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Abstract: Human cytomegalovirus (HCMV) and Human herpesvirus 6 (HHV-6) have been report-
edly suggested as triggers of the onset and/or progression of systemic sclerosis (SSc), a severe
autoimmune disorder characterized by multi-organ fibrosis. The etiology and pathogenesis of SSc
are still largely unknown but virological and immunological observations support a role for these
beta-herpesviruses, and we recently observed a direct impact of HCMV and HHV-6 infection on
the expression of cell factors associated with fibrosis at the cell level. Since miRNA expression has
been found profoundly deregulated at the tissue level, here we aimed to investigate the impact on
cell microRNome (miRNome) of HCMV and HHV-6 infection in in vitro infected primary human
dermal fibroblasts, which represent one of the main SSc target cells. The analysis, performed by
Taqman arrays detecting and quantifying 754 microRNAs (miRNAs), showed that both herpesviruses
significantly modulated miRNA expression in infected cells, with evident early and late effects and
deep modulation (>10 fold) of >40 miRNAs at each time post infection, including those previously
recognized for their key function in fibrosis. The correlation between these in vitro results with
in vivo observations is strongly suggestive of a role of HCMV and/or HHV-6 in the multistep patho-
genesis of fibrosis in SSc and in the induction of fibrosis-signaling pathways finally leading to tissue
fibrosis. The identification of specific miRNAs may open the way to their use as biomarkers for SSc
diagnosis, assessment of disease progression and possible antifibrotic therapies.

Keywords: microRNA; miRNome; human cytomegalovirus; human herpesvirus 6; systemic sclerosis;
fibrosis

1. Introduction

Human diseases associated with tissue fibrosis represent a worldwide concern, due
on one hand to the high number of affected individuals and on the other hand to the still
not elucidated mechanisms of the fibrosis process [1]. Moreover, the presence of several
heterogeneous manifestations and potential etiological agents, together with the lack of
validated markers, render very difficult the therapeutic approach. Fibrotic diseases include
diverse pathological conditions, such as systemic sclerosis (SSc), nephrogenic fibrosis,
sclerodermatous disease, and many other organ-specific disorders mostly impairing the
cardiac, kidney, lung, and liver functions. Although such differences, all fibrotic diseases
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are characterized by accumulation of fibrotic tissue and yet elusive mechanisms [1]. As
mentioned above, fibrosis is one of the main features of SSc. This is an autoimmune connec-
tive tissue disease of still uncertain etiology characterized by the deposition of excessive
extracellular matrix, leading initially to cutaneous thickening and hardening, followed by
a gradual and progressive multiorgan involvement, often lethal in the end [2–4]. The sys-
temic effects include vasculopathy and immune-dysregulation, which leads to fibrosis and
apoptosis of the involved tissues and internal organs, including lungs [5], gastrointestinal
tract [6,7], heart [8] and kidneys [9]. The severity of the disease is variable and patients can
be classified into limited cutaneous (lcSSc) or diffuse cutaneous (dcSSc) subgroups, based
on higher extent of skin involvement [10]. In particular, patients with diffuse cutaneous in-
volvement appear at high risk for quick progression toward internal organs fibrosis, which
strikes the lungs, heart, gut, kidneys and ligaments, with high mortality rate. By contrast,
the subjects with limited cutaneous involvement (lcSSc) generally present vasculopathy
but often have a more favorable outcome.

There is still a lack of certainty about the etiology and pathogenesis of the disease,
although there is consensus in that it results from a multifactorial and multistep pro-
cess, including hereditary genetic predisposition, oxidative stress and environmental
factors [11–13]. Among this last group of factors, virus infections have been suggested as
environmental triggers, with particular focus on those sustained by human Betaherpesviri-
nae subfamily members of Herpesviridae virus family, including human cytomegalovirus
(HCMV) and human herpesvirus 6 (HHV-6) [14–19]. HCMV and HHV-6 are ubiquitous,
highly prevalent in the human population, causing asymptomatic or mild infections in
the immunocompetent host but severe diseases in the immunocompromised subject; both
viruses have been hypothesized to be relevant cofactors in several diseases [20,21]. As
a common feature of all herpesviruses, they persist in a latent state in the host after the
primary infection, and can reactivate in the susceptible immunocompromised subject. Both
viruses are able to infect in vitro and in vivo fibroblasts and endothelial cells (ECs), which
represent the main target cells in SSc disease [22–26].

Clues of a possible HCMV involvement in SSc include the detection of HCMV tran-
scripts in ECs from the skin of SSc patients [26], the presence of significantly higher levels
of anti-HCMV antibodies in SSc subjects compared to controls [27–30], the possible role of
the above antibodies in recognizing fibroblasts and EC surface antigens, evoking molecular
mimicry [31,32], and the presence of specific anti-HCMV CD8+ T cells in SSc patients,
associated with the disease severity [15].

As to HHV-6, including the two species HHV-6A and HHV-6B with high genome
homology but diverse cell tropism and pathological associations [21,33], the virus was
detected in ECs in vivo [34], and in vitro infection of ECs infection was shown to induce pro-
duction of pro-inflammatory cytokines and impairment of ECs angiogenic properties [35].
HHV-6 has been associated with several autoimmune diseases including connective tissue
diseases [17–19,36–39] and was detected frequently in Hashimoto’s thyroiditis patients, a
disease often preceding the development of SSc [40]. Recently, HHV-6 was found in the
skin of SSc patients and SSc subjects have higher titers of antibodies directed against the
HHV-6 U94 protein [16].

Finally, in vitro infection of primary human dermal fibroblasts with HCMV and HHV-
6 induced a prompt and sustained expression of pro-fibrotic factors, suggesting a role of
these viruses in the progression of tissue fibrosis [14].

Vasculopathy and fibro-proliferative processes are two crucial hallmarks of SSc disease,
however the pathogenic connections between such pathways in SSc is poorly understood.
Recent studies have focused on exploring the impact of epigenetic factors in order to clarify
the molecular mechanisms involved in SSc disease [41,42]. In particular, great attention
has been paid to microRNAs (miRNA or miR), short sequences (20–23 nucleotides) of non-
coding RNA, which play important roles in regulating the expression of protein coding
genes at the post-transcriptional level. The role of miRNAs has been explored in many
pathological mechanisms including cancer, fibrosis and autoimmunity, providing potential
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therapeutic approaches and promising prognostic/diagnostic biomarkers [43]. With regard
to SSc pathways, several miRNAs have been implicated in both vascular and fibrotic
alterations that characterize the disease [44].

