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ABSTRACT

Occasional transmission of highly pathogenic avian H5N1 influenza viruses to humans causes severe pneumonia with high mor-
tality. To better understand the mechanisms via which H5N1 viruses induce severe disease in humans, we infected cynomolgus
macaques with six different H5N1 strains isolated from human patients and compared their pathogenicity and the global host
responses to the virus infection. Although all H5N1 viruses replicated in the respiratory tract, there was substantial heterogene-
ity in their replicative ability and in the disease severity induced, which ranged from asymptomatic to fatal. A comparison of
global gene expression between severe and mild disease cases indicated that interferon-induced upregulation of genes related to
innate immunity, apoptosis, and antigen processing/presentation in the early phase of infection was limited in severe disease
cases, although interferon expression was upregulated in both severe and mild cases. Furthermore, coexpression analysis of mi-
croarray data, which reveals the dynamics of host responses during the infection, demonstrated that the limited expression of
these genes early in infection led to a failure to suppress virus replication and to the hyperinduction of genes related to immu-
nity, inflammation, coagulation, and homeostasis in the late phase of infection, resulting in a more severe disease. Our data sug-
gest that the attenuated interferon-induced activation of innate immunity, apoptosis, and antigen presentation in the early
phase of H5N1 virus infection leads to subsequent severe disease outcome.

IMPORTANCE

Highly pathogenic avian H5N1 influenza viruses sometimes transmit to humans and cause severe pneumonia with ca. 60% le-
thality. The continued circulation of these viruses poses a pandemic threat; however, their pathogenesis in mammals is not fully
understood. We, therefore, investigated the pathogenicity of six H5N1 viruses and compared the host responses of cynomolgus
macaques to the virus infection. We identified differences in the viral replicative ability of and in disease severity caused by these
H5N1 viruses. A comparison of global host responses between severe and mild disease cases identified the limited upregulation
of interferon-stimulated genes early in infection in severe cases. The dynamics of the host responses indicated that the limited
response early in infection failed to suppress virus replication and led to hyperinduction of pathological condition-related genes
late in infection. These findings provide insight into the pathogenesis of H5N1 viruses in mammals.

ince late 2003, H5N1 highly pathogenic avian influenza viruses

have spread among poultry and wild birds in Asia, Africa, and
Europe. These H5N1 influenza viruses sometimes transmit to hu-
mans and cause severe diseases, ca. 60% of which have been fatal
(1). Continued circulation of the H5N1 viruses among poultry
allows for sporadic transmission to humans, which raises the pos-
sibility of the avian virus acquiring the ability to transmit effi-
ciently from human to human. Therefore, a comprehensive un-
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derStanding of the PathogeneSis of H5N1 virus infection is needed Supplemental material for this article may be found at http://dx.doi.org/10.1128
to develop effective prevention and intervention strategies. /IVI.00907-14.

Typically, human patients infected with H5N1 virus develop Copyright © 2014, American Society for Microbiology. All Rights Reserved.
progressive pneumonia accompanied by diffuse alveolar damage doi:10.1128/1V1.00907-14

and acute respiratory distress syndrome (ARDS) (2-8). Severe
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TABLE 1 The six highly pathogenic avian influenza H5N1 viruses analyzed in this study”

. Receptor-bindin: PBI1-

Clinical speci%cityb ¢ F2 PB2 NS1

outcome -
Virus strain Abbreviation  of patient HA clade 2,3 «2,6 66 591 627 701 92  C terminus
A/Vietnam/UT302811/2004 clone3 ~ VN3028IIcl3  Died 1 ++++ ++++ N Q K D D ESEV
A/Vietnam/UT30259/2004 VN30259 Died 1 ++++ ++ N Q K D D ESEV
A/Vietnam/UT3040/2004 VN3040 Died 1 ++++ - N Q K D D 10-aa deletion
A/Vietnam/UT3062/2004 VN3062 Died 1 ++++ - N Q K D D  ESEV
A/Vietnam/30408/2005 clone7 VN30408cl7 Recovered 1 ++++ +++ N Q K D D ESEV
A/Vietnam/UT30850/2005 VN30850 Died 2.3.4 ++++ - N Q K D D  ESEV
“ For PB1-F2, PB2, and NS1, the amino acid at the position(s) indicated in the subheadings is specified.
b The level of receptor-binding affinity is indicated using a “+/—" scale, where “—” indicates no receptor binding affinity, “+” indicates affinity, and the number of “+” symbols

indicates the intensity of the receptor-binding affinity (21).

H5N1 virus infection induces high serum levels of inflammatory
molecules such as interleukin-6 (IL-6), tumor necrosis factor-al-
pha (TNF-a), gamma interferon (IFN-v), chemokine (C-X-C
motif) ligand 10 (CXCL10; IP-10), chemokine (C-C motif) ligand
2 (CCL2; MCP-1), and IL-8 (5, 9, 10). These findings suggest that
hypercytokinemia is involved in the pathogenicity of H5N1 virus
in humans; however, the mechanisms by which the H5N1 virus
infection induces hypercytokinemia and high virulence are not yet
fully understood.

Several comprehensive analyses of the global host responses to
highly pathogenic influenza A virus infections have been per-
formed using nonhuman primate models (11). These studies have
shown that genes related to type I interferons, innate immunity,
inflammation, and cell death, expressed in the acute phase of in-
fection, are responsible for the high pathogenicity of H5N1 viruses
(12—-14). However, because these studies examined a single H5N1
virus strain (14) or compared an H5NI strain with an HIN1
“Spanish flu” 1918 virus (13) or with a seasonal human influenza
virus and reassortant 1918 viruses (12), it remains unknown
whether differences in host responses to different H5N1 virus
strains exist and cause different outcomes.

Therefore, we first examined the growth properties and patho-
genicity in macaques of H5N1 viruses isolated from lethal and
nonlethal human cases and then compared the host responses to
severe and mild H5N1 virus infections. The results suggest that the
differences in severity of the disease outcome upon infection with
different H5N1 viruses originate from differential expression of
host genes related to specific biologic events.

MATERIALS AND METHODS

Viruses and cells. Six Vietnamese H5N1 influenza viruses (Table 1) were
isolated from human samples and passaged in Madin-Darby canine kid-
ney (MDCK) cells to produce viral stocks (15). All strains except for
A/Vietnam/UT302811/2004 clone3 (VN3028IIcl3) and A/Vietnam/
30408/2005 clone7 (VN30408cl7) were passaged twice in MDCK cells;
VN3028I1cl3 and VN30408cl7 were previously plaque purified by use of
twice-passaged samples in MDCK cells (16), that is, they were passaged
four times. VN3040 was isolated in our laboratory from the same human
specimen from which A/Viet Nam/1203/2004 (H5N1) was isolated. There
are no amino acid differences between VN3040 and A/Viet Nam/1203/04,
although there are two nucleotide differences in the NA gene at position
143 (the former having adenine and the latter guanine) and the M gene at
position 250 (the former having adenine and the latter guanine). All ex-
periments with these H5N1 viruses were performed in approved en-
hanced biosafety level 3 (BSL3) containment laboratories.

