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Plasmodium cynomolgi genome sequences provide insight
into Plasmodium vivax and the monkey malaria clade

Shin-Ichiro Tachibana®!3, Steven A Sullivan?, Satoru Kawai®, Shota Nakamura?, Hyunjae R Kim?,

Naohisa Goto*, Nobuko Arisue’, Nirianne M Q Palacpac®, Hajime Honmal-®, Masanori Yagi®, Takahiro Tougan®,
Yuko Katakai®, Osamu Kaneko”, Toshihiro Mita®, Kiyoshi Kita’, Yasuhiro Yasutomi'?, Patrick L Sutton?,

Rimma Shakhbatyan?, Toshihiro Horii’, Teruo Yasunaga?, John W Barnwell'!, Ananias A Escalante!?,

Jane M Carlton®!* & Kazuyuki Tanabel>14

P. cynomolgi, a malaria-causing parasite of Asian Old World
monkeys, is the sister taxon of P, vivax, the most prevalent
malaria-causing species in humans outside of Africa. Because
P, cynomolgi shares many phenotypic, biclogical and genetic
characteristics with P, vivax, we generated draft genome
sequences for three P cynomolgi strains and performed
genomic analysis comparing them with the P. vivax genome,
as well as with the genome of a third previously sequenced
simian parasite, Plasmodium knowlesi. Here, we show that
genomes of the monkey malaria clade can be characterized by
copy-number variants (CNVs) in multigene families involved
in evasion of the human immune system and invasion of host
erythrocytes. We identify genome-wide SNPs, microsatellites
and CNVs in the P. cynomolgi genome, providing a map of
genetic variation that can be used to map parasite traits and
study parasite populations. The sequencing of the P cynomolgi
genome is a critical step in developing a model system for

P. vivax research and in counteracting the neglect of P, vivax.

Human malaria is transmitted by anopheline mosquitoes and is
caused by four species in the genus Plasmodium. Of these, P. vivax is
the major malaria agent outside of Africa, annually causing 80-100
million cases!. Although P, vivax infection is often mistakenly regarded
as benign and self-limiting, P vivax treatment and control present
challenges distinct from those of the more virulent Plasmodium
falciparum. Biological traits, including a dormant (hypnozoite) liver
stage responsible for recurrent infections (relapses), early infective
sexual stages (gametocytes) and transmission from low parasite

densities in the blood?, coupled with emerging antimalarial drug
resistance, render P vivax resilient to modern control strategies.
Recent evidence indicates that P, falciparum derives from parasites of
great apes in Africa®, whereas P, vivax is more closely related to para-
sites of Asian Old World monkeys®, although not itself infective of
these monkeys.

P vivax cannot be cultured in vitro, and the small New World mon-
keys capable of hosting it are rare and do not provide an ideal model
system. P. knowlesi, an Asian Old World monkey parasite recently
recognized as a zoonosis for humans®, has had its genome sequenced?,
but the species is distantly related to P vivax and is phenotypically
dissimilar. In contrast, P cynomolgi, a simian parasite that can infect
humans experimentally’?, is the closest living relative (a sister taxon)
to P, vivax and possesses most of the same genetic, phenotypic and bio-
logical characteristics—notably, periodic relapses caused by dormant
hypnozoites, early infectious gametocyte formation and invasion of
Duffy blood group—positive reticulocytes. P. cynomolgi thus offers a
robust model for P vivax in a readily available laboratory host, the
Rhesus monkey, whose genome was recently sequenced!!. Here, we
report draft genome sequences of three P cynowmolgi strains and com-
parative genomic analyses of P cynomolgi, P vivax'? and P. knowles®,
three members of the monkey malaria clade.

We sequenced the genome of P. cynomolgi strain B, isolated from a
monkey in Malaysia and grown in splenectomized monkeys (Online
Methods). A combination of Sanger, Roche 454 and Illumina chem-
istries was employed to generate a high-quality reference assembly at
161-fold coverage, consisting of 14 supercontigs (corresponding to the
14 parasite chromosomes) and ~1,649 unassigned contigs, comprising
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a total length of ~26.2 Mb (Supplementary Table 1). Comparing
genomic features of P cynomolgi, P knowlesi and P. vivax reveals
many similarities, including GC content (mean GC content of 40.5%),
14 positionally conserved centromeres and the presence of intrachro-
mosomal telomeric sequences (ITSs; GGGTT(T/C)A), which were
discovered in the P knowlesi genome? but are absent in P, vivax (Fig. 1,
Table 1 and Supplementary Table 2).

We annotated the P. cynomolgi strain B genome using a combina-
tion of ab initio gene prediction programs trained on high-quality
data sets and sequence similarity searches against the annotated
P vivax and P. knowlesi genomes. Not unexpectedly for species
from the same monkey malaria clade, gene synteny along the
14 chromosomes is highly conserved, although numerous microsyn-
tenic breaks are present in regions containing multigene families
(Fig. 2 and Table 2). This genome-wide view of synteny in six species
of Plasmodium also identified two apparent errors in existing public
sequence databases: an inversion in chromosome 3 of P knowlesi and
an inversion in chromosome 6 of P, vivax. The P. cynomolgi genome
contains 5,722 genes, of which approximately half encode conserved
hypothetical proteins of unknown function, as is the case in all the
Plasmodium genomes sequenced to date. A maximum-likelihood
phylogenetic tree constructed using 192 conserved ribosomal
and translation- and transcription-related genes (Supplementary
Fig. 1) confirms the close relationship of P. cynoimolgi to P. vivax
compared to five other Plasmodium species. Approximately 90%
of genes (4,613) have reciprocal best-match orthologs in all three
species (Fig. 3), enabling refinement of the existing P vivax and
P knowlesi annotations (Supplementary Table 3). The high degree
of gene orthology enabled us to identify specific examples of gene
duplication (an important vehicle for genome evolution), including
a duplicated homolog of P vivax Pvs28—which encodes a sexual
stage surface antigen that is a transmission-blocking vaccine
candidate’®—in P cynomolgi (Supplementary Table 4). Genes
common only to P. cynomolgi and P. vivax (n = 214) outnumber
those that are restricted to P cynomolgi and P. knowlesi (n = 100) or
P vivax and P. knowlesi (n = 17). Such figures establish the use-
fulness of P. cynomolgi as a model species for studying the more
intractable P. vivax.

Figure 1 Architecture of the P. cynomolgi genome and associated genome-
wide variation data. Data are shown for each of the 14 P. cynomolgi
chromosomes. The six concentric rings, from outermost to innermost,
represent (i) the location of 5,043 P. cynomolgi genes, excluding those on
small contigs (cyan lines); (ii) genome features, including 14 centromeres
(thick black lines), 43 telomeric sequence repeats (short red lines),

43 tRNA genes (red lines), 10 rRNAs {dark blue lines) and several gene
family members, including 53 cyir (dark green lines), 8 rbp (brown lines),
13 sera (serine-rich antigen; pink lines), 25 trag (tryptophan-rich antigen;
purple lines}, 12 msp3 (merozoite surface protein 3; light gray lines),

13 msp7 (merozoite surface protein 7; gray lines), 25 rad (silver lines),

8 eframp (orange lines), 16 Pf-fam-b (light biue lines) and 7 Pv-fam-d
(light green lines); (iii} plot of dg/dy for 4,605 orthologs depicting
genome-wide polymorphism within P. cynomolgi strains B and Berok
(black line) and divergence between P. cynomolgi strains B and Berok

and P, vivax Salvador | {red line); a track above the plot indicates

P. cynomolgi genes under positive selection (red) and purifying selection
(blue), and a track below the plot indicates P. cynomolgi-F. vivax orthologs
under positive selection (red) and purifying selection (blue); (iv) heatmap
indicating SNP density of 3 P. cynomolgi strains plotted per 10-kb
windows: red, 0-83 SNPs per 10 kb (regions of lowest SNP density); blue,
84-166 SNPs per 10 kb; green, 167-250 SNPs per 10 kb; purple,
251-333 SNPs per 10 kb; orange, 334-416 SNPs perl0 kb; yellow,

Notably, most of the genes specific to a particular species belong
to multigene families (excluding hypothetical genes; Table 2 and
Supplementary Table 5). This suggests repeated lineage-specific
gene duplication and/or gene deletion in multigene families within
the three monkey malaria clade species. Moreover, copy numbers of
the genes composing multigene families were generally greater in the
P, cynomolgi-P. vivax lineage than in P knowlesi, suggesting repeated
gene duplication in the ancestral lineage of P. cynomolgi and P, vivax
(or repeated gene deletion in the P knowlesi lineage). Thus, the genomes
of P cynowmolgi, P vivax and P. knowlesi can largely be distinguished by
variations in the copy number of multigene family members. Examples
of such famities include those that encode proteins involved in evasion
of the human immune system (vir, kir and SICAvar) and invasion of
host red blood cells (dbp and rbp).

In malaria-causing parasites, invasion of host erythrocytes, mediated
by specific interactions between parasite ligands and erythrocyte recep-
tors, is a crucial component of the parasite lifecycle. Of great interest
are the ebl and rbl gene families, which encode parasite ligands required
for the recognition of host erythrocytes. The ebl genes encode eryth-
rocyte binding-like (EBL) ligands such as the Duffy-binding proteins
(DBPs) that bind to Duffy antigen receptor for chemokines (DARC) on
human and monkey erythrocytes. The rbl genes encode the reticulo-
cyte binding-like (RBL) protein family, including reticulocyte-binding
proteins (RBPs) in P. cynomolgi and P vivax, and normocyte-binding
proteins (NBPs) in P. knowlesi, which bind to unknown erythro-
cyte receptors'*. We confirmed the presence of two dbp genes in
B cynomolgi'® (Supplementary Table 6), in contrast to the one dbp
and three dbp genes identified in P. vivax and P. knowlesi, respectively.
This raises an intriguing hypothesis that P vivax lost one dbp gene,
and thus its infectivity of Old World monkey erythrocytes, after diver-
gence from a common P, vivax-P. cynomolgi ancestor. This hypothesis
is also supported by our identification of single-copy dbp genes intwo
other closely related Old World monkey malaria-causing parasites,
Plasmodium fieldi and Plasmodium simiovale, which are incapable of
infecting humans'€. These two Old World monkey species lost one or
more dbp genes during divergence that confer infectivity to humans,
whereas P. cynomolgi and P knowlesi retained dbp genes that allow
invasion of human erythrocytes (Supplementary Fig. 2).

