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Abstract

In late 2014, a H5N8 highly pathogenic avian influenza (HPAI) virus, clade 2.3.4.4, spread by migratory waterfow! into
North America reassorting with low pathogenicity Al viruses to produce a H5N2 HPAI virus. Since domestic waterfow!
are common backyard poultry frequently in contact with wild waterfowl, the infectivity, transmissibility, and patho-
genicity of the United States H5 HPAI index viruses (H5N8 and H5N2) was investigated in domestic ducks and geese.
Ducks infected with the viruses had an increase in body temperature but no or mild clinical signs. Infected geese did
not show increase in body temperature and most only had mild clinical signs; however, some geese presented severe
neurological signs. Ducks became infected and transmitted the viruses to contacts when inoculated with high virus
doses [(10* and 10° 50% embryo infective dose (EIDgy)], but not with a lower dose (1 0? EIDs). Geese inoculated with
the H5N8 virus became infected regardless of the virus dose given, and transmitted the virus to direct contacts. Only
geese inoculated with the higher doses of the H5N2 and their contacts became infected, indicating differences in
infectivity between the two viruses and the two waterfow! species. Geese shed higher titers of virus and for a longer
period of time than ducks. In conclusion, the H5 HPAI viruses can infect domestic waterfowl and easily transmit to
contact birds, with geese being more susceptible to infection and disease than ducks. The disease is mostly asympto-
matic, but infected birds shed virus for several days representing a risk to other poultry species.

Introduction

The Asian-origin H5N1 A/goose/Guangdong/1/1996
(Gs/GD) lineage of highly pathogenic avian influenza
(HPAI) viruses has spread across several continents
affecting wild birds, poultry and humans. Despite great
efforts to control H5N1 HPAI viruses, these viruses
continue to circulate and evolve, which has led to the
emergence of multiple genotypes or sublineages and
the generation of reassortant H5 strains with novel
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gene constellations. Subclade 2.3.4.4 H5N1 viruses have
mixed with several neuraminidase subtypes to generate
widely circulating H5N2, H5N5, H5N6, and H5N8 sub-
types of H5 HPAI viruses [1-6]. In early 2014, outbreaks
of H5N8 HPALI virus were reported in South Korea and
Japan in poultry and wild aquatic birds, with migratory
aquatic birds strongly suspected in playing a key role in
the spread of the virus [7, 8]. In late autumn 2014, H5N8
HPALI viruses were detected in Siberia, several countries
in Europe, in South Korea, and in Japan [3, 4]. Concur-
rently, this virus was detected in the United States (U.S.)
in captive falcons, wild birds, and backyard aquatic and
gallinaceous poultry [5]. In addition, another novel reas-
sortant H5 HPAI clade 2.3.4.4 virus (H5N2) was iden-
tified as the cause of an outbreak in poultry farms in
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British Columbia, Canada, during November 2014 [9],
and was subsequently detected in the U.S. in wild water-
fowl, raptors, and backyard poultry, including domes-
tic ducks and geese [10]. From March to June 2015, this
H5N2 virus predominated in the U.S., with extensive
inter-farm transmission occurring in the Midwestern
region. Over 7.5 million turkeys and 42.1 million chick-
ens died or were depopulated in the USA during this out-
break which ended in June 2015 [11].

Wild and domestic waterfowl have played an important
role in the maintenance and spread of Gs/GD lineage H5
HPALI viruses. Infected migratory waterfowl contributed
to the spread of H5N1 and H5N8 HPALI viruses from Asia
to other parts of the world [4, 8, 12, 13]. In 2016, H5N8
viruses of the same Gs/GD H5 lineage (HA clade 2.3.4.4)
have been again detected in wild waterfowl in Russia,
Europe, Middle East and Africa, these viruses causing
outbreaks in poultry in many countries [14—16]. Domes-
tic waterfowl have an important role in the maintenance
and spread of H5N1 HPALI viruses, and have been shown
to serve as intermediaries in the transmission of these
viruses between wild waterfowl and other poultry spe-
cies [17-19]. Wild waterfowl and domestic ducks are also
important in the emergence and maintenance of H5N8
HPALI [3]. Hill et al. [20] found that wild waterfowl migra-
tion and domestic duck density were important factors
in the epidemiology of H5N8 in the Republic of Korea.
During the U.S. outbreak, H5N8 and H5N2 HPAI viruses
were detected in backyard poultry including waterfowl
[21], with possible contact with wild waterfowl or ponds
reported in some cases [22]. H5N8 HPAI viruses have
also affected commercial duck facilities in Europe and
in the U.S. [16, 23, 24]. Recently, non-Gs/GD lineage H5
HPAI viruses (H5N1, H5N2, H5N9) have also caused
outbreaks in domestic ducks in France in [25].

