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Dengue is a mosquito-borne viral disease caused by dengue virus (DENV). The
disease is endemic to more than 100 countries with 390 million dengue infections per
year. Humoral immune responses during primary and secondary DENV infections are
well-investigated. However, the impact of DENV infection on B cell subsets and their
antibody-independent functions are not well-documented. Through this study, we aimed
to define the distribution of B cell subsets in the acute phase of DENV infection and
characterize the effect of DENV infection on B cell functions such as differentiation into
memory and plasma cells and cytokine production. In our cohort of Cambodian children,
we observed decreased percentages of CD24MCD38" B cells and CD27~ naive B
cells within the CD19 population and increased percentages of CD27+CD38"CD138+
plasma cells as early as 4 days post appearance of fever in patients with severe dengue
compared to patients with mild disease. Lower percentages of CD19tCD24NCD38"
B cells in DENV-infected patients were associated with decreased concentrations of
soluble CD40L in patient plasma and decreased platelet counts in these patients. In
addition, CD19+CD24"CD38" and CD19+CD27~ B cells from DENV-infected patients
did not produce IL-10 or TNF-a upon stimulation in vitro, suggesting their contribution to
an altered immune response during DENV infection. In addition, CD19+CD27~ naive B
cells isolated from dengue patients were refractory to TLR/anti-IgM stimulation in vitro,
which correlated to the increased expression of inhibitory Fcy receptors (FcyR) CD32
and LILRB1 on CD19+CD27~ naive B cells from DENV-infected patients. Collectively,
our results indicate that a defective B cell response in dengue patients may contribute to
the pathogenesis of dengue during the early phase of infection.

Keywords: dengue virus, regulatory B cells (Bregs), immunopathogenesis of dengue, plasmacells, IL-10, B cell
subsets

INTRODUCTION

Dengue is a mosquito-borne viral disease caused by dengue virus (DENV), a positive sense single-
stranded RNA virus belonging to the Flaviviridae family. The virus is transmitted to humans
by mosquitoes of the Aedes species, namely, Aedes aegypti and Aedes albopictus (1). The virus
is endemic to more than 100 countries and causes 390 million dengue infections per year, of
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which one quarter manifests clinical symptoms (2). Clinical
presentation of DENV infection can vary from asymptomatic
infection with no apparent symptoms or mild dengue fever (DF),
which is self-limiting to more severe forms of disease termed
dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS) (3). Around 500,000 people with severe dengue require
hospitalization each year with an estimated case fatality rate of
2.5% as reported by the World Health Organization (3). There
are four serotypes of dengue virus (DENV1-4) that share 65-80%
homogeneity in their genetic sequence and can be distinguished
based on serological methods (4). Primary infection with one
DENV serotype elicits antibodies with potent protective capacity
against homotypic reinfection along with short-lasting cross-
protective immunity against other serotypes (1, 2). However,
heterologous secondary infections have been shown to be
associated with increased severity in patients, resulting in DHF
or DSS (5, 6). The exact mechanism of this clinical observation
remains to be elucidated. One theory proposed to explain
this is termed as antibody-dependent enhancement (ADE) of
infection (5, 6). This theory postulates that serotype cross-
reactive antibodies can wane over a period of time and upon
reaching non-neutralizing concentrations can increase infection
by facilitating the FcyR-mediated endocytosis of DENV immune
complexes into target cells such as dendritic cells, monocytes,
and macrophages (7, 8). Due to ADE and the search for cross-
serotype neutralizing antibodies, the humoral immune response
to DENV has been a prominent research topic.

Antibodies are produced by terminally differentiated B cells,
plasmablasts, and plasma cells. Recent studies have shown that
the acute phase of both primary and secondary DENV infections
is characterized by a massive increase in the percentages of
plasmablasts, especially in patients with severe dengue (9-
12). Importantly, however, besides antibody production, B
cells have diverse functions and play an important role in
antigen presentation (13), inflammation, and production of
immunosuppressive cytokines such as IL-10, TGF-B, and IL-
35 (14). For example, B cells with regulatory functions, termed
Bregs, have important roles in maintenance of tolerance and
homeostasis. They have been shown to suppress inflammatory
responses in autoimmune disorders (15-17) and viral infections
(18-21). Different human B cell subsets have been shown to
exhibit regulatory functions such as CD24"CD27+ B10 cells (22),
CD19+tCD24MCD27™ plasmablasts (23), and CD19TCD24"
CD38" transitional B cells (24) through the production of
immunosuppressive cytokines IL-10 and TGF-f. In the context
of DENV infection, not much is known about the antibody-
independent B cell responses (25, 26).

