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AN EPITOPE-SUBSTITUTED VACCINE FOR USE IN IMPROVING SAFETY AND
IMMUNOGENICITY AGAINST DENGUE VIRUSES
FIELD OF THE INVENTION
The present invention relates generally to vaceings, and more specifically to vaccines for
dengue viruses.
BACKGROUND OF THE INVENTION

Dengue viras {DENV), a global disease, is divided into four serotypes (DENV1-4). Cross-reactive
and non-neutralizing antibodies against envelope protein {(E) of DENV bind to the Foy receptors
{FeyR) of cells, and thereby exacerbate viral infection by heterologous serotypes via antibody-
dependent enhancement (ADE). Identification and modification of enhancing epitopes may mitigate
enhancement of DENY infection.

Therefore, identification of B-cell epitopes of DENV E protein, which induce cross-reactive and
nen-neatralizing antibodies, may provide valuable information for vaceine development, A safe and
effective vaccine against DENYV is not vet available. Thus, there is a need to identify and substitute
the epitopes recognized by poorly peutralizing and highly enhancing antibodies to tmprove 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%6 identical to SEQ 1D NO: 1 and having one or
more amino acid residue substitutions at position corresponding to Asn® (NB) Arg® (R9), Vali2
{V12) andior Glul3 (E13}

In another aspect, the invention relates to an isolated mutant dengue virus B protein variant,
wherein the nonmutated wild-type dengue virus E protein comprises the amino acid sequence of
SEQ 1D NO: 1, the varfant comprising an amino acid sequence that is at feast 90% identical to the
SEQ 1D NO: 1 and lacking an infection-enhancing antibody-binding motif comprising the amino
acid sequence of SEQ 1D NO: 28 at domain L

iy 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; (¢} a substitution of the 12th Val residue; and (d) a sabstitation of the 13th Glu residue.

in one embodiment of the Invention, the mutant dengue viras E profein variant bas Asparagine at
position 8 being substituted. For example, the variant has a substitution of Asn for Ala, Gla, or Arg.

in another aspect, the invention relates to an isolated nucleic acid sequence encoding a mutant

dengue virus I protein variant as atorementioned.



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

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

5 In one embodiment of the invention, the aforementioned plasmid comprises (@) an isolated
nucleic sequence comprising the nucleotide sequence of SEQ ) NO: 27; and (b} & promoter
operably linked to the isolated nueleic 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 E protein variant as

10 aforementioned and a promoter operably linked to the nucleotide sequence; and (b) gold or tungsten,

wherein the recomtbinant DNA and gold or tungsten forms a complex,
{n another aspect, the invention relates to immunized human sera comprising antibodies, the
antibodigs exhibiling the following characteristics: (#) having specific binding affinity to the wild-

type dengue vires E protein and the mutant dengue virus E protein variant as aforementioned; (b)
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possessing neutralizing and profective activitics against dengue virus infection: () free of antibody

dependent enbancement of dengue vivus infection: (d) the antibodies being elicited by the mutam

dengue virus E protein vartant; and (@) having no binding activity to dengue virus infection-
enhancing epitopes Asn8, Argd, Vali2 and/or Glul3 located within domain [ of the wild-type
dengue virus E prodein.

20 1o apother aspect, the nvention relates to use of bnmunized sera as aforementioned or use of'a
mutant dengue vires E protein variant as aforementioned in the manufacture of a medicament for
eliciting neutralizing and profecting activity against one or more dengue vires serolypes in a subject
in need thereof, andfor in the manufacture of a medicament for neatralizing a dengue virus, reducing,
alleviating antibody dependent enhancement of dengue virus infection, andfor increasing survival

25 rate in a subject in need thereof.

n one embodiment of the invention, the medicament Is for alleviating the antibody dependent
eshancesnent in a subject whose sevumn sample exhibits reactivity with an isolated peptide

comyprising the amine acid sequence of SEQ H) NO: 28,

Alternatively, the invention relates {o immunized sera as aforementioned or a mutant dengue
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virus F protein variant as aforementioned for use in elicHing neatralizing and protecting activity
against one or more dengue viras serotypes in a subject in need thereof, or for use in neutralizing ¢
dengue virns, reducing, alleviating antibody dependent enhancement of dengus 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 neotralizing and protecting activity
against one or more dengue virgs serotypes in a subject in need thereof, or a method of neutralizing a
dengue virus, reducing, alleviating antibody dependent enhancement of dengue virus infection,
andfor increasing survival rate in 3 sebject in need thereof, comprising administering the immunized
sera as aforementioned or a mutant dengae vivus E protein variant as aforementioned 1o the sabject in
need thereof.

In one embodiment of the invention, immunized sera or 3 nmutant dengue virus £ profein variant
as aforementioned is for use in alleviating the antibody dependent enhancement in a subject whose
serum sample exhibits reactivity with an isclated peptide comprising the amino acid sequence of
SEQ 1D NO: 28,

In one embodiment of the invention, the isolated peptide is less than 15 amino acid residucs in
length, and is at least 80%, &3%, 00%, 953%, or 100% identical 1o an aming acid sequence selected
from the groap consisting of SEQ 1D NOs: 2-12, and 14-26.

Further in another aspect, the invention relates 10 a method of detecting the presence of a dengue
virus in a biclogical 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
Y NQ: 28;

{b) allowing dengue virus antibodies in the biological sample and the variant or the peptide to
form a complex; and

{c) detecting the presence of the dengue virus antibodies in the complex.

Yet in another aspect, the invention relates o a mathod 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
comprising the amino acid sequence of SEQ 1D NQO:; 28;

() allowing dengue viras infection-enhancing astibodies in the sample and the peptide 1o
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 oft blood, serum, plasma,
saliva, cerebrospinal fluid, and urine.

These and other aspects will become apparent from the following description of the preferred
embodiment taken in conjenction with the following drawings.

The accompanying drawings iflustrate one or more embodiments of the invention and, together

with the written deseription, serve to explain the principles of the invention. Wherever possible, the
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same reference nombers are used throughout the drawings to vefer to the same or hke elements of an
embodiment.
BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1A-B show ADE of DENYV infection mediated by cross-reactive mAbs. {A) Infection of
K362 cells with DENVE (MOE=1), DENV2 (MOI=1), DENV3 (MOI=5), or DENV4 (MO=1} in the
presence of serially-diluted mAbs was examined at 72 howrs post-infection by staining with 4G2 and
RPE-conjugated goat anti-mouse IgG, followed by flow cvtometry. The percentages of infected
K362 cells are shown, {8) The indicated mAbs were serially diluied and incabated with DENV2
{MOI=1 or 10) at 4°C for 1 hoar. The mixtures were then added to THP-1 cells, and the infected
cells were examined by flow evtometry at 72 hours post-infection. The infected cells were stained
with hDB32-6 and RPE-conjugated goat anti-human 12G. The percentage of infected THE-1 cells is
shown, NMIgG was used as g control, Data shown in FIGs. A and B are the mean & SEM from three
independent experiments.

