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

Shin-Ichiro Tachibanal*!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®!4 & Kazuyuki Tanabe>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, biological 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®~7, 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. cynomolgi strains and com-
parative genomic analyses of P. cynomolgi, P. vivax'? and P. knowlesi®,
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, B 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. cynomolgi 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 5,049 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 etramp (orange lines), 16 Pf-fam-b (light blue 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-P. 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 per10 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. knowlesilineage). Thus, the genomes
of P cynomolgi, P. vivax and P. knowlesi can largely be distinguished by
variations in the copy number of multigene family members. Examples
of such families 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
P 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 in two
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).
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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 P. cynomolgi,
P, vivax and P. knowlesi, three species of the monkey malaria clade

Feature P. cynomolgi P. vivax!? P. knowlesi®
Assembly
Size (Mb) 26.2 26.9 23.7
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)P
Percentage 51.0 47.1 49.0
coding?
Structural RNAs
Number of tRNA 43 44 41
genes
Number of 5S 3 3 0
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 structured + + -
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.

aSmall unassigned contigs indicated in parentheses. "Sequence gaps excluded. Not present
in P knowlesi assembly version 4.0. 9Regions of the genome that differ in density and are
separable by CsCl centrifugation; isochores correspond to domains differing in GC content.
e|dentified in other studies (GenBank accessions given in parentheses). 'Partial sequence
(~86% complete) generated during this project. 8Partial 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, P. 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, P, vivax and P. knowlesi; two species of rodent malaria,

P. berghei and P. 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 P. cynomolgi.

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
(n = 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 P 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 26x 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

0 Mb 4 Mb 8 Mb 12 Mb
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16 Mb

20 Mb
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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 P. cynomolgi  P.vivax  P. knowlesi Putative function and other information

1 pir (vir-like) Subtelomeric Scattered and clustered 254 3199 4 Immune 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 Subtelomeric Scattered 2 1 3 Host cell recognition

7 rbl (rbp/nbp/rh) Subtelomeric Scattered 82 102 32 Host cell recognition

8 Pv-fam-a (trag) Subtelomeric Scattered and clustered 36 36 262 Tryptophan-rich

9 Pv-fam-b Central Clustered 3 6 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 Pv-fam-h (hyp16) Central Clustered 6 4 2 Unknown

15 Pv-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 9 Unknown

18 Pk-fam-c Subtelomeric Scattered 0 0 62 Unknown

19 Pk-fam-d Central Scattered 0 0 3é Unknown

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

21 PST-A Subtelomeric and central Scattered 92 112 7 of 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 (Pf-fam-b) Subtelomeric Scattered and clustered 21 20 15 Unknown

26 SERA Central Clustered 132 132 82 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?!:22,

We calculated the pairwise nucleotide diversity (7) 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
monlkeys for the zoonosis P. knowlesi*4.

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 dy > 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®®, 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.

2 Multigene families
<> Known genes
@» Hypothetical genes

P. knowlesi
5,119

" P cynomaigi
4,880

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

P. 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.
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Our 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-gatersleben.
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
(DDBY), 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.i.
strain) and P. simiovale (AB617788-AB617791) and the P. cynomolgi
Berok strain (JQ422035-JQ422036) 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 URLSs).

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 Illumina/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
1071%; 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 P. cynomolgi genome. A total
of 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 Illumina 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. cynomolgi 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 latter. 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 10~15;
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_######, 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 ¢ 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 10712 and compositional
adjustment (no adjustment) against the nonredundant protein sequence data
set of the M. mulatta proteome in NCBIL

Phylogenetic analyses. Genes were aligned using ClustalW 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) amino-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 7y 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 P, vivax and 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?®—PF14 0633, GCATGC; PF13_0235_D1, GCCCCG;
PFF0670w_D1, 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 (n = 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 P. 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
SSAHAZ2 (ref. 34), with 0.1 mismatch 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 method*
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 (m) 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 i and allele j, then the nucleotide diversity within the
population is

= Z PIP]”IJ
ij

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 n 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 CNVs 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)37 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 URLSs). 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 I 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 each 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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Abstract In this study, we examined the dynamics of
cellular immune responses in the acute phase of dengue
virus (DENYV) infection in a marmoset model. Here, we
found that DENV infection in marmosets greatly induced
responses of CD4/CD8 central memory T and NKT cells.
Interestingly, the strength of the immune response was
greater in animals infected with a dengue fever strain than
in those infected with a dengue hemorrhagic fever strain of
DENV. In contrast, when animals were re-challenged with
the same DENV strain used for primary infection, the
neutralizing antibody induced appeared to play a critical
role in sterilizing inhibition against viral replication,
resulting in strong but delayed responses of CD4/CD8
central memory T and NKT cells. The results in this study
may help to better understand the dynamics of cellular and
humoral immune responses in the control of DENV
infection.
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Introduction

