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Influence of virus strain and antigen mass on
efficacy of H5 avian influenza inactivated vaccines

D. E. Swayne*, J. R. Beck, M. Garciat and H. D. Stone

USDA, Agriculture Research Service, Southeast Poultry Research Laboratory, 934 College Station
Road, Athens, Georgia 30605, USA

The infizence of vaccine strain and antigen mass on the ability of inactivated avian influenza (Al) viruses
to protect chicks from a lethal, highly pathogenic (HF) AI virus chalienge was studied. Groups of
4-week-old chickens were immunized with inactivated vaccines containing one of 18 haemagglutinin
subtype HS Al viruses, one heterslogous H7 Al virus or normal allantoic fluid (sham), and challenged 3
weeks later by intra-nasal inoculation with a HP H5 chicken-origin Al virus. All 1§ HS vaccines provided
good protection from clinical signs and death, and produced positive serological reactions on sgar gel
immunodiffusion and heemagglutination inhibition tests. In experiment 1, challenge virus was recovered
from the oropharynx of 86% of chickens in the HS vaccine group. Inm five HS vaccine groups, challenge
virus was not recoversd from the cloaca of chickens. In the other five HS vaccine groups, the number of
chickens with detection of challenge virus from the cloaca was lower than in the sham group (P <0.05).
Reductions in the guantity of challenge virus shed from the cloaca and oropharynx were alse evident in
some H5 vaccinate groups when compared to the sham group. However, there was no positive correlation
between the sequence identity of the haemagglutinin gene from the vaccine strain and challenge virus, and
the ability to reduce the guantity of challenge virus shed from the cloaca or oropharynx.

As the quantity of Al antiger in the vaccines increased, all parameters of profection improved and were
virus strain dependent. Aftarkey/Wiscousie/68 (FISNS) was the best vaccine candidate of the H5 strains
tested (PBsy = 0.006 pg Al antigen). These data demonstrate that chickens vaccinated with inactivated HS
whole virus AT vaccines were protected from clinical signs and death, but usage of vaccine generally did
not prevent infection by the challenge virus, as indicated by recovery of virus from the oropharynx.
Vaccine use reduced cloacal detection rates, and gquantity of virus shed from the cloaca and oropharynx
in some vaccine groups, which would potentially reduce envirommental contamination and disease
transmission in the field.

Introduction Association (USAHA), 1994). The MP and NP Al
viruses are usually associated with mild clinical
disease in the field. By contrast, the HP form or
‘towl plague’ affects international trade and is
categorized by Office International des Epizooties
(OIE) as a List A disease (QIE Code Commission,
19923, Efficient and cost-effective methods to
eliminate or prevent HP Al in poultry are essential

Avian influenza (Al) is a disease of poultry that
has occurred worldwide over the past 100 years
(Easterday er al., 1997). Two clinical forms are
seen in the field: a mild disease alfecting the
respiratory, reproductive and/or urinary tracts, and
a severe systemic disease, causing high morbidity

and mortality. As a regulatory reguirement, Al
viruses have been tested in poultry for the ability t©
produce clinical disease and death. Al viruses are
classificd as highly pathogenic (HP), mildly patho-
genic (MP} and non-pathogenic (NP) based on the
mortality rates of in vive tests and the results of in
vitro tests (Senne er al., 1986; US Animal Health

to develop, and maintain viable export markets for
pouliry and poultry products, as well as a domestic
market. Historically, HP Al outbreaks have been
controlled by costly eradication programmes focus-
ing on quarantine and slaughter (Easterday ef al.,
1997). However, the current political climate
places more responsibility and financial obligations
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Table V. Avian influenza virus used for vaccine preparations or challenge exposure

Vaccine viruses

HA1 Sequence identity tested by

Isolation with Q1785 (%) experiment mmmber
datc

Abbreviation Subtype (month/year) Nucleotides Amino acids® 1 2
Afturkey/Wisconsin 68 TW/G8 H5NY 11/68 89.1 96.8 pad x
Afturkey/Oregon/71 T/ H7N3 371 61.2 75.6 % X
Aftarkey/Minnesota/3689-1551/81 T™M/B1 H5N2 10/81 92.1 97.8 X
A/mallard/Ohic/S56/87 MO/87 H5NG 11/87 94.1 97.7 pd
Alchicken/Mexico/31381-7/94 M10/93 HSN2 16/93 96.5 98.8 X
Afchicken/Mexico/26634-1374/94° MS5/94 HS5N2 5/94 96.7 98.2 X X
Aftrkey/Minnesota/10734-5/95 TM/95 HSNZ 11/94 S4.0 97.6 X
Afchicken/Jalisco/14589-660/94 J12/94 H3N2 12194 98.5 99.3 X
Adfchicken/Querclara/14588-19/95 G1/95 H5N2 1/95 160 100 e
Afchicken/Veracruz/28159-398/95 V195 HSN2 1495 98.2 99.3 S
Alchicken/Puebla/28159-474/95 P3/95 H5N2 3/95 95.3 97.7 X X
AJchicken/Chiapas/28159-488/95 C4/95 H3N2 4/95 96.9 98.9 b

2 Based on number of identical amino acids/total number of amine acids
® Al virus strain used in the inactivated vaccine of the Mexican Al control programme,

on the pouliry industry to find and finance more
cost-effective solutions to disease control,

