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A R T I C L E I N F O A B S T R A C T

Non-classical human monocytes are characterized by high-level expression of cytokines like TNF, but the mech-
anisms involved are elusive. We have identified miRNAs and CpG-methylation sites that are unique to non-clas-
sical monocytes, defined via CD14 and CD16 expression levels. For down-regulated miRNAs that are linked
to up-regulated mRNAs the dominant gene ontology term was intracellular signal transduction. This included
down-regulated miRNA-20a-5p and miRNA-106b-5p, which both are linked to increased mRNA for the TRIM8
signaling molecule. Methylation analysis revealed 16 hypo-methylated CpG sites upstream of 14 differentially
increased mRNAs including 2 sites upstream of TRIM8. Consistent with a positive role in signal transduction,
high TRIM8 levels went along with high basal TNF mRNA levels in non-classical monocytes. Since cytokine ex-
pression levels in monocytes strongly increase after stimulation with toll-like-receptor ligands, we have analyzed
non-classical monocytes (defined via slan expression) after stimulation with lipopolysaccharide (LPS). LPS-stim-
ulated cells continued to have low miRNA-20a and miRNA-106b and high TRIM8 mRNA levels and they showed
a 10-fold increase in TNF mRNA. These data suggest that decreased miRNAs and CpG hypo-methylation is linked
to enhanced expression of TRIM8 and that this can contribute to the increased TNF levels in non-classical human
monocytes.

1. Introduction

Monocyte subsets have been described based on flow cytometry
studies using monoclonal antibodies against human CD14 and CD16
(Passlick et al., 1989). The CD16-positive cells compared to the
CD16-negative monocytes were shown to have pro-inflammatory fea-
tures such as the production of high levels of the pro-inflammatory
cytokine TNF and low levels of the anti-inflammatory cytokine IL-10
(Frankenberger et al., 1996; Belge et al., 2002). These cells can
dramatically increase in number in inflammatory disease (Fingerle et
al., 1993) and conversely their numbers are selectively depleted by
treatment with anti-inflammatory glucocorticoids (Fingerle-Rowson et
al., 1998; Dayyani et al., 2003). While initially two types of blood
monocytes were defined, more recently it emerged that an intermedi-
ate type of monocytes with high CD14 and low CD16 can be delin-
eated (Ziegler-Heitbrock et al., 2010) such that now three subsets
termed classical, intermediate and non-classical monocytes are recog

nized. The intermediate cells were shown to have highest MHC class II
expression (Zawada et al., 2011; Wong et al., 2012) and to have
prognostic value with respect to cardiovascular events in at risk popu-
lations (Rogacev et al., 2012). For the dissection of this intermediate
CD14++CD16+ monocytes and the non-classical monocytes based on
the expression level of CD14 different approaches were taken (Zawada
et al., 2015). In order to circumvent the problem of having to define
a cut-off in the continuous level of CD14 expression it was proposed
to use additional markers like slan to positively identify the non-classi-
cal monocytes and separate them from intermediate monocytes (Wong
et al., 2011). In fact, it could be demonstrated that this marker is
able to unequivocally define non-classical monocytes and that this de-
finition is informative in inflammatory disease (Hofer et al., 2015).
Also for slan-positive monocytes it had been shown earlier that these
cells are superb producers of pro-inflammatory cytokines (Schakel et
al., 2002; Dutertre et al., 2012). Still, the mechanisms responsible
for the increased cytokine production remained elusive. We now have
determined the epigenetic features of the non-classical monocytes by

Abbreviations: LPS, lipopolysaccharide; slan, 6-sulfo LacNAc; TNF, tumor necrosis factor; TRIM8, tripartite motif containing 8.
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identification of miRNAs and of hypo-methylated sites that are unique
to these cells compared to both classical and intermediate monocytes.
Our data show that a majority of the down-regulated miRNAs is linked
to intracellular signaling processes and that the upregulated TRIM8 is
the target of two downregulated miRNAs and carries two up-stream
hypo-methylated CpG sites. Low miRNA-20a and 106b and high TRIM8
and TNF are found in non-classical monocytes defined via CD14 and
CD16, and also via slan, and this was also true after LPS stimulation of
slan-defined non-classical monocytes.

2. Material and methods

2.1. Isolation of monocyte subsets for RNA expression and DNA methylation
analyses

This is a reanalysis of data sets published before (Zawada et al.,
2017; Zawada et al., 2016; Hofer et al., 2015). The detailed descrip-
tion of monocyte isolation is provided in these publications. In brief,
monocyte subsets were isolated with MACS technology. Initially NK cells
and neutrophils were depleted from peripheral blood mononuclear cells
by using the Non-monocyte Depletion Cocktail (CD16+ Monocyte Iso-
lation Kit, Miltenyi Biotec) followed by separation of classical and in-
termediate monocytes from non-classical monocytes by using anti-CD14
FITC antibody (clone TÜK 4, Miltenyi Biotec) and anti-FITC MultiSort
MicroBeads (Anti-FITC MultiSort Kit; Miltenyi Biotec). Finally, classi-
cal and intermediate monocytes, as well as non-classical monocytes and
non-monocytes, were separated with CD16 microbeads. Representative
dot plots of isolated monocyte subsets are depicted as insets in Fig. 1.

All participants recruited for this study gave informed consent. The
study protocol was approved by the local Ethics Committee.

2.2. Isolation and culture of monocyte subsets for validation

For isolation of monocyte subsets, peripheral blood mononuclear
cells (PBMC) were prepared from 100 mL heparinized blood obtained
from healthy volunteers by Ficoll (Biocoll, #L6115, Biochrom, Berlin,
Germany) density gradient separation.

Monocytes were isolated by no-touch procedures from PBMC us-
ing the MACS Pan Monocyte Isolation Kit (#130-096-537, Miltenyi,
Bergisch Gladbach, Germany) according to the manufacturer’s instruc

tions. In brief, PBMC were incubated with the non-monocyte depletion
cocktail of biotin-labelled antibodies with subsequent incubation with
anti-biotin microbeads. Labelled cell suspension was run over two se-
quential LS columns and flow-through was collected representing the
enriched monocytes.

The cells were then incubated with anti-slan FITC-labelled antibod-
ies (#130-093-027, Miltenyi, Bergisch Gladbach, Germany) and sub-
sequently incubated with magnetic bead-labelled anti-FITC antibodies
(anti-FITC Multi Sort Kit #130-058-701, Miltenyi, Bergisch Gladbach,
Germany).

