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Monitoring antigen-specific memory B cells and the antibodies they encode is important for understanding the
specificity, breadth and duration of immune response to an infection or vaccination. The antibodies isolated could
further help design vaccine antigens for raising relevant protective immune responses. However, developing assays to
measure and isolate antigen-specific memory B cells is technically challenging due to the low frequencies of these cells
that exist in the circulating blood. Here, we describe a flow cytometry method to identify and isolate dengue envelope-
specific memory B cells using a labeled dengue envelope protein. We enumerated dengue-envelope specific memory B
cells from a cohort of dengue seropositive donors using this direct flow cytometry assay. A more established and
conventional assay, the cultured B ELISPOT, was used as a benchmark comparator. Furthermore, we were able to
confirm the single-sorted memory B-cell specificity by culturing B cells and differentiating them into plasma cells using
cell lines expressing CD40L. The culture supernatants were assayed for antigen binding and the ability of the antibodies
to neutralize the cognate dengue virus. Moreover, we successfully isolated the heavy and light Ig sequences and
expressed them as full-length recombinant antibodies to reproduce the activity seen in culture supernatants. Mapping
of these antibodies revealed a novel epitope for dengue 2 virus serotype. In conclusion, we established a reproducible
methodology to enumerate antigen-specific memory B cells and assay their encoded antibodies for functional
characterization.

Introduction

Monitoring memory B cells and the antibodies they encode
are important for understanding the breadth, function and dura-
tion of B cell response to an infection or vaccination. Memory B
cells rapidly proliferate and differentiate into plasma cells upon
re-exposure to the pathogen or antigen,1 and can confer protec-
tion with rapidly synthesized antibodies. Historically, the most
frequently measured B cell response after vaccination has been
serum antibody titers. For the vast majority of marketed vaccines,
immunity can be correlated with these titers.2 However, the rela-
tionship between serum antibody titers and the numbers of circu-
lating memory B cells post immunization is currently unclear,
and studies examining correlation between the 2 measurements
have yielded discrepant conclusions.1,3,4 For these reasons, quan-
titation of the antigen-specific memory B cell response after vac-
cination or infection may be an important and independent

measure of long-lived immunity and the amplitude of recall
serum antibody titers.

Isolating the encoded antibodies from memory B cells of
infected individuals can be very useful in vaccine development.
Antibodies isolated from infected individuals could yield infor-
mation about which antigens induce protective immunity. Fur-
thermore, broadly neutralizing human antibodies could provide
pivotal information on protective epitopes for vaccine design and
the isolated antibodies could be developed as candidates for pas-
sive immunotherapy treatment. Additionally, isolation of anti-
bodies from vaccinated individuals can answer key questions
about the types of antibodies elicited, their functionality, and
help to guide vaccine development.5

However, the precise measurement and isolation of B memory
cells is technically challenging due to their low frequencies in the
circulating blood. Memory B cell populations in human periph-
eral blood are extremely low.3 For example, percentages of
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tetanus toxoid specific B memory cells were as low as »0.003%
of the total B cells in adults that were vaccinated as children.6

This low frequency of the population, especially without a pre-
expansion in culture, makes detection above any inherent assay
noise very difficult. To gain confidence in enumerating antigen-
specific B memory cells, it is prudent to sample the antibodies
encoded by these cells and establish the specificity of these anti-
bodies by binding assay ex vivo.

Screening human B cells for desired antibodies and the down-
stream antibody cloning work can be a tedious endeavor. A num-
ber of methods are currently being used, including isolation of
plasmablasts post vaccination,7 Epstein–Barr virus (EBV) trans-
formation of B cells,8,9 screening a large number of non-antigen-
specific memory B cells,10 and antigen-specific cell sorting and
cloning without screening for the desired activity.5 Plasmablast
isolation is efficiently targeted for a particular antigen, but can
only be performed if cells are available at a very specific time
point after antigen insult. Methods involving EBV transforma-
tion or bulk memory B cell sorting and screening may lead to
biased sampling, and are very laborious and time consuming.
When the sequence from each sorted cell is cloned without regard
to functional data, a large amount of downstream process occurs,
and undesirable antibodies may be cloned.

In the present study, we aimed to establish a reproducible
methodology to enumerate and rapidly isolate antigen-specific
memory B cells and clone the associated antibodies encoded by
these cells. We chose to focus our studies on dengue envelope, as
neutralizing antibodies are focused on this protein in dengue-
exposed subjects,11 and due to recent evaluations of this antigen
as a vaccine candidate.12 We utilized a dengue envelope-specific
hybridoma as a source of dengue-specific B cells for cell staining
method optimization. Here, we report a method to culture single-
sorted dengue type 2 envelope specific memory B cells and differ-
entiate them into plasma cells. The culture supernatants were
assayed for antigen binding and the ability to neutralize the cog-
nate dengue virus. Furthermore, we established the identity of
these memory B cells by cloning and expressing their encoded
antibodies, and report on a novel epitope for a dengue 2 sero-
type-specific antibody. Using this technique, antibody isolation
and screening is targeted and efficient, and cloning is limited only
to antibodies that display the desired functional characteristics.

Results

Identification of a set of dengue seropositive donors
In an effort to develop an assay to directly enumerate dengue-

specific B cells from human peripheral blood mononuclear cells
(PBMC), we obtained blood samples from subjects who had a
higher probability of being dengue seropositive. Blood donations
were obtained from volunteers who had lived or spent extensive
periods of time in dengue endemic regions, defined as India,
southeast Asia, central and South America, the Middle East,
Caribbean islands, Pacific islands and Africa, or were known to
have had dengue fever. Serum samples from these donors were
tested for dengue-specific antibody titers as well as neutralizing

titers to all 4 dengue serotypes (Table 1). All seropositive donors
were included in the dengue seropositive donor (DD) cohort.
Experiments were initiated using dengue type 2 as a model anti-
gen due to the presence of neutralizing titers to this antigen in
many of the donors (Table 1).

