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Molecular Mimicry between Dengue Virus and Coagulation Factors
Induces Antibodies To Inhibit Thrombin Activity and Enhance
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ABSTRACT

Dengue virus (DENV) is the most common cause of viral hemorrhagic fever, and it may lead to life-threating dengue hemor-
rhagic fever and shock syndrome (DHF/DSS). Because most cases of DHF/DSS occur in patients with secondary DENV infection,
anti-DENV antibodies are generally considered to play a role in the pathogenesis of DHF/DSS. Previously, we have found that
antithrombin antibodies (ATAs) with both antithrombotic and profibrinolytic activities are present in the sera of dengue pa-
tients. However, the mechanism by which these autoantibodies are induced is unclear. In this study, we demonstrated that anti-
bodies induced by DENV immunization in mice and rabbits could bind to DENV antigens as well as to human thrombin and
plasminogen (Plg). The binding of anti-DENV antibodies to thrombin and Plg was inhibited by preadsorption with DENV non-
structural protein 1. In addition, affinity-purified ATAs from DENV-immunized rabbit sera could inhibit thrombin activity and
enhance Plg activation both in vitro and in vivo. Taken together, our results suggest that molecular mimicry between DENV and
coagulation factors can induce the production of autoantibodies with biological effects similar to those of ATAs found in dengue
patients. These coagulation-factor cross-reactive anti-DENV antibodies can interfere with the balance of coagulation and fibri-

nolysis, which may lead to the tendency of DHF/DSS patients to bleed.

IMPORTANCE

Dengue virus (DENV) infection is the most common mosquito-borne viral disease in tropical and subtropical areas. Over 50
million DENV infection cases develop each year, and more than 2.5 billion people are at risk of dengue-induced hemorrhagic
fever and shock syndrome. Currently, there is no vaccine or drug treatment for DENV. In the present study, we demonstrated
that DENV immunization could induce thrombin and plasminogen (PIg) cross-reactive antibodies, which were able to inhibit
thrombin activity and enhance Plg activation. These results suggest that molecular mimicry between DENV antigens, thrombin,
and Plg may elicit antibodies that disturb hemostasis. The selection of appropriate candidate antigens for use in DENV vaccines
should prevent these potentially dangerous autoimmune responses.

Dengue viruses (DENVs) are mosquito-transmitted flavivi-
ruses that are frequently found in tropical and subtropical
areas. DENV RNA encodes a polyprotein, including a capsid (C),
premembrane (prM), and envelope (E) protein and 7 nonstruc-
tural (NS) proteins (1). During infection, NS1 is the only NS pro-
tein that can be released into the bloodstream (2, 3). Based on
antigenic differences in the E protein, there are 4 known DENV
serotypes, which are referred to as DENV-1, DENV-2, DENV-3,
and DENV-4. Most dengue virus infections result in mild febrile
illness, which is called dengue fever (DF). However, in approxi-
mately 10% of cases, the disease progresses to severe dengue hem-
orrhagic fever (DHF), which in rare cases may lead to lethal den-
gue shock syndrome (DSS) (4-6).

Abnormal hemostasis and leaky blood vessels are commonly
observed in DHF/DSS patients (7-9). Because DHF/DSS mainly
occurs during secondary DENV infection, a hypothesis involving
antibody (Ab)-dependent enhancement (ADE) has been pro-
posed (10, 11), in which the preexisting antibodies induced by a
previous infection fail to neutralize a subsequent heterotypic se-
rotype infection. Instead, the virus-antibody complex facilitates
the attachment of the virus and its uptake into monocytes and
macrophages via the Fcy receptor. This phenomenon potentially
increases the number of virus-infected cells, leading to an increase
in disease severity (12, 13). An additional hypothesis has been
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proposed, suggesting that the autoimmunity of anti-DENV anti-
bodies contributes to the pathogenesis of DHF/DSS (14, 15).
Many anti-DENV antibodies that are able to cross-react with hu-
man tissues have been found (16, 17). For example, anti-NS1 an-
tibodies can bind to platelets and cause thrombocytopenia in mice
(18, 19). Anti-NS1 antibodies also show cross-reactivity to liver
and endothelial cells and are able to induce damage (20, 21).
Taken together, it is clear that anti-DENV antibodies play impor-
tant roles in the pathogenesis of DHE/DSS.