FiGs, 2ZA-E show chamcterization of in vive ADE and competition of patient sera by DB21-6 and
DB39-2 mAbs. (A) AGI29 mice were §.v. infected on day 0 with | = 10° pfu DENV2 §221, and
given i.p. injections of 5 pg of DB21-6 (n=8) or isotype control (n=5) on days -1 and 1. Sarvival
i.v. infected on day 0 with 1 x 10° pfu DENV2 $221, and given i.p. injections of 3 pg of DB39-2
(=T} or Isotype control {n=6} on days -1 and {. Survival rates were recorded for 30 days. (#*P<1.01,
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 8221
infected AGI129 mive following trestment with DB21-6 or DB39-2 mAbs using quantitative RT-
PCR. The viral loads were significantly increased at day 4 and 3 post-infection. Data shown are the
mean = SD. (¥¥P<0.01, ¥¥32<Q.001) (£) Competition between mAbs and patient sera for binding to
DENV2, (2P<0.03, ¥**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 (DB21-6) and
§,000-fold {(DB39-2), respectively, (B)Y The immunopositive phage clones selected by DB21-6 and
DB36.2 were identified by ELISA. NMigG was used as a negative control

Fi(Gs. 4A-D show identification of the epitope residues of DE21-6 and DB39-2 mabs. (A) BHK-
21 cells were transfected with vectors expressing W or mutant DENV2 E profein. Afier 2 days, the
collected cells were reacted with mAbs, and then analvzed with flow cytometry. The relative indices
were measured. Substitutions of N&, RO, V12, and 13 caused a signiticant foss of binding activity

of DB21-6, Substitutions of N8, RY, and E13 caused a loss of binding activity of DB39-2. 4G2 was
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used as a control. Data shown are from one representative experiment of two independent
experients. (B) The modet is based on the DENV2 E protein model (PDB: TOAN) with the
positions shown from the bottom of the structure. The epitopes of cross-reactive mAbs are located at
residues N8, RY, V12, and E13 in EDL {C) Structure analysis detormines the distance (°A) between
epitope restdues from the same (shaded) or adjacent monomer by PYMOL™ program. (D) The
secreted VLPs were captured by polvelonal rabbit anti-DENV2 E protein sera. The WT and mutant
VL.Ps were detected with DB32-6 and 4G2 by VLP-capture ELISA. Data shown are from one
represemiative experiment of two independent experiments.

FiGs. SA-E show & vitro and {nvive neatralization assays of DENVZ with immunized sera. (A)
Mice were immunized with vector, WT, or N8R plasmids at three-week intervals, After the 3
immunization, serum samples were collected and pooled for cach immunized group. The immunized
sera were evatluated by ELISA using plates containing C6/36 cells infected with DENV2 16681, The
OD was measured at 490 nm. (¥¥P<0.01, NS not significant). (B) Afler the 3™ immunization, the
pooled serg were serially diluted and incubated with DENV2 (MO#=1) for 1 hour at 4°C. The
mixtures were then used to jnfoct BHK-21 cells. After 3 days, the cells were stained with 4G2, and
analyzed by flow evtometry. (=3} () Table showing titers conferring 30% inhibition against
DENV2 infection. (D and E) After the ¥ immunization, the pooled sera were serially diluted and
ncubated with 23-0ld LDse of DENV2 for (1.5 hour at 4 °C . The mistures were injected into ICR
suckling mice by the itracerchral route (1.c.). The survival rates were recorded for 28 days. The
numnber of animals tested for each immunized sera ranged from 4 to 16 per group. (F¥¥P<0.001,

*¥ P01, compared to vector-immunized sera), Data shown in FIGs. §A, 5B, 5D and 5E are from
one representative sxperiment of two independent experiments.

FiGs. 6A-F show in vive enhancesnent of mortality in AGI29 mice treated with immunized sera.
{AY AG129 mice were Ly, infected with 1 x 167 pfu DENV2 $224 on day 0, and given #.p. injections
of WT- {n=d}, N8R~ {n=4}, or vector- (n=4) immunized sera (1:23 dilution) on days -1 and 1. The

survival rates of mice treated with WT- (P=0.3834} or N8R~ (P=0.1278)} immunized sera did not
significantly ditfer from that of mice treated with vector-iminunized sera. (By AG129 mice were
infected with 1 > 10° pfu DENV2 (8221) o day 0, and given Lp. injections of WT- {(n=3), N§R-
{n=3}, or vector- (=7} immuonized sera {1:100 dilution) on days -1 and {. The survival rate of mice
treated with WT- (%%* P=0.0007) timmunized sera was significantly fower than that of mice treated
with vector-immunized sera, However, the survival rate of mice treated with N8R- (P=0.3338}
immunized sera did not differ from that of mice treated with vector-immunized sera. {C) AGI29
mice were Lv. infected with { x 10° piu DENV2 (8221} on day 0, and given Lp. injections with WT-
{17}, N&R- (n=7), or vector- (iw=6} immunized sera (1:400 dilution) on days -1 and 1. The survival

&
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rate of mice treated with WT- (P=0.8701) or NBR- (F=0.1387) immunized sera did not significantly
differ from that of mice treated with vector-immanized sera. (D) Schematic describing the
competition assay of mAbs and immunized sera. The ELISA plates were coated with polyelonal
rabbit anti-DENV hyper-immune sera at 4°C overnight. After blocking, the diluted DENV2 viral
sapernatants 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 OPD was added, and the reaction was stopped with 3N HCL The OD was
measured at 480 nm. (E-F) Competition between mAbs and immanized sera for binding to DENV2,
Normal mouse seram (NMS) was used as a control. The percentage of competition was caleulated as
follows: competition (%) = {1 - (OD of immunized serum-mAb mixture/QD of NMS-mAb mixture)}
x A (PP P0.001)

FIGs. 7A-C show characterization of DB21-6 and DB3%.2 agamst DENV and E protein of
DENV2 by immunofluorescence assay (IFA) {A) BHK-21 cells were infected with DENV]
{MOI=1}, DENVZ (MQI=1), DENV3 (MOI=10), or DENV4 (MQI=1), After 2 days, the infected
cells were detected using DB21-6 and DBR39-2. Uninfected cells (Mock) and NMIgG wers used as
negative controds, The results are shown at 400 magnification, (B and O) DENV2 E, comprising
amino acids 1-400 of the E protein, was cloned into the pcDNAZL] plasmid. DENV2 EDI-l (amino
acids 1-295) and EDIHI (amine acids 205400} were also respectively inserted into the pcDNAJ
plasmid, After transfoction, IFA was used to reveal that DB21-6 and DB39-2 recognized BHK-21

FiGs. 8A-B show evaluation of neutralizing activity of mAbs against DENV1-4.{A) The
neutralizing activity of DB21-6, DB39-2, or 402 against DENV -4 was examinsgd with inhibition
assays. DENVE (MOI=3), DENV2 (MOE=13, DENV3 (MOE=3), or DENV4 (MOP=1) was incabated
with mAhs at 4°C for 1 hour, and then used to infect BHK-21 cells. After 3 days, the cells were fixed
and stained with 4G2. THers are expressed as inhibitinn percentages. Data shown are from one
representative experiment of two independent experiments. (B) Sunmmary of 50% inbibition
concentrations of DB21-6, DB3%-2, and 4G2 agatnst DENV -4,

FiGs, 9A-B show in vitro measurement of mAb-mediated ADE of DENV2 8221 infection in
K362 (A) and THP-1 (B) cells. DENV2 8221 was incubated with dilutions of mAbs for 1 howr at
4°C, and the resulting mixbure was used to infect K362 or THP-1 cells. After 3 days, the cells were
stained with 4G2, and analyzed by flow cytometry.

