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This study describes the results of a transmission experiment with highly pathogenic avian influenza
(HPAI) H7N7 virus in 12-week-old turkeys. Cloacal and tracheal swabs as well as serum samples were
taken to monitor the infection both in inoculated and in susceptible contact turkeys, which were all either
unvaccinated, vaccinated once or vaccinated twice with H7N1. Swabs were tested by real-time RT-PCR
and serum samples with hemagglutination inhibition test (HI). Unvaccinated contact birds had a mean
infectious period of 6.2 days, and an estimated transmission rate parameter of 1.26 per infectious bird per
day. However, no virus shedding was found in inoculated vaccinated turkeys and thus we concluded that
vaccination with H7N1 protected against challenge with HPAI H7N7 virus.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

During the last decades, highly pathogenic avian influenza
(HPAI) viruses have caused outbreaks of Al in poultry worldwide
[1]; in certain regions HPAI has even become endemic (e.g. South-
east Asia). Vaccination is considered an important tool in the
prevention and control of Al. A field trial with H5N2 vaccine in Hong
Kong in 2002 showed that vaccinated chickens were protected from
disease, and HPAI H5N1 virus transmission was reduced [2]. The
same was concluded for vaccination with H5N1 and H5N2 vac-
cines in Vietnam (2005) [3] and Mexico (1995) [4], although due
to the various control strategies and vaccines implemented during
these epidemics it was not possible to claim a direct relationship
between reduced transmission and the applied vaccination strat-
egy. The latter is a common problem in field studies, because many
factors, e.g. the applied vaccination scheme [5], may influence the
result.

Transmission experiments are suitable for studying the effect of
vaccination on virus transmission in general [6]. Such experiments
are performed under controlled settings, enabling to quantify the
effect of different parameters on transmission; for example the
host species, the infectious dose, the virus strain, and, especially,
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vaccination. Transmission experiments studying the effect of vac-
cination on transmission of HPAI virus have been carried out in
chickens [7], pheasants and ducks [8] with H7N7 HPAI virus. These
studies showed that indeed the same virus can have different trans-
mission parameters in different host species, and also showed that
the effect of vaccination on transmission can vary from one species
to another.

Turkey meat production is important in Europe, North- and Cen-
tral America [9] and therefore large turkey stocks are present on
those continents. Recent HPAI outbreaks in turkey flocks occurred
in Italy (1999; H7N1 [10]) and Chile (2002; H7N3 [11]), and vari-
ous LPAI outbreaks have been detected in, e.g. US, Italy and Great
Britain [12]. Consequently, turkeys may play an important role in
Al outbreaks and an effective control strategy in turkeys is essen-
tial in attempts to eliminate HPAL From the literature it appears
that turkey flocks have more new cases of HPAI H7N1 per 1000
flocks per day at risk compared to other bird species, such as
game birds, water fowl and layer hens [10]. Moreover, a challenge
study showed that a minimal nasal infection dose of HPAI H5N9
was fatal to turkeys, whereas chickens sometimes recovered or
were not affected at all [13]. Although vaccination of turkeys has
been applied in the control of LPAI in Italy [5,14] it is unknown
whether vaccination can stop transmission of HPAI virus among
turkeys.

Therefore, the main goal of this study was to quantify the effect
of vaccination with H7N1 on HPAI H7N7 virus transmission in
turkeys.
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2. Materials and methods
2.1. Turkeys

Sixty four-week-old female turkeys were obtained from a com-
mercial farm, since no SPF turkeys were available. During the
experiment the turkeys were housed and handled in a high con-
tainment unit at the Central Veterinary Institute of Wageningen
UR under BSL3+ conditions. They were loose housed on floors
with wood shavings, fed ad libitum, and had free access to drink-
ing water. The experiments were reviewed by an animal ethics
committee and the experiments complied with the Dutch law on
animal experiments. The birds were negative in the hemagglutina-
tion inhibition test (HI) for antibodies against H7 and negative in
the immunofluorescence test (IF) for antibodies against N7 before
the challenge. Clinical signs of the birds were recorded daily and
the birds were euthanized for animal welfare reasons if it was
expected that they would not survive until the next sampling
time.

