
  

AN EPITOPE-SUBSTITUTED VACCINE FOR USE IN IMPROVING SAFETY AND 
IMMUNOGEMCITY AGAINST DENGUE VIRUSES 

FIELD OF THE INVENTION 
The present invention relates generally to vaccines, and more specifically to vaccines for 

5 dengue viruses. 

BACKGROUND OF THE INVENTION 
Dengue virus (DENV), a global disease, is divided into four serotypes (DENV i -4). Cross-reactive 

and non-neutralizing antibodies against envelope protein (E) of DENY bind to the Fey receptors 
(FcyR) of cells, and thereby exacerbate viral infection by heterologous serotypes via antibody-

10 dependent enhancement (ADE). Identification and modification of enhancing epitopes may mitigate 
enhancement of DEN Y Infection. 

Therefore, identification of B-cell epitopes of DENV E protein, which induce cross-reactive and 

non-neutralizing antibodies, may provide valuable information for vaccine development. A safe and 
effective vaccine against DENV is not yet available. Thus, there is a need to identify and substitute 

15 the epitopes recognized by poorly neutralising and highly enhancing antibodies to improve dengue 
vaccines. 

SUMMARY OF THE INVENTION 
in one aspect, the invention relates to an isolated mutant dengue virus E protein variant 

comprising an amino acid sequence that is at least 80% identical to SEQ I D NO: I and having one or 
20 more amino acid residue substitutions at position corresponding to Asn& (N8), Arg9 (R9), VaH2 

(V12) and/or GI u 13 (E13). 
In another aspect the invention relates to an isolated mutant dengue virus E protein variant 

wherein the nonmutated wild-type dengue virus E protein comprises the amino acid sequence of 
SEQ ID NO: 1, the variant comprising an amino acid sequence that is at least 90% identical to the 

25 SEQ ID NO: I and lacking an infection-enhancing antibody-binding motif comprising the amino 
acid sequence of SEQ I D NO: 28 at domain 1. 

in one embodiment of the invention, the variant comprises one or more mutations selected from 

the group consisting of: (a) a substitution of the 8th Asn residue; (b) a substitution of the 9th Arg 
residue; (c) a substitution of the 12th Val residue; and (d) a substitution of the 13th Glu residue, 

30 In one embod iment of the inventi on, the mutant dengue virus E protein variant has Asparagrae at 
position 8 being substituted. For example, the variant has a substitution of Asn for Ala, Glu, or Arg. 

In another aspect, the Invention relates to an isolated nucleic acid sequence encoding a mutant 
dengue virus E protein variant as aforementioned. 



  

In another aspect, the invention relates to a plasmid expressing a mutant dengue virus £ protein 
variant as aforementioned. 

In another aspect, the invention relates to a plasmid expressing a virus-like particle, the virus-like 
particle comprising a mutant dengue virus E protein variant as aforementioned, 

5 In one embodiment of the invention, the aforementioned plasmid comprises (a) an isolated 
nucleic sequence comprising the nucleotide sequence of SEQ ID NO: 27; and (b) a promoter 
operably linked to the isolated nucleic sequence. 

In another aspect, the invention relates to a DNA vaccine comprising: (a) a recombinant DNA 
comprising a nucleotide sequence encoding the mutant dengue virus £ protein variant as 

10 aforementioned and a promoter operably linked to the nucleotide sequence; and (b) gold or tungsten, 
wherein the recombinant DNA and gold or tungsten forms a complex. 

In another aspect, the invention relates to immunized human sera comprising antibodies, the 

antibodies exhibiting the following characteristics: (a) having specific binding affinity to the wild-
type dengue virus E protein and the mutant dengue virus E protein variant as aforementioned; (b) 

15 possessing neutralizing and protective activities against dengue virus infection: (c) free of antibody 
dependent enhancement of dengue virus infection; (d) the antibodies being elicited by the mutant 
dengue virus E protein variant; and (e) having no binding activity to dengue virus infection-
enhancing epitopes AsnS, Arg9, Val 1.2 and/or Glu 13 located within domain 1 of the wild-type 
dengue virus E protein, 

20 In another aspect, the invention relates to use of immunized sera as aforementioned or use of a 

mutant dengue virus E protein variant as store mentioned in the manufacture of a medicament for 
eliciting neutralizing and protecting activity against one or more dengue virus serotypes in a subject 
in need thereof, and/or i n the manufacture of a medicament for neutralizing a dengue virus, reducing, 
alleviating antibody dependent enhancement of dengue virus infection, and/or increasing survival 

25 rate in a subject in need thereof. 
In one embodiment of the invention, the medicament is for alleviating the antibody dependent 

enhancement in a subject whose serum sample exhibits reactivity with an isolated peptide 

comprising the amino acid sequence of SEQ ID NO: 28. 
Alternatively, the invention relates to immunized sera as aforementioned or a mutant dengue 

30 virus E protein variant as aforementioned for use in eliciting neutralizing and protecting activity 
against one or more dengue virus serotypes in a subject in need thereof, or tor use in neutralizing a 
dengue virus, reducing, alleviating antibody dependent enhancement of dengue virus infection, 
and/or increasing survival rate in a subject in need thereof. 
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Alternatively, the invention relates to a method of eliciting neutralizing and protecting activity 
against one or more dengue virus serotypes in a subject in need thereof, or a method of neutralizing a 

dengue virus, reducing, allev iating antibody dependent enhancement of dengue vims infection, 
and/or increasing survival rate in a subject in need thereof, comprising administering the immunized 

5 sera as aforementioned or a mutant dengue virus E protein variant as aforementioned to the subject in 
need thereof. 

In one embodiment of the invention, immunized sera or a mutant dengue virus E protein variant 

as aforementioned is for use in alleviating the antibody dependent enhancement in a subject whose 
serum sample exhibits reactivity with an isolated peptide comprising the amino acid sequence of 

10 SEQ ID NO: 28, 
In one embodiment of the invention, the isolated peptide is less than 15 amino acid residues in 

length, and is at: least 80%, 85%. 90%, 95%, or 100% identical to an amino acid sequence selected 

from the group consisting of SEQ ID NOs: 2-12, and 14-26. 
Further in another aspect, the invention relates to a method of detecting the presence of a dengue 

15 virus in a biological sample, comprising: 
(a) contacting the biological sample with a composition comprising a mutant dengue virus E 

protein variant as aforementioned or an isolated peptide comprising the amino acid sequence of SEQ 
ID NO: 28; 

(b) allowing dengue virus antibodies in the biological sample and the variant or the peptide to 
20 form a complex: and 

(c) detecting the presence of the dengue virus antibodies in the complex, 
Yet in another aspect, the invention relates to a method of detecting the presence of dengue virus 

infection-enhancing antibodies in a biological sample, comprising: 
(a) contacting the biological sample with a composition comprising an isolated peptide 

25 comprising the amino acid sequence of SEQ ID NO: 28: 
(b) allowing dengue virus infection-enhancing antibodies in the sample and the peptide to 

form a complex; and 

(c) detecting the presence of the infection-enhancing antibodies in the complex. 
The biological sample may be selected from the group consisting of: blood, serum, plasma, 

30 saliva, cerebrospinal fluid, and urine. 
These and other aspects will become apparent from the following description of the preferred 

embodiment taken in conjunction with the following drawings. 
The accompanying drawings illustrate one or more embodiments of the invention and, together 

with the written description, serve to explain the principles of the invention. Wherever possible, the 
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same reference numbers are used throughout the draw ings to re fer to the same or l ike elements of an 
embodiment 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGs, i A-B show ADE of DENV infection mediated by cross-reactive mAbs. (A) infection of 

5 K562 ceils with DENV ! (MOi-l), DENV2 (MOM), DENV3 (MOI-5), or DENV4 (MOl-1) in the 

presence of serially-diluted mAbs was examined at 72 hours post-infection by staining with 4G2 and 
RP'E-conjugated goat anti-mouse IgG, followed by flow cytometry. The percentages of infected 
K562 cells are shown. (B) The indicated mAbs were serially diluted and incubated with DENV2 
(MOI~1 or .10) at 4°C for .1 hour. The mixtures were then added to TRP-l cells, and the infected 

10 ceils were examined by flow cytometry at 72 hours post-infection. The infected cells were stained 
with KDB32-6 and RPE-conjugated goat anti-human IgG, The percentage of infected THP-1 cells is 
shown, NMIgG was used as a control. Data shown in FIGs. A and B are the mean ± SEM from three 

independent experiments. 
FIGs, 2A-E show characterization of in vivo ADE and competition of patient sera by DB21-6 and 

