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How viral and host factors contribute to the severe pathogenicity of the HSN1 subtype of avian influenza
virus infection in humans is poorly understood. We identified three clusters of differentially expressed innate
immune response genes in lungs from H5N1 (A/Vietnam/1203/04) influenza virus-infected ferrets by oligonu-
cleotide microarray analysis. Interferon response genes were more strongly expressed in H5SN1-infected ferret
lungs than in lungs from ferrets infected with the less pathogenic H3N2 subtype. In particular, robust CXCL10
gene expression in H5N1-infected ferrets led us to test the pathogenic role of signaling via CXCL10’s cognate
receptor, CXCR3, during H5N1 influenza virus infection. Treatment of HSN1-infected ferrets with the drug
AMG487, a CXCR3 antagonist, resulted in a reduction of symptom severity and delayed mortality compared
to vehicle treatment. We contend that unregulated host interferon responses are at least partially responsible
for the severity of HS5N1 infection and provide evidence that attenuating the CXCR3 signaling pathway
improves the clinical course of HSN1 infection in ferrets.

According to the World Health Organization, the H5N1
subtype of avian influenza virus has caused over 380 cases of
human illness and over 240 deaths from 2003 to date. Person-
to-person transmission of H5N1 virus appears to be a rare
event (20, 37). Current therapeutic strategies for human HSN1
infection are restricted to vaccination, preventative or early
treatment with antiviral agents, and use of corticosteroids.
While antiviral treatments may benefit patients if administered
early in the disease and the currently available HSN1 vaccines
appear to be effective in animal models and safe in humans,
neither approach guarantees protection in the face of an in-
fluenza pandemic. Newly emergent strains may not match
stockpiled vaccine strains, and the virus is likely to develop
resistance to antiviral agents.

Recent studies have suggested that aberrant host immune
responses to HSN1 during acute infection may be partially
responsible for the severity of disease in humans (11, 35). Very
few mechanistic data, however, are available regarding host
responses to HSN1 infection in humans or animal models.
Treatments designed to correct a dysregulated host response
and associated immunopathology during HS5NI1 infection
therefore warrant further consideration in animal models.

* Corresponding author. Mailing address: Division of Immunology,
International Institute of Infection and Immunity, Shantou University
Medical College, 22 Xinling Road, Shantou, Guangdong, P. R. China
515041. Phone: 86-754-8738699. Fax: 86-754-8544422. E-mail: dkelvin
(@uhnres.utoronto.ca.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 6 August 2008.

In this study, a functional genomics approach was utilized to
identify potential patterns of immune dysregulation during
acute H5N1 influenza virus infection in ferrets by comparison
to H3N2 infection. Ferrets were infected intranasally with one
of two different influenza A viruses originally isolated from
humans: A/Vietnam/1203/04 (H5N1) and A/Panama/2007/99
(H3N2). Three clusters of differentially expressed innate im-
mune response genes that were highly enriched in interferon
(IFN) response genes (IRGs) were found by microarray anal-
ysis of gene expression in lungs from HS5N1- versus H3N2-
infected animals. In particular, CXCL10 gene expression was
significantly upregulated in HS5Nl-infected ferret lungs
throughout the course of the study relative to mock-infected
and H3N2-infected ferret lungs. This result prompted us to
evaluate modulation of CXCL10 activity via blockade of
CXCR3 signaling for efficacy in improving the morbidity asso-
ciated with H5SN1 infection in ferrets and as a potential avenue
for future therapeutic intervention in humans.

MATERIALS AND METHODS

Ferret experiments. For the microarray study, 4- to 6-month old, neutered,
descented, and influenza virus antibody-screened male fitch ferrets (Triple F
Farms, Sayre, PA) were weighed and randomly assigned to one of three infection
groups at the Southern Research Institute for intranasal instillation of either
A/Vietnam/1203/04 H5N1 subtype (clade 1) or A/Panama/2007/1999 influenza
virus at 1 X 10° 50% egg infectious doses (EIDs,) or for phosphate-buffered
saline (PBS) mock infection, in a total volume of 1 ml. Infected ferrets (n =
3/group) were euthanized at 2 and 4 days postinfection (dpi) and at the end point
(6 dpi or upon scoring as moribund due to 25% weight loss). Note that one
HS5N1-infected ferret was euthanized at 5 dpi under the definition of the end
point (see Fig. S1 in the supplemental material). Mock-infected animals were
euthanized on the day of infection. Clinical signs were monitored daily from 2
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dpi. Viral loads in nasal turbinates and lung tissue from influenza virus-infected
ferrets at necropsy were assayed by methods described previously (44) with a
limit of detection of 1.5 EIDsy/ml (log,). For the AMGA487 treatment study, the
drug was kindly provided by Amgen (San Francisco, CA) and administered at a
suggested one-third of the daily dose used safely in mouse studies (38). Ferrets
were infected with H5N1 as described above and received either 1.65 mg/kg
AMGA487 in a 3-ml volume of PBS (n = 8) or PBS vehicle (n = 9) intraperito-
neally every 12 h starting at 24 h postinfection and continuing until the end point
(euthanasia upon scoring as moribund due to 25% weight loss). Nasal washes at
1, 3, and 5 dpi and lungs at necropsy were assayed for viral load in the AMG487
treatment study by methods described previously (44) with a limit of detection of
1.5 EIDsy/ml (log,,). Weight loss, activity, temperature, and arterial O, satura-
tion (SpO2) (pulse oximetry) were monitored daily from 2 dpi. Temperatures
were monitored with subcutaneous transponders (IPTT-300; Biomedic Data
Systems Inc, Seaford, DE).