2.2. Challenge virus

Turkeys were challenged by inoculation with highly pathogenic
avian influenza H7N7 virus, obtained on the index farm of the
Dutch epidemic in 2003 (A/Chicken/Netherlands/621557/03). The
intravenous pathogenicity index (IVPI) of the virus was deter-
mined to be 2.9 as described in ref. [15]. The turkeys were
challenged both intranasally (0.1 ml) and intratracheally (0.1 ml)
with diluted allantoic fluid containing 105 median egg infectious
dose (EID5q)/ml.

2.3. Vaccine

Turkeys were vaccinated with an inactivated oil-emulsion
vaccine, which was commercially available and contained
H7N1 antigen (A/Chicken/Italy/99) [7]. The dosage was 0.5ml
subcutaneously, as recommended by the manufacturer. The
hemagglutinin-antigen content was 45 p.g/ml vaccine, which was
determined as described in Van der Goot et al. [7]. In short: viral
proteins were extracted from the oil-emulsion vaccine, and anal-
ysed by electrophoresis. The gel was stained with SYPRO orange dye
(Molecular Dynamics) and scanned. Staining of the hemagglutinin
band was compared with the staining of BSA at different load-
ing concentrations as standard. The homology between the HA1,
the immunogenic part, of the vaccine and challenge virus was 98%

[7].
2.4. Experimental setup

The birds were randomly divided into three parallel groups of
20 turkeys based on their wing clip identification number (group
0: 1-20, group 1: 21-40, group 2: 41-60). The control group (group
0) did not receive vaccination. Group 1 was vaccinated once at 10
weeks of age and the third group (group 2) was vaccinated twice;
at 6 weeks and at 10 weeks of age. The three treatment groups were
then each divided into two groups of 10 animals (subgroups A and
B), to form two replicates per treatment. Each subgroup was housed
in a separate room (10 turkeys/9 m?2). From each subgroup five con-
tact animals (C) were housed separately before the challenge. The
other five birds (I) were inoculated at 12 weeks of age. The contact
birds were placed back with the inoculated birds in the same room
the day after the challenge (therefore I:C was 5:5 [6]). At day 28
post challenge (p.c.) all remaining live birds were euthanized and
the experiment was terminated.

2.5. Serology

Blood samples were collected from all birds at 6 weeks of age,
and subsequently weekly from all vaccinated turkeys. Post chal-
lenge all turkeys were sampled weekly. Sera were separated and
stored at —20°C until analysed. Sera were incubated for 30 min at
56°C to inactivate the sera for further analysis outside of BSL3+
restrictions.

HI was used to detect antibodies against H7 in the serum.
In short: the sera were absorbed with 20% chicken erythrocytes
(1:1 dilution) and left overnight at 4°C. The sera were tested in
V-bottom 96-wells micro titre plates using 8 units of HA anti-
gen and 1% chicken erythrocytes [15]. Results are given as Zlog
titre.

The sera of day 0 and 28 p.c. were tested with an IF for presence
of antibodies against N7, to test whether the birds were fully chal-
lenged. The protocol followed the method as proposed by Cattoli
et al. [16], with some modifications. In short: monolayers of SF21
insect cells were grown in 96-microwell plates and when confluent
infected with N7-recombinant baculovirus. Fixed monolayers were
incubated with sera diluted to 1:50 and 1:250 dilutions in a high salt
buffer containing 4% horse serum. Next the plates were washed and
subsequently incubated for 1 hat 37 °Cin adryincubator. The plates
were washed again and chicken conjugate (RaCh/IgG (H +L)/FITC,
Nordic) was added followed by another incubation period of 1h
at 37°C. Finally, the plates were washed and filled with PBS, after
which the results could be read.