MDCK cells were maintained in Eagle minimal essential medium
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(MEM) containing 5% newborn calf serum and antibiotics. After infec-
tion with influenza virus, the MDCK cells were maintained in MEM con-
taining 0.3% bovine serum albumin.

Experimental infection of cynomolgus macaques. We used 4- to
7-year-old female cynomolgus macaques (Macaca fascicularis) from Viet-
nam (obtained from Ina Research, Inc.; Keari Co., Ltd.; or Japan Labora-
tory Animals, Inc.), weighing 2.5 to 3.5 kg and serologically negative by
AniGen AIV antibody enzyme-linked immunosorbent assay, which de-
tects antibody to nucleoprotein of all influenza A virus subtypes (Animal
Genetics, Inc.). While the animals were under anesthesia, telemetry
probes (TAI0CTA-D70; Data Sciences International) were implanted in
their peritoneal cavities to monitor body temperature. Three macaques
per group were intramuscularly anesthetized with ketamine (5 mg/kg)
and xylazine (1 mg/kg) and inoculated with a suspension containing 10”
PFU of each H5N1 virus/ml through a combination of the intratracheal
(4.5 ml), intranasal (0.5 ml per nostril), ocular (0.25 ml per eye), and oral
(1 ml) routes, resulting in a total infectious dose of 10”® PFU. Macaques
were monitored every 15 min for changes in body temperature. For one of
the macaques (macaque 18), the telemetry probes did not work, and
therefore its temperature was rectally determined. On days 1, 3, 5,7,9, 11,
and 13 postinfection (p.i.), nasal swab, bronchial brush, and rectal swab
samples were collected and suspended in 500 pl of phosphate-buffered
saline. One macaque died on day 9 (macaque 9) and underwent patho-
logical and virological analyses; the other macaques were euthanized on
day 14 p.i. for pathological analysis. Virus titers in swabs, bronchial
brushes, and various organs were determined by plaque assays in MDCK
cells. All experiments were carried out in accordance with the Guidelines
for the Husbandry and Management of Laboratory Animals of the Re-
search Center for Animal Life Science at Shiga University of Medical Sci-
ence, Shiga, Japan, and approved by the Shiga University of Medical Sci-
ence Animal Experiment Committee and Biosafety Committee.

Pathological examination. Excised macaque lung tissue was pre-
served in 10% phosphate-buffered formalin. The tissue was then pro-
cessed for paraffin embedding and cut into 5-pwm-thick sections. Each
tissue sample was stained using a standard hematoxylin-and-eosin proce-
dure (17).

Bacterial identification. Frozen blood or tracheal swabs from the
dead macaques were plated on Trypticase soy agar (TSA) with 5% sheep
blood (Becton Dickinson) and incubated at 37°C in aerobic condition for
24 h. Individual bacterial colonies from the TSA plates were identified by
using an AP] test system (SYSMEX bioMérieux Co., Ltd.) according to the
manufacturer’s instructions.

Microarray analysis. Total RNA was extracted from bronchial brush
samples by using the RNeasy minikit (Qiagen), according to the manu-
facturer’s protocol. Fluorescently labeled probes were generated by using
aone-color QuickAmp labeling kit (Agilent Technologies), and each sam-
ple was hybridized to a rhesus macaque gene expression microarray (Agi-
lent microarray design identification number 015421; Agilent Technolo-
gies), as previously described (18). Individual microarrays were performed
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for each bronchial brush sample that was collected from animals prior to
infection and on days 1, 3, 5, and 7 p.i.

Statistical analysis was performed using the LIMMA package. The log,
of the intensity of each probe was background corrected and normalized
between arrays (using the quantile method). Duplicate probes were aver-
aged. Hierarchical clustering was used to review biological replicate qual-
ity. Contrasts comparing the expression of each infection-day group to its
respective preinfection data were constructed and the moderated t-statis-
tic was calculated to determine the significance between the means. Lastly,
the P values were Benjamini-Hochberg corrected to control the false dis-
covery rate (FDR). Probes were considered differentially expressed (DE) if
they had a fold change of =1.5 and an FDR of <0.01. Primary gene
expression data are available in Gene Expression Omnibus (series number
GSE57970) in accordance with proposed Minimum Information About a
Microarray Experiment (MIAME) guidelines.

Coexpression analysis. Probes that were not DE at least once were
removed to ensure confident variation in the coexpressed genes. Signed
gene coexpression networks were constructed by using the WGCNA
package in R, a statistics software environment. A detailed explanation of
the WGCNA package is available elsewhere (19). Briefly, the pairwise
correlation matrix of the probe expression for all probe combinations is
computed and then, to ensure a scale free network topology, the correla-
tion matrix is raised to a power, #, and referred to as the adjacency matrix.
Next, hierarchical clustering is performed on the adjacency matrix to
identify modules of coexpressed genes/probes. We used the blockwise-
Modules function with the default parameters. A check of the scale free
characteristics showed that n = 12 was a reasonable choice based on the
scale free topology criteria.

To relate the gene expression to secondary measurements, for exam-
ple, virus titer, we summarized the gene expression of each gene module
by using the module eigengene (the first principal component of the mod-
ule’s gene expression matrix) and then calculated the pairwise correlation
between each module eigengene and virus titer in R. A module eigengene
was defined as being significantly correlated with virus titer if they had a
correlation value of =0.6.

Gene functional enrichment analysis. Each module of coexpressed
probes was analyzed for enrichment of gene function annotations by us-
ing ToppCluster (20). ToppCluster uses the Fisher exact test to determine
annotations that are enriched in a set of genes. The resulting P values were
Benjamini-Hochberg-corrected to control the FDR. The enrichment
scores reported are the —log,, of the FDR. Only annotations with scores
of >2 (corresponding to an FDR of <0.01) are reported and ToppCluster
puts an upper bound of 10 on the enrichment score.

RESULTS

Clinical observations of macaques infected with different H5N1
viruses isolated from humans. To evaluate the differences in
pathogenicity among H5N1 highly pathogenic avian influenza vi-
ruses, we infected groups of three cynomolgus macaques with one
of six H5N1 influenza virus strains (Table 1). These viruses were
chosen because their history is well known; we isolated them from
the original samples and therefore know their exact passage his-
tory. These viruses were also chosen because their receptor speci-
ficity was known, having been previously tested (21). These strains
were isolated from humans in Vietnam in 2004 or 2005, and all
except for VN30408cl7 resulted in fatal infections. All of these
strains contain lysine at amino acid position 627 of PB2, which is
a key virulence marker for mammalian hosts (22). All strains,
except for VN3040, possess the PDZ domain-binding motif,
ESEV, at the C terminus of NS1 (23), which is associated with
virulence in mice (24); VN3040 has a 10-amino-acid truncation at
the C terminus of its NS1 (15). Three of the viruses—
VN30281Icl3, VN30259, and VN30408cl7—recognize o-2,6-
linked sialic acid (human-type receptor) in addition to «-2,3-
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FIG 1 Body temperature of H5N1 virus-infected cynomolgus macaques.
Three macaques per group were inoculated with 107* PFU (total volume, 7.0
ml) of each H5N1 virus through multiple routes. Temperatures were moni-
tored every 15 min by telemetry probes implanted in the peritoneal cavities.
The periodic sharp reductions in body temperature on days 0, 1, 3, 5,7, 9, 11,
and 13 were caused by anesthesia for sample collection. Numbers 1 to 17
indicate animal identification numbers (IDs). No data were obtained for ma-
caque 18 because of a problem with the telemetry probe.

linked sialic acid (avian-type receptor), whereas the other viruses
recognize only a-2,3-linked sialic acid (21).