Utilization of a dengue envelope-specific hybridoma for the
direct flow cytometry assay development

Dengue-specific memory B cells in human peripheral blood
samples were identified by measuring cell binding to a biotiny-
lated dengue envelope protein (DEN-2–80E), followed by a fluo-
rescently tagged streptavidin conjugate. One of the biggest
challenges in the development of this assay was the absence of
human PBMC with validated dengue B memory levels to evalu-
ate our biotinylated antigen. As a surrogate, we used a pan-den-
gue envelope-specific mouse hybridoma cell line, 4G2, for
validation of the reagents. Titrating the DEN-2–80E biotin using
the 4G2 cells demonstrated the reagent specificity in comparison
to a non-dengue-specific hybridoma, as well as the optimal stain-
ing parameter (Fig. 1A). We observed that »75% of the 4G2
hybridoma cells bound to the DEN-2–80E biotin. To examine
whether the reagent properly identified all antibody expressing
cells, staining levels for the immunoglobulin subclass of the 4G2
hybridoma were measured as a comparator. The number of cells
staining positive with IgG2a and DEN-2–80E were highly com-
parable, suggesting that the DEN-2–80E reagent sufficiently
identified the surface antibody-expressing cells (Fig. 1B). Speci-
ficity was further demonstrated with pre-incubation of 100-fold
excess unlabeled DEN-2–80E, resulting in 74% reduction in
staining (Fig 1C).

Detection of dengue memory B cells in human peripheral
blood by direct flow cytometry and cultured B ELISPOT

Given the extremely low frequency of memory B cells in cir-
culating blood, distinguishing these rare events from assay noise
is both challenging and highly essential. One approach uses a 2-
color staining method in which the antigen is coupled to 2 dis-
tinct fluorochromes, and binders are identified as cells that are
dually positive.13 We evaluated this method using DEN-2–80E

Table 1. Summary of the antibody titers of the Dengue seropositive donors

Donor DENV1 DENV2 DENV3 DENV4 IgG ELISA titer

DD3 20 20 80 10 6.79
DD7 160 >1280 160 80 5.72
DD9 320 >1280 320 160 20.06
DD10 160 80 640 20 8.05
DD11 320 160 320 80 10.8
DD13 10 320 40 <10 2.76
DD15 >1280 640 >1280 80 5.78
DD16 80 320 160 40 No data
DD22 160–320a 640–1280 320–640 320–640 7.39

Neutralizing antibodies were determined from the Li-CorTM infrared assay.
Dengue IgG titers are semi-quantitative as the following: negative: <1.64,
equivocal: 1.65–2.84, positive: > 2.85.
aRanges were given for DD22 to report analysis of several bleeds from this
donor over time.
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coupled to biotin-streptavidin-phycoerythrin and allophycocya-
nin (APC). Reduced fluorescence of the reagents was detected
upon addition of the second color, likely due to binding competi-
tion for the 2 conjugated proteins to the antibody (data not
shown). As an alternative approach to eliminate non-specific
binding, we enriched the PBMC for B cells to eliminate as many
irrelevant cells as possible,14,15 and included a viability dye to
eliminate non-specific binding that can often occur with non-via-
ble cells. Cells were stained with CD19, CD27, IgG and labeled
DEN -2–80E antigen, leading to identification of a distinct anti-
gen-specific population (Fig. 2). Pre-incubation with 100X of
unlabeled DEN-2–80E in a control stain resulted in inhibition
of the staining (Fig. 2D), providing further confidence in the
specificity of these rare events. PBMC samples from the 9 dengue
seropositive donors were then tested in both the direct flow cyto-
metric assay and the cultured B ELISPOT assay with the DEN-
2–80E antigen (Fig. 3). The geomean of the levels of the
dengue-specific memory B cell responses were higher from the
dengue seropositive cohort compared to the control group in
both assays, demonstrating that each was able to discriminate this
rare population from the peripheral blood samples. The B ELI-
SPOT was more sensitive in this regard, (pD0.077 and
pD0.015, respectively) (Fig. 3). A similar analysis was performed
with the DEN-4–80E antigen resulting in the same trend (data

not shown). Frequencies of DEN-2–80E binding memory B cells
detected in the direct flow cytometry assay from the dengue sero-
positive group ranged from 0.15 to 0.89% of the
CD19CCD27CIgGC cells. In the cultured B ELISPOT assay,
the frequency of DEN-2–80E specific cells ranged from 0.07 to
1.05% of the total antibody secreting cells.

