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Abstract

Mast cell (MCs) activation is the driving force of immune responses in several inflammatory
diseases, including asthma and allergies. MCs are immune cells found throughout the body
and are equipped with numerous surface receptors that allow them to respond to external
signals from parasites and bacteria as well as to intrinsic signals such as cytokines. Upon
activation, MCs release various mediators and proteases that contribute to inflammation.
This study aimed to identify microRNAs (miRNAs) that regulate MC response to interleukin-
33 and their target genes using a model of human cord blood-derived mast cells (hCBMCs).
hCBMCs were induced with 10 and 20 ng of recombinant human interleukin-33 (rhIL-33) for
6 and 24 h, respectively. Total RNA was extracted from these cells and miRNA profiling was
performed using high-throughput microarrays. Differential expression of miRNAs and target
analysis were performed using Transcriptome Analysis Console and Ingenuity Pathway
Analysis. The most significant miRNAs in each condition were miR-6836-5p (fold change =
1.76, p = 3E-03), miR-6883-5p (fold change =-2.13, p = 7E-05), miR-1229-5p (fold change
=2.46, p = 8E-04), and miR-3613-5p (fold change = 66.7, p = 1E-06). Target analysis
revealed that these miRNAs regulate mast cell responsiveness and degranulation by modu-
lating the expression of surface receptors, adaptors, and signaling molecules in response to
rhlL-33 stimulation. This study is the first miRNA profiling and target analysis of hCBMCs
that will further enhance our understanding of the role of miRNAs in the immune response in
a timely manner and their relevance for the development of a new therapeutic target for
inflammatory disorders.
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Introduction

Mast cells (MCs) are a type of granulated immune cells found in most tissues. They play a cru-
cial role in initiating inflammation by responding to various stimuli, including pathogens,
such as bacteria and parasites, allergens, and endogenous signals [1]. MCs communicate with
other cells by secreting and recognizing cytokines, such as interleukin-33 (IL-33), which are
known for their ability to activate MCs. IL-33 belongs to the IL-1 family of cytokines and is
expressed by both the structural and immune cells. It functions as an alarmin by activating
MCs through interaction with the transmembrane receptor serum stimulation-2 (ST2; IL-
1R4) expressed on the surface of MCs [2, 3]. This interaction stimulates MCs to release a vari-
ety of cytokines, chemokines, and growth factors [4], which are triggered by the intracellular
signaling cascade activated by the interaction between IL-33 and ST2. This cascade promotes
de novo synthesis and expression of a range of mediators by activating nuclear factor kappa B
(NF-kB) and p38 mitogen-activated protein kinase (p38-MAPK) [5].

Approximately 30% of human genes are regulated by microRNAs (miRNAs) [6, 7], a class
of short non-coding RNAs that was first discovered three decades ago. miRNAs are approxi-
mately 17-25 nucleotides in length and function by binding to their respective mRNA targets,
thereby regulating their translation [8]. miRNAs play a significant role in the regulation of var-
ious cellular functions including proliferation, differentiation, and polarization [9]. Addition-
ally, miRNAs regulate degranulation and cell-to-cell communication in MCs [10, 11]. While
miRNA expression in MCs has been studied in response to IgE/antigen cross-linking of the
high-affinity IgE receptor [11-13], there is a lack of research on miRNAs in human cord
blood-derived MC (hCBMC) activated through other means. This study aimed to address this
gap by utilizing a combination of miRNA and mRNA high-throughput microarrays to provide
the first global miRNA-mRNA profile of hCBMCs in response to IL-33 stimulation. Further-
more, Ingenuity Pathway Analysis (IPA) was used to efficiently analyze target genes affected
by the miRNA-mRNA regulatory network.

Materials and methods
Sample collection and ethical statement

Umbilical cord blood samples were collected from healthy donors without a family history of
atopic disease or mast cell disorders after obtaining written informed consent from December
02, 2020, to September 04, 2021. This study was approved by the Biomedical Ethics Unit, Fac-
ulty of Medicine, KAU (Approval Number 590-20). Each sample consisted of cord blood
pooled from three donors. CD34" hematopoietic stem cells (HSCs) were isolated using Lymph
prep (1.077 g/ml; Axis Shield, Oslo, Norway), followed by CD34 microbead labeling and mag-
netic activated cell sorting (Miltenyi Biotec Inc., Bergisch Gladbach, Germany).

Human cord blood-derived mast cells (hCBMCs) culture and stimulation
by IL-33

CD34" HSCs were cultured in AIM-V medium (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with recombinant human interleukin-6 (rhIL-6, 50 ng/mL, Thermo
Fisher Scientific) and stem cell factor (thSCF, 100ng/mL, Miltenyi Biotec Inc.) for 8-10 weeks
to support their differentiation into hCBMCs. Phenotyping was accomplished using flow
cytometry, cell imaging, and gene set enrichment analysis as previously reported [14].
hCBMCs were activated with either 10 or 20 ng/mL recombinant human IL-33 (rhIL-33; Sino
Biological, Beijing, China) and incubated for 6 or 24 h to observe immediate and prolonged
responses as previously described [15, 16].
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RNA isolation and microarray hybridization

Total RNA was isolated using the RNAeasy Mini Kit (Qiagen, Hilden, Germany), followed by
On-column DNase digestion with the RNase-free DNase set (Qiagen) according to the manu-
facturer’s instructions. Two biological replicates for whole-transcript microarray experiments
were performed using Affymetrix Gene Chip Human Gene 1.0 ST arrays (Thermo Fisher Sci-
entific), according to the manufacturer’s instructions, as described previously [14, 17]. The
arrays were washed and stained using GeneChip Fluidics Station 450 and FS450_007 Fluidics
Profiles and scanned using an Affymetrix GeneChip® scanner 3000 7G.

miRNA isolation and microarray hybridization

The miRNA was isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) followed
by RNase-Free DNase Set (Qiagen, Hilden, Germany), and then hybridized on Affymetrix
GeneChip miRNA 4.0 Array (Santa Clara, CA, USA) in two biological replicates. This type of
miRNA array is capable of interrogating over 2,500 mature human miRNAs, which are present
in miRBase Release 20.

This procedure was performed in accordance with the manufacturer’s instructions. A sample
concentration of 650 ng/8 pL was used for each array. Polyadenylate tailing and biotin labeling were
performed using the FlashTag Biotin HSR RNA Labeling Kit (Foster City, CA, USA). Biotin-labeled
samples were mixed with a hybridization cocktail and prepared using the Applied Biosystems Gene-
Chip Hybridization, Wash, and Stain Kit (Foster City, CA, USA). The mixture was applied to the
array and hybridized in a GeneChip Hybridization Oven at 48°C and 60 rpm for 17+ 1 h. Finally,
the array was washed and stained using Fluidics Station 450, FS450_0002 module, and scanned
using GeneChip Scanner 3000 7G, Affymetrix GeneChip Command Software (AGCC).

Bioinformatic analysis and target prediction

Raw CEL files from hCBMCs mRNA and miRNA samples were subjected to quality control
and analyzed using Transcriptome Analysis Console (TAC) software (Thermo Fisher Scien-
tific) to generate differentially expressed gene (DEG) sets by comparing IL-33 induced
hCBMCs with control (uninduced hCBMCs). Gene expression data were statistically analyzed
using ANOVA and the variance was corrected with eBayes, which is important for small sam-
ple sizes. Log2 (fold change (FC)), and significance was defined as |[FC| > 2 for mRNA and |
FC| > 1.5 for miRNA with p < 0.05. The microarray data derived from this study were depos-
ited in the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo/) under
accession numbers GSE224089 (mRNA) and 261489 (miRNA).

Target prediction was accomplished using IPA 9.0 (QIAGEN Silicon Valley, Redwood City,
CA, USA) miRNA Target Filter feature, which predicts the targets by combining 8mer and
7mer sites complementary to the miRNA seed via TargetScan and searching Ingenuity®
Knowledge Base, TarBase, and miRecords databases for any previously reported mRNA-
miRNA interactions.

