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Abstract:



MicroRNAs (miRNAs) regulate gene expression and thereby influence cell fate and function. Recent studies suggest that an abundant class of miRNAs play important roles in immune cells, such as T cells, natural killer (NK) cells, B cells, and dendritic cells (DCs). Interleukin (IL)-27 is a member of the IL-12 family of cytokines with broad anti-viral effects. It is a potent inhibitor of HIV-1 infection in CD4+ T cells and macrophages, as well as monocyte-derived immature dendritic cells (iDCs). This pilot study compared miRNA profiles between iDCs and IL-27-treated iDCs (27DCs) using deep sequencing methods and identified 46 known miRNAs that were significantly differentially expressed in 27DCs: 36 were upregulated and 10 downregulated by IL-27. Many of the potential target genes of these miRNAs are involved in IL-27 associated pathways, such as JAK/STAT, MAPKs, and PI3K and several were also previously reported to be involved in the regulation of human DC function. This study found that these miRNAs also potentially target several viral genomes and therefore may have antiviral effects. Four of these differential miRNAs (miR-99a-5p, miR-222-3p, miR-138-5p, and miR-125b-5p) were validated using quantitative reverse transcription PCR (RT-qPCR). Twenty-two novel miRNAs were discovered from deep sequencing and confirmed using RT-qPCR. This study furthers the understanding of the role of IL-27 in immunity and lays a foundation for future characterization of the role of specific miRNAs in DCs.
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1. Introduction


Dendritic cells (DCs) are a type of antigen-presenting cell (APC), which are crucial for the regulation of adaptive and innate immunity [1]. They present peptide antigens via HLA molecules to T cells in lymph nodes and provide activating stimuli to these cells as initiators of the adaptive immune response [2]. DCs also respond to invading pathogens and induce interferon or other cytokines via pattern recognition receptors as part of the innate immune response. They mediate the spread of HIV to CD4+ T cells in lymphoid tissues in vivo and DC-HIV interactions play an important role for DCs in HIV transmission at mucosal surfaces and in viral pathogenesis [3]. DCs are also one of the cell types potentially serving as an HIV reservoir [4].



MicroRNAs (miRNAs) are fragments of non-coding RNA, approximately 19–25 nucleotides in length, and derived from an approximately 70–120 nucleotide hairpin precursor molecule in intergenic chromosomal regions or within introns of protein coding genes [5]. They post-transcriptionally regulate gene expression by binding to partially complementary sequences mostly in the 3′UTR of mRNAs [6]. They govern hundreds and even thousands of genes and could be important therapeutic targets and promising biomarkers [7,8]. Many miRNAs are selectively expressed in cells of the innate and adaptive immune system, such as T cell subsets, natural killer (NK) cells, and B cells [9]. They are vital for cell differentiation and homeostasis, interactions with pathogens, cytokine response, and induction of tolerance [10]. miRNAs regulate DC differentiation and function [9], and exosome-shuttle miRNAs likely mediate DC-to-DC interactions [11]. miRNAs are also transferred from T cells to APCs [12], and HIV infectivity has been reported to be influenced by cellular miRNAs that modulate HIV-1 infection and replication [13].



Interleukin (IL)-27, a member of the IL-12 cytokine family (IL-12, IL-23, IL-27, and IL-35), is recognized as both a pro- and anti-inflammatory cytokine that mediates both innate and adaptive immune responses [14]. It is largely secreted from activated APCs including macrophages and DCs, and is composed of two subunits: p28 and Epstein-Barr virus-induced gene 3 (EBI-3) [15]. IL-27 mediates signaling through members of the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway, and STAT-1, -3, and -5 are especially activated following engagement of IL-27 with its receptor [16,17,18,19]. Moreover, we have previously reported that IL-27 induces the TGF-β activated kinase 1 (TAK1) mediated signaling pathway [20]. Recent studies demonstrate that IL-27 activates the mitogen-activated protein kinase (MAPK)/ERK pathway [21,22] as well as the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway [23].



