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Abstract

Dengue is a mosquito-borne disease that has spread to over 100 countries. Its symptoms
vary from the relatively mild acute febrile iliness called dengue fever to the much more
severe dengue shock syndrome. Dengue is caused by dengue virus (DENV), which belongs
to the Flavivirus genus of the family Flaviviridae. There are four serotypes of DENV, i.e.,
DENV1 to DENV4, and each serotype is divided into distinct genotypes. Thailand is an
endemic area where all four serotypes of DENV co-circulate. Genome sequencing of the
DENV2 that was isolated in Thailand in 2016 and 2017 revealed the emergence of the Cos-
mopolitan genotype and its co-circulation with the Asian-1 genotype. However, it was unclear
whether different genotypes have different levels of viral replication and pathogenicity.
Focus-forming assay (FFA) results showed that clinical isolates of these genotypes differed
in focus size and proliferative capacity. Using circular polymerase extension reaction, we
generated parental and chimeric viruses with swapped genes between these two DENV2
genotypes, and compared their focus sizes and infectivity titers using FFA. The results
showed that the focus size was larger when the structural proteins and/or non-structural
NS1-NS2B proteins were derived from the Cosmopolitan virus. The infectious titers were
consistent with the focus sizes. Single-round infectious particle assay results confirmed that
chimeric viruses with Cosmopolitan type structural proteins, particularly prM/E, had signifi-
cantly increased luciferase activity. Replicon assay results showed that Cosmopolitan NS1-
NS2B proteins had increased reporter gene expression levels. Furthermore, in interferon-
receptor knock-out mice, viruses with Cosmopolitan structural and NS1-NS2B proteins had
higher titers in the blood, and caused critical disease courses. These results suggested that
differences in the sequences within the structural and NS1-NS2B proteins may be responsi-
ble for the differences in replication, pathogenicity, and infectivity between the Asian-l and
Cosmopolitan viruses.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011885 January 8, 2024 1/27


https://orcid.org/0000-0002-3439-8331
https://doi.org/10.1371/journal.pntd.0011885
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011885&domain=pdf&date_stamp=2024-01-19
https://doi.org/10.1371/journal.pntd.0011885
https://doi.org/10.1371/journal.pntd.0011885
https://doi.org/10.1371/journal.pntd.0011885
http://creativecommons.org/licenses/by/4.0/

PLOS NEGLECTED TROPICAL DISEASES Genetic analysis of dengue virus type 2 replication and pathogenicity

Funding: E.E.N.:Japan Agency for Medical
Research and Development (AMED; grant number:
22wm0125010h0003). https://www.amed.go.jp/
en/index.html Y.S.:Japan Science and Technology
Agency Support for Pioneering Research Initiated
by the Next Generation (JST SPRING; grant
number: JPMJSP2138). https://www.jst.go.jp/EN/
These funders played no role in the study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Author summary

Since the discovery of dengue virus (DENV) in 1907, many people in Latin America, and
South and Southeast Asia have been at risk of infection. Analysis of the sequences of
viruses isolated in Thailand in 2016 and 2017 revealed the emergence of the Cosmopolitan
genotype of DENV type 2 (DENV2), and its co-circulation with the pre-existing Asian-I
genotype of DENV?2. This co-circulation still exists in Thailand. We noted that there were
large differences in the infectious titers between these genotypes, and the focus sizes also
differed. In the present study, we analyzed both the in vitro and in vivo characteristics of
these viruses using multiple recombinant viruses to determine which viral genetic region
is responsible for these differences. We identified a genetic region encoding structural and
NS1-NS2B proteins that affects the infectivity, replication, and pathogenicity of the
viruses. Our study provides new insights into the transmission of new DENVs, and the
interactions between DENV proteins.

Introduction

Dengue fever is an infectious disease caused by dengue virus (DENV), which is transmitted by
Aedes aegypti and Aedes albopictus mosquitoes. The virus infects approximately 400 million
people each year, and causes symptoms in approximately 100 million people [1]. In addition,
an estimated 250,000 people develop severe dengue hemorrhagic fever. Outbreaks have been
confirmed in Southeast Asia, South Asia, Central and South America, the Caribbean islands,
and Africa, where the vector mosquitoes are present. In Japan, an outbreak was confirmed in
Tokyo in 2014 [2]. Currently, there are no direct-acting drugs against the virus, and treatments
are available only for treating the symptoms [1,3,4].

DENYV belongs to the genus Flavivirus. The viral genome is a single-stranded RNA of
approximately 11 kb in length that encodes three structural proteins, i.e., capsid (C), precursor
membrane (prM) and envelope (E) proteins, and seven non-structural proteins, i.e., NSI,
NS2A, NS2B, NS3, NS4A, NS4B and NS5, which are encoded in this order from the 5’ end.
The 5 end has a cap structure, and the 3’ end is not polyadenylated [1,5]. The structural pro-
teins form viral particles while the non-structural proteins function in host immune evasion as
well as virus replication in infected cells [5].

DENYV consists of four serotypes (DENV1, DENV2, DENV3, and DENV4), and each sero-
type is further divided into several genotypes. Five genotypes of DENV2 are known: Cosmo-
politan, Asian-I, Asian-1I, Asian/American, and American [6-8]. In Thailand, where DENV2
was isolated for this study, all four serotypes of DENV coexist, and cases of dengue fever are
confirmed every year [9].

We previously analyzed 21 DENV strains isolated in 2016 and 2017 in Thailand; eight of
these strains were DENV2. Genome sequencing of these DENV2 isolates revealed that the
Cosmopolitan type coexisted with the Asian-I type, which was previously dominant in Thai-
land [10]. These genotypes were still co-existing in 2020 [9].

In the present study, we analyzed the biological characteristics of these DENV?2 clinical iso-
lates, and found differences in the focus sizes on the focus-forming assay (FFA) and in the pro-
liferative potential in tissue cultures. We describe herein the identification of the genetic
regions responsible for the differences in virus replication, pathogenicity, and infectivity
between the genotypes Cosmopolitan and Asian-I.
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Materials and methods

Ethics statement

The present study was approved by the Animal Experiment Committee of the Research Insti-
tute for Microbial Diseases, Osaka University (R01-08-0).

Cell cultures

Vero cells (ATCC CCL-81) were cultured in minimum essential medium (MEM; 21442-25;
Nacalai Tesque) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and
100 pg/mL streptomycin (Pe/St; 26253-84; Nacalai Tesque), and 1% Non-Essential Amino
Acid (11140-050; Nacalai Tesque) in an atmosphere with 5% CO,. BHK-21 cells (ATCC CCL-
10) were cultured in MEM supplemented with 5% FBS and Pe/St. Lenti-X 293T cells (ATCC
CRL-3216) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 08458-16; Nacalai
Tesque) supplemented with 10% FBS and Pe/St. C6/36 cells (ATCC CRL-1660) were cultured
in Leibovitz’s (1x; 11415-064; Gibco) supplemented with 0.3% tryptose phosphate broth pow-
der, 10% FBS, and Pe/St at 28°C without CO,.