Hence, we sought to define the distribution of B cell subsets
in the early phase of DENV infection and characterize the
effect of DENV infection on different B cell functions. We
observed increased percentages of developing plasmablasts and
plasma cells in dengue-infected patients compared to febrile
controls. We detected decreased proportion of CD24MCD38h
transitional B cells/Bregs and CD27~ naive B cells within
the CD19+ population during acute DENV infection in
patients with severe dengue compared to patients with
mild disease, which was associated with decreased CD40L

plasma concentrations and decreased platelet counts in these
patients. CD19+CD24MCD38M and CD19*CD27~ naive B cells
from dengue patients did not produce IL-10 cytokine upon
stimulation. Moreover, CD197CD27~ naive B cells failed to
induce activation markers and antigen presentation molecules
upon stimulation, which was paralleled by an increased
expression of inhibitory FcyR ex vivo in DENV-infected patients.
Taken together, our results indicate that a defective B cell
response in the early acute phase of infection may contribute to
the pathogenesis of DENV infection disease.

MATERIALS AND METHODS

Ethics Statement

Ethical approval for the study was obtained from the National
Ethics Committee of Health Research of Cambodia. Written
informed consent was obtained from all participants or the
guardians of participants under 16 years of age before inclusion
in the study.

Patient Recruitment

Blood samples were obtained from hospitalized children (>2
years) who presented with dengue-like symptoms at the Kanta
Bopha Hospital in Phnom Penh, Cambodia. The time point for
collection of blood samples was within 96h of fever onset at
hospital admittance. Patients were classified according to the
WHO 1997 criteria upon hospital discharge (3). In total, we
recruited 81 dengue-positive patients that were classified for
severity (Table 1). Platelet counts were determined by complete
blood count at the hospital and available for 59 included children.
To detect DENV-specific B cell responses, patients who presented
with fever but were negative for DENV were included as
controls (n = 29) (Table 1). In addition, age- and sex-matched
healthy donors were recruited from a cluster-based investigation
in Kampong Cham province (n = 29) and included for the
functional analysis.

Laboratory Diagnosis

Plasma specimens were tested for the presence of DENV using
nested qRT-PCR at the Institut Pasteur in Cambodia, the
National Reference Center for arboviral diseases in Cambodia
(27). NS1 positivity was determined using rapid diagnostic
tests (combo test for NS1 and IgM/IgG detection, SD Bioline
Dengue Duo kits from Standard Diagnostics, Abbott, Chicago,
IL, USA). Anti-DENV IgM was measured with an in-house
IgM-capture ELISA (MAC-ELISA), as previously described (28).
Samples from patients positive for DENV were further tested
with hemagglutination inhibition assay (HIA) to determine
primary/secondary DENV infection as per WHO criteria (3).

B Cell Subset Phenotyping

PBMCs were isolated using Ficoll-Histopaque density gradient
centrifugation and were stained ex vivo using the following
antibodies: CD19 Alexa Fluor 488 (clone HIB19), FcRL4 PE
(clone 413D12), CD27 APC/Cy7 (clone 0323), CD138 BV421
(clone MI15), IgM PerCp/Cy5.5 (clone MHM-88), CD24 PE/Cy7
(clone ML5), CD38 APC (clone HB7) (all from BioLegend), and
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TABLE 1 | Patient demographics.

Dengue patients

Febrile controls Healthy donors

Total DF DHF/DSS

81 64 17 (9/8) 29 29
Age 8.3+39 8.3+4.0 8.0+35 6.0+4.2 92+37
M/F ratio 1.1 1.3 0.8 0.9 1.4
Weight (kg) 24.4 25.3 211 18.0 27.3
Height (cm) 115.3 1141 117.4 106.5 1231
Temperature (°C) 38.0 38.0 37.1 38.4 N/A
Hematocrit (%) 39.3 38.2 42.6 35.1
Platelets (x 109/L) 102.4 120.8 56.9 132.8
Day of fever, mean (range) 3.5 (2-5) 3.4 (2-5) 4.0 (3-5) N/A
DENVA1 30 28 2
DENV2 40 29 11
DENV3 0
DENV4 0
NS1+ 55 48 7
PCR+ 74 61 11
Viral load (copies/ml), 17,150 44,800 7,820
median (IQR) (1,308-438,000) (1050-1057000) (2,665-51,450)
Secondary infection 74% 65% 90%

IgG BV510 (clone G18-145) (BD Biosciences). Samples were
acquired on FACS Canto II (BD Biosciences) and analyzed by
FlowJo v10.0 software.

