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Background: Arbovirus infections have steadily become a major pandemic threat. This
study aimed at investigating the existence of host epigenetic markers arising from the
principal arboviruses infections impacting on human health. We set to systematically
review all published evidence describing any epigenetic modifications associated with
infections from arboviruses, including, but not limited to, microRNAs, DNA methylation,
and histone modifications.

Methods: A comprehensive search was conducted using the electronic databases
PubMed, Science Direct and Cochrane Library from inception to January 4th, 2018.
We included reports describing original in vivo or in vitro studies investigating epigenetic
changes related to arbovirus infections in either clinical subjects or human cell lines.
Studies investigating epigenetic modifications related to the virus or the arthropod vector
were excluded. A narrative synthesis of the findings was conducted, contextualizing
comparative evidence from in vitro and in vivo studies.

Results: A total of 853 unique references were identified and screened by two
independent researchers. Thirty-two studies met the inclusion criteria and were reviewed.
The evidence was centered mainly on microBNA and DNA methylation signatures
implicated with secondary Dengue fever. Evidence for recent epidemic threats, such as
the infections by Zika or Chikungunya viruses is still scant.

Conclusions: Major epigenetic alterations found on arboviruses infections were
miR-146, miR-30e and the Dicer complex. However, existing studies frequently
tested distinct hypotheses resulting in a heterogeneity of methodological approaches.
Whilst epigenetic signatures associated with arbovirus infections have been reported,
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existing studies have largely focused on a small number of diseases, particularly
dengue. Validation of epigenetic signatures have an untapped potential, but concerted
investigations are certainly required to deliver robust candidates of clinical utility for
diagnosis, staging and prognosis of specific arboviral diseases.

Keywords: systematic review, host epigenetics, microRNAs, histone modifications, arbovirus

INTRODUCTION

Arboviruses are virus transmitted to humans by arthropod
vectors (1). They are grouped into five families: Flaviviridae
(e.g., Dengue and Zika viruses), Togaviridae (e.g., Chikungunya
virus), and the less commonly reported Bunyaviridae, Reoviridae
and Rhabdoviridae.

The global distribution of arboviruses is directly linked to the
areas cohabited by its vectors and most of them typically occur
amongst tropical and subtropical regions (2, 3). For instance,
Brazil has recently been plagued by consecutive epidemic
seasons, initially with Dengue, then Zika and more recently
Chikungunya, during which over 300,000 cases were reported
nationwide. (1, 4-6). Ingeniously, infections of arthropod
vectors do not seem to affect their fitness and are typically
non-pathogenic and lifelong. By contrast, infections of the
human host with these viruses, particularly Flaviviridae and
Togaviridae families, are generally pathogenic, often acute and
causing viremia (7). This combination largely contributes to
their successful viral spread and persistence, accounting for
considerable medical and economic burden to healthcare systems
of endemic nations (3).

Although arboviruses undergo constant genetic evolution
as they typically lack polymerases with proofreading activity
and thus exhibit significant mutation frequencies, there is also
strong purifying selection resulting from the requirement for
their replication in two disparate hosts, and from a balanced
fitness trade off they have deployed intricate mechanisms of
interaction with their alternate hosts (8). The identification of
such interactions may provide insights into the mechanistic basis
of the infections with advanced investigative strategies aiming to
tackle the current lack of solutions for intervention and therapy.

The role of environmental stimuli, such as a trauma or
infection, have always been assumed but largely unexplored until
recently due to the unavailability of experimental approaches.
Epigenetics is a promising research field and represents a shift
in paradigm as it takes into account environmental stimuli

Abbreviations: mRNA, messenger RNA (mRNA); RNAi, RNA interference
mechanisms; miRNA, micro RNA; miR- micro RNA marker; siRNA, small
interfering RNA; DENV, dengue virus; ADARI, Adenosine deaminases acting
on RNA; TRAF6, TNFR-associated factor 6; IFN, Interferon; LC3, microtubule-
associated protein light-chain 3; TMDs, transmembrane domains; dvNS3, dengue
virus non-structural protein 3; TLR, toll-like receptors; IL, interleukin; PBMCs,
peripheral blood mononuclear cells; CCL5, chemokine (C-C motif) ligand 5; DHE,
dengue haemorrhagic fever; SOCS1, regulation of suppressor of cytokine signaling
1 (SOCS1); GrzB, granzyme B; ZIKV, Zika virus; NK, natural killer; hNSC, human
neural stem cells; JEV, Japanese encephalitis virus; KLF4, Kruppel-like-factor 4;
RNE ring finger protein 125; WNV, West Nile virus; CHIKV, Chikungunya virus;
snoRNAs, small nucleolar RNAs; CCV, Crimean Congo virus; CCHE Crimean-
Congo hemorrhagic fever.

modifying gene regulation without necessarily changing the
host’s core DNA sequences.

In general, the most common epigenetic modifications
include changes in chromatin packaging through reversible
post-translational modifications in histones (e.g., acetylation,
deacetylation), as well as changes in gene regulatory positions,
such as gene promoter or gene enhancers, through reversible
methylation/acetylation modifications of the DNA nucleotides
(9). Of note, the downstream impact of epigenetic alterations
may be life long, persisting through subsequent generations
of cells during replication (also known as transgenerational
gene regulation). Furthermore, other epigenetic events have
been proposed that includes the selective neutralization of
the messenger RNAs (mRNAs) used in protein translation by
interference RNA (iRNA), such as micro RNA (miRNA), and
small interfering RNA (siRNA) (10).

The pathogenicity and severity of clinical manifestations
posed by arbovirus are likely to involve epigenetic regulation
mechanisms, present at the host-pathogen interface. One
example is iRNA as a host mechanism acting as an immune
response against exogenous molecules, including viruses. In
response, viruses are capable of neutralizing host cell defenses by
producing factors known as iRNA suppressors (11).

Epigenetic changes can be triggered by several extrinsic factors
and are relevant for the host homeostasis and bodily functions,
including the control of diseases, which in turn can elicit specific
molecular signatures. Thus, the evaluation of epigenetic changes
arising from specific arbovirus infections and connected to the
immune activation can provide insights into pathophysiological
mechanisms prompting the course and severity of a given
arbovirus condition.

To the best of our knowledge, no previous review has
synthesized the host epigenetic signatures of arbovirus infections.
Thus, we conducted a systematic review of original in vivo and
in vitro studies investigating human epigenetic markers arising
from infections with arboviruses in both clinical subjects and
human cell lines.

METHODS

Search Strategy

This systematic review followed an a priori defined
yet unpublished protocol. The electronic databases

PubMed/MEDLINE, Science Direct and Cochrane Library
were searched from inception to January 4", 2018. The detailed
search string used in this systematic review is provided in the
supplementary online material that accompanies the online
version of this article. We followed the Preferred Reporting
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Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (12).

Eligibility Criteria

The inclusion criteria included: original studies, in vitro or
in vivo, regarding epigenetic markers related to human infection
by arboviruses. in vitro or in vivo studies comprised either
human cell lines, or clinical subjects. Epigenetic markers
consisted of changes in DNA methylation, histone post-
translational modifications that affected gene expression, and
iRNA suppression mechanisms. No language restrictions were
applied, and reports from any country were included to avoid
publication bias. Non-original publications, such as reviews,
letters or comments were excluded. Studies using animal cell
lines, pre-clinical animal studies, in silico research, as well
as investigations limited to epigenetic modifications on the
arbovirus or on the arthropod vector were also excluded.

Study Selection

Two investigators (GA and BD) independently screened the
titles/abstracts of the unique references. After this primary
screening, the full-texts of selected reports were obtained, and the
same authors independently reviewed each article to determine
its final inclusion in the review. Whenever a consensus could not
be reached, a third author (CL or FM) made the final decision
regarding inclusion.