Low levels of miR-152 in SSc dermal microvascular ECs (MVECs) have been linked
to endothelial nitric oxide synthase (eNOS) pathway dysfunction and consequent defect
in nitric oxide production, condition promoting early SSc vasculopathy [45]. MVECs
stimulated with serum from SSc patients evidenced dysregulation of miRNAs related
to Toll-like receptor (TLR) signaling, transforming growth factor-beta (TGF-β) pathway
activation and Wingless/Int-1 (WNT) signaling, a group of signal transduction pathways
associated with endothelial dysfunction [45]. In particular: miR-146b, miR-130b, miR-21,
miR-31 and miR-34a were found up-regulated in the skin of SSc patients compared to
controls, whereas miR-145 resulted instead down-regulated [46]. Several studies have
detected higher levels of miR-155 in the serum and skin of SSc patients, which appears to
have a role in both vascular alterations and tissues fibrosis [47–49]. Down-regulated levels
of miR-194b, implicated in plasminogen activation, have been found in skin biopsies and
fibroblasts of SSc patients [50]. miR-130b resulted overexpressed in SSc skin biopsies and
was shown to have a regulatory role on endothelin-1 production [51]. Several miRNAs
are known to be involved in the regulation of endothelial to mesenchymal transition
(EndoMT) [52–54], interacting with TGF-β, WNT and NOTCH signaling [55–58].

Several studies suggested a contribution of miRNAs in the regulation of SSc fibrosis
pathway. In particular, miR-29 family include key regulators of collagen expression and
fibrosis-associated transcriptional factors. MiR-29 has been detected constitutively de-
creased in SSc fibroblast and skin [59,60], and was associated with modulation of collagen
expression in dermal fibroblasts from SSc patients [61]. The expression levels of several
other collagen-related miRNAs, including miR-196a, miR-129-5p and let-7a, appeared
downregulated in SSc patients and may contribute to the pathological increased expression
of α1 (1) and α2 (2) collagen [62–64]. Resistance to apoptosis has been suggested as another
possible mechanisms promoting fibrosis in SSc disease. The expression of survivin, a key
anti-apoptotic protein, has been linked to apoptosis resistance and increased auto-reactivity
during autoimmune diseases [65], and has been found overexpressed in fibroblasts from
SSc patients [66]. Alteration of survivin-targeting microRNA, including miR-542-3p, miR-
708-5p, miR-125b, has recently been observed in SSc patients and linked to apoptosis
activation [67]. In addition, recent data evidenced a down-regulation of miR-125b levels
in SSc skin and fibroblast [68], and an altered expression of miR-150-5p, miR-16-5p, and
miR-485-5p was found in peripheral blood mononuclear cells (PBMCs) of SSc patients,
which negatively correlated with survivin mRNA expression [69].

Notably, several evidences prove that herpesvirus infection may cause significant
changes in cellular miRNA expression, and these alterations may play a role in triggering
or promoting pathogenic pathways [70]. Both HHV-6 and HCMV infection have been
reported to impact profoundly on miRNA expression in infected cells, at the blood and
tissue levels [71–74].

Thus, based on the crucial role of miRNAs expression in the cell alterations linked
to fibrosis and the observed effects of HCMV and HHV-6 infection on the expression of
SSc-associated fibrosis factors, the present study was addressed to investigate the impact of
HCMV and HHV-6A infection on the modulation of miRNA expression in primary human
dermal fibroblast cells, which are one of the main relevant targets in SSc pathogenesis and
directly involved in fibrosis development.

2. Materials and Methods
2.1. Primary Human Dermal Fibroblasts

Commercially available primary human dermal fibroblasts (derived from adult skin of
single donor) (NHDF-Ad, CC-2511; Lonza, Basel, Switzerland) were cultured as previously
described [13] in complete fibroblast cell medium (Fibroblast Cell Basal Medium), supple-
mented with 2% fetal bovine serum, 0.1% r-human fibroblast growth factor-B, 0.1% insulin,
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0.1% gentamicin sulphate/amphotericin-B (Clonetics™ FGM™-2 Bullet Kit™; Lonza, Basel,
Switzerland). Sub-cultivation was performed at approximately 80% confluence using the
“ReagentPack Subculture Reagent Kit” according to the manufacturer instructions (Lonza,
Basel, Switzerland).

2.2. Virus Strains and Titration

The same virus stocks were used for all the infections. The reference strain of HCMV
(TB40E), kindly provided by Prof. Thomas Mertens (Institute of Virology, Ulm University,
Germany), was grown in MRC5 cells, and the viral titre (viral titre: 109 PFU/mL) deter-
mined as previously described [75]. In short, ten-fold serial dilutions of HCMV suspensions
were used for infection of MRC5 fibroblast monolayers grown in 60 mm-Petri dishes; the
titration was performed in triplicate for each dilution. After adsorption (37◦C for 2 h), virus
inocula were removed and replaced with Earle’s modified Minimum Essential Medium
with 1% l-glutamine, 1% non-essential aminoacids, 10% fetal calf serum, complemented
with 0.6% agarose (Merck KGaA, Darmstadt, Germany) and incubated at 37◦C for 7 days.
Cell monolayers were stained with the vital dye neutral red for 2 h, then the medium
was discarded and cells were fixed with 10% formaline for 10 min at room temperature.
Plaques were counted and titres expressed as mean PFU values/mL. The U1102 strain
of HHV-6A was propagated in J-Jhan T cells as previously described and contained 1010

genome equivalents/mL, determined by real time quantitative PCR (qPCR) as previously
described [76].

2.3. Virus Infection of Primary Dermal Fibroblasts

HCMV TB40E infections were performed on 90% confluent primary human dermal
fibroblasts using a multiplicity of infection (MOI) of 0.1. A MOI of 1.0 was used in the
infections with U1102 HHV-6A. Following adsorption (performed by incubation at 37 ◦C for
2 h), virus inocula were removed and replaced with complete fibroblast cell medium. Cells
were then incubated at 37◦C and cell samples were collected at 0, 4, 7, 10 and 14 days post
infection (d.p.i.). Cell samples were collected by scraping and centrifugation at 1000× g
for 5 min at 4 ◦C. Cell pellets were then washed in PBS, to eliminate eventual secreted
miRNAs, then immediately frozen in liquid nitrogen and kept at −80 ◦C until use. Two
aliquot per sample were prepared, for DNA (106 cells) and RNA (2 × 106 cells) analysis,
respectively. Duplicate samples were tested for each series.