Cells were run over a LS column; slan-negative cells from the
flow-through were collected and slan-positive cells were eluted from
the column and subsequently incubated with Multi Sort Release agent
(#130-058-701) to release the magnetic beads from the antibodies and
run over an additional LS column to remove all remaining magnetic
beads.

Then both slan-negative and slan-positive cell populations were in-
cubated with magnetic bead-labelled anti-CD16 antibodies
(#130-.045-701, Miltenyi, Bergisch Gladbach, Germany) and subse-
quently run over three MS columns. Flow through of the CD16-treated
slan-negative population represents slan -negative CD16-negative
CD14-positive classical monocytes and the eluted cells from the
CD16-treated slan-positive population represent slan -positive
CD16-positive CD14-positive non-classical monocytes. Cell populations
were analyzed by flow cytometry and were used when purity was
>91%.

Classical monocytes and slan-positive non-classical monocytes were
treated with or without 10 ng of LPS /mL (#581-009-L002 S. abortus
equi ultra pure, Alexis, Lausen, Switzerland ) at 1–3 × 10E6/mL for 2 h.
Then, cells were washed once with PBS, lysed in an appropriate amount
of QIAzol (#79306, Qiagen, Hilden, Germany) and stored at −20 °C un-
til further processing.

2.3. Next generation sequencing

MACE (Massive analysis of complementary DNA ends) analysis for
the determination of gene expression is described in Hofer et al.
(2015), small RNA-seq analysis for the determination of miRNA expres-
sion is described in Zawada et al. (2017), and methyl-Seq analysis for
the determination of DNA methylation is described in Zawada et al.
(2016).

Fig. 1. Monocyte subsets isolated based on CD14 and CD16 expression: overview of differential miRNAs. Monocyte subsets were isolated using MACS technology based on differential
expression of CD14 and CD16 as described (Zawada et al., 2011).
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In brief, for MACE analysis ten barcoded samples were sequenced
simultaneously after generation of MACE libraries consisting of
poly-adenylated 3′ mRNA ends in one lane of a HiSeq 2000 machine
(Illumina, San Diego, CA) with 1 × 100 bp. MACE reads were
polyA-trimmed, and the quality region was removed. Mapping of reads
to the human genome (hg19) was performed with NovoAlign (http:
//novocraft.com). The statistical programming language R (www.r-
project.org) with the DESeq package (Anders and Huber, 2010) was
used for normalization and testing for differential expression. Expression
levels are given in tags per million (TPM).

For small-RNA-seq, the miRNA population with flanking p5 and p7
adapters was also sequenced on a Hiseq2000 machine. The analysis of
the small RNA-Seq libraries was performed using omiRas (http://tools.
genxpro.net/omiras) (Muller et al., 2013). The differential expression
analysis was done with the DEGseq Bioconductor package (Wang et al.,
2010).

For Methyl-Seq analysis, we used the restriction enzyme HpaII. The
fractions were ligated with “TrueQuant” Y-adapters (GenXPro) and
adapters containing Illumina P7 priming sites. The products were PCR
amplified using P5 and P7 primers with 10 cycles and sequenced on
the Hiseq2000 machine. Reads were quality-trimmed and mapped to the
human genome (hg19) using novoalign (http://www.novocraft.com/
products/novoalign/). The RefSeq track, as well as the CpG island track
from the UCSC table browser (https://genome.ucsc.edu/cgi-bin/
hgTables), were used to annotate genomic restriction sites. Regions up
to 2 kb upstream of the transcription start site (TSS) of genes contained
in the RefSeq track were defined as promoter regions. To test for dif-
ferential methylation, quantification results for all restriction sites were
normalized to tags per million (NML) and a statistical test was carried
out using NOISeq (Tarazona et al., 2011).

2.4. Characterization of differentially expressed miRNAs

As described before (Zawada et al., 2017), analysis of biological
processes for differentially expressed miRNAs was performed using DI-
ANA-miRPath v3.0 (Vlachos et al., 2015) implemented with miRNA
targets from DIANA microT-CDS (Paraskevopoulou et al., 2013). The
significance level (p-value) of biological process terms was adjusted with
Bonferroni correction as described elsewhere (Hochberg, 1988). Only
the terms with Bonferroni corrected p value < 0.05 were accounted for
significance. Biological process level was defined as the depth of node
in AmiGO2 inferred tree view (Carbon et al., 2009). The depth of bi-
ological process was set to 0 and those terms deeper than 4 were con-
sidered relevant. Child annotation terms were discarded to avoid redun-
dancy. miRNAs and biological process terms were clustered according
to the significance level (p-value) between each miRNA and term using
Euclidean distance integrated into Cluster3.0 (de Hoon et al., 2004).
Heatmaps were generated with Java TreeView (Saldanha, 2004).

2.5. Interaction of differentially expressed miRNAs and mRNAs

DIANA microT-CDS was used to obtained interaction between differ-
entially expressed miRNAs and mRNAs (p < 10−10 & fold-change ≥ 1.2).
Interaction network was generated using Cytoscape (Shannon et al.,
2003). Functional enrichment analysis of mRNAs in the network was
performed with DAVID (Huang da et al., 2009). Biological processes
with FDR < 5% were considered significantly enriched terms.

2.6. Total RNA extraction and quantitative RT-PCR

The cell pellet was homogenized in QIAzol Lysis Reagent (Qiagen).
Cell lysates were stored at –80 °C before RNA extraction. Total RNA

was extracted using the miRNeasy® Micro kit (Qiagen). After extrac-
tion, RNA was quantified with the ND-1000 spectrophotometer (Nan-
oDrop® Technologies). Total RNA was reverse-transcribed using the
miScript II RT kit (Qiagen). Real-time PCR was performed in a CFX96
apparatus (Biorad) with IQ SYBR Green Supermix (Biorad). The primers
of mRNAs were designed with the Beacon Designer software (Premier
Biosoft; Table S1). For mature miRNA quantification we used the miS-
cript Primer Assay (Qiagen), with the primer sequences not being dis-
closed by the provider. Splicing factor 3a subunit 1 (SF3A1) and RNA U6
small nuclear 2 (RNU6-2) were chosen as housekeeping genes for nor-
malization of mRNA and miRNA, respectively. Expression levels were
calculated by the relative quantification method (ΔΔCt) using the CFX
Manager 2.1 (Bio-Rad).

2.7. Statistics

The SigmaPlot v12.5 software was used for statistical analyses. Com-
parisons between two groups were performed using a two-tailed Stu-
dent’s test. Results are presented as a mean ± standard deviation. A
p-value <0.05 was considered significant.