Generation of recombinant viruses

Recombinant viruses were generated by the circular polymerase extension reaction (CPER)
method as reported previously [11]. The whole genomes of the Th16-005DV2 and Th16-
026DV2 strains were amplified by RT-PCR using PrimeSTAR GXL DNA Polymerase (R050A;
TaKaRa) to generate five fragments. The primer pairs used were designed to have a 25-nucleo-
tide overlap at the end of each fragment (S1 Table). The PCR fragments were cloned into
TOPO TA Cloning Vector pCR2.1 (45-0641; Thermo Fisher Scientific). In addition, DNA
fragments encoding a polyadenylation (A) signal, hepatitis delta virus ribozyme (HDVT), and
cytomegalovirus (CMV) promoter were synthesized and cloned into the pCR-TOPO vector to
produce the pCR-TOPO-pCMV-RZM plasmid. The chimeric fragments among the S, prM,
and E genes of fragment 1, and among the NS1, NS2A, and NS2B genes of fragment 2 were
generated by the overlapping PCR method using the primers listed in S1 Table. Five DENV-
coding fragments and linker fragments were prepared by PCR from cloning vectors, the
sequence authenticities of the cloned fragments were confirmed, and the CPER reaction
(denaturation at 98°C for 2 min, 20 cycles of extension at 98°C for 10 sec, 55°C for 15 sec and
68°C for 12 min, and a final extension at 68°C for 12 min) was performed using PrimeSTAR
GXL DNA Polymerase to obtain circular DNA. The CPER product was then transfected into
BHK-21 cells using TransIT-LT1 Transfection Reagent (MIR2300; TaKaRa). At day 6 post-
transfection, the culture supernatant was collected and treated with 0.1 U/mL TURBO DNase
(AM?2238; Thermo Fisher Scientific) for 1 h at 37°C to remove the remaining plasmid DNA.
Viruses were propagated in C6/36 cells, and the levels of viral RNA were measured with a real-
time RT-PCR assay to normalize the input viruses for further experiments.

Quantification of viral RNA

Viral RNA was extracted from 140 pL of culture supernatant using the QIAamp Viral RNA
Mini Kit (52926; QIAGEN) according to the manufacturer’s protocol. The One-Step SYBR
PrimeScript RT-PCR Kit II (RR086A; TaKaRa) and universal primers for DENV (DN-F and
DN-R; S1 Table) were used for quantification [12]. The total reaction volume was 12.5 pL/
tube, and the PCR conditions were: reverse transcription at 42°C for 5 min and 95°C for 10
min, followed by 40 cycles of 95°C for 5 sec and 60°C for 34 sec. The laboratory DENV?2 strain
16681 (NC_001474.2) with known focus-forming units (FFU) was used as a reference.
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Fluorescence signals were measured using an Applied Biosystems 7500 Fast Real-Time PCR
System and QuantStudio3 (Thermo Fisher Scientific). The levels of viral RNA are expressed as
the copy numbers relative to that of the reference strain 16681 with the assumption that 1 FFU
of the strain 16681 contained one copy of viral RNA.

Infection

Vero cells were plated at 4.2 x 10* cells/well in a 24-well plate, and incubated overnight prior
to infection. The following day, the cells were infected with DENV at RNA copy numbers
equivalent to a multiplicity of infection (MOI) of 0.5 FFU/cell. Stock viruses were diluted with
MEM without FBS to equalize the concentration in all samples. After 2 h of infection, the cells
were washed with MEM containing 2% FBS, then 500 pL of fresh medium was added. The cul-
ture supernatant was collected every 24 h, and the viral RNA was measured with a real-time
RT-PCR assay.

Focus-forming assay

Vero cells were plated at 1.0 x 10* cells/well or 4.0 x 10* cells/well in a 96-well plate, and incu-
bated overnight prior to infection. The following day, the cells were infected with DENV for 2
h. The viruses were serially diluted with MEM without FBS. After the 2 h of infection, 100 pL
of a mixture of MEM (2x; 11935-046; Gibco), 3% FBS, and 3% carboxymethyl cellulose was
added to each well without removing the viral solution, and the cells were incubated at 37°C
for 72 h. Then, the cells were washed with PBS, and fixed with 4% formalin in PBS for 30 min
at room temperature. Next, 4G2 monoclonal antibody against pan-DENV E protein (ATCC
HB-197) was added, and the cells were incubated at 37°C for 1 h. Subsequently, the cells were
washed with PBS, then incubated with 3000-fold-diluted (0.3 pg/mL) horseradish peroxidase-
labeled goat polyclonal anti-mouse IgG (H+L) (5220-0341; KPL) at 37°C for 1 h. Finally, the
cells were washed with PBS, and a reaction mixture containing Metal Enhancer for DAB Stain
(07388-24; Nacalai Tesque) plus Peroxidase Stain DAB Kit (Brown Strain; 25985-50; Nacalai
Tesque) reagents was added. After incubation for 2 to 10 min at room temperature, the plate
was washed with water, then dried, and the foci were counted using an ELISPOT reader
(ImmunoSpot S6 VERSA Analyzer; Cellular Technology). The focus sizes were also measured
using the ELISPOT reader. The focus size range to be measured was set to 0.0000 to 9.6296
mm?, and the diffuseness was set to Largest+1.

Single-round infectious particles (SRIPs) assay

Lenti-X 293T cells were plated at 5 x 10° cells/well in a 6-well plate, and incubated overnight
prior to transfection. The cells were transfected with a combination of three plasmids: 0.5 ug of
the prME expression plasmid, 0.5 pg of the C expression plasmid, and 1.0 pg of the reporter
plasmid [13]. These plasmids were mixed in OPTI-MEM (31985-062; Gibco), and transfected
using TransIT-293 Transfection Reagent (MIR2700; TaKaRa). The supernatant was collected
at 3 days post-transfection, and treated with TURBO DNase (AM2238; TaKaRa). The titer of
the SRIPs was determined by real-time RT-PCR using primers DN-F and DN-R (S1 Table).
Vero cells were plated at 8.3 x 10* cells/well in a 24-well plate, and incubated overnight prior
to infection. The next day, the culture medium was removed from the plate, and the cells were
infected with diluted SRIPs for 2 h. The SRIPs were diluted with MEM containing 2% FBS to
equalize the concentration in all samples. After infection, the cells were washed twice with
MEM containing 2% FBS, then 100 pL of fresh MEM containing 2% FBS was added, and the
cells were incubated at 37°C for 72 h. Subsequently, the wells were washed with PBS, and
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treated with 1x Passive Lysis Buffer (E194A; Promega) for 10 min. Luciferase activity was mea-
sured using the Nano-Glo Luciferase Assay System (N1120; Promega).

Replicon assay

Lenti-X 293T cells were plated at 2.5 x 10° cells/well in a 12-well plate, and incubated overnight
prior to transfection. The cells were transfected with the CPER product. The culture superna-
tant was collected every 24 h after transfection. Luciferase activity was measured using the
Secrete-Pair Luminescence Assay Kit (LF062; GeneCopoeia)

Infection of IFNa/f and IFNY receptor double knockout (IFNR-KO) mice

We used 4-week-old IFNR-KO mice, which have been described previously [14]. Virus solu-
tion diluted in PBS to equalize the amount of RNA in all samples was administered intraperito-
neally. After infection, tail vein or heart blood sampling was performed at regular intervals.
The body weight was measured using an animal scale (FX-2000i; A&D Company), and the
mice were euthanized when the predetermined humane endpoint was reached. Rearing and
experiments were conducted in accordance with the regulations of the Animal Experiment
Committee of the Research Institute for Microbial Diseases, Osaka University. The cages were
maintained at 20°C to 24°C.