Culture of B Cells From Healthy Donors
and DENV Patients

PBMCs were isolated from healthy donors and dengue patients
using Ficoll-Histopaque density gradient centrifugation. All
dengue patients used for B cell isolation and further in vitro
stimulation were classified as DF. Peripheral blood B cells
were isolated from PBMCs by positive selection using CD19
MicroBeads (Miltenyi Biotec). B cells were cultured in RPMI
1640 (Gibco) supplemented with 10% FBS (Gibco), penicillin-
streptomycin (100 U/ml penicillin, 100 pug/ml streptomycin;
Thermo-Fisher), and L-glutamine (2mM; Invitrogen). To
promote cytokine production, B cells were stimulated with CpG
(1 pg/ml; Invivogen) and CD40L (0.25 pug/ml; ITS Vietnam) for
48h. For the last 6h of incubation, the medium was replaced
and cells were incubated with monensin (2 mM; Sigma-Aldrich),
PMA (1 mg/ml; Sigma-Aldrich), and ionomycin (I mg/ml;
Sigma-Aldrich) to increase the accumulation of cytokines in
the rough endoplasmic reticulum or Golgi complex within the
cells and thus improve the sensitivity of intracellular cytokine
detection by flow cytometry (24, 29). Cells were harvested after
6 h and surface stained with CD19 BV510 (clone HIB19), CD20
BV421 (clone 2H7), CD27 PerCp/Cy5.5 (clone M-T271), CD24
PE/Cy7 (clone ML5), and CD38 APC (clone HB7) (all from
BioLegend) for 30 min. The cells were fixed and permeabilized
using TrueNuclear Transcription Buffer Set (BioLegend) as per
the manufacturer’s protocol and stained intracellularly with
antibodies against IL-10 PE and TNF-a APC-Cy7 (all from

BioLegend). Supernatants were stored at —80°C for further
use. To promote the development of CD138" plasma cells,
purified B cells from healthy donor and patient PBMCs were
cultured in the presence of CD40L (0.25 pg/ml; ITS Vietnam),
IL-2 (1 ng/ml; Peprotech), and IL-21 (50 ng/ml; Peprotech) for 6
days. The cells were harvested and stained with antibodies CD19
PE/Cy7 (clone HIB19), CD20 PerCp/Cy5.5 (clone 2H7), CD27
APC/Cy7 (clone 0323), CD138 BV421 (clone MI15), IgM PE
(clone MHM-88) (all from BioLegend), and IgG BV510 (clone
G18-145) (BD Biosciences). To induce the activation of B cells,
B cells isolated from healthy donor and patient PBMCs were
cultured in the presence of CpG [1 pg/ml and F(ab’), anti-IgM
antibody (4 pg/ml; Jackson ImmunoResearch)] for 2 days. The
cells were harvested and stained with HLA-DR PE (clone 1.243),
CD27 PerCp/Cy5.5 (clone M-T271), CD38 APC (clone HB7),
TACI PE/Cy7 (clone ML5), CD27 APC/Cy7 (clone 0323), CD86
BV421 (clone IT2.2), and CD69 BV510 (clone FN50) (all from
BioLegend). The stimulations used for functional assays of B
cells are summarized in Supplementary Figure 1. Samples were
acquired on FACS Canto II (BD Biosciences) and analyzed by
Flow]Jo v10.0 software.

Cytometry Bead Assay for Measuring B
Cell Cytokines

Concentrations of cytokines IL-6 were quantified in the
supernatants from B cells cultured for cytokine production
using a LEGENDplex Human B Effector 1/2 Panel immunoassay
(BioLegend) as per the manufacturer’s instructions. For the
detection of cytokines APRIL and CD40L in the plasma of
healthy donors and DENV-positive patients, a LEGENDplex
Human B cell Activator Panel immunoassay (BioLegend)
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was used as per the manufacturer’s instructions. Samples
were acquired using BD FACS Canto II and analyzed using
LEGENDplex v7.0 (Vigene Tech, USA) software.

Statistical Analysis

Statistical analyses were done using GraphPad Prism 7.00
software (GraphPad Software, Inc., La Jolla, CA, USA). Since the
data did not pass the criteria for normality using D’Agostino &
Pearson normality test, the non-parametric Mann-Whitney U-
test was used to compare data between two groups or by non-
parametric paired Wilcoxon matched pairs signed rank test for
paired data. Statistical analysis of data with more than two groups
was done using the Kruskal-Wallis test followed by Dunn’s post-
test for multiple comparisons. For comparing paired samples
between three conditions, Friedman’s test was used. Correlations
were calculated by Spearman analysis. For all analyses, P < 0.05
was considered significant.

RESULTS

Altered B Cell Subset Distribution in Severe

Dengue Infection

In order to understand the B cell responses during early DENV
infection and their contribution to disease pathogenesis, we
performed detailed phenotyping of B cell subsets in a cohort of
pediatric Cambodian patients in the early acute phase of DENV
infection. As we aimed to describe the changes in B cell subsets
specifically due to dengue infection and not infection in general,
we have included a control cohort of children with febrile illness
of other origin.

