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Abstract
Dengue is a globally expanding disease caused by infection with dengue virus (DENV) that ranges
from febrile illness to acute disease with serious complications. Secondary infection predisposes
individuals to more severe disease, and B lymphocytes may play a role in this phenomenon
through production of Ab that enhance infection. To better define the acute B cell response during
dengue, we analyzed peripheral B cells from an adult Brazilian hospital cohort with primary and
secondary DENV infections of varying clinical severity. Circulating B cells in dengue patients
were proliferating, activated and apoptotic relative to individuals with other febrile illnesses.
Severe secondary DENV infection was associated with extraordinary peak plasmablast
frequencies between 4 and 7 days of illness, averaging 46% and reaching 87% of B cells,
significantly greater than those seen in mild illness or primary infections. On average more than
70% of IgG-secreting cells in individuals with severe secondary DENV infection were DENV-
specific. Plasmablasts produced Ab that cross-reacted with heterotypic DENV serotypes but with a
3-fold greater reactivity to DENV-3, the infecting serotype. Plasmablast frequency did not
correlate with acute serum neutralizing Ab titers to any DENV serotype regardless of severity of
disease. These findings indicate that massive expansion of DENV-specific and serotype cross-
reactive plasmablasts occurs in acute secondary DENV infection of adults in Brazil which is
associated with increasing disease severity.

Introduction
Dengue is a mosquito-borne disease caused by infection with one of four different serotypes
of dengue virus (DENV 1–4). Over the last five decades the incidence of dengue has
increased dramatically around the world, with an estimated 50 million infections occurring
annually (1). While most DENV infected individuals either do not show symptoms or
recover following an acute febrile illness, a small proportion of infected individuals develop
severe disease characterized by plasma leakage, thrombocytopenia and organ dysfunction
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with or without hemorrhage (2). The factors that contribute to dengue pathogenesis and
disease severity are not fully understood. Neutralizing Ab raised in response to a primary
infection provide long-term protection against reinfection with the same serotype but only
transient protection against a different serotype (3). Classical epidemiological studies
indicate that individuals with a secondary infection of a heterotypic DENV serotype are at
increased risk of developing severe dengue, as are infants infected at the time of waning
levels of maternally-acquired Ab (4–8). The leading hypothesis proposed to explain this
phenomenon is Ab-dependent enhancement of infection (9, 10). In this process, pre-existing
cross-reactive Ab form immune complexes with the infecting virus leading to increased
virus uptake and infection of Fc receptor-bearing cells such as monocytes/macrophages (10–
14).

Analysis of human sera indicates that during the natural course of DENV infection Ab are
generated that are broadly reactive with DENV serotypes, but the Ab repertoires in primary
and secondary infections appear to be distinct, both in acute infection and in long-term
immune sera (15–17). Studies of mAb panels derived from immortalized B cells indicate
that immune individuals have a large repertoire of DENV-reactive B cells, even years after
infection, with specificities for both structural envelope (E) and precursor-membrane (PrM)
proteins that are reactive across serotypes (18, 19). Similarly, memory B cells with
specificity for E are highly serotype-specific in the convalescent phase of primary DENV
infection, but are serotype cross-reactive following secondary infection (20).

While these studies have helped define the Ab response to DENV, we know surprisingly
little about the B cell response itself, especially during acute infection when disease is
manifest. Data are emerging to indicate that the magnitude of the plasmablast response in
acute DENV infection may be substantially greater than that induced by vaccination or other
febrile illness (OFI) (21–23). Whether this response correlates with disease severity is
unknown and is a critical issue given the proposed relationship between Ab and disease in
this infection. In addition, it is unknown whether B cells undergo the marked activation and
apoptosis that is well-described for T cells in acute DENV infection (24). To address this
gap in knowledge, in the current study we characterized the acute B cell response in dengue
patients in a hospital cohort in Brazil, comparing both primary and secondary infections and
mild and severe disease.