15 DB39-2 mAbs. (A) AG 129 mice were i.v, infected on day 0 with i * 105 pfu DENV2 S22 L and 
given i.p. injections of 5 ,ug of DB21-6 (n~8) or isotype control (n~5) on days -1 and 1. Survival 
rates were recorded for 30 days, (**T<0.00I, compared to isotype control). (B) AG 129 mice were 

i.v, infected on day 0 with I x 10s pfu DENV2 S22I, and given i.p, injections of 5 fig of DB39-2 
(n™7) or isotype control (n~6) on days -I and .1. Survival rates were recorded for 30 days, (**P<0.01, 

20 compared to isotype control). Data shown in FIGs. 2A and 2B are from one representative 

experiment of two independent experiments. (C-D) The viremia was measured in DENV2 S221-
infected AG 129 mice following treatment with DB21-6 or DB39-2 mAbs using quantitative RT-
PCR. The viral loads were significantly increased at day 4 and 5 post-infection. Data shown are the 
mean ± S.D. (**P<0i>l, ***/><O.O01) (E) Competition between mAbs and patient sera for binding to 

25 DENV2. (*/><0.05, ***P<0,001, NS not significant), 

FIGs. 3A-B show screening of a phage-displayed peptide library with DB21-6 and DB39-2 
mAbs. (A) After 3 rounds of biopanning, phage titers were increased by .12,871-fold (DB2I-6) and 

5,000-fold (DB39-2), respectively, (B) The hnmunopositive phage clones selected by DB21-6 and 

DB39-2 were identified by ELISA. NMlgG was used as a negative control. 
30 FIGs. 4A-D show identification of the epitope residues of DB21-6 and DB39-2 mAbs, (A) BHK-

21 cells were trarssfeeted with vectors expressing WT or mutant DENV2 E protein. After 2 days, the 
collected cells were reacted with mAbs, and then analyzed with Slow cytometry. The relative indices 
were measured. Substitutions ofN8, R9, VI2, and 1213 caused a significant loss of binding activity 
of DB21 ~6, Substitutions of N8, R9, and El 3 caused a loss of binding activity of DB39-2. 4G2 was 



  

used as a control Date shown are from one representative experiment of two independent 
experiments, (B) The model is based on the DENV2 E protein model (FOB: 10AN) with the 

positions shown from the bottom of the structure. The epitopes of cross-reacti ve mAbs are located at 
residues N8, R9, VI2, and El3 in EDI. (C) Structure analysis determines the distance <°A) between 

5 epitope residues from the same (shaded) or adjacent monomer by PYMOL™ program. (D) The 

secreted VLPs were captured by polyclonal rabbit anti-DENV2 E protein sera. The WT and mutant 
V'EPs were detected with DB32-6 and 4G2 by VLP-capture EL1SA. Data shown are from one 

representative experiment of two independent experiments. 
FIGs. 5A-E show in vitro and in vivo neutralization assays of DEN V2 with immunized sera. (A) 

10 Mice were immunized with vector, WT, or N8R plasmids at three-week intervals, After the 3rd 

immunization, serum samples were collected and pooled for each immunized group. The immunized 
sera were evaluated by ELISA using plates containing C6/36 cells infected with DENV2 .16681. The 

OD was measured at 490 nm. {**/><0,0.1, NS not significant). (B) After the 3ft1 immunization, the 
pooled sera were serially diluted and incubated with DENV2 (MOM) for I. hour at 4°C, The 

15 mixtures were then used to infect BHK-21 cells. After 3 days, the ceils were stained with 4G2, and 
analyzed by flow cytometry. (n~3) (C) Table showing titers conferring 50% inhibition against 
DENV2 infection. (D and E) After the 3jd immunization, the pooled sera were serially diluted and 
incubated with 25-fold LDso of DEN V2 for 0.5 hour at 4 °C . The mixtures were injected into ICR 
suckling mice by the intracerebral route (i.e.). The survival rates were recorded for 28 days. The 

20 number of animals tested for each immunized sera ranged from 4 to 16 per group. (***P<0.001, 
**P<0,01, compared to vector-immunized sera). Data shown in FIGs. 5A, 5B, 5D and 5E are from 
one representative experiment of two independent experiments. 

FIGs. 6A-F show in vivo enhancement of mortality in AG 1.29 mice treated with immunized sera. 
(A) AG129 mice were i.v. infected with 1 x HP pfu DENV2 S221. on day 0, and given i.p. injections 

25 ofWT- (n~4), N8R- (n-4), or vector- (n~4) immunized sera (1:25 dilution) on days -1 and 1. The 
survival rates of mice treated with WT- (/MU834) or N8R- (/MU278) immunized sera did not 
significantly differ from that of mice treated with vector-immunized sera. (B) AG 129 mice were i.v. 

infected with 1 x !05 pfu DENV2 (S22I) on day 0, and given i.p. injections of WT- (n™5), N8R-

(n-5)» or vector- (n~7) immunized sera (1:100 dilution) on days -1 and I, The survival rate of mice 
30 treated with WT- (***P~0.0007) immunized sera was significantly Sower than that of mice treated 

with vector-immunized sera. However, the survival rate of mice treated with N8R- (/M),3538) 
immunized sera did not differ from that of mice treated with vector-immunized sera, (C) AG 129 
mice were i.v. infected with I x 10"' pfu DENV2 (S22I) on day 0, and given i.p. injections with WT-
(n~7), N8R- (n=7), or vector- (n--6) immunized sera (1:400 dilution) on days -1. and 1. The survival 
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rate of mice treated with WT- (P~O,8701) or N8R- (P~0.1587) immunized sera did not significantly 
differ from that of mice treated with vector-immunized sera. (O) Schematic describing the 

competition assay of mAbs ami immunized sera. The EL ISA plates were coated with polyclonal 
rabbit anti-DENV hyper-immune sera at 4°C overnight. After blocking, the diluted DENV2 viral 

5 supenmfants were added for 2 hours at RT, The HRP-conjugated enhancing mAbs (Innova 

Biosciences HRP Conjugation Kit) and immunized sera (1:40 dilution) were incubated for 2 hours at 
RT. After washing, the OFD was added, and the reaction was stopped with 3N HQ. The OD was 

measured at 490 nra, (B-F) Competition between mAbs and immunized sera for binding to DENV2. 
Normal mouse serum (NMS) was used as a control. The percentage of competition was calculated as 

10 follows* competition (%) = [1 - (OD of immunized serum-mAb mlxture/OD of NMS-mAb mixture)] 
x 100. C***/><0,001) 

FIGs. 7A-C show characterization of DB21-6 and DB39-2 against DENV and E protein of 
DEN V2 by immunofluorescence assay (IFA). (A) BHK-21 cells were infected with DENV1 
(MORI), DENV2 (MOM), DENV3 (MOR10), or DENV4 (MORI), After 2 days, the infected 

15 ceils were detected using DB21-6 and DB39-2. Uninfected cells (Mock) and NMIgG were used as 
negative controls. The results are shown at 400* magnification. (B and C) DENV2 E, comprising 
amino acids 1-400 of the E protein, was cloned into the pcDNA3,i plasmid. DENV 2 EDI-ll (amino 
acids 1-295) and EDI! (amino acids 295-400) were also respectively insetted into the pcDNA3.1 
plasmid. After transaction, IF A was used to reveal that DB21-6 and DB39-2 recognized BHK-21 

20 cells expressing DENV2 E (B) or EDi-tl (C) protein, 

FIGs. 8A-B show evaluation of neutralizing activity of mAbs against DENV!-4. (A) The 
neutralizing activity of DB21-6, D839-2, or 4G2 against DENV i -4 was examined with inhibition 
assays. DENV 1 (MORS), DENV2 (MORI), DENV3 (MORS), or DENV4 (MORI) was incubated 
with mAbs at 4°C for 1 hour, and then used to infect BHK-21 cells. After 3 days, the ceils were fixed 

25 and stained with 4G2. Titers are expressed as inhibition percentages. Data shown are from one 
representati ve experiment of two independent experiments. (8) Summary of 50% i nhibition 
concentrations of DB21 -6, DB39-2, and 4G2 against DENV 1-4. 

FIGs. 9A-B show in vitro measurement of mAb-mediated ADE of DENV2 S221 infection in 
K.562 (A) and THP-l (B) ceils, DBNV2 S221 was incubated with dilations of mAbs for I hour at 

30 4°C, and the resulting mixture was used to infect K562 or THP-l cells. After 3 days, the cells were 
stained with 402, and analyzed by flow cytometry. 

FIGs, 10A-B show; competition assay using mAbs and patient sera. Competition for binding to 
DBNV2 between mAbs and patient sera at a dilution of 1:50 (A) or 1:200 (B). 

