducks inoculated. Thus, both
the chicken and human H5N1 v i ruses tested hâve the
âbi l i ly  10 repl icâte in  ducks,  but  the duck iso late 's  fa i lure
to replicate raises the possibility Ihat Ihese are nol duck
isolates.

Replication in geese. Since HbNl influenza viruses
were isolated Tfrom âpparenlly healthy geese in the poul-
try markets in Hong Kong, isolates from humans, chick-
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TABLE 3

Replication of H5N1 lntluenza Viruses in Domestic Ducks

niectivity titers n chicken em['ryos

Tfacheâ C oaca

Titer log.o/nrl Sheddjng (N = 6) Tter og,û/mlDây Shedding (^/  = 6)

AvHong Kong/l56/97

A/chicken/Hong Kong/258/97

l
3
2
0
0
I
l

0
0
o
0
0
0
0
0

0
2
0
0
0
l

2
l

2
l

a
0
0
0
0

l

2

4
5
1
2
3

5
l

2
3
4
2

0
< 1 . 5

0
o
0

<  1 . 5
<  1 . 5

2.6
1 .5  2 .5

2.5
0
0
0
0
0

-  1 .5
0 1 . 5
-  1 . 5

0
0

- 1 . 5

0
0
0
0
0
0
0
0

A,/duck/Hon g Kong,'Y283/97

ens, ducks, and geese were inoculated inlo groups oÏ
geese. Each o.f Ihe viruses replicated 10 modest tilers in
geese and was shed in the feces (Table 4). The
C' lK25B-9i  and CHKW3bS-97 v i ruses were shed for  an

extended period (13 dâys). Each oT the HsN1 viruses

tested replicated in geese and was shed in modest
infectivity titers from both the trachea and the leces
(1.0 4.0 logro,/ml). 11 is noteworthy that the chicken isolate

(CHK258-s7) caused disease signs in 3 of 6 and mortality

in 1 of 6 geese, and that the goose isolale {GHKW355-97)
caused mortali ly in l of 5 geese. The disease signs

inc luded in f lammal ion  a ld  Ied  hemorrhage s t reaks  on

the leg joints and reddening oJ the beâk. The lungs of the

dead birds were severely hemorrhaged with virus titers

of 3.5 logro/ml; higher titers of virus were detected in

the brain (5.8 logro/rnl), and the birds showed general

TABLE 4

Replication of H5N1 Influenza Viruses in Geese

Infectivity titers (log'Jml)

Trachea

Day No shedding Titer (range) No shedding

Cloaca Disease

Titer (rangei Signs

HK156-97

cHK258-97 (Ê1r

cHK2be s7 (E2F

DHKY283 g7

GHKW355-97

3
5
3
5
3
5

t 3
3
5

5

2/2
2/2
1 /1
1 /1
114
4/4
at4
3t3
1 /3
3/5
2/5
0/5

1 /2
2/2
t,/  l
t / t
2/4
4/4

2/3
2/5
2i5
2/4

0/2
0t2
2t2
1 /1
0t4
1t4"
0/4
0/3
a/3
0/5
l t\d
0/4

2.5 3.2
3.0 4.0
3.0
2.3
3.8
2 2-3.5

2.5 2.8
2.5
2.2-3.6
1.0-4.0

2.5
1.0-3.25
4.2
3.8
2.2 2.5
2.5-4.0
3.2
2.5 3.5
2.75 4.0

o 2.5
-2.2
-2.2

l / 5

'E1, experiment l-
b E2, experiment 2.
" Red hemorrhage on legs.
d Red hemorrhage on legs ând beâk
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Intluenzâ i4l9s

5 l/chlck d oig Kongàt/97

3 4 5

FiG. 1. Bep ication of HSNl inf luenza vlruses in pigs. (ïop) Inïectlviù
titers in the nasel tract of plgs infected with A"/Hong Kong/156/97
(H5N1). (Botiom) lnfectivity titers in the nasaltracl of pigs infecled with
A./chicken/Hong Kong/2s8/s7 (H5Nl ).

malaise belore death. Thus, these H5N 1 viruses showed
a higher propensity to infect and cause disease in geese
than in  ducks.