Materials and Methods
Subjects, laboratory diagnosis and clinical samples

The study was reviewed and approved by the Institutional Review Board of the University
of Pittsburgh. Blood samples were obtained from patients ≥ 5 years of age enrolled in a
hospital-based dengue cohort in Recife, northeast Brazil, between 2004 and 2006. The
cohort included 354 cases of laboratory-confirmed dengue based on virus cDNA
amplification, virus isolation, and/or serum Ab analysis (25). RT-PCR and virus isolation
were performed on serum samples obtained at admission; all subsequent samples were
analyzed serologically. DENV was isolated using serum inoculation onto monolayers of
C6/36 insect cells followed by Ab staining using serotype-specific anti-DENV mAb and
immunofluorescence analysis (25). For detection of viral RNA, two-step nested RT-PCR
was performed using consensus primers against all four DENV serotypes followed by
second-round amplification with serotype-specific primers. Serologic Ab analyses used anti-
DENV IgM or anti-DENV IgG ELISA on acute and convalescent samples (25). Clinical
pathologic analyses included automated WBC, platelet and differential leukocyte counts and
measurement of serum aspartate aminotransferase and alanine aminotransferase
concentrations as indicators of liver function. Primary infection was characterized by the
absence of DENV-specific IgG and the presence of DENV-specific IgM, virus isolation and/
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or viral RNA in the acute stage, followed by the presence of DENV-specific IgG in the
convalescent stage. Secondary infection was characterized by DENV-specific IgG, virus
isolation and/or viral RNA with low to absent DENV-specific IgM in the acute stage,
followed by a rise in DENV-specific IgG titer and presence of DENV-specific IgM in the
convalescent stage (25, 26). Clinical disease was classified as dengue fever (DF) based on
standard World Health Organization guidelines (27), or as a more severe condition called
complicated dengue fever (DFC) based on a classification scheme adopted by the Brazilian
Ministry of Health (25, 28). DFC cases do not meet all the criteria necessary for a diagnosis
of dengue hemorrhagic fever, but must present with at least one of the following
complications: neurological signs, cardiopulmonary dysfunction, liver insufficiency,
gastrointestinal bleeding, plasma leakage, thrombocytopenia, leukopenia, or death (28).
DFC represents 1% of all notified dengue cases in Brazil and accounted for 370 deaths in
2010 (29).

Ab staining and flow cytometric analysis
All Ab used were from BD Biosciences unless noted. PBMC were thawed and incubated
with various combinations of fluorochrome-labeled Ab against cell surface Ag CD19 (clone
HIB19), CD20 (2H7), CD10 (HI10a), CD27 (M-T271), CD69 (L78), CD95 (DX-2), CD3
(SP34-2), CD21 (B-ly4) and CD38 (AT-1, Stem Cell Technologies). Following staining,
cells were incubated with LIVE/DEAD (Invitrogen), an amine-reactive fluorescent dye used
to distinguish live from dead cells. For intracellular staining, cells were first labeled with Ab
to cell surface Ag then fixed and permeabilized using the Cytofix/Cytoperm kit (BD
Bioscience) followed by staining with Ab to active caspase-3 (C92-605) and Ki-67 (B56).
All samples were acquired on an LSRII flow cytometer (Becton Dickinson) and data
analyzed using FlowJo software (Tree Star). The proportion of lymphocyte subsets in
PBMC based on flow cytometric analysis was converted to absolute count by multiplying by
the number of mononuclear cells/μL blood calculated from the automated hematologic
analysis.

Elispot assay
The Elispot assay was adapted from a published protocol (30). 96-well Elispot plates
(Millipore) were coated overnight at 4°C with goat anti-human IgG (10 μg/ml; Bethyl
Laboratories) to detect IgG-secreting cells. To detect cells secreting Ab specific for DENV
we coated plates with UV-inactivated DENV-1 (Hawaii strain), DENV-2 (16681) or
DENV-3 (H87) that had been propagated on C6/36 insect cells and concentrated by
centrifugation at 100,000 × g for 4 h over a 20% glycerol cushion. Virus was diluted in PBS
and 1×105 plaque forming units added to each well. As irrelevant virus controls wells were
coated with influenza vaccine consisting of three different inactivated influenza virus strains
(6μg/ml, Fluarix, GlaxoSmithKline) or 2% BSA in PBS. Plates were washed with PBS and
blocked with RPMI 1640 with 10% FBS for 2 h. Serial dilutions of PBMC were added to
the plates and incubated 18–20 h at 37°C. After incubations cells were discarded and wells
were washed with PBS plus 0.1% Tween20. Plates were then incubated with biotinylated
goat anti-human IgG-Fc (Bethyl laboratories) for 1 h at room temperature. Streptavidin-
conjugated alkaline phosphatase (BioRad) was then added and plates were developed using
an alkaline phosphatase conjugate substrate kit (BioRad). Spots were counted using a CTL
ImmunoSpot reader and counting software (Cellular technologies Ltd).

