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Abstract

Dengue, caused by the four serotypes of dengue virus (DENV), represents an expanding global health challenge.
The potential for serotype-cross-reactive antibodies to exacerbate disease during a secondary infection with a
heterologous DENV serotype has driven efforts to study human DENV-specific antibodies. Most DENV-specific
antibodies generated in humans are serotype-cross-reactive, weakly neutralizing, and directed against the im-
mature pre-membrane (prM), envelope (E), and nonstructural 1 (NS1) proteins. To broaden the characterization
of human DENV-specific antibodies, we assessed B-cell responses by ELISpot assays and isolated B cells from
the peripheral blood of a human subject with previous DENV infection. Forty-eight human IgG monoclonal
antibodies (hMAbs) were initially characterized by their potential to bind to an inactivated lysate of DENV-
infected cells. Subsequently, most DENV-specific hMAbs were found to bind soluble, recombinant E protein
(rE). Two hMAbs were unable to bind rE, despite strongly binding to the DENV-infected cell lysate.
Further analyses showed that these two hMAbs bound conformation-dependent, reduction-sensitive epitopes on
E protein. These data shed light on the breadth of DENV-specific hMAbs generated within a single immune
donor.

Introduction

Dengue viruses (DENV) comprise a family of four
antigenically-related positive-strand RNA viruses

transmitted to humans by mosquitoes. Most DENV infections
are asymptomatic. Clinical disease ranges from an acute fe-
brile illness lasting 4–7 d (classic dengue fever), to a more
severe form, dengue hemorrhagic fever (DHF), characterized
by fever, hemorrhagic manifestations, and increased vascular
permeability with leakage into interstitial spaces (21,28).

A primary infection with one serotype of DENV induces
lifelong immunity to that serotype. The strong association of
severe dengue illness, DHF, with a heterologous secondary
infection and high cytokine levels has led to the prevailing
view that DHF is immunologically mediated (28). Antibody-
dependent enhancement (ADE) of infection, whereby anti-
DENV antibodies acquired from a previous heterologous
infection, or passively acquired by an infant from the mother,
is thought to be an important trigger of the immunological
cascade responsible for DHF (21).

Initial studies of antibody responses to DENV were
performed in mice. The majority of flavivirus-neutralizing
murine antibodies recognize the structural envelope (E) pro-

tein, although some also bind to the immature pre-membrane
(prM), or mature membrane (M), protein (5,10,12,27,33,34).
Serotype-specific epitopes elicit murine antibodies with the
strongest neutralizing activities, and protection in animals by
antibodies correlates with neutralizing activity in vitro. Based
on epitope-mapping studies, many DENV serotype-specific
neutralizing antibodies were localized to domain III (DIII)
of the E protein, whereas neutralizing monoclonal anti-
bodies (MAbs) that cross-reacted with other flaviviruses
localized primarily to domain II (DII), near the fusion se-
quence (23,30,33).

Until recently, the human antibody response was evalu-
ated by analyzing the quality of antibodies in the sera of
DENV-immune individuals (4,14,31,39,40). In the last couple
years, several groups have generated and characterized hu-
man (h)MAbs by stimulating memory B cells obtained from
DENV-immune donors in vitro (1,6,8,29,32). Antibodies
specific for the E protein with poor, moderate, or potent
neutralizing activity, and antibodies specific for the prM
protein that were poorly neutralizing but highly cross-
reactive, have been isolated. In contrast to the findings in
mice, antibodies against DIII are a minority in human
immune sera and among isolated hMAbs (1,8,29). B-cell
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ELISpot assays represent an alternative approach to analyze
the human B-cell response to DENV. We recently reported
on the use of ELISpot assays to compare responses to ho-
mologous and heterologous DENV serotypes in primary and
secondary DENV infections (19). ELISpot assays allow more
accurate quantitation of cell frequencies than isolation of
MAbs, but definition of serotype cross-reactivity at the clonal
level is more difficult.

The goal of the present study was to expand and isolate B
cells that secrete antibodies specific for DENV from the pe-
ripheral blood of individuals following DENV infection. We
define the major antigens and epitopes recognized by a panel
of antibodies secreted by memory B cells from a single
DENV-immune subject, and characterize the phenotype of B
cells that continued to secrete DENV-specific antibodies
long-term.

Materials and Methods

Samples

Samples were obtained from five DENV-immune subjects
(Table 1). Peripheral blood mononuclear cells (PBMCs) were
purified, resuspended at 107 cells/mL in RPMI 1640 medium
(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich, St. Louis, MO), and 10% di-
methyl sulfoxide (DMSO), and cryopreserved until use.