3. Results

3.1. Differential expression of miRNAs in non-classical monocytes

Initially, we isolated three human monocyte subsets based on the dif-
ferential expression of CD14 and CD16 and generated miRNA libraries
as described in detail earlier (see Zawada et al., 2017). The total
of 662 miRNA, which had been determined by RNAseq, was analyzed
in the present study for differential expression in non-classical mono-
cytes as compared to both intermediate and classical monocytes. With a
cut-off of 1.2 fold, we found 31 miRNAs decreased and 73 miRNAs in-
creased in the non-classical monocytes (see Fig. 1).

Table 1 is a compilation of the total of 92 miRNAs with an at least
two-fold difference between non-classical monocytes and either inter-
mediate or classical monocytes. The fold-change was up to 969-fold
compared to classical monocytes (hsa-miRNA-493-5p, log2 fold
change = 9.92) and up to 60-fold compared to intermediate monocytes
(hsa-miRNA-876-5p, log2 fold change = 5.90) (see Table 1).

Two miRNAs (hsa-miR-655 and hsa-miR-876-5p) were almost exclu-
sively expressed by the non-classical monocytes.

In analyzing the biological processes associated with these unique
miRNAs, we found 27 of 31 down-regulated miRNAs to be significantly
(p < 0.05) associated with 13 biological processes (Bonferroni adjusted
p < 0.05 and level > 4) (see Fig. 2A). Of note, six of these 13 processes
involve signaling.

When looking at the biological processes associated with up-reg-
ulated miRNAs we found 64 of the 73 miRNAs to be significantly
(p < 0.05) associated with 35 biological processes (Bonferroni adjusted
p < 0.05 and level > 4). As shown in Fig. 2B, ten of these biological
processes represent signaling pathways.

The top up-regulated miRNA (miR 493-5p; almost 1000-fold increase
in non-classical compared to classical monocytes) was associated with
seven biological processes that involve signaling.

Many of the biological processes targeted by up-regulated miRNAs
(n = 12) were also targeted by down-regulated miRNAs (see* in Fig.
2A and B) and six of these involve signaling.

3.2. Interaction between differentially expressed miRNAs and mRNAs in
non-classical monocytes

The uniquely decreased miRNAs in non-classical monocytes were
then tested for interaction with the uniquely up-regulated mRNAs in
these cells and vice versa. Twenty-seven of the down-regulated miR-
NAs interacted with 194 up-regulated mRNAs as depicted in Figure S1A.
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Table 1
Differential miRNAs in non-classical monocytes.

ID TPM
p-value CD14+CD16++ non-classical
monocytes versus

log2FC CD14+CD16++ non-classical
monocytes versus

CD14++CD16- CD14++CD16+ CD14+CD16++ CD14++CD16- CD14++CD16+ CD14++CD16- CD14++CD16+

hsa-
miR-493-5p#

0.0 43.1 186.7 1.60E−104 6.51E−71 9.92 2.11

hsa-
miR-369-3p#

0.0 28.9 176.9 3.31E−100 5.98E−86 9.84 2.61

hsa-miR-495-3p 0.0 33.2 175.1 1.92E−99 2.31E−77 9.83 2.40
hsa-miR-432-5p 0.0 19.4 125.3 1.69E−76 2.32E−63 9.34 2.69
hsa-miR-494 0.0 28.9 111.3 1.26E−69 9.37E−39 9.17 1.94
hsa-miR-136-3p 0.0 29.7 101.6 8.44E−65 1.29E−31 9.04 1.78
hsa-miR-134 0.0 21.4 93.5 1.26E−60 1.05E−36 8.92 2.13
hsa-miR-382-5p 0.0 12.7 74.5 1.58E−50 2.23E−36 8.59 2.56
hsa-miR-127-5p 0.0 24.1 68.3 4.03E−47 1.84E−17 8.47 1.50
hsa-miR-409-3p 0.8 65.7 247.4 2.88E−168 3.43E−82 8.33 1.91
hsa-
miR-376a-3p

0.0 9.1 57.7 4.34E−41 8.10E−30 8.23 2.66

hsa-miR-493-3p 0.0 13.1 57.7 4.34E−41 1.73E−23 8.23 2.14
hsa-
miR-376c-3p

0.0 11.5 56.2 3.15E−40 9.18E−25 8.19 2.29

hsa-miR-154-3p 0.0 11.9 55.8 6.11E−40 8.19E−24 8.18 2.23
hsa-miR-337-3p 0.0 11.1 40.7 7.55E−31 1.48E−14 7.72 1.88
hsa-miR-379-5p 0.8 31.3 160.1 2.49E−116 1.74E−69 7.70 2.36
hsa-miR-758-3p 0.0 13.1 39.0 9.21E−30 2.73E−11 7.66 1.58
hsa-miR-654-3p 0.8 45.5 150.7 1.96E−110 2.16E−44 7.61 1.73
hsa-miR-487b 0.8 25.3 145.5 3.81E−107 2.24E−68 7.56 2.52
hsa-miR-485-5p 0.0 6.3 36.3 4.92E−28 2.97E−18 7.55 2.52
hsa-miR-431-5p 0.0 9.1 33.8 1.93E−26 1.85E−12 7.45 1.89
hsa-miR-127-3p 5.0 259.7 835.8 0.00E+00 7.73E−230 7.38 1.69
hsa-miR-411-5p 0.0 5.1 31.3 8.02E−25 1.51E−16 7.34 2.61
hsa-miR-299-3p 0.0 8.3 29.8 7.72E−24 7.63E−11 7.27 1.84
hsa-miR-654-5p 0.0 3.6 26.6 1.13E−21 7.96E−16 7.11 2.90
hsa-miR-370 0.0 3.6 25.4 7.90E−21 7.70E−15 7.04 2.83
hsa-miR-381-3p 1.2 45.1 151.2 1.63E−115 3.93E−45 7.03 1.74
hsa-miR-543 1.9 40.8 250.1 6.93E−190 6.42E−121 7.02 2.62
hsa-miR-485-3p 0.8 26.1 85.8 2.92E−67 8.56E−26 6.80 1.72
hsa-miR-889 0.0 3.2 21.0 1.03E−17 4.48E−12 6.76 2.73
hsa-miR-154-5p 1.2 40.0 112.0 5.27E−88 3.16E−27 6.60 1.49
hsa-miR-655 § 0.0 0.8 18.0 1.43E−15 6.87E−15 6.55 4.51
hsa-miR-431-3p 0.0 2.0 17.0 7.62E−15 2.95E−11 6.46 3.10
hsa-miR-433 0.0 0.8 16.3 2.71E−14 2.01E−13 6.40 4.36
hsa-miR-876-5p
§