Microarray analysis. Lung sections (~1 g) were obtained during necropsy and
immediately homogenized in TriPure reagent, and total RNA was isolated ac-
cording to the manufacturer’s recommended protocol (Roche, Indianapolis, IN).
RNA quality was assessed using a UV spectrophotometer and by formaldehyde
gel electrophoresis. The quality of RNA isolated from a single H3N2-infected
ferret’s lung specimen collected at 4 dpi was insufficient for cDNA synthesis.
Total RNA was amplified using Message AMP kits (Ambion, Austin, TX). cRNA
(15 pg) was labeled and hybridized to Affymetrix Canine 2.0 oligonucleotide
arrays (Affymetrix, Santa Clara, CA). Canine arrays were chosen following anal-
ysis of 30 publically available ferret cDNA sequences and demonstration of high
levels of homology (average of 89% identity) between canine and ferret nucle-
otide sequences (see Table S1 in the supplemental material). Probe-level analysis
was performed using the Probe Logarithmic Intensity Error Estimate (PLIER)
method in Array Assist V5.2 (Stratagene, La Jolla, CA). The raw intensity values
for each target on the Affymetrix arrays were preprocessed with variance stabi-
lization, log, transformation, and normalization against the data sets for mock
infection excluding elements with median signal intensities of <6 log, units
across samples. Sequential Student’s # tests (time point versus mock) were used
to identify genes significantly differentially expressed (P = 0.05 and =2-fold
change) for at least one time point and group during H3N2 and H5N1 infection
in ferrets. These genes were combined with significantly differentially expressed
genes between H3N2- and H5N1-infected ferrets (=2-fold change for at least
one time point and group and P = 0.05) identified using the Extraction and
Analysis of Differential Gene Expression (EDGE) software tool (24). Hierar-
chical clustering was performed using GeneLinker Platinum 4.6 (Improved Out-
comes, Kingston, Canada) and the Euclidean geometrical average of samples
algorithm. Ingenuity Pathway Analysis 5.0 (IPA) (Ingenuity Systems, Redwood
City, CA) was used to select, annotate, and visualize genes by function and
pathway (gene ontology). Additional gene annotation was provided by the In-
terferon Stimulated Gene Database (12) and the Universal Protein Resource
(UNIPROT) (URL:www.expasy.org/uniprot).

qRT-PCR. Quantitative real-time PCR (qQRT-PCR) was performed on ampli-
fied RNA in triplicate using an ABI-Prism 7900HT and Sybr green master mix
(Applied Biosystems, Foster City, CA). Primer sequences were as follows: for
CXCLY, 5'-GGTGGTGTTCCTCTTTTGTTGAGT-3’ (forward) and 5'GGAA
CAGCGTCTATTCCTCATTG-3" (reverse); for CXCL10, 5'-CTTTGAACCA
AAGTGCTGTTCTTATC-3'" (forward) and 5'-AGCGTGTAGTTCTAGAGA
GAGGTACTC-3' (reverse); for FCN1, 5'-CACCAAGGACCAGGACAATG
A-3" (forward) and 5'-CACCAGGCCCCCTGGTA-3' (reverse); for SERPINGI, 5'-
GCCTCTCAGAGCCTGTATGG-3' (forward) and 5'-CTTCCACTTGGCACT
CAGGT-3’ (reverse); and for STATI, 5'-AGCCTTGCATGCCAACTCA-3’
(forward) and 5'-GCAGTCTCAACTTCACGGTGAA-3' (reverse). Gene ex-
pression levels for each sample were normalized to ferret beta-actin levels in the
same sample. The quality of cDNA obtained from a single H5SN1-infected fer-
ret’s lung specimen collected at the end point was insufficient for qRT-PCR
validation.