The authors of the present study previously reported that IL-27 inhibits HIV-1 replication in CD4+ T cells [24] and macrophages [20]. Recently, it was demonstrated that IL-27 is a potent inhibitor of HIV-1 replication in monocyte-derived immature DCs (iDCs) [19] and is also a potent regulator of reactive oxygen species induction in iDCs [25]. To provide better insight of IL-27 antiviral function in iDCs and to detect cellular miRNAs that might be involved in this function, miRNA-specific deep sequencing in iDCs and IL-27-treated immature DCs (27DCs) were performed to identify differentially expressed known miRNAs and discover novel miRNAs.




2. Results


2.1. miRNA Library Analysis


Illumina deep sequencing produced between 49 and 69 million reads (2500 and 3500 Mbases) per sample (Table S1). After quality trimming (Phred score ≥30) and length filtering (17–35 bp), 38% to 53% of the reads were kept as “clean” reads, with a range of 21.2 to 33.4 million reads per sample. A very high percentage of these “clean” reads were mapped to the human genome (hg38) with all samples having over 95% of the associated reads mapped. Length distribution analysis showed that one single prominent peak was found at 23 nucleotides (Figure S1) for all samples. This further supported the dominant presence of miRNAs in all libraries. There was also a small peak at 31 nucleotides, which was compatible with Piwi-interacting RNAs (piRNAs). This suggests that some piRNAs may be present in dendritic cells.




2.2. Highly Expressed miRNAs in DCs


miRNA raw read counts were normalized by count-per-million (CPM) using EdgeR [26]. The relative number of sequence reads for each miRNA (percentage in the sample) indicated their abundance in each sample. Seven miRNAs (miR-21-5p, miR-146b-5p, let-7f-5p, let-7g-5p, let-7i-5p, let-7a-5p, and miR-26a-5p) that were highly expressed are shown in Figure 1. Their abundance accounted for 78% and 84% of the total miRNA reads in iDCs and 27DCs, respectively. Interestingly, miR-21-5p represented around 50% of the total miRNA pool in both iDCs and 27DCs. Its expression in 27DCs was 14% higher than in iDCs. The expression of miR-146b-5p, let-7g-5p, let-7f-5p, and let-7i-5p was down-regulated by IL-27 (not significantly).


Figure 1. Top seven most abundant microRNAs (miRNAs) in dendritic cells. The average proportion of the top seven most abundant miRNA reads relative to the total number of mature miRNA in immature dendritic cells (iDCs) and IL-27-treated iDCs (27DCs).
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2.3. Differential miRNA Expression in 27DCs


A total of 46 known miRNAs were significantly differentially expressed between iDCs and 27DCs (Figure 2) based on the sequencing data. Volcano and MA plots (Figures S2 and S3) further show these miRNAs’ expression and significance. Thirty-six miRNAs were significantly up-regulated by IL-27 in DCs and 10 were significantly down-regulated. Seventeen miRNAs had high abundance (>200 normalized reads) in at least one sample. Among them, 12 miRNAs (let-7e-5p, miR-151a-3p, miR-21-5p/-3p, miR-221-5p/-3p, miR-222-3p, miR-424-3p, miR-450a-5p, miR-450b-5p, miR-503-5p, and miR-99b-5p) were up-regulated by IL-27 and two miRNAs (miR-99a-5p and miR-125b-5p) were down-regulated.


Figure 2. miRNA expression profile for IL-27 regulated known miRNAs. Heatmap shows heterogeneity between samples. Values are 27DC vs iDC log2 fold change for each donor. The color scale shown at the right illustrates the relative expression level of the indicated miRNA in each sample: blue denotes down-regulated (log2 fold change < 0) and red denotes up-regulated (log2 fold change > 0).
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2.4. KEGG Pathway Enrichment Analysis


A single miRNA may have many target genes and a single gene can be regulated by several miRNAs. To determine which genes might be modified by the miRNAs identified in the present study, miRNA functional enrichment analyses was performed using the DIANA-miRPath (v3.0) online tool [27]. Unlike TargetScan [28] using 3′UTR of an mRNA, the DIANA-microT-CDS prediction algorithm searches all possible miRNA seed binding sites both in the coding sequence and in the 3′UTR of a gene. The significant target gene enriched KEGG pathways are reported based on a Fisher’s Exact Test. Forty-six differential miRNAs were analyzed by DIANA-miRPath. Fifty-five significant KEGG pathways (p-values < 0.05) were reported. Splitting the miRNAs of interest into up- and down-regulated groups for analysis yielded similar results.



