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Figure 4. Allele-specific methylation analysis of the tumor (7) and adjacent nontumor (AD]) sample genomes. The methylation levels of the HBV and
human genomes for the integrated and unintegrated alleles in four paired tumor and adjacent nontumor samples (sample nos. 7-10) are shown. Detailed
results of the HBV integrants (PreC, Precore; C, Core; PreS, Presurface; S, Surface; X, X) and flanking host genomes (position, chromosome, location of the
genome, and gene names) are shown. The HBV genome became significantly methylated when integrated into highly methylated human genome
regions, but not when integrated into unmethylated human genome regions. (X) The desired quantitative methylation levels were not obtained
because of technical difficulties with the sequences that were being analyzed.

The dynamic changes in DNA methylation described here
have a major functional impact on the biological behavior of HBV
and underlie the molecular mechanisms that control infection or
enable tumorigenesis. These findings may significantly impact
public health given that millions of people worldwide are carriers
of HBV. Distinct DNA methylation profiles may exist, for example,
between primary HCCs in Japanese patients and those of other
nationalities. Additional studies are needed to address this issue,
and research into the influence of other environmental factors is
required.

Increased viral DNA methylation is present in cancers asso-
ciated with DNA viruses, including human papilloma virus types
16 and 18 (HPV 16 and 18) (Fernandez et al. 2009; Mirabello et al.
2012), Epstein-Barr virus (Uozaki and Fukayama 2008; Fernandez
et al. 2009), and human T-lymphotropic virus 1 (Taniguchi et al.
2005). An analysis of the haplotype-resolved genome and epi-
genome of the aneuploid HeLa cervical cancer cell line revealed
that an amplified, highly rearranged region of chromosome
8924.21 harboring an integrated HPV18 genome likely represents
the tumor-initiating event (Adey et al. 2013). Whether the dy-
namic changes in DNA methylation observed in cells with in-
tegrated HBV genomes also occur in human cells infected by other

viruses is an interesting question for further study. We anticipate
that our assay will be a powerful tool for this purpose and have
successfully detected integrated HPV sequences in the genomes of
cervical cancer cell lines (Y Watanabe, H Yamamoto, F Itoh, and
N Suzuki, unpubl.).

This study provides novel mechanistic insights into HBV-
mediated hepatocarcinogenesis, which may have preventive and
therapeutic applications for carriers of HBV and patients with HBV-
HCC, as it suggests that epigenetic alterations provide candidate
biochemical markers and therapeutic targets. This study, together
with a recent global survey of HBV integration events (Ding et al.
2012; Fujimoto et al. 2012; Jiang et al. 2012; Sung et al. 2012; Toh
etal. 2013), provides a foundation for the further experimentation
and mechanistic understanding of HBV-HCC.

Methods

Cell lines and primary tissues

The PLC/PRF/S (Alexander) human hepatoma cell line was
obtained from the Japanese Collection of Research Bioresources
(JCRB). HepG2.2.15 cells, kindly gifted by Professor Stephan Urban
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Figure 5. Correlation analysis between the methylation pattern of the integrated HBV DNA and that of the human genome. DNA fragments, including
200 bp of the HBY DNA and 200 bp of the human genome around the boundary, were analyzed for average methylation and GC content. (4) A
correlation between the average methylation of the HBY DNA and that of the human genome in combined two cell lines and eight clinical samples (n =40,
r=0.57, P=0.0001, 95%Cl = 0.3091-0.7545). (B) A correlation between the average methylation of the HBV DNA and that of the human genome in two
celllines (n=14, r=068, P=0.007, 95%Cl = 0.2233-0.8946). (C) A correlation between the average methylation of the HBV DNA and that of the human
genome in eight clinical samples (n = 26, r=0.49, P = 0.01, 95%Cl = 0.1222-0.7463). (D) No correlation between the average methylation and GC
contents in the human genome in the combined two cell lines and eight clinical samples (n = 45, r=0.08, P = 0.59, 95%Cl = —0.2253-0.3745). (E) No
correlation between the average methylation and GC contents in the viral genome in the combined two cell lines and eight clinical samples (n=47, r=

0.22, P=0.88, 95%Cl = —-0.3151-0.2751).

at University Hospital Heidelberg, was derived from HepG2 cells
transfected with a plasmid carrying four 5'-3’ tandem copies of the
HBV genome (Koike et al. 1994). Cell lines were maintained in
appropriate media containing 10% fetal bovine serum in plastic
culture plates. Primary tissues from tumor and adjacent tissues were
obtained at the time of the clinical procedures. Informed consent
was obtained from all the patients before specimen collection. This
study was approved by the institutional review board. DNA was
extracted using the standard phenol-chloroform method. The
concentration and quantity of extracted DNA were measured using
a NanoDrop spectrophotometer (NanoDrop Technologies).

MCAM analysis

MCAM analysis was conducted as previously described (Oishi et al.
2012). A detailed protocol of MCA was previously described
(Toyota et al. 1999). We used a custom human promoter array
(G4426A-02212; Agilent Technologies) comprising 36,579 probes
corresponding to 9021 unique genes. The probes on the array were
selected to recognize Smal/Xmal fragments mainly derived from
sequences near gene transcription start sites. Five micrograms of
genomic DNA was digested with 100 U of methylation-sensitive
restriction endonuclease Smal (New England Biolabs) for 24 h at
25°C, which cleaves unmethylated DNA leaving blunt ends (CCC/
GGG). Subsequently, the DNA was digested with 20 U of methyl-
ation-insensitive restriction endonuclease Xmal for 6 h at 37°C,
creating sticky ends (C/CCGGG). Five hundred milligrams of

digested DNA was ligated using 50 pL of RMCA12 (5'-CCGGGCA
GAAAG-3')/RMCA24 (5'-CCACCGCCATCCGAGCCTTTCTGC-3")
primers and T4 DNA ligase (TaKaRa Bio) for 16 h at 16°C. After filling
in the overhanging ends of the ligated DNA fragments at 72°C, the
DNA was amplified for 5 min at 95°C followed by 25 cycles of 1-min
incubation at 95°C and 3-min incubation at 77°C using 100 pmol of
RMCA24 primer. MCA products were labeled with CyS (red) for
DNA from hepatoma samples (both tumor and adjacent normal)
and Cy3 (green) for DNA from human blood mixture of three
healthy volunteers using a randomly primed Klenow polymerase
reaction (Invitrogen) for 3 h at 37°C. Human CpG island arrays (4 X
44 K) were purchased from Agilent Technologies. Microarray pro-
tocols, including labeling, hybridization, and post-hybridization
washing procedures, are provided at http://www.agilent.com/. La-
beled samples were then hybridized to arrays in the presence of
human Cot-1 DNA for 24 h at 65°C. After washing, arrays were
scanned using an Agilent DNA microarray scanner and analyzed
using Agilent Feature Extraction software (FE version 9.5.1.1, Agilent
Technologies) at St. Marianna University School of Medicine. We
used GeneSpring software (Agilent) for choosing candidate genes
after normalization of the raw data.

DNA methylation analysis

Hidden Markov models have been successfully used to partition
genomes into segments of comparable stochastic structure (Durbin
et al. 1998). Using these models for sequence analysis performed
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Figure 6. Schema of DNA methylation at HBV integrants and flanking human genomic sequences. (4) DNA hypermethylation was seen in both the
integrated HBV fragment and human genome (original human genome shows dense methylation). The HBV genome often showed significant meth-
ylation when integrated into highly methylated host sites. (B) DNA hypermethylation was rarely seen in the integrated HBV fragment and human genome
(original human genome shows low methylation). The HBV genome remained largely unmethylated when integrated into unmethylated host sites.

on the CpG plugin of bioinformatics software Geneious 5.5.8
(Biomatters), CpG islands were searched in the HBV genome
(Kearse et al. 2012). Bisulfite PCR was performed using an EpiTect
Bisulfite Kit (Qiagen) according to the manufacturer’s protocol.
One microliter of bisulfite-treated DNA was used as a template. The
primers used for amplifying CpG sequences in the HBx gene are
described in Supplemental Table 1. After PCR, the biotinylated
strand was captured on streptavidin-coated beads (Amersham
Bioscience) and incubated with sequencing primers (Supplemental
Table 1). The pyrosequencing reactions were performed using the
PyroMark Q24 and/or PyroMark Q24 advanced (Qiagen). Pyrose-
quencing quantitatively measures the methylation status of sev-
eral CpG sites in a given sequence. These adjacent sites usually
show highly concordant methylation. Therefore, the mean per-
centage of methylation at detected sites was used as a representa-
tive value for each sequence.

