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Cross-reactivities between human IgMs and the
four serotypes of dengue virus as probed with
artificial homodimers of domain-III from the
envelope proteins
Nora Zidane1,2†, Philippe Dussart3†, Laetitia Bremand3 and Hugues Bedouelle1,2*

Abstract

Background: Dengue fever is the most important vector-borne viral disease. Four serotypes of dengue virus,

DENV1 to DENV4, coexist. Infection by one serotype elicits long-lasting immunity to that serotype but not the other

three. Subsequent infection by a different serotype is a risk factor for severe dengue. Domain III (ED3) of the viral

envelope protein interacts with cell receptors and contains epitopes recognized by neutralizing antibodies. We

determined the serotype specificity and cross-reactivity of human IgMs directed against ED3 by using a well-

characterized collection of 90 DENV-infected and 89 DENV-uninfected human serums.

Methods: The recognitions between the four serotypes of ED3 and the serums were assayed with an IgM

antibody-capture ELISA (MAC-ELISA) and artificial homodimeric antigens. The results were analyzed with Receiving

Operator Characteristic (ROC) curves.

Results: The DENV-infected serums contained IgMs that reacted with one or several ED3 serotypes. The

discrimination by ED3 between serums infected by the homotypic DENV and uninfected serums varied with the

serotype in the decreasing order DENV1 > DENV2 > DENV3 > DENV4. The ED3 domain of DENV1 gave the highest

discrimination between DENV-infected and DENV-uninfected serums, whatever the infecting serotype, and thus

behaved like a universal ED3 domain for the detection of IgMs against DENV. Some ED3 serotypes discriminated

between IgMs directed against the homotypic and heterotypic DENVs. The patterns of cross-reactivities and

discriminations varied with the serotype.

Conclusions: The results should help better understand the IgM immune response and protection against DENV

since ED3 is widely used as an antigen in diagnostic assays and an immunogen in vaccine candidates.
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Background
Dengue is a mosquito-borne infection of the tropics and

subtropics. Some 2.5 billion people are at risk, and 50–

100 millions are infected annually. Most infections are

either asymptomatic or result in dengue fever, a relatively

mild illness. However, a life threatening form, severe den-

gue, develops in 1–5% of infections [1].

Dengue viruses have been divided into four serotypes,

differing in overall amino acid sequence by ≥30% [2].

Infection by DENV raises lifelong immunity against the

infecting serotype but only transient protection against

the other serotypes [3]. Subsequent infections by viruses

from different DENV serotypes are associated with a

greater risk for severe dengue [4]. The preferential re-

activation of the memory B and T cells that correspond

to a primary infection, and an antibody-dependent en-

hancement (ADE) of infection constitute triggering mech-

anisms of severe dengue during a secondary infection by a

different viral serotype [5,6].

The IgMs are the first antibodies to appear after a pri-

mary DENV infection [7,8]. Murine and simian IgMs have

been shown to neutralize DENV in vitro and be devoid of

ADE activity [9,10]. The IgMs play a role in the immune

response after a vaccination by a live attenuated DENV

and a challenge by the homotypic virus in monkeys. The

immunized animals exhibit an earlier increase of the IgM

response than control animals and there is evidence for an

anamnestic IgM response [11,12]. A similar observation

has been made for monkeys vaccinated with a recombin-

ant domain III of the viral envelope protein [13,14] (see

below).

Immunochemical assays are commonly used to detect

DENV-specific IgM and IgG antibodies. Because high

affinity IgGs can compete with IgMs for antigen binding,

especially during a secondary infection, an IgM capture

assay is preferably used. In an IgM antibody-specific cap-

ture ELISA (MAC-ELISA), the virus specific IgMs in the

test human serum are detected by first capturing all the

serum IgMs through antibodies that are specific to human

IgMs and bound to a solid phase [15]. The serotype speci-

ficity and cross-reactivity of the MAC-ELISA assays have

been studied with various forms of viral antigen: extracts

of suckling mouse brains (SMB) infected with DENV, cul-

ture supernatants of mammalian Vero cells or insect C6/

36 cells infected with DENV; non-infectious virus-like

particles (VLP). These studies have shown that the IgM

response is serotype cross-reactive [15-18]. With SBM

extracts, some monotypic responses may be observed but

they frequently do not correlate with the virus serotype

isolated from a patient [19]. With cell culture supernatants

in contrast, the highest response is always obtained for the

infecting serotype [16,17].

The dengue viruses are enveloped RNA viruses. The

structures of the whole virus and of its envelope (E)

protein have been solved by electron cryo-microscopy

and X-ray crystallography, with the E protein either in a

free state or in complex with an antibody [20-24]. Ninety

dimers of the E protein cover the surface of the virus.

Each E protein monomer comprises three ectodomains,

ED1 to ED3, and a transmembrane segment. ED2 in-

cludes the dimerization interface, glycosylation sites and

the peptide of fusion with the cellular membrane. ED3 is

continuous and comprises residues 296–400 of the E

protein (DENV1 numbering). Its fold is compact,

immunoglobulin-like and stabilized by a disulfide bond

between residues Cys302 and Cys333. The structures of

recombinant ED3 domains have been solved by X-ray

crystallography or NMR methods, either in a free state

or in complex with an antibody [25-33]. The structure of

the isolated ED3 domain is close to its structure in the E

protein.

The ED3 domain participates in the interaction between

the virus and primary or secondary cell receptors, includ-

ing heparan sulfates and ribosomal protein SA [34-41].

Consistently, recombinant ED3 domains from DENV1

and DENV2 inhibit infectivity of the cognate virus [36,

42-44]. Mutations in the ED3 domain of DENV2 affect its

cell tropism and virulence [45]. The ED3 domain contains

epitopes for neutralizing IgM antibodies [46]. IgM anti-

bodies to ED3 in human serums constitute a large fraction

of the total IgMs to the E protein in both primary and sec-

ondary immune responses. In contrast, IgG antibodies to

ED3 constitute only a small fraction of the total IgGs to

the E protein [47,48].

ED3 domains have been used as antigen in indirect IgM

or IgG ELISA to detect infections by DENV [49-51]. Many

studies have shown that the isolated ED3 domains from

the four DENV serotypes are immunogenic in mice and

elicit neutralizing and protective antibodies [52-56]. The

ED3 domain from DENV2 (ED3.DENV2) elicits neutraliz-

ing antibodies and partial protection in monkey against

the cognate virus [56]. Multivalent ED3 domains, i.e. sin-

gle polypeptides including the ED3 domains from several

serotypes of DENV, elicit neutralizing and protective anti-

bodies in mice simultaneously to the corresponding DENV

serotypes [57-59]. Recombinant or synthetic genes coding

for a single or several ED3 domains in tandem have been

inserted in the genome of infective non-pathogenic viruses

and shown to elicit neutralizing antibodies in mice,

e.g. using adenovirus or measle vaccine virus as vectors

[60-62].

Here, given the importance of the ED3 domain for the

life cycle of the virus and for diagnostic and vaccinal

applications, we analyzed the cross-reactivities between

the IgMs of human patients infected by any one of the

four DENV serotypes and the ED3 domains from the

four serotypes in MAC-ELISA assays. We used dimeric

hybrids, (H6-ED3-PhoA)2, as antigens; they included a
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hexahistidine tag, an ED3 domain and an improved E.

coli alkaline phosphatase. We assayed human serums

whose infectious status had been carefully established.