Annotations of the physiological and molecular functions of the mRNAs were accom-
plished using IPA’s Core Analysis feature. Figures displaying networks of miRNA and mRNA
targets were created using Cytoscape 3.10.1 [18].

Results
miRNA profile of hCBMC’s response to IL-33

Among all four conditions, 45 differentially expressed miRNAs were identified, of which 21
were upregulated and 24 were downregulated, with a fold change greater than |1.5| and
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Table 1. Differentially expressed miRNAs in hCBMCs stimulated with 10 ng rhIL-33.

6h 24h

miRNA Fold Change P-value miRNA Fold Change P-value
hsa-miR-6836-5p 1.76 0.0029 hsa-miR-6883-5p -2.13 0.00007
hsa-miR-1236-5p 1.52 0.0037 hsa-miR-146a-5p 7.09 0.0006
hsa-miR-6883-5p -1.52 0.0041 hsa-miR-4484 6.14 0.0018
hsa-miR-146a-5p 4.08 0.0044 hsa-miR-205-3p -1.52 0.0039
hsa-miR-1185-1-3p 1.68 0.016 hsa-miR-6891-5p 2.39 0.0079
hsa-miR-3613-5p 2.55 0.0272 hsa-miR-6727-5p -1.58 0.0114
hsa-miR-7845-5p 1.57 0.0296 hsa-miR-5187-5p -1.67 0.0131
hsa-miR-149-5p 1.62 0.041 hsa-miR-1908-5p -6.24 0.0133
hsa-miR-146b-3p 3.14 0.0462 hsa-miR-15b-5p -1.62 0.0134
hsa-miR-3162-5p -1.56 0.0467 hsa-miR-6765-5p -4.49 0.0174
hsa-miR-7641 1.62 0.0481 hsa-miR-3135b -7.77 0.0222
hsa-miR-1343-5p -3.61 0.023

hsa-miR-4714-5p 1.57 0.0312

hsa-miR-6503-3p -2.78 0.032

hsa-miR-6799-5p -1.53 0.0341

hsa-miR-4488 -5.64 0.035

hsa-miR-4508 -2.38 0.037

hsa-miR-2115-5p -7.46 0.0385

hsa-miR-4758-5p -1.95 0.0431

hsa-miR-3180-3p -1.87 0.0468

https://doi.org/10.1371/journal.pone.0314446.t001

p < 0.05. Nine miRNAs were differentially expressed due to the induction of hCBMCs with 10
ng of IL-33 for 6 h, whereas 20 miRNAs were differentially expressed when the incubation was
extended to 24 h (Table 1). Furthermore, 19 and 15 miRNAs were differentially expressed in
response to induction with 20 ng IL-33 for 6 and 24 h, respectively (Table 2). The most signifi-
cantly differentially expressed miRNA when hCBMCs were stimulated with 10 ng of rhIL-33
were: miR-6836-5p (accession number: MIMAT0027574; FC = 1.76; p < 0.0029) and miR-
6883-5p (MIMAT0027666; FC = -2.13; p < 0.00007) for 6 and 24 hours, respectively. Similarly,
the most significant miRNAs when the cells were stimulated with 20 ng rhIL-33, miR-1229-5p
(MIMAT0022942; FC = 2.46; p < 0.0008) and miR-3613-5p (MIMAT0017990; FC = 66.7;

p < 0.00000123) at 6 and 24 h, respectively. Among the 45 differentially expressed miRNAs,
only the broadly expressed anti-inflammatory factor hsa-miR-146a-5p [19, 20] was upregu-
lated in a time-dependent manner and shared by all four conditions, whereas the majority of
miRNAs were not shared between two or more conditions (Table 3).

Target analysis for miR-6836-5p

A total of 83 transcripts were predicted by IPA to be targeted by miR-6836-5p upon induction
with 10 ng of IL-33 for 6 h. The transcriptomic profile of rhIL-33 stimulated hCBMCs con-
firmed that 49 of these transcripts were down-regulated (Fig 1). The mRNAs were classified
using IPA core analysis, which revealed that the most enriched physiological functions were
embryonic, respiratory, and hematological system development and functions, as assessed by
Fisher’s exact test (P < 0.05). The top molecular functions were cell death and survival, post-
translational modification, and protein folding, as determined using the same method

(P <0.05).
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Table 2. Differentially expressed miRNAs in hCBMCs stimulated with 20 ng rhIL-33.

6h 24h
miRNA Fold Change P-value miRNA Fold Change P-value
hsa-miR-1229-5p 2.46 0.0008 hsa-miR-3613-5p 66.73 0.00000123
hsa-miR-6891-5p 3.53 0.0009 hsa-miR-146a-5p 10.27 0.0002
hsa-miR-7114-5p -1.57 0.0013 hsa-miR-7114-5p -1.68 0.0005
hsa-miR-20b-3p 1.54 0.0046 hsa-miR-6883-5p -1.75 0.0006
hsa-miR-1306-3p 1.6 0.0052 hsa-miR-196b-5p -1.55 0.0009
hsa-miR-8082 -1.51 0.0054 hsa-miR-940 1.75 0.0017
hsa-miR-5187-5p -1.75 0.0084 hsa-miR-4484 3.95 0.0089
hsa-miR-146a-5p 3.37 0.0096 hsa-miR-7843-3p 1.64 0.0096
hsa-miR-4484 3.77 0.0106 hsa-miR-5194 3.04 0.0099
hsa-miR-2115-5p -9.87 0.0223 hsa-miR-5187-5p -1.61 0.0187
hsa-miR-15b-5p -1.53 0.0239 hsa-miR-6891-5p 1.97 0.0264
hsa-miR-503-5p -2.16 0.027 hsa-miR-1229-5p 1.6 0.0287
hsa-miR-6503-3p -2.89 0.0277 hsa-miR-1281 2.16 0.0372
hsa-miR-4485 2.7 0.0296 hsa-miR-155-5p 13.36 0.0428
hsa-miR-6833-5p -1.54 0.0393 hsa-miR-3180-3p -1.86 0.0479
hsa-miR-6799-5p -1.5 0.0407
hsa-miR-3180-3p -1.9 0.0424
hsa-miR-4443 -5.9 0.0484
hsa-miR-6808-3p -4.43 0.0495

https://doi.org/10.1371/journal.pone.0314446.t002

Target analysis for miR-6883-5p

A decrease in miR-6883-5p levels was observed in response to rhIL-33 stimulation, and it was
predicted that approximately 104 mRNA targets were regulated by the miRNA upon induction
with 10 ng of IL-33 for 24 h. Among these genes, 57 were upregulated in response to a decrease
in miR-6883 expression (Fig 2). The top three physiological functions (p < 0.05) were hemato-
logical system development and function, immune cell trafficking, and lymphoid tissue struc-
ture and development. Cell signaling, cell-to-cell signaling and interaction, and cellular
development were the top three molecular functions (P < 0.05).

Target analysis for miR-1229-5p

The induction of hCBMCs by 20 ng IL-33 for 6 h resulted in a significant upregulation of miR-
1229-5p expression. Under these conditions, 19 mRNAs were predicted to be regulated by
miR-1229-5p, of which 7 were downregulated (Fig 3). The physiological functions (p < 0.05)
augmented by these targets included hematological system development and function,
immune cell trafficking, and digestive system development and function. The molecular func-
tions (P < 0.05) driven by these targets included cell morphology, cell-to-cell signaling and
interaction, and carbohydrate metabolism.

Target analysis for miR-3613-5p

miR-3613-5p was the most significantly differentially expressed miRNA when hCBMCs were
induced with 20 ng of IL-33 for 24 h. This miRNA was predicted to regulate 17 genes using
IPA software, of which six were experimentally confirmed to be downregulated (Fig 4). The
enriched physiological functions (P < 0.05) included the cardiovascular system, connective
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Table 3. miRNA distribution among conditions.