Data Extraction

Two authors (GA and BD) independently extracted the data from
the included references using a standardized form. Discrepancies
were resolved through consensus. The following information was
recorded for each study: author, year, virus/serotype, disease,
epigenetic marker, and main results. For in vitro studies, we also
noted the investigated cell line. For in vivo studies, the clinical
characteristics of the sample were recorded.

Evidence Synthesis

Due to the heterogeneity of study design, participants and
outcomes, we conducted a narrative synthesis of the included
studies, summarizing the findings with respect to each arbovirus.

RESULTS

The search in electronic databases yielded 1,025 references. No
additional references were found from manual searching the
reference lists of included articles. After exclusion of duplicates,
853 unique references were selected for title/abstract screening, of
which 43 were eligible for full-text review. Eleven full-text articles
were excluded with reasons (see Table S1 in the Supplementary
Material that accompanies the online version of this article).
Finally, 32 articles were included in this systematic review (13-
44). The PRISMA flowchart of study selection for this systematic
review is provided in Figure 1.

Characteristics of Included Studies
Opverall, this systematic review included 7 in vivo (16, 20, 30, 34—
37) and 25 in vitro studies (13-15, 17-19, 21-29, 31-33, 38-44).

The in vitro studies used different human cell lines, including
three with human monocytes cells lines (22, 23, 42), six with
human liver cell lines (13, 15, 19, 24, 31, 40), six studied neuronal
cells (26, 28, 32, 38, 41, 44), five used human-derived renal cell
lines (15, 17, 25, 27, 33). Two studies were based on human
fibroblasts. (14, 21), isolated studies were conducted with natural
killer cells (34), epithelial cells (29), human trophoblasts (43), and
human vascular endothelial cells (22).

The in vivo studies included a total of 171 cases and 102
controls. Sample sizes varied from 6 to 89 participants. All these
studies were published in English. Description and characteristics
of included studies are provided in Table 1.

Epigenetic markers associated with host responses to arboviral
infections were mostly reported for Dengue [20 studies; (13—
16, 18-20, 22-25, 29-31, 34-36, 39-42), followed by Zika [4
studies (33, 38, 41, 43)], Japanese encephalitis [4 studies(26,
28, 32, 44)], Chikungunya [2 studies;(17, 21)], West Nile [1
study (19)], and Congo Crimean [1 study;(37)] viruses. Overall,
the studies investigated a number of epigenetic modifications,
notably miRNAs/siRNAs [25 studies,(13, 14, 16, 18-20, 22-25,
29-31, 34-36, 39, 40, 42)], iRNA suppression [3 studies (15,
25, 32)], modifications of iRNA regulators [2 studies (19)], and
DNA methylation [1 study (13)]. Only a single study described
interactions of viral proteins with histones (13).

Dengue Virus (DENV)

The majority of the studies included in this review investigated
DENYV, nevertheless these studies analyzed different serotypes
and cells types. Overall, 20 studies investigated epigenetic
markers associated with DENV infection (Table 1). Fourteen of
them conducted in vitro studies, using a variety of human cell
lines (including macrophages/monocytes, hematopoietic cells,
Huh7 hepatocarcinoma cells, EAhy926 endothelial cells, HepG2
liver cancer cells and A-549 lung cancer cells). Six studies
investigated markers in the blood of clinical samples. Most
studies focused on a specific DENV serotype, i.e., DENV-2 (10
studies), DENV-4 (2 studies), DENV-1 (1 study). The other seven
studies did not inform the DENV serotype. A description of the
in vitro and in vivo studies included is summarized separately in
the sections below.

Epigenetic Mechanisms Associated With DENV
Infection Investigated by in vitro Studies.

Most DENV in vitro studies centered in investigating the
interaction of specific DENV serotypes with human cell lines and
the elicited epigenetic changes associated with viral replication
or the host immune response. These studies focused mainly
on iRNA-based mechanisms with eight of them investigating
miRNA/siRNA expression. Of these, two used high-throughput
tools to determine expression profiles, while the remaining six
examined miRNAs associated with DENV infection defined
a priori. The former assessed profiles following infection of
human cell lines with DENYV, determining alterations and
downstream targets associated with viral replication. Diosa-
Toro et al. (39) used small RNA-Seq analysis to investigate the
miRNAome and its role in the infection of human macrophages
by DENV. They found that only miR-3614-5p was upregulated
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Records identified through
database searching
(n=1025)

Additional records identified
through other sources
(n=0)

(n=853)

Records after duplicates removed

(n=853)

Records screened

Records excluded
(n=776)

(n=43)

Full-text articles assessed
for eligibility

Full-text articles excluded,
with reasons
(n=11)

(n=32)

Studies included in
systematic review

FIGURE 1 | Flow chart of study selection.

in DENV negative cells and its overexpression reduced DENV
infectivity. By contrast, miR-3614-5p modified the expression
of adenosine deaminases acting on RNA (ADARI), an RNA-
editing enzyme that was expected to have an antiviral role
but instead it has been reported to facilitate viral replication.
Their findings support a role for miR-3614 as a regulator
of DENV infection. The other study by Escalera-Cueto et al.
(24) used microarray and quantitative PCR to study the
expression of miRNAs in human hepatoma cells (Huh-7)
infected with DENV-2. Whilst investigating the longitudinal
expression profiles of miRNAs, the authors observed that
only Let-7c was overexpressed at different time points after
infection with DENV-2, with a peak at 12h post-infection. Let-
7c overexpression seemingly correlated with the reduction of
DENV replication through the targeting of the transcription
factor BACH-1, whose primary downstream target is the HO-
1 enzyme, a marker associated with cellular oxidative stress.
As such, the downregulation of BACH-1 is implicated with the
upregulation of HO-1 and these findings support the fact that
Let-7c has an antiviral effect through the modulation of BACH-
1 and HO-1, enhancing cellular oxidative stress. Overall, the
two studies above provide evidence for epigenetic parameters
associated with viral replication, with each supporting specific
miRNAs and downstream targets although this may be due to

specific events arising from the use of distinct cell lines and/or
DENV serotypes.

Wu et al. (22) identified the role of miR-223 in the regulation
of DENV-2 replication and then used three software packages
(miRanda, PicTar, and Target Scan) to predict the target genes
for miR-223. The analysis suggested that miR-223 targeted
the microtubule destabilizer STMNI gene, and subsequent
experiments demonstrated high levels of STMNI during viral
replication. In short, the study suggests that miR-223 controls
DENV-2 replication by negatively regulating STMN1. The same
group also looked at the role of miR-146a in DENV replication
using human monocytic cells infected with DENV-1, 2, or 3
serotypes (18). The expression levels of miR-146a measured by
quantitative PCR were significantly increased after the infection
by any of the DENV serotypes. These changes correlate with
decreased levels of the TNFR-associated factor 6 (TRAF6) protein
and secreted interferon (IFN)-f. The study goes on to suggest that
miR-146a facilitates DENV replication by targeting TRAF6 and
consequently reducing IFN-B levels.

Pham et al. (14) investigated the role of hematopoietic cells
in modulating DENV replication by targeting miR-142, one
of the most abundant hematopoietic-specific miRNAs. After
infection with DENV-2, they showed that the incorporation
of miR-142 onto the 3’'UTR of gene target sites induced an
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TABLE 1 | Characteristics and main findings of the studies investigating epigenetic markers associated with arbovirus infections in humans.