2.4. DNA Extraction and Quantitative Real-Time PCR (qPCR) Assay

Extraction of total DNA from 106 infected cells was performed by the NucliSENS®

EasyMAG® platform (bioMérieux). The extracted DNA was analyzed by the qPCR CMV
ELITe MGB® Kit (ELITechGroup, Turin, Italy), able to detect and quantify the human
HCMV DNA exon 4 region of the immediate-early (IE)1 gene. The assay was performed
following the manufacturer’s instructions in a 7500 Real-time PCR system (ABI PRISM,
Applied BioSystems). The results were expressed as DNA copies/mL (logarithmic scale).
HHV-6A was quantified by qPCR assay designed to amplify the U94 viral gene, as previ-
ously described [76]. Both qPCR assays were performed in a 7500 Real-time PCR system
(ABI PRISM, Applied BioSystems) and the results were expressed as DNA genome copy
number per ml.

2.5. RNA Extraction

The mirVana™ miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA)
was used to extract small RNAs from 2 × 106 infected and control cells, following the man-
ufacturer’s instructions. The method efficiently isolates small RNA-containing total RNA
and enrich the small RNA fraction (<200 nt), allowing increase of sensitivity in downstream
analyses. Extracted RNA was checked and quantified by spectrophotometric reading at
260 and 280 nm wavelength, using a Nanodrop reader. Elimination of contaminant DNA
was assured by DNase I digestions (Thermo Fisher Scientific, Waltham, MA, USA) and
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absence of contaminating DNA was assessed by amplifying an aliquot of extracted RNA for
human β-actin gene. After verifying that the samples were devoid of contaminating DNA,
10 ng aliquots of total RNA were retrotranscribed by TaqMan Advanced miRNA cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to manufacturer’s
instructions. Briefly, mature miRNAs present in the sample were extended on each end by
a 3’ poly-A tailing and a 5’ ligation reactions. Then, a Reverse Transcription reaction was
performed using universal RT primers, able to recognize the universal sequences added.
In addition, in order to improve detection of low-expressing miRNA targets, the cDNA
was amplified using the Universal miR-Amp Primers and miR-Amp Master Mix to uni-
formly increase the amount of cDNA for each target, maintaining the relative differential
expression levels. Following retrotranscription, 500 ng of cDNA were used for subsequent
analysis.

2.6. miRNA Array Analyses

The expression of microRNA in infected or control uninfected cells was analyzed by
the TaqMan Advanced miRNA Human A and B Cards 0 (Thermo Fisher Scientific, Waltham,
MA, USA), which is a two-card set containing a total of 384 TaqMan® MicroRNA Assays
per card allowing identification and accurate quantification of 754 human microRNAs.
Total RNA was reverse transcribed following manufacturer’s procedure; cDNAs were
loaded on the TaqMan arrays and run on a 7900HT real-time PCR system in accordance
with the manufacturer’s procedure. Each card includes five endogenous controls to allow
data normalization and two non-human miRNA assays as a negative control. miRNA
data were analyzed with SDS RQ Software version 2.4 and with ThermoFisher Cloud
app (Thermo Fisher Scientific, Waltham, MA, USA); miRNAs with Ct values ≥ 35 were
considered as not expressed and excluded from further analysis. Results are calculated
as ∆∆Ct values in infected vs. uninfected control cells at each time post infection, and
expressed as fold-change values compared to control values after normalizing for the
housekeeping endogenous controls. Analysis threshold was put at 2-fold change of up- or-
down-modulation. Duplicate samples were analyzed.

2.7. Statistical Analyses

A paired t-test was used to determine the significance of differential miRNA expres-
sion between control and infected cells. A p value < 0.05 was regarded as statistically
significant. The miRNet online tool (https://www.mirnet.ca/faces/home.xhtml, accessed
on 28 February 2021) was used to analyze the pathways in which deregulated miRNAs were
implicated [77]. The database is a comprehensive atlas of miRNA-target interactions that
can integrate the information resulting from 11 existing miRNA-target prediction programs
(TarBase, miRTarBase, miRecords, miRanda, miR2Disease, HMDD, PhenomiR, SM2miR,
PharmacomiR, EpimiR, and starBase). The software uses standard enrichment analysis
based on the hypergeometric tests after adjustment for false discovery rate. Heatmaps
were generated using the Multiple Experiment Viewer (MEV) tool (http://mev.tm4.org/
#/welcome; accessed on 28 February 2021). Analysis of the principal component (PCA)
was developed by R CRAN package rgl (https://cran.r-project.org/web/packages/rgl/
vignettes/rgl.html, accessed on 28 February 2021) and visualized through Cubemaker on-
line tool (https://tools.altiusinstitute.org/cubemaker/?id=7282c99489401e98#, accessed
on 28 February 2021).

3. Results
3.1. HCMV and HHV-6 Infection in Primary Human Dermal Fibroblasts

The cells were seeded at optimal density 24 h before infection, then infected with
HCMV (TB40E strain) or HHV-6 (U1102 strain) at a MOI of 0.1 and 1, respectively. Cell
samples were collected at 0, 4, 7, 10 and 14 days post infection (d.p.i.), and total DNA
was extracted and processed by specific real time quantitative PCR (qPCR) targeting the
HCMV immediate-early (IE)1 gene and the HHV-6 IE U94 gene, respectively. Collected

https://www.mirnet.ca/faces/home.xhtml
http://mev.tm4.org/#/welcome
http://mev.tm4.org/#/welcome
https://cran.r-project.org/web/packages/rgl/vignettes/rgl.html
https://cran.r-project.org/web/packages/rgl/vignettes/rgl.html
https://tools.altiusinstitute.org/cubemaker/?id=7282c99489401e98#
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data showed that HCMV DNA amount (copies/mL) increased from day 4 to day 14 p.i.
(Table 1). The expected cytopathic effect (CPE) induced by HCMV productive infection
in fibroblasts was observable from day 4 p.i. onwards (Figure S1). Results of HHV-6
infection showed, as expected, an initial increase of HHV-6 DNA (from day 4 to 7 p.i.)
followed by a gradual decrease till the end of the experiment (14 d.p.i.), suggesting the
initial establishment of an active replication rapidly followed by a latent infection (Table 1).
No cytopathic effect was observed as a result of HHV-6 fibroblast infection.

Table 1. Human cytomegalovirus (HCMV) and human herpesvirus 6A (HHV-6A) DNA amounts in
infected primary human dermal fibroblasts at the indicated times p.i *.

Times of Infection
HCMV

DNA Copies/mL
(log10)

HHV-6A
DNA Copies/mL

(log10)

0 days - -

4 days 5.060 ± 0.004 5.615 ± 0.006

7 days 5.469 ± 0.005 5.990 ± 0.004

10 days 5.778 ± 0.003 5.751 ± 0.001

14 days 7.138 ± 0.004 4.945 ± 0.006
* Results are expressed as mean values of genome copies/mL from two independent experiments ± SD.