The DIANA-miRPath results revealed that IL-27-related miRNAs and their predicted targets may function in pathways associated with immune activation (Table 1). These include ErbB, MAPK, PI3K/AKT, and TGF-β signaling pathways. This was consistent with previous reports that IL-27 regulates both innate and adaptive immunity largely via JAK/STAT [17,29,30,31], MAPK, and PI3K/AKT signaling pathways [32]. Although JAK/STAT signaling pathway was not enriched by DIANA-miRPath tool, we found that 35 out of 46 miRNAs were involved in this pathway. These included let-7e-5p, miR-21-5p/-3p, miR-221-5p/-3p, miR-424-5p/-3p, miR-450a-5p, miR-450b-5p, miR-503-5p, etc. STAT1 is targeted by miR-5010-3p and STAT3 is targeted by miR-21-5p, miR-125b-5p, and miR-4524a-3p. JAK2 is targeted by miR-221-5p, and JAK3 is targeted by miR-221-3p and miR-222-3p.



Table 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the target genes of differential miRNAs regulated by IL-27.







	
KEGG Pathway

	
p-Values

	
Gene Count

	
miRNA Count






	
ErbB signaling pathway

	
8.98 × 10−6

	
58

	
35




	
Wnt signaling pathway

	
4.60 × 10−5

	
84

	
36




	
TGF-β signaling pathway

	
4.99 × 10−5

	
50

	
33




	
MAPK signaling pathway

	
1.30 × 10−3

	
143

	
38




	
PI3K-Akt signaling pathway

	
1.60 × 10−2

	
177

	
41











2.5. Validation of Differential miRNAs by RT-qPCR


Seven out of the 46 differentially expressed known miRNAs were selected for RT-qPCR validation, each of which have potential target genes in all five enriched pathways from the KEGG pathway enrichment analysis (see Table 1) and also play roles in DCs (see discussion). Traditional Taqman miRNA assays were conducted using commercial kits with three independent donors for validating the seven miRNAs. The RT-qPCR results for the seven miRNAs exhibit the same trend as the sequencing results. Two of the upregulated miRNAs (miR-222-3p, miR-138-5p) and two of the downregulated miRNAs (miR-125b-5p, miR-99a-5p) were confirmed to be significantly differentially expressed between iDCs and 27DCs (Figure 3). miR-21-5p was highly expressed and significantly regulated by IL-27 based on the sequencing data but was not confirmed by RT-qPCR. The significance of the expression of miR-21-3p and miR-221-3p were also not confirmed by RT-qPCR (p = 0.060 and p = 0.087, respectively) perhaps due to sample size limitations of the study.


Figure 3. RT-qPCR validation of seven differential miRNAs in three different donors (Donor 22, 24, and 27). The expression level of each miRNA was normalized to RNU44 and converted to fold change (27DCs vs. iDCs). miRNA expression in 27DCs (gray) relative to iDCs (black) for seven miRNAs are shown. Error bars represent standard error (SE). * denotes p-values < 0.05 and ** denotes p-values < 0.01 for differences in miRNA expression between iDCs and 27DCs. A two-tailed t-test was used to calculate the p-values.
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2.6. Potential Viruses Targeted by Differential miRNAs


IL-27 can inhibit replication of many viruses [33,34], and cellular miRNAs may have direct antiviral functions [35]. For the 46 differential miRNAs, potential target sites in 745 viral reference genomes from NCBI were detected using miRanda [36]. As shown in Table S2, the forty-six miRNAs targeted 165 human viruses including human herpesvirus, hepatitis B virus, hepatitis C virus, influenza, ebola, west nile virus, etc. Interestingly, the relatively highly expressed miRNAs (miR-21-5p, miR-21-3p, miR-221-3p, miR-222-3p, let-7e-5p, miR-99a-5p, and let-7c-5p) targeted Human herpesvirus and other viruses.