6 



  

FIGs. 11A-D show evaluation of humoral immune responses against DENV2 by ELISA, (A) 
Mice were immunized with vector control, WT, or N8R plasm ids at three-week intervals. The serum 
samples were collected after one, two, and three immunizations, and pooled. The sera were 
evaluated using plates containing C6/36 ceils infected with DENV2 16681. (B) Collected sera 

5 diluted 1:200 and detected with anti-IgGl. or IgG2a antibodies, (C) I.gGI/lgG2a ratios. (D) 

Immunized sera collected and examined after the 3W immunization (•••/><O.O01) 
FIGs, 12A-B show neutralization of Infections with different DENV2 strains, (A) BHK-21 cells 

were infected with DENV2 1.6681, PL046, Malaysia 07587, or NGC at an MOI. of 1,1,1, or 1.0, 
respectively, at 37CC for 2 hours. After 3 days, the cells were fixed, stained with 4G2, and RPE-

10 conjugated goat anti-mouse IgG. The percentages of infected cells were analyzed by flow cytometry, 
BHK-21 cells were used as a negative control (Mock), PE, phycoerythrin. FSC, forward scatter. (B) 
Serial dilutions of 3^ immunized pooled sera were incubated with DENV2 16681, PL046, Malaysia 
07587, or NGC at an .MOI. of 1,1, 1S or 10, respectively, at 4°C for 1 hour. The resulting mixtures 
were then used to infect BHK-21 ceils. After 3 days, the cells were stained with 4G2, and analyzed 

15 by flow cytometry, 
FIG. 13 shows a vector map of NSR plasmid. CMV: cytomegalovirus promoter, JEV SS: signal 

peptide sequence of Japanese encephalitis virus (JEV). JEV-E: Envelope (E) protein sequence of 

JEV, The nucleotide sequence of SEQ ID NO: 27 contains regions of JEV SS and prM (nucleotides 
I -570), NSR (nucleotides 571-1755), and JEV-E (nucleotides 1756-2058), 

20 DETAILED DESCRIPTION OF THE INVENTION 
The present invention is more particularly described in the following examples that are 

intended as illustrative only since numerous modifications and variations therein will be apparent to 
those skilled in the art. Various embodiments of the invention are now described in detail. Referring 
to the drawings, like numbers indicate like components throughout the views. As used in the 

25 description herein and throughout the claims that follow, the meaning of V, "an", and "the" 
includes plural reference unless the context clearly dictates otherwise. Also, as used in the 
description herein and throughout the claims that follow, the meaning of "in* includes "in" and 'W 

unless the context clearly dictates otherwise. Moreover, titles or subtitles may be used In the 

specification for the convenience of a reader, which shall have no influence on the scope of the 
30 present invention. Additionally, some terms used in this specification are more specifically defined 

below. 

DEFINITIONS 
The terms used in this specification generally have their ordinary meanings in the art, within 

the context of the invention, and in the specific context where each term is used. Certain terms that 

7 



  

are used to describe the invention are discussed below, or elsewhere in the specification, to provide 
additional guidance to the practitioner regarding the description of the invention. For convenience, 

certain terms may be highlighted, for example using italics and/or quotation marks. The use of 
highl ightin g has no influence on the scope and meaning of a terra; the scope and mean ing of a tern) 

5 is the same, in the same context, whether or not it is highlighted. .It will be appreciated that same 
thing can be said in more than one way. Consequently, alternative language and synonyms may be 
used for any one or more of the terms discussed herein, nor is any special significance to be placed 

upon whether or not a term is elaborated or discussed herein. Synonyms for certain terms are 
provided. A recital of one or more synonyms does not exclude the use of other synonyms. The use 

10 of examples anywhere in this specification including examples of any terms discussed herein Is 
illustrative only, and in no way limits the scope and meaning of the invention or of any exemplified 
term. Likewise, the invention is not limited to various embodiments given in this specification. 

Unless otherwise defined, all technical and scientific terms used herein have the same .meaning as 
commonly understood by one of ordinary skill in the art to which this invention pertains. In the case 

15 of conflict, the present document, including definitions will control. 
As used herein, "around", "about" or "approximately" shall generally mean within 20 percent, 

preferably within 10 percent, and more preferably within 5 percent of a given value or range. 
Numerical quantities given herein are approximate, meaning that the term "around", "about" or 
"approximately" can be inferred if not expressly stated. 

20 The term 'treating" or "treatment" refers to administration of an effective amount of a 
therapeutic agent to a subject in need thereof who has a disease, or a symptom or predisposition 
toward such a disease, with the purpose of cure, alleviate, relieve, remedy, ameliorate, or prevent the 
d isease, the symptoms of it, or the predisposit ion towards it, or reduce incidence of symptoms. Such 
a subject can he identified by a health care professional based on results from any suitable diagnostic 

25 method. 
"An effective amount" refers to the amount of an active compound that is required to confer a 

therapeutic effect on the treated subject. Effective doses will vary, as recognized by those skilled in 

the art. depending on route of administration, exeipient usage, and the possibility of co-usage with 
other therapeutic treatment. 

30 The "Guidance for Industry and Reviewers Estimating the Safe Starting Dose in Clinical Trials 
for Therapeutics in Adult Healthy Volunteers" published by the U.S. Department of Health and 
Human Services Food and Drug Administration discloses "a human equivalent dose" may be 

obtained by calculations from the following formula: 

F1ED ~ animal dose in rog/kg x (animal weight in kg/human weight in kg) J\ 
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As used herein, when a number or a range is recited, ordinary skill in the art understand it intends 
to encompass an appropriate, reasonable range for the particular field related to the invention. 

Detection reagent or labeling agent for labeling an antibody has been disclosed in US8.920,804, 
which is incorporated herein by reference in its entirety, 

5 The amino acid 1-395 sequence of wild-type DENV2 (16681) E protein (The GenBank accession 
number: AAB58782) is shown in SEQ I'D NO: 1. 

Abbreviations: virus-like particles (VLPs); dengue fever (DF); dengue hemorrhagic fever 

(DHF); E protein domain I (EDI); antibody-dependent enhancement (ADE); glutamic acid (Glu; E); 
valine (Val; V); asparagi.ne (Asn; N); arginine (Arg; R); pre-membrane (prM); envelope (E) proteins: 

10 multiplicity of infection (MOI). 
We characterized the cross-reactive DB21-6 and DB39-2 monoclonal antibodies (mAbs) against 

domain 1-11 of DEN V; these antibodies poorly neutralized and potently enhanced DENV infection 
both in vitro and in vivo. Two enhancing mAbs, DB21-6 and DB39-2, were observed to compete 
with sera antibodies from patients infected with dengue. The epitopes of these enhancing mAbs were 

15 identified. N8, R9, VI2, and E13 are the reactive residues of DB21-6, while N8, R9, and E13 are the 
reactive residues of DB39-2. N8 substitution tended to maintain VLP secretion, and decrease the 
binding activity of DB21-6 and DB39-2. The immunized sera from N8 substitution (N8R) DNA 

vaccine exerted greater neutralizing and protecting activity than wild-type ( WT) immunized sera, 
both in vitro and in vivo. Treatment with. NSR-immunized sera reduced the enhancement: of mortality 

20 in AG 129 mice. These results support identification and substitution of enhancing epitope as a novel 
strategy for developing safe dengue vaccines. 

EXAMPLES 
Exemplary instruments, apparatus, methods and their related results according to the 

embodiments of the present invention are given below, 

25 Materials and Methods 
DENV, celt lines, and mAbs 

Four dengue virus serotypes, DENVI. Hawaii, DENV2 1.6681, DENV3 H87, and DENV4 H241, 

were prepared as discribed in Wu et al. (2003) ("Identification of a dengue virus type 2 (DEN-2) 
serotype-speeifk B-celi epitope and detection of DEN-2-immunized animal serum samples using an 

30 epitope-based peptide antigen" J Gen Virol 84,2771-2779). C6/36 cells were grown in medium 
having 50% Mitsumashi and Maramorsch insect medium (SIGMA-ALDRICH®) plus 50% 
Dulbecco's modified Eagle's medium (DMEM) containing 10% fete! bovine serum (FBS) and 100 
U/ml penicillin, 100 pg/ml. streptomycin, and 0.25 gg/ml amphotericin B. The €6/36 cells were 
infected with DENV at a multiplicity of infection (MOI) of 0.1-1, and incubated at 28°C .for 7 to 9 



  

days. The viruses were harvested from supernatant and titrated in a babv hamster kidney fibroblast 
ceil line (BHK-21) by plaque assay. The allquots were stored at ~8G°C. BHK-21 ceils were grown in 
minimal essential medium (MEM) supplemented with 10% PBS, 100 U/ml penicillin, 100 pg/ml 
streptomycin, and 0.25 pg/ral amphotericin B, Human erythroleukaemic K562 and monocytic THP-l 

5 cells were grown in RPM1 medium containing 1.0% FBS. The mouse mAbs, including DB21 -6 and 

DB39-2, were previously generated by immunization of BALB/c mice with DENV2, and produced 
in hybridoma. ceils (Li et al., (2012). "Development of a Humanized Antibody with High Therapeutic 
Potential against Dengue Virus Type 2" PLoS Negi. Trop Dis 6, el 636). DB2.1-6 and DB39-2 were 
isotyped as IgGl and purified using PROTEIN G SEPHAROSE™ 4B geis (GB Healthcare). 