3.2. Modulation of miRNA Expression in HCMV-Infected Primary Human Dermal Fibroblasts

Infected or control uninfected primary human fibroblasts were collected at 0, 4, 7, 10
and 14 d.p.i. and analyzed for miRNA expression by a TaqMan array allowing identification
and quantification of 754 human miRNAs. Figure 1 shows heatmap visualization of the
data obtained in HCMV-infected cells, evidencing the great number of miRNAs that
were up- or down-modulated upon infection. In detail, just after virus adsorption, a
significant alteration of the microRNome (miRNome) expression in the infected fibroblast
cells compared to controls was observed. Namely, 85 miRNAs were up-modulated and
128 miRNAs down-modulated, at 0 d.p.i. (p < 0.01). At later times p.i., HCMV infection
induced the overexpression of 63, 52, 106, and 90 miRNAs and the down-regulation of 170,
207, 116, and 82 miRNAs, at 4, 7, 10, and 14 d.p.i., respectively (p < 0.01).

The Principal Component Analysis (PCA) of miRNA expression profiling in HCMV
infected and non-infected cells evidenced clearly different clusters of miRNA expression at
all the times tested, including the very early ones (0 d.p.i.) (p < 0.01) (Figure 2).

Among the significantly up-regulated miRNAs following HCMV infection in vitro,
several were highly expressed, with >10 fold difference compared to uninfected controls
(Table 2). In particular, just after adsorption, at 0 d.p.i., 17 miRNAs were highly up-
regulated (over 10 fold); comparable up-regulation levels were observed for 14 miRNAs
at 4 d.p.i., 8 miRNAs at 7 d.p.i., 34 miRNAs at 10 d.p.i., and 28 miRNAs at 14 d.p.i. Some
of the HCMV-upregulated miRNAs were previously reported hyper-expressed in fibrotic
tissues of SSc patients compared to controls, namely miR-7 (increased at 10 and 14 d.p.i.),
miR-20 (increased at 7 and 14 d.p.i.), miR-26a (increased at 14 d.p.i.), miR-92a (increased at
0, 4, 10, and 14 d.p.i.), miR-133 (increased at 7 d.p.i.), miR-140 (increased at 10 d.p.i.), and
miR-146b (increased at 0 and 14 d.p.i.).
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Figure 1. Heatmaps representing the expression of the analyzed microRNA (miRNAs) in human cytomegalovirus (HCMV)
infected vs. control uninfected cells (CTR). All up-regulated (blue) and down-regulated (red) values are reported. The colors
of the heatmaps were scaled by rows. (a) Total deregulated miRNAs at all times post infection (days post-infection; d.p.i.).
(b) Most altered miRNAs (>±2 fold) subdivided for early (0 and 4 d.p.i.), intermediate (7 d.p.i.), and late (10 and 14 d.p.i.)
times post infection.

Figure 2. Principal Component Analysis (PCA) of miRNA expression in human cytomegalovirus
(HCMV) infected and control uninfected cells (CTR). Tridimensional graph representing miRNA
clusters at the different times post infection. HCMV-infected and CTR cells are displayed. Days
post-infection (d.p.i.) are indicated by the numbers 0, 4, 7, 10, and 14 after the sample name.
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Table 2. Most up-regulated (>10-fold) miRNAs in human cytomegalovirus (HCMV) infected fibroblasts at 0, 4, 7, 10 and 14
days post-infection (d.p.i.) §¤.

0 d.p.i. 4 d.p.i. 7 d.p.i. 10 d.p.i. 14 d.p.i.

miR-let-7g (12) miR-19b (242) miR-10b (27) miR-let 7i (8892) miR-7 (917)

miR-15b (1625) miR-29 (35) miR-20 (18) miR-7 (64) miR-10b (1897)

miR-27a (20) miR-32 (23) miR-95 (11) miR-17 (68) miR-18a (2813)

miR-29 (13) miR-92a (154) miR-101 (11) miR-19a (15) miR-18b (75)

miR-33a (11) miR-95 (20) miR-124 (25) miR-19b (11) miR-19b (61)

miR-92a (54) miR-124 (18) miR-133 (11) miR-33a (11) miR-20 (92)

miR-100 (24,209) miR-143 (16) miR-143 (43) miR-92a (83) miR-26a (14)

miR-146b (27) miR-153 (127) miR-665 (13) miR-100 (50,264) miR-26b (20)

miR-153 (32) miR-181d (11) miR-124 (15) miR-92a (167)

miR-188 (17) miR 196a (18) miR-126 (50) miR-124 (219)

miR-190a (20) miR-487a (47) miR-139 (48) miR-126 (299)

miR-219a (11) miR-545 (11) miR-140 (14) miR-132 (14)

miR-381 (113) miR-573 (24) miR-143 (58) miR-146b (12)

miR-544a (47) miR-1275 (13) miR-153 (61) miR-192 (21)

miR-545 (18) miR-181d (72) miR-196a (101)

miR-548a (15) miR-195 (12) miR-326 (17)

miR-590 (162) miR-204 (33) miR-363 (654)

miR-210 (11) miR-431 (32)

miR-301b (21) miR-454 (995)

miR-338 (11) miR-483 (11)

miR-363 (130) miR-486 (10)

miR-376a (92) miR-501 (12)

miR-483 (18) miR-551b (285)

miR-524 (15) miR-589 (17)

miR-544a (24) miR-615 (50)

miR-551b (50) miR-744 (234)

miR-570 (11) miR-766 (28)

miR-573 (10) miR-1275 (187)

miR-589 (12)

miR-590 (16)

miR-629 (19)

miR-744 (31)

miR-1226 (17)

miR-1275 (43)
§ Fold change is indicated in parentheses. ¤ miRNAs associated to fibrosis in tissues of SSc patients are evidenced in bold.

Moreover, although to a lesser extent, HCMV infection increased the expression of
several other miRNAs reported augmented in fibrosis and SSc patients, including miR-18
(2 fold), miR-31 (2.4 fold), miR-34 (4.8 fold), and miR-130 (4 fold) at 0 d.p.i.; miR-21 (3 fold),
miR-29 (3.9 fold), miR-146 (2.9 fold), miR-196 (6.3 fold) at 4 d.p.i.; miR-21 (2 fold), miR-29
(5.1 fold), miR-30 (3.9 fold) at 7 d.p.i.; miR-19 (2.6 fold), miR-20 7.3 fold), miR-130 (4.5 fold),
miR-145 (4.6 fold) at 10 d.p.i.; miR-29 2.3 fold), miR-130 (3.4 fold) at 14 d.p.i.
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HCMV infection simultaneously induced the down-regulation of the expression of
several miRNAs, some of which appeared strongly decreased (>10 fold) compared to
controls). Table 3 summarizes the most significant (p < 0.01) down-modulated miRNAs,
including 24 miRNAs at 0 d.p.i., 38 at 4 d.p.i., 43 at 7 d.p.i., 25 at 10 d.p.i., and 22 at
14 d.p.i. Interestingly, some of those miRNAs were reportedly shown down-regulated
at the tissue level in SSc patients, namely miR-let-7a (significantly decreased at 0, 4, and
7 d.p.i.), miR-10a (decreased at 4, 10, and 14 d.p.i.), miR-29 (decreased at 10 d.p.i.), miR-30b
(down-regulated at 0 and 7 d.p.i.), and miR-196a (decreased at 7 and 10 d.p.i.).

