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Diana Domı́nguez-Mart́ınez1, Daniel Nuñez Avellaneda2, Juan Castillo Cruz3, Gloria
León-Avila4, BLANCA GARCIA-PEREZ5, and Ma. Isabel Salazar6

1Hospital Infantil de Mexico Federico Gomez
2Iowa State University
3Instituto Politecnico Nacional
4Instituto Politécnico Nacional
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Abstract

The nucleotide-binding domain (NBD) and leucine-rich repeat receptors, such as NOD-like receptors (NLRs), have pivotal

functions in the innate immune response to various viral infections participating during the recognition of pathogens and

activation of signaling pathways. One NLR, NOD2, is a dynamic protein that is activated in the presence of viral genomes and

metabolites. However, its participation in combating a dengue virus (DENV) infection remains unclear. The aim of this study

was to determine the role of NOD2 in macrophage-like THP-1 cells during an in vitro infection with DENV type 2 (DENV2).

The interactions of NOD2 with RIP2 and MAVS was examined in DENV2-infected and agonist-stimulated cells. The effects

of downregulating NOD2 expression or signaling on virus loads was also evaluated. The cellular mRNA expression and protein

levels of NOD2 on cells under the stimuli were quantified with RT-PCR, Western blot and indirect immunofluorescence. Both

the mRNA and protein expression of NOD2 was enhanced in response to DENV-2 infection. Interactions of NOD2 with RIP2

and MAVS, analyzed with confocal microscopy and co-immunoprecipitation assays, were time-dependent and increased in the

post-infection period, between 6 and 24 h. After silencing NOD2 expression, DENV2-infected cells displayed greater viral loads

and decreased expression of IL-8 and IFN-α (measured in supernatants obtained from the cells), compared to the uninfected

(mock control) cells or those transfected with irrelevant-siRNA. Thus, in response to a DENV2 infection, NOD2 was activated

in THP-1 human macrophage-like cells, the production of IL-8 and IFN-α was enhanced, and viral replication was limited.
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* Correspondence: isalazarsan@yahoo.com. Tel.: +52 (55) 5729-6000 Ext. 62576. Fax: +52 (55) 5729-6000
Ext. 43211.

Abstract

The nucleotide-binding domain (NBD) and leucine-rich repeat receptors, such as NOD-like receptors (NLRs),
have pivotal functions in the innate immune response to various viral infections participating during the
recognition of pathogens and activation of signaling pathways. One NLR, NOD2, is a dynamic protein that
is activated in the presence of viral genomes and metabolites. However, its participation in combating a
dengue virus (DENV) infection remains unclear. The aim of this study was to determine the role of NOD2
in macrophage-like THP-1 cells during anin vitro infection with DENV type 2 (DENV2). The interactions
of NOD2 with RIP2 and MAVS was examined in DENV2-infected and agonist-stimulated cells. The effects
of downregulating NOD2 expression or signaling on virus loads was also evaluated. The cellular mRNA
expression and protein levels of NOD2 on cells under the stimuli were quantified with RT-PCR, Western blot
and indirect immunofluorescence. Both the mRNA and protein expression of NOD2 was enhanced in response
to DENV-2 infection. Interactions of NOD2 with RIP2 and MAVS, analyzed with confocal microscopy and
co-immunoprecipitation assays, were time-dependent and increased in the post-infection period, between 6
and 24 h. After silencing NOD2 expression, DENV2-infected cells displayed greater viral loads and decreased
expression of IL-8 and IFN-α (measured in supernatants obtained from the cells), compared to the uninfected
(mock control) cells or those transfected with irrelevant-siRNA. Thus, in response to a DENV2 infection,
NOD2 was activated in THP-1 human macrophage-like cells, the production of IL-8 and IFN-α was enhanced,
and viral replication was limited.

Keywords: DENV, NOD2, RIP2, MAVS, IFN, macrophages

Introduction

Dengue is one of the most challenging arthropod-borne viral diseases in humans, causing around 390 million
annual cases worldwide [1]. According to the WHO, dengue is a leading cause of serious disease and mortality,
mostly in Latin America and Asia. It has four antigenically related serotypes (DENV-1, DENV-2, DENV-3,
and DENV-4) and various genotypes within each one [2]. DENV belongs to theFlaviviridae family, which
has viral particles approximately 50 nm in diameter with icosahedral capsids wrapped in a lipid bilayer
envelope. This family has single-stranded RNA (ssRNA) genomes of positive polarity (˜10.8 Kb long), with
a single open reading frame encoding a single polyprotein. The latter is proteolytically processed by both
viral and cellular proteases to produce three structural proteins (C, prM and E) and seven non-structural
proteins (NS1, NS2A, NSB, NS3, NS4A, NS4B and NS5) [3].

Although the human cells targeted by DENV are predominantly monocytes, they also include macrophages,
immature dendritic cells, mature dendritic cells, and reactive splenic lymphoid cells [4-7]. In such cells, DENV
triggers the innate immune response (the first line of defense against infection), activating several pattern
recognition receptors (PRRs) that mediate the rapid production of type I interferon (IFNα/β) and cytokines.
Hundreds of interferon-stimulated genes (ISGs, induced by interferon IFN), modulate other branches of the
immune response [8]. The orchestration of these effectors is capable of creating an antiviral state in both
uninfected and infected cells through a variety of mechanisms [9].