Histochemistry. Lungs were routinely perfused, formalin fixed, and hematox-
ylin-and-eosin stained. Blinded serial sections were evaluated by a veterinary
pathologist (P.V.T.).

Statistical methods. Survival curves were evaluated by Kaplan-Meier and log
rank analysis. Other clinical indicators were compared by two-way analysis of
variance (ANOVA) (Prism V3; GraphPad Software, San Diego, CA). Other
tests used were Student’s ¢ test or the Mann-Whitney (nonparametric) rank sum
test for two independent populations using SPSS for Windows V13.0 software
(SPSS Inc., Chicago, IL) where noted. A P value of =0.05 was considered
significant with all methods.
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Microarray data accession number. Data sets are available publically at the
Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo/) under
accession number GSE9606.

RESULTS AND DISCUSSION

To identify host responses specific to H5N1 virus infection
and further examine the molecular basis of the high degree of
lung pathology associated with H5N1 infection, we infected
ferrets with either the HSN1 or H3N2 subtype of influenza A
virus (see Fig. S1 and S2 in the supplemental material) and
obtained tissue samples for gene expression analysis at various
time points postinfection. Ferrets were inoculated intranasally
with 10° EIDs,, of either A/Vietnam/1203/04 (H5N1) or A/Pan-
ama/2007/99 (H3N2) and examined daily for clinical signs of
disease, including loss of activity, nasal discharge and respira-
tory distress, neurological signs, weight loss, and temperature.
Overall, the clinical symptoms we observed in H5N1-infected
ferrets were very consistent with previous studies using this
particular virus strain (A/Vietnam/1203/04) or its reverse-ge-
netics-derived recombinant form (15, 31). At 2 and 4 dpi and
at the end point, ferrets were euthanized and lung tissue re-
moved for RNA purification for gene expression analysis.
RNA was quantified and assessed for integrity, and equal
quantities of lung total RNA from each ferret were amplified
and hybridized to oligonucleotide arrays. The resulting gene
expression data were normalized directly to those for mock-
infected ferrets.

Our analysis strategy, which identified genes either up- or
downregulated during HSN1 and H3N2 infection and differ-
entially expressed between HSN1 and H3N2 infection, resulted
in a list of 2,295 genes with significantly changed expression in
lungs from influenza virus-infected ferrets. Hierarchical clus-
tering analysis revealed several groups of coordinately ex-
pressed genes in four prominent functional clusters as defined
by IPA, including a cell growth and proliferation gene network
cluster and three unique gene clusters related to IFN signaling
and innate immunity (Fig. 1). Genes in the cell growth and
proliferation gene cluster were generally upregulated in the
lungs of H3N2-infected ferrets and downregulated in the lungs
of H5N1-infected ferrets. Genes in two of the IFN signaling
clusters were generally upregulated in the lungs of HS5NI-
infected ferrets beginning at 2 dpi relative to their expression
in H3N2-infected ferrets. A third IFN/acute-phase response
signaling cluster, enriched in IFN and complement genes, was
expressed similarly in both groups. A few ferrets appeared to
behave differently in terms of gene expression from others in
their group. The outbred status of the ferrets used in this study
may be at least partially responsible for variation in individual
host responses.

Table S2 in the supplemental material lists all four func-
tional clusters and the genes included in each one of them. No
one signaling pathway dominated the cell growth and prolifer-
ation gene network cluster; however, it was interesting to note
that several genes associated with T- and B-cell signaling were
significantly downregulated in HSN1-infected ferret lungs rel-
ative to H3N2-infected ferrets throughout the study period,
namely, CD45 (CfaAffx.17631.1.S1_s_at; EDGE P = 0.046),
GRB2 (CfaAffx.8081.1.51_s_at; EDGE P = 0.010), and a num-
ber of phosphoinositide-3-kinase genes and mitogen-activated
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FIG. 1. Four prominent gene expression clusters identified in
H3N2- and H5Nl1-infected ferrets. Sequential Student’s ¢ tests (time
point versus mock) identified genes significantly differentially ex-
pressed (P = 0.05 and =2-fold change) for at least one time point and
group during H3N2 and H5N1 infection in ferrets. These genes were
combined with significantly differentially expressed genes (=2-fold
change for at least one time point and group and P = 0.05) identified
by EDGE analysis of differential gene expression between H3N2- and
H5NI1-infected ferrets. As shown, 2,295 significantly different genes
were analyzed by one-way (by gene) hierarchical clustering (red, up-
regulated; blue, downregulated). The most significant signaling path-
way(s) (IFN and IFN/acute-phase response signaling) or network (cell
growth and proliferation, gene expression, immune response, and in-
fectious disease) according to IPA for the resulting clusters are noted.
M, mock. E, end point as described in Materials and Methods.

protein kinase genes (see Table S2 in the supplemental mate-
rial). The primary aim of this study was to perform a detailed
analysis on the three clusters heavily enriched in innate-immu-
nity-related genes.