LINEI and AltYb8 methylation analysis

The LINE1l and AluYb8 methylation levels, as measured by
pyrosequencing, are good indicators of the cellular levels of
S-methylcytosine (i.e., the global DNA methylation level). To
quantify relatively high LINE1 and AluYb8 methylation levels, we
used pyrosequencing technology (Igarashi et al. 2010). PCR and
subsequent pyrosequencing for LINE1 and AluYb8 were performed
using the PyroMark kit (Qiagen). This assay amplifies a region of the
LINE1 or AluYb8 elements that includes three CpG sites. The PCR
was conducted as follows: 45 cycles for 20 sec at 95°C, for 20 sec at
50°C, and for 20 sec at 72°C, followed by 5 min at 72°C. The bio-
tinylated PCR product was purified and converted to single strands
to serve as a template for the pyrosequencing reaction using the

pyrosequencing vacuum prep tool (Qiagen). The pyrosequencing
reactions were performed using the PyroMark Q24 and/or PyroMark
Q24 advanced (Qiagen). The percentage of Cs relative to the total
sum of the Cs and Ts at each CpG site was calculated. The average of
the percentages of Cs at the three CpG sites was used to represent
the overall LINE1 and AluYb8 methylation levels in each sample.

FISH analysis of HBV integration

We developed a FISH analysis method to detect HBV DNA.and
demonstrate its presence in PLC/PRF/S cells (Supplemental Fig. 3).
The slides were pretreated with hydrogen peroxide and rinsed in
1X phosphate-buffered saline (PBS) to minimize background and
quench endogenous peroxidase activity. To remove the excess
cytoplasm, the slides were treated with pepsin and then fixed with
1% formaldehyde in PBS/MgCl,. The slides were then dehydrated
in an ethanol series (70%, 90%, and 100%) for 3 min at each step.
The probes were designed based on the reference HBV sequence in
PLC/PRF/5 DNA that is available from the Methylyzer 1.0 website
(http://gbrowse.bioinfo.cnio.es/cgi-bin/VIRUS/HBV/). The FISH
probes were prepared by combining the PCR-labeled probes (Sup-
plemental Table 1), human Cot-1 DNA, and salmon sperm DNA.
The probes were precipitated and mixed with hybridization buffer,
and the probe DNA cocktail was denatured for 5 min at 95°C. The
DNA on the slides was denatured by soaking in 70% formamide/
2X SSC for 3 min at 74°C. The slides were immediately immersed
in freshly prepared ice-cold 70% ethanol for 3 min, followed by
3-min immersions in 90% and then 100% ethanol. The denatured
probe DNA was applied to the dry denatured slides and covered
with a coverslip. The hybridization was performed for 16 h at 37°C.
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Tyramide signal amplification (TSA)-FISH

TSA (tyramide signal amplification) detection kits were obtained
from PerkinElmer. TSA-FISH detection was performed following the
manufacturer’s protocols with minor modifications. High strin-
gency washes (0.1x SSC) were used to reduce the background, and
TNT buffer (0.1 M Tris-HClat pH 7.5, 0.15 M NaCl, 0.05% Tween 20)
was adjusted to pH 7.0-7.5. The biotin- or DIG-labeled probes were
detected using streptavidin-HRP or anti-DIG-HRP in TNB (0.1 M
Tris-HCl at pH 7.5, 0.15 M NaCl, 0.05% blocking reagent [supplied
in the kit]) for 30 min at room temperature and washed twice for 5
min each in TNT buffer. For the tyramide amplification procedure,
the slide was covered with tyramide solution (Tyr-Bio, 1:50) for 10
min at room temperature. The tyramide solution was removed, and
the slides were washed twice for 5 min each with TNT at room
temperature. Fluorochrome-conjugated streptavidin (stAv-Alexa
488) diluted in TNB was used to detect the Tyr-Bio. The slides
were incubated for 30 min at room temperature, washed with
TNT buffer twice for 5 min each at room temperature, and cov-
ered with an anti-fade reagent containing DAPI (Speel et al. 1997;
Schriml et al. 1999).

Identification of the chromosomal locations of viral-host
junctions

The viral-host junctions were amplified using primers specific for
human AluYb8 repetitive sequences and HBV X regions (Supple-
mental Table 1; Minami et al. 1995; Murakami et al. 2004). One
microliter of genomic DNA solution served as a template in the
subsequent PCR. We used touchdown PCR for most of the assays.
All PCR assays included a denaturation step for 30 sec at 95°C,
followed by an annealing step at various temperatures for 30 sec
and an extension step for 30 sec at 72°C. PCR products were ana-
lyzed using electrophoresis through 1% agarose gels. PCR products
were ligated to pCR-XL-TOPO vector DNA (TOPO XL PCR Cloning
kit; Invitrogen) and transformed into competent cells. Positive
colonies were selected and isolated using a QIA prep Spin Miniprep
Kit (Qiagen). Direct sequence analysis of TOPO-TA cloning prod-
ucts was performed using a 3130 genetic analyzer (Applied Bio-
systems) (Watanabe et al. 2011). All sequences were searched for
matches with HBV and pCR-XL-TOPO sequences using Geneious
5.5.8 (Biomatters) sequence analysis and assembly software and
the BLAST program available on the UCSC Genome Browser
(http://genome.ucsc.edu/).

Analysis of HBV DNA integration site sequences using NGS

Agilent’s SureSelect target enrichment system is a highly efficient
hybrid selection technique for optimizing NGS. We used this sys-
tem and 12,391 custom baits covering the DNA sequences of HBV
genotypes A to J and PLC/PRF/5 HBV sequences and optimized
experiments for a GS FLX Titanium system (Roche). PLC/PRF/S,
HepG2.2.15, and four paired tumor and nontumor samples
(sample nos. 7, 8, 9, and 10 in Fig. 1B) were analyzed.

DNA methylation analysis of the integrated HBV genome
as well as the adjacent human genome

DNA methylation was analyzed using bisulfite pyrosequencing
(Oishi et al. 2012). The pyrosequencing reactions were performed
using the PyroMark Q24 and/or PyroMark Q24 advanced (Qiagen).
PLC/PRF/S, HepG2.2.15, and four paired tumor and nontumor
samples (sample nos. 7, 8, 9, and 10 in Fig. 1B) were analyzed.
Primers for methylation analysis of integration sites in PLC/PRF/5
are shown in Supplemental Table 1.

DNA methylation analysis of orthologous loci

Methylation levels of orthologous loci in HepG2.2.15 cells and in
PBLs of a healthy volunteer at the same (empty) target sites of PLC/
PRE/S cells were analyzed using bisulfite pyrosequencing. Similarly,
methylation levels of orthologous loci in PLC/PRF/S cells and in PBLs
at the same (empty) target sites of HepG2.2.15 cells were analyzed.

Allele-specific DNA methylation analysis of the integrated
HBV genome as well as the adjacent human genome

Allele-specific DNA methylation was analyzed as described pre-
viously (Yamada and Ito 2011). The pyrosequencing reactions were
performed using the PyroMark Q24 and/or PyroMark Q24 ad-
vanced (Qiagen).