Sporadic outbreaks of MP Al in turkeys have
occurred in Minnesota during the autumn months
and inactivated vaccines have been used in control
efforts (Halvorson er al., 1987). Antibodies against
the Al viral haemagglutinin and/or neuraminidase
surface proteins are protective (Brugh ez al., 1979;
Brugh & Stone, 1987), but the protection is sub-
type specific, i.e. an HS vaccine protects against
only HS5 AI viruses, but not against the other
14 haemagglutinin subtypes. In the past, the
Minnesota Turkey Industry has achieved suc-
cessful comtrol of sporadic Al outbreaks by
utilizing vaccines as one tool in a comprehensive
contro} programme, but vaccination is not the sole
determinant in eradication and control efforts
(Halvorson, 1995). From 1979 to 1997, 22,385,000
doses of killed vaccine were used in Minnesota
turkeys (Halvorson, 1998). However, the use of
HS5 and H7 AI vaccines has been probibited in
the United States (US) for control of MP Al since
the 1990s, and have never been allowed for usc
in control of HP Al. Recently, the role of Al
vaccines as a (ool in eradication efforts has been
re-cxamined and an inactivated autogenous H7N3
Al vaccine was used in 238 turkey flocks during a
MP H7 Al outbreak in Utabh during 1995
(Pomeroy, 1995).

Internationally, an outbreak of MP H5N2 Al in
commercial poultry of Mexico beginning in 1993
with subscquent emergence of HP HSN2 Al
viruses in the Pueblo and Queretaro states of Mex-
ico in December 1994 and January 1995, and an
outbreak of HP H7N3 Al viruses in Pakistan in
1994 created renewed interest in the role of vacci-
nation in the eradication of HP Al (Salem, 1995;

Naeem, [1998; Villareal & Flores, 1998). Both
Mexico and Pakistan have used whole-virus inacti-
vated vaccines as part of the control strategy.
However, in Mexico, antibody litres in vaccinated
chickens were inconsistent, ranging from none to
high titres (Salem, 1995). This confirmed the need
to standardize and optimize vaccines to achieve
consistent antibody production and maximal pro-
tection from field challenge (Brugh er al., 1979;
Wood er al., 1985). Inactivated vaccines and re-
combinant fowlpox virus vaccines have been
shown to protect against clinical signs and death,
and reduce virus detection rates in and shedding
from enteric and respiratory tracts following HP Al
virus challenge (Brugh et al., 1979; McNulty ez al.,
1986; Stone, 1987; Taylor er al., 1988; Beard et
al., 1991; Swayne & Stone, 1996; Swayne ef al.,
1997).

The purpose of this study was to determine the
effect of vaccine virus strain and viral antigen
mass on the efficacy of H5 Al vaccines to protect
against morbidity, mortality and virus shedding
following challenge by a recently isolated HP H5
Al virus.

Materials and Methods
Viruses

Al virnses tested as potential inactivated vaccines are listed in Tuble
t. The H3 viruses were tsolated over a period of 27 years and the HAL
segment of (he haemagglutinin gene of vaccine viruses had nucleic
acid and amino acid sequence differences of 0 o 10.9% and ¢ to
3.2%, respectively, when compared to the HP Mexican-origin chal-
lenge virus Q1/95 (Figure 1 and Table 1). An H7 AI virus was
included as a heterologous haemagglutinin control vaccine. In chicken
intravenous pathogenicity tests, all HS and H7 subtype viruses exhib-
ited Iow lethality, except Q3/95 which was a highly lethal challenge
virus classified as HP.
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Figure L. Midpoint rooted phylogenetic tree for 16 HS viruses
of complete nucleotide coding sequence of the HA, subunit and
the N-terminal fusion peptide sequence. Phylogenetic tree was
constructed wiilizing Phylogenetic Analysis Parsimony software
{Bot et al., 1996). Abbreviations for viruses used in this study
are bolded and defined in Table 1. Additional isolates included
in this comparison were TES! = Alturkey/England/50-92/91
(H3N1), TI83 = Afturkeyflreland/83 (HSNS), CPe93 =A/
chicken/Pennsyivania/l 3609/93 (H5N2) and CPe83L = A/
chicken/Pennsylvania/21525/82 (H5N2). Q1795 is the highly
pathogenic challenge virus.

Vaccines

Vaccine viruses were grown in 10-day-old specific pathogen-free
(SPF) embryonating chicken cggs and the imfective chorio-ailantoic
fluid {CAF) was pooled for cach Al virus isolate in cach experiment.
Infections titres were determined prior to inactivation, and haemagglu-
tination (HA) titres and viral profein content was determined after
inactivatiorn. Inactivation was confirmed by chicken embryo inocula-
tion (Swayne ef al., 1998b). For experiment [, undiluted vaceine virus
was inactivated with 3 mM 2-bromoethylamine hydrobromide (BEL
King. 1991). Pre-inactivation infectivity titres, HA titres and viral
antigen conient of the agueous phase are listed in Table 2. For
experiment 2, each of four viruses were inactivated with 3 mM BEI
and their concentrations were adjusted with normal allantoic fuid o
yield a total viral protein content of 33 mg/0.1 ml. Based on pre-inac-
tivation titres, the infectious virus content after adjustment of TW/68,
TM/AL, MS/94 and P3/95 was 10!, 10", 10*? and 10" mean
embryo lethal doses (ELDsy)/ml, respectively, and the HA titres were
1/512, 17108, 1/85 and 1/153, respectively.

