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ABSTRACT H5N8 high-pathogenicity avian influenza virus (HPAIV) of clade 2.3.4.4B,
which circulated during the 2016 epizootics in Europe, was notable for causing different
clinical signs in ducks and chickens. The clinical signs preceding death were predomi-
nantly neurological in ducks versus respiratory in chickens. To investigate the determi-
nants for the predominant neurological signs observed in ducks, we infected duck and
chicken primary cortical neurons. Viral replication was identical in neuronal cultures
from both species. In addition, we did not detect any major difference in the immune
and inflammatory responses. These results suggest that the predominant neurological
involvement of H5N8 HPAIV infection in ducks could not be recapitulated in primary neu-
ronal cultures. In vivo, H5N8 HPAIV replication in ducks peaked soon after infection and
led to an early colonization of the central nervous system. In contrast, viral replication
was delayed in chickens but ultimately burst in the lungs of chickens, and the chickens
died of respiratory distress before brain damage became significant. Consequently, the
immune and inflammatory responses in the brain were significantly higher in duck brains
than those in chickens. Our study thus suggests that early colonization of the central
nervous system associated with prolonged survival after the onset of virus replication is
the likely primary cause of the sustained inflammatory response and subsequent neuro-
logical disorders observed in H5N8 HPAIV-infected ducks.

IMPORTANCE The severity of high-pathogenicity avian influenza virus (HPAIV) infec-
tion has been linked to its ability to replicate systemically and cause lesions in a vari-
ety of tissues. However, the symptomatology depends on the host species. The H5N8
virus of clade 2.3.4.4B had a pronounced neurotropism in ducks, leading to severe
neurological disorders. In contrast, neurological signs were rarely observed in chickens,
which suffered mostly from respiratory distress. Here, we investigated the determi-
nants of H5N8 HPAIV neurotropism. We provide evidence that the difference in clinical
signs was not due to a difference in neurotropism. Our results rather indicate that
chickens died of respiratory distress due to intense viral replication in the lungs before
viral replication in the brain could produce significant lesions. In contrast, ducks better
controlled virus replication in the lungs, thus allowing the virus to replicate for a suffi-
cient duration in the brain, to reach high levels, and to cause significant lesions.

KEYWORDS chicken, duck, highly pathogenic avian influenza, influenza, neuron,
neurotropism, primary

High-pathogenicity avian influenza virus (HPAIV) outbreaks are a major concern
both for animal and public health. Over the past years, clade 2.3.4 H5Nx HPAIVs

have gradually become predominant across the world. Clade 2.3.4.4B H5N8 virus has
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efficiently spread through migratory bird pathways and recently caused the first H5N8
human infections (1–5). This virus has caused unprecedented epizootics in Europe,
resulting in huge economic losses and in a tremendous number of poultry culled.

In order to become fusogenic, the viral protein hemagglutinin (HA) has to be cleaved
into two subunits, namely, HA1 and HA2 (6). The HA of low-pathogenicity influenza
viruses (LPAIVs) is proteolytically activated by trypsin-like proteases expressed in the re-
spiratory and the digestive tracts. In contrast, due to its polybasic cleavage site, the HA
of HPAIV can be cleaved by ubiquitous proteases, thus allowing systemic viral spread. In
chickens, HPAIV infections result in high morbidity and mortality. On the contrary, HPAIV
infections are generally mild or asymptomatic in ducks (7–10). One of the distinguishing
features of clade 2.3.4.4B HPAIV H5N8 is that it can cause severe disease in wild birds
and waterfowl, including ducks (10–12).

Depending on viral and host factors, disease caused by HPAIV infection may vary from
sudden death to various clinical presentations, including neurological signs. Notably, field
observations and experimental infections indicate that clade 2.3.4.4B H5N8 virus has a pro-
nounced neurotropism in ducks, leading to severe neurological disorders, such as ataxia
or convulsion (11, 13–16). In contrast, neurological signs are rarely observed in Galliformes,
which suffer mostly from respiratory distress (11, 13–16). These elements prompted us to
investigate the ability of clade 2.3.4.4B H5N8 HPAIV to infect and replicate in the central
nervous system, by comparing chickens and ducks using in vitro and in vivomodels.

RESULTS
H5N8 replication in primary neurons. The preponderance of neurological symp-

toms in H5N8 HPAIV-infected ducks could be due to an increased permissiveness of
duck neurons to H5N8 HPAIV infection. We therefore compared the permissiveness of
duck and chicken primary cortical neurons to that of H5N8 HPAIV. Neurons isolated
from cerebral cortexes represented approximatively 90% of all cells in duck and
chicken cultures, as assessed by bIII-tubulin staining, and displayed typical neuronal
morphology (Fig. 1A and B). To verify that cortical neurons of both species were per-
missive to H5N8 infection, they were infected with H5N8 at a multiplicity of infection
(MOI) of 2. Cells were stained with an anti-influenza protein NS1 antibody at 8 h postin-
fection. Staining results confirmed that the virus could infect both chicken and duck
neurons (Fig. 1C). We then analyzed the levels of virus replication in neurons infected
at a low MOI (1024). No difference was found between the two species (Fig. 1D), show-
ing that H5N8 HPAIV replicated similarly in chicken and duck neurons. To determine if
the polybasic HA cleavage site was essential for neuronal replication, we used an H5N8
LPAIV differing solely at the level of the HA cleavage site, as described previously (14).
In the presence of exogenous trypsin, H5N8 LPAIV replicated to similar levels as H5N8
HPAIV, so long as the growth medium did not contain the B-27-plus supplement,
which inhibited extracellular protease activity (data not shown).