Correlation analysis between the methylation pattern
of the integrated HBV DNA and that of the human genome

DNA fragments, including 200 bp of the integrated HBV DNA and
200 bp of the human genome around the boundary, were analyzed
for average methylation, GC content, and repetitive sequences in
cell lines and clinical samples. RepeatMasker was used to identify
repetitive elements in genomic sequences (AFA Smit, R Hubley,
P Green, unpubl.). The Spearman correlation coefficient was used
to assess correlations between the average methylation of the HBV
DNA and that of the human genome. Correlations between GC
content or repetitive sequences in the HBV DNA and the human
genome were analyzed by using the Spearman correlation co-
efficient for continuous variables, and P < 0.05 was considered
significant. All statistical analyses were performed using PRISM
software for Windows, version 4 (GraphPad Prism).

Chromatin structure at the integrated HBV site

Using Bander software (Cheung et al. 2001; Furey and Haussler
2003), we analyzed the chromatin structure at the integrated HBV
site in PLC/PRF/S and HepG2.2.15.

Data access

All raw sequence data from this study have been submitted to
the DDBJ Japanese Genotype-phenotype Archive (JGA; http://
trace.ddbj.nig.ac.jp/jga/index_e.html) under accession number
JGAS00000000015. Array data have been submitted to the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE59405.
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SUMMARY

Wild birds harbor a large gene pool of influenza A vi-
ruses that have the potential to cause influenza pan-
demics. Foreseeing and understanding this potential
is important for effective surveillance. Our phyloge-
netic and geographic analyses revealed the global
prevalence of avian influenza virus genes whose
proteins differ only a few amino acids from the 1918
pandemic influenza virus, suggesting that 1918-
like pandemic viruses may emerge in the future. To
. assess this risk, we generated and characterized a vi-
rus composed of avian influenza viral segments with
high homology to the 1918 virus. This virus exhibited
pathogenicity in mice and ferrets higher than that in
an authentic avian influenza virus. Further, acquisi-
tion of seven amino acid substitutions in the viral
polymerases and the hemagglutinin surface glyco-
protein conferred respiratory droplet transmission
to the 1918-like avian virus in ferrets, demonstrating
that contemporary avian influenza viruses with 1918
virus-like proteins may have pandemic potential.

INTRODUCTION

Despite having conquered many infectious diseases, we
continue to face a threat from novel, previously unrecognized
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infectious diseases. Most of these so-called emerging infec-
tious diseases are caused by zoonotic pathogens that originate
in animals (Jores et g, 2008; Taylor st ai, 2001). These path-
ogens are responsible for various human diseases, such as
AIDS, SARS, and pandemic influenza. Animal-origin pathogens
must overcome an immense hurdle to cause a zoonosis (i.e.,
interspecies transmission from natural or intermediate hosts
to humans). If such pathogens acquire the ability to transmit
among humans, they become an appreciable threat to
mankind.

The 1918 influenza pandemic, the most devastating dis-
ease outbreak recorded, killed an estimated 40-50 million
people worldwide (Johnson and Muslier, 2002; Teubsnberger
and Morens, 2008). Sequence analyses identified the 1918
pandemic strain as an H1N1 influenza A virus of avian origin,
although this conclusion remains controversial (Rabacian
at gl 2008; Held et al, 2004; Bmith o &l., 200%). Since avian
species harbor a large influenza virus gene pool that may
contain influenza viral segments encoding proteins with high
homology to the 1918 viral proteins (designated as 1918
virus-like virus proteins), the possibility exists for a 1918 vi-
rus-like avian virus to emerge in the human population as a
pandemic virus; however, the likelihood of such an event re-
mains unknown. To assess the risk of emergence of pandemic
influenza viruses reminiscent of the 1918 influenza virus, we
examined the properties of influenza viruses composed
of avian influenza viral segments that encode proteins with
high homology to the 1918 viral proteins (designated as
1918-like avian viruses), which we generated by using reverse
genetics.
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RESULTS

Generation of a 1918-like Avian Virus Possessing Avian
Influenza Viral Segments that Encode Proteins with High
Homology to the 1918 Viral Proteins

We first determined whether influenza A virus gene segments
that encode proteins with high homology to the 1918 viral pro-
teins exist in the avian influenza virus gene pool. We focused
on amino acid sequence comparisons because our goal was
to identify avian influenza viral proteins that closely resemble
1918 virus proteins in structure and function and may therefore
allow the emergence of a 1918-like virus. To this end, we per-
formed a sequence similarity search using BLAST (hitp://blast.
nebinimaihgov/Blast.og) to identify the closest relatives to
the 1918 viral proteins. Interestingly, for most viral proteins
(except for hemagglutinin [HA], neuraminidase [NA], and PB1-
F2), we found avian influenza virus proteins that differed from
their 1918 counterparts by only a limited number of amino acids
(Table 31). For example, for polymerase basis 2 (PB2) we found
one avian influenza PB2 protein that differed from 1918 PB2 by
eight amino acids. Similarly, we found avian influenza PB1, poly-
merase acid (PA), nucleoprotein (NP), matrix protein 1 (M1), M2,
nonstructural protein 1 (NS1), and NS2 proteins that closely
resembled their 1918 counterparts. Most of the viruses from
which these proteins were derived were isolated recently, sug-
gesting that 95 years after the devastating 1918 pandemic, avian
influenza virus genes encoding 1918-like proteins continue to
circulate in nature. For the 1918 HA and NA proteins, we identi-
fied the closest avian H1 and N1 relatives, respectively. These
proteins differed from the 1918 proteins by 33 and 31-33 amino
acids, respectively, a finding that was expected due to the higher
evolutionary rates in these genes relative to the other influenza
viral genes.

To assess the risk of emergence of a 1918-like virus and to
delineate the amino acid changes that are needed for such a
virus to become transmissible via respiratory droplets in mam-
mals, we attempted to generate an influenza virus composed
of avian influenza viral segments that encoded proteins with
high homology to the 1918 viral proteins. In particular, we
selected the following genes to generate a 1918-like avian
influenza virus (referred to as 1918-like avian virus) (see Suppie-
mantal Experimental Procedures): the PB2 segment of A/biue-
winged teal/Ohio/926/2002 (H3N8), the PB1 segment of
A/blue-winged teal/Alberta (ALB)/286/77 (H3N6), the PA
segment of A/pintail duck/ALB/219/77 (H1N1), the NP segment
of A/blue-winged teal/Ohio/908/2002 (H1N1), the M segment
of A/duck/Germany/113/95 (HON2), the NS segment of
A/canvasback duck/Alberta/102/76 (H3N6), the HA segment of
A/pintail duck/ALB/238/79 (H1N1), and the NA segment
of A/mallard/duck/ALB/46/77 (H1N1), as described in the Sup-
pismental informeation. The resulting virus differs by 8 (PB2), 6
(PB1), 20 (PB1-F2), 9 (PA), 7 (NP), 33 (HA), 31 (NA), 1 (M1), 5
(M2), 4 (NS1), and 0 (NS2) amino acids from the 1918 virus.

The 1918-like avian virus possessing these eight 1918-like
avian viral segments was successfully recovered from 293T cells
transfected with the plasmids required to generate this virus. The
virus grew well in Madin-Darby canine kidney (MDCK) cells and
embryonated chicken eggs (8.3 + 0.1 and 8.6 + 0.2 log¢ plaque-
forming units (pfu)/ml at 24 hr postinfection, respectively), and its

growth was comparable to that of the 1918 virus (8.8 + 0.1 and
8.4 + 0.2 logqo pfu/ml in MDCK cells and eggs, respectively, at
24 hr postinfection).