Dengue virus (DENV) causes the most prevalent arthro-
pod-borne viral infections in the world [29]. Infection with
one of the four serotypes of DENV can lead to dengue
fever (DF) and sometimes to fatal dengue hemorrhagic
fever (DHF) or dengue shock syndrome (DSS) [12]. The
serious diseases are more likely to develop after secondary
infection with a serotype of DENV that is different from
that of the primary infection. Infection with DENV induces
a high-titered neutralizing antibody response that can pro-
vide long-term immunity to the homologous DENV sero-
type, while the effect of the antibody on the heterologous
serotypes is transient [22]. On the other hand, enhanced
pathogenicity after secondary DENV infection appears to
be explained by antibody-dependent enhancement (ADE).
Mouse and monkey experiments have shown that sub-
neutralizing levels of DENV-specific antibodies actually
enhance infection [1, 6, 11]. Thus, the development of an
effective tetravalent dengue vaccine is considered to be an
important public-health priority. Recently, several DENV
vaccine candidates have undergone clinical trials, and most
of them target the induction of neutralizing antibodies [2{].

T. Omatsu - T. Takasaki - I. Kurane
Department of Virology I, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan

Y. Katakai
Corporation for Production and Research of Laboratory
Primates, 1-1 Hachimandai, Tsukuba, Ibaraki 305-0843, Japan

S. Nakamura

Research Center for Animal Life Science,

Shiga University of Medical Science, Seta Tsukinowa-cho,
Otsu, Shiga 520-2192, Japan

@ Springer

— 142 —



T. Yoshida et al.

Research of the long-term immune response in humans
has provided several interesting parallels to the data. It was
reported that complete cross-protective immunity from
heterologous challenge was induced in individuals
1-2 months after a primary DENV infection, with partial
immunity present up to 9 months, resulting in a milder
disease of shorter duration on reinfection, and that com-
plete serotype-specific immunity against symptomatic
dengue was observed up to 18 months postinfection [30].
Guzman and Sierra have previously recorded the long-term
presence of both DENV-specific antibodies and T cells up
to 20 years after natural infections [10, 31]. Of note,
increased T cell activation is reportedly associated with
severe dengue disease [7, 8]. Thus, the balance between
humoral and cellular immunity may be important in the
control of dengue diseases.

However, the details regarding the implication of
humoral and cellular immunity in controlling DENV
infection remain to be elucidated. Previously, passive
transfer of either monoclonal or polyclonal antibodies was
shown to protect against homologous DENYV challenge [13,
15, 16]. It was also reported that neutralizing antibodies
played a greater role than cytotoxic T lymphocyte (CTL)
responses in heterologous protection against secondary
DENV infection in vivo in IFN-o/BR™" and IFNyR™~
mouse models [18]. Moreover, CD4™ T cell depletion did
not affect the DENV-specific IgG or IgM Ab titers or their
neutralizing activity in the IFNyYR ™~ mouse model [36].
On the other hand, there are several reports showing that
cellular immunity rather than humoral immunity plays an
important role in the clearance of DENV. For example, in
adoptive transfer experiments, although cross-reactive
DENV-1-specific CD8" T cells did not mediate protection
against a lethal DENV-2 infection, adoptive transfer of
CD4" T cells alone mediated protection and delayed
mortality in IFN-o/fR™" and IFNYR ™~ mouse models
[39]. It has also been demonstrated that CD8* T lympho-
cytes have a direct role in protection against DENV chal-
lenge in the IFN-0/BR ™~ mouse model of DENV infection
by depleting CD8™ T cells [35]. In addition, previous data
from adoptive-transfer experiments in BALB/c mice
showed that cross-reactive memory CD8' T cells were

preferentially activated by the secondary DENV infection,

resulting in augmented IFN-y and tumor necrosis factor-o
(TNF-a) responses, and this effect was serotype-dependent
[2, 3]. Although it has previously been suggested that
inducing neutralizing antibodies against DENV may play
an important role in controlling DENV infection, CTLs are
also proposed to contribute to clearance during primary
DENV infection and to pathogenesis during secondary
heterologous infection in the BALB/c mouse model [4].
Why did the mouse models of DENV infection show
inconsistent results in vivo? One of the reasons could be

@ Springer

that these results were obtained mainly from genetically
manipulated mice such as IFN-o/BR™~ and IFNyR ™~
mice. Moreover, these mice were inoculated with 10°-10'°
genome equivalents (GE) of DENV [27, 35, 36], which
were likely in large excess compared with the 10%-10° GE
of DENV injected into humans by a mosquito [{9]. In
addition, the efficiency of DENV replication in wild mice
in vivo is very low compared to that in humans [35].