Replication n plgs. Pigs are considered the inlerme-
diale host in the lransmission of influenza viruses be-
tvveen av ians and humans (Schol t issek eta i . ,  1993;  l lo  et
al, 1998) so they were lested for their ability to replicaTe
the H5N1 viruses. Pigs were inlected with the index
human H5N1 st ra in (HK156-97)  and an in i t ia l  ch icken
isoiafe (CHK258-97) by the oral and nasâl routes, and the
resul ts  are g iven in  F ig.  1-  Both the human and chicken
H5N1 viruses replicated in pigs, but the chicken isolate
replicated to higher titers (4.5 loglo/ml) in pigs than did
the index human virus (-3.6 logro/nrl). Neither the human
northe chicken isolates transmitted to contact pigs ln the
same pen.  Thus,  p igs suppor t the repl icât ion of the H5N 1
virus to only modest tilers, and there was no detectable
l ransm iss ion 10 contact  animals.

Replicatton in mice. Mice serve as a useful ânimal
modei system for studying influenza viruses, and the
index human HSNl v i rus was inoculated in to mice.
Balb/c mice were infected intranasally with the virus and
the resulls are given in Fig. 2. The virus replicaled in the
lungs on in i t iâ l  inTecl ion and k i l led the animals.  In fect iv i ty
tilers ranged from 5.5-5.6 logr0/ml (results not shown),
and virus wâs detected at very low titers in the brain
(,-1.0 logro,hl). On the second passage f rom the lungs of
mice, high titers of virus were detected in the lungs
(28-8.5 logrohl), and virus was detected jn blood (3.5
log,o/ml) and in the brain (2.5-3.3 loglohl). The mice lost

weight  (F ig.  2)  beginning on the second day âf ter  in lec-
tion. The twice-passâged virus killed mice by the Joufth
day postinfection, ând all of the mice had died by the fifth
day.  The v i rus caused severe pneumonia and hemor-
rhaging in the lungs, buT there was no evidence of gross
pâthology in other organs. The A,/chicken/Hong Kong./
258/97 (H5N1) v i rus iso late was a lso inoculated in to
mice ând caused 100% morta l i ty  on the in i t ia l  passage
(resul ts  not  shown).  Nei ther  the chicken nor  the human
H5N1 iso lates requi red adaptat ion to mice.  Thus,  these
l -15N1 v i ruses have a supr is ing ly  h igh pathogenic i ly  for
mice. Contact mice kept in cages with infected mice did
not become inJecled, despite high titers oï virus in {he
iungs and the death of  a l l  inoculated animals.

Replication in rats. The poultry rnarkets in Hong Kong
hêd a large rat population having direct contact with
teces conta in ing HbNl  in f luenza v i ruses.  To determine
Thejr susceplibjljty 1o infectjon, Sprague-Dawley rats
were inoculated experimentally wilh the viruses lisled in
Table 5. ïhe HsN1 in{luenzâ viruses {rom humâns, chick-
ens, and ducks all replicated to low titers in the lungs,
but  only  a ponion of  animals shed v i rus (Table 5) .  V i rus
was detected in the lungs on day 3 but not on dây 5,
poslinTection. The goose strain lested Tailed to replicâte
in rats. The viruses caused no disease signs, and the
rats gained weight during the experiment. lt is nolewor-
thy that tbe chicken isolate (CHK258-97) replicated to
higher titers (5.0 logro/ml) thân did the other viruses.

Stability of H,N1 virus in the environment. The detec-
tion of HsN1 influenza virus in bird leces in the poultry

tî6 lnL{rêd vnh Mt@g KongnsdEz

0 1 2 3 . 1  5  6 7
D.y. Po3t htoclon

FlG. 2. Replication of tuHong Kong/156/97 (HbNt) ln mtce. lTop)
Percentage survival after first and second passage in Balb/c rnice_
(Bottom) Percentage of weighi loss ol the first ând second passage in
Balb/c mice.
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markets raised the question of the stabil ity of the virus.
S tud ies  were  done on  the  s tab i l i t y  o f  HSNl  in  feces
collecled from inTected birds. The titer of virus in feces
collected from infected birds was 3.5 to 4.5 loglo ElDbo
per g. When feces were dried at roorn temperature
(-25'C), infectivity declined to nondetectable levels by
day L When wet feces were held at 2b"C the infectivity
declined 10 2.5 iogro/nrl by the first day and to 1.8 logn/ml
after 4 days (Fig. 3). Ar higher temperatures (3b"C), in
Ïectivity in moistTeces dropped to undetectable levels by
the second day. When moist chicken feces were stored
al low temperatures (4'C), virus remained viâble for an
extended lime with no detectable loss of inTectivity over
40 days.