To explore the consequences of the infection on the immune response, we analyzed
the expression of innate immunity and inflammation genes in neurons infected with
H5N8 HPAIV at an MOI of 2 (Fig. 1E). We quantified viral replication levels by measuring
intracellular HA viral RNA. Viral RNA levels were equivalent in chicken and duck neurons
at 24 h postinfection, indicating similar levels of replication (data not shown). mRNA lev-
els of interferon beta (IFN-b), Mx, OAS, CCL5, and interleukin-8 (IL-8) were significantly
increased in H5N8 HPAIV-infected chicken neurons compared with those in noninfected
ones. In contrast, only IFN-b , OAS, and IL-8 mRNA levels were significantly increased in
H5N8 HPAIV-infected duck neurons. We detected an increase in IFN-b and CCL5 mRNA
expression in infected chicken neurons compared with those in infected duck neurons
(P , 0.01 and P , 0.05, respectively). Although the immune response to H5N8 HPAIV
was lower in duck neurons, the virus replicated to similar levels in duck and chicken neu-
rons, suggesting that the factors contributing to the increased neurotropism in ducks
compared with those in chickens may not be identifiable in vitro.

H5N8 replication in chickens and ducks. To explore the determinants of H5N8
HPAIV neurotropism in vivo, we analyzed archived samples from two in vivo experiments
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FIG 1 H5N8 HPAIV infections in primary neurons. (A and B) Assessment of chicken and duck cortical neuron morphology and purity. (A)
Immunofluorescence staining of neurons after 4 days of culture with bIII-tubulin (red) and DAPI (blue). Scale bar, 50 mm. (B) Percentage of
neurons, calculated as the ratio of the number of bIII-tubulin-stained neurons to the total number of DAPI-stained nuclei, from 10 randomly
selected microscope fields for each species. (C) Immunofluorescence staining of chicken and duck neurons infected at an MOI of 2 and fixed
8 h postinfection. NS1, green; bIII-tubulin, red; DAPI, blue. Scale bar, 25 mm. (D) Viral replication kinetics. Neurons from both species were
infected at an MOI of 1024 TCID50. HA RNA load was analyzed by RT-qPCR. Data are displayed as mean 6 standard error of the mean (SEM)
from three independent experiments. Statistical analysis was performed used two-tailed Mann-Whitney test. The dotted line represents the
limit of detection. (E) Immune and inflammatory marker mRNA expression following chicken and duck neuron infection. Neurons from both

(Continued on next page)
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carried out in ducks and chickens, respectively, which have been described previously
(14), and from two unpublished experiments, carried out in ducks and chickens, respec-
tively. We thus present pooled data from two independent experiments in ducks and
two independent experiments in chickens, which were all carried out in 4-week-old birds
infected with 104 50% egg infective dose (EID50) of H5N8 HPAIV.

Lethality and mean death time were equivalent in ducks and chickens (Fig. 2A). In all
four experiments, we observed that all animals displaying clinical signs died, whereas all
surviving birds remained clinically healthy throughout the experiments, as described previ-
ously (14). Clinical presentations, however, were clearly distinct between ducks and chick-
ens and in were line with previously published field and experimental observations (11,
13–16). Sick chickens displayed dyspnoea, and postmortem examination revealed severe
pulmonary congestion and edema, suggesting that chickens died of respiratory dysfunc-
tion. On the contrary, sick ducks displayed neurological disorders (including torticollis,
tremors of head, ataxia, and convulsions), without any overt respiratory symptoms. Duck
postmortem examination revealed pericardial hemorrhages and severe brain congestion.

We measured viral shedding from oropharyngeal swabs by quantifying viral RNA by
RT-qPCR. Oropharyngeal shedding was significantly reduced in chickens compared with
that in ducks in the first days postinfection (dpi), with a >100-fold difference at 1 dpi
(P , 0.0001), a >10-fold difference at 2 dpi (P , 0.0001), and an 8-fold difference at
3 dpi (P , 0.001) (Fig. 2B). Thus, although oropharyngeal viral shedding eventually
reached the same level in ducks and chickens, replication appeared to lag in chickens. In
accordance with this observation, the shedding duration, i.e., the number of days from
the first positive oropharyngeal swab until death, was significantly shorter in chickens
compared with that in ducks, indicating that ducks survived longer than chickens during
productive viral infection (Fig. 2C).