The 1918-like Avian Virus Exhibits Intermediate
Pathogenicity Compared with the 1918 Virus and an
Authentic Avian Virus in Mouse and Ferret Models

To assess the pathogenicity of the 1918-like avian virus, we first
determined the mouse lethal dose 50 (MLDsg; the dose required
to kill 50% of infected mice) values of the 1918-like avian influ-
enza virus and authentic 1918 virus. As a control for the authentic
avian influenza virus, we used A/duck/ALB/35/76 (H1N1;
DK/ALB) because this avian strain was well characterized in a
previous study (Van Hosven et al, 2008). The 1918-like avian
influenza virus showed intermediate pathogenicity (with an
MLDsg of 5.5 logqo pfu) compared with DK/ALB (with an MLDs,
of 6.8 logo pfu) and the 1918 virus (with an MLDsq of 2.7 logqo
pfu). These data indicate that the avian influenza virus genes
that were selected because of their close relationship with
1918 virus proteins not only cooperate at a functional level, but
also support pathogenicity higher than that of an authentic avian
influenza virus.

The ferret is considered the best current model for influenza
virus infection because infected animals exhibit symptoms
that resemble those of humans infected with influenza A virus.
Therefore, we next tested the pathogenicity of the 1918-like
avian virus in ferrets. Ferrets (three animals per group) were
intranasally inoculated with 10® pfu/500 pl of the 1918-like avian
virus, 1918 virus, or DK/ALB virus (Figurs $1, available online).
All animals infected with the 1918 virus became symptomatic;
their body weights declined drastically (the mean maximum
body weight loss was 17.5% = 2.2%), and one of them died
on day 8 postinfection (Figure $1A). By contrast, none of the
ferrets infected with DK/ALB exhibited noticeable clinical signs
(no appreciable body weight loss in any of the animals; Fig-
wre 51C), whereas animals infected with the 1918-like avian vi-
rus became symptomatic and showed substantial body weight
loss (the mean maximum body weight loss was 11.9% + 3.9%;
see Taide 1 and Fiyure S1B). Of the three viruses tested, the
1918 virus replicated the most efficiently in the upper and lower
respiratory tract (p < 0.01; Figure 1 and Table $2). The 1918-
and 1918-like avian virus-infected ferrets displayed numerous
viral antigen-positive cells in tracheal, bronchial, bronchiolar,
and glandular epithelial cells and necrotized changes in some
trachea-bronchial glands on day 6 postinfection (Figure 2A),
whereas the 1918-like avian virus-infected ferrets presented
few antigen-positive cells on day 3 postinfection (Figurs £2).
In the lungs, no significant differences in pathologic changes
were detected between the 1918 and 1918-like avian virus
groups (Figuras 2A, 2B, and $2). In contrast, the DK/ALB infec-
tion caused only minimal to mild bronchitis or bronchiolitis with
little viral antigen expression on days 3 and 6 postinfection (¥ig-
wres 2A, 2B, and £2). Taken together with the results of recent
studies that showed no appreciable clinical signs in ferrets
infected with more commonplace avian influenza viruses of
various subtypes (Koger &t al, 8012; Watanabe et al, 2013),
the finding that the 1918-like avian influenza virus is of interme-
diate pathogenicity in mammals may suggest that the progeni-
tor of the 1918 virus was an unusual avian influenza virus whose
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Table 1. Pathogenicity and Transmissibility of Reassortants and Mutants of 1918-like Avian Virus in Ferrets

Virus-Inoculated Ferrets

Contact Ferrets

Survival (No. of
Dead/Total)

Virus Weight Loss (%)*

Virus Detection in Nasal Wash
(Positive and Total Numbers)

Seroconversion (Positive
and Total Numbers)”

See also Figur:

in the Supplemental Bipe
against the 1918-like avian virus was examined (see Taties &4 and S5).

and Tabsie $3. For each pair of ferrets, one animal was intranasally inoculated with 108 pfu of virus (0.5 ml) (virus-inoculated
ferret), and 1 day later a naive ferret was placed in an adjacent cage (contact ferret). Virus-inoculated ferrets were monitored for 14 days to determine
survival rates and body weight changes.

aMaximum percentage weight loss (mean = SD) is shown.
bSerum samples were collected 18 days after infection; Hi assays were carried out with homologous virus and turkey red blood cells.

°The 1918-like avian virus possessing the avian influenza viral segments that encoded proteins with high homology to the 1918 viral proteins described

imentai Procedures was generated by using reverse genetics. The effectiveness of current vaccines and antiviral drugs

pathogenicity in mammals was higher than that of most avian
influenza viruses.

The 1918 PB2 and HA Genes Contribute to Enhanced
Pathogenicity and Transmissibility in Ferrets

To identify the 1918 viral segments that are responsible for the
intermediate pathogenicity of the 1918-like avian virus relative
to the 1918 and authentic avian viruses, we examined the path-
ogenicity of reassortant viruses possessing 1918 viral genes in
the genetic background of the 1918-like avian virus in ferrets.
We focused on the HA and PB2 genes, which are known to
play important roles in the adaptation of avian influenza viruses
to mammals (Masta et al, 2001 L et al, 2008, Matrosovich
et gl, P008; Neumenn and Nawsoks, 2008; Subbarao af s,
18%3). We generated 1918 PB2/Avian, 1918 HA/Avian, and
1918 PB2:HA/Avian viruses, which possess the PB2, HA, or
PB2 and HA genes of the 1918 virus, respectively, and the
remaining genes from the 1918-like avian virus (Figire 83). We
also created 1918 PB2:HA:NA/Avian and 1918(3P+NP):HA/
Avian viruses, which possess the 1918 virus PB2, HA, and NA
genes, or the 1918 virus PA, PB1, PB2, NP, and HA genes,
respectively, and the remaining genes from the 1918-like avian
virus (Figurs 83). All animals infected with these viruses became
symptomatic; they lost appetite and body weight (Tabie 1 and
Figure 81). Two of three ferrets died upon infection with the
1918 HA/Avian, 1918 PB2:HA/Avian, and 1918(3P+NP):HA/
Avian viruses (Tabia 1). In the ferret tracheae, the mean virus
titers of all reassortant viruses possessing the 1918 PB2 gene

or the 1918 HA gene were higher than that of the 1918-like avian
virus on day 3 postinfection (Fabis 52), although these differ-
ences were not statistically significant. These results suggest
that the 1918 PB2 and HA genes confer high pathogenicity to
the 1918-like avian virus in the ferret model.

For an influenza virus to cause a pandemic, it must achieve
efficient human-to-human transmission. Therefore, we tested
transmissibility in ferrets. of the authentic 1918 virus, as well as
the 1918-like avian virus and its reassortants. Three animals
were each intranasally inoculated with 10° pfu of virus. On day
1 after infection, a naive ferret was housed in a cage adjacent
to each of the infected ferrets. This setup prevented direct con-
tact between animals but allowed the spread of influenza virus
through respiratory droplets. Viral titers were determined in nasal
washes collected from both the inoculated and contact ferrets
every other day postinfection/contact (for up to 9 days). The
1918 virus was recovered from two of the three contact ferrets
(Figure 3A), demonstrating respiratory droplet transmission of
the 1918 virus. In contrast, the 1918-like avian and DK/ALB
viruses failed to transmit among ferrets; no virus was detected
in nasal washes collected from contact animals, although the
inoculated animals did shed virus (Figurss 3B and 3C). Similarly,
no virus was recovered from contact animals for the 1918 PB2/
Avian, 1918 HA/Avian, and 1918 PB2:HA/Avian virus groups
(Figures 84A-84C). However, virus was recovered from one of
the three contact animals in the 1918(3P+NP):HA/Avian and
two of three contact ferrets in the 1918 PB2:HA:NA/Avian virus
group (Figures 84D and S4E), suggesting potential roles for the
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Day 3 post-infection

Nasal urbinates

Trachea

Lung

Figure 1. Replicative Ability of 1918 Virus,
an Authentic Avian Virus, 1918-like Avian
Virus, and 1918-like Avian Mutant Viruses

Virus replication in respiratory organs of ferrets.
Ferrets were intranasally infected with 10° pfu of
virus. Six animals per group were euthanized on
days 3 and 6 postinfection for virus titration. Virus

@ :‘: i titers in nasal turbinates, tracheae, and lungs were
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g Day 6 post-infection 0.01). See also Tabie 82.
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RNA replication complex, HA, and NA in virus transmission
among ferrets. Taken together, our data suggest that the 1918
PB2 and HA genes confer enhanced pathogenicity and trans-
missibility to the 1918-like avian virus in ferrets.