Recently, novel non-human primate models of DENV
infection using rhesus macaques as well as marmosets and
tamarins have been developed [24-26, 38]. An intravenous
challenge of rhesus macaques with a high dose of virus
inoculum (1 x 107 GE) of DENV-2 resulted in readily
visible hemorrhaging, which is one of the cardinal symp-
toms of human DHF [26]. It was also shown that the cel-
lular immune response was activated due to expression of
IFN-y, TNF-0, and macrophage inflammatory protein-1
in CD4" and CD8™ T cells during primary DENV infec-
tion in rhesus macaques [2¢]. On the other hand, in the
marmoset model of DENV infection, we observed high
levels of viremia (105~1O7 GE/ml) after subcutaneous
inoculation with 10*-10° plaque-forming units (PFU) of
DENV-2. Moreover, we demonstrated that DENV-specific
IgM and IgG were consistently detected and that the
DENV-2 genome was not detected in any of these mar-
mosets inoculated with the same DENV-2 strain used in the
primary infection [24]. It is notable that while neutralizing
antibody titers were at levels of 1:20-1:80 before the re-
challenge inoculation, the titers increased up to 1:160-
1:640 after the re-challenge inoculation [24]. These results
suggested that the secondary infection with DENV-2
induced a protective humoral immunity to DENV-2 and
that DENV-infected marmoset models may be useful in
order to analyze the relationship between DENV replica-
tion and the dynamics of adaptive immune responses
in vivo.

Taking these findings into consideration, we investi-
gated the dynamics of cellular immunity in response to
primary and secondary DENV infection in the marmoset
model.

Materials and methods
Animals

All animal studies were conducted in accordance with
protocols of experimental procedures that were approved
by the Animal Welfare and Animal Care Committee of the
National Institute of Infectious Diseases, Japan, and the
National Institute of Biomedical Innovation, Japan. A total
of six male marmosets, weighing 258-512 g, were used.
Common marmosets were purchased from Clea Japan Inc.
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(Tokyo, Japan) and caged singly at 27 £2°C in
50 4+ 10 % humidity with a 12-h light-dark cycle (lighting
from 7:00 to 19:00) at Tsukuba Primate Research Center,
National Institute of Biomedical Innovation, Tsukuba,
Japan. Animals were fed twice a day with a standard
marmoset diet (CMS-1M, CLEA Japan) supplemented
with fruit, eggs and milk. Water was given ad libitum. The
animals were in healthy condition and confirmed to be
negative for anti-dengue-virus antibodies before inocula-
tion with dengue virus [24].

Cells
Cell culture was performed as described previously [24].

Vero cells were cultured in minimum essential medium
(MEM, Sigma) with 10 % heat-inactivated fetal bovine
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Fig. 1 Flow cytometric analysis of naive, central/effector memory
T cells and NK/NKT cells in marmosets. (a) Gating strategy to
indentify CD4 and CD8 T, NK and NKT cells. The G1 population
was selected and analyzed for CD4 and CD8 T, NK and NKT cells.

serum (FBS, GIBCO) and 1 % non-essential amino acid
(NEAA, Sigma) at 37 °C in 5 % CO,. C6/36 cells were
cultured in MEM with 10 % FBS and 1 % NEAA at 28 °C
in 5 % COa,.

Virus

DENV type 2 (DENV-2) strain DHF0663 (accession no.
AB189122) and strain D2/Hu/Maldives/77/2008NIID
(Mal/77/08) were used for inoculation studies. The DENV-
2, DHF0663 strain was isolated from a DHF case in
Indonesia. The DENV-2 Mal/77/08 strain was isolated
from imported DF cases from the Maldives. For all DENV
strains, isolated clinical samples were propagated in C6/36
cells and were used within four passages on C6/36 cells.
Culture supernatant from infected C6/36 cells was
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(a) Profiling of naive, central memory, and effector memory CD4 and
CD8 T cells in total CD4 and CD8 T cells. (b) Profiling of NK and
NKT cells in total lymphocytes. Results shown are representative of
three healthy marmosets used in this study
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centrifuged at 3,000 rpm for 5 min to remove cell debris
and then stored at —80 °C until use.

