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ABSTRACT Early prognosis of abnormal vasculopathy is essential for effective clinical
management of patients with severe dengue. An exaggerated interferon (IFN) response
and release of vasoactive factors from endothelial cells cause vasculopathy. This study
shows that dengue virus 2 (DENV2) infection of human umbilical vein endothelial cells
(HUVEQ) results in differentially regulated microRNAs (miRNAs) important for endothelial
function. miR-573 was significantly downregulated in DENV2-infected HUVEC due to
decreased peroxisome proliferator activator receptor gamma (PPARy) activity. Restoring
miR-573 expression decreased endothelial permeability by suppressing the expression of
vasoactive angiopoietin 2 (ANGPT2). We also found that miR-573 suppressed the proin-
flammatory IFN response through direct downregulation of Toll-like receptor 2 (TLR2)
expression. Our study provides a novel insight into miR-573-mediated regulation of en-
dothelial function during DENV2 infection, which can be further translated into a poten-
tial therapeutic and prognostic agent for severe dengue patients.

IMPORTANCE We need to identify molecular factors that can predict the onset of endo-
thelial dysfunction in dengue patients. Increase in endothelial permeability during severe
dengue infections is poorly understood. In this study, we focus on factors that regulate
endothelial function and are dysregulated during DENV2 infection. We show that miR-
573 rescues endothelial permeability and is downregulated during DENV2 infection in
endothelial cells. This finding can have both diagnostic and therapeutic applications.
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engue is an escalating public health concern with 100 to 200 million symptomatic

infections occurring annually across the globe (1). Dengue virus (DENV) belongs to
Flaviviridae family and has four distinct serotypes that are transmitted by the Aedes
mosquitoes. The disease is usually subclinical or presented with symptoms such as
fever, headache, myalgia, and arthralgia in most patients. However, certain patients de-
velop a severe and potentially fatal form of the disease called dengue shock syndrome
due to vasculopathy. Increasing trends in urbanization and international travel have
contributed to global distribution of the different serotypes, resulting in hyperende-
micity and increasing the risk of severe disease, which is more likely during secondary

infections by different DENV serotypes (2). Severe dengue is associated with hemody- Editor J-H. James Ou, University of Southein

California
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estimated to be US$3 to $4 billion in these regions, highlighting the need for better .
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preventive and diagnostic approaches for efficient clinical management of this disease Accepted 14 January 2022
(4, 5). The current laboratory and clinical markers for predicting the occurrence of Published 23 March 2022
severe dengue in patients have paired poorly in clinical settings (6, 7). Designing better

March 2022 Volume 96 Issue6 e01996-21 Journal of Virology jviasm.org 1


https://orcid.org/0000-0002-1673-6819
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org

Banerjee et al.

diagnostic approaches will require a detailed understanding of the mechanisms con-
tributing to the pathophysiology of the disease.

During severe dengue, antibody-dependent enhancement (8-10), abnormal T cell
function (11), platelet activation (12), and mast cell degranulation induce vasoactive
mediators, such as TNF-«, VEGF, IP-10, GM-CSF, interleukins (IL-1«, IL-13, and IL-8),
CXCL1, HMGB1, MCP1, and metalloproteinases, which disrupt the endothelial barrier
integrity leading to vascular leakage (13). DENV nonstructural protein 1 (NST) also
induces endothelial permeability by directly disrupting the endothelial glycocalyx layer
(14). Circulating levels of endothelial activation markers such as sICAM1, sVCAM1, and
claudin5, as well as components of the endothelial glycocalyx layer (syndecan and
chondroitin sulfate), are elevated in patients with severe dengue, suggesting the
involvement of a dysregulated endothelial barrier function (15-19). Patients with
severe dengue present with early signs of endothelial dysfunction, as seen by the ele-
vated reactive hyperemia index, which is associated with a 4-fold risk of severe dengue
(20). Identifying such factors directly associated with endothelial function during
severe dengue is essential and requires focused exploration of endothelial cell function
during dengue infection.

MicroRNAs (miRNAs) are a class of small RNAs that have recently been found to be
involved in regulating endothelial cell (EC) function (21). miRNAs bind to the 3’
untranslated region (3’ UTR) of target mRNAs and posttranscriptionally regulate pro-
tein production (22). miR-125, miR-155, and miR221/222 are some of the miRNAs that
are involved in regulating key EC functions such as angiogenesis, inflammation, and
permeability (23). Recent studies have also highlighted the role of miRNAs during den-
gue infection in both in vitro and clinical studies (24-27). However, these studies
focused on miRNA expression in cells of non-EC origin, and the role of endothelial
miRNAs during DENV infection has yet to be explored. Proinflammatory stimuli that
regulate EC miRNA expression, especially during vascular pathology, are also common
in severe dengue infection (28). Identifying EC miRNAs that regulate pathways associ-
ated with inflammation and permeability responses may provide common regulatory
networks between the multiple factors mediating EC permeability.

In this study, we show that DENV2 infection of HUVEC resulted in differential regula-
tion of miRNAs involved in EC function. HUVEC have been widely used for vascular pa-
thology studies and are a permissive host for DENV infection (29, 30). Several of the
differentially regulated miRNAs were required for maintaining vascular tone and endo-
thelial cell homeostasis. We further elaborated on the role of miR-573 in regulation of
endothelial cell function during DENV2 infection. We also provide some preliminary
evidence of regulation of miR-573 expression through peroxisome proliferator activa-
tor receptor gamma (PPARy) at the transcriptional level.

RESULTS

DENV2 infection of HUVEC modulates endothelial miRNA expression. Small
RNA sequencing was carried out to identify the changes in the miRNA expression pro-
file in HUVEC upon DENV2 infection (MOI of 10). HUVEC have been widely used as an
in vitro model for vascular studies and are susceptible to DENV infection (29, 30). We
identified 188 miRNAs to be differentially regulated during DENV2-infected HUVEC
(Fig. 1a). A total of 38 miRNAs from our screen have previously been reported to be dif-
ferentially regulated during DENV infection of other nonendothelial cell types indicat-
ing the robustness of our screen. A complete list of the differentially expressed miRNAs
at 24 and 48 h postinfection (hpi) are tabulated in (see Table S1 in the supplemental
material). We selected a few of the most highly significant and differentially expressed
miRNAs for qRT-PCR analysis, and we observed a similar trend in their expression pro-
files, further validating the robustness of the sequencing analysis (data not shown). To
further complement the RNA-seq data we carried out a mRNA microarray to determine
the overall changes in global MRNA expression levels (Fig. 1b). A complete list of the
differentially expressed mRNAs is presented in Table S2 in the supplemental material.
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FIG 1 DENV2 infection alters the miRNA expression in HUVEC. (a) Heat map representing the differentially expressed miRNAs in
DENV2-infected HUVEC at 24 and 48 hpi. (b) Heat map depicting the overall change in the mRNA expression in response to
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TABLE 1 Downregulated miRNAs and their putative mRNA targets

Journal of Virology

Downregulated miRNA

after DENV2 infection Upregulated mRNAs after DENV2 infection

miR-15 PPM1K, CXCL10

miR-26 PPM1K, KLF4, OAS1, XAF1, EPSTI1, GBP4, STAT1, EIF2AK2, PARP12, SP110, TAP2, PLSCR1, IRF1, ATF3, PARP14, IFIT2,
RNF19B, IFI44L, IFIT1, MSX1, IFI35, STAT2, RSAD2, ZNFX1, TRIM25

miR-30 CASP1, GBP4, EIF2AK2, TAP2, OAS2, CXCL10, TRIM5, RNF19B, OASL, BST2, IFI6, TRIM25, APOL2, PPM1K, ETV7, EPSTI1,
STAT1, PLSCR1, ATF3, PARP14, IFIT5, STAT2

