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ABSTRACT

Objective: The invasion of dengue virus (DENV)-2 Cosmopolitan genotype into the Philippines, where the
Asian Il genotype previously circulated challenges the principle of dengue serotype-specific immunity.
Assessment of antibodies in this population may provide a mechanistic basis for how new genotypes
emerge in dengue-endemic areas.
Methods: We evaluated the neutralizing antibody (nAb) and antibody-dependent enhancement (ADE)
responses against the two genotypes using archived serum samples collected from 333 patients with
confirmed dengue in Metro Manila, Philippines, before, during, and after the introduction of the Cos-
mopolitan genotype. We quantified nAb titers in baby hamster kidney (BHK-21) cells with or without the
Fcy receptor IIA (FcyRIIA) to detect the capacity of virus-antibody complexes to neutralize or enhance
DENV.
Results: The nAb potency of the archived serum samples against the two genotypes was greatly affected
by the presence of FcyRIIA. We found significant differences in nAb titers between the two genotypes in
BHK-21 cells with FcyRIIA (P <0.0001). The archived serum samples were incapable of fully neutralizing
the Cosmopolitan genotype, but instead strongly promoted its ADE compared to the Asian II genotype
(P <0.0001).
Conclusion: These results reinforce the role of pre-existing immunity in driving genotype shifts. Our find-
ing that specific genotypes exhibit differing susceptibilities to ADE by cross-reactive antibodies may have
implications for dengue vaccine development.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

The dengue virus (DENV) consists of four distinct serotypes
(DENV1-4) [1], with each serotype further classified into geneti-
cally distinct genotypes. Following primary infection with DENV,
serotype-specific and cross-serotype antibodies provide protection
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from re-infection. However, only serotype-specific neutralizing an-
tibodies (nAbs) are thought to provide complete protection against
re-infection with the same serotype. Cross-serotype antibodies
with neutralizing activity against the remaining serotypes wane
over time [2,3], and may eventually enhance secondary infection
with a different serotype [4]. This phenomenon, termed antibody-
dependent enhancement (ADE), may explain the increased risk
of severe disease in secondary DENV infection [5]. Antibody-
dependent enhancement of DENV infection has been reported in
vitro [6,7], in vivo [8,9], and in natural human infection [10]. The
ADE activity of antibodies is commonly evaluated by using cells
expressing Fcy receptors (FcyRs), which facilitate ADE by allow-
ing entry and internalization of virus-immune complexes, leading
to increased viremia in the target immune cells of DENV.

The current dogma that infection by one serotype provides
complete and lifelong protection against re-infection with the same
serotype has been challenged by recent in vitro studies, which
demonstrate that genetically variable genotypes can have distinct
influences on virus neutralization [11-13]. This phenomenon is
supported by an epidemiological report of a large DENV-2 out-
break in Peru, which demonstrated that protection from DENV-2
re-infection may be incomplete [14] and also by an analysis of
homotypic re-infections (infection with the same serotype) in a
pediatric cohort study in Nicaragua [15]. The occurrence of ho-
motypic re-infections may have profound epidemiological conse-
quences, particularly during genotype shifts, in which endemic
genotypes are completely replaced by new genotypes imported
from another geographical region. DENV genotype shifts often re-
sult in large epidemics in dengue-endemic areas [16,17]. For ex-
ample, in the Philippines, the 1998 DENV-2 epidemic recorded
the highest dengue case fatality rate (2.6%) in Philippine history
[18,19], which coincided with a genotype shift from the Asian II
genotype to the Cosmopolitan genotype [20]. To date, there is no
definitive mechanism known for how the Cosmopolitan genotype
displaced the Asian II genotype and how this genotype has con-
tinued to circulate. We speculate that the emergence and rapid
spread of the Cosmopolitan genotype in the Philippines may be at-
tributed to a lack of robust immunity in the local population due to
the presence of cross-serotype-enhancing antibodies derived from
pre-existing exposure to dengue.

To test this hypothesis, we first performed an evolutionary
analysis of DENV-2 in the Philippines to infer the genetic diver-
sity and evolution of DENV-2, and to track the emergence of the
Cosmopolitan genotype. This provided a comprehensive molecu-
lar epidemiological overview of the DENV-2 genotype shift in the
Philippines. Additionally, we performed protein structure predic-
tion to better understand the structural differences between these
two genotypes and how these differences may affect their interac-
tion with antibodies. We retrospectively evaluated the nAbs and
ADE responses of archived serum samples, collected from 1995
to 2009, against the two genotypes using baby hamster kidney
(BHK-21) cells with or without FcyRIIA to measure the capacity
of serum samples to neutralize or enhance DENV infection. We
utilized a replicon-based plasmid technology to generate DENV-
2 single-round infectious particles (SRIPs) that differ only by the
genotype sequence of the precursor membrane (prM) and envelope
(E) proteins. SRIPs are pseudo-infectious virus particles capable of
a single round of replication and closely mimic live virus replica-
tion without producing infectious progeny virus particles [21-23].
We demonstrated that the local population possessed robust im-
munity against the prior circulating Asian II genotype throughout
the collection period, but lacked robust immunity against the in-
vading Cosmopolitan genotype. These findings support our hypoth-
esis that the Cosmopolitan genotype was able to efficiently expand
due to the presence of cross-serotype ADE antibodies derived from
endemic circulation of DENV in the Philippines.
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Methods
Study population

We used 333 archived serum samples collected from 333 pa-
tients with confirmed DENV infection spanning from January 1995
to December 2009 in Metro Manila, Philippines (Supplementary
Table 1; Supplementary Figure 1). These samples were obtained
from the sample collection of the Research and Biotechnology
Group, St. Luke’s Medical Center, Quezon City, Philippines. Specif-
ically, cases were initially selected according to the 1997 World
Health Organization dengue guidelines. Samples collected during
the febrile phase of DENV infection were subjected to standard
reverse transcriptase-polymerase chain reaction (RT-PCR) as de-
scribed previously [20].