2.7. Novel miRNA Discovery


Novel miRNA discovery was performed using miRDeep2 [37]. After analyzing a total of six samples (iDC and 27-DC for each of three donors), 183–302 novel miRNA candidates per sample with some donor dependency were initially found. After merging and removing duplicates, a total of 739 novel miRNA candidates were retained and further filtered with the following criteria: (1) precursor minimum free energy (MFE) ≤−20 kcal/mol; (2) mature GC content ≤80%; (3) not another RNA species (tRNA, rRNA, scaRNA, snoRNA, snRNA, Y-RNA, etc.) or a known miRNA; (4) not a duplicate precursor; and (5) maximum mature read count ≥2. After filtering, 361 novel miRNA candidates were retained (Table S3). Of these, 311 novel miRNA candidates had lower maximum read counts (2–50), with the remaining 50 having maximum read counts >50. Considering miRNA expression level (high, middle, or low), differential significance among donors, and encoding genes associated with immune responses, 22 candidates were selected for RT-qPCR confirmation (Table 2). All novel miRNA secondary structures and the aligned read profiles are shown in Figure S4 in Supplementary Materials. Of the 22 candidates, four novel miRNAs (QXBT3, 10, 15, 16) were significantly differentially regulated by IL-27 and QXBT13 had a relatively high abundance (maximum read count of 18285). To test the lower detection limit of miRNA-Seq, 14 of the 22 candidates had maximum read counts below 50.



Table 2. Sequence and genomic location of novel miRNAs.







	
Novel miRNA

	
GenBank Accession Number

	
Mature Sequence

	
Precursor Genomic Location (hg38)

	
Precursor Minimum Free Energy (kcal/mol)