We analyzed the results of the MAC-ELISAs with Re-

ceiver Operating Characteristic (ROC) curves because

they provide a global parameter, the accuracy of the test,

that does not depend on the choice of a threshold in the

test. These analyses gave statistical data on the capacity

of the ED3 domain of each serotype: i) to distinguish

between human serums infected by one of the DENV sero-

types and uninfected serums; and ii) to distinguish between

serums infected by a homotypic DENV and serums

infected by a heterotypic DENV. They also gave data on

the serotypes of the ED3 domain that are recognized by

the IgMs of a serum infected by a given DENV serotype.

The results showed that each viral serotype generated a

specific pattern of specificity and cross-reactivity.

Methods
Reagents and buffers

PBS (phosphate buffered saline), Tween 20, 4-nitrophenyl

phosphate (pNPP) and goat antibodies to human IgMs

were purchased from Sigma-Aldrich; bovine serum albu-

min (BSA) from Roche; low-fat milk powder from Regilait;

Maxisorp ELISA plates from NUNC. Buffer A contained

0.1% Tween 20 in PBS; buffer B, 5% (w/v) low-fat milk

powder in buffer A; buffer C, 1% (w/v) low-fat milk pow-

der in buffer A; buffer D, 10% diethanolamine, pH 9.8,

10 mM MgSO4, 20 μM ZnCl2.

Bacterial, plasmid and viral strains

The plasmids encoding the H6-ED3-PhoA hybrids have

been described [41]. Table 1 gives the origin of the viral

ED3 domain and the corresponding segment of the enve-

lope protein. Table 2 gives the number of residue changes

between the ED3 domains of any two DENV serotypes,

and also between the ED3 domain of any DENV serotype

and the consensus ED3 domain (DENVc) [63,64]. The

productions of the H6-ED3-PhoA hybrids in the periplas-

mic space of E. coli and their purification from periplasmic

extracts through their His-tag were performed essentially

as described [41]. The fractions of purification were ana-

lyzed by SDS-PAGE in reducing conditions. The purest

fractions were pooled, snap-frozen and kept at −80°C.

They were homogeneous at >95%.

Clinical samples

A first set of human serums (Group 1) was collected

within the normal activity of the National Reference

Center (NRC) for Arboviruses, Institut Pasteur de la

Guyane, French Guiana. These serums were collected

from patients who displayed clinical symptoms of dengue

and whose infection by DENV was confirmed by labora-

tory methods. A second set of human serums (Group 2)

was collected in the context of a clinical study

(DENFRAME project) that was performed in French

Guiana [65]. These serums were collected from patients

who displayed clinical symptoms of dengue but were diag-

nosed as negative for DENV infection. In the following,

we designate these serums as DENV-uninfected serums.

Both Group 1 and Group 2 serums consisted of a series of

blood samples collected for the first one during the

viremic phase of the disease (from day 0 to day 4 after

fever onset) and for a second one during the early con-

valescent phase (day 5 or later). The samples were

characterized by standard diagnostic methods that

included virus isolation on mosquito cells and/or viral

RNA detection by RT-PCR, non-structural NS1 protein

detection, as well as MAC-ELISA and IgG-specific indirect

ELISA using virus-infected suckling mouse brain (SMB) ex-

tracts as antigens. For the serums of Group 1, the DENV

serotype that was responsible for the disease, was identified

by RT-PCR and the presence of IgMs against the infecting

DENV serotype was ascertained from a MAC-ELISA that

used the corresponding SMB extract as antigen. None of

the serums was infected simultaneously by two or more

DENV serotypes. The serums of Group 1 scored as positive

for IgG to DENV in an indirect ELISA performed on an

additional sample collected during the convalescent phase

of the disease (day 15 or later). For the serums of Group 2,

all the tests were negative. The methodologies for the col-

lection of the serum samples, the collection of the associ-

ated clinical data, and the characterization of the serums

have been described previously in detail [65]. Data on the

primary or secondary nature of the infection were not avail-

able. We obtained informed consent from the patients for

Table 1 Viral origins of the (H6-ED3-PhoA)2 dimers

Virus Strain Genbank No E residues

DENV1 FGA/89 AF226687 295-400

DENV2 Jamaica/N.1409 M20558 295-400

DENV3 PaH881/88 AF349753 293-398

DENV4 ThD4-0113-76 AY618949 295-400

The last column gives the residues of the viral E protein present in the

H6-ED3-PhoA hybrid. The codons in the recombinant genes were synonymous

but not necessarily identical with those in the original viral genomes.

Table 2 Number of residue changes between ED3

domains of different serotypes

Serotype DENV1 DENV2 DENV3 DENV4 DENVc

DENV1 0 37 31 47 22

DENV2 37 0 42 41 25

DENV3 31 42 0 51 27

DENV4 47 41 51 0 32

DENVc 22 25 27 32 0

DENVc, consensus ED3 domain.

Zidane et al. BMC Infectious Diseases 2013, 13:302 Page 3 of 10

http://www.biomedcentral.com/1471-2334/13/302



the use of the Group 2 serum samples in a previous clinical

study, as described [65]. The constitution of the above

human serum collections (Group 1 and Group 2) and their

use for the present study were approved by the Institutional

Review Board of Institut Pasteur and a regional ethical

committee (Comité de Protection des Personnes, Ile-de-

France 1).

MAC-ELISA

The MAC-ELISAs of the present study were performed

in 96-well flat-bottom microtiter plates with a volume of

100 μL/well. The plates were sensitized with antibodies

to human IgMs as follows. A goat antibody to human

IgMs (1.0 μg/mL in PBS) was loaded in the wells of the

plate. The plate was incubated overnight at 4°C for the

reaction of adsorption. The wells were washed with buf-

fer A (three times), blocked with buffer B for 1 h at 37°C,

and then washed as above. The serums and recombinant

antigens were diluted in buffer C. The serums were di-

luted 100-fold, a dilution at which they nearly saturate the

IgM binding sites in the sensitized wells [66]. Wells were

loaded with the diluted serums or with buffer C as a blank

sample, and the plate was incubated for 1 h at 37°C for

the reaction of antibody capture. The wells were washed

as above and then loaded with the solution of recombin-

ant antigen. The plate was incubated for 1 h at 37°C for

the binding reaction. The wells were washed as above and

the bound antigen, (H6-ED3-PhoA)2, was detected by

addition of 5 mM pNPP in buffer D and measurement of

A405nm after 3 h at 25°C. Each experimental data point

was performed at least in duplicate and the corresponding

signals were averaged. The serum specific signal was

obtained by subtracting the signal of the blank sample

from the signal of the serum sample.

Analysis of the experimental data

The curve fits were performed with Kaleidagraph (Synergy

Software), which gives Pearson’s coefficient of correlation,

RP. The mean values, standard deviations (SD) and stand-

ard errors (SE) were calculated with the same program.

The results of the MAC-ELISAs were analyzed through

ROC curves, which are equivalent to Wilcoxon statistics

[67,68]. A ROC curve relates the False Positive Fraction

(FPF = 1 - specificity) to the True Positive Fraction (sensi-

tivity) of a test when the threshold varies. The area under

the ROC curve (AUC) is an unbiased measure of the test

accuracy and the difference AUC - 0.5 is the discrimin-

ation power or more simply discrimination of the test. An

AUC value of 1.0 represents a perfect test whereas a value

of 0.5 represents a worthless test. A rough guide for classi-

fying the accuracy of a test has been proposed: 0.90-1.0 =

excellent, 0.80-0.90 = good, 0.70-0.80 = fair, 0.60-0.70 =

poor, 0.50-0.60 = fail. Semi-parametric ROC curves were

computed with the LABROC4 program [69] as imp-

lemented in the Web based calculator JLABROC4 [70].