H5N1 Gs/GD lineage HPAI viruses are highly lethal to
chickens; however, in domestic ducks these viruses can
produce a range of clinical outcomes from asymptomatic
infections to severe disease with mortality [26]. Both sick
and asymptomatic infected ducks can shed high virus
quantities into the environment favoring increased risk
of transmission and potential outbreaks in commercial
poultry. Naturally or experimentally, mortality in ducks
caused by HPAI viruses had been infrequently reported
before the Gs/GD H5N1 HPAI outbreaks in Asia [27, 28].
However, many Gs/GD lineage H5N1 HPALI viruses, and
recently other Gs/GD-derived H5 viruses, have caused
disease and death in domestic ducks (reviewed in [26])
[15, 16, 23, 24, 29]. Similarly, in domestic geese, out-
come of infection with H5N1 HPAI viruses depends on
the virus strain and the geese species. Domestic geese,
naturally or experimentally infected with H5N1 viruses,
showed from no clinical signs to neurological signs with
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or without mortality [30-35]. H5N8 and H5N2 HPAI
viruses have also been detected in wild geese [16, 36].
In Taiwan, H5 clade 2.3.4.4 viruses (H5N2, H5N3 and
H5NB8) produced a severe epidemic in the domestic geese
population in 2015, and more than 2.2 million geese died
or were culled [37]. Recently, infections with H5SN8 HPAI
viruses have also been reported in domestic geese in
Europe [16].

The recent emergence and recurrence of outbreaks
of H5NX Gs/GD lineage HPAI in poultry underscore
the need to better understand the pathobiology of these
viruses in domestic waterfowl. In this study, in order to
improve early detection of H5 HPAI viruses in domes-
tic waterfowl, the infectivity, transmissibility and patho-
genicity of the index H5N8 and H5N2 clade 2.3.4.4 HPAI
viruses from the U.S. outbreak, was investigated in Pekin
ducks and Chinese geese.

Materials and methods

Virus

The highly pathogenic avian influenza (HPAI) viruses A/
gyrfalcon/Washington/40188-6/2014 H5N8 (GF/WA/14
H5N8) and A/Northern Pintail/Washington/40964/2014
H5N2 (NP/WA/14 H5N2) were used as challenge
viruses. These were the first two Gs/GD H5 HPAI iso-
lates, HA clade 2.3.4.4, from the U.S. outbreak and are
considered representative of both the wholly Eurasian
H5NS8 lineage viruses and reassortant Eurasian/North
American lineage H5N2 viruses, respectively [5]. The
viruses were propagated and titrated in specific pathogen
free (SPF) embryonating chicken eggs (ECE) using stand-
ard methods [38]. Stocks were diluted to the target dose
with brain—heart infusion (BHI) broth (Becton, Dickin-
son and Company, Sparks, MD, USA). The experiments
were performed in biosecurity level-3 enhanced (BSL-3E)
facilities in accordance with procedures approved by the
U.S. National Poultry Research Center (USNPRC) Insti-
tutional Biosecurity Committee.

Animals and housing

Pekin ducks (Anas platyrhynchos var. domestica) and
White Chinese geese (Anser cygnoides) were obtained at
2 days of age from a commercial hatchery and reared in
USNPRC facilities. At 2 weeks of age, birds were trans-
ferred to ABSL-3 enhanced facilities for virus challenge.
Serum samples were collected from ten birds from each
species prior to challenge to ensure that the birds were
serologically negative for AI viruses by ELISA (Flock-
Check Avian Influenza MultiS-Screen Antibody Test®,
IDEXX Laboratories, Westbrook, ME, USA). Each exper-
imental group was housed separately in self-contained
isolation units ventilated under negative pressure with
inlet and exhaust HEPA-filtered air within the animal
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BSL-3 enhanced facilities at Southeast Poultry Research
Laboratory. This study and associated procedures were
reviewed and approved by the USNPRC Institutional
Animal Care and Use Committee (IACUC).

Experimental design and sampling

Similar experiments were conducted with each bird spe-
cies to evaluate the mean bird infectious dose (BIDj),
transmissibility, and pathogenicity of the 2014 H5 HPAI
index viruses. The 2-week-old ducks and geese were sep-
arated into virus-inoculated groups (4-5 birds for each
species) as shown in Table 1. Non-inoculated control
groups were included for each species. Groups contain-
ing 4-5 Pekin ducks were challenged with the appropri-
ate dose per bird (10% 50% egg infectious doses [EIDg]
per bird [low dose], 10* EIDg, per bird [medium dose], or
100 EID;, per bird [high dose]), administered in 0.1 mL
by the intrachoanal route. To examine pathogenesis, two
additional birds were challenged with the high dose of
the viruses. Sham-inoculated control ducks were inocu-
lated with 0.1 mL of sterile allantoic fluid diluted 1:300 in
BHI. To assess transmission by contact, three naive ducks
were introduced in the isolators with virus-inoculated
ducks at one day post-inoculation (dpi). Groups contain-
ing four Chinese geese were challenged by intrachoanal
inoculation with sham inoculum or with a dose of 107
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10% or 10° EID,y/bird in 0.1 mL of either virus (Table 1).
Two additional geese were challenged with the high dose
of the viruses. Two naive geese were introduced in the
isolators with virus-inoculated geese at 1 dpi. The inocu-
lum titers were subsequently verified by back titration in
ECE as 1.7-1.9 (low dose), 3.5-3.9 (medium dose), and
5.7-6.1 (high dose) log;, EID;,/0.1 mL.