Necropsies were performed at 1 and 3 dpi and on moribund animals that were eutha-
nized when they reached humane termination criteria. Viral RNA was not detected in the
lungs of chickens at 1 dpi, and only 2 chickens out of 10 displayed detectable viral RNA
levels in the lungs at 3 dpi (Fig. 2D). In contrast, moribund chickens had high levels of vi-
ral RNA in the lungs. These results indicate that H5N8 HPAIV replicated predominantly in
the upper respiratory tract of chickens in the early stages of infection and ultimately
reached high levels in the lower respiratory tract. In contrast, ducks had significantly
higher viral RNA levels in the lungs at 1 and 3 dpi than chickens, which correlated with
higher viral RNA levels detected in oropharyngeal swabs at 1 and 2 dpi. We detected sig-
nificantly higher levels of virus in the duck brains at 1 and 3 dpi and in moribund animals
than those in chickens, indicating both earlier and more intense H5N8 HPAIV infection of
the central nervous system in ducks than in chickens (Fig. 2E). In line with these results,
massive viral antigen staining was detected in the brains of moribund ducks, while anti-
gen staining in the brains of moribund chickens was less pronounced (Fig. 3A).

Analysis of the host response to H5N8 HPAIV infection in the brain. To get fur-
ther insights on the central nervous system lesions caused by H5N8 infection, we per-
formed histopathological analysis of hematoxylin and eosin stain-colored brain sections.
Surprisingly, we did not find any histological lesion on chicken brain sections at all time
points, even on moribund animals for which viral RNA and viral antigen were detected
by RT-qPCR and immunohistochemistry, respectively. In contrast, duck brain tissue was
lesioned from 3 dpi. In the duck brain, lesions included lymphocytic meningoencephali-
tis, neuronal necrosis, neuronophagia, and focal gliosis (Fig. 3B).

We evaluated the expression of host immune and inflammatory response markers
in the brain using RT-qPCR (Fig. 4A). IFN-b mRNA expression was not upregulated at

FIG 1 Legend (Continued)
species were infected at an MOI of 2. mRNA expression levels of IFN-b , Mx, OAS, CCL5, and IL-8 were determined by RT-qPCR performed on
chicken and duck neuron total RNA. mRNA levels were normalized using the 2DD2CT method. Data are displayed as mean 6 standard error
of the mean (SEM) from three independent experiments. Statistical analysis used the two-tailed Mann-Whitney test. The dotted line
represents mRNA expression levels of noninfected (NI) neurons. Results are expressed as means 6SEM. *, P , 0.05; **, P , 0.01; #, P , 0.05
compared to noninfected neurons.
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1 and 3 dpi. However, we detected a statistically significant upregulation of IFN-b mRNA
in the brains of moribund chickens and ducks, without any statistically significant differ-
ence between both groups. IFN-a mRNA expression was upregulated at 1 and 3 dpi and
in moribund animals, with no statistically significant difference between chickens and
ducks. Next, we measured the mRNA levels of the interferon-stimulated genes Mx
and OAS, whose expression is a very sensitive indicator of the levels of type I IFN produced
locally (17). Mx and OAS mRNA levels were significantly increased in the brains of infected
ducks, from 1 dpi onward, and in the brains of moribund chickens. Compared with chick-
ens, duck brain levels of Mx and OAS mRNA levels were significantly increased at 1 dpi
and 3 dpi. We detected an upregulation of CCL5 mRNA levels in ducks at 3 dpi and in the

FIG 2 Mortality and viral replication following chicken and duck H5N8 HPAIV infection. (A) Survival curves of
H5N8-infected chickens and ducks. (B) Viral shedding was analyzed by quantifying HA RNA levels by RT-qPCR
from RNA extracted from oropharyngeal swabs. Statistical analysis was performed with the two-tailed Mann-
Whitney test. Results are expressed as means 6 SEM. The dotted line represents the limit of detection. (C)
Shedding duration, i.e., number of days for which oropharyngeal swabs were positive for HA RNA by RT-qPCR.
Statistical analysis was performed with the two-tailed Mann-Whitney test. Results are expressed as means 6
SEM. (D and E) Viral loads were analyzed from total RNA extracted from lungs (D) and brain (E). HA RNA levels
were normalized using the 2DD-CT method. Ch, chicken; Du: duck; *, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P , 0.0001. Statistical analysis was performed with the two-tailed Mann-Whitney test. Results are
expressed as means 6 SEM. The dotted line represents the limit of detection. dpi, days postinfection.
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brains of moribund chickens. However, CCL5 mRNA levels were significantly higher in the
brains of moribund ducks than in the brains of moribund chickens. Brain IL-8 mRNA levels
were increased in duck brains from 1 dpi onward, while only moribund chickens displayed
increased IL-8 mRNA levels.