2.6. Virus detection

From the challenge onwards cloacal and tracheal swabs were
collected daily until 10 days p.c., hereafter swabs were taken
every 3/4 days until the experiment ended at 28 days p.c. The
swabs were stored at —70°C in 2ml 2.95% tryptose phosphate
buffer with penicillin and streptomycin until analysed. Next, swabs
were analysed with a quantitative real-time RT-PCR (reverse
transcriptase-polymerase chain reaction). RNA was extracted from
200 pl swab fluid using 300 pl external lysis buffer from a com-
mercially available kit and machine (MagNA Pure LC® Total Nucleic
Acid Isolation Kit and MagNA Pure LC® Instrument; Roche®). The
procedure yielded 50 .l isolated RNA per swab, which was stored
at —70°C.

The real-time RT-PCR procedure required 5 .l of isolated RNA
to which a mix was added according to the instructions of the
manufacturer (OneStep RT-PCR kit; Qiagen®). This mix contained
amongst others a Tagman probe (AI-MP-TqMn1) and a forward
and reverse primer (AI-MpFW45 and AI-MpRv251, respectively;
sequences can be found in Table 1) targeting the M-gene of the virus.
ROX was used as reference dye. The PCR reaction was performed
using the following protocol in a Mx4000™ (Stratagene®): 30 min.
at 50°C, 15 min. at 95°C and then 45 cycles of 5s. at 95°C, 15s. at
58°C and 20s. at 72 °C, after which the hold-stage was entered (at
25°C).

Results are given in °log virus titre (expressed as equivalent
units of EID5o/ml). A standard curve (1°log virus titre vs. CT (thresh-
old cycle)-value) was prepared for each swab batch by analysing a

Table 1

Sequences of probe and primers used in the real-time RT-PCR procedure

Material Name Sequence

Tagman Probe AI-MP-TgMn1 5'-6FAM-CTCAAAGCCGAGATCGCGCAGA-
XT-PH-3’

Forward primer AI-MpFW45 5'-CTTCTAACCGAGGTCGAAACGTA-3’

Reverse primer Al-MpRv251 5'-CACTGGGCACGGTGAGC-3'
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10-fold dilution of H7N7 virus with a known titre. A swab was con-
sidered positive when the value read on the standard curve was
larger than the lowest detectable °log virus titre value of the stan-
dard curve. Single positive swabs (i.e. swabs of the same bird of
the days before and after were negative) were repeated in the real-
time RT-PCR, and were considered positive only when the repeat
was also positive.

2.7. Statistical analysis

A generalized linear modelling method was used to analyse the
results of the transmission experiment and estimate the transmis-
sion rate parameter (B). To that end, the data were transformed
into a SI-format with S denoting the number of susceptible birds
present per day and I the number of infectious birds present per
day. The total number of birds present per day was denoted by N.
Contact birds were considered to have been infected the day before
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their first positive tracheal and/or cloacal swab and therefore were
denoted case (C) on that day.

The GENMOD procedure from the SAS® program (SAS Institute
Inc., 2002) was used to program the model. The response variable
C was assumed to be binomially distributed, with S as binomial
total. Thus the variable C/S was analysed using binomial distri-
bution with a complementary log-log-link and the offset log(I/N).
Hence, cases on one day are caused by the infectious birds present
during that day. The replicate groups were inserted as repeated
subject. It is assumed that within each treatment all susceptible
birds are equally susceptible, all infectious birds are equally infec-
tious, and that each infectious bird is equally infectious over time.
Furthermore, it is assumed that each infected bird constitutes an
independent risk to infect a susceptible bird. 8 follows from the
intercept of the model, and subsequently the reproduction ratio
Rp can be estimated by taking the product of the estimated 8 and
the estimated mean length of the infectious period, with the latter
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Fig. 1. H7 antibody titres measured in the hemagglutination inhibition (HI) test: the left panel shows box plots for the HI titres per day post challenge (p.c.) for the turkeys
inoculated at 12 weeks of age and the right panel for the contact turkeys. Turkeys are unvaccinated (upper plots), vaccinated once at day —14 p.c. (middle plots) or twice
at day —42 and —14 p.c. (lower plots), indicated by the arrows. The box indicates the 25-75% range, with the whiskers indicating the minimum and maximum. Mean and
median are given by the plus marker and line inside the box, respectively, and the width of the box indicates the number of observations included (maximum = 10).



