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The pathogenesis of dengue hemorrhagic fever and dengue
shock syndrome (DHF/DSS), both serious complications of den-
gue virus (DV) infection, remains unclear. In this study, we
found that anti-DV NS1 (nonstructural protein 1) polyclonal
antibodies cross-reacted with human umbilical vein endothelial
cells (HUVECs). We further identified a complex-specific mAb,
DB16-1, which could recognize DV NS1 and cross-react with
HUVECs and human blood vessels. The target protein of
DB16-1 was further purified by immunoaffinity chromatogra-
phy. LC-MS/MS analysis and co-immunoprecipitation revealed
that the target protein of DB16-1 was human LYRIC (lysine-rich
CEACAMI1 co-isolated). Our newly generated anti-LYRIC
mAbs bound to HUVECs in a pattern similar to that of DB16-1.
The B-cell epitope of DB16-1 displayed a consensus motif, Lys-
X-Trp-Gly (KXWG), which corresponded to amino acid resi-
dues 116-119 of DV NS1 and mimicked amino acid residues
334-337 in LYRIC. Moreover, the binding activity of DB16-1 in
NS1 of DV-2 and in LYRIC disappeared after the KXWG epitope
was deleted in each. In conclusion, DB16-1 targeted the same
epitope in DV NS1 and LYRIC protein on human endothelial
cells, suggesting that it might play a role in the pathogenesis of
DHE/DSS. Future studies on the role of the anti-NS1 antibody in
causing vascular permeability will undoubtedly be performed
on sera collected from individuals before, during, and after the
endothelial cell malfunction phase of a dengue illness.

Dengue virus (DV),” a flaviviridae, causes diseases ranging
from mild dengue fever to severe syndromes, such as DHF and
DSS (1, 2). Primary DV infection often leads to a painful but
nonfatal dengue fever and protects patients from reinfection of
DV of the same serotype. However, secondary infection with
DV of a different serotype can trigger the more severe and
potentially fatal DHF or DSS (1, 3). The clinical presentations of
DHE/DSS include thrombocytopenia, vascular leakage, hemor-
rhage, and complement activation. Because little is known
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about the pathogenic mechanisms underlying these disorders,
no effective strategy has been developed to prevent their occur-
rence (4, 5).

Several theories have been proposed to explain the patho-
genesis of the DHE/DSS. One of them is antibody-dependent
enhancement. It is theorized that upon the second infection by
DV of different serotype, monocytes and/or macrophages
enhance uptake of complexes of virus with non-neutralizing
antibodies, subneutralizing cross-reactive antibodies, or low
titer neutralizing antibodies through the Fc receptor (1, 6).
Hence, the increased viral load induces the plasma leakage or
hemorrhage in DHF/DSS. It has been proposed that host
immune reactions, including complement activation, immune
cell activation, cytokine production, and immune deviation, are
involved in the initiation of DHF/DSS (7-10). Others suggest
that viral virulence may play a role in the pathogenesis of DHF/
DSS (11, 12). However, although many theories have been put
forward, the main mechanism underlying the development of
DHE/DSS remains unknown.

Several viruses have similar antigenic determinants that
make them able to mimic host proteins (13, 14), a phenomenon
known as molecular mimicry. These viruses often initiate the
generation of autoantibodies against the host’s own tissues (15—
17). The presence of cross-reactive antibodies against endothe-
lium after infection by human cytomegalovirus (hCMYV),
Epstein-Barr virus, and HIV is well documented (17-19). The
association of the autoantibody induced by hCMYV infections
and systemic sclerosis is a good example. The serum antibodies
that induce endothelium apoptosis in patients of systemic scle-
rosis also recognize the late protein UL94 of hCMV (17). The
clinical onset of systemic sclerosis is associated with the gener-
ation of pathogenetic autoantibodies by chronic infection of
hCMYV (20, 21). However, vascular permeability and DHF/DSS
in dengue is transient. Mouse polyclonal antibodies against
DV-2 NS1 have been found able to cross-react with human
endothelium (22, 23). Moreover, serum antibodies from den-
gue fever and DHF patients can bind to HUVECs (23, 24). Once
the binding occurs, endothelial cells undergo nitric oxide-me-
diated apoptosis (23), an effect that can be blocked by recom-
binant NS1 protein (24). Together, these findings suggest that
the endothelial dysfunction caused by the induction of auto-
antibodies through host-virus interplay may be one of the factors
in the pathogenesis of DHF/DSS. Understanding the molecular
target of DV autoantibodies may, therefore, be important for
diagnosis and the design of a suitable safe vaccine against this
viral disease.
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In this study, we generated many anti-DV mAbs and success-
fully identified an anti-DV NS1 mAb, DB16-1, which was found
to cross-react with HUVECs and human blood vessels. The
protein targeted by DB16-1 was isolated by immunoprecipita-
tion and designated LYRIC (lysine-rich CEACAMI co-iso-
lated), a finding further confirmed by mass spectrometry.
LYRIC protein is also called metadherin (25), 3D3 (26), or
AEG-1 (astrocyte-elevated gene-1) (27) and is highly conserved
between species (26). However, its biological function remains
unclear. Using phage display to identify the B-cell epitope of
DB16-1, we found that DV NS1 and LYRIC contained similar
epitopes that may induce the production of an autoantibody.
These findings suggest that DB16-1 might act as an autoanti-
body against LYRIC on endothelial cells and lead to the tran-
sient vascular leakage in DHF/DSS.

