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A novel microRNA promotes
coxsackievirus B4 infection
of pancreatic B cells
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The epidemiological association of coxsackievirus B infection with type 1
diabetes suggests that therapeutic strategies that reduce viral load could delay
or prevent disease onset. Moreover, recent studies suggest that treatment with
antiviral agents against coxsackievirus B may help preserve insulin levels in type 1
diabetic patients. In the current study, we performed small RNA-sequencing to
show that infection of immortalized trophoblast cells with coxsackievirus caused
differential regulation of several miRNAs. One of these, hsa-miR-AMC1, was
similarly upregulated in human pancreatic 3 cells infected with coxsackievirus B4.
Moreover, treatment of B cells with non-cytotoxic concentrations of an
antagomir that targets hsa-miR-AMC1 led to decreased CVB4 infection,
suggesting a positive feedback loop wherein this microRNA further promotes
viral infection. Interestingly, some predicted target genes of hsa-miR-AMCL1 are
shared with hsa-miR-184, a microRNA that is known to suppress genes that
regulate insulin production in pancreatic B cells. Consistently, treatment of
coxsackievirus B4-infected B cells with the hsa-miR-AMC1 antagomir was
associated with a trend toward increased insulin production. Taken together,
our findings implicate novel hsa-miR-AMC1 as a potential early biomarker of
coxsackievirus B4-induced type 1 diabetes and suggest that inhibiting hsa-miR-
AMC1 may provide therapeutic benefit to type 1 diabetes patients. Our findings
also support the use of trophoblast cells as a model for identifying microRNAs
that might be useful diagnostic markers or therapeutic targets for coxsackievirus
B-induced type 1 diabetes.
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1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease caused by
persistent immune-mediated destruction of insulin-producing
pancreatic B cells (1). It is estimated that 1/300 people in the
United States develop T1D by the age of 18 years (2). Currently,
there is no prevention or cure for T1D, which can only be managed
with life-long insulin supplements, immunotherapies, or islet cell
transplants. T1D is a complex disease, wherein a combination of
genetic and environmental factors interact to trigger immune-
mediated destruction of pancreatic B cells. Numerous clinical
observations suggest a causal link between coxsackievirus B
(CVB) infection and the onset of T1D. For example, studies have
shown that if a pregnant woman is infected with CVB, her child will
have increased risk of developing T1D (3, 4). Moreover, case studies
have shown that the onset of diabetes often occurred during an
active CVB infection (5, 6). Other studies have shown that patients
with newly diagnosed T1D often have higher levels of CVB
antibodies (7), or that CVB infection persists in T1D patients (8-
10). Individuals whose siblings have T1D are more likely to develop
T1D following a CVB infection, indicating an underlying genetic
component (3).

The epidemiological association of CVB with T1D suggests that
treating CVB infection to reduce viral load could delay or prevent
the onset of T1D. Indeed, mounting evidence from preclinical and
clinical studies supports a causal role of viral infection in triggering
T1D. For example, one study showed that non-obese mice were
protected from coxsackievirus B4 (CVB4)-induced T1D by
treatment with a monovalent vaccine against conserved regions of
viral protein 1 in CVB4 (11). The Provention Bio PRV-101
multivalent vaccine study to target CVB is currently in clinical
trials (NCT04690426) for prevention of T1D (12). More recently,
Krogvold and coworkers showed in a randomized phase II clinical
trial that insulin levels in newly diagnosed T1D patients were
preserved following treatment with antiviral agents (13). These
findings indicate that antiviral strategies have potential to prevent
or treat T1D. It follows that microRNAs (miRNAs) that support or
promote CVB infection may represent novel targets to inhibit virus-
induced T1D.

miRNAs are non-coding RNAs that can regulate gene
expression through inhibition of mRNA translation (14). The
relationship of miRNAs to viral immunity implicates them in
CVB-mediated autoimmunity associated with TID (15).
Moreover, some miRNAs are implicated in the etiology of T1D.
For example, miR-146a is differentially expressed in T1D patients
and contributes to diabetic complications by regulating the
inflammatory response (16). Similarly, miR-184-3p is enriched in
insulin-producing pancreatic  cells where it regulates several 3 cell
functions (17). Importantly, many miRNAs are differentially
regulated in the placenta during viral infection and have been
implicated in providing antiviral immunity to the fetus (18).
Thus, a better understanding of the early immune response may
reveal important clues regarding how response to viral infection
later in life (e.g., in pancreatic B cells) may lead to T1D. In
particular, trophoblast cells that comprise the epithelial cell
compartment of the placenta may provide a useful model for
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investigating how the prenatal immune system is altered during
viral infection, and how certain miRNAs are impacted by and/or
alter viral infection.

Given the importance of miRNAs in regulating viral infection
and their associations with T1D etiology, we hypothesized that
CVBs alter the miRNA signature of pancreatic B cells, which may in
turn lead to alterations in the transcriptome that contribute to the
autoimmune response that triggers T1D. Such a role would
implicate these miRNAs as therapeutic targets for inhibiting CVB
infection or its downstream effects to delay or prevent T1D. In the
current study, we show that infection of trophoblast cells with
CVB4 leads to the dysregulation of several miRNAs. We further
show that one of these miRNAs, hsa-miR-AMCI, is up-regulated in
human pancreatic 3 cells (a target cell of CVBs) following CVB4
infection. Moreover, treatment of 3 cells with an antagomir to
inhibit hsa-miR-AMCI1 led to decreased CVB4 infection and
increased insulin production. These findings identify hsa-miR-
AMCI as a novel miRNA that is up-regulated by CVB4 infection
of pancreatic B cells where it further promotes infection and
suppresses insulin secretion, suggesting that this miRNA may
serve as a novel diagnostic marker and/or therapeutic target for
CVB4-induced T1D.

2 Materials and methods

2.1 Cell lines

The immortalized pancreatic B cell line, EndoC-BHI1, was
purchased from Human Cell Design (HCD) and grown in
BCOAT (HCD, Cat. # BC-120) or Matrigel-fibronectin (100 pg/
mL Corning, Cat. #CLS356234 and 2pg/mL, Sigma, Cat. #F1141,
respectively) (19), in OPTIB1 medium (HCD, Cat. # OB1-100).
Cells were passaged every 7 days. The immortalized human
trophoblast cell line hTERT (Sw.71), was purchased from
Abmgood (Cat. #T0532) and grown on dishes coated with
Applied Cell Extracellular Matrix (Abmgood, Cat. #G422) in
PriGrow IV medium (Abmgood, Cat. #ITM004) supplemented
with 10% fetal bovine serum (FBS, GeminiBio, Cat. #100-106),
1% L-glutamine (Corning, Cat. #25-005-CI), 10 mM HEPES
(Sigma-Aldrich, Cat. #83264), 0.1 mM MEM non-essential amino
acids (Sigma-Aldrich, Cat#M7145), 1 mM sodium pyruvate
(GIBCO, Cat. #11360-070) and 1% penicillin-streptomycin (PSA,
GIBCO, Cat. #15140-122). LLC-MK2 derivative cells (ATCC#
CCL-7.1) or Vero cells (ATCC# CCL-81) were grown in Eagle’s
Modified Essential Medium (EMEM, ATCC, Cat. #30-2003)
supplemented with 10% FBS (GeminiBio, Cat. #100-106) and 1%
PSA (GIBCO, Cat. #15140-122). All cells were grown at 37°C,
5% CO,.