Results
Rationale

To analyze the serotype specificities and cross-reactivities

of IgMs directed against the ED3 domains of the dengue

viruses, we used a collection of 179 well-characterized

human serums (see Methods). These serums belonged to

two groups. The first group included four categories of

infected serums, i.e. 18 serums infected by DENV1, 24 by

DENV2, 18 by DENV3 and 30 by DENV4 respectively, for

a total of 90 DENV-infected serums. Samples of these ser-

ums reacted positively in a MAC-ELISA that used a whole

homotypic DENV antigen. The second group contained

89 DENV-uninfected serums. In a first step, we assayed

each of the 179 serums in duplicate in four MAC-ELISAs

that used four (H6-ED3-PhoA)2 dimers as antigens. The

ED3 domains of these four reagents came from each of

the four serotypes of DENV and we will designate these

reagents as R1 to R4 in the following. The mean signal

values and associated SD and SE of the MAC-ELISAs

performed with R1 to R4 on the five categories of serums

above are reported in Table 3. In a second step, we com-

bined the serums in different sets that we considered as

positive (+) or negative (−) for the hypothesis under test

and analyzed the results of the MAC-ELISAs with ROC

curves. More specifically, we derived a unique parameter

for each test from these analyses, the precision (AUC) or

discrimination (AUC – 0.5), and compared them between

tests.

Table 3 Mean signals of MAC-ELISAs performed with

(H6-ED3-PhoA)2 dimers on five categories of serums

Serum # R1 R2 R3 R4

DENV1 18 1.3 0.7 0.3 0.06

± 1.4 (0.3) ± 1.1 (0.2) ± 0.5 (0.1) ± 0.04 (0.01)

DENV2 24 0.07 0.5 0.11 0.038

± 0.09 (0.02) ± 0.5 (0.1) ± 0.14 (0.03) ± 0.020
(0.004)

DENV3 18 0.08 0.19 0.23 0.04

± 0.11 (0.03) ± 0.20 (0.05) ± 0.21 (0.05) ± 0.09 (0.02)

DENV4 30 0.06 0.08 0.061 0.11

± 0.16 (0.03) ± 0.09 (0.02) ± 0.049
(0.009)

± 0.22 (0.04)

None 89 0.008 0.058 0.077 0.044

± 0.021
(0.002)

± 0.051
(0.005)

± 0.075
(0.008)

± 0.023
(0.002)

R1 to R4, (H6-ED3-PhoA)2 dimers of serotypes DENV1 to DENV4, respectively.

The first and second columns give the serotype of the infecting DENV and the

number of samples for each category of serums. None, DENV-uninfected

serums. The other entries give the mean A405nm value and associated SD and

SE (in parentheses) for MAC-ELISAs performed on the serums of the first

column with reagents R1 to R4.
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Discrimination between DENV-infected and -uninfected

serums

In a first step, we analyzed the capacity of the four re-

agents, R1 to R4, to discriminate between IgMs of patients

infected by a DENV serotype, either homotypic or hetero-

typic to the reagent, and IgMs of DENV-uninfected pa-

tients. The serums of the infected patients were considered

as positive and the serums of the uninfected patients as

negative. The discrimination between the IgMs of the

infected serums and the IgMs of the uninfected serums

was the highest when the reagent and infecting DENV

were homotypic. These homotypic discriminations were

excellent for DENV1, good for DENV2, fair for DENV3

and poor for DENV4 (diagonal of Table 4). Therefore, the

serums of patients infected by any of the DENV viruses

formed IgMs against the homotypic ED3 domain and

could be recognized by the homotypic reagent.

Reagent R1 discriminated between the IgMs of DENV2-,

DENV3- or DENV4-infected serums and IgMs of DENV-

uninfected serums with excellent (DENV2), good (DENV3)

or fair (DENV4) accuracies (column 1 of Table 4). There-

fore, the IgMs of serums infected by DENV2, DENV3 or

DENV4 cross-reacted with the ED3 domain from DENV1

(ED3.DENV1). By a similar reasoning, we concluded that

the IgMs of serums infected by DENV1 or DENV3 cross-

reacted with ED3.DENV2 but not the IgMs of serums

infected by DENV4 (column 2 of Table 4). The IgMs of

serums infected by heterotypic DENV did not cross-react

significantly with ED3.DENV3 and ED3.DENV4 (columns

3 and 4 of Table 4). We concluded that there exist inhe-

rent cross-reactivities between the ED3 domain of a given

DENV serotype and the human IgMs directed against

DENV heterotypes.

Relation between reagent serotype and test accuracy

Table 4 enabled us to compare the accuracies of MAC-

ELISAs performed with R1 to R4 when run on the same

two sets of serums, infected and uninfected. For ex-

ample, the discrimination between the DENV1-infected

serums and the DENV-uninfected serums was excellent

for R1, good for R2, poor for R3 and nil for R4 (row 1 of

Table 4). Similarly, the discrimination between the

DENV2-infected and DENV-uninfected serums was ex-

cellent for R1 and R2 and nil for R3 and R4 (row 2 of

Table 4). The discrimination between DENV3-infected

and DENV-uninfected serums was good for R1, fair for

R2 and R3, and nil for R4 (row 3 of Table 4). The dis-

crimination between DENV4-infected and DENV-

uninfected serums was fair for R1, nil for R2 and R3 and

poor for R4 (row 4 of Table 4). The discrimination be-

tween DENVj-infected serums and DENV-uninfected

serums by the Ri reagent was not linearly correlated with

the number ni,j of residue changes between ED3.DENVi

and ED3.DENVj (i ≠ j) (RP = 0.54). These comparisons

suggested that the levels of discrimination depended on

the specific couple of DENV serotypes and not on the

sequence differences between the heterotypic ED3 do-

mains. Whether and how the levels of discrimination of

the same two sets of (+) and (−) serums by the different

reagents might be related to the strengths of the IgMs

reactivities is considered in the Discussion section.

The homotypic Ri reagent and some heterotypic Rj re-

agents could discriminate between DENVi-infected ser-

ums and DENV-uninfected serums (i ≠ j). How did these

homotypic and heterotypic discriminations compare? The

discriminations by R1 were higher than or equal to those

by the homotypic reagents for any infecting serotype,

DENV2, DENV3 or DENV4 (compare the numbers in

column 1 and in the diagonal of Table 4). The discrimi-

nations by R2 were roughly equal to those by the

homotypic reagents in the same conditions. In contrast,

R3 and R4 did not recognize serums that were infected

by heterotypic DENVs. These results were not due to

the serums and their IgMs since the serums were iden-

tical for the four reagents. They were necessarily due to

differences in the antigenic properties of the ED3

domains of the four DENV serotypes since the (H6-

ED3-PhoA)2 constructions were exactly identical except

for this domain.