Transmission of HSNl viruses beflaleen chickens. Al-
though HsN1 viruses were isolated from poultry markets
in Hong Kong and were found to be highly pathogenic to
chickens after experimental iniection in the laboratory,
there was very l imited evidence of high moftality in the

Dr!ôd F6câ3 al 25 tlegrlæ Catctut

' t 2 3

Wgl Fec$ âl 35 D.grlca Celclu.

poultry markets (approximately j000 markets) n Hong
Kong. To determine the transmissibili ly oTf these viruses
between chickens, birds were infected and put into
cages with uninfected birds. Virus was detectecl in the
t rachea and in  the feces of  inocuiated chickens 2 c lays
after infection wilh a low dose of virus (S LD5o). The
contact chickens began shedding virus on the 4th dây
after ccntact, and showed oisease signs. They cl ecl on
the sth and 6th days with virus in feces (>4.b logro/ml)
and t rachea (3.5 logrô i  ml) .

in a second experiment, four chickens were houseci in
a cage below infected birds (5 LDso). The pan used to
collect Teces under the top cage was removed lo allow
feces to fâll into the lower cage. One of the contact birds
in the lower cage began shedding virus on 1he filth day
after birds in the cage above were infected. Three con-
tact birds died {days 5 and 7), and one was not infected
and survived. When contacT birds were housed in cages
adjacent to infected birds, but without direct contact,
there was no deteclable transmission to the contacl
birds and the birds remained healthy. These studies
indicâte that the cH K258-97 H5N 1 influenza virus is most
effectively transmited by the fecâl-oral route and that
aerosol lransrnission was inetfective under th€ condi
trons tested.

Morphology.lhe HbNl viruses isolated from chickens
and humâns showed slight differences in morphology
(Fig. a). On electron microscopy, the chicken vjrus
showed a mixture oJ long filamentous (3b%; /V = l6i)and
spher ica l  v i r ions.  The v i rus iso lated f rom humans was
predominantly spherical, with a few Tjlamenls (16%t Ai :
22O).

1 2 a 4
O.l. àt Co..tliton

lvat F.c€a at 4 D€gr€oa C.tcltl!

0  r  2  9 1 7 1 7 2 1  a A  4 4
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TABLE 5

Replication of H5NI Inf luenzâ ViruÊ in Rats

Detecl  on of  v aus on day 3
alter nïecl on

V TUSES

No. shedd ng, /
No. lncculated

Ti ler  logr. . /ml
(rungl

Disease
s igns

H( r  56  97
cHK258-97
DHKY283.S7
GHKW355.97

0 2.8
-2.5-5.0

1.0-2.5
0

1 i2
2i2
1 i2
9i2

0,/10
0,/10
0,/10
0,,10
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FlG. 3- Stability of A/Hong Kong/156./97 (HbNtl at environmentat temperatures.
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FlG. 4. E{ectron microgrâphs of H5N1 viruses from (A) chickens (CHK258 S7) and (B) humans lHK156 97). See Nlaterials and Methods for deÏal ls.
8êr equâls 1 nm.

DISCUSSION

Analysis of pâlhogenicity by inoculation of chickens
showed that all of the H5N1 isolates examined caused
high (100%) mortality. Sequence anâlysis revealed that
eâch isolâte possessed a sefies oï six basic amino acids
at the cleavage site (TPQRERRRKKR) and all except one
hâd Thr at the - 1 1 position. Thus, all of th€ isolates meet
the deTinition of highly palhogenic avian influenza vi-
ruses .  h  ib  no lewo. lhy  l fa l  t l ' ese  v r ruses  caL,sed rap id
deaTh in chickens, after intravenous infeclion, some of
the  iso la tes  k i l led  b i rds  w i th in  16  h ,  mak ing  th is  one o f
the most lethal âvian inTluenza viruses, similar to A,/tur-
key /Eng lând/91  (HbNl ) .  The HbNl  in f luenza v i ruses  iso
lâted Irom ducks and geese in the poullry markets were
a lso  h igh ly  pa thogen ic  ând were  no t  d is t ingu ishab le
from chicken isolates. Thus, none of the isolates was
suitatl le for use as a surrogate nonpathogenic vaccine
s t ra in  fo r  use  in  humans and lower  an ima ls .  The ab-
sence of nonpathogenic strains, which are considered
the precursors oT pathogenic strains (Rôhm et al, 199b),
suggests that these H5N1 viruses had been present in