Optimization of single B cell culturing and cell sorting
conditions

To optimize the sorting conditions, several flow cytometric
antibody panels were used to identify the memory B cell
population. We compared a negative selection approach
(IgM¡IgA¡IgD¡) to a direct staining for IgG because direct stain-
ing could, in theory, induce B cell activation and death. Direct
staining with IgG and the negative selection method resulted in a
similar number of sorted wells converting to antigen-secreting cells
after a 2 week culture (Fig. 4A). Inclusion of CD27C, a B cell
memory marker, did not increase the number of wells that con-
tained secreted IgG, nor increased amounts of secreted IgG. Sort-
ing into media supplemented with either 40% or 20% fetal bovine
serum (FBS) was compared in an effort to mitigate some of the
stressors the cells undergo during the cell sorting process. Clearly,
sorting into 40% bovine serum was beneficial to B cell survival as
measured by immunoglobulin secretion (Fig. 4). Ultimately, the

Figure 1. Staining method optimization using a dengue-specific hybridoma cell line, 4G2 (A) Titration of DEN-2–80E biotin for use in FACS staining.
Final concentration of DEN-2–80E biotin and corresponding geomean fluorescent intensity (MFI) of the PE signal from the 4G2 pan dengue hybridoma
(filled circles) and negative control Staphylococcus aureus antigen-specific hybridoma, UKNKC (open circles). (B) DEN-2–80E SA-PE staining identifies anti-
body secreting cells comparably to an IgG-specific stain. 4G2 hybridoma (transparent histogram), was stained with DEN-2–80E PE (right) or for the
hybridoma subtype, IgG2a (left). For comparison, an IgG-1 type Staphylococcus aureus specific hybridoma (filled histogram) is overlayed, (right). (C) Effects
of 100X concentration unlabeled DEN-2 80E pre-incubation on DEN-2–80E PE staining. 4G2 hybridomas were stained with 1.6 mg/mL of DEN-2–80E fol-
lowing pre-incubation with (right) or without (left) of 160 mg/mL of unlabeled DEN-2–80E.
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best conditions for conversion of memory B cells into antigen-
secreting cells were the sorting of CD3-negative, CD19-expressing,
IgG-positive lymphocytes into wells containing 40% FBS, IL-21,
and feeder cells expressing human CD40 ligand (Fig. 4). Using
this method, the mean concentration of IgG was 0.57 mg/mL, in
multiple assay runs (Fig. 4B; additional data not shown).

Isolation of dengue-neutralizing antibodies from a
seropositive donor

In an effort to verify the authenticity of the dengue-specific
memory B cells in the direct flow cytometry assay, we cloned
human dengue-specific monoclonal antibodies (mAbs) from
sorted DEN-2–80E binding memory B cells from dengue donor
9. Two vials containing 10 million PBMCs each were combined,
thawed and stained. After two independent rounds of sorting, a
total of 148 sorted memory B cells were cultured in a 96-well
plates and incubated for 2 weeks under the described optimized
conditions. Ninety-four of the wells (64%) were positive in an
IgG binding ELISA, and of those, 30 (32%) were positive in a
DEN-2–80E binding ELISA. Twelve of the DEN-2–80E bind-
ing supernatants (40%) were also able to neutralize the cognate
dengue virus. We chose to clone the antibody sequences from
those wells that displayed neutralizing activity against DENV2 as
assayed from the culture supernatants. Sequences were recovered
for 9 of the 12 neutralizing wells, and confirmed the presence of
a unique single heavy and light chain for each (Table S1).

Binding and neutralization activity of recombinant
dengue-specific antibodies

The sequences of the 9 antibodies originating from wells with
neutralizing activity were converted to full-length human IgG1
and produced in Chinese hamster ovary (CHO) cells. Each of
the recombinant antibodies demonstrated binding to DEN-2–
80E protein as measured by ELISA (Fig. 5). Furthermore, with
the exception of DC6, each antibody exhibited neutralizing activ-
ity against DEN2V (Table 2). Most of the antibodies were het-
erotypic, and 3 (DD1L, DH1, and DD12) demonstrated
neutralizing activity for all 4 virus serotypes (Table 2). In total,
these data demonstrate that neutralizing epitopes on the DEN-
2–80E protein are present and recognized by B cells from a con-
valescent, naturally infected donor.

Epitope mapping reveals a novel epitope for DEN2V
serotype

Next, we defined the binding epitopes for select antibodies.
Three antibodies that displayed different neutralization activities
were chosen for epitope mapping. MAb DC4 selectively neutral-
ized DENV2, DB5 neutralized types DENV1, 2, and 3, and
DD1L displayed activity against all 4 viruses (Table 2). Epitope
mapping was performed by assessing mAb and Fab binding to a
comprehensive shotgun mutagenesis alanine scan library of
DENV2 prM/E variants. Critical residues for mAb binding were
determined by identifying residues whose mutation led to loss of

Figure 2. Flow cytometric analysis of PBMC from DD9 After magnetic B cell enrichment, a gate was placed to eliminate debris, followed by a gate on
the viable CD19C, then CD27C followed by surface IgGC. Gated cells were then analyzed for binding to DEN-2–80E (C). Separate stains of the same sam-
ple were performed as controls. The cells were analyzed for binding to DEN-2–80E following pre-incubation with 100X concentrated unlabeled DEN-2–
80E (D) or analyzed for binding to the secondary SA-PE without DEN-2–80E (B).
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binding by the mAb or Fab of interest, but not by conforma-
tional control antibodies, indicating that the mutation did not
cause global misfolding (Fig. 6). The critical residues identified
were I170, E184, R188 and K284 for DC4, residues S16 and
W20 for DB5, and residues W101 and F108 for DD1L (Fig. 7,
Tables 3, 4). To determine if these critical residues had been
identified previously as being important for mAb binding, we
examined all anti-dengue envelope epitopes curated in the
Immune Epitope Database (www.iedb.org).16 For fusion loop
antibody DD1L, residues W101 and F108 have been identified
for numerous mAbs. These residues are essential for infectivity17

and are conserved among all DENV serotypes. For Domain I
mAb DB5, both critical residues, S16 and W20, have not been
identified previously as components of epitopes. For DC4, the 2
most energetically important residues for binding were S170 and
E184, identified by screening the DC4 mAb. E170 has been
identified by co-crystallography as a component of the epitope
for a chimpanzee mAb, 5H2, which neutralizes DENV4.18 E184
was the sole residue identified (by yeast surface display) as impor-
tant for binding by a DENV2-specific neutralizing mouse mAb,