Molecular clock analyses

We used the Bayesian analysis method to determine the evo-
lutionary characteristics of DENV-2 isolates in the Philippines. We
performed an alignment of the full-length DENV-2 E gene se-
quences using ClustalW 2.1 and manually edited the aligned se-
quences in Mesquite 3.3. We assessed the rate of nucleotide sub-
stitution and time to the most recent common ancestor (TMRCA)
of the Cosmopolitan DENV-2 isolates using Bayesian inferences im-
plemented in the Bayesian evolutionary analysis by sampling trees
2 software. We time-tagged each sequence based on year of isola-
tion and determined the best-fit nucleotide substitution model by
Bayesian information criterion in ModelTest-NG [24]. For our anal-
ysis, we employed the relaxed lognormal molecular clock and the
Bayesian skyline coalescent tree prior. To ensure stationarity and
convergence, we set the chain length of the Markov chain Monte
Carlo to 100,000,000 with sampling frequency of 10000. We ana-
lyzed the resulting log files in Tracer 1.7.2 to ascertain the conver-
gence of the chain. To present the evolutionary relationships, we
generated the maximum clade credibility (MCC) tree using Tree
Annotator and visualized the resulting MCC tree in FigTree 1.4.4.
Support for each node on the tree was ascertained by Bayesian
posterior probability values.

Protein structure prediction

We submitted the prM and E sequences of the representative
Philippine Asian Il and Cosmopolitan isolates to the Robetta pro-
tein structure prediction service (https://robetta.bakerlab.org) for
single chain modeling using the RoseTTAFold [25] deep learning-
based method, which utilizes multiple sequence alignments and
templates of similar protein structures to achieve the best opti-
mal structural prediction performance. We chose the best structure
models based on the angstrom error estimate per residue param-
eter. We visualized the protein structures using ChimeraX [26,27]
and superimposed the structures using the Needleman-Wunsch al-
gorithm with the blocks substitution matrix scoring to determine
the quality of the structural alignment between the predicted pro-
tein structures.

Cell lines

We maintained BHK-21 in Eagle’s minimum essential medium
(EMEM) (Wako) supplemented with heat-inactivated 10% fe-
tal bovine serum (FBS) (BioWest) and 100 U/mL penicillin-
streptomycin solution (Sigma-Aldrich). We maintained BHK-21
cells that express the human FcyRIIA in EMEM supplemented
with heat-inactivated 10% FBS and 0.5 mg/ml neomycin (G418,
PAA Laboratories). We maintained human embryonic kidney 293T
(HEK293T) cells in high glucose Dulbecco’s modified Eagle’s
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medium with L-glutamine (DMEM, Wako) supplemented with
heat-inactivated 10% FBS, 1X MEM non-essential amino acids
(Gibco) and 100 U/mL penicillin-streptomycin solution. Cells were
cultured at 37°C in a 5% CO, incubator.

Plasmid construction and production of SRIPs

We constructed the sub-genomic replicon plasmid from

the DENV-1 D1/Hu/Saitama/NIID100/2014 strain  genotype
I (LC002828) containing the nano-luciferase gene (pCMV-
D1-nluc-rep) and the expression plasmid for DENV-1

D1/Hu/Saitama/NIID100/2014 strain mature C consisting of
105 amino acids (pCAG-D1C) as described previously [23]. We
constructed the pCAGGS-based expression plasmids encoding
prM and E of DENV-2 Philippine Asian II (AY786372) and Cos-
mopolitan (AY786395) isolates from synthetic DNA (GENEWIZ).
We sequenced the plasmids before use in transfection experi-
ments. We transfected HEK293T cells grown in a 10-cm dish with
three plasmids: 2.5 pg of replicon plasmid, 1.25 pg of capsid-
expression plasmid, and 125 pg of prME-expression plasmid,
using polyethylenimine Max (Cosmo-Bio) in Opti-MEM (Gibco)
as described previously [23]. After 5-6 hours, we replaced the
culture medium with fresh medium. At 2 days post-transfection,
we replaced the medium with complete medium supplemented
with 10 mM 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid
buffer (Gibco). We harvested the standard SRIP preparations 3
days post-transfection, clarified the solutions through a 0.45-uM
filter, and froze at -80°C until further use.

Neutralization and ADE assays using SRIPs

We performed the neutralization experiments using both
FcyRIIA-negative and FcyRIIA-positive BHK-21 cells, whereas we
performed ADE experiments using FcyRIIA-positive BHK-21 cells.
First, we prepared the cells in 96-well plates at a density of 5.0
- 5.5 x 10* cells per well overnight. On the following day, we
heat-treated the serum samples at 56°C for 30 min. Subsequently,
we serially diluted the samples fourfold with EMEM supplemented
with 2% FBS, mixed them with SRIPs at a 1:1 ratio, then incubated
them at 37°C for one hour. We inoculated the SRIP-serum mix-
ture onto plates containing cell monolayers and incubated them
at 37°C in 5% CO, for 5-6 hours. Following this, we added fresh
medium and further incubated them at 37°C in 5% CO, for 3 days.
We included an SRIP control (no serum) and cell control (no SRIP,
no serum) for each plate, testing each serum sample in duplicate
technical replicates. After 3 days, we detected luciferase activity in
SRIP-infected cells using the Nano-Glo® Luciferase Assay System
(Promega). We expressed the neutralization titer as the serum di-
lution that reduced the luciferase signal by >50% (NTsq). We calcu-
lated the reduction of luciferase signal using the following formula:

o . . B RLU; — RLU, .
% luciferase reduction = 1_RLU5 ~ RO, x 100%
We calculated fold enhancement by the following formula:
_ RLU; — RLUC
fold enhancement = RLU, — RLU.