Hong Kong markets for some time, but had not been
detected for lack of surveil lance.

An l igen ic  ana lys is  o f  H5N1 v i ruses  f rom domest ic
poultry in Hong Kong eslablished the subtype of the
isolates, showing that they reacted to high titers with the
panel of monoclonal antibodies to A,/ch icken/Pen nsylva-
nia/]370/83 (H5N2) ând to the monospecific Hb goat
antiserum. One of the monoclonal antibodies (CP46) de-
lecled antigenic differences among the H5N1 viruses
that correlated with the presence or absence of a car-
lrohydrate at resdue 158 of the HA. The majority of
monoc lona l  an t ibod ies  d id  no t  separa te  the  iso la tes  in to
different groups; the majority of the panel of 17 mono-
clonal antibodies prepared to the HA of A"/chicken/Penn-
sylva n ial 1370/83 (H5N2) and A,/chicken/Pennsylvania/
8125/83 (H5N2) reacted with H5N1 isolates Trom Hong
Kong, demonstrating that I itt le antigenic drift occurs in
avian influenza viruses (data not shown). The experience
in  Hong Kong es tab l i shed the  va lue  o f  hav ing  such
monoc lona l  an t ibod ies  ava i lab ie  as  re Ïe rence reagents .
Some of the original H5N1 isolates gave different reac-
livit ies wilh the antibodies after subsequent passages,
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and b io logica l  c lon ing ind icaTed that  they were mixtures
ol vrruses_

Ant igenic  analys is  of  the nonpathogenic Hb in , f luenza
vi ruses w th monocional  ant ibodies establ ished that  the
v i ruses examined shâred epi topes.  The nonpaThogenic
Eurasian v i ruses most  c losely  re lated to the index human
case were A"/duck/Singapore/3/g2 A/duck/Hong Kong/
698/79, and ,A/duck/Potsdam/ 1402-6/86. and these were
considered possib le surrogate vaccine s l ra ins for  use in
humans.  Overa l l ,  there was l imi ted ant igenjc  dr i f t  be-
tween the H5 viruses isolated between 1979 and i997;
however, the presence of a carbohydrâte residue adia-
cent to the receptor binding site may influence their
antigenicity, and its jmportance in selectjon of vaccine
strains for humans is stil l being evaluated.

Studies oT the abi l i ty  of  the av ian H5N1 v i ruses to
repl icate in  marnmâls ind icate that ,  l ike other  H5 av ian
strains tested (Kida et al., 1994), these strains from Hong
Kong can replicate in pigs. The virus titers in pigs were
modest (3.5-4.5 logro/rnl), produced no disease signs,
and neither the human nor the avian HbN i isolate tested
transmitled 10 contact animâls. Whether transmission
would occur under field conditions js as yet unresolved.
Pigs were being rajsed in Hong Kong within meters oI
The infecled chickens, but there was no disease in pigs.

It is noteworthy that experimental inoculation oJ pekin
ducks resulted in infeclions of only ] of the birds with
human and chicken HcNl  iso lates.  f l -e  duck iso late d id
not replicate when inoculated into ducks. The possibility
must be considered that these are not duck isolates, but
that they originated from chickens in the same markets.
ln contrast, geese supported the replication of each
HsN1 v i rus les led,  and -12% of  animals developed d is-
ease signs and died. lt is unusualfor influenza viruses to
cause disease in aquatic birds. lnoculation oT geese with
H7N7 isolates from geese that were highly pathogenic in
chickens produced no disease signs (Rôhm et al, 1996).
The repon of â severe outbreak of diseâse in geese in
Guandong Province with 40% mortality (Xu er â/., 1998)
associated with an HS jnfluenza virus, A,/goose/Guan-
dong/1/96 (HbN1),  may throw l ight  on rhe or ig in of  the
H5Nl outbreak in Hong Kong. This virus was isolated
from geese in 1996 and may be the precursor of the virus
that  appeared in  ch ickens in  Hong Kong.  Guândong
Province is adjacent to Hong Kong and provides much of
the poultry for the markets.