PRRs are receptors of innate immune cells responsible for recognizing specific components (patterns) in
pathogens. For viral components, ssRNA is recognized by TLR7 [10], double-stranded RNA (dsRNA, formed
during viral replication) by RIG-I and MDA-5 molecules [11,12], and the glycoprotein of the viral envelope

2



P
os

te
d

on
A

u
th

or
ea

19
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

88
36

66
.6

91
58

06
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. by TLR3 [13,14]. During the infection of Huh-7 cells, DENV is recognized by two types of PRRs that
act synergistically to restrict viral replication by triggering type I IFNs [12,14]. These two types of PRRs
are membrane-bound TLR3 and cytoplasmic RLRs, the latter being RIG-I-like receptors (e.g., RIG-I and
MDA-5).

In DENV2-infected M1 macrophages (known to exhibit an inflammatory phenotype), the NLRP3 inflam-
masome (a member of the NOD-like receptor (NLR) family) processes caspase-1, leading to the production
of the active forms of IL-1β and IL-18 and the generation of pyroptosis [15]. In platelets exposed to DENV,
moreover, the NLRP3 inflammasome is activated to modulate the release of IL-1β in micro-particles through
mechanisms possibly dependent on mitochondrial activity [16]. However, the role of other intracellular PRRs
(e.g., some NLRs) in DENV infections has not been clearly defined.

NOD2, a member of the NLR family, was initially described as a cytosolic sensor for muramyl dipeptide
(MDP) [17]. The activation of NOD2 has been established in the presence of genomes and metabolites
from viruses, triggering and modulating diverse immune signaling pathways related to nuclear factor kappa
B (NF-κB), IFN regulatory factor (IRF) 3/7, mitogen-activated protein kinase (MAPK) and others [18].
NOD2 is activated when interacting with proteins involved in enhancing antiviral signaling pathways, such
as mitochondrial antiviral signaling protein (MAVS) [19], receptor-interacting serine/threonine-protein kinase
2 (RIP2) [20,21] and 2’-5’-oligoadenylate synthetase 2 (OAS2) [22]. Even though NOD2 has been implicated
in a response to compounds that decrease cytokine production and viral replication in cultured human
monocytes infected by dengue, its specific role during DENV infection has not yet been determined [23].

RIP2 has been reported to modulate the apoptotic pathway, mainly at 48 h post-infection (hpi), in HepG2
cells infected with DENV2 at a multiplicity of infection (MOI) of 1 [24]. Nevertheless, the specific involvement
of RIP2 during a DENV2 infection in monocytes, macrophages and other types of cells is still unclear. In
contrast, the participation of MAVS in activating the antiviral responses of type I IFNs is well known.
Its activation occurs when RIG-1 (a cytosolic protein) detects DENV [25]. There are descriptions in the
literature of anti-DENV activities mediated by members of the OAS family, including OAS1 p42, OAS1
p46 and OAS3 p100. Various human OAS proteins appear to be differentially induced in distinct types of
cells and are characterized by different subcellular locations and enzymatic parameters [26]. A recent study
revealed increased levels of mRNA of OAS1, OAS2 and OAS3 in U-937 macrophage-like cells infected with
DENV2 [27].

The aim of the current study was to determine the role of NOD2 in macrophage-like THP-1 cells during
an in vitro DENV2 infection. The interactions of NOD2 with effector molecules (RIP2 and MAVS) was
examined in DENV2-infected and agonist-stimulated cells. The effects of downregulating NOD2 expression
or signaling was also evaluated. The overall effect on viral replication was assessed.

Materials and Methods

DENV2 strains, culture and titration

The dengue virus employed presently is the Yuc17438 strain of serotype 2, which was isolated from a patient
in Yucatán, Mexico. DENV2 was cultivated on C6/36 confluent monolayers obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA), and cultured in Leibovitz’s L-15 medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with L-glutamine, MEM non-essential amino acids solution,
MEM vitamin solution, penicillin-streptomycin, 10 % of fetal bovine serum (FBS), and sodium pyruvate
solution (all from Gibco, Waltham, MA, USA). Infections were carried out in Leibovitz’s L-15 medium with
2% FBS. A mock uninfected control was treated under the same conditions. After 7 days, the supernatant
of both virus-infected and uninfected (mock control) C6/36 cells was harvested by centrifugation at 2,000
g for 10 min. Subsequently, both supernatants were diluted to a final concentration of 8% in polyethylene
glycol 8000 (Sigma-Aldrich) solution with PBS 1x (Gibco) and incubated overnight at 4 °C. The next day
each solution was centrifuged at 6,000 g for 1 h. The pellets were re-suspended at 1/10 of the total solution
volume in L-15 medium supplemented with 10% FBS, then aliquoted and frozen at -70degC until needed.
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. Viral stocks and supernatant from the mock group were titrated in focus forming assays on C6/36 cells.
Briefly, 10-fold serial dilutions of viral stock (200 μL) were used to infect cells on monolayers in 24-well
plates. After 1 h of gentle agitation, each well (containing C6/36 cells supplemented with 2% of FBS)
was covered with 1 mL of overlay medium consisting of 1% carboxymethyl cellulose (Sigma-Aldrich) in L-
15 medium. The overlay medium was gently removed 5 days later, and monolayers were fixed with 30%
acetone in cold PBS 1x for 20 min at 4 °C. The foci in C6/36 cells were then stained with a primary
anti-DENV-envelope antibody (clone 4G2) (Merck-Millipore, Burlington, MA, USA) coupled to a secondary
antibody and anti-mouse IgG-HRP (Invitrogen, Carlsbad, CA, USA). Finally, the foci were revealed with
the substrate 3,3’-diaminobenzidine (DAB) (Diagnostic Biosystems Inc., Pleasanton, CA, USA). Viral titers
were expressed as focus forming units (FFU)/mL or plaque forming units (PFU)/mL. The experiments were
performed with an MOI of 10.