Plaque reduction neutralization test
The primary virus strains DENV-1 (PE/97-42735), DENV-2 (PE/95-3808), DENV-3 (PE/
02-95016) and DENV-4 (IEC) isolated in Brazil were expanded on African green monkey
kidney cells and used in a standard plaque reduction neutralization test with the same cell
line and heat-inactivated patient sera essentially as described (31). Sera were used at two-
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fold dilutions ranging from 1/20 to 1/2560. The 50% end-point dilution of each serum,
corresponding to the dilution at which 50% of the wells were completely protected from
infection, was determined according to standard methods. Fifty percent plaque neutralization
titers (PRNT50) were calculated as the highest dilution of Ab reducing virus plaques by 50%
and were depicted on a log10 scale.

Statistical analyses
Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc). For
clinical laboratory measurements, comparisons were made between groups using a non-
parametric one-way analysis of variance followed by a Dunn’s post test analysis. For all
other comparisons we used a non-parametric Mann-Whitney two-tailed U-test. Comparisons
were made with the OFI group to control for the effect of febrile illness on lymphocyte
populations. In some analyses comparisons were also made between secondary DFC and
other groups. Correlations were calculated using the non-parametric Spearman rank test. P
values less than 0.05 were considered significant.

Results
Characteristics of the dengue patient cohort

PBMC taken 1 to 9 days after onset of symptoms were analyzed from 84 patients in the
cohort with laboratory-confirmed primary or secondary DENV-infections and either DF or
DFC (Table I) (25). Also studied were individuals with OFI, who presented to the same
hospitals with suspected dengue that was ruled out by subsequent laboratory analysis. As
additional controls we included healthy local residents that were DENV seronegative
(healthy naive) or had recovered from DENV infection encountered more than 250 days
previously (healthy recovered) (Table I). The demographic characteristics of individuals
studied were comparable across groups except for median age, as primary DF was mainly
noted in children, whereas individuals in the other groups consisted mainly of adults,
reflecting the epidemiology of dengue in Brazil (Table I) (25, 29). Viral RNA was detected
at admission in 43 to 61% of all laboratory-confirmed cases, all of which corresponded to
DENV-3 (Table I) (25). Individuals in the DFC group had significantly lower platelet and
WBC counts and significantly higher serum concentrations of aspartate aminotransferase
and alanine aminotransferase than patients with DF and OFI, reflecting a severe clinical
condition, whereas patients with DF did not differ in any of these indices from individuals
with OFI (Table I).

Increased turnover and activation of B cells during acute DENV infection
To evaluate the effect of DENV infection on the number of B cells and their turnover in
vivo, we performed flow cytometric analysis on PBMC. Cells were initially analyzed by
forward and side scatter parameters and dead cells were then identified and excluded by
gating on viable cells with low-level staining by the amine-reactive LIVE/DEAD dye.
Viability varied between 80 to 90% on all samples with this analysis. B and T cells were
identified within the viable population using Ab to CD19 and CD3, respectively (Figure
1A). Ab to Ki-67 and active caspase-3 were used as markers of cell proliferation and early
apoptosis, respectively (Figure 1A). The proportion of B and T cells within total PBMC did
not differ between OFI and other groups with the exception of T cells in the primary DFC
group (Figure 1B). The absolute number of B and T cells in blood also was not affected by
DENV infection, despite the leukopenia in individuals with DFC (Figure 1B, Table I). This
may reflect the fact that the major contributing factor to leukopenia was loss of granulocytes
(data not shown). Significant proliferation and apoptosis were noted in T cells of DENV-
infected individuals relative to OFI, as has previously been reported (Figure 1C) (32, 33).
We observed a similar effect in the B cell population, with an increase in the proportion of
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proliferating and to a lesser extent apoptotic B cells in patients with dengue relative to
individuals with OFI (Figure 1C). The proportion of apoptotic B cells in secondary DFC
approached 60% in some individuals and was significantly greater than that noted in OFI as
well as primary DF (Figure 1C). We found a positive correlation between proliferation and
apoptosis for both T and B cells, indicating that cell division was offset by cell death (Figure
1D). We also found a significant increase in the proportion of B cells expressing the
activation marker CD69 in secondary DF and both types of DFC relative to OFI individuals,
reflecting dengue-related B cell activation (Figure 2A, B). Similarly, B cells in the same
dengue groups had increased expression of the pro-apoptotic marker CD95 relative to OFI,
which was positively correlated with active caspase-3 (Figure 2A–C).