ïhe HbNl viruses from Hong Kong were inactivated
within 1 day when dried and held ât Zb.C but were more
stable in wet feces, with infectivity being detectable for
more lhan 4 days. AI lower temperature (4.C) there was
minimal drop in virus titers in wet feces in 40 days. This
indicales that air dryjng is an efficient method oJ decon-
taminating an area after all fecal material has been
removed. lt also suggests that human infection requires
contact with freshly deposited contaminâted Teces.

Despile the presence of the HbN 1 virus in the maioritv

of the poulTry markets tesled, only 1B humans were
inTected, and there was no convincing evidence for hu-
man- lo-human spread.  Thus,  HbNl  v i ruses lacked the
property ot transmissibility from pig to pig, rnouse to
rnouse,  and human to human.  Even in  ch ickens,  the v i rus
transmilled only by the fecal-orâl route, and aerosol
transmission was nol demonstrâted. The failure To trans
mrt by aerosol may be due to the relatively low titers jn
tne respiratory tract of chickens (3.5 logio/ml), but not in
pigs (3.6-4.5 log,o/mt) or in mice (b.b-8.5 log.,"hl). The
rnolecular  basis  for  t ra  nsmiss ib i l iTy is  s t i l l  poor ly  under_
stood. The HA has been associated with pathogenicily
and ability to replicate in the intestinal tract of ducks
iNaeve etal., 1984), but its contrjbutjon to trânsmissibility
is unresolved. The receptor specificiù/ oT avian influenza
vi ruses (Paulson,  198S) (a2-3 b inding to terminat  s ia l ic
acid) is clearly not â slrict host-rènge determinant but
may be important Tor spread Trom human to human. pios
have .eceptors 'for botn kinds ol vjruses (a2-3 and aZ-61
( l ro e l  â1,  19981,  bul  on ly  a subset  o l  v i ,us sr ,btypes
replrcate in pigs, and few transmit from pig to pig. Slud_
ies in pigs suggest thar the Np, NA, l\,4, and NS genes
may contribute to the restriction of replication of avian
influenza viruses in thjs species (Kida etal., l9g4). lt must
be kept in mind that host-range tr€nsmission is a poly-
genic trêiÎ and 1hat an optimal constellation of oenes js
req.iired (Rotl et al., tgTgt Webster and Ron. tgàZr.

The role ol ducfs in tte natlrral history ol iniluen.,a A
viruses is well established (Websler et al. 1992). How-
ever, the available evidence suggests that wild ducks do
not maintain H5 inTluenza viruses in nature (Sharp et a/.,
1993). Studies in seabirds, partjculârly in shorebirds,
indicate that H5 influenza viruses are more consistenllv
isotated from Irese species (Sùss eI al. 1994: Webstei.
unpubl ished data) .  In  i99 j ,  HbN2 v i ruses were jso lated
from up to 20% of surfbirds tested in Delaware Bav
mainly trom Ruddy Turnstone lArenaria interpreg and
Red Knots (Calidris canatusl. Descendents of these vi-
ruses were detected in chjckens in poultry markets in
New York and in chickens in l\,4exico (Horimoto et a1.'1995), srrggesting thal the migrating shorebirds may be
the reservoir oT H5 influenzâ viruses. The Dresence of
influenzâ viruses in migratory birds in Asia has not been
sludied, so we do not know if the shorellirds that miorate
l rom Aùst .at ia  ro Siber ia  rh.ougr  116r 'g  Kong are rhe
harbingers of H5 influenza virus. EKensive studies in
domestic poultry in Hong Kong and SE Asia from 1975-
1987 established that each of the known subtypes of
inTluenza A is isolaled year-round from domestic ducks
(Shortridge efal, 1977). However, j1 is notewonhythal Hb
influenza viruses were previously isolâted only from
ducks and geese and were not isoiated Trom chjckens.
Thus. HbN I is a relalively new introduction into chickens
in Hong Kong. Lethality and the spread oI the virus to the
bra in af ter  in i t iâ l  in t ranasal  inoculat ion are unusual  f ind-
Ings in  mice.  l t  usuâl ly  requi res mul t ip le  passages to
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adapt influenzâ viruses to mice, and few strains [4,/NWS/
34 (H1N1) l  âre neurot ropic  af ter  in t ranasal  inoculat ion.
The mouse will provide a useTul model system lor the
resolut ion of  h igh pathogenic i ty  and the i rnmune re-
sponse of  mammals to  a h ighly  pathogenic av ian in f lu-
enza virus.

