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The Asian H5N1 highly pathogenic avian influenza (HPAI) viruses have been increasing in pathogenicity in
diverse avian species since 1996 and are now widespread in Asian, European, and African countries. To better
understand the basis of the increased pathogenicity of recent Asian HSN1 HPAI viruses in chickens, we compared
the fevers and mean death times (MDTs) of chickens infected with the Asian HSN1 A/chicken/Yamaguchi/7/04
(CkYM?7) strain with those infected with the HSN1 Duck/Yokohama/aq10/03 (DkYK10) strain, using a wireless
thermosensor. Asian HSN1 CkYM?7 caused peracute death in chickens before fever could be induced, whereas
DKYK10 virus induced high fevers and had a long MDT. Real-time PCR analyses of cytokine mRNA expressions
showed that CkYM7 quickly induced antiviral and proinflammatory cytokine mRNA expressions at 24 h postin-
fection (hpi) that suddenly decreased at 32 hpi. In contrast, these cytokine mRNA expressions increased at 24 hpi
in the DkYK10 group, but decreased from 48 hpi onward to levels similar to those resulting from infection with the
low-pathogenicity HSN2 A/chicken/Ibaraki/1/2004 strain. Sequential titrations of viruses in lungs, spleens, and
kidneys demonstrated that CKYM?7 replicated rapidly and efficiently in infected chickens and that the viral titers
were more than twofold higher than those of DkYK10. CkYM?7 preferentially and efficiently replicated in macro-
phages and vascular endothelial cells, while DkYK10 grew moderately in macrophages. These results indicate that
the increased pathogenicity in chickens of the recent Asian HSN1 HPAI viruses may be associated with extremely
rapid and high replication of the virus in macrophages and vascular endothelial cells, which resulted in disruption
of the thermoregulation system and innate immune responses.

Since the first detection of the Asian lineage of highly patho-
genic avian influenza (HPAI) virus (H5N1) in southern China
in 1996, H5N1 virus infection in birds has continued for 13
years in Asia, acquiring pathogenicity not only in birds but also
in mammals. In 1997, the HSN1 Hong Kong isolates caused
illness and death in a variety of terrestrial birds and even in
humans (9, 37, 48, 49). In 2001, emerging H5N1 Hong Kong
isolates were more pathogenic to chickens and the mean death
time (MDT) was 2 days without any prior clinical signs (12). In
2003 to 2004, the HSNT1 epizootic occurred simultaneously in
East Asian countries (22, 30). The 2003/2004 H5N1 isolates
caused death in taxonomically diverse avian species, including
domestic ducks (46, 47, 51), and humans (7, 55). Furthermore,
the first indication of wild aquatic bird involvement occurred at
recreational parks in Hong Kong in late 2002 to 2003 (46), and
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then migratory aquatic bird die-off occurred in 2005 at Qinghai
Lake in China (6, 24). The broad host spectrum and increased
pathogenicity of H5N1 viruses to diverse bird species raise
serious concerns about the worldwide spread of the virus by
migratory birds.

According to the international criteria, HPAI viruses are de-
fined by over 75% mortality in 4- to 8-week-old chickens following
an intravenous pathogenicity test or an intravenous pathogenicity
index (IVPI) of more than 1.2 in 6-week-old chickens (34); how-
ever, there are some variations in pathogenicity intensity among
the HPAI viruses in chickens (1, 3, 5, 12, 15, 28, 31, 48, 50-52, 57).
Most of the HPAI viruses that were isolated before 1996 cause
severe clinical signs (e.g., ruffled feathers, depression, labored
breathing, and neurological signs) and severe gross lesions (e.g.,
head and face edema, cyanosis, subcutaneous hemorrhages in
combs and leg shanks, and necrosis of combs and wattles) in
chickens (1, 3, 15, 31, 50, 52, 57). These viruses usually kill chick-
ens 3 to 6 days after intranasal inoculation. On the other hand, the
recently emerged Asian HSN1 HPALI viruses are more virulent
and kill chickens within 1 to 2 days without causing typical clinical
signs and gross lesions (5, 12, 27, 33, 48, 51), although some Asian
HSNT1 viruses, such as A/Goose/Guangdong/2/96 (23), A/goose/
Hong Kong/437-10/99 (17), and A/chicken/Indonesia/7/03 (58),
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were less virulent. To successfully control HPAI in poultry, it is
important to better understand the mechanisms of increased
pathogenicity of recent HSN1 HPAI viruses in chickens.

The Asian H5SN1 HPALI virus has another important char-
acteristic, which is its capability of crossing host-species barri-
ers. It was reported that the HSN1 virus can infect and cause
death in mammals such as mice (5, 9, 12, 14, 29), cats (21),
tigers (2), ferrets (11, 26), monkeys (40), and humans (7, 49,
55). High-level inductions of proinflammatory cytokines in
mammals infected with the H5N1 viruses, referred to as “cy-
tokine storms,” have been hypothesized to contribute to the
severity of pathological changes and ultimate death (4, 7, 13,
45, 55). Cytokine and chemokine dysregulation was detected in
clinical cases of H5N1-infected humans (8, 13, 36) and also in
monkeys experimentally infected with the HIN1 Spanish flu
strain (20). In a mouse model, lymphocyte apoptosis and cy-
tokine dysregulation have been proposed to contribute to the
severity of the disease caused by H5N1 (56). Investigations
with transgenic mice deficient in each cytokine gene suggest
that tumor necrosis factor alpha (TNF-a) may contribute to
morbidity and interleukin-1 (IL-1) may be important for virus
clearance (53). However, mice deficient in TNF-a or IL-6
succumb to infection with H5N1, and cytokine inhibition treat-
ment does not prevent death (42), suggesting that therapies
targeting the virus rather than cytokines may be preferable.
Thus, the significance of elevated proinflammatory cytokine
responses in the pathogenesis of H5SN1-infected mammals re-
quires further studies.