The gating strategy for identification of B cell subsets is
outlined in Supplementary Figure 2. Frequencies of B cell
subsets were compared between patients with confirmed DENV
infection (n = 74) and those with febrile illness of other
origin (n = 29) and further within DENV-positive patients
between those with dengue fever (DF) (n = 52) and severe
dengue (DHEF/DSS) (n = 22) classified according to WHO
1997 criteria (3). The percentages of transitional (CD24hicD3ghi
cells), which include regulatory, IL-10-producing B cells (Breg),
within CD19% B cells, were not different in dengue patients
compared to patients with DENV-negative febrile controls.
However, percentages of CD24MCD38M B cells were found to
be two-fold lower in patients with DHF/DSS than in patients
with DF (median, 2.9 vs 5.9%) (P < 0.001) (Figure 1A). The
percentage of naive cells (CD277) was decreased within the
CD19™" B cell compartment between DENV patients and DENV-
negative febrile controls (median, 78.1 vs. 69.0%; P < 0.05) and
in DHF/DSS patients compared to mild dengue (median, 59.3
vs. 72.0%; P < 0.05) (Figure 1B). Whereas, no differences were
observed in the memory cells (CD27TCD387 /1), the percentages
of antibody-secreting plasmablasts (CD27"CD38MCD138™)
within the CD19" B cell compartment was found to be
significantly higher in DENV-positive patients compared to
patients with other febrile illness (median, 14.7 vs. 9.3%; P
< 0.05) (Figures 1C,D), which is surprising given the fact
that these children are undergoing acute infections. In parallel,
frequencies of CD27+CD38MCD138" plasma cells were higher

in dengue patients than in febrile controls (median, 4.1 vs.
0.9%; P < 0.01) and in DHEF/DSS patients compared to DF
patients (median, 7.1 vs. 1.9%; P < 0.05) (Figure 1E). Given the
strong redistribution of the subsets within the CD19 population
after infection, we also evaluated the changes in B cell subsets
within all total live cells, as we did not have access to the
total white blood cell counts for normalization. We observe an
increase in naive, memory B cells and plasma cells within the
total live cell compartment in DHF/DSS patients compared to
mild dengue patients (Supplementary Figure 3). A decrease of
CD19+CD24MCD38M B cells within the total of single cells is
not observed; however, this is a small subset and the percentages
are very low. Frequencies of circulating immune cell subsets
might change day to day during the acute phase of DENV
infection. Therefore, we included only patients presenting at the
hospital at day 4 of fever for a sub-analysis, which yielded similar
differences in B cell subset frequencies as observed in our total
cohort (data not shown). As there were more patients in the
DHEF/DSS group undergoing secondary infection, this could skew
our results. Analyzing the different B cell subsets in secondary
infected patients only yielded the same results, with significant
decreased percentages of CD197CD24MCD38M B cells (median,
2.9 vs. 5.4%; P < 0.01) and naive B cells (median, 53.9 vs. 68.9%;
P < 0.05) and significant increased percentages of plasma cells
(median, 10.1 vs. 2.9%; P < 0.05) in DHF/DSS patients compared
to DF patients.

Taken together, the results suggest that the acute phase
of DENV infection is characterized by altered B cell subset
distribution, which correlates with disease severity.