0.0 0.0 11.8 6.83E−11 8.42E−11 5.94 5.90

hsa-miR-342-5p 30.5 420.0 733.9 0.00E+00 7.13E−64 4.59 0.81
hsa-
miR-146a-5p

754.4 5027.8 16045.0 0.00E+00 0.00E+00 4.41 1.67

hsa-miR-132-5p 2.7 21.4 56.2 5.81E−43 2.73E−13 4.38 1.40
hsa-miR-1301 29.3 380.8 515.1 0.00E+00 3.47E−16 4.14 0.44
hsa-miR-132-3p 52.8 454.4 889.5 0.00E+00 1.06E−104 4.07 0.97
hsa-miR-181d 57.9 158.3 383.8 7.17E−195 3.75E−71 2.73 1.28
hsa-miR-505-5p 10.4 21.4 62.9 9.05E−32 5.13E−17 2.59 1.56
hsa-let-7b-5p 6301.3 25077.6 35476.4 0.00E+00 0.00E+00 2.49 0.50
hsa-miR-378i 23.5 52.2 123.6 1.45E−55 4.20E−23 2.39 1.24
hsa-miR-185-3p 89.5 551.8 427.0 1.43E−174 4.32E−13 2.25 −0.37
hsa-
miR-29b-2-5p

155.0 437.8 684.1 2.39E−261 6.47E−41 2.14 0.64

hsa-miR-342-3p 2191.8 5141.4 9393.3 0.00E+00 0.00E+00 2.10 0.87
hsa-miR-1249 125.3 648.0 519.3 2.60E−188 7.84E−12 2.05 −0.32
hsa-miR-744-5p 654.5 3122.7 2605.5 0.00E+00 2.02E−35 1.99 −0.26
hsa-miR-29b-3p 391.5 982.0 1358.5 0.00E+00 1.79E−45 1.80 0.47
hsa-miR-29c-5p 345.2 935.3 1195.7 0.00E+00 1.21E−24 1.79 0.35

4



UN
CO

RR
EC

TE
D

PR
OO

F

L. Zhang et al. Immunobiology xxx (xxxx) xxx-xxx

Table 1 (Continued)

ID TPM
p-value CD14+CD16++ non-classical
monocytes versus

log2FC CD14+CD16++ non-classical
monocytes versus

CD14++CD16- CD14++CD16+ CD14+CD16++ CD14++CD16- CD14++CD16+ CD14++CD16- CD14++CD16+

hsa-let-7d-3p 269.2 1163.7 854.3 3.42E−233 5.39E−36 1.67 −0.45
hsa-miR-197-3p 639.9 1691.0 2011.0 0.00E+00 1.24E−21 1.65 0.25
hsa-miR-29c-3p 1196.0 2589.1 3392.2 0.00E+00 1.34E−79 1.50 0.39
hsa-miR-326 100.7 344.4 257.0 4.96E−53 9.74E−11 1.35 −0.42
hsa-
miR-3613-5p

288.5 882.3 733.4 8.70E−147 1.74E−11 1.35 −0.27

hsa-miR-34a-5p 199.4 389.1 506.4 8.22E−102 1.04E−12 1.34 0.38
hsa-miR-423-3p 1737.1 4654.9 4194.9 0.00E+00 6.04E−19 1.27 −0.15
hsa-
miR-378a-3p

4334.3 7227.0 10447.6 0.00E+00 0.00E+00 1.27 0.53

hsa-let-7c 531.9 960.7 1271.4 6.94E−228 6.01E−33 1.26 0.40
hsa-
miR-181c-5p

203.3 222.1 475.9 2.44E−83 1.51E−69 1.23 1.10

hsa-let-7g-5p 17569.1 27785.4 37095.4 0.00E+00 0.00E+00 1.08 0.42
hsa-miR-27a-3p 9439.6 15976.3 19657.4 0.00E+00 1.91E−279 1.06 0.30
hsa-miR-28-3p 877.8 1257.5 1825.7 1.28E−247 1.93E−77 1.06 0.54
hsa-miR-708-5p 141.2 167.8 293.3 3.12E−41 1.46E−26 1.06 0.81
hsa-miR-361-3p 462.4 658.3 945.1 3.89E−124 8.08E−39 1.03 0.52
hsa-miR-378c 204.8 243.8 415.9 6.87E−55 2.30E−34 1.02 0.77
hsa-miR-33a-5p 128.0 500.3 225.2 2.38E−21 1.63E−78 0.81 −1.15
hsa-miR-223-3p 64733.8 51265.0 31958.2 0.00E+00 0.00E+00 −1.02 −0.68
hsa-
miR-450a-5p

605.9 524.5 298.7 6.72E−79 8.61E−47 −1.02 −0.81

hsa-miR-503-5p 262.7 209.8 125.6 1.25E−37 4.96E−17 −1.06 −0.74
hsa-miR-17-5p 7930.8 4334.3 3523.4 0.00E+00 3.59E−62 −1.17 −0.30
hsa-
miR-301a-3p

937.6 531.6 410.2 3.12E−155 6.76E−13 −1.19 −0.37

hsa-miR-19b-3p 24163.6 16996.4 10553.5 0.00E+00 0.00E+00 −1.20 −0.69
hsa-miR-19a-3p 9747.0 7930.8 4150.0 0.00E+00 0.00E+00 −1.23 −0.93
hsa-
miR-199b-5p

482.9 340.8 205.2 2.74E−85 3.73E−26 −1.23 −0.73

hsa-miR-221-3p 5148.9 3927.8 2146.7 0.00E+00 0.00E+00 −1.26 −0.87
hsa-miR-223-5p 2942.0 1485.5 1216.2 0.00E+00 4.76E−21 −1.27 −0.29
hsa-miR-222-3p 3280.6 1919.0 1261.1 0.00E+00 2.99E−100 −1.38 −0.61
hsa-
miR-106b-5p $

15991.3 7701.6 6035.9 0.00E+00 7.12E−148 −1.41 −0.35

hsa-
miR-199a-3p

546.9 290.1 194.1 2.35E−128 2.03E−15 −1.49 −0.58

hsa-miR-20a-5p
$

19398.8 10269.3 6304.8 0.00E+00 0.00E+00 −1.62 −0.70

hsa-miR-18a-5p 3516.3 1834.3 1080.2 0.00E+00 2.19E−143 −1.70 −0.76
hsa-
miR-148a-3p