EXPERIMENTAL PROCEDURES

Cells and Viruses—Preparation of the four serotypes of den-
gue viruses, DV-1 (Hawaii), DV-2 (New Guinea C), DV-3
(H87), and DV-4 (H241), was as previously descried (28).
HUVECs were purchased and grown in EGM-2 medium
(LONZA).

Preparation of NSI and Viral Particles of Four Serotypes of
DV—DV-infected C6/36 cultured supernatant was applied to
DB20-6 (an anti-NS1 mAb)- or 4G2 (an anti-Envelop protein
mAb)-coupled protein G-Sepharose 4 Fast Flow gel (GE
Healthcare). The antibody-conjugated affinity columns were
washed with PBS. The NS1 proteins or viral particles were
eluted with elution buffer (Thermo Scientific, Rockford, IL) and
neutralized with 1 m Tris-HCI, pH 9.1.

Immunofluorescence—HUVECs were grown on coverslips
and then rinsed with PBS and fixed with 2% paraformaldehyde,
followed by incubation with mouse anti-NS1 hyperimmune
sera (1:500 dilution), DB16-1 (10 mg/ml), 4G2 (10 pg/ml)
antibodies, and normal mouse sera (1:500 dilution) or nor-
mal mouse IgG (NMIgG) (10 ug/ml) for 1 h at room temper-
ature. The coverslips were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated anti-mouse IgG (Jackson
ImmunoResearch) for 30 min at room temperature. To ver-
ify that DB16-1 cross-reacted with human endothelium,
lung cancer tissue sections were cut at 4 wm, deparaffinized
in xylene, hydrated in descending alcohol, and rinsed with
PBS. Sections were boiled with 0.01 M citrate buffer, pH 6.0,
in a high pressure cooker for 5 min to retrieve antigenicity.
Then the sections were incubated with DB16-1 and biotin-
ylated Ulex europaeus agglutinin-I (Vector Laboratories,
Burlingame, CA) for 1 h at room temperature. The sections
were then treated with phycoerythrin-conjugated anti-
mouse IgG (Jackson ImmunoResearch) and FITC-conju-
gated streptavidin (Thermo Scientific, Waltham, MA) for 30
min at room temperature. The slides were counterstained
with mounting medium containing Hoechst 33258 (Molec-
ular Probes, Inc., Eugene, OR) and analyzed under a fluores-
cent microscope.

ELISA—HUVECs were grown on 96-well plates, fixed with
2% paraformaldehyde, and blocked with 1% bovine serum
albumin (BSA) in PBS (blocking buffer). Diluted anti-DV NS1
or anti-DV viral particle mouse sera were incubated with
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HUVECs. The plates were washed with PBS containing 0.1%
Tween 20 (PBST,, ;) and treated with HRP-conjugated anti-mouse
IgG (Jackson ImmunoResearch). After washing with PBST,, ;,
the plates were incubated with the peroxidase substrate
o-phenylenediamine dihydrochloride (Sigma-Aldrich). The
reaction was stopped with 3 N HC], and the plates were read
using a microplate reader at 490 nm.

Generation of mAbs—The production of mAbs against
D2NS1 and human recombinant LYRIC was generated follow-
ing a standard procedure (29) with slight modifications (30).
Briefly, female BALB/c mice were immunized intraperitoneally
with purified D2NS1 or LYRIC four times at 3-week intervals.
On day 4 after the final boost, lymphocytes were harvested from
the immunized mouse spleen and fused with NSI/1-Agd-1
myeloma cells by 50% polyethylene glycol (Invitrogen). The
fused cells were resuspended in DMEM containing 20% fetal
calf serum (FCS), hypoxanthine-aminopterin-thymidine, and
hybridoma cloning factor (ICN Biomedicals, Aurora, OH). All
animal experiments were performed as per the guidelines of
the National Laboratory Animal Center. The protocol was
approved by the Committee on the Ethics of Animal Experi-
ments of Academia Sinica. To confirm the specificity of anti-
bodies, cultured hybridoma supernatant was incubated with
DV-2 virus-infected C6/36 cells or coated with purified LYRIC
(1 wg/ml) protein in 0.1 M NaHCO;, pH 8.6 (coating buffer), as
described under “ELISA.” Hybridoma cell lines were grown in
DMEM with 10% FCS. Ascites were generated in pristane-
primed BALB/c mice and mAbs purified with protein G-Sep-
harose 4 Fast Flow gel.