Complement is a critical component of innate immunity and
appears to play a role in the host response to influenza virus
infection (4, 5, 43); however, the extent of the involvement of
the complement cascade in highly pathogenic influenza virus
infection is not known. In our study, SERPINGI1, C4, and

J. VIROL.

C1QC (see Table 1 for full gene names) were significantly
upregulated at time points throughout HSN1 and H3N2 infec-
tion relative to in the mock-infected ferrets but were not dif-
ferentially expressed between HS5N1- and H3N2-infected fer-
rets; however, C1QL3, C3, HF1, MASP1, and FCN1 were
significantly differentially expressed between H3N2- and
H5N1-infected ferrets by EDGE analysis (Table 1 and Fig.
2A). Clq is a charge pattern recognition receptor which rec-
ognizes innate immune system targets and forms a complex
with Clr and Cls to constitute the first component of the
serum complement system, C1 (14). C1 complex activation is
regulated by the serine protease inhibitor SERPINGI1 (inci-
dentally also considered an IRG), which forms a proteolytically
inactive stoichiometric complex with Clr, Cl1s, and MASP pro-
teases (9). The similar upregulation of SERPINGI in H5N1-
and H3N2-infected ferrets relative to the mock-infected ferrets
was confirmed by qRT-PCR (Fig. 2B). C4 is cleaved by acti-
vated Cl1 to produce C4b, an essential component of the C3
and C5 convertases of the classical pathway. Ficolins are key
mediators of innate immunity that trigger the lectin pathway of
the complement cascade via activation of MASP zymogens,
which in turn cleave the C4 component (13, 26). Ficolin 1
(FCN1) was expressed in both H3N2 and H5N1 infection at 2
to 4 dpi to the end point, but to a significantly greater degree
in H5Nl-infected ferrets (Table 1). The significantly higher
expression of FCN1 in H5Nl-infected ferret lungs was con-
firmed by qRT-PCR (Fig. 2C). Accordingly, the expression of
one of the targets of FCN1, MASP1, was significantly upregu-
lated in the lungs of H5SN1-infected ferrets relative to H3N2-
infected ferrets (Table 1). In a visual summary of the these
results, Fig. 2D shows that while genes from the classical arm
of the complement pathway were similarly upregulated in both
groups of influenza virus-infected ferret lungs, FCN1 and
MASP1 (lectin pathway) and C3 (common to all three com-
plement pathways) were differentially regulated between
H5N1- and H3N2-infected animals. C3 gene expression was
significantly downregulated in the lungs of H5SN1-infected fer-
rets at the end point relative to H3N2-infected ferrets (Fig. 2D
and Table 1). Interestingly, C3-deficient mice have been shown
to be highly susceptible to primary infection with influenza A
virus and exhibit delayed viral clearance and increased viral
titers in the lung (23). Moreover, HF1, an inhibitor of the
alternative pathway, was upregulated only in H3N2-infected
ferrets at the end point, suggestive of a negative feedback loop
in the lungs of H3N2-infected ferrets. Taken together, our
results suggest that complement activation and regulation may
be important to the success of the transition from innate to
specific antiviral immune responses during influenza A virus
infection.