miR-130 IRF1, CMPK2

miR-365 APOL2, CMPK2, ETV7, GBP4, BATF2, SP110, SAMHD1, SLC15A3, CCL5, IFIT3, IRF1, RNF19B, MX2, IFI44L, IFIT1, LGALS9,

DDX60L, LY6E, TRIM25, RND1, PSMB9

miR-483 IRF1, RNF19B, ETV7, OASL, GBP4, SP110, RSAD2, ZNFX1, PSMB9, IFIT3

We superimposed the miRNA and mRNA data sets and identified several putative
miRNA-mRNA associations which exhibited a reciprocal relationship in their expression
levels. Gene ontology analysis of the differentially regulated miRNA-mRNA targets
using Diana miRpath tool (31) identified pathways associated with immune response
(JAK-STAT, cytokine, and chemokine signaling), metabolism (Wnt, mTOR, fatty acid syn-
thesis, and PI3-AKT signaling), p53 signaling, and endothelial permeability response
(actin cytoskeleton remodeling, gap and tight junctions, adherens junction, and ECM-
receptor signaling) (Fig. 1c). We also identified miRNAs, such as miR-15, miR-26, miR-
30, miR-365, and miR-483, which regulated mRNAs involved in pathways like gap and
tight junctions, adherens junction, and extracellular matrix receptor (ECM receptor) sig-
naling in endothelial cells (32-35). We observed that miR-15 (Fig. 1d), miR-26 (Fig. 1e),
miR-30 (Fig. 1f), miR-365 (Fig. 1g), and miR-483 (Fig. Th) were downregulated in HUVEC
at 24 hpi and that some of their putative mRNA targets were upregulated in our micro-
array data set (Table 1), further emphasizing on the reciprocal relationship between
miRNA-mRNA expressions. These observations indicate that DENV2 infection results in
an altered miRNA expression profile in endothelial cells that may be responsible for
modulating endothelial permeability and activation responses during DENV infection.
We also identified miR-573 to be significantly downregulated at 24 hpi, which had pu-
tative mRNA targets involved in endothelial permeability and activation responses.
Previous reports have shown that miR-573 mitigates the proinflammatory response in
a rheumatoid arthritis disease model and has an endothelial protective function (36).
We found that miR-573 expression levels were significantly downregulated during
DENV2 infection and that the expression levels were inversely proportional to virus
titers (Fig. 2a). DENV2 replication kinetics in HUVEC showed peak virus replication
between 24 and 72 hpi (data not shown), and a significant decline in miR-573 levels

was also observed during this period.

Regulation of miR-573 expression is independent of DENV2 viral replication.
We observed that miR-573 was downregulated in DENV2-infected HUVEC at different
multiplicities of infection (MOIs of 1, 5, and 10) relative to mock-infected cells (Fig. 2b).
We did not observe a significant difference in miR-573 expression in cells infected at
different MOls. To further determine whether miR-573 expression is dependent on
active viral replication, HUVEC were treated with an UV-inactivated DENV2 virus. miR-
573 expression was reduced in cells treated with the UV-inactivated virus (Fig. 2c).
These observations suggest that downregulation of miR-573 expression in DENV2-
infected HUVEC is independent of active viral replication. Downregulation of miR-573

FIG 1 Legend (Continued)

DENV2-infection. (c) DIANA mirPath pathway enrichment analysis (Fisher exact test [P < 0.05] and false discovery rate
[FDR] = 0.01) identified potential pathways regulating endothelial function such as gap junction signaling, tight junction
signaling, fatty acid synthesis, etc. (d to h) qRT-PCR analysis of miRNA expression levels for miR-15 (d), miR-26 (e), miR-30 (f), miR-
365 (g), and miR-483 (h) during DENV2-infected cells with respect to the mock-infected control. The data represent triplicate
biological experiments. A Student t test was applied to determine the statistical differences between individual groups (¥,

P < 0.05).
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FIG 2 Regulation of miR-573 expression does not directly depend on active viral replication. (a) HUVEC were infected with DENV2
at an MOI of 10, and changes in miR-573 expression levels between mock-infected and virus-infected cells were determined using
gRT-PCR at different time intervals postinfection. (b) HUVEC were transfected with DENV2 at different MOIs (1, 5, and 10), and
changes in miR-573 expression levels with respect to mock-infected cells were determined using qRT-PCR at 48 hpi. (c) HUVEC
were challenged with UV-inactivated DENV2 virus, and 24-hpi miR-573 expression levels were measured relative to mock-infected
and DENV2-infected cells by qRT-PCR. (d) HUVEC were transiently transfected with vectors overexpressing different DENV2
structural proteins (capsid [Cap], prM, envelope [Env], and prM+envelope [prM-+Env]), and miR-573 expression levels were
analyzed 48 h posttransfection using qRT-PCR. Cells transfected with an empty vector backbone were used as a control for all
comparisons. Data represent triplicate biological experiments. A Student t test was applied to determine the statistical differences
between individual groups (*, P < 0.05; **, P < 0.01).

expression in cells when treated with replication-defective UV-inactivated virus led us
to hypothesize whether its expression is modulated by the viral proteins that remain
intact upon UV exposure. We transiently transfected HUVEC cells with the recombinant
plasmids expressing DENV2 structural proteins (envelope, prM, and capsid proteins)
and measured the change in miR-573 expression. We observed a decrease in miR-573
expression for all the three structural proteins and transfection with the capsid con-
struct resulted in greatest downregulation (Fig. 2d) compared to the other constructs.
DENV2 capsid protein has been known to interact with host proteins such as HMGB1
and promotes its nuclear to cytoplasmic translocation along with p300/CBP-associated
factor (PCAF) acetylase complex (19). Our results indicate that miR-573 downregulation
is primarily mediated through virus structural proteins and that the virus capsid protein
has the strongest effect.

miR-573 expression is under the transcriptional control of PPAR: miR-573 is an
intergenic miRNA located between DHX15 and PPARYCA1 genes on chromosome 4.
We also identified several markers of transcriptionally active regions such as histone
modification signals (140 H3K4me3 and H3K27Ac) and DNasel-hypersensitive regions
located upstream of miR-573 coding region using the miRStart computational tool (37;
data not shown). We identified PPARy transcription factor binding sites located within
2 kb upstream of miR-573 coding region. PPARy, which acts as a nuclear hormone re-
ceptor, has been shown to suppress the proinflammatory response in endothelial cells
in a sepsis disease model (38). We observed a significant reduction in PPARy protein
levels in DENV2-infected HUVEC (Fig. 3a). PPARy is a ligand-activated transcription fac-
tor that, upon activation, undergoes nuclear translocation and binds to the PPAR
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FIG 3 miR-573 expression is under the transcriptional control of PPARy. (a) Western blot depicting PPARy expression in mock-infected and DENV2-
infected HUVEC at 12, 24, and 48 hpi (left panel). (Right panel) Histogram comparing PPARy expression in mock-infected and DENV2-infected samples by
densitometry. (b) Western blots to determine changes in PPARy subcellular localization (cytoplasmic and nuclear extracts) in mock-infected and DENV2-
infected cells. Whole-cell lysates (WCL) of mock and infected samples were used as controls. (c and d) HUVEC were treated with 10 and 20 uM

(Continued on next page)
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response elements (PRE) upstream of its target genes. PPARy levels in the nuclear frac-
tion of DENV2-infected HUVEC was significantly lower than mock-infected cells (Fig.
3b). To further determine whether modulation of PPARy activity influences miR-573
transcript levels, HUVEC were treated with various concentrations of rosiglitazone, a
PPARy agonist. A dose-dependent increase in miR-573 expression levels was observed
upon rosiglitazone treatment (Fig. 3c). We also observed that treating DENV2-infected
cells with rosiglitazone pre- and postinfection resulted in an increase in miR-573
expression, as opposed to solvent-treated cells (data not shown). Inhibiting PPARy ac-
tivity with antagonist GW9662 resulted in a dose-dependent decrease in miR-573
expression in HUVEC (Fig. 3d). These observations suggest that miR-573 expression
depends on PPARy activity. Transient overexpression of PPARy resulted in a significant
increase in miR-573 expression in DENV2-infected HUVEC (Fig. 3e). The PPARy binding
site was predicted to be 1,536 bp upstream of miR-573 primary transcript, located
between bp 2452178 and bp 24521826 on chromosome 4. We carried out a chromatin
immunoprecipitation (ChIP) assay to show direct binding of PPARy to the predicted
site upstream of the miR-573 coding region (Fig. 3f).