Identification of Amino Acid Substitutions Potentially
Associated with the Efficient Transmission of the
1918-like Avian Virus in Ferrets

HA and PB2 are known to play important roles in restricting viral
transmission from avian species to humans (Van Hoeven &t al,,
2008). The receptor-binding specificity of the HA protein is a ma-
jor determinant of influenza viral host range (Mairosovich st al,
2068). E-to-D and G-to-D mutations at positions 190 and 225
of HA (H3 numbering), respectively, are essential for avian virus
HAs of the H1 subtype to bind to human-type receptors (Matro-
sovich et gl 2000). In addition, Lys at position 627 of the PB2
protein is important for avian viruses to efficiently replicate in
mammalian cells and at the lower temperatures of the upper
human airway (Hatia =t al,, 2001, 2007, Subbarao et al, 1883).
To test whether these mammalian-adapting mutations in HA
and PB2 affect the replicative ability, pathogenicity, and trans-
missibility of the 1918-like avian virus, we attempted to generate
mutant 1918-like reassortant avian viruses possessing these
amino acid substitutions (i.e., 1918-like avian PB2-627K and
1918-like avian PB2-627K:HA-190D/225D viruses). 1918-like
avian PB2-627K virus was generated upon inoculation of the
supernatant of transfected 293T cells into embryonated chicken
eggs (Figure $3). We were unable to generate 1918-like avian
PB2-627K:HA-190D/225D virus in embryonated chicken eggs,

PB2-627K and 1918-like avian PB2-
627K:HA-89ED/190D/225D caused sub-
stantial body weight loss (10.3% + 3.6% and 19.4% =+ 9.2%,
respectively; Table 1) and appreciable pathologic changes in
the trachea and lungs of the infected animals (Figurss 2A and
82). We tested the transmissibility of these viruses and found
that no virus was recovered from contact ferrets for the 1918-
like avian PB2-627K virus group. Interestingly, for the 1918-like
avian PB2-627K:HA-89ED/190D/225D virus group, virus and
seroconversion were detected for one of the three contact fer-
rets (Tabie 1, Figures 3E and S4F, and Tabie 83), indicating its
partial transmissibility in this animal model. ’
We sequenced the virus isolated on days 5 and 9 postcontact
from the nasal washes of the contact ferret in the 1918-like avian
PB2-627K:HA-89ED/190D/225D virus group and found three
additional mutations, HA-S113N, PB2-A684D, and PA-V253M
(Tahie 2). After propagating this virus in MDCK cells, the virus
stock possessed the following mutations: PB2-627K, PB2-
684D, PA-253M, HA-190D, HA-225D, HA-89E/D, HA-113S/N,
and HA-265D/V (the mixed populations of amino acids were found
at positions 89, 113, and 265) (designated as 1918-like avian
PB2-627K/684D:HA-89ED/113SN/190D/225D/265DV:PA-253M)
(Tabile 2 and Figurs S9).
The 1918-like avian PB2-627K/684D:HA-89ED/113SN/190D/
225D /265DV:PA-253M virus replicated in trachea and lungs
more efficiently than the 1918-like avian virus (p < 0.05; Figure 1
and Tabis £2) and caused severe weight loss in the infected fer-
rets (maximum body weight loss was 21.0% + 5.1%), although no
infected animals died (fabie 1). The 1918-like avian PB2-627K/
-684D:HA-89ED/113SN/190D/225D/265DV:PA-253M  infection
caused more progressive inflammation in the lungs of ferrets on
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Figure 2. Pathological Analyses of 1918 Virus, an Authentic Avian Virus, 1918-like Avian Virus, and 1918-like Avian Mutant Viruses

(A) Histopathological findings in virus-infected ferrets. Shown are representative pathological changes in tracheae and lungs of ferrets infected with 10° pfu of the
indicated viruses on day 6 postinfection. Three ferrets per group were infected intranasally with 108 pfu of virus, and tissues were collected on day 6 after infection
for pathological examination. No virus was detected from the lungs of the DK/ALB-infected ferrets. Left: H&E staining. Right: immunohistochemical staining for
influenza viral antigen (NP). Scale bars, 100 pm.

(B) Pathological severity scores for infected ferrets. To represent comprehensive histological changes, respiratory tissue slides were evaluated by scoring
pathological changes as described in the Suppis Experimental Proventuras, The sum of the pathologic scores for all five lung lobes was calculated for each
ferret. The means = SD from three ferrets are shown. Asterisks indicate virus pathological scores significantly different from that of the 1918-like avian virus
(Dunnett’s test; p < 0.05). See also ¥

e B2,
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day 3 postinfection compared with that caused by the 1918-like
avian virus (Dunnett’s test; p < 0.05; Figurss 2B and $2). The
ferrets infected with this mutant virus presented numerous
viral antigen-positive cells in tracheal, bronchial, bronchiolar,
and glandular epithelial cells on days 3 and 6 postinfections (Fig-
ures ZA and $2). We then tested the transmissibility of this virus
and found that two of the three contact ferrets were positive for
virus between days 5 and 9 after contact; these animals were
also seropositive (Figures 8F and 84F and Table $3). Sequence
analysis showed that the virus recovered from the contact animal
for pair 1 possessed an additional -to-T amino acid substitution
at position 187 of HA (Yabia 2), which is located at the receptor-
binding site of HA (Figure 4A). For the pair 3 contact ferret, the
recovered virus possessed an additional T-to-| mutation at posi-
tion 232 of NP (Tabia 2). Taken together, our results demonstrate
that ten amino acid substitutions (E627K and A684D in PB2;
E89D, S113N, 1187T, E190D, G225D, and D265V in HA; V253M
in PA; and T232! in NP) may be associated with efficient 1918-
like avian virus transmission in ferrets.

The Effects of Amino Acid Changes in the HA of the
Transmissible 1918-like Avian Viruses on
Receptor-Binding Specificity and HA Stability

To better understand the molecular mechanisms behind
the enhanced replicative ability and transmissibility of 1918-like
avian virus carrying HA and PB2 with the amino acid substitu-
tions found in the transmissible 1918-like avian viruses, we
examined the effects of these amino acid changes on the func-
tions of HA and the viral polymerases. First, we conducted a
glycan microarray to examine the receptor specificity of the
1918-like avian virus HA possessing human-type amino acid
substitutions. For this experiment, we used reassortant viruses
possessing HA segments derived from 1918, DK/ALB, 1918-
like avian HA-190D/225D, 1918-like avian HA-89D/190D/225D,
or 1918-like avian HA-89D/113N/190D/225D virus, their NA
segment from 1918-like avian virus, and their remaining genes
from A/Puerto Rico/8/34 (H1N1; PR8); however, the 1918-like
avian virus HA and NA genes were tested in the background of
1918-like avian virus since these genes could not be rescued
in the background of PR8. The 1918 HA bound to «2,6-linked sia-
losides (human-type receptor) (Figuire £B), whereas the 1918-like
avian (Figure 4C) and DK/ALB (Figure 85A) HAs bound to «2,3-
linked sialosides (avian-type receptor). As reported previously
(Crugivimitikad ot al, 2010 Liu ot al, 2010 Matrosovich et al,
2000, Watanabe et al., 201 Yang ot al, 2014), Gly residues at
positions 190 and 225 of HA can confer binding to avian-type re-
ceptors, whereas Asp residues at these positions confer binding
to human-type receptors. Indeed, the 1918-like avian mutant
HAs possessing Asp at positions 190 and 225 efficiently bound
to a2,6Gal-sialylated glycans (human-type receptor) (Figure 4D).
In addition, mutant HA possessing the additional mutations
found in the virus recovered from the contact ferret infected
with transmitted 1918-like avian PB2-627K:HA-89ED/190D/
225D virus (i.e., HA-89D and HA-113N) also bound to the hu-
man-type receptor (Figuras 4E and $SEB). The 1918-like avian
mutant HAs exhibited remarkably similar glycan-binding speci-
ficity. For HAs possessing the E-to-D change at position 89
(i.e., HA-89D/113N/190D/225D and HA-89D/190D/225D), there
was weak binding to glycan 51 that was not detected with HA-

190D/225D (Figuras 4 and £5); however, the biological signifi-
cance is currently unknown.