DV2–51.19 The additional residues identified for DC4 Fab,
R188 and K284, have not been identified in epitopes in the
IEDB, although the R188 equivalent in DENV3, R186, was
identified as being required for infectivity, but not viral
budding.17

Discussion

Monitoring antigen-specific memory B cells and the antibod-
ies they encode is important for understanding the specificity,

Figure 3. Quantification of DEN-2–80E specific B memory cells in the
direct flow cytometry and cultured B ELISPOT assays PBMC from
dengue seropositive donors (open circles) and controls (filled circles)
were tested in the direct flow cytometry assay (A) and the 6-day cultured
B ELISPOT (B) for the presence of DEN-2 80E memory B cells. The lines on
each graph represent the group mean with SEM.

Figure 4. Optimization of single memory B ELISPOT assays (A) Single
B cells were sorted using a number of different flow cytometric staining
panels and capture media with either 20% or 40% addition of fetal
bovine serum. Cells were cultured for 14 d in the presence of IL-21 and
feeder cells expressing huCD40L. Bars (mean with SD) indicate the num-
ber of wells out of a 96-well plate that resulted in expression of IgG as
measured by a total IgG ELISA. Results are grouped into a high (>1 .000),
medium (0.5–0.999) and low (0.100–0.499) optical density readouts. (B)
Supernatants from 2 96-well plates for each condition were pooled and
assayed for IgG concentration in an ELISA assay.
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breadth and duration of immune response to an infection or vac-
cination. The isolated antibodies could further help design vac-
cine antigens for raising relevant protective immune responses, or
validate a target antigen. In the study presented here, we mea-
sured the memory B cell population to our vaccine antigen, den-
gue 80E, and isolated neutralizing antibodies from a naturally
infected donor using the labeled protein as cell-sorting bait.

Two complementary assays, a cultured B ELISPOT and a
direct flow cytometry method, were developed for the enumera-
tion of dengue envelope-specific memory B cells. The cultured B

ELISPOT, a more frequently published, conventional assay, was
used as a benchmark comparator to the flow cytometry assay.
The direct flow cytometry assay was particularly challenging to
develop because the cells are not cultured or expanded prior to
quantitation, and they exist at very low percentages in the periph-
eral blood. Furthermore, human PBMC with validated and sub-
stantial frequencies of dengue-specific B cells did not exist to
enable evaluation and optimization of staining conditions. Here,
we show that the use of a dengue envelope-specific hybridoma
was effective for these purposes in the absence of such human
cells. Using the pan-dengue envelope mouse hybridoma line
4G2, the optimal staining concentrations were determined, and
the ability of the biotinylated antigen to specifically bind to our
target was demonstrated (Fig. 1). This technique is useful in
defining precise staining conditions for labeled antigens, and has
since been successfully applied to other antigen targets (unpub-
lished data).

Both the cultured B ELISPOT and the direct flow cytometry
assays enumerated significantly more dengue-specific memory B
cells in a cohort of dengue seropositive donors compared to a
control group. The control group PBMCs were in theory na€ıve
to dengue infection; however, some of our background staining
and spots may reflect cross-reactivity from other flaviviruses. The
ELISPOT appeared to be more sensitive in distinguishing the
seropositive from the control group (pD0.015 versus pD0.077,

Figure 5. Recombinant human mAb binding curves to 4 dengue 80E envelope proteins Dengue 80E specific binding for each of the 4 dengue types
were measure by ELISA assays. EC50 values (ng/mL) are indicated for each antibody which shows significant binding.

Table 2. Neutralization potency of human Mabs to 4 dengue virus serotypes

mAb DENV1 DENV2 DENV3 DENV4

DB5 0.47 2.76 2.78 >

DB6 > 0.29 > >

DC4 > 0.77 > >

DC6 > > > >

DC11 > 1.22 > >

DD1L 0.46 0.77 0.44 1.04
DD1K 2.92 0.46 > >

DD12 0.60 3.55 0.61 9.17
DH1 0.58 6.19 1.44 2.69

50% neutralization concentration (EC50, mg/mL) against the indicated den-
gue virus serotype. The > symbol indicates no neutralization detected
when tested at a concentration as high as 10mg/mL.
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respectively), and was chosen as the assay to pursue for use in
immune monitoring of prophylactic dengue vaccine clinical
samples.

The direct flow cytometry staining protocol was then used to
identify DEN-2–80E binding memory B cells for single cell sort-
ing. The sorting and culturing conditions were optimized such
that the B cells were converted to plasma cells in culture for14 -
days and produced IgG in the range of 0.5 to 1 mg/mL.