To compare the pathogenicity among the six H5N1 viruses,
body temperature was monitored, body weight was measured ev-
ery 2 days (i.e., at the time of every sample collection), and clinical
symptoms (i.e., posture, respiration, recumbency, attitude, and
skin condition) were observed twice daily. Within 24 h of inocu-
lation, the body temperature had increased in most of the animals
(Fig. 1). All animals infected with VN3040 and one infected with
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TABLE 2 Clinical observations in H5N1 virus-infected animals®
Virus strain Animal ID

VN3028IIcl3 1

Clinical symptom(s)b

Decreased activity and mild depression on

day 2
2 —
3 Mild coughing on day 10
VN30259 4 -
5 Mild huddling on day 5; nasal discharge
on days 5 and 6
6 —
VN3040 7 Decreased activity on days 2, 3, 4, 5, 7, and
8; mild depression on days 3, 5, 7, and
8; mild coughing on day 8
8 Decreased activity on days 2 and 5; mild
depression on day 5
9 Decreased activity and lying down on day
8; dying on day 9
VN3062 10 -
11 Mild huddling on day 6
12 Piloerection of body hair on days 1, 2, 4,
6,and 7
VN30408cl7 13 Nasal discharge on day 5
14 -
15 -
VN30850 16 -
17 Mild coughing on days 2 and 3; mild
huddling on day 7
18 Piloerection of body hair on day 0; mild

huddling on days 1, 2, and 3

“ Cynomolgus macaques were inoculated with 107 PFU thorough multiple routes and
monitored twice daily throughout the study for each clinical parameter, i.e., posture,
respiration, recumbency, attitude, and skin condition.

b _, No clinical symptom observed.

VN3028IIcl3 exhibited decreased activity and mild depression
(Table 2). Some animals huddled slightly or exhibited coughing,
nasal discharge, and piloerection of body hair; two animals in-
fected with VN30850 exhibited these symptoms for several days.
Macaque 9, which was infected with VN3040, succumbed to its
infection on day 9 p.i. The weight loss experienced by this animal
was <5%, and it did not exhibit any clinical symptoms that would
have prompted euthanization according to the Guidelines for the
Husbandry and Management of Laboratory Animals. On the other
hand, VN30408cl7-infected animals showed little change in body
temperature and did not show any clinical symptoms except for
nasal discharge. These results demonstrate that there are appre-
ciable variations in the disease severity caused by these H5N1
highly pathogenic avian influenza viruses and that VN3040 is the
most virulent strain among these viruses in this animal model.
Comparison of viral replication in the organs of infected ma-
caques. To evaluate virus replication in the organs of infected
animals, bronchial brushes, nasal swabs, and rectal swabs were
collected on every second day after infection. Although all virus
strains were detected in the nasal swabs and bronchial brushes,
there were differences among these strains in both the periods
when the virus was detected and in the virus titers (Table 3).
VN3040 and VN30850 were detected in bronchial samples
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through days 7 or 9, whereas VN3028IIc3, VN30259, and
VN30408cl7 were cleared soon after the infection by day 5 or 7.
VN3062 was detected in the bronchus through day 7, but in nasal
swabs it was only detected in two of three macaques through day 3,
suggesting that this strain may not replicate efficiently in the upper
respiratory tract. No virus was detected in rectal swabs throughout
the study. Given that VN3040 and VN30850 showed efficient vi-
rus replication in the respiratory tracts and were associated with
more severe clinical symptoms (Table 2), efficient virus replica-
tion appears to contribute to disease severity in macaques. This
relationship was also observed in human patients infected with
H5N1 viruses (10).

To evaluate whether certain variants in the inoculum became
dominant during replication in animals, we sequenced the genes
of all of the viruses that were isolated from respiratory swabs on
days 7 and 9 (i.e., VN30259, VN3040, VN3062, and VN30850).
Twenty-eight amino acid substitutions compared to the consen-
sus virus sequences of the inoculated viruses were detected among
14 virus isolates in total. Although four amino acid substitutions
were common to two of three animals infected with the same
virus, the other substitutions were specific to the virus in each
sample. In addition, we did not detect any substitutions that are
known to be important for mammalian adaptation and pathoge-
nicity in mammals among these 28 substitutions. Therefore, it is
unlikely that the pathogenicity shown by the inoculated viruses
was due to any of these substitutions that became dominant dur-
ing replication in animals.

Analysis of the VN3040-infected macaque that died. Some
previous studies have reported detection of H5N1 viruses outside
the respiratory tract, that is, in the brains, cerebrospinal fluid,
intestines, and feces of human patients (8, 25, 26). To investigate
the cause of death for VN3040-infected macaque 9, virus distribu-
tion in its organs was analyzed (Table 4). Virus was detected not
only in the lower respiratory tract but also in the upper respiratory
tract, including the nasal mucosa, nasal turbinates, and trachea.
The virus titer of the tonsils was also high, which is consistent
with previous reports in macaques (12, 14, 27, 28) and in ex
vivo culture of human tissue (29). In addition, a high virus titer
was also detected in the conjunctiva. No virus was detected in
the heart, spleen, kidney, liver, small intestines, colon, or brain
of this animal, indicating that VN3040 did not cause a systemic
infection.

Fifteen amino acid substitutions compared to the consensus
sequence of the inoculum were detected among 13 isolates from
the tissues of the animal 9. One substitution detected in alunglobe
was also found in a nasal swab from animal 8, which was infected
with the same virus (VN3040): however, the other substitutions
were specific to each sample. In addition, we did not detect any
substitutions known to be important for mammalian adaptation
or pathogenicity in mammals. Therefore, these substitutions are
unlikely to be responsible for the lethal outcome of the animal.