In contrast, little is known about proinflammatory cytokine
responses and their roles in pathogenicity in chickens infected
with HPAT viruses, including the recent Asian H5N1 viruses. It
was reported that infection with an HPAI virus results in up-
regulation of gene expression of gamma interferon (IFN-vy)
and inducible nitric oxide synthase (58). However, the roles of
proinflammatory cytokines in disease severity and outcomes in
chickens infected systemically with HPAI viruses are largely
unknown. The less-virulent Asian H5N1 virus, which causes
severe clinical signs and gross lesions in chickens (17, 23, 27,
58), would be a valuable tool for investigating the role of
proinflammatory cytokines in chickens infected with HPAI
viruses, as well as for exploring the pathogenesis of the more-
virulent Asian HSN1 HPALI virus, because of the antigenic and
molecular similarities between them.

In this study, we compared the pathogenicities in chickens of
the less-virulent and more-virulent Asian HSN1 HPAI viruses
based on MDT, fever, cytokine responses, and viral replication.
Our results suggest that the shift in the Asian H5N1 virus to
increased virulence may be associated with efficient and rapid
replication of the virus in chickens, accompanied by early de-
struction of host immune responses and followed by peracute
death before fever can be induced. Finally, we discuss candi-
date genes that may account for the high pathogenicity of
Asian H5N1 HPALI viruses in chickens.

MATERIALS AND METHODS

Viruses and titration. Two HPAI virus isolates and one low-pathogenicity
avian influenza (LPAI) virus isolate were used: A/chicken/Yamaguchi/7/2004
(H5N1) (CkYM?7), isolated from a chicken during an outbreak in Japan (30), was
used as the recent Asian H5N1 HPAI virus. A/duck/Yokohama/aq10/2003
(H5N1) (DkYKI10), isolated in Japan from duck meat imported from China (27),
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was used as a less-virulent Asian HSN1 HPAI virus. A/chicken/Ibaraki/1/2005
(H5N2) (CKIB1) was an LPAI virus isolated from a chicken farm during the
LPAI outbreaks in 2005 and 2006 in Japan (35). These viruses were propagated
in the allantoic membrane of 10-day-old embryonated chicken eggs, and the virus
fluids were harvested and stored at —80°C until use. A 50% egg infection dose
(EIDs,) was determined using the method of Reed and Muench (39). The HPAI
viruses were handled in a biosafety level 3 (BSL 3) facility following the protocols
outlined in the biosafety manual for HPAI of our institute.

Chickens. Four-week-old specific-pathogen-free (SPF) White Leghorn (Gallus
gallus domesticus) chickens were purchased from the Nippon Institute of Bio-
logical Science (Kobuchizawa, Yamanashi, Japan). All of the chickens were
housed in negative-pressure isolators with HEPA filters in the BSL 3 animal
experimental facility in our institute in accordance with the biosafety manual.

Body temperature and MDT. A wireless thermosensor (AirSense; Hitachi,
Tokyo, Japan), which was designed for this experiment, was attached to the
abdominal skin surface of each chicken by no-stretch sports tape. We also found
that pathogenicity levels of two HPAI viruses were more clearly differentiated by
the fever and MDT than by the INPI test (see Fig. S1 and S2 and Table 1 in the
supplemental material). The wireless thermosensor signals were sent to a re-
ceiver placed outside of the isolator and then transferred to a computer outside
the BSL 3 facility through an intranetworking system. The wireless thermosensor
recorded the chickens’ body temperature for 1 s every 20 s, and these data were
processed to obtain the mean body temperature for each hour. The basal body
temperature was estimated as the mean of the body temperature for 24 h before
inoculation, and the basal body temperature varied from 39.9°C to 41.4°C among
chickens. The fever in each chicken was estimated as above the basal body
temperature for every 3 h. Individual death time was defined as the time when
the body temperature dropped below 30°C after the virus inoculation.

A total of 34 chickens were divided into four groups of 7 to 10 chickens each.
There were three inoculated groups for CkYM7 (n = 10), DkYK10 (n = 7), and
CKIB1 (n = 10) and one uninoculated control group (n = 7). Each chicken was
inoculated intranasally at a dose of 10%° EIDsy/0.1 ml of Al virus with a mi-
cropipette, and chickens in each group were reared in a negative-pressure iso-
lator as described above.

Chicken infectious dose. To determine how viral dosage in inoculum affects
fever and MDT in chickens, groups of 4-week-old SPF chickens were intranasally
inoculated with different amounts of CkYM?7 (n = 24) or DkYKI10 (n = 24) (10"
to 10%° EIDs, for each dilution). The chickens wore a wireless thermosensor to
determine their exact body temperature and MDT and were observed for clinical
signs twice a day until all of the chickens had died or for 7 days. The degree of
fever and MDT for each group were estimated as described above.

Cytokine response experiment. A total of 36 chickens were divided into four
groups: groups inoculated with CkYM7 (n = 9), DkYK10 (n = 12), and CkIB1
(n = 12) and an uninoculated control group (n = 3). Each chicken was intra-
nasally inoculated with 10%° EID5,/0.1 ml of CkYM7, DkYK10, or CKIB1, and
chickens in each group were reared in a negative-pressure isolator as described
above. Three chickens per group were euthanized with ether and sacrificed at
each harvest time: 12, 24, and 32 h postinoculation (hpi) for the CkYM?7 group;
12, 24, 48, and 84 hpi for the DkYK10 group; and 24, 48, 72, and 120 hpi for the
CKIB1 group. The lungs were removed, soaked in RNA Later solution (Ambion,
Austin, TX), and stored at —80°C until used.

Total tissue RNA was extracted from lung homogenate supernatants with the
RNeasy minikit (Qiagen, MD) according to the manufacturer’s instructions. The
quality of the extracted total tissue RNA was assessed visually by agarose gel
electrophoresis with 1.5% formamide to obtain pure RNA samples with a 28S/
18S ratio of 2.0. Three micrograms of total tissue RNA per sample was reverse
transcribed into cDNA at 42°C for 60 min using 200 U of avian myeloblastosis
virus reverse transcriptase (Takara, Shiga, Japan) and 2.5 ng/pl random primers
(Takara) in the presence of RNase inhibitor (Takara).