Table 3. Most down-regulated (>10-fold) miRNAs in HCMV-infected human fibroblasts at 0, 4, 7, 10 and 14 days post-
infection (d.p.i.) §¤.

0 d.p.i. 4 d.p.i. 7 d.p.i. 10 d.p.i. 14 d.p.i.

miR-let-7a (3541) miR-let-7a (1105) miR-let-7a (11) miR-10a (2266) miR-10a (326)

miR-1 (46) miR-10a (24) miR-let-7f (3704) miR-20b (585) miR-24 (25)

miR-10b (252) miR-15b (490) miR-let-7i (5 × 104) miR-24 (193) miR-34a (445)

miR-24 (114) miR-18a (16) miR-15b (9686) miR-29c (9 × 104) miR-34c (18)

miR-30b (164) miR-18b (432) miR-23a (24) miR-34b (10) miR-99a (469)

miR-124 (64) miR-20b (137) miR-24 (34) miR-99a (662) miR-103a (89)

miR-126 (296) miR-23a (1 × 105) miR-30b (29) miR-100 (54) miR-122 (32)

miR-139 (12) miR-24 (72) miR-33a (180) miR-122 (935) miR-125b (45)

miR-143 (18) miR-26a (28) miR-92b (11) miR-125b (125) miR-135b (14)

miR-193b (347) miR-27b (3900) miR-99a (24) miR-136 (11) miR-143 (15)

miR-200a (20) miR-33a (42) miR-122 (80) miR-193b (484) miR-148a (47)

miR-200b (89) miR-34b (33) miR-1254 (12) miR-196a (63) miR-181a (156)

miR-331 (21) miR-99a (69) miR-125b (165) miR-337 (1681) miR-199b (26)

miR-369 (110) miR-122 (14) miR-135b (12) miR-422a (58) miR-200b (123)

miR-374 (415) miR-125b (12) miR-148a (364) miR-449b (317) miR-218 (85)

miR-422 (29) miR-126 (309) miR-181d (167) miR-454 (15) miR-302d (42)

miR-431 (286) miR-148a (87) miR-191 (12) miR-501 (21) miR-337 (287)

miR-454 (861) miR-149 (357) miR-193b (11) miR-504 (64) miR-369 (57)

miR-486 (82) miR-181a (49) miR-196b (21) miR-542 (51) miR-449b (18)

miR-496 (74) miR-299 (1928) miR-337 (1924) miR-584 (171) miR-487a (342)

miR-548 (2,9 × 106) miR-337 (1668) miR-362 (10) miR-615 (64) miR-542 (21)

miR-585 (1323) miR-369 (39) miR-374 (2665) miR.654 (128) miR-654 (105)

miR-656 (12) miR-376a (209) miR-376a (136) miR-935 (24)

miR-942 (35) miR-411 (32) miR-409 (13) miR-1197 (49)

miR-431 (126) miR-422a (34) miR-1303 (45)

miR-524 (80) miR-432 (10)

miR-539 (47) miR-433 (23)

miR-541 (37) miR-450a (11)

miR-542 (17) miR-454 (13)

miR-550a (42) miR-486 (84)
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Table 3. Cont.

0 d.p.i. 4 d.p.i. 7 d.p.i. 10 d.p.i. 14 d.p.i.

miR-584 (209) miR-487a (329)

miR-654 (1073) miR-501 (96)

miR-665 (28) miR-504 (115)

miR-758 (14) miR-524 (257)

miR-766 (239) miR-541 (32)

miR-889 (191) miR-542 (355)

miR-1197 (58) miR-548k (95)

miR-1270 (24) miR-550 (284)

miR-584 (1195)

miR-590 (339)

miR-654 (129)

miR-889 (513)

miR-1197 (139)
§ Fold change is indicated in parentheses; ¤ miRNAs associated to fibrosis in tissues of SSc patients are evidenced in bold.

Among the miRNAs previously reported in association with fibrosis and SSc, some
appeared regulated by HCMV in an opposite way with respect to what reported, namely
miR-29 and miR-196a (up-regulated in HCMV-infected fibroblasts at 0, 4, and 14 d.p.i., but
down-modulated in the tissues of SSc patients), and miR-34a (down-regulated at 14 d.p.i.
in HCMV infected fibroblasts but up-regulated in SSc patients).

The trend of upregulated and downregulated miRNAs reversed at 7 d.p.i, at which
time the lowest number of overexpressed miRNAs and the highest number of underex-
pressed miRNAs were observed.

3.3. Modulation of miRNA Expression in HHV-6A-Infected Primary Human Dermal Fibroblasts

miRNA expression was in parallel analyzed also in HHV-6A infected or control non-
infected primary human fibroblasts, collected at the same times post infection as for HCMV
(0, 4, 7, 10 and 14 d.p.i.). Figure 3 highlights the strong impact of HHV-6A infection on
the cell miRNome alteration in fibroblasts, similar to what previously observed in other
cell types [72–74]. In detail, 117 miRNAs were up-modulated and 111 miRNAs were
down-modulated just after adsorption (0 d.p.i.) (p < 0.01). At 4 d.p.i., 106 miRNAs were
up-regulated and 101 down-modulated; at 7, 10 and 14 d.p.i. HHV-6A infection induced
the overexpression of 100, 150, and 112 miRNAs and the down-regulation of 112, 59, and
35 miRNAs, respectively (p < 0.01).

The principal component analysis (PCA) of miRNA expression in HHV-6A infected
cells compared to controls, showed very different clusters at all tested times p.i. (Figure 4),
confirming the impact of virus infection on the fibroblast cell miRNome.