Infection of the marmosets with DENV

In the challenge experiments, profiling of the key adaptive
and innate immune cells in the marmosets after infection
with DENV-2 was done. For primary DENV infection, four
marmosets were inoculated subcutaneously in the back
with either 1.9 x 10° PFU of the DENV-2 Mal/77/08
strain  (Cj08-007, Cj07-011) or 1.8 x 10* PFU of the
DHF0663 strain (Cj07-006, Cj07-008) [24]. In the case of
the DENV re-challenge experiment, two marmosets ini-
tially inoculated with 1.8 x 10° PFU of the DHF0663
strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain (Cj07-
007, Cj07-014) [24]. Blood samples were collected on days
0, 1, 3, 7, 14, and 21 after inoculation and were used for
virus titration and flow cytometric analysis. Inoculation
with DENV and blood drawing were performed under
anesthesia with 5 mg/kg of ketamine hydrochloride. Day 0
was defined as the day of virus inoculation. The viral loads
in marmosets obtained in a previous study are shown in
Supplementary Figure 1 [24].

Flow cytometry

Flow cytometry was performed as described previously
[37]. Fifty microliters of whole blood from marmosets was
stained with combinations of fluorescence-conjugated
monoclonal antibodies; anti-CD3 (SP34-2; Becton Dick-
inson), anti-CD4 (1.200; BD Pharmingen), anti-CD8 (CLB-
T8/4H8; Sanquin), anti-CD16 (3G8; BD Pharmingen),
anti-CD95 (DX2; BD Pharmingen), and anti-CD62L (145/
15; Miltenyi Biotec). Then, erythrocytes were lysed with

Table 1 Subpopulation ratios of lymphocytes in marmosets

Subpopulation ratios
(Mean =+ SD: %)

Subpopulation name

CD3" 75.7 + 6.4
CD3"CD4™ 65.4 + 6.8
CD3TCD4TCD62LTCDY5™ (CD4 Ty) 65.9 + 3.7
CD3 1 CD4TCD62LTCD95T(CD4 Tem) 164 £29
CD3*CD4TCD62LCDY5* (CD4 Tem) 195 £25
CD3*CD8™ 29.0 + 8.0
CD3+CD8TCD62LTCD95™ (CD8 Ty) 66.7 & 10.2
CD3*CD8TCD62LTCD951(CD8 Tewm) 47 + 3.6
CD3TCD8TCD62LCDI5* (CD8 Try) 28.8 & 14.8
CD3CD16 + (NK) 42 +26
CD3*CD16" (NKT) 5.1 434

SD: Standard deviation
Results shown are mean =& SD from 3 healthy marmosets

@ Springer

FACS lysing solution (Becton Dickinson). After washing
with a sample buffer containing phosphate-buffered saline
(PBS) and 1 % FBS, the labeled cells were resuspended
in a fix buffer containing PBS and 1 % formaldehyde.
The expression of these markers on the lymphocytes
was analyzed using a FACSCanto II flow cytometer
(Becton Dickinson). The data analysis was conducted using
FlowJo software (Treestar, Inc.). Results are shown as
mean + standard deviation (SD) for the marmosets used in
this study.

Results

Naive central/effector memory T cells and NK/NKT
cells in marmosets

Basic information regarding CD4/CDS8 naive and central/
effector memory T cells and NK/NKT cells in common
marmosets was unavailable. Thus, we examined the im-
munophenotypes of lymphocyte subsets in the marmosets
(Fig. 1). The gating strategy for profiling the CD4 and CD8 T
cells in the marmosets by FACS is shown in Fig. {a. Human T
cells are classically divided into three functional subsets based
on their cell-surface expression of CD62L. and CD95, i.e.,
CD62LCD95™ naive T cells (Ty), CD62LTCDI5™ central
memory T cells (Tcpy), and CD62L~CD95% effector memory
T cells (Tgwm) [9, 21, 28]. In this study, CD4" and CD8* Ty,
Tems and  Tgy  subpopulations  were  defined  as
CD62LTCD95~, CD62LTCDIY5", and CD62L~CD95%,
respectively (Fig. 1aand Table 1). The average ratio of CD3"
T lymphocytes in the total lymphocytes of three marmosets
was found to be 75.7 £ 6.4 %. The average ratio of CD4* T
cells in the CD3" subset was 65.4 + 6.8 %. The average
ratios of CD4™ Ty, Tewm, and Ty cells were 65.9 & 3.7 %,
164 £+ 2.9 %, 19.5 + 2.5 %, respectively. The average ratio
of CD8* T cells in the CD3™ subset was 29.0 + 8.0 %. The
average ratios of CD8" Ty, Tem, and Tgy cells were
66.7 £+ 10.2 %,4.7 + 3.6 %, 28.8 £ 14.8 %, respectively.
We recently characterized a CD16" major NK cell
subset in tamarins and compared NK activity in tamarins
with or without DENV infection [37, 38]. In terms of NKT
cells, NK1.1 (CD161) and CDI1d are generally used as
markers of NKT cells [32]. However, these anti-human
NK1.1 and CDI1d antibodies are unlikely to cross-react
with the NKT cells of the marmosets. Thus, we defined
NKT cells as a population expressing both CD3 and
CD16 as reported previously [14, 17]. The NK and NKT
cell subsets were determined to be CD37CDI16" and
CD3"CD16" lymphocytes in the marmosets. The average
ratios of NK and NKT cell subsets in the lymphocytes were
4.2 + 2.6 % and 5.1 + 3.4 %, respectively (Table 1). We
observed that the proportions of the major lymphocyte
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Cj08-007