2.2 Propagation of viruses
Coxsackievirus (CVB) serotype 4 (ATCC# VR-184) was

propagated in LLC-MK2 derivative cells. CVB-E2 (diabetogenic
strain) was obtained from Laboratoire de Virologie ULR3610,
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UlLille, and CHU Lille, France. Briefly, a 70% confluent monolayer
of LLC-MK2 was infected for 1 hour with CVBs at a multiplicity of
infection (MOI) of 0.1 or 0.01. Inoculum was then removed and
cells were washed with phosphate-buffered saline (Corning, Cat.
#21-040-CV) and maintained in EMEM supplemented with 2%
FBS and 1% PSA. Cytopathic effects (CPE) were monitored over 1-5
days or until 90% CPE was observed. The viruses were harvested by
3-freeze-thaw cycles and contents were collected and centrifuged at
10,000xg at 4°C for 10 minutes. The supernatant was collected,
aliquoted, and stored at -80°C. Viral titration was performed using
plaque assays as described (20).

2.3 Antagomirs

A customized antagomir against hsa-miR-AMCI1 (Integrated
DNA Technologies) was dissolved in DNase/RNase-free water (100
uM or 500 uM) and aliquoted for storage at -80°C.

2.4 RNA sequencing and bioinformatics

2.4.1 Small RNA sequencing (RNA-seq)

Sw.71 cells were seeded (3x10° cells/well) overnight and then
infected with CVB4-JVB strain for 24 hours at a multiplicity of
infection (MOI) of 1. Infected cells were washed and pelleted for
RNA extraction, library preparation, and small RNA-Seq (Genewiz,
Azenta). Reads were aligned to miRbase (miRNA), and differential
gene expression was performed using DESeq2. For novel miRNA
prediction, sequences were aligned to the human genome and
subjected to RNA folding and secondary structure analysis
(miRDeep2, V2_0_0_7). All experiments were performed in three
biological replicates (i.e., in triplicate).

2.4.2 Standard RNA-seq

Sw.71 cells (3x10°/well) or EndoC-BH1 cells (6.7x10°/well) were
seeded overnight and then infected with CVB4 (CVB4-JVB or E2
strain) for 24 hours at a MOI=1 (Sw.71 cells) or for 1 hour at a
MOI=0.1 (EndoC-BH1 cells). Infected cells were washed and
pelleted for RNA extraction (RNeasy Plus Kit, Cat. #74136),
library preparation, and RNA-Seq (Genewiz, Azenta). Reads were
aligned to the human reference genome, Genome Reference
Consortium Human Build 38 (21), with STAR 2.7.10b (22).
Differential gene expression was performed using DESeq2 1.40.2
(23). All experiments were performed in triplicate.

2.5 miRNA isolation and gPCR

miRNA was extracted from infected cells using a mirVana' "
miRNA isolation kit (ThermoFisher Scientific, Cat. #AM1560).
Reverse transcription was performed using TaqManTM MicroRNA
Reverse Transcription Kit (ThermoFisher Scientific, Cat. #4366596)
and TaqManTM MicroRNA Assay (ThermoFisher Scientific, Cat.
#4427975, assay IDs 001006 and CT9HJTV) using a custom-
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designed looped RT primer to produce cDNA specific to small-
nucleolar RNA “RNU48” (control miRNA) or hsa-miR-AMCI,
according to the manufacturer’s instruction. qQPCR was performed
using TaqMan'" Fast Advanced Master Mix (ThermoFisher
Scientific, Cat. #4444557) in a BioRad CFX96 TouchTM Real-
Time PCR Detection System. Fold-change in miRNA expression
was calculated using the 2-AACT method (24). All experiments
were performed in triplicate.

2.6 Cytotoxicity analysis

To evaluate cytotoxicity of antagomirs on EndoC-BHI1 cells, the
CellTiter 96 Aqueous One Solution Cell Proliferation MTS assay kit
(Promega, Cat. #G3582) was used according to the manufacturer’s
instructions. Briefly, 2.24x10* cells/well were seeded in 96-well
plates pre-coated with Matrigel-fibronectin matrix, as described
above. Antagomir was serially diluted (10 uM - 0.1 uM) and
transfected into EndoC-BH1 cells using OptiMEM media (Gibco,
Cat. #31985062) and Lipofectamine RNAiMAX Transfection
Reagent (Invitrogen, Cat. #13778150) following the
manufacturer’s instructions. After 3 hours transfection mix was
removed and replaced with EndoC-BH1 growth medium. Cells
were incubated at 37°C for 24h, then MTS solution was added to
each well and incubated for an additional 2 hours for color
development. Plates were read at 490 nm and cytotoxicity was
plotted using GraphPad Prism (v.9.5.1). All experiments were
performed in triplicate.

2.7 Viral inhibition analysis

To evaluate effects of miRNA inhibition, EndoC-BH1 cells
grown on 96-well plates were transfected with antagomir 24
hours before infection with CVB4-JVB or CVB4-E2 strains
(MOI=0.1). After incubation for 1 hour, the inoculum was
removed, and cells were incubated in EndoC-BH1 cells growth
medium for another 24 hours. Supernatants were collected, and
plaque assays performed to determine viral infectivity. The
percentage of viral inhibition was plotted using GraphPad Prism
(v.9.5.1). All experiments were performed in triplicate.

2.8 Glucose-stimulated insulin secretion
(GSIS) analysis

GSIS was performed as described by Tang et al. (25) with minor
modifications. Briefly, EndoC-BH1 cells were transfected with
antagomir or mock-transfected without antagomir for 24 hours,
then infected with CVB4-E2 or CVB4-JVB strain for 1 hour or left
uninfected as a control. The next day cells were serum-starved, first
in serum-free medium for 1 hour followed by Krebs buffer solution
for 1 hour (Human Cell Design, BKREBS®). Cells were then
stimulated with 20 uM glucose for 40 minutes, and supernatant
was collected and stored at -20°C prior to enzyme-linked
immunosorbent assay (ELISA) to quantify insulin (Human

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1414894
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lalani et al.

Insulin Kit, Mercodia, Cat. #10-1113-01). ELISA was performed on
duplicate samples from each of three independent experiments.

2.9 Statistical analysis

Data are presented as average + S.E.M from three biological
replicates (n=3), with at least two technical replicates for each
experiment. Statistical significance was determined using a t-test or

one-way ANOVA, as detailed in figure legends.