Western Blotting—For specificity of DB16-1, the protein
extracts prepared from DV-1-, DV-2-, DV-3-, and DV-4-in-
fected C6/36 cell lysates were mixed with an equal volume of the
Laemmli sample buffer (Bio-Rad) containing 5% [-mercapto-
ethanol (Bio-Rad), separated by SDS-PAGE, and transferred
to nitrocellulose (NC) membrane (Millipore, Billerica, MA).
The membrane was blocked with 5% skimmed milk in PBS and
then incubated with DB16-1. For identification of DB16-1
epitope, the NC membrane was incubated with DB16-1 and
different concentrations of SP16-1 (LKYSWKTWGKAK,
matched to amino acid residues 111-122 of D2NS1) or control
peptide P7M (SHRLHNTMPSES) (30). To characterize the
anti-LYRIC antibodies, mAbs Lyric 1-7, Lyric 2-1, Lyric 3-13,
and Lyric 4-7 were incubated with NC membranes prepared
from cell lysates of HUVECs and COLO 205, which is a colon
cancer cellline overexpressing LYRIC. DB16-1 and anti-metad-
herin (anti-Mid) (Zymed Laboratories Inc., San Francisco, CA),
which is a commercial anti-LYRIC antibody, served as a posi-
tive control. For the competitive inhibition assay, mAbs were
incubated with synthetic peptides SP16-1, SP-Ly (NTNGKD-
WGRS, matched to amino acid residues 330-339 of LYRIC),
and SP5-52 (SVSVGMKPSPRP) (31). The anti-V5 antibody
(Invitrogen) allows the detection of recombinant proteins con-
taining the V5 epitope. After washing with PBST, ;, the blots
were then incubated with HRP-conjugated anti-mouse or anti-
rabbit IgG (Jackson ImmunoResearch) and developed with the
use of enhanced chemiluminescence reagents (Thermo Scien-
tific, Rockford, IL).
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Flow Cytometry—HUVECs were detached with 2 mm EDTA
and washed with PBS. The cells (1 X 10°) were incubated with
the following antibodies: mouse anti-human CD31 (BD Biosci-
ences), DB16-1, Lyric 1-7, Lyric 2-1, Lyric 3-13, and Lyric 4-7
for 1 h at 4°C. They were then probed with phycoerythrin-
conjugated anti-mouse IgG (Jackson ImmunoResearch) for 30
min at 4 °C. After the final wash, the cells were resuspended
with 1% FBS in PBS and analyzed by flow cytometry (BD
Biosciences).

TUNEL Staining—HUVECs were cultured to ~80% conflu-
ence on coverslips and incubated with DB16-1 or 4G2 (50
pg/ml) in serum-free medium for 24 h at 37 °C in a 5% CO,
incubator. After rinsing with PBS, the cells were fixed with 4%
paraformaldehyde for 20 min at 4 °C and permeabilized with
0.2% Triton X-100 for 5 min at room temperature, followed
by incubation with TUNEL reaction mixture (Roche Applied
Science) for 1 hat 37 °C. The slides were counterstained with
DAPI (Vector Laboratories) and visualized under a fluores-
cent microscope.

Complement-dependent Cytotoxicity—HUVECs or LYRIC-
transfected HEK293T cells were harvested (1 X 10° cells/reac-
tion) and incubated with DB16-1 and 4G2 (50 ug/ml) for 1 h at
4 °C. After centrifugation, the supernatant was removed, and
cells were washed with 1% FBS in PBS. The HUVECs were then
resuspended at a density of 1 X 10° cells/ml in EGM-2 serum-
free medium and incubated with Low-Tox-M rabbit comple-
ment (1:20 dilution; Cedarlane Laboratories Ltd., Hornby, Can-
ada) for 4 h at 37°C in a 5% CO, incubator to facilitate
complement-mediated cell lysis. Cell lysis was determined by
flow cytometry following propidium iodide staining (1 ug/ml).
Propidium iodide-positive cells were defined as a percentage of
total cells (32, 33).

Immunoprecipitation—HUVECs (1 X 107) were lysed with
lysis buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% Nonidet
P-40) supplemented with a protease inhibitor mixture tablet
(Roche Applied Science) and kept on ice for 30 min. Cell lysate
was prepared at 10,000 X g for 15 min at 4 °C. The supernatant
was incubated with DB16-1, and then the immunocomplex was
precipitated by protein G-Sepharose (GE Healthcare). After
washing, the proteins binding to DB16-1 were eluted with 0.2 m
glycine, pH 2.5, 150 mMm NaCl, and 1% Nonidet P-40, and the
eluates were neutralized with 1 M Tris-HCI, pH 9.1. The eluates
were fractionated in SDS-PAGE and immunoblotted with
DB16-1. The band of interest was cut from the gel; reduced with
50 mm dithioerythreitol in 25 mm ammonium bicarbonate, pH
8.5, for 1 h at 37 °C; and alkylated with 100 mm iodoacetamide
in ammonium bicarbonate in the dark for 1 h at room temper-
ature. After washing with 50% acetonitrile in ammonium bicar-
bonate, the gel was soaked in 100% acetonitrile and incubated
with 0.02 ug of trypsin for 16 h at 37 °C. The digested peptides
were extracted with 50% acetonitrile in 5% TFA and concen-
trated using a concentrator (Eppendorf, Hamburg, Germany).
The sample was analyzed by LC-MS/MS sequencing in the
Core Facility for Proteomics and Structural Biology Research at
Academia Sinica.

Co-immunoprecipitation—HUVEC cell lysates were co-im-
munoprecipitated with anti-Mid (2 ug/ml) and DB16-1 (5
png/ml) antibodies for 1 h at 4 °C. The immunocomplex was
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then coupled to protein G-Sepharose (GE Healthcare). Samples
were Western blotted with anti-Mid (Zymed Laboratories Inc.)
and DB16-1 antibodies following the same procedures as
described above under “Western Blotting.”