1786.5 995.5 530.6 0.00E+00 5.09E−105 −1.75 −0.91

hsa-miR-582-5p 280.8 176.9 80.2 3.53E−87 1.55E−28 −1.81 −1.14
hsa-miR-21-3p 734.7 327.3 208.4 1.59E−226 8.20E−21 −1.82 −0.65
hsa-miR-17-3p 619.8 347.5 171.7 2.58E−196 2.24E−45 −1.85 −1.02
hsa-miR-143-3p 288.5 137.0 78.0 8.32E−95 2.02E−13 −1.89 −0.81
hsa-
miR-6503-5p §

62.1 45.5 16.5 4.58E−22 1.01E−11 −1.91 −1.46

hsa-
miR-6503-3p #

177.0 102.9 43.2 7.09E−65 9.26E−20 −2.04 −1.25

hsa-miR-345-5p
# §

1439.4 850.2 344.1 0.00E+00 2.02E−160 −2.06 −1.30

hsa-miR-27a-5p
#

859.7 361.0 192.9 0.00E+00 5.72E−39 −2.16 −0.90

*Given are miRNAs that show an at least a 2-fold difference in non-classical monocytes compared to either classical or intermediates.
This covers 93 miRNAs of the entire set of 104 miRNA with an at least 1.2-fold difference.
# = highest fold change compared to CD14++CD16- classical monocytes.
§= highest fold change compared to CD14++CD16+ intermediate monocytes.
$ = miRNAs implicated in control of TRIM8.
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Fig. 2. (A) Biological processes associated with miRNAs uniquely down-regulated in non-classical monocytes. For statistics see Table S2A, *=processes also associated with upregulated
miRNAs as given in B. (B) Biological processes associated with miRNAs uniquely up-regulated in non-classical monocytes. For statistics see Table S2B, *=processes also associated with
down-regulated miRNAs as given in A. The black line marks the association for the top miR 493-5p, which is increased 969-fold compared to classical monocytes.

Among these were interactions of miR-155-5p with the M-CSF-R cell
surface receptor and miR148a-3p with the EMR1 receptor, the human
homologue of the mouse F4/80 cell surface molecule. The top biologi-
cal process for all of the upregulated mRNAs in this network was “in-
tracellular signal transduction “(Table S2A). We therefore generated a
network of these (n = 57) signaling-associated mRNAs together with
the interacting miRNAs. As shown in Fig. 3A, signaling molecules that
interact with down-regulated miRNAs included MAPK1, which is tar-
geted by six miRNAs including the top down-regulated miRNA 345-5p,
NCOA2, which is targeted by five miRNAs, and TRIM8, targeted by two
miRNAs.

All of these molecules, together with a series of additional DEGs in
this network, are enhancing signal transduction. This indicates that miR-
NAs may control the efficient signaling cascades in non-classical mono-
cytes.

We then looked at the uniquely increased miRNA and the interaction
with decreased mRNAs in non-classical monocytes. Here 69 up-regu-
lated miRNAs interacted 160 down-regulated mRNAs (Figure S1B). This
included interactions of miRNA 441-5p with the CD33 receptor and miR
185-5p with the CXCR4 receptor.

The top biological processes, enriched among the down-regulated
mRNAs that interact with up-regulated miRNAs, involve „cell surface
receptor signaling pathway “and „response to lipopolysaccharide “,

which are related to “intracellular signal transduction, but the GO term
„intracellular signal transduction“ was not significant (FDR > 0.05,
Table S3B). Since, however, this term was dominant among the up-mR-
NAs interacting with down-miRNA (see network in Fig. 3A, Table S3A)
we generated an interaction map for the “intracellular signal transduc-
tion“- genes under this term also for the downregulated mRNAs. As
shown in Fig. 3B, this map includes the top 4 up-regulated miRNAs and
it shows the interactions of NFKBIA with 1 miRNA and of SOCS3 with 5
up-regulated miRNAs.

These and additional molecules function to block signal transduction
in various pathways such that their down-regulation – potentially via
miRNAs – will enhance signaling.

3.3. Differential DNA methylation and interaction with differential miRNA
and mRNA in non-classical monocytes

Another important epigenetic mechanism of gene regulation is the
control of gene expression via methylation of CpG sites in the vicinity of
coding sequences. We therefore have determined the methylation status
of the three monocyte subsets using methyl-seq (Zawada et al., 2016).
Looking at non-classical monocytes as compared to both classical and in-
termediate cells, we found unique differential methylation (1.2-fold and
probability > 0.8) for 4484 sites (see Table 2).
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Fig. 3. Interaction of reciprocally regulated miRNA and mRNA for the subset of signaling associated mRNAs.(A) down-regulated miRNAs and up-regulated mRNAs, only the subset of 57
signaling associated mRNAs and their interacting miRNAs is shown, the full interaction map is given in Fig S1A. The arrow marks the top down-regulated miRNA. Up-regulated signaling
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molecules that interact with down-regulated miRNAs include MAPK1(*), which is targeted by six miRNAs including the top down-regulated miRNA 345-5p, NCOA2 (*), which is targeted
by five miRNAs, PI3KIP (*) targeted by two miRNAs and TRIM8, targeted by two miRNAs, i.e. miRNA-20a-5p and miRNA-106b-5p.(B) up-regulated miRNAs and down-regulated mRNAs,
only the subset of 37 signaling associated mRNAs and their interacting miRNAs is shown, (the full interaction map is given in Fig S1B).The arrows mark the top up-regulated miRNAs.
Many of the down-regulated mRNAs code for proteins that can block signal transduction. The asterisk (*) marks some typical examples like NFKBIA targeted by one miRNA and SOCS3
targeted by 5 miRNAs. # PLCB1, a molecule that promotes signaling.

Table 2
Differential DNA methylation in non-classical monocytes.

#loci Total
upstream
CpG

upstream
CpG
linked to
DEGs

upstream
CpG
linked to
DE miRs

upstream
CpG linked
to DE miRs
that are
linked to
DEGs

Hypomethylated 4455 760 16 1 0
Hypermethylated 29 1 0 0 0

Most of these (n = 4455) were selectively hypo-methylated in
non-classical monocytes and of these 760 are up-stream of mRNA cod-
ing genes. Analysis of biological processes for these mRNA only pro-
vided three general terms that were significant, i.e. cell development,
organ development and stem cell development. We then asked whether
these 760 hypo-methylated sites in non-classical monocytes go along
with an increased gene expression in non-classical monocytes. We, in
fact, found 16 sites that are linked to 14 selectively increased mRNA lev-
els in non-classical monocytes (see Table 3).