2 w0

Chr. 16

417-500 SNPs per10 kb (regions of highest SNP density); (v} log, ratio plot of CNVs identified from a comparison of P. cynomolgi strains B and Berok;
and {vi) map of 182 polymorphic intergenic microsatellites (MS, black dots). The figure was generated using Circos software (see URLs).
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Table 1 Comparison of genome features between £, cynomolgi,
P. vivax and P, knowlesi, three species of the monkey malaria clade

Feature P cynomolgi P. vivax12 P._knowlesi®
Assembly
Size (Mb) 26.2 26.9 237
Number of 14 {1,649) 14 (2,547) 14 (67)
scaffolds?
Coverage (fold) 161 10 8
GC content (%) 40.4 42.3 38.8
Genes
Number of genes 5,722 5,432 5,197
Mean gene length 2,240 2,164 2,180
(bp)
Gene density 4,428.2 4,950.5 4,416.1
(bp per gene)?
Percentage 51.0 47.1 49.0
coding®
Structural RNAs
Number of tRNA 43 44 41
genes
Number of 53 3 3 o°
rRNA genes
Number of 5.8S, 7 7 5
18S and 28S
rRNA units
Nuclear genome
Number of 14 14 14
chromosomes
Number of 14 14 14
centromeres
isochore structure® + + -
Mitochondrial genome
Size (bp)® 5,986 (AB444123) 5,990 (AY598140) 5,958 (AB444108)
GC content (%) 30.3 30.5 30.5
Apicoplast genome
Size (bp) 29,297 5,0648 N/A
GC content (%) 13.0 17.1 N/A

N/A, not available.

2Small unassigned contigs indicated in parentheses. PSequence gaps excluded. Not present
in P, knowlesi assembly version 4.0. 9Regions of the genome that differ in densily and are
separable by CsCl centrifugation; isochores correspond to domains differing in GC content.
ejdentified in other studies (GenBank accessions given in parentheses). 'Partial sequence
(~86% complete) generated during this project. £Partial sequence of reference genome only
published?; actual size is ~35 kb.

We found multiple rbp genes, some truncated or present as pseudo-
genes, in the P cynomolgi genome (Fig. 1 and Table 2). Phylogenetic
analysis showed that rbl genes from P. cynomolgi, B vivax and
P knowlesi can be classified into three distinct groups, RBP/NBP-1,
RBP/NBP-2 and RBP/NBP-3 (Supplementary Fig. 3), and suggests
that these groups existed before the three species diverged. All three
groups of RBP/NBP are represented in P. cynomolgi, whereas P, vivax
and P, knowlesi lack functional genes from the RBP/NBP-3 and RBP/
NBP-1 groups, respectively. Thus, rbl gene family expansion seems to
have occurred after speciation, indicating that the three species have
multiple species-specific erythrocyte invasion mechanisms. Notably,
we found an ortholog of P. vivax rbp1b in some strains of P cynomolgi
but not in others (Supplementary Table 6). To our knowledge, this

Figure 2 Genome synteny between six species of Plasmodium parasite.
Protein-coding genes of P. cynomolgi are shown aligned with those of
five other Plasmodium genomes: two species belonging to the monkey
malaria clade, £, vivax and P. knowlesi; two species of rodent malaria,

P. berghei and F. chabaudi; and P. falciparum. Highly conserved protein-
coding regions between the genomes are colored in order from red (5" end
of chromosome 1) to blue (3" end of chromosome 14) with respect to
genomic position of £ cynomolgi.

LETTERS

is the first example of a CNV for a rbp gene between strains of a
single Plasmodium species, highlighting how repeated creation and
destruction of rbl genes, a signature of adaptive evolution, may have
enabled species of the monkey malaria clade to expand or switch
between monkey and human hosts.

The largest gene family in P cynomolgi, consisting of 256 cyir
(cynomolgi-interspersed repeat) genes, is part of the pir (plasmodium-
interspersed repeat) superfamily that includes P. vivax vir genes
(1 =319) and P, knowlesi kir genes (n = 70) (Table 2). Pir-encoded
proteins reside on the surface of infected erythrocytes and have an
important role in immune evasion'”. Most cyir genes have sequence
similarity to P, vivax vir genes (n = 254; Supplementary Table 7) and
are found in subtelomeric regions (Fig. 1), but, notably, 11 cyir genes
have sequence similarity to P knowlesi kir genes (Supplementary
Table 7) and occur more internally in the chromosomes, as do the
kir genes in P, knowlesi. As with ‘molecular mimicry’ in P. knowlesi
(mimicry of host sequences by pathogen sequences)®, one CYIR
protein (encoded by PCYB_032250) has a region of 56 amino acids
that is highly similar to the extracellular domain of primate CD99
(Supplementary Fig. 4), a molecule involved in the regulation of
T-cell function. A new finding is that £ cynomolgi has two genes whose
sequences are similar to P knowlesi SICAvar genes (Supplementary
Table 7) that are expressed on the surfaces of schizont-infected
macaque erythrocytes and are involved in antigenic variation'®.

The ability to form a dormant hypnozoite stage is common to both
P cynomolgi and P, vivax and was first shown in laboratory infections
of monkeys by mosquito-transmitted P. cynomolgi'®. In a search for
candidate genes involved in the hypnozoite stage, we identified nine
coding for ‘dormancy-related’ proteins that had the upstream ApiAP2
motifs?® necessary for stage-specific transcriptional regulation at the
sporozoite (pre-hypnozoite) stage (Supplementary Table 8). The
candidates include kinases that are involved in cell cycle transition;
hypnozoite formation may be regulated by phosphorylation of pro-
teins specifically expressed at the pre-hypnozoite stage. Our list of
P cynomolgi candidate genes represents an informed starting point
for experimental studies of this elusive stage.

We sequenced P cynomolgi strains Berok (from Malaysia) and
Cambodian (from Cambodia) to 26 and 17x coverage, respectively,
to characterize P cynomolgi genome-wide diversity through analy-
sis of SNPs, CNVs and microsatellites. A comparison of the three
P, cynomolgi strains identified 178,732 SNPs (Supplementary Table 9)
at a frequency of 1 SNP per 151 bp, a polymorphism level somewhat

oMb 4 Mb
P. cynomolgi

8 Mb

12 Mb 16 Mb 20 Mb

P. vivax

P. knowlesi

P. berghei

P. chabaudi

P. falciparum
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Table 2 Components of multigene families of P. cynomolgi, P. vivax and P. knowlesi differ in copy number

Family Multigene family Localization Arrangement F. cynomolgi P vivax P, knowlesi Putative function and other information

1 pir {vir-like) Subtelomeric Scattered and clustered 254 3194 4 Immuine evasion

2 pir (kir-like) Subtelomeric and central Scattered and clustered 11 2 662 Immune evasion

3 SICAvar Subtelomeric and central Scattered and clustered 2 1 2422 Antigenic variation, immune evasion

4 msp3 Central Clustered 12 12 3 Merozoite surface protein

5 msp7 Central Clustered 13 13 5 Merozoite surface protein

6 dbl (dbp/ebl Subtetomeric Scattered 2 1 3 Host cell recognition

7 bl (rbp/nbp/rh) Subtelomeric Scattered 82 102 38 Host cell recognition

8 Pv-fam-a (trag) Subtelomeric Scattered and clustered 36 36 268 Tryptophan-rich

9 Pv-fam-b Central Clustered 3 1 Unknown

10 Pv-fam-c Subtelomeric Unknown? 1 7 0 Unknown

11 Pv-fam-d (hypb) Subtelomeric Scattered 18 16 2 Unknown

12 Pv-fam-e (rad) Subtelomeric Clustered 27 44 16 Unknown

13 Pv-fam-g Central Clustered 3 3 3 Unknown

14 Py-fam-h (hyp16) Central Clustered 6 4 2 Unknown

15 Py-fam-i (hyp11) Subtelomeric Scattered 6 6 5 Unknown

16 Pk-fam-a Central Scattered 0 0 122 Unknown

17 Pk-fam-b Subtelomeric Scattered 0 0 g Unknown

18 Pk-fam-c Subtelometric Scattered 0 0 64 Unknown

19 Pk-fam-d Central Scattered ¢} 0 3@ Unknown

20 Pk-fam-e Subtelomeric Scattered 0 0 32 Unknown

21 PST-A Subtelomeric and central Scattered g8 11# 7 off hydrolase

22 ETRAMP Subtelomeric Scattered 9 9 9 Parasitophorous vacuole membrane

23 CLAG (RhopH-1) Subtelomeric Scattered 2 3 2 High-molecular-wieght rhoptry antigen
complex

24 PvSTP1 Subtelomeric Unknown? 3 102 0 Unknown

25 PHIST (Pi-fam-b) Subtelomeric Scattered and clustered 21 20 15 Unknown

26 SERA Central - Clustered 132 132 84 Cysteine protease

2Pseudogenes, truncated genes and gene fragments included. "Gene arrangement could not be determined due to localization on unassigned contigs.

similar to that found when P falciparum genomes are compared?"?2,
We calculated the pairwise nucleotide diversity () as 5.41 x 1073
across the genome, which varies little between the chromosomes.
We assessed genome-wide CNVs between the P cynomolgi B and
Berok strains, using a robust statistical model in the CNV-seq pro-
gram?®, by which we identified 1,570 CNVs (1 per 17 kb), including 1
containing the rbp1b gene on chromosome 7 (Supplementary Fig. 5).
Finally, mining of the P. cynomolgi B and Berok strains identified 182
polymorphic intergenic microsatellites (Supplementary Table 10),
the first set of genetic markers developed for this species. These pro-
vide a toolkit for studies of genetic diversity and population structure
of laboratory stocks or natural infections of P cynomolgi, many of
which have recently been isolated from screening hundreds of wild
monkeys for the zoonosis P. knowlesi*%.