References Virus Study Epigenetic alteration Results Cell line
type
Bayer et al., (43) ZIKV in vitro chromosome 19 microRNA cluster C19MC miRNAs limit ZIKV infection human throphoblasts
overexpression
Bogerd et al. WNV in vitro Dicer mRNA DENV and WNV do not express any viral miRNAs  Huh7 cells, a type of human liver
(19) and in human cells and neither DENV nor WNV induce cell line
DENV the production of viral siRNAs in infected human
somatic cells
Casseb et al. DENV in vitro Drosha, DGCR8, and Dicer mRNAs Drosha, DGCR8, and Dicer mRNAs are epithelial cells
(29) down-regulated in human cells infected with
DENV-4
Chen et al. (20) DENV in vivo miR-150 overexpression reduced SOCS1 expression was significantly peripheral blood mononuclear
associated with up-regulated miR-150 levels cells
Colpitts et al. DENV in vitro Nuclear histone proteins H2A, H2B,  All four core histones were pulled out of the cell Huh7 cells, a type of human liver
(13) H3 and H4 as target of the capsid lysates by DEN2 C and were identified with high  cell line
protein of the virus percent coverage and low expectation values
Demir et al. (37) CCHFV  in vivo downregulation of miR-146a and downregulation od miR-146aand upregulation of  peripheral blood mononuclear
upregulation of miR-451 and miR-31  hsa-miR-451 and hsa-miR-31 leads to cells
augmentation of proinflammatory cytokines
Devhareetal.  ZIKV in vitro reduced p53 phosphorylation ZIKV strains induce human neural stem cells human neural stem cells
(38) (hNSC) growth inhibition and display distinct E
glycoprotein localization
Diosa-Toro DENV in vitro miR-3614-5p overexpression miR-3614-5p regulated ADAR1 expression, a primary human macrophage
etal. (39) protein that facilitates viral replication
Escalera-Cueto DENV in vitro miRNA Let-7 overexpression Let-7c has an antiviral effect through the Huh7 cells, a type of human liver
etal. (24) modulation of BACH1 and HO-1 cell line
Gomes et al. DENV in vivo Methylation of cytokine genes Significant frequency of demethylation in the Total RNA was isolated from
(80) region of the TNF-a promoter in DENV infected whole blood
patients
Kakumani et al. DENV in vitro human microRNA mir-126 The chaperone and the miRNA, hsa-mir-126-5p  Huh7 cells, a type of human liver
(31) restricts dengue virus replication in human cell cell line
lines
Kakumani et al. DENV in vitro RNAi suppression Downregulation of iRNA factors as Dicer, Drosha, Huh 7 and HEK293T (human
(15) Ago1 and Ago2. Also, NS4B, a viral protein, asa  embryonic kidney cells)
RNAI supressor.
Kakumani et al. DENV in vitro RNAI suppression DENV non-structural protein 3 suppresses human human embryonic kidney (HEK)
(25) miRNA machinery HEK293T cells
Kanokudom DENV in vitro microRNA 21 overexpression miR-21 is significantly increased upon DENV 2 HepG2 cells, a human liver
et al. (40) infection and that expression of this miRNA cancer cell line
promotes DENV replication
Kozak et al. (41) ZIKV in vitro miR-30e-3p, miR-30e-5p, miR-17-5p induction of genetic pathway of autophagy astrocytes
including CHOP and GADD34
Kumari et al. JEV in vitro miR-34c-5p suppression miR-34c-5p which is suppressed during JEV human microglial cells
(82) infection and overexpression of this miRNA
modulates JEV induced proinflammatory cytokine
production
Lichinchietal.  ZIKV In vitro human m6A RNA m6A RNA Methylation Modulates the ZIKV Life human HEK293T cells
(33) Cycle
Liu et al. (34) DENV In vivo miR-27a*, miR-30e, and miR-378 miR-378, but not miR-27a* or miR-30e, NK cells
were down-regulated suppressed GrzB expression in NK cells
Ouyang et al. DENV In vivo miR-21-5p, miR-590-5p, miR-21-5p and miR-146a-5p could distinguish Total RNA was isolated from
(35) miR-188-5p, and miR-152-3p dengue-infected patients with preferable whole blood
overexpression, whereas sensitivity and specificity
miR-146a-5p was down-regulated
Pham et al. (14) DENV In vitro miR-142 incorporation Incorporation of miR-142 target sites into the human fibroblasts
3UTR of DENV-2 confers endogenous attenuation
of the virus in a cell-specific manner
Pu et al. (42) DENV In vitro miR-146a overexpression miR-146a significantly blocked DENV2-induced A549 cells (adenocarcinoma

autophagy human alveolar basal epithelial
cells) and THP-1 cells (a human
monocytic cell line)
(Continued)
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TABLE 1 | Continued

References Virus Study Epigenetic alteration Results Cell line
type
Qiet al. (16) DENV In vivo miR-4290,—-4279,—625%, -let- Upregulated miRNA subsets included: peripheral blood mononuclear
7e,—1290,—33a,—378,—-1246,—767- miR-4290,—4279,—625%, cells
5p,—320c,—720,—491- -let-7e,—1290,—33a,—378,—1246,—767-
3p,—3647,—451 and—4286, 5p,—320c,—720,—491-3p,—3647,—451
miR-106b,—20a,—30b and—3653 and—4286.
Downregulated miRNA subsets included:
miR-106b,—20a,—30b and—3653
Rastogi et al. JEV In vitro 48 differentially expressed miR-32-5p is up regulated in JEV infected human human microglial cells
(44) microRNAs26/02/2018 34 are microglia with respect its pleiotropic to control.
significantly up regulated and 14 are  KLF4 (Kruppel-like-factor 4) gene was predicted
down regulated as one of its target. The down-regulation of
miR-432-5p and NEDDA4L (neural precursor cell
expressed developmentally down-regulated
protein 4) has been identified as one of the
potential target as well
Saxena et al. CHIKV  Invitro miR-744, miR-638, miR-503 miRNA expression profiling revealed regulation of HEK293T cells
(17) 152 miRNAs post CHIKV infection
Selvamani et al. CHIKV  In vitro miR-146a overexpression CHIKV infection induced the expression of cellular Human Synovial Fibroblasts
(21) miR-146a, which resulted into down-regulation of
TRAFB, IRAK1, IRAK2 and increased replication of
CHIKV in human synovial fibroblasts.
Downregulation of TRAF6, IRAK1 and IRAK2 led
to downstream decreased NF-kB activation
through negative feedback loop
Sharma et al. JEV In vitro miR146-a overexpression Exogenous overexpression of miR-146a led to human microglial cells
(26) suppression of NF-kB activation and abrogation of
Jak-STAT pathway upon JEV infection which led
to downregulation of interferon-stimulated genes
(IFIT-1 and IFIT-2) and facilitated viral replication
Slonchak et al.  WNV In vitro miR-532-5p overexpression miR-532-5p exhibits antiviral activity against West Human embryonic kidney cells
27) Nile virus via suppression of host genes SESTD1  (HEK293)
and TAB3 required for virus replication
Tambyah etal. DENV In vivo Overexpression of a cluster of 12 Expression patterns of 12 miRNAs Total RNA was isolated from
(36) miRNA (miR-450b-5p,—491- (miR-450b-5p,—491-5p,—499a-3p,—512- whole blood
5p,—499a-3p,—512-5p,—615- 5p,—615-5p,—624-5p,—892b,—1204,—1225-
5p,—624-5p,—892b,—1204,—1225-  5p,—3121-3p,—4259 and—4327) were seen to be
5p,—3121-3p,—4259 significant and specific for acute dengue cases.
and—4327) Expression of miR-24-1-5p, miR-512-5p and
miR-4640-3p distinguished mild dengue from
those exhibiting liver complications whereas
miR-383 was significantly upregulated in mild
dengue compared to those diagnosed as severe
dengue with fluid accumulation.
Wu et al. (22) DENV In vitro miR-223 overexpression miR-223 overexpression controls DENV-2 EAhy926 cells, a human vascular
replication by negatively regulating microtubule endothelial line
destabilizer STMN1 gene
Wu et al. (18) DENV In vitro miR-146a overexpression miR-146a facilitates DENV replication by targeting human monocytic cell THP-1, a
TRAF6 and consequently reducing IFN-B levels model for human monocytes
Zhuetal (28) JEV In vitro MicroRNA-15b overexpression miR-15b Modulates JEV- mediated Inflammation  human astrocytoma cell and
via Targeting RNF125 Hela cells
Zhu et al. (23) DENV In vitro induction of MicroRNA-30e* miR-30e* Suppresses DENV Replication by human monocyte cell line U937

promoting NF-kB-Dependent IFN Production

endogenous attenuation of the virus in hematopoietic but not in
non-hematopoietic cells.