The number of linked DEGs is lower because there are two genes, i.e.
FGFRL1 and TRIM8, linked to two hypo-methylated sites each.

In addition, we found 80 hypo-methylated sites that are upstream
of a miRNA gene but only one of these was linked to a differentially
expressed miRNA (Table 2). The locus is chr8:135844258−135844263
and it is linked to hsa-miR-30d-5p, which is up-regulated in non-classi-
cal monocyte. This miRNA is not linked to a DEG. Hence, there was no
hypo-methylated CpG upstream of an up-regulated miRNA that is linked
to a reduced DEG.

We then asked whether among the genes, which are selectively
hypo-methylated in the upstream region, there are genes that at the
same time are targeted by a miRNA, which is down regulated in
non-classical monocytes. In fact, we found 9 such differentially ex-
pressed genes (see Table 3). This includes genes involved in specific
processes like fibroblast growth factor production and transforming
growth factor beta-receptor signaling. Of note, TRIM8 is among these
genes and it has two up-stream hypo-methylated sites
(chr10:104402916−104402921 chr10:104403361−104403366) and it
is targeted by two down-regulated miRNAs (20a-5p, 106b-5p).

3.4. Validation of the miRNA-20a / miRNA-106b -- TRIM8 -- TNF cascade

TRIM8 is a signaling molecule that positively feeds into the NF-κB
pathway and can promote production of the pro-inflammatory cytokine
tumor necrosis factor (TNF) (Versteeg et al., 2013). The levels for the
two miRNAs, for TRIM8 mRNA and for TNF mRNA as obtained by se-
quencing in the present study is depicted in Figure S2 and this shows
the pronounced decrease of the miRNAs, the increase of TRIM8 and the
higher level of TNF mRNA in the non-classical monocytes.

In order to validate the findings of these analyses we have looked
at a fresh set of classical and non-classical monocytes and have studied
the 20a-5p and 106b-5p miRNAs, TRIM8 and TNF mRNAs by RT-PCR.
Since cytokine levels are biologically most relevant after their expres-
sion has been induced by activation, we have looked at the patterns af-
ter LPS stimulation of classical and non-classical monocytes. For this, we
have defined the non-classical monocytes via the slan marker, a cell sur-
face molecule that has emerged as valuable tool to specifically define
non-classical monocytes (Hofer et al., 2015).

When purified slan − CD16− classical and slan + CD16+ non-clas-
sical monocytes (Fig. 4) were incubated for 2 h without stimulation,
then we noted lower miRNA-20a-5p and miRNA-106b-5p and higher
TRIM8-mRNA and TNF-mRNA in the slan + non-classical monocytes
compared to classical monocytes consistent with the findings for mono-
cyte subsets defined via CD14 and CD16 only (Fig. 5).

With LPS stimulation (10 ng/mL) there was a trend towards a fur-
ther decrease for the miRNAs and levels for both 20a-5p and 106b-5p
remained significantly lower in non-classical monocytes. TRIM8 showed
a slight decrease with LPS stimulation and there was a strong 10-fold
increase in TNF mRNA expression with the level for non-classical mono-
cytes being 6-times higher compared to classical monocytes. These data
show that the pattern of decreased miRNAs and increased TRIM8 and
TNF holds true when slan-defined monocyte subsets are stimulated with
the TLR4 ligand LPS. Our data indicate that the signaling scheme that
includes the action of miRNA-106b and -20a (Fig. 5) also applies to
non-classical monocytes that are defined via slan.

4. Discussion

The discovery of monocyte subsets using flow cytometry dates back
to the 1980s, when a CD16-positive and a CD16-negative monocyte was
defined (Passlick et al., 1989). Later on an intermediate type of cell
with a phenotype in between the two subsets was defined and was of-
ficially recognized (Ziegler-Heitbrock et al., 2010). In this study we
have isolated the three subsets – classical, intermediate and non-clas-
sical monocytes – using the traditional CD14 and CD16 markers, but
in addition we employed the slan-marker for more precise definition of
non-classical monocytes. The slan marker, a 6-sulfo LacNAc carbohy-
drate residue coupled to the PSGL-1 cell surface molecule, was origi-
nally described as a marker for dendritic cells (DCs) (Schakel et al.,
1998). However, early on it was noted that this molecule is expressed
by CD16-positive monocytes and also by alveolar macrophages (Siedlar
et al., 2000). Moreover, many characteristics reported for cells called
slan + DCs were similar to CD16-positive monocytes. This includes high
TNF production (Belge et al., 2002; Schakel et al., 2006), low IL-10
production (Frankenberger et al., 1996; de Baey et al., 2003) and
the selective depletion by glucocorticoids (Fingerle-Rowson et al.,
1998; Thomas et al., 2014). Duterte et al. have noted a strong in-
crease of both non-classical monocytes and slan positive cells in HIV
patient blood and have confirmed that slan is expressed on mono-
cytes (Dutertre et al., 2012). More recently we have shown that the
slan-positive cells have a unique gene expression pattern, which clus-
ters with monocytes and not with DCs (Hofer et al, 2015). This has
been further elaborated and consolidated by adding a comparison to
CD141 DCs and by demonstrating a unique complement signature (van
Leeuwen-Kerkhoff et al., 2017). Hence, slan has been established as a
marker for definition of slan + CD16+ non-classical monocytes (Hofer
et al., 2019).

The mechanisms leading to higher TNF production in non-classical
monocytes are still elusive. Here, Ong et al. (2018) have shown higher
protein levels for p65 of NF-κB in whole cell lysates of non-classical
monocytes. p65 is part of the p50/p65 heterodimer, which is triggered
by a signaling cascade that can be initiated by binding of lipopolysac-
charide to the TLR4 receptor complex (Fig. 6). Higher levels of p65 in
the cytoplasm indicate that there is a higher capacity to respond to up-
stream signals. We have looked into miRNAs as regulators of this up-
stream signaling cascade.

Earlier studies have looked at miRNA expression in CD16+ and
CD16- monocyte subsets (Etzrodt et al., 2012; Bidzhekov et al.,
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Table 3
Differentially upregulated genes with up-stream hypomethylated CpG sites and targeted or not by downregulated miRNAs.