Discriminations between DENV serotypes

In a second step, we analyzed the accuracy with which a

given Ri reagent discriminated between DENVi- and

DENVj-infected serums, with i ≠ j (Table 5). The R1 re-

agent discriminated between the DENV1-infected ser-

ums and the DENV2-, DENV3- or DENV4- infected

serums with good accuracies (column 1 of Table 5),

despite important cross-reactions between ED3.DENV1

and the IgMs of serums infected by heterotypic DENVs

(column 1 of Table 4). The R2 reagent discriminated

between DENV2-infected serums and either DENV3- or

DENV4-infected serums with fair to good accuracies but

it did not discriminate between DENV2- and DENV1-

Table 4 Capacity of the (H6-ED3-PhoA)2 reagents

to discriminate between DENV-infected and

DENV-uninfected serums in a MAC-ELISA

(+) Serums R1 R2 R3 R4

DENV1 0.94 ± 0.05 0.83 ± 0.06 0.64 ± 0.08 0.59 ± 0.08

DENV2 0.90 ± 0.03 0.88 ± 0.05 0.57 ± 0.06 0.42 ± 0.07

DENV3 0.82 ± 0.06 0.75 ± 0.07 0.77 ± 0.07 0.18 ± 0.08

DENV4 0.73 ± 0.05 0.55 ± 0.06 0.45 ± 0.06 0.61 ± 0.07

DENV1-4 0.83 ± 0.03 0.73 ± 0.04 0.59 ± 0.04 0.47 ± 0.04

R1 to R4, (H6-ED3-PhoA)2 dimers of serotypes DENV1 to DENV4, respectively. The

first column gives the serotype of the infecting DENV for the (+) serums. DENV1-4,

the serotype of the infecting virus could be any one of DENV1 to DENV4. The

DENV-uninfected serums were always taken as (−) serums. Each entry gives the

accuracy and associated standard error of a MAC-ELISA that used the Ri reagent

(i = 1,…, 4) as an antigen and was evaluated on the (+) and (−) serums.
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infected serums (column 2 of Table 5), in accordance

with the cross-reaction pattern (column 2 of Table 4).

The R3 reagent discriminated between DENV3-infected

serums and either DENV1- or DENV2-infected serums

with poor to no accuracies (column 3 of Table 5), despite

weak cross-reactions between ED3.DENV3 and the IgMs

of DENV1- or DENV2-infected serums (column 3 of

Table 4). In contrast, R3 discriminated between DENV3-

and DENV4-infected serums with a good accuracy, in ac-

cordance with the absence of cross-reactions between

ED3.DENV3 and the IgMs of DENV4-infected serums.

The R4 reagent did not discriminate between DENV4-

and DENV1-infected serums (column 4 of Table 5), des-

pite the absence of cross-reactions between ED3.DENV4

and the IgMs of DENV1-infected serums (column 4 of

Table 4). R4 discriminated between DENV4-infected ser-

ums and either DENV2- or DENV3-infected serums with

good accuracies, in accordance with the absence of cross-

reactions between ED3.DENV4 and the IgMs of such ser-

ums. A more detailed analysis of the data in Tables 4 and

5 showed that the discrimination by a given Ri reagent be-

tween homotypic DENVi- and heterotypic DENVj-infected

serums was not correlated with the discriminations by Ri

between DENVj infected serums and DENV-uninfected

serums (not shown). Otherwise stated, the Ri reagent may

not discriminate between the DENVi- and DENVj-infected

serums, even if the IgMs of the DENVj-infected serums do

not cross-react with ED3.DENVi. Conversely, the Ri re-

agent may discriminate between the DENVi- and DENVj

serums even though the IgMs of the DENVj-infected

serum cross-react with ED3.DENVi. Moreover, the dis-

crimination by the Ri reagent between DENVi- and

DENVj-infected serums was not correlated with the num-

ber of residue changes between ED3.DENVi and ED3.

DENVj (not shown). Thus, sequence differences could not

predict the discrimination between two serotypes by a

given reagent.

Additional discriminations

For each Ri reagent, we calculated its discrimination

between serums infected by any of the four DENV

serotypes (DENV-infected serums) and DENV-uninfected

serums, i.e. the set of positive serums was constituted by

all the DENVj-infected serums with j = 1, …, 4. This dis-

crimination was good for R1, fair for R2 and nil for R3

and R4 (Table 4, row 5). The discrimination between the

DENV-infected and DENV-uninfected serums by Ri was

strongly negatively correlated with the number of residue

changes between the consensus ED3 domain and the ED3.

DENVi domain (RP = 0.98; compare rows 5 of Tables 2

and 4). Thus, ED3.DENV1 behaved like a consensus ED3

domain.

For each reagent Ri (i = 1, …, 4), we calculated its dis-

crimination between serums infected by the homotypic

DENVi and serums infected by any of the three hetero-

typic DENVs, i.e. the set of negative serums was consti-

tuted by all the DENVj-infected serums with j ≠ i. This

discrimination was good for R1 and fair for R2, R3 and R4

(Table 5, row 5). We calculated its discrimination between

serums infected by the homotypic DENVi virus and ser-

ums uninfected by any DENV or infected by any of the

three heterotypic DENVj (j ≠ i). This discrimination was

excellent for R1, good for R2, fair for R3 and poor for R4

(Table 5, row 6). Thus, each Ri reagent could recognize

the homotypic DENVi-infected serums with at least some

accuracy.

Discussion
MAC-ELISA using (H6-ED3-PhoA)2 dimers

The ability to analyze the specificities and cross-reactivities

of human IgMs towards the different serotypes of the ED3

domain depends on the existence and use of a reliable test

for the interaction between IgMs and ED3 domains. Here,

we used a MAC-ELISA with (H6-ED3-PhoA)2 dimers as

antigens. The use of such antigens raised two questions:

was the ED3 domain correctly folded in these dimers and

was it accessible to antibodies? The ED3 domain has one

disulfide bond and the PhoA monomer has two disulfide

bonds. Previously, we have shown that the isolated ED3

domain can be produced in a correctly folded state in the

periplasmic space of E. coli, where the formation of the

disulfide bonds is efficiently catalyzed [71]. In particular,

site-directed mutagenesis experiments and the crystal

structures of the complexes between the ED3 domains

from the four serotypes of DENV and the scFv fragment of

the broadly neutralizing monoclonal antibody mAb4E11

have shown that the epitope of mAb4E11 is discontinuous,

conformational, and included within the ED3 domain

[29,72]. PhoA is enzymically active only as a dimer. We

Table 5 Capacity of the (H6-ED3-PhoA)2 reagents to

discriminate between serums infected by different DENV

serotypes in a MAC-ELISA

(−) Serums R1 R2 R3 R4

DENV1 na 0.52 ± 0.09 0.55 ± 0.10 0.57 ± 0.08

DENV2 0.78 ± 0.08 na 0.68 ± 0.08 0.70 ± 0.07

DENV3 0.84 ± 0.07 0.72 ± 0.08 na 0.80 ± 0.07

DENV4 0.87 ± 0.06 0.85 ± 0.05 0.81 ± 0.07 na

Other DENV 0.84 ± 0.06 0.72 ± 0.06 0.70 ± 0.06 0.69 ± 0.06

All others 0.90 ± 0.05 0.81 ± 0.04 0.73 ± 0.06 0.66 ± 0.06

R1 to R4, (H6-ED3-PhoA)2 dimers of serotypes DENV1 to DENV4, respectively; na,

non applicable. The serotype of the infecting DENV for the (+) serums was always

identical with the serotype of the reagent. The first column gives the serotype of

the infecting DENV for the (−) serums. Other DENV, all DENV serotypes except the

serotype of the reagent. All others, all serums (infected and uninfected) except

those infected by the same DENV serotype as the reagent. Each entry gives the

accuracy and associated standard error of a MAC-ELISA that used the Ri reagent

(i = 1,…, 4) as an antigen and was evaluated on the (+) and (−) serums. Note that

the expressions (+) serums and (−) serums refer to the discrimination under

statistical analysis and not to the infected or uninfected character of the serums.
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have shown that the H6-ED3-PhoA hybrids have both their

ED3 and PhoA portions correctly folded and active when

they are produced in the E. coli periplasm. This result

was obtained by measuring the specific activity of the

hybrids for the dephosphorylation of pNPP in vitro

and assaying their binding to immobilized mAb4E11

in an indirect ELISA, revealed with their intrinsic

phosphatase activity [66].