B-cell bulk cultures and isolation of hMAbs

Cryopreserved PBMCs were thawed and washed twice.
Cells were counted and diluted to 2 · 106/mL in RPMI
1640 (Gibco) with 10% FBS (Gibco), 100 U/mL penicillin/
streptomycin (Gibco), and 200 mM L-glutamine (Gibco).
PBMCs were stimulated with 2.5 lg/mL R848 (InvivoGen,
San Diego, CA) and 1000 U/mL recombinant human (rh) IL-
2 (Peprotech, Rocky Hill, NJ). These cells were then added to
a 24-well plate. After 7 d at 37�C and 5% CO2, ELISpot assays
were performed. Supernatants from stimulated PBMCs
were collected and assessed for antibody secretion. To isolate
hMAbs, CD22 + memory B cells were isolated by magnetic
sorting (MACS kit MS; Miltenyi Biotec, Bergisch Gladbach,
Germany), and immortalized with Epstein-Barr virus (EBV)
in the presence of 2.5 lg/mL CpG (Operon Technologies,
Alameda, CA), 1000 U/mL rhIL-2, and 30lg/mL holo-transferrin
(Sigma-Aldrich), as previously described (36). Cells were
plated at 100 cells/well in 96-well plates and maintained
with bi-weekly stimulation with CpG, rhIL-2, and trans-
ferrin. Supernatants were regularly collected and tested for
antibody secretion.

ELISpot assay

ELISpot assays were performed as previously described
(19). Briefly, wells of Millipore ELISpot plates (Millipore,
Billerica, MA) were coated with 100 lL DENV E or NS1
protein (15 lg/mL; Hawaii Biotech, Aiea, HI). The strains
used to generate the four DENV-E proteins were DENV-1
strain 258848, DENV-2 strain PR159/S1, DENV-3 strain
CH53489, and DENV-4 strain H241. To detect total IgG, the
wells were coated with 100 lL anti-human IgG (15 lg/mL,
MT91/145; Mabtech, Nacka Strand, Sweden). The plates
were stored at 4�C overnight. B-cell bulk cultures were
counted, and £ 2.5 · 104 cells in 100 lL were added to each
well in duplicate. The plates were incubated at 37�C over-
night. After washing, 100 lL biotinylated MAb directed
against human IgG (1 lg/mL in PBS/0.5% FBS; MT78/145;
Mabtech) was added. The plates were incubated for 2 h at
room temperature, washed, and developed with horseradish
peroxidase (HRP)-conjugated streptavidin (100 lL of 1:1000
dilution in PBS/0.5% FBS; BD Pharmingen, San Diego, CA).
The plates were analyzed using a CTL ImmunoSpot reader
(CTL, Shaker Heights, OH).

Detection of DENV-specific antibody responses

DENV-1-4 E and DENV-2 NS1-specific antibodies in the
supernatants of B-cell cultures were detected using an
enzyme-linked immunosorbent assay (ELISA). For standard
assays, 384-well microplates were coated overnight with
20 ng/well DENV-1-4 E or DENV-2 NS1 protein (Hawaii
Biotech), a 1:40 dilution of DENV-1-4-infected or uninfected
(control) Vero cell lysate, or infectious or immature
DENV virions. The recombinant proteins were expressed in
Drosophila sp. S2 cells, which are known to bind to native
conformation-dependent MAbs (20). Furthermore, x-ray
crystallography studies have demonstrated that these
proteins retain a native-like structure (3). The DENV-1-4
antigens were prepared from infected Vero cell monolayers,
as previously described (24). Briefly, Vero cell monolayers
were infected at a multiplicity of infection (MOI) of 1.0
plaque-forming units (PFU)/cell, and incubated at 37�C
in minimal essential medium (MEM) supplemented with
25 mM N-2-hydroxyethylpiperazine-N-9-2-ethanesulfonic acid
(HEPES), 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 2% FBS (Gibco), until 50% of the cells
displayed cytopathology. Cells were then harvested, wa-
shed, fixed in 0.025% glutaraldehyde in PBS for 15 min on
ice, washed again, and resuspended in RPMI 1640. The
suspension of fixed cells was then sonicated on ice in a sonic