The cDNA performed on lung tissue was used to quantify cytokine mRNA
expression levels by real-time PCR to compare the host immune responses
among chickens infected with CkYM7, DkYKI10, or CkIB1. A total of nine
cytokine probe/primer sets used in this study were IFN-a, IFN-B, IFN-y, IL-4,
IL-6, IL-8, IL-10, IL-15, and IL-18 mRNAs (19, 38, 41, 59) (Table 1), with
modification of the primer/probe concentrations. Briefly, the reaction mixture
consisted of 5 ul of Tag polymerase master mixture (Perfect real time; Takara),
1 wl of cDNA (0.3 pg), 1 wl each of forward and reverse primers (100 pM), 1 pl
of probes (50 pM), and 1 pl of ROX reference dye IT (X50) (Takara). All of the
reactions were run in triplicate with the ABI PRISM 7500 sequence detection
system (Applied Biosystems, CA) using the following cycling parameters: 1 cycle
at 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 94°C for 15 s and
60°C for 1 min. Each cycle threshold (C;) value was an average of values
obtained from the samples. The mRNA expression level was computed using the



VoL. 83, 2009

CHARACTERIZATION OF PATHOGENICITY OF H5N1 HPAI VIRUS 7477

TABLE 1. List of probes and primers for real-time quantitative reverse transcription-PCR for detection of chicken cytokine mRNAs

Target

RNA Probe or primer sequence (5'—3")*

Exon

boundary Reference

Accession no.

28S Probe: 5'-(FAM)-AGGACCGCTACGGACCTCCACCA-(BHQ)-3'

Forward primer: 5'-GGCGAAGCCAGAGGAAACT-3’
Reverse primer: 5'-GACGACCGATTTGCACGTC-3’

IFN-a
Forward primer: 5'-GACAGCCAACGCCAAAGC-3’
Reverse primer: 5'-GTCGCTGCTGTCCAAGCATT-3'

IFN-B
Reverse primer: 5'-TGGCGTGCGGTCAAT-3’

IEN-y

Probe: 5'-(FAM)-CTCAACCGGATCCACCGCTACACC-(BHQ)-3’

Probe: 5'-(FAM)-TTAGCAGCCCACACACTCCAAAACACTG-(BHQ)-3’
Forward primer: 5'-CCTCCAACACCTCTTCAACATG-3'

Probe: 5'-(FAM)-TGGCCAAGCTCCCGATGAACGA-(BHQ)-3’ 3/4

X59733 38

U07868 38

Intronless

X92479 38

Intronless

Y07922 19

Forward primer: 5'-GTGAAGAAGGTGAAAGATATCATGGA-3’

Reverse primer: 5'-GCTTTGCGCTGGATTCTCA-3’

IL-4 Probe: 5'-(FAM)-AGCAGCACCTCCCTCAAGGCACC-(BHQ)-3’ 3/4
Forward primer: 5'-AACATGCGTCAGCTCCTGAAT-3’

AJ621735 41

Reverse primer: 5'-TCTGCTAGGAACTTCTCCATTGAA-3’

IL-6 Probe: 5'-(FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-(BHQ)-3' 3/4

Forward primer: 5'-GCTCGCCGGCTTCGA-3’

Reverse primer: 5'-GGTAGGTCTGAAAGGCGAACAG-3’

IL-8 Probe: 5'-(FAM)-TCTTTACCAGCGTCCTACCTTGCGACA-(BHQ)-3’

Forward primer: 5'-GCCCTCCTCCTGGTTTCAG-3’
Reverse primer: 5'-TGGCACCGCAGCTCATT-3’

IL-15

Probe: 5'-(FAM)-AAGTTGCAAATCTTGCATTTCCATTTTTCCA-(BHQ)-3' 4/5

AJ250838 19

172 AJ0099800 59

AJ416937 19

Forward primer: 5'-TAGGAAGCATGATGTACGGAACAT-3’
Reverse primer: 5'-TTTTTGCTGTTGTGGAATTCAACT-3’

IL-18

Reverse primer: 5'-ACCTGGACGCTGAATGCAA-3'

Probe: 5'-(FAM)-CCGCGCCTTCAGCAGGGATG-(BHQ)-3’ 4/5
Forward primer: 5'-AGGTGAAATCTGGCAGTGGAAT-3’

AJ276026 19

“ FAM, 6-carboxyfluorescein; BHQ, Black Hole Quencher dye (Biosearch Technologies).

27 44T method with the formula 27 (A7 for sample = ACT for control) (35) The 288
rRNA was used as a control.

Virus replication in chickens. To compare virus replication efficiencies among
viruses in chickens, a total of 33 chickens were divided into three groups: CkYM7
(n = 12), DkKYK10 (n = 12), and CKIB1 (n = 9). The chickens in each group
were inoculated intranasally with 10°° EIDs/0.1 ml of each virus, and chickens
in each group were reared in a negative-pressure isolator as described above.
Three chickens per group were euthanized with ether and sacrificed at each of
the harvest times: 12, 24, 30, and 32 hpi for the CkYM?7 group; 24, 48, 72, and 81
hpi for the DkYK10 group; and 72, 120, and 168 hpi for the CKkIB1 group. The
lungs, spleens, and kidneys were removed and stored at —80°C until the titration.
For the viral titration, 0.1 g of tissue was mixed with 900 wul of Dulbecco’s
modified Eagle’s medium (Nissui, Tokyo, Japan) containing 10% fetal bovine
serum (Invitrogen) and penicillin-streptomycin and then homogenized using a
Multi-Beads shocker (Yasui Kikai, Osaka, Japan) to make the 10% tissue ho-
mogenate. After centrifugation at 10,000 rpm (8,000 X g) for 5 min at 4°C, the
supernatant was used for virus titration with 10-day-old embryonated eggs. The
virus titer was calculated as described previously (39).

Histopathology and immunohistochemistry. The infected chickens used in the
virus replication experiment were also processed for the histopathological study
and immunostaining. These chickens were inoculated intranasally with CkYM7,
DkYK10, or CkIB1, and their lungs, spleens, livers, kidneys, large intestines,
pancreases, and tracheae were collected sequentially and fixed in 10% neutral
buffered formalin. The tissues were dehydrated in a graded ethanol series (70, 80,
90, and 100% for 3 min in each) at room temperature and air dried. After the
tissues were embedded in paraffin, 4-um-thick sections were prepared and
placed in hematoxylin-and-eosin solution (Sigma) for 20 min at room tempera-
ture, decolorized with 1% HCI in 70% ethanol, and stained with eosin solution
(Sigma) for 10 min. Immunohistochemistry of the serial sections was performed

to examine the distribution of the AI virus matrix protein (M) antigen with
anti-M monoclonal antibody as described previously (54).