To evaluate the possibility of bacterial superinfection in the
dead animal, we examined a frozen tracheal swab and a frozen
blood sample collected during the dissection of the animal. Some
bacteria were detected from the tracheal swab (Staphylococcus cho-
nii subsp. urealyticus and Enterococcus faecalis), as well as from the
blood sample (S. chonii subsp. urealyticus, E. faecalis, Pseudomonas
putida, Streptococcus hyointestinalis, P. aeruginosa, and Escherichia
coli). However, these are indigenous bacteria, which are com-
monly found in intestines, on the skin, or in soil, and are not
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TABLE 3 Virus titers in respiratory swabs collected from H5N1 virus-infected animals”

Virus titer (log,, PEU/ml)? in:

Bronchial brush at:

Nasal swab at:

Animal
Virus strain 1D 1 dpi 3 dpi 5 dpi 7 dpi 9 dpi 1 dpi 3 dpi 5 dpi 7 dpi 9 dpi
VN302811cl3 1 3.1 1.0 - - - - - 1.0 - -

2 - 35 - - - - - - - -

3 1.3 13 - - - - - - - -
VN30259 4 2.6 2.1 1.6 - - 1.0 1.0 2.8 3.1 -

5 2.7 1.6 - - - 1.9 - - 1.0 -

6 25 - - - - - - - - -
VN3040 7 3.3 3.8 5.4 3.7 1.3 3.1 3.7 — — 2.5

8 1.9 2.5 1.0 1.0 — 4.0 2.8 — 2.7 -

9 3.7 3.8 5.2 3.9 Died 3.6 1.0 1.0 2.5 Died
VN3062 10 3.8 4.1 3.6 - — 2.2 2.5 — — -

11 3.6 3.6 1.7 1.5 — 1.0 1.0 — — -

12 4.2 4.3 3.3 - — - - — - -
VN30408cl7 13 2.0 1.0 — — — 1.5 1.7 1.6 — —

14 4.3 — 2.2 - — 1.8 2.7 — — -

15 - — - - — - - — - -
VN30850 16 3.2 3.3 2.0 - — 1.0 1.0 3.4 2.5 1.0

17 4.8 1.9 1.6 2.2 — 4.0 1.5 1.5 1.9 -

18 2.0 2.7 2.6 1.0 — 2.6 1.6 2.8 2.8 2.0

@ Bronchial brushes and nasal swabs were collected every other day for virus titration after virus infection. Virus titers in the samples were determined by plaque assays in MDCK

cells.

b —, Virus not detected (detection limit = 1.0 log,, PEU/ml). dpi, days p.i.

TABLE 4 Virus titers in organs of macaque 9

Virus titer (log;,

Organ PFU/g of tissue)”
Brain —
Conjunctiva 4.4
Nasal mucosa 3.0
Nasal turbinates 2.5
Oro/nasopharynx -
Tonsil 4.8
Trachea 3.2
Bronchus, right 4.4
Bronchus, left 4.8
Lung, right upper 4.3
Lung, right middle 3.0
Lung, right lower 3.2
Lung, left upper 2.0
Lung, left middle 4.6
Lung, left lower 3.8

Lymph node, chest
Heart

Spleen

Kidney

Liver

Duodenum

Ileum

Jejunum
Transverse colon
Descending colon

@ —, Virus not detected (detection limit = 2.0 log,, PFU/g of tissue).
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associated with influenza virus infection. In addition, we did not
detect any histological evidence of bacterial infection in the organs
listed in Table 4. Therefore, the bacteria found in these samples
likely invaded tracheal and blood vessels from intestines and skin
between the death and the dissection of the animal (about 12 h).
Accordingly, the virus infection of the respiratory tract was likely
the cause of the death.

Pathological changes in lungs after H5N1 virus infection.
Next, we performed a pathological examination of lungs after
H5NI virus infection (Fig. 2). Lungs collected from all surviving
animals at 14 days p.i. showed thickened alveolar walls with gran-
ulation tissues composed of alveolar epithelial cells and fibro-
blasts, although the extent of the lesion differed among the indi-
vidual animals (Fig. 2A to F), suggesting that these lungs on day 14
was undergoing tissue remodeling. In contrast, the lungs of ma-
caque 9, which died on day 9, exhibited severe lesions with diffuse
alveolar damage in some lobes (Fig. 2G). These observations are
identical to those in human patients who died as a result of H5SN1
virus infection (6-8), suggesting that these histological lesions in-
duced by VN3040 infection would reflect respiratory failure, lead-
ing to death.

Different host responses elicited by different H5N1 virus
strains in the early phase of infection. To elucidate the differ-
ences in the host responses to H5N1 virus infection between se-
vere and mild disease cases, we performed global gene expression
profiling by expression microarray. We analyzed animals infected
with VN3040, which replicated efficiently in the lower respiratory
tract (Table 3) and induced more severe disease (Table 2), as well
as animals infected with VN3028IIcl3 or VN30259, which were
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FIG 2 Pathological changes in the lungs of animals infected with H5N1 viruses. Lungs recovered from animals on day 14 p.i. (A) Lung of macaque 3 infected with
VN3028IIcl3; (B) lung of macaque 5 infected with VN30259; (C) lung of macaque 7 infected with VN3040; (D) lung of macaque 11 infected with VN3062; (E)
lung of macaque 14 infected with VN30408cl7; (F) lung of macaque 16 infected with VN30850; (G) lung of macaque 9, which was infected with VN3040 and died
on day 9. The lumina of the alveoli and bronchioles were filled with edema fluid, fibrin, and cell debris from neutrophils and lymphocytes. The epithelia of the
alveolar and bronchiolar walls were disrupted, and hyaline membranes were apposed to the alveolar walls (arrowheads). The alveolar and bronchiolar walls were
thickened due to infiltration of lymphocytes, alveolar epithelial cells, and neutrophils. (H) Normal lung of a mock-infected macaque.

cleared from the lower respiratory tract soon after infection and
induced milder disease. Total RNA was extracted from each
bronchial brush sample collected from each animal prior to
infection and on days 1, 3, 5, and 7 and was used for the mi-
croarray analysis.

Initially, we compared the genes that were DE in severe and
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mild disease cases on each day (Fig. 3A). A gene probe was defined
as being DE in the infected groups if it had a fold change in ex-
pression relative to preinfection of 1.5 and an FDR of <0.01 at
each of the four time points sampled. In VN3028IIcl3- and
VN30259-infected animals, 894 (549 upregulated and 345 down-
regulated) and 409 (315 upregulated and 94 downregulated) gene
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FIG 3 Differential gene expression during VN30281IIcl3, VN30259, or VN3040 infection. (A) Total RNAs were extracted from each bronchial brush sample
collected from each animal infected with VN3040, VN3028IIcl3, or VN30259 at preinfection and on days 1, 3, 5, and 7 p.i. and were used for the microarray
analysis. Within each infection group, postinfection samples were compared to preinfection samples from the respective animal to identify DE genes on each day
of the infection (DE was defined as having a fold change of at least 1.5 and an FDR < 0.01). The upregulated and downregulated genes are indicated by darker-
and lighter-shaded portions of the stacked bars, respectively, and the numbers of upregulated and downregulated genes are indicated in black and in gray
numbers, respectively, above each time point bar. (B) Venn diagram representing the overlap of DE genes on day 1 p.i. in a direct comparison among the
respective virus infections. The numbers in red and black indicate upregulated and downregulated gene numbers, respectively. As shown, genes detected by 135
probes were commonly upregulated in all three virus infections (darker gray) and genes detected by 125 probes were commonly upregulated in only VN30281Icl3
and VN30259 infections (lighter gray). (C) Heat map of ISG expression in each of the virus-infected animals on day 1 p.i. Each column represents the log,-fold
change in gene expression in each animal after each virus infection, which is shown in red if it was upregulated relative to preinfection. For several genes, multiple
probes are present on the microarray slide.
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probes, respectively, were DE on day 1, and the number of DE
gene probes subsequently decreased with time. In contrast, in
VN3040-infected animals, fewer gene probes (202 gene probes;
180 upregulated and 22 downregulated) were DE on day 1, but the
number of DE gene probes gradually increased with time, culmi-
nating in 3,676 gene probes on day 5. These results suggest that the
host transcriptional response in the early phase of infection (on
day 1) may contribute to the control of the virus infection and that
the differences in the DE gene probes in the early phase of infec-
tion, as well as the subsequent regulation of these genes (i.e., at-
tenuation or excessive activation of expression) may cause the
different outcomes in H5N1 virus infection.