FIGs. 10A-B show competition assay using mAbs and patient sera. Competition for binding to

DENV2 betwesn mAbs and patient sera at a dilution of 1:56 (A) or 12060 (B).
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Fi(s, HIA-D show evaloation of lmimoral immiune responses against DENV2 by ELISA. (&)
Mice were immunized with vector control, WT, or N8R plasmids at three-week jntervals. The serum
samples were collected after one, two, and three immunizations, and pooled. The sera were
evahuated vsing plates containing C6/36 cefly infocted with DENV2 16681, (B} Collected sera
ditated 1:200 and detected with anti-1gG1 or 1gG2a antibodies. (C) 1gGHg(G2a ratios. (D)
tmmunized sera collected and examined after the 3™ immuonization (M P<0.001)

FiGs. 12A-B show neutralization of infections with different DENV2 strains. (A) BHK-21 cells
were infected with DENV2 16681, PLO4S, Malaysia 07387, or NGC atan MOl of 1, 1, 1. or 10,
respectively, at 37°C for 2 bours. After 3 days, the cells were fixed, stafned with 4G2, and RPE-
cenjugated 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, phyeoerythrin. FSC, forward scatier. (B}
Serial dilations of 3™ immumized paocled sera were incubated with DENV2 16681, PLO46, Malays
07587, or NGC at an MOLof 1, §, 1, or 10, respectively, at 4°C for | hour. The resulting mixtures
were then used to infect BHK-21 cells. After 3 days, the cells were stained with 4G22, and analvzed
by flow cytomeiry,

FIG. 13 shows a vector map of N8R plasmid. CMV: cytomegalovirus promoter, JEV 8S: sig.nai.

peptide sequence of Japanese encephalitis virus (JEV). JEV-E: Envelope (E) protein sequence of
JEV. The nucleotide sequense of SEQ 1D NO: 27 contains regions of JEV 88 and prM {nucleotides

1-370), NBR {nucleotides 371-1733), and JEV-E (mreleotides 1736-2058).
DETAILED DESCRIPTION OF THE INVENTION

The present invention is more particularly described in the following examples that ave
intended as illustrative only since numerous medificationy 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, ke mumbers indicate ke components throughout the views. As used in the
description herein and throughout the claims that follow, the meaning of "2, “an™, and “the”
includes plural reference unless the context clearly dictates otherwise.  Also, as used in the
description herein and throughouot the clanms that follow, the meaning of “in™ includes “in™ and “on”
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
present invention. Additionally, some terms used in this specification are more specifically defined
helow.

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 cach tenn is ased. Certain terms that
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are used to describe the invention are discussed below, or elsewhere in the specification, to provide
additional guidance to the practitioner regarding the deseription of the invention. For convenience,
certain terms may be highlighted, for example using italics and/or quotation marks. The use of
highlighting has no influence on the scope and meaning of a torm: the scope and meaning of a term
is the same, iy 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 fanguage 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. Synonvms for certain terms ave
provided. A recital of one or more synonyms does not exclude the use of other synonyms. The use
of examples anvwhere in this specification including examples of any terms discussed herein is
iflustrative only, and in no way {imits the scope and meaning of the invention or of any exemplified
termy. Likewise, the invention is not Hmited o various embodiments given in this specification,

Unless otherwise defined, all technical and scientific torms wsed herein have the same meaning as
conunonly understood by one of ordinary skill in the art to which this invention pertains. In the case
of conflict, the present document, inchuding definitions will control.

an
L

As used heretn, “around”, “about” or “approximately” shall generally mean within 20 percent,

preferably within 10 percent, and more preferably within 3 percent of a given value or range.

* ERT

given herein are approximate, meaning that the term “around”™,

R

Numerical quantities about”™ or
“approximately”™ can be inferred if pot expressly stated.

The term “treating” or “treatment™ refers to administration of an effective amouant of g
therapeutic agent to a subject in need therent, who has a disease, or a symptom or predisposition
toward such a disease, with the purpose of cure, alleviaty, relieve, remedy, ameliorvale, or provent the
disease, the symptoms of it, or the predisposition towards it, or redace incidence of symptoms. Such
a subject can be identified by a health care professional based on results from any suitable diagnostic
method.

“An effective amount™ refers to the amount of an active compound that is required to confer a
therapeatic effect on the treated subject. Effective doses will vary, as recognized by those skilled in
the art, depending on route of administration, excipient usage, and the possibility of co~usage with
other therapeatic treatment.

The “Guidance for Industry and Reviewers Estimating the Safe Starting Dose m Clinical Trials
for Therapeutics in Adult Healthy Volunieers™ published by the ULS. Department of Health and
Human Services Food and Drug Administration discloses “a human equivalent dose™ may be
obtained by caleulations from the following formula

R N . . . . ., . . 633
HED = animal dose in mgrkg x (animal weight in kg/buman weight in kg) ™.

8



As gsed herein, when a number or a range s recited, ordinary skill i the art anderstand # 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 USE,920.804,
which is incorporated herain by reference in its entivety,
3 The amino acid 1-393 sequence of wild-type DENV2 {16681} E protein (The GenBank accession
number: AABIS782) 18 shown in SEQ D NO: L.
Abbreviations: viras-like particles (VLPs): dengue fever (DF); dengue hemorrhagic fever
{DHF} E protein domain T {EDD; antibody-dependent enhancement {ADE): glatamic acid (Glu; E);
valine {Val; V); asparagine (Asn; N): arginine (Arg; R); pre-membrane (prM); envelope (E) proteins;
16 multipliciiy of infection (MO},
We characterized the cross-reactive DB21-6 and DB39-2 monoclonal antibodies {(mAbs) against
domain I-1f of DENV; these antibodies poorly neutvalized and potently enhanced DENV infection
both in vitre and i vivo. Two enhancing mAbs, DB21-6 and DR3IS-2, were observed to compete

with sera antibodies from patients infected with dengue. The epitopes of these enhancing mAbs were

e,
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identified. N&, RS, V12, and EI3 arc the reactive residues of DB21-6, while N8, R9, and E13 arc the
reactive residues of DB39-2. N§ substitution tended to maintain VLP secretion, and decrease the
hinding activity of DB21-6 and DB39-2. The mmmunized sera from NE substitution {N8R) DNA
vaccine exerted greater neutralizing and protecting activity than wild-tvpe (WT) immunized sera,
both in vitro and in vivo. Treatmnent with NER-tmamunized sera reduced the enbancement of mortality
20 in AGI29 mice. These results support identification and substitution of enhancing epitope as a novel

strategy for developing safe dengue vaceines,

EXAMPLES
Exemplary instruments, apparatos, methods and their related resolts according to the

embodiments of the present invention are given below,
25 Materials and Methods
DENY, cell lines. and mdbs