Hemostasis is a tightly regulated process aimed at maintaining
a delicate physiological balance to prevent bleeding and thrombo-
sis (22). It includes platelet plug formation (primary hemostasis),
coagulation (secondary hemostasis), and fibrinolysis. Secondary
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hemostasis plays a crucial role during aberrant primary hemosta-
sis. A complex series of cascading enzymatic reactions are involved
in the activation of coagulation and fibrinolysis. The coagulation
cascade is activated through an intrinsic or extrinsic pathway, and
these two pathways intersect at thrombin activation. Once throm-
bin is activated, a fibrin clot formation cascade is initiated by the
cleavage of fibrinogen. To remove the fibrin clot, plasminogen
(Plg) is converted to plasmin (Plm) by tissue Plg activator or
urokinase. The fibrin clot is cleaved to a D-dimer and other fibrin
degradation products (FDPs) by plasmin (fibrinolysis). In severe
dengue patients, both primary and secondary hemostasis are in-
hibited, whereas fibrinolysis is hyperactivated (23, 24). Activated
partial thromboplastin time (APTT) is frequently prolonged, and
FDP levels are increased in DHF/DSS patients (9, 25, 26). How-
ever, the role of anti-DENV antibodies in the aberrant hemostasis
observed in DENV patients remains elusive.

Molecular mimicry refers to the sequence homology or to the
structural homology between the molecules of the host and microbe.
It is a common strategy used by microbes to evade immune recogni-
tion (27). However, cross-reactivity of antiviral responses to host an-
tigens is not uncommon; approximately 4% of antiviral monoclonal
antibodies (MADbs) also react with host proteins (28). Therefore, it is
necessary to assess whether these autoantibodies indeed play a role in
disease pathogenesis. Previously, Plg cross-reactive antibodies have
been found to be correlated with hemorrhage in dengue patients (29,
30). We have further identified the presence of antithrombin anti-
bodies (ATAs) and anti-Plg antibodies in dengue patients that are
able to inhibit thrombin activity and enhance Plg activation in vitro
(31). Sequence analysis has shown that there are many amino acid
sequences shared between DENV proteins and coagulation factors,
including (pro)thrombin, fibrinogen, and Plg (32). Therefore, it is
possible that these autoantibodies are induced by molecular mimicry
during DENV infection (33). However, autoimmunity can be trig-
gered by multiple mechanisms, including polyclonal activation,
epitope spreading, and bystander activation, which occur during viral
infection (34, 35). To verify the pathogenic roles of these autoanti-
bodies and confirm that they are induced through molecular mim-
icry between DENV antigens and coagulation factors, we immunized
both mice and rabbits with DENV antigens to generate MAbs and
polyclonal antibodies and studied their effects on thrombin activity
and plasminogen activation both in vitro and in vivo. Our results
demonstrated that ATAs with both antithrombotic and profibrino-
lytic activities, similar to those found in dengue patients, could be
induced in DENV-immunized animals. These findings suggest that
coagulation factor cross-reactive autoantibodies can be induced
through molecular mimicry during DENV infection, which may play
arole in the pathogenesis of DHF/DSS.

MATERIALS AND METHODS

Preparation of ATAs and MAbs. For immunization, DENV (serotype 2;
PL046 strain) antigens were prepared as described previously (36).
DENV-infected C6/36 cell supernatants (1 volume) were incubated with
precipitation buffer (3 volumes; 28% polyethylene glycol [PEG] 8000, 8%
sodium chloride) at 4°C overnight, followed by centrifugation at 10,000 X
g. The pellets were dissolved and dialyzed in 10 mM phosphate-buffered
saline (PBS; pH 8.0) and used as DENV antigens to immunize the animals.
For mouse immunization, 6-week-old female BALB/c mice were pur-
chased from the Laboratory Animal Center of National Cheng Kung Uni-
versity (NCKU) and maintained at the same location. The experiments
were approved by the Institutional Animal Care and Use Committee
(TACUC) of NCKU. The BALB/c mice were immunized intraperitoneally
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FIG 1 Antibodies against thrombin and other coagulation factors in DENV-
immunized mouse sera. (A) Mice were immunized with DENV antigens as
described in Materials and Methods. Serum samples were collected on day 32.
Antibodies bound to DENV antigens, rNS1, and human thrombin were de-
tected by ELISA. (B) Different concentrations of DENV antigens, rNS1, or BSA
were preincubated with DENV-immunized mouse sera before their addition
to human thrombin-coated ELISA plates. Bound antibodies were detected as
described in Materials and Methods. (C) Antibodies in the DENV-immunized
mouse sera were bound to various human coagulation factors, as determined
using different coagulation factor-coated ELISA plates. The results are pre-
sented as the means *+ standard deviations from three independent experi-
ments.