Similar Plasma Cell Development in
DENV-Infected Individuals and Healthy

Individuals

As we observed higher concentrations of antibody-secreting
cells in vivo in dengue-infected patients, we wanted to assess
if B cells isolated from dengue patients display an altered
response to differentiation signals leading to the development
of antibody-secreting cells. Total CD19%" cells from dengue
patients (n = 7) and from age-matched healthy donors (HD,
n = 8) were isolated by magnetic separation. Due to the low
sample volumes available from the pediatric patients, we could
not purify different B cell subsets by flow cytometry sorting.
Total B cells were cultured in vitro with CD40L, IL-2, and
IL-21 for 6 days to promote development of plasma cells.
Stimulation of total B cells from HD resulted in an increase
of the percentage of CD19TCD27+CD38MCD138* plasma cells
compared to unstimulated cells (median, unstimulated: 8.9 vs.
stimulated: 23.5%; P = 0.07). In parallel, stimulation of B
cells from DENV-positive patients also significantly increased
the percentage of plasma cells compared to unstimulated
cells (median, unstimulated: 18.0 vs. stimulated: 26.5%; P <
0.05) (Figures 2A,B). These results suggest that, even though
percentages of plasma cells are higher in DENV patients than HD
in the unstimulated condition, B cells from both HD and DENV
patients have the intrinsic capacity to respond to plasma cell
differentiation stimuli. Plasma cells require survival factors such
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FIGURE 1 | Distribution of B cell subsets during acute DENV infection. PBMCs were stained for B subset-specific markers and gated for each subset. Percentages
are reported as percentage of total CD19+ cells. Comparison of the percentages of CD24"CD38" transitional B cells/Bregs (A), CD27~ naive B cells (B),
CD27+CD38~/°° memory B cells (C), CD27+CD38"CD138~ plasmablasts (D) and CD27+CD38"CD138* plasma cells (E) in DENV-negative febrile controls (n = 29),
DENV-positive patients (n = 74) (left), and in DF (n = 52) and DHF/DSS (n = 22) patients (right). Lines indicate median. P values were calculated with Mann-Whitney
U-test for comparing two groups and with Kruskal-Wallis test for comparing more than two groups (*P < 0.05; **P < 0.01, **P < 0.001; ****P < 0.0001).
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FIGURE 2 | Plasma cell development in DENV-infected patients. B cells isolated from DENV-infected patients (n = 6) and healthy donors (n = 7) were cultured in the
presence of IL-2, IL-21, and CD40L for 6 days. (A) Representative dot plots identifying plasma cells based on expression of CD38 and CD138. Similar gating strategy
as in Supplementary Figure 2 was used. (B) Percentages of CD38"CD138+ plasma cells within the CD19+CD27+ B cell population in healthy donors and DENV
patients upon stimulation. Lines and bars indicate median and IQR. P values were calculated with Wilcoxon match pairs signed ranked test to compare unstimulated
and stimulated conditions and Mann-Whitney U test for comparing between healthy donors and DENV* patients. (C) Concentrations of APRIL were analyzed in
plasma of age-matched healthy donors (n = 16), DENV-negative febrile controls (n = 16), and patients with acute DENV infection classified according to WHO 1997
guidelines into patients with DF (n = 26) and those with DHF/DSS (n = 21). Lines indicate median. Kruskal-Wallis test was used to compare multiple groups (*P <
0.05; **P < 0.01; ***P < 0.0001).

a proliferation inducing ligand (APRIL) for their development
and maintenance (30). Therefore, we sought to investigate
whether plasma concentrations of APRIL were altered in patients
undergoing severe dengue infection. Using a cytometry-based
assay, the concentrations of APRIL were determined in patient
plasma. The plasma concentrations of APRIL were significantly
higher in healthy donors (median: 560.5 pg/ml) and patients
with other febrile illness (median: 315.8 pg/ml) compared
to DF patients (median: 115.7 pg/ml) or DHEF/DSS patients
(median: 102.3 pg/ml). Within dengue patients, there was no
difference in APRIL plasma concentrations between DF and
DHF/DSS (median, DF: 115.7 pg/ml vs. DHF/DSS: 102.3 pg/ml)
(Figure 2C). Hence, APRIL cytokine concentrations are lower in
patient groups with higher percentages of plasma cells, indicating
a possible increased consumption in these patients.

Decreased Concentrations of CD40L Is
Associated With Lower Percentages of
CD19+CD24hCcD38" B Cells in Severe

Dengue
Next, we questioned what factors could contribute to the
decreased percentages of CD19+CD24"CD38M B cells observed

ex vivo in patients with severe dengue compared to mild dengue
or patients with other febrile illness. This B cell subset includes
regulatory, IL-10-producing B cells (Bregs), which are generated
in vivo by a combination of type I IFN and CD40L stimulation
(31). Therefore, we sought to determine the concentration of
soluble CD40L (sCD40L) in HD and patient plasma using
a cytometry-based bead assay. HD had significantly higher
concentrations of SCD40L (median: 851.3 pg/ml) compared to
patients with other febrile illness (median: 95.27 pg/ml, P <
0.01) and DF and DHF/DSS patients (P < 0.0001). In turn,
febrile controls had higher concentrations of sCD40L compared
to patients with DHF/DSS (median: 42.06 pg/ml; P < 0.05). In
addition, the concentration of sCD40L was significantly lower in
patients with DHF/DSS with respect to those with DF (median:
103.7 pg/ml; P < 0.05) (Figure 3A). sCD40L is mainly produced
by activated platelets (32). Indeed, similar to our observations
of sCD40L, we observed that patients with other febrile illness
had higher platelet counts (median, 127 x 10°/L) than patients
with DHF/DSS (67 x 10°/L; P < 0.001) but not patients
with DF (116 x 10%/L), and we observed decreased platelet
counts in patients with DHF/DSS compared to those with DF
(P < 0.01) (Figure 3B). Moreover, in dengue patients, lower
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FIGURE 3 | Decrease in sCD40L concentration is associated with increased disease severity and correlates with lower percentages of CD19+CD24"CD38" B cells.
(A) Concentrations of sCD40L were analyzed in plasma of age-matched healthy donors (n = 16), DENV-negative febrile controls (n = 16), and patients with acute
DENV infection classified according to WHO 1997 guidelines into patients with DF (n = 26) and DHF/DSS (n = 21). Lines indicate median. P-values were calculated
with Kruskal-Wallis test for comparing more than two groups. (B) Platelet counts in whole blood of DENV-negative febrile controls (n = 15), DF patients (n = 23), and
DHF/DSS patients (n = 21) were quantified and shown as platelet count (x10%/L). Platelet counts were not available for three DF patients included in this analysis.
Lines indicate median. P-values were calculated with Kruskal-Wallis test for comparing more than two groups. (C) Association between concentrations of CD40L and
percentage of CD19+CD24"CD38" B cells in patients with acute DENV infection was calculated using Spearman’s correlation (*P < 0.05; **P < 0.01; **P < 0.001;
P < 0.0001).