We next looked at the expression of the large variety of
IRGs identified in the three innate immunity-related clusters
shown in Fig. 1. IRGs are a large family of IFN-signaling and
IFN-stimulated immune mediators with pleiotropic down-
stream functions in innate antiviral responses and host defense
(34). Figure 3A and Table 1 show that many IRGs, such as
IFI44, ISG15 (G1P2), MX2, OAS1, OAS2, STATI, TAP1, and
UBEIL, were significantly upregulated throughout the study
period in both H5N1- and H3N2-infected ferret lungs relative
to the mock-infected ferret lungs. These genes, while coordi-
nately expressed, have diverse functions in host defense. IF144,
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TABLE 1. Expression of selected genes in H3N2 versus H5N1-infected ferrets
Pathway and N . Affymetrix Entrez gene Mean gene expression (H3N2/HSNI) at”: EDGE
ame or description . g . ST, A
gene symbol identification identification’ 2 dpi 4 dpi End point P value
IFN signaling
CD274 CD274 molecule CfaAffx.4085.1.51_at 29126 0.73/0.19 0.6/0.58 0.79/1.93 0.036
COPB2 Coatomer protein complex, subunit Cfa.3255.1.A1_s_at 9276 —0.05/-0.29 1.04/0.69 —0.17/0.21 0.890
beta 2
CSF2RA Colony-stimulating factor 2 receptor, CfaAffx.17240.1.51_at 1438 -0.2/-0.04  —1.36/0.25 —1.02/0.31 0.002
alpha
CSNK1D Casein kinase 1, delta CfaAffx.10096.1.S1_s_at 1453 0.63/1.35 0.37/1.62 0.62/1.48 0.053
CXCL10 Chemokine (C-X-C motif) ligand 10 Cfa.16590.1.S2_at 3627 0.17/0.98 0.32/0.93 —0.34/1.22 0.022
FGG Fibrinogen gamma chain Cfa.5998.1.A1_x_at 2266 0.65/—0.36 0.25/0.38 0.27/1.68 0.044
FUBP1 FUSE binding protein 1 Cfa.19489.1.51_at 8880 —0.58/0.18 —1.27/0.08 —0.95/0.34 0.030
GEM GTP binding protein overexpressed CfaAffx.14457.1.S1_at 2669 —0.01/0.82 —1.25/0.81 —0.3/0.69 0.032
in skeletal muscle
GYS2 Glycogen synthase 2 Cfa.3601.1.51_s_at 2998 —1.03/0.31 —0.88/0.46 0.07/0.35 0.007
HMMR Hyaluronan-mediated motility CfaAffx.26316.1.S1_s_at 3161 —0.31/0.44 —1.26/0.47 —0.89/0.66 <0.001
receptor
1F144 IFN-induced protein 44 CfaAffx.31148.1.51_at 10561 2.68/1.01 2.97/1.4 1.5/0.91 0.494
TFI44L IFN-induced protein 44-like CfaAffx.31150.1.51_at 10964 1.57/0.41 —0.21/1.24 0.08/0.92 0.201
1FI6 IFN-a-inducible protein 6 Cfa.20456.1.51_at 2537 0.18/1.48 —0.1/1.49 —0.17/1.09 0.001
IFITM1 IFN-induced transmembrane CfaAffx.10684.1.S1_s_at 10581 0.1/1.15 0.25/1.61 0.43/0.55 0.033
protein 1
IRF4 IFN regulatory factor 4 CfaAffx.11513.1.51_at 3662 0.25/1.09 —0.44/1.55 —0.42/1.17 0.009
ISG15 ISG15 ubiquitin-like modifier Cfa.10757.1.81_s_at 9636 2.73/2.74 2.31/2.83 0.51/2.35 0.266
JUN Jun oncogene CfaAffx.28854.1.S1_s_at 3725 1.7/0.68 3.07/0.81 1.69/1.04 0.691
MX2 Myxovirus (influenza virus) Cfa.3609.1.51_s_at 4600 0.55/0.75 —0.04/1.11 0.16/0.83 0.193
resistance 2
OAS1 2',5'-Oligoadenylate synthetase 1 Cfa.21191.1.51_a_at 4938 0.01/0.92 1.08/1.03 0.3/0.55 0.708
OAS2 2',5'-Oligoadenylate synthetase 2 CfaAffx.14097.1.S1_s_at 4939 1.09/0.81 1.36/1.15 0.51/1.08 0.433
PBEF1 Pre-B-cell colony-enhancing factor 1 Cfa.18345.1.51_s_at 10135 0.42/-0.13 1.43/0.04 1.2/1.55 0.363
PIAS1 Protein inhibitor of activated STAT 1~ Cfa.19469.1.S1_s_at 8554 —0.72/-0.05 —1.4/0.23 —1.15/0.2 0.041
PIM1 Pim-1 oncogene CfaAffx.3073.1.S1_at 5292 0.37/0.92 —0.84/1.09 0.34/0.83 0.110
SERPING1  Serpin peptidase inhibitor, clade G, 1~ Cfa.3117.2.A1_a_at 710 1.73/1.34 1.11/1.63 2.15/0.95 0.526
SERPING1  Serpin peptidase inhibitor, clade G, 1~ CfaAffx.12560.1.S1_s_at 710 0.97/0.98 0.51/1.62 1.48/0.79 0.640
SOCS1 Suppressor of cytokine signaling 1 CfaAffx.28878.1.51_at 8651 —0.32/0.59 —1.65/0.48 —0.34/0.7 0.048
STAT1 Signal transducer and activator of CfaAffx.15419.1.S1_s_at 6772 0.92/0.71 0.67/1.21 0.6/0.64 0.964
transcription 1
STAT2 Signal transducer and activator of CfaAffx.1159.1.S1_at 6773 —0.8/-0.15 —1.01/0.11 —0.24/0.07 0.002
transcription 2
TAP1 Transporter 1 Cfa.3155.1.51_at 6890 2.29/0.84 2.1/1.59 1.37/1.92 0.401
UBEIL Ubiquitin-activating enzyme El-like Cfa.3348.1.A1_s_at 7318 1.15/2.05 1.11/2.47 0.99/1.87 0.401
VAT1 Vesicle amine transport protein 1 CfaAffx.22532.1.S1_s_at 10493 0.36/1.02 0.09/1.08 —0.4/0.87 0.007
homolog
Complement
C1QcC Complement component 1, q Cfa.10921.1.S1_at 714 0.81/1.71 2.36/1.58 1.47/1.25 0.848
subcomponent, C chain
C1QL3 Complement component 1, q Cfa.9757.1.A1_at 389941 —1.3/0.28 —1.3/0.28 —1.07/0.49 0.040
subcomponent-like 3
C3 Complement component 3 Cfa.12240.1.A1_at 718 —0.47/0.21 —1.15/0.48 2.33/-1.6 0.004
C3 Complement component 3 Cfa.13267.1.A1_s_at 718 —0.8/—0.17 —1.37/-0.44 0.41/-1.07 0.020
C4 Complement component 4 CfaAffx.1993.1.S1_s_at 720 2.34/1.6 0.94/2.21 3.66/1.17 0.342
CFI Complement factor I (IF) Cfa.14495.2.51_at 3426 0.48/1.15 —0.46/1.25 0.06/1.12 0.084
FCN1 Ficolin 1 Cfa.13207.1.A1_s_at 2219 2.12/0.76 2.9/3.22 1.49/4.24 0.027
FCNI Ficolin 1 CfaAffx.30397.1.51_at 2219 0.8/0.21 1.33/2.24 0.92/3.11 0.001
HF1 Complement factor H Cfa.20016.1.51_at 3075 —0.46/—1.01  —0.36/-0.14 0.9/-1.64 0.019
MASP1 Mannan-binding lectin serine CfaAffx.21390.1.51_at 5648 0.19/0.55 0.18/0.96 0.35/1.08 0.016
peptidase 1
SERPING1  Serpin peptidase inhibitor, clade G, 1~ Cfa.3117.2.A1_a_at 710 1.73/1.34 1.11/1.63 2.15/0.95 0.526
SERPING1  Serpin peptidase inhibitor, clade G, 1 =~ CfaAffx.12560.1.S1_s_at 710 0.97/0.98 0.51/1.62 1.48/0.79 0.640