RLU is the relative luminescence unit measured corresponding
to the luciferase activity in SRIP-infected cells. RLU; is the RLU
of test serum samples, RLUs is the RLU of SRIP controls, while
RLU. is the RLU of cell controls. We determined the peak enhance-
ment titer (PET) by plotting the fold enhancement value on the
y-axis and log-reciprocal serum dilution on the x-axis. We used a
Gaussian distribution curve to fit the ADE titration curve. The data
point corresponding to the amplitude was used to derive the log-
reciprocal serum dilution and was reported as PET.
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Antigenic cartography

We used the neutralization titers as the foundation for anti-
genic cartography. Neutralization titers below the detection limit
were set to <10. Table distance Dj;, which was the distance be-
tween SRIP i and serum j derived from the corresponding neutral-
ization titer, was calculated and projected onto a 2D map via AC-
MACS [28] (https://acmacs-web.antigenic-cartography.org).

Statistical analysis and graphical representations

We performed statistical analyses using GraphPad Prism 9
(GraphPad Software), with a 5% level of significance and two-tailed
P-values. We prepared all figures in BioRender (http://biorender.
com) for publication.

Results
Evolutionary analysis of the DENV-2 genotype shift in the Philippines

To date, a comprehensive molecular epidemiological picture of
the DENV-2 genotype shift in the Philippines (Figure 1a) has not
been conducted. Hence, we determined the evolutionary history,
fluctuations in genetic diversity, and origin of DENV-2 Philippine
isolates by conducting a molecular clock analysis using Bayesian
methods. Based on the Bayesian skyline plot, which shows changes
in genetic diversity of DENV-2 over time, we found that DENV-
2 genetic diversity in the Philippines remained almost constant
from 1983 to 1995. A slight increase in genetic diversity was ob-
served between 1995 and 1996 followed by a decline in early
2000 coinciding with the emergence of Cosmopolitan genotype
and subsequent displacement of Asian II genotype (Figure 1b
and 1c). We also determined the estimated time of introduc-
tion and possible source of the Cosmopolitan genotype using
E gene sequences isolated in the Philippines and its neighbor-
ing countries in Asia-Pacific. We found that the TMRCA of the
dataset was in 1996, and Philippine isolates were closely re-
lated to older isolates from Australia, Singapore, and Thailand
(Figure 1d).

Genetic and structural variations between the prM and E proteins of
the Philippine Asian II and Cosmopolitan isolates used for SRIP
construction

We generated SRIPs of two representative Philippine DENV-
2 isolates, Asian Il (AY786372) and Cosmopolitan (AY786395)
(Figure 1b). These isolates were selected as they represent the
conserved prM and E regions among the Philippine isolates for
each genotype. The two representative Philippine isolates exhib-
ited amino acid substitutions in their prM and E proteins. Specif-
ically, they differed in nine amino acid residues within the prM,
while they differed in six amino acid residues within E domain I
(EDI) and EDII and six distinct amino acid residues within EDIII
(Figure 2b). Amino acid changes in the E domains (E71, E129,
E149, E164, E390) occurring on the tree branch leading to the
Cosmopolitan genotype are present in all the Philippine DENV-
2 Cosmopolitan isolates, as previously reported [29]. We per-
formed structural alignment of the predicted prM and E pro-
tein structures between the two isolates and calculated their Root
Mean Square Deviation (RMSD) values to determine the quality
of the structural alignments; wherein RMSD is 0 A for identi-
cal structures, and the value increases as the two structures be-
come more different. The structural alignments between the prM
of the two isolates were substantially different (RMSD = 4.800
A) (Figure 2c), particularly in their pr polypeptides. In contrast,
the predicted E proteins of the two isolates were not structurally
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Figure 1. Molecular clock analysis of the DENV-2 genotype shift in the Philippines. (a) Prevalence of the DENV-2 Asian II and Cosmopolitan genotypes in Metro Manila,
Philippines from 1995 to 2002 (Salda et al. [20]: cited with permission); Metro Manila represented by a map location pointer; data for creating the map were acquired from
the Philippine geographic information system data website (www.philgis.org); created map in QGIS 3.6 and edited in BioRender. (b) MCC tree of 197 Philippine DENV-2 Asian
Il and Cosmopolitan isolates collected from 1995 to 2015; performed molecular clock analysis using the full-length E nucleotide sequences; Asian Il and Cosmopolitan isolates
used for preparing the DENV-2 SRIPs shown in bold letters; posterior values > 0.7 shown on the nodes. (c) Bayesian skyline plot of 197 Philippine DENV-2 Asian II and
Cosmopolitan isolates collected from 1983 to 2015; y-axis measures relative genetic diversity in log values, x-axis represents time in years, solid line represents the median
estimate, blue shaded area represents the credibility interval based on 95% HPD interval. (d) Estimation of the time of introduction of the DENV-2 Cosmopolitan genotype in
the Philippines using 263 Cosmopolitan isolates in the Philippines (datasets in blue) and the Asia-Pacific region; mean TMRCA of the Philippine DENV-2 Cosmopolitan isolates
shown in principal nodes (mean and 95% HPD) as indicated by arrows, most recent common ancestor shown in bold brown letters; used BEAST2 to estimate divergence
using the relaxed lognormal coalescent Bayesian skyline model; posterior values > 0.7 shown on the nodes.