(Fig. 4B). As hypothesized by Huang et al,10 staining directly for
surface IgG could cause apoptosis. Here, we show that the IgG
staining method was not inferior to negative-selection staining
(Fig. 4). Additionally, we show that sorting the cells into 40%
FBS enhanced the cell survival rate compared to 20% FBS, likely
due to the high protein content and cushioning effect of the high
viscosity medium. In total, our optimized sorting panel and cul-
turing conditions resulted in 89 wells (93%) of the 96-well plate
converting to antigen-secreting cells when clonally plated
(Fig. 4), an improvement over the 50% conversion rate in clon-
ally plated memory B cells previously reported by Huang et al.10

The antigen-specific memory B cells exist in the PBMC sam-
ple as very rare events. As such, sorting the antigen-specific B
memory cell without a pre-enrichment step is likely to contribute
to variability in the run-to-run sorting efficiency. For example, in
the 2 cell sorting runs that were performed for this study, 55% of
the sorted IgGC wells were DEN-2–80E specific in the first sort,
and 16% specific in the second. Typically, rates closer to the for-
mer are obtained with this procedure (unpublished data). How-
ever, variation, which is likely attributed to the cell sorting
efficiency, can occur. Sorting for all CD19C B cells followed by a
second sort for antigen-specific B cells may increase the cell sort-
ing purity. However, doing so exposes the fragile cells to 2 rounds

Figure 6. Identifying critical residues for mAb binding. (A) A shotgun mutagenesis mutation library for DENV2 prM/E protein encompassing 661 individ-
ual mutations, where each amino acid was individually mutated to alanine, was constructed. Each well of each mutation array plate contained one
mutant with a defined substitution. Reactivity results for a representative 384-well plate are shown. Eight positive (wild-type prM/E) and 8 negative
(mock-transfected) control wells were included on each plate. (B) Human HEK293T cells expressing the DENV2 prM/E envelope mutation library were
tested for immunoreactivity with Fab DB5, which was measured using an Intellicyt high-throughput flow cytometer. Using algorithms described else-
where (Davidson and Doranz; US patent application 61/938,894), clones with reactivity of <20 % relative to that of wild-type DENV2 prM/E yet >70%
reactivity for a control mAb were initially identified to be critical for IM-CKV063 binding. (C) Mutation of 2 individual residues reduced DB5 binding (red
bars) but did not greatly affect the binding of other conformation-dependent Abs (gray bars). Bars represent the mean and range of at least 2 replicate
data points.

Figure 7. Epitope mapping for dengue mAbs DC4, DB5 and DD1L
Residues identified as critical for mAb binding (bright green: DD1L, olive
green: DC4, and blue: DB5 spheres) are mapped onto the DENV2 enve-
lope structure.40 Envelope domains D1, Dll, and Dlll are depicted in red,
yellow and blue respectively.
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of the cell sorting pressures, which is likely to be detrimental to
the viability of the cells in the subsequent culture. Therefore, we
chose not to pre-enrich for B cells with a 2-step cell sorting pro-
cess. Any non-desirable sorted cells are easily excluded from clon-
ing based upon the cell supernatant screening data. In contrast,
when antigen-specific memory B cells are sorted with direct clon-
ing, a significant amount of downstream effort can go into mak-
ing mAbs that are undesirable. For example, in Sherer et al,5

when human papillomavirus-specific memory B cells were
directly cloned from vaccinees, 4 of the 12 mAbs (34%) pro-
duced did not bind or neutralize the intended target.

As a result of the targeted single cell sorting and the ability to
screen supernatants, mAb cloning is fast and efficient. In vaccine
or therapeutic antibody programs in which an antigen is identi-
fied as a human mAb target, this procedure is highly advanta-
geous over other current technologies such as EBV
transformation, bulk memory B cell culture, and antigen-specific
memory B cell sorting without plasma cell conversion.

Eight dengue envelope-specific neutralizing antibodies with
unique CDR3 heavy and light chain sequences were cloned from
a dengue convalescent seropositive donor using DEN-2–80E
recombinant protein as a cell sorting probe. Of these, 3 (DB6,
DC4, DC11) were homotypic for DENV2 neutralization
(Table 2), 2 (DB5, DD1K) neutralized 2 or 3 virus types, and 3
(DD1L, DD12, DH1) displayed neutralizing activity against all 4
dengue virus serotypes (Table 2). This data demonstrates that den-
gue envelope-specific neutralizing antibodies that recognize recom-
binant 80E protein are present in a naturally infected donor.

This finding is important in part because soluble recombinant
80E is mainly monomeric in solution. In natural dengue viruses,
the envelope protein displays an icosahedral arrangement in

which 90 dimers coat the viral surface.20,21 Immunogenic com-
plex epitopes such as the envelope glycoprotein domain I/II
(EDI/II) hinge region22 and the envelope dimer epitope (EDE)23

have been recently identified, which are present only when the
virus is in the quaternary structure. Recently, Fibriansah et al
identified an antibody that binds across envelope proteins in the
dimeric structure and may lock the dimers on the viral surface,
thereby preventing viral fusion.24 Notably, these complex epito-
pes do not exist in recombinant soluble forms of protein. Many
of the human dengue mAbs that have been isolated bind only to
whole virus particles, but not to recombinant protein, suggesting
that they recognize these structurally dependent epitopes.23,25,26

However, potent anti-dengue human antibodies have been found
that recognize protein monomers.27 The isolation of DEN-2–
80E binding memory B cells from a naturally infected donor was
an important exercise for us due to our interest in this protein as
a component of our prophylactic vaccine. If the goal was to mea-
sure or isolate a complete repertoire of envelope proteins, sorting
with fluorescently labeled virus would be preferred. Work toward
this effort has recently been published; 28 however, to our knowl-
edge, recombinant antibodies have not yet been made using this
methodology.