3 Results

3.1 Identification of differentially expressed
miRNAs in CVB4-infected trophoblast cells

To identify miRNAs that might regulate T1D-associated genes
following CVB infection, we infected Sw.71 cells with a prototype/
reference strain of CVB4, CVB4-JVB, for 24 hours then isolated
total RNA and performed miRNA sequencing. Table 1 shows the
top 5 differentially expressed miRNAs in response to CVB4-JVB
infection, compared to uninfected cells. The novel miRNAs were
predicted using hairpin structures of the precursor miRNAs. The
miRanda (v3.3a) target scanner was used to predict target sites
based on miRNA sequences and corresponding genomic cDNA
sequences. As an example, predicted target genes of hsa-miR-
AMCI are listed in Supplementary Table S1.

3.2 hsa-miR-AMC1 is expressed in
pancreatic 3 cells

We chose to further investigate hsa-miR-AMCI since this novel
miRNA has not been explored in any disease context. Interestingly,
pathway enrichment analysis of predicted hsa-miR-AMCI1 target
genes (Supplementary Table S1) revealed a 5.6-fold enrichment of
predicted hsa-miR-184 target genes (false discovery rate, 4.7E-02).
This finding is intriguing, as hsa-miR-184 is expressed in pancreatic
B cells where it negatively regulates genes involved in insulin
production, some of which are involved in T1D (26-28). To
determine whether hsa-miR-AMCI1 is also expressed in pancreatic
B cells, and whether its expression is altered by CVB4 infection, we
performed qRT-PCR of uninfected cells and cells infected with the

10.3389/fimmu.2024.1414894

prototype CVB4-JVB strain (Figure 1A) or a clinical diabetogenic
variant, CVB4-E2 (Figure 1B). The results showed that not only is
hsa-miR-AMC1 expressed in pancreatic 3 cells, but it is also up-
regulated during infection with either CVB4 strain (Figures 1A, B).

3.3 Inhibition of hsa-miR-AMC1 reduces
CVB4 infection of pancreatic [ cells

Pancreatic [3 cells are a known site of postnatal CVB4 infection
and replication (10, 29). Since we observed that hsa-miR-AMCI1
was highly up-regulated in CVB4-infected cells (Table 1; Figure 1),
we next evaluated the effect of a hsa-miR-AMCI1 inhibitor
(antagomir) on CVB4 infectivity of B cells. A cell viability assay
showed that treatment with the hsa-miR-AMCI antagomir was well
tolerated by pancreatic B cells over a range of concentrations (0.1
uM to 10 uM) (Supplementary Figure S1). Interestingly, treatment
with the hsa-miR-AMCI antagomir significantly inhibited infection
of pancreatic [ cells (p <0.0001) by either the prototype CVB4-JVB
strain (Figure 2A) or the diabetogenic CVB4-E2 variant (Figure 2B).
Taken together, our findings indicate that hsa-miR-AMCI is
induced by CVB4 infection in pancreatic § cells and promotes
CVB4 infection. We speculate that the initial induction of hsa-miR-
AMCI upon CVB4 infection may lead to altered regulation of target
genes that drive a positive feedback loop to enhance infectivity.

3.4 Inhibition of hsa-miR-AMC1 impacts
insulin production in pancreatic B3 cells
infected with the diabetogenic CVB4-
E2 strain

We next determined if treating pancreatic {3 cells with the hsa-
miR-AMC1 antagomir alters insulin secretion in a high-glucose
environment, without and with CVB4 infection. We first
determined insulin production in the absence or presence of
antagomir without infection. One-way ANOVA showed that
insulin production was increased when cells were challenged with
20 uM glucose, with or without antagomir (p = 0.0484, F = 3.133).
Tukey’s HSD test for multiple comparisons revealed no significant
difference in this induction between these two groups (p > 0.05,
Figure 3A), suggesting that antagomir treatment had no appreciable
effect. We next treated cells with antagomir followed by infection
with CVB4-JVB or CVB4-E2. In CVB4-JVB infected cells without

TABLE 1 Top 5 differentially expressed miRNAs in CVB4-infected trophoblast (Sw.71) cells (n=3).

miRNA log fold change log CPM* p Value False discovery rate
hsa-miR-1304-5p -10.25544649 2.040398839 1.28E-06 0.003426258
hsa-miR-3913-5p 9.516579482 1.324338283 1.01E-05 0.013449967
hsa-miR-AMC1 14.00786084 5.758995884 1.89E-05 0.014947595
hsa-miR-AMC2 13.7003916 5.452149213 2.24E-05 0.014947595
hsa-miR-AMC3 9.279520905 1.097630449 3.70E-05 0.019778888

*Log CPM = logarithm of counts per million reads.
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expression (a small-nucleolar RNA control). For (A, B) hsa-miR-AMC1 expression in uninfected cells is set at a value of 1.0. Data are average + S.E.M;

t-test, p values are indicated, n = 3 biological replicates.

antagomir, we observed the expected trend of increased insulin
upon glucose challenge (p = 0.0001). This increase remained
significant in antagomir-treated cells (p = 0.0018), although it
appeared dampened (Figure 3B). In contrast, when cells were
infected with the diabetogenic CVB4-E2 variant under high
glucose conditions, insulin levels were increased by antagomir
treatment when compared with untreated cells (p = 0.049,
Figure 3C). We speculate that this effect of antagomir-treatment
on insulin levels could be due to either protection of pancreatic 3
cells from virus-induced cell death or increased ability of cells to
secret insulin. In either case, these results suggest that hsa-miR-
AMCI inhibition in diabetogenic CVB4 strains (e.g., E2 strain)
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FIGURE 2

might lead to altered gene expression that controls glucose-
stimulated insulin levels.

3.5 ldentification of potential hsa-miR-
AMC1 gene targets

We used the miRanda algorithm (v3.3a) to identify 64 genes
with predicted target sites for hsa-miR-AMCI. Intriguingly, this
hsa-miR-AMCI target gene set (Supplementary Table S2) indicated
enrichment of the “Insulin/IGF-MAPK cascade” (Enrichr, Panther
2016) (30-32), which regulates carbohydrate metabolism and
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Inhibition of pancreatic B cell infection by (A) CVB4-JVB or (B) CVB4-E2 following treatment with non-cytotoxic concentrations of hsa-miR-AMC1
antagomir, determined by plaque assays using LLCMK2 cells. For (A, B) infectivity in the absence of antagomir is set at 100%. Data are average +
S.E.M.; n = 3 biological replicates; p values are indicated, One-way ANOVA followed by post hoc Tukey's multiple comparisons test.
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followed by post hoc Tukey's multiple comparisons.

insulin-like growth factor receptors. We then asked whether any of
these genes are also differentially regulated in pancreatic B cells
upon CVB4 infection. RNA-seq followed by assessment of
differential gene expression using DESeq2 revealed 2739 or 132
differentially expressed genes (DEGs) following CVB4-E2 or CVB4-
JVB infection, respectively (adjusted p-value < 0.05). We next
determined whether any of these DEGs are predicted hsa-miR-
AMCI target genes. Interestingly, only one gene, leucine-rich repeat
LGI family member 3 (LGI3), was common among all groups
(Supplementary Figure S2A). Intriguingly, LGI3 is a prognostic
marker of pancreatic cancer and regulates a number of relevant
genes (33). For example, LGI3 regulates insulin-like growth factor
binding protein 5 (IGFBP5), which is downregulated in T1D (34)
and is associated with CVB infection in patient samples (35). Thus,
LGI3 may be an interesting hsa-miR-AMCI target gene for future
studies. A heat map shows the expression profile of the thirteen
genes that were predicted target genes of hsa-miR-AMCI1 and also
differentially expressed in pancreatic B cells infected with the
diabetogenic CVB4-E2 strain (Supplementary Figure S2B). Of
note, some of these genes have roles in regulating glucose
metabolism and insulin regulation (36-38).