In the lungs (Fig. 4B), we detected an upregulation of IFN-b mRNA in ducks at 1 dpi
and in moribund chickens. IFN-a mRNA expression was significantly increased in ducks
at 1 dpi and in moribund ducks. In line with these observations, in comparison with
noninfected animals, the mRNA levels of the interferon-stimulated genes Mx and OAS
were significantly increased in the lungs of ducks from 1 dpi onward, whereas they
were upregulated only in the lungs of moribund chickens. Importantly, Mx and OAS

FIG 3 Histopathological analysis of brain samples following H5N8 HPAIV infection. (A) Immunohistochemical
anti-NP staining of hematoxylin-counterstained chicken and duck brain sections from moribund animals. Scale
bars, 100 mm. (B) Hematoxylin and eosin staining on brain sections from moribund animals. Lymphocytic
meningoencephalitis is observed only in the brains of H5N8 HPAIV-infected ducks. The star symbol indicates
sites of lymphocytic infiltration of perivascular meningeal spaces, and the triangle indicates neuronal necrosis
and the losange focal gliosis. Scale bars, 50 mm.
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FIG 4 Immune and inflammatory response markers in chicken and duck lungs and brains. mRNA expression levels of IFN-b , IFN-a, OAS, Mx,
CCL5, and IL-8 in brain (A) and lung (B) samples, determined by RT-qPCR performed on total RNA. mRNA levels were normalized using the
2DD-CT method and expressed as fold changes over noninfected animals. Statistical analysis was performed using the two-tailed Mann-
Whitney test. Results are expressed as means 6 SEM. Ch, chicken; Du, duck; D1, day 1; D3, day 3; Mor, moribund; NI, noninfected; #, P , 0.05
compared with noninfected animals. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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mRNA levels were significantly higher in the lungs of infected ducks than those in infected
chickens from 1 dpi onward. CCL5 mRNAs were modestly upregulated in the lungs of
ducks at 1 and 3 dpi, while IL-8 mRNA levels were upregulated only in the lungs of mori-
bund ducks.

Taken together, these results indicate that the innate immune response occurred
earlier and was more intense in the brain and lungs of ducks than that in chickens.
However, the intensity of the innate immune response depends on the level of viral
RNA acting as ligands of the innate immune receptors, as observed previously (14, 18–
20). Thus, to further compare the antiviral innate immune response in ducks and chick-
ens, we determined the Mx mRNA/viral RNA and OAS mRNA/viral RNA ratios in the
brain and lungs (Fig. 5). These ratios were significantly higher in duck lungs than in
chicken lungs, which is in agreement with previous findings (14). Interestingly, ratios in
the brain were similar between chickens and ducks. These results suggest that ducks
mounted a more efficient innate immune response than chickens in the lungs, while
their response was equivalent in the brain. Thus, the higher levels of interferon-stimu-
lated genes Mx and OAS mRNAs observed in the duck brain could be attributed to
higher levels of viral RNA, which triggered a more intense innate immune response.

DISCUSSION

We observed similar levels of viral replication in duck and chicken primary cortical
neurons, indicating that duck neurons were not intrinsically more sensitive to H5N8
HPAIV infection than chicken neurons. In addition, the intensity of the innate immune
response in the brain was similarly proportional to the viral load in both species, sug-
gesting that the stronger neurotropism observed in duck brains in vivo was not due to
an impaired central nervous system immune response in ducks compared with that in
chickens. Our study suggests that the predominant neurological symptoms could be
due to the combination of the early colonization of the central nervous system and of
the prolonged survival after the onset of virus replication observed in H5N8 HPAIV-

FIG 5 Mean Mx/HA and OAS/HA ratios in the lungs and brain. Mx and OAS mRNA and HA RNA levels
from lung (A) and brain (B) samples were normalized using the 2DD-CT method. Statistical analysis used
the two-tailed Mann-Whitney test. Results are expressed as means 6 SEM. *, P , 0.05; **, P , 0.01.
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infected ducks. Indeed, shedding duration was significantly shorter in chickens than
that in ducks (Fig. 2C). As a consequence, viral replication in the duck central nervous
system took place over several days, allowing the virus and the host response to cause
significant tissue damage. We hypothesize that chickens died of acute respiratory dis-
tress before neurological symptoms could be observed. In accordance with this hy-
pothesis, several reports indicate that birds surviving the peracute phase of HPAIV
infections are more likely to develop neurological signs (21–24).

The ability of ducks to survive longer to H5N8 clade 2.3.4.4B HPAIV infection could
be due to a more efficient antiviral innate immune response in ducks than that in
chickens. Indeed, a substantial body of evidence indicates that ducks mount a more ef-
ficient type I interferon-mediated antiviral innate immune response against influenza
viruses observed than chickens, possibly because they express a functional RIG-I recep-
tor (19, 25–30). We provide evidence that the antiviral innate immune response to
H5N8 HPAIV infection in the duck respiratory tract is significantly more efficient than
that in the chicken respiratory tract (Fig. 5A), confirming previously published results
(14). We hypothesize that this immune response may allow ducks to better control vi-
rus replication in the lungs than chickens and thus allowing sufficient time for viral
growth in the central nervous system, whereas chickens succumb to extensive lung
damage before lesions accumulate in the central nervous system.