BEAST?2, Bayesian evolutionary analysis by sampling trees 2; BHK-21, baby hamster kidney cells; DENV, dengue virus; HPD, highest probability density; SD, standard deviation;
SRIP, single-round infectious particle; TMRCA, time to the most recent common ancestor.
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monomers of the DENV-2 Asian II (grey) and Cosmopolitan (blue) isolates. Amino acids that differ between the two isolates were mapped on the predicted prM monomers
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different (RMSD = 0.766 A) (Figure 2d). We also checked the
predicted structures of other Asian Il and Cosmopolitan isolates
that harbor different mutations on their prM and E regions and
found that they do not exhibit significant differences in their
structures in comparison to the corresponding genotype isolate
used in this study (Supplementary Figure 2). Given that prM pro-
tein is reported to be the major target of cross-reactive antibod-
ies that have limited capacity to neutralize but have high capac-
ity to enhance DENV infection, we speculate that structural dif-
ferences in the prM of the two viruses may have consequences
in their ADE by cross-reactive antibodies. Using the two iso-
lates, we generated DENV-2 SRIPs to characterize serum samples
collected from DENV-infected patients (Figure 2a; Supplementary
Figure 3).
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Antibody profiles of the archived serum samples against Asian Il and
Cosmopolitan from 1995 to 2009

To check whether Asian Il and Cosmopolitan SRIPs exhibit dif-
ferential neutralization throughout the collection period (1995-
2009), we tested the nAb response of the archived serum sam-
ples (N = 333) using BHK-21 cells with or without the human
FcyRIIA (Figure 3a). Yearly comparisons of the neutralization titers
revealed that the archived serum samples exhibited strong nAb
response to the Asian II SRIP, regardless of the presence of the
FcyRIIA. In contrast, the archived serum samples showed a much
lower nAb response to the Cosmopolitan SRIP in the presence of
the FcyRIIA (Figure 3b). To determine the capacity of the archived
serum samples (N = 333) to enhance DENV-2 infection in vitro,
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absence of the human FcyRIIA. (c) Comparison of the enhancement (ADE) titers of the archived serum samples (N = 333) to Asian Il and Cosmopolitan SRIPs from 1995
to 2009 (box and whiskers plotted as mean with SD). (d) Comparison of fold enhancement levels between Asian II and Cosmopolitan SRIPs from 1995 to 2009 (column
bar graphs plotted as mean with SD); fold enhancement cut-off values set to 2.0 (shown as dotted lines); prevalence of DENV-2 Asian II and Cosmopolitan genotypes in
Metro Manila, Philippines shown for years 1995 to 2002 (Salda et al. [20]32: cited with permission). Statistical significance: "P >0.05, *P <0.05, **P <0.01, ***P <0.001,
<P <0.0001.

ADE, antibody-dependent enhancement; BHK-21, baby hamster kidney cells; DENV, dengue virus; SD, standard deviation; SRIP, single-round infectious particle.
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Figure 4. Neutralizing and enhancing antibody profiles of the archived serum samples to the Asian II and Cosmopolitan genotypes based on the infecting DENV serotypes.
(a) Neutralization titers of the archived serum samples (N = 333) to Asian Il and Cosmopolitan SRIPs categorized according to the infecting serotype; statistical significance
determined by the nonparametric Mann-Whitney test; for <10 neutralization titers: a titer of 2 (about fourfold lower than the assay’s limit of detection, 10) was entered
for analysis. (b) Antigen map of DENV-2 Asian II and Cosmopolitan SRIPs titrated against antisera from infected patients in the Philippines; neutralization titers determined
by using FcyRIIA-negative and Fcy RIIA-positive BHK-21 cells; x and y axes represent antigenic distance, and each grid square corresponds to twofold dilution in the neu-
tralization titer (antisera: squares; SRIPs: circles). (¢) Enhancement (ADE) titers of the archived serum samples (N = 333) to Asian Il and Cosmopolitan SRIPs categorized
according to infecting serotype; statistical significance determined by the nonparametric Mann-Whitney test (box and whiskers plotted as mean with SD). (d) Fold enhance-
ment levels of Asian Il and Cosmopolitan SRIPs by the archived serum samples (N = 333) categorized according to infecting serotype; statistical significance determined by
the nonparametric Mann-Whitney test (column bar graphs plotted as mean with SD). Statistical significance: ™P >0.05, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
ADE, antibody-dependent enhancement; BHK-21, baby hamster kidney cells; DENV, dengue virus; SD, standard deviation; SRIP, single-round infectious particle.

we inoculated FcyRIIA-positive BHK-21 cells with the SRIP-serum
mixture, following which, we performed an ADE assay to calcu-
late the fold enhancement and PET (Figure 3a). The PET repre-
sents the specific serum dilution that most efficiently enhances
DENV infection [10]. We started with a 1:10 dilution of serum
sample to mimic serum antibody concentrations close to biologi-
cal conditions. Yearly comparisons of the PET (Figure 3c) and the
fold enhancement (Figure 3d) between the two SRIPs revealed that
the Cosmopolitan SRIP was consistently enhanced by the archived
serum samples throughout the collection period. In contrast, en-
hancement of the Asian II SRIP was mainly detected from 2002 to
2009. Out of the 333 archived serum samples, 79.0% exhibited ADE
activity to the Cosmopolitan SRIP, while only 20.4% of the archived
serum samples exhibited ADE activity to the Asian II SRIP at a
fold enhancement cut-off of 2 (Figure 4b). Altogether, these find-
ings suggest that the archived serum samples exhibited stronger
protection to the Asian Il genotype compared to the Cosmopolitan
genotype throughout the collection period.

Neutralizing and infection-enhancing activities of pre-existing
cross-serotype antibodies in archived serum samples