Phage Display Biopanning—The 8-well module was coated
with 100 wg/ml DB16-1 and blocked at 4 °C overnight. A phage-
displayed peptide library (New England Biolabs, Inc.) was
diluted to 4 X 10'° phages and incubated with the DB16-1-
coated well for 50 min at room temperature. After washing with
PBS containing 0.5% Tween 20 (PBST, ), the bound phages
were eluted with 0.2 M glycine, pH 2.2. The eluates were neu-
tralized with 1 m Tris-HCI, pH 9.1. The eluted phages were
amplified in an ER2738 (New England Biolabs, Inc.) overnight
culture, which was vigorously shaken for 4.5 h at 37 °C. The
amplified phages were precipitated with 20% polyethylene gly-
col 8000 in 2.5 M NaCl (PEG/NaCl) at 4 °C overnight. The
phages were centrifuged for 20 min at 8,000 X g at 4 °C and
suspended with PBS. The phages were reprecipitated with
PEG/NaCl, isolated by centrifugation at 4 °C for 10 min, and
resuspended in PBS. The amplified phages were titered on LB/i-
sopropyl-B-p-thiogalactoside/X-gal plates. The second round
was identical to the first one except for the addition of 2 X
10" plaque-forming units (pfu) from previously amplified
phages. The third round of biopanning was performed once
again with 2 X 10" pfu of second round-amplified phages.
The third round-eluted phages were titered on LB/isopro-
pyl-B-p-thiogalactoside/X-gal plates and selected for ELISA.

Identification and Sequencing of Immunopositive Phage
Clones—The ELISA plate was coated with 50 wg/ml DB16-1 or
NMIgG in coating buffer for 2 h at room temperature and
blocked with blocking buffer at 4 °C overnight. The diluted
phages were incubated with coated plates for 1 h at room tem-
perature. After washing, the bound phages were probed with
HRP-conjugated mouse anti-M13 mAb (GE Healthcare Biosci-
ences) following the same procedures described above under
“ELISA.” The immunopositive phage clones were further
sequenced with the —96 primer 5'-CCCTCATAGTTAGCG-
TAACG-3', which corresponded to the plIII gene sequence of
M13 phage. The phage-displayed peptide sequences were
translated with the ExPASy Proteomics Server.

Phage Binding Assay—ELISA plates were coated with
DB16-1 at a concentration of 10 ug/ml and blocked with block-
ing buffer at 4 °C overnight. The plates were incubated with
PC16-10 and control phage HB47-1 (34), which were serially
diluted from 10° to 10* pfu and O pfu. After washing with
PBST, ,, the plate was incubated with HRP-conjugated anti-
M13 mAb (GE Healthcare) for 1 h at room temperature and
following the same procedures described under “ELISA.”

Antibody Binding and Competitive Inhibition Assay—For the
binding assay, SP16-1, SP-Ly, and arbitrary control peptide
SP5-52 were coated at a concentration of 5 ug/ml. DB16-1 was
serially 2-fold diluted from 0.5 to 0.007 ug/ml for SP16-1 and
3-fold diluted from 10 to 0.013 ug/ml for SP-Ly and then incu-
bated for 1 h at room temperature. For the competitive inhibi-
tion assay, SP-Ly was coated at a concentration of 5 ug/ml and
incubated with the mixture of DB16-1 (1 ug/ml) and SP16-1
or control L-peptide (RLLDTNRPLLPY) (35) (2-fold dilu-
tion from 50 to 0.05 ug/ml) for 1 h at room temperature. The
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FIGURE 1. Anti-DV NS1 antibodies cross-react with HUVECs and human blood vessels. A, ELISA revealed that anti-DV NS1 antibodies cross-reacted with
HUVECs, whereas anti-DV viral particle antibodies did not. B, anti-NS1 hyperimmune sera induced by four serotypes of dengue viruses (g, b, ¢, and d) contained
antibodies bound to HUVECs by an immunofluorescence assay. C, NS1 protein of four serotypes of dengue viruses could be recognized by mAb DB16-1 by
Western blot analysis. D, DB16-1 cross-reacted with HUVECs (a), whereas NMIgG (b) 4G2 (c) normal mouse sera (NMS) (d) did not. £, DB16-1 (b) bound to human
blood vessels by immunofluorescent double staining (c). U. europaeus agglutinin-I (UEA-) (a), a lectin expressed on human endothelium, was used as a marker
for human vasculature. The nuclear staining was performed by Hoechst 33258 (H33258) (E, d). Cell images were acquired at X400 magnification (Band E) and

X200 magnification (D). The values were presented as the mean = S.D.

plates were probed with HRP-conjugated anti-mouse IgG
(Jackson ImmunoResearch) following procedures described
under “ELISA.”

Construction and Expression of Recombinant Proteins—The
full-length D2NS1 (New Guinea C Strain) cDNA was cloned to
pcDNAS3.1 vector (Invitrogen). The full-length LYRIC cDNA
was cloned to pET151-directional TOPO vector (Invitrogen).
The deleted forms of D2NS1 (amino acid residues 116-119
deleted) and LYRIC (amino acid residues 334-337 deleted)
were established using the site-directed mutagenesis. The
pcDNA3.1-D2NS1 and pcDNA3.1-D2NS1-d116-119 plas-
mids were transfected to BHK21 cells with Lipofectamine 2000
(Invitrogen), and the cell lysates were prepared with radioim-
mune precipitation assay buffer (150 mm NaCl, 10 mm Tris-
HCl, pH 7.5, 5 mm EDTA, 1% Triton X-100, 0.1% SDS, and
1% sodium deoxycholate). The pET151-LYRIC and pET151-
LYRIC-d334-337 plasmids were introduced into Escherichia
coli BL21 (DE3) (Invitrogen). The LYRIC proteins were
induced by 1 mm isopropyl-B-p-thiogalactoside and purified
with nickel-Sepharose 6 Fast Flow (GE Healthcare). The full-
length and deleted forms of D2NS1 and LYRIC proteins were
analyzed with DB16-1 and anti-V5 antibodies following the
same procedures described under “Western Blotting.”

Statistical Analysis—Statistical results were tested using
unpaired Student’s £ tests as appropriate. p < 0.05 was consid-
ered significant.