10 in vitro measurement of ADE with mAh.s 
Serial dilutions of mAbs were incubated with DENV 1 Hawaii (MOl-1), DENV2 16681 

(M03:::l), DBNV3 H87 (MOI-5), and DENV4 H241 (MOt;;:l) for 1 hour at 4°C. The mixtures were 

used to infect K562 cells for 2 hours at 37°C. After washing, the cells were incubated with 2% PBS 
in RPMI medium at 37°C for 3 days. The infected ceiis were collected and fixed with 3,7% 

15 formaldehyde for 10 minutes at 4°C, For staining, the cells were permeabiiized with 2% FBS in PBS 
containing 0.1% saponin. (Sigma), followed by staining with 4 pg/ml 4G2 for 0.5 hours at 4°C. The 
cells were washed and incubated with R-phycoerythrin (RPE)-conjugated goat anti-mouse IgG 
(Jackson ImmunoResearch Laboratories) for I hour at 4°C. The cells were washed, and the 
percentages of infected ceiis were determined by flow cytometry. For infection of THP-l cells, 

20 DENV2 16681. (MOW or 10) was incubated with diluted mAbs for 1 hour at 4°C, and then 

incubated with cells for 2 hours at 37°C. After 3 days, the cells were fixed, permeabilized, and 
stained with hDB32-6. After washing, the cells were incubated with an RPE-conjugated goat anti-
human IgG, and were subsequently analyzed by flow cytometry. 

Measurement of in vivo ADE with mAbs in AG 129 mice 
25 Type I and It interferon receptor-deficient mice (AG 129; 5- to 6-weeks-old) were purchased 

from B&K Universal The AG 129 mice were given 5 pg mAbs in 200 p i PBS on days 1 and -I (i.p.). 
The mouse IgG I isotype antibody was used as a negative control. On day 0, mice were inoculated 

(i.v.) with 1 x 10" pfu of the mouse-adapted DEN V2S221 (obtained from S. Shresta) in 100 pi PBS. 
The survival rates of AGI29 mice were recorded for 30 days. 

30 Measurement ofviremia by quantitative RT-PCR 
AG 129 mice were infected with 1 x 10s pfu DENV2 S221 (i.v.) on day 0, and treated with 5 pg 

mAbs via i.p. on days -1 and 1. Viral RNA was extracted from pooled and Infected mice sera using 
Q1AAMP# viral RNA. minikit (Qiagen). Quantitative RT-PCR was performed, using 
LIGHTCYC.LER$ 480 system (ROCHE™). The standard curve was generated with DENV2 S221 



  

(at concentrations from i0f to 10' pfu/ml). Viremia measurements were expressed as pfu 
equivalents/ml, which was calculated based on the threshold cycle value (Ct) according to the 

standard curve for DEN V2 S221. 
Competitive ELJSA of mAbs and patient serum samples 

5 A. total of 21 DENV2-in.feeted patient serum samples were collected from 11 DF and 10 DH.P 
patients during an outbreak between 2002 and 2003 in Taiwan. Diagnosis of DENV infection was 
based on IgM antibody-capture ELiSA (MAC-ELISA), reverse-transeriptase PCR (RT-PCR), or 
virus isolation in cell cultures. These serum samples were collected between days 4 and 22 from the 
onset of symptoms; such sera contained anti-dengue antibodies. All of these patients were 

10 determined to have classical DF or DHF based on the criteria published by the World Health 
Organization (WHO) In 2009, Table 2 shows the characteristics of patient serum samples enrolled in 
this study. Competition ELISA was performed. Briefly, the plates were coated with polyclonal rabbit 

anti-DENV hyper-immune sera at 4°C overnight. After blocking, the diluted DENV2 viral 

supernatants (1 * 10* ptw) were added for 2 hours at room temperature (R.T.). The diluted mAbs and 
15 patient sera (1:100 dilution) were incubated for 2 hours at RX After washing, horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories) was added 
for 1 hour at R.T. The peroxidase substrate o-phenylenediamine dihydrochioride (OPD, SiGMA-
ALDRICH'™) was then added, and the reaction stopped with 3N l-ICl, The optical density (OD) was 
measured at 490 nm. Normal human serum (NHS) was used as a control. The percentage of 

20 competition was calculated as follows: competition (%) ~ [I ~ (OD of patient serum-mAb 

mixture/ODof NHS-mAb mixture)] x 100. 
Phage display biapanmng 

Phage display biopannmg was performed. Briefly, the plate was coated with 100 jig/mi mAbs at 
4°C for 6 hours. After washing and blocking, 4 x J 03° pfu of phage-displayed peptide library (New 

25 England BioLabs, Inc.) were Incubated for 50 mins at R,T, Alter washing, bound phage was eluted 
with 100 pi 0.2 M glycine/1 IC1 (pH 2.2) and neutralized with 15 pi 1 M Tris/HCl (pH 9.1). The 
eluted phage was then amplified in ER2738 for subsequent rounds of selection. The phage was 
titrated onto LB medium plates containing 1PTG and X-Gal. The second and third rounds of 

selection were identical to the first round except for the addition of 2 * 10'' pfu of amplified phage. 
30 Identification of immunoposiiivephage clones by ELISA. 

Plates were coated with 50 pg/ml mAbs. After washing and blocking, the amplified phage was 
added, and incubated for I hour at R.T. After washing, diluted HRP-conjugated. anti-Mi 3 antibody 
(GB Healthcare) was added at RT for 1 hour. The plates were developed and subsequently 
terminated by 3N HCI. The optical density (OD) was measured at 490 nm. 
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Identification of epitopes using flow cytometty-based binding assay to cells expressing flT and 
mutant DENV2 prM/E proteins 

The pCBD2-2J-2-9-l plasmid expressing prM-E proteins ofDENV2 has been previously 
characterized and described (Chang et ai., (2003) "Enhancing biosynthesis and secretion of 

5 premembrane and envelope proteins by the chimeric plasmid of dengue virus type 2 and Japanese 

encephalitis virus" Virology 306,170-180). Site-directed mutagenesis was performed to replace each 
of the selected amino acid residues. After mutagenesis, the piasmids were sequenced to ensure the 

absence of any further mutations at non-target sties. BHK-21 cells were transfected with constructs 
expressing the wild-type (WT) or mutant DENV2 E protein using POLY JET™ in vitro DNA 

10 transaction reagent (SignGen Laboratories). After 2 days, the cells were fixed, and permeabilized 
with 2% FBS in PBS containing 0,1% saponin (SIGMA™). For staining, ceils were incubated with 
DB21-6, DB39-2, 4G2, and mixed mAbs (DB32-6. 3H5. and DB25-2) at a concentration of 1, 1, I 

and .1 fig/ml, respectively, at 4°C for 0,5 hours. After washing, the cells were incubated with RPE-
conjugated goat anti-mouse IgG, and analyzed by flow cytometry. The relative Index of a mAb to a 

i 5 mutant E protein was measured using the formula: [intensity of the mutant E,-'Intensity of WT E 
(recognized by a mAb)]/[intensity of mutant E/intensity of WT E (recognized by mixed mAbs)]. 
Detection of secreted VLPs by capture ELISA 

BHK-21 cells were transfected with vectors expressing WT or mutant E protein of DENV2, as 
described above. At 48 hours post-transfeciion, culture supernatants were collected. The plates were 

20 coated with polyclonal rabbit anti-DEN V hyper-immune sera at 4°C overnight. After blocking, two­
fold dilutions of supernatan ts containing WT or mutant VLPs were added for 2 hour at RT. The wells 
were then incubated with diluted DB32-6 and 402 at RT for 2 hour. After washing, a 1:2000 dilution 

of HRP-conjugated anti-mouse IgG was added for 1 hour at RT. Finally, the plates were developed, 
and the reaction was subsequently terminated with 3N HQ. The OD was measured at 490 nm. 