concentrations of sCD40L correlated with lower percentages of
CD19+CD24MCD38M B cells (R = 0.35; P < 0.05) (Figure 3C).
Hence, lower concentrations of sCD40L may contribute to the
decreased percentages of CD19+CD24"CD38M B cells observed
in patients with severe dengue.

B Cells From Dengue Patients Produce
Less Cytokines Upon in vitro Stimulation

To understand in greater detail the antibody-independent
functions of B during DENV infection, we investigated the
cytokine production of total CD19" B cells isolated from DENV-
positive patients (n = 8) and age-matched healthy donors
(n = 7) after in vitro stimulation with CD40L and CpG for
48h, which is known to induce cytokine secretion in B cells.
During the last 6h of incubation, PMA and ionomycin were
added to the cells along with protein transport inhibitors,
and the cells were stained intracellularly for IL-10 and TNF-
a (Figure 4A). Gating on CD197CD24MCD38M B cells, which
include Breg cells, we observed that these cells produced
both IL-10 and TNF-o upon stimulation in healthy donors
(median, % IL-10T: 2.80%; % TNF-a: 24.55%). In contrast,

CD19*tCD24MCD38M from DENV-infected patients did not
upregulate the production of both TNF-a and IL-10 (median,
% IL-10™: 0.75%; % TNF-a*: 7.33%) (Figures 4B,C). The same
significant differences were observed gating on CD191CD27~
naive cells (Supplementary Figures 4A,C), with similar trends
for CD19TCD27" memory cells, although the variability was
higher in this subset (Supplementary Figures 4B,D). Within the
same line, healthy donor CD19™ B cells secreted IL-6 in the cell
culture supernatant upon stimulation, whereas B cells isolated
from DENV patients did not produce IL-6 upon stimulation
(Figure 4D). Hence, reduced B-cell-derived cytokine production
during the acute phase of DENV infection might contribute to
disease development.

B Cells From Dengue Patients Are
Refractory to Toll-like Receptor (TLR)
Stimulation

Since we observed decreased cytokine responses in B cells
of dengue patients compared to healthy donors after TLR
agonist/CD40L stimulation, we aimed to investigate if B cells
from dengue patients can be sufficiently activated by TLR
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Wilcoxon match pairs signed ranked test to compare unstimulated and stimulated conditions and by Mann-Whitney U-test for comparing between healthy donors
and DENVT patients (*P < 0.05; **P < 0.01).

stimulation in general. Gating on CD19"CD27~ naive B cells,
we observed that activation after TLR stimulation is decreased
in dengue patients compared to healthy donors as measured by
the lower percentage of early activated, CD69" naive B cells
or naive B cells expressing CD86, a co-stimulatory protein for
T cell activation during antigen presentation (median CD69™,
5.1% vs. 17.4%; P < 0.05) (median CD86™, 8.3 vs. 26.5%; P <
0.05) (Figures 5A,B). In addition, strong stimulation via B-cell
receptor (BCR) and TLR only partially restored the activation of
the B cells derived from dengue patients. Here, the percentage
of CD69" and CD86™ naive B cells remained significantly lower
in B cells from dengue patients with respect to healthy donors
even upon stimulation via BCR and TLR (median CD69T, 16.9
vs 40.2%; P < 0.05) (median CD86™, 26.5 vs 49.2%; P <
0.05) (Figure 5). Overall, the results suggest that B cells isolated
from dengue patients during the acute phase of infection are
functionally impaired.

