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Highly pathogenic avian influenza viruses (HPAIV) of subtypes H5 and H7 have caused numerous outbreaks in diverse poultry
species and rising numbers of human infections. Both HPAIV subtypes support a growing concern of a pandemic outbreak, spe-
cifically via the avian-human link. Natural reassortment of both HPAIV subtypes is a possible event with unpredictable outcome
for virulence and host specificity of the progeny virus for avian and mammalian species. NS reassortment of H5N1 HPAIV vi-
ruses in the background of A/FPV/Rostock/1934 (H7N1) HPAIV has been shown to change virus replication kinetics and host
cell responses in mammalian cells. However, not much is known about the virus-host interaction of such viruses in avian species.
In the present study, we show that the NS segment of A/Vietnam/1203/2004 (FPV NS VN, H5N1) HPAIV significantly altered the
characteristics of the H7 prototype HPAIV in tracheal organ cultures (TOC) of chicken and turkey in vitro, with decreased repli-
cation efficiency accompanied by increased induction of type I interferon (IFN) and apoptosis. Furthermore, species-specific
differences between chicken and turkey were demonstrated. Interestingly, NS-reassortant FPV NS VN showed an overall highly
pathogenic phenotype, with increased virulence and replication potential compared to the wild-type virus after systemic infec-
tion of chicken and turkey embryos. Our data demonstrate that single reassortment of an H5-type NS into an H7-type HPAIV
significantly changed virus replication abilities and influenced the avian host cell response without prior adaptation.

Severe outbreaks of highly pathogenic avian influenza viruses
(HPAIV) in poultry have been frequently reported (1). Since

the emergence of zoonotic H5N1 HPAIV in Asia in 1997, more
than 400 million birds have died or were culled not only in Asia
but also in Europe and Africa (2, 3). H5N1 viruses have caused
high mortality among various bird species, but H7 subtype
HPAIV also are known to cause large numbers of fatalities in
poultry populations (4–6). Infection of poultry species with H7
and H5 subtype HPAIV usually causes severe generalized systemic
disease, with mortality rates up to 100% (7). Until today, H7 sub-
type HPAIV have, with one exception, mainly caused mild infec-
tions in humans (8–10). H5N1 viruses caused 610 officially con-
firmed human infections with 59% lethality (by December 2012)
(11, 12). A recent meta-analysis of H5N1 seroprevalence studies
suggests a much higher number of human infections worldwide
(13). Since both H7 and H5 subtype HPAIV are cocirculating
among wild birds and poultry, reassortment between the two sub-
types is a possible threat (14). Intersubtype reassortment of influ-
enza A viruses (IV) has been frequently observed and was respon-
sible for the evolution of new H5N1 HPAIV genotypes with the
potential to infect humans (15, 16).

Previous studies showed that the nonstructural protein 1
(NS1), encoded by the influenza virus NS segment, can change the
host response and virulence of the virus in the case of reassortment
without prior adaptation (17, 18). As such, it was shown that
NS-reassortant viruses in the genetic background of A/FPV/Ros-
tock/1934 (designated FPV wild type [wt]; H7N1) HPAIV carry-
ing NS segments of A/goose/Guangdong/1/1996 (FPV NS GD;
H5N1) HPAIV, A/mallard/NL/12/2000 (FPV NS Ma; H7N3) low-
pathogenicity avian influenza virus (LPAIV), and of a more recent
human isolate, A/Vietnam/1203/2004 (FPV NS VN, H5N1)
HPAIV, have different growth kinetics from FPV wt in mamma-
lian cells (19). In particular, FPV NS GD showed higher replica-
tion rates than FPV wt, while replication of FPV NS VN and FPV
NS Ma was decreased. In contrast, in permanent avian LMH and

QT6 cell lines, FPV NS GD and FPV NS Ma showed the same
replication kinetics as FPV wt, and growth of only FPV NS VN was
decreased (19). Also in an in vivo study in mice, the same reas-
sortant FPV NS GD caused more efficient replication and viru-
lence than the wild-type virus (20).

The major function of the NS1 protein is the inhibition of type
I interferon (IFN) production and of antiviral effects of IFN-in-
duced proteins (for a review, see reference 21). The IFN response
is a strong antiviral mechanism limiting viral replication. Further-
more, the NS1 protein can increase virus replication by activating
the cellular phosphatidylinositol 3-kinase (PI3K) and by down-
regulation of apoptosis (22, 23). The nuclear export protein (NS2/
NEP), which is translated from spliced NS segment mRNA, me-
diates viral ribonucleoprotein (RNP) export from the nucleus of
IV-infected cells via binding to the viral M1 protein (24). Further-
more, the NS2/NEP protein has the ability to modify virus RNA
levels by regulation of IV transcription and replication (25).

The role of type I IFN in IV infection of avian species is not
clear. A previous study showed that IV-infected primary chicken
embryo cells produced a mixture of type I IFNs of usually more
than 80% IFN-� and up to 20% IFN-� (26). Recent studies have
indicated that in the chicken embryo we already find significant
expression of type I IFN in the spleen starting at embryonation day
14 (27).
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IV growth may be strongly inhibited in IFN-�-pretreated
chicken cell culture, but a recent study revealed that IFN-� pre-
treatment did not protect chickens in vivo against wild-type (A/
Cygnus cygnus/Germany/R65/2006 H5N1 [R65]) or mutant (R65
with a deletion of the NS1 open reading frame [R65-delNS1])
HPAIV infection (28).