Detection of apoptotic cells. To compare the apoptosis induced in chickens
infected with the two HPAI viruses, each of three chickens was intranasally
inoculated with CkYM7 or DkYK10 (10°° EID5,/0.1 ml), and each group of
chickens was reared in a negative-pressure isolator. These chickens were eutha-
nized with ether and sacrificed at 36 or 96 hpi for CkYM7 and DkYKI0,
respectively, and lungs and spleens were fixed in 10% neutral buffered formalin.
These paraffin sections were stained with ApopTag peroxidase in situ apoptosis
detection kit (S7100; Chemicon International, Inc.) according to their protocol
within 7 days after being sacrificed.

Statistical analysis. Student’s ¢ test was used to determine the statistical
significance of fever and MDT in chickens infected with CkYM7, DkYKI10, or
CKkIB1. Statistical significance was set at P < 0.05.

RESULTS

Clinical signs and gross lesions. To compare the pathoge-
nicities of the two HPALI viruses in 4-week-old chickens, each
of 10 4-week-old SPF chickens was inoculated intranasally with
each HPAI virus, and clinical signs, gross lesions, and mortality
were observed every 12 h. Both of the two HPAI strains,
CkYM7 and DkYKI10, caused 100% mortality in the chickens,
and the intranasal pathogenicity indices (INPI) were more
than 2.3, whereas the LPAI strain, CKIB1 (H5N2), induced no
mortality in chickens and the INPI was 0.0 (Fig. 1 and Table 2).
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FIG. 1. Survival of 4-week-old chickens after intranasal inoculation
with one of two HPAI viruses or an LPAI virus. Shown is the percent
survival of chickens inoculated with CkYM7 (H5N1), DkYK10
(H5N1), or CKIB1 (H5N2) or mock inoculated. The remaining chick-
ens were observed for clinical signs and gross lesions twice a day
through a 10-day observation period.

There were some variations in the disease outcome among
the two HPAI viruses. CkYM7, a recent Asian H5N1 virus,
caused no typical clinical signs and no gross lesions, except for
ruffled feathers and depression. All of the infected chickens
(10/10) died within 2 days after inoculation with 10%° EIDs,
(Fig. 1). In contrast, DkYK10 caused severe respiratory signs,
along with hemorrhages in combs, wattles, and leg shanks and
severe edema of the head and legs. The gross lesions were first
observed after 48 hpi and then more frequently after 72 hpi.
Chickens infected with DkYK10 died 4 to 6 days after inocu-
lation (Fig. 1). Chickens infected with CkIB1 and uninfected
control chickens showed no clinical signs, no gross lesions, and
no mortality in the 10 days after inoculation.

Fever and MDT. To further compare the pathogenicities of
the two HPAI viruses in chickens, induction of fever and ac-
curate MDT were determined with the wireless thermosensors.
In chickens infected with the CkYM7 strain, slight fever
(+0.6°C) was observed at 24 hpi, but it suddenly decreased
from 30 hpi onward (Fig. 2A). No chickens had fevers of more
than 1.0°C above their baseline temperature, and the MDT
was 34 h = 2.2 h (Fig. 3).

In contrast, chickens infected with DkYK10 had high fevers
(Fig. 2B). The fevers appeared at around 30 hpi and persisted
for about 2 days with a peak of +2.4°C = 0.3°C at around 60
hpi. All seven of the chickens had a fever of more than 2.0°C.
Body temperatures started to drop at 72 hpi, and the MDT was
87 h = 6.0 h (Fig. 3). The differences in fever and MDT
between infection with CkYM?7 and infection with DkYK10
were significant (P < 0.05).

CkIBL1 did not induce fever (Fig. 2C), and the body temper-
ature kinetics were similar to those of uninoculated control
chickens (Fig. 2D). The slight increase in body temperature at
100 hpi in chickens infected with CkIB1 may be an artifact,
because the change was not reproduced in the second trial
(data not shown).

Averages of the fever and MDT in each virus group are
shown in Fig. 3A and B, respectively.

Effect of virus amount on fever and MDT. To determine the
effect of virus dose on fever and MDT in chickens, four SPF
chickens per group were intranasally inoculated with different
amounts of CkYM7 or DkYK10, and fever and MDT were com-
pared among groups infected with each virus strain (Fig. 4).

For CkYM?7, all of the chickens inoculated intranasally with
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more than 10° EIDs, died; the 50% chicken infectious dose
was 10*° EIDs,. The dead chickens did not show any respira-
tory signs or gross lesions. In parallel with the increase in the
virus titer of the inoculum the MDT became shorter (~7 h/log
EIDs): 10°,57 * 4 h; 10%, 49 = 1.7 h; 10°, 40 = 1 h; and 10°,
36 = 2.4 h. Variation of the MDT within each dosage group
was minimal for the CkYM?7 strain (Fig. 4A), and the degrees
of fever appeared to be similar among the CkYM7 groups: 10,
+0.7 = 0.1°C; 10%, +1.0 = 0.3°C; 10°, +1.1 = 0.2°C; and 10°,
+0.9 = 0.2°C (Fig. 4B).

We also observed these trends in chickens inoculated with
DkYK10. All of the chickens inoculated with more than 10°
EID;, of DkYKI10 died, and the 50% chicken infectious dose
was 10%° EIDs,. All of the dead chickens exhibited severe
clinical signs and gross lesions before death. The MDT de-
creased in proportion with the increase in the virus titer of the
inoculum (~10 h/log EIDs): 10°, 110 + 25 h; 10*, 97 = 16 h;
10°,97 = 7 h; and 10°, 88 = 7 h (Fig. 4C). However, the MDTs
within the DkYK10 groups varied markedly, particularly when
the chickens were inoculated with low doses of the virus. The
degree of fever did not differ substantially among the groups:
10°, +2.7 = 0.1°C; 10%, +2.1 = 0.3°C; 10°, +2.4 = 0.6°C; and
10° +2.4 = 0.4°C (Fig. 4D).