A recent work by Kanokudom et al. (40) examined the
expression of 7 miRNAs chosen from the miRbase. Following
infection of human liver cancer cell line HepG2 with DENV-2,
only miR-21 was differently expressed, in which its upregulation
was found to promote DENV replication.

Zhu et al. (23) looked at the possible role of miR-30e* in the
modulation of innate immunity associated with DENV infection.
Human monocyte cell lines were infected with serotypes DENV-
1, DENV-2 or DENV-3, and the expression of miR-30e*
was measured by quantitative PCR. The results showed that
infection with all three serotypes significantly induced miR-30e*
expression. Furthermore, silencing miR-30e* was associated with
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an increase in DENV replication irrespective of the serotype
tested. A further investigation into downstream targets showed
that miR-30e* significantly induced the expression of IFN-B
protein. Finally, the simultaneous overexpression of the protein
IkBa ORF (without 3'-UTR) in miR-30e*-overexpressed cells
restored cellular IkBa protein levels. Altogether, this suggests
that miR-30e* directly targets the 3’-UTR sequences of IkBa,
thus enhancing IFN-f production and consequently suppressing
DENYV replication.

Recent work by Pu et al. (42) on the role of miR-146a
in the autophagy pathway induced by DENV-2 infection in
human lung carcinoma epithelial (A-549) cells confirmed that
the overexpression of miR-146a was associated with decreased
levels of TRAF6. This protein suppresses autophagossome
formation and reduces the microtubule-associated protein light-
chain 3 (LC3), thus constituting in a marker for authophagy.
These results suggest that miR-146a is a negative regulator of
DENV-induced autophagy, and TRAF6 is a key target of this
microRNA mediating this process. Altogether, the modulation of
DENV-associated targets can potentially suppress the excessive
inflammation in host cells, thereby lessening the pathological
damage caused by DENV infection.

The host iRNA response is regulated by ribonucleases that
control the processing of miRNAs and siRNAs, such as Dicer,
Drosha, Agol, and Ago2 complexes (45). These enzymes could be
targeted by viral components to regulate host iRNA mechanisms.
Overall, five studies investigated the association of DENV
infection and the function of these critical enzymes.

Kakumani et al. (15) demonstrated that the infection of
human hepatoma Huh7 cells by DENV reduces the expression
of the iRNA response regulators, including Dicer, Drosha, Agol,
and Ago2. Furthermore, they showed that DENV replication
increased after the suppression of these iRNA regulators. The
authors demonstrated that the non-strutural viral protein 4B
(dvNS4B) acts as an iRNA suppressor. In fact, NS4B mediates
iRNA suppression via transmembrane domains 3 and 5 (TMD3
and TMD5) irrespective of its interferon antagonistic properties,
as NS4B can directly inhibit the dicing process. A follow-
up study from the same group (25) showed that the DENV
nonstructural protein 3 (dvNS3) is another DENV component
that potentially acts as a iRNA suppressor in human cell lines.
Conversely, Weiskopt et al. (46) reported that NS3 is the main
target of CD8+ T cells response, which play a crucial role
in the control of DENV infection, though in the context of
antibody-dependent enhancement of infection, this may lead to
the occurrence of severe dengue. These findings support a role for
dvNS3 in favoring viral replication, either by protecting the viral
genome from degradation, or by operating the host transcript
levels through miRNA regulation. In summary, these studies
suggest that DENV encodes suppressing proteins to regulate its
replication in mammalian cell lines. Finally, another follow-up
study (31) identified that the mitochondrial heat-shock protein
GRP75 (which is also part of the human Dicer complex) is
involved in the processing of hsa-miR-126, which restricts DENV
replication in human cell lines.

Casseb et al. (29) investigated the expression levels of the
genes encoding Drosha, DGCRS, and Dicer after the infection of

human A-549 cells with DENV-4. DGCRS is a double-stranded
RNA-binding protein that interacts with Drosha and facilitates
miRNA maturation. The mRNA levels of Dicer, Drosha, and
DGCRS8 were all significantly downregulated following the
infection, bottoming out at 3 days post-infection and coinciding
with an increase in viral replication. Given these DENV-
4-mediated changes mirror events described in vivo in a
timely manner and implicate the toll-like receptors (TLR) and
interleukin (IL-1) signaling pathways, authors concluded that the
changes in the gene expression pattern of iRNA regulators were
directly influencing the innate immune system of the host.

Bogred et al. (19) employed human cell lines that entirely
lacked Dicer function to provide better insights into the effects
of miRNAs on DENV replication. The study had two principal
rationales. First, if a virus is dependent on a particular miRNA,
Dicer-deficient cells should be partly or entirely non-permissive
with the virus replication. Similarly, had an endogenous miRNA
or siRNA impaired viral replication, then the replication process
would be accelerated in Dicer-deficient cells. Conversely, their
findings appear to suggest that, in general, viral replication in
humans is, neither inhibited, nor enhanced by the complete
loss of endogenous human miRNAs, which in turn supports the
fact that wild-type viruses have evolved mechanisms to evade
host miRNA-mediated suppression of the viral gene expression
during the replication cycles. Since DENV replication may
not necessarily depend on the presence/absence of endogenous
miRNAs, their study inferred that the manipulation of miRNA
levels may not be as effective to tackle DENV replication as
previously thought.

Lastly, a single study investigated the association of histone
function with DENV infection and host response. Using the
human liver cell line Huh7 infected with DENV-2 serotype,
Colpitts et al. (13) used a tandem-affinity purification (TAP) assay
to assess which nuclear proteins of the host cell were bound
to the DENV-capsid protein (C). They found that the nuclear
histone proteins H2A, H2B, H3, and H4 were in fact specific
targets of DENV C. The colocalization of viral proteins with all
four histones in the cytoplasm of infected cells demonstrated
the formation of dimers, which interestingly were resistant to
both heat and denaturation. Therefore, DENV C may either
bind to histones before they enter the nucleus, or pull them
into the cytoplasm after getting translocated into the nucleus
and binding to the histones. In addition, DENV C binds
cellular DNA, either directly or by forming a complex with
core histones. This leads to disruption of histone dimerization
and nucleosome formation, thus resulting in gene expression
alterations, impairment of DNA transcription, increased DNA
damage and, allegedly, a shift favoring the translation of viral over
cellular mRNA. The authors also reported that the levels of the
four histone proteins examined increased following the infection
and that the presence of the DENV-2 virus was associated
with changes in H2A phosphorylation over time. At 24h post-
infection, phosphorylation of H2A was significantly higher than
in uninfected cells. In contract, the data revealed decreased
phosphorylation at 48 h post-infection, whilst the levels increased
again at both 72 and 96 h post-infection. In conclusion, this study
suggests that the capsid protein of the DENV-2 virus may target
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histones to disrupt normal host cell genetic machinery in favor of
viral replication and perpetuation of its life cycle.