Condition Total miRNA

10 ng rhIL-33,24 h 1 hsa-miR-146a-5p
10 ng rhIL-33,6 h

20 ng rhIL-33,24 h

20 ng rhIL-33,6 h

10 ng rhIL-33,24 h 1 hsa-miR-6883-5p
10 ng rhIL-33,6 h

20 ng rhIL-33,24 h

10 ng rhIL-33,24 h 4 hsa-miR-6891-5p, hsa-miR-3180-3p
20 ng rhIL-33,24 h hsa-miR-5187-5p, hsa-miR-4484

20 ng rhIL-33,6 h

10 ng rhIL-33,6 h 1 hsa-miR-3613-5p

20 ng rhIL-33,24 h

10 ng rhIL-33,24 h 4 hsa-miR-6503-3p, hsa-miR-2115-5p
20 ng rhIL-33,6 h hsa-miR-6799-5p, hsa-miR-15b-5p
20 ng rhIL-33,24 h 2 hsa-miR-7114-5p, hsa-miR-1229-5p
20 ng rhIL-33,6 h

10 ng rhIL-33,6 h 8 hsa-miR-1236-5p, hsa-miR-3162-5p

hsa-miR-7845-5p, hsa-miR-1185-1-3p
hsa-miR-149-5p, hsa-miR-146b-3p
hsa-miR-7641, hsa-miR-6836-5p

10 ng rhIL-33,24 h 10 hsa-miR-1908-5p, hsa-miR-205-3p
hsa-miR-6765-5p, hsa-miR-4714-5p
hsa-miR-4508, hsa-miR-1343-5p
hsa-miR-3135b, hsa-miR-6727-5p
hsa-miR-4488 hsa-miR-4758-5p

20 ng rhIL-33,6 h 8 hsa-miR-8082, hsa-miR-20b-3p
hsa-miR-6833-5p, hsa-miR-1306-3p
hsa-miR-4485, hsa-miR-6808-3p
hsa-miR-503-5p, hsa-miR-4443

20 ng rhIL-33,24 h 6 hsa-miR-196b-5p, hsa-miR-155-5p
hsa-miR-940, hsa-miR-7843-3p
hsa-miR-5194, hsa-miR-1281

https://doi.org/10.1371/journal.pone.0314446.t003

tissue, hair, skin development and functions, and molecular functions (P < 0.05), such as cel-
lular development, cell growth and function, and cell cycle.

Discussion

Previous studies have characterized the miRNA profiles of MCs activated by antigen-IgE
crosslinking [11-13]. However, the role of miRNAs in orchestrating the inflammatory
response of human MCs remains unclear. Therefore, this study analyzed the global miRNA
expression in hCBMCs under inflammatory conditions stimulated by IL-33 induction.

The data revealed 45 differentially expressed miRNAs in the hCBMCs in response to IL-33
treatment. Focusing on the most statistically significant miRNAs in each condition, we per-
formed a target analysis and filtered the predicted targets by utilizing the gene expression pro-
files of IL-33 induced MCs; thus limiting the predicted targets to differentially expressed genes
and allowing the identification of functions governed by miR-6836-5p, miR-6883-5p, miR-
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1229-5p, and miR-3613-5p. Target analysis suggested that the four miRNAs fine-tune inflam-
mation by regulating the proliferation, differentiation, and activation of MCs, as well as inter-
cellular communication.

with Bortezomib, an anti-cancer drug that promotes apoptosis [21], whereas it was decreased
in samples from patients suffering osteonecrosis [22]. Moreover, miRNAs inhibit transcription
factor ap-2 beta (TFAP2B), a transcription factor that increases cell proliferation and prevents
terminal differentiation [21], which is consistent with our core analysis. Target analysis of
miR-6836-5p suggested another role in regulating MC function by repressing MYD88, an
adapter protein required for IL-33/ST2 signaling, which is essential for MC proliferation and
production of IL-6 and IL-13 in response to IL-33 [23-25]. Although MCs respond to IL-33 by
releasing various mediators, they do not evoke degranulation after short-term exposure [26].
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Fig 2. Network of genes targeted by miR-6883-5p. IPA identified 57 genes that were up-regulated in response to
decreased miR-6883-5p expression.

https://doi.org/10.1371/journal.pone.0314446.g002
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miR-6836-5p was predicted to target RARA, SYK, and BCR, which facilitate IgE crosslinking,
calcium mobilization, and cytoskeleton rearrangement required for MC degranulation, sug-
gesting a possible mechanism by which miR-6836-5p downregulates MC degranulation [27-
29]. Moreover, ITGA3, an integrin crucial for the adhesion and migration of MCs in the lungs
and blood vessels, is targeted by miR-6836-5p, suggesting that this miRNA regulates MCs
mobilization [30].

Subjecting hCBMC:s to a higher concentration of IL-33 (20ng/mL) for 6 h upregulated the
expression of miR-1229-5p which has been reported to downregulate MAPK1, an enzyme
with an integral role in rearranging the cytoskeleton of MCs to facilitate degranulation [31-
33]; aligning with IPA functional analysis of miR-1229-5p which revealed that cell morphology
was among the top significant functions regulated by this miRNA. Intriguingly, target analysis
revealed that the miRNA targeted two transcripts with contradictory effects on degranulation,
PDE7B and CAMK2N1. PDE7B supports MC proliferation and degranulation by lowering the
intracellular cAMP concentration [34-36], whereas IL-33 activates calcium-calmodulin-
dependent kinase II (CAMK?2) by downregulating its inhibitor, CAMK2N1, thus inhibiting
autophagy and preventing degranulation [37-39]. The roles of miR-6836-5p and miR-1229-5p
in regulating the acute response of MCs to IL-33 are summarized in (Fig 5).

miR-3613-5p

{Z]\

[ BRINP1 PPARGC1A [ IQSEC1 ]

NPR3

Upregulated Downregulated

Fig 4. Network of genes targeted by miR-3613-5p. IPA identified six genes that were downregulated in response to
increased miR-3613-5p expression.

https://doi.org/10.1371/journal.pone.0314446.g004
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In contrast to the other miRNAs, miR-6883-5p was downregulated in response to IL-33
after 24 h of exposure. miRNAs are transcribed from the intronic region of the tumor suppres-
sor gene Period Circadian Regulator 1 (PERI) [40]. Recent advances in circadian rhythm
research have uncovered a synchronized connection between MC-specific genes encoding
FceRla, CD117, MC proteases, and circadian clock genes including PERI [41]. Previous stud-
ies have also revealed that upregulation of miR-6883-5p regulates proliferation by inducing
cell cycle arrest [40, 42]. IPA functional analysis revealed its involvement in the regulation of
cell signaling. Starting with cell surface receptors, miR-6883-5p was shown to target CCR7,
IL7R, TNFRSF1B, IL2RG, FCGR2A, and GAB2, which are chaperone-binding proteins
required for the assembly of major histocompatibility complex I and MC antigen-presenting
functions [43, 44]. Furthermore, this miRNA has been shown to target CALR and PIM1,
which are involved in MC differentiation and recruitment, respectively [45-47], as well as IL-
13, which exacerbates the hyper-responsiveness and airway obstruction caused by MCs in
asthma patients [48], all of which are upregulated in MC’s in response to IL-33 and a decrease
in miR-6883-5p.

Other targets of miR-6883-5p include the protein phosphatase encoded by BCL2L1, which
prevents the activation of pro-inflammatory cytokines IL-1f, IL-18, and IL-33 [49]; the tran-
scription factor SMAD3, which reduces the production of IL-6 and TNF-a, thus downregulat-
ing the MC-mediated innate immune response [50]; and TP53, which reduces MC activation
by inhibiting the NF-xB pathway [51]. This miRNA also targets BCL2L11, also known as BIM,
a pro-apoptotic member of the BCL2 family [52].