Oxidative stress induced during DENV2-infection of HUVEC regulates PPARy
activity. Our results show that PPARy regulates miR-573 transcription and that DENV2
infection causes a decrease in PPARy levels. The presence of reactive oxygen species
(ROS) has previously been reported to negatively regulate PPARy expression in endothe-
lial cells (38). Oxidative stress response has also been linked to an indirect decrease in
PPARYy activity due to the elimination of endogenous PPARy ligands from the host cell
(38). DENV2 infection also induces an oxidative stress response in host cells (39), and it
could be involved in the differential regulation of PPARy and miR-573 expression in
infected cells. To determine whether oxidative stress plays a role in PPARy expression lev-
els, HUVEC were treated with N-acetylcysteine (NAC), which is an aminothiol and acts as a
reducing agent, as well as a synthetic precursor of intracellular cysteine and glutathione
(GSH) antioxidant system (40). We observed that upon NAC treatment PPARy protein lev-
els were elevated in DENV2-infected HUVEC (data not shown). Consequently, NAC treat-
ment also resulted in an increase in miR-573 expression during DENV2 infection (Fig. 3g).
These findings suggest that regulation of PPARy activity and its downstream target miR-
573 depends on the oxidative stress response induced during DENV?2 infection.

Overexpression of miR-573 decreases DENV2-mediated endothelial permeability.
Since miR-573 was downregulated during DENV2 infection we further analyzed the
effect of miR-573 overexpression on endothelial permeability upon DENV2 infection.
HUVEC were transfected with locked nucleic acid (LNA)-modified miR-573 mimic at dif-
ferent concentrations to assess for cytotoxicity, and we observed no significant change
in cell viability between mimic-treated and mock-treated cells (Fig. 4a). We also carried
out gRT-PCR to confirm overexpression of miR-573 after transfecting the mimic. In
comparison to the nontargeting control (NTC)-transfected cells miR-573 expression in
mimic-transfected cells was significantly higher (Fig. 4b). miR-573-overexpressing cells
were infected with DENV2, and then the permeability characteristics of the endothelial
monolayer were assayed. We observed an increase in transendothelial electrical resist-
ance (TEER) in DENV2-infected endothelial monolayer overexpressing miR-573 (Fig. 4c).
Similarly, the dextran-FITC influx across the infected monolayer was significantly lower
in cells overexpressing miR-573 (Fig. 4d). We also observed a similar effect in miR-573-
overexpressing HMEC-1 cells upon DENV2 infection (data not shown). DENV2 infection

FIG 3 Legend (Continued)

rosiglitazone (c), and GW9662 and miR-573 expression was measured relative to solvent (DMSO)-treated cells by gqRT-PCR (d). (e) HUVEC were infected
with DENV2 at an MOI of 10, and at 24 hpi the cells were transiently transfected with PPARy overexpression vector and an empty vector, which served as
a control. A Western blot shows the overexpression of PPARy in comparison to the empty vector in infected cells, as well as in mock-infected cells (inset).
A bar graph showing differences in miR-573 expression in DENV2-infected cells overexpressing PPARy relative to the empty vector control. (f) Bar graph
showing the level of enrichment of miR-573 expression in PPARy pulled-down complexes compared to IgG pulled-down chromatin complexes. Fold
enrichment was determined relative to position P1, which had no PPARy binding site. (g) HUVEC were treated with NAC 24 h prior to DENV2 infection,
and miR-573 expression levels were determined using qRT-PCR in NAC-treated and untreated infected samples. Data represent triplicate biological
experiments. A Student t test was applied to determine the statistical differences between individual groups (*, P < 0.05).
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of HUVEC results in disorganization of the intercellular adherens junction proteins such
as VE-cadherin (30, 41). To determine whether miR-573 overexpression restores the VE-
cadherin arrangement in DENV2-infected cells, VE-cadherin protein organization in the
infected cells was visualized using immunofluorescence staining. Compared to the
NTC-transfected cells, the VE-cadherin proteins were more intact at the intercellular
junctions upon miR-573 overexpression (Fig. 4e). Inhibition of miR-573 activity by miR-
573 LNA-modified inhibitor resulted in no significant difference between the TEER
measurements compared to NTC in DENV2-infected HUVEC (data not shown). No miR-
573 binding sites were identified in the DENV2 genome, and miR-573 overexpression
had no significant effect on viral protein expression (Fig. 4f) or on viral replication (Fig.
49g). These observations suggest that the rescue in endothelial permeability upon miR-
573 overexpression is not mediated through suppression of viral replication but rather
through regulation of host factors which are induced upon viral infection.

miR-573 directly represses ANGPT2 expression and modulates endothelial
permeability. ANGPT2 is one of the identified miR-573 targets obtained from three
individual miRNA target prediction tools (Targetscan, Diana microT-CDS, and miRDB)
(42-44). Earlier studies have reported that increase expression of ANGPT2 was respon-
sible for increasing endothelial permeability during DENV2 infection (30, 45). Our study
also found that ANGPT2 expression levels were elevated in DENV2-infected HUVEC
(data not shown). To determine whether miR-573 binds to the predicted miRNA recog-
nition element (MRE) within the 3" UTR of ANGPT2, HUVEC were cotransfected with
the mimic or the NTC and luciferase constructs carrying wild type or the mutant MRE
sequence (Fig. 5a). The luciferase expression in cells carrying the wild-type MRE con-
struct was significantly lower upon miR-573 overexpression with respect to the NTC
(Fig. 5a). No significant decrease in luciferase expression levels was observed from the
luciferase construct carrying the mutant MRE between cells transfected with miR-573
and the NTC. Similarly, no significant difference was seen in luciferase expression upon
inhibition of miR-573 activity for the individual ANGPT2-MRE constructs with respect to
NTC (data not shown). ANGPT2 mRNA transcript levels were also downregulated upon
miR-573 overexpression (Fig. 5b). miR-573 overexpression resulted in a significant
decrease in both intracellular (Fig. 5¢) and extracellular (Fig. 5d) ANGPT2 protein levels
upon DENV2 infection. To further validate whether the decrease in endothelial perme-
ability observed upon miR-573 overexpression is mediated through suppression of
ANGPT2 expression, recombinant ANGPT2 protein was exogenously added to the
infected cells overexpressing miR-573. The addition of ANGPT2 resulted in a gradual
decrease in TEER measurements in miR-573-overexpressing infected cells (Fig. 5e).
Similarly, the dextran-FITC influx significantly increased in miR-573-overexpressing cells
after the addition of ANGPT2 (Fig. 5f). These observations suggest that miR-573 binds
to the 3’ UTR of ANGPT2 and suppresses its expression, which may contribute to the
decrease in endothelial permeability observed upon miR-573 overexpression.

miR-573 regulates the proinflammatory response upon DENV2 infection of
HUVEC. To further determine whether miR-573 affects the endothelial activation
response in DENV2-infected HUVEC, we measured the secreted levels of proinflamma-
tory cytokines like IL-6, IL-13, and TNF-a from these cells. In miR-573-overexpressing
DENV2-infected HUVEC, the IL-6 levels were significantly reduced compared to NTC

FIG 4 Legend (Continued)