Molecular modeling

As templates for homology modeling, we first obtained the 3.5 A resolution cryo-electron
microscopy structure of the mature DENV E protein (PDB ID: 3]27), and the 2.2 A resolution
crystal structure of the DENV prM-E protein complex (PDB ID: 3C5X) from the RCSB Pro-
tein Data Bank. Then, the sequence alignments of the targets, i.e., Th16-005DV2 (Asian-I) or
Th16-026DV2 (Cosmopolitan) E protein, to the templates were generated using MOE-Align
in the Molecular Operating Environment (MOE) version 2020.0901 (Chemical Computing
Group, Inc., Quebec, Canada). Next, three-dimensional (3D) models of the two neighboring
sets of the mature E and M protein hetero-tetramer or the two neighboring sets of the prM-E
protein hetero-tetramer in DENV of Th16-005DV2 or Th16-026DV2 were constructed by the
homology modeling technique using MOE-Homology in MOE as described previously
[15,16]. For each homology modeling in MOE, we obtained 25 intermediate models. We
selected the 3D intermediate models with the best scores according to the generalized Born/
volume integral method [17]. The 3D structures were thermodynamically optimized by energy
minimization using MOE and an Amber 10:extended Hiickel theory force field. The force field
was combined with a parameter for proteins and nucleic acids [18], and small molecules using
the two-dimensional extended Hiickel theory [19].

Quantification and statistical analysis

GraphPad Prism 8 was used for data analyses and visualization. The specific statistical tests
and the numbers of animals included are described in the figure legends.

Results
Growth characteristics of the clinical strains of DENV2

The FFA results for six strains of DENV?2 (three Asian-I and three Cosmopolitan strains),
which were previously isolated by Phadungsombat et al. [10], revealed that the focus sizes var-
ied among the strains: the Cosmopolitan strains had larger foci than the Asian-I strains (Fig
1A). In addition, the Cosmopolitan strains proliferated faster than the Asian-I strains in both
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Fig 1. Characteristics of the clinical isolates. (A) Images of the foci of the co-circulating clinical isolates of dengue virus type 2 (DENV2) in Thailand.
Cosmopolitan type clinical strains Th16-026DV2 (026), Th17-077DV2 (077) and Th16-011DV2 (011), and Asian-I type strains Th16-005DV2 (005), Th16-
056DV2 (056), and Th17-061DV2 (061) were used. (B) The proliferation rate of the six clinical isolates in C6/36 and Vero cells. Viruses were inoculated into
cells at a multiplicity of infection of 0.1 per cell, and culture supernatants were periodically assayed for the levels of infectious virus by determining the focus-
forming units (FFU) in Vero cells.

https://doi.org/10.1371/journal.pntd.0011885.9001

mosquito C6/36 cells and mammalian Vero cells (Fig 1B). We selected one strain of each geno-
type, Th16-005DV2 (NCBI Accession No. LC410184) and Th16-026DV2 (NCBI Accession
No. LC410190), which were isolated in the same year (2016), for further experiments, as
described below.

Generation of DENVs by the CPER method

Setoh et al. [11] established the CPER method for generating new Flavivirus Zika viruses from
its cDNA. In their method, several protein-coding regions are split into different fragments of
cDNA (Fig 2A). To facilitate the exchange of protein-coding regions between different geno-
types of DENV2, we re-designed the primers to produce five viral genome fragments that are
divided at the partition of each protein-coding region (Fig 2A). The five fragments included
one fragment covering the structural proteins C, prM and E, and four fragments covering the
non-structural proteins NS1-NS2B, NS3, NS4A-NS4B, and NS5.

The CPER products were transfected into BHK-21 cells, and the culture supernatants were
collected. The amount of DENV2 RNA in each culture supernatant was subsequently mea-
sured by real-time RT-PCR (Fig 2B). The RNA of DENV2 was detected in the CPER samples,
and the levels were very low in the negative-control samples of mutant NS5-C709A with inacti-
vated RNA polymerase for both the Cosmopolitan and Asian-I types [20]. The level of DENV2
RNA was higher with Cosmopolitan Th16-026DV2 than with Asian-I Th16-005DV2. The cul-
ture supernatants of the cells transfected with CPER products were then inoculated into C6/36
cells to propagate the resultant viruses after equalization of the DENV2 RNA levels between
the Cosmopolitan and Asian-I viruses by diluting the culture supernatants. After 6 days of
infection, the amount of DENV2 RNA in the culture supernatants was measured by real-time
RT-PCR (Fig 2C). The results showed that the amount of DENV2 RNA was higher with the
Cosmopolitan virus than with the Asian-I virus. In the negative-control samples, virus did not
grow at all even when all of the transfection supernatant was used to inoculate the C6/36 cells
(Fig 2C).
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Fig 2. Generation of DENV2 by the circular polymerase extension reaction (CPER) method. (A) Schematic representation of the fragmentation
of the whole dengue virus genome for the CPER method. In a previous publication by Setoh et al. (mSphere.2017; 2(3)) seven fragments were
designed with an overlapping region of about 22 nt at the end. In the present study, five fragments were used, and each fragment was designed to
have a 25-nt-overlapping region at the end. These fragments were mixed with a linker fragment containing the cytomegalovirus (CMV) promoter,
hepatitis D virus ribozyme (HDVTr), and a poly(A) tail (pA). (B) Comparison of the amounts of viral RNA in the culture supernatants at 6 days after
the transfection of CPER products into BHK-21 cells. (C) Amounts of RNA in viruses propagated in C6/36 cells with the culture supernatants of
transduced BHK-21 cells. Asian-I and Cosmopolitan viruses were infected at a multiplicity of infection of 0.01 copies/cell. We used NS5-C709A
mutants as non-replicating negative controls.

https://doi.org/10.1371/journal.pntd.0011885.9g002
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Fig 3. Characteristics of the DENV2 generated by the CPER method. (A) Images of the foci of the recombinant DENV2
obtained by the ELISPOT reader. (B) Growth curves of the recombinant viruses in Vero cells infected with virus samples at a
multiplicity of infection of 0.5 copies/cell. Culture supernatants were harvested every 24 h, and assayed for the level of viral RNA
and the infectious titer. The means and standard deviation of triplicate samples are shown.

https://doi.org/10.1371/journal.pntd.0011885.g003

Stock recombinant viruses were diluted to equalize the virus concentration, then inoculated
into Vero cells at a dose equivalent to a MOI of 0.5 FFU/cell for further focus formation and
growth kinetics experiments. The recombinant DENV2 propagated in C6/36 cells reproduced
the phenotypes observed in the original clinical isolates, i.e., the recombinant Cosmopolitan
virus resulted in larger focus sizes (Fig 3A) and showed faster growth kinetics (Fig 3B) than the
recombinant Asian-I virus. While the RNA copy numbers in the supernatant differed by one
order of magnitude between the Cosmopolitan and Asian-I types (Fig 3B, left panel), the dif-
ference in infectious virus production was more than 20-fold (Fig 3A, right panel). This discor-
dance indicated that the genetic background affected virus infectivity.