These results indicate that MDT and fever, as well as clinical
signs and gross lesions, were determined by intrinsic charac-
teristics of the two virus strains, although MDT was influenced
to some extent by the virus titer of the inoculum.

Comparison of cytokine responses in chickens. To compare
antiviral or proinflammatory cytokine responses in chickens
infected with CkYM7, DkYK10, or CkIB1 of different patho-
genicity, antiviral and proinflammatory cytokine expressions in
lungs were sequentially quantified using a real-time PCR.

In chickens infected with CkYM?7, quick increases in mRNA
expression levels of antiviral (IFN-a and IFN-B) and proin-
flammatory (IL-6, IL-8, IL-15, and IL-18) cytokines were de-
tected at 12 hpi compared with preinfection levels (Fig. 5).
These cytokine expression levels then peaked at 24 hpi; how-
ever, suddenly the levels decreased at 32 hpi, just before death.
On the contrary, the expression levels of IFN-y and IL-4
mRNAs were decreased from 24 hpi and further at 32 hpi in
the chickens.

In chickens infected with DkYK10, expressions of antiviral
(IFN-a and IFN-B) and proinflammatory (IL-6, IL-8, and IL-
15) cytokine genes were rapidly upregulated at 12 hpi and then
reached a maximum at 24 hpi, as was observed in chickens
inoculated with CkYM7 (Fig. 5). These cytokine levels de-
clined at 48 hpi to levels compatible with or lower than those
induced by LPAI CKkIB1; the lower levels persisted until the
end of the experiment.

TABLE 2. Pathogenicity of the two HPAI viruses and one LPAI
virus in 4-week-old chickens after intranasal inoculation®

No. of chickens

Virus sick/dead (total) INPI Reference
CkYM7 10/10 (10) 2.7 30
DkYK10 10/10 (10) 2.3 27
CKkIB1 0/0 (10) 0.0 35

“ Four-week-old White Leghorn chickens were inoculated intranasally with
10%° EIDs,/0.1 ml of each virus.



VoL. 83, 2009

-
n

S RITIII

T —TrTT T
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Hours after inoculation

w
n

Body temperature (‘C) >
w —
=] =}

N
n

Body temperature (°C) G
s
4

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168

Hours after inoculation

CHARACTERIZATION OF PATHOGENICITY OF H5N1 HPAI VIRUS

o9)

Body temperature (°C) U

7479

40

35 4

30

Body temperature (°C)

25

T T T LI e m
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Hours after inoculation

25

24 36 48 60 72 84 96 108 120 132 144 156 168
Hours after inoculation

T
0 12

FIG. 2. Body temperature kinetics of chickens after intranasal inoculation with one of two HPAI viruses or an LPAI virus. The average kinetics
are shown. Each curve shows the mean * standard deviation for 7 to 10 chickens. (A) CkYM7 (H5N1); (B) DkYK10 (H5N1); (C) CkIB1 (H5N2);

and (D) mock.

Together, IL-18 and IL-12 induce IFN-y expression during
cell-mediated immunity. IL-18 expression levels increased dra-
matically at 24 and 48 hpi in DkYK10-inoculated chickens (3
logs higher) and then decreased at 84 hpi to levels comparable
with those of the CkIBl-infected chickens (Fig. 5). Neverthe-
less, the IFN-y gene expression was not upregulated in the
DkYK10 group (Fig. 5), and expression of IL-4 that stimulates
proliferation of activated B cells was not increased.
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FIG. 3. Fever and MDT of chickens after intranasal inoculation.
Values represent the mean * standard deviation for each group.
(A) Fever is based on increases above the basal body temperature.
Average fever per group is shown. (B) The time to death of each
chicken was defined as the time when body temperature fell below
30°C after inoculation; the MDT for each group is shown. An asterisk
denotes significant difference from the value for CkYM7 (H5N1) (P <
0.05).

Death time (h)

Expression of IFN-a, IL-4, IL-6, IL-15, and IL-18 mRNAs
moderately increased at 24 and/or 48 hpi in chickens infected
with CkIB1, whereas IL-8 mRNA slowly increased with a peak
at 72 hpi. IFN-B and IFN-y expression levels were slightly
upregulated or similar to those of uninfected chickens through-
out the experiment (Fig. 5).

Comparison of virus replication efficiency. To compare the
viral growth curves following infection with CkYM?7, DkYK10,
or CkIB1, chicken lungs, kidneys, and spleens were collected
sequentially and the tissue homogenates were subsequently
assayed for virus titers.

As shown in Fig. 6, the viral titers of CkYM7 were very high
compared with those of DkYK10. CkYM?7 replicated very rap-
idly and efficiently in chickens (Fig. 6). There was almost no
difference in viral titers among the three tissues. The virus was
first detected at 12 hpi (10*° and 10> EIDs,/g in two of three
chickens); it reached 1072 EIDs,/g at 24 hpi in the lungs, and
then climbed to 10%® EIDsy/g at 30 hpi, followed by 10'%>
EIDsy/g at 32 hpi, just before death. These virus titers were
more than 100 times higher than those of DkYK10.

DkYKI10 grew moderately well in chickens (Fig. 6). The
virus was detected in lungs at 24 hpi (10*2 EIDs/g in three of
three chickens), and the virus titer increased to 10°° EIDs,/g at
48 hpi, which was maintained until 84 hpi, just before death,
except that virus titers at 72 hpi were slightly higher.

Replication of the LPAI CkIB1 in chickens was restrictive,
and the virus titer was either low or not detected in tissues
throughout the experiment. Viral titers in lung tissues were
higher than those in spleens or kidneys. CkIB1 was recovered
at a low titer from lungs at 72 (one of three chickens), 120
(10*° EIDs,/g in 1/3 chickens), and 168 (10*° EIDs/g in one
of three chickens) hpi, and hardly detected in spleens and
kidneys from 120 hpi onward (Fig. 6).