Because of the ability of HPAIV bird infections to spread systemically, HPAIV infection
of the central nervous system is not uncommon. HPAIV may enter the central nervous sys-
tem in birds via the cranial nerves or via hematogenous spread and infection of endothe-
lia, with both routes being strongly favored by the presence of an HA polybasic cleavage
site (31–34). Interestingly, the contribution of the HA polybasic cleavage to the infection of
the central nervous system in mammals is less clear (35). The presence of a polybasic
cleavage site has been proposed as an important determinant for H5N1 HPAIV access to
the central nervous system in ferrets (36). In line with these results, there have been sev-
eral reports of H5N1 HPAIV infection of the central nervous system in humans and other
mammals (37–43), including recently described 2.3.4.4B H5N1 HPAIV central nervous sys-
tem infections in foxes and seals (44, 45). Central nervous system infection has also been
described in ferrets infected with a reconstituted 1918 H1N1 virus and in mice infected
with the 1918 H1N1-related laboratory strain A/WSN/33 (46–48). Interestingly, although
1918 H1N1 virus and A/WSN/33 lack a polybasic cleavage site, proteolytic activation of
their HAs can proceed independently of trypsin-like proteases (49, 50). These observations
point to the trypsin-like protease-independent proteolytic activation of HA as a critical de-
terminant of the capacity of influenza A viruses to infect and replicate in the central nerv-
ous system of mammals, thus mirroring the well-described mechanisms of central nervous
system infection in birds. However, additional viral determinants are likely involved, includ-
ing the HA sialic acid binding properties, as an H3N2 engineered to express an HA with a
polybasic cleavage site failed to infect the central nervous system in ferrets (36, 51). In
summary, the cleavability of the HA by trypsin-like protease-independent mechanisms, in
association with additional viral determinants, appears as a major determinant of the neu-
rotropism of influenza A in mammals. Importantly, however, central nervous system pa-
thology has also been observed in patients infected with seasonal influenza viruses that
are considered nonneurotropic, based on the absence of antigen and viral RNA detection
in the central nervous system (52). In the absence of central nervous system infection, the
host immune response to viral infection is a likely cause of neurological symptoms, medi-
ated by hyperthermia, circulating cytokines, or activated immune cells, as reviewed in ref-
erence 52. Further studies are needed to better understand the determinants leading to
central nervous system involvement, especially the potential consequences of the infec-
tion of olfactory nerves by respiratory viruses (53, 54).

MATERIALS ANDMETHODS
Viruses. The HPAIV and LPAIV H5N8 were generated by reverse genetics as described previously,

using the eight segments from the A/mallard duck/France/171201g/2017 (H5N8) field isolate. These
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viruses were referenced by the French biotechnology ethics committee (Haut Conseil des
Biotechnologies) and were manipulated exclusively in biosafety level 3 laboratories.

Animals. This study was carried out in compliance with European animal welfare regulation. The
protocols were approved by the Animal Care and Use Committee (Comité d’Ethique en Science et
Santés Animales–115) under protocol 13025-2018012311319709.

Chicken and duck experiments were conducted separately. One-day-old Pekin ducklings (Anas pla-
tyrhynchos domesticus, ST5 heavy) were obtained from a commercial hatchery (ORVIA-Couvoir de la
Seigneurtière, Vieillevigne, France) and 1-day-old White Leghorn chicks (Gallus gallus domesticus, PA12)
from a research hatchery (PFIE, INRAE, Nouzilly, France). Animals were fed ad libitum with a starter diet
and housed in biosafety level 2 facilities for 2 weeks in a litter-covered floor pen at the National
Veterinary School of Toulouse, France. They were then transferred into a biosafety level 3 facility
equipped with bird isolators (I-Box; Noroit, Nantes, France) ventilated under negative pressure with
HEPA-filtered air. The isolators had a surface area of 2 m2; in accordance with French regulation (law
NOR AGRG1238753A), a maximum of 8 ducks and 15 chickens were housed in these isolators, to respect
a minimum surface area of 0.25 m2 per duck and 0.13 m2 per chicken.

In vivo infections.We used samples from two previously published experiments, which we will refer
to as duck experiment 1 and chicken experiment 1 (14), as well as samples from two unpublished experi-
ments, which we will refer to as duck experiment 2 and chicken experiment 2.

In all experiments, serum was collected from all animals preinfection to ensure that they were sero-
logically negative to influenza virus by using a commercial influenza A nucleoprotein (NP) antibody com-
petition enzyme-linked immunosorbent assay kit (ID Screen; ID-Vet, Montpellier, France) according to
the manufacturer’s instructions. When they were 4 weeks old, animals were infected through the choa-
nal route using an inoculum volume of 100 mL. Noninfected groups received an equivalent volume of
allantoic fluid collected from noninfected specific-pathogen-free (SPF) embryonated chicken eggs.

For duck experiment 1, 18 animals were infected with 104 EID50 H5N8 HPAIV, while 6 animals were
assigned to the noninfected control group. Clinical signs were recorded over 14 days. Oropharyngeal and
cloacal swabs were performed on 8 animals daily until 8 dpi. Five animals from each group were eutha-
nized and necropsied at 1 and 3 dpi. Moribund animals reaching humane termination criteria (dyspnea,
convulsions, and severe lethargy) were euthanized and also necropsied. For each necropsied animal, brain
and lungs were collected and stored in TRIzol reagent (Invitrogen, Carlsbad, CA) or stored in 10% neutral
formalin.