Marked plasmablast response in severe acute secondary DENV infection
To further dissect the B cell response in acute DENV infection we used a panel of Ab to
define specific B cell subsets in peripheral blood. We gated on CD19+CD10− mature B
cells and then used staining with Ab to CD27 and CD21 to identify naïve (CD27−CD21+),
resting memory (CD27+CD21+) and atypical memory B cells (CD27−CD21−). The
CD27+CD21− fraction was further analyzed for expression of CD20 and CD38 to
distinguish plasmablasts (CD20−CD38+) from activated memory B cells (CD20+CD38−/
low) (Figure 3A) (34, 35). We then used this panel to define the period of peak plasmablast
expansion relative to the onset of symptoms in DENV-infected individuals in a cross-section
of 45 patients. These data revealed that in both primary and secondary infections
plasmablasts expanded over a narrow period of time, from days 4 to 7 of symptoms, and that
the magnitude of the response in secondary infections was substantially greater, consistent
with an anamnestic response (Figure 3B). Using this limited period of days 4 to 7 of
symptoms, we then characterized the B cell fractions in a subset of patients with primary
and secondary DF and DFC and compared them to healthy individuals and to those with OFI
at the same stage of illness. Naive B cells made up roughly half of the circulating B cells on
average in HN individuals, as well as individuals with OFI, DF, and primary DFC.
However, in patients with secondary DFC the proportion of naive B cells fell to 30% on
average, significantly lower than HN and OFI as well as primary DF (Figure 3C, D). The
low frequency of naive B cells in secondary DFC patients reflected a very high proportion of
plasmablasts which averaged 46%, reaching a remarkable 87% in one individual (Figure 3A,
C). By comparison, individuals with OFI had average plasmablast frequencies of 5%.
Moreover, while the mean proportions of plasmablasts in DF and primary DFC were
elevated relative to health they were not significantly greater than the OFI group (Figure
3C). Notably, plasmablast frequencies in secondary DFC were significantly greater than
each of the other dengue groups (Figure 3C). The magnitude of the plasmablast response did
not correlate with the detection of virus in patient serum at admission in any group (data not
shown). There also was no difference in the percentage of activated memory B cells and
minor although in some cases significant differences in the proportion of resting and atypical
memory B cells between the groups (Figure 3C, D).

Plasmablasts in secondary DFC are DENV-specific and preferentially react with the
infecting serotype

To determine the Ag specificity of plasmablasts we performed Elispot assays, focusing on
DFC cases with secondary infections given the predominance of plasmablasts in this group.
Cryopreserved plasmablasts have comparable function to freshly isolated cells in this assay,
indicating that analysis of archived samples accurately reflects plasmablast specificity in
blood (36). As an initial test of virus specificity we used DENV-3 virus particles as the
capture Ag given the prevalence of DENV-3 infections in the cohort (Table 1) (25). Samples
taken at days 4 to 7 of symptoms from a subset of 9 patients with secondary DFC were used
for this analysis. PBMC were plated without prior stimulation to identify cells spontaneously
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releasing Ab. PBMC from 5 healthy naïve individuals had negligible numbers of cells
secreting IgG and no detectable cells secreting Ab reactive with DENV-3, as expected. In
contrast, PBMC from the individuals with secondary DFC had an average of around 40,000
DENV-reactive plasmablasts per million PBMC based on binding to DENV-3 (Figure 4A,
B). This represented an average frequency of 72% of all IgG-secreting cells (Figure 4C).
The frequency of DENV-specific plasmablasts was not correlated with the magnitude of the
peak plasmablast response, as the individuals with the lowest (4%) and highest (87%)
proportion of plasmablasts had >80% DENV-specific IgG secreting cells. There was also a
minor although significant number of IgG secreting cells that reacted with influenza virus in
these patients, averaging 520 plasmablasts per million PBMC and representing an average
frequency of 0.7% of all IgG secreting cells (Figure 4B, C). Given that these individuals had
secondary infections and therefore had immunity to a previously encountered DENV
serotype, we next asked whether the expanded plasmablasts reacted with DENV serotypes
other than the infecting virus. Using samples from 14 individuals with secondary DFC, we
repeated the Elispot assays using DENV-1, DENV-2 and DENV-3 as capture Ag. In all
cases plasmablasts reacted with all 3 DENV serotypes, but not BSA. However, on average
there was a 3-fold greater reactivity of IgG-secreting cells with DENV-3 than with either
DENV-1 or 2, a difference that was statistically significant (Figure 4D, E).