with DENV (50 pg in 100 pl of PBS) in complete Freund’s adjuvant at a
final volume of 200 .l on day 0. Two weeks after immunization, the mice
were challenged twice with DENV in PBS on days 14 and 21. On day 27,
the mice were again boosted intravenously with the same dose. Serum
samples were collected at different time points (days 0, 14, 28, and 32) and
stored at —20°C until use. Rabbit immunization with DENV antigens was
conducted by GeneTex (Hsinchu, Taiwan). In brief, two New Zealand
White rabbits were subcutaneously primed on day 0 using 250 wg of
DENV mixed with complete Freund’s adjuvant. On days 14 and 35, the
rabbits were boosted with 250 g and 500 g of DENV, respectively, in
incomplete Freund’s adjuvant via subcutaneous injection. The serum
samples were incubated at 37°C for 24 h, centrifuged at 10,000 X g for 30
min, and filtered with a 0.45-pm membrane. To purify rabbit ATAs,
bovine thrombin-conjugated Sepharose was used for the first round of
amplification, followed by protein A/L resin for the second round of pu-
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FIG 2 Characterization of rabbit ATAs. (A) Western blotting was performed to assess the ability of the rabbit ATAs to bind to DENV protein, Plg, human/bovine
thrombin (top panel), and recombinant NS1 proteins of different lengths as indicated (bottom panel). Lane 1, C6/36 cell lysate; lane 2, DENV-infected C6/36 cell
lysate; lane 3, supernatants from DENV-infected C6/36 cells; lane 4, PEG-precipitated DENV antigens; lane 5, Plg; lane 6, bovine thrombin; lane 7, human
thrombin. (B) Ability of rabbit ATAs to bind to bovine/human thrombin, Plg, and BSA as determined by ELISA. (C and D) Rabbit ATAs were preadsorbed to
BSA-, NS1-, Plg-, or thrombin-conjugated Sepharose as indicated. The ability of the nonadsorbed antibodies to bind to thrombin or Plg was determined by
ELISA. The results are presented as the means * standard deviations from three independent experiments.

rification. The MAbs (6H11, 7D2, 8E5,2A12,6E11, and DD1) used in this
study were prepared as described previously (36). The purified antibodies
were dialyzed against PBS (pH 7.4) and stored at —20°C or —80°C.

ELISA. For enzyme-linked immunosorbent assay (ELISA), proteins (5
pg/ml) were diluted in PBS (pH 7.4) and applied as a coating on 96-well
ELISA plates (GeneDireX, Las Vegas, NV). Human/bovine thrombin, bo-
vine serum albumin (BSA), and fibrinogen were obtained from Sigma-
Aldrich. Human plasminogen (PIg), antithrombin III, and factor X/XI/
XIII were purchased from Hematologic Technologies (Essex Junction,
VT). Recombinant NS1 (rNS1) proteins were prepared as previously de-
scribed (37). Plates were blocked with 1% BSA in PBS and washed with
PBST (PBS with 0.05% Tween 20). Antibodies or sera were diluted, added
to wells at 37°C for 1 h, and washed with PBST. For competition assay (see
Fig. 1B), sera (1:1,000 dilution) were incubated with different concentra-
tions of DENV antigens, rNS1, or BSA for 30 min and then added to the
wells of the human thrombin-coated plate. To prepare thrombin- and
Plg-conjugated Sepharose, N-hydroxysuccinimide (NHS)-activated Sep-
harose (GE Healthcare, Piscataway, NJ, USA) was used for conjugation,
which was performed according to the manufacturer’s instructions. For
preadsorbed competition assay, antibodies were incubated with BSA-,
human thrombin-, or Plg-conjugated Sepharose or phages for 30 min and
added to the ELISA plate wells. Bound antibodies were detected by horse-
radish peroxidase (HRP)-conjugated goat secondary antibodies against
mouse IgG/IgM or rabbit IgG antibody (GeneTex; Leadgene Biomedical
Inc., Taiwan). After final washes, color development was performed by
the addition of 50 wl 3,3",5,5'-tetramethylbenzidine (TMB) substrate,
and the reaction was stopped by the addition of an equal volume of 2 N
sulfuric acid. The optical density at 450 nm (OD,5,) was measured by a
VersaMax microplate reader (Molecular Devices, Crawley, West Sussex,
United Kingdom). To detect p-dimers, a competition-based mouse D-
dimer ELISA kit was used (BlueGene, Shanghai, China).