RESULTS
Serum Antibody against DV NSI Cross-reacts with Human

Endothelial Cells—To identify the anti-endothelium autoanti-
bodies, we performed cellular ELISA of HUVECs with hyper-
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immunized sera from mice challenged by purified NS1 proteins
or viral particles of four serotypes of DV. We found that anti-
bodies against DV NS1 proteins bound to HUVECs, whereas
antibodies against DV viral particles did not (Fig. 14). To test
whether antibodies against DV NS1 proteins would react with
HUVECs, an immunofluorescent assay was performed. We
found that sera from mice immunized with four serotypes of
NS1 proteins could recognize HUVECs (Fig. 1B). Taken
together, it is plausible that anti-DV NS1 antibodies simultane-
ously cross-reacted with endothelial cells.

A mAb Recognizes DV NS1 and Cross-reacts with HUVECs
and Human Blood Vessels—It is difficult to use polyclonal anti-
bodies to identify the target proteins of the anti-endothelium
autoantibodies. Therefore, we generated more than 100 mAbs
and screened the candidate autoantibodies by cellular ELISA.
We found a mAb, DB16-1, to have a relatively high reactivity
with HUVECs and to be able to recognize the NS1 protein of all
four dengue virus subtypes (Fig. 1C). We further validated the
reactivity of DB16-1 by an immunofluorescent assay and found
that this mAb but not 4G2 (a mAb against the envelope protein
of DV), normal mouse IgG (NMIgG) or normal mouse serum
could recognize HUVECs (Fig. 1D). We further investigated
whether DB16-1 could bind to human blood vessels by double
immunostaining. We found that DB16-1 could bind to the
blood vessels in surgical specimens of human lung tissues
through immunofluorescent localization (Fig. 1E, b). The target
protein of DB16-1 was found to be co-localized with an endo-
thelial marker, U. europeus agglutinin-I, in the blood vessels of
human lung tissues (Fig. 1E, c). The nuclear staining was per-
formed by Hoechst 33258 (Fig. 1E, d).
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FIGURE 2. DB16-1 bound to HUVECs and induced cell apoptosis. A, the presence of a right-shifted peak in the flow cytometry indicated DB16-1 bound to
HUVECs. Anti-CD31 and 4G2 antibodies were used as the positive and negative control, respectively. B, the percentage of DB16-1 binding to HUVECs was
quantified. These data are presented as the mean =+ S.D. (error bars) of three independent experiments. *, p < 0.05; **, p < 0.01; ***,p < 0.001.C, DB16-1 induced
apoptosis of HUVECs by TUNEL staining, whereas this phenomenon was not observed in 4G2-treated HUVECs. The nuclear staining was performed by DAPI.
Cellimages were acquired at X200 magnification. D, complement-dependent cytotoxicity assay was demonstrated by flow cytometry following staining with
propidium iodide in HUVECs treated with complement alone, DB16-1 with complement, or 4G2 with complement. PE, phycoerythrin.

Because DB16-1 could bind to HUVECs in immunofluores-
cence staining (Fig. 1D), we used flow cytometry to examine the
HUVEC binding activity of DB16-1. The presence of a right-
shifted peak indicated that the DB16-1 bound to HUVECs (Fig.
2A). Notably, all of the HUVECs were recognized by the endo-
thelial marker CD31, but only some of them (39%) were recog-
nized by DB16-1 (Fig. 24). Meanwhile, 4G2 did not bind to
HUVECSs (Fig. 2, A and B, and supplemental Fig. S2). To inves-
tigate the hypothesis that dengue NS1 antibodies damage
endothelial cells, we tested whether DB16-1 could induce endo-
thelial cell damage by TUNEL and a complement-dependent
cytotoxicity assay. We found that DB16-1 but not 4G2
enhanced HUVECs apoptosis by a TUNEL assay (Fig. 2C).
Complement-dependent cytotoxicity assay also demonstrated
that more HUVECs (45%) underwent lysis after binding to
DB16-1 than binding to 4G2 did (31%) (Fig. 2D). These two
experiments confirm that endothelial damage occurred after
binding of autoantibody DB16-1.

Identification of the Target Protein of DB16-1, LYRIC, in
HUVEC Cells—Since molecular mimicry is one of the mecha-
nisms contributing to the link between infection and autoim-
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munity (36, 37), we were curious to find out if the DB16-1 target
protein is expressed on human endothelium. The target pro-
teins were immunoprecipitated from extracts of HUVECs with
DB16-1. Western blotting demonstrated that DB16-1 recog-
nized a target protein with a molecular mass of 80 kDa (Fig. 34).
The corresponding band was harvested in silver-stained gel.
After in-gel digestion, four peptides were found to have
sequences identical to that of the human LYRIC protein by
LC-MS/MS sequencing (Fig. 3B). We used immunoaffinity
purification to further confirm that human LYRIC protein was
the target of DB16-1. Because it was difficult to harvest suffi-
cient HUVECs for immunoaffinity purification of the DB16-1
target, we screened several cancer cell lines and identified
COLO 205, a colon cancer cell line that highly expresses the
target protein of DB16-1 (data not shown). The purified protein
from a DB16-1-conjugated affinity column was further con-
firmed to be a human LYRIC protein by LC-MS/MS sequencing
(supplemental Fig. S1A4). The co-immunoprecipitations using
DB16-1 and a commercial anti-LYRIC antibody (anti-Mid)
revealed that these two antibodies recognized the same target
in HUVECs (Fig. 3C) and COLO 205 (supplemental Fig. S1B)
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FIGURE 3. Identification of the target protein of DB16-1 from HUVECs. A, the target protein was immunoprecipitated from HUVEC lysate by DB16-1 and
analyzed by silver staining and Western blotting. B, peptide sequences of the target protein through LC-MS/MS analysis are marked. The peptide in red
highlights the sequences present in LYRIC protein. C, co-immunoprecipitation (/P) of HUVEC lysates with DB16-1 antibody and a commercial polyclonal
anti-LYRIC (anti-Mid) antibody and subsequent immunoblotting with anti-Mid and DB16-1 antibodies. These two antibodies recognized the same target in
HUVECs. D, HEK293T cells expressing full-length LYRIC were analyzed by flow cytometry. DB16-1 bound to LYRIC-expressed HEK293T cells in a dose-dependent
manner. Isotype mAb and 4G2 antibodies were used as negative controls. Red line, 50 ug/ml; blue line, 12.5 ng/ml; green line, 3.1 wg/ml; purple line, 0.78 wg/ml;
pink line, 0.19 ug/ml; black line, 0 wg/ml. E, complement-dependent cytotoxicity assay was performed by flow cytometry in LYRIC-expressed HEK293T cells
treated with complement alone, DB16-1 (50 wg/ml) plus complement, isotype mAb (50 wg/ml) plus complement, and 4G2 (50 wg/ml) plus complement.