Clinical signs were monitored daily for 10 days in the
duck experiment and for 11 days in the geese experiment.
Oropharyngeal (OP) and cloacal (CL) swabs were col-
lected from all birds at days 2, 4, 7 and 10, 11 to deter-
mine virus shed. Body temperatures were taken at 2 and
4 dpi from birds inoculated with the high dose of the
viruses and from the sham inoculated control birds. Sig-
nificant difference for body temperatures between groups
was analyzed using Kruskal-Wallis test (GraphPad
Prism™ Version 5 software). A p value of < 0.05 was con-
sidered to be significant. For each species, the two addi-
tional birds challenged with the high dose of the viruses
were euthanized and necropsied at 4 dpi to evaluate gross
lesions. A full set of tissues were collected from each bird
and fixed in 10% neutral buffered formalin solution, par-
affin-embedded, sectioned, and stained with hematoxy-
lin-and-eosin for histopathologic evaluation. Duplicate
sections were stained by immunohistochemical (IHC)
methods to determine influenza viral antigen distribution

Table 1 Mortality, number of birds infected, 50% bird infectious doses, and seroconversion of 2-week-old Pekin ducks
and Chinese geese inoculated by the intrachoanal route and contact-exposed to A/gyrfalcon/WA/40188-6/2014 (H5N8)

and A/Northern pintail/WA/40964/2014 (H5N2) HPAI viruses

Species Virus Inoculated birds Contact-exposed birds
Virus dose #ofinfected BIDY, (log,, Mortality* Serology* # of infected Mortality Serology
(log,o EID5o)  birds/total*  EIDs) (dpi“) (range birds/total (dpe®) (range
of antibody of antibody
titers, log,) titers, log,)
Pekin ducks H5N8 2 0/5 3.0 0/5 0/5 0/3 0/3 0/3
4 5/5 0/5 5/5 (4-5) 1/3 0/3 1/3 (4)
6 5/5 0/5 5/5 (4-5) 2/3 0/3 2/3 (4)
H5N2 2 0/5 3.0 0/5 0/5 0/3 0/3 0/3
4 5/5 0/5 5/5(3) 2/3 0/3 1/3(3)
6 4/4 0/4 4/4 (3-4) 3/3 0/3 3/3(3-5)
Chinese H5N8 2 4/4 <2 0/4 1/4 (4) 2/2 0/2 0/2
geese 4 4/4 0/4 0/4 2/2 0/2 1723)
6 4/4 0/4 2/4(3) 2/2 1/2.(11) 0/2
H5N2 2 0/4 30 0/4 0/4 0/2 0/2 0/4
4 4/4 0/4 1/4 (3) 2/2 1/2(10) 0/1
6 4/4 1/4(8) 1/3(3) 2/2 0/2 0/2

2 Number of birds infected/total number of birds inoculated; determined by qRRT-PCR and serology.
B BID,,, mean bird infectious dose.

¢ Number of dead birds/total number of birds inoculated (days post-inoculation).

4 Number of birds with positive antibodly titers/total number of birds inoculated.

¢ Days post-exposure.
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in individual tissues [39]. Portions of lung, heart, brain,
muscle and spleen were also collected and stored at
—80 °C for subsequent virus detection and quantifica-
tion. Sera were collected from all surviving birds at the
end of the experiments to evaluate infection status by
antibody levels using hemagglutination inhibition (HI)
assay. HI assays were performed using standard methods
and homologous antigen [40]. The virus infectious dose
was calculated by the Reed—Muench method [41], using
the criteria that birds were considered infected if they
shed detectable levels of virus at any time and/or were
positive for antibody at the end of the study.