Generation of chimeric DENV2 for the Cosmopolitan and Asian-I
genotypes

To identify the genetic regions responsible for the differences in the proliferative and infec-
tious potential between the Asian-I and Cosmopolitan viruses, round-robin chimeric viruses
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were generated using the CPER method (Fig 4A). Chimeric viruses containing swapped genes
were successfully recovered (S1 Fig), and the levels of viral RNA in the stock viruses were mea-
sured with a real-time RT-PCR assay to normalize the input viruses for further experiments.

Switching of the fragments in the background of the Asian-I virus to the Cosmopolitan
virus was expected to increase the growth capability and the focus sizes. Vero cells were
infected with the chimeric viruses at a MOI of 0.5 FFU/cell, and the infectious titers 3 days
after infection are shown in Fig 4B. All six viruses with titers lower than that of the parental
Asian-I virus (Fig 4B, blue bars) carried the Asian-I virus structural proteins covered by the F1
fragment, and NSI, NS2A, and NS2B covered by the F2 fragment. The remaining virus carry-
ing the Asian-I structural and NS1, NS2A, and NS2B proteins (AACAA) showed almost the
same titers as the parental Asian-I virus. This indicated a correlation between the Asian-I virus
structural and NS1, NS2A, and NS2B proteins and low infectious titers. On the other hand,
among the eight viruses with titers higher than that of the parental Cosmopolitan virus (Fig
4B, red bars), six viruses carried the Cosmopolitan structural and NS1, NS2A, and NS2B pro-
teins, and two viruses carried the Cosmopolitan structural and Asian-I NS1, NS2A, and NS2B
proteins (CACAC and CACCA). The remaining two viruses carrying the Cosmopolitan struc-
tural and NS1, NS2A, and NS2B proteins (CCCAC and CCACC) showed high titers similar to
the parental Cosmopolitan virus. These results suggested a correlation between the Cosmopol-
itan structural and NS1, NS2A, and NS2B proteins and high infectious titers (Fig 4B). Further-
more, as shown in Fig 4C, the focus sizes also tended to be larger in viruses carrying the
Cosmopolitan structural and NS1, NS2A, and NS2B proteins.

As biological replicates, we repeated the experiments in Figs 3 and 4 using virus stocks pre-
pared independently from the aforementioned stocks on parental and chimeric viruses for the
structural and NS1, NS2A, and NS2B proteins, and confirmed our conclusions that differences
in the structural and NS1-2B coding sequences accounted for the faster growth kinetics of the
Cosmopolitan type virus (S2A and S2B Fig).

Post-hoc sequence analysis of the virus stocks generated above identified one unintended
mutation in the CCACC virus that led to a substitution of glutamic acid (E) to lysine (K) at
position 202 of E. However, exclusion of this CCACC virus from the analysis did not affect the
above conclusions.

Evaluation of structural proteins

Fig 4 shows that the replacement of structural proteins alone could, at least in part, switch the
viral phenotypes. We therefore further examined the structural proteins, C, prM, and E. A
series of chimeric viruses, as shown in Fig 5A, were generated and evaluated for their infec-
tious titers and focus sizes. These chimeric viruses carried various combinations of structural
proteins from the Asian-I or Cosmopolitan viruses in the same background of Asian-I non-
structural proteins. As shown in Fig 5B, the infectious titers became even lower than that of
the parental Asian-I virus (AAA-AAAA) when prM and E were derived from different geno-
types (AAC-AAAA, ACA-AAAA, CAC-AAAA, and CCA-AAAA). In addition, the recombi-
nant virus with the Cosmopolitan prM and E proteins (ACC-AAAA) showed only slightly
reduced infectious titers with almost comparable focus sizes as those of the virus with the Cos-
mopolitan structural proteins (CCC-AAAA; Fig 5C and 5D). These results suggest that the
interaction between prM and E is important in maintaining proper infectious titers. On the
other hand, the effect of C was small, i.e., the titers of the CAA-AAAA virus were comparable
to those of the AAA-AAAA virus. Post-hoc sequence analysis of the virus stocks generated
above confirmed the sequence authenticity of the viruses. Next, we decided to analyze the
structural proteins, prM and E, in more detail.
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Fig 4. Characteristics of the chimeric DENV2 between the Cosmopolitan and Asian-I genotypes. (A) Schematic representation of 30 chimeric viruses with
two different parental strains. The fragments derived from the Asian-I [A] genotype and Cosmopolitan [C] genotype are shown in blue and orange,
respectively. AAAAA and CCCCC indicate the parental Asian-I and Cosmopolitan viruses, respectively. (B) The FFU of the generated recombinant viruses 3
days after the infection of Vero cells at a multiplicity of infection of 0.5 copies/cell. Viruses with titers equal to or lower than that of the parental Asian-I strain
are shown in blue. Viruses with titers equal to or higher than that of the parental Cosmopolitan strain are shown in orange. Viruses with titers in between those
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of the two parental viruses are shown in green. The means and standard deviation of triplicate samples are shown. (C) Images of the foci of all recombinant
viruses. The chimeric viruses are grouped according to the number of Cosmopolitan virus-derived fragments and whether the structural and NS1, NS24A, and
NS2B proteins were derived from the Cosmopolitan or Asian-I viruses. Red CC and blue AA indicate the viruses with structural and NS1, NS2A, and NS2B
proteins derived from the Cosmopolitan and Asian-I viruses, respectively.
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Fig 6. Evaluation of infectivity by a single-round infectious particle (SRIP) assay. (A) Schematic representation of the
reporter vector showing the position of the cytomegalovirus promoter (CMV), NanoLuc gene, 2A protein sequence of foot-
and-mouth disease virus (FMDV2A) for self-excision, hepatitis delta virus ribozyme (HDV-RZ), and polyadenylation signal
(pA). The structural protein-expressing plasmids (prME) used to generate SRIPs are also shown. Blue and red indicate the
sequences derived from the Asian-I and Cosmopolitan viruses, respectively. (B, C) Luciferase activity of the SRIPs produced
by the transfection of Lenti-X 293T cells with the reporter plasmid and structural protein-expressing plasmids as indicated.
The multiple t test results with a statistically significant difference are indicated by asterisks (*:P < 0.05, **:P < 0.01). The
means and standard deviation of triplicate samples are shown. Representative results of three independent experiments are
shown.

https://doi.org/10.1371/journal.pntd.0011885.g006

Evaluation of structural proteins by a single-round infectious particles
(SRIP) assay

A reporter assay using SRIPs was performed to evaluate the infectivity of the prM or E pro-
tein-swapped viruses. SRIPs were produced by the transfection of three different plasmids, i.e.,
a C-expressing plasmid, a prM/E-expressing plasmid, and a NanoLuc luciferase-expressing
reporter plasmid, as shown in Fig 6A. After infection, the SRIPs transiently express luciferase.
The SRIPs with Cosmopolitan prM/E showed approximately three times higher luciferase
activity than those with Asian-I prM/E after the input viruses were normalized by the amount
of viral RNA (Fig 6B). These results confirmed the importance of prM/E in viral infectivity,
which was seen in the experiments with the live chimeric viruses (Fig 5). In addition, SRIPs
with chimeric prM and E failed to express luciferase activity at all (Fig 6C), which also con-
firmed the importance of the combination of prM and E, which was seen in the experiments
with the live chimeric viruses (Fig 5).
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Evaluation of the viral proliferative potential of non-structural proteins by
a replicon assay