We estimated the difference between the number of synonymous
changes per synonymous site (dg) and the number of nonsynony-
mous changes per nonsynonymous site (dy) over 4,563 pairs of
orthologs within P. cynomolgi strains B and Berok and 4,601 pairs
of orthologs between these two P. cynomolgi strains and P. vivax
Salvador I, using a simple Nei-Gojobori model?®. We found 63 genes
with dyy > dg within the two P. cynomolgi strains and 3,265 genes with
dg > dy (Supplementary Table 11). Genes with relatively high dy/dg
ratios include those encoding transmembrane proteins, such as
antigens and transporters, among which is a transmission-blocking
target antigen, Pcyn230 (encoded by PCYB_042090). Notably, the
P vivax ortholog (PVX_003905) does not show evidence for posi-
tive selection?S, suggesting species-specific positive selection.
We explored the degree to which evolution of orthologs has been
constrained between P. cynomolgi and P. vivax and found 83 genes
under possible accelerated evolution but 3,739 genes under possible
purifying selection (Supplementary Table 12). This conservative

estimate indicates that at least 81% of loci have diverged under
strong constraint, compared with 1.8% of loci under less constraint
or positive selection (Fig. 1), indicating that, overall, the genome of
P cynomolgi is highly conserved in single-locus genes compared
to P vivax and emphasizing the value of P cynomolgi as a biomedical
and evolutionary model for studying P. vivax.

& Multigene families
€3 Known genes
€@ Hypothetical genes

P. knowlesi
5119

P. cynomolgr
4,990

Figure 3 Comparison of the genes of P. cynomolgi, F. vivax and

F. knowlesi. The Venn ellipses represent the three genomes, with the
total number of genes assigned to the chromosomes indicated under the
species name. Cylinders depict orthologous and non-orthologous genes
between the three genomes, with the number of genes in each indicated
and represented graphically by cylinder relative width. In each cylinder,
genes are divided into three categories whose thickness is represented by
colored bands proportional to category percentage.

ADVANCE ONLINE PUBLICATION  NATURE GENETICS

-339-



k:
>
N
[
o
(%3
=
2]
P
=
o
=
<«
3]
£
&
2
P
[
£
<
@
Bom
=
p=
©
=
o
=
=]
o
©

Qur generation of the first P cynomolgi genome sequences is a
critical step in the development of a robust model system for the
intractable and neglected P. vivax species’’. Comparative genome
analysis of P vivax and the Old World monkey malaria-causing
parasites P. cynomolgi and P. knowlesi presented here provides the
foundation for further insights into traits such as host specificity that
will enhance prospects for the eventual elimination of vivax-caused
malaria and global malaria eradication.

URLs. PlasmoDB, http://plasmodb.org/; Circos, http://circos.ca/;
MIcroSAtelite Identification tool (MISA), http://pgrc.ipk-gatersieben.
de/misa/; dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/snp_
viewBatch.cgi?sbid=1056645.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Sequence data for the P cynomolgi B, Cambodian
and Berok strains have been deposited in the DNA Data Bank of Japan
(DDBYJ), the European Molecular Biology Laboratory (EMBL) and the
GenBank databases under the following accessions: B strain sequence
reads DRA000196, genome assembly BAEJ01000001-BAEJ01003341
and annotation DF157093-DF158755; Cambodian strain sequence
reads DRA000197; and Berok strain sequence reads SRA047950. SNP
calls have been submitted to dbSNP (NYU_CGSB_BIO; 1056645) and
may also be downloaded from the dbSNP website (see URLS). Sequences
of the dbp genes from P. cynomolgi (Cambodian strain), P. fieldi (A.b.1.
strain) and P simiovale (AB617788-AB617791) and the P. cynomolgi
Berok strain (JQ422035-]Q422036) and rbp gene sequences from the
P cynomolgi Berok and Cambodian strains (JQ422037-JQ422050) have
been deposited. A partial apicoplast genome of the P. cynomolgi Berok
strain has been deposited (JQ522954). The P. cynomolgi B reference

_ genome is also available through PlasmoDB (see URLs).

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Parasite material. Details of the origin of the P cynomolgi B, Berok and
Cambodian strains, their growth in macaques and isolation of parasite
material are given in the Supplementary Note.

Genome sequencing and assembly. P cynomolgi B strain was sequenced using
the Roche 454 GS FLX (Titanium) and Hllumina/Solexa Genome Analyzer IIx
platforms to 161x coverage. In addition, 2,784 clones (6.8 Mb) of a ~40-kb
insert fosmid library in pCC1FOS (EpiCentre Biotechnologies) was sequenced
by the Sanger method. A draft assembly of strain B was constructed using a
combination of automated assembly and manual gap closure. We first generated
de novo contigs by assembling Roche 454 reads using GS De novo Assembler
version 2.0 with default parameters. Contigs of >500 bp were mapped to the
P vivax Salvador I reference assembly!? (PlasmoDB; see URLs). P. cynomolgi
contigs were iteratively arrayed through alignment to P vivax-assembled
sequences with manual corrections. A total of 1,264 aligned contigs were vali-
dated by mapping paired-end reads from fosmid clones using blastn (e <1 x
10715; identity > 90%; coverage > 200 bp) implemented in GenomeMatcher
software version 1.65 (ref. 28). Additional linkages (699 regions) were made
using PCR across the intervening sequence gaps with primers designed from
neighboring contigs. The length of sequence gaps was estimated from insert
lengths of the fosmid paired-end reads, the size of PCR products and homo-
logous sequences of the P. vivax genome. Supercontigs were then manually
constructed from the aligned contigs. Eventually, we obtained 14 supercontigs
corresponding to the 14 chromosomes of the parasite, with a total length of
~22.73 Mb, encompassing ~80% of the predicted R cynomolgi genome. A total
0f 1,651 contigs (>1 kb) with a total length of 3.45 Mb was identified as unas-
signed subtelomeric sequences by searching against the P. vivax genome using
blastn. Additionally, to improve sequence accuracy, we constructed a mapping
assembly of Ilumina paired-end reads and the 14 supercontigs and unas-
signed contigs as reference sequences using CLC Genomics Workbench ver-
sion 3.0 with default settings (CLC Bio). Comparison of the draft P. cynomolgi
B sequence with 23 P cynomolgi protein-coding genes (64 kb) obtained by
Sanger sequencing showed 99.8% sequence identity (Supplementary Table 13).
The P, cynomuolgi Berok and Cambodian strains were sequenced to 26x and 17x
coverage, respectively, using the Roche 454 GS FLX platform, with single-end
and 3-kb paired-end libraries made for the former and a single-end library
only made for the Jatter. For phylogenetic analyses of specific genes, sequences
were independently verified by Sanger sequencing (Supplementary Table 14
and Supplementary Note).

Prediction and annotation of genes. Gene prediction for the 14 supercontigs
and 1,651 unassigned contigs was performed using the MAKER genome anno-
tation pipeline?® with ab initio gene prediction programs trained on proteins
and ESTs from PlasmoDB Build 7.1. For gene annotation, blastn (e <1 x 10715
identity > 70%; coverage > 100 bp) searches of P. vivax (PvivaxAnnotated
Transcripts_PlasmoDB-7.1.fasta) and P. knowlesi (PknowlesiAnnotatedTran
scripts_PlasmoDB-7.1.fasta) predicted proteomes were run, and the best hits
were identified. All predicted genes were manually inspected at least twice
for gene structure and functional annotation, and orthologous relationships
between P. cynomolgi, P. vivax and P. knowlesi were determined on synteny.
A unique identifier, PCYB_###4##, was assigned to P cynomolgi genes, where the
first two of the six numbers indicate chromosome number. Paralogs of genes that
seemed to be specific to either P cynomolgi, P, vivax or P, knowlesi were searched
using blastp with default parameters, using a cutoff e value of 1 x 10716,

Multiple genome sequence alignment. Predicted proteins of P cynomolgi
B strain were concatenated and aligned with those from the 14 chromosomes
of 5 other Plasmodium genomes: P. vivax, P. knowlesi, P. falciparum, P. berghei
and P. chabaudi, using Murasaki software version 1.68.6 (ref. 30).

Search for sequence showing high similarity to host proteins. Eleven
P cynomolgi CYIR proteins (with sequence similarity to P knowlesi KIR) were
subjected to blastp search for regions having high similarity to host Macacca
mulatta CD99 protein, with cutoff e value of 1 x 1072 and compositional
adjustment (no adjustment) against the nonredundant protein sequence data
set of the M. mulatta proteome in NCB1.

Phylogenetic analyses. Genes were aligned using Clustal W version 2.0.10
(ref. 31) with manual corrections, and unambiguously aligned sites were
selected for phylogenetic analyses. Maximum-likelihood phylogenetic trees
were constructed using PROML programs in PHYLIP version 3.69 (ref. 32)
under the Jones-Taylor-Thornton (JTT) amine-acid substitution model. To
take the evolutionary rate heterogeneity across sites into consideration, the
R (hidden Markov model rates) option was set for discrete y distribution, with
eight categories for approximating the site-rate distribution. CODEML pro-
grams in PAML 4.4 (ref. 33) were used for estimating the y shape parameter,
o, values. For bootstrap analyses, SEQBOOT and CONSENSE programs in
PHYLIP were applied.

Candidate genes for hypnozoite formation. We undertook two approaches.
First, genes unique to £ vivaxand P, cynomolgi (hypnozoite-forming parasites)
and not found in other non-hypnozoite-forming Plasmodium species were
identified. We used the 147 unique genes identified in the P vivax genome!?
to search the P cynomolgi B sequence. For the orthologs identified in both
species, ~1 kb of sequence 5 to the coding sequence was searched for four
specific ApiAP2 motifs?0—PF14 0633, GCATGC; PF13_0235_D1, GCCCCG;
PFF0670w_DD1, TAAGCC; and PFD0985w_D2, TGTTAC—which are involved
in sporozoite stage-specific regulation and expression (corresponding to the
pre-hypnozoite stage). Second, dormancy-related proteins were retrieved from
GenBank and used to search for P. vivax homologs. Candidate genes (1 = 128)
and orthologs of P. cynomolgi and five other parasite species were searched
in the region ~1 kb upstream of the coding sequence for the presence of the
four ApiAP2 motifs. Data for B vivax, P knowlesi, P. falciparum, P. berghei,
Plasmodium chabaudi and Plasmodium yoelii were retrieved from PlasmoDB
Build 7.1.

Genome-wide screen for polymorphisms. For SNP identification, alignment
of Roche 454 data from strains B, Berok and Cambodian was performed using
SSAHA2 (ref. 34), with 0.1 mismaltch rate and only unique matches reported.
Potential duplicate reads generated during PCR amplification were removed,
so that when multiple reads mapped at identical coordinates, only the reads
with the highest mapping quality were retained. We used a statistical method3?
implemented in SAMtools version 0.1.18 to call SNPs simultaneously in the
case of duplicate runs of the same strain. SNPs with high read depth (>100)
were filtered out, as were SNPs in poor alignment regions at the ends of chro-
mosomes (Supplementary Note).