The expression of miR-6883-5p decreased in response to prolonged exposure to IL-33,
allowing for the upregulation of its targets. The gene sets regulated by this particular miRNA
possess opposing effects, as the first set of receptors exhibits proinflammatory effects, whereas
the second set of transcription factors exhibits anti-inflammatory effects; however, this para-
dox is a common phenomenon of miRNAs [53, 54].

After 24 h of stimulation with 20ng/mL IL-33, expression miR-3613-5p increased six-fold.
Among the four differentially expressed miRNAs, | FC| was the highest. TarBase (V. 8) regis-
tered 212 experimentally validated miRNA targets. miR-3613-5p was identified as a tumor
repressor in pancreatic cancer cells by targeting cyclin-dependent kinase 6 (CDK6), thus regu-
lating the cell cycle [55]. However, it has also been reported to promote the proliferation of
lung adenocarcinoma cells through indirect activation of MAPK signaling [56].

Additionally, miR-3613-5p was found to be decreased in plasma sample ocases of graft ver-
sus host disease, where it was predicted to target several genes involved in regulating immune
response signaling [57]. IPA revealed that miR-3613-5p was mainly involved in cellular devel-
opment and allergies. miRNAs target two major transcription factors: PPARGCI1A, which
enhances MC viability [58], and MITF, which is essential for MC differentiation, development,
and function [33, 59].

Moreover, miR-3613-5p targets NPR3, a receptor that facilitates internalization, clearance,
and degradation of anti-inflammatory natriuretic peptides [60, 61]. Another target is BRINP1,
which belongs to the family with sequence similarity 5 (FAM5) and is homologous to BRINP3,
which increases NF-«B activation and expression of adhesion molecules during inflammation
[62]. Thus, the miR-3613-5p increase after 24 h leads to the downregulation of hCBMCs viabil-
ity. The roles of miR-6883-5p and miR-3613-5p in regulating the prolonged response of MCs
to IL-33 are summarized in (Fig 6).

Most differentially expressed miRNAs were not shared between conditions; however, miR-
146a-5p expression increased under all conditions in a time-dependent manner. miRNAs are
known for their anti-inflammatory effects and can be found in exosomes released from human
MC cell lines stimulated by calcium ionophores [10] and exosomes from mouse MCs activated
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Fig 5. miRNA regulation of mast cell function during acute inflammation. When hCBMCs were stimulated with IL-33 for 6 h, the most
significantly differentially expressed miRNAs were miR-6836-5p and miR-1229-5p, which in turn regulate the genes involved in mast cell
functions that contribute to inflammation. Key: Upward red arrow: upregulation; downward green arrow: downregulation; — promotion; :
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https://doi.org/10.1371/journal.pone.0314446.9005

by IL-33 [63]. The changes in miRNAs in immune cells during their response to IL-33 remain
poorly understood. Chia and colleagues have studied the differential miRNA expression in rat
macrophages stimulated by IL-33, however the only mutually differentially expressed miRNA
with this project was the proinflammatory miR-155-5p [64].

Therapeutic prospects

IL-33 plays a crucial role in activating MCs and in enhancing the immune response against
mechanical injury and bacterial and parasitic infections. However, IL-33 driven inflammation
is a double-edged sword capable of prolonging inflammation and inducing tissue damage, as
portrayed in asthma and allergy, and precise modulation is essential to sustain homeostasis,
and herein lies the potential therapeutic role of miRNAs.

Targeting miRNAs has promising therapeutic applications because of their ability to post-
transcriptionally regulate gene expression. In our model, we identified miRNAs that fine-
tuned MC response to IL-33 driven inflammation and their respective targets. miRNAs are
linked to physiological and molecular functions that are hallmarks of inflammation. For exam-
ple, miR-6883-5p, which is downregulated in response to IL-33, targets genes involved in the
responsiveness, proliferation, and recruitment of MCs to sites of inflammation. Using mimics
of miR-6883-5p may be a promising approach to control the progression of MC-driven
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inflammation; however, to achieve the potential of miRNAs as therapeutic agents, several chal-
lenges must be overcome, such as the miRNA delivery method and the avoidance of off-target
effects.

Limitations and future directions

Isolating mature MCs presents a challenge due to the low numbers of human primary MCs
obtained as tissue-resident immune cells for cellular and molecular studies. This is because
they comprise only a small percentage of cells in the tissues. Additionally, MCs exhibit a range
of phenotypes and perform multiple functions during homeostasis and various disease states.
These functions are influenced by the MCs’ residence in tissues and the stimuli they receive in
specific tissue microenvironments. The small sample size in this study was attributed to donor
dependency, which plays an important role in the variability in the expression levels of
hCBMC-specific markers. Therefore, considering various donors as possible providers of
CD34+ HSCs can yield more reliable results, which consequently leads to higher costs [65].
The variation in hCBMC-specific markers can only be detected at the end of cell differentia-
tion at eight weeks.

Another limitation of this in vitro study lies in the utilization of microarray technology,
which, although it is a high-throughput and robust technique and depends on the design of
the microarray, can only analyze a restricted number of miRNAs and fails to identify novel
miRNA sequences. Furthermore, microarrays can exhibit difficulties in differentiating similar
sequences owing to suboptimal probe-miRNA binding, which may lead to false positives. The
findings of this study serve as a guide for future investigations, and the expression of miRNAs

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 11/16


https://doi.org/10.1371/journal.pone.0314446.g006
https://doi.org/10.1371/journal.pone.0314446

PLOS ONE

Interleukin-33 mediated regulation of microRNAs in mast cells

and their impact on their respective targets should be examined in functional in vivo studies to
gain a more comprehensive understanding of miRNA regulation of IL-33 effects on MCs.

Conclusion

In this study, we unveiled previously unknown roles of miR-6883-5p, miR-6836-5p, miR-
1229-5p, and miR-3613-5p in modulating the response to IL-33 induced inflammation in
hCBMCs. miRNAs have been found to regulate key inflammatory processes, including MC
proliferation, differentiation, and degranulation. These findings suggest that miR-6836-5p and
miR-1229-5p regulate the acute phase of inflammation by controlling degranulation and inter-
cellular communication, while miR-6883-5p and miR-3613-5p orchestrate the prolonged
response, balancing the pro- and anti-inflammatory pathways. Through the integration of the
transcriptome profiles of both miRNAs and mRNA, we identified their respective target genes
such as SMAD3, TP53, and IL-13 and briefly characterized their inflammatory or anti-inflam-
matory functions during inflammation.

This comprehensive profile reveals the complicated regulatory network of miRNAs in mast
cell-mediated inflammation and lays the groundwork for future research on therapies that tar-
get miRNAs to treat inflammatory disorders. Although our study offers novel insights, it is
important to acknowledge its limitations, including the use of an in vitro model and microar-
ray technology. To better understand how miRNAs control the effects of IL-33 on mast cells,
further research should be conducted to confirm these results in functional in vivo studies.
Despite these limitations, our study represents a significant advancement in understanding the
intricate interplay between miRNAs and mast cell function in IL-33 the mediated immune
response.

Author Contributions

Conceptualization: Sherin Bakhashab, Peter Natesan Pushparaj.

Data curation: Peter Natesan Pushparaj.

Formal analysis: Sherin Bakhashab, Ghalya H. Banafea, Peter Natesan Pushparaj.
Funding acquisition: Sherin Bakhashab.

Investigation: Sherin Bakhashab, Ghalya H. Banafea, Peter Natesan Pushparaj.

Methodology: Sherin Bakhashab, Ghalya H. Banafea, Farid Ahmed, Nadia Bagatian, Ohoud
Subhi, Hans-Juergen Schulten.

Writing - original draft: Sherin Bakhashab, Ghalya H. Banafea.

Writing - review & editing: Sherin Bakhashab, Peter Natesan Pushparaj.