Comparison of immunohistochemical staining. To compare
the yield and distribution of viral antigens in chickens inocu-
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FIG. 4. Effect of virus dose on fever and MDT of chickens infected with CkYM7, DkYK10, or CkIB1. Four-week-old SPF White Leghorn
chickens (four chickens per dilution) were intranasally inoculated with 0.1 ml of diluted virus. MDT and average fevers of the chickens after
inoculation with CkYM?7 (A and B) and DkYK10 (C and D) are shown. Values represent the mean *+ standard deviation for each dilution.

lated with CkYM7, DkYKI10, or CkIBI, the lungs, spleens,
livers, kidneys, large intestines, pancreases, and tracheae were
collected sequentially and stained immunohistochemically with
anti-M antibody (Table 3). In the CkKYM7 group, M antigen
was first detected in lung and kidney tissues from one of the
three chickens killed at 12 hpi and had spread to most tissues
except for the intestines by 24 hpi. By 30 and 32 hpi, staining
for M antigen was generalized and intense (Table 3). The M
antigen was detected mainly in vascular endothelial cells and
macrophages in lungs (Fig. 7A) and macrophages in spleen
(Fig. 7C) in the CkKYM?7 group.

In contrast, the viral antigen was first detected in lung tissue
from one of the three DkYK10-infected chickens killed at 24 hpi,
but the distribution and intensity of M antigen did not increase as
dramatically as they did in CkYM7-infected chickens. Slight to
moderate amounts of M antigen were detected from 48 to 81 hpi
in several organs, although it was found most frequently in lungs
(Table 3). There was some variability in number of M antigen-
positive cells among individual chickens infected with the
DkYK10. These cells appeared to be macrophages in lungs (Fig.
7B) but were not identified in other tissues.

Macrophage invasion of the lungs and spleens was his-
topathologically observed in chickens infected with either
CkYM7 or DkYK10. The amount of viral antigen detected in
tissues correlated with the viral titers of the two HPAI virus
strains measured from tissue (Table 3 and Fig. 7).

Detection of apoptotic cells. The apoptotic cells were de-
tected in lungs and spleens of all three chickens inoculated
with CkYM7 (Fig. 8A and D) or DkYK10 (Fig. 8B and E). The
apoptotic cells were more frequently detected in spleens than
in lungs in both virus strains, but there was no difference in
intensity in lungs or spleens between the two HPAI virus

strains. Most of the apoptotic cells might be macrophages in
both tissues in both virus strains. Negligible numbers of apop-
totic cells were detected in lungs and spleens of the uninfected
chickens (Fig. 8C and F).

DISCUSSION

IL-1 and IL-6 produced by lymphocytes and macrophages
stimulate vascular endothelial cells to synthesize prostaglandin
E,, which binds to the EP3 receptor in neural cells in the
hypothalamus. The signal in the hypothalamus is then trans-
ferred to peripheral thermoregulatory systems to generate fe-
ver. It was unknown whether HPALI virus infection in chickens
caused high fever. To our knowledge, the present study is the
first to demonstrate that there are two types of fever kinetics in
chickens infected with HPAI viruses of different pathogenici-
ties. The extremely virulent strain CkYK?7 replicated quickly
and efficiently in chickens and caused no or slight fever. The
extremely rapid replication of CkYM7 in macrophages and
vascular endothelial cells described below might disrupt the
thermoregulation system of chickens. This speculation was
supported by the fact that fever was not induced in chickens
that survived for 57 h after inoculation with minimum amount
of CkYM7 (10*° EIDs). In contrast, the less-virulent strain
DkYK10 gave rise to high and long fevers in chickens, which
declined gradually after the peak. This suggests that although
the chicken’s thermoregulatory system responded normally for
the first 2 days of infection, it was then disrupted, as indicated
by the declining fever. The kinetic curves of fevers were pre-
served in chickens inoculated with different amounts of
DkYK10. These results demonstrate that fever is an indicator
to determine the pathogenicity of avian influenza virus in
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FIG. 5. Kinetic curves of mRNA expression of IFN-a, IFN-B, IFN-y, IL-4, IL-6, IL-8, IL-10, IL-15, and IL-18 genes in the lungs of chickens
infected with Al viruses. The data are the mean change (fold) = standard deviation for cytokine mRNA expression levels in each group. In contrast
with CkIB1, CkYM7 and DkYK10 induced higher levels of IFN-a, IFN-B, IL-6, IL-8, IL-15, and IL-18.

chickens. At present, the intravenous pathogenicity test is an
authorized test for the determination of pathogenicity of avian
influenza viruses in chickens by the World Organization for
Animal Health (OIE). In this test, less-objective indicators
such as observations of clinical signs, gross lesions, and day of
death time were used (34). Actually, the INPIs were not much
different between CkYM?7 and DkYKI10 (2.7 and 2.3, respec-
tively) (Table 2). We also found that pathogenicity levels of
two HPAI viruses were more clearly differentiated by the fever
and MDT than by the INPI test (see Fig. S1 and S2 and Table

1 in the supplemental material). The wireless thermosensor
would be the useful tool to determine the pathogenicity of
infectious pathogens in birds and mammals.

Clinical signs and gross lesions are closely associated with
pathogenicity of Al viruses in animals, and the distribution and
severity of gross lesions and clinical signs vary among HPAI
viruses in chickens (1, 3, 12, 15, 27, 28, 31, 50-52, 57). We
investigated onset of clinical signs and gross lesions in chickens
infected with two HPAI viruses of different pathogenicities.
Only severe depression was observed prior to death in chickens
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FIG. 6. Kinetics of virus titers in chicken tissues. Titers of individual lungs, kidneys, and spleens were determined with embryonated chicken
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infected with CkYM?7. In contrast, severe clinical signs and
gross lesions were detected in chickens infected with DkYK10
from 72 hpi onward. These observations suggest that onset of
clinical signs and gross lesions began at 48 hpi and became
obvious by 72 hpi in chickens that survived the peracute phase.
Swayne and others have suggested that altered permeability of
cardiovascular endothelial cells is responsible for edema and
hemorrhage (3, 37, 48, 50, 51). This stage is probably followed
by a consumptive coagulopathy with thrombocytopenia (32)
and efficient virus replication in multiple organs, resulting in
multiple organ failure and death. In our study, these processes
were not observed in chickens infected with CkKYM?7 but were
observed in those infected with DkYK10, who survived longer.
Variations in the severity of clinical signs and gross lesions
among HPALI virus strains appear to be associated with time of
death. However, typical clinical signs and gross lesions were
not observed in chickens inoculated with 10*° EIDs,, of strain
CkYM?7, which survived for approximately 57 h. Although time
of death is a critical factor for producing clinical signs and
gross lesions in chickens, our results indicate that these signs
and lesions were intrinsically associated with pathogenicity of
virus strains, not directly with time of death.