Fowr dengue viras serotypes, DENVY Havwaii, DENV2 16681, DENV3 H87, and DENVY H241,

were prepared as discribed in Wu et all {2003) ("ldentification of a dengue virus type 2 {DEN-2)

serotype~specific B-cell epitope and detection of DEN-2-immunized animal seram samples using an
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=
<

epitope-based peptide antigen™ J Gen Virol 84, 277127793, C6/36 cells were grown in medium
having 50% Mitsumashi and Maramorsch insect mediom (SIGMA-ALDRICH®) plus 50%
Dutbecce’s modified Eagle’s mediwm (IDMEM) containing 11% fetal bovine serum (FBS) and 100
Ufml penieiitin, 100 pa/ml streptomyein, and .25 yg/mi amphotericin B, The C6/36 cells were
infected with DENV at a multiphicity of infection (MO of 0.1-1, and incubated at 28°C for 710 @

9
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days. The virases were harvested from supamatani and titrated in a baib}-‘ hamster Kidney fibroblast
minimal essential muimm {ME M} supplemented with 10% FBS, 100 U/mi penicﬁ‘lin, 100 ;tgs"mi
streptomycein, and 0.25 pg/mi amphotericin B, Huoman eryvthroleskaemic K362 and monpocytic THP-1
cells were grown in RPMI mediom containing 10% FBS. The mouse mAbs, inclading DB21-6 and
DB39-2, were previousty generated by imnunization of BALB/e mice with DENV2Z, and produced
in hybridoma cells {Li et al., (2012). “Development of a Humanized Antibody with High Therapeutic
Potential against Dengue Virus Type 27 PLoS Negl Trop Dis 4, 1636}, DB21-6 and DB39-2 were
tsotyped as fgG1 and purified using PROTEIN G SEPHAROSE™ 4B gels (GE Healtheare).
in vitro measurement of ADE with mdbs

Serial difutions of mAbs were incubated with DENV1 Hawall (MOI=1), DENV2 106681
{MOI=1), DENV3 H87 (MOI=3), and DENV4 H241 (MOH==1) for | hoar at 4°C. The mixtures were
used to infect K362 cells for 2 hoars at 37°C. After washing, the cells were incubated with 2% FBS
in RPMI mediva st 37°C for 3 days. The infected colls were collected and fixed with 3.7%
formaldehyde for 10 minutes at 47C. For staining, the cells were permeabilized with 2% FBS in PBS
contsining (.1% saponin (Sigma), followed by staining with 4 pg/mi2G2 for 0.5 hours at 4°C. The
cells were washed and incubated with R-phyeoervihrin (RPE)-conjugated goat anti-mouse 1gG
{Jackson ImmunoResearch Laboratories) for | hour at 4°C. The cells were washed, and the
percentages of infecied cells were determined by How eytometry. For infection of THP-1 cells,
DENV2 16681 iMOI=1 or 101 was incubated with dilusted maAbs for 1 hour a1 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. Afler washing, the cells were incubated with an RPE-conjugated goat andi-
human fgG, and were sabsequently analyzed by flow cviometry.
Measurement of in vivo ADE with mdbs in 4G 29 mice

Tvpe | and I interforen receptor-deficient mice (AG129; 3- to é-weeks-olid) were purchased
from B&K Universal. The AGIZY mice were given § ug mAbs in 200 gl PBS on days tand -1 (ip).
The mouse IgGl isotype antibody was used as a negative control. On day 0, mice were inoculated
{Lv.) with 1 x 107 pfu of the mouse-adapted DENV2 $221 (obtained from S, Shresta) in 100 ul PBS.
The survival rates of AGE29 mice were recorded for 30 days.
Measwrement of viremia by quantiterive RI-PCR

AG129 mice were infected with { % 107 pfu DENV2 $221 {i.v.) on day 0, and treated with 3 pg
mAbs via Lp. ondays -1 and 1. Viral RNA was extracted from pooled and infected mice sora using
QIAAMPR viral RNA minikit (Qlagen). Quantitative RT-PCR was performed, usmg
LIGHTCYCLER® 480 system (ROCHE™), The standard curve was generated with DENV2 §221
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{at concentrations from 10° 1o 107 pfa/ml). Viremia measurerents were expressed as piu
equivalents/ml, which was caleulated based on the threshold cyele value {Ct) according o the
standard curve Tor DENVZ S221.
Competitive ELISA of mdby and peticnt serwm sconples

A total of 21 DENV2-infected patient serum samples were collected from 11 DF and 10 DHF
patients during an outbreak between 2002 and 2003 in Tatwan. Diagnosis of DENYVY infection was
based on IgM antibody-capture ELISA (MAC-ELISA), reverse-transeriptase PCR {RT-PCR), or
virus isofation in cedl cultures. These seram sanmples were collected between days 4 and 22 from the
onset of symptoms; such sera contained anti-dengue antibodies. All of these patients were
determined to have classical DF or DHF based on the criteria published by the World Health
Qrganization (WHQ} in 2009, Table 2 shows the characteristics of patient serum samples enrolled in
this study. Competition ELISA was performed. Briefly, the plates weve coated with polyclonal rabbit
anti-DENY hyper-innnune sera at 4°C overnight. After blocking, the difuted DENV2 viral
supernatants {1 » 10° pfu) were added for 2 hours at room temperature (R.T), The diluted mAbs and
patient sera {1:100 dilution) were incubated for 2 hours at R.T. After washing, horseradish
peroxidase {HRPY-conjugated anti-mouse 1gG (Jackson ImmunoResearch Laboratories) was added
for 1 hour at RT. The peroxidase substrate o-phenylenediamine dihwdrochloride (OPD, SIGMA-
ALDRICH™} was then added, and the reaction stopped with 3N HCHL The optical density (OD) was
measured at 490 nm. Normal human serum (NHS) was used as a control, The percentage of
competition was calcalated as follows: competition (%) = {1 - (OD of patient serunm-mAb
misture/OD of NHS-mAb mixture)] = 100
Phage display bloparnming

Phage display biopanning was performed. Briefly, the plate was coated with 100 pgfmi mAbs at
4°C for 6 hours. After washing and blocking, 4 x 10" pfaa of phage-displaved peptide tibrary (New
England BioLabs, Inc.) were incubated for 50 mins &t R.T. After washing, bound phage was cluted
with 100 gl 0.2 M glveine/HCH {(pH 2.2 and peutralized with {5 g 1 M Tris/HC (pH 9.1). The
eluted phage was then amplified in ER2738 for subsequent rounds of selection. The phage was
titrated onto LB medium plates contatning PTG and X-Gal. The second and third rounds of
selection were identical to the first round except for the addition of 3 i plu of amplitied phage.
Hdentification of immusopositive phage clones by ELINA

Plates were coated with 50 pa/mi mAbs. After washing and blocking, the amplified phage was

added, and incubated for 1 hour at R.T. After washing. diluted HRP-conjugated anti-M13 antibody
{GE Healtheare) was added at RT for 1 bour. The plates were developed and subsequently

terminated by 3N HCL The optical density (0D} was measuared at 490 nm.
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Ientification of epitopes using flow cytometry-based bisding assay to cells expressing W and
nudant DENV2 prMiE proteins