Nucleotide diversity () was calculated as follows. For each site being
compared, we calculated allele frequency by counting the two alleles and
measured the proportion of nucleotide differences. Letting 7 be the genetic
distance between allele / and allele j, then the nucleotide diversity within the
population is

= ZPIPJTL',]
)

where P; and P; are the overall allele frequencies of i and j, respec-
tively. Mean 7 was calculated by averaging over sites, weighting each by
n-1
1

Z;, where # is the number of aligned sites. Average dy/dg ratios were
i=1

estimated using the modified Nei-Gojobori/Jukes-Cantor method in
MEGA 4 (ref. 36).

CNV-seq®? was used to identify potential CN'Vs in P. cynomolgi. Briefly,
this method is based on a statistical model that allows confidence assess-
ment of observed copy-number ratios from next-generation sequencing
data. Roche 454 sequences from P. cynomolgi strain B assembly were used as
the reference genome, and the P cynomolgi Berok strain was used as a test
genome; the sequence coverage of the Cambodian strain was considered
too low for analysis. The test reads were mapped to the reference genome,
and CNVs were detected by computing the number of reads for each test
strain in a sliding window. The validity of the observed ratios was assessed
by the computation of a probability of a random occurrence, given no copy-
number variation.

Polymorphic microsatellites (defined as repeat units of 1-6 nucleotides)
between P. cynomolgi strains B and Berok were identified by aligning contigs
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from a de novo assembly of Berok (generated using Roche GS Assembler ver-
sion 2.6, with 40-bp minimum overlap, 90% identity) to the B strain using the
Burrows-Wheeler Aligner (BWA)?7 and allowing for gaps. Using the Phred-
scaled probability of the base being misaligned by SAMtools®, indel candidates
were called from the alignment. In-house Python scripts were used to then
cross-reference with the microsatellites found in the reference strain B assembly
identified by MISA (see URLs). All homopolymer microsatellites were discarded
to account for potential sequence errors introduced by 454 sequencing.

Selective constraint analysis of 4,563 orthologs between P cynomolgi
strains B and Berok and 4,601 orthologs between these strains and P vivax
Salvador [used MUSCLE? alignments with stringent removal of gaps and missing
data (P cynomolgi Berok orthologs were identified through a reciprocal best-hit
BLAST search against strain B genes). Analyses were conducted using the Nei-
Gojobori model?*. To detect values that could not be explained by chance, we
estimated the standard error by a bootstrap procedure with 200 pseudoreplicates
for cach gene. The expected value for dg/dy is 0 if a given pair of sequences
is diverging without obvious effects on fitness. In the case of the comparison
within P cynomolgi, values with a difference of + 2 s.e.m. from 0 were consid-
ered indicative of an excess of synonymous (dg/dy > 0) or nonsynonymous
(dg/dy < 0) changes. In the case of the comparison between P cynomolgi and
P vivax, we used a more stringent criterion of + 3 s.e.m. from 0.
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In this study, we compared the entry processes of trans-complemented hepatitis C virus particles
(HCVtcp), cell culture-produced HCV (HCVcc) and HCV pseudoparticles (HCVpp). Anti-CD81 antibody
reduced the entry of HCVtcp and HCVcc to almost background levels, and that of HCVpp by
approximately 50%. Apolipoprotein E-dependent infection was observed with HCVtcp and HCVcc, but
not with HCVpp, suggesting that the HCVtcp system is more relevant as a model of HCV infection than
HCVpp. We improved the productivity of HCVtcp by introducing adapted mutations and by deleting

Keywords: sequences not required for replication from the subgenomic replicon construct. Furthermore, blind
igt passage of the HCVtcp in packaging cells resulted in a novel mutation in the NS3 region, N1586D, which
cp

contributed to assembly of infectious virus. These results demonstrate that our plasmid-based system

Trans-packaging for efficient production of HCVtcp is beneficial for studying HCV life cycles, particularly in viral

Single-round infection . A
& assembly and infection.

© 2012 Elsevier Inc. All rights reserved.

introduction

Over 170 million people worldwide are chronically infected
with hepatitis C virus (HCV), and are at risk of developing chronic
liver diseases (Hoofnagle, 2002). HCV is an enveloped virus of the
family Flaviviridae, and its genome is a positive-strand RNA
consisting of the 5'-untranslated region (UTR), an open reading
frame encoding viral proteins (core, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) and the 3’-UTR (Suzuki et al., 2007).

Host-virus interactions are required during the initial steps of viral
infection, It was previously reported that CD81 (Bartosch et al., 2003a,
by; McKeating et al.,, 2004; Pileri et al., 1998), scavenger receptor class
B type 1 (Bartosch et al,, 2003a, b; Scarselli et al, 2002), claudin-1
(Evans et al., 2007; Liu et al, 2009) and occludin (Benedicto et al,
2009; Evans et al,, 2007; Liu et al., 2009; Ploss et al., 2009) are critical
molecules for HCV entry into cells. CD81 interacts with HCV E2 via a
secénd extracellular loop (Bartosch et al., 2003a, b; Hsu et al,, 2003)
and its role in the internalization process was confirmed (Cormier
et al., 2004; Flint et al., 2006). It has also been shown that infectious

* Corresponding author. Fax: +81 3 5285 1161.
** Corresponding author. Fax: +81 53 435 2338.
E-mail addresses: ryosuke@nih.go.jp (R. Suzuki),
tesuzuki@hama-med.ac.jp (T. Suzuki).

0042-6822/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
hitp://dx.doi.org/10.1016/j.virol.2012.05.033

HCV particles produced in cell cultures (HCVcc) exist as apolipopro-
tein E (ApoE)-enriched lipoprotein particles (Chang et al., 2007) and
that ApoE is important for HCV infectivity (Owen et al., 2009).

Investigation of HCV had been hampered by difficulties in
amplifying the virus in vitro before development of robust cell culture
systems based on JFH-1 isolates (Lindenbach et al, 2005; Wakita
et al., 2005; Zhong et al., 2005). Retrovirus-based HCV pseudoparticles
(HCVpp), in which cell entry is dependent on HCV glycoproteins, have
been used to study virus entry (Bartosch et al, 2003a; Hsu et al,
2003). Vesicular stomatitis virus (VSV)-based pseudotypic viruses
bearing HCV E1 and E2 and replication-competent recombinant VSV
encoding HCV envelopes have also been available as surrogate
models for studies of HCV infection (Mazumdar et al,, 2011; Tani
et al., 2007).

It was recently shown that HCV subgenomic replicons can be
packaged when structural proteins are supplied in trans (Adair et al.,
20009; Ishii et al.,, 2008; Masaki et al., 2010; Steinmann et al., 2008).
These trans-complemented HCV particles (HCVtcp) are infectious,
but support only single-round infection and are unable to spread.
Establishment of flexible systems to efficiently produce HCVtcp
should contribute to studying HCV assembly, in particular encapsi-
dation of the viral genome, and entry to cells with less stringent
biosafety and biosecurity measures. Although single-round infection
can be achieved by using the HCVcc system with receptor knock-out
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cells, the single-round HCVcc system is not suitable for studying
virus entry. We previously described plasmid-based production of
HCVcc and HCVtcp (Masaki et al., 2010). Here, we demonstrated
that HCVtcp production can be enhanced by introducing the
previously reported cell-culture adaptive mutations and by deleting
sequences not essential for replication in the subgenomic replicon
construct. By providing genotype 1b-derived core-to-p7 in addition
to intragenotypic viral proteins, chimeric HCVtcp were generated.
Furthermore, blind passage of HCVtcp in the packaging cells resulted
in the identification of a novel cell culture-adaptive mutation in NS3
that enables us to establish the efficient production of HCVtcp with
structural proteins from various strains. Taken together, our system
for producing single-cycle infectious HCV particles should be useful
in the study of entry and assembly steps of the HCV life cycles. This
technology may also have potential to be the basis for the safer
vaccine development.

A

Results

Enhancement of HCVtcp production by adaptive mutations in E2, p7
and NS2 and by deleting sequences not essential for replication from
replicon construct

In our HCVicp system, the RNA polymerase I (Pol I[)-driven
replicon plasmid, which carries a dicistronic subgenomic luciferase
reporter replicon of JFH-1 strain with a Pol [ promoter and
terminator (pHH/SGR-Luc), as well as a plasmid containing core-
NS2 ¢DNA under the CAG promoter (pCAGC-NS2) were used
(Masaki et al, 2010). In an effort to improve the yield of HCVtcp
production, cell culture-adaptive mutations in E2 (N417S), p7
(N765D) and NS2 (Q1012R) which were previously selected from
serial passage of HCVcc (Russell et al., 2008) were introduced into
the core-NS2 expression plasmid (Fig. 1A) (residues are numbered

.

pCAGC-NS2/AJFH1 ]

Core E1

E2 p7 NS2

pPCAGC-NS2/JFH1am =
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Fig. 1. HCVtcp production by two-plasmid transfection. (A) Schematic representation of plasmids is shown. HCV polyproteins derived from JFH-1 are indicated by white
boxes. HCV UTRs are indicated by bold lines. The internal ribosomal entry site from encephalomyocarditis virus (EMCV IRES) is denoted as gray lines. Adaptive mutations
are indicated as asterisks. F Luc: firefly luciferase gene; CAG: CAG promoter; Pol I P: RNA polymerase I promoter; Pol I T: RNA polymerase | terminator; GND: replication-
deficient GND mutation. (B) Luciferase activity in Huh7.5.1 cells inoculated with supernatant from cells transfected with indicated plasmids at the indicated time points,
Data are averages of triplicate values with error bars showing standard deviations. (C) Luciferase activity in cells inoculated with serially diluted HCVtcp.
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according to positions within the JFH-1 polyprotein). Supernatants
of cells transfected with plasmids (Fig. 1A) were collected and were
used to infect Huh7.5.1 cells, which were analyzed by luciferase
assay. Introduction of adaptive mutations (pCAGC-NS2/JFH1am)
resulted in more than 4-fold higher production of HCVtcp at 5 day
post-transfection, as compared to wild-type (WT) (pCAGC-NS2/
JFH1) (Fig. 1B), indicating that the adaptive mutations contribute
to enhancing HCVtcp production. To confirm that luciferase activity
levels in HCVtcp-infected cells are correlated with the number of
infectious particles, Huh7.5.1 cells were inoculated with serial
dilutions of HCVtcp. Luciferase activity was well correlated with
viral load (Fig. 1C), indicating that luciferase assay in HCVicp-
infected cells can be used to quantify HCV infection.