The broad spectrum of pathogenicity in birds and interspe-
cies transmission are main characteristics of the HSN1 HPAI
viruses (1, 6, 12, 24, 37, 46, 47), and mammalian transmission
raises the major public health concern (7, 13, 36, 44, 49, 55).
Cytokine production may play a critical role in the pathogen-
esis of HSN1 HPATI virus infection in mammals (8, 13, 36). The
“cytokine storm” has been hypothesized to the main cause of
mortality in mammals infected with H5N1 and also in the
human Spanish flu (20). Overproduction or dysregulation of
proinflammatory cytokines in primary human macrophages
and respiratory epithelial cells following infection with HSN1

HPAI viruses has been reported (4, 13). Although studies
using mice for influenza virus pathogenesis and treatment in
mammals have been performed, the role of cytokine overpro-
duction in the pathogenesis of HSN1 HPAI virus infections is
still in dispute. Dybing et al. reported that decreased levels of
transforming growth factor 8 may contribute to the severe
pathological changes observed in infected mice (9). In addi-
tion, Szretter et al. suggested that TNF-a may contribute to
morbidity in early stages of infection and that IL-1 may be
important for clearance of the H5N1 virus (42, 53). However,
Salomon et al. demonstrated that mice deficient in TNF-«,
IL-6, or CC chemokine ligand 2 were not protected; mortality
caused by HS5N1 virus was the same as that in wild-type mice
(42).

In contrast, the role of cytokines in the pathogenesis of the
HPAI viruses in chickens is poorly understood. HPAI viruses
replicate systemically in chickens and are highly lethal (52). To
understand the basis of HPAI viral pathogenesis in chickens,
we compared the expression of antiviral and proinflammatory
cytokine mRNAs following inoculation with one of two HPAI
viruses or one LPAI virus. Our study showed that two HPAI
viruses, CkYM7 and DkYKI10, increased quick and intensive
production of antiviral and proinflammatory cytokines in
chickens compared with the LPAI CkIB1 strain. IFN-a, IL-6,
IL-8, IL-15, and IL-18 are produced in macrophages immedi-
ately after infection, while IFN-B, IL-6, IL-8, IL-15, and IL-18
are quickly generated in epithelial cells or vascular endothelial
cells. IFN-, which is induced by IL-12 or IL-18, plays a critical
role in cellular immunity, whereas IL-4, which is induced by
IL-15, plays an important part in humoral immunity. After
inoculation with CkYM?7, antiviral (IFN-a and IFN-B) and
proinflammatory (IL-6, IL-8, IL-15, and IL-18) cytokine
mRNAs were quickly induced at 24 hpi, but 8 h later, mRNA
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TABLE 3. Distribution of viral antigen in 4-wk-old SPF chicken inoculated intranasally with CkYM7, DkYK10, or CkIB1

Time of Al virus matrix antigen detection”

Location where Al virus

Strain and L
P membrane antigen was
tissue 12 hpi 24 hpi 30 hpi 32 hpi 48hpi  72hpi 8l hpi 120 hpi 168 hpi detected
CkYM7
Lung +, =, =+, +++, +++, +++  +++, Vascular endothelial cells
and macrophages
Spleen - == +,+, + +4+4+, +++, ++ +4+4+, +++, ++4+ Vascular endothelial cells
and macrophages
Liver - =, = A+ A A, A A, Vascular endothelial cells
and Kupffer cells
Kidney +,—, = 4, + +++, +++, ++ +++, ++, +++ Vascular endothelial cells
and renal tubular
epithelial cells
Intestine —, —, — —, —, — +4+, +, + +4+4, +4, — Vascular endothelial cells
and macrophages
Pancreas —, —, — —, +, + NT, +++, NT ++4, 4, Vascular endothelial cells
and exocrine cells
Trachea —, —, — +,+, + +++, +++, ++ +4++, 4, +++ Vascular endothelial cells
DkYK10
Lung - =, + +, 4+, + + Macrophages
Spleen - =, = - =+ +, A+, - - - -
Liver - == - - - == -, *
Kidney - = = - =+ =+ =+t
Intestine - =, = - =+ +H - ===
Pancreas - = = - == =, =, = +,+,+
Trachea - =, = -+, + + -+ - - -
CkIB1
Lung e NT, — — — -
Spleen - - -5 o -
Liver - e
Kidney = T T T, T T, T, T
Intestine - = = - = = - = =
Pancreas - == - == -+, -
Trachea - = = - == =,

“ These tissues were obtained from the chicken used to obtain the virus growth curve in Fig. 6.
® Each of three chickens was sacrificed at each point, and their tissues were examined for Al virus matrix antigen. Grading by level of Al virus matrix protein detected:

—, none; +, mild, ++, moderate; +++, severe; NT, not tested.

levels became dramatically lower. Since apoptotic cells were
detected in macrophages in lung tissues of chickens infected
with CkYM?7, the acute drop in cytokine mRNA expression in
chickens infected with CkYM7 could be caused by the efficient
replication of CkYM?7 in the cytokine-producing macrophages.
In contrast, in chickens infected with DkYK10, mRNA expres-
sion of antiviral (IFN-a and IFN-B) and proinflammatory
(IL-4, IL-6, IL-8, and IL-15) cytokines decreased at 48 hpi after
a transient peak at 24 hpi. The decreased expression levels
were comparable to (IFN-a, IFN-B, and IL-6) or lower than
(IL-4, 1L-8, and IL-15) those observed in chickens infected
with CkIB1. The downregulation of cytokine mRNA synthesis
in DkYK10 could be caused by apoptosis of cytokine-produc-
ing cells, although we did not determine when the apoptosis
was elicited in the chickens in this study. It is also possible that
the depressed proinflammatory cytokine gene expression of
IL-6, IL-15, and IL-18 might have failed to switch to Thl-type
(IFN-vy) and Th2-type (IL-4) cytokine mRNA synthesis. Thus,
our data do not support the hypothesis that proinflammatory
cytokines play a role in the severity of clinical signs and gross
lesions observed in chickens infected with DkYK10. Instead,
our study favors the idea that rapid and efficient replication of
HPALI viruses, particularly in macrophages and/or vascular en-
dothelial cells, overwhelms the innate immune responses of
chickens infected with HPAI viruses.