THP-1 cell culture and macrophage differentiation

The THP-1 (human monocytic leukemia) cell line was acquired from ATCC and cultured in RPMI-1640
medium (Gibco) supplemented with sodium pyruvate solution, L-glutamine, penicillin-streptomycin, MEM
non-essential amino acids solution, and 10% FBS (all from Gibco). The macrophage-like state was optimally
obtained by treating THP-1 cells for 3 days with 100 ng/mL of phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich) under several experimental conditions. Subsequently, adherent cells (THP-1 macrophage-
like cells) were gently washed three times with PBS 1x (Gibco) and left to stand with fresh RPMI-1640
medium for 5 days before further use.

L18-MDP or PIC transfections

THP-1 macrophage-like cells were transfected with a mixture of LipofectamineTM 3000 reagent (LP3000)
(Invitrogen, Carlsbad, CA, USA) and L18-MDP (2 μg/mL) (Invivogen, San Diego, CA, USA) or PIC (2
μg/mL) (Sigma-Aldrich), prepared according to the manufacturer´s instructions. The cells were then incu-
bated at room temperature for 5 min. Afterwards, each mixture was placed on the monolayer to reach a final
volume of 1 mL of Opti-MEM medium (Gibco) and were incubated at 37 °C in 5% CO2 for the indicated
periods of time.

Confocal microscopy

THP-1 cells (3x105 cells/mL) were seeded on glass cover slips in a 24-well tissue culture plate (Corning, NY,
USA). Upon completion of the differentiation protocol, cells were either infected with DENV2, transfected
with L18-MDP or PIC (described above), or left untreated (mock control). Briefly, the viral stocks were ad-
justed to an MOI of 10 in a supplemented RPMI medium and incubated at 37 °C for 1 h on monolayers, after
which time the cells were washed three times with PBS 1x (Gibco) and fixed with 2% of paraformaldehyde
(Sigma) for 15 min at rt. Subsequently, the cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich)
in 1 x PBS for 15 min and blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich) at room temperature
for 1 h. Upon completion of this time, addition was made of the primary antibodies: anti-NS3, anti-NOD2,
anti-RIP2, anti-MAVS (Genetex Inc., Irvine, CA, USA) and in each case incubation was carried out at room
temperature for 2 h. The cells were then washed three times with PBS 1x before the secondary antibodies
were added. An anti-mouse IgG coupled to the Dylight-488 antibody (Pierce Biotechnology Inc., Waltham,
MA, USA) was utilized for NOD2, and an anti-rabbit IgG coupled to the APC antibody (Santa Cruz Bio-
technology Inc., Santa Cruz, CA, USA) for NS3, RIP2 and MAVS. All were incubated at room temperature
for 30 min in the dark. Finally, the nuclei were labeled with DAPI (Sigma-Aldrich) for 15 min and the slides
were mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA). The images of 100 cells per
condition were captured on a confocal laser scanning system (LSM5 Pascal) attached to a confocal micros-
cope (Axiovert 200 M, Zeiss, Jena, Germany). For colocalization analysis in confocal microscopy, JACoP
program of Image J software was used for different captured fields accounting in total for N=100 cells for
each different experimental condition, then an overlap coefficient was obtained. Cell culture supernatants
from those cells were collected and frozen at -70°C to await cytokine measurement or viral titration.

mRNA analysis
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. Total cellular RNA was isolated with TRIzol (Invitrogen) as specified in the manufacturer’s instructions.
For reverse transcription (RT), the RNA was quantified in a NanodropTM from Thermo Sc. (Rockford,
IL, USA) and then 1 μg of total RNA were added with 0.5 μg of oligo-dT (Thermo Sc.) and incubated
at 70 °C for 10 min. The RT reaction included 1× single strand buffer, 500 mM of each deoxynucleo-
tide triphosphate (Roche, Mannheim, Germany), and RevertAid reverse transcriptase (200 U) (Thermo
Sc). Each RT reaction was incubated at 42 °C for 1 h to furnish cDNA. On each cDNA strand obtai-
ned, PCR was performed in a commercial master mix with 2.0 mM MgCl2(Amplicon III, Odense M, Den-
mark). The human GAPDH gene served as the endogenous control. The following primers sequences (In-
vitrogen) were used for RT-PCR: GAPDH, forward 5´-GGTCATCCATGACAACTTTGG-3´ and reverse
5´-GTCATACCAGGAAATGAGCTTGAC-3´; NOD2, forward 5´-CAGCTGGACTACAACTCTGTGG-3´
and reverse 5´- GCAGAGTTCTTCTAGCATGACG-3´. All readings were normalized to the mRNA level
of GAPDH.