cells. To further confirm that DB16-1 could bind to LYRIC-
expressed cells, we transfected the LYRIC gene into HEK293T
cells and tested the binding activity of DB16-1 by flow cytom-
etry. The results revealed that BD16-1 but not control antibod-
ies recognized LYRIC-expressed HEK293T cells (Fig. 3D). Fur-
thermore, DB16-1 was also demonstrated to enhance the cell
undergoing lysis through a complement-dependent cytotoxic-
ity assay. LYRIC-transfected HEK293T cells treated with
DB16-1 had a higher percentage of apoptotic cells (57%) than
those treated with the isotype mAb (18%) or 4G2 (18%) (Fig.
3E). These data strongly suggest that both NS1 of dengue
viruses and human LYRIC protein are targets of DB16-1.
DBI16-1 and Anti-LYRIC Antibodies Recognize LYRIC Protein
and HUVECs—To confirm that DB16-1 recognized LYRIC
protein, we cloned and expressed human LYRIC protein and
generated mAbs against this protein. Using ELISA and Western
blotting screening, we identified four novel monoclonal anti-
bodies against LYRIC protein, Lyric 1-7, Lyric 2-1, Lyric 3-13,
and Lyric 4-7. These four anti-LYRIC mAbs, DB16-1, and anti-
Mid recognized recombinant LYRIC protein (Fig. 44, left).
LYRIC protein expressed by COLO 205 cells and HUVECs was
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also recognized by these antibodies (Fig. 44, right). Flow cytom-
etry further confirmed that HUVECs expressed LYRIC, and
this protein could be recognized by DB16-1 and anti-LYRIC
antibodies (Fig. 4, B and C). These results indicated that LYRIC
was expressed on the cell surface of HUVECs, and anti-DV NS1
antibody cross-reacted with these cells through LYRIC.
Identification and Characterization of the B-cell Epitope of
DB16-1—To investigate the molecular mechanism underlying
DB16-1 cross-reaction with LYRIC, we identified the precise
binding epitope of DB16-1 using a phage-displayed random
peptide library. After three rounds of phage display biopanning,
18 of the 20 random selected phage clones were found by ELISA
to be significantly reactive to DB16-1 but not to control anti-
body NMIgG (Fig. 5A4). Through alignment of the peptides dis-
played by selected phage clones, a consensus motif was unrav-
eled as KXWG in most selected phage clones (Table 1). It was
interesting to note that this consensus motif matched the
amino acid residues 116—119 in NS1 of four dengue virus sub-
types (Table 1). To confirm the specificity of the selected phage
clones, ELISA plates coated with DB16-1 were incubated with
control phage HB47-1 and phage clone PC16-10, the most
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FIGURE 4. LYRIC is the target protein of DB16-1. A, human recombinant LYRIC protein was recognized by DB16-1 and anti-Mid in Western blotting. Similarly,
four newly generated anti-LYRIC mAbs, Lyric 1-7, Lyric 2-1, Lyric 3-13, and Lyric 4-7, also bound to the LYRIC protein (left). Expression of LYRIC in COLO 205 and
HUVECs was recognized by all of these antibodies (right). B, a right-shifted peak in the flow cytometry indicates DB16-1, Lyric 1-7, Lyric 2-1, Lyric 3-13, and Lyric
4-7 binding to HUVECs. CD31 and 4G2 antibodies were used as a positive and negative control, respectively. C, the binding activities of these mAbs to HUVECs
were quantified and are presented as the mean = S.D. (error bars) of three independent experiments. *, p < 0.05; **, p < 0.01.
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FIGURE 5. Identification and characterization of the B-cell epitope of DB16-1. A, phage clones with high affinity to DB16-1 were selected through ELISA
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bound to DB16-1 specifically, but control phage HB47-1 did not. C and D, synthetic peptide corresponding to D2NS1 protein (SP16-1) bound with DB16-1 in
a dose-dependent manner. NMIgG served as the negative control. E, competitive inhibition of DB16-1 binding to D2NS1 by SP16-1 was confirmed by Western
blotting. Control peptide P7M had no such effect. The values were presented as the mean = S.D.