M.E.H. Bos et al. / Vaccine 26 (2008) 6322-6328 6325

directly observed from the unvaccinated contact turkeys [17,18].
Virus shedding was compared between inoculated unvaccinated
and vaccinated birds by means of a Fisher's exact test, and the
NPAR1WAY procedure in SAS® was used to compare HI antibody
titres between groups. Sensitivity analysis was performed on the
threshold for considering a swab real-time RT-PCR-positive, by
solely analysing swabs with an estimated °log virus titre greater
than 1.6 or alternatively 2.6 (values are based on the titres of the
standard curve).

3. Results
3.1. Disease symptoms

The unvaccinated turkeys (group 0) all showed symptoms of ill-
ness. Among the clinical signs were weight loss, paleness, fluffed-up
feathers, slowness, an inability to stand, symptoms of palsy or the
inability to keep the head straight on the body. Seven inoculated
birds died or were euthanized within 5-8 days after challenge,
and one inoculated bird was euthanized 18 days p.c. after show-
ing severe nervous disorders. Nine contact turkeys died or were
euthanized within 8-10 days p.c. Two inoculated and one contact
turkey survived and stopped showing symptoms after 20/21 days
p.c., after only showing fluffed-up feathers, weight loss, slowness
and paleness.

One inoculated turkey from group 1 (vaccinated once) started
showing lameness, inability to stand and palsy on 5 days p.c. and
continued to show palsy until termination of the experiment. None

of the other turkeys from group 1 or from group 2 (vaccinated twice)
showed any disease related clinical symptoms.

3.2. Serology

Fig. 1 displays the H7 antibody titres which were determined
with the HI test. The HI titres in group 1 were significantly
(p<0.0001) lower at the day of challenge than the HI titres in group
2. Group 2 also seems to have a slightly faster response to the first
vaccination when compared to group 1; the HI titre at 14 days post
first vaccination was higher for group 2 than for group 1 (p<0.01).

At day 28 p.c. the two inoculated and one contact infected sur-
viving unvaccinated birds were positive in the IF test, indicating that
these birds were fully challenged, and one inoculated bird of group
1 had a response at the threshold level of a positive test outcome.
All other samples were negative.

3.3. Virology

Virus titres ('°log, expressed as equivalent units of EIDsg/ml)
in the tracheal and cloacal swabs of the unvaccinated turkeys
were estimated from the quantitative real-time RT-PCR results, and
shown in Fig. 2. The virus titres of the cloacal swabs were lower
than those of the tracheal swabs within both the contact and inoc-
ulated groups, and viral RNA was also generally isolated during
a shorter period from the cloacal swabs than from the tracheal
swabs. Table 2 gives the qualitative results for the swabs of the
unvaccinated birds. In Table 3 the results are given in numbers of
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Fig. 2. Estimated virus titres (expressed as equivalent units of EIDso/ml) in swabs based on the results of quantitative real-time RT-PCR for unvaccinated turkeys. The left
panel gives the box plots for the PCR virus titres per day p.c. for tracheal swabs and the right panel gives the results for the cloacal swabs. The upper plots give the results
for the inoculated turkeys, and the lower plots give the results for the contact turkeys. The box indicates the 25-75% range, with the whiskers indicating the minimum and
maximum. Mean and median are given by the plus marker and line inside the box, respectively, and the width of the box indicates the number of observations included

(maximum = 10).
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Table 2
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Qualitative results from real-time RT-PCR on tracheal and cloacal swabs for unvaccinated turkeys (group A/B) after challenge with HPAI H7N7 (at 12 weeks of age)

Qualitative real-time RT-PCR results for trachea/cloaca swab at day post challenge

Group Turkey | 2 3 4 5 6 7 8 9 10 14 17 21 24 28
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Turkeys are considered infectious when either the tracheal or cloacal swab is real-time RT-PCR positive. I: inoculated bird; C: contact bird; nd: not determined; +: positive
swab; —: negative swab; tracheal swab/cloacal swab; t: turkey died; 1": turkey euthanized; dark grey: bird is case; light gray: bird is infectious.