Viral RNA quantification in swabs and tissues

OP and CL swabs were collected in 1 mL of BHI broth
with a final concentration of 10 pug/mL of gentamicin,
100 units/mL of penicillin G, and 56 pg/mL of ampho-
tericin B, and kept frozen at —80 °C until processed. RNA
was extracted using MagMAX "-96 AI/ND Viral RNA
Isolation Kit® (Ambion, Inc.) following the manufactur-
er’s instructions. qRRT-PCR reactions targeting the influ-
enza virus M gene [42] were conducted using AgPath-ID
one-step RT-PCR Kit (Ambion, Austin, TX, USA) and
the ABI 7500 Fast Real-Time PCR system (Applied Bio-
system, Carlsbad, CA, USA). Viral RNA was extracted
from tissues using Trizol LS reagent (Invitrogen, Carls-
bad, CA, USA) and the Qiagen RNeasy Mini Kit (Qia-
gen Corp, Valencia, CA, USA). In tissue homogenates,
and in order to standardize the amount of nonspecific
RNA from the tissue, the resulting viral RNA extracts
were quantified by NanoDrop' " 1000 Spectrophotometer
(Thermo Fisher Scientific) following the manufacturer’s
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instructions and accordingly diluted with phosphate buft-
ered saline to obtain 50 ng/pL. For virus quantification, a
standard curve was established with RNA extracted from
dilutions of the same titrated stock of the challenge virus.
Results were reported as EIDg,/mL or EIDg,/g equiva-
lents and the lower limit of detection was was 10® EID/
mlL for both viruses. For statistical purposes, qRRT-PCR
negative samples were given a numeric value of 1.7 log,,
EID,,/mL (1.7 log,, EID,,/g).

Results

Infectivity, transmission and pathogenicity of the H5N8
and H5N2 HPAI viruses in domestic ducks

No ducks were infected in the groups inoculated with
the lowest dose (10? EID;) of each virus (Table 1). Birds
were considered infected if they had detectable virus or
seroconverted. All ducks inoculated with the medium
(10* EIDy,) or high (10° EID,;) dose of the viruses were
infected but no mortality occurred. The 50% bird infec-
tious dose (BIDj) for both viruses was 3 log;, EID5,. One
or 2 of 3 contact ducks in the groups inoculated with the
medium dose for both viruses were infected, and 2 or 3
of 3 contact ducks in the high dose groups were infected.
No mortality was observed in these ducks either.

A significant difference in body temperature was
observed at 2 dpi, but not at 4 dpi, between sham-inoc-
ulated control ducks and H5N8-inoculated ducks (high
dose group) (Figure 1). Four of six ducks inoculated with
the H5N2 virus also showed high body temperatures.
Conjunctivitis, tearing of the eyes, and diarrhea was
observed intermittently in a low percentage of ducks in
each group (1-2 ducks). One duck in the H5N2 high dose
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Figure 1 Mean body temperatures of 2-week-old Pekin ducks and Chinese geese inoculated by the intrachoanal route with 10° EID,,
of H5N8 and H5N2 HPAI viruses, at 2 and 4 days post-inoculation. Bars represent the standard deviation of the mean. Significant difference in
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group presented mild ataxia starting at 2 dpi. At the end
of the study (10 dpi) one duck from the H5N8 medium
dose group and a second duck from the H5N2 high dose
group also had mild ataxia. No other clinical signs were
observed in the virus-inoculated and contact ducks. At
4 dpi, two ducks inoculated with the high dose of the
viruses were euthanized for gross examination. One of
the ducks inoculated with the H5N8 virus had airsacculi-
tis and marbled spleen. No gross lesions were observed in
the three other ducks.

Infectivity, transmission and pathogenicity of the HSN8
and H5N2 HPAI viruses in domestic geese

All geese inoculated with the H5N8 virus were infected
regardless of the dose given (BIDg, was less than 2 log,,
EIDg;) (Table 1). No geese were infected in the group
inoculated with the lowest dose of the H5N2 virus, but
the virus did infect all geese at the medium and high doses
(BIDs, was 3 log;, EID5,). No differences in body tempera-
ture were found among virus-inoculated geese (high dose
groups) at 2 and 4 dpi when compared to sham-inoculated
controls (Figure 1). In the groups of geese inoculated with
the H5N8 virus, no or mild clinical signs (conjunctivitis)
were observed during the study, but at 11 dpi one goose
from the high dose group had mild tremors and incoordi-
nation, and one of the contacts from the same group was
found dead. In the groups of geese inoculated with the
H5N?2 virus, one goose and a contact goose from the high
and medium dose groups presented severe ataxia and tor-
ticollis, at 8 and 10 days respectively, and were euthanized
and necropsied. At 11 dpi, one goose from each of the
medium and high dose groups had mild ataxia. The rest of
the geese inoculated with H5N2 showed no or mild clini-
cal signs (conjunctivitis). No gross lesions were observed
in the two geese that were euthanized and examined at
4 dpi from the H5N8 pathogenesis group. The two geese
from the H5N2 pathogenesis group had multifocal areas
of necrosis in the pancreas. The goose from the H5N2
high dose group euthanized at 8 dpi due to severe neu-
rological signs had nasal discharge and empty intestines.
The contact goose from the H5N2 medium dose group
euthanized at 10 dpi had a pale spleen, enlarged heart,
hemorrhagic thymus, malacic brain, and nasal discharge.