calculated by subtracting the absorbance readings of the treated samples from those of untreated samples. (b) HUVEC were treated with miR-573
(80 nM) or the mimic nontargeting control (NTC, 80 nM) and miR-573 expression was determined by gRT-PCR. HUVEC transfected with the mimic or
the nontargeting control were seeded onto the transwell inserts, and the endothelial permeability was measured after mock or DENV2 infection. (c)
TEER measurements were compared between mimic-treated and NTC-treated samples for both mock-infected and virus-infected groups. (d) Dextran-
FITC influx comparisons were carried out similar to TEER analysis between mimic-treated and NTC-treated samples. (e) VE-cadherin (red) and DENV E-
protein (green) were visualized using double immunofluorescence in DENV2-infected HUVEC. (f) Virus titers in DENV2-infected HUVEC treated with
miR-573 mimic or the NTC were measured using a plaque assay. No significant difference in viral titers was observed in mimic- and NTC-treated
samples. (g) HUVEC transfected with miR-573 or NTC were infected with DENV2 at 24 h posttransfection. Mock-infected controls treated similarly as
virus-infected cells were used as controls. Cell lysates were harvested 24 hpi for Western blot analysis of E-protein expression in DENV2-infected and
mock-infected cells. Data represent triplicate biological experiments. A Student t test was applied to determine the statistical differences between
individual groups (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIG 5 miR-573 targets ANGPT2 expression in DENV2-infected HUVEC. (a) Diagram of the WT-3" UTR-ANGPT2 and MUT-3" UTR-ANGPT2 constructs using the
backbone of the pmiRGIO dual-luciferase miRNA target expression vector. HUVEC were cotransfected with WT-3’ UTR-ANGPT2 construct and miR-573
mimic (80 nM) or the nontargeting control (NTC-80nM), and the relative luciferase signal intensity (Fluc/Rluc) was measured at 24 h posttransfection.
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(Fig. 6a). We did not observe a significant reduction in IL-18 and TNF-« levels between
DENV2-infected HUVEC overexpressing miR-573 and the NTC (data not shown). The
levels of these cytokines were below the detection limit of even in mock- and DENV2-
infected HUVEC in our experimental setup (data not shown). An exaggerated IFN
response is responsible for increased endothelial permeability in various proinflamma-
tory diseases (29, 46), and our target prediction analysis found miR-573 to target sev-
eral of these IFN response genes (Table 2). RSAD2, OAS2, GBP1, etc., have been associ-
ated with an exaggerated endothelial activation response (47, 48). The mRNA
transcript levels of these IFN response genes were significantly lower in DENV2-
infected cells overexpressing miR-573 with respect to NTC (Fig. 6b). Our luciferase re-
porter assays (as previously described) could not validate any of the predicted miR-573
binding sites for RSAD2, OAS2, and GBP1 (data not shown). Endothelial activation pro-
motes leukocyte transmigration across the monolayer, and we further explored
whether miR-573 overexpression reduces leukocyte transmigration across the infected
monolayer. Human peripheral blood mononuclear cells (PBMC) were coincubated with
HUVEC on transwell inserts and, after 3 h of incubation, the percentage of transmigrat-
ing PBMC in the lower chamber was determined by flow cytometry. The percentage of
transmigrating CD14- and CD45-positive cells (CD14* CD45") across the DENV2-
infected monolayer subjected to different treatments—DENV2 infection alone, DENV2-
infected with miR-573 mimic, and DENV2-infected with NTC—was evaluated (Fig. 6¢
and d). A significant decrease in the percentage of the transmigrating PBMC was observed
across the DENV2-infected endothelium overexpressing miR-573 compared to the NTC-
treated cells (Fig. 6d). Inhibition of miR-573 activity resulted in no significant difference in
IL-6 levels and in the percentage of transmigrating PBMC across the DENV2-infected mono-
layer with respect to NTC (data not shown). Overall, our results indicate that miR-573 over-
expression downregulates the endothelial activation response.

miR-573 binds to the 3’ UTR of TLR2 and modulates endothelial activation.
Toll-like receptors 2 and 4 (TLR2 and TLR4) were found to be potential predicted tar-
gets of miR-573 that also induce IFN response upon activation. TLR2 signaling is re-
sponsible for DENV NS1 protein-mediated pathogenesis in DENV (49). We hypothesized
that the observed decrease in the type 1 IFN response upon miR-573 overexpression may
be a consequence of posttranscriptional repression of TLR2/4 expression. TLR2 expression
was elevated in DENV2-infected HUVEC (Fig. 7a). To further validate whether miR-573 binds
to the MRE present within the TLR2/4 3’ UTRs, we repeated the luciferase reporter assays
with the TLR2/4-MRE constructs. The luciferase expression was significantly lower in
HUVEC cells cotransfected with miR-573 and the luciferase construct carrying the wild-type
TLR2 MRE sequence (Fig. 7b). Overexpressing miR-573 resulted in a progressive decline in
TLR2 protein levels from 26.7 to 58.5% from 24 to 72 hpi (Fig. 7c). However, no significant
decrease in luciferase expression was observed for the TLR4-MRE construct under similar
conditions (data not shown). No change in TLR4 protein levels was observed in DENV2-
infected HUVEC transfected with miR-573 mimic compared to cells transfected with the
NTC (Fig. 7d). Therefore, miR-573 only binds to the 3" UTR of TLR2 and decreases its expres-
sion but not to the predicted MRE in the 3" UTR of TLR4. To further demonstrate that TLR2
is responsible for the increased endothelial activation response, TLR2 receptors were
blocked using TLR2 antibody, and the effect on PBMC transmigration across the infected

FIG 5 Legend (Continued)

Journal of Virology

Luciferase expression was compared between NTC- and mimic-treated samples for the groups expressing the WT or the mutant 3’ UTR construct. HUVEC
transfected with miR-573 mimic (80 nM) or the nontargeting control were infected with DENV2 at an MOI of 10, and cell lysates and supernatants were
collected at regular time intervals to determine ANGPT2 mRNA and protein expression. (b) Bar graph depicting the relative ANGPT2 mRNA transcript levels
in NTC- and mimic-treated groups at 24 and 48 hpi. (c, left panel) Western blot analysis of ANGPT2 protein levels upon miR-573 overexpression in mock-
and DENV2-infected samples after 48 hp. (Right panel) Bar graph showing the densitometric analysis of the ANGPT2 protein expression in virus-infected
and mock-infected cells treated with the mimic or NTC. (d) HUVEC were transfected with miR-573 mimic or NTC (80 nM) and, at 24 h posttransfection, cells
were infected with DENV2 at an MOI of 10. Secreted ANPT2 levels were measured using an enzyme-linked immunosorbent assay (ELISA) at 24 and 48 hpi.
A bar graph shows the levels of extracellular ANGPT2 measured by ELISA. (e and f) For rescue experiments, recombinant ANGPT2 (30 ng/mL) was added to
the miR-573-overexpressing, DENV2-infected HUVEC monolayer at 48 hpi, and TEER measurements (e) and dextran-FITC influx (f) were determined at
regular time intervals and compared to miR-573-treated and NTC-treated infected cells. The data represent triplicate biological experiments. A Student t

test was applied to determine the statistical differences between individual groups (¥, P < 0.05).
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FIG 6 Overexpressing miR-573 suppresses the endothelial activation response. HUVEC were transfected
with miR-573 mimic (80 nM) or nontargeting mimic control (NTC, 80 nM) 24 h prior to DENV2 infection

(Continued on next page)

March 2022 Volume 96 Issue 6 e01996-21 jviasm.org 12


https://jvi.asm.org

miR-573 Rescues DENV2-Induced Endothelial Permeability

Journal of Virology

TABLE 2 Gene ontology analysis of miR-573 target genes

Pathway

Genes

Melanoma
Pathways in cancer

Rap1 signaling pathway
Endocytosis
Fructose and mannose metabolism

PI3K-Akt signaling pathway

Alanine, aspartate and glutamate metabolism
Toll-like receptor signaling pathway
Ras signaling pathway

Toxoplasmosis
Butanoate metabolism
Pantothenate and CoA biosynthesis

AKT2, E2F3, CDH1, EGFR, FGF1, FGF12, FGF13, FGF14, IGF1, NRAS, PDGFC

AKT, APC, CTB2, CBL, E2F3, F2RL3, FOS, GNB4, KIT, SUFU, TRAF1, TRAF3, XIAP, CDH1, CSF1R, CYCS,
EDNRB, FGF1, FGF12, FGF13, FGF14, FGF3, FZD8, IGF1, LAMC2, LPARS, MAPK9, TGFB2, TGFBR1

AKT2, F2RL3, KIT, RAPGEF6, ANGPT2, CDH1, CNR1, CSF1R, EGFR, FGF1, FGF12, FGF13, FGF14, FGFR3,
FLT4, IGF1, KDR, LPAR5, MAGI3, MAP2K6, NRAS, PDGFC

ARF3, ARFGEF1, ASAP1, ASAP3, CBL, GRK7, RAB22A, VPS37A, CAV1, CHMPS5, EPS15, EGFR, FGFR3,
HSPA1A, HLA-G, SNX2, SPG20, TFRC, TGFBR1, VPS4B, VPS45, VTA1, ZFYEF16

PFKB4, GMPPB, AKR1B1, ALDOB, FPGT, PFKM

AKT2, GNB4, KIT, MYB, ANGPT2, CREB1, CREB3L4, CHRM2, COL5A1, CSF1R, EGFR, FGF12, FGF1,
FGF13, FGF14, FGFR3, FN1, FLT4, GHR, IGF1, KDR, LAMC2, LPARS5, MTCP1, NRAS, PDGFC, PKN2,
PPP2R2D, RPS6KB1, TLR2

ADSL, ALDH5A1, ASPA, GAD2, GLS, GFPT1

AKT2, CXCL9, CD40, CD86, FOS, TRAF3, IRF5, MAPK9, MAP2K6, MAP3K7, TLR2, TLR5, TLR4

AKT2, ELK1, GNB4, GAB1, KIT, ANGPT2, CSF1R, EGFR, FGF1, FGF12, FGF13, FGFR3, FLT4, IGF1, KDR,
KSR2, MAPK9, NRAS, PDGFC, STK4

AKT2, CD40, XIAP, CYCS, HSPA1A, LAMC2, HLA-DPA1, MAPK9, MAP2K6, MAP3K7, TLR2, TGFB2

HMGCS1, BDH1, L2HGDH, ALDH5A1, GAD2

BCAT1, PANK1, PANK2M, VNN1

monolayer was analyzed. Blocking of TLR2 receptors resulted in a significant decrease in
the percentage of transmigrating CD14* cells across the DENV2-infected monolayer com-
pared to the controls (Fig. 7e). Therefore, the blocking of TLR2 receptors in endothelial cells
replicated the similar effect observed during miR-573 overexpression in DENV2-infected
HUVEC.