The isolation of 80E binding neutralizing antibodies from a
naturally infected donor demonstrates that the envelope protein
contains immunologically relevant epitopes in its monomeric
form. Three of these mAbs were mapped against DENV2 to
identify critical binding residues (Fig. 6). Three mAbs with dif-
ferent neutralization properties were selected for mapping. One
antibody, DD1L, which neutralized all 4 types, recognized resi-
dues in the fusion loop region, which is conserved among all
DENV serotypes. Additionally, we report on a novel neutralizing

Table 3. Residues critical for mAb binding

Mutation DB5 Fab DB5 MAb DC4 Fab DC4 mAb DD1L Fab DD1L MAb DC11 Fab DC11 mAb Control Mab D11C

S16A 9.1 (1) 40.5 (5) 80.8 (33) 97.0 (3) 91.8 (24) 101.0 (31) 89.9 (13) 93.9 (35) 104.1 (6)
W20A 9.9 (1) 33.4 (6) 74.7 (13) 76.0 (2) 76.3 (17) 73.3 (37) 57.8 (16) 52.7 (28) 99.2 (19)
W101A 60.4 (15) 75.9 (19) 69.0 (13) 60.1 (11) 12.9 (9) 4.6 (10) 67.0 (10) 91.5 (29) 3.7 (4)
F108A 81.5 (5) 92.2 (17) 85.2 (12) 71.7 (18) 1.7 (0) 32.3 (22) 88.7 (0) 86.0 (21) 101.7 (7)
I170A 72.7 (10) 73.6 (10) 3.1 (4) 6.1 (6) 70.7 (18) 75.6 (25) 42.4 (6) 49.3 (18) 100.3 (9)
E184A 44.6 (5) 41.9 (2) 0.3 (1) 2.9 (5) 62.7 (5) 74.3 (22) 29.2 (2) 41.0 (3) 84.4 (9)
R188A 20.6 (17) 94.8 (13) 26.2 (2) 66.0 (1) 98.3 (4) 90.9 (16) 59.0 (15) 94.7 (2) 111.9 (12)
K284A 151.4 (3) 99.1 (23) 17.5 (1) 83.9 (9) 75.8 (21) 82.2 (12) 72.5 (6) 67.9 (2) 84.3 (21)

Summary of binding data for the anti-DENV mAbs and Fabs is shown. Ab reactivities for each alanine scan mutant are expressed as percent of wild-type with
ranges (half of the maximum minus minimum values) in parentheses. At least 2 replicate values were obtained for each experiment.

Table 4.mAB Epitope mapping

mAb Binding to 80E types Neutralizing Dengue types Mapping region Residue locations

DC4 Type 2 Type 2 Domain I I170, E184, R188, K284
DB5 Types 1, 2, 3 Types 1, 2, 3 Domain I S16,W20
DDIL Types 1, 2, 3, 4 Types 1, 2, 3, 4 Fusion Loop W101,F108

Summary of epitope mapping results from 3 dengue-specific mAb with disparate binding and neutralization properties. Binding to 80E proteins were mea-
sured in 80E specific ELISA assays, as shown in Figure 5 , and viral neutralization as measured in the infrared dengue neutralization assay , as listed in Table 2.
Critical residues for loss of antibody binding were determined by shotgun mutagenesis.
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epitope for DENV2, located in domain I at residues S16 and
W20 (Fig. 6, Table 3).

In conclusion, we established a simple and rapid method for
the isolation of human mAbs that is widely applicable to other
immunogen targets. The isolation of antigen-specific memory B
cells at the single cell level paired with the ability to screen them
for the desired properties increases the probability of successfully
cloning a desirable antibody in a reduced timeline compared to
other current technologies. Using the reproducible procedure
reported here, we successfully isolated 8 dengue envelope specific
neutralizing antibodies from a naturally infected donor and
reported on a novel DEN2V-specific epitope.

Materials and Methods

Human subjects and PBMC preparation
Blood samples were obtained from volunteers whom lived in

or spent extensive periods of time in dengue endemic regions,
defined as India, Southeast Asia, Central and South America,
Middle East, Caribbean Islands, Pacific Islands and Africa, or
were known to have had dengue fever. Informed consent was
obtained in accordance with the Helsinki Declaration of 1975
(approved by the Merck institutional Review Board). Blood sam-
ples were screened using a semi-quantitative ELISA for dengue
IgG titers (Diagnostic Automation, Cat. No: 8116–35), as well
as neutralizing antibody titers to all 4 dengue serotypes by a LiC-
orTM infrared dengue neutralization assay. Volunteers with dem-
onstrated dengue titers were enrolled in the DD pool. PBMC
were purified from blood collected in EDTA tubes by density
gradient centrifugation in histopaque over AccuspinTM tubes
(Sigma Aldrich, Cat. No: A2055) according to the man-
ufacturer’s instructions. PBMC were then frozen in 90% heat-
inactivated FBS supplemented with 10% dimethyl sulfoxide and
stored in liquid nitrogen until thawed for use in assays. Donors
in the control donor pool were obtained from previously frozen
PBMC of donors from North America.

Infrared dengue neutralization assay
Vero cells (CCL-81) were seeded overnight in 100 ml media

199 (Invitrogen, Cat. No: 11150–067) containing 10% FBS in
flat-bottom 96-well tissue culture plates at 1.5 £ 104 cells/well.
In separate 96-well plates, serum samples were serially diluted
2-fold in duplicate for 8 dilutions beginning at 1:10. For samples
that failed to reach an end-point titration, the sample was retested
beginning at a higher dilution. Serum was incubated with an
equal volume of virus [DENV1 (strain WestPac-74), DENV2
(strain S18603), DENV3 (strain CH53489), and DENV4
(strain TVP-360). All the viruses were kindly provided by Alan
Barrett (University of Texas Medical Branch, Galveston, TX)
diluted to 50 pfu/well. All assay dilutions were performed in
media 199 with 2% FBS. The mixture was incubated at 37�C C
5% CO2 for 1 hour. Following neutralization, the entire mixture
was added onto pre-plated Vero cells and incubated for 4 d at
37�C C 5% CO2. Culture media was removed and the cells were
fixed with 3.7% formaldehyde in PBS for 30 minutes. Plates