In addition to receptor binding, another critical function of HA
is membrane fusion. A recent study showed a difference in the
pH at which HA is activated for fusion between transmissible
and nontransmissible viruses (da Vries &t ai, 2014; mal et sl
2012). Therefore, we next examined HA fusion activity under
different pH conditions by testing the polykaryon formation
efficiency of HelLa cells expressing 1918 HA, the 1918-like
avian HA, the 1918-like avian mutant HAs, or DK/ALB HA (Fig-
ure 35C). The 1918-like avian HA induced membrane fusion at
pH 5.3 or below, whereas membrane fusion was observed at
pH 5.6 or below in the cells expressing 1918 or DK/ALB HA
(Figure S5C). None of the amino acid changes at positions
89, 113, 190, or 225 affected the fusion pH of the 1918-like
avian HA (i.e., the value at which HA was activated was pH
5.3) (Figure S58C), suggesting that the amino acid changes
found in the HA of the 1918-like avian transmissible mutant
have no effect on the pH at which fusion of the 1918-like avian
HA is activated.

Our previous studies demonstrated that H5 transmissible
mutants exhibit considerable tolerance to high temperature
compared with a nontransmissible H5 mutant, suggesting a
role for HA stabilization in efficient replication and transmission
in ferrets (de Vriss et &, 2014; imal et al,, 2012). Therefore, we
next tested whether the identified amino acid changes in HA
affect its heat stability. For this experiment, we used the same
set of recombinant viruses that were used in the glycan array
described earlier. We tested the loss of hemagglutination activity
and infectivity after incubation at 50°C for various times (Figurss
%5D and S5E). Introduction of the 190D/225D mutation into
1918-like HA resulted in faster loss of hemagglutination activity,
whereas the additional introduction of the HA-89D or HA-89D/
113N mutation reversed this trend (Figure S8D). The HA-190D/
225D virus lost its infectivity rapidly after a 180 min incubation
at 50°C (6.8 logqo decrease in virus titers; Figura S3E), whereas
the HA-89D/190D/225D and the HA-89D/113N/190D/225D vi-
ruses were more tolerant of high temperature (3.7 and 4.2 logio
decreases in virus titers under the same conditions, respectively;
Figurs S5E). These results suggest that mutations critical for
human-type receptor binding (i.e., HA-190D/225D) reduced HA
stability, which was restored by additional mutations associated
with respiratory droplet transmissibility (i.e., HA-89D and HA-
89D/113N). This trend (i.e., loss of HA stability due to mutations
conferring human virus receptor recognition and recovery of HA
stability by the acquisition of an additional mutation) is consistent
with our previous findings (¢l ¥ries et al., 2014, sl et al., 2012).
However, the HA heat stability of 1918 HA, as evaluated by hem-
agglutination activity, was similar to that of the HA-190D/225D
virus (Figure $8D), indicating complex interplay among recep-
tor binding specificity, HA stability, and virus transmissibility in
ferrets.

The Effects of Amino Acid Changes in the Viral RNA
Polymerase Complex of the Transmissible 1918-like
Avian Viruses on Polymerase Activity

The viral polymerase complex affects viral replicative ability and
pathogenicity (de Vrigs ef g, 2014; Sabrisl et al, 2008; Hatla
et gl, 2007, Li et al, 2005, Subbarao o al,, 1883). To determine
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Table 2. Amino Acid Changes in Viral Proteins Acquired during the Transmission of 1918-like Avian Viruses in Ferrets

Amino Acid Sequence and Position

HA®

PB2 PA NP

253 232

Virus 89 113

187 190 225 265 627 253

inoculated

_contact

Figures B3 and &4,
2Amino acid positions of HA are based on H3 HA numbering.
PThe stock of this egg-grown virus was sequenced.
°The stock of this MDCK-grown virus was sequenced.
YIndicates a mixed population.

®Virus isolated from the nasal washes of the contact ferret in this 1918-like avian PB2-627K:HA-89ED/190D/225D virus group was sequenced.
Virus isolated from the nasal washes of the contact ferret in this 1918-like avian PB2-627K:HA-89ED/190D/225D virus group was propagated in MDCK

cells, and the resulting virus stock was sequenced.

whether amino acid changes in PA and/or PB2 affect the viral
polymerase activity of the 1918-like avian virus, we conducted
a luciferase activity-based minireplicon assay in human 293T
cells as described previously (Ozawa st al, 2007). The poly-
merase activity of the 1918 polymerase complex was signifi-
cantly greater than that of the 1918-like avian polymerase com-
plex at 33°C and 37°C (Figure S8F; p < 0.05). The PB2-627K
mutation strongly increased the polymerase activity of the
1918-like avian polymerase complex (p < 0.05), whereas
neither PB2-684D nor PA-253M appreciably affected the poly-
merase activity (Figure S%F). These findings suggest that only
the PB2-627K mutation contributes to the enhanced polymer-
ase activity.

The Effectiveness of Current Vaccines and Antiviral
Drugs against the 1918-like Avian Virus

From a biosafety perspective, it is important o know whether
current control measures (vaccines and antiviral drugs) are effec-
tive against the 1918-like avian virus. We therefore examined
the reactivity of sera from humans vaccinated with the current
influenza vaccine, which includes A/California/04/2009 (H1N1),
against the 1918-like avian virus and its mutants. The Hi test re-
sults revealed that these sera reacted poorly with 1918-like avian
virus (i.e., to the same extent as the negative control virus A/
mallard/Gurjev/263/82 [H14N5], which possess an HA that is
antigenically distant from that of the current vaccine strains)

(Table 84). In contrast, the sera reacted robustly with the 1918
virus and the mutant 1918-like avian viruses that possessed
additional mutations associated with respiratory droplet trans-
missibility (i.e., the 1918-like avian PB2-627K:HA-89ED/190D/
225D and 1918-like avian PB2-627K/684D:HA-89ED/113SN/
190D/225D/265DV:PA-253M viruses), although the HI titers
against the 1918-related viruses were substantially lower than
those against the homologous strain (i.e., A/California/04/2009)
(Yable S4). Given that the amino acids at positions 190 and
225 are located close to the antigenic sites of HA, the amino
acid substitutions at these positions may alter the antigenicity
of the 1918-like avian virus. We next examined the oseltamivir
sensitivity of our test viruses. A previous study showed that
1918 virus was highly susceptible to the NA inhibitor oseltamivir
(Tumpey et gl 2002). The ICsq (half maximal inhibitory concen-
tration) value of the 1918-like avian virus (<10 nM) was
similar to that of the 1918 virus and that of A/Kawasaki/UT-
K25/2008 (H1N1; an oseltamivir-sensitive control; Tabis $5). In
contrast, the 1Csq values of the oseltamivir-resistant controls,
A/Kawasaki/IMS22B-955/2003 (H3N2) and A/Osaka/180/2009
(H1N1), were 34,600 and 1,360 nM, respectively (Tabia $8),
Because all of the viruses tested in this study possess the NA
gene from either the 1918 virus or the 1918-like avian virus, these
viruses should be highly susceptible to oseltamivir, so appro-
priate control measures would be available to combat the
1918-like avian virus used in this study.