Table 1. Donor Information

Donor no. Exposure Serotype Infection Time pointa Country of origin

1 Vaccine DENV-4 Primary 6 months USA
2 Natural DENV-3b Primaryb *3 years USAc

3 Natural Unknown Primaryb *3 months USA
4 Natural Unknown Unknown *15 years Philippines
5 Natural Unknown Unknown Unknown Thailand

aTime point of PBMC collection post-illness.
bBased on history provided by the donor.
cDonor 2 traveled to Thailand, where the infection was thought to occur.
DENV, dengue virus; PBMC, peripheral blood mononuclear cell.
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dismembrator (Fisher Chemical, Loughborough, U.K.) and
centrifuged at 1500 g for 10 min at 4�C. The supernatant was
collected, aliquotted, and frozen at - 80�C as viral antigen.
Control antigen was prepared similarly from uninfected
Vero cell monolayers. Immature DENV particles were pro-
duced in human adenocarcinoma LoVo cells (ATCC CCL-
229), as described previously (26). Briefly, LoVo cells were
infected with DENV in serum-free Ham’s F12K medium
(Life Technologies, Grand Island, NY) at an MOI of 1. The
virus inoculum was removed after 1.5 h, and fresh medium
was added after washing the cells twice with PBS. After 7 d,
the medium containing the virus particles was harvested,
cleared of cellular debris by low-speed centrifugation, ali-
quotted, and stored at - 80�C.

Transformed B-cell cultures were also screened for anti-
body production using a modified ELISA (25,29). For the
modified assay, 96-well plates were coated with concanav-
alin A (ConA; Vector Laboratories, Burlingame, CA) at
25 lg/mL in 0.01 M HEPES (Gibco) in a total volume of
100 lL/well for 1 h. The wells were washed, and 50 lL
serum-free DENV preparations were added for 18 h. Un-
diluted supernatant containing murine MAb 3H5 (from
ATCC HB-46), which binds to DENV-2 E, was used as a
positive control during the screening process. Negative
controls consisted of culture fluid grown in parallel with no
virus. The plates were blocked with 1% bovine serum albu-
min (BSA) for 90 min, and dilutions of antibodies #27 and #41
were added to the wells for 1 h. The plates were washed with
PBS containing 0.1% Tween-20. Goat anti-human IgG
coupled to HRP (A80-104P; Bethyl Laboratories Inc., Mon-
tgomery, TX) was added as the secondary antibody at a 1:20,000
dilution. Then, 100lL TMB (3,3¢,5,5¢-tetramethylbenzidine)
peroxidase substrate (50-76-00; KPL, Gaithersburg, MD) was
added as the substrate. After approximately 20 min, the enzyme
reaction was stopped by the addition of 1 M hydrochloric acid,
and the plates were read at 450 nm.

hMAb recognition of DENV-infected cells
by flow cytometry

K562-DC-SIGN cells (a gift from Dr. Vineet Kewal Ramini,
National Cancer Institute, Frederick, MD) were infected with
DENV-1 or DENV-3 (MOI 0.2), and incubated at 37�C for
1.5 h. The cells were washed and incubated at 37�C in 5%
CO2 for 24 h in RPMI/2% FBS. Uninfected and infected
K562-DC-SIGN cells were either permeabilized or stained
directly with hMAbs. Approximately 2 · 105 cells were per-
meabilized in 200 lL Cytofix/Cytoperm (BD Biosciences, San
Jose, CA) and stained with antibodies #27 and #41 for 30 min.
After washing with FACS buffer (PBS/2% FBS/0.1% sodium
azide), the cells were stained with fluorescein isothiocyanate
(FITC)-conjugated anti-human IgG (F-9006; Sigma-Aldrich).
Approximately 2 · 104 cells were analyzed for each sample.
Data were collected on a BD FACSAria (BD Biosciences), and
analyzed using FlowJo version 7.5.5 software (Tree Star, Inc.,
Ashland, OR).

Western blot

The DENV-infected Vero cell lysates were prepared by
lysing DENV-1- and DENV-3-infected Vero cells with RIPA
buffer (150 mM NaCl, 50 mM Tris, 0.1% sodium dodecyl
sulfate [SDS], and 1% Igepal CA-C30) on ice for 1 h. The