We next evaluated the impact of the DENV infecting serotype
on the neutralization and enhancement of the two genotype
viruses by stratifying the archived serum samples by the infect-
ing serotype. Overall, the archived serum samples strongly neu-
tralized Asian I SRIP, both with (mean NTsy = 631.0) or with-
out (mean NTsq = 2441.0) FcyRIIA. In contrast, we found lower
neutralization of the Cosmopolitan SRIP in FcyRIIA-positive BHK-
21 cells (mean NTsq = 13.5), but not in FcyRIIA-negative BHK-21
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cells (mean NTsq = 2225.0) (Supplementary Figure 4; Figure 4a).
Based on the infecting serotype, the archived serum samples neu-
tralized the Asian II SRIP more strongly than the Cosmopolitan
SRIP in FcyRIIA-positive BHK-21 cells, but no difference was ob-
served in FcyRIIA-negative BHK-21 cells (Figure 4a). However, for
DENV-4 infected serum samples, no significant differences were
observed in FcyRIIA-negative and FcyRIIA-positive BHK-21 cells,
which may be attributed to the lesser number of serum samples
(n = 12) tested compared to the other serotypes. Using the NTsq
data, we constructed an antigenic map to further visualize the re-
lationships between the SRIPs relative to the serum samples and
in the presence or absence of FcyRIIA. We treated the NTsq of
each serum sample as a measure of distance between the serum
sample and SRIP, such that higher NTsy represented shorter dis-
tance between the serum sample and SRIP. The two SRIPs showed
high antigenic similarity when assayed in FcyRIIA-negative BHK-
21 cells, and the majority of the archived serum samples mapped
closely to both SRIPs. However, when assayed in FcyRIIA-positive
BHK-21 cells, the Cosmopolitan SRIP formed an antigenic outlier
in the map, about 13-fold dilutions away from the next nearest
SRIP (Figure 4b). We also checked the fold enhancement and ADE
titers of the patient serum samples based on the infecting serotype
and found that the mean PETs of the archived serum samples
to the two SRIPs were not significantly different (Figure 4c) sug-
gesting that serum dilutions (PET) at which ADE occurs is con-
sistent between the two SRIPs but vary only in the magnitude
of enhancement (Figure 4d). Overall, these findings indicate that
the cross-reactive antibodies with ADE capacity present in the
archived serum samples may have lowered the overall neutral-
ization against the Cosmopolitan genotype and that these cross-
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Figure 5. Neutralizing and infection-enhancing activities of cross-reactive antibodies in archived serum samples derived from DENV-1 and DENV-2 primary infections. (a)
Neutralization titers of the archived primary DENV infections (n = 76) to the Asian II and Cosmopolitan SRIPs categorized based on the primary infecting serotype. Statistical
significance determined by the nonparametric Mann-Whitney test; for <10 neutralization titers: a titer of 2 (about fourfold lower than the assay’s limit of detection, 10) was
entered for analysis. (b) Fold enhancement levels of the Asian Il and Cosmopolitan SRIPs by the archived serum samples derived from primary DENV infections (n = 76)
categorized according to the infecting serotype; statistical significance determined by the nonparametric Mann-Whitney test (column bar graphs plotted as mean with SD).
Statistical significance: "P >0.05, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. (e) Hypothetical model explaining the documented DENV-2 genotype in the Philippines,

which resulted in the massive DENV-2 epidemic in 1998.
DENV, dengue virus; SD, standard deviation; SRIP, single-round infectious particle.

reactive antibodies preferentially enhanced the Cosmopolitan virus
in vitro.

Neutralizing and infection-enhancing activities of cross-reactive
antibodies in archived serum samples derived from DENV-1 and
DENV-2 primary infections

To demonstrate that the ADE of the Cosmopolitan genotype
is mainly driven by antibodies generated from DENV-2 infection,
we compared the neutralization and ADE of the Asian II and Cos-
mopolitan SRIPs using serum samples from patients who had pri-
mary DENV-1 (n = 35) and DENV-2 infections (n = 41) collected in
the years 1995 to 2004. We found that the archived serum samples
from either primary DENV-1 or DENV-2 infections, both neutral-
ized the Asian II and Cosmopolitan SRIPs in BHK-21 cells without
the Fcy RIIA. However, in the presence of the FcyRIIA, serum sam-
ples derived from primary DENV-2 infections strongly neutralized
the Asian II SRIP compared to the Cosmopolitan SRIP. In contrast,
no difference was observed in serum samples derived from pri-
mary DENV-1 infections (Figure 5a). As expected, serum samples
from primary DENV-1 infections enhanced both the Asian II and
Cosmopolitan SRIPs. On the other hand, the serum samples from
primary DENV-2 infections did not enhance the Asian II SRIP in
vitro but only enhanced the Cosmopolitan SRIP (Figure 5b). These
findings confirm that antibodies derived from DENV-2 infection
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preferentially enhanced the Cosmopolitan genotype compared to
the Asian II genotype.

Discussion

We report in this study that the presence of cross-reactive an-
tibodies with ADE potential derived from prior dengue immunity
is a critical factor in the emergence of the Cosmopolitan genotype
resulting in the 1998 DENV-2 epidemic in the Philippines. By per-
forming molecular evolutionary analysis, we found that the dis-
placement of the Asian II genotype was likely due to the emer-
gence of the Cosmopolitan genotype. We determined that the virus
likely emerged in 1996, 2 years before the first reported isolation
of the Cosmopolitan virus. A similar Cosmopolitan virus caused a
massive DENV-2 epidemic in Australia in 1993 [30] confirming the
role of the emergence of the Cosmopolitan genotype in the DENV-
2 epidemic situation in 1998.

Since the population in the Philippines at the time had no pre-
vious exposure to the Cosmopolitan genotype, the local population
might have been highly susceptible to the new genotype result-
ing in its rapid invasion in the country. This is likely due to the
preferential boost of cross-reactive antibodies with potent ADE po-
tential induced by prior dengue exposure. These pre-existing cross-
reactive antibodies may recognize and bind Cosmopolitan virus but
are unable to neutralize it. As a consequence, ADE occurs resulting
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in a higher frequency of dengue cases (Figure 5c). Our suggested
mechanism is corroborated by significant differences in the struc-
tures of the predicted prM proteins of the two representative iso-
lates, particularly in their pr polypeptides (Figure 2c), which are
typically cleaved by furin protease during virus maturation. Cross-
reactive antibodies that mainly target the prM protein do not neu-
tralize DENV infection but potently promote ADE. The structural
differences we observed in the prM of the two isolates may have
played a role in the potent ADE of the Cosmopolitan virus. A note-
worthy finding of our study is that the local population exhibited
low nAb responses against the Cosmopolitan genotype, even after
its continued persistence in the country. This could be explained
through the “original antigenic sin” phenomenon [31], whereby in-
dividuals primed with a different serotype led to a lower nAb re-
sponse toward the Cosmopolitan genotype. Secondary infections
with the Cosmopolitan genotype may have preferentially boosted
cross-reactive antibodies with non-neutralizing activity, which pro-
motes original antigenic sin. Our results that patient serum sam-
ples derived from primary DENV-2 infections showed ADE activ-
ity to the Cosmopolitan genotype, but not to the Asian II genotype
indicates that antibodies produced after DENV-2 infection showed
stronger nAb response to the Asian Il genotype than to the Cos-
mopolitan genotype after secondary infection by the Cosmopoli-
tan genotype. This observation might have accounted for the rapid
spread and prevalence of the Cosmopolitan genotype in the Philip-
pines resulting in the displacement of the Asian II genotype. The
findings we presented in this study may be the first indication
that the occurrence of genotype shifts in dengue-endemic regions
can be explained by reduced neutralizing activity coupled with en-
hanced susceptibility to ADE.