References

1. Dahlin JS, Maurer M, Metcalfe DD, Pejler G, Sagi-Eisenberg R, Nilsson G. The ingenious mast cell:
Contemporary insights into mast cell behavior and function. Allergy. 2022; 77(1):83-99. https://doi.org/
10.1111/all.14881 PMID: 33955017

2. Moussion C, Ortega N, Girard J-P. The IL-1-Like Cytokine IL-33 Is Constitutively Expressed in the
Nucleus of Endothelial Cells and Epithelial Cells In Vivo: A Novel ‘Alarmin’? PLOS ONE. 2008; 3(10):
€3331. https://doi.org/10.1371/journal.pone.0003331 PMID: 18836528

3. TraversJ, Rochman M, Miracle CE, Habel JE, Brusilovsky M, Caldwell JM, et al. Chromatin regulates
IL-33 release and extracellular cytokine activity. Nature Communications. 2018; 9(1):3244. https://doi.
org/10.1038/s41467-018-05485-x PMID: 30108214

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 12/16


https://doi.org/10.1111/all.14881
https://doi.org/10.1111/all.14881
http://www.ncbi.nlm.nih.gov/pubmed/33955017
https://doi.org/10.1371/journal.pone.0003331
http://www.ncbi.nlm.nih.gov/pubmed/18836528
https://doi.org/10.1038/s41467-018-05485-x
https://doi.org/10.1038/s41467-018-05485-x
http://www.ncbi.nlm.nih.gov/pubmed/30108214
https://doi.org/10.1371/journal.pone.0314446

PLOS ONE

Interleukin-33 mediated regulation of microRNAs in mast cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

Emi-Sugie M, Saito H, Matsumoto K. Cultured human mast cells release various chemokines after stim-
ulation with IL-33. Allergol Int. 2021; 70(3):386—8. Epub 20210212. hitps://doi.org/10.1016/j.alit.2020.
12.002 PMID: 33583698.

Franke K, Wang Z, Zuberbier T, Babina M. Cytokines Stimulated by IL-33 in Human Skin Mast Cells:
Involvement of NF-kB and p38 at Distinct Levels and Potent Co-Operation with FceRI and MRGPRX2.
International Journal of Molecular Sciences. 2021; 22(7):3580. https://doi.org/10.3390/ijms22073580
PMID: 33808264

Krek A, Griin D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, et al. Combinatorial microRNA target pre-
dictions. Nature Genetics. 2005; 37(5):495-500. https://doi.org/10.1038/ng1536 PMID: 15806104

Lewis BP, Burge CB, Bartel DP. Conserved Seed Pairing, Often Flanked by Adenosines, Indicates that
Thousands of Human Genes are MicroRNA Targets. Cell. 2005; 120(1):15-20. https://doi.org/10.1016/
j.cell.2004.12.035 PMID: 15652477

O’Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA Biogenesis, Mechanisms of Actions,
and Circulation. Frontiers in Endocrinology. 2018; 9(402). https://doi.org/10.3389/fendo.2018.00402
PMID: 30123182

Ye J, Guo R, ShiY, Qi F, Guo C, Yang L. miR-155 Regulated Inflammation Response by the SOCS1-
STAT3-PDCD4 Axis in Atherogenesis. Mediators of Inflammation. 2016; 2016:8060182. https://doi.org/
10.1155/2016/8060182 PMID: 27843203

Ekstrom K, Valadi H, Sjéstrand M, Malmhall C, Bossios A, Eldh M, et al. Characterization of mMRNA and
microRNA in human mast cell-derived exosomes and their transfer to other mast cells and blood CD34
progenitor cells. Journal of Extracellular Vesicles. 2012; 1(1):18389. https://doi.org/10.3402/jev.v1i0.
18389 PMID: 24009880

Yamada Y, Kosaka K, Miyazawa T, Kurata-Miura K, Yoshida T. miR-142-3p enhances FceRI-mediated
degranulation in mast cells. Biochemical and Biophysical Research Communications. 2014; 443
(3):980-6. https://doi.org/10.1016/j.bbrc.2013.12.078.

Just J, Munk Ipsen P, Kruhgffer M, Lykkemark S, Skjold T, Schigtz Peter O, et al. Human Mast Cell
Sensitization with IgE Increases miRNA-210 Expression. International Archives of Allergy and Immunol-
ogy. 2019; 179(2):102—7. https://doi.org/10.1159/000496513 PMID: 30965334

Molnar V, Ersek B, Wiener Z, Tombdl Z, Szab6 PM, Igaz P, et al. MicroRNA-132 targets HB-EGF upon
IgE-mediated activation in murine and human mast cells. Cellular and Molecular Life Sciences. 2012;
69(5):793-808. https://doi.org/10.1007/s00018-011-0786-3 PMID: 21853268

Bakhashab S, Banafea GH, Ahmed F, Alsehli H, AlShaibi HF, Bagatian N, et al. Characterization of
human umbilical cord blood-derived mast cells using high-throughput expression profiling and next-gen-
eration knowledge discovery platforms. Exp Mol Pathol. 2023;132-133:104867. Epub 20230831.
https://doi.org/10.1016/j.yexmp.2023.104867 PMID: 37634863.

Taracanova A, Tsilioni |, Conti P, Norwitz ER, Leeman SE, Theoharides TC. Substance P and IL-33
administered together stimulate a marked secretion of IL-1beta from human mast cells, inhibited by
methoxyluteolin. Proc Natl Acad Sci U S A. 2018; 115(40):E9381-E90. Epub 20180919. https://doi.org/
10.1073/pnas.1810133115 PMID: 30232261; PubMed Central PMCID: PMC6176605.

Bawazeer MA, Theoharides TC. IL-33 stimulates human mast cell release of CCL5 and CCL2 via
MAPK and NF-kappaB, inhibited by methoxyluteolin. Eur J Pharmacol. 2019; 865:172760. Epub
20191026. https://doi.org/10.1016/j.ejphar.2019.172760 PMID: 31669588.

Bakhashab S, Banafea GH, Ahmed F, Alsolami R, Schulten HJ, Gauthaman K, et al. Acute and pro-
longed effects of interleukin-33 on cytokines in human cord blood-derived mast cells. Immunol Lett.
2024; 269:106908. Epub 20240814. https://doi.org/10.1016/j.imlet.2024.106908 PMID: 39151731.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13(11):2498—
504. https://doi.org/10.1101/gr.1239303 PMID: 14597658; PubMed Central PMCID: PMC403769.

Luly FR, Lévéque M, Licursi V, Cimino G, Martin-Chouly C, Théret N, et al. MiR-146a is over-expressed
and controls IL-6 production in cystic fibrosis macrophages. Scientific Reports. 2019; 9(1):16259.
https://doi.org/10.1038/s41598-019-52770-w PMID: 31700158

Lambert KA, Roff AN, Panganiban RP, Douglas S, Ishmael FT. MicroRNA-146a is induced by inflam-
matory stimuli in airway epithelial cells and augments the anti-inflammatory effects of glucocorticoids.
PLOS ONE. 2018; 13(10):e0205434. https://doi.org/10.1371/journal.pone.0205434 PMID: 30300399

tuczkowska K, Roginska D, Ulanczyk Z, Paczkowska E, Schmidt CA, Machalinski B. Molecular Mecha-
nisms of Bortezomib Action: Novel Evidence for the miRNA-mRNA Interaction Involvement. Int J Mol
Sci. 2020; 21(1). Epub 20200105. https://doi.org/10.3390/ijms21010350 PMID: 31948068; PubMed
Central PMCID: PMC6981510.