Microscopic lesions and viral antigen distribution
In order to evaluate microscopic lesions and sites of
virus replication, tissues collected from ducks and geese
necropsied at 4 dpi were examined, and immunohisto-
chemical staining for Al virus nucleoprotein antigen was
performed (Table 2; Figure 2). Tissues from the two geese
that were euthanized at 8 and 10 dpi were also examined.
In all ducks and geese examined at 4 dpi, mild catarrhal
rhinitis and sinusitis was observed. The tracheas had mild
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degenerative changes of the overlying epithelium and
mild lymphocytic infiltration in the submucosa. Also pre-
sent: mild to moderate interstitial pneumonia, mild air-
sacculitis, focal necrosis of the epithelia of the Harderian
glands, mild proliferation of gut-associated lymphoid tis-
sues, and mild to moderate lymphoid depletion in cloa-
cal bursa, thymus and spleen. Remaining organs lacked
significant histopathologic changes. The two geese from
the H5N2 pathogenesis group had, in addition, multifo-
cal areas of necrosis in the pancreas, and the two geese
examined at 8 and 10 dpi had individual cell necrosis of
myofibers and focal mononuclear inflammation in the
heart and thigh skeletal muscle (Figures 2A and B), and
in the brain, randomly scattered foci of malacia, gliosis
and perivascular cuffing (Figure 2C). Viral antigen stain-
ing was present in multiple tissues from ducks and geese
infected with the H5 HPAI viruses indicating systemic
infection (results in Table 2; Figures 2C—@G). Viral antigen
was present in epithelial cells and infiltrating phagocytes
in the nasal turbinates, trachea, bronchus, lung air cap-
illaries, air sac, Harderian glands, cloacal bursa, and in
resident and infiltrating phagocytes of the spleen. Viral
antigen staining was also present in pancreatic acinar
epithelial cells, hepatocytes, neurons and glial cells of the
brain, fragmented cardiac and skeletal myofibers of geese
infected with the H5N2 virus.

Replication of H5N8 and H5N2 HPAI viruses in Pekin ducks
and Chinese geese

Quantitation of viral shed was performed by qRRT-PCR
using extrapolation of a standard curve generated with
the challenge viruses via virus isolation and titration. OP
and CL viral shed was examined at 2, 4, 7 and 10 dpi in
ducks (Figures 3A, C, E and G) and at 2, 4, 7 and 11 dpi in
geese (Figures 4A, C, E and G). To evaluate viral shed in
contact birds, naive birds were introduced in the isolator
with inoculated birds at 1 dpi and sampled at 1, 3, 6 and
9 or 10 days post-exposure (dpe) (Figures 3 and 4B, D, F
and H).

Ducks inoculated with the low dose of either the H5N8
or H5N2 virus did not shed virus and virus was not trans-
mitted to contacts. Ducks inoculated or contact-exposed
in the medium and high dose groups shed virus mostly
through the OP route (Figures 3A, B, E and F); few ducks
(including the contacts) shed through the CL route and,
if so, at very low titers (Figures 3C, D, G and H). Ducks
from the medium and high dose groups shed virus by the
OP route up to 7 dpi (6 dpe for contacts). Ducks inoc-
ulated with the high doses of the viruses were able to
transmit to 3—4 of the 6 contacts, but higher titers were
shed by the H5N2 contacts (Figures 3F and H).

All geese inoculated with H5N8 virus shed virus
through the OP and CL routes at high titers regardless of



Page 6 of 14

Pantin-Jackwood et al. Vet Res (2017) 48:33

‘3|qe|ieAe 1ou bu ‘Alanisod pealdsapim +++ ‘s|j13d aanisod jo sdnoab pasaneds ++ ‘s|j93 aanisod ajbuls + ‘s|j93 aasod ou —

‘Buuiels uabyue sniia 1oy aaeH3U 219Mm dulIsaIUl pue ‘spue|b [euaipe ‘Aaupry|

“(¢ paa/L paig) 1dp 0L 10 8 ‘7 1B PaZIUBYING 3U9M SPAIg

id ue

—/+ eu/eu +/+ ++/+ +/+ +/+ +/+ /At /At A eu/eu  ++/++ +/+ +/+ INGH .mmwwom_%mmcﬂu

+/++ —/= ++/++ ++/+ +/+ —/+ +/+ /At A+ ++/++ eu/+  ++/++ +/+  ++/++ INSH idp
+/— +++/—- —/= —/= —/= —/+ —=/=  +/++ ++/+ +/+ —/+ 4/t —/+ ++/+ 8NSH 85986 asaulyd
—/+ —/= —/= —/+ —/= =/t /= —/= —/= +/= +/+ —/+ +/+ +/+  INGH idp
—/= ++/++ —=/= —/+ —=/= +/+ —/=  F/A+ +/+ +/+ +/+++ /4 A+ +/++ 8NGH SPNP Ubjed

pue|b esinq dPsnw
snwiAy ueldpieH S|ISuo} [e3d) |edeo|) seasdued |eisds J49AI7  ud9|ds 1Jeay ujeag sdesuly punq eaydes) -da|eseN

sanssi3 ul uabiaue sniIA |y Jo uondRQ

SNJIA sapads

S9SNJIA [YVdH TNSH PuUe 8NSH 03
pasodxa-17ejuod 10 31noJ [euroydeLUl 3Y) £q parejndoul 3saab asauIy) pue sHINP Unjdd Woij sanssi} ul bujuiels [ediwaydoisiyounwwi uabnue sniia |y Z a|qel



