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Abstract. Pathogenesis of severe dengue is partially known and involves virus
and immunologic factors in orchestrating the disease severity. While serving as
principal innate immune cells, dendritic cells (DCs) sub-serve as target cells for
dengue virus (DENV) proliferation. Accordingly, responses of DCs toward DENV
are critical for protection or disease development. We compared levels of innate
cytokines secreted from primary human monocyte-derived (Mo)DCs upon infec-
tion with virulent parental strains DENV-2 16681 and DENV-3 16562, to those of
MoDCs infected with their respective attenuated strains, DENV-2 PDK53 and
DENV-3 PGMK30. Productions of IL-13 and IL-8 are significantly upregulated
in attenuated-DENV-infected MoDCs compared to those infected with their re-
spective parental virulent viruses. Moreover, both virulent parental viruses were
potent inducers of IL-10 and TNF-a. Interestingly, although attenuated DENV-2
PDK 53 was a poor inducer of TNF-a, reactogenic-attenuated DENV-3 PGMK30
induced TNF-a production to a level similar to that induced by its virulent parental
strain, suggesting a contribution of TNF-a towards the reactogenicity of DENV-3
PGMK30. These observations indicate MoDCs are able to differentiate between
infection from virulent and attenuated DENV and should provide important
knowledge on dengue pathogenesis useful for vaccine development.
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Infection by dengue virus (DENV)
is a worldwide public health problem.
More than 100 countries in tropical and
subtropical regions are epidemic areas of
DENYV, with 390 million dengue infections
occurring each year, of which nearly 25%
are symptomatic (Bhatt ef al, 2013).

DENV-1 to -4 are members of the
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family Flaviviridae, genus Flavivirus.
Clinical manifestations of dengue range
from relatively mild symptoms (dengue
fever, DF) to severe hemorrhagic fever
(dengue hemorrhagic fever and dengue
shock syndrome, DHF/DSS). The patho-
genic process by which infected patients
develop DHF/DSS are partially known
and is thought to involve two major deter-
minants, namely, virulence of virus or viral
factors and immunological factors. In the
context of the immunological mediators,
both pre-existing and activating mediators
are associated with dengue severity (Mala-
vige and Ogg, 2017; Srikiatkhachorn et al,
2017). The pathophysiological hallmarks,
which differentiate DHF/DSS from DF
are vascular leakage and thrombocytope-
nia. Vascular leakage is transient with no
structural damage (Innis, 1995) and thus,
soluble mediators such as cytokines have
been proposed to be responsible for the al-
terations in vascular permeability (Martina
et al, 2009). Circulating levels of pro- and
anti-inflammatory cytokines among DHF /
DSS and DF patients and healthy controls
have been intensively studied, but results
were inconclusive. For example, different
levels of TNF-a, IFN-vy, IL-6, IL-8, IP-10,
MMP-2, MMP-9 and HGP were observed
when DHF is compared to DF patients
(Pandey et al, 2015; Her et al, 2017; Oliveira
et al, 2017). In addition, several studies
showed higher IFN-vy level in DF than that
of DHF patients (Braga et al, 2001; Priya-
darshini et al, 2010), while others reported
opposite results or no differences (Kurane
etal, 1991). Moreover, similar conflicting re-
sults were also observed for IL-12, TNF-«,
IL-6 and IL-8 (Hober ef al, 1993; Libraty
et al, 2002). It is worth noting these results
were generated from patients who had
secondary DENV infection.

In order to avoid other factors that
might have arisen as a consequence of
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secondary infection, Cruz-Hermandez
et al (2016) investigated the association of
pro-inflammatory cytokines with dengue
severity during primary infection, and re-
ported the association between high levels
of pro-inflammatory cytokines (IL-12p70,
IFN-y, TNF-a, and IL-6) and dengue dis-
ease severity does not always occur. These
conflicting results may be due to a lack of
appropriate animal models and an inabil-
ity to perform direct study comparisons.

The development of live-attenuated
dengue vaccine candidates using the
classical approach of serial adaptation of
virulent DENV in cells of non-natural hosts
has led to successful attenuation all four
DENYV serotypes with various degrees of
attenuation (Bhamarapravati and Yoksan,
2000). Two sets of virulent viruses and
their attenuated variants, namely, DENV-2
16681 and its attenuated variant DENV-2
PDK53, and DENV-3 16562 and its attenu-
ated but reactogenic counterpart DENV-3
PGMK30 are interesting. DENV-2 PDK53,
derived by sub-culturing its parental strain
in primary dog kidney (PDK) cells for 53
passages is clinically safe, stimulates pro-
tective response in humans and is used as
a backbone in the construction of chimeric
vaccines for other DENV serotypes (Osorio
etal,2016). DENV-3 PGMK30, generated by
serial sub-culturing of its parental strain
in primary green monkey kidney (PGMK)
cells for 30 passages and further sub-
culturing in Vero cells, exerts an attenuat-
ing phenotype, but clinical trials reveal
reactogenic activity of this DENV strain
that causes dengue-liked syndrome in
recipients (Kanesa-thasan et al, 2001; Kitch-
ener ef al, 2006). Thus, DENV-3 PGMK30 is
considered as an under-attenuated strain.