Western blot

For Western blot analysis, THP-1 macrophage-like cells differentiated in 6-well plates (2x106 cells/well)
were separated into groups: infected with DENV2, transfected with L18-MDP or PIC, and untreated (mock
control). Upon completion of the time of each treatment, cells were lysed with RIPA buffer (50 mm Tris
HCl, pH 8, 150 mm NaCl, 1% NP-40, 0.5% sodium deoxycholic acid and 0.1% SDS), which contains a
protease inhibitor cocktail (COmpleteTM, Roche Diagnostic GmbH, Mannheim, Germany). The total protein
concentration was determined by employing a PierceTM BCA protein assay kit (Thermo Fisher Scientific,
Rockford, IL, USA) according to the manufacturer’s instructions. Fourty μg of total protein were separated by
10% SDS–PAGE and transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Berkeley, CA, USA).
Membranes were blocked with 5% non-fat milk in PBS 1x for 1 h and then membranes were immunostained
as described elsewhere. Proteins were visualized with Luminata Forte substrate (Merck-Millipore) and the
immunoreactive proteins were detected by exposure to Kodak Carestream film (Sigma-Aldrich).

Co-immunoprecipitation assays

For these assays, THP-1 macrophage-like cells were differentiated in a T-25 cell culture flask (5x106

cells/flask). Subsequently, they were infected with DENV2, transfected with L18-MDP or PIC, and un-
treated (mock control). When the incubation period of each treatment was completed, cells were lysed
with RIPA buffer containing a cocktail protease inhibitor (previously mentioned). Total protein lysates were
quantified as previous detailed, and 150 μg of total protein were incubated with an anti-NOD2 antibody
(2 μg/reaction) overnight at 4°C with constant rocking. Subsequently, 15 μL of protein A agarose beads
(Thermo Sc.) were added to each mixture and incubated while gently mixing by constantly inverting the
tube at 4 °C for 3 h. The precipitates were then washed eight times with PBS 1x-protease inhibitors, the
pellets were re-suspended, and the NOD2-RIP2 and NOD2-MAVS interactions were evaluated with an immu-
noblot assay. Immunoblots were probed with the following antibodies: anti-RIP2 and anti-MAVS (previously
explained) coupled to an anti-rabbit IgG-HRP conjugated antibody. They were visualized by using enhanced
chemiluminescence with Luminata Forte substrate (Merck-Millipore).

Small interfering RNA (siRNA) assays

A total of 2.5x106 THP-1 macrophage-like cells in 6-well plates were transfected with a mixture of two
siRNAs Card4 (25 pmol) and Card6 (25 pmol) against human NOD2 (NOD2-siRNAs, catalog number
1027415, Qiagen, Hilden, Germany). As a negative control, AllStars negative control siRNA (irrelevant-
siRNA 50 pmol, catalog number 1027281, Qiagen) were transfected with LP3000 (Invitrogen), as specified
in the manufacturer’s protocol, for 12 h. Cell viability was determined with the MTT assay (Sigma-Aldrich).
Briefly, 15 μg of MTT reagent (500 μg/mL) were added to each well and incubated at 37 °C for 3 h. Cells
were then lysed with 100 μL of DMSO (Sigma-Aldrich) and rocked until the purple formazan crystal was
completely solubilized. Absorbance was measured at 600 nm in a microplate reader (Thermo Sc) and the
percentage of cell viability was calculated with the resulting values, as follows: (Atreatment - Ablank)/(Acontrol

- Ablank) × 100%. Additionally, the efficiency of cells with NOD2 knocked down was assessed by Western

5
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. blot and indirect immunofluorescence, as described elsewhere.

Curcumin treatments

THP-1 macrophage-like cells (3x105 cells/mL) were seeded on 24-well tissue culture plates. After the diffe-
rentiation protocol, cells were washed twice with PBS 1x. Curcumin (Sigma Aldrich) was diluted in ethanol
according to manufacturer´s instructions, adding 30 μM/mL [28] to each well for the treated group. Ethanol
was added to control wells. Finally, the plates were incubated at 37 °C for 1 h, and each stimulus was
co-incubated as indicated elsewhere.

Determination of cytokine levels

The cytokine concentration was quantified in THP-1 cell culture supernatants. Distinct ELISA kits were
employed for human IL-8 (Peprotech, Cranbury, NJ, USA) and human IFN-α (eBioscience, San Diego, CA,
USA). Both measurements were performed as specified in the manufacturer´s instructions.

Statistical Analysis

Differences between groups were analyzed on GraphPrism® version 8.0 (GraphPad Software Inc., San
Diego, CA, USA). For comparison between three groups, significance was examined with one-way ANOVA.
Comparisons between two groups of continuous variables were made with the Student’s t -test in the case
of parametric distributions and the Mann–Whitney U test for nonparametric distributions.