	
Encoding Gene

	
Gene Function






	
QXBT1

	
KY994043

	
ugucuguucccugucucucuag

	
chr10:48966435-48966526

	
−38.7

	
WDFY4

	
exonic




	
QXBT2

	
KY994044

	
ugugucccuaugaaucucaugu

	
chr2:94772066-94772132

	
−22.9

	
ANKRD20A8P

	
ncRNA_intronic




	
QXBT3

	
KY994045

	
uaccucucccaaaacucaugugga

	
chr9:40297854-40297928

	
−33.4

	
ANKRD20A3; FAM95B1

	
intergenic




	
QXBT4

	
KY994046

	
uucccucacuguaaacagagu

	
chr16:21647236-21647297

	
−24.1

	
IGSF6; METTL9

	
exonic




	
QXBT5

	
KY994047

	
ucugucccaggcccagacuu

	
chr4:77048486-77048550

	
−24.7

	
CCNI

	
exonic




	
QXBT6

	
KY994048

	
aacaggccuugcucugcucacaga

	
chr3:52523356-52523428

	
−44.7

	
STAB1

	
exonic




	
QXBT7

	
KY994049

	
ucucucucucuccgugucagugu

	
chr10:48827482-48827544

	
−34.3

	
WDFY4

	
intronic




	
QXBT8

	
KY994050

	
agggagcggagaagcgagcgcag

	
chr15:45167265-45167327

	
−40.2

	
SHF

	
3′UTR




	
QXBT9

	
KY994051

	
gaagcagcgccugucgcaacucg

	
chr17:78140754-78140815

	
−30.6

	
TMC8

	
intronic




	
QXBT10

	
KY994052

	
uaauguaguugccacuaggaga

	
chr1:19910424-19910514

	
−24.5

	
OTUD3

	
3′UTR




	
QXBT11

	
KY994053

	
aaaagcuguccacuguagaguu

	
chr9:32456301-32456370

	
−34.6

	
DDX58

	
3′UTR




	
QXBT12

	
KY994054

	
cucccacugcuucacuugacuag

	
chr4:165400665-165400731

	
−23.6

	
CPE

	
intronic




	
QXBT13

	
KY994055

	
ccugucugagcgucgcu

	
chr14:16057563-16057625

	
−21.7

	
NA

	
intergenic




	
QXBT14

	
KY994056

	
acugugguaauucuagagcu

	
chr22:11629695-11629789

	
−8.4

	
NA; LOC102723769

	
intergenic




	
QXBT15

	
KY994057

	
aggacuggaugucgggcugcau

	
chr4:141707942-141708053

	
−22.6

	
IL15

	
intronic




	
QXBT16

	
KY994058

	
uuuugugugucagggugcaggu

	
chr14:94113640-94113698

	
−21.9

	
IFI27

	
intronic




	
QXBT17

	
KY994059

	
gcgggagaggcggguggac

	
chr2:136117376-136117461

	
−45.5

	
CXCR4

	
intronic




	
QXBT18

	
KY994060

	
acuccucauuuguaaacucagg

	
chrX:129790441-129790501

	
−36.8

	
SASH3

	
intronic




	
QXBT19

	
KY994061

	
uccgcugcagccccucgacgu

	
chr8:55880664-55880722

	
−33.1

	
LYN

	
intronic




	
QXBT20

	
KY994062

	
acguggacuccagacucucugu

	
chr17:42311190-42311260

	
−30.5

	
STAT5A

	
3′UTR




	
QXBT21

	
KY994063

	
acccucaguccguauuggucucu

	
chr17:7306830-7306888

	
−32.8

	
EIF5A

	
upstream




	
QXBT22

	
KY994064

	
aaagcccgugggggaccuguuc

	
chr22:17108635-17108691

	
−22.2

	
IL17RA

	
exonic











2.8. Validation of Novel miRNAs


To validate the expression levels of the novel miRNA candidates, advanced and traditional Taqman miRNA RT-qPCR assays were performed on three independent donors. In the advanced assay, a universal RT primer is used to generate cDNA while, in the traditional assay, a gene-specific RT primer (Figure S5) is used. Therefore, the traditional assay may have a higher sensitivity than the advanced assay. The advanced assay was used initially, but after some samples failed, tests were repeated with the traditional assay. Finally, 13 out of 22 miRNAs were successfully confirmed with the advanced assay, while the other nine miRNAs were successfully confirmed with the traditional assay (Figure 4). From the RT-qPCR data, three of the novel miRNAs were significantly up-regulated in 27DCs and seven were significantly down-regulated in 27DCs. The t-test results for QXBT10 and QXBT15 were not significant due to a large range of variability between donors. Some novel miRNAs (QXBT2, QXBT16, and QXBT20) were not found in all samples using the advanced method. This could be a method sensitivity issue or potentially, the miRNA expression was donor dependent. Interestingly, two miRNAs (QXBT16 and QXBT17) with very low read counts (maximum read count of six and two, respectively) were confirmed.


Figure 4. RT-qPCR validation of novel miRNAs in three different donors (Donor 12, 14, and 17). The expression level of each miRNA was normalized to a small RNA reference and converted to fold change (27DCs vs. iDCs). miRNA expression in 27DCs (gray) relative to iDCs (black) for miRNAs are shown. Error bars represent standard error (SE). Y axis is log scale fold change. # in the miRNA name denotes sample from the traditional RT-qPCR assay; the others from the advanced assay. * above the bar denotes p-values < 0.05, ** denotes p-values < 0.01 and *** denotes p-values < 0.001. A two-tailed t-test was used to calculate the p-values.
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3. Discussion


This pilot study quantified the expression of 1241 known miRNAs (miRBase v21) in iDCs using next-generation sequencing (NGS) technology. The result from the NGS assay demonstrated that 46 of these miRNAs were significantly differentially up- or down-regulated by IL-27. Among them, four miRNAs (miR-125b-5p, miR-138-5p, miR-222-3p, and miR-99a-5p), which potentially target genes involved in ErbB, Wnt, TGF-β, MAPK, and PI3K signaling pathways, were validated by RT-qPCR. In addition, 22 novel miRNAs were discovered using NGS data and confirmed by RT-qPCR. Although most of the novel miRNAs had very low expression, they all were confirmed, including one novel miRNA with only two reads. While the small sample size is a limitation for this study, the information derived lays a foundation to further our understanding of the role of IL-27 and miRNAs in DCs.