Extensive studies in mice showed that the Mx protein plays a
key role in the IFN-induced antiviral state in mammalian species
(29). Mx function against IV infection in chickens has been con-
troversially discussed (30). However, a recent study demonstrated
that the chicken Mx protein lacks GTPase activity and seems to be
uninvolved in the antiviral effect of type I IFN in chickens (31).

NS1 proteins with an internal deletion or a truncation of the
C-terminal end have been shown to lose the ability to suppress the
host’s IFN response, which can result in reduced virus replication
(32, 33). The NS1 of FPV NS VN HPAIV, carrying a C-terminal
10-amino-acid (aa) truncation, has been shown to induce a high
IFN-� response in A549 permanent human alveolar epithelial
cells compared to the wild-type FPV HPAIV (19). Furthermore,
FPV NS VN showed increased apoptosis in MDCK (Madin-Darby
canine kidney) cells (19).

The goal of this study was to compare the growth characteris-
tics of different NS-reassortant HPAIV with NS segments of dif-
ferent subtypes and allele groups in avian hosts for their potential
to replicate in tracheal organ cultures (TOC) of chicken (TOC-
Ch) and turkey (TOC-Tu) as the primary epithelial target cells and
for their ability to suppress the host’s innate immune response.
Furthermore, we also used an embryo model of chicken and tur-
key to analyze virus growth kinetics under in vivo conditions. The
FPV NS reassortants carrying NS segments of H5N1 HPAIV
A/Vietnam/1203/2004 and A/goose/Guangdong/1/1996 as well as
H7N3 LPAIV A/mallard/NL/12/2000 were compared with the
wild-type A/FPV/Rostock/1934 H7N1 HPAIV.

Our study shows that the NS segment of A/Vietnam/1203/2004
(H5N1) in the background of wild-type A/FPV/Rostock/1934
(H7N1) did not sufficiently suppress the local innate immune
response in TOC of chicken and turkey, resulting in increased
release of type I IFN and apoptosis rates coinciding with lower
virus titers. Interestingly, in vivo infection of chicken and turkey
embryos demonstrated, on the other hand, an increased virulence
for FPV NS VN compared to the wild-type virus, as demonstrated
by faster replication and more severe lesion development. We may
speculate that under in vivo conditions in avian species, the
HPAIV replication rate is possibly less dependent on the NS1-
controlled innate immune response than in mammalian hosts.

MATERIALS AND METHODS
Viruses and titration. The following IV were used: wild-type A/FPV/
Rostock/1934 (FPV wt; H7N1) HPAIV, NS-reassortant viruses with the
genetic background of FPV wt and NS segments from A/Vietnam/1203/
2004 (FPV NS VN; H5N1) HPAIV, A/goose/Guangdong/1/1996 (FPV NS
GD; H5N1) HPAIV, and A/mallard/NL/12/2000 (FPV NS Ma; H7N3)
LPAIV. Reassorted viruses had been generated previously using reverse
genetics (19). MDCK (Madin-Darby canine kidney) cells were used to
amplify the progeny viruses. Rescued viruses had been plaque purified
three times, propagated, and titrated on MDCK cells (19). Virus stocks
were stored at �70°C, and virus titration was done using a focus-forming
assay (reported as focus-forming units [FFU]/ml) (20). The generation of
recombinant HPAIV and all experiments were carried out under biosafety
level 3 conditions.

Based on phylogenetic analysis, NS1 proteins of A/FPV/Rostock/1934

and A/Vietnam/1203/2004 belong to allele A and those of A/goose/
Guangdong/1/1996 and A/mallard/NL/12/2000 belong to allele B (19).
The NS1 protein of A/Vietnam/1203/2004 contains a 5-amino-acid (aa)
internal deletion as well as a 10-aa C-terminal truncation.

Vesicular stomatitis virus (VSV; kindly provided by Gert Zimmer,
Institute for Virology, University of Veterinary Medicine Hannover, Ger-
many) was propagated in chicken embryo fibroblasts (CEF), stored at
�70°C, and titrated on CEF to determine the 50% tissue culture infec-
tious dose (TCID50) by the method of Reed and Muench (34).

Embryonated eggs and tissue and cell culture. Embryonated eggs
from chicken (VALO-SPF; Lohmann Tierzucht, Cuxhaven, Germany)
and turkey (Moorgut Kartzfehn, Boesel, Germany) were used for organ
and cell culture preparation as well as embryo infection studies. They were
incubated at 37.8°C and 55% humidity. All parental flocks tested negative
for avian IV (AIV) antibodies of subtypes H5, H7, H6, and H9 in a stan-
dard hemagglutination inhibition (HAI) test (35). All experiments were
performed in accordance with German animal welfare regulations.

Primary embryo fibroblast cultures from chicken (CEF) were pre-
pared from embryonated eggs as previously described (36). CEF were
maintained in 1:1 McCoy’s 5A modified medium plus L-15 Leibovitz
medium (Biochrom, Berlin, Germany) with 10% fetal bovine serum (FBS;
Biochrom), 1% L-glutamine (200 mM; Biochrom), and 1% penicillin-
streptomycin ([P-S] 10,000 U/ml, 10,000 �g/ml; Biochrom) at 37.5°C and
5% CO2.