4 Discussion

Extensive research has revealed the multifactorial etiology of
T1D. Genetic factors such as specific HLA types play a major role in
a child’s susceptibility to T1D, and the risk of getting T1D increases
15-fold with a family history, particularly when the father has T1D
(39). Importantly, however, ~80% of T1D patients do not have a
family history of T1D, indicating that environmental factors play a
major role in the disease etiology (2). Certain viruses are major
suspects in triggering autoimmune conditions such as multiple
sclerosis, rheumatoid arthritis, lupus erythematosus. Indeed,
mounting evidence implicates enteroviruses such as CVB as likely
triggers of the autoimmune response that leads to T1D (40-42).

miRNAs are endogenous small RNAs that can regulate gene
expression and are often differentially expressed when exposed to a
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viral infection, contributing to dysregulation of immune function
and prevention of an effective interferon response (43).
Enteroviruses, including CVBs, can modulate expression of
miRNAs, and miRNA modulation may be a vital step in
successful viral infection (44-46). While it is unclear how CVB4
regulates hsa-miR-AMCI1 expression, a study of CVB3-induced
viral myocarditis showed that miR-222 expression was promoted
by a complex that includes Dicer and the adenosine deaminases
acting on RNA (ADAR) enzyme, ADAR1p150 (47). Importantly,
some miRNAs can regulate expression of genes that have been
implicated in the T1D autoimmune response (48, 49). In addition,
viral infection can alter miRNA pathways to facilitate viral
replication (50). For example, miR-146a was significantly
upregulated during CVB3-infected mice and potentially
modulated TLR3 and TRAF6 genes that control § cell activity in
diabetes-induced inflammation (51-53). Dysregulation of miRNAs
can also hamper the function of interferons, particularly in
persistent infections leading to the T1D autoimmune response (29).
In the current study, we report two known and three novel
miRNAs that are differentially expressed during CVB4 infection of
trophoblast cells. hsa-miR-1304-5p was down-regulated during
infection, while the other four miRNAs were significantly up-
regulated. Interestingly, five target genes of miRNA hsa-miR-3913
(TLRS, SIRPG, TLR7, FUT2, and SMARCE1) have been identified
as risk factors of T1D, as documented in Genome-wide association
studies (GWAS). Moreover, all five of the latter genes were directly
or indirectly associated with an immune response to viral infection
(54-57). Interestingly, hsa-miR-AMC3 has a predicted target gene,
CTLA4, wherein a single nucleotide polymorphism shows strong
association with T1D risk due to autoimmune susceptibility (58).
From among the several miRNAs that we determined to be
altered by CVB infection, we chose to further investigate hsa-miR-
AMCI because (1) this novel miRNA has not yet been explored in
any disease context, and (2) our pathway enrichment analysis for
predicted hsa-miR-AMCI target genes revealed overlap with target
genes of hsa-miR-184, a known negative regulator of genes that
control insulin in pancreatic § cells (26). Furthermore, enriched
transcription factor and protein-protein interactions analysis of
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hsa-miR-AMCI identified association with nuclear factor, erythroid
2 (NFE2), a known regulator of the heme oxygenase 1 (HMOX1)
gene (59) for which down-regulation is associated with delayed
onset of T1D (26), as well as with nuclear respiratory factor 1
(Nrfl), for which decreased function is associated with loss of f cell
activities (60).

We identified thirteen predicted target genes of hsa-miR-AMC1
that were also differentially expressed by pancreatic 3 cells infected
with the diabetogenic CVB4-E2 strain (Supplementary Figure S2A-
Supplementary Table S2). Of these, TNS3, MAFK, GALNT10,
UBE3B, and Clorf21 are also predicted target genes of hsa-miR-
184 (61). This subset of thirteen genes enriched the insulin/IGF-
MAPK cascade in Panther pathways. Furthermore, most of these
genes were down-regulated with exception of SLC7A5, MAFK,
TNS3, and ZNF707 (Supplementary Figure S2B). Notably, an
increase in transcription factor MAFK has been identified to
hamper pancreatic beta cell function (38).

To understand the potential link between CVB infection and
insulin regulation, we assessed overlap/interaction between
pathways regulated by CVB and insulin regulatory pathways.
Indeed, CVB viruses hijack several host pathways such as
phosphoinositide-3-kinase-protein kinase B/Akt (PI3K/Akt)
pathway, and mitogen-activated protein kinase (MAPK) to gain a
replicative advantage. The MAPK pathway controls carbohydrate
metabolism and cell growth via insulin receptors and insulin-like
growth factor receptors, respectively. The MAPK pathway could be
initiated via enteroviral modulation of the PI3K/Akt pathway,
which is used by enteroviruses in the early stages of infection to
promote viral replication and decrease apoptosis (62, 63). On the
other hand, AMP-activated protein kinase (AMPK) is a well-
identified target for diabetes and diabetes-related symptoms (64—
66) and a kinase regulator of energy homeostasis (67). AMPK is
necessary for activation of Akt (68) and is modulated by viruses
during an infection (69). One hypothesis is that under
mitochondrial stress caused by enterovirus infection there is
increased viral replication and inhibition of IFN immune
response via downstream AMPK targets. Considering that hsa-
miR-AMCI may regulate the insulin/IGF pathway-MAPK cascade
in pancreatic {3 cells infected with CBYV, it is interesting to speculate
that its antagomir could prevent collapse of this cascade.
Consistently, we observed in cells infected with the clinical
diabetogenic CVB4-E2 variant that treatment with the hsa-miR-
AMCI antagomir increased glucose-dependent induction of insulin
above the level of induction in untreated cells (Figure 3).

Although the exact mechanism through which hsa-miR-AMC1
promotes CVB infection is not yet elucidated, some viruses utilize
host miRNAs to modulate viral restriction factors. One example is
miR-376b-3p, which is up-regulated during porcine reproductive
and respiratory syndrome virus (PRRSV) infection. Indeed, miR-
376b-3p was found to target TRIM22, a virus restriction factor that
interacts with the N protein of PRRSV, thereby limiting the activity
of TRIM22 to exert its antiviral defense and providing a replicative
advantage to the virus (70).