To determine the factors behind the different pathogenici-
ties of the two HPAI virus strains, we sequentially compared

viral titers in lungs, kidneys, and spleens and demonstrated a
clear difference in the viral titers of chickens infected with the
two HPAI viruses. CkYM7 viral titers were more than twofold
higher than DkYKI10 titers, although there was some variation
among chickens infected with DkYK10. CkYM?7 replicated
rapidly and efficiently in chickens, and viral antigens were
detected predominantly in macrophages and vascular endothe-
lial cells, which resulted in apoptosis of macrophages and dis-
ruption of innate immune responses. These results suggest that
replication of CkYK?7 preferentially in vascular endothelial
cells and macrophages could account for the increased patho-
genicity of recent Asian aH5N1 viruses in chickens. We pro-
pose that the preferential replication of CkYM7 in these cy-
tokine-producing cells could result in disruption of the innate
immune responses, as well as other important functions of
chickens. In contrast, the merely moderately rapid replication
of DkYKI10 in tissues and induction of the same intensity of
apoptosis as those detected in chickens infected with CkYM?7
might partly account for downregulation of cytokine expres-
sion from 48 hpi onward and death at 87 hpi. Also, it is possible
that DkYK10 may replicate more efficiently in other tissues
such as heart or brain. These data suggest that pathogenesis
may be different between the two HPAI viruses.

The molecular basis of the increased pathogenesis of Asian
H5N1 HPALI viruses in chickens remains to be determined.
Several critical amino acids contributing to the pathogenicity
of HPAI viruses in animals have been identified by other
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FIG. 7. Immunohistochemical staining of Al virus matrix protein in lungs and spleens of chickens intranasally inoculated with CkYM?7 or
DkYK10. The viral M antigen was detected mainly in vascular endothelial cells and macrophages of lung tissue 32 h after inoculation with CkYM7
(A), macrophages of lung tissue 81 h after inoculation with DkYK10 (B), and macrophages in splenic red pulp 32 h after inoculation with CkYM7
(C). (D) DkYKI10 in spleen at 81 hpi. Magnification: X40 (A to D).

groups (Table 4). Both of the HPAI strains used in this study HSNI1 viruses in chickens (17) are identical between the two
have multiple basic amino acids at the hemagglutinin (HA) viruses. The amino acid at position 627 in PB2 (14) is glutamic
cleavage site, which are required for replication in multiple acid in both strains. The glutamic acid at position 92 in NSI,
tissues (16, 52). Five amino acids surrounding the HA receptor which confers resistance to antiviral cytokines in pigs (43, 45),
binding site that are known to be involved in pathogenicity of and the alanine at position 149 of NS1, which are critical to
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FIG. 8. Detection of apoptotic cells in lungs and spleens of chickens infected with CkYM7 or DkYK10. The apoptotic cells were detected in

lung (A) and spleen (D) tissues 36 h after inoculation with CkYM?7 and lung (B) and spleen (E) tissues 96 h after inoculation with DkYK10. Lung
(C) and spleen (F) tissues derived from uninfected chickens. Magnification: X40 (A to F).

2
S




VoL. 83, 2009 CHARACTERIZATION OF PATHOGENICITY OF H5N1 HPAI VIRUS 7485
TABLE 4. Comparisons of amino acid sequences between CkYM7 and DkYK10
Gene Ar_nino _acid No. of_ amino Pathogene§is- Critical identi(;eﬁlgrr;i::sgciig(s) related to
product identity ) acids relateq amino Reference p & .
(%) different/total” acid(s) CkYM7 DKYKI10
PB2 98.7 10/759 627K 14 E E
701N 10 D D
714R 10 S S
PB1 98.8 9/757 436Y 18 Y Y
PA 98.5 11/716 515T 18 T T
HA 97.2 16/567 97, 108, 126, 138, 17 E, Y, H W, T E, Y, H W, T
212
Cleavage site 16 POQRERRKKR PQRERRRKKR
NP 98.6 7/498 Not identified 58
319K 10 N N
NA 91.7 19/469° Glycosylation site 17
M1 99.6 1/252
M2 97.9 2/97
NS1 96.4 8/225 92E 43 E E
149A 23 G G
NS2 95.0 6/121

“ CkYM7 virus NA protein contains a 20-amino-acid stalk deletion as well as 19 amino acid differences. Therefore, the total number of amino acids different/total

shown represents 89 (+ 20 amino acids deleted)/4,461.
® Including the 20-amino-acid stalk deletion.

high pathogenicity in chicken (23), were present in both vi-
ruses. The amino acids at positions 515 in PA and 436 in PB1,
which are associated with lethality in ducks (18), were the same
in the two viruses (18). Recently, NP, PB1, and PB2 genes were
shown to contribute to the altered replication of HSN1 HPAI
viruses in chickens (58), but the potential critical amino acids
were not related in our case. Whole-genome-sequence com-
parisons revealed that CkYM7 and DkYKI10 differed at 89
amino acids (98% identity) scattered in eight gene segments
with a 20-amino-acid deletion in the NA stalk region of
DKkYKI10 (Table 4). It is possible that those amino acids asso-
ciated with adaptation from ducks to chickens also play a
critical role in the increased pathogenicity of CkYM?7 in chick-
ens. Because 50% chicken infectious doses of CkYM7 and
DkYK10 were the same (10*° EIDs,), the HA and NA surface
glycoproteins, which are key proteins for binding to or release
from infected cells, may not be responsible for the high-growth
phenotype of CkYM?7 in chickens. It is more likely that viral
polymerase proteins are probably involved in the efficient rep-
lication of CkYM?7 in chickens. We are currently undertaking
a molecular genetics approach to explore the genetic basis
underlying the increased pathogenicity of Asian HSN1 HPAI
viruses in chickens.
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