DISCUSSION

Our study was the first to show that DENV2 infection of HUVEC results in differential
expression of miRNAs that are potentially involved in regulating endothelial function
and immune responses. We also showed that miR-573 reduces endothelial permeabil-
ity by suppressing the expression of vasoactive ANGPT2 expression during DENV2
infection. It further also suppresses the exaggerated proinflammatory IFN response by
downregulating TLR2 expression in DENV2-infected endothelial cells. We also identi-
fied that miR-573 was under the direct transcriptional control of nuclear hormone re-
ceptor PPARy, which plays an important role in maintaining endothelial cell function.
This study identified a novel mechanism through which miR-573 and PPARyrescue the
endothelial dysfunction observed during DENV?2 infection.

Earlier in vitro studies in nonendothelial cell types, as well as in dengue patients,
have established that DENV infection modulates miRNA expression. However, none of
the previous work have looked at the changes in miRNA profiles with respect to endo-
thelial cells. Our study revealed that several miRNAs were downregulated in HUVEC
upon DENV2 infection. Earlier studies in Huh7 cells have shown that DENV NS3 and
NS4B proteins were responsible for downregulating the major components of the host
RNAi machinery, which include the Dicer, Drosha, DGCR8, and Ago proteins (50). Such
a shutdown of the RNAi machinery would suppress miRNA biogenesis observed in

FIG 6 Legend (Continued)

(MOI of 10). (a) Secreted levels of IL-6 from mock-infected, DENV2-infected, DENV2+miR573-treated, and
DENV2+NTC-treated cells were measured using ELISA at 24 hpi. IL-6 secreted levels were compared to
mock-treated cells. (b) HUVEC were transfected with miR-573 mimic and NTC 24 h prior to DENV2 infection
and, at 24 hpi, changes in the mRNA transcript levels of endothelial activation markers between NTC-treated
and mimic-treated DENV2-infected cells were measured using qRT-PCR. (c) Using the transwell system, HUVEC
were transfected with miR-573 mimic and NTC 24 h prior to DENV2 infection. At 24 hpi, 10° PBMC were
added to the infected monolayer in the transwell insert and at 3 h time interval medium was collected from
the lower chamber to determine the percentage of PBMC by flow cytometry. A bar graph depicts the
differences in the percentages of PBMC transmigrating across the infected HUVEC monolayer subjected to the
different treatments. The data represent triplicate biological experiments. A Student t test was applied to
determine the statistical differences between individual groups (*, P < 0.05).
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FIG 7 miR-573 targets TLR2 expression and modulates the endothelial activation response in DENV2-infected HUVEC. (a) RNA
was harvested from HUVEC infected with DENV2 at an MOI of 10 at 24 and 48 hpi, and TLR2 mRNA expression was determined
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DENV2-infected HUVEC as well. However, we did not study the effect of these DENV
nonstructural proteins on RNAi machinery, so whether similar mechanisms are in play
in DENV2-infected endothelial cells needs to be further examined. Our RNA-seq analy-
sis also identified some of the previously studied miRNAs, such as miR-133a and miR-
548g-3p, which directly bind to the 3" and 5’ UTRs of the DENV genome and regulate
virus replication (51, 52). miR-21, miR-30e*, miR-378, miR-146a, miR-223, and the let-7
family of miRNAs have been shown to indirectly regulate viral replication by targeting host
factors involved in proinflammatory and innate immune responses (24-26, 51, 53-55).
miR-146a, which was also upregulated in DENV2-infected HUVEC, targets TRAF6 expres-
sion, subverting the IFN-B and autophagy responses, and enhances DENV replication in
monocytes (25, 53). let-7c and miR-21 were also found to be elevated in HUVEC and prob-
ably promote DENV replication, as previously explored (26, 54). miR-150, which suppresses
SOCS1 expression and promotes a proinflammatory pathogenic response during DENV
infection, was also elevated in HUVEC upon DENV?2 infection (56). In addition, we also iden-
tified miRNAs (miR-26, miR-30, miR-130, miR-365, and miR-483) associated with endothelial
function that were differentially regulated in DENV2-infected HUVEC. Interestingly, these
miRNAs were significantly downregulated at 24 hpi compared to other time points during
infection. We hypothesize that the reduction in miRNA expression may correlate with the
increased viral replication at 24 hpi (data not shown). These observations suggest that cer-
tain common mechanisms of miRNA-mediated regulation of immune responses might
also be at play in both endothelial and nonendothelial cell types during DENV infection.
We further focused on miR-573, which was identified as a potentially important
miRNA targeting endothelial functional responses in our gene ontology analysis. miR-
573 has previously been explored in the context of different types of cancers with ei-
ther tumorigenic or antimetastatic function (57-59). miR-573 was also shown to sup-
press the proinflammatory response in synovial fibroblast cells of rheumatoid arthritis
(RASF) thioredoxin domain containing 5 (TXNDC5). Addition of conditioned medium
from miR-573-overexpressing RASFs decreases the angiogenic capacity of HUVEC (36).
We observed that DENV infection resulted in a decrease in miR-573 expression in
HUVEC, which did not show any dependence on the MOI. Infection with a replication
defective UV-inactivated virus also resulted in the downregulation of miR-573 expres-
sion, which further suggests that its expression does not depend on active viral replica-
tion. We observed that transient overexpression of the different DENV structural pro-
teins resulted in the downregulation of miR-573 expression and that the viral capsid
protein had the most significant effect. However, we did not observe a dose-depend-
ent response in MiR-573 expression in response to the viral capsid protein expression
and the other structural proteins (data not shown). We postulate that the presence of
DENV2 structural proteins in the cell triggers certain host intrinsic factors, which might
be a limiting factor in regulating miR-573 expression (60). In fact, our group has previ-
ously shown that DENV2 capsid protein alters HMGB-1 translocation in monocytes ini-
tiating a proinflammatory response (61). Though we proposed that miR-573 expression
does not depend on active virus replication because both wild-type and UV-inactivated

FIG 7 Legend (Continued)

using qRT-PCR analysis. Mock-infected cells were used as a control. (b) HUVEC were cotransfected with WT-3’ UTR-TLR2
construct and miR-573 mimic (80 nM) or equimolar concentrations of nontargeting control (NTC), and the luciferase signal
intensity was measured at 48 h posttransfection. Luciferase expression was compared between the NTC- and mimic-treated
samples for the groups expressing WT or mutant 3" UTR construct. (c) HUVEC were transfected with miR-573 mimic or NTC 24 h
prior to DENV2 infection at an MOI of 10, and cell lysates were collected at 24, 48, and 72 hpi for Western blot analyses (left
panel). (Right panel) Bar graph depicting the densitometric analysis of the decrease in TLR2 protein expression in miR-573
mimic-transfected cells compared to the NTC. (d) Similarly, a Western blot shows the TLR4 protein expression in DENV2-infected
HUVEC cells upon miR-573 overexpression (left panel). (Right panel) Bar graph depicting the densitometric analysis of TLR4
protein expression. (e) HUVEC were seeded on transwell inserts and infected with DENV2 at an MOI of 10. At 24 hpi, the
infected cells were treated with 1 ug/mL of anti-TLR2 antibody or IgA (control) and, at 6 h posttreatment, the medium was
collected from the lower chamber for flow cytometry analysis. Representative images depict the populations of CD14- and
CD45-positive cells in DENV2-infected, TLR2-blocked, and IgA-control cells. A bar graph depicts the percentages of PBMC
transmigrating across infected HUVEC monolayers subjected to different treatments. The data represent triplicate biological
experiments. A Student t test was applied to determine the statistical differences between individual groups (*, P < 0.05).
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viruses resulted in decrease in miR-573 expression in comparison to mock-infected
cells, the observed difference may have resulted from other factors released from
infected cells into the medium. To further confirm that miR-573 expression in replica-
tion-independent experiments with DENV2 virus-like particles are necessary.