Epigenetic Mechanisms Associated With DENV
Infection Investigated by in vivo Studies

Several studies investigated blood samples of DENV-infected
patients to prospect epigenetic indicators with diagnostic and/or
therapeutic potential.

Ouyang et al. (35) collected a total of 72 serum specimens
(i.e., 40 patients with active DENV-1 replication and 32 healthy
controls). Initially six serum samples (3 patients and 3 controls)
were profiled using miRNA PCR arrays in blood. Compared
to healthy controls, 41 miRNAs were found to be upregulated
and a further 12 miRNAs were downregulated in the sera of
DENV-1 patients. The validation analysis was performed with the
remaining samples using quantitative PCR and confirmed that
only serum miR-21-5p, miR-590-5p, miR-188-5p, and miR-152-
3p were upregulated, while only miR-146a-5p was downregulated
in DENV-1-infected patients. Receiver operating characteristic
(ROC) curve and correlation analyses were performed to evaluate
the potential of these miRNAs for the diagnosis of DENV
infection. ROC curve suggested that only serum miR-21-5p
and miR-146a-5p could reasonably discriminate DENV-infected
patients from healthy controls.

Tambyah et al. (36) investigated blood samples of DENV-
infected patients to shortlist miRNAs that could be associated
with the pathophysiological mechanisms. Patients infected by
influenza virus were used as a comparison group to determine
the specificity of the differentially expressed miRNAs to DENV
infection. Results showed that 12 miRNAs (miR-450b-5p, miR-
491-5p, miR-499a-3p, miR-512-5p, miR-615-5p, miR-624-5p,
miR-892b, miR-1204, miR-1225-5p, miR-3121-3p, miR-4259,
and miR-4327) were specifically linked with acute dengue cases.

Qi et al. (16) reported results from miRNA and inflammatory
cytokine profiles from the peripheral blood mononuclear cells
(PBMCs) of 24 DENV-2-infected patients. Changes in the
expression of cytokines were investigated using multiplex
arrays with levels of the chemokine (C-C motif) ligand 5
(CCL5), IL-6, and IL-8 were increased in DENV-2-infected
PBMCs in comparison to uninfected PMBCs, while levels of
TNF-a, IL-10, MCP-1, and CCL4 were decreased compared
to uninfected PBMCs. Their initial miRNA array analysis
identified 11 upregulated and 4 downregulated miRNAs with
replication analysis using quantitative PCR analyses confirming
that miR-106b, miR-20a, and miR-30b were downregulated in
DENV-2-infected PMBCs, while miR-4290, miR-let-7e, miR-
1290, and miR-33a were found to be upregulated. Whereas
follow-up in silico analyses suggested that miR-106b may target
CCL5 mRNA, miR-let-7e were found to inhibit CCL3 and
IL-6 mRNA expression. Altogether, this supports a role for
miRNAs to modulate immune activation of DENV-2-infected
PMBCs, highlighting that specific miRNAs target specific
inflammatory mediators.

Chen et al. (20) investigated the role of miRNAs in the
regulation of suppressor of cytokine signaling 1 (SOCS1) and its
association with dengue haemorrhagic fever (DHF). SOCSI is a
negative regulator of cytokine signaling and may be involved in

the development of DHF during DENV infection. Quantitative
PCR was used to measure SOCSI mRNA and its regulatory
influence on miRNA levels in PBMCs obtained from the blood
of patients with non-hemorrhagic dengue fever (DF) vs DHF.
Patients with DF but not DHF had higher levels of SOCSI,
as well as increased production of IFN-y. On the other hand,
DHEF patients had increased production of IL-10. miR-221 and
miR-572 levels were higher in patients with DF when compared
to DHF. On the other hand, DF patients had decreased levels
of miR-150 in comparison to DHF. With respect to SOCSI
mRNA expression, this was inversely correlated with miR-150
expression in the PMBCs of patients with DHF, with an in
vitro experiment replicating this association using DENV-2-
infected PMBCs. Altogether, these findings support that SOCSI
expression is reduced in PBMCs derived from patients with DHE,
which in turn was significantly associated with the upregulation
of miR-150 levels in a dose-dependent manner.

Liu et al. (34) studied the role of miRNAs in the regulation
of granzyme B (GrzB), a serine protease found in the granules
of cytotoxic lymphocytes (CTLs), natural killer cells (NK cells)
and cytotoxic T cells. Software packages miRanda and TargetScan
were used to predict sequences of miRNAs that potentially
bind to the 3’-UTR regions of perforin (PRF1) and GrzB
mRNA sequences, and as a result regulating the expression of
these cytotoxic molecules in humans. They measured expression
levels of the miRNAs selected by in silico analysis (i.e., miR-
27a*, miR-30e, and miR-378) using quantitative PCR assays. All
three miRNAs were reported to be downregulated, but miR-
378 exhibited remarkably higher binding potential to the 3’-
UTR of GrzB compared to the analogous PRF1 mRNA sequence.
Therefore, this study suggests that miR-378 is a key player in the
host immune response by modulating NK cell GrzB production
during acute DENV infection.

A single study examined the gene methylation status of
genes encoding for proteins modulating the innate immune
response. Gomes et al. (30) used methylation-specific PCR assays
to identify the methylation status of the IFN-y and TNF-a gene
promoters in the DNA extracted from peripheral blood from
DENYV infected subjects. Their comparative analysis showed that
these patients had significant demethylation in the TNF-o but not
in the IFN-y promoter regions.

Zika Virus (ZIKV)

In total, four in vitro studies investigated epigenetic modifications
associated with ZIKV infection.

Bayer et al. (43) investigated the hypothesis that trophoblastic
chromosome 19 miRNA cluster (C19MC) expressed in primary
human trophoblasts (PHTs) might reduce ZIKV infection in
non-trophoblastic cells. PHTs are relatively resistant to infection
by several viruses. The fact that the resistance to ZIKV is lost
in embryonic stem cells when they are differentiated into an
early trophoblast lineage suggests that term trophoblasts utilize
a diverse array of antiviral pathways to protect the placenta,
and consequently, the fetus, from ZIKV infection. However, at
very early stages of pregnancy, when embryonic lineages are
being differentiated, there is a probable period of trophoblast
vulnerability that seemingly ends when the subsequent villous
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placenta emerges and begins to mature. Therefore, CI9MC could
regulate the susceptibility of non-trophoblastic cells to ZIKV. In
their work, human osteosarcoma U20S cells were transfected
with the most highly expressed members of CIOMC (miR-512-
3p, miR-516b, miR-517a, and miR-525-5p) and infected with
ZIKV. C19MC miRNA reduced ZIKV infection, as denoted by
a 50% drop in the production of viral RNA. As PHT cells can
also regulate type III IFNs as a secondary pathway to achieve
resistance to infection, it was demonstrated that CI9MC does
not exert any effect on interferon-stimulated genes, and that
type III IFNs do not affect the expression levels of miRNAs in
U20S cells. Together, these findings provide evidence that the
miRNAs stimulate resistance to the disease through a type III
IFN-independent pathway.