Results

DENV2 infection upregulates NOD2 expression

NOD2 expression was evaluated by confocal microscopy at distinct time points in THP-1 macrophage-
like cells infected by DENV, transfected with L18-MDP, or untreated (mock control). There was a low
expression of this molecule in the uninfected cells (Fig. 1A). A singular pattern of distribution was observed
in the DENV2-infected cells from 6-24 hpi, with NOD2 localized in the cytosol in a characteristic pattern
in approximately 15-20% of the cells (Fig. 1B). In contrast, ˜40-50% of the cells transfected with synthetic
L18-MDP (the positive control) exhibited a more vesicle-like pattern of distribution for NOD2 (Fig. 1C).

Macrophages derived from the THP-1 cell line are reported to be permissive for DENV2 infection in vitro
[29]. As a control for DENV infection, the expression of viral NS3 protein (red) was examined, being detected
at 12 hpi. The NS3 and NOD2 sites were found co-localized in 18% of double positive cells (Suppl. Fig. 1).
On the other hand, the quantification of NOD2 mRNA in untreated (control) and DENV2-infected THP-1
macrophage-like cells showed the following increases in expression for the latter: 1.5-fold at 3 hpi, 2.6-fold
at 6 hpi and 3.5-fold at 12 hpi. Treatment with L18-MDP resulted in the greatest increase in the expression
of NOD2 of the three groups: 1.6-fold at 3 h, 4.3-fold at 6 h and 5.5-fold at 12 h (Fig. 1D). Western blot
analysis confirmed the higher level of NOD2 in DENV2-infected and L18-MDP-transfected cells (compared
to the control): 1.46-fold at 12 hpi and 3.1-fold at 24 hpi in the infected cells; 1.4-fold at 3 h, 2.45-fold at 6
h and 5-fold at 12 h in the transfected cells (Fig. 1E).
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Figure 1. NOD2 was up-regulated in DENV2-infected and L18-MDP-transfected THP-1 cells.
(A) Confocal micrograph of THP-1 macrophage-like cells having undergone the following treatments for 12
h: infection with DENV2, transfection with L18-MDP, or untreated (mock control). The cells were prepared
by immunostaining for NOD2 (green ) and nuclear contrast (blue ). The micrograph (on the right) illustrates
the entire field of each treatment, and a cell positive for NOD2 is depicted in the box. Images in the upper
panels denote the percentage of NOD2 positive cells for each condition (N=110). The pictures (magnification
2100x) were cropped to improve the presentation. The bar graphs (B and C) portray the NOD2 expression
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. in cells at distinct time points post-infection under different treatments: Mock (white bars), transfected
with L18-MDP (gray bars), or infected with DENV2 at an MOI of 10 (black bars). The bar graphs indicate
the degree of increase (fold change) calculated by the ratio of NOD2/GAPDH (D) and NOD2/β-actin (E).
(B) mRNA of NOD2 was measured at 3, 6 and 12 h post-infection, using end point RT-PCR with specific
primers for human NOD2 and GAPDH. (C) Relative NOD2 protein expression was established by Western
blot analysis of the whole-cell lysates with an anti-NOD2 antibody. An anti-β-actin antibody served as the
loading control. Representative gel and membrane images from RT-PCR and western blot at different time
points are shown. Significance was determined with one-way ANOVA: *** p<0.001, ** p<0.05, * p<0.05,
and ns: not significant.

Expression of RIP2 and MAVS effectors and co-localization with NOD2

RIP2 was constitutively expressed in all experimental groups, including the untreated cells (Fig. 2A). Its
expression was more abundant than that of NOD2 (Fig. 2D). At 6 hpi, DENV2-infected cells and L18-
MDP-transfected cells both displayed an enhanced RIP2 expression (Figs. 2B and C). At this time point,
co-localization of NOD2 and RIP2 was found in ˜25% of the DENV2-infected cells (Fig. 2H), while co-
localization was limited or absent in the mock-infected or transfected cells (Figs. 2G and I). At 12 hpi,
the expression of the MAVS effector was absent in untreated cells (Fig. 3A), marginal in DENV2-infected
cells (Fig. 3B), and slightly higher (than the infected group) in PIC-transinfected cells. At the same time
point, the increased expression of MAVS in the transfected cells correlated with the expression of NOD2 in
the cytosol (Figs. 3C, F and I), and some co-localization between MAVS and NOD2 was observed in the
DENV2-infected cells (Fig. 3H). A quantitative measure of cells showing some overlapping was carried out
to have a more objective value using different microscopy fields as indicated in Suppl. Fig. 2.

Figure 2. DENV2-induced NOD2-RIP2 co-localization is demonstrated in THP-1 macrophage-
like cells. (A-C) Untreated (UT), DENV2-infected and L18-MDP-transfected cells are illustrated at 6 hpi.
To evaluate NOD2-RIP2 co-localization, the cells were fixed, permeabilized and immunostained with an anti-
RIP2 antibody ( in red, D-F) and an anti-NOD2 antibody ( in green,G-I) . To the far right, the images of
RIP2 (red) and NOD2 (green) are merged, with a nuclear contrast (blue). Individual cells portrayed in the
square were selected for examination in greater detail. A digital magnification of 630x is shown on the left

8
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. and of 2100x on the right side of each column. Each condition was repeated three times. Overlap coefficient
provided by JACoP program is shown for DENV treated (0.776) and L18-MDP positive control (0.869) after
analyzing different fields.