The pCBD2-2J-2-9-1 plasmid expressing prM-E proteins of DENV2 has been previously
characterized and described (Chang et al, (2003) “Enhancing biosynthesis and seeretion of
premembrane and envelope proteins by the chimeric plasmid of dengue viras type 2 and Japanese
encephalitis virus™ Virology 306, 170-180). Site~divected mutagenesis was performed 1o replace each
of the selected amine acid residues. Afler mutagenesis, the plasmids were sequenced to ensure the
absence of any further mutations al pon-target sites. BHRE-21 cells were transfected with constructs
expressing the wild-type (WT) or mutant DENV2 £ protein using POLYIET™ in vitro DNA
wransfection reagent (SigaGen Laboratories). After 2 days, the cells were fixed, and permeabilized
with 2% FBS in PBS containing 0.1% saponin (SIGMA™]). For staining, cells were incabated with
DB2 16, DB39-2, 4G2, and mixed mAbs (DB32-6, 3H3, and DB23-2} at a concentration of 1, {,
and 1 pg/mi, respectively, at 4°C for 0.5 hours. Alter washing, the cells were incabated with RPE-
conjugated goat anti-mouss IgQG, and snalvzed by flow evtometry. The relative index of amAbtoa
mutant E protein was measured using the formala: fintensity of the mutant Efintensity of WT E
{recognived by a mAbYintensity of mutant Efintensity of WT E {recognized by mixed mAbs)].
Detection of secreted VLPs by capture ELISH

BHK-21 cells were transfected with vectors expressing WT or mutant E protein of DENV2, as
described above, At 48 hours post-transfection, calture supernatants were collected. The plates were
cogted with polyclonal rabhit anti-DENV hyper-immunie sera at 4°C overnight. After blocking, two-
fold dilutions of supernatants containing WT or mutant VLPs were added for 2 hour at RT, The wells
were then incubated with diluted DB32-6 and 4G2 at RT for 2 hour. Afler washing, a 1:2000 dilution
of HRP-conjugated antt-mouse 1gG was added for 1 hour at RT. Finally, the plates were developed,
and the reaction was subsequently terminated with 3N HCL The O was measared st 490 nm.
Preparation of plasmids for immunization

Plasmids expressing WT E protein (SEQ 1D NO: 1) of DENVZ or a mutant E protein in which
the N8 residue was substituted with R (INSR) were used for bumanization (FIG. 13). For coating, 25
mg of 1.0 wm gold powder was resuspended with 30 mM spermidine. Then, 50 pg of plasmid DNA
was added, followed by the addition of 1M CaCl); the solution was mixed and precipitated for 10
mins at RT. After collection by centrifugation, the gold-DNA complex was washed with absolate
ethanol and resuspended in 0.1 mg/mi of polyvinylpyrrolidone (PVF) (360 kDa) solution. The shary
was injocted into a TefzelR tube (MUMASTER-CARR™, Chicago, 1L}, and then coated. After the

ethano! had dried off, the tube was cul into 0.5-inch bulets and stored at -20°C. The gold in each
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ballet contaied 1 pg of DNA. Before use, the bullets were foaded nto the Helios gene gun device
{Bio-Rad, Hercules, CA) for delivery of plasmids.
numunization of mice

The abdominal epldermis of 6 week-old fomale BALB/c mice was injected with a gene gun using
a helium pressure setting of 400 bfineh’. Fach mouse was tromaenized by administering 4 bullets
containing 1 pg plasmid DNA. Mice were immumized at 0, 3, and 6 wecks. Serum samples were

s o~ rd
L 3

coliected before immunization and 3 weeks after the thivd immunization (pre-, 17,2 immunized
sera). The serum samples were pooled from five to six mice for each group and evaleated by ELISA,
neutralization assay, and /n vive ADE assay.
Evaluation of imwnrized sera against DENV2 by ELISA

C6/36 cells infected with DENV2 16681 were nsed as antigens, C6/36 cells were seeded into
cach well (2 x 107 cellsAwel]) of 96-well ELISA plates. After one day, 2 x 16° pfa of DENV2 16681
{MOI=0.1) was added to nfect the cells at 37°C for 2 hours. The wells were washed with PBS, and
then cuftured in 2% FBS culture medium at 28°C for 5 davs. The infected cells were fixed with 111
methanol/acetone at 4°C for 10 mins. The plates were blocked with 3% skimuned milk at 4°C for 24
hours. Diluted immanized sera were then added for incubation at RT for 2 hours. The plates were
washed three fimes with phosphate-buffered saline containing 0.1% fw/vy TWEEN® 20 (PBSTo ),
and subsequently incubated with HRP-conjugated anti-mouse 1gG. Finally, the plates were
developed, and the reaction terminated with 3N HCL The OD was measured at 4940 nm.
i vitro and in vivo neotralization assays with immunized sera

DENV2 16681 (MOf=1) was incubated with the 3™ immunized sera for 1 hour at 4°C. The
mixtures were used to nfect BHK-21 calls for 2 hours at 37°C. After 3 days, the cells were fixed,
permeabilized, and stained with 4 pgfml 4G2. After washing, the cells were incubated with RPE-
conjugsted goat anti-mouse 1gQ, and analyzed by flow cytometry. Inhibition percentage (%) = {1 -
{the percentage of infected cells incubated with immunized sera‘without iImmunized sera)] = 100,

The ICR mice were purchased from the Laboratory Animal Center, National Taiwan University

College of Medicine. Serialhv~diluted immunized sera were incabated with 1 » 107 pfu (35-fold
lethal dose, 25-fold LDsg) of DENV2 160681 for 0.5 hours at 4°C. Two-day-old suckiing mice were
inoculated with 20 ul of the mixtures through intracranial (i.c.} injection. After challenge, the
survival rates were recorded for 28 days.
Stuclies of in vive 4DE with invnunized sera

AGI29 mice were given {1.p.) dilutions of Immunized sera on days -1 and 1, and inoculated {i.v.)
with 1 x 107 pfu of DENVZ 8221 on day 0. The survival rates were recorded for 30 davs.

Staistical analyvsis
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Survival rate was expressed using Kaplan-Meier sarvival curves, and statistical analyses were
performed using GraphPad Prism 5. For competition assayvs of mAbs and patient sera, Student’s 1
tests were used to identify significant differences and calculate P values (FP<0.05, #¥¥ <0001, NS
not significant). Por evaluation of inumunized sera against DENV2 by ELISA, two-way ANOVA
with Bonferroni post-hoc test was used to determine the significant differences and calenlate P
values (F*P<0.01, NS not significant). GRAPHPAD PRISM®R § was used to analyze 30% inhibition
titers against DENV2, based on inhibition percentages from pooled tmmunized sera.

Results
Characterization of cross-reqetive DB21-6 and DB39-2 apainst DENV

FIG. 7A shows mAbs DB21-6 and DB39-2 could recognize cells infected with DENV1-4, These
mAbs also recognized transfected BHK-21 cells expressing DENVZ E and EDIMH proteins,
respectively (FIGs. 7B and 7C). Thus, the crosswreactive DB21-6 and DB39-2 recognived DENVI4
and domain i~ on E protein,

To estimate the in virro neutralizing activity of these mAbs, we infected BHK-21 cells with a
mixture of individual mAbs and DENV -4, FIGs, 8A-B show that 4G2, an anti-flavivirus antibody
with neutralizing and enhancing sctivity at certain concentrations, exerted higher neutralization
activity than DB21-6 and DBR39-2 apainst DENV2. FIG. 8B, a Table showing a summary of 30%
inhibition concentration of mAbs against DENV -4, shows that DB21-6 and DB39-2 exhibited non-
neutralizing activily against DENY {-4 {(30% inhibition concentration >33 gg/ml).