Pantin-Jackwood et al. Vet Res (2017) 48:33 Page 7 of 14

o
oA

-

e

l‘ﬁ.‘_', ol
!“’“

(5L

e

o Mo el el i,
‘,.,-;. c,"v;l i.;.‘ ‘.‘_,.-‘ ',"_:sfjr_'
-~ ‘ﬁri :-!w 8 422 Q'

Oof  mbe

‘*" .él:f ‘."c\ >
PR 2 et f @"‘
7 AN g I8
- p;o"n" s N o ,Q' 4

§ IS0 "v'l.'.g i ! 7,
Py T X P
DL R T T e 5,"r b o
,.:' 3 .3,';"-,'-‘?:;'& N 53
Ve 3 4 "'-.;‘\u.i‘. o '&&o

- “‘w " 5o P
} f; S e i‘ .
&S e \‘.". 18

'S J b e .,

- 3% s ! ,,v”, ot 3 S S AT, “, ]

: ‘,‘?f ,-*;‘ﬁ.yﬁ’? ‘b‘ M“ ll :f‘%’b ¥ ::':;3;:: : ‘ ‘? ) E‘% ‘"ﬁv‘
Gutse | P 2eBrgm W o N WS 4{;,3.' SR
VAL Lt tveend | o R N S RSN T s RN e

Figure 2 Histological lesions and immunohistochemical detection of viral antigen in 2-week old Pekin ducks and Chinese geese
inoculated by the intrachoanal route with HSN8 and H5N2 HPAI viruses. 40 x; viral antigen staining in red. A Heart. Goose inoculated
with H5N2, 8 dpi; lymphoplasmacytic inflammation. B Skeletal muscle. Goose inoculated with H5N2, 10 dpi; lymphoplasmacytic inflammation.
C Cerebrum. Goose inoculated with H5N2, 8 dpi; foci of malacia, and gliosis. D Cerebrum. Goose inoculated with H5N2, 10 dpi; viral antigen in
neurons and glial cells. E Spleen. Goose inoculated with H5N2, 8 dpi; viral antigen in necrotic cells and mononuclear cells. F Airsac. Pekin duck
inoculated with H5N8, 4 dpi; viral antigen present in epithelial cells. G Harderian gland. Pekin duck inoculated with H5N8, 4 dpi; viral antigen present
in epithelial cells and infiltrating monocytes. H Lung. Pekin duck inoculated with H5N8, 4 dpi; viral antigen in epithelium of air capillaries and infil-
trating monocytes.
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Figure 3 Mean oropharyngeal (OP) and cloacal (CL) viral shed from 2-week-old Pekin ducks directly inoculated (A, C, E, G) or contact-
exposed (B, D, F, H) with H5N8 and H5N2 HPAI viruses. Ducks were inoculated with 10% 10* and 10° EIDy, of either virus and titers determined
by qRRT-PCR. Bars represent the standard deviation of the mean. Swabs from which virus was not detected were given a numeric value of 10"
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the inoculation dose (Figures 4A and C). H5N8 and H5N2
contact exposed geese became infected and showed a
similar virus shedding pattern as the directly inoculated
geese (Figures 4B and D). Only geese inoculated with the
medium and high dose of the H5N2 virus shed virus (Fig-
ure 2E, G). Contact geese in these groups also shed virus
similar to the inoculated birds (Figures 4F and H). H5N2
OP viral titers were similar to those observed with the
H5N8 virus, but H5N2 virus was shed for longer by the
CL route. Overall, the Pekin ducks shed lower virus titers
and for a shorter period of time (7 days vs 11 days) than
the Chinese geese. The peak of viral shedding for both
viruses in both species was between 3 and 5 dpi.

To evaluate systemic replication of H5N8 and H5N2
HPALI viruses in ducks and geese, viral titers were deter-
mined in brain, heart, spleen, lung and muscle. Tissues
were collected from 2 birds of each 10° EIDs, inoculated
groups at 4 dpi (Figure 5). Ducks and geese showed mod-
erate to high H5N8 and H5N2 HPAI virus titers in all tis-
sues examined, with the highest titers found in tissues of
geese inoculated with the H5N2 virus. Tissues were also
collected from the two geese exposed to H5N2 virus and
showing neurological signs; both birds also presenting
high virus titers in all tissues, especially in brain.

Serology

Serum samples were examined for detectable titers of
antibodies against the corresponding challenge virus at
10 or 11 dpi, for Pekin ducks or geese respectively. All
Pekin ducks inoculated with the medium and high dose
of either virus seroconverted (Table 1); 1 of 3 contacts
placed in the medium dose groups and 2 or 3 of 3 in
the highest dose groups seroconverted. Only one goose
inoculated with the low dose, two geese inoculated with
the high dose and one contact goose in the medium dose
group seroconverted to the H5N8 virus. Two geese, one
from the medium dose and one from the high dose group
seroconverted to the H5N2 virus.