supernatants were then analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using a 12.5% denaturing gel
and pre-stained protein markers on adjacent lanes. Separated
proteins were electro-transferred using a Mini Trans-blot
Electrophoretic Cell (Bio-Rad Laboratories, Hercules, CA)
onto a polyvinylidene difluoride (PVDF) membrane (Bio-
Rad). Electro-blotting was performed in the presence of
200 mM glycine, 24 mM Tris base, and 20% methanol, at a
constant current (100 mA) overnight at room temperature.
Transfer of proteins onto the membrane was visually verified
with pre-stained Precision Plus Kaleidoscope Standards
(310010352; Bio-Rad). The membrane was blocked overnight
with 5% nonfat milk in 1 · PBS with gentle shaking at 4�C.
The blocking solution was replaced with the primary anti-
body solution (1:250 dilution in blocking solution), and in-
cubated overnight at 4�C with gentle shaking. Thereafter, the
blot was washed three times with 1 · PBST (10 mM phos-
phate buffer [pH 7.2], 150 mM NaCl, and 0.1% Tween-20) for
10 min, each followed by incubation in anti-human IgG-
HRP-conjugated antibody solution (1:5000 dilution in
blocking solution, A80-104P; Bethyl Laboratories) for a fur-
ther 45 min. The blot was washed again as described above.
The protein bands were visualized with a chemiluminescent
HRP-conjugated antibody detection reagent (Denville Sci-
entific Inc., Metuchen, NJ).

Avidity assays

Two sets of 96-well microplates were coated overnight
with a 1:40 dilution of DENV-1 or DENV-3 inactivated
lysate, or 50 lL of Con A-immobilized DENV-1 or DENV-3.
The plates were blocked with 1% BSA for 90 min, and in-
cubated with 100 lL serially-diluted supernatants from
hMAbs #27 or #41 in duplicate for 1 h at 37�C. The plates
were washed with PBS/0.1% Tween-20. One set of plates
was incubated with 8 M urea for 10 min at 37�C. Both sets of
plates were washed and incubated with anti-human IgG-
HRP (A80-104P; Bethyl Laboratories) for 1 h at 37�C. TMB
solution was then added, and the enzyme reaction was
stopped by the addition of 1 M hydrochloric acid. Absor-
bance values greater than twofold above background were
considered positive. Avidity indices were calculated as the
ratio of the optical density (OD) with urea to the OD without
urea.

Flow cytometry-based neutralization assay

Vero cells were seeded in 48-well plates at a density of
0.5 · 105 cells per well and incubated overnight. The culture
supernatants were serially diluted in MEM containing 1%
BSA supplemented with penicillin and streptomycin. DENV-1
or DENV-3 was added to antibodies #27 and #41 and incu-
bated at 4�C for 1 h. The virus and MAb mixture was added
to the Vero cells to achieve an MOI of 0.2. The plates were
incubated at 37�C in 5% CO2 for 1 h. Approximately 1 mL of
MEM containing 5% FBS was added to each well, and the
plates were incubated at 37�C in 5% CO2 for 24 h. Each well
was washed with 1 mL of PBS. The plates were incubated
with 0.2 mL of trypsin/well at 37�C for 5 min and washed
with 1 mL of PBS containing 10% FBS. The cells were pi-
petted to break up any clumps and centrifuged at 1000 g for
5 min. The cells were permeabilized using Cytofix/Cytoperm
and stained with a 1:100 dilution of the DENV-specific
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antibody 2H2 (Millipore), followed by a 1:200 dilution of
FITC-conjugated anti-mouse IgG as a secondary antibody
(Sigma). Approximately 2 · 104 cells were analyzed for each
sample. The percent neutralization was calculated at each
dilution using the formula 100 – ([frequency of infected cells
in the presence of antibody · 100]/frequency of infected cells
in the absence of antibody).

Phenotypic staining and flow cytometry

B-cell lines were washed in FACS buffer and stained with
LIVE/DEAD Aqua (Molecular Probes, Life Technologies,
Grand Island, NY) according to the manufacturer’s instruc-
tions. The cells were then washed and incubated with the
following MAbs: PE-Cy7-aCD19, PerCP-Cy5.5-aCD20, APC-
H7-aCD27, APC-aCD38 (BD Biosciences), and PC5-aCD138
(Beckman Coulter, Miami, FL) at 4�C for 30 min. An aliquot
of cells was either permeabilized with Cytofix/CytoPerm for
20 min or left unpermeabilized. The cells were stained with
MAbs against human IgM and IgG (Dako Systems, Car-
penteria, CA). Data were collected on a BD FACSAria and
analyzed using FlowJo version 7.5.5.