miR-573 is an intergenic miRNA that is located between DHX15 and PPARGCA1 on
chromosome 4 with its own transcription regulatory elements. We identified a PPARy
response element (PRE) upstream of the transcription start signal (TSS) in the miR-573
coding region. PPARy has an endothelial protective function and prevents vascular
injury during proinflammatory vascular diseases like sepsis (62, 63), but not much is
known about its role during DENV2 infection. DENV2 infection resulted in a decline in
PPARy mRNA, and protein levels and PPARy activity positively correlated with miR-573
expression in DENV2-infected HUVEC. Treating HUVEC with PPARy agonists prior to
DENV infection resulted in a greater increase in miR-573 transcript levels compared to
treating the cells postinfection. No change in miR-573 transcript levels was observed in
DENV2-infected cells when they were treated with PPARy antagonist (data not shown),
as opposed to the decline observed in mock-infected cells. The lack of significant
decrease in miR-573 expression due to PPARy antagonism may be attributed to the al-
ready low expression of PPARyand miR-573 in DENV2-infected HUVEC. We further con-
firmed that transient overexpression of PPARy in DENV2-infected HUVEC increased
miR-573 expression. Furthermore, PPARy was demonstrated to bind upstream to the
miR-573 coding region by a chromatin immunoprecipitation assay. Therefore, these
observations suggest that PPARy positively regulates miR-573 expression at the tran-
scriptional level, and the decrease in PPARy expression in DENV2-infected HUVEC is
probably responsible for the downregulation of miR-573. It has previously been shown
that PPARy expression is affected by the oxidative stress response in endothelial cells
induced by proinflammatory stimuli. PPARy mRNA transcription and activity were
inhibited in HUVEC during H,O, exposure, which may be mediated by redox depend-
ent transcription factors such as AP1 (38). DENV2 infection in HUVEC is also associated
with an increase in ROS levels, which play a role in endothelial dysfunction (64). We
observed that inhibiting ROS production in DENV2-infected HUVEC increases PPARy
and miR-573 expression. Therefore, the ROS imbalance induced during DENV2 infec-
tion in HUVEC decreases PPARy expression, resulting in reduced transcriptional activa-
tion of miR-573. However, we observed that at 48 hpi miR-573 expression was reduced,
whereas total PPARy expression remained high in NAC-treated cells. The decrease in
miR-573 expression may be attributed to lower levels of PPARy nuclear translocation.
The ROS levels in NAC-treated cells at 48 hpi are probably higher, which might result
in reduced PPARyactivity. We further showed that DENV2 structural proteins—and par-
ticularly the capsid protein—are responsible for the downregulation of miR-573
expression. We need further experiments to explore whether DENV2 capsid protein
induces an oxidative stress response in DENV2-infected HUVEC and downregulates
PPARyand miR-573 expression.

We observed that overexpressing miR-573 in DENV2-infected HUVEC reduces endo-
thelial permeability, as observed with the increase in transendothelial electrical resist-
ance and decrease in dextran-FITC influx. We also observed comparatively more intact
VE-cadherin junction complexes in miR-573-overexpressing DENV2-infected HUVEC
compared to the NTC-transfected cells. However, immunofluorescence staining of the
VE-cadherin complexes is only a qualitative assessment of their organization at interen-
dothelial junctions and would further require higher resolution confocal microscopy to
validate these findings. miR-573 had no effect on DENV2 viral replication, suggesting
that the decrease in endothelial permeability is not due to decreased viral load and is
probably mediated through host factors regulating endothelial function. ANGPT2 was
identified as a predicted target of miR-573. Angiopoietins (ANGPT1 and ANGPT2) are
endothelial growth factors that regulate endothelial cell homeostasis through Tie re-
ceptor tyrosine kinases (45, 65). ANGPTT1 is associated with maintaining endothelial cell
stability, integrity, and inducing an anti-inflammatory response (45). In contrast,
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ANGPT2 antagonizes the protective effect of ANGPT1 signaling by engaging the com-
mon Tie2 receptor. Under normal cellular conditions ANGPT1 levels are higher than
ANGPT2, and an imbalance in the ANGPT1/ANGPT2 ratio is associated with endothelial
dysfunction in vascular inflammatory diseases such as sepsis (45). Both in vitro and clin-
ical studies have shown that, during DENV2 infection, ANGPT2 levels are elevated, result-
ing in a skewed ANGPT1/ANGPT2 ratio (30, 66). An increase in ANGPT2 expression is associ-
ated with disorganized VE-cadherin complexes at intercellular junctions in the endothelium
(65). In addition, under proinflammatory conditions, ANGPT2 induces the formation of actin
stress fibers, resulting in EC contractility, and destabilizes EC-ECM adhesion through «531
integrin signaling (67). The factors responsible for the elevated ANGPT2 expression are less
explored. miR-573 was predicted to bind to the miRNA response element (MRE) present in
the 3’ UTR of ANGPT2. In addition, the expression levels of miR-573 and ANGPT2 were nega-
tively correlated. miR-573 was shown to bind to the 3’ UTR of ANGPT2 in a luciferase re-
porter construct, which resulted in decreased luciferase expression. Overexpressing miR-573
suppressed ANGPT2 expression and reduced the secreted levels of ANGPT2 from DENV2-
infected HUVEC. Furthermore, addition of recombinant ANGPT2 protein to the DENV2-
infected cells abrogated the protective effect of miR-573, resulting in increased endothelial
permeability. This suggests that the decrease in endothelial permeability mediated by miR-
573 was due to the posttranscriptional repression of ANGPT2 protein expression, and the
addition of recombinant ANGPT2 protein overcame this repressive effect in infected cells.

miR-573 was also responsible in mitigating the endothelial activation response in
DENV2-infected HUVEC. Activated endothelial cells promote leukocyte transcytosis,
which further contributes to the local proinflammatory response, thus exacerbating en-
dothelial permeability. Overexpressing miR-573 resulted in decreased expression of
proinflammatory cytokines such as IL-6 and IFN response genes, which promote mono-
cyte recruitment and platelet attachment to the activated endothelium. An increase in
the circulating levels of IL-6 in patient sera strongly correlates with an increased pro-
pensity for developing vascular leakage (68). A reduction in endothelial activation also
resulted in a decrease in the percentage of PBMC transmigrating across the DENV2-
infected endothelium. Several proinflammatory factors, which are induced by different
innate immune mechanisms, increase endothelial activation response in DENV2-
infected HUVEC. TLR signaling is an innate immune response mechanism that has
been linked to endothelial activation and dysfunction (69-71). TLRs (TLR2, TLR4, and
TLR6) are required for DENV2 NS1-induced endothelial activation response (49, 72).
Other vasoactive factors, such as HMGB1, IL-13, TNF-¢, histamine, etc., which are sig-
nificantly elevated during DENV infection, also mediate endothelial permeability via
TLR signaling pathways (72, 73). miR-573 was predicted to target the 3’ UTRs of TLR2
and TLR4 that were overexpressed in DENV2-infected HUVEC. In vitro studies (as previ-
ously described) showed that miR-573 directly binds to the 3’ UTR of TLR2 and
decreases its expression at both mRNA and protein level. Although miR-573 resulted in
a decrease in luciferase expression in the TLR4 3’ UTR luciferase construct, overexpress-
ing miR-573 did not result in a decrease in TLR4 mRNA and protein expression.
Furthermore, blocking of TLR2 in DENV2-infected endothelial cells replicated the effect
of miR-573 on IL-6 secretion and PBMC transendothelial migration. These observations
suggest that miR-573 suppresses TLR2 expression, thus reducing its surface expression.
The lack of availability of TLR2 receptors on the endothelial cell surface regulates the
engagement of these limited receptors with vasoactive factors, limiting the endothelial
activation response.