Erhaneing activities of DB21-6 and DE3Y-2

To investigate /n vifre enhancement of DENV infection through ADE, we performed in visro
ADE assays, and detected the increases in the percentage of dengue-infected cells by flow cvtometry.
The FoyRHA-bearing K362 cells, which do not express type | interferon {(IFN), were used 1o
measure the enbancement of infected cells through extrinsic ADE. The sevialty-dituted mAbs were
incubated with DENV1-4, and then used to infect K362 cells, The infection percentage was
measwred by flow oytometry. FIG. 1A shows infection enbancement over a broad range of mab
concentrations. 4G2 caused enhancement of DENVI infection in K362 cells at lower antibody
concentrations. DB21-6 and DBI9-2 enhanced DENV -4 infection n K362 celis at high antibody
concentrations.

To further confivm enhancement of infection, we examined the enhancement of DENV2 16681
infection by DB21-6 and DB39-2 in FeyRI- and FeyRHA-bearing THP-1 cells. Infection in THP-1
cells was enhanced to a greater extent by DB21-6 and DB39-2 than by 4G2 (FIG. 1B},

DENV2 8221 was previously used to study enhancement of mortality via ADE in AGI29 mice.

To evaluate the in vitre enhancement of DENV2 5221 infection by mabs, we performed ADE
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assays using K362 cells and THP-1 cells. As for DENV -4 infection, high concentrations of DB21-6
and DB39-2 enhanced DENV2 8221 infection in K362 cells (FIG. 9A). DB21-6 and DB39-2
enhanced DENV2 8221 infeetion in THP-1 cells at high concentrations of antibody (F1Gs. 9A-B).
These results suggest that DB21-6 and DB39-2 can enhance DENV2 §221 infection in vitro.

We confirmed the i vive enhancing activities i AG 29 mice. The AGI29 mice treated with 3
pg DB21~6 and infected with DENV2 8221 exhibited increased mortality as compared to control
infected mice (FIG. 2A) AG129 mice treated with 5 ug of DB39-2 also exhibited elevated mortality
{F1G. 2B). To determine viremia in DENV2 8522 {nfected AG129 mice following treatment with
DB21-6 or DR39-2, the viral RNA levels were measured by guantitative RT-PCR. The results
indicate that viral loads were significantly increased after DB21{~6 or DB39-2 treatment of infected
AGI29 mice, as compared to isotype control Ab treatment (FIGs. 2C-D). The results indicate that
DB2{-6 and DB39-2 have non-newtralizing activities, and enhance mortality in AG129 mice.
Competition assay of mAbs and infected patient seva

We performed competition assay to determine whether sera antibodies from dengue patients
compete with mAbs for binding 1o DENVZ. Table 2 shows the characteristics of patient seram
samples. The resulis indicate that the sera antibodies from infected patients competed with DB21-6
and DR3Y-2. FIG. 2E shows that the competition percentages of DB21-6 and DB3S-2 were
significantly higher in seram samples from DHF patients than those from DF patients, while the
competition percentage of neutralizing DB32-6 was similar for sera fronmy either DE or DHYF patients,
The same experiment was performed with move concentrated (1:30 dilution) or diluted serum (1200
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 DR3%-2 mAbs.
Identification of enbancing epitopes of DR21-6 and DB3%-2

To identify the enhancing epitopes of DB21-6 and DB39-2, we used a phage-displayed peptide
ftbrary to screen for the reactive phage clones, After three biopanning rounds, the phage titers were
inereased o 12,871 -fold (DB21-6) and 3,000-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 showa by ELISA. most selected phage clones exhibited sigaificant reactivity
to the mabs, but not to normal mouse 1pG (INMIgG). Of the 30 selected phage clones, 29 clones
reacted with DB2 -6 (FIG. 3B). The immunopositive phage clones were amplified, and their phage
DNA was isolated for DNA sequencing. Table | shows eleven phage clones with individual peptide
sequences identified. Similarly, of the 47 selected phage clones, 46 reacted with DB39-2 (FIG. 3B},
Thirteen of the 46 immunopositive phage clones that reacted with DB39-2 possess individual peptide

sequences. Alignment of peptide sequences revealed the binding motif of DB21-6 and DB39-2 to be
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N-R-x-x~-V-E (SEQ 1D NQ: 28}, Modeling of the peptide seqguences with the pepitope server
predicted that the epitope residues on the B protein are N8, R9, V12, and E13.

To further verify the epitopes of DB21-6 and DB39-2, we performed site-directed mutagenesis of
the phage-displaved epifope using pUBD2-21-2-9-1 as tomplate. After confirmation of variants by
%equ&ncin g, we transfected cells with mutant plasmids, and defected binding activity by flow
s *. The hinding percentages for cach transfectant were normalized 1o those of anti-EDH
mAbs ({)83’-’—6, 3H3, and DB23-2), and relative indices were calculated and as shown in FIG. 4AL
42, which binds o residues at the fusion-loop of EDH, was used as a control to verity the structural
change of E proteins caused by mutations, Based on the relative indices, we found that mutations at
NE, RO, V12, and E13 prevented binding by DB21-6. The same method was used to identify the
epitope residues of DB39-2 as N8, RY, and E13. Structural modeling was applied 1o show that the
recognition residues ave located in domain [ of E protein (FIG. 4B). The distance between these
residues from the same monomers was analyzed using a structore modeling program, and was found
to be less than 30°A (FIG. 40, This distance can be spanned by g single 1gG modecule. | suggests
that the N8, R9, V12, and E13 residues constitute the epitope of DB21-6, and the N§, R9, and Ei3
residues constitute the epitope of DR39-2. Alignments revealed that the binding motif of DB21-6
and DR3Y-2 corresponds to the N8, R9, V12, and E13 residues, which are conserved in DENVI-
{Tables 3 and 4). Finally, we used VLP-capture ELISA to demonstrate that the mutations at R9, V12,
and £13 affect DENV2 VLP secretion (FIG. 4D), The effects of these mutations on the ability to
secrete VEPs 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 nvuage responses in mice

The BALB/c mice were invnunized with vector, WT, or N8R plasmids at 0, 3, and 6 weeks.

After three rounds of immunization, the seram samples were collected and pooled within sach group.

The mmunized sera were examined by ELISAL FIG. 1A shows a remarkable increase of antibody
titer against DENV2 was observed after immumization. The 3% WT- and N8R-immunized sera
against DENV2 exhibited significantly higher absorbance values than those of vector-immunized
sera (FiG. 34). Analysis of inmmmized sera with anti-lgG i and 1g(G2a antibodies revealed that the
teGi/1eG2a ratios increased between the second and third mmuonization (FIGs. 11B and 11C). The
immunized mice maintained their anti-DENV2 responses after 15 weeks (FIG. 11D).
Evaluation of neutralizing acthity of the immunized yéra

The immunized sera were evaluated for neutralizing activity against DENV2. Both WT- and

NER-~immunized sera exhibited high neutralizing activities, while vector-immunized sera did not
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{FI1G. 3B). DENVZ infection was more effectively neutralized by N8R-immunized sera than by WT-
tnmunized sera (FIG, 5C To further evaluate whether immunized sera could broadly neutralive the
different DENV2 strains: 16681, NGC, PL{46, and Malayvsia 07387, Remarkably, FIGs. 12A-B
show that the WT- and N8R~-immunized sera exhibited high neutralizing activifies against various
types of DENV2 strain.