To evaluate the effect of differences in non-structural proteins on DENV replication, we per-
formed a replicon assay using the Gaussia luciferase (Gluc) gene as a reporter. A DNA frag-
ment in which the Gluc gene was introduced instead of the structural protein-coding region
and the fragments encoding the non-structural proteins were linked by the CPER method.
The resultant CPER product was then transfected into cells, and the levels of Gluc in the cul-
ture supernatant were measured (Fig 7A). At first, luciferase activity is derived simply from the
transfected CPER product, but it increases later due to the Gluc-containing genome replica-
tion supported by non-structural proteins [21]. To control for the transfection efficiency
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Schematic representation of the replicon construct showing the position of the Gaussia luciferase gene (Gluc) and foot-and-
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https://doi.org/10.1371/journal.pntd.0011885.9g007

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011885 January 8, 2024 13/27


https://doi.org/10.1371/journal.pntd.0011885.g007
https://doi.org/10.1371/journal.pntd.0011885

PLOS NEGLECTED TROPICAL DISEASES Genetic analysis of dengue virus type 2 replication and pathogenicity

among different wells of the culture plate, we determined the fold increase in luciferase activity
at each time point relative to the luciferase activity at 24 h after transfection. We also used
NS5-C709A mutants with inactivated RNA polymerase [20] as negative controls.

The averages of the three independent experiments showed that the fold increase in lucifer-
ase activity was approximately 2.1-fold higher with the Cosmopolitan virus (Gluc-CCCC) than
with the Asian-I virus (Gluc-AAAA; P < 0.0001 at 120 h after transfection; Fig 7B, left panel).
When the coding region of NS1, NS2A, and NS2B of the Asian-I type was replaced with that of
the Cosmopolitan type (Gluc-CAAA), the fold increase in luciferase activity was higher than
that with Gluc-AAAA (P = 0.0222, Fig 7B, left panel). Replacement of the coding region of
NS1, NS2A, and NS2B of the Cosmopolitan type with that of the Asian-I type reduced the fold
increase in luciferase activity by approximately 26.8% (Gluc-ACCC) when compared to the
Cosmopolitan type (Gluc-CCCC; P = 0.0153 at 120 h after transfection).

On the other hand, all NS5-C709A mutants (Fig 7B, right panel) showed decreased fold
increases in luciferase activity when compared to the wild-type viruses (Fig 7B, left panel) at 72
h post-transfection. At 120 h after transfection, there were statistically significant differences
between the wild-type viruses and the NS5 mutants of Gluc-CAAA and Gluc-CCCC (Gluc-
CAAA vs. Gluc-CAAA (C709A), P = 0.0056; Gluc-CCCC vs. Gluc-CCCC (C709A),

P =0.0029). Although the differences in Gluc-AAAA and Gluc-ACCC did not reach statistical
significance (Gluc-AAAA vs. Gluc-AAAA (C709A), P = 0.384; Gluc-ACCC vs. Gluc-ACCC
(C709A), P = 0.1106), the fold increases were always higher in the wild type viruses than in the
NS5 mutants at 120h after transfection in each of the three independent experiments and
showed statistically significant differences in Gluc-AAAA in the Experiment 1 (Gluc-AAAA
vs. Gluc-AAAA (C709A), P = 0.02159) and in Gluc-ACCC in the Experiment 1 (Gluc-ACCC
vs. Gluc-ACCC (C709A) and the Experiment 2 (Gluc-ACCC vs. Gluc-ACCC (C709A),
P<0.0001) (S3 Fig). It should be noted that the trends in the differences in luciferase activity
were the same among the C709A mutant viruses as the wild-type viruses (Gluc-CCCC
(C709A) vs. Gluc-AAAA (C709A), P = 0.0199 at 120 h after transfection), although the differ-
ences among the mutant viruses were smaller than those among the wild-type viruses (Figs 7B
and S3). Although it was confirmed that the C709A mutant knocked out virus propagation
capability (Fig 2B and 2C), it is possible that the mutant polymerase still possessed leaky activ-
ity. Taken together, these results indicate that both the NS1-NS2B and NS3-NS5 regions are
important for efficient replication of the virus.

In vivo virus growth kinetics in IFNR-KO mice

The in vivo growth kinetics of viruses generated by the CPER method were analyzed using
IFNR-KO mice. First, parental Asian-I and Cosmopolitan viruses were diluted to the concen-
trations of 1.0 x 10°%, 1.0x 10°, and 1.0 x 10* copies/mL, then 500 L of each virus solution was
injected intraperitoneally into the mice. Three mice were used for each virus dose. The body
weight of the animals was measured daily for 14 days (S4 Fig). In addition, blood samples were
taken on days 1, 4, 6, 10, and 13 after inoculation, and the amounts of viral RNA in the serum
were measured. The amount of viral RNA in the blood of Asian-I virus (AAAAA)-infected
animals reached a peak at the 4™ or 6™ day after inoculation, then subsequently decreased (Fig
8A). All but one of the mice infected with the Asian-I virus at a dose of 5.0 x 10* copies/mouse
recovered (Fig 8B). In contrast, the amount of viral RNA in the blood of Cosmopolitan virus
(CCCCCQ)-infected animals reached a peak on the 6™ day after inoculation, and all of the mice
succumbed to infection without showing a decrease in the viral RNA levels in the blood (Fig
8A and 8B). Since the same trend was observed for all three inoculation doses, we decided to
conduct subsequent experiments with an inoculation dose of 5.0 x 10° copies/mouse.
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Fig 8. Virulence of the recombinant viruses in the interferon receptor knock-out (IFRKO) mice. (A) RNA levels in the blood were measured by real-time
RT-PCR after inoculation of the IFNR-KO mice with DENV2 produced by the CPER method. On the graph on the left, results from days 1, 4, and 6 are
shown as the means of triplicate samples, except for AAAAA (5.0 x 10* copies/mouse) at days 10 and 13, the data of which are shown as the means of
duplicate samples. In the graph on the right, data indicate the means of triplicate samples. (B) Survival curves of the mice shown in (A). By the log-rank test:
P =0.0003 (whole sample); P = 0.0253 (5.0 x 10°); P = 0.0295 (5.0 x 10*); and P = 0.0224 (5.0 x 10%). (C) Amount of RNA in the blood on days 1,4 and 13,
and the survival curves after inoculation with DENV2. The numbers of samples were as follows: AAAAA: n =3 onday 1, and n = 5 on days 4 and 13;
CCCCC:n=3ondayl,and n =4 onday4; CAAAA: n =3 on days 1 and 13,and n = 5 on day 4; ACCCC: n =3 on days 1 and 13, and n = 4 on day 4;
CCAAA:n=3ondayl,and n =4 onday4; and AACCC: n =3 on day 1, and n = 5 on days 4 and 13. (D) Survival curves of the mice shown in (C). The
number of samples was 5 in each group, except for CCAAA, the data of which are shown as the means of quadruplicate samples. By the log-rank test:

P =0.002 (AAAAA vs. CCCCC, AAAAA vs. CCAAA, and CCCCC vs. AACCC); P = 0.1343 (AAAAA vs. CAAAA; not significant); and P = 0.0273 (CCCCC
vs. ACCCQ). (E, F) Blood RNA levels on days 1, 4, and 13, and the survival curves after DENV?2 inoculation. The numbers of samples were as follows:
AAAAA: n =3 for all time points; CCCCC: n = 5 for all time points; ACAAA: n =5 for all time points; and CACCC: n = 5 on days 1 and 4, and n = 2 on day
13. By the log-rank test: P = 0.0103 (AAAAA vs. CCCCC); P = 0.0120 (AAAAA vs. ACAAA); P = 0.0088 (CCCCC vs. CACCC); and P = 0.011 (ACAAA vs.
CACCC). (G) Blood RNA levels on day 4 after DENV inoculation. The means and standard deviation of triplicate samples are shown. Results with
statistically significant differences by the t test are indicated by asterisks (*: P < 0.05, **:P < 0.01).

https://doi.org/10.1371/journal.pntd.0011885.g008
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Based on the results of the FFA (Fig 4) and the reporter assays (Figs 6 and 7), eight viruses,
including the parental strains, were selected for the subsequent animal experiments. Five mice
were used for each virus. As shown in Fig 8C, we found that the viruses with the Cosmopolitan
structural proteins and NS1, NS2A, and NS2B (CCCCC and CCAAA) resulted in a higher
amount of RNA in the blood and a higher lethality rate (Fig 8D, left panel) when compared to
the viruses with the Asian-I structural proteins and NS1, NS2A, and NS2B (AAAAA and
AACCG; Fig 8C, D, left panel). With the structural protein-swapped viruses, the amounts of
RNA in the blood were almost the same as those of their parental viruses (Fig 8C; comparison
between ACCCC with CCCCC, and CAAAA with AAAAA), but the lethality of these recom-
binant viruses was intermediate between those of the two parental viruses (Fig 8D, right
panel). For the NS1, NS2A, and NS2B protein-swapped viruses, the amount of RNA in the
blood of mice infected with the Asian-I virus with Cosmopolitan NS1, NS2A, and NS2B pro-
teins (ACAAA) was as high as that in the mice infected with the parental Cosmopolitan
(CCCCC) virus. Similarly, the Cosmopolitan virus with Asian-I NS1, NS2A, and NS2B pro-
teins (CACCC) resulted in low levels of viral RNA in the blood, similar to the parental Asian-I
(AAAAA) virus (Fig 8E). However, the lethality rates of these recombinant viruses were inter-
mediate between those of the two parental viruses (Fig 8F). Finally, we simultaneously com-
pared the viral loads of the eight viruses on the 4™ day after inoculation, when the amount of
RNA in the blood peaked. We confirmed that the amount of RNA was higher for viruses with
the Cosmopolitan NS1, NS2A, and NS2B proteins (Fig 8G). These results indicated that NS1,
NS2A, and NS2B proteins affect viral replication, and that swapping of the structural and NS1,
NS2A, and NS2B proteins completely replaced the replication and pathogenicity of the viruses
in mice.

Structural analysis of the Asian-I and Cosmopolitan E proteins

The nucleotide sequences of the Th16-005DV2 (Asian-I) and Th16-026DV2 (Cosmopolitan) E
protein-coding regions differ by 131 bases out of the total 1485 bases. In the amino acid
sequences, 11 out of the 495 residues at positions 52, 71, 83, 141, 149, 226, 228, 346, 390, 462,
and 484 in the E protein differ between the Asian-I and Cosmopolitan viruses. These mutations
are also present in two additional Asian-I and two additional Cosmopolitan viruses (Fig 1).
These mutations are located at positions 52, 141, and 149 in Domain-I, at positions 71, 83, 226,
and 228 in Domain-II, at positions 346 and 390 in Domain-III, and at positions 462 and 484 in
the transmembrane region (Fig 9A). In addition, homology modeling of the neighboring two
sets of the E and M protein hetero-tetramer structure based on the DENV2 structure deter-
mined by cryo-electron microscopy (3]27 in the Protein Data Bank [22]) revealed that five
mutations at positions 52, 71, 83, 226, and 228, one Domain-I and four Domain-II mutations,
were located near or on the interface between the two E protein dimers (Fig 10A). Among these
five mutations, those at 71 and 228 possessed negative charges in the Asian-I virus, but were
neutral in the Cosmopolitan virus, while those at 83 and 226 possessed positive charges in the
Asian-I virus, but were neutral in the Cosmopolitan virus. In addition, these five mutations are
well conserved among the 894 Asian-I viruses reported from 1964 to 2020, and in the 662 Cos-
mopolitan viruses reported from 1974 to 2021 (S5 Fig and S2 Table). Homology modeling of the
neighboring two sets of the E and M protein hetero-tetramer of the Asian-I virus further sug-
gested that a hydrogen atom in an amino group of the lysine at position 83 of E protein in one E
and M hetero-tetramer was positioned very closely to an oxygen atom in a carboxyl group of the
glutamic acid at position 228 of E protein in another E and M hetero-tetramer (Fig 10B).

We therefore generated an additional chimeric virus carrying the aforementioned five
amino acid mutations at positions 52, 71, 83, 226, and 228 located at the interface between the
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Fig 9. Characteristics of viruses with recombinant envelope proteins. (A) The mutation sites between Asian-I and Cosmopolitan viruses are shown. The
divided envelope regions are denoted as E1, E2, E3, and E4. The domain-I region is red, the domain-II region is blue, the domain-III region is yellow, and the
transmembrane region is yellow-green. The mutation sites are indicated by yellow arrows. (B) Schematic representation of viruses containing chimeric
envelope proteins from two different parental strains. The fragments derived from the Asian-I [A] genotype and Cosmopolitan [C] genotype are shown in blue
and orange, respectively. SP: capsid and prM; NSP: nonstructural proteins. (C) Growth curves of the recombinant viruses in Vero cells infected with virus
samples at a multiplicity of infection of 0.5 copies/cell. Culture supernatants were harvested every 24 h, and assayed for the levels of viral RNA and the
infectious titers. The means and standard deviation of triplicate samples are shown. (D) Representative images of the foci of chimeric viruses. *: AAAA, CACA,
and CCCC indicate the chimeric envelope proteins. The structural and non-structural proteins of AAAA are derived from the Asian-I type, and those of CACA
and CCCC are from the Cosmopolitan type. (E) Focus sizes of the chimeric viruses. The means and standard deviation of triplicate samples are shown.

https://doi.org/10.1371/journal.pntd.0011885.g009

E protein dimers. We divided the E protein into four parts, E1, E2, E3 and E4, and generated a
virus with a chimeric E protein with Cosmopolitan amino acids at five positions, 52, 71, 83,
226 and 228, near or at the E protein dimer interface, and Asian-I amino acids at the remain-
ing six positions (Fig 9A and 9B). Virus stocks were generated, and equal amounts of viruses
were inoculated into Vero cells. As shown in Fig 9C, the amount of RNA and the infectious
titer of the CC-CACA-CCCC virus were comparable to those of the parental Cosmopolitan
virus. The focus size of this chimeric virus did not differ significantly from those of the parental
strains (Fig 9D and 9E). Post-hoc sequence analysis of the virus stocks generated above con-
firmed the sequence authenticity of the viruses.