Seven known miRNAs—miR-21-5p, miR-146b-5p, let-7f-5p, let-7g-5p, let-7i-5p, let-7a-5p, and miR-26a-5p—were highly expressed, and the expression of those miRNAs contributed 78% and 86% of the total miRNAs in iDCs and 27DCs, respectively. miR-146b has been reported to regulate DC apoptosis [38] and let-7i has been demonstrated to regulate DC maturation through targeting suppressor of cytokine signaling 1 (SOCS1) [39]. Of these miRNAs, the most abundantly expressed was miR-21-5p, which accounted for 46% of the miRNA pool in iDCs and 64% of the pool in 27DCs. miR-21 (miR-21-5p/3p) is one of the most abundantly expressed miRNAs in many cancer cell types and has been relatively well studied [40,41]. It is expressed in hematopoietic cells of the immune system, particularly monocytes, macrophages, DCs, and T cells. Its expression is further enhanced in many diseased tissues and in particular, inflammation-associated diseases. It may be a key switch in the inflammatory response and play a role in regulating the balance of pro- and anti-inflammatory cytokine responses [41]. Based on the sequencing result, IL-27 significantly increased miR-21-5p/-3p expression in DCs, suggesting that miR-21 may be involved in IL-27 mediated pro-inflammatory and anti-inflammatory roles. However, significant differential expression of miR-21-5p/-3p was not confirmed by RT-qPCR perhaps due to the sample size limitation in this study. Further study is needed to understand the relationship between IL-27 and miR-21.



miRNAs can regulate DC differentiation and function, such as their maturation process, antigen presentation capacity and cytokine release [9,42]. It is reported that miR-21, let-7e, miR-99b, and miR-125a are coordinately up-regulated during iDC differentiation through regulation of WNT1 and JAG1 genes in the Notch/Wnt signaling pathway [43]. Another report demonstrated that miR-221 is up-regulated in immature DCs upon differentiation from monocytes, resulting in down-regulation of p27kip1 in immature DCs, and thereby contributing to immature DC homeostasis [44]. p27kip1, a cell cycle regulator, directly regulates DC apoptosis [45]. Moreover, p27kip1 is one of the targets of the miR-221-222 cluster [46]. In addition, both miR-221 and miR-222 influence DC subset differentiation [47]. In the present study, the aforementioned miRNAs (miR-21-3p/-5p, let-7e-3p/-5p, miR-99b-3p/-5p, miR-125a-3p, miR-221-3p/-5p, and miR-222-3p/-5p) affecting DC functions were differentially regulated by IL-27 based on the sequencing results, suggesting that they may play a role in IL-27 regulation of DC function.



IL-27 is largely secreted from activated APCs such as macrophages and DCs upon stimulation. It regulates both innate and adaptive immune responses largely via the JAK/STAT signaling pathway [17,18,48]. In our study, we found that the potential targets of 35 out of 46 differential miRNAs were involved in the JAK/STAT signaling pathway. It has been reported that IL-27 signaling stimulates MAPK/ERK [21,22] and PI3K/AKT signaling pathways [23] which were found to be enriched in our KEGG pathway analysis. This demonstrates that miRNAs may be involved in networks of IL-27 regulated immunity.



Recent studies have shown that IL-27 can inhibit replication of viruses, such as influenza [49], hepatitis C [50], and HIV-1 [19,20]. One antiviral defense mechanism is for miRNAs to repress the gene expression levels of the virus [51]. A previous study observed that IL-27 could induce antiviral miRNAs in macrophages [34]. In this study, it was found that all 46 differential miRNAs in DCs regulated by IL-27 had binding sites in a number of viral genomes, suggesting that miRNAs may play an important role in the antiviral activity of IL-27. From these results, miR-21-5p and miR-138-5p potentially target hepatitis C and influenza A virus, respectively. This finding is consistent with the previous reports that IL-27 represses hepatitis C [50] and influenza A [49]. Of note, no targets were identified in the HIV-1 reference (NC_001802.1) suggesting that the anti-HIV properties of IL-27 may be mediated via modifications in the host cell factors rather than direct anti-viral effects of IL-27 induced miRNAs. Currently, the mechanism of the anti-HIV effect in 27DCs is under study.



The identification of novel miRNAs was validated using both advanced and traditional Taqman RT-qPCR methods. Thirteen miRNAs were confirmed by the advanced method and nine were confirmed by the traditional method. The differences between the two methods are the cDNA primers and the internal controls. The advanced assay uses a universal RT primer and hsa-miR-423-5p as a control. The traditional assay uses miRNA-specific RT primers and RNU44 as a control. In the RT-qPCR method, prior to the RT primer annealing, the total RNA is ligated with an adaptor encoding the complement sequence of the RT primer. Efficiency of the adaptor ligation does affect the RT primer annealing. The traditional method uses miRNA-specific RT primers leading to better annealing to the targeted miRNA as opposed to the universal RT primer used in the advanced method. In our study, nine novel miRNAs were not detected by the advanced assay but were confirmed by the traditional method, suggesting that the traditional method is more sensitive than the advanced method. Some miRNAs were not detected in all donors using the advanced method, which may be due to the method sensitivity.