The observations described above prompted us to analyze the
similarities and the differences of the host transcriptional re-
sponses on day 1 between severe and mild outcomes (Fig. 3B). In
the Venn diagram representing the DE gene probes of day 1, we
focused on 125 gene probes that were upregulated only by
VN3028IIcl3 and VN30259 infection (mild cases), and 135 gene
probes that were commonly upregulated by infection with all
three viruses. All of the genes belonging to the 125- and the 135-
probe sets are listed in Tables S1 and S2 in the supplemental ma-
terial. Interestingly, the 125-probe set, which was upregulated
only in mild cases, contained many interferon-stimulated genes
(ISGs; 74 gene probes, 59.2%), including SOCS2, HLAs, GBP2,
DDX58 (RIG-1), CXCL11, FAS, TLR2, MYD88, and JAK2 accord-
ing to the Interferome (30) (Fig. 3C and see Table S1 in the sup-
plemental material). Gene Ontology (GO) functional enrichment
analysis by ToppCluster (20) showed that the 125-probe set was
associated with “immune response” (score 5.1; enrichment scores
are the —log,, of the FDR and significant scores ranged from 2 to
10; see Materials and Methods), “regulation of apoptotic process”
(score 3.7), and “innate immune response” (score 2.2), which
would contribute to the control of the virus infection. In addition,
the subdivided biological processes “activation of cysteine-type
endopeptidase activity involved in apoptosis” (score 3.7) and “an-
tigen processing and presentation of exogenous antigen via major
histocompatibility complex (MHC) class, TAP dependent” (score
2.0) were enriched only for the 125-probe set. Thus, innate im-
mune response, apoptosis, and antigen presentation may be im-
portant for the control of the infection and the disease.

Similarly, 105 of the 135 gene probes upregulated in all three
infections were ISGs, including ISGs with anti (influenza) viral
functions (31-54) (Fig. 3C and see Table S2 in the supplemental
material). Functional enrichment analysis of these 135 gene
probes revealed that a large proportion of these genes was associ-
ated with “innate immune response” (score 10), indicating that
upregulation of these 135 gene probes was largely involved in the
interferon responses to control the virus infection. Interestingly,
the fold change values in the expression of ISGs, especially IFIT1/
2/3, OAS2, GBP1, RSAD2 (viperin), [IFITM1/2, APOBEC3G, and
TRIM22 among the antiviral ISGs in the VN3040 infection were
lower than those in the VN302811cl3 and VN30259 infections (Fig.
3C and see Table S2 in the supplemental material), suggesting that
VN3040 induced weaker interferon-mediated antiviral responses
than did VN3028IIcl3 and VN30259 in the early phase of infec-
tion. In contrast, the expression levels of type I interferon genes
(IFNAs and IFNBI1) in VN3040-infected animals on day 1 were
similar to those in VN30281Icl3- and VN30259-infected animals,
and the expression levels of type III interferon genes (IL-28A,
IL-28B, and IL-29) induced by VN3040 were higher than those by
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VN3028I1cl3 and VN30259 infections (see Table S3 in the supple-
mental material). These findings suggest that limited induction of
ISGs in the early phase of infection, which was observed only in
VN3040-infected animals, is related to disease severity.

Differences in the dynamics of host responses during severe
and mild diseases. Next, to further identify the differences in the
dynamics of transcriptional responses between severe and mild
outcomes and to identify potential molecular modulators of gene
expression, we performed a coexpression analysis, known as a
weighted gene correlation network analysis (WGCNA). Within
the WGCNA framework, we can identify modules of genes that
have a highly correlated gene (19). We can then use the eigengene
of each module (the first principal component of the gene expres-
sion matrix), which is a scaled representation of the expression of
the genes assigned to each module to explore for potentially
strain-dependent responses (55). This coexpression analysis is not
biased by existing knowledge of pathways or interactions and can
identify systemic gene expression patterns based on underlying
correlation structures.

By using WGCNA, we identified 11 modules of coexpressed
genes (M1 [module 1] to M11) (Fig. 4). All of the gene probes
belonging to each module are listed in Table S4 in the supplemen-
tal material. We performed GO functional enrichment analysis
and identified the biological functions of the individual modules;
representative GO biological processes (or GO molecular func-
tions for M11) are indicated in Table 5, and all GO biological
processes are shown in Table S5 in the supplemental material. In
addition, we analyzed the correlation between the virus titers and
the module eigengenes (i.e., the gene expression levels) (Fig. 5)
and found a significant correlation in several modules. In partic-
ular, the M2, M6, and M7 genes had the greatest correlation (cor-
relation value of =0.6), suggesting that virus replication induced
the expression of those genes.

To elucidate host responses that were potentially involved in
the control of the infection, we focused on the early host responses
(on day 1) of VN3028IIcl3- and VN30259-infected animals (mild
disease). Interestingly, a remarkable upregulation of M6, M7, M9,
and M10 on day 1 was observed in VN3028IIcl3- and VN30259-
infected animals (Fig. 4). In contrast, VN3040-infected animals
exhibited attenuated responses for these modules. All of these
gene modules contained many ISGs based on the Interferome (30)
(Table 5), implying that strong expression of the M6, M7, M9, and
M10 genes in the early phase of infection may be important for
virus clearance.