B Cells From Dengue Patients Express
Higher Percentage of Inhibitory Receptors

We aimed to understand why B cells derived from dengue
patients are impaired in their activation and cytokine production.
B cell activation is regulated by both activating and inhibitory
receptors such as CD32B (FcyRIIB) and LILRB1 (33, 34).
Therefore, expression of these two receptors was investigated
directly ex vivo in CD19TCD27~ naive B cells from DENV-
positive patients. The expression of CD32B was found to be
significantly upregulated on naive B cells from DENV-positive
patients compared to those from healthy donors (median, 7439
vs. 6321; P < 0.05) (Figure 6A). Similarly, the percentage of
LILRBI-expressing cells was increased in naive B cells from
DENV-positive patients compared to healthy donors (80.6
vs. 66.6%; P < 0.01) (Figure 6B). Atypical B cells, such as B
cells expressing FcRL4, are included within the CD27~ B cell
population and express high percentages of inhibitory receptors
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(35, 36). However, percentages of CD19TCD27 FcRL4™"
cells were low in dengue-infected patients (median: 0.9 %,
interquartile range: 0.2-1.7%, Supplementary Figure 5). Thus,
these results suggest that during the acute phase of DENV
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FIGURE 5 | B cells from DENV-infected patients are refractory to TLR
stimulation but can be activated upon co-stimulation with BCR and TLR
agonists. B cells isolated from DENV-infected patients (n = 7) and healthy
donors (n = 7) were stimulated with CpG alone or with anti-lgM antibody for
48h. Percentages of CD69™ (A) and CD86™ (B) cells were evaluated in the
CD19+CD27~ naive B cell population. Lines represent median and IQR.
P-values were calculated with Friedman'’s test for comparing paired samples
between three groups and Mann-Whitney U test for comparing between
healthy donors and DENV* patients (*P < 0.05; **P < 0.01; **P < 0.001).

infection, naive B cells upregulate the expression of inhibitory
Fc receptors, and this may contribute to the reduced B cell
activation and cytokine production.

DISCUSSION

In this study, we characterized the B cell subsets and the
antibody-independent functions of B cells in a cohort of
Cambodian pediatric patients in the early phase of DENV
infection. We observed that the distribution of B cell subsets
was significantly altered in DENV-positive patients compared
to children undergoing febrile illness, which correlated with
disease severity within the dengue-infected patients. This is
demonstrated by an increase in the percentages of plasma cells
and decrease in Bregs/transitional and naive B cells in DHF/DSS
patients. In addition, we observed a functionally impaired B cell
response in dengue patients defined by the absence of cytokine
production upon stimulation. Naive B cells of DENV-infected
patients showed a lower activation status and upregulation of
inhibitory receptors on the cell surface.

Previous studies have demonstrated that DENV infection
is characterized by a marked increase in the percentages of
plasmablasts and plasma cells in patients at days 4-7 post
appearance of symptoms (9, 11, 37). Here, we report a
significantly higher percentage of plasmablasts and plasma cells
in dengue patients compared to patients with other febrile
illness, even earlier during the course of disease, within 96h
of onset of fever. These data suggest that DENV induces an
increase in plasma cells independent of the normal response
to infection. We also observed that the percentages of plasma
cells were significantly higher in patients with DHF/DSS, even
during acute infection and irrespective of immune status, both
within the CD19% population and within the total population
of live cells. Unfortunately, we were unable to analyze the
absolute cell counts, which would have been informative given
the redistribution of most B cell subsets after infection. In
addition, we were unable to analyze multiple time points during
the acute phase of infection in order to follow the evolution
of the B cell frequencies. We previously reported an increased
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FIGURE 6 | Expression of inhibitory Fc receptors on B cells. CD19" B cells isolated from PBMCs of healthy donors (n = 13) and DENV-infected patients (n = 46)
were stained direct ex vivo for CD19, CD27, CD32, and LILRB1. Cells were gated on CD19*CD27~ naive B cells. (A) MFI of CD32 expression and (B) percentage of
cells expressing LILRB1 was determined in naive B cells. Lines indicate median. P-values were calculated with Mann-Whitney U-test (P < 0.05; **P < 0.01).
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expression of genes related to plasma cell development in
hospitalized dengue patients compared to acute DENV-infected,
asymptomatic patients (38). Altogether, these observations
further support the involvement of plasmablasts/plasma cells
in the immunopathogenesis of the disease. However, it is still
unknown what drives this steep increase in plasmablast/plasma
cell development in dengue infection. Here, we demonstrate that
B cells from DENV-infected individuals respond the same to in
vitro T-cell independent differentiation conditions to plasma cells
as healthy donor B cells. In addition, there are no differences in
APRIL plasma concentrations, a cytokine important for plasma
cell development and survival, between mild and severe disease,
even though concentrations are lower compared to DENV-febrile
controls and healthy donors, suggesting consumption of the
cytokine by the developing plasma cells. Further studies are
needed to define the mechanisms underlying the steep and early
increase of plasma cells in severe dengue cases.