In order to further explore the efficient production of HCVtcp,
we generated replicon constructs that lack the luciferase gene or
include the partial coding sequences for structural proteins
instead of reporter (Fig. 2A). Replication of each replicon in
plasmid-transfected cells was then assessed by Western blotting
(Fig. 2B). Among the constructs tested, NS5B levels were lowest in
cells expressing pHH/SGR-Luc. NS5B levels in cells replicating
other replicons appeared to be comparable. Cells were infected
with supernatants of cells transfected with each replicon plasmid,
along with pCAGC-NS2/JFH1am, followed by infectious unit assay
(Fig. 2C). The highest production of HCVtcp was obtained from
cells transfected with pHH/SGR, where the luciferase sequence
was deleted from pHH/SGR-Luc, thus suggesting that deletion of
the sequence not essential for RNA replication in the replicon may
contribute to enhancing HCVtcp production.

A

Production of chimeric HCVtcp by providing heterologous core-p7

In order to elucidate whether trans-encapsidation of JFH-1
replicon can be achieved by providing core-p7 from other HCV
strains, core-NS2 plasmids were constructed (Fig. 3A). In these
plasmids, core through the N-terminal 33 aa of NS2, which contains
transmembrane domain 1 of NS2, was derived from either H77¢
(genotype 1a), THpa (genotype 1b), Conl (genotype 1b) or J6
(genotype 2a) strain. Residual NS2 was derived from JFH-1, as
described previously (Pietschmann et al,, 2006). HCVtcp was effi-
ciently produced by core-p7 of J6 and THpa strains, but its produc-
tion was less efficient in the case of Conl strain. Trans-packaging
was not detectable when core-p7 of H77c strain was used (Fig. 3C).
Among HCV strains tested, difference in luciferase activity levels in
HCVtcp-infected cells (Fig. 3C) were in agreement with that in the
viral RNA levels in the culture supernatants of the transfected cells
(Fig. 3B). Although the efficacy of trans-complementation was
variable among strains, chimeric HCVtcp can be generated by
providing genotype 1b-derived core-p7 in addition to intragenotypic
viral proteins, and was used in subsequent studies.

ApoE- and CD81-dependent infection by HCVtcp

There is accumulating evidence that apolipoproteins, particu-
larly ApoE, contribute to HCV production and infectivity (Chang
et al, 2007; Owen et al.,, 2009). To determine whether ApoE is
involved in infection of target cells by HCVtcp, we infected cells in
the presence of increasing concentrations of anti-ApoE antibody.

gc  EMCV Length of RNA
IRES
pHH/SGR-Luc c | NSINSSE _1H(T)  ses2bp
PHH/SGR 7223 bp
PHHISGR-C177 7630 bp
pHH/SGR-C191 7705 bp
Core E1 E2 p7
pHH/SGR-C-p7/arm @——-{ [ [+ Fhe{ WSINSSE (1)  9622bp
B C

NS5B

Actin

Infectivity
{X 10 1Wmi)

Fig. 2. Production of HCVtcp with different replicon constructs. (A) Schematic representation of plasmids used for production of HCVtcp. Deduced length of transcribed
RNA from each construct is shown on the right. HCV polyproteins from JFH-1 strain are indicated by open boxes. HCV UTRs are indicated by bold lines. The EMCV IRES is
denoted by gray bars. Adaptive mutations are indicated by asterisks. F Luc: firefly luciferase gene; P: RNA polymerase | promoter; T: RNA polymerase 1 terminator.
(B) Detection of NS5B and actin in Huh7.5.1 cells transfected with indicated plasmids at 4 day post-transfection. (C) Infectivity of culture supernatants from cells
transfected with indicated replicon plasmids along with pCAGC-NS2/JFH1am at 4 day post-transfection.
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pCAGC-NS2/THpa and pCAGC-NS2/JFH1am were used as core-
NS2 plasmids for HCVtcp production carrying core-p7 derived
from genotypes 1b and 2a (HCVtcp-1b and HCVtcp-23a, respec-
tively). HCVpp derived from JFH-1 and VSVpp were generated and
used for comparison. Infection with HCVtcp-1b or HCVtcp-2a was
blocked by anti-ApoE antibody in a dose-dependent manner. In
contrast, anti-ApoE antibody did not affect infection with HCVpp
and VSVpp (Fig. 4A).

The CD81 dependence of infection was also compared between
HCVtcp and HCVpp (Fig. 4B). Anti-CD81 antibody inhibited the
entry of HCVtcp-1b, HCVtcp-2a, and HCVpp in a dose-dependent
manner. The antibody had no effect on VSVpp infection. HCVtcp
infection appears to be more sensitive to anti-CD81 antibody
when compared with HCVpp infection; more than 60% inhibition
was observed at 0.08 pg/mL anti-CD81 antibody for HCVtcp-1b
and HCVtcp-2a, whereas approximately 50% inhibition was
observed for HCVpp at 2 pg/mL antibody. Neutralization of HCVcc
by anti-ApoE and anti-CD81 antibodies was also determined.
Antibodies blocked HCVcc infection (Fig. 4C and D), as observed
with HCVtcp. These results suggest that ApoE, as well as CD81,
play an important role in HCVtcp infection. Thus, HCVtcp may be
more useful for evaluating the HCV entry process than HCVpp.

Identification of novel culture-adaptive mutation in NS3 by serial
passage of HCVtcp in packaging cells

The HCVtcp system was further applied to analyses of genetic
changes during serial passages in target cells. As an initial attempt,
supernatants of cells co-transfected with pCAGC-NS2/JFH1am and
pHH/SGR were inoculated into Huh7.5.1 cells transiently trans-
fected with pCAGC-NS2/JFH1am. However, infectious titer was
lost after repeated inoculation, likely due to low HCVtcp titers and

low efficiency of plasmid transduction (data not shown). To
overcome this, we utilized recombinant adenovirus vectors
(rAdVs) to provide core-NS2. As we were not able to obtain rAdV
directly expressing core-NS2, conditional transgene expression
based on a Cre-loxP strategy was employed (Kanegae et al,
1995). We constructed an rAdV containing core-NS2 gene down-
stream of a stuffer DNA flanked by a pair of loxP sites (AXCALNLH-
CNS2). When cells were doubly infected with AXCALNLH-CNS2
and the Cre-expressing rAdV, AXCANCre (Kanegae et al., 1995), the
Cre-mediated excisional deletion removed the stuffer DNA, result-
ing in core-NS2 expression under control of the CAG promoter
(Fig. 5A). As expected, tightly regulated production of HCVtcp was
observed. The cells infected with AXCANCre and AXCALNLH-CNS2
along with transduction of pHH/SGR-Luc produced HCVtcp at high
levels. Production of HCVtcp was undetectable when either
AxCANCre or AxCALNLH-CNS2 was not infected (Fig. 5B). The
Cre-mediated rAdV expression system appears to have yielded
considerably higher production of HCVtcp when compared with
the settings for plasmid co-transfection.

Supernatants from cells in which core-NS2 was expressed
using rAdVs and the subgenomic RNA derived from pHH/SGR
replicated were inoculated into cells infected with AxCALNLH-
CNS2 and AxCANCre (Fig. 6A). Blind passage was performed by
sequentially transferring culture supernatants to cells infected
with the above rAdVs. The two independent 10 blind passages
(p10) showed virus titers of > 1 x 10% IU/mL, which were mark-
edly higher than those of the passage O (p0) stock cultures
(4 x 10*1U/mL). Side-by-side infection analysis revealed that the
HCVtcp p10 #1 achieved a virus titer approximately 36 times
higher than that of HCVtcp pO on the packaging cells at 6 day
post-infection (Fig. 6B). Sequencing of the entire replicon in the
supernatants at p10 in two independent experiments revealed
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Fig. 4. Effects of anti-ApoE and anti-CD81 antibodies on HCV entry. (A) Aliquots of virus sample were incubated with increasing concentrations of anti-ApoE antibodies for
1 h and were then added to Huh7.5.1 cells. Luciferase activity was determined at 72 h post-infection and is expressed relative to activity without antibodies (white bar).
(B) Huh7.5.1 cells were preincubated for 1 h with increasing concentrations of anti-CD81 antibodies, followed by inoculating virus samples. Luciferase activity was
determined and expressed as shown in (A). (C) Aliquots of HCVcc were incubated with anti-ApoE antibodies for 1 h and were then added to Huh7.5.1 cells at an MOI of
0.05. Intracellular core levels were quantitated at 24 h post-infection and are expressed relative to levels without antibodies (white bar). (D) Huh7.5.1 cells were
preincubated for 1 h with anti-CD81 antibodies. HCVcc infection and measurement of core proteins were performed as indicated in (C).
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Fig. 5. Transgene activation mediated by rAdVs expressing Cre recombinase under control of CAG promoter. (A) Cre recobminase expressed by AxCANCre recognizes a pair
of its target sequences loxP in AXCALNLH-CNS2, and removes the stuffer region resulting in expression of HCV core-NS2 polyprotein by CAG promoter. CAG: CAG promoter;
SpA: SV40 early polyA signal; GpA: rabbit b-globin poly(A) signal. (B) Luciferase activity in Huh7.5.1 cells inoculated with 4-day post-transfection culture supernatant from

cells transfected with pHH/SGR-Luc, and then infected with indicated rAdVs.

that both passaged HCVtcp had an identical nonsynonymous
mutation in the NS3 region (N1586D) (Fig. 6C).