In the H6-ED3-PhoA hybrids, the C-terminal residue of

ED3 (residue 400 of the E protein) is linked to residue Val7

of the mature PhoA through a flexible linker tripeptide

Thr-Ser-Gly [66]. The (H6-ED3-PhoA)2 dimers recognize

both mAb4E11, as recalled above, and cell receptors

[41,73]. Therefore, the ED3 domain should be at least as ac-

cessible in the (H6-ED3-PhoA)2 dimers as in the full and

infectious DENV virus, where it interacts with the other do-

mains of the E protein and its C-terminal residue is linked

to the transmembrane region of the E protein and faces the

lipid membrane [74].

Thus, the (H6-ED3-PhoA)2 dimers can be directly pro-

duced in a soluble, correctly folded, multimeric state in

the periplasmic space of E. coli. They can be produced and

purified in a homogeneous state from periplasmic extracts.

They constitute self-sufficient reagents since the ED3 anti-

gen and PhoA reporter enzyme are covalently linked

within the same molecule. MAC-ELISA based on such di-

mers involve a low number of steps or manipulations. The

antigen is dimeric and therefore can bind its target

through an avidity phenomenon. Such dimers have already

been used to detect weak interactions between the ED3

domains of various flaviviruses and either cell receptors or

human IgMs [41,71,73].

Analysis of MAC-ELISAs with ROC curves

The analysis of a test with a ROC plot gives a measure

of its capacity to distinguish between two alternatives,

the positive and negative cases. A ROC plot gives the ac-

curacy (AUC) value of a test independently of the event

frequencies in the test samples and of the decision cri-

terion, i.e. threshold value. To measure the accuracies of

the MAC-ELISAs that used the (H6-ED3-PhoA)2 dimers

as antigens, it was necessary to constitute collections of

well-characterized human serum samples, i.e. serums

whose DENV-infected or uninfected status was reliably

established, whose infecting DENV serotype was known,

and which contained significant amounts of IgMs

against the infecting DENV serotype. These characteriza-

tions are described briefly in the Methods section and in

more detail elsewhere [65]. They depended themselves

on specific tests and thresholds. However, because they

were based on sensitive, well-established, standardized,

redundant methods that differed from that under

analysis, we considered the classifications of the human

serums in our collection as absolute.

An AUC value of x means that a randomly selected

serum with the properties of the (+) group has a test

value larger than that of a randomly chosen serum with

the properties of the (−) group 100x% of the time [67].

Therefore, if a MAC-ELISA with reagent (H6-ED3-

PhoA)2 can discriminate between the serums of the (+)

and (−) groups, this discrimination implies that the

interaction with the ED3 domain is “stronger” for the

IgMs of the (+) group than for the IgMs of the (−)

group, where the word “stronger” may include both con-

centration and avidity components.

Serotype cross-reactivities of human IgMs

Our results confirmed that the serums of human pa-

tients infected by DENV contain IgMs directed against

the ED3 domain [46-48]. They showed that the IgMs of

human serums infected by a given DENVi serotype

cross-reacted with the ED3 domains from other DENVj

serotypes (i ≠ j). Therefore, they extended similar obser-

vations, previously made with whole-virus antigens, to

the small ED3 domain [15-19]. They also extended simi-

lar observations, previously made for IgGs, to IgMs [75].

The exact patterns of cross-reactivities depended on the

infecting DENV serotype.

The ED3.DENVi domains could discriminate between

the IgMs of serums that were infected by the homotypic

DENVi virus and the IgMs of serums that were unin-

fected by DENV, in our MAC-ELISA assays. The levels

of discrimination varied with the serotype, in the de-

creasing order DENV1 ≥DENV2 ≥DENV3 > DENV4

(diagonal of Table 4). This conclusion on IgMs is remin-

iscent of published data on IgGs: (i) Several studies have

shown that many mouse monoclonal antibodies that are

specific for the DENV complex of flaviviruses, have af-

finities for the four serotypes of the ED3 domain and

neutralization potencies of the four serotypes of DENV

in the same decreasing order as above [25,29,76]. (ii)

The content of human serums in IgGs against DENV

after a primary infection is higher during an infection by

DENV1 and lower during infections with DENV2 and

DENV3 when assayed by an indirect ELISA with recom-

binant ED3 domains as antigens [6]. (iii) In tetravalent

strategies of immunization against dengue simultan-

eously with attenuated strains, or E proteins, or ED3 do-

mains of the four DENV serotypes, lower levels of

neutralizing antibodies are induced against DENV3 and

especially DENV4 in comparison with DENV1 and

DENV2 in mice and humans [59,62,77,78]. These com-

parisons between our results on IgMs and published

data on IgGs suggest that the AUC value might be

somehow related to the “level” or “strength” of the inter-

action between the serum IgMs and ED3 domain under

assay, in our specific experimental conditions. If such a

relation was valid, we could conclude that the serum
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IgMs reacted the strongest with ED3.DENV1 and the

weakest with ED3.DENV4, whatever the infecting sero-

type (rows of Table 4).

The R1 reagent gave the highest discrimination be-

tween serums infected by any one of the DENV sero-

types and uninfected serums. In particular, R1 gave a

discrimination equal to or higher than that of the

homotypic reagent, between serums infected by a given

DENV serotype and uninfected serums (Table 4). These

results showed that ED3.DENV1 behaved like a con-

sensus or universal ED3 domain for the detection of

IgMs directed against any DENV serotype. They were

reminiscent of published data showing that, in human

secondary infections, the serum titer in IgGs against

ED3.DENV1 is higher than those against the three

other ED3 serotypes, regardless of the infecting DENV

serotype [6].

Serotype specificities of human IgMs

We showed that some Ri reagents could discriminate be-

tween human IgMs directed against the homotypic DENVi

and IgMs against heterotypic DENVj viruses (j ≠ i). The

levels of discrimination by Ri between IgMs directed against

the two different DENV serotypes were not correlated with

the levels of discrimination by Ri between DENVj infected

serums and DENV-uninfected serums, i.e. with the profiles

of cross-reactivities. They were not correlated with the

numbers of residue changes between ED3 domains. Note-

worthily, R1 could discriminate between IgMs against

DENV1 and IgMs against DENV2, DENV3 or DENV4,

whereas R2, R3 and R4 could not discriminate between

IgMs against the homotypic DENV and IgMs against

DENV1 (Table 5). Any ED3 domain interacted more

strongly with the IgMs against the homotypic DENV than

with the IgMs against heterotypic DENVs, with one excep-

tion. Each ED3 domain interacted as strongly with the IgMs

against DENV1 as with the IgMs against the homotypic

DENV (row 1 of Table 5). Fine structural properties might

explain these discriminations between serotypes. The Ri re-

agents had also significant levels of discrimination towards

IgMs directed against the heterotypic DENVj viruses (j ≠ i),

taken as a whole (line 5 of Table 5), although not high

enough for diagnostic tests. Data on the discrimination be-

tween DENV serotypes by ED3 domains in a MAC-ELISA

had not been reported previously to our knowledge.

Conclusions
Many properties of serotype specificity and cross-reactivity

that have been reported for IgGs against the ED3 domain

of DENV, appear to pre-exist in IgMs. These properties

could thus be passed from IgMs to IgGs during the matur-

ation of the immune response.

Our study describes tools, the (H6-ED3-PhoA)2 di-

mers, and a statistical method that can be used to

characterize the early immune response against different

serotypes or strains of pathogenic flaviviruses, in particu-

lar after a vaccination and challenge. Its results for the

four DENV serotypes should help better understand the

early immune response during infections by these viruses.

These results could be useful for the interpretation of

MAC-ELISA assays that are used in the diagnosis of

dengue, and for the fine engineering of the ED3 domains

to obtain better diagnostic reagents and vaccines.