Figure 3. DENV2-induced NOD2-MAVS co-localization in THP-1 macrophage-like cells. (A-
C) Untreated (UT), DENV2-infected and PIC-transfected cells can be appreciated at 12 hpi. To evaluate
NOD2-MAVS co-localization, the cells were fixed, permeabilized and immunostained with an anti-MAVS
antibody ( in red, D-F) and an anti-NOD2 antibody ( in green,G-I) . To the far right, the images of MAVS
(red) and NOD2 (green) are merged, with a nuclear contrast (blue). Individual cells displayed in the square
were selected for observation in greater detail. A digital magnification of 630x is illustrated on the left
and 2100x on the right side of each column. Each condition was repeated three times. Overlap coefficient
provided by JACoP program is shown for DENV treated (0.859) and L18-MDP positive control (0.890) after
analyzing different fields.
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Figure 4. DENV2 induced NOD2-RIP2 and NOD2-MAVS protein interactions in THP-
1 macrophage-like cells. The interaction of NOD2 with RIP2 and MAVS was measured by co-
immunoprecipitation assays in whole protein cell lysates of the cells, which were mock treated, DENV2-
infected, or given the corresponding treatment for the positive, immunoprecipitating in each case with
anti-NOD2 antibody and immunoblotting with the indicated antibody. (A) Transfection with L18-MDP
in positive control and the NOD2-RIP2 interaction evaluated 6 h later; and (B) transfected with PIC for
positive control and the NOD2-MAVS interaction at 12 h. Subsequently, cells were harvested and lysed, and
the total protein was quantified, also Western blot analysis of NOD2 in whole cell lysates alone was carried
out in mock treated THP-1 cells and LPS (100 ng/mL) treated cells after 6 h(C) . Each interaction was
analyzed by the co-immunoprecipitation of each molecule (by adding an anti-NOD2 antibody) followed by
Western blotting. The immunoblots were performed by using specific antibodies for each molecule evalu-
ated (RIP2 and MAVS), with each primary antibody being coupled to an anti-rabbit IgG-HRP secondary
antibody. (D) Time-dependent interactions of NOD2 with RIP2 and MAVS found in the cells infected with
DENV2 and interpreted in a colored map. Interaction rates are coded in shades of blue: dark blue indicates
a higher interaction rate and light blue a lower interaction rate. Interaction rates were determined by co-
immunoprecipitation assays and Western blot (as described in the text) at 6, 12, 18 and 24 h post-treatment
(the measurement time post-infection is shown for each interaction). Each assay was repeated three times.

DENV2 infection induced the interaction of NOD2 with the effector proteins RIP2 and MAVS

The protein interactions of RIP2 and MAVS proteins with NOD2 were revealed by co-immunoprecipitation
assays in the three experimental groups of THP-1 macrophage-like cells (Figs. 4A-B). The interaction of
NOD2 with RIP2 was assessed in lysates of the cells. The interaction was manifested in DENV2-infected and
L18-MDP-transfected cells, but not in untreated cells (Fig. 4A). Likewise, the MAVS protein was recovered
by co-immunoprecipitation in lysates of DENV2-infected and PIC-transfected cells at 12 hpi, but not in
untreated cells (Fig. 4B). A general overview is portrayed of the NOD2-RIP2 and NOD2-MAVS interactions
over time (Fig. 4E). A time-dependent interaction pattern emerged from the analysis, with the NOD2-RIP2
interaction appearing first at 6 hpi and the NOD2-MAVS interaction later at 12 hpi.

Downregulation of NOD2 in DENV2-infected cells increased viral replication and reduced production of IL-8
and IFN-α

10
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. The effects of NOD2 downregulation were examined with two approaches: gene silencing with siRNAs and
chemical inhibition using curcumin. To assure the viability of cells subjected to a double round of transfec-
tions with siRNAs and agonists, proper assays were carried out. The corresponding assays demonstrated a
high percentage of viability (80-88%) in cells treated with curcumin as well as the ones exposed to double
transfections (Suppl. Fig. 3). There was a decline in NOD2 expression in about 67% of the cells transfected
with NOD2-siRNAs compared with those transfected with an irrelevant-siRNA or the mock control. The
second approach involved a polyphenol found in the plantCurcuma longa , commonly called curcumin, which
is reported to inhibit NOD2 oligomerization and consequently NOD2 downstream signaling [28]. DENV2-
infected and L18-MDP-transfected cells pre-treated with curcumin secreted significantly less IL-8 than the
same groups without the curcumin pretreatment. Accordingly, IL-8 was quantified at ˜756 pg/mL and
1390 pg/mL, respectively, in cells pretreated or not with curcumin and then stimulated with an L18-MDP
transfection. Likewise, the level of IL-8 was measured at ˜697 pg/mL and 1073 pg/mL, respectively, in cells
pretreated or not with curcumin and then infected with DENV2 (Suppl. Fig. 4).