I t  is  s t i l i  not  known why these HbNl  in f luenza v i ruses
transrn i t ted to humans when ear l ier  s tudies on HbN2 in
Pennsylvania provided no evidence for transmisslon
{Bean ef  â1,  1985) .  S nce there was no ev idence for
human-to-human t ransmiss ion (M[ lWR 1998),  each of
the 18 human cases must  have or ig inated Trom domest ic
poultry Since most poultry markets examined in Hong
Kong ln  December 1997 conta ined HbNl- in fected b i rds,
we can speculate that the markets were the probable
sou rce of virus.

There is serological evidence thal influenza sublypes
other  thân Hl ,  H2,  and H3 have t ransmit ted to hurnans
previously in Southern China (Shortridge 1992). However,
we do nol know iI transmission has been limited 1o the
Eurâsian lineage of intluenza vjruses. The transmission
of  H5N1 inf luenza v i ruses to humâns and the h igh per-
centage of complicalions in humans (Yuen et a/-, 1998)
should serve 10 a len pandemic p lanning author i l ies that
all subtypes of inTluenza A viruses can potentially be-
come pandemjc strajns- The other impo,tanl lesson from
Hong Kong in 1997 was that the separalion oT host
species can influence interspecies transmission. Thus,
chickens are now marketed separately from âquatic
birds. l,4arketed aquatic birds are limiled 10 ducks and
geese, which are ki[ed at a separale wholesa,e markel
There have been no additional cêses of HbNl delecled
in humans or in live bird markets since the domestic
poultry was deslroyed on December 29-30, 1997

MATERIALS AND METHODS

Viruses

The viruses were isolated in chicken embryos as de-
scribed previously (Shortridge et al., 1977), and some
were cloned al limit dilution in eggs or plaqued in N4DCK
cells or chick embryo fibroblasls. All viruses were han-
dled in â BL3+ {âcility approved for use by the United
States Department o'f Agriculture, and the research staff
wore fitted HEPAJ|ltered masks and took prophylactic
r imantadine.

Virus and serologicâl assays

The viruses used in this study are listed in Table 1.
Hemâgglutination lilrations and hemagglutination inhibi-
tion (Hl) assays were performed in microtiter plates
(Palme( et a1.,1975). Nlonospecific goal and postinJection
ferret ântisera, and ascitic Tluids Jrom mice containing
monoclonal antibodies were used in the H I tesls; hypeÊ
immune goat serum was prepared to the HA isolated

from A,/tern/South Africa/61 (HbNl ). N4onoclonal antibod-
ies were prepared 10 the HA of A"/ch icke n/Pen nsylva nia/
1370/83 (H5N2) and A,/ch ic ken/Pe n nsylva n ial8125/83
(HbN2), as described (Kawaoka et al., 1987). Ferret anti-
serum 10,\'Hong Kong/] 56/97 A"/Turkey/Wisconsin/68
IRI was kindly provided by the Cenlers for Disease Con-
trol and Prevention.