TOC from chicken (TOC-Ch) and turkey (TOC-Tu) were prepared
from embryonated eggs at incubation days 20 and 26, respectively (37).
Briefly, embryos were sacrificed, and the tracheae were removed under
sterile conditions. Each trachea was cut manually into approximately 0.8-
mm-thick rings using a microtome blade. Individual rings were trans-
ferred to 5-ml tubes (Sarstedt, Nuembrecht, Germany) with 0.8 ml of
prewarmed Medium 199 with Hanks’ salts (Biochrom) including 1% P-S.
TOC were cultured at 37.5°C in a rotating shaker (Reax 2; Heidolph,
Schwabach, Germany) at lowest rotation speed.

After 24 h, the ciliary activity of the respiratory epithelium of each
TOC was assessed using an inverted microscope. Only rings with 100%
ciliary activity were used for the experiments.

MDCK cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Biochrom) supplemented with 10% FBS and 1% P-S at 37°C
and 5% CO2.

qRT-PCR. Quantification of the IV matrix (M) gene (38) as well as
alpha interferon (IFN-�) mRNA levels was done by quantitative real-time
RT-PCR (qRT-PCR) as previously described. Briefly, embryonic tissue
samples were homogenized in peqGOLD TriFast (Peqlab, Erlangen, Ger-
many) reagent with ceramic beads (CK14; Peqlab) in a tissue homoge-
nizer (Precellys 24; Peqlab). Total cellular RNA extraction was done ac-
cording to the manufacturer’s instructions. RNA was eluted in 30 �l of
RNase-free water and stored at �70°C. RNA purity and concentration
were determined (NanoDrop ND-1000; Peqlab), and samples were sub-
sequently diluted 10�3 in RNase-free water for optimal RNA concentra-
tion.

IFN-�-specific primers and probes were designed based on partial
genomic DNA sequences of chicken and turkey (39, 40) and are described
in . M gene- and 28S rRNA gene-specific primers and probes have been
described previously (38, 41). Reverse transcription-PCR (RT-PCR) was
performed using an Ambion AgPath-ID One-Step RT-PCR kit (Life
Technologies, Carlsbad, CA) according to the manufacturer’s instruc-
tions as follows: the final concentrations of primers were 200 nM for the
chicken and turkey IFN-� (Ch/TkIFN-�) and M genes and 400 nM for the
28S gene; the final concentrations of probes were 50 nM for the Ch/
TkIFN-� genes, 100 nM for the M gene, and 400 nM for the 28S gene. Five
microliters of diluted total RNA was used per 25-�l reaction mixture, and
RT-PCR was performed using a Stratagene MX 3005P qRT-PCR detec-
tion system (Stratagene, La Jolla, CA) with the following cycle profile: 1
cycle at 45°C for 10 min and 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s and 57°C for 45 s. Each sample was tested in duplicates. For
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quantification, cycle threshold (CT) values of the Ch/TkIFN-� and M
genes were normalized against the CT values of the constantly expressed
28S rRNA housekeeping gene of the same sample (�CT) as described by
Powell et al. (42). The data are presented as mean �CT values subtracted from
35 or as mRNA fold change in relation to �CT values from noninfected
groups.

IFN bioassay. Bioactive total interferon (type I and type II) was de-
tected in TOC supernatants and turkey embryo serum using a cytopathic
effect (CPE) inhibition assay as previously described (43). To inactivate
viruses, supernatants or sera were dialyzed in glycine buffer (100 mM, pH
2.0) by using dialysis tubes (Visking, size 2 with a cutoff of 12 to 14 kDa
[Medicell, London, United Kingdom]) for 5 h and, after the buffer was
changed, for an additional 16 h at 4°C. Subsequently, virus-inactivated
samples were dialyzed in phosphate-buffered saline (PBS; pH 7.4) for 5 h
and, after the buffer was changed, dialyzed overnight at 4°C. For IFN

bioassays, CEF were seeded overnight on 96-well plates. CEF were incu-
bated with serially diluted samples for 24 h at 37.5°C and 5% CO2. Re-
combinant chicken IFN-� (kindly provided by Bernd Kaspers, LMU Mu-
nich, Germany) was used as a positive control. The test culture fluids were
replaced with medium containing VSV (4 � 104 TCID50/well) and incu-
bated for 48 h. Virus-induced CPE was determined microscopically. The
IFN activity of the test samples is expressed in units/ml (U/ml). One unit
is defined as the highest dilution of the sample that caused 100% protec-
tion against VSV-induced CPE.

Apoptosis. Detection of apoptotic cells in paraffin sections of TOC
was performed with a terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay using an in situ cell death
detection kit (with peroxidase [POD]; Roche Applied Sciences, Mann-
heim, Germany) according to the manufacturer’s instructions. Reactions
were developed using a DAB (diaminobenzidine) Peroxidase Substrate

TABLE 1 Quantitative real-time RT-PCR primers and probes

RNA target Primer or probea Sequenceb Accession no.c

Chicken IFN-� ChIFN� F 5=-GAC AGC CAA CGC CAA AGC-3= U07868
ChIFN� R 5=-GTC GCT GCT GTC CAA GCA TT-3=
ChIFN� P 5=-(FAM)-CTC AAC CGG ATC CAC CGC TAC ACC-(TAMRA)-3=

Turkey IFN-� TkIFN� F 5=-GAC AGC CAA CGC CAA AGC-3= U28140
TkIFN� R 5=-GTG GCT GTC CGC CAA GCA TT-3=
TkIFN� P 5=-(FAM)-CTC AAC CAG ATC CAG CGG TAC GCC-(TAMRA)-3=

a F, forward primer; R, reverse primer; P, probe.
b FAM, 6-carboxyfluorescein; TAMRA, carboxytetramethylrhodamine.
c Refers to genomic DNA sequence.