Gene silencing had a very similar effect. Secretion of IL-8 was determined to be at ˜845 pg/mL and 1151
pg/mL, respectively, in cells transfected with NOD2-siRNAs or the irrelevant-siRNA, in both cases later
stimulated with the transfection of L18-MDP. IL-8 production was at ˜688 pg/mL and 983 pg/mL, respec-
tively, in cells transfected with NOD2-siRNAs or the irrelevant-siRNA, in both cases later infected with
DENV2. The basal level of IL-8 (in untreated cells) was ˜480 pg/mL (Fig. 5A). NOD2 silencing also had a
negative impact on IFN-α secretion. Cells transfected with NOD2-siRNAs or an irrelevant-siRNA and then
treated with PIC showed levels at ˜73 pg/mL and 133 pg/mL, respectively. The same two pretreatments
followed by DENV2 infection resulted in levels of IFN-α at ˜53 pg/mL and 110 pg/mL, respectively. IFN-α
was not detected in untreated cells (Fig. 5B).

Φιγυρε 5. Γενε σιλενςινγ οφ ΝΟΔ2 βψ σιΡΝΑς δεςρεασεδ ςελλ σεςρετιον οφ ΙΛ-8 ανδ

ΙΦΝ-α. THP-1 macrophage-like cells were gene-silenced with a mix of specific human NOD2-siRNAs or
left intact with an irrelevant-siRNA. Subsequently, they were infected with DENV2 or transfected with L or
PIC. Cell supernatants were then collected, and the cytokine levels were measured by ELISA. (A-B) The
level of IL-8 was determined at 12 h and IFN-α at 24 h. Data in the bar graphs are expressed as the mean ±
SD from three independent assays. Significance was examined with the unpaired t -test and Mann-Whitney
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. U distribution: *** p<0.001, ** p<0.05, * p<0.05, and ns: not significant. (C ) Western blot on the silencing
assay and levels of downregulation using NOD 2 specific siRNAs are shown.

NOD2 inhibition led to greater viral loads

An over 4-fold increase in viral load was produced in cells with NOD2 knocked down by treatment with
specific siRNAs compared to cells with NOD2 unaffected by an irrelevant-siRNA (1.8x104 FFU/mL versus
4.4x103 FFU/mL, respectively). The same effect was observed in curcumin pretreated versus normal cells,
in both cases later infected with DENV2. The level of viral titers rose more than 2.5-fold in the chemically
treated versus normal cells (1.1x104 FFU/mL vs. 4.3x103 FFU/mL, respectively) (Fig. 6). The effect of
the reduced expression or function of NOD2 on viral kinetics in infected cells (at 12, 24 and 48 hpi) was
time-dependent beginning at 12 hpi, with the viral load increasing at 24 and again at 48 hpi. The level of
titers at 24 hpi was ˜2.8-3.3x103FFU/mL in untreated cells and those transfected with an irrelevant-siRNA,
compared to ˜2.0x104FFU/mL in the group transfected with NOD2-siRNAs. Similar data were found at 48
hpi, where titers were ˜1.1x104 FFU/mL in untreated cells and those transfected with an irrelevant-siRNA,
compared to ˜2.6x104 FFU/mL in the group transfected with NOD2-siRNAs (Suppl. Fig. 5A).

Figure 6. THP-1 macrophage-like cells with a reduced expression of NOD2 produced a higher level of viral
titers. Cells were knocked down in NOD2 expression by using a mix of NOD2-siRNAs or inhibited in NOD2
signaling with the curcumin pretreatment. After NOD2 downregulation, the cells were infected with DENV2.
At 24 hpi, supernatants were collected, and viral progeny from supernatants were quantified by a focus
forming assay in C6/36 cells. (A) Viral titers are represented as focus forming units per milliliter (FFU/mL).
Data in the bar graph are expressed as the mean ± SD from three independent assays. Significance was
determined with the unpaired t -test: *p < 0.05 and ***p < 0.001.

Discussion

PRRs are the first line of recognition for the defense against pathogens. During viral infections, two kinds
of PRRs (TLRs and RLRs) are activated and potentiated. Additionally, members of the NLR family are
vital for inflammatory functions during a viral infection. For example, NLRP3 [15-16] and NLRX1 regulate
functions of the RIG-I/MAVS pathway [30] and NOD2 [19-22], a less studied effector, is also important in

12



P
os

te
d

on
A

u
th

or
ea

19
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

88
36

66
.6

91
58

06
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. viral infections.

In monocytes, macrophages and dendritic cells, the immediate response at early stages of a DENV2 infection
is rapid and coordinated, mediated by TLR3, TLR7, TLR8, RIG-I and NLRP3 [10,13-15]. Additionally,
the activation of other intracellular sensors located in the cytosol contributes to the establishment of this
response. One very dynamic molecule is NOD2, which interacts with several effectors that participate in
either proinflammatory or antiviral activity.

According to the current experimental results, NOD2 mRNA and protein expression was enhanced in THP-1
macrophage-like cells in response to anin vitro DENV-2 infection. Singular patterns of subcellular distribution
of NOD2 expression was observed in the cells following treatment with a NOD2 agonist (L18-MDP) or
infection with DENV2, suggesting that NOD2 may be present in defined vesicles (e.g., endosomes), as
previously reported [31]. However, further research is necessary to identify the nature of the vesicles. The
expression of NOD2 in the cells was also induced by a PIC, measured at 12. Therefore, a positive regulation
of NOD2 appears to be mediated by these molecules, as has been documented for PIC [20].