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 13/16


https://doi.org/10.1016/j.alit.2020.12.002
https://doi.org/10.1016/j.alit.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/33583698
https://doi.org/10.3390/ijms22073580
http://www.ncbi.nlm.nih.gov/pubmed/33808264
https://doi.org/10.1038/ng1536
http://www.ncbi.nlm.nih.gov/pubmed/15806104
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1016/j.cell.2004.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15652477
https://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1155/2016/8060182
https://doi.org/10.1155/2016/8060182
http://www.ncbi.nlm.nih.gov/pubmed/27843203
https://doi.org/10.3402/jev.v1i0.18389
https://doi.org/10.3402/jev.v1i0.18389
http://www.ncbi.nlm.nih.gov/pubmed/24009880
https://doi.org/10.1016/j.bbrc.2013.12.078
https://doi.org/10.1159/000496513
http://www.ncbi.nlm.nih.gov/pubmed/30965334
https://doi.org/10.1007/s00018-011-0786-3
http://www.ncbi.nlm.nih.gov/pubmed/21853268
https://doi.org/10.1016/j.yexmp.2023.104867
http://www.ncbi.nlm.nih.gov/pubmed/37634863
https://doi.org/10.1073/pnas.1810133115
https://doi.org/10.1073/pnas.1810133115
http://www.ncbi.nlm.nih.gov/pubmed/30232261
https://doi.org/10.1016/j.ejphar.2019.172760
http://www.ncbi.nlm.nih.gov/pubmed/31669588
https://doi.org/10.1016/j.imlet.2024.106908
http://www.ncbi.nlm.nih.gov/pubmed/39151731
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1038/s41598-019-52770-w
http://www.ncbi.nlm.nih.gov/pubmed/31700158
https://doi.org/10.1371/journal.pone.0205434
http://www.ncbi.nlm.nih.gov/pubmed/30300399
https://doi.org/10.3390/ijms21010350
http://www.ncbi.nlm.nih.gov/pubmed/31948068
https://doi.org/10.1371/journal.pone.0314446

PLOS ONE

Interleukin-33 mediated regulation of microRNAs in mast cells

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yuan HF, Von Roemeling C, Gao HD, Zhang J, Guo CA, Yan ZQ. Analysis of altered microRNA expres-
sion profile in the reparative interface of the femoral head with osteonecrosis. Exp Mol Pathol. 2015; 98
(2):158-63. Epub 20150119. https:/doi.org/10.1016/j.yexmp.2015.01.002 PMID: 25612520.

Ha M, Kim VN. Regulation of microRNA biogenesis. Nature Reviews Molecular Cell Biology. 2014; 15
(8):509—-24. https://doi.org/10.1038/nrm3838 PMID: 25027649

Ho LH, Ohno T, Oboki K, Kajiwara N, Suto H, likura M, et al. IL-33 induces IL-13 production by mouse
mast cells independently of IgE-FceRl signals. J Leukoc Biol. 2007; 82(6):1481-90. https://doi.org/10.
1189/j1b.0407200.

Saluja R, Khan M, Church MK, Maurer M. The role of IL-33 and mast cells in allergy and inflammation.
Clinical and Translational Allergy. 2015; 5(1):33. https://doi.org/10.1186/s13601-015-0076-5 PMID:
26425339

likura M, Suto H, Kajiwara N, Oboki K, Ohno T, Okayama Y, et al. IL-33 can promote survival, adhesion
and cytokine production in human mast cells. Laboratory Investigation. 2007; 87(10):971-8. https://doi.
org/10.1038/labinvest.3700663 PMID: 17700564

Babina M, Guhl S, Motakis E, Artuc M, Hazzan T, Worm M, et al. Retinoic acid potentiates inflammatory
cytokines in human mast cells: Identification of mast cells as prominent constituents of the skin retinoid
network. Molecular and Cellular Endocrinology. 2015; 406:49-59. https://doi.org/10.1016/j.mce.2015.
02.019 PMID: 25725371

Bounab Y, Hesse AM, lannascoli B, Grieco L, Couté Y, Niarakis A, et al. Proteomic analysis of the SH2
domain-containing leukocyte protein of 76 kDa (SLP76) interactome in resting and activated primary
mast cells [corrected]. Mol Cell Proteomics. 2013; 12(10):2874—-89. Epub 20130702. https://doi.org/10.
1074/mcp.M112.025908 PMID: 23820730; PubMed Central PMCID: PMC3790297.

de Castro RO. Regulation and Function of Syk Tyrosine Kinase in Mast Cell Signaling and Beyond.
Journal of Signal Transduction. 2011; 2011:507291. https://doi.org/10.1155/2011/507291 PMID:
21776385

Sime W, Lunderius-Andersson C, Enoksson M, Rousselle P, Tryggvason K, Nilsson G, et al. Human
Mast Cells Adhere to and Migrate on Epithelial and Vascular Basement Membrane Laminins LM-332
and LM-511 via a331 Integrin1. The Journal of Immunology. 2009; 183(7):4657—-65. https://doi.org/10.
4049/jimmunol.0901738 PMID: 19752234

Bar-Gill AB, Efergan A, Seger R, Fukuda M, Sagi-Eisenberg R. The extra-cellular signal regulated
kinases ERK1 and ERK2 segregate displaying distinct spatiotemporal characteristics in activated mast
cells. Biochimica et Biophysica Acta (BBA)—Molecular Cell Research. 2013; 1833(9):2070-82. https://
doi.org/10.1016/j.bbamcr.2013.04.016 PMID: 23651922

Kampen GT, Stafford S, Adachi T, Jinquan T, Quan S, Grant JA, et al. Eotaxin induces degranulation
and chemotaxis of eosinophils through the activation of ERK2 and p38 mitogen-activated protein
kinases: Presented in part at the annual meetings of the American Academy of Allergy, Asthma, and
Immunology in Washington, DC, March 13—18, 1998, and in Orlando, FL, February 26-March 3, 1999.
Blood. 2000; 95(6):1911-7. https://doi.org/10.1182/blood.V95.6.1911

LiY, Liu B, Harmacek L, Long Z, Liang J, Lukin K, et al. The transcription factors GATA2 and micro-
phthalmia-associated transcription factor regulate Hdc gene expression in mast cells and are required
for IgE/mast cell-mediated anaphylaxis. J Allergy Clin Immunol. 2018; 142(4):1173-84. Epub 2017/12/
24. https://doi.org/10.1016/j.jaci.2017.10.043 PMID: 29277702.

Brooks MD, Jackson E, Warrington NM, Luo J, Forys JT, Taylor S, et al. PDE7B Is a Novel, Prognosti-
cally Significant Mediator of Glioblastoma Growth Whose Expression Is Regulated by Endothelial Cells.
PLOS ONE. 2014; 9(9):e107397. https://doi.org/10.1371/journal.pone.0107397 PMID: 25203500

Kee J-Y, Hong S-H. Ginsenoside Rg3 suppresses mast cell-mediated allergic inflammation via mito-
gen-activated protein kinase signaling pathway. Journal of Ginseng Research. 2019; 43(2):282—-90.
https://doi.org/10.1016/j.jgr.2018.02.008 PMID: 30976166

Small-Howard AL, Shimoda LMN, Adra CN, Turner H. Anti-inflammatory potential of CB1-mediated
cAMP elevation in mast cells. Biochem J. 2005; 388(Pt 2):465-73. https://doi.org/10.1042/BJ20041682
PMID: 15669919.

Liu S, Mi W-L, Li Q, Zhang M-T, Han P, Hu S, et al. Spinal IL-33/ST2 Signaling Contributes to Neuro-
pathic Pain via Neuronal CaMKII-CREB and Astroglial JAK2-STAT3 Cascades in Mice. Anesthesiol-
ogy. 2015; 123(5):1154—69. https://doi.org/10.1097/ALN.0000000000000850 PMID: 26352378

Sebag SC, Koval OM, Paschke JD, Winters CJ, Jaffer OA, Dworski R, et al. Mitochondrial CaMKII inhi-
bition in airway epithelium protects against allergic asthma. JCI Insight. 2017; 2(3):e88297. Epub
20170209. https://doi.org/10.1172/jci.insight.88297 PMID: 28194433; PubMed Central PMCID:
PMC5291733.