Devhare et al. (38) investigated mechanisms associated with
ZIKV-mediated impairment of human neural stem cells (hNSC)
differentiation and progenitor cell growth, and their relationship
with different sets of ZIKV strains. The hNSCs were infected with
either the African, the Asian ZIKV strains, or both. Cells infected
with both strains displayed distinct E glycoprotein localization
and growth pattern. Their results showed an upregulation of
several genes upon viral infection and a more effective growth
of African ZIKV in hNSCs (though authors mentioned this
may be in part due to this variant being utilized for several
passages in cell culture), but not of Asian ZIKV, for which
less studies were also documented. Furthermore, expression of
genes associated with cell cycle arrest were enhanced in virus-
infected hNSCs, consequently inducing DNA damage responses
though this might be dependent on specific virus strain’s
mechanisms. They also demonstrated a modest increase in p53
Ser15 phosphorylation, a marker of p53 functional activation, in
Asian Zika virus-infected hNSCs. However, African Zika virus-
infected cells exhibited reduced p53 phosphorylation. Lastly, it
was analyzed the expression levels of p53 targets p21 and PUMA
and, interestingly, p21 was detected only in Asian ZIKV-infected
hNSCs, potentially promoting cell cycle arrest and the capacity
to limit the DNA damage. Conversely, the African strain led to a
more apoptotic cell death aspect.

Kozak et al. (41) studied the profile and temporal changes
of host miRNAs and transcriptome associated with ZIKV.
Human embryonic astrocytes were infected with ZIKV strain
PRVABC59, and changes in miRNAs expression was measured
24, 48, or 72 h post-infection using several techniques, including
immuno?uorescence, quantitative PCR and microarrays. Their
findings suggest that there was a trend toward an overall
decrease in miRNA expression in the cells over the course
of ZIKV infection. A subset of miRNAs was found to be
upregulated during infection, including miR-30e-3p, miR-30e-
5p, and miR-17-5p.

Changes in the expression profile of candidate target genes
suggest that the unfolded protein response pathway are a major
target for ZIKV-mediated regulation, since they observed at
48h post infection an induction of genetic pathways related to
authophagy, including CHOP and GADD34.

Lichinchi et al. (33) investigated the methylation status of
ZIKV RNA and the role of these epigenetic modifications in
the host. Authors reported that host methyltransferases and

demethylases control N6-Methyladenosine (m®A) modification
in ZIKV RNA. A metagene analysis of host epigenetic
modifications showed that ZIKV infection increased m®A levels
in the 5UTR but comparatively decreased in 3’UTR target
positions of the human transcriptome. Gene ontology analyses of
these genes implicated a number of immune-related mediators
when mPA levels peak in the host.

Japanese Encephalitis Virus (JEV)

Two in vitro studies used high-throughput screening tools to
assess miRNA expression profiles in human microglial cells
infected with JEV.

Kumari et al. (32) employed microarrays to investigate
levels of miRNAs at 6, 24, or 48h post-infection, aiming
to identify overlapping patterns of differentially expressed
markers associated with JEV. Initially only 36% of miRNAs
were upregulated at 6h post-infection, peaking at 24h with a
proportion of 71% of the investigated miRNAs and remaining
high at 48h post-infection (64%). A consistent upregulation
across the time series was observed for a specific group of
miRNAs, including miR-3648, miR-129-5p, miR-3687, and miR-
572. The same study also found downregulation of miRNAs after
infection of microglial cells with JEV. At 48h post infection
miR-128, miR-132, miR-222, and miR-130b were found to
be downregulated.

Authors also investigated the role of miRNAs in regulating the
expression of genes associated with the host immune response.
Since activation of Notch pathway during JEV infection is
modulated by miR-34¢-5p and this probably binds 3'UTR of
Notch gene, overexpression of miR-34c-5p is expected to lead
to attenuation of JEV induced TNF and IL-6 production by
microglia. They observed no apparent impact on the viral
replication since no significant changes in jevNSl protein
expression were detected.

Rastogi et al. (44) used microarrays to investigate changes
in the expression of 526 miRNA in JEV-infected human
microglial cells. They found that 48 miRNAs were differentially
expressed: 34 were upregulated, while a further 14 were
downregulated. Bioinformatics tools were used to identify the
targets of the differentially expressed miRNA. The upregulated
miRNAs were involved in pathways associated with several
processes, including the maintenance of endothelial barrier
and adhesion junctions, ubiquitin-mediated signaling and
protein processing in the endoplasmic reticulum, and apoptosis.
The downregulated miRNAs were associated with pathways
mediating proinflammatory responses, cytokine and chemokine
expression and neuropeptide signaling pathway. Although the
miRNA-target interactions were not specifically investigated,
authors speculate on four possible mechanisms associated with
susceptibility of microglial cells to JEV infection that would
be related to the changes in miRNA profiles. The miR-32-
5p appeared to be upregulated and the Kruppel-like-factor 4
(KLF4) gene was predicted as one of its target. This gene has
been reported to regulate endothelial barrier function in glioma
cells, by suppressing the promoter activity of tight junction
proteins. Thus, regulation of the blood-brain barrier might
be a pathological mechanism associated with JEV infection.

Frontiers in Immunology | www.frontiersin.org

May 2019 | Volume 10 | Article 1207


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Aguiar et al.

Host Epigenetics and Arbovirus Infections

Moreover, miR-29b-3p was found to be upregulated, and Tumor
Necrosis Factor receptor associated factor 4 (TRAF4) was
identified as its downstream target. TRAF4 regulates cell survival,
and since microglial cells are activated but never do they undergo
apoptosis during JEV infection, this might be the result of
TRAF4 suppression, which inhibits apoptosis and promotes
cell survival. The expression of miR-205-5p was suppressed
after JEV infection, and its predicted target was the NFAT5
gene, which is associated with neuroinflammation. Therefore,
regulation of this pathway following Japanese encephalitis may
result in inflammation and BBB changes. Finally, miR-432-5p was
downregulated, and its potential target gene, neural precursor cell
expressed developmentally down-regulated protein 4 (NEDD4L),
is involved in the ubiquitin-mediated proteolysis pathway and
has been reported to promote and suppress the rate of virus
release from infected cells. Therefore, miR-432-5p may play
a critical role in regulating virus release from microglial cells
during JEV infection.

Another two in vitro studies investigated specific miRNAs
associated with JEV infection. Zhu et al. (28) used the human
astrocytoma cell line U251 to assess the role of miR-15b as
a regulator of JEV-induced inflammation through targeting
of ring finger protein 125 (RNF125), which may regulate
the T-cell receptor signaling pathway. This study showed
that virus-mediated induction of miR-15b increases RIG-I
expression by direct suppression of the target gene RNFI25,
resulting in the aggravation of JEV-induced production of
inflammatory mediators. miR-15b is also involved in the
regulation of chemokine- and cytokine-mediated inflammation
pathways, including TNF-o, IL-1B, IL-6, CCL5, IL-12p70,
and CCL2. Therefore, authors finally showed that these
immunological mediators were significantly upregulated during
JEV infection and the inhibition of endogenous miR-15b
using antisense miRNA significantly decreased JEV-triggered
cytokine production.

Sharma et al. (26) studied the anti-inflammatory role of miR-
146a during infection with the JEV strain JaOArS982. They
used quantitative PCR and luciferase assays to determine the
influence of miR-146a on the in vitro expression of interferon-
stimulated genes using human microglial cells. Infection with
JEV upregulated miR-146a, which was associated with the
gene expression downregulation of TRAF6, IRAKI, IRAK2, and
STAT1I. The exogenous overexpression of miR-146a suppressed
NEF-kB activation and decreased the Jak-STAT pathway activity
associated with JEV infection, which in turn led to the
downregulation of interferon-stimulated genes (IFIT-1 and IFIT-
2) and ultimately facilitated viral replication.

West Nile Virus (WNV)

Two in vitro studies investigated the role of epigenetic
modifications in the human response to WNV infection. Both
studies used high-throughput techniques to investigate iRNA-
based mechanisms.