Interestingly, the expression of elevated levels of NOD2 was exhibited in DENV-2-infected cells but not the
untreated cells, which was confirmed by the detection of viral NS3. Thus, active DENV2 replication seems
to be necessary to stimulate the up-regulation of NOD2. Although the latter molecule has been significantly
associated only with homeostatic regulation in intestinal epithelial cells [32], its involvement in key processes
of the proinflammatory and antiviral immune response is clear [33]. Consequently, the current study aimed
to investigate the participation of NOD2 in the immune response to a DENV2 infection in an experimental
model of THP-1 macrophage-like cells. Macrophages represent one of the main targets of the dengue virus
and have a pivotal role in the immune response to a dengue infection. During infection with various RNA
viruses, according to previous reports, NOD2 is activated and triggers a protective innate immune response
against pathogens, mediated by interactions with adaptors such as RIP2, MAVS, OAS2 and CARD9 [34].

The protein interactions between NOD2 and numerous effectors might be significant for the course and
effect of the immune response [35]. Of all NOD2-related effectors described in the literature, only those with
a substantial antiviral activity were herein evaluated, being RIP2, and MAVS. Co-localization sites were
determined at several post-treatment time points for NOD2-RIP2, and NOD2-MAVS in DENV2-infected
and agonist-stimulated cells. Co-location was more evident for NOD2-RIP2 and NOD2-MAVS.

To provide greater insights into these discoveries, the aforementioned interactions were analyzed by co-
immunoprecipitation assays. NOD2 was found to interact with RIP2, and MAVS in infected cells as well as in
agonist-stimulated cells, and at distinct times post-stimuli. Hence, NOD2 is a dynamic molecule with different
functions in the current infection model, mainly during the early response against DENV2. Considering the
previous information, we propose that the NOD2-RIP2 interaction led to the generation of inflammatory
cytokines and the NOD2-MAVS interaction to a type I IFN response, which has been described for a variety
of RNA viruses. Further research is needed on the overall mechanisms involved.

The present findings after knocking down NOD2 expression or signaling contribute to a more in-depth under-
standing of the overall effect of this molecule on cell function during a dengue infection. NOD2 downregulation
by specific siRNAs (versus cells with normal NOD2) correlated with a reduced secretion of IL-8 and IFN-α
in DENV2-infected cells. Inhibition of NOD2 signaling by pretreating THP-1 cells with curcumin (versus
cells with normal NOD2) afforded a similar decline in the expression of these cytokines in DENV2-infected
cells. However, only early times points were examined the possibility that DENV counteracts some antiviral
molecules later in the infection must be further examined.

Subsequently, an evaluation was made as to whether NOD2 misfunction in the cells infected with DENV2
had an impact on viral loads. A higher level of viral titers was detected in cells with a decreased expression
or signalization of NOD2, and the load increased with the passage of post-infection time. Overall, the results
demonstrate a formerly unknown role for NOD2 during DENV2 infection of THP-1 macrophage-like cells:
limiting the production of new viral progeny. This is a very significant finding since it indicates that NOD2
either potentiates or initiates the antiviral response to combat viral replication, a trait found for this protein
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. in other viral infections. For instance, the foot-and-mouth disease virus counteracts NOD2 to antagonize
antiviral activity [36].

NOD-2 activation has been a striking finding arose during SARS-CoV2 pandemic research, documenting a
Nodosome activation (NOD2-RIP2) during Zika virus, DENV and SARS-CoV2 infection in cell lines [37].

In conclusion, the NOD2 receptor was herein upregulated and activated at the early stage of a DENV2
infection, concomitantly with active viral replication in macrophages derived from the THP-1 cell line. The
activation of NOD2 during the infection led to its interaction with RIP2 and MAVS (measured at several
post-infection times), and elicited the secretion of IL-8 and IFN-α. Through these mechanisms, NOD2 was
involved in limiting the replication of new DENV2 viral particles in THP-1 macrophage-like cells.
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tivation during bacterial and viral infections, polymorphisms and potential as therapeutic target. Rev
Invest Clin 2018; 70(1):18-28.

35. Bottermann, M.; James, L.C. Intracellular antiviral immunity. Adv Virus Res 2018; 1001: 309-354.
36. Liu, H.; Zhu, Z.; Xue, Q.; Yang, F.; Cao, W.; Zhang, K.; Liu, X.; Zheng, H. Foot-and-Mouth disease

virus antagonizes NOD2-mediated antiviral effects by inhibiting NOD2 protein expression. J Virol
2019: 93(11):e00124-19.

37. Limonta, D.; Dyna-Dagman, L; Branton, W; Makio, T; Wozniak, R; Power, C; Hobman T. No-
dosome inhibition as a novel broad-spectrum antiviral strategy against arboviruses and SARS-CoV-2.
bioRxiv 2020.11.05.370767; doi: https://doi.org/10.1101/2020.11.05.370767

16