Day 2

Days post inoculation

0 91

Day 4

«: 0.0

Fig. 2 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/

subsets in the marmosets were similar to those in cyno-
molgus monkeys and tamarins [37, 38].

Profiling of CD4 and CD8 T, NK and NKT cells
in marmosets after primary infection with DENV-2
(Mal/77/08 strain)

We investigated the cellular immune responses against
DENV-2 DF strain (Mal/77/08) in marmosets. Dengue
vRNA was detected in plasma samples from two marmo-
sets on day 2 postinfection (Supplementary Fig. 1a). For
the two marmosets (Cj08-007, Cj07-011), the plasma levels
of VRNA reached their peaks at 9.6 x 10° and 7.0 x 10°
GE/ml, respectively, on day 4 postinfection. Plasma vVRNA
was detected in both marmosets on days 2, 4, and 7. We
then examined the profiles and frequencies of the CD4 and
CD8 T, NK and NKT cells in the infected marmosets
(Figs. 2-3 and Table 2). CD4" Tcy cells drastically
increased to 88.7 & 2.8 % from 13 + 0.4 % between day
0 and day 2 post-inoculation (Table 2). Reciprocally,

77/08 strain. (a) Profiling of naive, central memory, and effector
memory CD4 and CD8 T cells in total CD4 and CD8 T cells.
(b) Profiling of NK and NKT cells in total lymphocytes. (a-b) CjO8-
007

CD4" Ty cells decreased to 1.6+ 3.3 % from
74.1 + 0.9 % at the same time. CD41 Ty, cells main-
tained the initial levels throughout the observation period.
CD8%Y Tcwm cells increased to 91.9 +5.5 % from
2.1 £ 0.8 % between day 0 day 2 post-inoculation, and
reciprocally, CD8' Ty cells decreased to 2.5 + 4.7 %
from 89.9 4+ 2.5 % at the same time. In addition, NK cells
maintained their initial levels throughout the observation
period. However, NKT cells drastically increased to
52.6 & 17 % from 0.2 £ 0.0 % between day 0 and day 2
post-inoculation. These results suggest that CD4/CD8 T
and NKT cells may efficiently respond to the Mal/77/08
strain of DENV.

Profiling of CD4 and CD8 T, NK and NKT cells
in the marmosets after primary infection with DENV-2

(DHF0663 strain)

Next, we investigated cellular immune responses against
another DENV-2 DHF strain (DHF0663) in marmosets.
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Fig. 3 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/
77/08 strain. (a) Ratios of naive, central memory, and effector

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(¢) Ratios of NK and NKT cells in total lymphocytes. (a-¢) Cj08-007,
Cj07-011

Table 2 Subpopulation ratios of lymphocytes in marmosets during primary DENV infection (Mal/77/08)

Subpopulation name

Subpopulation ratio (Mean =+ SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Day 14 Day 21
CD3"CD4*CD62L*CD95" (CD4 Tw) 74.1 £ 0.9 1.6 £33 02403 705 £ 5.5 64.8 £ 9.7 60.8 + 5.9
CD37CD4*CD62L"CD95* (CD4 Tewm) 13 +£04 88.7 £ 2.8 87.4 £ 0.2 16.8 £ 5.0 21.6 £ 6.5 20+ 64
CD3"CD4TCD62LCDY5* (CD4 Ten) 128 £ 09 95+£10 123+ 04 123 £ 05 134 +£ 3.2 189 + 1.4
CD3*CD8*CD62L+CD95~ (CD8 Tw) 899+ 25 25 +£47 03403 875+ 33 68.7 £ 79 69.8 + 3.1
CD3*CD8+CD62LCD95 (CD8 Tcwm) 21+08 919 £55 90.6 + 4.2 28+ 05 3.5+ 08 38+12
CD3+CD8 CD62LCDY5™* (CD8 Tgn) 78 £ 1.6 56 £ 0.8 9.0 £ 4.1 95+ 3.1 27.6 £ 72 263 £43
CD37CD16+ (NK) 294+02 1.8+ 0.6 22+09 42 x09 2.8 4+ 04 32£ 1.7
- CD3*CD16™ (NKT) 02+00 52,6 £ 17 46.1 £ 85 1.1 £ 05 1.74+05 124+£02