Antigen content was determined by radial immunodittusion (RID;
Wood er al., 1986). Specifically, a portion of each of the vaccine virus

7
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stocks were concentrated 100 fold by ultra~centrifuyation at 82,700 g
for 1k and the pelfet was resuspended in phosphute-buffered saline.
Ten per cent detergent was added (o each sample and sllowed to set
at room temperatare for 30 min. Samples were added te an immuned-
iffusion plate (1.5% agarose, 0.1% sodium azide and 7.5% Al poly-
clonal serum {H4N8} in phosphate-buffered saline) and stored in a
humidified chamber. Resuits were recorded from 24 h to 7 days,
together with a known diluted sevies of quantified viral protein. Based
on these results, all virus stocks used were diluted in normal allantoic
fluid to yield the same antigen muass,

For both experiments, 1 vol. of aquecus vaccine virus antigen or
non-infective CAF was emulsified mechanicafly in 4 vols of oil phase
as described {Stone et al. 1983, Stonc, 1987). The oif phase was
composed of 36 parts Drakeol 6 VR (Penreco, Karns City, PA), 3
parts Arlacel 80 (Sorbitan mone-oleate, ICT Americas, Washington
DC) and | part Tween &) (Polysorbate 80, ICT Americas, Washington,
DC). For experiment 1, each chicken received a single injection of
0.5 ml of vaccine administered subcutaneously {s.c.) in the base (nape)
of the neck. For experiment 2, cach chicken received a subcutancous
injection of either 1.5, 5, 58 or 500 ul of vaccine representing 6.005,
0.05, 0.5 and § pg of viral protein, respectively. The 0.5- and 5-41
doses were administered via a micro-injection syringe (Unimetric
Micro Syringe, Bradford Scientific, Epping, NH 03042).

Animals and howsing

Four-week-old SPF white leghorn (WL) chickens were obtained from
flocks maintained at Southeast Pounltry Research Laboratory (SEFRL).
Chickens were reared and veccineted in standard brooder batteries in
an isolation building dedicated to non-infectious siudies. For the HP
Al virus challenge, chickens were placed in negative-pressure stain-
less steel isolation cabinets ventilated with HEPA-filtered air and
provided with continuous fighting. All challenge experiments were
carried out in 2 USDA certified biosafety level 3 agricuiture (BSL-3
AG) facility at SEPRE. Water and feed were provided ad libirum.

Experiment 1. Protection by eleven AF vivus vaccine strains

Eleven different Al virus isolates and non-infectious CAF from
uninfected embryos were used in the test vaccines, Specific AR viruses
were selected for use based on geographical origin and date of
isolation, and differences in hacmagglutinin sequences, as compared
to chaltenge virus Q1/95 (Figure 1 and Table 1), Ciroups of ten
4-week-old chickens were immunized s.c. with each of the 12 candi-
date vaccines. At 3 weeks post-vaccination (p.v.), chickens were
challenged by intra-nasal (in.) inoculatgon with 1077 LDy of HP
Q1795 Al virus. Clinical response was recorded for 14 days post-chal-
lenge (p.c.). The percentage protection from clinical signs or death for
the vaccines was calculated by the following formulas, firse, for
clinical signs:

Protection =

%Clinical signs in sham proup—Clinical signs in vaccine group < 100

FeClnicai signs in sham group
and for mortalitv:

Protection =
9% Mortality in sham group-—%Mortality in vaceine group «

- 100
%Mortality in sham group

Serum was collected from each bird on the day of challenge and 14
days thereafter. Oropharyngeal and cloacal swabs were faken at day
3 p.c. for attempts at virus isolation and titration in {0-day embryonat-
ing SPF chicken eggs (Swayne et al., 1998h). Briefly, the wails of the
oropharynx and cloaca were vigorously swabbed wita a cotton tipped
applicator (Cotion-Tipped Apphicators, Baxier, Deerficld, 1L 60015-
4633), placed in 1.5 m} of BHI medium (Brain Heart Infusion, Difco,
Detroit, MI 48232-7059) containing antibiotics |gentamycin 100 mg/
ml {gentamicin solution, Sigma Chemical, St Louis, MO 63178),
pericillin 1000 YU/ml (pexicillin G sodium salt, Sigma) and ampho-
teracin B 5 mig/ml {Amphoteracin B solubilized, Sigma)], and frozen
at —70°C. The vials were quick thawed at 25°C, vortexed and
altowed to set for 30 min at 25°C. Three eggs were inoculated via the
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Table 2. Experiment 1. HA titres, pre-inactivation infectivity titres and
viral protein contents of agueous antigen used for vaccine preparations

Infectious titre before

inactivation Viral protein

Virus HA titre (Log1oEID5¢/0.1 mi) (ug/0.1 mi)
TW/68 512 8.5 33
TO/7} 2048 8.7 4G
MO/87 64 74 33.5
MI0/93 48 7.7 29
M5/94 128 8.3 39
TMAA5 96 79 < 27.5
J12/94 48 7.7 <275
Q1/95 64 73 28
Vi/9s 256 8.9 31.5
P3/95 256 8.7 36
C4/95 48 7.3 <27.5

allantoic sac with 0.2 ml of the clarificd media. Titrations were made
using 10-foid dilutions of the claritied media in BHI with antibiotics.
Titres were expressed as EiDso/ml of swab fluid.