Table 3
Qualitative results from real-time RT-PCR for once vaccinated (day 14 p.c.) and twice vaccinated (days-42 and -14 p.c.) turkeys after challenge with HPAI H7N7 (at 12 weeks
of age)
Group # real-time RT-PCR positive turkeys/# turkeys per day post challenge
1 2 3 4 5 6 7 8 9 10 28
Vaccinated once (A) I 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
C nd 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Vaccinated once (B) I 1/5! 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
C nd 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Vaccinated twice (A) I 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
C nd 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Vaccinated twice (B) I 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
C nd 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/4?

Turkeys are considered positive when either the tracheal or cloacal swab is real-time RT-PCR positive.
1Bird was real-time RT-PCR positive for tracheal swab; 2Bird euthanized for non-Al reasons; nd: not determined; #positive birds/#birds; I: inoculated birds; C: contact birds.

real-time RT-PCR positive birds (either a positive tracheal or cloa-
cal swab) for treatment groups 1 and 2. It can be seen that only
in one inoculated bird from group 1 (vaccinated once) viral RNA
was isolated from the tracheal swab at day 1 p.c. (this was not the
bird that tested weakly positive in the IF test). One other inocu-
lated turkey was positive for the tracheal swab at day 1 p.c., but
this result could not be repeated and the swab was therefore con-
sidered negative. For treatment group 2 no positive swabs were
found. In two contact turkeys tracheal swabs at day 8 and day
10 p.c. were weakly positive, however, again these positive results
could not be repeated and therefore these swabs were considered
negative.

Table 4

The unvaccinated inoculated group had significantly more birds
that shed virus than both vaccinated inoculated groups together
(p<0.0001).

3.4. Transmission parameters

It was only possible to perform statistical analysis on the unvac-
cinated groups, because in the vaccinated groups no positive swabs
were found over multiple days. The mean infectious period in
contact infected unvaccinated turkeys was 6.2 days (minimum 5;
maximum 8 days). 8 was estimated at 1.26 per infectious bird per
day (95% CI: 0.99-1.59), which results in a Ry of 7.8 (see Table 4). If

The mean infectious period (T;), transmission rate parameter () and reproduction ratio (Ro) resulting from a transmission experiment with H7N7 HPAI virus in unvaccinated
turkeys (challenged at 12 weeks of age), with different threshold values for a swab to be considered positive in the real-time RT-PCR

Real-time RT-PCR positive when > T; (days; minimum — maximum)? B (95% CI) bird~" day~! Ro

Lowest standard curve value per plate 6.2 (5-8) 1.26 (0.99-1.59) 7.8
1.6 6.3 (5-9) 1.29 (1.05-1.60) 8.1
2.6 6.1(5-8) 1.31 8.0

a Contact infected turkeys.
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the threshold for considering a swab positive in real-time RT-PCR
is set at a %log virus titre larger than 1.6, the Bis 1.29 (1.05-1.60); if
set at larger than 2.6, it is 1.31 (because of equality of observations
only a point estimate can be given).

4. Discussion

In the face of regularly emerging outbreaks of a variety of avian
influenza viruses, vaccination might be a good tool in a control pro-
gram, either prophylactic or as emergency measure. This study was
conducted to measure the effect of vaccination with an H7N1 strain
on the transmission of HPAI H7N7 virus in turkeys. Turkeys vacci-
nated once showed almost no virus shedding after challenge with
H7N7 virus, and no transmission of the virus to vaccinated contact
turkeys was observed. When the birds were vaccinated twice, no
virus shedding was demonstrated at all after challenge, and hence
transmission could not be quantified. Unvaccinated turkeys how-
ever, showed symptoms of illness, shed virus and were fully able to
transmit the virus to susceptible contact turkeys. These results indi-
cate that vaccination of turkeys could be useful as additional control
measure to control an epidemic of HPAI as it was able to induce clin-
ical protection and reduce virus shedding and virus transmission.