“The Entrez gene identification corresponds to the human homolog. E, endpoint as described in Materials and Methods.
> Mean gene expression is normalized to the means for the corresponding mock infection (log, ratio). Boldface indicates significantly differentially expressed genes
(P = 0.05) versus the mock infection by the sequential Student’s ¢ tests.

¢ Statistical significance of gene expression differences between H3N2- and H5N1-infected ferrets determined by the EDGE analysis.

MX2, and OAS2 are antiviral IRGs induced mainly by type I
IFNs (IFN-a and IFN-B), while OAS1 is induced by type I and
IT (IFN-y) IFNs and mediates cellular resistance against viral
infection (UNIPROT). UBEIL catalyzes the initial step of
ISG15 activation, a target of influenza NS1B virus inhibition
(41). ISG15 is an important ubiquitin-like modifier that con-
jugates with critical intracellular antiviral targets upon type I
IFN stimulation, such as JAK1 and STAT1 (27). STAT1 is
phosphorylated by Jak kinases upon type I and II IFN ligation
of their cognate cell surface receptors, leading to IRG tran-

scription and initiation of an antiviral cellular state (25). The
similar upregulation of STAT1 in H5N1- and H3N2-infected
ferrets relative to the mock-infected ferrets was confirmed by
qRT-PCR (Fig. 3B). TAP1, induced by IFN-v, is critical for
major histocompatibility complex class I antigen presentation,
thereby facilitating the identification and eradication of virally
infected cells (1).