Western blotting. C6/36 cell lysates (noninfected and infected with
DENV at a multiplicity of infection [MOI] of 0.1 for 48 h; 25 pg/well),
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supernatants from DENV-infected C6/36 cells (50 pl), thrombin and Plg
proteins (0.2 pg/well bovine/human thrombin as shown in Fig. 2A and 0.1
pg/well Plg), recombinant NSI proteins (0.5 pg/well), or purified DENV
(10 pg/well) was separated in 4 to 20% RunBlue gels (Expedeon, San
Diego, CA, USA) and transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with noise-canceling reagents
(Millipore, Billerica, MA, USA) for 1 h. Rabbit anti-E, anti-PrM, and
anticapsid antibodies were purchased from GeneTex. A mouse anti-NS1
monoclonal antibody (2E8) was generated by our laboratory. Rabbit
ATAs (5 pg/ml) were diluted in noise-canceling reagents, incubated with
membranes at 4°C overnight, and detected with the HRP-conjugated goat
anti-rabbit IgG antibody. Membrane signals were detected by enhanced
chemiluminescence (Millipore).

In vitro thrombin activity assays. To verify the effects of the antibod-
ies on thrombin activity, thrombin-specific chromogenic (substrate
§-2238; Chromogenix, Milan, Italy) and fibrin formation assays were
used. For the chromogenic assay, human thrombin (0.4 NIH unit/ml) was
incubated with rabbit ATAs or MAbs (10 pg/ml) for 1 h followed by
incubation with 0.5 mM S-2238. The OD,,; was kinetically measured
every 10 min for 1 h by a VersaMax microplate reader.

For fibrin formation assay, human/mouse platelet-poor plasma (PPP)
was used. PPP was obtained from a blood sample (9 volumes) that was
mixed with 3.8% sodium citrate (1 volume) and centrifuged at 2,500 X g
for 15 min. The PPP was stored on ice and used within 4 h. Human
thrombin (50 pl; 2 NTH units/ml) was incubated for 1 h with rabbit ATAs
or MADbs (50 pl; 10 pug/ml) at 37°C before addition to the human PPP (100
pl; diluted 10-fold in PBS). The turbidity change due to fibrin formation
was periodically detected by measuring the absorbance at an optical den-
sity at 350 nm (OD55).

In vitro Plg activation and fibrin clot lysis assays. Plg activation and
clotlysis assays were performed according to previous studies (31, 36). For
indirect Plg activation, control Igs or rabbit ATAs (10 pg/ml or 30 pg/ml,
respectively) were incubated with Plg (10 pg/ml) in the presence of uroki-
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nase (1 NIH unit/ml) and S-2251 (0.5 mM) at 37°C. The OD,,5 was
determined after 1 h of incubation. To examine direct Plg activation,
control Igs or rabbit ATAs (30 pg/ml) were incubated alone or with Plg
(10 pg/ml) in the presence of S-2251 at 37°C for 26 h. Plm activity was
detected at 2, 4, 6, 8, 22, 24, and 26 h.

For clot lysis assay, human PPP (200 pl; 10-fold diluted) was mixed
with antibodies (50 wl; 10 pg/ml) and urokinase (3 NIH units/ml; Sigma-
Aldrich) before the addition of human thrombin (50 wl; 2 NIH units/ml).
Turbidity changes were periodically recorded. Turbidity peaked at 1 h and
then began to decrease. Lysis percentage was calculated as follows: clot
lysis (%) = (A — C/A — B) X 100%, where A represents the OD, at 1 h,
B represents the OD55, at 0 h, and C represents the OD55, at 2, 3, or 4 h.

In vivo thrombin and Plm activity. To investigate the effects of rabbit
ATAs or MAbs on mice, 6-week-old ICR female mice were passively ad-
ministered 50 pl of control mouse IgG, MAb 6H11, control rabbit Igs, or
rabbit ATAs (5 pg/g body weight) intravenously. Mouse blood (400 pl)
samples were collected into tubes containing 100 pl of 3.2% sodium
citrate. Blood PPP was harvested by centrifugation at 2,500 X g for 15 min.
Thrombin activity in the mouse sera was determined by chromogenic
assay using S-2238 as previously described (38). Plm activity was deter-
mined by S-2251. In brief, mouse PPP was diluted 10-fold in PBS (pH 7.4)
and incubated with S-2238 (0.5 mM final concentration) or S-2251 (0.5
mM final concentration), and the OD 5 was measured.