The present study shows that miR-573 plays a dual role of reducing the endothelial
permeability and activation responses during DENV2 infection. It would be interesting
to further explore whether miR-573 exhibits similar endothelial protective function in
response to other proinflammatory stimuli, as well as DENV NS1 treatment. Although
we did not observe a significant change in mIR-573 expression when HUVEC were
exposed to recombinant NS1 treatment (data not shown), since miR-573 reduces TLR2
expression we would expect that overexpressing miR-573 might also reduce NS1-
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induced permeability because TLR2 signaling is also involved in NS1-mediated endo-
thelial permeability (49). Further in vivo and clinical studies are warranted in order to
determine the therapeutic potential of miR-573 in rescuing vascular leakage during
severe dengue infection. However, the absence of a miR-573 homologue in mice ham-
pers further in vivo studies. An indirect approach of modulating the PPARy activity to
reduce vascular leakage in dengue mouse models can also be explored. PPARy ago-
nists are already being used as insulin sensitizers in diabetic patients, and their clinical
potential is further being explored with respect to other metabolic and inflammatory
diseases (74, 75). It would be interesting to explore whether PPARy agonists can also
be repurposed as therapeutic agents to prevent endothelial permeability in dengue
patients at risk of developing vascular leakage.

MATERIALS AND METHODS

Virus propagation and in vitro infection. DENV2 (strain Den2STp7c6) was propagated in C6/36
cells, and viral titers were quantified by using plaque assays on BHK-21 cells. UV-inactivated virus stock
was prepared by exposing the virus stock to UV light for 1.5 h. The UV-inactivated virus in the medium
was purified using 100-kDa molecular weight limit centricons (Millipore, UFC910096) and centrifuged at
4,000 x g for 25 min. The UV-inactivated virus was then collected and reconstituted with L-15 medium.
The inactivation of the virus by UV irradiation was confirmed by performing a virus plaque assay.

HUVEC (C2517A; Lonza) and HMEC-1 (CRL-3243; ATCC) cells were seeded at 5 x 10* cells/cm? density
and, upon reaching 80% confluence, were infected with DENV. The cells were infected with 100 uL of
L15-medium containing appropriate volumes of either wild-type virus stock or UV-inactivated virus stock
to achieve the desired MOI. The infected cells were then incubated at 37°C for 1 h with intermittent
shaking at every 15 min. After the incubation period, the cells were washed with sterile phosphate-buf-
fered saline (PBS) and overlaid with EBM-2 medium supplemented with 10% fetal calf serum. The cells
were incubated at 37°C with 5% CO,, and the supernatant containing the virus particles was collected at
the desired time points postinfection for plaque assays. All cells used in this study tested negative for
mycoplasma contamination using a MycoAlert mycoplasma detection kit (Lonza).

Next-generation miRNA sequencing and microarray analysis. Total RNA from DENV2-infected
and mock-infected cells were isolated using a mirVANA RNA isolation kit (Thermo Fisher). The Illumina
HiSeq2500 platform was used for miRNA sequencing. Briefly, cDNA libraries for the RNA samples were
generated using the TruSeq Small RNA library preparation kit (Illumina). The cDNA libraries were size
selected (125 to 175 bp), mixed in equimolar concentrations, and then sequenced using standard
TruSeq primer with 50-bp paired end reads. The processed reads were analyzed using for differential
miRNA expression, miRNA lists were created using a P value cutoff of <0.05, with a >2-or <2-fold
change. An lllumina microarray using the Human HT-12 v4.0 BeadChip platform was used for differential
gene expression studies. Gene expression data were analyzed using DESeq package (R Bioconductor
3.9), and gene lists were created using a P value cutoff of <0.05, with a >2-or <2-fold change. All raw
and processed data files have been deposited in the NCBI GEO database (GSE135311).

miRNA LNA mimic, LNA inhibitor, and plasmid transfection. HUVEC cells were reverse transfected
with 80 nM miR-573 mimic or equimolar concentrations of cel-miR-39-3p, a mimic negative control
(Qiagen) using 4 uM/mL Endoporter reagent (GeneTools, LLC). DENV2 structural proteins were cloned
into expression vector from Promega in frame with a C-terminal Flag tag. PPARy cDNA clone with the C-
terminal Flag tag was purchased from (HG12019-CF; Sino Biological). The 3" UTR luciferase constructs
were designed using pmiRGLO Dual luciferase miRNA target expression vector. Wild-type and mutant
miRNA target sites were cloned downstream of the Firefly luciferase (luc2) reporter gene in pmirGLO
vector (Promega) for luciferase reporter assays. Details of the sequences used for cloning the 3’ UTR are
provided in Table S3 in the supplemental material. The plasmid constructs were transfected using the
Amaxa 4D-Nucleofector CA-167 (Lonza) protocol.

Endothelial permeability and leukocyte transmigration assays using transwell inserts. HUVEC
cells were reverse transfected with 80 nM miR-573 mimic or equimolar concentrations of cel-miR-39-3p
as a negative control (NTC) and seeded in transwell inserts (0.3-um pore; Thincert; Grenier) prior to infec-
tion. Transfected cells were infected with DENV2 (MOI of 10) 24 h posttransfection. A mock-infected con-
trol transfected with either miR-573 mimic or the NTC was also maintained. Paracellular permeability
was assessed by the addition of 0.5 mg/mL fluorescein isothiocyanate-conjugated 70-kDa dextran (dex-
tran FITC; Sigma) to the upper chamber and, after 30 min of incubation at 37°C, 100 L of medium was
removed from the lower chamber and used to measure the fluorescence (490 nm/520 nm). This process
was repeated to measure the permeability at the different time points postinfection. The TEER of the
HUVEC monolayers was measured with a Millicell-ERS volt-ohmmeter (Millipore) and is reported as the
percentage difference between TEER values before and after infection. As previously described, this pro-
cess was repeated to measure the endothelial electrical resistance at the indicated time points. An
empty transwell insert consisting of only medium was maintained as a blank control and was used to
determine the permeability of the transwell insert itself. These measurements were subtracted from the
observed values of the infected and mock-infected cells.

Leukocyte transmigration assay was carried out by adding 5 x 10° cells/mL hPBMC (catalog no. CC-
2702; Lonza) to DENV2-infected HUVEC monolayers in the transwell inserts at 24 hpi. To block TLR2
receptors, DENV2-infected HUVEC were incubated with hTLR2 and IgA isotype control for 30 min. The
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monolayer was washed twice with PBS to remove any unbound antibodies prior to the addition of
PBMC. After 3 h of incubation at 37°C, medium containing the transmigrated PBMC was collected from
the lower chamber and centrifuged at 1,000 x g to pellet the PBMCs. The cells were washed with PBS
containing 1% bovine serum albumin (BSA) under similar conditions prior to staining with the fluores-
cently labeled mouse anti-human CD14-FITC (1:500 dilution; Thermo Fisher Scientific, catalog no. 11-
0149-42) and mouse anti-human CD45-eFluor (1:500 dilution; Thermo Fisher Scientific, catalog no. 48-
0459-42) primary antibodies After a 30-min incubation on ice, the cells were centrifuged at 11,000 x g
and washed with PBS + 1% BSA twice before fixing with 4% paraformaldehyde at room temperature for
10 min. The cells were then washed and resuspended in 500 uL of PBS. The cells were analyzed using
Beckman Coulter CyAn ADP Analyzer. Samples were gated to exclude cell debris.