The protective effect of immunized sera against DENV2 16681 in vivoe was examined. The
survival rates of mice treated with WT-immunized sera &t dilutions of 1100 and 12200 were
significantly higher than that of mice treated with vector-immunized sera at a dilution of 11100 (FIG.
D), while the survival rates of mice treated with NSR-timmunized serg at difntions of 1:100, 1:200,
and 1400 were significantly bigher than that of mice #reated with vector-inmmunized sera at a
difation of 100 (FIG. 3E). Treatment with WT-immunized sera afforded 50% protection at a
dilution of 1:200, while N&R-immunized sera afforded 0% protection at a dilution of 1:400 (FIGs,
3D and 3E). Hence, NER-inununized sera possessed higher newtralizing and protective activity than
WT-inmmunized sera both i virro and in vive,

Reduction of in vive erthancing activity of the immupiized sera

To study the i vwive enhancement of mortality, we passively transforred different ditutions of
WT-, NER-, or vector-immunized sera into AGI29 mice. Following infection with DENV2 8221, the
survival rate of mice treated with WT- or N8R-fmmunized sera (1:25 dilotion) was higher than that
of mice treated with vector-imamanized sera (FIG, 6AY. FIG. 6B shows that mice treated with WT-
immunized sera at a dilution of 110 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 that of mice treated with vector-immunized sera. No enhancement of mortality was
observed in mice treated with NSR-immuonized sera. Treatment with WT- or N8R-immunized sera at
a dilution of 1:460 did not have a neutralizing or enhancing effect on the survival rates of mice.
These results indicate that the N8R substitution of £ protein can reduce in vive enhancement of
mortality.

To further characterize these enhancing antibodies are produced in imununized sera, we performed
competitive ELISA to inhibit the binding of HRP-conjugated DB21-6 or DBE392 mAbs by
mmanized sera (FIGL 6D The competition percentages of HRP-conjugated DB21-6 and DR3S-2
were significantly higher in Wi-innmuonized sera than those in NSR-imnumized 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 DR39-2 1o increase the percentage of dengue virus-
infected cells. These mAbs enhance rmortality in AG 29 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
neutratizing activity, we substituted the N8 residue of E protein, and immumized mice with WT or
N8R plasmids with a gene gon delivery system. After three immunizations, N8R-immunized sera
produced neutralizing activity against DENVZ, and reduced enbancement 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.

We demonsirated that eross~reactive DB21-6 and DB39-2 against EDII had poor neutralizing
activities against DENV1-4 {F1Gs. 8A-B). DB21-6 and DB39-2 have strong ADE activities in viire
{FI1G, 1). 4G2 has partially neatralizing 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 -4 infection in K362 cells at high concentrations (FIG, 1A} Infection of DENV2 was
enhanced to a greater extent by DB21-6 and DB39-2 than by 4G in THP-1 cells (FIG, 1B). DB21-6
and DBR3Y-2 enhanced movtality in AG129 mice (FIGs. 2A and 2B) and increased the viral loads in
infected mice sera (FIG. 20-D). These results indicate that DB21-6 and DB39-2 have strong
enhancing activity both in vitre and in vive,

ADE is regarded as an important mechamism leading to the development of severe dengue
disease, including DHE/DSS. Cross-reactive and non-neuntralizing antibodies binding to viruses can
enhance infection of FoyR-bearing cells by ADE, resulting in increased viral load andfor production
of eytokines. High virat load is correlated with denguoe discase severity and DHF. Thus, there is a
need to be able to confirm the presence of enhancing antibodies in dengae patient sera. Our results
indicate that the competition percentages of DB21-6 and DB39-2 were significantly higher in DHF
patient sera than those in DF patient sera (FI1G. 2B, suggesting that the higher levels of enhancing
antibodies, DB21-6 and DB39-2, 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 antibodics is higher.

The phage clones selected using DB21-6 and DB39-2 mAbs displayed peptide sequences
cotaming a consensus motif, Ne-Rex-x-V«E {Table 1), These displayed peptide sequences may be
suttable 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 modeling, the candidate epitopes were predicted and verified using VLP mutants (FIGs. 3

and 4). The epitope residues of enbancing mAb DB21-6 are N§, R9, V12, and E13 in domain | of
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DENVZ E protein (FIGs. 4A and 4B), and the epitope residues of enhancing mAb DB39-2 are N8,
RY, and E13 in domain 1 of DENV2 E protein. The N8, R9, V12, and E13 residues were conserved
in DENV -4, Thus, cross-reactive DB21-6 and DB3%-2 can bind to DENV1-4. A previoss report
indicated that G106 and L1907 are the epifope residucs of enhancing mAb 4G2, The data in FIG. 4A
confirmed that W101, G106, L1087, and F108 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 (N8, R9, V12, and E13) and DB39-2 (N§, R9, and E13) are novel
and have not previously been reported.

The N8R substitution does not affect DENV2 VLP secretion (FIG. 413). Both WT- and N8R-
immunized sera exerted protective activities against DENV2. N8R-immunized sera had higher in
vitre neutralizing activity and in vive protective activity thas the WT-immunized sera (FIGs. 3B-3E).
These results suggest that immunization with the N8R DNA vaccine may increase nestralizing and

V2.

protective innunity against DE?

We passively transterred diloted vector-, WT-, or NER-immunized sera, and then challenged
AGI2Y mrice with DENV2 §221. WT- and NER-immuonized sora were protective at a 1:23 dilution,
as compared to vector-immunized sera. The mortality of mice was enhanced by treatment with WT-
mmunized sera at a 11100 dilution, as compared 1o treatment with vector-immunized sera. The
mertality of mice treated with N8R-immunized sera at a 1:100 dilution was not enhanced (FIG. 6B).
When the ditution was increased to 1400, no enhanced mortality was observed (FIG. 6C). Qur
results indicate that sebstituting the enhancing epitope can reduce the ADE phenomenon and
increase protective activity i vive,

Substitution of enhancing epitope and preservation of neutralizing epilope In immunized mice
provide protective inmmunity. Such an approach wounld redirect mmanodominance (FIGs. 6E-F) and
aprove rmmunogenicity by satisfying the required neatralizing occupancy. In summary, we have
identified novel enhancing epitopes and illostrated, 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 dengae vaccines that can increase the anti-DENV invnune response.