were washed 2 times for 5 minutes each with 200 ml 0.1% Tri-
ton X-100/PBS. Plates were stained with 50ml of 4G2 antibody
at 2.8 mg/ml. A biotinylated horse anti-mouse IgG (Vector labo-
ratories, Cat. No: BA-2000) was then added at 7.5 mg/ml fol-
lowed by a cocktail of IRDye� 800CW Streptavidin (Li-Cor
Biosciences, Cat. No: 926–32230) (1:1000) and DRAQ5 (Cell
Signaling, Cat. No: 4084) (1:10,000). Plates were kept in the
dark for this final development. Antibodies and reagents were
diluted in Odyssey Blocking buffer (Li-Cor, Cat. No: 927–
4000) supplemented with 0.2% Tween-20. Plates were washed
3 times between antibody exchanges using 0.1% Tween-20/PBS.
Incubation steps were performed for 1 hour at room tempera-
ture. Washing and dispensing steps were automated using the
BioTek� EL406 plate washer system. Plates were air-dried and
scanned with an infrared Odyssey� Sa imaging system (Li-Cor
Biosciences). Titers were determined by reading at both 800 and
700 nm for each sample. Titers were determined by taking the
800/700 ratio for each well and calculating the percent neutrali-
zation. Percent neutralization was plotted and a nonlinear regres-
sion, variable slope, 4-parameter curve fit was applied using
GraphPad Prism (GraphPad Software Inc.) to calculate the
EC50 value for each sample.

Dengue antigens
Recombinant dengue envelope (80E) proteins from all 4 den-

gue serotypes were produced in the Drosophila S2 cell system by
Hawaii Biotech Inc., as previously described.12,29,30 The dengue
sequences encode 80% of the E protein from the following
strains: DENV1 Strain 258848, DENV2 strain PR159 S1,
DENV3 strain CH53489 and DENV4 strain H241. The 80E
truncation (at amino acids 395 for DENV1, DENV2 and
DENV3 and 395 for DENV4) removed the carboxyterminal
stem region and trans-membrane domain.

Conjugation of dengue 80E reagents
Lyophilized DEN-1–80E, DEN-2–80E, DEN-3–80E and

DEN-4–80E were reconstituted in 1X PBS and biotinylated and
purified over desalting columns using the EZ-LINKTM Sulfo-
NHS-LC-Biotin kit (Thermo Scientific, Cat. No: PI21435)
according to the manufacturer’s protocol. The HABA assay for
measuring biotin incorporation was used to confirm the reaction
efficiency. Approximately 4 biotin molecules were added to the
each 80E protein. DEN-2–80E was labeled and purified over col-
umns with the Alexa-488 Monoclonal Antibody Labeling kit
(Invitrogen Molecular Probes, Cat. No; A20181) and with APC
using the LYNX rapid APC conjugation kit (AbD Serotec, Cat.
No: LNK033APC) according to the manufacturer’s instructions.

B memory flow cytometry assay
The labeled dengue 80E reagents were titrated to determine

the optimal staining concentration using the pan-DENV 4G2
hybridoma (ATCC, Cat. No: HB-112). Cryopreserved PBMC
were assayed for their ability to bind biotin or fluorescently con-
jugated 80E as described by others13,31,32 with modifications. B
cells were enriched by depletion of non-B cells using a B-cell
enrichment kit (Stem Cell Technologies, Cat. No: 19054).
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Enriched cells were stained using Live/Dead Fixable Violet Via-
bility dye (Invitrogen, Cat. No: L34995) for 5 minutes, and
either biotinylated or directly labeled DEN-80E and incubated
for 25 minutes. Cells were washed and stained with anti-human
CD19 (BD Biosciences Cat. No: 561295), anti-human CD27
(BD Biosciences Cat. No: 555440) and anti-human IgG (BD
Biosciences, Cat. No: 550931) for 25 minutes and washed. In
assays using biotinylated DEN 80E, the binding was detected
with streptavidin-phycoerythrin (SA-PE) (BD Biosciences, Cat.
No: 349023). Samples were analyzed on an LSRII (BD Bioscien-
ces) using FACSDIVA software and analyzed using FlowJo soft-
ware (Treestar, Inc.).

Antigen-specific B memory cell sorting
Cryopreserved PBMC were thawed on the day of sorting,

washed with sterile PBS supplemented with 1% FBS, and incu-
bated for 25 minutes with biotinylated DEN-2–80E. Cells were
washed, and stained with anti-CD3 (BD Biosciences, Cat. No:
563423), anti-CD19 (BD Biosciences, Cat. No: 555412), and
anti-IgG (BD Biosciences, Cat. No: 550931), for 25 minutes
and washed. CD3¡/CD19C/IgGC/DEN-2–80EC cells were
sorted with a BD FACS Jazz in single cell mode into a 96-well
plate. The sorted cells were cultured in the presence of CD40L
and IL-2133–35 for conversion to plasma cells. In brief, cells were
sorted into 96-well tissue culture plates containing 150 ml of irra-
diated 293T cells expressing human CD40L (4.0 £ 10^4 cells/
well), with RPMI media supplemented with 40% FBS and
recombinant IL-21 (Sino Biologicals, Cat. No: 10584-HNAE-
20) at a final concentration of 50 ng/mL. Approximately one
hour after the cells were sorted, 100 ml of additional RPMI (0%
FBS) with 50 ng/mL IL-21 was added. This resulted in a final
cell culturing volume of 250 microliters per well containing 24%
FBS media plus 50ng/mL IL-21. The plates were incubated at
37 �C, 5% C02, for 14 d The negative selection panel tested in
the optimization process was as described in Huang et al.10