4. Materials and Methods


4.1. Generation of DC Subtypes


CD14+ monocytes were isolated from peripheral blood enriched leukopacks (Blood Bank, National Institute of Health, Bethesda, MD, USA) from donors using MACS CD14 MicroBeads (Miltenyi Biotec, Auburn, CA, USA). Monocyte-derived immature DCs (iDCs) were generated by incubating 0.5 × 106/mL monocytes in G4 medium (RPMI 1640 containing 10% fetal bovine serum (Hyclone, UT, USA), 2 mM glutamine, 25 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid) (Quality Biological, Gaithersburg, MD, USA), 10 mg/mL gentamicin, 50 ng/mL GM-CSF (R&D Systems, Minneapolis, MN, USA) and 50 ng/mL IL-4 (R&D Systems) at 37 °C in a CO2 (5%)) incubator for seven days. The IL-27 treated DCs (27DCs) were induced from monocytes cultured in G4 medium (iDCs (1 × 106) stimulated) with IL-27 (100 ng/mL) at 37 °C for seven days. The culture media was changed with fresh G4 media every 3–4 days. In this study, we used a total of nine donors. Donor 2, 4, and 7 were used for sequencing; Donor 12, 14, and 17 were used for the validation of 22 novel miRNAs; Donor 22, 24, and 27 were used for the validation of seven differential miRNAs.




4.2. miRNA Library Preparation and Sequencing


Total RNA was extracted with chloroform and phenol. Prior to RNA sequencing, samples were subjected to analysis by the Agilent Bioanalyzer RNA Nano chip and the small RNA chip to confirm RNA purity and quality (Santa Clara, CA, USA). All samples had an RNA integrity number of 10. Six microRNA libraries were prepared using the NEBNext Multiplex Small RNA Library Prep for Illumina protocol (New England BioLabs, Ipswich, MA, USA) according to the manufacturer’s instructions and sequenced on the Hiseq 2500 using v4 chemistry for single end sequencing (San Diego, CA, USA). Ninety-four percent or more of the bases for all samples had a Phred quality score of Q30 or greater and all samples yielded between 49 and 68 million reads. All small RNA sequences have been deposited into NCBI SRA database under accession number: SRX2406023.




4.3. Differential Expression Analysis


Cutadapt [52] was used to remove adaptors and trim reads with a Phred quality score threshold of 30 (Q30) and length threshold of 17–35 bp producing a set of “clean” reads for each sample. The “clean” reads were mapped to the human reference genome hg38 using the Burrows–Wheeler aligner, BWA (v0.7.10-r789) [53] with one mismatch as recommended by others [54]. Known miRNA read counts were determined by bedtools multicov [55] with miRBase (v21) [56]. The read count matrix was analyzed using the edgeR package 3.16.5 [57] in R version 3.2.3, where general linear model (GLM) was designed with donors+treatment for paired sample comparisons. Resulting p-values were corrected with Benjamini and Yekutieli correction. The significant miRNAs were selected based on fold change >1.5 or <−1.5, false discovery rate (FDR) <0.05 and at least one sample count (maximum read count) >50. A heat map was generated by pheatmap 1.0.8 [58] using log2 fold change from log2 counts per million (logCPM) by edgeR.




4.4. KEGG Pathway and GO Term Enrichment Analysis


The Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway [59] enrichment analysis was performed by DIANA miRPath v.3. This calculates enrichment based on miRNA predicted target genes derived from DIANA-microT-CDS [60]. The selected 46 differential miRNAs were used for an enrichment analysis. The IL-27 related pathways with p-values < 0.05 were reported as significant in this study.




4.5. Prediction of Viruses Targeted by miRNAs


745 human viral reference genome sequences were downloaded from the NCBI viral genome browser (available online: http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10239&opt=Virus&sort=genome) and were scanned by miRanda [36] with a minimum free energy <−20 kcal/mol using 46 differential miRNAs. The viral binding sites were further filtered with a pairing score ≥100 as potential miRNA targets.