Lack of correlation between plasmablast frequency and serum neutralizing Ab
We next analyzed patient sera to determine if there was a relationship between the
magnitude of the plasmablast response and the presence of DENV-specific Ab in the
circulation. We focused on neutralizing Ab as these provide the most information regarding
the identity of the infecting virus and the history of infection (7, 37). We limited our
investigations to individuals with serum samples taken on the same day of symptoms as the
plasmablast analysis to provide a relevant comparison, and analyzed paired sera in each
patient. All individuals with primary infections had low titers of neutralizing Ab to only one
serotype at acute infection that increased in titer at convalescence, reflecting the specific
infecting virus. All primary infections were with DENV-3 except for one primary DF case
infected with DENV-1 (open triangle, Figure 5A). In all secondary infections the infecting
virus was DENV-3, based on increasing DENV-3-specific neutralizing Ab over time.
Secondary infections likely followed earlier primary infections with DENV-1, based on the
presence of significant DENV-1-specific neutralizing Ab of a constant titer (Figure 5A).
One third of individuals with secondary infections also had low and constant titers of
neutralizing Ab to DENV-2, reflecting either cross-reactive neutralizing Ab or potentially a
prior infection with DENV-2, which circulates in Brazil along with DENV-1 and DENV-3
(Figure 5A) (38). All sera analyzed had undetectable neutralizing Ab to DENV-4 (Figure
5A). To determine if the magnitude of the plasmablast response was reflected in differences
in the corresponding neutralizing Ab titer during acute infection we did a simple linear
correlation. There was no correlation between the percentage of plasmablasts in PBMC at
days 4 to 7 after onset of symptoms and the titer of serum neutralizing Ab against DENV-1,
DENV-2, or DENV-3 in individuals with secondary infections regardless of severity of
disease (Figure 5B and data not shown). Similarly, plasmablast frequency was not correlated
with neutralizing Ab titer against any virus serotype in acute primary infections (data not
shown).

Discussion
It has previously been shown that activation and apoptosis of T cells increase with severity
of disease in young DENV-infected patients, a process that is widely considered to be
involved in the pathogenesis of dengue (32, 33, 39–43). Similarly, we found that one third of
live B cells in individuals with severe secondary DENV infection were undergoing
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apoptosis which was positively correlated with B cell proliferation and activation. These
data suggest that DENV infection promotes activation-induced B cell death and increased B
cell turnover, which is consistent with our finding of homeostatic levels of B cells in the
circulation despite severe disease. Activated B cells expressed CD95 which may contribute
to apoptosis through engagement of the CD95/CD95L pathway; a similar mechanism has
been proposed to account for apoptosis of CD8+ T cells during severe DENV infection (32,
33).

Our finding of massive expansion of plasmablasts during days 4 to 7 of dengue symptoms in
adults in Brazil is in accordance with recent reports of adult dengue patients in Singapore
and Vietnam, where significant plasmablast responses were also associated with secondary
DENV infections that exceeded those of individuals with non dengue-related acute illness
(21, 44). A recent report in pediatric patients in Nicaragua also documented significant
increases in the frequency of circulating plasmablasts/plasma cells in dengue relative to OFI,
although there was no difference between primary and secondary DENV infections (23).
Similarly, massive plasmablast responses were noted in adult dengue patients in Bangkok,
Thailand, that were significantly greater than those induced by either inactivated influenza
virus or live attenuated yellow fever virus vaccination of healthy individuals (22). Previous
clinical reports have noted that extreme plasmacytosis to the levels seen in plasma cell
leukemia or myeloma is a common hematologic finding in DENV infection (45, 46). Our
data substantially extend these findings by showing that the magnitude of the plasmablast
response in patients with dengue increases both with secondary infection and with disease
severity. Extraordinary plasmablast frequencies averaging 46% of B cells were documented
in patients with secondary DFC, and these frequencies were significantly greater than those
in individuals with primary DENV infection, regardless of disease severity, as well as
secondary DF.