Real-time qRT-PCR analysis. Total RNA isolated from HUVEC was used for cDNA synthesis prior to
PCR amplification. RNA isolation was carried out at the indicated time intervals postinfection. cDNA syn-
thesis was carried out using a miRCURY LNA miRNA RT kit (Qiagen). Briefly, the reverse transcription
master mix was prepared on ice by mixing 2 uL of 5x miRCURY RT reaction buffer and 1 uL of 10x
miRCURY RT enzyme mix in 5 uL of RNase-free water. Then, 2 uL of template RNA (5 ng/uL) was added
to the mixture, making up a final reaction volume of 10 uL. After thorough mixing, the reaction mixture
was incubated for 60 min at 42°C for cDNA synthesis. After cDNA synthesis, the reverse transcriptase
enzyme was heat inactivated by incubating the complete reaction mixture at 95°C for 5 min. The reac-
tion mixture was then placed on ice and diluted with RNase-free water to 1:60 and used for the follow-
ing PCR. The PCR mix (for every 10 uL of reaction volume) was prepared by adding 5 uL of 2x miRCURY
SYBR green Master Mix (Qiagen) with 0.5 uL of ROX Reference Dye, 1 ulL of PCR primer mix, and 3 ulL of
1:60-diluted cDNA template. Then, 1 uL of RNase-free water was added to the mixture to make up a final
volume to 10 uL. The reaction mixture was thoroughly mixed by pipetting, followed by brief centrifuga-
tion prior to PCR amplification on an Applied Biosystems StepOne Plus. The PCR cycling conditions used
were as follows: PCR initial heat activation for 2 min at 95°C, followed by denaturation for 10 s at 95°C
and then combined annealing and extension at 56°C for 60 s for 40 cycles. Melting-curve analysis was
carried out between 60 and 95°C. Data analysis was carried out using software supplied with Applied
Biosystems StepOne Plus.

For gene expression analysis one-step qRT-PCR (SYBR green Quantitative RT-PCR kit; Sigma) was car-
ried out. cDNA synthesis was carried out at 42°C for 30 min, followed by denaturation and heat inactiva-
tion of RT enzyme at 95°C for 30 s. The PCR cycling conditions used for amplification were as follows:
denaturation at 95°C for 5 s, followed by primer annealing at 55°C for 15 s and extension at 72°C for 10 s
for 40 cycles. Melting curve analysis was carried out between 60 and 95°C. Data analysis was carried out
using the software supplied with Applied Biosystems StepOne Plus.

Protein estimation and indirect immunofluorescence assay. For subcellular fractionation studies,
HUVEC were seeded at 5 x 10 cells/cm? in 10-cm tissue culture-grade plates and lysed using lysis/frac-
tionation buffer after 48 hpi. The lysis buffer, which consists of 20 mM HEPES (pH 7.4), 10 mM KCl, 2 mM
MgCl,, 1 mM EDTA, and 1 mM EGTA, was supplemented with 1 mM dithiothreitol and protease inhibitor
cocktail (Thermo Fisher Scientific) prior to use. Briefly, 1 mL of lysis buffer was added to the cells, fol-
lowed by incubation for 15 min on ice to allow complete lysis of the cells. The cell lysates were collected
and centrifuged at 720 x g for 5 min at 4°C to separate the nuclear and cytoplasmic fractions. The pellet
consists of the nuclear fraction, whereas the supernatant comprises of the cytoplasmic fraction. The nu-
clear pellet was washed twice with 500 L of lysis buffer by gently dispersing the pellet, followed by
centrifugation for 10 min at 720 x g. The resulting supernatant was discarded, and the pellet was resus-
pended in Tris-buffered saline (TBS) containing 0.1% SDS and protease inhibitor before proceeding for
sonication (5 s on ice at a power setting of 3). The suspension was sonicated to briefly shear the genomic
DNA and homogenize the lysate. Protein estimation of the nuclear and cytoplasmic fractions was carried
out using a Bradford assay and then subsequently used for Western blot analysis.

In the experiments that did not require subcellular fractionation, HUVEC were lysed using 1% SDS lysis
buffer. Equal amounts of each protein sample were loaded into an SDS-PAGE gel for electrophoretic separa-
tion. Proteins were then transferred using the Trans-Blot Turbo transfer system onto a 0.45-um nitrocellulose
membrane (Bio-Rad). The membrane was blocked in TBST buffer containing 5% BSA for 1 h, followed by sub-
sequent washes in 1x TBST buffer and overnight incubation with primary antibody at the appropriate dilu-
tion in 5% BSA in TBST. The primary antibodies used were mouse anti-human ANGPT2 (1:500 dilution; R&D
Systems), mouse anti-TLR2 (1:500 dilution; Abcam), rabbit anti PPARy (1:1,000 dilution; Proteintech), and
mouse anti-actin (1:10,000; Millipore). After overnight incubation in primary antibody solution, the blots were
subjected to three 1x TBST buffer washes for 10 min each. The blots are then probed with the appropriate
dilution of secondary antibody in 5% BSA in TBST solution. The secondary antibodies used were HRP-conju-
gated goat anti-mouse-IgG (1:10,000; Thermo Fisher Scientific) and HRP-conjugated goat anti-rabbit-lgG
(1:10,000; Thermo Fisher Scientific). Prior to development, the blots were washed similarly in 1x TBST buffer
solution. SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific) was added to the
membrane, followed by incubation for 5 min before chemiluminescence detection. The chemiluminescent
signal was captured using CL-XPosure film (Thermo Fisher Scientific).

The amount of extracellular ANGPT2 secreted from HUVEC was quantified by using Human Angiopoietin
2 DuoSet ELISA kits (R&D Systems) according to the manufacturer’s protocol. The working concentration of
ANGPT2 capture antibody was 1 mg/mL. Bradford estimation was carried out, and equal amounts of total
protein in the cell culture supernatant were added to each well. Absorbance readings were obtained using
an Infinite 200 PRO plate reader (Tecan) at a wavelength of 450 nm with wavelength correction set to
540 nm.

HUVEC were seeded (5 x 10* cells/cm?) onto sterile glass coverslips and infected with DENV2 at an
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MOI of 10. Cells were fixed and permeabilized using 4% paraformaldehyde and 0.01% Triton X-100 for
15 min and then washed three times with PBS. The cells were fixed with blocking solution (PBST + 1%
BSA) for 30 min at room temperature and then washed with PBS. The fixed cells were stained with pri-
mary antibodies against VE-cadherin (mouse anti-human CD144, 1:200; BD Biosciences, catalog no.
555661) and DENV virus (rabbit anti-dengue virus 2, 1:20 dilution; Abcam, catalog no. ab26837). Then,
50 uL of the diluted antibodies was added on a parafilm piece, and the coverslips seeded with HUVEC
were inverted with the side containing the cells immersed in the diluted antibodies, followed by incuba-
tion for an hour at 37°C in a humidified incubator. After the incubation, the coverslips were then washed
in PBS three times and then further incubated with secondary antibodies, such as Dylight 594-conju-
gated goat anti-mouse IgG (1:1,000 dilution; Thermo Fisher Scientific, catalog no. 35510) and fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:1,000 dilution; Abcam, catalog no. ab6717).
After 1 h of incubation, the cells were washed with PBS, as previously described, and mounted on glass
slides in DAPI-containing mounting medium (ProLong Diamond Antifade Mountant). The slides were
visualized under the microscope (Olympus) at x 1,000 magnification using the Metamorph imaging soft-
ware program.
Chromatin immunoprecipitation assay. HUVEC were seeded onto 10-cm dishes and, upon reach-
ing confluence (5 x 10° cells), used for a ChIP assay. Briefly, the DNA-protein complexes were cross-
linked by dropwise addition of 0.75% formaldehyde to cell culture medium, followed by incubation
10 min at room temperature on a benchtop shaker. Then, 0.125 M glycine was added to the medium to
stop the cross-linking reaction. The cross-linked cells were rinsed with 5 mL of ice-cold PBS, scraped off
the surface with a cell scraper, and transferred to a 15-mL tube. The cells were centrifuged at 1,000 x g
for 5 min at 4°C. The supernatant was aspirated out, and the pellet was resuspended in 500 uL of ChIP
lysis buffer. Samples were sonicated to shear DNA to 250 to 1,000 bp. The cell debris was pelleted by
centrifugation for 10 min at 4°C and 8,000 x g, and the supernatant containing the chromatin complex
was used for immunoprecipitation. Chromatin was incubated with the primary antibody (anti-PPARy
antibody) overnight at 4°C with continuous agitation. Next, 50 uL of protein G-magnetic beads
(Millipore) per sample was washed three times with ChIP dilution buffer and added to the chromatin.
After 6 h incubation at 4°C, the beads were washed twice with the following buffers: low-salt buffer,
high-salt buffer, LiCl, and Tris-EDTA. The beads were resuspended in 250 uL of elution buffer and incu-
bated for 30 min at room temperature with continuous agitation. The eluate was magnetically separated
from the beads, and the cross-linking was reversed by overnight incubation with 200 mM NaCl at 65°C.
The DNA was purified using QIA quick PCR purification kit (Qiagen) according to the manufacturer’s pro-
tocol and used for PCR amplification.
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