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 14/16


https://doi.org/10.1016/j.yexmp.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25612520
https://doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
https://doi.org/10.1189/jlb.0407200
https://doi.org/10.1189/jlb.0407200
https://doi.org/10.1186/s13601-015-0076-5
http://www.ncbi.nlm.nih.gov/pubmed/26425339
https://doi.org/10.1038/labinvest.3700663
https://doi.org/10.1038/labinvest.3700663
http://www.ncbi.nlm.nih.gov/pubmed/17700564
https://doi.org/10.1016/j.mce.2015.02.019
https://doi.org/10.1016/j.mce.2015.02.019
http://www.ncbi.nlm.nih.gov/pubmed/25725371
https://doi.org/10.1074/mcp.M112.025908
https://doi.org/10.1074/mcp.M112.025908
http://www.ncbi.nlm.nih.gov/pubmed/23820730
https://doi.org/10.1155/2011/507291
http://www.ncbi.nlm.nih.gov/pubmed/21776385
https://doi.org/10.4049/jimmunol.0901738
https://doi.org/10.4049/jimmunol.0901738
http://www.ncbi.nlm.nih.gov/pubmed/19752234
https://doi.org/10.1016/j.bbamcr.2013.04.016
https://doi.org/10.1016/j.bbamcr.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23651922
https://doi.org/10.1182/blood.V95.6.1911
https://doi.org/10.1016/j.jaci.2017.10.043
http://www.ncbi.nlm.nih.gov/pubmed/29277702
https://doi.org/10.1371/journal.pone.0107397
http://www.ncbi.nlm.nih.gov/pubmed/25203500
https://doi.org/10.1016/j.jgr.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30976166
https://doi.org/10.1042/BJ20041682
http://www.ncbi.nlm.nih.gov/pubmed/15669919
https://doi.org/10.1097/ALN.0000000000000850
http://www.ncbi.nlm.nih.gov/pubmed/26352378
https://doi.org/10.1172/jci.insight.88297
http://www.ncbi.nlm.nih.gov/pubmed/28194433
https://doi.org/10.1371/journal.pone.0314446

PLOS ONE

Interleukin-33 mediated regulation of microRNAs in mast cells

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zhang Y, Do DC, Hu X, Wang J, Zhao Y, Mishra S, et al. CaMKI| oxidation regulates cockroach aller-
gen—induced mitophagy in asthma. Journal of Allergy and Clinical Immunology. 2021; 147(4):1464-77.
e11. https://doi.org/10.1016/j.jaci.2020.08.033 PMID: 32920093

Lulla AR, Slifker MJ, Zhou Y, Lev A, Einarson MB, Dicker DT, et al. miR-6883 Family miRNAs Target
CDKA4/6 to Induce G1 Phase Cell-Cycle Arrest in Colon Cancer Cells. Cancer Research. 2017; 77
(24):6902—13. https://doi.org/10.1158/0008-5472.CAN-17-1767 PMID: 29061672

Pham L, Baiocchi L, Kennedy L, Sato K, Meadows V, Meng F, et al. The interplay between mast cells,
pineal gland, and circadian rhythm: Links between histamine, melatonin, and inflammatory mediators.
Journal of Pineal Research. 2021; 70(2):e12699. https://doi.org/10.1111/jpi.12699 PMID: 33020940

Hao S, LiF, LiS, LiQ, LiuY, Yang Q, et al. miR-3150a-3p, miR-6883-3p and miR-627-5p participate in
the phycocyanin-mediated growth diminishment of A549 cells, via regulating a common target toll/inter-
leukin 1 receptor domain-containing adaptor protein. Journal of Functional Foods. 2022; 91:105011.
https://doi.org/10.1016/}.jff.2022.105011.

Rizvi SM, Raghavan M. Mechanisms of Function of Tapasin, a Critical Major Histocompatibility Com-
plex Class | Assembly Factor. Traffic. 2010; 11(3):332—47. https://doi.org/10.1111/j.1600-0854.2009.
01025.x PMID: 20070606

Stelekati E, Bahri R, D’Orlando O, Orinska Z, Mittriicker H-W, Langenhaun R, et al. Mast Cell-Mediated
Antigen Presentation Regulates CD8+ T Cell Effector Functions. Immunity. 2009; 31(4):665-76. https:/
doi.org/10.1016/j.immuni.2009.08.022 PMID: 19818652

Ryu SY, Hong GU, Kim DY, Ro JY. Enolase 1 and calreticulin regulate the differentiation and function of
mouse mast cells. Cellular Signalling. 2012; 24(1):60-70. https://doi.org/10.1016/j.cellsig.2011.07.011
PMID: 21803152

Salati S, Prudente Z, Genovese E, Pennucci V, Rontauroli S, Bartalucci N, et al. Calreticulin Affects
Hematopoietic Stem/Progenitor Cell Fate by Impacting Erythroid and Megakaryocytic Differentiation.
Stem Cells Dev. 2018; 27(4):225-36. Epub 20180122. https://doi.org/10.1089/scd.2017.0137 PMID:
29258411.

Wang M, Okamoto M, Domenico J, Han J, Ashino S, Shin YS, et al. Inhibition of Pim1 kinase prevents
peanut allergy by enhancing Runx3 expression and suppressing TH2 and TH17 T-cell differentiation.
Journal of Allergy and Clinical Immunology. 2012; 130(4):932—44.e12. https://doi.org/10.1016/j.jaci.
2012.07.032 PMID: 22944483

Manson ML, Safholm J, James A, Johnsson A-K, Bergman P, Al-Ameri M, et al. IL-13 and IL-4, but not
IL-5 nor IL-17A, induce hyperresponsiveness in isolated human small airways. Journal of Allergy and
Clinical Immunology. 2020; 145(3):808—-17.e2. https://doi.org/10.1016/j.jaci.2019.10.037 PMID:
31805312

Faustin B, Chen Y, Zhai D, Negrate GL, Lartigue L, Satterthwait A, et al. Mechanism of Bcl-2 and Bcl-X
(L) inhibition of NLRP1 inflammasome: loop domain-dependent suppression of ATP binding and oligo-
merization Proceedings of the National Academy of Sciences. 2009; 106(10):3935-40. https://doi.org/
10.1073/pnas.0809414106 PMID: 19223583

Kanamaru Y, Sumiyoshi K, Ushio H, Ogawa H, Okumura K, Nakao A. Smad3 Deficiency in Mast Cells
Provides Efficient Host Protection against Acute Septic Peritonitis. The Journal of Immunology. 2005;
174(7):4193-7. https://doi.org/10.4049/jimmunol.174.7.4193 PMID: 15778380

Suzuki K, Murphy SH, Xia Y, Yokota M, Nakagomi D, Liu F, et al. Tumor Suppressor p53 Functions as
a Negative Regulator in IgE-Mediated Mast Cell Activation. PLOS ONE. 2011; 6(9):e25412. https://doi.
org/10.1371/journal.pone.0025412 PMID: 21966524

DaiY, Grant S. BCL2L11/Bim as a dual-agent regulating autophagy and apoptosis in drug resistance.
Autophagy. 2015; 11(2):416-8. https://doi.org/10.1080/15548627.2014.998892 PMID: 25700997

Svoronos AA, Campbell SG, Engelman DM. MicroRNA function can be reversed by altering target gene
expression levels. iScience. 2021; 24(10):103208. Epub 20211002. https://doi.org/10.1016/j.isci.2021.
103208 PMID: 34755085; PubMed Central PMCID: PMC8560630.

Wang Z MicroRNA: A matter of life or death. World J Biol Chem. 2010; 1(4):41-54. https://doi.org/10.
4331/wjbc.v1.i4.41 PMID: 21537368; PubMed Central PMCID: PMC3083949.