FIG 1 Replication (A and C) and induction of ciliostasis (B and D) by wild-type and reassortant FPV viruses in TOC of chicken and turkey. Individual TOC (n �
5/virus/time point) were inoculated with 103 FFU of virus. Infectious titers were determined by titration of TOC supernatants on MDCK cells using focus-
forming assays (FFU/ml). Ciliostasis was assessed in percent loss of ciliary activity for each TOC by using an inverted microscope (n � 5). Error bars indicate the
standard deviations. At 8 h p.i., no ciliostasis was detected in TOC of either avian species. Different letters indicate statistically significant differences between
groups at 8, 24, or 48 hpi (P � 0.05; by ANOVA with Tukey HSD [A and C] or Kruskal-Wallis one-way ANOVA [B and D]).
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Kit (Vector Laboratories, Burlingame, CA) according to the manufactur-
er’s instructions. TOC sections were counterstained with Hematoxylin
QS (Vector Laboratories) for 5 min and mounted with Aquatex (Merck,
Darmstadt, Germany). The number of apoptotic cells was counted micro-
scopically in the respiratory epithelium of each individual TOC and is
presented as the mean of total apoptotic cells per complete TOC ring (n �
5 rings per time point and experiment).

Histopathology and immunohistochemistry for viral antigen detec-
tion. Chicken and turkey embryonic tissues were processed following
standard procedures, and 2-�m paraffin sections were made from each
sample in duplicates. For histopathology, tissue sections were stained with
hematoxylin and eosin (HE). The severity of histopathologic lesions of each
organ was evaluated as previously described (44) using a modified lesion
score of 0 to 3: 0, no lesions; 1, mild lesions with focal inflammation (edema
and bleeding); 2, moderate lesions with focal to multifocal inflammation and
scarce lymphocytic infiltration; 3, severe lesions with disseminated inflamma-
tion, tissue degeneration, and massive lymphocytic infiltration.

Immunohistochemistry was performed to detect IV nucleoprotein
(NP) in tissues. Tissue sections were blocked against endogenous perox-
idase with 3% hydrogen peroxide in methanol, and antigen retrieval was
achieved by microwave treatment in citrate buffer (10 mM, pH 6.0). Nor-
mal horse serum and an Avidin/Biotin Blocking Kit (Vector Laboratories)
were used to block nonspecific staining. Sections were incubated with
anti-NP antibody (mouse anti-influenza A virus nucleoprotein; Southern
Biotech, Birmingham, AL) diluted 1:250 in PBS. After a washing step in
PBS, sections were processed using a Vectastain Elite ABC kit (mouse IgG;
Vector Laboratories). Tissue sections were subsequently treated with re-
agents of the DAB Peroxidase Substrate kit following the manufacturer’s
instructions, counterstained with Hematoxylin QS, and mounted with
Aquatex.

TOC infection study. TOC of chicken and turkey were infected 5 days
after preparation to avoid negative effects due to early inflammatory re-
sponses of the tissue (45).

For infection, TOC were washed with phosphate-buffered saline
(PBS) and incubated with 103 FFU of HPAIV FPV wt or reassortant FPV
NS VN, FPV NS GD, and FPV NS Ma per individual culture (n � 5 per
time point and virus) in PBS plus 0.2% bovine serum albumin (PBS-BSA)
(PAA Laboratories, Pasching, Austria). Virus-negative controls were in-
cubated with PBS-BSA. After incubation for 1 h at 37.5°C, the supernatant
was removed and TOC were washed with PBS and subsequently cultured
in 1 ml of Medium 199 with Hanks’ salts supplemented with 1% P-S and
0.2% BSA. For quantification of ciliostasis, TOC were analyzed under an
inverted microscope to determine the percentage of remaining ciliary
activity, as described previously (46).

Infectious virus titers of TOC supernatants were determined using a
focus-forming assay (focus-forming units [FFU]/ml) as previously de-
scribed (20). Furthermore, TOC supernatants were titrated for bioactive
IFN using a VSV CPE inhibition assay. TOC were fixed in 4% paraformal-
dehyde (PFA), further processed for the preparation of paraffin sections,
and analyzed for histopathological lesions as well as for apoptotic cells
using an in situ TUNEL assay.

Embryo infection study. Eggs from chicken and turkey were inocu-
lated with FPV wt or FPV NS VN HPAIV at embryonation days 14 and 18,
respectively. FPV NS VN was selected for the embryo infection study since
this NS reassortant showed the most significant differences in growth
characteristics in TOC compared to the FPV wt in either avian species.
Embryonated eggs were prepared for intravenous (i.v.) infection as pre-
viously described (47), with modifications. Briefly, eggs were candled to
mark the area around the largest vein embedded in the chorioallantoic
membrane (preceding the vena umbilicalis) near the air cell. A triangle of
eggshell was excised using a diamond-coated cutting wheel mounted on a
rotary tool (diameter, 22.2 mm; Dremel Europe, Breda, Netherlands).
The generated eggshell windows were sealed with adhesive tape until in-
fection.