RNA extractian and PCR

Viral RNA was extracied Trom allantoic fluid with the
RÀleâsy exlraction kit (Qiagen, Santa Clara, CA). Ampli-
f;cation of the viral RNA was carried out by reverse
tra nscription-PCR, as described previously (Shu ef a/.,
1993). After purification wilh the QlAquick PCR Purifica-
'tion Kit (Qiagen), the PCR products were sequenced by
the Center for Biotechnology at St Jude Children's Be-
search Hospital using rhodâmine dye-terminator cycle
sequencing ready reaction kits with AmpliTaq DNA Poly-
merase FS (Perk in Elmer,  Appl ied Biosystems Inc.  [PE/
ABll, Foster Cily, CA) ând synthetic oligonucleotides.
Samples were electrophoresed on PËlABl model 377
DNA sequencers.

lnfection studies

All studies were carried out in BL3+ conditions using
animals tha l  were sero logica l ly  and v i ro logica l ly  f ree oT
delectable influenzâ virus. The dose of infecting virus
was approximately 106 ElDso.

Poultry

Chickens. Three-week-old specific pathogen-free
(SPF) ch ickens were inoculâted wi th 1.5 ml  v i rus by
intravenous injection or wilh 0,1 ml into the nares.

Ducks. Pekin ducks (young adults, 2 months old) were
inoculated with 1.0 ml of virus by the lracheal and oral
routes ând inlo the nares and eyes.

Geese.  Whi le  geese (Embden or  Chinese,4 weeks
old) were inoculâted with '1.0 ml of virus by the tracheal
and oral routes and into the nares and êyes.

All poultry were observed Tor disease signs, and food
and water infake was monitored. Tracheal and cloâcal
samples were collected at the intervals shown and ti-
trated for virus in embryonâted eggs. Blood sâmples
were collected trom chickens at 14 and 21 dâys postin-
fection.

Mammals

Êlgs. Yorkshire white pigs (weânlings; apploximately 4
weeks old) were inoculated intrânasafly with 1.0 ml ad-
ministered into each nostril wiÏh a plastic pipet. An uni-
noculated liltermale was housed in the same pen with
n^/o inoculated pigs to lesl Tor pig-to-pig transmission of
virus. Temperatures were taken daily beginning 2 days
before infection, and tood consumption wa6 recorded.
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t

Swabs Irom each nostril were collecled daily and titraled
for virus in embryonated eggs.

Mice. Ealb/c mice iâpproximately I weeks old) were
aneslhetized and inocu ated intranasally with 100 t l of
1ojo ld d i lu t ions of  v i rus.  The mice were weighed dai ly .  A
porlion oI each group of mice wâs exsanguinated at
intervals after inTection, and organs were rernoved in the
order  b lood,  bra in,  and lung.  The organs were ground,
and 10% suspensions were prepared and t l t ra ted for
in fect ious v i rus in  embryonated eggs and in  N4DCK cel ls .

Râts. Sprague-Dawley râts (approximalely I weeks
old)  were inoculated in t ranasal ly  ând ora l ly  wi th  100 p l  o f
virus. The rats were weighed daily. A portion of each
group was exsanguinated at intervals after inTection, and
organs were rernoved in the order ll lood, brain, and lung.
The organs were assayed for virus infecTivity in embry-
onaled eggs.

stability of the HSNl virus in chicken feces

Chickens were infected with the virus into the nares
wilh 0.1 ml containing approximately 100 CLDso. Fecal
samples were collecled from pans under the cages daiiy
and made in to 10% suspensions wi th PBS or  dr ied at
room temperature (-25'C). Aliquots were stored aI dif-
ferent temperâtures and lilrated in embryona{ed eggs for
residual infeclious virus. Dried samples were rehydrated
and similarly tilrated.

Transmission of HSNl virus between chickens

Two White Leghorn SPF chickens (6-B weeks old)
were inlected into the nares with 5 LDso of H5N1 influ-
enza virus. lnfected birds were placed in a câge with Two
suscepliblle contâct birds of the same age. A group of
Tour chickens was plâced in a cage directly below the
injected birds and the Tecal dropping tray was removed
{rom the upper cage, Olher groups oT birds were housed
in cages immediately adjacent 10 the infected birds but ât
a distance where the beaks oT the birds could not touch.

Electron microscopy

The H5N1 influenza viruses were grown in chicken
embryos ênd were exâmined after the second (chicken
stra in)  and the th i rd passage (human st ra in) .  The v l ruses
were absorbed to freshly glow-discharged carbon-
coated grids and negalively stained with 2% phospho-
tungst ic  ac id {pH 72) .  The samples were examined in  a
Phillips EM301 electron microscope operated aÎ 60 kV
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