Gene
symbol Ensembl ID Gene name Up-stream hypomethylated site Hypo-methylation level (NLM)

miRNA targeting this
mRNA mRNA expression level (TPM) Gene function

Classical Intermediate
Non-
classical Classical Intermediate

Non-
classical

ANKH ENSG00000154122 Progressive
ankylosis homolog
inorg anic
pyrophosphate
transport regulator

chr5:14872440−14872445 0.50 0.26 1.84 hsa-miR-143−3p, hsa-
miR-223−3p, hsa-
miR-20a-5p, hsa-
miR-106b-5p

21 35 55 GO:0007626~locomotory behavior

KIAA1033 ENSG00000136051 WASH complex
subunit 4

chr12:105501456−105501461 0.67 0.52 2.42 hsa-miR-20a-5p, hsa-
miR-582-5p, hsa-
miR-106b-5p, hsa-
miR-143−3p, hsa-
miR-155-5p, hsa-
miR-19b-3p, hsa-
miR-301a-3p, hsa-
miR-484, hsa-
miR-503-5p, hsa-
miR-374a-5p, hsa-
miR-19a-3p

113 113 155 GO:0016197~endosomal transport

CDH23 ENSG00000107736 Cadherin-related
23

chr10:73156498−73156503 0.96 0.52 2.31 54 173 259 GO:0007156~homophilic cell adhesion
via plasma membrane adhesion
molecules

CUX1 ENSG00000257923 Cut-like homeobox
1

chr7:101459131−101459136 0.67 0.61 2.36 198 499 1041 GO:0006357~regulation of transcription
from RNA polymerase II promoter

FGFRL1 ENSG00000127418 Fibroblast growth
factor receptor-
like1

chr4:1003942−1003947
chr4:1004975−1004980

0.35
0.74

0.13 0.48 2.05
2.05

7 46 74 GO:0008543~fibroblast growth factor
receptor signaling pathway

HEG1 ENSG00000173706 Heart development
protein with EGF
like domains

chr3:124774903−124774908 0.74 0.44 2.68 hsa-miR-20a-5p, hsa-
miR-374a-5p, hsa-
miR-301a-3p, hsa-
miR-17-5p, hsa-
miR-106b-5p, hsa-
miR-345-5p

9 76 129 GO:0090271~positive regulation of
fibroblast growth factor production,

INSIG1 ENSG00000186480 Insulin induced
gene 1

chr7:155089286−155089291 1.98 2.36 5.52 hsa-miR-221−3p, hsa-
miR-19b-3p, hsa-
miR-19a-3p, hsa-
miR-222−3p, hsa-
miR-301a-3p

41 238 366 GO:0045717~negative regulation of
fatty acid biosynthetic process

LNPEP ENSG00000113441 Leucyl/cystinyl
aminopeptidase

chr5:96270944−96270949 0.18 0.22 1.37 hsa-miR-223−3p, hsa-
miR-301a-3p, hsa-
miR-582-5p, hsa-
miR-148a-3p, hsa-
miR-374a-5p

78 109 155 GO:0042590~antigen processing and
presentation of exogenous peptide
antigen via MHC class I

LYST ENSG00000143669 Lysosomal
trafficking
regulator

chr1:236030460−236030465 0.67 0.74 2.42 hsa-miR-223-3p, hsa-
miR-19a-3p, hsa-
miR-19b-3p

249 412 533 GO:0042742 ~defense response to
bacterium, GO:0042832 ~defen se
response to
protozoan,GO:0051607~defense
response to virus
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Table 3 (Continued)

Gene
symbol Ensembl ID Gene name Up-stream hypomethylated site Hypo-methylation level (NLM)

miRNA targeting this
mRNA mRNA expression level (TPM) Gene function

Classical Intermediate
Non-
classical Classical Intermediate

Non-
classical

PPDPF ENSG00000125534 Pancreatic
progenitor cell
differentiation
proliferation factor

chr20:62151706−62151711 0.39 0.22 1.47 233 296 419 GO:0001708~cell fate specification

SLC2A6 ENSG00000160326 Solute carrier
family 2 member 6

chr9:136344380−136344385 1.56 1.75 4.10 74 179 264 GO:0046323~glucose import

SORT1 ENSG00000134243 Sortilin 1 chr1:109940798−109940803 1.03 0.13 2.78 hsa-miR-345-5p, hsa-
miR-155-5p, hsa-
miR-17-5p, hsa-
miR-106b-5p, hsa-
miR-20a-5p

123 139 175 GO:0046323~glucose import

TRIM8 ENSG00000171206 Tripartite motif
containing 8

chr10:104402916−104402921
chr10:104403361−104403366

1.03
1.56

0.83 1.36 2.89
4.20

hsa-miR-20a-5p, hsa-
miR-106b-5p

179 175 227 GO:0051092~positive regulation of NF-
kappaB transcription factor, TRIM8, as a
positive regulator of TNFα and
IL-1β–triggered NF-κB activation. Li et
al, PNAS, 2011,108:19341

ZNF703 ENSG00000183779 Zinc finger protein
703

chr8:37553095−37553100 1.20 1.75 4.04 hsa-miR-155-5p 38 228 285 GO:0017015~regulation of transforming
growth factor beta receptor signaling
pathway
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Fig. 4. Isolation of slan-defined non-classical and classical monocytes.Isolated blood mononuclear cells were stained with DR-APC, CD14-PC5, CD16 -PEand slan-FITC and at least 5.000
monocytes were analyzed by flow cytometry. The dot plot in the upper part of this experimental figure has also been used for illustration purposes in Hofer et al, Front. Immunol. 10:2052,
doi 10.3389/fimmu.2019.02052. One representative sample of four.

2012; Dang et al., 2015). Etzrodt et al. noted 9 miRNAs with an at
least 2-fold difference in expression in mouse classical and non-clas-
sical monocytes and the higher expression of miRNA-146a in mouse
non-classical monocytes was confirmed for human CD16+ monocytes
(Etzrodt et al., 2012). Bidzhekov et al. reported on a large num-
ber of differentially expressed miRNAs for human monocyte subsets
with the strongest differences for miR-189, -147 and -1282 (high in
CD16+ monocytes) and for miR-374a, -451 and -1225 (low in CD16+
monocytes) (Bidzhekov et al., 2012). Dang et al. found 66 differen-
tially expressed miRNAs with an at least two-fold difference between
CD16+ and CD16- subsets (Dang et al., 2015). Here the miRNAs
with the strongest increase in CD16+ monocytes were miR-432, -212
and -409-3p and those with the strongest decrease were miR-19a, -345
and-452. The increase for miR-146a was also found, but none of the
mentioned top miRNAs were shared between Dang et al. and Bidzhekov
et al. When Duroux-Richard et al. (Duroux-Richard et al., 2019) have
compared their own unpublished data with those of Dang et al., re-
trieved from the GEO data bank, they found a consistent differential ex-
pression in monocyte subsets for 9 miRNAs. Hence, there appears to be
a large variability with respect to miRNAs differentially expressed be-
tween human monocyte subsets, which may be due to differences in cell
preparation and in miRNA detection techniques used.