Using these two sets of virulent and
attenuated or under-attenuated DENVss
for direct comparisons, we hypothesized
that dendritic cells, the first line of im-
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mune cells to encounter DENVs, should
be able to differentiate between virulent
and attenuated virus. The resulting in-
formation should provide a better under-
standing of DENV virulence and attenu-
ation in dengue pathogenesis.

MATERIALS AND METHODS

Viruses

The two sets of DENVs, DENV-2 16681
and its attenuated counterpart DENV-2
PDK53 and DENV-3 16562 and its attenu-
ated but reactogenic counterpart DENV-3
PGMK30, were obtained from the Center
for Vaccine Development, Mahidol Uni-
versity. DENVs were propagated in Vero
cells and their titers were quantified using
a plaque assay (Poole-Smith ef al, 2015).

Human monocyte-derived dendritic cells
(MoDCs)

MoDCs were prepared as previously
described (Hunsawong et al, 2015). In
brief, CD14" cells were purified from pe-
ripheral blood mononuclear cells before
being differentiated into MoDCs using a
differentiating medium (RPMI 1640; Gibco,
Thermo Fisher Scientific, Waltham, MA)
supplemented with 10% inactivated hu-
man AB serum, 2 mM L-glutamine, 1,000
U/ml GM-CSF (R&D Systems, Minneapo-
lis, MN), 500 U/mlIL-4 (R&D Systems), 50
U/ml penicillin and 50 U/ml streptomy-
cin). MoDCs phenotype were confirmed
on day 7 by staining using anti-DC-SIGN
antibodies (R&D Systems). The stained
cells were analyzed using a flow cytometer
(CytoFlex; Beckman Coulter, Indianapolis,
IN). MoDCs obtained from the same six
healthy donors were used throughout the
study to minimize variations from lot to
lot of host cells.

Infection of MoDCs
MoDcs (5x10° cells) were cultured as
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described above, then were washed twice
with 1 x phosphate-buffered saline pH 7.4
(PBS) before being infected with virulent
viruses or their attenuated counterparts
at an MOI of 1.0 PFU/cell or 3.0 PFU/
cell, respectively. Infected cultures were
cultivated in RPMI 1640 medium supple-
mented with 10% heat-inactivated human
serum, 50 U/ml penicillin and 50 U/ml
streptomycin. Aliquots of culture medium
were harvested every 24 hours for four
constitutive days and stored at -80°C until
used. Infected cells were harvested on
day 2 post-inoculation and subjected to
anti-DENV antibody staining. In brief, har-
vested cells were stained with anti-DENV
antibody (HB114, ATCC, Manassas, VA) for
1 hour at 37°C, and washed twice with 1
x PBS. Cells that interact with anti-DENV
antibodies were detected by fluorescent-
labelled secondary antibody (Invitrogen,
Carlsbad, CA) before being analyzed by
flow cytometry as described above.

Cytokines detection

The harvested supernatants from
infected MoDCs cultures were subjected
to cytokine (IL-1(, IL-8, IL-10, TNF-a, and
IFN-a) quantification using ELISA (Quan-
tikine™,; R&D System, Minneapolis, MN).
Statistical analysis

Student’s t-test was used to compare
differences in cytokine production among
test and control groups. A p-value <0.05 is
considered statistically significant.

Ethical considerations

The study protocols were approved
by the Institutional Review Board, Mahi-
dol University (MU-IRB 2012/005.2806).

RESULTS

Response of MoDCs to DENV-2 16681 and
attenuated DENV-2 PDK53 infection

MoDC cultures were infected with
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either DENV-2 16681 or DENV-2 PDK53
at MOI of 1.0 or 3.0 PFU/ cell, respectively.
Both DENV-2 16681 and PDK53 replicated
at the same efficiency and yielded similar
number of infected cells (Fig 1).