These results suggest that mutations in the five amino acids (at positions 52, 71, 83, 226,
and 228) present in the E protein interface are, at least in part, responsible for the differences
in replication, pathogenicity, and infectivity between the Asian-I and Cosmopolitan genotypes
of DENV2.
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A

Discussion

In the present study, we found differences in the prM/E sequences between the Asian-I and
Cosmopolitan types of DENV2 that determined virus infectivity, and differences in the
sequences of NS1, NS2A, and NS2B proteins also affected virus replication in cell cultures and
mice. Furthermore, we found that particular combinations of structural and NS1, NS2A, and
NS2B proteins were responsible for the differences in viral pathogenicity in mice. Molecular
modeling of the neighboring two sets of the E and M protein hetero-tetramer suggested that
many of the mutations in the E protein responsible for the differences between Asian-I and
Cosmopolitan viruses were located near or on the interface between the two E protein dimers
(Fig 10A and 10B). It is thus possible that these mutations may affect conformational changes
of E protein upon infection. Similarly, it was previously reported that the Cosmopolitan type
TW2015 strain carrying the same mutations as Th16-026DV2 also showed high pathogenicity
in interferon I/II receptor KO mice [23].

The Asian-I genotype of DENV2 has long been dominant in Thailand, but we recently
reported the emergence of Cosmopolitan genotypes of DENV2 in 2016 in Thailand [10]. Since
then, the Cosmopolitan genotype has been co-circulating with the Asian-I genotype in

Fig 10. Molecular modeling of neighboring two sets of the E and M protein hetero-tetramer of Asian-I and Cosmopolitan viruses. (A) The mutation sites
in the envelope protein tetramers of the Asian-I and Cosmopolitan viruses are shown. Both the red and blue spheres indicate mutation sites in the envelope
protein. Cyan and pink regions are the envelope protein, and the green region is the M protein. (B) Enlarged images of the black-framed areas in A. Amino
acid residues at positions 83 and 228 are colored as follows: green indicates carbon atoms; gray indicates hydrogen atoms; blue indicates oxygen atoms; and red
indicates nitrogen atoms. These figures were generated using PDB ID: 3]J27 as a template for homology modeling.

https://doi.org/10.1371/journal.pntd.0011885.g010
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Thailand [9,24]. The Cosmopolitan genotype has been reported to be circulating in many
parts of the world [6-8,25]. There have been many cases of severe dengue fever caused by the
Cosmopolitan virus [26,27]. In fact, Cosmopolitan Th17-077DV2 [10] has been isolated from
a patient with shock symptoms. Genotypic shifts have been attributed to the fact that even
strains of the same serotype have different properties in terms of infectivity, pathogenicity, and
antigenicity, some of which can lead to increased viral fitness. Viral fitness is determined by a
variety of factors, including the genetics of the virus strain, its ability to propagate via vectors,
and its interaction with various molecules in the human body [28]. In the case of DENV1, line-
age 6 of genotype V has been found in Sao José do Rio Preto, Brazil. Interestingly, when the
faster-growing lineage 1 virus appeared [29], it did not replace the lineage 6 virus; rather, it
eventually disappeared, and it was speculated that despite its fast growth, the lineage 1 virus
stimulated the immune response so strongly that it was eradicated by herd immunity. In con-
trast, the Asian-I and Cosmopolitan types are thought to have achieved genotypic appropriate-
ness in Thailand, and various factors are expected to influence future epidemics caused by
these viruses in the future.

In the present study, we used the CPER method to generate recombinant viruses (Fig 4).
The CPER method is versatile and enabled the quick generation of numerous plasmids carry-
ing recombinant virus genomes. However, post-hoc sequence analysis of the recovered virus
stocks revealed the presence of an unexpected amino acid mutation at position 202 in the E
protein of the CCACC virus even though the plasmids used for this CPER reaction did not
carry this mutation. It is likely that the mutation occurred during the 20 cycles of the PCR
reaction in the CPER method. Fortunately, the exclusion of this particular virus did not affect
the conclusions of our study. However, the error-prone nature of the CPER method is a limita-
tion of the method, and it is important to be aware of the possibility of unintended mutations.

The FFA results revealed differences in the focus sizes and infectious titers among the chi-
meric recombinant viruses with swapped structural proteins and/or non-structural proteins
NS1, NS2A, and NS2B (Fig 4). When the prM and E proteins were derived from different
genotypes, the infectious titers, and sometimes the focus sizes, decreased when compared to
those of the parental Asian-I genotype, which showed lower titers and formed smaller foci
than the Cosmopolitan genotype (Fig 5). Furthermore, SRIPs with chimeric prM/E showed no
luciferase activity (Fig 6), indicating a loss of infectivity. These results suggest that the combi-
nation of prM/E sequences has a very important role in the infectivity of the virus. These
results are in good agreement with those of a previous report showing the high infectivity of a
chimeric virus containing both prM and E proteins of Cosmopolitan DENV?2 [30].

The nucleotide sequences of the Th16-005DV2 (Asian-I) and Th16-026DV2 (Cosmopoli-
tan) structural protein regions differed by 41 out of the 498 bases in the prM. In the amino
acid sequences, 7 out of 166 residues in the prM differed. These substitutions were also found
in the two additional Asian-I and two additional Cosmopolitan viruses shown in Fig 1. The
prM protein mutations were located at positions 15, 16, 29, 52, 82, 127, and 148. Among these
seven positions, position 52 was always occupied by a lysine in the 894 Asian-I viruses reported
from 1964 to 2020, and by an asparagine in the 662 Cosmopolitan viruses reported from 1974
to 2021 (S5 Fig). It has been established that prM and E are closely involved in virion matura-
tion, which requires a major rearrangement of M and E proteins during the process of imma-
ture-to-mature particle transformation [31]. The prM protein is cleaved by furin in the trans-
Golgi network, and the proteolytic product, pr, remains associated with E to prevent mem-
brane fusion until the progeny virion is released to the extracellular milieu [32]. The 3D struc-
ture of the pr-E complex [31] revealed that the mutation position 52 in pr exists in close
vicinity of the mutation position 71 of E. Homology modeling of the pr-E complex of the
Asian-I type suggested that a hydrogen atom in an amino group of the lysine at position 52 of
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pr was positioned very closely to an oxygen atom in a carboxyl group of the glutamic acid at
position 71 of E (Fig 11A and 11B). In contrast, there was an apparent space between the aspar-
agine at position 52 of pr and the alanine at position 71 of E in the Cosmopolitan type (Fig
11A and 11B). Taken together with the findings for certain amino acids shown in Figs 5 and 6,
these results indicated the possibility that the protein-protein interactions between pr and E
are significant in maintaining proper infection processes. It should also be noted here that
among the mutation positions in E, positions 71, 141, and 390 have been reported to be impor-
tant for evading neutralizing antibody responses, and they may be sites under immune pres-
sure [30].