Experiment 2. Mean protective dose for four Al virus vaccine straing

Four Al virus isolaies were tested in a quantitative potency test to
determine the effect of viral antigen mass on protection; i.c. mean
protective dosc (PDsg). Groups of scven 4-weck-old chickens were
imemunized s.c. with 0.5, 5, 50 and 500 pl of each of the four virus
vaceines, and 14 chickens were immunized s.¢. with S0 4l of normal
allantoic fluid vaccine. At 3 weeks p.v., chickens were challenged in.
with 107" ELDsy of HP Q1/95 Al virus. Clinical responses were
recorded daily for 14 days p.c. The percentage protection was calcu-
lated as above. Serum was collected for each bird on the day of
challenge and 14 days thereafter. Oropharyngeal and cloacal swabs
werc taken at day 3 p.c. for attempts at virus isolation and titrations in
10-day embryonated SPF chicken eggs as described ahove, The PIlsy
against death was caleulated by the method of Recd & Muench
£1938).

Serology

Serological testing was accomplished using agar gel immunodiffasion
(AGID) test for type A influenza and hasnagglutinin-inhibition (HIy
test for HS subtype detection as described (Beard, 1970; Swayne ef
al., 1998b). Fur the AGID test, precipitating antibodies were detected
using Afturkey/Wisconsin/66 (IION2} as the test antigen (Beard,
1970, For the I test, titres were determined using serial two-fold
dilutions of test sera, 4 HA units of HS untigen and 8.5% suspension
of chicken erythrocytes per test well. For experiment 1, TW/GR,
M5/94 und Q1/95 HS antigens were used to fest vaccine groups. For
experiment 2, only Q1795 HS test antigen was used. Positive titres
were interpreted as inhibition of haemagglutination at a dilution of
sera of 1:10 or greater.

Siatistical analysis

Freguency of morbidity, mortality, virus isolation and serologically
positive test results were analysed for significance (# < 0.05) by
Fisher's exact test on PC-based software (Statgraphics, Manugistics,
Tne., Rockville, MD). Virus isolation titres were tested for normal
distribution. Normally distributed data sets were further tested by
parametric  one-way ANOVA or two-way analysis of variance
(TWANOVA). Thase ANOVA data sets with significant differences
were further analysed by Student-—Neuman—Keuls muitiple compari-
son lest. Data sets not normally distributed were analysed by non-
parametric analysis of variance test (Kruskal—Wallis) and, for
significantly different groups (P < 0.05), Dunn’s multiple comparison

test was performed. Normality, ANOVA, Kruskal-—Wallis, Student—
Neuman— Keuls and Dunn’s tests were performed on PC-based soft-
ware (SigmaStar, Jande] Scientific, San Ratael, CA).

The minimum virus titre detected by virus isclation procedures in
this study was 10" BLDso/ml. Thas, for statistical purposes, all
oropharyngeal and cloacal swabs from which virus was not isolated
were given a numeric value of 10%° ELDsyml which represents the
fowest detectable level of viras if the virus isolation procedure were
modified to use four instead of three embryonating chicken eggs per
sample.

Pearson product moment correlation {r) was wed to test for
associations between HA titre, infectious titre and antigen mass of
vaceines. Spearman rank correlation {r) was used to test association
between sequence homology of vaceine and chatlenge virus haemag-
glutinin, and reductions in tirtes of challenge virus shed from cloaca
and oropharynx. Pearson product moment correlation and Spearman
rank correlation were performed on PC-based software (SigmaStat,
Jandel Scientific, San Rafacl, CA).

Results
Experiment |

Three methods were used to quantify vaccine anti-
gen mass; HA titre, pre-inactivation infectivity titre
in embryonating chicken eggs and Al viral protein
content {RID; Table 2). There was poor correlation
between AI viral protein content and HA titre
(r =0.524, P=0.18) and Al viral protein content
and infectious titre (r = .63, P = 0.10). There was
good corrclation between HA and infectious titres
(r =081, P=0.003).

At 3 weeks p.v., all chickens immunized with
the 11 different vaccine viruses had similar pre-
challenge seroconversion rates using the influenza
type A specific AGID test (Table 3). By contrast,
pre- and post-challenge subtype specific HI posi-
tivity rates and geometric mean titres (GMTs) for
immunized chickens varied between the 11 differ-
ent vaccine viruses and the three different HI test
antigens (Figure 2). Both pre- and post-challenge
H! titres tended to be higher when the test antigens
and vaccine viruses were closely related phylo-
genetically (Figures 1 and 2). For example, the
highest pre-challenge HI titres using TW/68 as HE
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Table 3. Experiment . Protection from clinical signs and death, and positive

AGID pre-challenge serological responses for WL chickens immunized at 4

weeks af age with inactivated AIV vaccines and challenged at 7 weeks of age
with HP Q1795

Challenge response

Vacecine viras Pre-challenge Number
positive by with no Number of

Strain Subtype AGIDA clinical signs SUrVIvors
Sham — 0? ot 1*
TW/68 H5N9 9° H90)® 9(88)°
TO/71 HIN3 o ha ) 13(0)
MO/RT H5NY goc 9°CEO0) 9°(100)
M10/93 H5N2 1P 10%100) 16%100)
M5/94 H3N2 gt 9°90) G2(88)
TM/95 H5N2 1P 10°C100) 10°(100)
J12/94 H3NZ 100 §0(100) 10°(100)
Q/95 H5N2 10° 10°(100) 10°(100)
V1/95 HSN2 g° 9°(90) 9b(88)
P3/95 H5N2 8> 9%(90) 9"(88)
C4/95 H3N?2 8o 10°(1003 10%100)

A Number of positive/10 tested. Different lower case superscripts denote
significant difference between treatments groups: Fisher's Exacttest, P << 0.03.
B Percentage protection in parentheses; see Materials and Methods for formula.