Aliquots of infected-MoDC culture me-
dia were harvested on days 1, 2 and 3, and
the amounts of IL-1p, IL-8, IL-10, TNF-q,
and IFN-a in the harvested media were

(A)

Cell count

quantified using ELISA. DENV-2 16681 was
a strong inducer of IL-10 and TNF-a pro-
duction but a weaker stimulator for that of
IL-1P and IL-8, whereas attenuated DENV-2
PDK53 was a potent stimulator of IL-1f3,
and IL-8 production but a weaker inducer
of IL-10 and TNF-« (Fig 2). Both virulent
and attenuated DENV-2 strains stimulated
high levels of type-I interferon.

w— DENV-2, 16681
s DENV-2, PDKS3

Fluorescence intensity

(B)

Log PFU/ml

el DENY-2, 16681, MOI = 1

- @ = DENV-2, PDK53, MOI =3
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Fig 1-Replication efficiency of DENV-2 16681 and DENV-2 PDK53. Human monocyte derived den-
dritic cells (MoDCs) were infected with DENV-2 16681 or DENV-2 PDK53 at MOI of 1 or 3,
respectively. Cell were harvested on day 2 of infection, fixed, permeabilized, and stained with
anti-DENV-2 antibody. Numbers of DENV antigen-positive cells were quantified using flow
cytometry. Aliquots of supernatant fluid were harvested every 24 hours for five consecutive
days and subjected to virus quantification by plaque assay. A. Numbers of infected MoDCs
on day 2 of infection. B. Replication kinetics of DENV-2 16681 and DENV-2 PDK53.
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Fig 2-Levels of innate cytokines in response to DENV-2 16681 or DENV-2 PDK53 infection. Human
monocyte-derived dendritic cells (MoDCs) were infected with DENV-2 16681 or DENV-2
PDK53 at MOI of 1.0 or 3.0, respectively. Supernatants were harvested every 24 hours post-
infection for three consecutive days and subjected to ELISA assay for cytokine quantification.

*Significant difference at p-value <0.05.

Response of MoDCs to DENV-3 16562
and attenuated but reactogenic DENV-3
PGMK30

A similar study was performed using
DENV-3 16562 and attenuated but reac-
togenic DENV-3 PGMK30, with the same
lots of MoDCs and MOIs infected with
that yielded the same percent infected
cells (31.6% and 32.5%, respectively). Rep-
lication of both DENV-3 strains DENV-3
peaked on day 2 post-infection, yielding
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virus titer of 3.5x10% and 6.0x10* PFU/ml
for DENV-3 16562 and DENV-3 PGMK30,
respectively.

DENV-3 PGMK30 was a stronger
inducer of IL-13 and IL-8 production com-
pared to DENV-3 16562 (Fig 3). In contrast
to DENV-3 16562, a potent stimulator of
IL-10 production, DENV-3 PGMK30 was
much less able to upregulate IL-10 pro-
duction compared to DENV-3 16562, but
still significantly higher than that of mock-
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Fig 3-Levels of innate cytokines in response to DENV-3 16562 or DENV-3 PGMK30 infection. Hu-
man monocyte-derived dendritic cells (MoDCs) were infected with DENV-3 16562 or DENV-3
PGMK?30 at MOI of 1.0 or 3.0, respectively. Supernatants were harvested every 24 hours post-
infection for three consecutive days and subjected to ELISA assay for cytokine quantification.

*Significant difference at p-value <0.05.

infected cultures. Interestingly, DENV-3
16562 and DENV-3 PGMK30 were strong
inducers of TNF-a production. While
DENV-3 16562 rapidly activated TNF-a
production to the highest level (522 +
16 pg/ml,) within 24 hours of infection,
DENV-3 PGMK30-infected cultures pro-
duced TNF-a within 24 hours of infection
and peaked (613 + 17 pg/ml) on day 2.
These data showed that, although DENV-
3 PGMK30 is known to be the attenuated
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counterpart of DENV-3 16562, this variant
still inherited the ability to induce TNF-a
production to a similar level stimulated by
the parental virulent virus.

DISCUSSION

In the present study, we reveal that
DEN V-infected MoDCs were able to dif-
ferentiate between the attenuated vari-
ants from their parental virulent viruses
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through, in part, the profile of innate cyto-
kine responses. Upregulation of IL-8 and
IL-1p production was strongly associated
with infection by the attenuated DENV
phenotypes while stimulation of IL-10
and TNF-a production with infection by
the virulent parental viruses. Interestingly,
the attenuated but reactogenic DENV-3
PGMK30 retains its capability to induce
TNF-a production.