Although ADE has been proposed as a mechanism to explain
severe dengue outcomes in secondary DENV infection, little work
has been done to examine the implications of ADE in dengue vac-
cine development. That Sanofi Pasteur’s Dengvaxia mimicked a pri-
mary DENV infection reinforced the importance of ADE evaluation
in dengue vaccine development. Despite this, quantifying ADE is
still not considered necessary in testing the efficacy of candidate
dengue vaccines. In this study, we demonstrate that ADE can oc-
cur in secondary infections with the same serotype. As tetrava-
lent dengue vaccine candidates are currently being developed us-
ing representative strains of each serotype, a comprehensive as-
sessment of genotype-wide ADE should be performed to develop
safer and more efficacious dengue vaccines. We argue that knowl-
edge of both the neutralizing and ADE potential of serum antibod-
ies is imperative in designing dengue vaccines, as this is especially
important in devising strategies to protect vulnerable populations
in the face of invading genotypes that may have higher suscepti-
bility to ADE.

One caveat of our study is that the exact proportion of cross-
reactive and serotype-specific antibodies and their contributions to
neutralization and ADE after primary or secondary DENV infections
remain unknown. This is primarily due to the lack of information
on the infection status of the majority of the samples and limited
sample volume to conduct subsequent antibody depletion experi-
ments. Additionally, we do not have the genotyping data for all the
DENV-2 infections. Future studies of well-documented cases with
known primary and secondary infection serotypes from prospec-
tive cohort studies are needed to further understand the role of
pre-existing DENV immunity in the occurrence of genotype shifts.
Lastly, we were unable to fully characterize the viral kinetics and
virulence of the DENV-2 Asian II and Cosmopolitan SRIPs used in
this study, as only the prM and E regions are reflected in the SRIP
system. Nonetheless, since we used an identical replicon backbone
for the two genotypes, we were able to evaluate immunogenicity
to prM and E without the effect of other steps, such as genome
replication and release.
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In conclusion, our findings support the role of pre-existing
dengue immunity in driving the rapid and widespread introduction
of new invading genotypes in dengue-endemic regions. Continuous
monitoring of circulating genotypes and serotypes will be key in
understanding the landscape and evolution of DENV populations
and in further elucidating the roles of virological and serological
factors in the occurrence of dengue outbreaks and epidemics.

Declaration of competing interests

The authors have no competing interests to declare.

Funding

This work was supported by the Japan Agency for Medical Re-
search and Development (AMED: JP223]a627004, JP23fk0108683,
JP23fk0108656, 22wm0125006h003, 23wm0125006h004,
22fm0208101j0006, 23fk0108656h1201, 22ab0123456h001); e-
Asia Joint Research Program under AMED (22jm0210079h0003
and JP23jm0210079h004); Strategic Center of Biomedical Ad-
vanced Vaccine Research and Development for Preparedness
and Response: SCARDA under AMED (JP223fa627004h001 and
JP23fa627004h002); Japan Society for the Promotion of Science
(JSPS: 21K07059, 22kk0115); and the Naito Memorial Founda-
tion. The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of the
manuscript.

Ethics approval statement

Ethical approval for this study was obtained from the Insti-
tutional Review Boards of Nagasaki University (150917143 and
220915280) and St. Luke’s Medical Center (SL-22139). Archived
serum samples from the sample collection of the Research and
Biotechnology Group of St. Luke’s Medical Center were collected
from subjects who provided written informed consent. Serum sam-
ples from children whose parents or legal guardians provided writ-
ten informed consent were also collected.

Acknowledgments

We wish to thank the patients who provided serum samples
for this study. We are also grateful to the research personnel in
the Research and Biotechnology Group of St. Luke’s Medical Cen-
ter, especially to Lady Anne Suarez-Pangilinan, for the assistance
received during the retrieval of the archived serum samples from
the Dengue Serum Bank. We would also like to thank the members
of the Department of Virology and the Department of Tropical Vi-
ral Vaccine Development, Institute of Tropical Medicine, Nagasaki
University for providing technical advice and support.

Author contribution statement

KM conceived and supervised this study; JCB, MPSD, CCB, and
KM designed this study; JCB, RS, and MM designed and produced
the DENV SRIPs used for the antibody assays; JCB performed the
neutralization and ADE experiments with support from DX. JCB
analyzed and interpreted the data with support from KM. MPSD,
RRM, FFN, and CCB provided the archived clinical samples with
identified DENV serotypes. RS, MMNT, YT, and MLM provided re-
sources for this study. KM, RS, and YT acquired funding for this
study. JCB wrote the first draft of the manuscript with support
from RC, CCB, and KM. All authors read and approved the final
manuscript.


https://doi.org/10.13039/100009619
https://doi.org/10.13039/501100001691
https://doi.org/10.13039/100015060

J.C. Balingit, M.PS. Dimamay, R. Suzuki et al.
Data availability statement

All main data generated or analyzed during this study support-
ing the findings are available in the article file and supplementary
information files. Other data that support the findings of this study
are available from the corresponding author upon reasonable re-
quest. All authors had full access to all the data in the study and
had final responsibility for the decision to submit for publication.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ijid.2023.11.025.