Embryos were i.v. inoculated with 103 FFU of FPV wt or FPV NS VN

HPAIV in 100 �l of PBS-BSA using a sterile hypodermic needle (27-gauge
by 3/4 in.) (Braun, Melsungen, Germany). Eggs were sealed with adhesive
tape and incubated at 37.8°C and 90% humidity in an upright position.
Analysis of embryo mortality and sampling was done at 8, 16, and 24 h
postinfection (hpi) for chicken embryos and at 8, 12, and 24 hpi for turkey
embryos. Blood samples from the chorioallantoic vein were collected
from turkey embryos at 8 and 12 hpi for detection of circulating IV with
the focus-forming assay as well as for detection of bioactive IFN in the
VSV CPE inhibition assay. Afterwards, embryos were immediately sacri-
ficed by decapitation, and amnio-allantoic fluids (AAF) were collected
and stored at �70°C. Heart, liver, intestine, pectoral muscle, and brains
were collected individually with sterile forceps and scissors and stored in
peqGOLD TriFast reagent at �20°C for quantification of virus load using
qRT-PCR. Based on the different degrees of lesion development, quanti-
fication of IFN-� mRNA expression levels by qRT-PCR was done in the
most and least affected organs (liver and intestine, respectively). Further-
more, embryonic tissues from chicken and turkey were stored in 4% PFA
at 4°C and processed for histopathologic evaluation for turkey and detec-
tion of influenza A virus nucleoprotein (NP) antigen for chicken and
turkey by immunohistochemical staining.

Statistical analysis. Statistically significant differences between virus
titers were evaluated with a randomized complete block analysis of vari-
ance (ANOVA) following a Tukey honestly significant differences (HSD)
test for multiple group comparisons using Statistix, version 9.0 (Analyti-
cal Software, Tallahassee, FL). Other data were analyzed with a Kruskal-
Wallis one-way ANOVA with all-pairwise comparisons or with a Wil-
coxon rank sum test (Statistix, version 9.0). Differences were considered
significant at a P value of �0.05.

FIG 2 IFN induction after infection of TOC from chicken (A) or turkey (B)
with wild-type and NS-reassortant FPV HPAIV. Individual TOC were inocu-
lated with 103 FFU of virus (n � 5/virus/time point). TOC supernatants were
harvested at different time points, and total bioactive IFN was determined in a
VSV CPE inhibition assay (IFN units/ml). Error bars indicate the standard
deviations. Different letters indicate statistically significant differences be-
tween groups at each time point (P � 0.05; Kruskal-Wallis one-way ANOVA).
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RESULTS
Growth characteristics of HPAIV FPV wt and its NS reassor-
tants in TOC of chicken and turkey. Growth characteristics of
FPV wild-type (wt) and NS-reassortant viruses FPV NS GD, FPV
NS Ma, and FPV NS VN were compared between tracheal organ
cultures (TOC) of chicken (TOC-Ch) and turkey (TOC-Tu). FPV
NS VN showed significantly higher virus titers after a single cycle
of replication at 8 h postinfection (hpi) than FPV wt and other
reassortant viruses in TOC of both avian species (P � 0.05) (Fig.
1A and C). Thereafter, FPV NS VN titers increased only slightly in
TOC-Tu and were overall significantly lower than those of FPV wt
and FPV NS GD in both species at 24 and 48 hpi (P � 0.05). FPV
NS Ma and FPV NS VN replicated to comparable titers in TOC-
Tu, whereas in TOC-Ch, FPV NS Ma showed increased replica-
tion to significantly higher titers than FPV NS VN at 24 and 48 hpi
(P � 0.05). FPV wt and FPV NS GD showed comparable growth
kinetics in TOC of both species. Overall, all viruses replicated
faster and to significantly higher titers in TOC-Tu than in
TOC-Ch (P � 0.05).

Ciliostasis of the respiratory epithelium was assessed micro-
scopically (Fig. 1B and D). Significant induction of ciliostasis (P �
0.05) was detected only in virus-infected TOC-Tu, with minor
differences between FPV wt and NS-reassortant strains (Fig. 1B
and D). Although infectious virus titers of FPV NS VN and FPV
NS Ma were more than 1 log lower at 24 and 48 hpi than those of
other viruses, induction of ciliostasis was only slightly delayed

compared that by FPV wt and FPV NS GD. The induction of
ciliostasis coincided with the development of histological lesions.
Infected TOC-Tu showed more severe cell degeneration and loss
of respiratory epithelium than TOC-Ch (data not shown). FPV
wt-infected TOC-Tu showed nearly complete loss of the respira-
tory epithelium at 24 hpi. Other viruses induced comparable le-
sions at 48 hpi (data not shown).

NS reassortment affected IFN induction and apoptosis of
HPAIV FPV in TOC. FPV NS VN induced overall higher bioac-
tive IFN titers in TOC of either avian species than FPV wt and
other NS-reassortant viruses (Fig. 2). IFN was induced earlier and
to significantly higher titers in TOC-Tu than TOC-Ch, indepen-
dent of the infecting viruses (P � 0.05). In TOC-Tu, FPV NS GD
showed highest IFN titers at 48 hpi, whereas FPV NS VN showed
maximum induction of IFN already at 24 hpi (Fig. 2B).

Induction of apoptosis in TOC differed between the tested vi-
ruses (Fig. 3). Infection with FPV NS VN led to significantly higher
numbers of apoptotic cells in TOC-Tu at 24 hpi than in nonin-
fected controls (P � 0.05) (Fig. 3B). At 48 hpi, apoptotic cell
counts of virus-infected TOC-Ch groups were higher than in vi-
rus-free controls but did not differ significantly, whereas the num-
ber of apoptotic cells in TOC-Tu could not be determined due to
consistent loss of respiratory epithelium in virus-infected groups
at that time point (data not shown).