Figure 3. Respiratory Droplet Transmission in Ferrets

Groups of three ferrets were infected intranasally with 108 pfu of 1918 (A), 1918-like avian (B), DK/ALB (C), 1918-like avian PB2-627K (D), 1918-like avian PB2-
627K:HA-89ED/190D/225D (E), and 1918-like avian PB2-627K/684D:HA-89ED/113N/190D/225D/265DV:PA-253M (F) viruses. After 1 day, a naive ferret (contact
ferret) was placed in a cage adjacent to each infected ferret. Nasal washes were collected from infected ferrets on day 1 after inoculation and from contact ferrets
on day 1 after cohousing and then every other day (for up to 9 days) for virus titration. The lower limit of detection is indicated by the horizontal dashed line. See

also Figure 54 and Table B3,
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Global Distribution and Evolution of 1918-like Avian
Viruses

Wild birds harboring a large pool of influenza A virus genomes
facilitate the global spread of viruses. Here, we experimentally
demonstrated that an avian influenza virus encoding proteins
with high homology to the 1918 viral proteins and possessing
a limited number of additional mutations exhibited relatively
high pathogenicity in mammals and transmissibility between
ferrets (Figura 3 and Table 1), suggesting its potential to cause
a pandemic. To assess the risk of the emergence of such
avian influenza viruses, we examined the prevalence of avian
influenza viruses encoding viral proteins that differed from
the 1918 virus proteins by a few amino acids. We constructed
phylogenetic trees, with a time series of virus isolation (from
1990 to 2011), of amino acid sequences for each viral protein
SA and $8). To assess the spatial patterns and divergence
of the 1918-like avian viruses, we also generated geographic
maps and histograms to show the distribution of the amino
acid differences from their respective 1918 viral proteins
(Figurss 8B, 5C, and &€). The geographic patterns of amino
acid sequence similarity by gene segment showed that avian
viruses encoding PB2, PB1, NP, M, and NS genes of closest
similarity to those of the 1918-like avian virus have pre-
dominantly circulated in North America and Europe, with
mostly sporadic circulation in other parts of the world (Figuras
& and £8).

Further, we examined whether there are any avian influenza vi-
ruses possessing human-type amino acids, such as PB2-627K,
HA-190D, or HA-225D. We found that 168 of 4,293 avian PB2
genes (~4%) possess the PB2-627K mutation and that 142 of
those 168 are from H5N1 viruses that were isolated mainly
from wild and domestic birds in Europe, the Middle East, and
Africa; the others are H1N1 viruses isolated from poultry in the
US (Yakiz §7). The HA-190D mutation was found in 9 of 266
avian H1 HA sequences (about 3% of avian H1 HA genes), one
that also possessed HA-225D (Tabile &7). Our BLAST search
revealed that all of the avian viruses possessing either HA-
190D or HA-225D or both probably originated from swine or
human viruses that infected an avian species (Tabis 57).

Taken together, our results reveal the global distribution of
avian influenza virus genes encoding proteins that differ from
the 1918 virus proteins by only a few amino acids and the exis-
tence of avian influenza viruses possessing human-type amino
acid residues (i.e., PB2 E627K, HA E190D, and HA G225D).
Considering the fact that many of these avian influenza viruses
were isolated in recent years (i.e., from 1990 to 2011), our study

demonstrates the continued circulation of avian influenza viruses
that possess 1918 virus-like proteins and may acquire 1918
virus-like properties.

DISCUSSION

Here, we conducted experiments to assess the risk represented
by avian influenza viral genes encoding proteins that closely
resemble 1918 virus proteins that still circulate in the avian influ-
enza viral gene pool. We found that a 1918-like avian virus ex-
hibited pathogenicity in mice and ferrets higher than that of an
authentic avian virus. Moreover, we demonstrated that acquisi-
tion of only a few amino acid substitutions can confer respiratory
droplet transmission to 1918-like avian influenza viruses in a
ferret model, suggesting that the potential exists for a 1918-
like pandemic virus to emerge at any time from the avian virus
gene pool.

Generally, in experimental infections, avian influenza viruses
replicate poorly in humans, and vice versa (Bears and Webster,
1981 Hinshaw of al., 1984, Murphy ef g, 1884; Webster et al,,
1878), because host restriction constrains interspecies trans-
mission. Recently, however, a newly emerged H7N9 avian influ-
enza virus appeared to break this host barrier and directly infect
humans in China, resulting in a total of 238 confirmed cases and
57 fatalities as of January 24, 2014 (Schnirting. 2614). We and
others demonstrated that H7N9 viruses isolated from Chinese
patients possess human-adaptive mutations in PB2 and HA,
which possibly confer efficient replication of avian influenza vi-
ruses in the upper respiratory tract of humans, and caused
limited respiratory droplet transmission in ferrets (Saissr et al,
2018 Fichard ef al, 8013; Watanabs et al, 20013; Zhang st al,
2GS, T et al, 20138), raising concerns about the pandemic
potential of the H7N9 virus. Similarly, other avian influenza
viruses, including the 1918-like avian viruses described in this
study, have the potential to cause a pandemic if they acquire
such human-adaptive mutations. The worst-case scenario is
the emergence of a novel avian influenza virus that exhibits
high pathogenicity in human, like highly pathogenic avian
H5N1 viruses, and efficient transmissibility in humans, like
seasonal influenza viruses. To prepare for such a scenario, it is
important to understand the molecular mechanisms of pathoge-
nicity and transmissibility of avian influenza viruses. Such infor-
mation provides support for pandemic preparedness activities
(vaccines and antivirals are effective control measures), demon-
strates the value of continued surveillance of avian influenza
viruses, and emphasizes the need for evaluation and integration
of improved risk assessment measures.

ste

Figure 4. HA Structural Analysis and Glycan Microarray Analysis

(A) Localization of amino acid changes identified in viruses recovered from ferrets in the transmission study. Shown is the 3D structure of the monomer of A/Brevig
Mission/1/18 (H1N1) HA in complex with human receptor analogs (Protein Data Bank [PDB] ID code 2WRG). A close-up view of the giobular head is also shown to
the right. Mutations known to increase affinity to human-type receptors are shown in red (E190D and G225D). Mutations that emerged in HA during replication
and/or transmission in ferrets are shown in green (E89D, S113N, [187T, and D265V). The amino acid changes at positions 89 and 113 are located close to an
amino acid at position 110 (103 with H5 numbering) that was previously found to be associated with the transmissibility of an H5 virus (Herfat of &, 2(12). Images
were created with MacPyMOL (hito:/Aavew. pymol.org).

(B-E) The receptor specificities of viruses possessing 1918 HA (B), 1918-like avian HA (C), 1918-like avian HA-190D/225D (D), and 1918-like avian HA-89D/113N/
190D/225D (E) were assessed by using a glycan microarray containing a diverse library of «2,3- and «2,6-linked sialosides (¥ t af,, 23(:13). Viruses, directly
labeled with biotin, were applied at 128 hemagglutination units/mi for 1 hr and, after washing, were incubated with Streptavidin-Alexa Fluor 647 (1 pg/ml) for 1 hrto
detect bound virus. Error bars represent the SD calculated from six replicate spots of each glycan. A complete list of glycans is found in Talsie 38. See also

Figura 886,
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EXPERIMENTAL PROCEDURES

Cells and Viruses
Human embryonic kidney 293T cells and MDCK cells were maintained in
Dulbecco’s modified Eagle's medium supplemented with 10% fetal calf
serum (FCS) and in minimal essential medium (MEM) containing 5% newborn
calf serum, respectively. HelLa cells were maintained in MEM containing 10%
FCS. All cells were maintained at 37°C in 5% CO,.
All viruses used in this study, except for A/duck/Alberta/35/76 (H1N1; DK/
ALB), were generated by usmg plasmld -driven reverse genetics as described
BE Goedurss and a previous report (New-
3). Virus growth in cells and eggs was examined as described

Experimemial Procadwes.,

in the S 3@& smanial

Experimental Infection of Mice and Ferrets

Female BALB/c mice (5-6 weeks old) (Jackson laboratory) were used to deter-
mine MLDsg values. Under anesthesia, four mice per group were intranasally
inoculated with viruses. Body weight and survival were monitored daily for
14 days.