Epitope determination. Epitope determination was performed using
a phage display random peptide library (PhD 12-mer; New England Bio-
Labs, Ipswich, MA) as previously described (17). In brief, MAbs (350 ng)
were captured by protein L resin (50% aqueous suspension, 50 wl;
GenScript, Piscataway, NJ, USA) and washed with 1 ml TBS-0.5% Tween
20 (TBST). Phage (2 X 10'") were incubated with protein L-bound MAbs
for 5 to 10 min followed by at least 10 washes with 1 ml TBST. Negative
selection with normal mouse IgG/IgM was performed before positive se-
lection. The desired phages were eluted with glycine buffer (pH 2.2) and
neutralized with Tris-HCI buffer (pH 9.1). Positive phage clones of the
MAbs were confirmed by ELISA, and single-stranded DNA was se-
quenced according to the manufacturer’s suggestions. Epitope analysis of
consensus sequences was performed using the Multiple Expectation-max-
imization for Motif Elicitation (MEME) tool.

Statistical analysis. The data were expressed as the mean * standard
deviation (SD) from at least three independent experiments. The data
were analyzed with Student’s ¢ test or two-way analysis of variance
(ANOVA) by GraphPad Prism 5 software (***, P < 0.001; **, P < 0.01; *,
P <0.05).

RESULTS

DENV immunization elicits antibodies that cross-react with
coagulation factors. To prove our hypothesis that molecular
mimicry between DENV and coagulation factors induces the pro-
duction of antibodies that cross-react with coagulation factors,
PEG-precipitated DENV antigens from DENV-infected C6/36
cell supernatants were used to immunize mice (see Fig. S1A in the
supplemental material). The purified DENV antigens contained
DENV structural proteins (C, prM, and E) and NS1, which were
identified by Western blotting (Fig. S1B). The PEG-precipitated
DENYV antigens were not found to be contaminated with throm-
bin as shown by Western blotting (Fig. S1C). As shown in Fig. 1A,
DENV immunization to the mice not only elicited antibodies
against DENV structural proteins and NS1 but also induced anti-
bodies that cross-reacted with human thrombin. Antibodies that
bound to human thrombin in the DENV-immunized mouse sera
were inhibited after preincubation with DENV antigens or rNS1,
but not BSA, in a dose-dependent manner (Fig. 1B). Similar anti-
DENV antibodies that cross-reacted with thrombin were also
found in the sera of DENV-immunized rabbits (data not shown).
In addition, antibodies against other coagulation factors, such as an-
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FIG 3 Anti-DENV MADbs cross-react with both Plg and thrombin. (A) The
ability of the PIg cross-reactive MADbs to bind to human thrombin was deter-
mined by ELISA. (B) MAbs 7D2 and 6H11 (10 pg/ml) were used for pread-
sorption to Plg-conjugated Sepharose. (C) Five micrograms per milliliter of
each MAb was used for thrombin-conjugated Sepharose preadsorption. The
binding of MAbs 7D2 and 6H11 to human thrombin or Plg was detected by
ELISA. The results are presented as the means * standard deviations from
three independent experiments.

tithrombin I11, factor X/XI/XIII, fibrin/fibrinogen, and prothrombin,
were detected in the DENV-immunized mouse sera (Fig. 1C).
Rabbit ATAs bind to DENV antigens and Plg. To further
characterize the properties of DENV-induced antithrombin anti-
bodies, we affinity purified ATAs from DENV-immunized rabbit
sera using thrombin and protein A/L affinity columns. Most of the
rabbit ATAs recognized DENV NS1, but some were able to bind to
DENV C, prM, and, in some cases, the E protein (Fig. 2A). To
further confirm that they were bound to NS1, recombinant NS1
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FIG 4 ATAsand MAbs from DENV-immunized animals inhibit thrombin activity in vitro. (A) Human thrombin was preincubated with ATAs, MAbs (7D2 and
6H11), control rabbit Igs (Ralg), control mouse IgG (mIgG), or control mouse IgM (mIgM) for 1 h, and thrombin activity was determined by S-2238. (B) Human
thrombin was preincubated with antibodies for 1 h before its addition to human PPP. Fibrin formation was detected by the change in turbidity at OD;5,. The data
are presented as the means * standard deviations from three independent experiments. Significance was analyzed by two-way ANOVA (¥, P < 0.05).

proteins of different lengths were evaluated and were found to be
recognized by the ATAs. We have previously shown that ATAs in
dengue patients are also able to cross-react with Plg. Here, we
found that the rabbit ATAs showed cross-reactivity with bovine/
human thrombin and Plg by Western blotting (Fig. 2A). The dose-
dependent binding of the rabbit ATAs to these coagulation factors
as detected by ELISA is shown in Fig. 2B. Moreover, preadsorption
of ATAs with NS1- or Plg-conjugated Sepharose reduced the abil-
ity of the ATAs to bind to human thrombin (Fig. 2C). BSA- and
thrombin-conjugated Sepharose were used as negative and posi-
tive controls, respectively. Similarly, preadsorption of ATAs with
NS1- or thrombin-conjugated Sepharose also inhibited the ability
of the ATAs to bind to Plg (Fig. 2D). These data demonstrated that
rabbit ATAs induced by DENV immunization were able to bind to
both thrombin and Plg, similarly to human ATAs.