Increased virulence of HPAIV NS-reassortant FPV NS VN in
embryos of chicken and turkey. FPV NS VN was selected for the

FIG 3 Induction of apoptosis in TOC of chicken (A) and turkey (B to D) after infection with wild-type and NS-reassortant FPV HPAIV. Individual TOC were
inoculated with 103 FFU of virus (n � 5/virus/time point). Paraffin sections of TOC were rehydrated and stained for apoptotic cells using an in situ TUNEL
method. Values are the total number of apoptotic cells/TOC. Error bars indicate the standard deviations. #, major epithelial cell destruction; no apoptosis
evaluation possible. Different letters indicate statistically significant differences between groups at each time point (P � 0.05; Kruskal-Wallis one-way ANOVA).
(C) In situ apoptosis TUNEL staining of noninfected TOC of turkey with a random single apoptotic cell at 48 hpi. (D) FPV NS VN-infected TOC of turkey
showing multiple apoptotic cells, degeneration, and loss of cilia. Arrows indicate apoptotic cells.
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in vivo infection studies in embryonated eggs of chicken and tur-
key because it showed the most significant differences in virus
replication and failed to suppress the IFN response in TOC com-
pared to FPV wt.

All chicken and turkey embryos infected with either FPV wt or
FPV NS VN died within the first 24 hpi. Embryo mortality did not
differ between viruses at the time points indicated in the text (n �
5/time point/virus). Pathological examination of chicken and tur-
key embryos at 8 and 12 to 16 hpi revealed distinct differences in
pathogenesis between FPV wt- and FPV NS VN-infected groups.
Due to the fast induction of lesions in TOC-Tu, an earlier time
point for necropsy was selected for turkey embryos, which were
already investigated at 12 hpi instead of the 16 hpi for chicken
embryos. Gross lesions were dominated by hemorrhages distrib-
uted in various embryonic organs and skin of virus-infected
groups. Macroscopically, changes were most prominent in the
liver, with more severe lesions in the FPV NS VN-infected groups
than in the FPV wt-infected group in either species. FPV NS VN-
infected chicken and turkey embryos showed severe swelling of
the liver with moderate multifocal petechial bleeding at 16 and 12
hpi, respectively, whereas embryonic livers of FPV wt-infected
groups showed only focal petechial bleedings at these time points,
and virus-negative embryos were free of any macroscopic lesions
(data not shown).

Histopathological lesions of embryonic tissues confirmed the
more severe lesion development after infection with FPV NS VN
than with FPV wt. Histopathologic lesion scoring of turkey em-
bryos demonstrated that FPV NS VN induced more severe lesions
in embryonic liver and heart (Fig. 4). Lesions were restricted to the
vascular system, with hemorrhages, edema, and perivascular lym-
phocytic infiltration (Fig. 4C to E). Furthermore, perivascular cell
degeneration of cardiomyocytes and hepatocytes was observed in
virus-infected groups.

Histopathologic examination of the pectoral muscle showed
slightly increased petechial bleeding, with a lesion score of 1.3 	
0.5 (mean 	 standard deviation [SD]) at 12 hpi in the FPV NS
VN-infected group compared to a lesion score of 0.4 	 0.6 (n � 5)
with FPV wt infection. No differences between virus-infected
groups were observed in the brain and intestine of turkey em-
bryos, with only random focal signs of inflammation.

At 24 hpi, infected embryos of chicken and turkey showed
macroscopically comparable disseminated hemorrhages in all tis-
sues independent of the virus. Histopathology revealed severe tis-
sue destruction, lymphocytic infiltrations, and disseminated hem-
orrhages in liver, heart, pectoral muscle, and brain as well as in the
intestine’s lamina propria, with lesion scores of 2 to 3 in both
virus-infected groups. No macroscopic or histopathologic lesions
were observed in virus-free control embryos at any time point.

FPV NS VN showed a significantly higher viral load by qRT-
PCR than FPV wt in all investigated tissues in turkey embryos at 8
and 12 hpi (P � 0.05) (Fig. 5B). FPV NS VN viral loads in chicken
embryos were only significantly higher than those of FPV wt at 24
hpi in three of four investigated tissues (P � 0.05) (Fig. 5A). High-
est virus loads were detected in livers of virus-infected turkey em-
bryos, independent of the infecting virus. Virus-infected chicken
embryos showed the largest amount of detectable IV mRNA in the
heart.

Immunohistochemical detection of IV antigen-positive cells
confirmed qRT-PCR results and demonstrated high viral loads in
the heart and liver of both avian species (data not shown). The
FPV NS VN-infected group showed a higher rate of positive hepa-
tocytes and cardiomyocytes than the FPV wt-infected group at 16
and 12 hpi in chicken and turkey embryos, respectively. At these
early time points, strongest antigen staining was observed in heart
and liver tissues adjacent to blood vessels as well as in vascular
endothelial cells (data not shown). Furthermore, erythrocytes and