Results

DENV E- and NS1-specific antibody-secreting cells
in PBMCs from DENV-immune donors

We utilized a B-cell ELISpot assay to enumerate antibody-
secreting cells (ASCs) in PBMCs obtained from five adults
who either received a live attenuated dengue vaccine or who
were naturally exposed to DENV infection (Table 1). The
serotype of DENV was identified by RT-PCR for one subject
(donor 1) (13); the remaining four subjects were enrolled
after acute DENV infection and did not have virus detected.
PBMCs were cultured in the presence of the Toll-like recep-
tor (TLR) 7/8 agonist R848 for 7 d to activate memory B cells
to secrete antibody. We used recombinant (r) E and NS1
proteins to identify DENV-specific ASCs. We detected
DENV E-specific ASCs in PBMCs from 5/5 donors, and NS1-
specific ASCs in 4/5 donors (Fig. 1A). We next used super-
natants from R848-stimulated PBMCs to assess whether the
breadth and serotype cross-reactivity of antibodies to DENV
proteins detected by ELISpot were also reflected in the an-
tibodies secreted by memory B cells. We detected secretion of
E-specific antibodies by 4/4 donors (one donor was not
tested), and NS1-specific antibodies by 2/4 donors (Fig. 1B).
These data demonstrate the presence of serotype-cross-
reactive antibodies in subjects with varying histories of
DENV infection, including those with a single exposure to
the virus.

Isolation of MAbs from DENV-immune PBMCs

We next wanted to isolate memory B-cell-derived hMAbs
from these donors for more in-depth characterization of
their serotype-specificity and neutralization potency. CD22 +

memory B cells were immortalized with EBV and CpG, as
previously described (36), and maintained at 100 cells/well
in 96-well plates. In our hands, B-cell lines from donor 2 were
maintained in culture and continued to secrete antibodies for
a long period; these cells retained CD19 and CD20 expres-
sion, consistent with previous reports of EBV-mediated B-cell
transformation (22). The immortalized B-cell culture super-

natants were screened for IgG antibodies that bound an in-
activated lysate of DENV-3-infected cells, since ELISpot
assays indicated that responses to DENV-3 were strongest in
this subject (Fig. 1). DENV-3 lysate-specific IgG antibodies
were detected in 90/1728 (5%) wells (data not shown). We
selected wells with OD values ‡ 5 times above background
for further analysis. Of the 48 wells that were initially se-
lected, the cells in 40 wells continued to secrete antibodies
and underwent more extensive characterization. Super-
natants were collected from these wells every 2 wk and tested
by ELISA to define the major antigens they recognized.

Serotype specificity of MAbs generated
from memory B cells

We assessed the serotype-specificity of antibodies in
supernatants of DENV-3 lysate-positive wells by using in-
activated cell lysates for all four serotypes of DENV. We
found that 31/40 hMAbs were able to bind more than one
dengue antigen, while 9/40 were serotype-specific and
bound DENV-3 antigen only (Fig. 2). Since the inactivated
cell lysates contain multiple structural and nonstructural
proteins of DENV, we next tested the supernatants for rec-
ognition of DENV rE and rNS1 proteins, the major targets of
anti-DENV antibodies. We found that 17/40 wells recog-
nized rE protein, and 3/40 supernatants recognized DENV-2
rNS1 protein; 20/40 supernatants did not recognize either rE
or rNS1 (Fig. 3A). Of the 17 antibodies that recognized the rE
protein, 6 (36%) were serotype-specific with responses pre-
dominantly to DENV-3 E, and 11 (64%) were cross-reactive
and recognized more than one serotype of E (Fig. 3B and C).
The relative concentrations of specific viral components
in the cell lysates are unknown, which could explain the
qualitative differences in antibody recognition of DENV-
inactivated lysates and recombinant proteins. Since B cells
were seeded at 100 cells/well, we also cannot exclude the
possibility that a change in relative concentration of poly-
clonal Abs present within the same well over time may have
impacted these results. However, given the low frequency of
memory B cells in PBMCs, we believe this was unlikely. The
data indicated that over 40% of MAbs generated from
memory B cells from donor 2 recognized E produced as a
soluble recombinant antigen, with the majority of antibodies
being serotype-cross-reactive.

MAbs recognize conformation-dependent,
reduction-sensitive epitopes on E

Recently, several groups have identified the prM protein
as a dominant target of anti-DENV human antibodies (1,8).
We further characterized two MAbs (#27 and #41) as po-
tentially binding to the prM protein, since they did not rec-
ognize rE or rNS1 by ELISA (Fig. 4A). Both hMAbs #27 and
#41 were able to recognize the inactivated lysates of DENV-1
and - 3, but not DENV-2 or - 4 antigens (Figs. 2 and 4B and
data not shown). MAbs #27 and #41 were able to recognize
DENV-1–inactivated lysates better than DENV-3–inactivated
lysates consistently. We next tested these antibodies in our
standard ELISA for their ability to bind to infectious DENV
virus or DENV virus produced in LoVo cells, which is
known to be enriched for immature virus particles expres-
sing prM (26); neither #27 nor #41 bound infectious virus or
immature virus produced in LoVo cells (data not shown).
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We then modified the ELISA to affinity-immobilize viral
glycoproteins using ConA (25,29), and we detected sub-
stantial binding of MAbs #27 and #41 to DENV-3, with less
binding to DENV-1 (Fig. 4C). These data suggest that MAb
#27 and #41 bound to a conformation-sensitive epitope on
the E protein that is not presented by the rE protein, which
was produced in Drosophila cells.