SD: Standard deviation

Results shown are mean + SD from two marmosets as shown in Figure 3
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Dengue vRNA was detected in plasma samples from the
marmosets on day 2 post-infection ([24], Supplementary
Fig. 1b). For the two marmosets (Cj07-006, Cj07-008),
the plasma VRNA levels were found to be 3.4 x 10° and
3.8 x 10° GE/ml on day 2 and 2.0 x 10° and 9.4 x 10°
GE/ml, respectively, at the peak on day 4 post-infection
and became undetectable by day 14. Thus, we examined
the profiles and frequencies of the CD4" and CD8" T,
NK and NKT cells in these DENV-infected marmosets
(Fig. 4-5 and Table 3). It was found that on day 7 post-
inoculation, CD4" and CD8™ Ty cells decreased, and in
contrast, the T¢y; populations increased in both marmo-
sets; however, the changes in proportion were much less
pronounced than in the case of the marmosets infected
with the DF strain. We observed no consistent tendency
in the kinetics of CD4™ and CD8" Tgy cells nor in NK
and NKT cells. These results suggest that the strength of
T cell responses may be dependent on the strain of
DENV.

Cj07-006

Profiling of CD4 and CD8 T, NK and NKT cells
in marmosets re-challenged with a DENV-2 strain

In order to examine the cellular immune responses against
re-challenge with a DENV-2 DHF strain in the marmoset
model, marmosets were infected twice with the same
DENV-2 strain (DHF0663) with an interval of 33 weeks
after the primary infection. The results showed that vRNA
and NS1 antigens were not detected in plasma and that the
neutralizing antibody titer was obviously increased after
the secondary infection. The data indicated that the primary
infection induced protective immunity, including a neu-
tralizing antibody response to re-challenge with the same
DENV strain ([24]; Supplementary Fig. 1c). We also
investigated the profiles of the CD4 and CD8 T, NK and
NKT cells in the marmosets (Cj07-007, Cj07-014) that
were re-challenged with the same DENV-2 strain
(DHF0663) (Figs. 6-7). CD4% Tgy cells drastically
increased on day 14 post-inoculation. On the other hand,

Days post inoculation

Day 4

CD3+
CD4+

CcDe62L

CD3+
CD8+

CD16

Fig. 4 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10* PFU of the DENV-2

CD3

DHF0663 strain. (a) Profiling of naive, central memory, and effector
memory CD4 and CD8 T cells in total CD4 and CD8 T cells. (b) Profiling
of NK and NKT cells in total lymphocytes. (a-b) Cj07-006
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Fig. 5 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10* PFU of the DENV-2
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Table 3 Subpopulation ratios of lymphocytes in marmosets during primary DENYV infection (DHF0663)

Days post inoculation

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(¢) Ratios of NK and NKT cells in total lymphocytes. (a-¢) Cj07-006,
Cj07-008 :

Subpopulation name

Subpopulation ratios (Mean & SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Dayl 4 Day 21
CD3*CD4+"CD62L CD95™ (CD4 Ty) 67.3 £ 3.6 57.0 £ 4.0 619 £09 344 £ 3.6 552+ 14 56.7 £ 13
CD3TCD41CD62L.TCDY5* (CD4Tcm) 139+ 1.3 175 £ 4.1 152 £25 40.0 £ 13 338+ 10 213 £ 12
CD3+CD8 CD62L~CD95™* (CD4 Tgm) 188 £22 253 +£09 228 £29 256 £ 13 203 + 4.0 218 £ 1.5
CD3*CD8+CD62L*CD95~ (CDS Tn) 67.8 + 14 68.4 £ 3.7 77.7 £ 4.6 422+ 74 52.7 £ 55 535 +£98
CD3*CD8CD62LYCD95~ (CDS Tcem) 39+ 006 7.4 + 28 55+16 28 + 17 8.1 £46 8.6 £ 89
CD3"CD8*CD62L~CD95* (CDS Tgm) 28 £ 14 235 £ 6.7 16.4 + 6.5 28.3 £ 18 382+ 19 37.0 + 11
CD37CDI16" (NK) 47+ 10 42+19 20 + 1.1 63 +23 5.1 4+£22 73+ 1.2
CD3*CD16% (NKT) 78 £ 1.0 93 +45 59+26 22.6 £ 84 20.6 £ 10 173 £ 10