Significant differences in the expression of other IRGs
between H3N2- and H5Nl-infected ferret lungs occurred
throughout course of disease (Table 1). STAT2 gene expres-
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FIG. 3. IFN signaling pathway activation in the lungs of influenza virus-infected ferrets. (A) One-way hierarchical clustering of IRGs selected by IPA
from the three innate immunity-related gene clusters in Fig. 1 (red, upregulated; blue, downregulated). (B) qRT-PCR analysis of STAT1 performed in
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analysis of CXCL9. Analyses were performed in triplicate, and error bars indicate standard deviations. (D) IPA modeling of the IFN signaling pathway
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downregulated). M, mock. E, end point as described in Materials and Methods.
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sion was significantly downregulated in H3N2-infected ferrets
versus H5N1-infected ferrets (Fig. 3A and Table 1). As mod-
eled in IPA at the end point in Fig. 3D, increases in STAT2
transcription upon type I IFN stimulation may result in in-
creased levels of STAT2 protein available for dimerization
with STAT1 and serve to increase the transcription of many
antiviral IRGs (34). Indeed, significant upregulation of CD274,
IFI6 (G1P3), IFITM1, and IRF4 was noted in H5N1- versus
H3N2-infected ferret lungs at time points throughout the
course of disease (Table 1). CD274 (B7-H1) is upregulated on
lymphocytes upon IFN-y activation and plays a role in T-cell
costimulation (UNIPROT) and apoptosis during viral infec-
tions (28). IFI6 is an antiviral response protein induced by type
I IFNs with a particular potency in suppressing hepatitis C
virus (17). IFITM1 is induced by type I and II IFNs and is
involved in the control of cell growth and proliferation (10).
Interestingly, IRF4 is not induced by IFNs but binds to the
IFN-stimulated response element of the major histocompati-
bility complex class I promoter (UNIPROT) and has been
implicated in the control of T-helper 2 (Th2) cell subset dif-
ferentiation (36). SOCS1, a negative feedback regulator of
cytokine signaling, was significantly downregulated in H3N2-
infected ferrets and increased in the H5NI1-infected ferrets
(Table 1 and Fig. 3D). Likewise, PIAS1, a direct inhibitor of
STATI, is significantly attenuated in H3N2-infected ferrets
and upregulated in H5N1-infected ferrets (Table 1 and Fig.
3D). Overall, our microarray analysis indicates that HSN1 and
H3N2 influenza A virus infections result in notable IFN-me-
diated antiviral host responses in the lungs of ferrets. However,
hyperinduction and persistent expression of certain IRGs in
the lungs of H5N1-infected ferrets, despite functional negative
feedback and perhaps in conjunction with suppressed T- and
B-cell signaling (Fig. 1), may provoke the immune dysregula-
tion characteristic of highly pathogenic HSN1 influenza virus.

CXCLI10 gene expression was significantly upregulated in
HS5N1-infected ferret lungs throughout the course of the study
relative to H3N2-infected ferret lungs as confirmed by qRT-
PCR and EDGE analysis (Fig. 3C and Table 1). CXCL10 is a
potent chemoattractant for activated Thl lymphocytes and
natural killer cells and is thought to play a role in the temporal
development of innate and adaptive immunity in concert with
type I and IT IFNs (29). CXCL10’s cognate receptor is CXCR3,
which also binds CXCL9 and CXCLI11. The expression of
CXCL9 and CXCL11 could not be measured by microarray
due to the absence of the probes on the Canine 2.0 array;
however, by qRT-PCR we showed that CXCL9 expression was
not induced to the level of CXCL10 expression during influ-
enza virus infection and was not significantly different between
HS5N1- and H3N2-infected ferret lungs relative to the mock
infection (Fig. 3C). The drug AMG487 is a potent antagonist
of CXCR3 and can inhibit cell migration mediated by CXCLD9,
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CXCLI10, and CXCL11, thereby blocking cellular recruitment
(19) and tumor metastasis (38) in mice. We therefore tested
whether attenuation of CXCR3 signaling by AMG487 could
alter the disease course in H5Nl-infected ferrets. We chal-
lenged 17 ferrets with HSN1 virus and randomly assigned 8 to
treatment with AMG487 and 9 to treatment with PBS as per
the schedule described in Materials and Methods. AMG487
treatment significantly abrogated hypothermia (Fig. 4a), in-
creased SpO2 levels (Fig. 4b), decreased weight loss (Fig. 4c),
and improved daily activity scores (Fig. 4d). AMG487 treat-
ment also resulted in a significant shift in the length of survival
(Fig. 4e) in that all vehicle-treated ferrets were deceased by the
end of 6 dpi while 25% of the AMG487-treated ferrets sur-
vived until the end of 7 or 8 dpi. Nasal wash viral loads were
not significantly different between AMG487- and vehicle-
treated ferrets (data not shown); however, AMG487-treated
ferrets exhibited significantly reduced viral loads in the lungs
compared to controls at 6 dpi (Fig. 4f). Accordingly, AMG487-
treated ferret lungs showed a marked reduction in interstitial
and alveolar edema and infiltrate compared with controls at 6
dpi (Fig. 4g and h). Therefore, even though our model of
infection of ferrets with HSN1 influenza virus at 1 X 10° EIDs,
showed 100% lethality, blockade of the CXCL9, CXCL10, and
CXCL11-CXCR3 signaling axis by AMG487 treatment caused
a significant shift in the kinetics of viral replication in the lung
and in the clinical course of disease.