We observed here a two-fold decrease in CD24"CD38M cells
within the CD19% B cell population in patients undergoing
severe dengue disease (DHF or DSS). This B cell subset includes
a population of Bregs due to their ability to produce substantial
amounts of IL-10, an immunoregulatory cytokine (39, 40). This
subset of B cells is often reduced in numbers in patients with
autoimmune disorders (15-17, 41) or upon infections (18-21)
but has not been studied previously in the context of DENV
infection. CD24MCD38" Bregs are generated by a combination
of type I IFN and CD40L stimulation (31). Type I IEN plays an
important role in DENV infection. However, type I IFN circulates
at only trace levels in the serum during acute infection and is
difficult to reliably determine its concentrations (32, 42, 43).
We show here decreased plasma concentrations of sCD40L in
patients with severe dengue. These data are in line with previous
findings, where decreased serum concentrations of sCD40L were
observed in adult DENV-infected patients with plasma leakage
(44). sCD40L is primarily produced by platelets and DENV-2
infection can induce the production of sCD40L by platelets (45,
46). Indeed, we observed platelet counts to be significantly lower
in patients with severe dengue. Hence, the decrease in sCD40L
in severe disease is probably due to a lowering in platelets,
which might result in the decrease of CD19*CD24MCD38M cells
we observe in severe disease. Indeed, studies have shown that
patients with immune thrombocytopenia tend to have lower
percentages of CD24"CD38M Bregs (47, 48).

Besides decreased percentages of CD24MCD38M transitional
B cells/Bregs and CD27~ naive B cells in severe dengue infection,
we also demonstrate here the inability of B cells isolated from
dengue patients to produce IL-10 and TNF-a upon TLR/CD40
stimulation. The absence of IL-10 production may lead to
a defective feedback mechanism and reduced suppression of
the inflammatory response and thus might contribute to the
excessive immune activation and cytokine storm observed in
these patients (49).

B cells isolated from dengue patients were refractory to
TLR9 stimulation, as we did not observe an upregulation
of activation markers or co-stimulatory markers required for
antigen presentation in naive B cells after in vitro stimulation.
These data are in parallel to what has been observed in myeloid
and plasmacytoid dendritic cells in Colombian individuals (50).

Whether this might be due to a lower expression profile of
TLRY in B cells, and/or interference of DENV with the TLR9
pathway remains to be investigated (50, 51). Strong B-cell
stimulation through both the TLR and BCR pathway induces
B-cell activation in B cells from DENV-infected individuals,
albeit to a lower extent than in healthy donors. Of note, the B
cells of DENV-infected patients are not refractory to CD40 and
cytokine stimulation, as demonstrated by the similar increase in
plasma cells observed in B cells from DENV-infected patients and
healthy donors. A limitation of the study design of all the in vitro
functional assays is that these have been performed with total
CD19" purified cells, rather than with pure B cell subpopulations
as we did not obtain sufficient number of cells for flow cytometry
cell sorting. Our studied cohort is composed of pediatric patients;
hence, only small sample volumes were available for analysis.

The threshold of B cell activation is regulated not only
by BCR and/or TLR but also by inhibitory receptors such as
CD32B (FcyRIIB) and LILRBI1 (33, 34). We observed increased
expression of CD32B and LILRBI on CD197CD27~ B cells
directly ex vivo during the early phase of dengue infection.
CD32B is a key negative regulator of BCR signaling. Upon co-
ligation with the immune complex along with the B cell receptor
(BCR), CD32B inhibits the immune response by blocking the
BCR signaling pathway (52, 53). Another Fc-like receptor with
inhibitory function, LILRB1, is also expressed on B cells. It binds
to MHC I on antigen-presenting cells and transduces a negative
signal that inhibits the immune response (33). Interestingly,
both receptors are implicated in the mechanism of ADE during
DENV infection and are known to be exploited by DENV to
regulate anti-viral responses (54-57). Alternatively, atypical B
cells expressing high percentages of inhibitory receptors might
also be increased within CD27~ B cells. Even though percentages
of FcRL4AT B cells were low in naive B cells of dengue positive
patients, we did not evaluate other subsets of atypical B cells such
as FCRL5T, CD11cT T-bet, T-bet"CD85jM, or CD21~/1°CD27~
B cells, which might affect our results (35, 36, 58, 59).

In conclusion, we observed decreased percentages of
CD24MCD38M B cells and CD27~ naive B cells within the CD19
population and increased percentages of CD27+CD38MCD138*
plasma cells correlating with disease severity within 4 days
post appearance of fever symptoms. CD19*CD24MCD38" and
CD19"CD27~ B cells from dengue patients were refractory to
TLR stimulation in vitro, resulting in decreased B-cell-specific
IL-10 and TNF-a cytokine production, which correlates to
an increased expression of inhibitory FcyR in vivo in naive B
cells from DENV-infected patients. Taken together, our results
indicate a defective B cell response in dengue patients that
may contribute to the pathogenesis of DENV during the acute
phase of infection. These data emphasize the importance of
antibody-independent B cell functions in the early phase of
disease development after dengue infection.
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