Competing interests

Patent applications that include the use of the (H6-ED3-PhoA)2 dimers as

antigens in MAC-ELISA have been filed by Institut Pasteur and CNRS. Should

these institutions receive revenues as a result of licensing, the authors are

entitled to receive payments through the respective Inventor’s Rewards

Schemes. Our funding sources had no role in the conduct of the research or

the preparation of the article.

Authors’ contributions

NZ prepared the (H6-ED3-PhoA)2 hybrids. LB carried out the

immunoassays. PD constituted the collection of human serums and

supervised the immunoassays. HB coordinated the study and was

responsible for the final versions of the data analysis and paper. All

authors participated in the analysis of the data. All authors read and

approved the final manuscript.

Acknowledgments

This work was supported by grants from Agence Nationale de la Recherche

[grant number ANR 2010-INTB-1601-03 to H.B.] and Institut Pasteur [PTR 297].

We thank the PIRC (Pôle Intégré de Recherche Clinique) at Institut Pasteur

for its help in the biomedical regulatory aspects of the project.

Author details
1Department of Infection and Epidemiology, Institut Pasteur, Unit of

Molecular Prevention and Therapy of Human Diseases, rue du Docteur Roux,

F-75015 Paris, France. 2CNRS URA3012, rue du Docteur Roux, F-75015 Paris,

France. 3Institut Pasteur de la Guyane, Laboratory of Virology, National

Reference Center for Arboviruses, Cayenne, French Guiana.

Received: 6 March 2013 Accepted: 26 June 2013

Published: 1 July 2013

References

1. Simmons CP, Farrar JJ, Nguyen VV, Wills B: Dengue. N Engl J Med 2012,

366:1423–1432.

2. Chen R, Vasilakis N: Dengue–quo tu et quo vadis? Viruses 2011, 3:1562–1608.

3. Sabin AB: Research on dengue during World War II. Am J Trop Med Hyg

1952, 1:30–50.

4. Sangkawibha N, Rojanasuphot S, Ahandrik S, Viriyapongse S,

Jatanasen S, Salitul V, Phanthumachinda B, Halstead SB: Risk factors in

dengue shock syndrome: a prospective epidemiologic study in

Rayong, Thailand. I. The 1980 outbreak. Am J Epidemiol 1984,

120:653–669.

5. Halstead SB, Mahalingam S, Marovich MA, Ubol S, Mosser DM: Intrinsic

antibody-dependent enhancement of microbial infection in

macrophages: disease regulation by immune complexes.

Lancet Infect Dis 2010, 10:712–722.

6. Midgley CM, Bajwa-Joseph M, Vasanawathana S, Limpitikul W, Wills B,

Flanagan A, Waiyaiya E, Tran HB, Cowper AE, Chotiyarnwong P, et al:

An in-depth analysis of original antigenic sin in dengue virus infection.

J Virol 2011, 85:410–421.

7. Chanama S, Anantapreecha S, An A, Sa-gnasang A, Kurane I,

Sawanpanyalert P: Analysis of specific IgM responses in secondary

dengue virus infections: levels and positive rates in comparison with

primary infections. J Clin Virol 2004, 31:185–189.

8. Sa-Ngasang A, Anantapreecha S, AN A, Chanama S, Wibulwattanakij S,

Pattanakul K, Sawanpanyalert P, Kurane I: Specific IgM and IgG responses

in primary and secondary dengue virus infections determined by

Zidane et al. BMC Infectious Diseases 2013, 13:302 Page 8 of 10

http://www.biomedcentral.com/1471-2334/13/302



enzyme-linked immunosorbent assay. Epidemiol Infect 2006,

134:820–825.

9. Halstead SB, O’Rourke EJ: Dengue viruses and mononuclear phagocytes. I.

Infection enhancement by non-neutralizing antibody. J Exp Med 1977,

146:201–217.

10. Jianmin Z, Linn ML, Bulich R, Gentry MK, Aaskov JG: Analysis of functional

epitopes on the dengue 2 envelope (E) protein using monoclonal IgM

antibodies. Arch Virol 1995, 140:899–913.

11. Bernardo L, Hermida L, Martin J, Alvarez M, Prado I, Lopez C, Martinez R,

Rodriguez-Roche R, Zulueta A, Lazo L, et al: Anamnestic antibody response

after viral challenge in monkeys immunized with dengue 2 recombinant

fusion proteins. Arch Virol 2008, 153:849–854.

12. Shi Y, Agematsu K, Ochs HD, Sugane K: Functional analysis of human

memory B-cell subpopulations: IgD + CD27+ B cells are crucial in

secondary immune response by producing high affinity IgM.

Clin Immunol 2003, 108:128–137.

13. Velzing J, Groen J, Drouet MT, Van Amerongen G, Copra C, Osterhaus AD,

Deubel V: Induction of protective immunity against Dengue virus type 2:

comparison of candidate live attenuated and recombinant vaccines.

Vaccine 1999, 17:1312–1320.

14. Smith KM, Nanda K, Spears CJ, Piper A, Ribeiro M, Quiles M, Briggs CM,

Thomas GS, Thomas ME, Brown DT, et al: Testing of novel dengue virus 2

vaccines in African green monkeys: safety, immunogenicity, and efficacy.

Am J Trop Med Hyg 2012, 87:743–753.

15. Vorndam V, Kuno G: Laboratory diagnosis of dengue virus infections.

In Dengue and Dengue Hemorrhagic Fever. Edited by Gubler DJ, Kuno G.

Cambridge: CAB International; 1997:313–333.

16. Nawa M, Yamada KI, Takasaki T, Akatsuka T, Kurane I: Serotype-cross-

reactive immunoglobulin M responses in dengue virus infections

determined by enzyme-linked immunosorbent assay. Clin Diagn Lab

Immunol 2000, 7:774–777.

17. Shu PY, Chen LK, Chang SF, Su CL, Chien LJ, Chin C, Lin TH, Huang JH: Dengue

virus serotyping based on envelope and membrane and nonstructural

protein NS1 serotype-specific capture immunoglobulin M enzyme-linked

immunosorbent assays. J Clin Microbiol 2004, 42:2489–2494.

18. Holmes DA, Purdy DE, Chao DY, Noga AJ, Chang GJ: Comparative analysis

of immunoglobulin M (IgM) capture enzyme-linked immunosorbent

assay using virus-like particles or virus-infected mouse brain antigens to

detect IgM antibody in sera from patients with evident flaviviral

infections. J Clin Microbiol 2005, 43:3227–3236.

19. Gubler DJ: Dengue and dengue hemorrhagic fever. Clin Microbiol Rev

1998, 11:480–496.

20. Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, Jones CT,

Mukhopadhyay S, Chipman PR, Strauss EG, et al: Structure of dengue virus:

implications for flavivirus organization, maturation, and fusion. Cell 2002,

108:717–725.

21. Modis Y, Ogata S, Clements D, Harrison SC: A ligand-binding pocket in the

dengue virus envelope glycoprotein. Proc Natl Acad Sci USA 2003,

100:6986–6991.

22. Zhang Y, Zhang W, Ogata S, Clements D, Strauss JH, Baker TS, Kuhn RJ,

Rossmann MG: Conformational changes of the flavivirus E glycoprotein.

Structure 2004, 12:1607–1618.

23. Modis Y, Ogata S, Clements D, Harrison SC: Variable surface epitopes in

the crystal structure of dengue virus type 3 envelope glycoprotein.

J Virol 2005, 79:1223–1231.

24. Cockburn JJ, Navarro Sanchez ME, Goncalvez AP, Zaitseva E, Stura EA,

Kikuti CM, Duquerroy S, Dussart P, Chernomordik LV, Lai CJ, et al: Structural

insights into the neutralization mechanism of a higher primate antibody

against dengue virus. EMBO J 2012, 31:767–779.