SD: Standard deviation

Results shown are mean £ SD from 2 marmosets as shown in Figure 5
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Fig. 6 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets that were initially inoculated with 1.8 x 10° PFU of
the DHF0663 strain were re-inoculated 33 weeks after the primary

CD4™ Ty cells decreased strongly at the same time. CD4™"
Ty cells maintained their initial levels through the
observation period. Similarly, CD8" T¢y and NKT cells
clearly increased on day 14 post-inoculation. Importantly,
these T cell responses were induced one week after the
obvious induction of the neutralizing antibody in the
marmosets [24]. These results suggest that the neutralizing
antibody may play a critical role in the complete inhibition
of the secondary DENV infection.

Discussion

In this study, we demonstrated the dynamics of the central/
effector memory T cells and NK/NKT subsets against
DENYV infection in our marmoset model. First, we char-
acterized the central/effector memory T and NK/NKT
subsets in marmosets (Fig. 1). Second, we found that CD4/
CDS central memory T cells and NKT cells had significant

challenge with 1.8 x 10° PFU of the same strain. (a) Profiling of
naive, central memory, and effector memory CD4 and CD8 T cells in
total CD4 and CD8 T cells. (b) Profiling of NK and NKT cells in total
lymphocytes. (a-b) Cj07-007

responses in the primary DENV infection, and the levels
appeared to be dependent on the strain of the virus
employed for challenge experiments (Figs. 2-5). Finally,
we found delayed responses of CD4/CDS8 central memory
T cells in the monkeys re-challenged with the same DENV
DHF strain, despite the complete inhibition of DENV
replication (Figs. 6-7).

The present study shed light on the dynamics of cellular
and humoral immune responses against DENV in vivo in
the marmoset model. Our results showed that cellular
immune responses were induced earlier than antibody
responses in the primary infection. Thus, our results sug-
gest the possibility that cellular immunity may contribute,
at least in part, to the control of primary DENV infection.
On the other hand, in the presence of neutralizing anti-
bodies in the re-challenged monkeys [24], delayed (on day
14 after the re-challenge) responses of CD4/CDS§ central
memory T cells were observed despite the complete inhi-
bition of DENV replication. These results indicate that
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Fig. 7 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets initially inoculated with 1.8 x 10° PFU of the
DHF0663 strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain. (a) Ratios of naive,

cellular immunity is unlikely to play a major role in the
control of DENV re-infection. Alternatively, it is still
possible that components of cellular immunity, such as
memory T cells, could partially play a helper role for the
enhanced induction of neutralizing antibodies even without
an apparent increase in the proportion of Ty, resulting in
efficient prevention of DENV replication.

It is possible that the DENV strains used in this study
influence the strength of cellular immune responses. The
differences in cellular immune responses between the
monkeys infected with the DF and DHF strains are prob-
ably not caused by individual differences in the marmosets,
because the FACS results were consistent with each pair of
marmosets. It was shown previously that there was a
reduction in CD3, CD4, and CD8 cells in DHF and that
lower levels of CD3, CD4, and CDS8 cells discriminated
DHF from DF patients during the febrile stage of illness
[5]. There was a significant increase in an early activation
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central memory, and effector memory CD4 T cells in total CD4 T
cells. (b) Ratios of naive, central memory, and effector memory CD8
T cells in total CD8 T cells. (¢) Ratios of NK and NKT cells in total
lymphocytes. (a-c) Cj07-007, Cj07-014

marker on CD8 T cells in children with DHF compared
with DF during the febrile period of illness [8]. Another
group reported that levels of peripheral blood mononuclear
cell apoptosis were higher in children developing DHF
[23]. Moreover, cDNA array and ELISA screening dem-
onstrated that IFN-inducible genes, IFN-induced genes and
IFN production were strongly up-regulated in DF patients
when compared to DHF patients, suggesting a significant
role of the IFN system during infection with DF strains
when compared to DHF strains [34]. Thus, it is reasonable
to assume that DHF strains might have the ability to neg-
atively regulate T cell responses. A recent report demon-
strating that the sequence of a DHF strain differed from
that of a DF strain at six unique amino acid residues located
in the membrane, envelope and non-structural genes [33],
which supports our notion.