Finally, our use of the trophoblast cell model is an exciting
development that may have important utility in the research of
CVB-induced-T1D. Indeed, there has been recent interest in
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investigating how maternal T1D impacts placental function and
fetal development (71). Our finding that the trophoblast miRNA,
hsa-miR-AMCI, is also present in pancreatic 3 cells and was
significantly upregulated during CVB4 infection leads us to
propose that the trophoblast cell model may be useful for
discovering novel biomarkers with postnatal relevance to T1D.

In summary, our study has identified a novel miRNA, hsa-miR-
AMCI, the inhibition of which reduces CVB4 infection of
pancreatic B cells and may also increase insulin production by
pancreatic 3 cells infected with certain diabetogenic CVB4 strains.
These findings are timely, as there has been increased evidence that
miRNAs play a crucial role in regulating genes implicated in various
autoimmune conditions. Indeed, recent literature suggests that
miRNAs could be explored as potential biomarkers (72) and as
targets to manage autoimmunity (73). To explore utility of hsa-
miR-AMCI as an early biomarker of CBVB-induced T1D, future
studies will assess samples obtained through consortiums such as
the network for pancreatic organ donors (nPOD), environmental
determinants of islet autoimmunity (ENDIA), and the
environmental determinants of diabetes in the young (TEDDY).
Further studies are also warranted to elucidate mechanisms of hsa-
miR-AMCI1 action toward exploiting it as a novel therapeutic target.

Data availability statement

The data presented in the study are deposited in the Gene
Expression Omnibus (GEO) repository, accession number GSE278756.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

SL: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Validation,
Visualization, Writing — original draft, Writing - review &
editing. JKn: Data curation, Investigation, Writing — original
draft. JKe: Formal analysis, Resources, Software, Validation,
Writing - review & editing. DH: Resources, Validation, Writing -
review & editing. CMD: Conceptualization, Funding acquisition,
Resources, Supervision, Validation, Writing — review & editing. AG:
Conceptualization, Funding acquisition, Resources, Supervision,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by donations from The Brown family and

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1414894
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lalani et al.

Mr. Herbert Klein given to Albany Medical Center Foundation
through the Grateful Patients and Families program.

Acknowledgments

We thank members of the DiPersio laboratory and Dr. James
Desemone at Albany Medical College for their intellectual input
throughout the project.

Conflict of interest

Authors SL, CMD and AG hold a provisional patent for this
work: App#63/636,355, United States of America, April 19, 2024.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Burrack AL, Martinov T, Fife BT. T cell-mediated beta cell destruction:
autoimmunity and alloimmunity in the context of type 1 diabetes. Front Endocrinol.
(2017) 8:343. doi: 10.3389/fendo.2017.00343

2. JDRE. Juvenile diabetes research foundation . Available online at: https://www.
breakthroughtld.org/ (accessed January 03, 2024).

3. Hyéty H, Hiltunen M, Knip M, Laakkonen M, Vihisalo P, Karjalainen J, et al. A
prospective study of the role of coxsackie B and other enterovirus infections in the
pathogenesis of IDDM. Diabetes. (1995) 44:652-7. doi: 10.2337/diab.44.6.652

4. Allen DW, Kim KW, Rawlinson WD, Craig ME. Maternal virus infections in
pregnancy and type 1 diabetes in their offspring: systematic review and meta-analysis of
observational studies. Rev Med Virol. (2018) 28:e1974. doi: 10.1002/rmv.1974

5. Ohara N, Kaneko M, Nishibori T, Sato K, Furukawa T, Koike T, et al. Fulminant type 1
diabetes mellitus associated with Coxsackie virus type A2 infection: a case report and
literature review. Internal Med. (2016) 55:643-6. doi: 10.2169/internalmedicine.55.5292

6. Hayakawa T, Nakano Y, Hayakawa K, Yoshimatu H, Hori Y, Yamanishi K, et al.
Fulminant type 1 diabetes mellitus associated with Coxsackievirus type Bl infection
during pregnancy: a case report. ] Med Case Rep. (2019) 13:1-4. doi: 10.1186/s13256-
019-2130-8

7. Krogvold L, Edwin B, Buanes T, Frisk G, Skog O, Anagandula M, et al. Detection
of a low-grade enteroviral infection in the islets of langerhans of living patients newly
diagnosed with type 1 diabetes. Diabetes. (2015) 64:1682-7. doi: 10.2337/db14-1370

8. Schulte BM, Bakkers ], Lanke KH, Melchers W], Westerlaken C, Allebes W, et al.
Detection of enterovirus RNA in peripheral blood mononuclear cells of type 1 diabetic
patients beyond the stage of acute infection. Viral Immunol. (2010) 23:99-104.
doi: 10.1089/vim.2009.0072

9. Geravandi S, Richardson S, Pugliese A, Maedler K. Localization of enteroviral
RNA within the pancreas in donors with T1D and T1D-associated autoantibodies. Cell
Rep Med. (2021) 2. doi: 10.1016/j.xcrm.2021.100371

10. Nekoua MP, Alidjinou EK, Hober D. Persistent coxsackievirus B infection and
pathogenesis of type 1 diabetes mellitus. Nat Rev Endocrinol. (2022) 18:503-16.
doi: 10.1038/s41574-022-00688-1

11. Rasquinha MT, Lasrado N, Sur M, Mone K, Qiu H, Riethoven J-J, et al. A
monovalent mt10-CVB3 vaccine prevents CVB4-accelerated type 1 diabetes in NOD
mice. Vaccines. (2022) 11:76. doi: 10.3390/vaccines11010076

12. Provention Bio, Inc. PROtocol for coxsackievirus VaccinE in healthy voluNTteers
(PROVENT). Available at: https://clinicaltrials.gov/study/NCT04690426 (accessed on
January 03, 2024).

13. Krogvold L, Mynarek IM, Ponzi E, Merk FB, Hessel TW, Roald T, et al.
Pleconaril and ribavirin in new-onset type 1 diabetes: a phase 2 randomized trial.
Nat Med. (2023) 29:1-7. doi: 10.1038/s41591-023-02576-1

14. Bartel DP. MicroRNAs: target recognition and regulatory functions. cell. (2009)
136:215-33. doi: 10.1016/j.cell.2009.01.002

15. Snowhite IV, Allende G, Sosenko ], Pastori RL, Messinger Cayetano S, Pugliese
A. Association of serum microRNAs with islet autoimmunity, disease progression and
metabolic impairment in relatives at risk of type 1 diabetes. Diabetologia. (2017)
60:1409-22. doi: 10.1007/s00125-017-4294-3

16. Barutta F, Bruno G, Matullo G, Chaturvedi N, Grimaldi S, Schalkwijk C, et al.
MicroRNA-126 and micro-/macrovascular complications of type 1 diabetes in the

Frontiers in Immunology

10.3389/fimmu.2024.1414894

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414894/
full#supplementary-material