MAbs against DENV cross-react with both thrombin and
Plg. To confirm that anti-DENV antibodies can cross-react with
both thrombin and Plg at the same time, we used 6 DENV-in-
duced MAbs against Plg that were originally selected from DENV-
immunized mice. We found that only the MAbs 7D2 (IgM) and
6H11 (IgG) were able to bind to human thrombin, whereas other
MADbs could not (Fig. 3A) and that their ability to bind to human
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thrombin was reduced when these MAbs were preadsorbed with
Plg-conjugated Sepharose (Fig. 3B); likewise, preadsorption with
thrombin-conjugated Sepharose also reduced the ability of these
MADs to bind to Plg (Fig. 3C).

Rabbit ATAs and MAb 6H11 inhibit human thrombin activ-
ity. To determine the effects of ATAs and MAbs on thrombin
activity, we used the thrombin-specific substrate S-2238 to per-
form a chromogenic assay. We found that both rabbit ATAs and
the mouse MAbs 6H11 and 7D2 were able to significantly inhibit
human thrombin activity compared to control rabbit Igs, control
mouse IgG, or control mouse IgM (Fig. 4A). The inhibition of
thrombin activity by these antibodies was further confirmed using
the fibrin formation assay. The turbidity of PPP at OD,5, in-
creased at 60 to 80 s after control rabbit IgG-treated thrombin was
added, indicating the formation of fibrin. However, when rabbit
ATA-treated thrombin was used, the increase in turbidity was
delayed to approximately 180 to 200 s (Fig. 4B). A similar pro-
longed duration of fibrin formation was also observed following
the addition of MAb 6H11/7D2-treated thrombin compared with
the control mouse IgG/IgM-treated thrombin. These results indi-
cate that rabbit ATAs and the mouse MAbs 6H11 and 7D2 can
interfere with thrombin activity.
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control rabbit Igs, or Plg with ATAs for different time periods as indicated. PIm formation was determined as described above. (C) Human PPP was incubated with
control rabbit Igs or with ATAs and urokinase before the addition of human thrombin. The percentage of clot lysis was calculated as described in Materials and Methods.
The results are presented as the means = standard deviations from three independent experiments (¥, P < 0.5; **, P < 0.01; Student’s  test).

Rabbit ATAs and MAb 6H11 enhance Plg activation and fi-
brinolysis. To determine the effects of rabbit ATAs on fibrinoly-
sis, we first examined their effects on Plg activation. We found that
they were able to enhance urokinase-induced Plg activation in the
presence of 30 pwg/ml ATAs but not in the presence of control
rabbit Igs (Fig. 5A). In addition, rabbit AT As were able to enhance
Plg activation in the absence of urokinase similarly to MAb 6H11
(Fig. 5B). To further confirm the activation of Plg by the rabbit
ATAs, human PPP samples were subjected to clot lysis after
thrombin treatment. The percentage of fibrin clot lysis was signif-
icantly higher in the PPP samples that were preincubated with
ATAs or MAb 6H11 but not with control Igs (Fig. 5C). After 4 h of
incubation, clot lysis was approximately 87.9% = 17.5% in the
rabbit ATA group compared to 54.2% = 1.6% in the control rab-
bit Ig group, and it was 60.2% = 3.3% in the MAb 6H11 group
compared to 44.9% * 1.3% in the control mouse Ig group.