For chicken experiment 1, 21 animals were infected with 104 EID50 H5N8 HPAIV, while 5 animals were
assigned to the noninfected control group. Clinical signs were recorded over 14 days. Oropharyngeal and
cloacal swabs were performed on all animals daily until 8 dpi. Five animals from each group were eutha-
nized and necropsied at 1 and 3 dpi. Moribund animals reaching humane termination criteria (dyspnea,
convulsions, and severe lethargy) were euthanized and also necropsied. For each necropsied animal, brain
and lungs were collected and stored in TRIzol reagent (Invitrogen, Carlsbad, CA) or stored in 10% neutral
formalin.

For duck experiment 2, 8 animals were infected with 104 EID50 H5N8 HPAIV, while 5 animals were
assigned to the noninfected control group. Clinical signs were recorded over 14 days. Oropharyngeal
and cloacal swabs were performed on all animals daily until 8 dpi. Only moribund animals were necrop-
sied, and brain and lungs were collected and stored in TRIzol reagent (Invitrogen, Carlsbad, CA) or stored
in 10% neutral formalin.

For chicken experiment 2, 20 animals were infected with 104 EID50 H5N8 HPAIV, while 5 animals were
assigned to the noninfected control group. Clinical signs were recorded over 14 days. Oropharyngeal and
cloacal swabs were performed on 10 animals daily until 8 dpi. Five animals from each group were eutha-
nized and necropsied at 1 and 3 dpi. Moribund animals reaching humane termination criteria (dyspnea,
convulsions, and severe lethargy) were euthanized and also necropsied. For each necropsied animal, brain
and lungs were collected and stored in TRIzol reagent (Invitrogen, Carlsbad, CA) or stored in 10% neutral
formalin.

Viral quantification from oropharyngeal swabs. Oropharyngeal swabs were briefly vortexed in
500 mL of sterile phosphate-buffered saline (PBS) and H5N8 RNA was extracted from 200 mL using a
QiaCube automated platform according to the manufacturer’s instructions (Cador Pathogen QIAcube HT
kit; Qiagen, Toronto, Canada). Influenza nucleic acid load was determined by RT-qPCR using primers tar-
geting HA. RT-qPCR was performed in 384-well plates in a final volume of 10 mL using the Bravo auto-
mated liquid handling platform (Agilent Technologies, Palo Alto, CA) and a ViaaA 7 real-time PCR system
(Applied Biosystems) at the GeT-TRiX platform (GénoToul, Génopole, Toulouse, France). Mixes were pre-
pared according to the manufacturer’s instructions (iTaq SYBR green one-step; Bio-Rad) with 2 mL of RNA
and a final concentration of 0.5 mM of each primer (Table 1). Absolute quantification was performed using
a standard curve based on 10-fold serial dilutions (from 101 to 107 copies) of plasmid containing the H5N8
HA gene.

RNA extraction from tissue samples and cDNA synthesis. A total of 30-mg portions of tissue were
placed in tubes with beads (Precellys lysis kit; Stretton Scientific, Ltd., Stretton, UK) filled with 1 mL of
TRIzol reagent (Invitrogen, Carlsbad, CA) and mixed for 5 s at 6,000 rpm three times in a bead beater
(Precellys 24; Bertin Technologies, Montigny-le-Bretonneux, France). After the TRIzol extraction, the
aqueous phase was transferred to an RNA extraction column and processed according to the manufac-
turer’s instructions (RNeasy minikit; Qiagen, Toronto, Canada). RNA was then treated with DNase (RNase
I; Invitrogen, Thermo Fisher Scientific) to remove genomic DNA contamination. cDNA was synthesized
by reverse transcription of 500 ng of total RNA using oligo(dT)18 (0.25 mg) and random hexamer
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(0.1 mg) primers and a RevertAid first-strand cDNA synthesis kit (Invitrogen, Thermo Fisher Scientific)
according to the manufacturer’s instructions.

Quantitative PCR from tissue samples. Quantitative PCR for the analysis of host gene expression
was performed in 384-well plates in a final volume of 10 mL using a Bravo automated liquid handling
platform (Agilent Technologies, Palo Alto, CA) and a ViiA 7 real-time PCR system (Applied Biosystems,
Foster City, CA) at the GeT-TRiX platform (GenoToul, Genopole, Toulouse, France). Mixes were prepared
according to the manufacturer’s instructions (iTaq SYBR green PCR; Bio-Rad) with 2 mL of 1:20 diluted
cDNA and a final 0.5 mM concentration of each primer. Quantification of influenza virus nucleic acid load
in tissues was performed in 96-well plates with a 10-mL final volume according to the manufacturer’s
instructions (iTaq SYBR green PCR; Bio-Rad), along with 2 mL of cDNA and a final 0.5 mM concentration
of HA-specific primers. qPCR was performed on a LightCycler 96 instrument (Roche). Relative quantifica-
tion was carried out by using the threshold cycle (22DDCT) method. RNA levels were normalized with
GAPDH mRNA levels. Primer sequences are described in Table 1.