The nucleotide sequences of the Th16-005DV2 and Th16-026DV2 non-structural protein
genes differed by 101 out of the 1056 bases in NS1. In the amino acid sequences, differences
were observed at 14 out of 352 residues in NS1. The mutations of NS1 were located at positions
50, 80, 117, 128, 129, 131, 174, 177, 222, 247, 264, 272, 281, and 286. The mutations at positions
50, 80, 117, 128, 129, and 131 were located in the 0/p subdomain, those at positions 174 and
177 were located in the connector subdomain, and those at positions 222, 247, 264, 272, 281,
and 286 were located in the B-ladder domain (Fig 12A). Various studies have been conducted
on nonstructural proteins, particularly the NS1 protein, which is found in virus-induced vesi-
cle compartments that house early viral RNA replication and viral replication complexes in the
cell [33]. Also, the levels of NS1 proteins circulating in the blood during the acute phase of
infection have been reported to increase in correlation with peak viremia and disease severity
[34]. Although further studies are necessary, the in vivo differences might have been due, at
least partly, to the significant impact of NS1 proteins in increasing the pathogenicity. Also, the
lysine residues at positions 272 and 324 have been reported to contribute to the instability of
the NS1 glycoprotein in human hepatocyte HuH7 cells [35]. A lysine residue was almost
always found at position 272 in the Asian-I viruses (S5 Fig), while arginine was found at posi-
tion 272 in the Cosmopolitan virus used in this experiment. It is thus possible that the altered
properties of NS1 may have played a role in the altered in vivo disease course. It should also be
mentioned that a previous co-immunoprecipitation study has reported interactions between
the NS1 and E proteins [36]. Since it has been reported that the NS1 protein resides on the
same side of the endoplasmic reticulum lumen as the E protein before it is released [37,38], it
is possible that interactions between the NS1 and E proteins might be involved in the com-
bined effects of fragments 1 and 2 on the increased pathogenesis of the Cosmopolitan virus.

NS2A is known to have important roles in both viral RNA synthesis and virion assembly,
and to antagonize host innate immune responses [39,40]. The nucleotide sequences of the
Th16-005DV2 and Th16-026DV2 non-structural protein genes differed by 76 out of the 654
bases in NS2A. In the amino acid sequences, differences were observed at 8 out of 218 residues
in NS2A. These NS2A mutations were located at positions 5, 51, 57, 65, 120, 158, 171, and 215
(Fig 12B). The mutations located at positions 158 and 171 were in the transmembrane seg-
ments, that at position 215 was located in the C-terminal cytoplasmic domain, and those at
positions 5, 51, 57, 65, and 120 were located in the endoplasmic reticulum lumen [41]. There-
fore, the mutations appear to be concentrated on the endoplasmic reticulum lumen side,
which may affect NS2A interactions with certain host factors.

NS2B is a transmembrane protein that functions as a cofactor for viral NS3 protease [42].
The nucleotide sequences of the Th16-005DV2 and Th16-026DV2 non-structural protein
genes differed by 38 out of the 390 bases in NS2B. In the amino acid sequences, differences
were observed at 7 out of 130 residues in NS2B. These NS2B mutations were located at posi-
tions 21, 57, 59, 60, 63, 65, and 112 (Fig 12C). The mutations located at positions 21 and 112
were in the transmembrane domain, and those at positions 57, 59, 60, 63, and 65 were in the
cytoplasmic region. Structural analysis of the NS2B-NS3 complex revealed that the mutations
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Fig 11. Molecular modeling of the Asian-I and Cosmopolitan envelope and pr complex. (A) The mutation sites in the
pr and envelope proteins of the Asian-I and Cosmopolitan viruses are shown. The orange region is the pr protein, and the
pink region is the envelope protein. The yellow spheres indicate mutation sites in the pr protein. The blue spheres indicate
mutation sites in the envelope protein. (B) The mutation sites of position 52 of pr and position 71 of envelope are shown.
Amino acid residues at positions 52 of pr and 71 of envelope are colored as follows: green indicates carbon atoms; gray
indicates hydrogen atoms; blue indicates oxygen atoms; and red indicates nitrogen atoms. These figures were generated
using PDB ID: 3]27 and 3C5X as templates for homology modeling.

https:/doi.org/10.1371/journal.pntd.0011885.9011
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Fig 12. Mutation sites in the non-structural proteins. (A) The mutation sites in the Asian-I and Cosmopolitan viruses are
shown on the 3D structure of the NS1 protein dimer (PDB ID: 406B). Both the orange and purple spheres indicate mutation
sites in the NS1 protein. A region spanning amino acid positions 108 to 128, including mutation cites at positions 117 and 128, is
not shown due to the lack of structural information in the template. (B, C) A topology model of the DENV2 NS2A and NS2B
proteins on the endoplasmic reticulum membrane. The mutation sites in the NS2A and NS2B proteins (yellow points) of the
Asian-I and Cosmopolitan viruses are shown. These topology models were drawn based on previous articles referred to in the
text (reference numbers 41 to 43).

https://doi.org/10.1371/journal.pntd.0011885.g012
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at positions 57-65 were located on the loop structure of the cytoplasm side; this loop is also the
binding site for NS3, and is thought to play a pedestal-like role [43,44].

The results obtained in the present study showed that the viral gene expression level was
significantly changed by the recombination of the non-structural proteins NS1, NS2A, and
NS2B (Fig 4B), but that these proteins were still insufficient to completely switch the pheno-
types of the parental strains (Fig 7B). This suggests that the viral gene expression level is deter-
mined by the interaction of these non-structural proteins with structural proteins or other
non-structural proteins. Since this study was conducted only on DENV2, it is unknown
whether similar results would be obtained for other viruses. Analysis of gene function for the
other serotypes is required as a topic of future research.

In addition, the results of the animal experiment showed that the recombination of NSI,
NS2A, and NS2B with the Cosmopolitan virus resulted in increased RNA levels and increased
lethality, and had a stronger effect on phenotypic changes than that seen in the in vitro experi-
ments. However, these results were observed in mice, and they do not necessarily indicate that
similar symptoms would be seen in humans. To evaluate the immune responses to the Asian-I
and Cosmopolitan genotypes of DENV2 in humans, further experiments that reproduce
human immune mechanisms are necessary. Understanding of the interactions among these
proteins, and the changes in their properties caused by amino acid mutations may help us to
elucidate the pathogenesis of DENV and factors that contribute to its severity.
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tants after viral infection with the supernatants of the transfected cells.
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of an independent lot of stock viruses. (B) Focus-forming unit of an independent lot of stock
viruses 3 days after the infection of Vero cells at a multiplicity of infection of 0.5 copies/cell.
The number of seeding Vero cells was 4.0 x 10* cells/well. These experiments were performed
using the method described in the "Focus-forming assay" section of the Materials and Meth-
ods.
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S3 Fig. Replicon assay. (A, B, C) Results of three independent experiments on Replicon assay.
The fold increases in luciferase activity when compared to the activity at 24 h after the transfec-
tion of DENV?2 replicons are shown as the means and standard deviation (SD) of triplicate
samples. Statistical significance of the differences were tested using the Holm-Sidak method
with alpha = 0.05. Each row was analyzed individually without assuming a consistent SD.
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$4 Fig. Weight changes in the mice during the experimental infection. (A) Body weight
changes of the mice shown in Fig 8A and 8B. (B) Body weight changes of the mice shown in
Fig 8C and 8D. (C) Body weight changes of the mice shown in Fig 8E and 8F. In all data, “-”
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