€ Nine birds in this group.

test antigen were obtained in chickens vaccinated
with US-origin H5 vaccine viruses TW/68 and
TM/95 (1:299 and 1:171, respectively), while
highest pre-challenge HI titres using M5/95 or
Q1/95 antigen were obtained with M5/94 (1:80 and
1:121, respectively) and V1/95 vaccine viruses
(1:6%7 and 1:80, respectively). However, some
Mexican-corigin vaccine viruses produced low HI
titres irrespective of HI test antigen used. At week
2 post-challenge, individual GMTs were 2 or 3
log, higher than the respective pre-challenge titres
(Figure 2). Chickens immunized with heterologous
Al vaccine TO/71 (H7N3) lacked HI titres to the
H5 test antigens on pre-challenge, but the one
surviving chicken at day 14 p.c. had a positive HI
titre against H5 test antigens (Figure 2).

Chickens in all H5 vaccine groups had similar
protection against clinicat signs and death follow-
ing challenge by HP QI/95 (88 to 100%; Table 3},
and the four chickens that died lacked AGID and
HI antibodies at the time of challenge. All chickens
vaccinated with normal allantoic fluid (sham
group) or heterclogous H7 TO/71 vaccines devel-
oped clinical signs and only 10% survived after
challenge (Table 3). All survivors had antibodies
measured by AGID and HI tests.

Challenge virus was frequently recovered from
the oropharyngeal cavity of chickens from all
groups on day 3 p.c., but M5/64 and J12/94 groups
had significantly lower rates (P<C0.05) of virus
detection than the other groups (Table 4). How-
ever, when compared to the sham-vaccinated
group, the titre of virus recovered was also
significantly lower (P <<(.05) for the three US-

origin H5 vaccine groups and all Mexican-origin
H5 vaccine groups except C4/95. By contrast,
virus detection in the intestinal tract (cloacal
swabs) was infreguent for chickens from all H3
vaccine groups and significanily less frequent
(P < 0.05) than viras detection from the sham and
H7 TO/71 groups. The titres of virus recovered
from the cleaca were low for all groups, but when
compared to titres from the sham group, they were
significantly lower for all US-origin H5 groups,
and M5/94, 112/94, Q1/95, V1/95 and P3/95 Mex-
ican-origin H5 groups. There was no correlation
between haemagglutinin sequence homology of H5
vaccine strains as compared with challenge virus,
and reduction in titres of recovered virus from
oropharynx (r,= —0.166, P=0.10) or cloaca
(r,=0.004, P=0.97).

Experiment 2

Sera from most chickens vaccinated with the
two highest doscs (0.5 and 5 ug) of any of the
four virus vaccines were positive by AGID (86%,
48/56) and HI (91%, 51/56) test at 3 weeks p.v.,
whereas sera from chickens vaccinated with the
two lowest doses (0.005 and 0.05 ug) were infre-
quently positive by AGID (3%, 2/56) and HI (5%,
3/56) tests (Tuble 5 and Figure 3). The GMTs, as
determined using (1/95 test antigen, were highest
for the TW/68-vaccinated group at both the 0.5-
and 5-ug vaccine doses (Figure 3). At week two
p.c., all surviving chickens were serologically posi-
tive by AGID and HI tests. Post-challenge GMTs
were 1 to 3 logs higher than the pre-challenge
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Figure 2. Experiment 1. HI titres of seroposiiive chickens 3 and 5 weeks p.v. (A} Pre-challenge. (B) Two weeks p.c. HI titres given

as GMTs: 1 =1:2,2 =1:4, 3 =18, etc.

GMTs and were similar in magnitade among the
different vaccine groups and antigen doses.
Significant protection (69 to 100%) against clini-
cal signs, and death was seen in the groups vacci-
nated with 0.05, 0.5 and 5 ug of vaccine for
TW/68, M5/94 and P3/95 vaccine viruses, and in
the 0.5 and 5 pg doses for TM/81 vaccine virus
(Tablc 5). All chickens with detectable HI or AGP

Fable 4. Experimeni 1. Attempied virus isolation from cloacal

and oropharyngeal swabs on 3 days p.c. with HP (J1/95 of WL

chickens immunized with &illed AIV vaccines ar 4 weeks of age
and challenged at 7 weeks of age

Virus recovery from

{ropharyngeal
Vaccine virus swabs Cloacal swabs
Sham 10Ae5, 3B 74(1.69)"
TW/68 943,614 170.96)
TO/71 10%(4.8)* 5%1.26)
MO/87 §5(3.5)d QONIPY®
MI10/93 89(3.0)%¢ 250.97)
M5/94 45(1.8)® 0P (ND™
TM/93 10%3.4)P< oo™
71294 2.6 OPNT )b
Q1195 {27 OP(ND
V155 T3P 1%(0.96)>
P3/95 G(3.3ybd 0.9
C4/95 10°%(4.5y4 220,97«

A Virus recovered/ 10 examined. Different lower case super-
scripts denote significant differcnces; Fisher's Exact test,
£ <305,

B Mean of the logio titreAmnl of swab material. Parametric
ANOVYA and non-parametric ANOVA  (Kruskal-Wallis)
identified differences in titres for oropharyngeal (P << (0L001) and
cloacal (P < 0.001) swabs, respectively. Different lower case
superscripts denote significance (P <0 0.05) between groups
using the multirange tests of Student-Newman—Keuls and
Dunn, respectively.