In order to examine the role of NS3 mutation identified on HCV
RNA replication and on HCVtcp production, the N1586D mutation
was introduced into pHH/SGR-Luc. Luciferase activities of the
N1586D-mutated replicon were apparently lower than those of
the WT-replicon, thus suggesting that the NS3 mutation reduced
viral RNA replication (Fig. 7A). HCV RNA levels in the supernatants
of cells transfected with WT- or mutant replicon plasmid along with
pCAGC-NS2/JFH1am and luciferase activity in cells inoculated with
supernatants from the transfected cells were then determined
(Fig. 7B). The viral RNA level secreted from cells replicating the
N1586D-mutated replicon was lower than that from cells replicating
WT replicon (Fig. 7B, left). By contrast, a significantly higher
infectivity of HCVtcp produced from the mutant replicon-cells was
observed, as compared to WT replicon-cells (Fig. 7B, right),

suggesting that the adaptive mutation increased the specific infec-
tivity (almost 9-fold) of the virus particles. To further determine
whether the N1586D mutation affects infectious viral assembly and/
or virus release, we used the CD81-negative Huh-7 subclone, Huh7-
25 (Akazawa et al,, 2007), which may produce infectious particles,
but is not susceptible to HCV entry due to a lack of CD81 expression,
therefore allowing us to examine viral assembly and release without
the influence of reinfection by produced HCVtcp. Measurement of
intracellular and extracellular HCVtcp indicated that Huh7-25 celis
replicating the N1586D-mutated replicon produced more infectious
virus than WT in both supernatants and cell lysates (Fig. 7C). Thus, it
can be concluded that the N1586D mutation contributes to
enhanced infectious viral assembly, not RNA replication. We could
not exclude the possibility that N1586D mutation affects virus
release, since the mutation enhanced extracellular virus titers more
than did the intracellular titer.
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Fig. 6. Genotypic changes in HCVtcp following blind passage. (A) Experimental procedure for blind passage of HCVtcp. Huh7.5.1 cells were transfected with pHH/SGR and
were doubly infected with AXCANCre and AXCALNLH-CNS2. Culture fluids were collected and were inoculated into cells infected with AXCANCre and AXCALNLH-CNS2,
These procedures were repeated 10 times with two independent samples (#1 and #2). (B) Growth curves of HCVtcp p0 and p10 on Huh7.5.1 cells expressing core-NS2.
Cells were infected with HCVtcp at an MOI of 0.05, and medium was collected at the indicated time points and subjected to titration. (C) Nucleotide sequences of original
and blind-passaged replicons from HCVtcp. Nucleotides of mutated position are shown in red and bold.

The impact of the N1586D mutation on production of intra-
and intergenotypic HCVtcp chimeras was also investigated. The
N1586D mutation in the replicon enhanced the production of
chimeric HCVtcp by providing core-p7 from all strains examined,
although not statistically significant in THpa, and Con1 strains
(Fig. 7D). Finally, to determine whether the N1586D mutation
was responsible for enhancing HCVcc production, this mutation
was introduced into pHHJFH1, which carries the full-length wild-
type JFH-1 cDNA (Masaki et al., 2010), yielding pHHJFH1N1586D.
The virus titer obtained from cells transfected with the
pHHJFHIN1586D was significantly higher than that of WT
(Fig. 7E), thus demonstrating that the N1586D mutation enhances
yields of HCVcc, in addition to HCVtcp.

Discussion

Single-round infectious viral particles generated by trans-
packaging systems are considered to be valuable tools for study-
ing virus life cycles, particularly the steps related to entry into
target cells, assembly and release of infectious particles. However,
limited HCV strains have been applied for the efficient production
of HCVtcp to date. In this study, we improved the HCVtcp system
in order to enhance the productivity of infectious particles.
Production of chimeric HCVtcp by providing genotype 1b-derived
core-p7, in addition to intragenotypic viral proteins, was also
confirmed. Furthermore, we exploited the system to investigate
genetic changes during serial passage of target cells and identified
a novel cell culture-adaptive mutation in NS3, which also con-
tributes to enhance the productivity of HCVtcp.

HCVpp (Bartosch et al., 2003a; Hsu et al., 2003) has proven to
be a valuable surrogate system by which the study of viral and
cellular determinants of the viral entry pathway is possible. Early
steps of HCV infection, including the role of HCV glycoprotein
heterodimers, receptor binding, internalization and pH-depen-
dent endosomal fusion, have been at least in part mimicked by
HCVpp (Lavie et al,, 2007). However, as HCVpp is generated in
non-hepatic cells such as the human embryo kidney cells 293T, it

is likely that the cell-derived component(s) of HCVpp differ from
those of HCVcc. Hepatocytes play a role in maintaining lipid
homeostasis in the body by assembling and secreting lipopro-
teins, including VLDL. It is highly likely that HCV exploits lipid
synthesis pathways, as there is a tight link between virion
formation and VLDL synthesis. Down-regulation of ApoE consid-
erably reduces HCV production (Benga et al., 2010; Chang et al.,
2007; Hishiki et al., 2010; Jiang and Luo, 2009; Owen et al., 2009).
Infectivity of HCVcc is also neutralized by anti-ApoE antibodies
(Chang et al., 2007). These data suggest that ApoE is important for
HCV infectivity. Furthermore, Niemann-Pick C1-like 1 (NPC1L1),
involving cholesterol uptake receptor, was recently identified as a
host factor for HCV entry (Sainz et al, 2012). Knockdown of
NPC1L1 had no effect on the entry of HCVpp whereas HCVcc entry
was impaired, possibly due to different cholesterol content of
these particles. Here, we found that the anti-ApoE antibody
neutralized infection by HCVtcp and HCVcc, but not by HCVpp
(Fig. 4A and C), thus suggesting that biogenesis and/or secretion
pathways of VLDL are involved in HCVtcp similarly to HCVcc, but
not in HCVpp.

We also observed that infectivity of HCVtcp and HCVcc is more
efficiently neutralized by the anti-CD81 antibody, as compared to
that of HCVpp (Fig. 4B and D). It has recently been reported that
E2 of HCVcc contained both high-mannose-type and complex-
type glycans, whereas most of the glycans on HCVpp-associated
E2 were complex-type, which is matured by Golgi enzymes
(Vieyres et al.,, 2010). Mutational analysis of the N-linked glyco-
sylation sites in E1/E2 demonstrated that several glycans on E2
may affect the sensitivity of HCVpp against antibody neutraliza-
tion, as well as access of CD81 to its binding site on E2 (Helle
et al.,, 2010). The differences in sensitivity between HCVtcp and
HCVpp to neutralization by anti-CD81 antibody observed here
may be due to differences in carbohydrate composition of HCV
glycoproteins during expression and processing of E1/E2 in celis
and morphogenesis of HCVtcp and HCVpp.

By analyzing the various replicons for trans-packaging, we
observed the highest production of HCVicp with replicons
from pHH/SGR, which lacked sequences not essential for RNA
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Fig. 7. Effects of N1586D mutation on RNA replication and production of HCVtcp or HCVcc. (A) RNA replication of replicons in cells transfected with pHH/SGR-Luc (WT) or N1586D
mutant. Luciferase activities at 1 to 4 day post-transfection were determined. (B) Relative levels of HCV RNA in the supernatants from cells transfected with pHH/SGR-Luc (WT) or
N1586D mutant plasmid along with pCAGC-NS2/JFH1am were shown in the left panel. Luciferase activities in cells inoculated with supernatants from cells transfected with
indicated plasmids at 4 day post-transfection were shown in the right panel. (C) Luciferase activity in cells inoculated with supernatant and cell lysates from Huh7-25 cells
transfected with pHH/SGR-Luc (WT) or N1586D mutant plasmid along with pCAGC-NS2/JFH1am at 5 day post-transfection. (D) Luciferase activity in cells inoculated with culture
supernatant from cells transfected with pHH/SGR-Luc (WT) or N1586D mutant plasmid along with indicated core-NS2 plasmids at 4 day post-transfection. (E) Infectivity of
supernatant from cells transfected with pHH/JFH1 (WT) or its derivative plasmid containing N1586D mutation at 6 day post-transfection. Statistical differences between WT and

N1586D were evaluated using Student's t-test. *p < 0.05, **p < 0.005 vs. WT.

replication, while less efficient productivity was observed from
pHH/SGR-Luc, pHH/SGR-C177, pHH/SGR-C191 and pHH/SGR-C-
p7/am (Fig. 2C). Differences in the replication efficiency of the
replicon do not appear to be a major determinant for HCVtcp
productivity, at least in the present settings, as all replicon
constructs except pHH/SGR-Luc replicated at similar levels, as
confirmed by Western blotting (Fig. 2B). Although the shorter
viral genome sequence may offer advantages over the longer
sequence, further investigation is required in order to understand
the molecular mechanisms underlying viral genome packaging.
By comparing pHH/SGR vs. pHH/SGR-C177, pHH/SGR-C191 and
pHH/SGR-C-p7/am, it is likely that the expression of the structural
protein in cis does not increase HCVtcp production when suffi-
cient amounts of structural proteins are supplied in trans.

Blind passage of HCVtcp in packaging cells infected with rAdVs
providing core-NS2 enabled us to identify a novel culture-adaptive
mutation in NS3. The N-terminal third of NS3 forms a serine
protease, together with NS4A, and its C-terminal two-thirds exhibits
RNA helicase and RNA-stimulated NTPase activities. In addition,
similarly to flaviviruses (Kummerer and Rice, 2002; Liu et al., 2002),
it is now apparent that HCV NS3 is also involved in viral

morphogenesis (Han et al, 2009; Ma et al, 2008), although its
precise role and underlying molecular mechanism(s) have not fully
been elucidated. Two cell-culture adaptive NS3 mutations which are
involved in HCV assembly have been identified. The Q1251L muta-
tion in helicase subdomain 1 resulted in approximately 30-fold
higher production of HCV without affecting NS3 enzymatic activities
(Ma et al.,, 2008). The M1290K adaptive mutation was also located in
subdomain 1 of the NS3 helicase (Han et al, 2009). The N1586D
mutation identified here was located in subdomain 3 of helicase.
Analogous to Q1251L and M1290K, the N1586D mutation enhanced
the infectious viral assembly by increasing specific infectivity with-
out affecting the efficiency of viral RNA replication. Considering the
possibility that NS3 plays a role in linking between the viral
replicase and assembly sites (Jones et al, 2011), it is likely that
NS3 helicase is one of the determinants for interaction with the
structural proteins. Our results, together with earlier studies, suggest
that chimeric and defective mutations as well as supplying the viral
components in trans, function as selective pressures in virion
assembly.

In summary, we have established a plasmid-based reverse
genetics for efficient production of HCVtcp with structural
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proteins from various strains. Single-round infectious HCVtcp can
complement the HCVcc and HCVpp systems as a valuable tool for
the study of HCV life cycles.

Materials and methods
Cells

Huh7 derivative cell line Huh7.5.1 and Huh7-25 were main-
tained in Dulbecco modified Eagle medium (DMEM) supplemen-
ted with nonessential amino acids, 100 U of penicillin/mL, 100 pg
of streptomycin/mL, and 10% fetal bovine serum at 37 °C in a 5%
(0, incubator.