4.6. Discovery of Candidate Novel miRNAs


miRNA-Seq “clean” reads were collapsed and then mapped to the human reference genome hg38 using BWA with one mismatch. Mapped reads were analyzed using the miRDeep2 algorithm [37] for generating novel miRNAs candidates. A list of the candidates from different samples were merged using their genomic coordinates with bedtools intersect [55]. For duplicate candidates, the region with the highest mature count was kept. To eliminate other RNAs, like snoRNA, snRNA, tRNA, rRNA, Y-RNA, etc., the region was annotated by GENCODE v24 (available online: www.gencodegenes.org) and ANNOVAR [61] with hg38, and the precursors were loaded into RFam (v12.1, available online: http://rfam.xfam.org/) for characterization. The precursor minimum free energy (MFE) was computed by RNAFOLD [62] and the mature sequence GC content was calculated with an in-house Perl script. The interesting candidates were further identified by their coordinates with tracks supplied by the UCSC genome browser (available online: https://genome.ucsc.edu/) and their RNA secondary structures from miRDeep2. The mature sequence coordinates were derived from the precursor coordinates with an in-house Perl script, and read count and differential novel miRNAs were determined based on the previously defined steps for the known miRNAs. Maximum read count was defined as the maximum count across all 6 samples.




4.7. Quantitative RT-PCR for miRNA Validation


To quantitate the relative expression of the novel miRNAs, quantitative real-time PCR was performed using the TaqMan Advanced miRNA Assays (Thermo Fisher Scientific, Waltham, MA, USA) with the iCycler real-time PCR detection system (Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions. hsa-miR-423-5p was used as an endogenous control as recommended by the manufacturer. Since the advanced method uses the universal RT primer for cDNA synthesis, some miRNAs were not detected. Traditional TaqMan MicroRNA Assays (Thermo Fisher Scientific) were performed for those miRNAs that were not detected using the advanced method with RNU44 used as an endogenous control. The traditional assay was also used for differential miRNA validation. Gene-specific primers and probes were custom made by Thermo Fisher Scientific (Waltham, MA, USA). The relative expression of each miRNA was calculated using the 2−ΔΔCt (cycle threshold, Ct) method [63]. The significance between iDCs and 27DCs for each miRNA was analyzed using a two-tailed t-test in R with iDC values normalized to 1.





5. Conclusions


Monocyte-derived DCs play a critical role in the development of an immune response. IL-27 can modulate the immune response through its effect on iDCs. The present study demonstrated that miRNAs may mediate some of the effects of IL-27 on DCs. Forty-six miRNAs were regulated by IL-27 based on the sequencing results and potentially target genes in the IL-27 related pathways: JAK/STAT, MAPKs, and PI3K. Four of these were confirmed by RT-qPCR (miR-99a-5p, miR-222-3p, miR-138-5p, and miR-125b-5p). In addition, 22 novel miRNAs were discovered and confirmed. While this study is considered a pilot study due to sample size limitations, the results provide a resource for the understanding of IL-27 mediated immunity and lay a foundation for the future characterization of the role of specific miRNAs in the regulation of DCs.
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	27DCs
	Monocyte-derived IL-27 treated immature dendritic cells



	APCs
	Antigen presenting cells



	DCs
	Dendritic cells



	EBI-3
	Epstein-Barr virus-induced gene 3



	FDR
	False discovery rate



	GO
	Gene ontology



	iDCs
	Monocyte-derived immature DCs



	IL-27
	Interleukin-27



	JAK/STAT
	Janus kinase/signal transducer and activator of transcription



	JNK
	C-Jun N-terminal kinases



	KEGG
	Kyoto encyclopedia of genes and genomes



	logCPM
	log2 counts per million



	MAPKs
	Mitogen-activated protein kinases



	MFE
	Minimum free energy



	miRNAs
	MicroRNAs



	PI3K
	Phosphoinositide 3-kinase



	piRNAs
	Piwi-interacting RNAs



	RT-qPCR
	Quantitative reverse transcription polymerase chain reaction



	TLR
	toll-like receptors
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