€ Nine birds in group.

P No virus isolated

antibody titres were protected against death. How-
ever, some chickens that failed to give positive
AGID (28/62, 45%) or HI (24/58, 41%) scrological
results were protected, especially at the 0.05 ug
vaccine dose for TW/68, M5/94 and P3/95 (Figure
3 and Table 5). None of the chickens in the
sham-vaccinated group were protected against
clinical signs and only one survived challenge.

Challenge virus was recovered from the oro-
pharyngeal swabs of 99% of the birds (ZTable 6).
Compared to the sham-vaccinated group,
significantly lower quantities of virus were recov-
ered in the TM/81- and M5/94-vaccinated groups
at the 0.05-pg dose, in all four vaccine virus
groups at the 0.5-pg dose, and in the TM/81,
M5/94 and P3/G5 groups at the 5-ug dose (Table
6). For the itestinal tract {cloacal swabs), virus
detection rates and titres at the two lower vaccine
doses were not significantly different among the
sham-vaccinated and the four vaccine groups, ¢x-
cept for the M5/94 group at 0.05-ug dose (Table
6). As compared to the sham-vaccinated group,
virus detection rates were significantly lower at the
0.5-ug vaccine dose for TW/68, M5/95 and P3/95
groups, and titres of recovered virus were
significantly Tower for TW/68 and P3/95. For the
S-pg antigen dose, a significant reduction
(P < 0.05) in virus detection rates was evident for
all vaccine groups as compared to the sham-vacci-
nated group, and virus titres were significantly
lower for TW/68, M5/95 and P3/95. There was no
correlation between haemagglutinin sequence ho-
mologies of four HS vaccine strains relative to the
challenge virus, and reduction in titres of recovered
virus from oropharynx (r,= —0.111, P=0.17} or
cloaca (r, = 0.0561, P=0.49).

For the guantitative potency test, there was a
26-fold variation in the PDs, values based on
mortality obtained for the four strains studied
(Tablc 6). Bascd on mortality, the PDsy values
were (.006, 0.156, 0.016 and 0.030 ug of viral
protein for TW/68, TM/81, MS5/94 and P3/95,
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Table 5. Experiment 2. Morbidity, mortalisy and AGID serological tests for WL chickens immunized at
4 wecks of age with various doses of inactivated AIV vaccines and challenged at 7 weeks of age with
HP QI/95 avian influenza virus

Challenge response

Pre-challenge Anamnestic
Vaccine Dose AGID serology® response” Number withno  Number of
strain (ug)  (no. positivefiotal)  (no. positive/total)  clinical signs®  survivors®?
Sham 0] /143 14/14°F 0/149F 1/14%"
TW/68 0.003 [\l 7? 2520 34(38)F
0.05 o 74 7o(100) 7%(100)
0.5 5P 50 TRNG) TI00)
5 7 42 700 7°(100)
TM/8L 0.005 0* 7" IR 0Dy
0.05 I8 74 2429) 2%23)
0.5 4° 7° 6°(85) 6°(84)
5 6° 44 6°(85) 6°(84)
MS5/54 0.005 o 7 [l 1%8)
0.05 o 7 &%(85) 6°(85)
0.5 [ 7 7100 TP(100)
5 7™ 54 7100 7100}
P3/95 0.005 o 7 00 040y
0.05 1# 74 37(71) 5°(69)
0.5 & 58 7100 7°(100)
5 7° 20 To100) 7H100)

A N, positivesseven in group at 3 weeks p.v. Chickens challenged with HP Q1/95 at 3 weeks p.v. and
sera from all survivors 2 weeks later were positive by AGED test.
B Positive response = number that died plus number with two-fold increase in HI titres/seven in group.

€ Seven in group.

" Chickens that died lacked AGID antibodies at time of challenge.
E Different lower case superscripts denote significance difference between treatment and sham-

immunized groups, Fisher's Exact Test, P < 0.05.

¥ Percentage protection, see formula in Materials and Methods.

respectively. Based on morbidity, the PDs; values
were (.008, 0.156, 0.022 and 0.030 pg of viral
protein for TW/68, TM/EI, M5/94 and P3/95,
respectively.

Discussion

All the HS Al-inactivated vaccines protected
chickens from clinical signs and death, following
challenge by HP Q1/95 H5NZ chicken-origin
influenza virus. These viruses represent a diverse
group of Morth American Al viruses isolated over
a 27-year period, and separated by geographical
distances of 3500 km. They had 96.8 to 100%
amino acid sequence homology with the challenge
virus in the HAT segment of the haemagglutinin.
Furthermore, the TW/68 vaccine used for this
study also protected chickens from clinical signs
and death following challenge by a HP Asian Al
virus, A/Hong Kong/156/97 (H5N1), which was
isolated from a S-year-old boy (unpublished data).
These data show that molecular and antigenic sim-
ilarities between the individual H5 avian influenza
strains studied were sufficient to elicit solid cross-
protection against a recently emergent HP North
American chicken-origin H5N2 virus and the HP

Hong Kong H5N1 Al virus isolated from a buman.
Such findings suggest that frequent changing of Al
virus vaccine strains are unlikely to be necessary
for Al vaccines incorporating adjuvants to be ef-
fective.