25 Preparation of piasmids for immunization 
Piasmids expressing WT E protein (SEQ ID NO: 1) of DENV2 or a mutant E protein In which 

the N8 residue was substituted with R (N8R) were used for immunization (FIG. 13). For coating, 25 

mg of 1,0 ura gold powder was resuspended with 50 t«M spermidine. Then, 50 fig of plasmid DNA 
was added, followed by the addition of S M CaCh); the solution was mixed and precipitated for 10 

30 mins at RT. After collection by centrifugation, the gold-DNA complex was washed with absolute 
ethanol and resuspended in 0.1 nig/mi of polyvinylpyrrolidone (PVP) (360 kDa) solution. The slurry 
was injected into a TefeeiR tube (MCMASTER-CARR™, Chicago, 3L), and then coated. After the 
ethanol had dried off, the tube was cut into 0,5~Ineh bullets and stored at -20°C. The gold in each 
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bullet contained I ,ug of DNA. Before use. the bullets were loaded into the Helios gene gun device 
(Bio-Rad, Hercules, CA) for delivery of piasmids. 
Im m tmizai ion of mice 

The abdominal epidermis of 6 week-old female BALB/c mice was injected with a gene gun using 
5 a helium pressure setting of 400 lb/inch^. Each, mouse was immunized by administering 4 bullets 

containing I fig plasmid DNA. Mice were immunized at 0,3, and 6 weeks. Serum samples were 
collected before immunization and 3 weeks after the third immunization (pre-, 1S!, 2"d, 3m immunized 

sera). The serum, samples were pooled from five to six mice for each group and evaluated by .ELISA, 
neutralization assay, and in vivo ADE assay, 

10 Evaluation of immunized sera against DENV2 by ELISA 
C6/36 cells infected with DENV2 16681 were used as antigens. C6/36 ceiis were seeded into 

each well (2 x 104 cells/well) of %~well ELISA plates. After one day, 2 * 10a pfu ofDBNV2 16681 
(MOi-OJ) was added to infect the ceils at 37°C for 2 hours. The wells were washed with PBS, and 

then cultured in 2% FBS culture medium at 28°C lor 5 days. The infected ceils were fixed with 1:1 
i 5 methanol/acetone at 4°C for 10 mins. The plates were blocked with 5% skimmed milk at 4°C for 24 

hours. Diluted immunized sera were then added for incubation at RT tor 2 hours. The plates were 

washed three times with phosphate-buffered saline containing 0.1% (w/v) TWEENY 20 (PBSToj), 
and subsequently incubated with HRP-conjugated anti-mouse IgG. Finally, the plates were 
developed, and the reaction terminated with 3N HCI. The OD was measured at 490 nm. 

20 In vitro and in vivo neutralization assays with immunized sera 
DENV2 16681 (MO'l-l) was incubated with the 3rti immunized sera for 1 hour at 4°C, The 

mixtures were used to infect BHK-21 cells for 2 hours at 37°C. After 3 days, the cells were fixed, 
permeabilized, and stained with 4 pg/ml 4G2, After washing, the cells were incubated with R.PE-
eonjugated goat anti-mouse IgG, and analyzed by flow cytometry. Inhibition percentage (%) - fl -

25 (the percentage of infected cells incubated with immunized sera/without immunized sera)] x 100. 
The ICR mice were purchased from the Laboratory Animal Center, National Taiwan University 

College of Medicine. Serially-diluted immunized sera were incubated with 1 x 10* pfu (25-fold 

lethal dose, 25-fold LD50) of DENV2 16681 tor 0.5 hours at 4°C. Two-day-old suckling mice were 
inoculated with 20 ui of the mixtures through intracranial (i.e.) injection. After challenge, the 

30 survival rates were recorded for 28 days. 
Studies of in vivo ADE with immunized sera 

AG 129 mice were given (i.p.) dilutions of immunized sera on days -1 and 1, and inoculated (i.v.) 
with 1 x | o? pfu ofI>ENV2 S22I on day 0. The survival rates were recorded for 30 days. 
Statistical analysis 
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Survival rate was expressed using Kaplan-Meier survival curves, and statistical analyses were 
performed using GraphPad Prism 5, For competition assays of mAbs and patient sera. Student's t 
tests were used to identify significant differences and calculate P values (*/'<().05, ***jp<0.00l, NS 
not significant). For evaluation of immunized sera against DEN V2 by ELISA. two-way ANOV'A 

5 with Bonterroni post-hoc test was used to determine the significant differences and calculate P 
values (**/><0.Q1» NS not significant). GRAPHPAD PRISM® 5 was used to analyze 50% inhibition 
titers against DENV2, based on inhibition percentages iroiti pooled immunized sera. 

Results 
Characterisation of cross-reactive DB21-6 and DB39-2 against DENV 

10 FIG. 7 A shows mAbs D821-6 and DB39-2 could recognize ceiis infected with DENV! -4. These 
mAbs also recognized transfected BHK-21 ceils expressing DENV2 E and EDM proteins, 
respectively (FIGs. 7B and ?C). Thus, the cross-reactive DB2I-6 and DB39-2 recognized DENV1-4 
and domain 1-ff on E protein. 

To estimate the in vitro neutralizing activity of these mAbs, we infected BHK-21 ceils with a 
15 mixture of individual mAbs and DENV i -4. FIGs. 8A-B show that 4G2, an anti-flavivirus antibody 

with neutralizing and enhancing activity at certain concentrations, exerted higher neutralization 
activity than DB2I-6 and DB39-2 against DENV2. FIG. 8B, a Table showing a summary of 50% 

inhibition concentration of mAbs against DENV1-4, shows that DB21-6 and DB39-2 exhibited non-
neutralizing activity against DENV !-4 (50% inhibition concentration >33 pg/ml). 

20 .Enhancing activities of DB21-6 and DB39-2 
To investigate in vitro enhancement of DENV infect ion through ADE, we performed in vitro 

ADE assays, and detected the increases in the percentage of dengue-infected cells by flow cytometry. 
The FcyRIIA-bearing KS62 cells, which do not express type 1 interferon (I.FN), were used to 
measure the enhancement of infected ceils through extrinsic ADE. The serially-diluted mAbs were 

25 incubated with DENV I -4, and then used to infect K562 cells. The infection percentage was 
measured by flow cytometry. FIG. 1A shows infection enhancement over a broad range ofmAb 
concentrations. 4G2 caused enhancement of DEN VI -4 infection in. K562 ceiis at lower antibody 

concentrations. DB2I-6 and DB39-2 enhanced DENV I-4 infection In K562 ceiis at high antibody 
concentrations. 

30 To further confirm enhancement of infection, we examined the enhancement of DEN V2 16681 
infection by D.B21-6 and DB39-2 in FcyRi- and FcyRIIA-bearing THP-l cells. Infection in THP-l 

cells was enhanced to a greater extent by DB25-6 and DB39-2 than by 4G2 (FIG. IB). 
DENV2 S221 was previously used to study enhancement of mortality via ADE in AG.129 mice. 

To evaluate the in vitro enhancement of DENV2 S22.I infection by mAbs, we performed ADE 
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assays using K562 cells and TRP-1 ceiis. As for DENV 1-4 infection, high concentrations of DB2I-6 
and 0839-2 enhanced DENV2 S221 infection in K562 ceils (FIG, 9A). D82I-6 and DB39-2 
enhanced DENV2 $221. infection in THP-l cells at high concentrations of antibody (FIGs. 9A-B). 
These results suggest that DB21-6 and DB39-2 can enhance DENV2 S22.I infection in vitro. 

5 We confirmed the in vivo enhancing activities in AGI29 mice. The AG'129 mice treated with 5 

jig D821-6 and infected with DENV2 S221 exhibited increased mortality as compared to control 
infected mice (FIG. 2A). AG 129 mice treated with 5 of D839-2 also exhibited elevated mortality 

(FIG. 2B). To determine viremia in DENV2 S22 l-infected AG129 mice following treatment with 
D.B21-6 or DB39-2, the viral RNA levels were measured by quantitative RT-FCR. The results 

10 indicate that viral loads were significantly increased after DB2 i -6 or D839-2 treatment of infected 
AG 129 mice, as compared to isotype control Ab treatment (FIGs, 2C-D), The results indicate that 
DB21 -6 and D839-2 have non-neutralizing activities, and enhance mortality in AG 129 mice. 
Competition assay of mAbs and infectedpatient sera 

We performed competition assay to determine whether sera antibodies from dengue patients 
15 compete with mAbs for binding to DENV2. Table 2 shows the characteristics of patient serum 

samples. The results indicate that the sera antibodies from infected patients competed with DB21-6 
and DB39-2. FIG. 2E shows that the competition percentages of DB21-6 and DB39-2 were 
significantly higher In serum samples from DMF patients than those from DF patients, while the 
competition percentage of neutralizing DB32-6 was similar for sera from either DF or DIO" patients, 

20 The same experiment was performed with more concentrated (1:50 dilution) or diluted serum (1:200 
dilution) and obtained similar results (FIGs, 10A-B). The results suggest that serum samples from 
DHF patients contain higher levels of antibodies, which compete with DB21-6 and DB39-2 mAbs, 

Identification of enhancing epitopes ofDB21~6 and DB39-2 
To Identify the enhancing epitopes of DB21-6 and DB39-2, we used a phage-disptayed peptide 

25 library to screen for the reactive phage clones. After three blopanmng rounds, the phage titers were 
increased to 12.871-fold (DB21-6) and 5,000-fold (DB39-2), respectively, compared to that of the 
first round (FIG. 3A). The individual phage clones from the third round of biopanning were 

randomly selected. As shown by ELISA, most selected phage clones exhibited significant reactivity 

to the mAbs, but not to normal mouse IgG (NMIgG), Of the 30 selected phage clones, 29 c lones 
30 reacted with DB21-6 (FIG, 38), The immunoposltive phage clones were amplified, and their phage 

DN A was isolated for DNA sequencing. Fable 1 shows eleven phage clones w ith individual peptide 
sequences Identified, Similarly, of the 4? selected phage clones, 46 reacted with DB39-2 (FIG. 3B). 
Thirteen of the 46 immunoposlti ve phage clones that reacted with DB39-2 possess Indi vidual peptide 
sequences. Alignment of peptide sequences revealed the binding motif of DB2.1-6 and DB39-2 to be 



  

N-R-x-x-V-E (SEQ ID NO: 28). Modeling of the peptide sequences with the pepitope server 
predicted that the epitope residues on the E protein are N8, R9„ VI2, and Bi3. 