As shown in Table 4, among the up-regulated miRNAs, some were particularly
overexpressed (>10 fold compared to uninfected controls) (p < 0.01). In particular, 22
highly up-regulated miRNAs at 0 d.p.i. and 4 d.p.i., 14 miRNAs at 7 d.p.i., 29 miRNAs at
10 d.p.i., and 20 miRNAs at 14 d.p.i. were observed. Some of the up-regulated miRNAs
were also found to be overexpressed in tissues from SSc patients, namely miR-7 (increased
at 14 d.p.i.), and miR-92a (increased at 0 and 14 d.p.i.).
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Figure 3. Heatmaps representing the expression of the analyzed miRNA in human herpesvirus 6A (HHV-6A) infected vs.
control uninfected cells (CTR). Blue color indicates up-regulation, red color indicates down-regulation. The colors of the
heatmaps were scaled by rows. (a) Total analyzed miRNAs at all times post infection (days post-infection; d.p.i.). (b) Most
altered miRNAs (>±2 fold) subdivided into early (0 and 4 d.p.i.), intermediate (7 d.p.i.), and late (10 and 14 d.p.i.) times
post infection.

Figure 4. Principal Component Analysis (PCA) of miRNA expression in human herpesvirus 6A
(HHV-6A) infected and control uninfected cells (CTR). Tridimensional graph representing miRNA
clusters at the different times post infection. HHV-6A-infected and CTR cells are displayed. Days
post-infection (d.p.i.) are also indicated after the sample name.
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Table 4. Most up-regulated miRNAs (>10-fold) in human herpesvirus 6A (HHV-6A) infected fibrob-
lasts at 0, 4, 7, 10 and 14 days post-infection (d.p.i.) §.

0 d.p.i. 4 d.p.i. 7 d.p.i. 10 d.p.i. 14 d.p.i.

miR-let-7g (23) miR-16 (11) miR-10b (78) miR-let-7i (7466) miR-7 (23)

miR-15b (878) miR-19b (191) miR-17 (77) miR-7 (31) miR-15b (2074)

miR-17 (93) miR-24 (12) miR-29a (11) miR-16 (19) miR-18a (429)

miR-19a (24) miR-29 (28) miR-29 (177) miR-17 (95) miR-19b (4333)

miR-19b (157) miR-33a (27) miR-33b (18) miR-24 (16) miR-24 (12)

miR-29 (12) miR-33b (27) miR-143 (208) miR-29 (32) miR-26b (67)

miR-33a (37) miR-95 (15) miR-573 (11) miR-30e (11) miR-92a (538)

miR-92a (140) miR-101 (12) miR-615 (14) miR-33a (26) miR-126 (53)

miR-143 (61) miR-132 (113) miR-665 (39) miR-33b (16) miR-192 (11)

miR-153 (16) miR-153 (308) miR-935 (10) miR-139 (26) miR-193b (208)

miR-196b (27) miR-181d (22) miR-1248 (21) miR-143 (112) miR-376a (587)

miR-363 (10) miR-363 (17) miR-1291 (17) miR-153 (26) miR-431 (154)

miR-374a (10) miR-381 (11) miR-1292 (11) miR-181d (39) miR-524 (25)

miR-381 (160) miR-504 (14) miR-1303 (23) miR-210 (10) miR-585 (758)

miR-524 (77) miR-542 (14) miR-376a (63) miR-589 (47)

miR-544a (22) miR-573 (14) miR-544a (37) miR-615 (174)

miR-550a (19) miR-590 (16) miR-548k (15) miR-629 (41)

miR-573 (23) miR-625 (11) miR-550a (24) miR-744 (28)

miR-590 (10) miR-629 (10) miR-573 (60) miR-766 (37)

miR-605 (11) miR-665 (14) miR-585 (32) miR-935 (11)

miR-1248 (17) miR-744 (42) miR-589 (18)

miR-1290 (12) miR-708 (11) miR-590 (11)

miR-625 (12)

miR-628 (22)

miR-675 (47)

miR-744 (217)

miR-1226 (27)

miR-1248 (26)

miR-1260a (15)
§ Fold change is indicated in parentheses; ¤ miRNAs associated to fibrosis in tissues of SSc patients are evidenced
in bold.

In addition to those indicated in Table 4, other miRNAs associated with fibrosis were
found significantly upregulated (p < 0.01) following HHV-6A infection in human primary
fibroblasts, although to a lesser extent. These included miR-33b (5.7 fold), miR-31 (2.4 fold),
miR-34 (4.8 fold), and miR-130 (4 fold) at 0 d.p.i.; miR-21 (3 fold), miR-29 (3.9 fold), miR-146
(2.9 fold), miR-196 (6.3 fold) at 4 d.p.i.; miR-21 (2 fold), miR-29 (5.1 fold), miR-30 (3.9 fold) at
7 d.p.i.; miR-19 (2.6 fold), miR-20 7.3 fold), miR-130 (4.5 fold), miR-145 (4.6 fold) at 10 d.p.i.;
miR-29 2.3 fold), miR-130 (3.4 fold) at 14 d.p.i..

Similar to what observed for HCMV infection, also HHV-6A infection induced the
down-modulation of several miRNAs in human fibroblasts. Most underexpressed miRNAs
(at least 10-fold less than controls) (p < 0.01) are indicated in Table 5. They included
20 miRNAs at 0 d.p.i., 13 at 4 d.p.i., 23 at 7 d.p.i., 15 at 10 d.p.i., and 12 at 14 d.p.i. Of those
miRNAs, some were reported down-regulated in SSs tissues, such as miR-let-7a (decreased
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at 4 and 7 d.p.i.), miR-10a (decreased at 10 d.p.i.), miR-20 (decreased at 4 and 10 d.p.i.),
miR-34a (decreased at 14 d.p.i.), and miR-193b (decreased at 0, 7, and 10 d.p.i.).

Table 5. Most down-regulated (> 10-fold) miRNAs in human herpesvirus 6A (HHV-6A) infected
fibroblasts at 0, 4, 7, 10 and 14 days post-infection (d.p.i.) §¤.