Plasmids

Plasmids pHHJFH1, pHH/SGR-Luc, pHH/SGR-Luc/GND and
pCAG/C-NS2 were as described previously (Masaki et al., 2010).
In this study, plasmid pCAG/C-NS2 was designated as pCAGC-
NS2/JFH. The plasmid pCAGC-NS2/JFHam having adaptive muta-
tions in E2 (N417S), p7 (N765D), and NS2 (Q1012R) in pCAGC-
NS2/JFH was constructed by oligonucleotide-directed mutagen-
esis. These mutations were also introduced in pHHJFH1, resulting
in pHHJFH1am. To generate core-NS2 expression plasmids with
different strains of HCV, the ¢DNA coding core to the first
transmembrane region of NS2 (33 amino acids) in pCAGC-NS2/
JFH was replaced with the corresponding sequence of the J6
(Lindenbach et al, 2005), H77c (Yanagi et al., 1997), THpa
(Shirakura et al., personal communication) and Con1 (Koch and
Bartenschlager, 1999) strains. The THpa sequence contained the P
to A mutation at 328 aa at E1 in the original TH strain. To generate
pHH/SGR, pHH/SGR-Luc was digested with Mlul and Pmel, fol-
lowed by Klenow enzyme treatment and self-ligation to delete
the luciferase coding sequence. To generate pHH/SGR-C177, pHH/
SGR-C191 and pHH/SGR-C-p7/am, cDNA coding the partial core
and luciferase in pHH/SGR-Luc were replaced with coding
sequences for mature core (177aa), full-length core (191aa) or
core-p7 polyprotein containing adaptive mutations in E2 and p7,
respectively. The selected NS3 mutation (N1586D) was intro-
duced into pHH/SGR-Luc and pHHJFH1 by oligonucleotide-direc-
ted mutagenesis.

Generation of viruses

HCVcc and HCVtcp were generated as described previously
(Masaki et al., 2010). For the production of HCVpp-2a, plasmid
pcDNAdeltaC-E1-E2(JFH1)am having adaptive mutations in E2
(N417S) in pcDNAdeltaC-E1-E2(JFH1) (Akazawa et al., 2007) was
constructed by oligonucleotide-directed mutagenesis. Murine
leukemia virus pseudotypes with VSV G glycoprotein expressing
luciferase reporter (VSVpp) were generated in accordance with
previously described methods (Akazawa et al., 2007; Bartosch
et al., 2003a).

Luciferase assay

Huh7.5.1 cells were seeded onto a 24-well plate at a density of
3 x 10* cells/well 24 h prior to inoculation with reporter viruses.
Cells were incubated for 72 h, followed by lysis with 100 pL of
lysis buffer. Luciferase activity of the cells was determined using a
luciferase assay system (Promega, Madison, WI). All luciferase
assays were performed in triplicate.

Quantification of HCV infectivity and HCV RNA

To determine the titers of HCVtcp and HCVcc, Huh7.5.1 cell
monolayers prepared in multi-well plates were incubated with
dilutions of samples and then replaced with media containing
10% FBS and 0.8% carboxymethyl cellulose. Following incubation
for 72 h, monolayers were fixed and immunostained with rabbit
polyclonal anti-NS5A antibody, followed by Alexa Fluor 488-
conjugated anti-rabbit secondary antibody (Invitrogen), and
stained foci or individual cells were counted and used to calculate
a titer of focus-forming units (FFU)/mL for spreading infections or
infectious units (IU)/mL for non-spreading infections. For intra-
cellular infectivity, the cell pellet was resuspended in culture
media, and cells were lysed by four freeze-thaw cycles. Cell
debris was pelleted by centrifugation for 5 min at 4000 rpm.
Supernatant was collected and used for titration. To determine
the amount of HCV RNA in culture supernatants, RNA was
extracted from 140 pL of culture medium by QlAamp Viral RNA
Mini Kit (QIAGEN, Valencia, CA) and treated with DNase (TURBO
DNase; Ambion, Austin, TX) at 37 °C for 1 h. Extracted RNA was
further purified by using an RNeasy Mini Kit, which includes
RNase-free DNase digestion (QIAGEN). Copy numbers of HCV RNA
were determined by real-time quantitative reverse transcription-
PCR as described previously (Wakita et al., 2005).

Antibodies

Mouse monoclonal antibodies against actin (AC-15) and CD81
(JS-81) were obtained from Sigma (St. Louis, MO) and BD
Biosciences (Franklin Lakes, NJ), respectively. Goat polyclonal
antibody to ApoE (LV1479433) was obtained from Millipore
(Tokyo, Japan). Anti-NS5A and anti-NS5B antibodies were rabbit
polyclonal antibody against synthetic peptides.

Neutralization assay

For neutralization experiments with anti-CD81 antibody,
Huh7.5.1 cells were incubated with dilutions of anti-CD81 anti-
body for 1 h at 37 °C. Cells were then infected with viruses for 5 h
at 37 °C. For neutralization experiments with anti-ApoE antibody,
viruses were incubated with various concentrations of anti-ApoE
antibody at room temperature for 1 h and cells were infected with
viruses for 5h at 37 °C. Following infection, supernatant was
removed and cells were incubated with culture medium, and
luciferase activity was determined at 3 day post-infection for
HCVtcp and pseudotyped viruses. For neutralization experiments
with HCVcc generated with pHHJFH1am, a multiplicity of infec-
tion (MOI) of 0.05 was used for inoculation, and intracellular core
protein levels were monitored by ELISA (Ortho Clinical Diagnos-
tics) at 24 h post-infection.

Immunoblotting

Transfected cells were washed with PBS and incubated with
lysis buffer (50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1% triton
X-100). Lysates were then sonicated for 5 min and were added to
the same volume of SDS sample buffer. Protein samples were
boiled for 10 min, separated by SDS-PAGE, and transferred to
PVDF membrane. After blocking, membranes were probed with
first antibodies, followed by incubation with peroxidase-conju-
gated secondary antibody. Antigen-antibody complexes were
visualized using an enhanced chemiluminescence detection sys-
tem (Super Signal West Pico Chemiluminescent Substrate;
PIERCE, Rockford, IL), in accordance with the manufacturer’s
protocols.
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Generation of recombinant adenoviruses

rAdV, AxCANCre, expressing Cre recombinase tagged with
nuclear localization signal under CAG promoter was prepared as
described previously (Baba et al, 2005). The target rAdV
AXCALNLH-CNS2 expressing HCV core-NS2 polyprotein with
adaptive mutations in E2, p7 and NS2 was generated as follows.
Cosmid pAxCALNLwit2 is identical to pAxCALNLw (Sato et al,
1998), except that both the terminal sequences of the rAdv
genome are derived from pAxCAwit2 (Fukuda et al., 2006). The
core-NS2 fragment obtained from pCAGC-NS2/JFH1am by Stul-
EcoRI digestion and subsequent Klenow treatment was inserted
into the Swal site of pAXCALNLwit2. The resultant cosmid pAx-
CALNLH-CN2it2 was digested with Pacl and transfected into 293
cells to generate rAdV AxCALNLH-CNS2.

Preparation of packaging cells for HCVtcp

Huh7.5.1 cells were coinfected with AxCANCre at an MOI of
1 and AXCALNLH-CNS2 at an MOI of 3 for expression of JFH-1
core-NS2 polyprotein containing the adaptive mutations in E2, p7
and NS2.

RNA preparation, RT-PCR and sequencing

Total cellular RNA was extracted with TRIzol reagent (Invitro-
gen, Carlsbad, CA), and subjected to reverse transcription with
random hexamer and Superscript Il reverse transcriptase (Invi-
trogen). Three fragments of HCV cDNAs that cover the entire HCV
subgenomic replicon genome, were amplified by nested PCR with
TaKaRa Ex Taq polymerase (Takara, Shiga, Japan). Amplified
products were separated by agarose gel electrophoresis, and were
used for direct DNA sequencing.
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An accurate and reliable quantitative assay for hepatitis C virus (HCV) is essential for measuring viral propagation and the effi-
cacy of antiviral therapy. There is a growing need for domestic reference panels for evaluation of clinical assay kits because the
performance of these kits may vary with region-specific genotypes or polymorphisms. In this study, we established a reference
panel by selecting 80 donated blood specimens in Japan that tested positive for HCV. Using this panel, we quantified HCV viral
Ioads using two HCV RNA kits and five core antigen (Ag) kits currently available in Japan. The data from the two HCV RNA as-
say kits showed excellent correlation. All RNA titers were distributed evenly across a range from 3 to 7 log IU/ml. Although the
data from the five core Ag kits also correlated with RNA titers, the sensitivities of individual kits were not sufficient to quantify
viral load in all samples. As calculated by the correlation with RNA titers, the theoretical lower limits of detection by these core
Ag assays were higher than those for the detection of RNA. Moreover, in several samples in our panel, core Ag levels were under-
estimated compared to RNA titers. Sequence analysis in the HCV core region suggested that polymorphisms at amino acids 47 to
49 of the core Ag were responsible for this underestimation. The panel established in this study will be useful for estimating the

quality of currently available and upcoming HCV assay kits; such quality control is essential for clinical usage of these kits.

 epatitis C virus (HCV) is a major cause of chronic liver dis-
i 1 ease worldwide (15). There is no protective vaccine against
this virus, and once an individual is infected, HCV often estab-
lishes persistent infection and leads to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma (9). The most widely used therapy
for HCV infection is the combined administration of pegylated
alpha interferon and ribavirin (29). However, this treatment is
problematic, as it has limited efficacy, high cost, and severe ad-
verse effects (8, 25). To estimate the outcome of antiviral therapy,
and to understand the state of viral propagation, it is important to
determine the HCV viral load in chronic hepatitis C patients by
the use of accurate and reliable HCV quantitative assays (9, 14).
For this purpose, several commercial assay kits for HCV RNA and
core antigen (Ag) quantification are currently used in Japan. For
quantification of HCV RNA levels, two real-time quantitative re-
verse transcription-PCR (qRT-PCR)-based assay kits are avail-
able, including the COBAS AmpliPrep/COBAS TaqMan HCV test
(CAP/CTM-RNA; Roche Diagnostics, Tokyo, Japan) and the Ab-
bott RealTime HCV test (ART-RNA; Abbott Japan, Tokyo, Ja-
pan). These assays are known to have high sensitivity and a wide
dynamic range, but they require technical skill and attention to
maintaining the specified conditions (4-6, 16, 24, 33-35). Alter-
natively, HCV viremia can be quantified by assessment of HCV
core Aglevel (1-3,7, 10, 12, 13, 17-22, 27, 30-32). Five HCV core
Ag assay kits are commercially available in Japan, including Archi-
tect HCV Ag (Architect-Ag; Abbott Japan), Lumipulse Ortho
HCV Ag (Lumipulse-Ag; Fujirebio, Tokyo, Japan), Lumispot
Eiken HCV Ag (Lumispot-Ag; Eiken Chemical, Tokyo, Japan),
the Ortho HCV Ag ELISA test (ELISA-Ag; Ortho Clinical Diag-
nostics, Tokyo, Japan), and the Ortho HCV Ag IRMA test (IRMA-
Ag; Ortho Clinical Diagnostics, Tokyo, Japan). These assays have
some disadvantages compared to those measuring HCV RNA
(notably, low sensitivity and narrow range of quantification) but
also have some advantages {including ease of use, reduced risk of
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contamination, reduced cost, and reliability even with samples
stored at room temperature for extended periods of time [1, 32]).
Although core Ag levels are thought to be related closely to HCV
RNA titers, the correlation and linearity of core Ag levels have not
yet been fully evaluated. In addition, these quantitative parame-
ters are known to be affected by nucleotide and amino acid se-
quences at the target regions of the assays (5, 6, 28, 34), and this
sequence variation depends on genotypes or predominant strains
in specific geographical regions.