To further verify the epitopes of DB21-6 and DB39-2, we performed site-directed mutagenesis of 
the phage-displayed epitope using pCBD2-21-2-9-1 as template. After confirmation of variants by 

5 sequencing, we transfected ceils with mutant piasmids, and detected binding acti vity by flow 

cytometry. The binding percentages for each transfectani were normalized to those of anti-EDill 
mAbs (DB32-6, 3H5, and DB25-2), and relative indices were calculated and as shown in FIG. 4.4. 

4G2f which binds to residues at the fusion-loop of EDII, was used as a control to verify the structural 
change of E proteins caused by mutations. Based on the relative indices, we found that mutations at 

10 NS, R9, VI2, and El 3 prevented binding by DB21-6. The same method was used to identify the 
epitope residues of DB39-2 as N8, R9, and El 3. Structural modeling was applied to show that the 
recognition residues are located in domain I of E protein (PIG. 4B), The distance between these 

residues from the same monomers was analyzed using a structure modeling program, and was found 
to be less than 30°A (FIG. 4C). This distance can be spanned by a single IgG molecule. It suggests 

15 that the N8, R9, V12, and E l 3 residues constitute the epitope of DB21 -6, and the N8„ R9, and EI 3 
residues constitute the epitope of DB39-2. Alignments revealed that the binding motif of DB21-6 
and DB39-2 corresponds to the NS, R9, V I2, and El 3 residues, which are conserved in DENV1-4 
(Tables 3 and 4). Finally, we used VLP-capture ELISA to demonstrate that the mutations at R9, VI2, 
and E13 affect DENV2 VLP secretion (FIG, 4D), The effects of these mutations on the ability to 

20 secrete VLPs might be due to a change in the structure of E protein. However, the N8R substitution 
did not affect DENV2 VLP secretion (FIG. 4D). N8 substitution tends to maintain VLP secretion and 
reduces the binding activity of DB21-6 and DB39-2, 
Examination of humoral immune responses in mice 

The BALB/e mice were immunized with vector, WT, or N8R piasmids at 0, 3, and 6 weeks, 

25 After three rounds of immunization, the serum samples were collected and pooled within each group. 
The immunized sera were examined by ELISA. FIG. 11A shows a remarkable increase of antibody 
titer against DENV2 was observed after immunization. The 3^ WT- and NSR-immunized sera 

against DENV2 exhibited significantly higher absorbance values than those of vector-immunized 
sera (FIG. 5A). Analysis of immunized sera with anti-igGI and IgG2a antibodies revealed that the 

30 IgG I/lgG2a ratios increased between the second and third immunization (FIGs, 11 B and 11C). The 
immunized mice maintained their anti-DENV2 responses after 15 weeks (FIG. 1 I D). 
Evaluation of neutralizing activity of the immunized sera 

The immunized sera were evaluated for neutralizing activity against DENV2. Both WT~ and 
N8R«i.mmuoized sera exhibited high neutralizing activities, while vector-immunized sera did not 



  

(FIG. SB). DENV2 infection was more effectively neutralized by NSR-immunized sera than by WT-
immunized sera (FIG, 5C). To further evaluate whether immunized sera could broadly neutralize the 

diverse DENV2 strains, BHK-21 cells were infected with mixtures of immunized sera and four 
different DENV2 strains: 16681, HOC, PL046, and Malaysia 07587, Remarkably, FIGs. 12A-B 

5 show that the WT- and NSR-immunized sera exhibited high neutralizing activities against various 

types of DENV2 strain. 
The protective effect of immunized sera against DENV2 16681 in vivo was examined. The 

survi val rates of mice treated with WT-immunized sera at dilutions of 1:100 and 1:200 were 
significantly higher than that of mice treated with vector-immunized sera at a dilution of 1:100 (FIG. 

10 50), while the survival rates of mice treated with NSR-immwtlzed sera at dilutions of 1:100, 1:200, 
and 1:4O0 were significantly higher than that of mice treated with vector-immunized sera at a 
dilution of 1:100 (FIG. SE). Treatment with WT-immunized sera afforded 50% protection at a 

dilution of 1:200, while N8R-immumzed sera afforded 50% protection at a dilution of 1:400 (FIGs, 
50 and 5E), Hence, M8R-immtmized sera possessed higher neutralizing and protective activity than 

i 5 WT-immumzed sera both in vitro and in vivo. 
Reduction of in vivo enhancing activity of the immunized se ra 

To study the in vivo enhancement of mortality, we passively transferred different dilutions of 
WT-, N8R-, or vector-immunized sera into AG 129 mice. Following infection with DENV2 S22I , the 
survival rate of mice treated with WT- or NSR-immunized sera (1:25 dilution) was higher than that 

20 of mice treated with vector-immunized sera (FIG. 6A). FIG. 68 shows that mice treated with WT-
immunized sera at a dilution of 1:100 exhibited higher mortality than mice treated with vector-
immunized sera. The survival rate of mice treated with NSR-immunized sera at a dilution of 1:100 
was higher than drat of mice treated with vector-immunized sera. No enhancement of mortality was 
observed in mice treated with NSR-immunized sera. Treatment with WT- or NSR-immunized sera at 

25 a dilution of 1:4O0 did not have a neutralizing or enhancing effect on the survival rates of mice. 
These results indicate that the N8R substitution of E protein can reduce in vivo enhancement of 
mortality. 

To further characterize these enhancing antibodies are produced in immunized sera, we performed 
competitive EL ISA to inhibit the binding of HRP-eonjugaied DB21-6 or 0839-2 mAbs by 

30 immunized sera (FIG. 60). The competition percentages of HRP-conjugated DR21-6 and 0639-2 
were significantly higher in WT-immunized sera than those in HSR-immunized sera (FIGs. 6E-F). 
These results suggest that N8R substitution would redirect immunodominance by reducing the 
generation of enhancing antibodies. 
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We characterized the ability of DB21-6 and DB39-2 to increase the percentage of dengue v i rus-
infected cells. These mAbs enhance mortality in AGI29 mice. The sera antibodies from infected 

patients compete with these mAbs for binding. We mapped the epitopes of enhancing mAbs DB21-6 

and DB39-2 on EDI protein. To investigate how to reduce the enhancing effects while maintaining 

5 neutralizing activity, we substituted the N8 residue of E protein, and immunized mice with WT or 
N8R piasmids with a gene gun delivery system. After three immunizations, NSR-immunized sera 
produced neutralizing activity against DENV2, and reduced enhancement of mortality as compared 

to WT-immunized sera. Thus, substitution of enhancing epitope residues can increase the immune 
response against viral infection while reducing the potential for ADE. 

10 We demonstrated that cross-reactive DB21 -6 and DB39-2 against EDi-II had poor neutralizing 
acti vities against DENV I -4 (FIGs, 8A»B). DB21 -6 and DB39*2 have strong ADE activities in vitro 
(FIG. 1), 4G2 has partially neutralizing activity against DENV 1 -4 (FIGs. 8A-B) and enhances in 
vitro viral infections at low antibody concentrations (FIG. 1A). DB21-6 and DB39-2 enhanced 
DENV I-4 infection in K562 ceils at high concentrations (FIG, 1A), infection of DENV2 was 

15 enhanced to a greater extent by DB21-6 and DB39-2 than by 4G2 in THP-i cells (FIG. IB). DB2 I -6 
and DB39-2 enhanced mortality in AG 129 mice (FIGs. 2A and 2B) and increased the viral loads in 
infected mice sera (FIG. 2C-D). These results indicate that D821-6 and DB39-2 have strong 
enhancing activity both in vitro and in vivo. 