Supernatants from wells #27 and #41 were next tested for
reactivity to DENV in a non-reducing Western blot. Dengue
virions were solubilized and subjected to Western blot
analysis to identify the viral structural proteins recognized
by MAbs. An inactivated lysate of dengue virus was also
used to identify both structural and nonstructural proteins.

MAbs #27 and #41 both recognized a band of *55–60 kDa,
the expected molecular weight of the E protein under non-
reducing conditions (8,10). Previous studies of mouse anti-E
and anti-NS1 MAbs have shown that most MAbs lost
reactivity upon treatment with b-mercaptoethanol (under
reducing conditions), and therefore were sensitive to the
protein conformation supported by disulfide bridges
(11,18,27). Binding of MAbs #27 and #41 to E was abolished
when virus and lysates were subject to reducing conditions
(Supplementary Figure S1; see online supplementary mate-
rial at http://www.liebertonline.com).

We speculated that MAbs #27 and #41 would have
different avidities to DENV-1– and DENV-3–inactivated

FIG. 1. High frequencies of DENV E-specific memory B cells in immune donors. (A) Frequencies of antigen-specific B cells
were measured by ELISpot assay in triplicate in the PBMCs of DENV-immune donors after in vitro stimulation for 7 d with
R848 and IL-2. The plates were coated with the indicated DENV rE or rNS1 protein. (B) The undiluted supernatants from the
stimulated PBMC cultures were tested by ELISA in triplicate for recognition of recombinant DENV 1–4 E and DENV-2 NS1
proteins.
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lysates, which could reflect the serotype of virus the donor
was infected with. We calculated the avidity index and
present the values obtained at different concentrations of
MAbs showing a positive ELISA result. Our data indicated
that both MAbs #27 and #41 had a higher avidity index to

DENV-3–inactivated lysate (Fig. 5A). While the overall
avidity index to ConA-immobilized infectious DENV was
lower compared to the inactivated lysates, both MAbs #27
and #41 also had a higher avidity index to DENV-3 virions
(Fig. 5B).

FIG. 2. Antibody serotype cross-reactivity to inactivated lysates of DENV. Undiluted supernatants from individual wells of
B-cell lines from donor 2 were tested by ELISA for reactivity to inactivated antigen lysate preparations of DENV-1– through
DENV-4–infected or uninfected Vero cells.

FIG. 3. Antibody serotype cross-reactivity to recombinant DENV E and NS1 proteins. (A) Distribution of antibodies from
donor 2 that bound to the NS1 and/or E proteins of DENV, as determined by ELISA. Antibodies from donor 2 were
determined by ELISA (n = 3) to be (B) serotype-specific, or (C) serotype-cross-reactive to DENV E protein.
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We next tested the neutralizing activity of MAbs #27 and
#41 using a flow-based neutralization assay with Vero cells.
Neutralization did not reach 100%, but plateaued between 40
and 50% for MAb #27, and between 50 and 60% for MAb
#41, when incubated with DENV-1 or DENV-3 at various
dilutions (1:1000 to 1:160,000). Shown are representative dot
plots depicting infection in the presence of 1:1000 dilutions of
MAbs #27 and #41 (Fig. 5C). Together, these data indicate
that MAbs #27 and #41 both bound reduction-sensitive
epitopes on the E protein of DENV. Both MAbs had higher
avidity to DENV-3 compared to DENV-1, with poor neu-
tralizing activity in vitro.

MAbs #27 and #41 recognize DENV-infected cells

Since the DENV E protein is predominantly expressed in
the cytoplasm and then transported to the cell surface of
virus-infected cells, we next determined whether MAbs #27
and #41 were able to bind non-permeabilized and/or per-
meabilized virus-infected cells. K562-DC-SIGN cells were
infected with DENV-1 virus at an MOI of 0.2, and 24 h later,
we stained permeabilized and non-permeabilized cells with
MAbs #27 and #41. Both antibodies bound to permeabilized
and non-permeabilized virus-infected cells, although their
staining of permeabilized infected cells (Fig. 6D and G) was
greater than that of non-permeabilized cells (Fig. 6E and H).