0 d.p.i. 4 d.p.i. 7 d.p.i. 10 d.p.i. 14 d.p.i.

miR-1 (39) miR-let-7a (317) miR-let-7a (988) miR-1 (12) miR-1 (10)

miR-24 (65) miR-1 (245) miR-15b (2585) miR-10a (526) miR-34a (336)

miR-122 (68) miR-17 (1245) miR-30b (13) miR-15b (2076) miR-103a (92)

miR-124 (55) miR-18 (2 × 104) miR-33a (58) miR-20 (136) miR-122 (16)

miR-126 (169) miR-19 (2289) miR-92b (551) miR-26b (33) miR-148a (30)

miR-192 (19) miR-20 (2458) miR-122 (21) miR-122 (217) miR-190a (42)

miR-193b (197) miR-103a (71) miR-148a (116) miR-132 (66) miR-195 (23)

miR-200a (11) miR-122 (1.2 × 104) miR-181a (103) miR-146b (216) miR-337 (184)

miR-200b (75) miR-124 (1698) miR-193b (162) miR-193b (117) miR-487a (171)

miR-323 (16) miR-126 (2251) miR-196b (92) miR-330 (67) miR-500a (12)

miR-340 (341) miR-139 (1567) miR-200b (17) miR-337 (406) miR-590 (39)

miR-422a (25) miR-148a (298) miR-323b (12) miR-454 (294) miR-1197 (24)

miR-431 (162) miR-148a (2213) miR-337 (619) miR-605 (24)

miR-486 (68) miR-378a (36) miR-889 (50)

miR-487a (386) miR-454 (200) miR-1303 (11)

miR-496 (62) miR-486 (22)

miR-499a (19) miR-487a (88)

miR-548d (2 × 106) miR-524 (290)

miR-585 (757) miR-539 (62)

miR-889 (292) miR-541 (10)

miR-590 (90)

miR-889 (137)

miR-1197 (18)
§ Fold change is indicated in parentheses; ¤ miRNAs associated to fibrosis in tissues of SSc patients are evidenced
in bold.

Conversely, some miRNAs were regulated by HHV-6A infection in an opposite way:
miR-193b (increased at 14 d.p.i. in HHV-6A infected cells, and instead under-expressed
in SSc tissues), and miR-146b (decreased at 10 d.p.i. in HHV-6A infected fibroblasts but
up-regulated in SSc).

MicroRNAs that were deregulated >±10-fold by both HCMV and HHV-6A infection in
human primary dermal fibroblasts and involved in tissue fibrosis are depicted in Figure 5.
The alterations detected for all the reported miRNAs mimicked what observed in SSc
patient tissues. The expression of these miRNAs was mostly altered at all times p.i.,
although at different extents depending on the virus type and time of collection. For
both viruses, it was possible to distinguish early and late effects. In particular, miR-let7a,
miR-10a, miR-20, and miR-30b were mostly affected at early times p.i.; miR-20 appeared
especially altered at intermediate times (7 d.p.i.); and miR-92a, miR-125b, and miR-193b
were affected both in early and late phases of the virus infection.
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Figure 5. Alteration of fibrosis-associated miRNAs by HCMV and HHV-6A infection in human primary dermal fibroblasts.
Results are expressed as mean fold-change ± SD. Mean values are also indicated in the column labels.
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3.4. Pathways Associated with miRNA Expression in HHV-6A-Infected Primary Human
Dermal Fibroblasts

The enrichment analysis based on differentially (p < 0.01) expressed miRNAs following
HCMV and HHV-6A infection in human fibroblasts, revealed several intracellular signals
possibly modulated by viruses infection, with potential impact on multiple pathways, as
reported in Table S1–S3 (reporting results concerning early, intermediate and late effects
of HCMV, respectively) and Tables S4–S6 (regarding HHV-6A early, intermediate and
late effects, respectively). Potentially affected signaling pathways are listed based on the
relative adjusted p value (ranging from 0 to 0.00275), as resulted from network connectivity
analysis, representing an indication of how significant is the correlation within a defined
module. The pathways most associated with tissue fibrosis, and correlate to virus-induced
modulation of cell miRNome, are depicted in Figure 6, reporting early and late effects for
both viruses.

As expected, both viruses altered the expression of several miRNAs that are strongly
associated with infectious disease, including induction of altered cell cycle, cell transcrip-
tion and proliferation, and apoptosis. However, miRNA alterations induced by HCMV and
HHV-6A infection in human fibroblasts also were significantly correlated (p < 0.00001) with
specific fibrosis-associated signaling pathways, including those mediated by transformign
growth factor (TGF)-β, Wingless/Int (WNT), and β -catenin, vascular endothelial growth
factor (VEGF) and its receptor (VEGF-R), epithelial growth factor receptor (EGFR), and
fibroblast growth factor receptor (FGFR).
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Figure 6. Network connectivity analysis based on differentially expressed miRNAs in HCMV (A) and HHV-6A (B) infected
fibroblasts. Early (0–4 d.p.i.), intermediate (7 d.p.i.) and late (10–14 d.p.i.) effects are shown for both viruses. Results are
expressed as adjusted p value, indicating how statistically significant is the correlation. A lower p value represents a higher
association.

4. Discussion

Tissue fibrosis can affect every type of organ or tissue, often leading to organ mal-
function [78], but the factors influencing such process are not fully elucidated, including
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the possible role of infectious agents, besides other possible triggers such as radiation and
mechanical injury [1,79]. The lack of validated markers, further renders very difficult the
therapeutic approach.

Among infectious agents, the infection by human herpesviruses (particularly HCMV
and HHV-6) has been associated with SSc onset/development [19,80,81], but no conclusive
data are yet available.

On the other hand the expression of microRNAs (miRNAs) has been found altered
in the tissues of SSc patients, suggesting that miRNAs could play a significant role in the
disease outbreak and progression.

Consistent with this, the present study aimed to assess the impact of HCMV and
HHV-6A infection on the miRNA expression in primary human dermal fibroblasts, to
evidence any alteration possibly connected to fibrosis.

The miRNome characterization, obtained by a quantitative real-time PCR array ap-
proach to detect and quantify >700 miRNAs, showed that both viruses have the ability
to induce a potent modulation of the expression of miRNAs, at very early times p.i. post
infection, as a result of the adsorption and entrance of the viruses (0 d.p.i.), as well as at
later times (till to 14 d.p.i.). Notably, both HCMV and HHV-6A profoundly affected miRNA
expression in infected cells, despite the different kind of infection produced, cytopathic for
HCMV and non-cytopathic for HHV-6A, suggesting that miRNome deregulation occurs
independently from the induction of other macroscopic alterations in the infected cells.

In particular, HCMV infection induced a profound alteration of cell miRNome, with
up to 43 miRNAs highly deregulated (>10 fold; p < 0.05) at each time p.i. Similarly, also
HHV-6A infection determined a potent up- or down-modulation (>10 fold; p < 0.05) of up
to 29 miRNAs both at early and late times p.i. Consistently with this significant impact
of herpesviruses infection on cellular miRNA expression, PCA analysis revealed distant
clusters for each analyzed time, both for HCMV and HHV-6A, suggesting a deep alteration
due to virus infection. Unexpectedly, some miRNAs were potently deregulated within 2 h
after exposure to the virus, highlighting a very early effect of the virus infection (likely
associate with virus adsorption and entering the cells), which is however compatible with
the reported kinetic of miRNA activity [82–84], and confirms that mature miRNAs are
among the fastest produced cell transcripts.