homologous to DV NS1. We found that PC16-10 bound specif-  ner. In contrast, control peptide SP5-52 was not recognized by
ically to DB16-1 in a dose-dependent manner, but control DB16-1 (Fig. 5C). Control antibody NMIgG did not bind to
phage did not (Fig. 5B). A synthetic peptide, SP16-1 (LRYSWK-  SP16-1 and SP5-52 (Fig. 5D). Furthermore, peptide competi-
TWGKAK), corresponding to amino acid residues 111-122 of  tion assay indicated that binding activity of DB16-1 to D2NS1
D2NS1, was recognized by DB16-1 in a dose-dependent man-  protein was competitively inhibited by SP16-1 in a dose-depen-
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TABLE 1
Alignment of phage-displayed peptide sequences selected by DB16-1
Clone Insert”
PC16-1 V D Q N A K S W G Q M K
PC16-3 Q S Y S A K M W G Q G
PC16-4, 15 S T D 1 I S W K H W G S
PC16-5, 6 E H W P Q W G L A L K R
PC16-7 T N L E T L K Q W G F P
PC16-8, 13,19 G N P A P W K D W G S A
PC16-9 Q S D K H W G M A T P P
PC16-10 D F Y S W K H W G S T T
PC16-11 Y D N K E W G I A R P N
PC16-12 T P P P T Y K L W G A L
PC16-14 S S s K T W G A P L Y Y
PC16-17 S S N D T K A W G F A V
PC16-18 D Y R S W G A V P L Q L
PC16-20 N S S S N K H W G S V P
DEN-1° E H K Y S W K T W G K A K
DEN-2° E L K Y S W K T W G K A K
DEN-3? E L K Y S W K T W G L A K
DEN-4" D L K Y S W K T W G K A K

“ Phage-displayed consensus amino acids are shown in boldface type.
» Amino acid sequence of residues 110122 of the NS1 protein of dengue virus.

dent manner, but an arbitrary control peptide P7M was incapa-
ble of inhibiting the binding activity of DB16-1 (Fig. 5E). These
results suggested that DB16-1 recognized the epitope corre-
sponding to amino acid residues 111-122 of NS1 of dengue
viruses.

NS1 Protein of Dengue Viruses and LYRIC Protein Contain
the Same Binding Motif for DB16-1—When comparing amino
acid sequence of DV NS1 and LYRIC proteins, we found a
KXWG sequence that corresponded to human LYRIC amino
acid residues 334-337 (Fig. 6A). To determine whether the
KXWG motif in LYRIC was crucial for the binding of DB16-1,
we performed a peptide binding assay. Synthetic peptide SP-Ly
(NTNGKDWGRS) representing amino acid residues 330 -339
of human LYRIC was recognized by DB16-1 in a concentration-
dependent manner (Fig. 6B). The same concentration of con-
trol peptide SP5-52 did not react to DB16-1 (Fig. 6B). More-
over, peptide competitive inhibition assay showed that SP16-1
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but not control peptide dose-dependently inhibited the binding
activity between SP-Ly peptide and DB16-1 (Fig. 6C). Western
blot analysis also revealed that SP16-1 but not control peptide
SP5-52 could inhibit DB16-1 binding to HUVECs and COLO
205 cells in a dose-dependent manner (Fig. 6D). To confirm
that the KXWG motif was important for DB16-1 binding to
DV NS1 and LYRIC protein, we expressed D2NS1 and
LYRIC deletion mutants without the KXWG motif. Western
blot analysis of these recombinant proteins revealed that
DB16-1 could recognize D2NS1 (Fig. 6E) and LYRIC (Fig.
6F) proteins. However, DB16-1 did not recognize these pro-
teins when the KXWG motif in D2NS1 or LYRIC was deleted
(Fig. 6, E and F). Furthermore, truncated LYRIC 1-340 pro-
tein containing the KXWG motif was detectable by DB16-1,
whereas truncated LYRIC 1-333 protein without the KXWG
motif was not (Fig. 6F). These results strongly suggested that
the KXWG consensus motif in NS1 of dengue viruses molec-
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internal control. The values were presented as the mean = S.D.

ularly mimicked human LYRIC and could be recognized by
autoantibody DB16-1.

DISCUSSION

The molecular mechanisms that cause vascular leakage and
hemorrhage after DV infection are not clear. There is some
evidence suggesting that autoantibody binding to endothelium
might be induced after DV infection (22-24). However, the
exact mechanism underlying the molecular mimicry of autoan-
tibodies is unclear. In this study, we found that the antibodies to
DV induced in mice were cross-reactive with endothelial cells
(Fig. 1, A and B). These results are consistent with previous
studies reporting that those polyclonal antibodies against
D2NS1 cross-reacted with endothelial cells (22, 23). Anti-NS1
polyclonal antibodies from dengue patients have also been
shown to cross-react with endothelial cells and induce endo-
thelial cell apoptosis via a caspase-dependent pathway (24).
These results, therefore, suggest the possible involvement of
autoantibody reactions in dengue viral infection. To study the
mechanism underlying the molecular mimicry of dengue
autoantibodies, we generated many mAbs against DV. From
these mAbs, we identified a mAb, DB16-1, that could recognize
HUVECs and human blood vessels (Fig. 1, D and E). To our
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knowledge, this is the first report of a mAb against NS1 of DV
that can cross-react with human endothelial cells (Figs. 1 (D
and E) and 2 and supplemental Fig. S2). Importantly, DB16-1
could induce the apoptosis of HUVECs and cause cell lysis by
activating complement-dependent cytotoxicity (Fig. 2, C and
D). Together, these findings suggest that DB16-1 may be
involved in vascular leakage of endothelium.