FIG 4 Histopathologic examination of intravenously infected turkey embryos. Embryos were inoculated with 103 FFU of FPV wt or recombinant FPV NS VN
HPAIV (n � 5/virus/time point). (A and B) Histopathologic lesions of liver and heart were evaluated using following lesion scores (not done for chicken
embryos): 0, no lesions; 1, mild lesions with focal inflammation (edema and bleeding); 2, moderate lesions with focal to multifocal inflammation and scarce
lymphocytic infiltration; 3, severe lesions with disseminated inflammation, tissue degeneration, and massive lymphocytic infiltration. Error bars indicate the
standard deviations. Asterisks indicate statistically significant differences between FPV wt and FPV NS VN groups (P � 0.05; Wilcoxon rank sum test). No lesions
were observed in virus-free embryos. (C to E) Histology of turkey embryonic liver at 12 hpi showing representative pictures of noninfected (C), FPV-wt infected
(D), and FPV NS VN-infected (E) groups. The arrow indicates lymphocyte aggregation.
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endothelial cells as well as occasionally inflammatory mononu-
clear cells showed strong positive viral antigen staining in all in-
vestigated organs. Other cells in the intestine, skeletal muscle, and
brain were not positive for viral antigen staining. Overall, the lo-
cation and amount of influenza virus NP-positive cells in the dif-
ferent organs correlated with histopathologic results.

No infectious virus was detected in the amnio-allantoic fluids
(AAF) of embryos at 8 hpi (Fig. 5C and D). FPV NS VN replicated
faster and showed higher titers in AAF of chicken and turkey em-
bryos than FPV wt at the other investigated time points. FPV NS
VN was also detected in blood samples of infected turkey embryos
(not done in chicken), with mean virus titers of 3.6 � 103 FFU/ml
(n � 5) as early as 12 hpi, whereas no infectious virus was detected
in blood of the FPV wt-infected group at that time point. At 24
hpi, collection of blood was impossible due to the death of all
infected embryos.

No circulating IFN was detected in the serum samples of turkey
embryos at 8 and 12 hpi in the VSV CPE inhibition assay. On the
other hand, IFN-� mRNA levels were upregulated in embryonic
livers but without differences between the wild-type and NS-reas-
sortant HPAIV after infection of either species (Fig. 6A and B).
FPV wt but not FPV NS VN induced upregulation of IFN-� in the
intestine of turkey embryos but not in infected chicken embryos
(Fig. 6C and D).

DISCUSSION

Single NS reassortment of A/FPV/Rostock/1934 (H7N1) HPAIV
with NS segments of two different H5-type HPAIV and one H7-

type LPAIV changed the growth kinetics and host cell responses of
the reassorted viruses in TOC as well as in embryos of chicken and
turkey without the need of previous adaptation.

All examined NS-reassortant viruses showed different growth
kinetics in TOC, which varied to some extent between chicken and
turkey. Increasing virus titers seemed to correlate positively with
induction of ciliostasis in TOC-Tu. Nevertheless, since there was
no ciliostasis observed in virus-infected TOC-Ch, a general corre-
lation between successful virus replication and ciliostasis, repre-
senting virus-induced death of the ciliated epithelium, cannot be
confirmed. Infection of TOC of either species with FPV NS VN
resulted in the lowest virus replication accompanied by the highest
induction of type I IFN and apoptosis, as previously shown in
mammalian cell lines (19). IFN triggers the antiviral response and
is suggested to contribute to the control of IV infection in vitro
(21). Sequence comparison of the different NS segments indicated
that the NS1 protein of A/Vietnam/1203/2004 contains a 5-amino-
acid (aa) internal deletion as well as a 10-aa C-terminal truncation
(19). Due to the truncation, it lacks a poly(A)-binding protein II
(PABII) binding region and the PDZ-binding motif (PBM). By
targeting PABII and CPSF30, NS1 protein can inhibit 3=-end pro-
cessing of cellular pre-mRNAs (48). Since this also includes IFN
pre-mRNA, the loss of PABII binding may have contributed to the
failure of IFN suppression by FPV NS VN, resulting in decreased
virus titers.

The class I PBM of avian IV (ESEV) has been shown to reduce
apoptosis during infection by directly binding to the proapoptotic

FIG 5 Virus quantification in intravenously infected embryos of chicken (A and C) and turkey (B and D). Embryos were inoculated with 103 FFU of FPV wt or
recombinant VN HPAIV (n � 5/time point). (A and B) Virus quantification in embryonic organs was done with an influenza virus M gene qRT-PCR normalized
to 28S rRNA gene expression; CT values were subtracted from 35. (C and D) Amnio-allantoic fluids (AAF) were titrated by a focus-forming assay. Error bars
indicate the standard deviations. Asterisks indicate statistically significant differences between FPV wt and FPV NS VN �CT values in each organ at the same time
point postinfection (P � 0.05; Wilcoxon rank sum test). Different letters indicate statistically significant differences between virus titers (P � 0.05; ANOVA with
Tukey HSD).
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PDZ protein Scribble (49). Therefore, FPV NS VN may be a po-
tent inducer of apoptosis due to the truncation of the PBM at C
terminus of NS1.

FPV NS Ma showed the same growth characteristics as FPV NS
VN in TOC of turkey but did not induce high titers of IFN or
apoptosis rates. Other mechanisms may account for the relatively
poor growth of FPV NS Ma in TOC-Tu. Unlike growth in TOC-
Tu, FPV NS Ma replicated more effectively than FPV NS VN in
TOC-Ch. Previous results in permanent LMH chicken cells sup-
port this observation, where FPV NS Ma replicated as effectively as
FPV wt and FPV NS GD (19). Interestingly, reassortment of FPV
wt with the NS segment of A/goose/Guangdong/1/1996 (H5N1)
did not change virus replication rates in TOC of either species
although there was a slight delay in lesion development in com-
parison to the FPV wt. These results in primary avian TOC differ
from previous results in permanent human cell lines and primary
mouse epithelia cells, where FPV NS GD showed enhanced
growth compared to FPV wt, leading to the speculation that ge-
netic reassortment of AIV may have different consequences for
different host species (19, 20).