Alternatively, another possibility is that the strength of T
cell responses might depend on the viral load. In fact, in
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our results, the stronger T cell responses in monkeys
infected with the DF strain were paralleled by higher viral
loads, which was in contrast to the result obtained with
DHEF-strain-infected animals with lower viral loads. Of
note, the tenfold higher challenge dose of the DF strain
used in this study (1.9 x 10° PFU) compared to the DHF
strain (1.8 x 10* PFU) could have simply led to tenfold
higher peak viral RNA levels in monkeys infected with the
DF strain. In either case, the relationship between the
strength of the antiviral immune response and the viral
strain remains to be elucidated. Further in vivo character-
ization of the antiviral immunity and the viral replication
kinetics induced by infection with various DENV strains
isolated from DF and DHF patients will help to understand
the mechanism of differential disease progression in the
course of DENV infection.

We observed that dengue VRNA was not detected in
plasma samples from marmosets re-infected with the same
DENV-2 DHF strain 33 weeks after the primary infection.
This result suggests that memory B cells induced in the
primary DENV infection were predominantly activated to
produce neutralizing antibodies against the same DHF
strain in the secondary infection in the absence of apparent
cellular immune responses. A previous report showed that
DENYV infection induces a high-titered neutralizing anti-
body that can provide long-term immunity to the homol-
ogous DENV serotype [22], which is consistent with our
results. By contrast, the role of cellular immune responses
in the control of DENV infection remains to be elucidated.
Our results in this study may suggest that cellular immune
responses and neutralizing antibodies acted cooperatively
to control primary DENV infection. In DENV-infected
patients, it may be difficult to distinguish whether each
case is primary or secondary DENV infection and also to
serially collect blood samples for immunological study in
the course of the infection, which is likely to be the reason
for the discrepancy regarding the importance of cellular
immunity in DENV infection. From this point of view, our
marmoset model of DENV infection will further provide
important information regarding the role of cellular
immune responses in DENV infection.
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Introduction

The human immunodeficiency virus type 1 (HIV-1) genome
contains three major genes, gag, pol, and env, that encode the viral
structural protein Gag, enzymatic polyprotein Pol, and envelope
protein Env, respectively. The gag gene is translated into a Gag
precursor protein that is subsequently cleaved into the p17/matrix
(MA), p24/capsid (CA), p7/nucleocapsid (NC), and p6 domains
by HIV-1 protease during virion maturation. The pol gene is
translated into a GagPol precursor protein by —1 ribosomal
frameshifting, which occurs at an efficiency of 5-10% during Gag
synthesis, resulting in the generation of a 10-20:1 ratio of Gag to
GagPol [1,2]. GagPol is essential for viral replication, since the Pol
region harbors viral-specific enzymes [protease (PR), reverse
transcriptase (RT), and integrase (IN)] that are indispensable for
virion infectivity.

The Gag protein is a driving force for retroviral particle
assembly. This process consists of several distinct but mutually
interdependent steps, including the membrane targeting and
multimerization of Gag as well as the pinching off of budded
particles from the membrane. In HIV-1, Gag multimerization is
driven by the CA to NC domain [3-7]. The membrane-binding
domain for HIV-1 Gag is composed of an N-terminal myristoyla-
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tion signal [8,9] and a cluster of basic residues in MA [10], both of
which are required for tight membrane binding of Gag [10].
Nuclear magnetic resonance (NMR) studies have suggested
a myristoyl switch model in which the N-myristoyl moiety is
exposed upon the binding of phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P5] to the basic residues [11]. Although the N-myristoyl
moiety is not directly involved in Gag multimerization, several
studies have suggested that myristoyl exposure is regulated by Gag
multimerization [12-15]. HIV-1 particle budding requires the
sequential recruitment of the host endosomal protein sorting
complex required for transport (ESCRT) components to the site of
particle assembly [16,17]. Like other retroviruses, the p6 domain
contains the late domain (the PTAP motif) that interacts with the
ESCRT components [16,18-20]. A number of studies indicate
that HIV-1 Gag primarily targets the plasma membrane, where
particle assembly and budding occur [21-26], although Gag also
can initiate assembly in endosomes and then be transported to the
cell surface [27-34].

In contrast, GagPol itself lacks the ability to produce viral
particles and incorporates into viral particles only through
coassembly with Gag [35-39]. The N-terminal region of GagPol
is identical with the major part of Gag (MA-CA-NC). However,
GagPol lacks the p6 domain and instead contains the p6* domain,
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