Interestingly, at each time p.i. at least one or more of the altered miRNAs belong
to those already recognized as differentially expressed in tissues from SSc patients and
potentially associated with fibrosis, fibroblast proliferation and matrix deposition [44].
In particular, both viruses up-regulated miR-7 (up to 917 fold for HCMV and 23 fold
for HHV-6A), miR-let-7g (12 fold for HCMV and 23 fold for HHV-6A), miR-92a (up to
167 fold for HCMV and 438 fold for HHV-6A). In this regard, although miR-7 acts against
excessive fibrogenesis, it has been suggested that it fails to counteract the pathogenic fibrosis
pathways in SSc. In fact, a microarray analysis reported that the expression levels of miR-7
were upregulated in SSc dermal fibroblasts both in vivo and in vitro, probably as a negative
feedback against excessive fibrogenesis [85,86]. miR-let-7g was found upregulated in SSc
skin tissue [87] and upregulated miR-92a expression was detected in cultured dermal
fibroblasts from SSc skin, leading to the down-regulation of Matrix Metalloproteinase
(MMP)-1, which results, in turn, in the excessive accumulation of collagen by decreasing
collagen degradation [88,89]. Moreover, several data also suggest a close association
between miR-92a with pulmonary involvement in SSc [90]. HCMV infection was found to
increase miR-146b expression (up to 27 fold), whose levels are known to be higher in SSc
skin tissues and fibroblasts, as well as in normal fibroblasts and endothelial cells that were
stimulated with SSc patient sera [46].

HCMV and HHV-6A infection were also both associated with down-regulation of
miR-let-7a (up to 3451 for HCMV and 988 fold for HHV-6A), miR-10a (up to 2266 fold
for HCMV and 526 fold for HHV-6A), and miR-193b (up to 484 fold for HCMV and to
197 fold for HHV-6A). To this regard, literature data report that miR-let-7a downregulation
contributes to the abnormally increased expression of type I collagen in SSc [44,64]. miR-
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10a has been reported to be under-expressed in both SSc skin tissues and primary skin
fibroblasts [46]. Finally, miR-193b was down-regulated in SSc fibroblasts and skin sections
causing proliferative vasculopathy [50]. HCMV infection also strongly decreased the
expression of miR-29 (9 × 104 fold at 10 d.p.i), miR-30b (up to 164 fold), and miR-125b (up
to 165 fold). miR-29 represent one of the more extensively studied miRNAs involved in SSc
fibrosis because of its potent anti-fibrotic effects, observed in dermal and fibroblasts of SSc
patients and in skin, lung, kidney, and cardiac fibrosis [44,59,60]. Also, several data indicate
that miR-30b levels were inversely correlated with modified Rodnan skin scores of SSc
patients, reflecting disease severity [86,91]. Concerning miR125b, its downregulation has
been demonstrated in skin samples and primary dermal fibroblasts obtained from patients
with SSc and it was suggested to be a potential anti-fibrotic and anti-apoptotic regulator
in SSc [68,87]. HHV-6A infection also induced the strong downregulation of miR-20 (up
to 2458 fold at 4 and 10 d.p.i.), which was recently recognized as a key factor in liver
fibrosis, since its down-regulation resulted in TGFBR2-activated TGF-β signaling pathway,
followed by the activation of macrophage and extracellular matrix (ECM) production [92].
Other miRNAs modulated by HCMV infection and implicated in SSc are miR-34a, miR-140,
and miR-196a. However, in these cases, the action of the virus is controversial as it was
found to alter their expression in the opposite direction to that observed in the SSc [63,93].
On the other hand, new genes and factors as well as miRNAs are going to be added to
the list of those involved in fibrosis, as recently reported for ten new candidate genes for
potential therapy during SSc [94], and for the newly identified miR-320a, reported to be
crucial in lung fibrosis during SSc [95]. The fibrotic process usually occurs because of
the activation of fibroblasts, epithelial-mesenchymal transition and excessive extracellular
matrix deposition. Thus, the miRNome map obtained in our study may shed further light
on the impact of herpesvirus infection on fibrosis in the next future.

Notably, by analyzing possible signaling pathways associated with the virus-induced
miRNA deregulation, highly statistically significant connections emerged with signaling
routes related to fibrosis process. In fact, besides predictable pathways associated with
altered cell cycle, transcription, proliferation, and apoptosis, infection by HCMV and
HHV-6A also was associated with activation of signaling pathways specifically correlated
with induction of fibrosis, including signaling through Wingless/Int (WNT), transforming
growth factor (TGF)-β, and β-catenin, whose cross-talk has been recognized as one of
the major trigger of fibrotic process. WNT/β-catenin signaling has a key role in tissue
development and homeostasis, but is also implicated in abnormal wound repair and fi-
brogenesis [96]. Aberrant activation of WNT/β-catenin signaling occurs in most fibrotic
diseases [97,98] and WNT has been identified as a potential target for therapies against
fibrotic disorders, together with β-catenin signaling [97,99]. TGF-β regulates the differ-
entiation of many cell types, but its deregulated activity stimulates extracellular matrix
production, and induces tissue fibrosis [100]. Importantly, the signal integration between
TGF-β and WNT/β-catenin converges and promotes the fibrosis process [98]. Of note,
recently a role of non-coding RNAs, including miRNAs, has been hypothesized in the
modulation of TGF-β/WNT pathways [101], suggesting that they may be used for new
approaches for diagnosis and treatment of fibrosis.

5. Conclusions

Human fibrotic diseases are a major health problem worldwide and the incomplete
knowledge of the fibrosis pathogenesis hampers the identification of suitable markers and
targets for therapy. Despite the clinical differences among the fibrotic pathologies, these
diseases, including SSc, share the common feature of an uncontrolled and progressive
accumulation of fibrotic tissue in affected organs, leading to organ loss of function and
death. Although establishing a causal role in complex diseases such as SSc is very difficult,
data emerging from the present study suggest that HCMV and/or HHV-6A infection could
have a relevant role in the induction of cell fibrosis through miRNA deregulation, and
strengthen the notion of miRNAs as promising targets for the development of anti-fibrotic
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therapies and as biomarkers for SSc diagnosis, assessment of disease progression and
differential clinical outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10051060/s1; Tables S1–S3: Pathways potentially altered by miRNA deregulation due to
HCMV infection at early (S1), intermediate (S2) and late (S3) times post infection. Tables S4–S6: Path-
ways potentially altered by miRNA deregulation due to HHV-6A infection at early (S4), intermediate
(S5) and late (S6) times post infection. Figure S1: HCMV-induced CPE in infected fibroblasts.
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