Uninfected cells (Fig. 6A–C), and cells stained with only the
secondary antibody (Fig. 6C, F, and I), had low-level back-
ground staining.

Phenotype of B cells that secrete DENV-specific
antibodies

Human B cells express a number of markers that aid in
distinguishing naive B cells, memory B cells, antibody-
secreting plasmablasts, and plasma cells (17). We examined
the phenotype of the EBV-transformed B cells from donor
2 that proliferated and maintained their secretion of DENV-
specific antibodies. The B cell lines that secreted MAbs #27
and #41 both expressed CD19 and CD20 (Fig. 7), but did
not express CD27, a marker associated with memory B
cells. Plasma cells differentiate from activated memory B
cells, and this differentiation is linked to proliferation in-
duced either by antigen binding or by triggering of CD40 or
TLRs (17,24,35). Our findings indicated that #27 and
#41 expressed activation markers (CD38), and markers as-
sociated with plasma cells (CD138). In addition, these cell
lines expressed high levels of intracellular IgG, but little
cell-surface IgG. Together, these data suggest that B
cells from donor 2 that maintained their ability to secrete
DENV-specific antibodies were CD19 + CD20 + CD27 -

CD38 + CD138 + IgG + B cells.

FIG. 4. Monoclonal antibodies from donor 2 recognize DENV. (A) Lack of recognition of rE and rNS1 proteins of DENV by
MAbs #27 and #41 (n = 3). (B) Dose-dependent recognition of DENV-1– and DENV-3–inactivated lysates by MAbs #27 and
#41 (n = 3). (C) Dose-dependent recognition of DENV-1 and DENV-3 whole virus by MAbs #27 and #41 using a modified
ELISA (n = 2).
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Discussion

We assessed the breadth and magnitude of antibodies
secreted by human memory B-cell lines from a single donor
with prior exposure to DENV. While all antibodies bound an
inactivated lysate of DENV, only 50% of antibodies bound rE
or rNS1 protein. Most DENV-specific hMAbs we identified
were serotype cross-reactive, as has been shown by other
groups (1,6,8). We characterized in detail two antibodies that
did not bind rE protein produced in Drosophila cells, but
bound reduction-sensitive epitopes on the E protein derived
from whole virus or virus-infected cell lysates. As the rE
protein used in these studies contained only *80% of the
full-length protein, lacking the membrane-proximal region
and the transmembrane domains, it is possible that MAbs
#27 and #41 target these regions (3). It is also possible that
these antibodies bind epitopes that are poorly accessible on
the surface of the mature virion, are cryptic, or are formed by
multiple E proteins in close proximity. These findings are in
accord with several recent reports that have characterized
hMAbs from DENV-immune donors (1,6,8,29,32).

Studies by Beltramello et al. and Dejnirattisai et al. indi-
cated that DENV E protein domain III (EDIII)-binding anti-
bodies represent a fraction of antibodies generated in

immune subjects (1,8). Work done by Wahala et al. indicated
that only a small fraction of the neutralizing activity in hu-
man DENV immune sera is EDIII-specific (40). We have not
assessed whether the antibodies generated by memory B
cells are directed against specific domains of the E protein.
MAbs #27 and #41 recognized DENV-1–inactivated lysates
better than DENV-3 lysates. However, both Abs recognized
ConA-immobilized DENV-3 virions better than DENV-1 vi-
rions. Avidity assays indicated stronger binding to DENV-3
lysate and virions compared to DENV-1. These findings are
interesting since this donor reported travel to Northern
Thailand in 1987 where there was an ongoing outbreak of
DENV-3 (38). The MAbs that we characterized only poorly
neutralized DENV infection in vitro, and we do not know if
they play any role in vivo. De Alwis et al. characterized three
MAbs that strongly neutralized DENV infection in vitro, and
found that they bound complex epitopes that were expressed
only when the E protein was assembled as a virus particle
(7). Our data add to the existing literature that a number of
neutralizing and non-neutralizing DENV-specific antibodies
bind epitopes that may recognize quarternary structures on
intact virions of DENV.