25. Volk DE, Lee YC, Li X, Thiviyanathan V, Gromowski GD, Li L, Lamb AR,

Beasley DW, Barrett AD, Gorenstein DG: Solution structure of the envelope

protein domain III of dengue-4 virus. Virology 2007, 364:147–154.

26. Huang KC, Lee MC, Wu CW, Huang KJ, Lei HY, Cheng JW: Solution

structure and neutralizing antibody binding studies of domain III of the

dengue-2 virus envelope protein. Proteins 2008, 70:1116–1119.

27. Lok SM, Kostyuchenko V, Nybakken GE, Holdaway HA, Battisti AJ,

Sukupolvi-Petty S, Sedlak D, Fremont DH, Chipman PR, Roehrig JT, et al:

Binding of a neutralizing antibody to dengue virus alters the arrangement

of surface glycoproteins. Nat Struct Mol Biol 2008, 15:312–317.

28. Simonelli L, Beltramello M, Yudina Z, Macagno A, Calzolai L, Varani L: Rapid

structural characterization of human antibody-antigen complexes

through experimentally validated computational docking. J Mol Biol 2010,

396:1491–1507.

29. Cockburn JJ, Navarro Sanchez ME, Fretes N, Urvoas A, Staropoli I, Kikuti CM,

Coffey LL, Arenzana Seisdedos F, Bedouelle H, Rey FA: Mechanism of

dengue virus broad cross-neutralization by a monoclonal antibody.

Structure 2012, 20:303–314.

30. Midgley CM, Flanagan A, Tran HB, Dejnirattisai W, Chawansuntati K,

Jumnainsong A, Wongwiwat W, Duangchinda T, Mongkolsapaya J, Grimes

JM, et al: Structural analysis of a dengue cross-reactive antibody

complexed with envelope domain III reveals the molecular basis of

cross-reactivity. J Immunol 2012, 188:4971–4979.

31. Elahi M, Islam MM, Noguchi K, Yohda M, Kuroda Y: High resolution crystal

structure of dengue-3 envelope protein domain III suggests possible

molecular mechanisms for serospecific antibody recognition. Proteins

2013, 81:1090–1095.

32. Austin SK, Dowd KA, Shrestha B, Nelson CA, Edeling MA, Johnson S,

Pierson TC, Diamond MS, Fremont DH: Structural basis of differential

neutralization of DENV-1 genotypes by an antibody that recognizes a

cryptic epitope. PLoS Pathog 2012, 8:e1002930.

33. Simonelli L, Pedotti M, Beltramello M, Livoti E, Calzolai L, Sallusto F,

Lanzavecchia A, Varani L: Rational engineering of a human anti-dengue

antibody through experimentally validated computational docking.

PLoS One 2013, 8:e55561.

34. Chen Y, Maguire T, Marks RM: Demonstration of binding of dengue virus

envelope protein to target cells. J Virol 1996, 70:8765–8772.

35. Thullier P, Demangel C, Bedouelle H, Megret F, Jouan A, Deubel V, Mazie JC,

Lafaye P: Mapping of a dengue virus neutralizing epitope critical for the

infectivity of all serotypes: insight into the neutralization mechanism.

J Gen Virol 2001, 82:1885–1892.

36. Hung JJ, Hsieh MT, Young MJ, Kao CL, King CC, Chang W: An external loop

region of domain III of dengue virus type 2 envelope protein is involved

in serotype-specific binding to mosquito but not mammalian cells.

J Virol 2004, 78:378–388.

37. Pattnaik P, Babu JP, Verma SK, Tak V, Rao PV: Bacterially expressed and

refolded envelope protein (domain III) of dengue virus type-4 binds

heparan sulfate. J Chromatogr B Analyt Technol Biomed Life Sci 2007,

846:184–194.

38. Huerta V, Chinea G, Fleitas N, Sarria M, Sanchez J, Toledo P, Padron G:

Characterization of the interaction of domain III of the envelope protein

of dengue virus with putative receptors from CHO cells. Virus Res 2008,

137:225–234.

39. Kaufmann B, Rossmann MG: Molecular mechanisms involved in the early

steps of flavivirus cell entry. Microbes Infect 2011, 13:1–9.

40. Watterson D, Kobe B, Young PR: Residues in domain III of the dengue

virus envelope glycoprotein involved in cell-surface glycosaminoglycan

binding. J Gen Virol 2012, 93:72–82.

41. Zidane N, Ould-Abeih MB, Petit-Topin I, Bedouelle H: The folded and

disordered domains of human ribosomal protein SA have both

idiosyncratic and shared functions as membrane receptors.

Biosci Rep 2013, 33:e00011.

42. Jaiswal S, Khanna N, Swaminathan S: High-level expression and one-

step purification of recombinant dengue virus type 2 envelope

domain III protein in escherichia coli. Protein Expr Purif 2004,

33:80–91.

43. Chin JF, Chu JJ, Ng ML: The envelope glycoprotein domain III of dengue

virus serotypes 1 and 2 inhibit virus entry. Microbes Infect 2007, 9:1–6.

44. Chavez JH, Silva JR, Amarilla AA, Moraes Figueiredo LT: Domain III

peptides from flavivirus envelope protein are useful antigens for

serologic diagnosis and targets for immunization. Biologicals 2010,

38:613–618.

45. Pryor MJ, Carr JM, Hocking H, Davidson AD, Li P, Wright PJ: Replication of

dengue virus type 2 in human monocyte-derived macrophages:

comparisons of isolates and recombinant viruses with substitutions at

amino acid 390 in the envelope glycoprotein. Am J Trop Med Hyg 2001,

65:427–434.

46. Lok SM, Ng ML, Aaskov J: Amino acid and phenotypic changes in dengue

2 virus associated with escape from neutralisation by IgM antibody.

J Med Virol 2001, 65:315–323.

47. Crill WD, Hughes HR, Delorey MJ, Chang GJ: Humoral immune responses

of dengue fever patients using epitope-specific serotype-2 virus-like

particle antigens. PLoS One 2009, 4:e4991.

Zidane et al. BMC Infectious Diseases 2013, 13:302 Page 9 of 10

http://www.biomedcentral.com/1471-2334/13/302



48. Wahala WM, Kraus AA, Haymore LB, Accavitti-Loper MA, De Silva AM:

Dengue virus neutralization by human immune sera: role of envelope

protein domain III-reactive antibody. Virology 2009, 392:103–113.

49. Simmons M, Porter KR, Escamilla J, Graham R, Watts DM, Eckels KH, Hayes

CG: Evaluation of recombinant dengue viral envelope B domain protein

antigens for the detection of dengue complex-specific antibodies.

Am J Trop Med Hyg 1998, 58:144–151.

50. Holbrook MR, Shope RE, Barrett AD: Use of recombinant E protein domain

III-based enzyme-linked immunosorbent assays for differentiation of

tick-borne encephalitis serocomplex flaviviruses from mosquito-borne

flaviviruses. J Clin Microbiol 2004, 42:4101–4110.

51. Batra G, Nemani SK, Tyagi P, Swaminathan S, Khanna N: Evaluation of

envelope domain III-based single chimeric tetravalent antigen and

monovalent antigen mixtures for the detection of anti-dengue

antibodies in human sera. BMC Infect Dis 2011, 11:64.

52. Simmons M, Nelson WM, Wu SJ, Hayes CG: Evaluation of the protective

efficacy of a recombinant dengue envelope B domain fusion protein

against dengue 2 virus infection in mice. Am J Trop Med Hyg 1998,

58:655–662.