EURODIAB Prospective Complications Study. Acta diabetologica. (2017) 54:133-9.
doi: 10.1007/500592-016-0915-4

17. Barutta F, Corbetta B, Bellini S, Guarrera S, Matullo G, Scandella M, et al.
MicroRNA 146a is associated with diabetic complications in type 1 diabetic patients
from the EURODIAB PCS. ] Trans Med. (2021) 19:1-10. doi: 10.1186/s12967-021-
03142-4

18. Delorme-Axford E, Donker RB, Mouillet JF, Chu T, Bayer A, Ouyang Y, et al.
Human placental trophoblasts confer viral resistance to recipient cells. Proc Natl Acad
Sci U.S.A. (2013) 110:12048-53. doi: 10.1073/pnas.1304718110

19. Ravassard P, Hazhouz Y, Pechberty S, Bricout-Neveu E, Armanet M,
Czernichow P, et al. A genetically engineered human pancreatic beta cell line
exhibiting glucose-inducible insulin secretion. J Clin Invest. (2011) 121:3589-97.
doi: 10.1172/jci58447

20. Lalani S, Tan SH, Tan KO, Lim HX, Ong KC, Wong KT, et al. Molecular
mechanism of L-SP40 peptide and in vivo efficacy against EV-A71 in neonatal mice.
Life Sci. (2021) 287:120097. doi: 10.1016/j.1fs.2021.120097

21. Schneider VA, Graves-Lindsay T, Howe K, Bouk N, Chen H-C, Kitts PA, et al.
Evaluation of GRCh38 and de novo haploid genome assemblies demonstrates the
enduring quality of the reference assembly. Genome Res. (2017) 27:849-64.
doi: 10.1101/gr.213611.116

22. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-21. doi: 10.1093/
bioinformatics/bts635

23. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:1-21.
doi: 10.1186/s13059-014-0550-8

24. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. (2001) 25:402-8.
doi: 10.1006/meth.2001.1262

25. Tang X, Uhl S, Zhang T, Xue D, Li B, Vandana JJ, et al. SARS-CoV-2 infection
induces beta cell transdifferentiation. Cell Metab. (2021) 33:1577-1591 el577.
doi: 10.1016/j.cmet.2021.05.015

26. Morita S, Horii T, Kimura M, Hatada I. MiR-184 regulates insulin secretion
through repression of Slc25a22. Peer]. (2013) 1:e162. doi: 10.7717/peerj.162

27. Batista TM, Garcia-Martin R, Cai W, Konishi M, O’Neill BT, Sakaguchi M, et al.
Multi-dimensional transcriptional remodeling by physiological insulin in vivo. Cell Rep.
(2019) 26:3429-3443. €3423. doi: 10.1016/j.celrep.2019.02.081

28. Grieco GE, Brusco N, Fignani D, Nigi L, Formichi C, Licata G, et al. Reduced
miR-184-3p expression protects pancreatic B-cells from lipotoxic and proinflammatory
apoptosis in type 2 diabetes via CRTC1 upregulation. Cell Death Discovery. (2022)
8:340. doi: 10.1038/s41420-022-01142-x

29. Chehadeh W, Kerr-Conte J, Pattou FO, Alm G, Lefebvre ], Wattré P, et al.
Persistent infection of human pancreatic islets by coxsackievirus B is associated with
alpha interferon synthesis in B cells. J Virol. (2000) 74:10153-64. doi: 10.1128/
jvi.74.21.10153-10164.2000

30. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinf.
(2013) 14:1-14. doi: 10.1186/1471-2105-14-128

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414894/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414894/full#supplementary-material
https://doi.org/10.3389/fendo.2017.00343
https://www.breakthrought1d.org/
https://www.breakthrought1d.org/
https://doi.org/10.2337/diab.44.6.652
https://doi.org/10.1002/rmv.1974
https://doi.org/10.2169/internalmedicine.55.5292
https://doi.org/10.1186/s13256-019-2130-8
https://doi.org/10.1186/s13256-019-2130-8
https://doi.org/10.2337/db14-1370
https://doi.org/10.1089/vim.2009.0072
https://doi.org/10.1016/j.xcrm.2021.100371
https://doi.org/10.1038/s41574-022-00688-1
https://doi.org/10.3390/vaccines11010076
https://clinicaltrials.gov/study/NCT04690426
https://doi.org/10.1038/s41591-023-02576-1
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1007/s00125-017-4294-3
https://doi.org/10.1007/s00592-016-0915-4
https://doi.org/10.1186/s12967-021-03142-4
https://doi.org/10.1186/s12967-021-03142-4
https://doi.org/10.1073/pnas.1304718110
https://doi.org/10.1172/jci58447
https://doi.org/10.1016/j.lfs.2021.120097
https://doi.org/10.1101/gr.213611.116
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.cmet.2021.05.015
https://doi.org/10.7717/peerj.162
https://doi.org/10.1016/j.celrep.2019.02.081
https://doi.org/10.1038/s41420-022-01142-x
https://doi.org/10.1128/jvi.74.21.10153-10164.2000
https://doi.org/10.1128/jvi.74.21.10153-10164.2000
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.3389/fimmu.2024.1414894
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lalani et al.

31. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic
Acids Res. (2016) 44:W90-7. doi: 10.1093/nar/gkw377

32. Xie Z, Bailey A, Kuleshov MV, Clarke DJ, Evangelista JE, Jenkins SL, et al. Gene
set knowledge discovery with Enrichr. Curr Protoc. (2021) 1:€90. doi: 10.1002/cpz1.90

33. Yun H-Y. Leucine rich repeat LGI family member 3: integrative analyses support
its prognostic association with pancreatic adenocarcinoma. Medicine (2024) 103(8):
€37183. doi: 10.1097/MD.0000000000037183

34. Jehle P, Jehle D, Mohan S, Bohm B. Serum levels of insulin-like growth factor
system components and relationship to bone metabolism in type 1 and type 2 diabetes
mellitus patients. J Endocrinol. (1998) 159:297-306. doi: 10.1677/j0e.0.1590297

35. Al-Rrassam ZT. Correlation analysis of gene expression between children with
type 1 diabetes and Coxsackie viruses B. Vacunas. (2023) 25(2):193-202. doi: 10.1016/
j.vacune.2024.05.009

36. Delovitch T. Insulin-like growth factors prevent cytokine-mediated cell death in
isolated islets of Langerhans from pre-diabetic non-obese diabetic mice. ] Endocrinol.
(1999) 161:153-65. doi: 10.1677/joe.0.1610153

37. Walker DK, Drummond M]J, Dickinson JM, Borack MS, Jennings K, Volpi E,
et al. Insulin increases mRNA abundance of the amino acid transporter SLC7A5/LAT1
via an mTORC 1-dependent mechanism in skeletal muscle cells. Physiol Rep. (2014) 2:
€00238. doi: 10.1002/phy2.238