References

[1] Holmes EC, Twiddy SS. The origin, emergence and evolutionary genetics of
dengue virus. Infect Genet Evol 2003;3:19-28. doi:10.1016/S1567-1348(03)
00004-2.

Montoya M, Gresh L, Mercado JC, Williams KL, Vargas M], Gutierrez G, et al.

Symptomatic versus inapparent outcome in repeat dengue virus infections is

influenced by the time interval between infections and study year. PLoS Negl

Trop Dis 2013;7:e2357. doi:10.1371/journal.pntd.0002357.

Anderson KB, Gibbons RV, Cummings DAT, Nisalak A, Green S, Libraty DH,

et al. A shorter time Interval between first and second dengue infections is as-

sociated with protection from clinical illness in a school-based cohort in Thai-
land. J Infect Dis 2014;209:360-8. doi:10.1093/infdis/jit436.

Halstead SB. Neutralization and antibody-dependent enhancement of dengue

viruses. Adv Virus Res 2003;60:421-67. doi:10.1016/S0065-3527(03)60011-4.

[5] Halstead SB, Chow ]S, Marchette NJ. Immunological enhancement of dengue

virus replication. Nat New Biol 1973;243:24-6.

[6] Goncalvez AP, Engle RE, MSt St Claire, Purcell RH, Lai CJ. Monoclonal antibody-

mediated enhancement of dengue virus infection in vitro and in vivo and

strategies for prevention. Proc Natl Acad Sci U S A 2007;104:9422-7. doi:10.
1073/pnas.0703498104.

Moi ML, Lim CK, Kotaki A, Takasaki T, Kurane I. Detection of higher

levels of dengue viremia using FcyR-expressing BHK-21 cells than FcyR-

negative cells in secondary infection but not in primary infection. J Infect Dis
2011;203:1405-14. doi:10.1093/infdis/jir053.

Watanabe S, Chan KWK, Wang J, Rivino L, Lok SM, Vasudevan SG. Dengue virus

infection with highly neutralizing levels of cross-reactive antibodies causes

acute lethal small intestinal pathology without a high level of viremia in mice.

J Virol 2015;89:5847-61. doi:10.1128/JV1.00216-15.

Moi ML, Takasaki T, Omatsu T, Nakamura S, Katakai Y, Ami Y, et al. Demon-

stration of marmosets (Callithrix jacchus) as a non-human primate model for

secondary dengue virus infection: high levels of viraemia and serotype cross-

reactive antibody responses consistent with secondary infection of humans. J

Gen Virol 2014;95:591-600. doi:10.1099/vir.0.060384-0.

Katzelnick LC, Gresh L, Halloran ME, Mercado JC, Kuan G, Gordon A, et al.

Antibody-dependent enhancement of severe dengue disease in humans. Sci-

ence 2017;358:929-32. doi:10.1126/science.aan6836.

[11] Brien JD, Austin SK, Sukupolvi-Petty S, O'Brien KM, Johnson S, Fremont DH,
et al. Genotype-specific neutralization and protection by antibodies against
dengue virus Type 3. J Virol 2010;84:10630-43. doi:10.1128/JVI.01190-10.

[12] Gallichotte EN, Baric TJ, Nivarthi U, Delacruz M], Graham R, Widman DG, et al.
Genetic variation between dengue virus Type 4 strains impacts human an-
tibody binding and neutralization. Cell Rep 2018;25:1214-24. doi:10.1016/j.
celrep.2018.10.006.

[2

[3

[4

[7

[8]

[9

[10]

68

International Journal of Infectious Diseases 139 (2024) 59-68

[13] Martinez DR, Yount B, Nivarthi U, Munt JE, Delacruz M], Whitehead SS, et al.
Antigenic variation of the dengue virus 2 genotypes impacts the neutralization
activity of human antibodies in vaccinees. Cell Rep 2020;33:108226. doi:10.
1016/j.celrep.2020.108226.

[14] Forshey BM, Reiner RC, Olkowski S, Morrison AC, Espinoza A, Long KC, et al.
Incomplete protection against dengue virus Type 2 re-infection in Peru. PLoS
Negl Trop Dis 2016;10:e0004398. doi:10.1371/journal.pntd.0004398.

[15] Waggoner ]J, Balmaseda A, Gresh L, Sahoo MK, Montoya M, Wang C, et al.
Homotypic dengue virus reinfections in Nicaraguan children. J Infect Dis
2016;214:986-93. doi:10.1093/infdis/jiw099.

[16] Ahamed SF, Rosario V, Britto C, Dias M, Nayak K, Chandele A, et al. Emer-

gence of new genotypes and lineages of dengue viruses during the 2012-15

epidemics in southern India. Int J Infect Dis 2019:534-43 84S. doi:10.1016/j.

ijid.2019.01.014.

Suzuki K, Phadungsombat ], Nakayama EE, Saito A, Egawa A, Sato T, et al.

Genotype replacement of dengue virus type 3 and clade replacement of

dengue virus type 2 genotype Cosmopolitan in Dhaka, Bangladesh in 2017. In-

fect Genet Evol 2019;75:103977. doi:10.1016/j.meegid.2019.103977.

Matias R. A historical review of dengue virus research in the Philippines, St.

Luke’s. ] Med 2003;1:3-8.

[19] Tayag EA. The dengue epidemic of 1998 in the Philippines. Dengue Bull

1998;22:88-94.

Salda LTD, Parquet MDC, Matias RR, Natividad FF, Kobayashi N, Morita K.

Molecular epidemiology of dengue 2 viruses in the Philippines: genotype shift

and local evolution. Am J Trop Med Hyg 2005;73:796-802. doi:10.4269/ajtmh.