53. Zhang ZS, Yan YS, Weng YW, Huang HL, Li SQ, He S, Zhang JM: High-level

expression of recombinant dengue virus type 2 envelope domain III

protein and induction of neutralizing antibodies in BALB/C mice.

J Virol Methods 2007, 143:125–131.

54. Babu JP, Pattnaik P, Gupta N, Shrivastava A, Khan M, Rao PV:

Immunogenicity of a recombinant envelope domain III protein of

dengue virus type-4 with various adjuvants in mice. Vaccine 2008,

26:4655–4663.

55. Batra G, Raut R, Dahiya S, Kamran N, Swaminathan S, Khanna N: Pichia

pastoris-expressed dengue virus type 2 envelope domain III elicits

virus-neutralizing antibodies. J Virol Methods 2010, 167:10–16.

56. Guzman MG, Hermida L, Bernardo L, Ramirez R, Guillen G: Domain III of the

envelope protein as a dengue vaccine target. Expert Rev Vaccines 2010,

9:137–147.

57. Khanam S, Etemad B, Khanna N, Swaminathan S: Induction of neutralizing

antibodies specific to dengue virus serotypes 2 and 4 by a bivalent

antigen composed of linked envelope domains III of these two

serotypes. Am J Trop Med Hyg 2006, 74:266–277.

58. Chen S, Yu M, Jiang T, Deng Y, Qin C, Qin E: Induction of tetravalent

protective immunity against four dengue serotypes by the tandem

domain III of the envelope protein. DNA Cell Biol 2007, 26:361–367.

59. Etemad B, Batra G, Raut R, Dahiya S, Khanam S, Swaminathan S, Khanna N:

An envelope domain III-based chimeric antigen produced in pichia

pastoris elicits neutralizing antibodies against all four dengue virus

serotypes. Am J Trop Med Hyg 2008, 79:353–363.

60. Brandler S, Lucas-Hourani M, Moris A, Frenkiel MP, Combredet C, Fevrier

M, Bedouelle H, Schwartz O, Despres P, Tangy F: Pediatric measles

vaccine expressing a dengue antigen induces durable serotype-

specific neutralizing antibodies to dengue virus. PLoS Negl Trop Dis

2007, 1:e96.

61. Khanam S, Pilankatta R, Khanna N, Swaminathan S: An adenovirus

type 5 (AdV5) vector encoding an envelope domain III-based

tetravalent antigen elicits immune responses against all four

dengue viruses in the presence of prior AdV5 immunity. Vaccine

2009, 27:6011–6021.

62. Brandler S, Ruffie C, Najburg V, Frenkiel MP, Bedouelle H, Despres P,

Tangy F: Pediatric measles vaccine expressing a dengue tetravalent

antigen elicits neutralizing antibodies against all four dengue viruses.

Vaccine 2010, 28:6730–6739.

63. Danecek P, Lu W, Schein CH: PCP consensus sequences of flaviviruses:

correlating variance with vector competence and disease phenotype.

J Mol Biol 2010, 396:550–563.

64. Bowen DM, Lewis JA, Lu W, Schein CH: Simplifying complex sequence

information: a PCP-consensus protein binds antibodies against all four

dengue serotypes. Vaccine 2012, 30:6081–6087.

65. Dussart P, Baril L, Petit L, Beniguel L, Quang LC, Ly S, Azevedo Rdo S,

Meynard JB, Vong S, Chartier L, et al: Clinical and virological study of

dengue cases and the members of their households: the multinational

DENFRAME Project. PLoS Negl Trop Dis 2012, 6:e1482.

66. Bedouelle H, Brient-Litzler E, Dussart P, Despres P, Bremand L: Method for the

diagnosis or the screening of an arbovirus infection, reagents useful in said method

and their applications. European Patent Office; 2008:EP2003144.

67. Zweig MH, Campbell G: Receiver-operating characteristic (ROC) plots: a

fundamental evaluation tool in clinical medicine. Clin Chem 1993,

39:561–577.

68. Hanley JA, McNeil BJ: The meaning and use of the area under a receiver

operating characteristic (ROC) curve. Radiology 1982, 143:29–36.

69. Metz CE, Herman BA, Shen JH: Maximum likelihood estimation of receiver

operating characteristic (ROC) curves from continuously-distributed data.

Stat Med 1998, 17:1033–1053.

70. Eng J: ROC analysis: web-based calculator for ROC curves. http://www.jrocfit.org.

71. Zidane N, Dussart P, Bremand L, Villani ME, Bedouelle H: Thermodynamic

stability of domain III from the envelope protein of flaviviruses and its

improvement by molecular design. Protein Eng Des Sel 2013, 26:389–399.

72. Lisova O, Hardy F, Petit V, Bedouelle H: Mapping to completeness and

transplantation of a group-specific, discontinuous, neutralizing epitope

in the envelope protein of dengue virus. J Gen Virol 2007, 88:2387–2397.

73. Hershkovitz O, Rosental B, Rosenberg LA, Navarro-Sanchez ME, Jivov S, Zilka A,

Gershoni-Yahalom O, Brient-Litzler E, Bedouelle H, Ho JW, et al: NKp44

receptor mediates interaction of the envelope glycoproteins from the West

Nile and dengue viruses with NK cells. J Immunol 2009, 183:2610–2621.

74. Zhang W, Chipman PR, Corver J, Johnson PR, Zhang Y, Mukhopadhyay S,

Baker TS, Strauss JH, Rossmann MG, Kuhn RJ: Visualization of membrane

protein domains by cryo-electron microscopy of dengue virus. Nat Struct

Biol 2003, 10:907–912.

75. Beltramello M, Williams KL, Simmons CP, Macagno A, Simonelli L, Quyen NT,

Sukupolvi-Petty S, Navarro-Sanchez E, Young PR, De Silva AM, et al: The

human immune response to dengue virus is dominated by highly

cross-reactive antibodies endowed with neutralizing and enhancing

activity. Cell Host Microbe 2010, 8:271–283.

76. Gromowski GD, Barrett ND, Barrett AD: Characterization of dengue virus

complex-specific neutralizing epitopes on envelope protein domain III of

dengue 2 virus. J Virol 2008, 82:8828–8837.

77. Edelman R, Wasserman SS, Bodison SA, Putnak RJ, Eckels KH, Tang D,

Kanesa-Thasan N, Vaughn DW, Innis BL, Sun W: Phase I trial of 16

formulations of a tetravalent live-attenuated dengue vaccine.

Am J Trop Med Hyg 2003, 69:48–60.

78. Konishi E, Kosugi S, Imoto J: Dengue tetravalent DNA vaccine inducing

neutralizing antibody and anamnestic responses to four serotypes in

mice. Vaccine 2006, 24:2200–2207.

doi:10.1186/1471-2334-13-302
Cite this article as: Zidane et al.: Cross-reactivities between human IgMs
and the four serotypes of dengue virus as probed with artificial
homodimers of domain-III from the envelope proteins. BMC Infectious
Diseases 2013 13:302.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Zidane et al. BMC Infectious Diseases 2013, 13:302 Page 10 of 10

http://www.biomedcentral.com/1471-2334/13/302

http://www.jrocfit.org

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Reagents and buffers
	Bacterial, plasmid and viral strains
	Clinical samples
	MAC-ELISA
	Analysis of the experimental data

	Results
	Rationale
	Discrimination between DENV-infected and -uninfected serums
	Relation between reagent serotype and test accuracy
	Discriminations between DENV serotypes
	Additional discriminations

	Discussion
	MAC-ELISA using (H6-ED3-PhoA)2 dimers
	Analysis of MAC-ELISAs with ROC curves
	Serotype cross-reactivities of human IgMs
	Serotype specificities of human IgMs

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