38. Nammo T, Udagawa H, Funahashi N, Kawaguchi M, Uebanso T, Hiramoto M,
et al. Genome-wide profiling of histone H3K27 acetylation featured fatty acid signalling
in pancreatic beta cells in diet-induced obesity in mice. Diabetologia. (2018) 61:2608-
20. doi: 10.1007/s00125-018-4735-7

39. ADA. American diabetes association .
(accessed January 03, 2024).

40. Hober D, Sane F, Riedweg K, Moumna I, Goffard A, Choteau L, et al. Viruses and
type 1 diabetes: focus on the enteroviruses. Type 1 diabetes. InTech (2013).
doi: 10.5772/52087

41. Hyoéty H. Viruses in type 1 diabetes. Pediatr Diabetes. (2016) 17:56-64.
doi: 10.1111/pedi.12370

42. Smatti MK, Cyprian FS, Nasrallah GK, Al Thani AA, Almishal RO, Yassine HM.
Viruses and autoimmunity: a review on the potential interaction and molecular
mechanisms. Viruses. (2019) 11:762. doi: 10.3390/v11080762

43. Ho B-C, Yu I-S, Lu L-F, Rudensky A, Chen H-Y, Tsai C-W, et al. Inhibition of
miR-146a prevents enterovirus-induced death by restoring the production of type I
interferon. Nat Commun. (2014) 5:3344. doi: 10.1038/ncomms4344

44. Tong L, Lin L, Wu S, Guo Z, Wang T, Qin Y, et al. MiR-10a* up-regulates
coxsackievirus B3 biosynthesis by targeting the 3D-coding sequence. Nucleic Acids Res.
(2013) 41:3760-71. doi: 10.1093/nar/gkt058

45. Engelmann I, Alidjinou EK, Bertin A, Bossu ], Villenet C, Figeac M, et al.
Persistent coxsackievirus B4 infection induces microRNA dysregulation in human
pancreatic cells. Cell Mol Life Sci. (2017) 74:3851-61. doi: 10.1007/s00018-017-2567-0

46. Germano JF, Sawaged S, Saadaeijahromi H, Andres AM, Feuer R, Gottlieb RA,
et al. Coxsackievirus B infection induces the extracellular release of miR-590-5p, a
proviral microRNA. Virology. (2019) 529:169-76. doi: 10.1016/j.virol.2019.01.025

47. Zhang X, Gao X, HuJ, Xie Y, Zuo Y, Xu H, et al. ADARIp150 forms a complex
with dicer to promote miRNA-222 activity and regulate PTEN expression in CVB3-
induced viral myocarditis. Int ] Mol Sci. (2019) 20:407. doi: 10.3390/ijms20020407

Available online at: https://diabetes.org

48. Zheng Y, Wang Z, Zhou Z. miRNAs: novel regulators of autoimmunity-
mediated pancreatic B-cell destruction in type 1 diabetes. Cell Mol Immunol. (2017)
14:488-96. doi: 10.1038/cmi.2017.7

49. Engelmann I, Alidjinou EK, Bertin A, Sane F, Hober D. miRNAs in enterovirus
infection. Crit Rev Microbiol. (2018) 44:701-14. doi: 10.1080/1040841x.2018.1499608

50. Ho B-C, Yu S-L, Chen J], Chang S-Y, Yan B-S, Hong Q-S, et al. Enterovirus-
induced miR-141 contributes to shutoff of host protein translation by targeting the
translation initiation factor eIF4E. Cell Host Microbe. (2011) 9:58-69. doi: 10.1016/
j.chom.2010.12.001

51. Assmann TS, Brondani L, Bougas AP, Canani LH, Crispim D. Toll-like receptor
3 (TLR3) and the development of type 1 diabetes mellitus. Arch Endocrinol Metab.
(2015) 59:4-12. doi: 10.1590/2359-3997000000003

52. Fei Y, Chaulagain A, Wang T, Chen Y, Liu J, Yi M, et al. MiR-146a down-
regulates inflammatory response by targeting TLR3 and TRAF6 in Coxsackievirus B
infection. Rna. (2020) 26:91-100. doi: 10.1261/rna.071985.119

53. Luo W, Chen X, Ye L, Chen X, Jia W, Zhao Y, et al. Kaempferol attenuates
streptozotocin-induced diabetic nephropathy by downregulating TRAF6 expression:

Frontiers in Immunology

09

10.3389/fimmu.2024.1414894

the role of TRAF6 in diabetic nephropathy. ] Ethnopharmacology. (2021) 268:113553.
doi: 10.1016/j,jep.2020.113553

54. Thorven M, Grahn A, Hedlund K-O, Johansson H, Wahlfrid C, Larson GR, et al.
A homozygous nonsense mutation (428G— A) in the human secretor (FUT2) gene
provides resistance to symptomatic norovirus (GGII) infections. J Virol. (2005)
79:15351-5. doi: 10.1128/JV1.79.24.15351-15355.2005

55. Pan H, Niu DD, Feng H, Ng LF, Ren EC, Chen WN. Cellular transcription
modulator SMARCEL1 binds to HBV core promoter containing naturally occurring
deletions and represses viral replication. Biochim Biophys Acta (BBA)-Molecular Basis
Dis. (2007) 1772:1075-84. doi: 10.1016/j.bbadis.2007.06.005

56. de Marcken M, Dhaliwal K, Danielsen AC, Gautron AS, Dominguez-Villar M.
TLR7 and TLRS activate distinct pathways in monocytes during RNA virus infection.
Sci Signaling. (2019) 12:eaaw1347. doi: 10.1126/scisignal.aaw1347

57. Inshaw JRJ, Cutler AJ, Crouch DJM, Wicker LS, Todd JA. Genetic variants
predisposing most strongly to type 1 diabetes diagnosed under age 7 years lie near
candidate genes that function in the immune system and in pancreatic B-cells. Diabetes
Care 1. (2020) 43(1):169-77. doi: 10.2337/dc19-0803

58. Vandewalle ], Desouter AK, van der Auwera BJ, Tenoutasse S, Gillard P, De
Block C, et al. CTLA4, SH2B3, and CLEC16A diversely affect the progression of early
islet autoimmunity in relatives of Type 1 diabetes patients. Clin Exp Immunol. (2023)
211:224-32. doi: 10.1093/cei/uxad002

59. Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook JL. Nrf2, a
Cap’n’Collar transcription factor, regulates induction of the heme oxygenase-1 gene. |
Biol Chem. (1999) 274:26071-8. doi: 10.1074/jbc.274.37.26071

60. Morrish F, Gingras H, Noonan J, Huang L, Sweet IR, Kuok IT, et al.
Mitochondrial diabetes in mice expressing a dominant-negative allele of nuclear
respiratory factor-1 (Nrfl) in pancreatic B-cells. Biochem Biophys Res Commun.
(2023) 737:150478. doi: 10.1016/j.bbrc.2024.150478