A key question relating to the function of plasmablasts in dengue is their specificity and
capacity to cross-react with different DENV serotypes. We found that on average more than
70% of plasmablasts in the individuals tested with secondary DFC produced DENV-specific
IgG, a finding that corresponds to other recently published data (22, 23). There was also
minor reactivity of plasmablasts against influenza virus in a subset of patients that could
reflect concurrent influenza virus infection, although this remains to be determined. DENV-
specific Ab produced by plasmablasts reacted with several DENV serotypes reflecting cross-
reactivity of the B cell response in acute secondary infection, as noted in other dengue
patient cohorts (21, 23). However, in DENV-3-infected patients with severe disease in our
study, plasmablasts had 3-fold higher reactivity with the infecting serotype than with two
other heterotypic serotypes. In contrast, studies of DENV-3-infected patients in Nicaragua
revealed significantly higher frequencies of cross-reactive plasmablasts/plasma cells that
reacted with a previous infecting serotype (23), consistent with the concept of original
antigenic sin in dengue pathogenesis (47, 48). There are several related factors that could
potentially account for this difference in B-cell cross-reactivity. The median age of the
patients with secondary DFC for which detailed plasmablast analyses were done in our
cohort was 37 years, and the primary DENV infection in these patients could extend up to
20 years earlier with the introduction of DENV-1 into Brazil in 1986 (25, 49). In addition,
DENV serotypes circulate in Brazil for extended periods of time; DENV-2 was the
predominant serotype for 10 years prior to emergence of DENV-3 in 2000 (49). In contrast,
patients in the Nicaraguan cohort with secondary DENV-3 infections were children with a
median age of 10.5 years who may have experienced a primary DENV infection
considerably more recently than individuals in our study. DENV serotypes in Nicaragua also
have a short circulation time relative to Brazil, with the dominant serotype switching every 3
to 4 years since 1999 (50–53). These complex interactions between age and the period of
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primary immunity on cross-reactivity of DENV-specific plasmablasts during secondary
infections may be important in dengue immunopathogenesis and deserve further attention.

Other studies of the B cell response in acute DENV infection have shown that the titer of
DENV-specific serum Ab rapidly increases within days of the onset of symptoms and
correlates with the frequency of plasmablasts (21, 22). Our data now show that there is no
apparent relationship between the neutralization capacities of serum Ab to the infecting
serotype or heterotypic serotypes in acute secondary infection and the magnitude of the peak
plasmablast response, consistent with a previous report (23). This is perhaps not surprising,
as serum neutralizing Ab titers against the newly encountered virus strain are expected to be
low in the acute phase. In addition to neutralization capacity, the avidity of DENV-specific
Ab is emerging as an important factor in understanding the immune response to primary and
secondary DENV infections (23, 54). Given that plasmablasts and plasma cells that rapidly
expand in acute infection are the source of virus-specific Ab, it is likely that further detailed
analysis of the specificity and reactivity of Ab produced by plasmablasts will provide key
insights into dengue immunity.