M6 was strongly enriched in functions involved in “innate im-
mune response” and more specific biological processes such as
“cytoplasmic pattern recognition receptor signaling pathway,”
“type I interferon production,” “type I interferon-mediated sig-
naling pathway,” and “apoptosis” (Table 5). M6 contained a num-
ber of genes that play roles in initiating and regulating the innate
responses to influenza virus infection (see Table S4 in the supple-
mental material): DDX58 (RIG-I) and TLR3, which recognize in-
fluenza virus infection (56—60), type I (IFNA5) and type III (IL-
28B and IL-29) interferons (61, 62), and ISGs with anti-influenza
virus functions (MX1, EIF2AK2 [PKR], OAS1/2/3/L, ISG15,
ISG20, RSAD2 [viperin], BST2 [tetherin], IFITM1/2, IFIT1/2/3,
GBP1, TRIM22, CASP1, and ZC3HAV1 [ZAP]) (31-54). The
chemokine genes CXCL10 (IP-10), which is related to disease
severity in influenza (63), CXCL2 (MIP-2), and CXCL11 were
also found in M6. In addition, M6 contained the RelA gene
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FIG 4 Expression dynamics of 11 modules of genes representing host responses to H5N1 virus infection for each animal (M1 to M11). WGCNA was performed
to identify modules of coexpressed genes. The 11 gene modules identified here were further analyzed for enriched GO categories as shown in Tables 5 and see
Table S5 in the supplemental material. For each gene module, the expression levels of the eigengene for each sample are indicated by a colored bar: blue,
VN3028IIcl3-infected animals; green, VN30259-infected animals; pink, and VN3040-infected animals. The time points for sample collection and the animal IDs

(1 to 9) are indicated above and below the graph, respectively.

(RELA), a subunit of the pleiotropic transcription factor
NF-kB, which is involved in many biological processes, includ-
ing inflammation, immunity, and apoptosis. Similarly, M7
contained type I interferon (IFNA8, IFNA16, and IFNA21)
genes (all type I and type IIl interferon genes belonged to M6 or
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M7) and another subunit of NF-kB (NFKB1). M7 was also
functionally enriched as “innate immune response,” “pattern
recognition receptor signaling pathway,” and “regulation of
sequence-specific DNA binding transcription factor activity”
(Table 5). Therefore, M6 and M7 genes probably contribute to
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TABLE 5 Functional enrichment analysis of genes identified as being coexpressed by WGCNA

Gene module No. of probes

Representative enriched gene function” (enrichment score)

ISG content (%)”

M1 1,140 Microtubule-based process (10), cell projection assembly (10) 6.0
M2 922 Immune response (10), innate immune response (10), adaptive immune response (10), 18.4
inflammatory response (10), cytokine production (10), lymphocyte activation (10),
lymphocyte migration (10), positive regulation of apoptotic process (10), coagulation (10),
hemopoiesis (10), homeostatic process (10), IFN-y production (3.7)
M3 859 Antigen processing and presentation of peptide antigen via MHC class I (10), macromolecular 8.1
complex subunit organization (10), intracellular protein transport (10), RNA catabolic
process (10), translation (10), viral infectious cycle (10), G,/S transition checkpoint (10),
regulation of apoptotic process (2.6)
M4 858 - 3.3
M5 377 - 4.2
M6 291 Immune response (10), innate immune response (10), cytoplasmic pattern recognition receptor 62.9
signaling pathway in response to virus (10), type I interferon production (10), type I
interferon-mediated signaling pathway (10), response to virus (10), cytokine production
(10), cytokine-mediated signaling pathway (10), I-«kB kinase/NF-kB cascade (10), regulation
of apoptotic process (10), IFN-y-mediated signaling pathway (5.8), RIG-I signaling pathway
(3.4), JAK-STAT cascade (2.8), ISG15-protein conjugation (2.5)
M7 138 Immune response (10), innate immune response (5.1), pattern recognition receptor signaling 36.2
pathway (3.4), cytokine-mediated signaling pathway (3.3), regulation of sequence-specific
DNA binding transcription factor activity (3.0)
Ms8 133 Microtubule-based process (10), mitosis (10), mitotic cell cycle (10) 6.8
M9 128 Antigen processing and presentation of peptide antigen via MHC class I (10) 35.9
M10 75 - 26.7
Mil11 38 Neurotransmitter receptor activity (GO molecular function) (2.7), cation transmembrane 2.6

transporter activity (GO molecular function) (2.6)

@ Genes in each module were analyzed using ToppCluster to identify enriched GO biological processes and GO molecular functions. ToppCluster used the Fisher exact test for
enrichment and reports an “enrichment score” that is the —log;, of the BH-adjusted P value. Because many GO annotations are related, representative terms were selected to
summarize the enrichment results. M11 was not enriched by any GO biological process but was enriched by GO molecular functions. —, No enriched GO function was identified.

b The ISGs in each module were identified by using Interferome.

the inhibition of virus replication via the interferon response in
the early phase of infection.

Although VN3028IIcI3- and VN30259-infected animals
showed dramatic upregulation of M6 and M7 genes in the early
phase of infection (on day 1), their expression levels largely de-
clined with time (Fig. 4 and 6A). In contrast, although VN3040-
infected animals exhibited weaker expression of these genes on
day 1, their gene expression was sustained or accelerated in the late
phase of infection (days 3 to 7). In addition, correlation analysis
revealed that there were significant correlations between virus ti-
ters and the expression levels of genes in these gene modules (Fig.
5), suggesting that insufficient expression of M6 and M7 genes
early in infection allows continuous virus replication, resulting in
excessive upregulation of M6 and M7 later in the infection.

M9, which was functionally enriched as “antigen processing
and presentation of peptide antigen via MHC class I,” was also
upregulated in mild cases on day 1, although there was no clear
difference between severe and mild cases in the expression of these
genes in the late phase of infection (Fig. 4). The comparative anal-
ysis of the DE gene probes on day 1 also revealed that VN3040
failed to activate this biological process on day 1 (see Table S1 in
the supplemental material). Antigen presentation is essential for
initiating the adaptive immune response; therefore, the strength
of activation of antigen processing and presentation in the early
phase of infection in mild cases would influence the outcome of
the infection. M10 was not functionally enriched and expression
was strongly attenuated on day 3; its importance for virus clear-
ance is therefore unclear.
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Dysregulation of immune responses, inflammation, coagu-
lation, and homeostasis in the late phase of infection in severe
outcome cases. Finally, to elucidate how the differences in early
gene expression influence disease severity, we focused on the gene
expression pattern in the late phase of infection, which showed
different patterns for severe and mild cases (Fig. 4). There was a
remarkable difference in M2 expression in the late phase of infec-
tion between severe and mild cases; VN3040-infected animals ex-
hibited a dramatic upregulation of M2 genes on days 3 to 7,
whereas VN3028IIcl3- and VN30259-infected animals showed
weaker upregulation of M2 (Fig. 4 and 6B). M2 was GO functionally
enriched as “innate immune response,” “adaptive immune re-
sponse,” “inflammatory response,” “lymphocyte activation/migra-
tion,” “gamma interferon production,” “coagulation,” “homeosta-
sis,” and “apoptosis” (Table 5). Since some of these biological
functions, such as homeostasis and coagulation as well as inflamma-
tion, are directly related to the pathological condition of the host, the
dramatic upregulation of M2 genes in VN3040-infected animals
would represent the severe pathological condition of these animals.