IL-8 is associated with pleural effu-
sion and alteration of cytoskeleton and
tight junction of microvascular endo-
thelium (Pace et al, 1999; Talavera et al,
2004). Several reports showed high levels
of circulating IL-8 in severe dengue and
proposed IL-8 as a possible predictor of
severe DENV infection (Pandey et al, 2015;
Mehta et al, 2017). On the other hand, the
protective role of IL-8 in infection is well
documented. IL-8 induces migration of
neutrophils into infected sites (Reeves
et al, 2015) where they eliminate invading
pathogens via various mechanisms, such
as oxygen-dependent (a-defensins) and
oxygen-independent (burst oxidation)
pathways and neutrophil-extracellular
traps (Vorobjeva and Pinegin, 2014). In
addition, recruited neutrophils interact
and crosstalk with various immune cells,
such as monocytes/macrophages and NK
cells (Scapini and Cassatella, 2014). As the
attenuated DENV variants are stronger
inducers of IL-8 production than their
virulent parental viruses, this suggests
that IL-8 produced from infected den-
dritic cells at the sites of mosquitoes bite
may act differently from the circulating
IL-8. In other words, at the site of infec-
tion, IL-8 from DENV-infected DCs may
serve as protective rather than pathogenic
chemokine.

IL-1B is another mediator that may
determine severity of dengue as severe
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dengue patients have higher levels of cir-
culating IL-1p than mild dengue patients
(Bozzaet al, 2008). High level of circulating
IL-1p may contribute to vascular leakage
through disruption of vascular junction by
dissociation of VE-cad/ (3 catenin complex
resulting in decreased expression of adhe-
sion molecules at the junction (Haidari
et al, 2012). While acting as a pathogenic
factor, IL-18 may well sub-serve in pro-
tection as it facilitates expansion and
proliferation of antigen-specific CD4* and
CD8* T cells, resulting in the migration of
these effector cells to the periphery and
maintenance of memory (Ben-Sasson et al,
2013a). In addition, IL-1p is reported to
enhance vaccine potency (Ben-Sasson et al,
2013b). Here, we revealed that the attenu-
ated DENV variants, but not the virulent
parental viruses, are strong inducers of
IL-1p production, and thus, it is possible
that 1L-1pB produced from DENV-infected
DCs may be one of the protective markers
during DENV infection.

Our present study shows an asso-
ciation of high levels of TNF-a and IL-10
with MoDC infection by virulent DENV
phenotypes. TNF-a is the master regulator
of vascular leakage in the liver and liver
damage in mouse lacking type-I and -II
interferon receptors (Phanthanawiboon
et al, 2016). This may partly be mediated
by the ability of TNF-a to induce endothe-
lial barrier instability through reorganiza-
tion of PECAM-1 and downregulation of
a tight junction protein, occludin (Inyoo
et al, 2017). IL-10 is another circulating
mediator that is positively correlated
with severe dengue, being elevated in
fatal dengue and associated with plasma
leakage and hepatic dysfunction in chil-
dren in Brazil with dengue (Chen et al,
2006; Ferreira et al, 2015). IL-10 may also
exert its pathogenic roles through immune
suppression, such as by downregulating
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expression of co-stimulatory molecules,
MHC and other cell surface molecules,
resulting in depressed antigen presenta-
tion and suppressed immune responses
(Ng et al, 2013; Mittal and Roche, 2015).
In addition, IL-10 induces antigen-specific
anergy in CD4" T cells in a mouse model
and has counter regulatory properties to
a number of proinflammatory cytokines
(Maris et al, 2007; Lee et al, 2016). These
roles of IL-10 and TNF-a suggest the abil-
ity to induce IL-10 and TNF-a may be one
of the virulent phenotypes of DENV-2
16681 and DENV-3 16562.

Significantly, we found that the atten-
uated but reactogenic DENV-3 PGMK30
retains its TNF-a-inducing capacity while
clearly reducing its IL-10-stimulating
characteristic. Three hypotheses for the
reactogenicity of DENV-3 PGMK30 have
been proposed. Firstly, DENV-3 PGMK30-
based vaccine induces insufficient re-
sponse to inhibit virus infection, which in
turn contributes to reactogenicity (Balas
et al, 2011). Secondly, adaptive immunity
plays a role in DENV-3 PGMK30 reactoge-
nicity (Sanchez et al, 2006). Thirdly, DENV
serotype 3 is a particularly aggressive
serotype (Halstead and Marchette, 2003).
Thus, the vaccine derived from DENV-
3 PGMK30 may have retained some
virulence properties, such as the ability
to activate mediators involved in dengue
pathogenesis. The capability to stimulate
TNF-a could be one of the virulent char-
acteristics retained by DENV-3 PGMK30.

In summary, we present data dem-
onstrating MoDCs served as a relevant
in vitro human model for the study of viru-
lence and attenuating markers produced
during DENV infection. No appropriate
animal model for dengue is yet available,
and conflicting results on vaccine hu-
man trials and pathogenesis of dengue
have been reported. The in vitro model
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presented in our study should provide a
useful tool for further research on dengue
vaccine development and disease patho-
genesis.
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