We recently compared DENV-specific B-cell responses by
ELISpot in a cohort of Thai children with primary or

FIG. 5. Antibody avidity and neutralization activity of MAbs #27 and #41. Avidity indices of MAbs #27 and #41 to (A)
DENV-1– and DENV-3–inactivated lysates, and (B) ConA-immobilized DENV-1 and DENV-3 virions (n = 2). The indicated
dilutions of MAbs #27 and #41 (total concentration of undiluted supernatant 2.5 mg/ml) were used. The avidity index was
calculated as the ratio of the OD with urea to the OD without urea multiplied by 100. (C) Neutralization activity of MAbs #27
and #41. Vero cells were infected with DENV-1 or DENV-3. Representative dot plots show DENV-1– and DENV-3–infected
cells in the absence or presence of the indicated dilutions of MAbs #27 and #41.
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secondary DENV infection (19). Our data indicated that there
was a weak and inconsistent correlation between DENV-
specific antibody titers in the serum and the frequency of
DENV-specific memory B cells in the blood. We do not know
if our results with hMAbs correlate with the neutralization
properties of polyclonal immune serum from this donor. The
abundance of non-neutralizing and weakly neutralizing
hMAbs generated from DENV-specific memory B cells sug-
gests that only a small fraction of DENV-specific antibodies
in immune sera are responsible for the majority of in vitro
neutralization (1,6,8). However, individual antibodies that
are weakly neutralizing may function differently in a poly-
clonal milieu (2). On the other hand, these antibodies may
actually serve to enhance viral replication of FcR-expressing
cells, as has been shown by several groups (1,8). The hu-
moral immune system has many mechanisms that contribute
to viral control. Antibodies may redirect virus into nonin-
fective environments or trigger immune complexes or lysis
by antibody-dependent cell-mediated cytotoxicity (ADCC),

or by local cytokine secretion (9,21). Further studies are nee-
ded to understand how the properties of hMAbs from DENV-
immune donors relate to the properties of serum antibody.

The B cells that secrete the DENV-specific antibodies
characterized in this study have undergone activation and
proliferation under in vitro conditions. We used a modified
approach to stimulate memory B cells to secrete antibodies,
as has been used previously in the literature (36,37). While
this method has been very effective in our hands to screen for
DENV-specific antibodies in supernatants from stimulated
cells, the maintenance of B cells that continue to secrete an-
tibodies long-term has been difficult. Alternate approaches
whereby immunoglobulin genes are molecularly cloned re-
sult in stable antibody production by promising B-cell lines
and should be considered (41).

The phenotype of B cells that secreted anti-DENV anti-
bodies that recognized conformation-sensitive E epitopes
was CD19 + CD20 + CD27 - CD38 + CD138 + IgG + . We have
phenotyped B cells from donor 2 prior to and at multiple

FIG. 6. Human MAbs #27 and #41 recognize virus-infected cells. (A–C) Uninfected and (D–I) infected K562-DC-SIGN cells
were either permeabilized (A, D, and G), or stained directly (B, E, and H), with hMAbs #41 (A–F) or #27 (G–I). Following
staining with the primary MAb, the cells were stained with a secondary FITC-conjugated anti-human IgG antibody. Re-
presentative staining of uninfected (C) and infected (F and I) cells with the secondary FITC-conjugated antibody alone is
shown.
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time points (2 wk, 3 mo, and > 5 mo) post-EBV immortali-
zation. CD19 and CD20 expression was maintained on B
cells during the process of immortalization (data not shown).
We were able to see a distinct but small population of CD27 +

cells in PBMCs from donor 2; however, we found low ex-
pression on bulk B cells and in lines #27 and #41. The finding
that these ASCs do not express CD27, a marker used to
phenotype memory B cells, was unexpected. While CD27
expression was initially used as an exclusive marker of
memory B cells, recent reports suggest that CD27 expression
is more diverse than previously appreciated (17). CD27 ex-
pression has been reported to be downregulated following
EBV transformation (22); therefore, it is possible that mem-
ory B cells secreting MAbs #27 and #41 downregulated
CD27. TLR9 stimulation of naive (CD27 - ) and memory
(CD27 + ) human B cells in vitro converts them to CD138 +

cells, a marker used for bone marrow–resident plasma cells
(15,16). Whether markers on DENV-specific ASCs are re-

flective of atypical memory B cells that exist in vivo, or
whether the in vitro conditions used to stimulate human B
cells altered their phenotype, is unclear.

We only characterized hMAbs from a single donor in this
study. The difficulty of obtaining samples from immune
donors with a well-characterized natural history of DENV
infection is well known. Nevertheless, our data support re-
cent findings in the literature that anti-DENV hMAbs are
cross-reactive and directed against multiple proteins (1,6,8,29,32).
Further studies in larger cohorts of donors are required to
draw more generalizable conclusions about the repertoire of
B cells available in the peripheral blood of DENV-immune
donors.
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