Table 1 shows alignment of phage-displayed peptide sequences selected by DB21-6 and DB39-2,
Table 2 shows the DENV2-infected patient serum samples used. Table 3 shows comparison of the
amino acid sequences of BDI- proteins of DENVL, 2, 3, and 4%, Table 4 shows the database, gene /

protein and accession ¢ 1D numbers,

Table 1
DB21-6 phage Peptide seqguences” {SEQ 1D NO: )
clones
PCIE-15 NGS NRDI VE V QR @)
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PC2T-10 NQgL Y
PC219 Y
PC2E-13 QNT W
PC21-17 FpE 5
PC2E20 HV
PC2E-18 P M
PC22 GG
P21
PC2I-16 S AT I
PC2ES I DF MV (12}
DENVI-¢ v {13
DR3G-2 phage Peptide sequences™ (SEQ ID NO: )
clones

DR3G-38 L8
DB3S-40 NQT
DR3IG-11 G L DR
DB3Y9-39

DB36-3 A
DB39-28 I vPys
3B39-31

PB3¢.34 Dy
DB3S-36 S MP 1L
DR3%47 HT § L
DB39-4 S 8§ PGV
PB3%-43 D Y §§ G R OWES
DB39-1 MPS GO LVE G A (26

ENVI4 NRDF VE® a0
* The phage-displayed consensus amino acids are indicated by holdface type.

® The amino acid sequences & to 13 in B protein of DENV -4 were retrieved from
GenBank (avcession mumber AJU47321, AABSETE2, AAAY9437, and AAXASDT).
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Table 2
Patient Severity” Days post onset of Primary /Secondary
number symploms infection

1 DHF 17 Primary
2 DHF 22 Primary
3 DHF 5 Secondary
3 Secondary
Secondary
Secondary
Secondary
Secendary
Secondary
DHF 4 Secondary
Primary
Primary
Primary
DF 7 Primary
Secondary
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16 DF
17 DF
18 DF
14G D
20 DF
21 DF

LV e

“wd w3 =3

Secondary
Secondary
Secondary
Necondary
Secondary
Secondary

*DHF, dengue hemorrhagic fever; DF, dengue fever.

Table 3

Serotypes of DENY
{strain)

Accession
number
{CGenBank)

Amino acid of EDI-H protein

DENV2 (16681)
DENV2 (NGC)
DENVZ {(PLO46)
DENV2 {(PM33974)
DENV2 (IQT2813)
PENV2
{ThidDZ_0038 74
DENV2

(ThD2 0168 79)
DENV2

{ThD2Z 0498 84)
DENVZ

{ThD2 0263 95
DENV2

{ThD2 0017 _98)
DENV2

{(ThD2 0284 90)
DENV2
{Jamaica/N.1409)
DENV2 {TSV(1)

AABIETE2
AAA4204)
AHZ61501
ABO33322
AADIINGS
ABA6TI8S
ABAGEIS4
ABAGLIS3
ABAGILTY
ABAGI17R
ABAS1180
AAA42942

AAKOTTIZ

DENV2 (98900663 DHFBAD42415

DV-2)

DENV2 (Tonga/74)
DENV2 (1348600)
DENVE {(Hawail)
DENVE {16007)
DENV3

(THD3_ (1183 _85)
DENV3 (H87)
DENVY (H24 D
DENV4 {(BS)
DENVY

(ThD4_ (1348 91)
DENV4

{ThD4 0087 71
DENV4

{ThD4 04835 01

AAVTOR29
AAWII43
AfU47321
AAFS9977
AAVER4G2

AAAN943
AAX486G1
AAG30148
AAURY3?T

-
4
i

-
“-'

AAUSS3TS

AALURYITS
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DENVA AAURYIS0 N R s E
(ThIM_0734_00)

DENVE (814669) AAROI233 N R v E
DENV4 (Indonesia 1976)AABTO680 N R \d E
DENV4Y AAUBS3?S N R AY E

{(ThiDd 0476 97)

SEDEH protein of strains of four dengue virus serotvpes are aligned. Single fetter amino
acid abbreviations are shown.

“The critical residues are shown in boldface type and identified by loss of binding for
DB21-6" and DB3Y-2%, respectively,

Table 4
Gene / Protein Database Ageession / 1D number
DENVIE protein Protein Data Bank TOAN
DENVZ (16681} GenBank AAB3IE782
DENV2 (NGC) GenBank AAA4204]
DENVZ (PLO4G) GenBank AHZO6150
DENVZ (PM33974) GenBank ABO33322
DENV2 (1QT12913) GenBank AADAZH63
DENV2 (ThDX2 0038 74) GenBank ABAGLISS
DENV2 {ThD2_0168 7% GenBank ABAGTIR4
DENV2 (ThD2 0498 84) GenBank ABAGIIR3
DENVZ (ThD2 0263 95) GenBank ABAGIITY
DENVZ {ThD2 (017 98 GenBank ABAGIITS
DENVZ {ThD2 0284 9% GenBank ABAGI IS
DENV2 {lamaica™, 1409) GeaBank AAAL2942
DENV2 {TSV01) GenBank AAKSTTZ
DENV2 (98900663 DHF DV-2)  GenBank BAD4241S
DIENV2 (Tonga/74) GenBank AAVTO82¢
DENV {1348600) GenBank AAW3RI413
DENVE (Hawaii) GenBank ATU47321
DENVI (16007 GenBank AAF59977
DENV3 (ThD3 (183 85) GenBank AAVE8402
DENV3 (H8T) GenBank AAADS43T
DENV4 (H241) GenBanpk AAXART
DENV4E (BS) GenBank AAG3INI4E
DENVE (ThD4_(348 0ty GenBank AALIRY3ITT
DENVY (ThD4 0087 _77) GenBank AALIBDITY
DENVSE (ThDD4 04835 o) GenBank AALIBDITY
DENV4E {ThD4 0734 06) GenBank AALIBOIRD
DENVE (814669} GrenBank AAKOI233
DENV4 {Indonesia 1976) GenBank AABTOOS0
DENVE {ThDd 0476 97y GenBank AAURRITA

We found that the cross-reactive mAbs DB21-6 and DR39-2 exhibit poor neutralizing activity
and high capacity for enhancing DENV infection. We identified the epitopes recognized by DR21-6
and DB39-2. To further improve the DNA vaccines against DENVZ, in the Hlustraied example we
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substituted the N8 residue of wild-type {WT) DENV2 E protein with arginine (NSR) in & plasmid for
tnmunization. N8R-invuunized sera produced higher neutralizing and protective activity than WT-
tnmunized sera. Treatment of AG129 mice with NSR-immunized sera reduced ADE and mortality,
as compared with mice treated with WT-immunized sera. In conclusion, we have identified 8 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 dengae vaccine.

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

their entireties and to the same extent as if cach reference was individuatly incorporated by reference.
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CLAIMS

What is claimed is:

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
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, Vall2, and/or Glul3 of SEQ ID
NO: 1.

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.

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.

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 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
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,
Vall2, and/or Glul3 of SEQ ID NO: 1.

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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10.

11.

The use of claim 4, wherein the plasmid is in a form of gold-coated plasmid DNA-

complex.

Immunized sera for use in 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 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 has
one or more amino acid residue substitutions at position corresponding to Asn8, Arg9,
Vall2, and/or Glul3 of SEQ ID NO: 1.

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

amino acid residue substitution at the Asn8 with Arg.

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

dependent enhancement of the dengue virus infection.

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

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 comprise
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, Vall12, and/or Glul3 of SEQ ID NO: 1.
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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.

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
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, Vall12, and/or Glul3 of SEQ ID
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.

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
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, Vall2, and/or Glul3 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.

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

complex.

27