The identification of dengue virus-relevant autoantigen is
critical when investigating the immunopathogenetic mecha-
nism of DHF/DDS after DV infection. We isolated the target
protein of DB16-1 from HUVECs and discovered through LC-
MS/MS analysis the target protein to be human LYRIC (Fig. 3,
A and B). Antibody-based immunoaffinity chromatography
further confirmed the target protein of DB16-1 to be human
LYRIC (supplemental Fig. S1B). Co-immunoprecipitation with
DB16-1 and anti-Mid antibodies from HUVECs and COLO 205
cells further verified that LYRIC was the target protein of
DB16-1 (Fig. 3C and supplemental Fig. S1). To further confirm
LYRIC to be the target of DB16-1, we generated LYRIC protein
and anti-LYRIC mAbs. Western blotting showed that DB16-1
recognized LYRIC protein as four anti-LYRIC antibodies: Lyric
1-7, Lyric 2-1, Lyric 3-13, and Lyric 4-7 (Fig. 4A). These findings
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confirmed that DB16-1 was cross-reactive with human LYRIC.
Previously, LYRIC has been reported to be a highly conserved
protein among species (26), and has been found to be associated
with the progression and metastasis of diverse cancers (25, 27,
38), although its cellular function remains unknown.

Itis important to define the B-cell epitope of DB16-1 to iden-
tify the cross-reactive epitope in the host antigen (17, 39-41).
Using phage display, we identified a consensus motif of DB16-1,
KXWG@G, located in amino acid residues 116 —119 in all four sub-
types of DV NS1 proteins (Table 1). The selected phage PC16-
10, not the control phage, bound to DB16-1 in a dose-depen-
dent manner, indicating that PC16-10 interacted with DB16-1
through its displayed peptide rather than another part of the
phage particle (Fig. 5B). The synthetic peptide SP16-1 inhibited
DB16-1 binding to D2NS1 (Fig. 5E), indicating that amino acid
residues 111-122 of the DV NS1 protein made up the B-cell
epitope of DB16-1.

To investigate the molecular mimicry of DV NS1 and LYRIC,
we compared the amino acid sequences of these two proteins.
Interestingly, both proteins contained a KXW G motif (Fig. 6A4),
and this consensus motif was recognized by autoantibody
DB16-1 by the phage display method (Table 1 and Fig. 5). Syn-
thetic peptide SP-Ly, which corresponded to amino acid resi-
dues 330-339 of human LYRIC (Fig. 6A4), was recognized by
DB16-1 in a concentration-dependent manner (Fig. 6B). Fur-
thermore, the ability of DB16-1 to bind to SP-Ly peptide could
be competitively inhibited by SP16-1 peptide (Fig. 6C). These
results indicated that the KXWG motif located both in amino
acid residues 111-122 of the DV NS1 protein and amino acid
residues 330-339 of human LYRIC was the B-cell epitope of
DB16-1. Moreover, SP16-1 inhibited DB16-1 binding to human
LYRIC on HUVECs and COLO 205 cells (Fig. 6D). Western blot
analysis further confirmed that DB16-1 bound to D2NS1 and
human LYRIC through the KXWG motif (Fig. 6, E and F). The
inhibition of autoantibody DB16-1 binding to endothelial cells
by synthetic peptide SP16-1 (Fig. 6D) suggests that this peptide
and LYRIC protein may be used clinically to prevent damage by
autoantibodies.

Systemic sclerosis is an autoimmune disease characterized
by immunological abnormalities, vascular damage, and fibro-
blast proliferation. Autoantibodies against cell surface antigens
may be pathogenic because they induce endothelial cell damage
(42, 43), considered the primary event in the pathogenesis of
the disease. Latent hCMYV infection may contribute to progres-
sion of systemic sclerosis through its ability to infect endothelial
cells (44). A molecular mimicry mechanism links antibodies
against the hCMV-derived late protein UL94 to the pathogen-
esis of systemic sclerosis (17), and increasing levels of antibod-
ies to the HCMV UL94 have been associated with disease sever-
ity (20). Anti-UL94 antibodies induce endothelial cell apoptosis
and activate dermal fibroblasts and have been linked to two
hallmarks of systemic sclerosis, vascular damage and fibrosis
(21). Although systemic sclerosis is associated with generation
of pathogenetic autoantibodies by chronic infection of hCMYV,
the vascular permeability in dengue is transient, so the patho-
genesis of DHF/DSS is complex and still not well understood.
According the clinical course and symptoms of dengue infec-
tion, viremia plateaus approximately 2 days before deferves-
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cence (45), and patients with high vascular permeability are
usually recognized at defervescence and at the end of viremia
(3,46, 47). In this study, we found that DV-induced antibod-
ies were cross-reactive with host LYRIC protein expressed in
endothelium. However, because vascular permeability in
human dengue infection is transient, future studies should
be carried out on groups of human DHF cases at different
time points before, during, and after the onset of vascular
permeability. More research is needed to elucidate the path-
ogenic mechanisms underlying the autoantibodies associ-
ated with DHF/DSS.

In conclusion, this study established a monoclonal anti-
body, DB16-1, that recognized DV NS1 and human LYRIC
on HUVECs. Our experimental evidence of a motif homol-
ogy between NS1 of DV and human LYRIC suggests that
molecular mimicry could potentially be the mechanism
underlying the development of vascular permeability during
a dengue infection.
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