Slonchak et al. (27) studied the role of host miRNA during
WNYV human infection. The authors employed RNASeq analysis
to determine changes in the expression of host miRNAs in human
embryonic kidney 293 (HEK293) cell line. In comparison to

the uninfected controls, multiple miRNAs were differentially
expressed in the infected cell group at 24 and 48 hours post-
infection. Only three miRNAs were significantly upregulated:
miR-1271-5p, miR-532-5p, and miR-1307-3p. To understand
their functions, HEK293 cells were transfected with either
miRNA-specific or nonspecific miRNA mimics or inhibitors, and
then infected with WNV. WNV titers appeared to be similar to
controls whenever the miR-1271-5p and miR-1307-3p mimics
or the inhibitors were transfected, thus indicating that these
miRNAs did not influence viral replication. In contrast, WNV
titers were significantly reduced in cells transfected with the miR-
532-5p mimic and increased in cells transfected with the miR-
532-5p inhibitor. A genome-wide computational prediction of
miR-532-5p targets shortlisted 10 potential targets. In the follow-
up investigation, only the for TAB3 and SESTDI mRNAs were
reported to be decreased following WNV infection. Altogether,
this suggests that the upregulation of miR-532-5p and subsequent
suppression of SESTD1 and TAB3 genes represent a host antiviral
response during WNV infection.

Bogred et al. (19) studied the influence of endogenous
miRNAs and virus-induced siRNAs on WNV replication. In a
first experiment, human Huh7 cells were infected with WNV
and the expression of miRNAs/siRNAs was examined using
deep sequencing. They noticed that infected cells did not
express detectable levels of miRNAs and/or siRNAs. In a second
experiment, authors used a human cell line that did not express
Dicer, and, therefore, were unable to produce miRNAs or siRNAs.
No significant differences in viral replication were observed in
WNV-infected cells in relation to the controls with unchanged
Dicer activity. Altogether, the results show that WNV gene
expression, similarly to the findings described above for DENYV,
is not suppressed by endogenous miRNAs which points to the
fact that viruses may have evolved mechanisms in an attempt to
evade or bypass human miRNA-based defenses.

Chikungunya Virus (CHIKV)
Only two in vitro studies investigated epigenetic modifications
associated with CHIKV infection. One used high-throughput
tools to screen for potential diagnostic markers or therapeutic
targets (17), while the other explicitly investigated miR-146a (21).
The first study described miRNA signatures associated
with CHIKV infection from three different human cell lines:
human embryonic kidney cell line HEK293T, Vero-76, and
primary human dermal fibroblast cells. They employed custom
microarrays to identify miRNAs with altered expression patterns.
A total of 59 miRNAs were found to be upregulated, while
a further 33 were downregulated at 12 and 24 hours post
CHIKYV infection. Approximately 53 and 45% of upregulated and
downregulated miRNAs, respectively, have been implicated with
other viral infections, particularly HCV, HBV, HPV and HIV1.
These authors also investigated changes in the expression of
small nucleolar RNAs (snoRNAs), an epigenetic mechanism that
guides chemical modifications of other RNAs, mainly ribosomal
RNAs (47). Findings showed that 48 snoRNAs were upregulated.
Of these, 16 were of the C/D type, known to be associated to
ribosomal RNA acetylation.
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Conversely, the second study investigated the role of miR-
146a in the regulation of inflammatory responses associated
with CHIKV infection in human synovial fibroblasts. CHIKV
infection was associated with increased cellular expression of
miR-146a and subsequent gene expression downregulation of
TRAF6, IRAK]I, and IRAK, as well as increased viral replication.
Therefore, They concluded that CHIKV reduced anti-viral
immune response in human fibroblasts through enhanced
expression of miR-146a.

Crimean Congo Virus (CCV)

A single in vivo study investigated CCV-associated epigenetic
factors. Demir et al profiled miRNA expression of plasma
samples from eight individuals with confirmed Crimean-
Congo hemorrhagic fever (CCHF) diagnosis (37). Their
results identified 106 CCV-associated miRNAs that were
differentially expressed in peripheral blood mononuclear cells.
Main upregulated signatures were miR-144, miR-451, miR-486-
5p, miR-608, miR-363, miR-31, miR-32, miR-575, miR-632, and
-miR-541 in CCHF patients. Out of that, several targets were
implicated with the immune cell activation, cellular adhesion and
signal transduction. Authors highlighted that a similar cytokine
imbalance occurs during viral hemorrhagic fevers, regardless
of the etiolopathological agent, and that could be the result of
disease processes mediated by shared epigenetic alterations.

Furthermore, chief downregulated miRNA leads were miR-
493, miR-889, miR-655, miR-656, miR-26a-1, miR-154, miR-
335, miR-1197, and miR-146a. They proposed that at least some
of these candidates were related to proinflammatory cytokine-
induced alterations on the endothelium, leading to vascular
dysfunctions and the development of hemorrhagic damage seen
in CCHF patients.

Altogether, their findings suggest a key role for miRNAs in
regulating human immune response to CCV and modulating
disease progress and CCHF clinical manifestations.

DISCUSSION

In general terms there are five well-characterized processes
that appear to mediate epigenetic regulation, namely DNA
methylation, nucleosome positioning, histone variants, histone
modifications, and regulatory RNA class family. While there is
a large body of evidence suggesting that epigenetic factors play a
critical role in the regulation of virus infections, in many cases the
detailed mechanisms have not been elucidated. Although several
limiting factors contribute to our relative lack of understanding
of the intricacies of viral epigenetic regulation, the inherent
complexity of epigenetic regulation most likely constitutes in the
single chief hurdle. To our knowledge, this is the first review
that aimed to synthetize epigenetic changes associated with
arboviruses infections in the human host.

Our results reveal a significant heterogeneity across studies,
with authors frequently exploring varied hypotheses and distinct
sets of markers, which unquestionably restricted our abilities to
draw direct comparisons and undertake a substantiated meta-
analysis. Our review showed that the most frequent epigenetic
events expressed during arboviruses infections were related

to modifications in miRNA profiles with a number of leads
implicated. Aside of this, alterations in the dicer complex and
dicer-like enzymes were also reported by two independent
studies (19, 29). Only a single study found association with
histone modifications (13) with a further investigation describing
changes in the DNA methylation pattern (30). Another study
reported alterations in p53 phosphorylation using an infection
model of ZIKV (38).

The most frequent human miRNA alteration implicated
with arbovirus infections was the miR-146. This miRNA may
constitute in an interesting biomarker as it was upregulated
during infections with JEV, CHKV and DENV (18, 21, 26) though
it was downregulated during CCHF (37). Two of the revised
studies found miR-146 levels to be in perceivable downregulation
following CCHF infection (37), suggesting that its reduction
following infection led to the secretion of proinflammatory
mediators. Of note, CCHF is the only non-mosquito-borne
arbovirus included in this review but comes from a family
almost exclusive of tick-borne viruses (Nairoviridae), and given
these particularities will most likely elicit a rather distinct
pathophysiological response compared to those of mosquito-
borne viruses. Irrespective of that, not all findings were consistent
since a recent study found that miR-146 was downregulated
during DENV infection (35). Further to this, miR-146 seems
to be a key inflammatory mediator that stimulates the release
of cytokines during innate immune response (48), however it
seems to work through a divisive role as a proviral factor as it
targets IRAK1 and TRAF6 expression leading to the inhibition
of IFN production, thus hindering antiviral host defenses (49).
It is possible that its upregulation observed during infections
with JEV, CHKV and DENV may actually the result of increased
host susceptibility to these diseases, therefore warranting further
investigations to determine its clinical utility. The miR-146 has
also been proposed to be a marker of sepsis, as well as a target to
reduce immune hyperactivation during infection (50).