B ELISPOT assay
The antigen-specific cultured B ELISPOT was performed as

previously described36 with some modifications. PBMC were
thawed, counted and plated at a concentration of 3 million cells
/mL in a 6-well sterile tissue culture plate in complete RPMI
1640 with 10% FBS (R10), 1m/ml Pokeweed Mitogen (Sigma,
Cat. No: l9379), 6mg/mL CpG ODN-2006 (InvivoGen, Cat.
no: tlrl-2006–1), and 1/10,000 fixed S. aureus, Cowan (Sigma,
Cat no: P7155). Cells were cultured for 6 d at 37�C with 5%
CO2. 96-well filter plates were pre-wetted with 50 ml per well of
35% ethanol, washed and coated with anti-human IgG clone
MT91–145 (MabTech, Cat: no 3850–3–1000) at 15 mg/mL.
Plates were washed with PBS and blocked with R10. Cells were
plated at 1 million per well in duplicate for detection of antigen-
specific cells, and in serial dilutions ranging from 40,000 to
5,000 cells /mL for the total IgG wells. Plates were incubated for
3 hours at 37�C with 5% CO2. Antigen-secreting cells were
detected using biotinylated DEN-80E or biotinylated total IgG
(MabTech, Cat. no: 2-mAb78/145). Plates were developed using

Streptavididn-ALP (BD PharMingen 13043E) and BCIP/NBT
(Pierce, Cat. no: 34034) and counted using an AID imager.

Recovery of antibody sequences
RNA was extracted from single cell-sorted B-cell cultures with

Qiagen RNeasy Micro Kit (Qiagen, Cat. no: 74004) following
manufacturer’s instruction. The human antibody genes were
amplified using Qiagen One-step RT-PCR kit (Qiagen, Cat. no:
210212). The RT-PCR primers were designed based on pub-
lished sets from Smith et al.37 The RT-PCR products were used
as templates in nested-PCR to amplify antibody variable regions
with Invitrogen pfx50 DNA polymerase (Invitrogen, Cat. no:
12355–012), the design for forward and reverse nested-PCR pri-
mers were based on sequences at the start of framework 1 region
of human IgG heavy and light chain variable regions as described
earlier.38 The nested-PCR products were then used as templates
in overlapping PCR to connect antibody light and heavy chain
PCR products with a linker sequence and were cloned with infu-
sion HD cloning kit (Clontech, Cat no: 639649) into a plasmid
vector for sequencing.

Human IgG1 antibody conversion and production
The naturally paired heavy and light chain variable region

sequences obtained from sorted single human memory B cell cul-
tures were sub-cloned into pTT5 vector for CHO-3E7 cell expres-
sion. CHO�3E7 cells were grown in serum�free FreeStyle CHO
Expression Medium (Life Technologies, Cat no: 12651–014). The
recombinant plasmids encoding heavy and light chains of each
antibody were transiently co�transfected into 100 ml suspension
CHO�3E7 cell cultures. The culture supernatants collected on
day 6 were used for purification on a Protein A CIP column (Gen-
Script, Cat no: L00433). The purified antibodies were QC tested
by SDS-PAGE and Western blot analysis.

ELISA assay
The dengue 80E proteins were coated at 1 mg/mL in PBS, on

96-well Nunc-Immuno MaxiSorp plates at 4 �C overnight.
Plates were blocked with 3% nonfat milk in PBS/0.05% Tween-
20 and incubated with the mAb in fold3- serial dilutions. After a
90 minute incubation, plates were washed and then HRP-conju-
gated goat anti-human IgG (1:2,000) was added (Southern Bio-
tech, Cat. no: 2040–05). Plates were washed and developed with
TMB solution (Virolabs, Cat. no: TMB-T-100). Absorbance at
450 nm was read on a plate reader (Victor III; Perkin-Elmer).
EC50 binding values were calculated from 4-parameter curve fit-
ting using GraphPad Prism 6.

Epitope mapping of monoclonal antibodies
Epitope mapping was performed by shotgun mutagenesis at

Integral Molecular as described in Davidson, E et al.39 The
parental plasmid used for mapping was DENV2 prM/E (strain
16681). A DENV2 (strain 16681) prM/E expression construct
was subjected to high-throughput ’Shotgun Mutagenesis’ to gen-
erate a comprehensive mutation library. Each prM/E polyprotein
residue was changes to alanine (and alanine residues to serine). In
total, 661 DENV2 mutants were generated (100% coverage of
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the prM/E protein), sequence confirmed, and arrayed into
384-well plates (one mutation per well). For screening, the
DENV2 library was expressed in HEK-293T cells and
assayed for mAb binding to each clone by immunofluores-
cence, as described previously.26 As a control antibody, we
used D11C26 (generously provided by Dr. John Schieffelin,
Tulane University, New Orleans). MAbs were also converted
to Fabs by papain digestion. Antibody reactivity against each
mutant protein clone was calculated relative to wild-type pro-
tein reactivity by subtracting the signal from mock-transfected
controls and normalizing to the signal from wild-type pro-
tein-transfected controls. Mutations within clones were iden-
tified as critical to the mAb epitope if they did not support
reactivity of the test mAb, but supported reactivity of other
antibodies. This counter-screen strategy facilitates the

exclusion of DENV protein mutants that are misfolded or
have an expression defect.
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