In the present and previous studies (Wood e? al.,
1985), the quantity of viral antigen in the vaccine
was important in protecting from morbidity and
mortality. In a previous study (Wood er al., 1985},
the PDso, based on mortality, was between 0.1 and
0.3 pug of virgl antigen per dose, while in the
present study there was a 26-fold range (0.006 to
0.156) in Phsy for the four vaccine strains. This
indicates that antigen mass affects the efficacy of
inactivated Al vaccines, but vaccine strain selec-
tion alse has a major role in determining the
necessary antigen content in the vaccine,

The haemagglutinin is the major influenza pro-
tein that elicits a protective immune response and
antibodies directed against it ave readily detected
and guantified serclogically by the subtype specific
HI test (Brugh ef al., 1979; Swayne et al., 1998b).
In addition, natural infection or immunization with
whole virus vaccines elicit type A specific anti-
body response against the nucleoprotein and matrix
antigens as detected by the AGID test (Brugh er
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A. Pre-challenge

‘Vaccine Virug

©oos .85 65 5

bose {ua)

Geometric mean titre {Logs)

B. Post-challenge

Q.005 003 a3 5

Dose (ug)

Geometric mean titre {Logz)

Figure 3. Experiment 2. HI titres of seropositive chickens 3 and 5 weeks p.v. (A) Pre-challenge. (8) Two weeks p.c. HI titres given
as GMTs: | = 1:2,2 = [:4, 3 = |8, ete. The numerical values over the bars represent the number of positive samples out of seven

testedigroup.

al., 1979, Swayne er al., 1998b). However, anti-
bodies against nucleoprotein and matrix antigens
do not protect from clinical signs and death (Brugh
et al., 1979; Webster ¢f q¢l., 1991). In the current
study, all inactivated HS vaccines in experiment |,
and the 0.5- and 5-pg doses of H5 vaccines in
experiment two produced good seroconversion, as
evident by positive AGID and/or HI tests. The
presence of positive AGID and HI serological
reactions were good predictors of protection from
clinical signs and death following lethal challenge
by HP Q1/95. Furthermore, such protection was
independent of the magnitude of the positive HI
serological response, but the magnitude may have
an effect on the longevity of the protective immunc
response. In contrast, with the low vaccine doses
used in experiment two, 45 and 41% of AGID and
HI secrologically negative chickens, respectively,
survived a lethal challenge.

Inactivated whole influenza virus vaccines and
recombinant pox vaccines with Al virus hacmag-
glutinin gene inserts have produced uniform pro-
tection of chickens from clinical signs and death
foliowing challenge by HP Al viruses of ho-
mologous haemaggiutinin subtype (Stone, 1987;
Taylor er al., 1988; Barun ef al., 1988; Webster et
al., 1991; Beard et af., 1991; Swayne ef af., 1997).
However, such protection did not equate to total
prevention of Al virus infection in vaccinated
chickens. When compared 1o non-vaccinated or
sham-vaccinated control groups, some influenza
vaccines reduced the detection rates of chickens
shedding challenge virus and lower titres of chal-
lenge virus were shed from infected chickens. A
few studies reported lack of detection of challenge
virus in some groups of vaccinated chickens
(Wood er al., 1985; Stone, 1987; Webster er al.,
1991, 1996; Swayne et al., 1997).

The current study andfor previous studies
(Brugh et al., 1979, Wood et al, 1985; Stone,
1987) have demonstrated several factors that con-
tributed to variation in the ability of inactivated Al

vaccines to protect from clinical signs and death,
and to reduce the detecton rates and the guantity
of challenge virus shed from vaccinated chickens.
These factors that affect protection include respir-
atory verses intestinal samples for evaluation, dose
of vaccine (antigen mass), vaccine emulsion type
and method of emulsification, age of chickens at
vaceination, and time between vaccination and
challenge. In the current study, reductions in detec-
tion rates and the amount of challenge virus shed
were most consistently demonstrated with cloacal,
instead of oropharyngeal sarnples. Typically, titres
of challenge virus shed wers 10" * BIDsy/g lower
for cloacal than oropharyngeal sampies, but the
volume of [aecal material was greater than respir-
atory secretions, making differences in total virus
cutput less apparent. At day 3 p.c., some chickens
given the higher vaccine antigen doses Jacked
anamnestic responses and no virus was isolated
from the cloaca, but virus could be isolated from
the oropharynx. This indicates that caution should
be cxerted in stating that vaccines can prevent Al
virns infection when given at high doses. Al virus
replication in the host is dynamic and affected by
multiple factors. Claiming a lack of infection based
on a single isolation attempt from only one site or
the lack of anamnestic serological response, may
not represent the true infection status of the host.