ADE is regarded as an important mechanism leading to the development of severe dengue 
20 disease, including DHF/DSS. Cross-reactive and non-neutralizing antibodies binding to viruses can 

enhance infection of FeyR-bearing cells by ADE, resulting in increased viral load and/or production 
of cytokines. High viral load is correlated with dengue disease severity and DHF. Thus, there is a 
need to be able to confirm the presence of enhancing an tibodies in dengue patient sera. Our results 
indicate that the competition percentages of DB21-6 and DB39-2 were significantly higher in DHF 

25 patient sera than those in DF patient sera (FIG, 2E), suggesting that the higher levels of enhancing 
antibodies, DB21-6 and D839-2, in serum samples of dengue patients are associated with severe 
dengue disease. We hypothesize that the DENV infected patients might suffer more severe 

symptoms, such as DHF, when the expression level of the enhancing antibodies is higher. 
The phage clones selected using DB21-6 and DB39-2 mAbs displayed peptide sequences 

30 containing a consensus motif, N-R-x-x-V-E (Table 1), These displayed peptide sequences may be 
suitable for detecting enhancing antibodies in serum samples from dengue patients, and for providing 
information on the pathogenesis of dengue. By alignment of displayed peptide sequences and 

structural model ing, the candidate epitopes were predicted and verified using VLP mutants (FIGs. 3 
and 4). The epitope residues of enhancing mAb DB21-6 are NS, R9, VI2, and E13 in domain i of 
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DENV2 E protein (FIGs. 4A and 4B)» and the epitope residues of enhancing mAb DB39-2 are N8, 
R9» and E13 in domain I of DEN V2 E protein. The NS, R9, VI2, and B i 3 residues were conserved 
in DENV 1-4, Thus, cross-reactive DB21-6 and DB39-2 can bind to DENV I-4. A previous report 
indicated that G106 and L J 07 are the epitope residues of enhancing mAb 4G2. The data in FIG. 4A 

5 confirmed that W101, G106, L'107, and F'108 in the fusion loop are the epitope residues of 4G2. The 
epitope residues recognized by 4G2 are different from those recognized by DB21-6 and DB39-2. 
The enhancing epitopes of DB21-6 (NS, R9, V12, and El 3) and DB39-2 (NS, R9, and E13) are novel 

and have not previously been reported. 
The N8R substitution does not affect D.ENV2 VLP secretion (FIG. 4D). Both WT- and N8R-

10 immunized sera exerted protective activities against DENV2. NSR-immunized sera had higher in 
vitm neutralizing activity and in vivo protective activity than the W T-immunized sera ( FIGs. 5B-5E). 
These results suggest thai immunization with the N8R DNA vaccine may increase neutralizing and 
protective immunity against DENV2, 

We passively transferred diluted vector-, WT-, or NSR-immunized sera, and then challenged 
15 AG 129 mice with DENV2 S221. WT- and NSR-immunized sera were protective at a 1:25 dilution, 

as compared to vector-immunized sera. The mortality of mice was enhanced by treatment with WT-
immunized sera at a 1:100 dilution, as compared to treatment with vector-immunized sera. The 
mortality of mice treated with NSR-immunized sera at a 1:100 dilution was not enhanced (FIG. 68). 
When the dilution was increased to 1:4O0, no enhanced mortality was observed (FIG. 6C). Our 

20 results indicate that substituting the enhancing epitope can reduce the ADE phenomenon and 

increase protective activity in vivo. 
Substitution of enhancing epi tope and preservation of neutralizing epitope m immunized mice 

provide protective immunity. Such an approach would redirect immunodominan.ee (FIGs. 6E~F) and 
improve tmmunogenicity by satisfying the required neutralizing occupancy, in summary , we have 

25 identified novel enhancing epitopes and illustrated, through N8R substitution in DENV2 E protein, a 
useful way to enabling us to reduce the potential for ADE. This may be a viable approach for 
developing new dengue vaccines that can increase the anti-DEN V immune response. 

Table 1 shows alignment of phage-displayed peptide sequences selected by DB21-6 and DB39-2. 
Table 2 shows the DENV2-in!eeted patient serum samples used. Table 3 shows comparison of the 

30 amino acid sequences of EDI-II proteins of DENV 1, 2, 3, and 4s, Table 4 shows the database, gene / 
protein and accession / ID numbers. 

Table 1 
DB2.I -6 phage Peptide sequences3 (SEQ ID NO:) 
clones 
PC2S-15 N G S N R D I V E V Q R (2) 
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PC21-10 N o i V N R D V .1 i E P T (3) 
PC21-9 Y N R D M L ] IS T D Y V N{4) 
PC2.1-.I3 Q N T W N R D S 1 J E E T (5) 
PC21-17 F P E V S V N R L V V 1 E (6) 
PC21-20 1-1 V N R 1, I-I V 1 E G P V PC 7) 
PC2.1-18 K M T I, P M N R S I-I V j E (8) 
PC21-2 S Y V T G G N R Y A V 1 E (9) 
PC21 -1 s s Y L S N R L F T ] E A (10) 
PC21-J6 S A T T M S N R Y Y T 1 E (11) 
PC21-5 Q P Y N R S Y I 1 D F M V (12) 
DENY i-4ij 

Q P 
Ns R D F V i (13) 

DB39-2 ph. age Pej ptide sequences9 (SEQ ID NO:) 
clones 
DB39-38 L S N R L H V 1 E S L E L(I4) 
DB 39-40 N Q T N R H F ¥ 1 E 1 V H (15) 
DB39-1 1 S G L D R N R Q 1 V '! E R (16) 
DB39-39 N R T 1. V 1 E L G Y A M L(17) 
DB39-3 V N R P W V J E T T T Q G (18) 
DB39-28 I V P Y s N R T V T J E T (19) 
DB39-31 N R V s N 1 E P F W D ) A(20) 
DB39-34 
DB39-36 S M 

D Y 
P 1, 

I. 
s 

N R 
G R 

s 
A 

T 
V 

N J 
V ] 

E P 
E G 

A 1... (21) 
(22) 

DB39-47 H T S I, H s G R N s V ] E (23) 
DB39-4 S S P G V I S R F L V j E (24 !•) 
0839-43 D R Y L V j E Y S s G R W(25) 
D'839-1 M P S G G R F L V i E G A (26 ) 
DENVI*4b Ns R D F V s (13) 
* The phage-displayed consensus amino acids are indicated by boldface type, 
b The amino acid sequences 8 to 13 in E protein of DEN V 1-4 were retrieved from 
GenBank (accession number AIU47321, AAB58782, AAA99437, and AAX48017). 

Table 2 
Patient Sev erityi! Days post onset of Primary /Secondary' 
number syinpioms infection 
1 DH F 17 Primary 
2 DH F 22 Primary 
3 DH F 5 Secondary 
4 DH F 6 Secondary 
5 DH 
A f \ Li 

F 7 
1. o 

Secondary 
0 iJ o 

7 DH 
r o 
¥ 4 

Secondary 
Secondary 

8 DH F 7 Secondary 
9 DH F 8 Secondary 
10 DH F 4 Secondary 
11 DF 6 Primary 
12 DF 10 Primary 
13 DF 11 Primary 
14 DF 7 Primary 
15 DF 6 Secondary 



  

16 DF 6 Secondary 
1? DF 5 Secondary 
18 DF 7 Secondary 
19 DF 7 Secondary 
20 DF 7 Secondary 
21 DF 4 Secondary 
aDHF, dengue hemorrhagic fever; DP, dengue fever. 

Table 3 

Serotypes of DENV Accession Amino acid of ED141 protein. 
(strain) number 

(GenBank) 8:> i: qb-c ! 2!> j3b.c 

DENV2 (16681) AAB58782 N R V £ 
DENV2 fNGC) AAA4294] IN R V E 
DENV2 (PL046) AHZ6150I N R V E 
DENV2 (PM33974) AB033322 N R V E 
DENV2 (IQT2913) AAD32963 N R V E 
DENV2 ABA61185 N R V E 
(ThD2__OG3 8J74) 
DENV2 ABA61184 N R V E 
(ThD2 0!68 79) 
DENV 2 ABA6I183 N R V E 
(TKD2 0498 84} 
DENV2 ABA61179 N R V E 
(ThD2 0263 95} 
DENV2 ABA61178 N R V E 
(ThD2 0017 98) 
DENV2 ABA61180 N R V E 
(ThD2 0284 90) 
DENV2 AAA42942 N R v E 
(jamaica/N. 1409) 
DENV2 (TSV0.1) AAK67712 N R V E 
DENV2 (98900663 DHFBAD4241S N R V E 
DV-2) 
DENV2 (Tonga/74) AAV70829 N R V E 
DENV2 (1348600) AAW31413 N R V E 
DENV! (Hawaii} A.IU47321 N R V E 
DENV! (16007) AAF59977 N R V E 
DENV3 A A V8 8402 N R ¥ E 
(ThD3 CH83 85) 
DENV3 (H87) AAA99437 N R V E 
DENV4 (H24S) AAX480.I7 N R ¥ E 
DENV4 (BS) AAG30148 N R ¥ E 
DENV4 AAU89377 N R ¥ E 
(ThD4 0348 91} 
DENV4 AA089378 N R ¥ E 
(ThD4 0087 _77) 
DENV4 AAU89379 N R V E 
(ThD4 0485 01) 
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DENV4 AAU89380 N R V E 
(TKD4_0734_OO) 
DENV4 (814669) AAK01233 N R V E 
DENV4 (Indonesia 19 76)AAB70680 N R V E 
DENV4 AAU89375 IS R V E 
(TKD4 0476 97) 
aEDS-l! protein of strains of four dengue virus serotypes are aligned. Single letter amino 
acid abbreviations are shown. 
b'-'Tlie critical residues are shown in boldface type and identified by loss of binding for 
DB21-6b and DB39~2\ respectively. 