Vaccines are the ideal means of protecting the population
against an influenza outbreak, and a number of promising
candidates have been recently tested (2, 16, 42). Unfortunately,
influenza virus vaccine efficacy is variable in certain popula-
tions, such as the elderly (18), and the emergence of novel
strains of influenza virus for which vaccines are not immedi-
ately available requires the development of other strategies.
While antivirals may prove beneficial in the treatment of avian
influenza virus disease in humans, circulating strains of HSN1
influenza virus exhibit variable susceptibility to antiviral agents,
with full resistance to M2 inhibitors displayed by clade 1 and
most clade 2 viruses and high levels of resistance to oseltamivir
in clade 2 viruses. Ideally, a treatment which does not rely on
virus strain specificity and one that does not allow for the
development of virus resistance would complement vaccine
and antiviral strategies. AMG487 has shown clinical promise in
animal models and has been well tolerated in human phase II
clinical trials (reviewed in reference 39), but its clinical poten-
tial in treating influenza is unknown. With appropriate future
study, AMG487 treatment may demonstrate effectiveness in
combination with other strategies, such as antiviral treatment,
in reducing lung immunopathology, establishing effective anti-
viral IRG responses, and reducing viral burden during HSN1
infection.

One caveat of our study is that differences between H5N1

(P = 0.005 by two-way ANOVA). (c) Weight loss (percentage of original body mass; P = 0.001 by two-way ANOVA). (d) Mean daily activity
scores: 0, normal; 1, alert, playful when stimulated; 2, alert, not playful when stimulated; 3, neither alert nor playful when stimulated (P = 0.05
by two-way ANOVA). (e) Kaplan-Meier survival curves for AMG487 (Exp.)-versus vehicle (Control)-treated ferrets. Curves are significantly
different (P = 0.05) by log rank analysis. (f) Lung viral titers in three ferrets from each treatment group euthanized at 6 dpi (*, P =< 0.05 by Student’s
t test). (g and h) Representative hematoxylin- and eosin-stained lung sections at 6 dpi (magnification, X4). Error bars represent standard errors

of the means in all panels.
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and H3N2 pathogenicity in the lung during infection may not
have been directly reflected by the microarray analysis, since
H3N2 did not replicate to detectable levels in the ferret lungs.
H3N2 infection served as an important background against
which to identify potential host responses specific to H5N1
infection in ferrets for further analysis. Also, the lack of avail-
ability of ferret-specific reagents and sequences limited the
extent to which we could validate our microarray results by
qRT-PCR and/or protein assays. Nonetheless, our results are
significant in that we have identified innate immune genes that
are similarly expressed during HSN1 and H3N2 infection, as
well as notable genes involved in complement and IFN signal-
ing that are differentially expressed in the respiratory tracts
of H5N1 influenza virus-infected ferrets and H3N2-infected
ferrets.

Several recent microarray studies have highlighted the com-
mon involvement of IFN responses in the acute phase of un-
complicated influenza virus infections in humans, macaques,
and rodents (3, 21, 30); however, insufficient knowledge exists
regarding the mechanisms of host inflammatory cytokine and
chemokine responses in severe HSN1 pathogenesis (11, 32, 33,
40). Mechanistically, we have attenuated the action of
CXCLI10 by blocking its activation of CXCR3 using AMG487
drug treatment, thereby reducing pulmonary viral load and
pathology, improving respiratory function, and eliciting a mod-
est yet statistically significant delay in mortality in HSN1-in-
fected ferrets. Previous in vitro results show that H5N1-in-
fected primary human alveolar and bronchial epithelial cells
have a greater capacity for CXCL10 induction than those in-
fected with common strains of human influenza virus (8). In
agreement with our current results, it has also been shown that
CXCL10 and not CXCL9 expression correlates with pharyn-
geal viral load in human H5N1 infections (11). Likewise, we
have previously shown that high levels of CXCL10 and not
CXCL9 are associated with persistent severe viral disease in
patients with severe acute respiratory syndrome (6, 7). Finally,
the severity and outcome of 1918 influenza virus infection in a
macaque model may be determined by dysregulated IFN re-
sponses that arise during host innate immunity (22). Our re-
sults provide further evidence that IRGs, in particular
CXCL10, may have pathological importance in HSN1 infection
and are at least partially responsible for disease pathogenesis.
The parallels among the immunopathologies of severe acute
respiratory syndrome virus, 1918 influenza virus, and avian
influenza virus (H5N1) suggest a common underlying mecha-
nism in the natural disease course of these infections. In this
regard, AMG487 treatment has unique possibilities in correct-
ing dysregulated host responses during severe respiratory viral
illnesses and warrants further exploration in complementing
existing potential therapies.
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