2005.73.796.

[21] Yamanaka A, Moi ML, Takasaki T, Kurane I, Matsuda M, Suzuki R, et al. Utility

of Japanese encephalitis virus subgenomic replicon-based single-round infec-

tious particles as antigens in neutralization tests for Zika virus and three other
flaviviruses. J Virol Methods 2017;243:164-71. doi:10.1016/j.jviromet.2017.02.

011.

Suzuki R, Ishikawa T, Konishi E, Matsuda M, Watashi K, Aizaki H, et al.

Production of single-round infectious chimeric flaviviruses with DNA-based

Japanese encephalitis virus replicon. | Gen Virol 2014;95:60-5. doi:10.1099/

vir.0.058008-0.

Matsuda M, Yamanaka A, Yato K, Yoshii K, Watashi K, Aizaki H, et al. High-

throughput neutralization assay for multiple flaviviruses based on single-

round infectious particles using dengue virus type 1 reporter replicon. Sci Rep

2018;8:16624. doi:10.1038/s41598-018-34865-y.

Darriba D, Posada D, Kozlov AM, Stamatakis A, Morel B, Flouri T. ModelTest-

NG: A new and scalable tool for the selection of DNA and protein evolutionary

models. Mol Biol Evol 2020;37:291-4. doi:10.1093/molbev/msz189.

[25] Baek M, DiMaio F, Anishchenko I, Dauparas ], Ovchinnikov S, Lee GR, et al.
Accurate prediction of protein structures and interactions using a three-track
neural network. Science 2021;373:871-6. doi:10.1126/science.abj8754.

[26] Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al. UCSF
ChimeraX: meeting modern challenges in visualization and analysis. Protein Sci
2018;27:14-25. doi:10.1002/pro.3235.

[27] Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll T, et al. UCSF
ChimeraX: structure visualization for researchers, educators, and developers.
Protein Sci 2021;30:70-82. doi:10.1002/pro.3943.

[28] Smith DJ, Lapedes AS, de Jong ]JC, Bestebroer TM, Rimmelzwaan GF, Oster-
haus ADME, et al. Mapping the antigenic and genetic evolution of influenza
virus. Science 2004;305:371-6. doi:10.1126/science.1097211.

[29] Galarion M], Schwem B, Pangilinan C, dela Tonga A, Petronio-Santos JA, delos
Reyes E, et al. Genotypic persistence of dengue virus in the Philippines. Infect
Genet Evol 2019;69:134-41. doi:10.1016/j.meegid.2019.01.020.

[30] McBride WJH, Mullner H, LaBrooy JT, Wronski I. The 1993 dengue 2 epidemic
in Charters Towers, North Queensland: clinical features and public health im-
pact. Epidemiol Infect 1998;121:151-6. doi:10.1017/S0950268898001058.

[31] Halstead SB, Rojanasuphot S, Sangkawibha N. Original antigenic sin in dengue.
Am ] Trop Med Hyg 1983;32:154-6. doi:10.4269/ajtmh.1983.32.154.

[17]

(18]

[20]

(22]

(23]

[24]


https://doi.org/10.1016/j.ijid.2023.11.025
https://doi.org/10.1016/S1567-1348(03)00004-2
https://doi.org/10.1371/journal.pntd.0002357
https://doi.org/10.1093/infdis/jit436
https://doi.org/10.1016/S0065-3527(03)60011-4
http://refhub.elsevier.com/S1201-9712(23)00786-5/sbref0005
https://doi.org/10.1073/pnas.0703498104
https://doi.org/10.1093/infdis/jir053
https://doi.org/10.1128/JVI.00216-15
https://doi.org/10.1099/vir.0.060384-0
https://doi.org/10.1126/science.aan6836
https://doi.org/10.1128/JVI.01190-10
https://doi.org/10.1016/j.celrep.2018.10.006
https://doi.org/10.1016/j.celrep.2020.108226
https://doi.org/10.1371/journal.pntd.0004398
https://doi.org/10.1093/infdis/jiw099
https://doi.org/10.1016/j.ijid.2019.01.014
https://doi.org/10.1016/j.meegid.2019.103977
http://refhub.elsevier.com/S1201-9712(23)00786-5/sbref0018
http://refhub.elsevier.com/S1201-9712(23)00786-5/sbref0019
https://doi.org/10.4269/ajtmh.2005.73.796
https://doi.org/10.1016/j.jviromet.2017.02.011
https://doi.org/10.1099/vir.0.058008-0
https://doi.org/10.1038/s41598-018-34865-y
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1126/science.abj8754
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3943
https://doi.org/10.1126/science.1097211
https://doi.org/10.1016/j.meegid.2019.01.020
https://doi.org/10.1017/S0950268898001058
https://doi.org/10.4269/ajtmh.1983.32.154

	Role of pre-existing immunity in driving the dengue virus serotype 2 genotype shift in the Philippines: A retrospective analysis of serological data
	Introduction
	Methods
	Study population
	Molecular clock analyses
	Protein structure prediction
	Cell lines
	Plasmid construction and production of SRIPs
	Neutralization and ADE assays using SRIPs
	Antigenic cartography
	Statistical analysis and graphical representations

	Results
	Evolutionary analysis of the DENV-2 genotype shift in the Philippines
	Genetic and structural variations between the prM and E proteins of the Philippine Asian II and Cosmopolitan isolates used for SRIP construction
	Antibody profiles of the archived serum samples against Asian II and Cosmopolitan from 1995 to 2009
	Neutralizing and infection-enhancing activities of pre-existing cross-serotype antibodies in archived serum samples
	Neutralizing and infection-enhancing activities of cross-reactive antibodies in archived serum samples derived from DENV-1 and DENV-2 primary infections

	Discussion
	Declaration of competing interests
	Funding
	Ethics approval statement
	Acknowledgments
	Author contribution statement
	Data availability statement
	Supplementary materials
	References