Reassorted allele B NS of H7N1 GD virus and allele A NS of
FPV wt revealed comparable viral replication rates, whereas allele
B NS of H7N3 Ma as well as allele A NS of H5N1 VN led to reduced
replication. It may be speculated that the interaction between NS1
and other viral as well as host proteins may influence the outcome
of HPAIV infection, which seems to be unrelated to the subtype or
allelic type.

Although TOC are a good model to analyze local HPAIV in-

fection of the upper respiratory tract, they still cannot replace in
vivo studies (50). Investigations of the activity and influence on
infiltrating innate immune cells but also cells of the specific im-
mune system need an in vivo model.

Interestingly, in vivo infection of chicken and turkey embryos
with wild-type FPV and reassortant FPV NS VN HPAIV showed
controversial results with respect to our in vitro TOC infection
data. FPV NS VN infection of embryos led to more effective virus
replication than wild-type FPV infection, in combination with
severe induction of lesions in both chicken and turkey, which was
not expected based on the in vitro observations in avian TOC.
Although FPV NS VN virus growth was reduced in vitro, it repli-
cated more effectively than the wild-type FPV in systemically in-
fected embryos.

An infection study in 15-day-old chickens confirmed the in-
creased virulence of FPV NS VN compared to that of the wild-type
FPV in vivo, which was evident by earlier and increased mortality
and lesion development in combination with increased expres-
sion of the proinflammatory cytokine interleukin-1� (IL-1�)
(51).

Furthermore, in contrast to the in vitro observations, expres-
sion of IFN-� mRNA upon in vivo infection of chicken and turkey
embryos with FPV wt or FPV NS VN did not correlate with virus
quantities. In contrast to the results in TOC, the IFN response of
HPAIV-infected embryos had no significant effect on virus repli-
cation. Although the immune system of a turkey or chicken em-
bryo is expected not to be fully mature at the time of AIV infection,
it is known from studies in chicken embryos that the IFN type I

FIG 6 IFN-� mRNA expression levels after intravenous infection of chicken (A and C) and turkey (B and D) embryos with FPV wt and FPV NS VN HPAIV.
Embryos were inoculated i.v. with 103 FFU of virus (n � 5/virus/time point). Relative IFN-� quantification was done by qRT-PCR, and values were normalized
to 28S rRNA expression. Presented is the fold change in IFN-� mRNA expression compared to that of virus-free controls in embryonic liver (A and B) and
intestine (C and D). Error bars indicate the standard deviation. Asterisks indicate statistical significant differences between CT values of FPV wt and FPV NS VN
groups at each time point; lowercase letters indicate statistically significant differences with respect to values of the noninfected control groups (P � 0.05;
Wilcoxon rank sum test).
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response is already functional at embryonation day 14 and devel-
ops over time (27, 52). The more mature the innate and also ac-
quired immune responses are, the stronger is the antiviral re-
sponse expected. Nevertheless, our observations in chicken and
turkey embryos coincide with a recent in vivo study (28). Pretreat-
ment of 5-week-old chickens with recombinant chicken IFN-�
did not protect against challenge with A/Cygnus cygnus/Germany/
R65/2006 H5N1 HPAIV (R65) (28). It was further demonstrated
that an R65 mutant with a deletion of NS1 and an NS-reassortant
R65 with a C-terminal truncated NS1 of SC35 (H7N7) HPAIV did
not induce high IFN levels in chickens, as would have been pre-
dicted based on the detection of high IFN levels after in vitro in-
fection studies or observations made in mice.

Our data support the previous hypothesis that the different
results between HPAIV infections in vivo and in vitro in the avian
system may be due to a potential override of the innate immune
response by rapid and efficient virus replication in vivo, possibly
due to differences in cell tropism (28).

During viremia, influenza viruses attach to red blood cells and
spread to various organs (53). Virus antigen detected in the vessels
of all investigated organs support this observation. Large amounts
of viral antigen in infected embryo tissues were also associated
with colocalized lesions, such as cell degeneration, hemorrhages,
and edema, but also mononuclear cells, possibly macrophages,
showed strong antigen staining in various tissues. The dissemi-
nated hemorrhages in various embryonic organs after infection
with FPV wt and FPV NS VN indicate virus tropism for vascular
endothelial cells. This strong tropism for the vascular endothe-
lium has been demonstrated with A/FPV/Rostock/1934 and sev-
eral other H5 and H7 HPAIV viruses before (7, 54, 55).

In summary, single NS reassortment of an H7-type HPAIV
with NS segments of different subtypes changed virus replication
characteristics and the host cell response in the avian system with-
out prior adaptation. Depending on the NS segment, the NS-re-
assortant HPAIV varied in their growth characteristics and abili-
ties to counteract the host’s innate immune response in the in vitro
TOC system. Infection studies in turkey and chicken embryos
demonstrated that, despite the inability of the NS-reassortant FPV
NS VN HPAIV to suppress the host’s antiviral IFN response in
vitro, it replicated more efficiently than the wild-type FPV HPAIV
under in vivo conditions. Our data seem to correlate with other
HPAIV in vivo studies in birds, leading to speculation that the
induction of high IFN levels may not allow a prediction about
reduced HPAIV virulence in birds, which is possibly different for
mammalian species.
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