Importantly, M2 contains genes of proinflammatory cytokines
(TNF [TNF-a], TNFSFs, and IFNG [IFN-v]), anti-inflammatory
cytokine IL-10, which is an indicator of inflammation (64), TGF-
B1, and many chemokines that are chemotactic for monocytes/
macrophages, neutrophils, natural killer (NK) cells, dendritic
cells, T cells, and B cells (see Table S4 in the supplemental mate-
rial). The expression of these cytokines/chemokines resembles the
hyperinduction of cytokines/chemokines that has been observed
in human patients with fatal outcomes (9, 10).
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FIG 5 Relationship between virus titers in bronchial brushes and the expression levels of genes for each module (M1 to M11). The x axis represents the virus titer
and the y axis represents the expression level of the eigengene of the gene module. Each marker indicates each sample; virus strains are indicated by different
colors. Correlation values, which are given in each graph, were calculated by use of the pairwise correlation. Significant correlations between the virus titers and

the expression levels of genes were observed for M2, M6, and M7.

Expression of M2 as well as M6 and M7 was significantly cor-
related with virus titers (Fig. 5). The M2 gene module also con-
tained many ISGs (170 gene probes, 18.4%) (Table 5). As for the
biological processes enriched for M2, it is well known that
adaptive immune response, inflammation, and coagulation are
promoted by the innate immune response (65-67). In addition,
coagulation and homeostatic processes are also linked to inflam-
mation; inflammation activates coagulation, which in turn acti-
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vates inflammation (67, 68), and the expression and function of
ion channels that control homeostasis are influenced by cyto-
kines/chemokines and other inflammatory mediators (69). Taken
together, our data suggest that excessive upregulation of M2 genes,
which were probably activated by sustained strong expression of in-
nate immune genes in M6 and M7, including type I and III interfer-
ons, in the late phase of infection is likely responsible for the severe
disease outcome observed in VN3040-infected animals.

jviasm.org 8991


http://jvi.asm.org

Muramoto et al.

A Gene

module

VN3028licl3
Gene 1 3 5

VN30259 VN3040

3 5

~
N

7 Days post-infection

M6
M7
M7
M7
M6
M6

M7
M6

M6
M6
M6
M6
M6
M6
M6
M6
M6
M6
M6
M6
M6
M6
M7
M7
M7

B Biological
process

IFNAS
IFNA8
IFNA16
IFNA21
IL28B
1L29

NFKB1
RELA

CASP1
CXCL10
DDX58
EIF2AK2
GBP1
IFIT2
IFITS
IRF1
OAS2
OASL
RSAD2
SOCs1
TLR3
TRIM22
JAK2
TANK
TLR2

N
w
2
~

VN3028lIcl3 VN30259 VN3040

5 7 Days post-infection

N
w
3
~
N
w

Gene

Inflammatory response  Adaptive immune response
N
w
o
~

Coagulation

Homeostatic process

C1QA
C1QB
CD40
CXCL13
FCGR1B
FCGR2A
GzZMB
HLA-DRB4
IFNG
LILRB3
SEMA4A
TNFSF13

AlF1
CCL18
IL10
IL10RB
IL4R
MMP25
TGFB1
TLR8

TNF
TNFRSF1A
TNFRSF1B

CD36
F13A1
FGL2

FN1
PECAM1
PLAU
SELPLG
SERPINE1
TFPI
THBD

ATP6V1B2
ATP6V1F
CACNA1G
CLIC4
HVCN1
SCN1B
SLC11A1
SLC7A8
SLC9A9
TRPM2
VDR

Log, fold change

'
o

0 6

FIG 6 Expression profiles of M6, M7, and M2 genes for each virus infection. (A) Type I and Il interferon genes, the NF-«B genes, and representative ISGs, which
belong to M6 or M7. (B) Representative M2 genes involved in the indicated biological process. Each column represents the mean log,-fold change among three
animals for each virus infection, which is shown in red if it was upregulated relative to preinfection.

8992 jviasm.org

Journal of Virology


http://jvi.asm.org

DISCUSSION

Here, we compared the pathogenicity of six highly pathogenic
H5N1 viruses that were isolated from humans in a nonhuman
primate model. Interestingly, there were substantial variations
among these H5N1 viruses in terms of replicative ability and the
severity of the disease they caused from asymptomatic to fatal. We
used plaque-purified VN30281Icl3 and VN30408¢l7 viruses due to
their receptor preferences. Although we cannot tell whether lim-
ited sequence diversity due to plaque purification had an effect on
the mild outcome of infection, we do know that non-plaque-pu-
rified VN30259 also caused asymptomatic disease. Coexpression
analysis of microarray data revealed the dynamics of host re-
sponses in severe outcome cases of H5N1 virus infections. In ad-
dition, there were significant correlations between virus titer and
the gene expression levels of M2, M6, and M7 genes. These find-
ings suggest that the attenuated activation of innate immunity,
apoptosis, and antigen processing/presentation in the early phase
of infection, which are usually induced by interferons, led to an
inability to suppress virus replication. The subsequent continuous
virus replication in additional cells in respiratory organs induced
sustained activation of the innate immune response and excessive
activation of inflammation, coagulation, and homeostatic process
in the late phase of infection, leading to the severe outcome; how-
ever, it is not clear why the virus was able to replicate under the
strong upregulation of interferons and ISGs at the later time in the
infection. Nonetheless, our findings demonstrate the importance
of the early strong ISG response to control highly pathogenic
H5N1 virus infection.

We previously reported that macaques infected with a seasonal
HINT1 virus showed clear upregulation of interferons and ISGs
early in infection (day 3) (70); therefore, it is possible for host
responses in animals with mild symptoms to be similar between
animals infected with seasonal human influenza viruses and those
infected with H5N1 viruses that cause only mild symptoms.

Type I and I1I interferons are the principal molecules of innate
immunity against virus infection (71). These interferons show
their effects through interactions with their cognate receptors,
which activate the JAK/STAT cascade and additional signaling
pathways to induce ISGs; a subset of ISGs are classified based on
their putative functions as antiviral, host defense, apoptosis, anti-
gen processing/presentation, cell cycle, and transcription factors
(72). In our study, many ISGs were expressed weakly in severe
cases in the early phase, suggesting that the severe outcome may be
caused by attenuated interferon responses to H5N1 virus infection
in the early phase. However, expression levels of type I and III
interferon genes in severe cases on day 1 were comparable to or
higher than those in mild cases (see Table S3 in the supplemental
material and Fig. 6A). Therefore, the attenuated interferon-medi-
ated signaling to induce ISGs may be involved in the severe and
lethal outcome following VN3040 infection.