Histopathological examination. All animals were subjected to a complete postmortem examination.
Tissue samples were taken and stored in 10% neutral formalin. After fixation, tissues were processed in paraffin
blocks, sectioned at 4mm, and stained with hematoxylin and eosin for microscopic examination. A board-certi-
fied veterinary pathologist who was blind to the experimental conditions assessed lesions histologically.

Immunohistochemistry. Brains were taken and stored in 10% neutral formalin. After fixation, tissues
were processed in paraffin blocks and sectioned at 4mm, and immunohistochemistry was performed on par-
affin-embedded sections with a monoclonal mouse anti-nucleoprotein influenza A virus antibody (Argene;
11-030; pronase 0.05% retrieval solution, 10 min at 37°C, antibody dilution of 1/50, incubation overnight at
4°C). The immunohistochemical staining was revealed with a biotinylated polyclonal goat anti-mouse immu-
noglobulin conjugated with horseradish peroxidase (HRP; Dako; LSAB2 system-HRP, K0675) and the diamino-
benzidine HRP chromogen (Thermo Scientific; TA-125-HDX). Negative controls comprised sections incubated
either without specific primary antibody or with another monoclonal antibody of the same isotype (IgG2).

Chicken and duck primary cortical neuron culture. SPF White Leghorn (PA12) embryonated chicken
eggs (PFIE, INRAE, Nouzilly, France) and Pekin duck (ST5 Heavy) embryonated eggs (ORVIA-Couvoir de la
Seigneurtière, Vieillevigne, France) were incubated for 13 and 14 days, respectively, at 37°C to account for
equivalent stages of development (55). After brain dissection, cortexes were isolated and the meninges
and hippocampus were removed in cold PBS containing 1 g/L glucose and 1% antibiotics (penicillin-strep-
tomycin). Cortex tissue was dissociated by a 15-min incubation at 37°C in PBS containing 10 U/mL papain

TABLE 1 Primers used for qPCRa

Gene name Primer sequence direction Primer sequence (59–39) NCBI accession no. or reference
HA H5N8 HPAIV F GACCTCTGTTACCCAGGGAGCCT 14

R GGACAAGCTGCGCTTACCCCT
Chicken GADPH F TCCTCTCTGGCAAAGTCCAAG 14

R CACAACATACTCAGCACCTGC
Duck GAPDH F CCACTTCCGGGGCACTGTCA 56

R AGCACCAGCATCTGCCCACT
Chicken IFN-a F AATGCTTGGACAGCAGCGAC 14

R TTGTCTTGGAGGAAGGTGTG
Duck IFN-a F CAACGACACGCAGCAAGC 14

R GGGTGTCGAAGAGGTGTTGG
Chicken IFN-b F GCTTCGTAAACCAAGGCACG 14

R GAGCTCGACTTTTCATCCATTG
Duck IFN-b F TCTACAGAGCCTTGCCTGCAT 56

R TGTCGGTGTCCAAAAGGATGT
Chicken Mx F CACTGCAACAAGCAAAGAAGGA 14

R TGATCAACCCCACAAGGAAAA
Duck Mx F TCACACGAAGGCCTATTTTACTGG 14

R GTCGCCGAAGTCATGAAGGA
Chicken OAS F CGCTCCCTCAGCCTCACCCT NM_001397447

R CCGGGCGGGCATCCTGAATC
Duck OAS F CCGCCAAGCTGAAGAACCTG 56

R CGCCCTGCTCCCAGGTATAG
Chicken CCL5 F CCCTCTCCATCCTCCTGGTT 57

R TATCAGCCCCAAACGGAGAT
Duck CCL5 F CACCAGCAGCAAATGCCCACAGC 58

R CAAGCAGGATTTCTGGTCCATGCC
Chicken IL-8 F CTGCGGTGCCAGTGCATTAG AJ009800

R AGCACACCTCTCTTCCATCC
Duck IL-8 F AGGACAACAGAGAGGTGTGCTTG NM_001310420

R GCCTTTACGATCCGCTGTACC
aCCL5, chemokine (C-C motif) ligand 5; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN-a, interferon alpha; IFN-b , interferon beta; IL-8, interleukin-8; Mx,
myxovirus resistance dynamin like GTPase; OAS, oligoadenylate synthase; F, forward; R, reverse.
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(Worthington Biochemical, Lakewood, NJ) followed by a gentle dissociation in Low-Ovomucoid buffer con-
taining PBS 1 � 1.5 mg/mL bovine serum albumin (BSA), 1.5 mg/mL trypsin inhibitor from chicken egg
white (Sigma-Aldrich), and 66.7 mg/mL DNase I from bovine pancreas (Roche). After a prefiltration step on
a 100-mm nylon cell strainer, neurons were centrifuged through a 4% BSA cushion in Neurobasal medium
(Gibco), counted, and then plated on variable supports (glass coverslips in 24-well or 4-well plates, 6-well
and 12-well culture plates depending on the experiments). Supports were previously overnight coated
with 500 mg/mL polyDL-ornithine diluted in sterile distilled water (Sigma-Aldrich) and then coated for 2 h
with 5 mg/mL Laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma-
Aldrich) diluted in Neurobasal medium (Roche). Neuron cultures were maintained in complete neuronal
culture medium composed of serum-free Neurobasal medium supplemented with 2 mM glutamine
(Gibco), 1% penicillin-streptomycin, and 2% B-27-plus supplement (Gibco). For immunofluorescent stain-
ing, neurons were seeded on coated glass coverslips into 24-wells plates. For viral replication kinetics
assays and host response analysis, neurons were seeded in 12-well plates. All the analyses were initiated
on neurons that had been cultured for 4 days at 37°C with 5% CO2.