Rabbit ATAs inhibit thrombin activity and enhance fibrino-
lysis in mice. To characterize the roles of ATAs and MAb 6H11 in
vivo, control mouse 1gG (n = 4), MAb 6HI11 (n = 6), control
rabbit Igs (n = 4), or ATAs (n = 6) were injected into ICR mice
intravenously as described in Materials and Methods. Mouse PPP
samples were collected and separated at 48 h after injection. The
PPP samples of the ATA-treated mice but not those of the MAb
6H11-treated mice showed significantly reduced thrombin activ-
ity (Fig. 6A). Moreover, Plm activity levels in the PPP samples
obtained from the MADb 6H11-treated and ATA-treated groups
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were higher than those in the PPP samples from the control mouse
IgG- and rabbit Ig-treated groups (Fig. 6B). Levels of D-dimers in
the PPP samples were also significantly higher in the MAb 6H11-
treated and ATA-treated groups than in the control mouse 1gG-
treated and control rabbit Ig-treated groups (33.18 * 3.715 versus
8.475 = 1.591 ng/ml and 20.9 = 5 ng/ml versus 13.3 = 3.295
ng/ml, respectively) (Fig. 6C).

Epitope analysis of MAbs 6H11 and 7D2. To further address
the molecular mimicry between DENV and thrombin, we per-
formed epitope mapping using a phage display random peptide
library. We have previously shown that MAbs can bind to Plg, and
we have analyzed its consensus sequences (36). As shown in Fig.
7A, sequence comparison of phagetopes with thrombin suggested
that MAb 6H11 may be able to recognize amino acids 81 to 83 and
174 to 186 of thrombin. In addition, MAb 7D2 may recognize
amino acids 246 to 258. This assumption was supported by the
inhibition of the binding of the MAbs 6H11 and 7D2 to human
thrombin by epitope phages but not helper phages in a dose-de-
pendent manner (Fig. 7B).

DISCUSSION

In this study, we demonstrated that DENV immunization in rab-
bits could induce the production of thrombin and Plg cross-reac-
tive antibodies. Affinity-purified ATAs from DENV-immunized
rabbit sera were able to inhibit thrombin activity and enhance Plg
activation both in vitro and in vivo. In our previous study, we have
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FIG 6 Effects of ATAs and MAb 6H11 on thrombin activity and fibrinolysis in
vivo. (A) Control mouse IgG (n = 4), control rabbit Igs (n = 4), MAb 6H11
(n = 6), or ATAs (n = 6) were injected intravenously into ICR mice (5 pg/g
body weight; average weight of 20 to 25 g). Thrombin activity in the mouse
PPP was determined by S-2238 as described in Materials and Methods. (B) PIm
activity of the mouse PPP was measured by S-2251 as described in Materials
and Methods. (C) The levels of D-dimer in the mouse PPP were measured by
competition ELISA as described in Materials and Methods. The results are
presented as the means * standard deviations from three independent exper-
iments (¥, P < 0.5; **, P < 0.01; ***, P < 0.005; Student’s ¢ test).

purified 585 g of human ATAs from 15 ml of pooled sera (aver-
age, 39 wg/ml). Moreover, we have found that human ATAs (10
pg/ml) but not control human Igs can significantly prolong
thrombin time and enhance fibrinolysis. However, due to the lack
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of sufficient human ATAs to carry out passive transfer, their ef-
fects on coagulation and fibrinolysis in vivo remain unknown.
Because coagulation and fibrinolysis are tightly regulated in vivo,
the pathogenic roles of ATAs in vivo require further investigation.
In this study, we attempted to gain insight into this process by
transferring rabbit ATAs into mice. The results showed that using
rabbit ATAs and the MAbs 6H11 and 7D2, concentrations of ap-
proximately 10 g/ml were able to significantly inhibit thrombin
activity and enhance fibrinolysis in vivo. Therefore, our results
suggest that human ATAs may also alter the hemostatic balance
and contribute to the bleeding tendency in DHE/DSS patients.

Because there are many regions of DENV proteins that share
sequence homology with various coagulation factors, molecular
mimicry has been proposed to explain the induction of coagula-
tion factor cross-reactive antibodies during DENV infection (32,
39, 40). To test this hypothesis, we purified DENV from DENV-
infected C6/36 cell supernatants to immunize mice and rabbits.
Western blotting showed that there was no detectable thrombin
contamination in our DENV antigen preparation. In addition, the
binding of rabbit ATAs to thrombin and Plg was inhibited by
preincubation with NS1-conjugated Sepharose. Moreover, simi-
lar anti-Plg antibodies were induced in mice immunized with re-
combinant NS1 protein (data not shown). The results from these
experiments clearly rule out the contamination of serum proteins
in the DENV antigen preparation during immunization. In con-
trast, these results support our hypothesis that DENV proteins can
elicit the production of antibodies against coagulation factors
through molecular mimicry.