Discussion

In this study we describe the pathogenesis and transmis-
sion dynamics of the U.S. index H5N8 and H5N2 HPAI
viruses (Gs/GD lineage, HA clade 2.3.4.4) in domestic
ducks and geese with the objective of better understand-
ing the infection process in order to improve strategies
for early detection of HPAI viruses in domestic water-
fowl. Based on viral shed and serology results, only
ducks inoculated with the medium and high doses of the
viruses (10* and 10° EID;,, respectively) were infected
and were able to efficiently transmit to contacts, result-
ing in a BIDy of 3 log,, EIDj for both viruses. Similarly,
geese inoculated with the medium and high doses of the
H5N2 HPALI virus and the contact birds in these groups
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were infected, resulting also in a BIDy of 3 log;, EIDg,,.
In contrast to ducks, all geese inoculated with the low,
medium and high doses of the H5N8 HPAI virus were
infected and transmitted the virus to contacts, with a
resulting BID; of < 2 log;, EIDg,. These findings support
the conclusion that geese were more susceptible than
ducks to infection by the H5N8 virus.

Although most ducks and geese in this study survived
virus infection and showed only minimal clinical signs,
occasionally neurological signs were present in both spe-
cies but were more common and severe in geese. Virus
was detected by qRRT-PCR and IHC in the brain of both
ducks and geese, but virus titers were higher and pres-
ence of viral antigen was more common in the brain of
infected geese, especially in geese infected with the H5N2
virus. In general, virus replication in tissues was higher
in the geese than in the ducks. This higher virus replica-
tion and more severe clinical signs in geese compared to
ducks has been also observed in other studies compar-
ing H5N1 HPALI virus infections side by side using these
species [31, 32]. In addition, geese shed both viruses for
longer times and in higher titers, especially by the CL
route, than ducks, indicating that the viruses tested in
this study replicated better in this species.

The Gs/GD H5N1 HPALI viruses developed the unique
capacity among HPAI viruses to infect and cause disease
in domestic waterfowl and wild birds producing a range
of syndromes from asymptomatic infections to systemic
disease and death [31]. The pathogenicity of Gs/GD line-
age H5N1 HPAI viruses in waterfowl is associated with
the efficiency of virus replication [43]. Viral dissemina-
tion to the brain, leading to severe neurological dysfunc-
tion, is considered one of the causes of the high virulence
of H5N1 viruses in ducks, but lesions to other important
organs could lead to multi-organ failure and death [44—
47]. In addition to the virus strain, the susceptibility of
wild and domestic waterfowl to H5N1 HPAI virus infec-
tion and the presentation of disease vary depending on
other factors, including the age and species of the birds
and management practices [19, 48]. In wild geese, neuro-
logical disease along with systemic virus replication and
mortality was observed following experimental inocula-
tion with Gs/GD lineage H5N1 HPAI viruses [49, 50].
Canada geese (Branta canadiensis) experienced sporadic
deaths in natural H5N1 HPAI virus outbreaks [51-54],
and have shown high susceptibility to the virus as evi-
denced by systemic replication and high mortality rates
after experimental infection [34, 50, 55], although age-
related differences in susceptibility were described [56].
Similar findings have been reported for other species of
wild geese, including bar-headed geese (Anser indicus)
and cackling geese (B. utchinsii) [49, 57]. Domestic geese
naturally infected with H5N1 HPAI virus showed severe
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clinical signs including neurological signs [33]. Domes-
tic geese (Amser amser var. domestica) experimentally
infected with H5N1 viruses presented neurological signs
and 40-50% mortality [34]. Similarly, domestic White
Chinese geese (Anser cygnoides) showed high mortality
when experimentally infected [30]. However, Embden
geese (Anser anser var. domestica) and Graylag geese
(Anser anser) inoculated with different H5N1 HPAI
viruses developed neurological signs, but lacked mor-
tality [31, 32]. These observations indicate that both the
virus strain and waterfowl species affect the outcome of
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infection with Gs/GD lineage H5 viruses, similar to what
was observed in our study.