Female ferrets (5-8 months old) (Triple F Farms), which were serologically
negative by hemagglutination inhibition (HI) assay for currently circulating hu-
man influenza viruses, were used in this study. Under anesthesia, six ferrets
per group were intranasally inoculated with 10° pfu (0.5 ml) of viruses. Three
ferrets per group were euthanized on days 3 and 6 postinfection for virological
and pathological examinations. The virus titers in various organs were deter-
mined by use of plague assays in MDCK cells. For the transmission study,
pairs of ferrets were individually housed in adjacent wireframe cages (Showa
Science) that prevented direct and indirect contact between the animals but
allowed spread of influenza virus by respiratory droplets, and virus titers in
nasal washes collected from each animal were determined by use of plaque
assays in MDCK cells as descrlbed elsewhere (bnaf ¢t al, 2012) and in the

All exper:ments with mice and ferrets were performed in accordance with
the University of Wisconsin-Madison’s Regulations for Animal Care and
Use and approved by the Animal Experiment Committee of the University of
Wisconsin-Madison.

Glycan Arrays

Glycan array analysis was performed on a glass slide microarray containing 6
replicates of 58 diverse sialic acid-containing glycans including terminal se-
quences and intact N-linked and O-linked glycans found on mammalian and
avian glycoproteins and glycolipids (Xu et al.. 2413). Virus samples were
directly labeled with biotin wea et al, #0173 and then applied to the slide
array; slide scanning to detect virus bound to glycans was conducted as
descnbed previously (Walanais #319) and in the Bupplementst
%?m sedures. A complete list of glycans present on the array is provided
in Tatxe 54,

Pathological Examination

Excised tissues of animal organs preserved in 10% phosphate-buffered
formalin were processed for paraffin embedding and cut into 3 um thick sec-
tions. One section from each tissue sample was stained using a standard
hematoxylin and eosin (H&E) procedure, whereas another one was processed
for immunonhistological staining with a rabbit polyclonal antibody for type A
influenza nucleoprotein (NP) antigen (prepared in our laboratory) that reacts
comparably with all of the viruses tested in this study. Specific antigen-anti-

body reactions were visualized with 3,3'-diaminobenzidine tetrahydrochloride
staining by using the DAKO LSAB2 system (DAKOCytomation). Pathologlcal
scores were determined as described in the Supplemsniai Bx :

Procedures,

Serological Tests

Human serum samples obtained from individuals vaccinated with the A/Cali-
fornia/07/2009 (H1N1) hemagglutinin (HA) split vaccine in Japan were used
for serological testing. Hemagglutination inhibition titers were determined as
described in the Suppiomental Exparimental Procedures. All experiments
with human sera were approved by the Research Ethics Review Committee
of the Institute of Medical Science, the University of Tokyo (approval number
21-38-1117), and the Institutional Review Board of the University of Wiscon-
sin-Madison.

Neuraminidase Inhibition Assay

The sensitivity of viral NA to oseltamivir carboxylate was evaluated by using
an NA enzyme inhibition assay based on the methylumbelliferyl-N-acetylneur-
aminic acid (MUNANA) method as described in previous studies (G
et al, 2001 Kiso et al, 2004) and in the Supplementat
Procedures,

Polykaryon Formation Assay

Hel.a cells were transfected with expression plasmids expressing various HAs.
Polykaryon formation was induced by exposing cells to low pH buffer and was
observed as described in the Supplements ental Procedures.

Thermostability of HA

Viruses (128 hemagglutination units in PBS) were incubated at 50°C for
the times indicated. Infectivity and hemagglutination activity were determined
by using plaque assays in MDCK cells and the hemagglutination assay with
0.5% turkey blood cells, respectively.

Luciferase-Based Minigenome Assay

A luciferase-based minigenome assay was performed to examine viral poly-
merase activity as described previously ((zawa ot al., 2007). Briefly, 293T
cells were transfected with plasmids for the expression of viral proteins PA,
PB1, PB2, and NP derived from 1918-like avian virus or its mutants and
with pPoll-WSN-NA-firefly-luciferase. Plasmid pGL4.74[hRuc/TK] (Promega)
served as an internal control for the dual-luciferase assay. After transfection,
the cells were incubated at 33°C or 37°C for 24 hr, and then luciferase activity
was measured with the dual-luciferase reporter system (Promega) on a
GloMax Microplate Luminometer (Promega) according to the manufacturer’s
instructions.

Statistical Analysis
Statistical analyses were performed by using ANOVA in GraphPad Prism
version 5.0 (GraphPad); p values of < 0.05 were considered significant.

Biosafety and Biosecurity

All experiments with 1918-related viruses were performed in biosafety level
3 (BSL3) agriculture containment laboratories. In vitro experiments were
conducted in Class |l biological safety cabinets, and tfransmission experiments
were conducted in HEPA-filtered ferretisolators (imaf et al.. 2012). Theresearch
program, procedures, occupational health plan, documentation, security,
and facilities are reviewed annually by the University of Wisconsin-Madison

Figure 5. Global Patterns of PB2 Proteins Derived from Avian Influenza Viruses

(A) Phylogenetic tree of 1,022 randomly selected amino acid sequences of PB2 genes derived from avian influenza viruses. The tree was rooted to the PB2
sequence of the 1918 virus, A/Brevig Mission/1/18 (H1N1) (red arrow). The PB2 from A/blue-winged teal/Ohio/926/2002 (H3N8), which is expressed by the 1918-
like avian virus, is indicated by the blue arrow. The year in which the strains were isolated is indicated by horizontal bars to the right of the tree drawn at the same
vertical position as the position of the strain in the tree. The tree and time series are color coded according to the number of amino acid differences from the 1918

virus defined in the histogram shown in (C).

(B) Geographic map indicating locations where the respective viruses shown in (A) were isolated. The map is color coded according to the number of amino acid

differences defined in the histogram shown in (C).

(C) Histogram showing the distribution of the amino acid differences of all avian influenza PB2 proteins from the 1918 PB2 protein and color scheme for (A) and (B)

(red = 0-5 amino acid substitutions; magenta = 6-10; purple = 11-15). See also Figure S8 and Tabiles

8t and 87

Cell Host & Microbe 75, 692-705, June 11, 2014 ©2014 Elsevier Inc. 703

196



Responsible Official and at regular intervals by the CDC and the Animal and
Plant Health Inspection Service (APHIS) as part of the University of
Wisconsin-Madison Select Agent Program. More detailed information on
biosecurity and biosafety is described in the Suppdemental Experimental

Frocedures.

Phylogenetic Analysis

For each viral gene segment, all nearly complete sequences from avian viruses
were downloaded from the Influenza Research Database (nhiip:/fwywew Huddis,
arg). These sequences were compared with the corresponding gene se-
quences of the 1918 virus to determine the number of amino acid sequence
differences from the 1918 virus. Due to the large number of avian influenza
gene sequences (n = 3,031-5,836 sequences for the PB2, PB1, PA, NP, M,
and NS segments), roughly 1,000 sequences per gene were randomly
selected to enable efficient phylogenetic analysis.

Phylogenetic trees for each segment were constructed with PhyML software
package version 3.0 using subtree pruning and regrafting to optimize tree
topology. The randomly selected subsets of amino acid sequences for each
gene segment were aligned by using MAFFT (hitm/fensw ebd ac uik/Tosds/

HEEHGEN TGN

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and seven tables and can be found with this article online at
Ritp/fdx dolorg/ 10 T84 chom, 2014 08 008,
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