It is known that the molecular mimicry between virus antigens
and self-antigens may disrupt self-tolerance, allowing for the host
to produce autoantibodies to cause a transient autoimmune re-
sponse (41). However, unless the patient has genetic abnormali-
ties, self-tolerance will be restored after the antigen has been
cleared; hence, autoantibodies may not continue to be present in
the immune system (42). This may explain why these coagulation
factor cross-reactive anti-DENV antibodies disappear in dengue
patients once they have recovered, although anti-DENV antibod-
ies can still be detected in patient sera (20, 31, 36). However, due to
antibody memory response, these autoantibodies might rise much
faster and higher in secondary DENV infection than in primary
DENV infection. This may explain why most cases of DHF/DSS
occur in patients with secondary DENV infection.

In this study, we used native bovine thrombin conjugated to
Sepharose to purify ATAs. Therefore, some of the ATAs may rec-
ognize conformation-dependent epitopes on bovine thrombin.
These may explain why ATAs could recognize bovine thrombin in
native form (ELISA) better than in denatured form (Western blot-
ting). On the other hand, some of the ATAs may recognize linear
epitopes on human thrombin much better. This may explain why
in Western blotting, bovine thrombin seems much less well rec-
ognized than human thrombin. To assess the potential epitopes of
thrombin and Plg recognized by ATAs, we used the MAbs 6H11
and 7D2, which were generated from DENV-immunized mice. As
shown in Fig. 3, these MADbs could bind to Plg and thrombin at the
same time. A previous study using a phage display random peptide
library has identified the phagetope recognized by MAb 6H11.
This phagetope shares sequence homology with DENV E protein
amino acids 216 to 225, NS1 protein amino acids 264 to 275, and
human Plg amino acids 686 to 689 (36). In the present study, we
further identified the epitope of MAb 7D2, which could recognize
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FIG 7 Epitope analysis of MAbs 6H11 and 7D2. (A) Consensus sequence analysis comparing MAb 6H11 and 7D2 epitopes with DENV proteins, human
thrombin, and Plg. White text on black background indicates complete homology. Black text on gray background depicts phage and antigen amino acids with
similar characteristics. (B) MAb 6H11 or 7D2 was preincubated with its epitope phage (cluster 1 for MAb 6H11 and cluster 3 for MAb 7D2) or helper phage for
1 h. Their ability to bind to human thrombin was determined by ELISA. The data are presented as the means * standard deviations from three independent

experiments. Significance was analyzed by two-way ANOVA (**, P < 0.01).

DENV E protein amino acids 418 to 430 and human Plg amino
acids 242 to 254. Moreover, we found that there are consensus
amino acids of human thrombin and phagetopes recognized by
MADbs 6H11 and 7D2. The binding of both MAbs to human
thrombin was inhibited by preincubation with their epitope
phages. These data suggest that specific DENV epitopes may in-
duce the production of antibodies against human thrombin.

The molecular mechanisms of ATA-induced thrombin inhibi-
tion and PIg activation also require further investigation. In this
study, we found that rabbit ATAs could convert Plg directly to
Plm, similarly to human ATAs (31). Interestingly, we found that
not all Plg cross-reactive MAbs could bind to thrombin (Fig. 3);
this activity was observed only with the MAbs 6H11 (IgG) and
7D2 (IgM). These two MAbs were able to inhibit thrombin acti-
vation and enhance Plg activation in vitro. However, when the
MAD 6H11 was passively transferred into mice, only plasmin ac-
tivity was enhanced and thrombin activity was not affected com-
pared to what was observed in the control mice. Due to variations
in fine specificity and affinity, it is possible that different MAbs
may have differing effects on thrombin and Plg. The further iden-
tification and characterization of the interaction between these
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DENV-induced MAbs and thrombin or Plg are necessary to fully
elucidate the underlying molecular mechanisms.

In summary, hemostatic defects in DHF/DSS involve multifac-
torial mechanisms that cause thrombopathy, coagulopathy, and
vasculopathy (43). Antibodies induced by molecular mimicry be-
tween DENV and human proteins can cross-react with platelets,
coagulation factors, and endothelial cells. These autoantibodies
may contribute to thrombocytopenia, abnormal coagulation and
fibrinolysis, and endothelial damage in DHF/DSS patients, caus-
ing hemorrhage (16, 18, 32, 44). However, other factors, such as
proinflammatory cytokines and secreted NS1, may also contrib-
ute to the development of hemorrhage during the acute stage of
DENV infection (37, 45-48). Therefore, further studies are re-
quired to fully elucidate the complex interactions between the
immune response and DENV to reveal novel strategies and ap-
proaches to facilitate the development of vaccines and drugs for
the treatment of DHE/DSS.
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