Primary neuron infection with HPAIV or LPAIV H5N8. Infections with HPAIV were carried out in
Neurobasal medium supplemented with 2 mM glutamine (Gibco), 1% penicillin-streptomycin, and 2% B-
27-plus supplement (Gibco). As the B-27-plus supplement was found to inhibit exogenous trypsin, com-
parisons of HPAIV and LPAIV replication were carried out in Opti-MEM medium (Gibco) instead of in
Neurobasal medium and B-27-plus. For immunofluorescent staining, neurons were fixed at 8 h postin-
fection. For host response analyses, cells were harvested 24 h postinfection.

Immunofluorescence. Infected neurons were fixed for 15 min at room temperature with PBS contain-
ing 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, England), washed twice in PBS, and
then permeabilized using PBS plus 0.1% Triton X-100 for 10 min. Coverslips were rinsed with PBS and
blocked for 1 h with PBS containing 5% BSA (blocking buffer) at room temperature. To assess neuronal
integrity, we used an avian neuron-specific beta-III tubulin antibody (Monoclonal Mouse IgG 2a from
Biotechne) diluted at 1:400. To control infection, we used a rabbit-monoclonal anti-influenza A virus non-
structural protein 1 (kindly provided by Daniel Marc from INRAE Nouzilly, France) diluted at 1:400. Upon incu-
bation with primary antibodies, neurons were washed 3 times with PBS-0.1% Triton X-100 and incubated
with a secondary goat anti-mouse antibody coupled to Alexa Fluor 594 (Invitrogen) diluted at 1:2,000 and
secondary donkey anti-rabbit antibody coupled to Alexa Fluor 488 diluted at 1:1,000, for 1 h at room tem-
perature. After 4 washes in PBS-0.1% Triton X-100 and one wash with distilled water, coverslips were placed
on glass microscopy slides with mounting medium Vectashield with 49,6-diamidino-2-phenylindole (DAPI;
(Eurobio). Fluorescence-based measurements were performed on Leica SP8 STED inverted confocal micro-
scopes with a 63� objective on a TRI-Genotoul Infinity cell imaging facility platform (INSERM, Toulouse,
France). Image-based analysis of the purity of cortical neuron cultures was performed using ImageJ software
from two independent experiments in ducks and two independent experiments in chickens. For each experi-
ment, the percentage of cortical neurons was evaluated from 10 randomly selected microscopic fields by cal-
culating the number of beta-III-tubulin-stained neurons/total number of DAPI-stained nuclei.

Reverse transcription and qPCR from neuron samples. For viral replication kinetics, viral RNA extrac-
tion was performed on 140-mL supernatant collected at 1, 24, 48, and 72 h postinfection according to the
manufacturer’s instructions (QIAamp viral RNA; Qiagen, Toronto, Canada). Influenza nucleic acid load was
determined by RT-qPCR using primers targeting the HA gene in a final volume of 10 mL. Mixes were pre-
pared according to the manufacturer’s instructions (iTaq Universal SYBR green one-step kit; Bio-Rad) with
2 mL of RNA and a final concentration of 0.3 mM of each primer. Absolute quantification was performed
using a standard curve based on 10-fold serial dilutions (from 101 to 107 copies) of plasmid containing
thevH5N8 HA gene. For host response analysis, the supernatant was removed at 24 h postinfection. Cells
were scratched and total RNA was extracted according to the manufacturer’s instructions (RNeasy minikit;
Qiagen, Toronto, Canada) followed by DNase treatment according to the manufacturer’s instructions (DNase
I; Thermo Fisher Scientific). cDNA was synthesized by reverse transcription of 500 ng of total RNA using ei-
ther both oligo(dT)18 (0.25mg) and random hexamer (0.1mg) primers and a RevertAid first-strand cDNA syn-
thesis kit (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions. Quantitative
PCR for the analysis of host gene expression was performed in 384-well plates in a final volume of 10 mL
using a Bravo automated liquid handling platform (Agilent Technologies, Palo Alto, CA) and a ViiA 7 real-
time PCR system (Applied Biosystems, Foster City, CA) at the GeT-TRiX platform (GenoToul, Genopole,
Toulouse, France). Mixes were prepared according to the manufacturer’s instructions (iTaq SYBR green PCR,
Bio-Rad) with 2mL of 1:20 diluted cDNA and a final 0.5mM concentration of each primer (Table 1).

Data availability. Segment sequences can be found on GenBank (accession numbers MK859904 to
MK859911 and MK859926 to MK859933).
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