Cao R, Wang K, Long M, Guo M, Sheng L, Zhan M, et al. miR-3613-5p enhances the metastasis of pan-
creatic cancer by targeting CDK6. Cell Cycle. 2020; 19(22):3086-95. https://doi.org/10.1080/
15384101.2020.1831254 PMID: 33073681

He T, ShenH, Wang S, Wang Y, He Z, Zhu L, et al. MicroRNA-3613-5p Promotes Lung Adenocarci-
noma Cell Proliferation through a RELA and AKT/MAPK Positive Feedback Loop. Molecular Therapy—
Nucleic Acids. 2020; 22:572-83. https://doi.org/10.1016/j.omtn.2020.09.024 PMID: 33230458

Motaei J, Yaghmaie M, Pashaiefar H, Mousavi SA, Ghavamzadeh A, Ahmadvand M, et al. Differential
microRNAs expression in acute graft-versus-host disease as potential diagnostic biomarkers. Bone

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 15/16


https://doi.org/10.1016/j.jaci.2020.08.033
http://www.ncbi.nlm.nih.gov/pubmed/32920093
https://doi.org/10.1158/0008-5472.CAN-17-1767
http://www.ncbi.nlm.nih.gov/pubmed/29061672
https://doi.org/10.1111/jpi.12699
http://www.ncbi.nlm.nih.gov/pubmed/33020940
https://doi.org/10.1016/j.jff.2022.105011
https://doi.org/10.1111/j.1600-0854.2009.01025.x
https://doi.org/10.1111/j.1600-0854.2009.01025.x
http://www.ncbi.nlm.nih.gov/pubmed/20070606
https://doi.org/10.1016/j.immuni.2009.08.022
https://doi.org/10.1016/j.immuni.2009.08.022
http://www.ncbi.nlm.nih.gov/pubmed/19818652
https://doi.org/10.1016/j.cellsig.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21803152
https://doi.org/10.1089/scd.2017.0137
http://www.ncbi.nlm.nih.gov/pubmed/29258411
https://doi.org/10.1016/j.jaci.2012.07.032
https://doi.org/10.1016/j.jaci.2012.07.032
http://www.ncbi.nlm.nih.gov/pubmed/22944483
https://doi.org/10.1016/j.jaci.2019.10.037
http://www.ncbi.nlm.nih.gov/pubmed/31805312
https://doi.org/10.1073/pnas.0809414106
https://doi.org/10.1073/pnas.0809414106
http://www.ncbi.nlm.nih.gov/pubmed/19223583
https://doi.org/10.4049/jimmunol.174.7.4193
http://www.ncbi.nlm.nih.gov/pubmed/15778380
https://doi.org/10.1371/journal.pone.0025412
https://doi.org/10.1371/journal.pone.0025412
http://www.ncbi.nlm.nih.gov/pubmed/21966524
https://doi.org/10.1080/15548627.2014.998892
http://www.ncbi.nlm.nih.gov/pubmed/25700997
https://doi.org/10.1016/j.isci.2021.103208
https://doi.org/10.1016/j.isci.2021.103208
http://www.ncbi.nlm.nih.gov/pubmed/34755085
https://doi.org/10.4331/wjbc.v1.i4.41
https://doi.org/10.4331/wjbc.v1.i4.41
http://www.ncbi.nlm.nih.gov/pubmed/21537368
https://doi.org/10.1080/15384101.2020.1831254
https://doi.org/10.1080/15384101.2020.1831254
http://www.ncbi.nlm.nih.gov/pubmed/33073681
https://doi.org/10.1016/j.omtn.2020.09.024
http://www.ncbi.nlm.nih.gov/pubmed/33230458
https://doi.org/10.1371/journal.pone.0314446

PLOS ONE

Interleukin-33 mediated regulation of microRNAs in mast cells

58.

59.

60.

61.

62.

63.

64.

65.

Marrow Transplantation. 2020; 55(12):2339—42. https://doi.org/10.1038/s41409-020-0949-7 PMID:
32404977

Torres RC, Batista MM, Pons AH, Silva AR, Cordeiro RSB, Martins MA, et al. Activation of PPARy by
restores mast cell numbers and reactivity in alloxan-diabetic rats by reducing the systemic glucocorti-
coid levels. European Journal of Pharmacology. 2012; 691(1):261—7. https://doi.org/10.1016/j.ejphar.
2012.06.010.

Proafio-Pérez E, Ollé L, Guo Y, Aparicio C, Guerrero M, Mufioz-Cano R, et al. MITF Downregulation
Induces Death in Human Mast Cell Leukemia Cells and Impairs IgE-Dependent Degranulation. Interna-
tional Journal of Molecular Sciences. 2023; 24(4):3515. https://doi.org/10.3390/ijms24043515 PMID:
36834926

Kiemer AK, Lehner MD, Hartung T, Vollmar AM. Inhibition of Cyclooxygenase-2 by Natriuretic Peptides.
Endocrinology. 2002; 143(3):846-52. https://doi.org/10.1210/endo.143.3.8680 PMID: 11861506

Potter LR. Natriuretic peptide metabolism, clearance and degradation. Febs j. 2011; 278(11):1808-17.
Epub 20110407. https://doi.org/10.1111/j.1742-4658.2011.08082.x PMID: 21375692; PubMed Central
PMCID: PMC4495883.

Sato J, Kinugasa M, Satomi-Kobayashi S, Hatakeyama K, Knox AJ, Asada Y, et al. Family with
Sequence Similarity 5, Member C (FAM5C) Increases Leukocyte Adhesion Molecules in Vascular
Endothelial Cells: Implication in Vascular Inflammation. PLOS ONE. 2014; 9(9):e107236. https://doi.
org/10.1371/journal.pone.0107236 PMID: 25251368

Taruselli MT, Abdul Qayum A, Abebayehu D, Caslin HL, Dailey JM, Kotha A, et al. IL-33 Induces Cellu-
lar and Exosomal miR-146a Expression as a Feedback Inhibitor of Mast Cell Function. The Journal of
Immunology. 2024; 212(8):1277-86. https://doi.org/10.4049/jimmunol.2200916 PMID: 38381001

Chia N, Kumar RK, Foster PS, Herbert C. Enhanced Pro-Inflammatory Response of Macrophages to
Interleukin-33 in an Allergic Environment. Int Arch Allergy Immunol. 2018; 176(1):74—-82. Epub
20180405. https://doi.org/10.1159/000487573 PMID: 29621782.

Alimohammadi S, Masuda-Kuroki K, Széllési AG, Di Nardo A. Factors Influencing Marker Expressions
of Cultured Human Cord Blood-Derived Mast Cells. International Journal of Molecular Sciences. 2023;
24(19):14891. https://doi.org/10.3390/ijms241914891 PMID: 37834338

PLOS ONE | https://doi.org/10.1371/journal.pone.0314446 November 26, 2024 16/16


https://doi.org/10.1038/s41409-020-0949-7
http://www.ncbi.nlm.nih.gov/pubmed/32404977
https://doi.org/10.1016/j.ejphar.2012.06.010
https://doi.org/10.1016/j.ejphar.2012.06.010
https://doi.org/10.3390/ijms24043515
http://www.ncbi.nlm.nih.gov/pubmed/36834926
https://doi.org/10.1210/endo.143.3.8680
http://www.ncbi.nlm.nih.gov/pubmed/11861506
https://doi.org/10.1111/j.1742-4658.2011.08082.x
http://www.ncbi.nlm.nih.gov/pubmed/21375692
https://doi.org/10.1371/journal.pone.0107236
https://doi.org/10.1371/journal.pone.0107236
http://www.ncbi.nlm.nih.gov/pubmed/25251368
https://doi.org/10.4049/jimmunol.2200916
http://www.ncbi.nlm.nih.gov/pubmed/38381001
https://doi.org/10.1159/000487573
http://www.ncbi.nlm.nih.gov/pubmed/29621782
https://doi.org/10.3390/ijms241914891
http://www.ncbi.nlm.nih.gov/pubmed/37834338
https://doi.org/10.1371/journal.pone.0314446