The mechanisms responsible for this very large expansion of plasmablasts in severe
secondary DENV infection remain to be determined and are likely to be complex. IL-10 and
TNF-α drive plasma cell development and are elevated in dengue patients with increasing
disease severity (39, 55–57). However, in our patient cohort there was no apparent
correlation between the serum concentration of these cytokines and frequency of circulating
plasmablasts in acute disease (data not shown). Similarly, preliminary serologic analysis of
other candidate cytokines that drive B-cell differentiation including IL-6, IL-21, BAFF and
APRIL did not reveal any association with the magnitude of the plasmablast response (data
not shown). Further in-depth analysis of factors known to regulate B-cell differentiation may
provide insight into the plasmablast response to DENV infection and its relationship to
disease severity.
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Figure 1. Increased turnover of B and T cells in acute DENV infection
(A) Representative flow cytometry contour plots illustrating the gating strategy to define B
cell and T cell subsets (left), and expression of Ki-67 and active caspase-3 (Cas-3) on B cells
from a healthy naïve individual and individuals with DF and DFC (right). Boxes are defined
based on fluorescence with isotype control Ab. (B) Percentage (left) and absolute number
(right) of T cells and B cells within the PBMC of each group. Symbols represent individual
subjects and horizontal lines represent means. (C) Percentage of T cells and B cells
expressing Ki-67 and active caspase-3 in the different groups. (D) Correlation between the
percent of T cells and B cells expressing Ki-67 and active caspase-3. HN=healthy naïve,
OFI=other febrile illness, DF=dengue fever, DFC=complicated dengue fever, HR=healthy
recovered, P=primary infection, S=secondary infection. *P<.05, ** P< .01 and *** P<.001
vs. OFI; # P<.05 vs. secondary DFC (dengue groups only).
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Figure 2. Increased activation of B cells in acute DENV infection
(A) Representative flow cytometry contour plots illustrating the gating strategy to determine
expression of CD69 and CD95 on B cells in a healthy naïve individual and individuals with
DF and DFC. Boxes are defined based on fluorescence with relevant isotype control Ab. (B)
Percentage of B cells expressing CD69 and CD95 in the different groups. Symbols represent
individual subjects and horizontal lines represent means. (C) Correlation between the
percent of B cells expressing CD95 and active caspase-3. HN=healthy naïve, OFI=other
febrile illness, DF=dengue fever, DFC=complicated dengue fever, HR=healthy recovered,
P=primary infection, S=secondary infection. * P<.05 vs. OFI.
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Figure 3. Marked expansion of plasmablasts in severe secondary DENV infection
(A) Representative flow cytometry contour plots illustrating the gating strategy to define
naïve B cells (black), resting memory B cells (blue), atypical memory B cells (orange),
activated memory B cells (green) and plasmablasts (red) in a healthy individual and
individuals with OFI, DF and DFC. (B) Percentage of B cells that are plasmablasts in 45
patient samples with either primary (closed diamonds) or secondary (open squares) acute
DENV infection analyzed at different intervals after the onset of symptoms. The interval
between the dotted lines indicates the peak response. (C) Percentage of naïve B cells, resting
memory B cells, atypical memory B cells, activated memory B cells and plasmablasts at 4 to
7 days of symptoms in the different groups. Symbols represent individual subjects and
horizontal lines represent means. (D) The relative proportion of B cell subsets in each group
shown as stacked bars. HN=healthy naïve, OFI=other febrile illness, DF=dengue fever,
DFC=complicated dengue fever, P=primary infection, S=secondary infection. * P<.05, **
P< .01 vs. OFI; # P<.05, ## P<.01, ### P<.001 vs. secondary DFC.
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Figure 4. Plasmablasts in severe secondary DENV infection are DENV-specific and serotype
cross-reactive but preferentially react with the infecting serotype
(A) Representative Elispot assay depicting plasmablasts secreting Ab reactive with BSA,
influenza virus or DENV-3 compared with the total number of IgG-secreting cells from a
healthy naïve individual (HN) and a patient with secondary DFC (DFC-S). Numerals
represent number of spots. 10,000 cells were used for each condition except for total IgG
and DENV-3 in the DFC-S individual where 1,000 cells were used. (B, C) Graphical
representation of the number of Ab-secreting cells per 1 million PBMC (B) and the percent
of all Ab-secreting cells (C) that are reactive with BSA, influenza virus and DENV-3 in
healthy naïve individuals compared with individuals with secondary DFC. **P<.01, ***P<.
001 vs. BSA; ### P<.001 vs. influenza virus. **P<.01, ***P<.001 vs. BSA control; ### P<.
001 vs. influenza virus. (D) Representative Elispot assay depicting plasmablasts secreting
Ab reactive with BSA, DENV-1, DENV-2 or DENV-3 in a patient with secondary DFC.
Numerals represent number of spots. 2,500 cells were used per well. (E) Graphical
representation of the number of Ab-secreting cells per 1 million PBMC that are reactive
with BSA or each of the 3 DENV serotypes in individuals with secondary DFC. ***P<.001
vs. BSA; ## P<.01 vs. DENV-3.
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Figure 5. Lack of correlation between plasmablast response and serum neutralizing Ab titers
(A) Reciprocal 50% neutralizing Ab (PRNT50) titers to each of the four DENV serotypes in
sera of patients with primary and secondary DENV infections and either DF or DFC,
measured at 4 to 7 days after onset of symptoms (A) and at convalescence (C), as
determined by plaque reduction neutralization test. Convalescent samples were taken 15 to
54 days after onset of symptoms except for two secondary DFC patients (closed triangle and
closed square) taken 2 and 3 days after the acute sample, respectively. Each symbol
represents the response of an individual patient across each of the four DENV serotypes.
Individuals with secondary DFC correspond to those with the same symbols in Figure 5
where applicable. (B) Correlation between percent plasmablasts at day 4 to 7 after onset of
symptoms and the corresponding PRNT50 titer of serum Ab against DENV-1 and DEN-3 in
patients with secondary DF (closed circles) and DFC (open squares).
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