Table 4 

Gene / Protein Database Accession. / ID number 
DENV2 E protein Protein Data Bank SOAN 
DENV2 (16681) GenBank AAB58782 
DENV2 (NGC) GenBank AAA42941 
DENV2 (PL046) GenBank AHZ61501 
DENV2 (PM33974) GenBank AB033322 
DENV2 (IQT29I3) GenBank AAD32963 
DENV2 (ThD2 J)03 8_74) GenBank ABA61185 
DENV2 (ThD2 0 i 68 79} GenBank ABA61.184 
DENV2(TM.>2 0498 84) GenBank ABA61183 
OENV2 (ThD2 0263 95) GenBank ABA61 179 
DENV2(ThD2 0017 98) GenBank ABA61178 
DENV2 (ThD2 0284 90) GenBank ABA61180 
DENV2 (Jamaica/N. 1409) GenBank AAA42942 
DEMV2 (TSV01) GenBank AAK67712 
DENV2 (98900663 DHF DV-2) GenBank BAD42415 
DENV2 (Tonga/74) GenBank AAV70829 
DENV2 (1348600) GenBank AAW31413 
DENV! (Hawaii) GenBank Alt J47321 
DENV! (16007) GenBank AAF59977 
DENV3 (TbD3 0183 85) GenBank AAV88402 
DENV3 (H87) GenBank AAA99437 
DENV4 (H241) GenBank AAX48017 
DENV4 (B5) GenBank AAG30148 
DENV4(ThI>4 0348 91) GenBank AAU89377 
DENV4 (1' h 1 >4 {){>87 77 GenBank AAU89378 
DENV4 (ThD4_0485_01) GenBank AAU89379 
DENV4 (ThD4_0734_00) GenBank AAU89380 
DENV4 (814669) GenBank AAK01233 
DENV4 (Indonesia 1976) GenBank AAB7068Q 
DENV4 (ThD4 0476 97) GenBank AAU89375 

We found that the cross-reactive mAbs DB21-6 and DB39-2 exhibit poor neutralizing activity 
and high capacity for enhancing DENV infection. We identified the epitopes recognized by DB21-6 
and D'839-2. To further improve the DNA vaccines against DENV2, in the illustrated example we 
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substituted the N8 residue of wild-type (WT) DENV2 E protein with arginine (N8R.) in a plasmid for 
immunization. NSR-immunized sera produced higher neutralizing and protective activity than WT-

immunized sera. Treatment of AG 129 mice with NSR^mmttmzed sera reduced ADE and mortality, 
as compared with mice treated with WT-immunized sera. In conclusion, we have identified a novel 
cross-reactive and infection-enhancing epitope in E protein, and demonstrated that substitution of 
this enhancing epitope is a promising strategy for development of a safe dengue vaccine. 

Ail references cited and discussed in this specification are incorporated herein by reference in 

their entireties and to the same extent as if each reference was individually incorporated by reference. 
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CLAIMS 

What is claimed is: 

1. A plasmid expressing a mutant dengue virus E protein for use in neutralizing and

protecting against one or more dengue virus serotypes infection, and/or for neutralizing a 5 

dengue virus, reducing, alleviating antibody dependent enhancement of dengue virus

infection, and/or for increasing survival rate; wherein the mutant dengue virus E protein

comprises an amino acid sequence that is at least 80% identical to SEQ ID NO: 1, and

further wherein the mutant dengue virus E protein has one or more amino acid residue

substitutions at position corresponding to Asn8, Arg9, Val12, and/or Glu13 of SEQ ID10 

NO: 1.

2. The plasmid expressing a mutant dengue virus E protein of claim 1, wherein the mutant

dengue virus E protein has one amino acid residue substitution at the Asn8 with Arg.

15 

3. The plasmid expressing a mutant dengue virus E protein of claim 1, wherein the plasmid

is in a form of gold-coated plasmid DNA-complex.

4. Use of a plasmid expressing a mutant dengue virus E protein in the manufacture of a

medicament for neutralizing and protecting against one or more dengue virus serotypes20 

infection, and/or for neutralizing a dengue virus, reducing, alleviating antibody dependent

enhancement of dengue virus infection, and/or for increasing survival rate; wherein the

mutant dengue virus E protein comprises an amino acid sequence that is at least 80%

identical to SEQ ID NO: 1, and further wherein the mutant dengue virus E protein has

one or more amino acid residue substitutions at position corresponding to Asn8, Arg9,25 

Val12, and/or Glu13 of SEQ ID NO: 1.

5. The use of claim 4, wherein the mutant dengue virus E protein has one amino acid

residue substitution at the Asn8 with Arg.
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6. The use of claim 4, wherein the plasmid is in a form of gold-coated plasmid DNA-

complex.

7. Immunized sera for use in neutralizing and protecting against one or more dengue virus5 

serotypes infection, and/or for neutralizing a dengue virus, reducing, alleviating antibody

dependent enhancement of dengue virus infection, and/or for increasing survival rate;

wherein the immunize sera comprise neutralizing antibodies elicited by a plasmid

expressing a mutant dengue virus E protein comprising an amino acid sequence that is at

least 80% identical to SEQ ID NO: 1; and further wherein the dengue virus E protein has10 

one or more amino acid residue substitutions at position corresponding to Asn8, Arg9,

Val12, and/or Glu13 of SEQ ID NO: 1.

8. The immunized sera of claim 7, wherein the mutant dengue virus E protein has one

amino acid residue substitution at the Asn8 with Arg.15 

9. The immunized sera of claim 7, wherein the immunized sear are free of antibody

dependent enhancement of the dengue virus infection.

10. The immunized sera of claim 7, wherein the immunized sear are human immunized sera. 20 

11. Use of immunized sera in the manufacture of a medicament for neutralizing and

protecting against one or more dengue virus serotypes infection, and/or for neutralizing a

dengue virus, reducing, alleviating antibody dependent enhancement of dengue virus

infection, and/or for increasing survival rate; wherein the immunize sera comprise25 

neutralizing elicited by a plasmid expressing a mutant dengue virus E protein comprising

an amino acid sequence that is at least 80% identical to SEQ ID NO: 1; and further

wherein the dengue virus E protein has one or more amino acid residue substitutions at

position corresponding to Asn8, Arg9, Val12, and/or Glu13 of SEQ ID NO: 1.

30 
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12. The use of claim 11, wherein the mutant dengue virus E protein has one amino acid

residue substitution at the Asn8 with Arg.

13. The use of claim 11, wherein the immunized sear are free of antibody dependent

enhancement of the dengue virus infection.5 

14. The use of claim 11, wherein the immunized sear are human immunized sera.

15. A DNA vaccine for use in neutralizing and protecting against one or more dengue virus

serotypes infection, and/or for neutralizing a dengue virus, reducing, alleviating antibody 10 

dependent enhancement of dengue virus infection, and/or for increasing survival rate; wherein 

the DNA vaccine comprises a plasmid expressing a mutant dengue virus E protein, the mutant 

dengue virus E protein comprising an amino acid sequence that is at least 80% identical to SEQ 

ID NO: 1; and further wherein the mutant dengue virus E protein has one or more amino acid 

residue substitutions at position corresponding to Asn8, Arg9, Val12, and/or Glu13 of SEQ ID 15 

NO: 1. 

16. The DNA vaccine for use of claim 15, wherein the mutant dengue virus E protein has one

amino acid residue substitution at the Asn8 with Arg.

20 

17. The DNA vaccine for use of claim 15, wherein the plasmid is in a form of gold-coated

plasmid DNA-complex.

18. Use of a DNA vaccine in the manufacture of a medicament for neutralizing and

protecting against one or more dengue virus serotypes infection, and/or for neutralizing a dengue 25 

virus, reducing, alleviating antibody dependent enhancement of dengue virus infection, and/or 

for increasing survival rate; wherein the DNA vaccine comprises a plasmid expressing a mutant 

dengue virus E protein, the mutant dengue virus E protein comprising an amino acid sequence 

that is at least 80% identical to SEQ ID NO: 1; and further wherein the mutant dengue virus E 
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protein has one or more amino acid residue substitutions at position corresponding to Asn8, 

Arg9, Val12, and/or Glu13 of SEQ ID NO: 1. 

19. The use of claim 18, wherein the mutant dengue virus E protein has one amino acid

residue substitution at the Asn8 with Arg.5 

20. The use of claim 18, wherein the plasmid is in a form of gold-coated plasmid DNA-

complex.