What causes the differences in ISG induction among
VN30281Icl3, VN30259 (mild cases), and VN3040 (severe case)?
Among the amino acid differences between the viruses causing
severe and mild outcomes (Table 6), differences in NS1 and HA
are potentially important, because NSI inhibits host antiviral re-
sponses elicited by type I and III interferons via multiple mecha-
nisms (61, 73), and the receptor binding specificity of HA influ-
ences the target cells (74, 75). NS1 limits interferon production
pretranscriptionally (by inhibiting RIG-I activation) and post-
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TABLE 6 Amino acid differences among VN3040, VN3028I1cl3, and
VN30259

Amino acid
Virus protein Position VN3040° VN3028IIcl3 VN30259
PB2 391 Q E E
717 A A T
PB1 178 E D E
375 N N T
384 L \% L
640 \% \4 I
PB1-F2 51 T M M
84 N N S
PA 142 E K K
270 L L I
421 1 S S
HA1? 36 K T T
123 S S P
192 Q R Q
223 S N S
HA2 128 D D N
167 R R K
NP 452 R R K
NA 54 F L F
130 K K N
186 L L \%
264 N D D
324 Y C Y
M1 248 M \% M
NS1¢ 71 G E E
171 G G D
205 N N S
221 Stop codon K K
NS2 14 \4 \% M
48 T T A

“ Amino acid differences, which are unique to VN3040, are indicated in boldface type.
b Amino acid positions are indicated in the H5 numbering system.
“NSI1 of these three viruses contained a deletion of amino acids 80 to 84.

transcriptionally (by inhibiting the nuclear posttranscriptional
processing and the export of cellular mRNAs to the cytoplasm).
The latter also prevents efficient production of ISGs. A previous
study showed that the NS1 of 1918 virus is more efficient in block-
ing ISG expression than is the NS1 of WSN virus in a human lung
cellline (76). It may be that the NS1 of VN3040 blocks ISG expres-
sion more efficiently than does that of VN30281Icl3 and VN30259.

The NS1 of VN3040 possesses a 10-amino-acid truncation in
its C terminus. The truncated C-terminal region of NS1 possesses
some functional sites: a poly(A)-binding protein II (PABII) bind-
ing site at amino acid positions 223 to 230 (73), the PDZ-binding
motif “ESEV” at the C-terminal 4 amino acids (22), and a sumoy-
lation and ISGylation site at the lysine at position 221 (77, 78).
NS1 binds to PABII and blocks the export of cellular mRNAs to
the cytoplasm; the truncation of the PABII binding site in
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VN3040-NS1 may be disadvantageous for virus replication. The
PDZ-binding motif “ESEV” at the C-terminal 4 amino acids,
which is a known virulence factor for mice (23), contributes to
pathogenicity in a host species-specific manner (for example, a
virus with the ESEV motif exhibited more efficient replication in
mouse cells and yet showed attenuated replication in human cells
compared to a virus that lacked the ESEV motif [79]). Thus, it
remains unclear whether the ESEV motif enhances virus replica-
tion in macaques. Lysine at position 221, which is highly con-
served among H5N1 viruses, is both a sumoylation site as well as
an ISGylation site; the sumoylation of NS1 enhances NS1 stability
and virus growth (78), whereas ISGylation inhibits NS1 functions
and reduces virus replication (77, 80), suggesting that the C ter-
minus of NS1 possesses conflicting functions for virus replication.
However, ca. 20% of NS1 proteins from different subtypes of in-
fluenza A viruses have C-terminal truncations of the same,
smaller, or even a larger size (81), implying that these truncations
may provide an advantage to the viruses.

The HA of VN3040 recognizes only a2,3-linked sialic acid,
whereas that of VN30281Icl3 and VN30259 also recognizes a2,6-
linked sialic acid as a result of amino acid substitutions at posi-
tions 123, 192, and 223 (H5 numbering) (21). In addition, all of
the viruses that recognized both a2,6-linked and «2,3-linked sialic
acids (VN3028IIcl3, VN30259, and VN30408¢l7) caused mild dis-
ease and showed limited replicative ability in macaques (Tables 2
and 3). On the other hand, viruses that recognized «2,3-linked but
not a2,6-linked sialic acid (VN3040, VN3062, and VN30850) rep-
licated efficiently in macaques. Although it is not well understood
how the difference in receptor specificity influences the pathoge-
nicity of H5N1 viruses, it has been reported that the 2009 pan-
demic HIN1 virus with enhanced a2,3-linked sialic acid binding
ability shows increased infection of type II pneumocytes and
higher pathogenicity in macaques than the related virus that does
not recognize «2,3-linked sialic acid (75). A seasonal HINT1 virus
that preferentially recognizes a2,6-linked sialic acid infects type I
but not type II pneumocytes in macaques, resulting in less lung
damage (82). In addition, a highly pathogenic H5N1 virus that
recognizes a2,3-linked sialic acid infects type II pneumocytes,
Clara cells, and bronchial epithelial cells in macaques in the early
phase of infection, resulting in severe alveolar damage (14). Type
II pneumocytes express cytokines/chemokines and participate in
the innate immune responses of the lung. However, it was recently
reported that type I pneumocytes in rodent models mount innate
immune responses (83) and produce higher levels of proinflam-
matory cytokines on lipopolysaccharide stimulation than do type
II pneumocytes (84), suggesting that type I pneumocyte targeting
of H5N1 viruses by «2,6-linked sialic acid recognition would
cause the stronger innate immune responses at the early phase of
infection, leading to early virus clearance.

Compared to the World Health Organization-documented fa-
tality rate of H5N1 virus infections in humans (which is close to
60%), the virus lethality in cynomolgus macaques (one out of 18
animals) in the present study was low. Other studies on H5N1
virus infections in macaques have reported similar findings of
only one fatal outcome (12). Such findings have brought into
question the suitability of macaques as an animal model for H5N1
virus infection. To address this question, one must carefully con-
sider the reported fatality rate of H5N1 infections in humans. The
reported ~60% fatality rate in humans is a case fatality rate; some
humans with no history of influenza-like illness but with con-
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firmed seropositivity for H5SN1 virus infection are not included in
the confirmed cases of H5N1 virus infections (85-92). Therefore,
the true fatality rate for H5N1 virus-infected humans is less
than the reported rate. Also, although ferrets and mice are used to
study influenza, highly pathogenic H5N1 viruses cause systemic
infection in these animals, whereas systemic infections rarely oc-
cur with H5N1 viruses in humans (8, 93). Moreover, because lab-
oratory mice lack the Mx1 gene, they are very susceptible to highly
pathogenic H5N1 viruses. Therefore, the pathobiologies of H5N1
virus infections in ferrets and laboratory mice do not always rep-
resent all of the features of human infections with these viruses. In
contrast, in macaques, highly pathogenic H5N1 viruses replicate
mainly in respiratory organs and induce severe pneumonia as is
the case in human patients infected with H5N1 viruses. The lung
lesions of macaques infected with highly pathogenic influenza vi-
ruses, including H5N1 viruses, are similar to those seen in human
patients (12-14, 27, 28, 70, 75, 82, 94—100). Therefore, macaques
are in fact excellent animal models for the study of severe influ-
enza.

In summary, our results suggest that early ISG induction de-
termines the pathogenicity of H5N1 virus infection. Since virus
infection can be viewed as competitive antagonism between virus
replication and host antiviral responses, it appears that even a
slight advantage on either side can influence the outcome for the
infection. A better understanding of this antagonism will aid in the
development of immunomodulatory therapeutics against highly
pathogenic influenza.
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