Previous stdies have shown improved protec-
tion by increasing vaccine antigen dose {Brugh ez
al., 1979; Wood et af., 1985). Furthermore, the
laboratory method used to measure vaccine antigen
mass may influence interpretation of results and
ultimate formulation of vaccines (Brugh e af.,
1979, Wood er af., 1985). Measurement of viral
antigen by RID test is an effective and accurate
method. However, indirect methods, such as the
HA titre and infectious titre, are more frequently
used as standards. In the current study, correlation
was poor between RID test, and either the HA or
pre-inactivation infectivity titres. However, when
Al antigen mass in the vaccine is high, as in
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Table 6. Experimeni 2. Attempied virus isolations at 3 days p.c. with HP Q1/95 from WL
chickens immunized with kilied AIV vaccines at 4 weeks of age and challenged at 7 weeks
of age

Viral antigen (ug/dose)

Vaceine
Virus o 0.003 .05 0.5 5

Oropharyngeal swabs

Sham 12/12%45.8)" — — — —

TW/GH — .9 TS U4y TITYS.25*

TM/81 — HTETY 6/64(4.9° TIE4.3) 7740

M3/94 — 6/6% 4.7 TITHA.8° HTHRTY 67(3.8)°

P95 515%5.6) TITHS.SF 17 4.6)° TTHIAP
Cloacal swabs

Sham §/12%(1.3)° — e — -

TM/6S — 37U 2THT08 GNP 0/7°(NE)®

TM/S1 — LTHLASY A6N1L62Y  FTHL0HN YN0

M5/94 — SI6%(1.30) O/7MNTY 0SH® 0rTN0.90)°

P3/95 /55109 ATHLALY TO(NLF 7o(NEY"

A Virus isolations/number attempted. Different lower case superscripts denote significant
differcace between treatment and sham-immunized groups; Fisher's Exact test, £ << 0.05.

B Mean of the log g titres per 1 ml of swab material. Samples with no virus reisolation (NI} were
given a numerical value below the detectible timits of the isolation methods (0.90) for statistical
purposes. TWANOVA identified differences in titres for oropharyugeal [vaccine virus
(P = 0.013) and dose of vaceine (P << 0.001), respectively] and cloacal swabs [dose of vaccine
(P <0.001}]. Different lower case superscripts denote significance between treatment groups
within a vaccine dose; using Student-Neuman-Kuels, P <C0.08,

experiment 1, the method of measurement had
minimal effect on effectiveness. However, if the
goal is to lower the cost of production, while
maintaining  maximal effectiveness, accurate
measurement and standardization of antigen con-
tent is critical.

Different strains of vaccine viruses produced
variations in HI serclogical response and levels of
protection from Q1/95 challenge. However, differ-
ences in the total amino acid sequence of the HA1
protein of vaccines and challenge virus in exper-
iment cne did not correlate with reductions in
challenge virus titres shed from oropharynx or
cloaca. For example, TW/68 (96.8% homology}
and Q195 (100% homology) vaccines did not
reduce the challenge virus detection rates from the
oropharynx as compared to sham control group,
but M5/94 vaccination (98.2% homology) did. In
the first experiment, such variation could be at-
tributed to differences in dose of vaccine adminis-
tered. However, in experiment 2, vaccine dosc was
stundardized, but differences in HAT homology of
vaccine and challenge virus did not correlate with
reductions in challenge virus titres shed from
oropharynx or cloaca. For example, at the 0.05-ug
vaccine dose, M5/94 (98.2% homology) and TM/
81 (97.8% homology) were more effective in fow-
ering the titres of virus shed from the oropharynx
than P3/95 (97.9% homology) and TW/68 (96.8%
homelogy), but at 0.5-ug vaccine dose, TW/68
(96.8% homology) significantly reduced shedding

from the cloaca, while TM/81 (97.8% homology)
did not. Furthermore, 100% homology between the
haemagglutinin of vaccine und challenge virus
(Q1/95, experiment 1), did not result in the preven-
tion of infection by the challenge virus and shed-
ding from the oropharynx as has been reported by
others (Wood e af., 1985; Taylor et al., 1988;
Webster er al., E991), but these latter studies
used lower challenge doses of HP Al viruses than
the current experiment. No protection was pro-
vided by heterologous H7 vaccine (79.6% homol-
ogy}, since no ditference in clinical signs and death
rates, virus detection rates or titres of shed virus
were  observed compared (o sham-vaccinated
group.

Several other factors affect viras selection for
inactivated vaccine preparations. The optimal virus
strain for a commercial vaccine must replicate fo
high titre in embryonating eggs, have a low PDsg
and be a stable, mildly pathogenic phenotype
(Swayne & Stone, 1996). The latter is importani
for the vaccine manufacturer because a MP HS5 or
H7 virus with a demonstrated potential to mutate
to a HP form should not be propagated and han-
dled in a biosafety level 2 (BSL-2) facility as used
for poultry vaccine production in the US. The
TW/68 strain meets all three criteria as evidenced
by high titres in eggs, low PDsy (0.006 ug viral
protein) and having a stable MP phenotype even
after manipulation in a laboratory model system
that has successfully derived emergent HP H5
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viruses from MP H5 viruses (Swayne er al.,
1998a).

Prevention and control programmes for avian
influenza need a comprehensive strategy utilizing
enhanced  biosecurity, increased surveillance,
proper diagnostic methods, education of poultry
farmers and other personnel, and safe methods for
eliminating infected birds (Halvorson, 1995;
Swayne et al., 1997). Vaccination should only be
considered as a single tool in a comprchensive Al
control strategy. A decision to use vaccines will
depend on the pathogenicity of the field virus,
haemagglutinin subtype of the field virus and vac-
cine, the surveillance programme, geographic dis-
tribution of the infection, impact of vaccine use on
trade and national regulatory requirements.
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