Our review also supports the involvement of other host
miRNA markers as epigenetic modulators of arbovirus
infections. For instance, miR-30e has been linked with NEF-
kB activation and IFN-B production, and its altered levels
generally associated with restriction of DENV infection, via
positively modulating the antiviral innate immune response
(23, 51). While another study (41) showed that miR-30e is
involved in an autophagic pathway in patients infected with
ZIKV, others proposed that miR-30e had no actual role in
regulating expression of granzyme B in NK cells during DENV
infection (34), an important cytotoxic molecule to control viral
replication. Despite a growing body of evidence for miR-30e, a
consensus on its actual role in modulating the human immune
system following viral infection has yet to be reached. Similarly,
Dicer, a class IIT endoribonuclease, cleaves dsRNA into siRNA
and miRNA. Both siRNA and miRNA facilitate the activation
of RNA-induced silencing complex (RISC), which is essential
for RNA interference characteristics (9). In other words, since
both processing enzymes Drosh and Dice, process the majority
of pri-miRNA/pre-miRNAs into duplex mature miRNAs,
which is essential for rendering their biological properties,
alterations in their levels as a result of an infection would not
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be confined to arbovirus and would not constitute in a specific
molecular signature. Indeed, another review indicated that
cellular miRNAs physiologically regulate the replication of other
mammalian viruses with deliberate repression of mammalian
Dicer increasing the replication of HIV-1, vesicular stomatitis
virus (VSV) and influenza A virus (52).

All in all, our review suggests that epigenetic mechanisms
accompanying arbovirus infections may be rather specific and
distinct to the ones associated with other common viral diseases,
such as DNA tumor viruses where alterations in miRNA
expression patterns are not so frequent (10). These viruses have
predominantly been associated with DNA methylation events
in the promoter positions of key disease-associated genes (10).
Similarly, DNA methylation is part of the typical gene silencing
process that occurs during the latent infection by the herpes
simplex virus (HSV) family (10). Conversely, polyomavirus and
adenovirus frequently have their viral genome integrated into
the host genome with some studies reporting these viruses may
also employ DNA methylation mechanisms during the course
of the infection (10). A widely described virus-driven epigenetic
modification is the one associated with Papilomavirus that
implicates histone modifications (10).Comparatively, Hepatitis
B virus possesses a mini chromosome with nucleosome and
histone modifications, which appears to dysregulate a number
of cellular pathways, in part by binding to genomic DNA, by
changing expression patterns of miRNAs, or by connecting to
sirtuinl gene (SIRT1), an intracellular regulatory protein known
to regulate epigenetic gene silencing and suppress recombination
of rDNA. Overall, this supports that viruses may use different
epigenetic mechanisms, and that miRNA may be functionally
more relevant for arbovirus infections in humans. Despite that,
the significance of miRNAs for the development and progression
of arboviral infections and for the host disease response remain
largely unclear.

Only a single study reported specific epigenetic alterations
when stratifying patients for cardinal clinical features (36). The
authors identified differentially expressed miRNAs in patients
with mild vs. severe dengue, with which they supported the
existence of a relevant epigenetic basis for disease progression
and complications seen in some patients. Yet, a major limitation
for producing sturdier assertions from the existing literature is
the limited number of in vivo studies available. Only six studies
were encountered and met inclusion criteria of our review, with
five of them restricting research to DENV infection only. In
these studies, authors were mainly engaged in either, identifying
a pattern of epigenetic signatures during the infection (16, 35),
or searching evidence for the activation of genes that encode
cytokines and the innate immune system, such as TNF-alpha
(30). It has been documented that the miRNAs associated with
cytokine activation may lead to either side of the disease spectra
depending on the pattern of their gene targets and downstream
pathways. It has been shown that sustained levels of IFNs,
whether or not miRNA-dependent, in DENV-infected humans
correlate with protection and sub-clinical disease (53, 54), and
their secretion correlates with the induction of a cytotoxic T-cell
response (46). For instance, infection with DENV up-regulated
the expression of miR-30e*, which a play a role controlling the

infection through the expression of IFN-B. Conversely, other
authors suggest that miR-146a facilitates DENV replication (18)
by reducing IFN-B levels, the opposite of what is achieved
with the introduction of miR-30a, which highlight the need for
carrying out further evidence-based on this topic to support
these views.

A clinically relevant question that our review was unable
to address concerns the persistence of early response markers,
such as IgM anti-Chikungunya antibodies, in chronic patients.
These have been documented even after several months since
the disease onset, suggesting that single-stranded arbovirus
infections are seldom self-resolving processes and certainly not
short-lived as many previously speculated (55, 56). Another
important limitation of our review is the lack of meaningful
literature in relation to specific epigenetic events and lead
biomarkers with potential to discriminate the myriad of
infections caused by circulating arbovirus worldwide. In Brazil,
for instance, over 210 arbovirus species have already been
isolated, the vast majority from the Amazon rain forest, with
at least 110 new to scientist and 34 proven to cause human
infections. (57). Furthermore, arbovirus are RNA entities, very
mutagenic and capable of causing renewing public health threats
in the form of outbreaks and pandemics. In addition to the
highly publicized emergence of ZIKV and CHKY, the last decade
has witnessed an expansion of previously localized endemic
arbovirus, such as Oropouche (OROV), Mayaro (MAYV), Rocio
(RCV), Saint Louis encephalitis (SLEV), Ross River (RRV),
and both Eastern, and Western Equine Encephalitis (EEEV
and WEEV) viruses from the Flaviviridae, Togaviridae and
Bunyaviridae families, with each almost certainly resulting
in specific molecular signatures and distinct patterns of
host responses.

In general, arboviruses are zoonosis-causing agents as they
are mostly kept in nature by both a non-human vertebrate
and a hematophagous arthropod vector cycles. To further
compound this, the saliva from blood-feeding arthropods, such
as mosquitoes is enriched with active molecules that display
a variety of functions leading to the modulation of the host
immune system, ultimately facilitating arbovirus evasion and the
establishment of the disease (58). Depending on the vector in
question and intrinsic human factors, that per se can result in
specific host-mediated immune and epigenetic responses, adding
further complexity to effectively integrating in vitro and in vivo
molecular analyses.

Clearly, arboviruses infections account for a massive disease
burden to healthcare systems and to labor productivity, especially
in tropical and developing countries (59). This systematic
review shows that the major epigenetic alterations associated
with arboviruses infections were microRNAs, particularly miR-
146 and miR-30e, and the dicer complex. Studies fitting our
inclusion criteria have been highly heterogeneous in nature,
presenting varied methodological designs and testing for distinct
sets of hypotheses. Further research is certainly necessary
to appreciate how epigenetic findings could be validated as
biomarker tools for diagnosis, staging, and prognosis of arbovirus
diseases in humans. Concerted work into the mechanisms
of specific epigenetic regulations is likely to support the
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development of bespoken prevention or therapeutic strategies for
arboviral infections.

Certainly, more thorough out epigenetic studies on the
interactions of arboviral infections with common chronic
diseases in humans, as well as the role of co-infections, would
be extremely opportune for meaningful progress in this field. For
instance, a major outbreak driven by emerging CHKV variants
in Brazil between 2016 and 2017, has reminded scientists and
public health authorities of the devastating impacts of arboviral
infections and disease chronification on labor productivity
and outcomes of underlying diseases, especially diabetes type
II (59). The untapped potential of epigenetic markers may
constitute the missing link to bolster a deeper understanding of
pathogenesis and shared response mechanisms across disease-
causing arbovirus species and between strains/serotypes of
the same species. Combined with the realization of inter-
individual differences in disease susceptibility, the development
of effective molecular-based tools, including epigenetics, can
deliver critical insights into the dynamics of arboviruses
epidemics and recurrent outbreaks, potentially enabling both
patient and treatment stratifications and the refinement of
effective epidemiological surveillance strategies.
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