Most Pekin ducks infected with either of the H5 viruses
examined in this study had high body temperatures at 2
dpi when compared to controls, but this difference was
only significant in the H5N8 group. An increase in body
temperature after infection with the same H5N8 virus
was seen in our previous studies with mallards [58, 59],
and it has also been reported with H5N1 virus infections
in several breeds of Anas platyrrhynchs var. domestica
ducks (Pekin, Mallards, Black Runners, Rouen, Khaki
Campbell), but not in Muscovy ducks (Cairina mos-
chata) [60, 61]. Similar to Muscovy ducks, no increase
in body temperature was observed in the geese, indicat-
ing differences in the innate immune response between
Pekin ducks and geese, which could also explain the
differences in disease severity. Most surviving geese
examined at 11 dpi did not have antibodies against the
challenge virus, contrary to most ducks, also indicat-
ing differences in humoral immune responses between
these two species. This low seroconversion rate in geese
after Al virus infection was also reported in our previous
study examining the pathogenesis of a H7N9 virus in dif-
ferent avian species [62]. The immunological differences
observed between waterfowl species could affect virus
infection, replication, tissue tropism, and virus clearing,
consequently affecting the severity of the pathogenic out-
come observed.

When comparing the present study with our previ-
ous studies examining the pathobiology of the same
H5N8 and H5N2 HPAI viruses in mallards, we observe
that both viruses are more infectious for mallards (BIDj,
of < 2 log,;, EIDg;) than for Pekin ducks (3 log,, EIDs)
[58, 59]. Similar to Pekin ducks, infected mallards showed
minimal clinical signs and transmitted the viruses to all
contacts; however, mallards shed virus for longer than
Pekin ducks. Interestingly, when examining two H5N2
HPALI viruses isolated later in the U.S. outbreak from
commercial poultry, both had a similar high infectivity as
the index H5N2 virus in mallards, but one of the viruses
showed lower replication and one caused some mortal-
ity when given at high doses [58]. These results show that
individual H5N2 Gs/GD clade 2.3.4.4 viruses have dif-
ferent pathobiology in infected ducks, and that the duck
type can also affect the pathogenic outcome of infection.

Likewise, a range of pathobiological outcomes, from
no clinical signs to severe disease including neurological
signs, were observed in wild and domestic ducks experi-
mentally inoculated with H5N8 viruses of the same Gs/
GD lineage (clade 2.3.4.4), with mortality rates vary-
ing from 0 to 20% [1, 29, 58, 59, 63—-68], and the viruses
transmitting efficiently to naive contacts [63-65, 67, 68].
A study describing the pathobiologic characteristics of
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a H5N1 virus isolated in Canada also belonging to HA
clade 2.3.4.4, found that the virus was highly pathogenic
to juvenile Muscovy ducks and adult Chinese geese caus-
ing systemic infections with neurological signs and mor-
tality (36 and 22% respectively) in both species [69]. The
virus was also efficiently transmitted and caused mortal-
ity (40 and 80% respectively) in naive contact ducks and
geese of the same species.

Natural infections of domestic ducks with H5N8 HPAI
viruses have been associated with disease and mortal-
ity, but such mortality is typically low. Hungary reported
a H5N8 HPAI outbreak during late winter of 2015 at a
Pekin duck fattening facility [70]. In addition to increased
mortality in the flock and respiratory symptoms, the
affected birds showed lethargy and neurological signs.
The H5N8 HPAI outbreak in Korea in 2014 mostly
resulted in drops in egg production [63], and the out-
break in the United Kingdom in 2014 showed a gradual
reduction in egg production and mild increased mortal-
ity over a 7-day period [24]. Similarly, an outbreak with
H5N8 HPAI virus in commercial Pekin ducks in Califor-
nia in early 2015 resulted in decreased feed consumption,
moderate increase in mortality and severe neurologi-
cal signs in 2% of the ducks [23]. In these natural infec-
tions other factors could have increased the severity of
disease presentation. In line with this, fungal and bacte-
rial lesions probably exacerbated the mortality and clini-
cal presentation in the outbreak in the UK, motivating
disease investigation [24]. If concurrent infections with
other pathogens or added stress under intensive condi-
tions do not prompt an avian notifiable disease investiga-
tion, the virus can continue to circulate with mild clinical
signs or asymptomatically in domestic waterfowl and
potentially spread to other holdings, resulting in a more
extensive outbreak of HPAI

As the Gs/GD H5 HPALI viruses continue to evolve and
reassort, antigenic and genetic divergent strains have
emerged, many expressing distinct pathobiological fea-
tures and increased virulence for waterfowl. New H5N8
reassortants recently detected in Europe have caused dis-
ease and death in both domestic and wild ducks [15, 16],
these viruses appearing to be more pathogenic for water-
fowl and other wild bird species than the 2014-2015
H5N8 HPAI viruses.

In conclusion, the results of the present study indicate
that infection of naive domestic Pekin ducks and Chi-
nese geese with clade 2.3.4.4 H5 HPAI viruses resulted
in efficient virus replication and transmission to con-
tacts. Mortality was low and clinical signs were uncom-
mon, consisting mostly of mild neurological signs. In the
field, clinical signs could be exacerbated by other infec-
tious and non-infectious factors. Our findings emphasize
the need to implement and improve active surveillance
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in domestic waterfowl (backyard and commercial), and
increase biosecurity compliance to reduce direct and
indirect contact between poultry and wild waterfowl in
order to detect, prevent and control Al in poultry.
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