In this study, we established a Japanese reference panel of sam-
ples for evaluation of HCV RNA and core Ag levels by collecting
donated blood specimens that tested positive for HCV RNA and
anti-HCV antibodies. Using this reference panel, we evaluated the
HCV loads in these specimens with two HCV RNA assay kits and
five core Ag assay kits and assessed correlations among the data
generated by these kits.

MATERIALS AND METHODS

Preparation of reference panel. To establish a reference panel for HCV
quantitative assays, a total of 80 donated plasma samples were selected. All
of these specimens, supplied by the Japanese Red Cross Blood Centers,
tested positive for the presence of HCV RNA and anti-HCV antibodies.
These samples, collected in Japan from May to September of 2007, were
obtained from Japanese blood donor volunteers in various regions of
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FIG 1 Correlation of HCV RNA titers as quantified by two commercial kits.

Japan. The samples were divided into 1-ml aliquots and stored at —80°C
until use.

Quantification of HCV RNA and core Ag. The HCV RNA titer was
measured with two real-time qRT-PCR kits, CAP/CTM-RNA (detection
range, 1.5 X 10" to 6.9 X 107 IU/ml) and ART-RNA (detection range,
1.2 X 10" to 1.0 X 10° [U/ml). Additionally, samples were assessed using
five HCV core Agassay kits, including Architect-Ag (detection range, 3 to
20,000 fmol/liter), Lumipulse-Ag (detection range, 50 to 50,000 fmol/
liter), Lumispot-Ag (detection range, 20 to 400,000 tmol/liter), ELISA-Ag
(detection range, 44.4 to 3,600 fmol/liter), and IRMA-Ag (detection
range, 20 to 20,000 fmol/liter). All assays were performed by the respective
manufacturers at their research laboratories.

Sequencing and genotyping of HCV in reference panel samples. Vi-
ral RNA was extracted with the QlAamp viral RNA kit (Qiagen, Valencia,
CA) from 140 pl of each plasma sample. HCV RNA was amplified by
RT-PCR with primers corresponding to the 5" untranslated region (UTR)
(43S-1H, 5'-CCTGTGAGGAACTACTGTCTTC-3; ¢/s17-ssp, 5'-CCGG
GAGAGCCATAGTGGTCTGCG-3") and the E1 region (1323R-IH, 5'-G
GCGACCAGTTCATCATCAT-3"); the amplified products were se-
quenced directly. HCV genotypes of the isolated strains were assigned by
phylogenetic analysis using an alignment with a representative strain of
each genotype.

Statistical analysis. The correlations of obtained quantitative data
were assessed by Pearson’s correlation coefficient analysis, and values for
r and P were calculated. A P value of <0.05 was considered to indicate
statistical significance. Analysis was performed using Prism 5 software
(GraphPad Software, Inc., La Jolla, CA).

Nucleotide sequence accession numbers. The accession numbers of
C-01 to C-80 are AB705312 to AB705391, respectively.

RESULTS

Quantification of HCV RNA levels. The reference panel estab-
lished in this work was used to measure HCV RNA levels with the
CAP/CTM-RNA and ART-RNA kits. The correlation of the data
obtained with the two kits is shown in Fig. 1. The RNA titers of
these samples were distributed evenly, and all values were within
the dynamic ranges of both assays. The HCV titers ranged from
3.68 to 6.88 and 3.82 to 7.08 log IU/ml in CAP/CTM-RNA and
ART-RNA, respectively, and the correlation was significant (r =
0.978; P < 0.0001).

Quantification of HCV core Ag levels. HCV core Ag levels
were measured using Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
ELISA-Ag, and IRMA-Ag kits. Among the 80 specimens in the
reference panel, core Ag levels could be measured in all samples
using Architect-Ag and ELISA-Ag kits, whereas core Ag levels
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were below the detection limit in 4, 2, and 1 samples using Lumi-
pulse-Ag, Lumispot-Ag, and IRMA-Ag kits, respectively (Fig. 2;
also, see Fig. S1 in the supplemental material). Significant corre-
lations were observed between assays of HCV core Ag and HCV
RNA (r = 0.9065 to 0.9666 and P < 0.0001 compared with CAP/
CTM-RNA data [Fig. 2]); r = 0.8877 to 0.9552 and P < 0.0001
compared with ART-RNA data [see Fig. S! in the supplemental
material]). The theoretical lower limits of detection of these assays
were calculated by use of these correlation formulas and were 3.2
and 3.4 log 1U/ml for Architect-Ag, 4.2 and 4.2 log 1U/ml for
Lumipulse-Ag, 3.7 and 3.9 log IU/ml for Lumispot-Ag, 3.6 and 3.8
log 1U/ml for ELISA-Ag, and 3.6 and 3.8 log [U/ml for IRMA-Ag
(compared to CAP/CTM-RNA and ART-RNA, respectively).
These calculated detection limits were substantially higher than
those for the RNA quantitative assays (1.18 and 1.08 log ITU/ml for
CAP/CTM-RNA and ART-RNA, respectively).

In addition, we found that several samples showed consider-
able deviation from the linear regression (Fig. 2; also, see Fig. S1in
the supplemental material). To identify the deviating samples, we
used Bland-Altman plot analysis (Fig. 3; also, see Fig. S2 in the
supplemental material). This plot shows the difference between
the titer values of HCV RNA and core Ag as a function of the
average of these two values. Several samples demonstrated discor-
dance between the measured HCV RNA and core Ag levels.
Among these samples, we focused on samples with discordant
results in multiple core Ag assays compared to both RNA quanti-
tative assays. For sample C-01, core Ag levels were underestimated
when measured with Architect-Ag, Lumipulse-Ag, and Lu-
mispot-Ag in comparison with CAP/CTM-RNA (Fig. 3) and
when measured with Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
and IRMA-Ag in comparison with ART-RNA (see Fig. S2 in the
supplemental material). Likewise, for sample C-73, core Ag levels
were underestimated when measured with Architect-Ag, Lumi-
pulse-Ag, and IRMA-Ag in comparison with CAP/CTM-RNA
(Fig. 3) and when measured with Architect-Ag and Lumipulse-Ag
in comparison with ART-RNA (see Fig. S2 in the supplemental
material). Thus, sample-specific underestimation was observed in
several HCV core Ag kits.

Nucleotide sequences in core region of reference panel sam-
ples. To clarify the sources of these underestimates of HCV core
Aglevels, HCV RNA was extracted from each of the samples in the
reference panel, and the nucleotide sequences of core regions were
determined. Phylogenetic analysis with these sequences permitted
classification of the individual strains by genotype. Of 80 samples
in the reference panel, 1 (1.3%) was genotype 1a, 35 (43.8%) were
genotype 1b, 26 (32.5%) were genotype 2a, and 18 (22.5%) were
genotype 2b (Table 1; also, see Fig. $3 in the supplemental mate-
rial). These strains were distributed evenly among reference
strains of each genotype and cover the sequence diversity of strains
isolated in Japan (see Fig. S3 in the supplemental material). The
genotypes of samples associated with underestimated core Ag val-
ues (samples C-01 and C-73) were both classified as genotype 2a.

Predicted amino acid sequences of HCV core protein were
aligned with the consensus core protein sequence for the genotype
1b strains obtained in this study (see Fig. $4 in the supplemental
material). Excluding the genotype-specific sequence variations, a
specific amino acid polymorphism was identified at amino acid
(aa) residue 48 (Ala to Thr) in samples C-01 and C-73. Sample
C-01, which yielded underestimated values in most core Ag assays,
also possessed an additional polymorphism in the same region,
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FIG 2 Correlation between CAP/CTM-RNA and core Ag levels as quantified by five commercial kits. Data for core Aglevels were converted to log fmol/liter prior
to analysis. In each plot, the lower limit of detection of the respective core Ag assay is indicated by a dotted line. Data for samples below the lower detection limit
of each assay are indicated by shaded circles labeled with the respective sample designations.

specifically an Arg-to-Gly substitution at aa 47. We suspected that
these polymorphisms altered the antigenicity of the core protein,
thereby reducing detected core Ag levels and leading to underes-
timation of values by the core Ag quantification kits. To assess the
correlation of these polymorphisms with the underestimation of
core Ag values, strains containing polymorphisms in this region
(at aa 47 to 49 [Fig. 4]) were identified in Bland-Altman plots of
HCV RNA and core Ag (Fig. 3; also, see Fig. 52 in the supplemental
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material). A total of 12 strains exhibited polymorphisms at these
positions, including 2 strains of genotype 1b, 8 of genotype 2a, and
2 of genotype 2b (Table 1). In the Bland-Altman plot of CAP/
CTM-RNA and Architect-Ag, 4 of 12 values (for samples C-01,
C-16, C-73, and C-74) were located under the line of the lower
95% limit of agreement (Fig. 3A). Likewise, in the plot of CAP/
CTM-RNA and Lumipulse-Ag, 3 of 12 values (those for samples
C-01, C-67, and C-73) were located under the line of the lower
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