61. Kehl T, Kern F, Backes C, Fehlmann T, Stockel D, Meese E, et al. miRPathDB 2.0:
a novel release of the miRNA Pathway Dictionary Database. Nucleic Acids Res. (2020)
48:D142-7. doi: 10.1093/nar/gkz1022

62. Akhbari P, Richardson SJ, Morgan NG. Type 1 diabetes: interferons and the
aftermath of pancreatic beta-cell enteroviral infection. Microorganisms. (2020) 8.
doi: 10.3390/microorganisms8091419

63. Lai Y, Wang M, Cheng A, Mao S, Ou X, Yang Q, et al. Regulation of apoptosis by
enteroviruses. Front Microbiol. (2020) 11:1145. doi: 10.3389/fmicb.2020.01145

64. Lee M-], Feliers D, Mariappan MM, Sataranatarajan K, Mahimainathan L, Musi
N, et al. A role for AMP-activated protein kinase in diabetes-induced renal
hypertrophy. Am ] Physiology-Renal Physiol. (2007) 292:F617-27. doi: 10.1152/
ajprenal.00278.2006

65. Chung M-Y, Choi H-K, Hwang J-T. AMPK activity: a primary target for diabetes
prevention with therapeutic phytochemicals. Nutrients. (2021) 13:4050. doi: 10.3390/
nul3114050

66. Qian R, Chen H, Lin H, Jiang Y, He P, Ding Y, et al. The protective roles of allicin
on type 1 diabetes mellitus through AMPK/mTOR mediated autophagy pathway. Front
Pharmacol. (2023) 14:1108730. doi: 10.3389/fphar.2023.1108730

67. Kim J, Yang G, Kim Y, Kim ], Ha J. AMPK activators: mechanisms of action
and physiological activities. Exp Mol Med. (2016) 48:e224-4. doi: 10.1038/
emm.2016.16

68. Han F, Li C-F, Cai Z, Zhang X, Jin G, Zhang W-N, et al. The critical role of
AMPK in driving Akt activation under stress, tumorigenesis and drug resistance. Nat
Commun. (2018) 9:4728. doi: 10.1038/s41467-018-07188-9

69. Bhutta MS, Gallo ES, Borenstein R. Multifaceted role of AMPK in viral
infections. Cells. (2021) 10:1118. doi: 10.3390/cells10051118

70. Chen J, Zhao S, Cui Z, Li W, Xu P, Liu H, et al. MicroRNA-376b-3p promotes
porcine reproductive and respiratory syndrome virus replication by targeting viral
restriction factor TRIM22. | Virol. (2022) 96:¢01597-01521. doi: 10.1128/
jvi.01597-21

71. Elfving M, Svensson J, Oikarinen S, Jonsson B, Olofsson P, Sundkvist G, et al.
Maternal enterovirus infection during pregnancy as a risk factor in offspring diagnosed
with type 1 diabetes between 15 and 30 years of age. ] Diabetes Res. (2008) 35(6):1328—
32. doi: 10.2337/dc11-2389

72. Martinez-Hernandez R, Marazuela M. MicroRNAs in autoimmune thyroid
diseases and their role as biomarkers. Best Pract Res Clin Endocrinol Metab. (2023)
37:101741. doi: 10.1016/j.beem.2023.101741

73. Salvi V, Gianello V, Tiberio L, Sozzani S, Bosisio D. Cytokine targeting by
miRNAs in autoimmune diseases. Front Immunol. (2019) 10:15. doi: 10.3389/
fimmu.2019.00015

frontiersin.org


https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1002/cpz1.90
https://doi.org/10.1097/MD.0000000000037183
https://doi.org/10.1677/joe.0.1590297
https://doi.org/10.1016/j.vacune.2024.05.009
https://doi.org/10.1016/j.vacune.2024.05.009
https://doi.org/10.1677/joe.0.1610153
https://doi.org/10.1002/phy2.238
https://doi.org/10.1007/s00125-018-4735-7
https://diabetes.org
https://doi.org/10.5772/52087
https://doi.org/10.1111/pedi.12370
https://doi.org/10.3390/v11080762
https://doi.org/10.1038/ncomms4344
https://doi.org/10.1093/nar/gkt058
https://doi.org/10.1007/s00018-017-2567-0
https://doi.org/10.1016/j.virol.2019.01.025
https://doi.org/10.3390/ijms20020407
https://doi.org/10.1038/cmi.2017.7
https://doi.org/10.1080/1040841x.2018.1499608
https://doi.org/10.1016/j.chom.2010.12.001
https://doi.org/10.1016/j.chom.2010.12.001
https://doi.org/10.1590/2359-3997000000003
https://doi.org/10.1261/rna.071985.119
https://doi.org/10.1016/j.jep.2020.113553
https://doi.org/10.1128/JVI.79.24.15351-15355.2005
https://doi.org/10.1016/j.bbadis.2007.06.005
https://doi.org/10.1126/scisignal.aaw1347
https://doi.org/10.2337/dc19-0803
https://doi.org/10.1093/cei/uxad002
https://doi.org/10.1074/jbc.274.37.26071
https://doi.org/10.1016/j.bbrc.2024.150478
https://doi.org/10.1093/nar/gkz1022
https://doi.org/10.3390/microorganisms8091419
https://doi.org/10.3389/fmicb.2020.01145
https://doi.org/10.1152/ajprenal.00278.2006
https://doi.org/10.1152/ajprenal.00278.2006
https://doi.org/10.3390/nu13114050
https://doi.org/10.3390/nu13114050
https://doi.org/10.3389/fphar.2023.1108730
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.1038/s41467-018-07188-9
https://doi.org/10.3390/cells10051118
https://doi.org/10.1128/jvi.01597-21
https://doi.org/10.1128/jvi.01597-21
https://doi.org/10.2337/dc11-2389
https://doi.org/10.1016/j.beem.2023.101741
https://doi.org/10.3389/fimmu.2019.00015
https://doi.org/10.3389/fimmu.2019.00015
https://doi.org/10.3389/fimmu.2024.1414894
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A novel microRNA promotes coxsackievirus B4 infection of pancreatic β cells
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Propagation of viruses
	2.3 Antagomirs
	2.4 RNA sequencing and bioinformatics
	2.4.1 Small RNA sequencing (RNA-seq)
	2.4.2 Standard RNA-seq

	2.5 miRNA isolation and qPCR
	2.6 Cytotoxicity analysis
	2.7 Viral inhibition analysis
	2.8 Glucose-stimulated insulin secretion (GSIS) analysis
	2.9 Statistical analysis

	3 Results
	3.1 Identification of differentially expressed miRNAs in CVB4-infected trophoblast cells
	3.2 hsa-miR-AMC1 is expressed in pancreatic β cells
	3.3 Inhibition of hsa-miR-AMC1 reduces CVB4 infection of pancreatic β cells
	3.4 Inhibition of hsa-miR-AMC1 impacts insulin production in pancreatic β cells infected with the diabetogenic CVB4-E2 strain
	3.5 Identification of potential hsa-miR-AMC1 gene targets

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