In the current study, real-time RT-PCR was used to detect viral
RNA in swabs. Although the gold standard is virus isolation in eggs,
real-time RT-PCR is supposed to be more sensitive as it may be
able to pick up inactivated virus or virus neutralized by antibodies
[19-21]. Consequently, it does not seem likely that the absence of
virus shedding in vaccinated turkeys was caused by a lack of sensi-
tivity. The virus might not be able to replicate because clearance of
the virus is too fast due to the vaccination. A complete lack of virus
shedding has also been observed in chickens vaccinated with the
same vaccine and challenged with the same virus [7].

Hence, vaccination with H7NT1 in turkeys was highly efficacious,
a finding that seems in contrast to field observations and studies
on the susceptibility of turkeys for an infection with Al strains.
One possible explanation is the challenge model used. The route
of infection and the challenge dose, however, were appropriate as
challenge resulted in infection of all unvaccinated turkeys which
developed Al symptoms, shed virus and transmitted the virus to
pen mates. Therefore, it seems reasonable to assume that the chal-
lenge model was valid. Moreover, the dose used was in line with
other experiments with turkeys, as carried out for example by
Capua et al. [20]. Although they used a LPAI strain, it does not
seem likely that a higher dose should have been used for HPAI
H7N7. Remarkably, vaccination seemed to have been less effec-
tive when LPAI challenge was applied, as vaccinated turkeys still
shed detectable, though reduced, amounts of virus after challenge
[20,22,23]. Recent field experiences with LPAI also indicated that
vaccinated turkeys could be infected [5]. In the field, infectious
doses are expected to vary widely, but are generally assumed to
be lower. It does not seem likely that the challenge dose in our
experiment was too low.

Possibly, the age at vaccination might be of influence on the
effect of vaccination. In Italy, meat turkeys were vaccinated at a
younger age [5], but older birds are very well capable of mounting
an immune response. The effect of age at vaccination on the effi-
cacy of a vaccine needs some future research to provide practical
guidelines. Other factors that generally may affect vaccine effec-
tiveness in the field are climate, concurrent diseases, suboptimal
dose at bird-level and suboptimal flock coverage.

Transmission studies can also be used for the development of
monitoring programs based on B. It has been shown that turkeys
are more susceptible to certain strains of LPAI viruses than chickens
[5,22] and also to H5N9 HPAI virus [13]. Furthermore, the inci-

dence rate for HPAI H7N1 was greater for turkey farms than other
bird species such as laying hens during the Italian epidemic in
1999-2000 [10]. A higher susceptibility however, does not nec-
essarily mean a higher transmission. The same challenge virus,
vaccine and protocol that were used in the current study, were also
used in transmission experiments with (un)vaccinated chickens,
teals and pheasants by Van der Goot et al. [7,8]. If we apply our
statistical model on their results we find a 8 of 1.72 per infectious
chicken per day (95% CI: 1.23-2.42), 2.71 (1.34-5.47) in pheasants
and an unestimatable § in teals. The estimated transmission rate
parameter for turkeys based on our results was 1.26 (0.99-1.59),
which did not differ significantly from the parameters found in
other species. Therefore these findings do not support the assump-
tion that turkeys have a higher HPAI H7N7 transmission. On the
contrary, the findings suggest that HPAI H7N7 transmission in
turkeys is lower. Pheasants still showed virus shedding and trans-
mission after a single vaccination and in teals the virus was isolated
from the inoculated vaccinated birds, which indicates that results
in one bird species cannot be extrapolated to other bird species.

In conclusion it can be said that vaccination with H7N1 protects
12-week-old turkeys against challenge with H7N7 HPAI virus, and
no transmission of the virus can therefore be measured in vacci-
nated turkeys. This study underlines the important role vaccination
could have in controlling and preventing HPAI outbreaks.
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