All of the above studies were done by comparing CD16+ mono-
cytes and CD16- monocytes. However, as mentioned above, mono-
cytes are currently subdivided into CD14++CD16− classical cells,
CD14++CD16+ intermediate cells and CD14+CD16++ non-classi-
cal cells (Ziegler-Heitbrock et al., 2010). Therefore, in order to
understand the mechanisms that specifically operate in non-classical

monocytes, we have compared herein the CD14+CD16++ cells to
both the intermediate and classical monocytes and we detected 92 miR-
NAs with an at least 2-fold difference as compared to both of the two
other subsets. Given the more specific definition of the CD16+ non-clas-
sical monocytes and the additional comparison to the CD16+ interme-
diate monocytes, this is a high number of differential miRNAs. While
several miRNAs from our study (e.g. top miR-493 and miRNA-345-5p
and miR-146a) were also differential in the study by Dang et al. (Dang
et al., 2015) we discovered many miRNAs not previously described in
the context of monocyte subsets, i.e. more than 40 of our differential
miRNAs were not found among the differential miRNAs described by
Dang et al.(data not shown).

Biological processes linked to the differential miRNAs in previous
studies were cell signaling (Etzrodt et al., 2012), chemotaxis and
apoptosis (Dang et al., 2015) and monocyte differentiation (Se-
limoglu-Buet et al., 2018). The main biological process in our analy-
sis turned out to be signaling (see Fig. 2A and B). Signaling mole-
cules targeted in this context included NFKBIA, SOCS3, MAPK1, NCOA2
and TRIM8. Here, NFKBIA (also known as IKBalpha) and SOCS3 are
known to block signaling pathways and these transcripts were downreg-
ulated. On the other hand, MAPK1, NCOA2 and TRIM8 are promoting
signaling and their transcripts were up-regulated in non-classical mono-
cytes. This indicates that miRNAs may serve to support gene expression
in this monocyte subset by controlling expression of transcription fac-
tors. Given the higher TNF production in non-classical monocytes, we
then focused on TRIM8, a positive regulator of NF-κB signal transduc-
tion. Here we have asked whether non-classical monocytes will maintain
lower miRNA-106b and -20a and higher TRIM8 along with higher TNF
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Fig. 5. miRNAs and down-stream TRIM8 and TNF in classical and non-classical monocytes defined via slan.Monocyte subsets were isolated using the slan marker. The slan-negative clas-
sical monocytes (slan−, also CD16−) and the slan-positive non-classical monocytes (slan+, also CD16+) with a purity > 90 %, were cultured for 2 h without and with LPS at 10 ng/
mL. The mRNA and miRNA were isolated from lysates and was amplified by PCR. Results for normalized to SF3A1 for mRNAs and to RNU6-2 for miRNAs. **p < 0.01, *p < 0.05,
ns = non-significant in Student’s t-test. Mean ± SD of four experiments.

after TLR4 stimulation. In fact, LPS stimulated non-classical monocytes
showed the predicted pattern and had significantly lower miRNA-106b
and miRNA-20a and higher TRIM8 along with higher TNF compared to
classical monocytes (see Fig. 5). This supports the concept of a signaling
cascade that is controlled by these miRNAs and by TRIM8 in non-classi-
cal monocytes. The cartoon in Fig. 6 illustrates this signaling pathway.
Here, low levels of miR-20a and -106b will allow for higher levels of
TRIM8 such that it can support TAK1 action on IKK followed by mobi-
lization of p50/p65 NF-kB into the nucleus and this promotes TNF gene
expression.

Li et al. (Li et al., 2011) and Versteeg et al. (Versteeg et al., 2013)
have shown that TRIM8 is a positive regulator of signal transduction and
cytokine gene expression. On the other hand, studies in knock out ani-
mals suggested a negative role for TRIM8 in LPS induced gene expres-
sion in mice (Ye et al., 2017). While Ye et al. used germline knock-out
in mice, which can entail compensatory mechanism in ontogeny, the
work by Li et al. and Versteeg et al. were done with transfection in hu-
man cells. The work by Versteeg et al. (Versteeg et al., 2013) may be
more relevant to our studies, which imply a positive role for TRIM8 in
signal transduction. A positive impact of TRIM8 on cytokine expression
was also shown in a recent study, which reported that TRIM8 is cru-
cial to type I interferon production in human plasmacytoid DCs in that
it protects the transcription factor IRF7 from proteasomal degradation
(Maarifi et al., 2019). Therefore, the increased TRIM8 levels may im-
pact on gene expression in non-classical monocytes beyond the TNF cy-
tokine.

Regarding the epigenetic control of TRIM8 gene expression, miR-
NAs form one important component. In addition, methylation of CpG
sites can repress gene expression and hypo-methylated promotors en

able transcription (Weber et al., 2007; Greenberg and Bourc’his,
2019). When looking at differential methylation of CpG sites up-stream
of mRNA coding genes, we noticed that there are two sites for the TRIM8
gene, which are hypo-methylated in non-classical monocytes. This may
provide an additional mechanism for enhanced transcription of TRIM8
in non-classical monocytes.

As detailed above, the non-classical monocytes usually are dissected
from intermediate monocytes based on their lower CD14 expression
level. Since there is a gradual decrease of CD14 levels, the cut-off cho-
sen is variable and different strategies have been tested (Zawada et
al., 2015). Here, the use of additional markers for the dissection has
been proposed (Wong et al., 2012). Therefore, we have now iso-
lated non-classical monocytes as CD14+CD16+slan+ cells and classi-
cal monocytes as CD14++CD16-slan− cells and have studied the miR-
NAs, TRIM8 and TNF with and without LPS stimulation. Using this ap-
proach, we have shown herein that the mechanisms of epigenetic con-
trol of the high TNF production by the non-classical monocytes also ap-
ply to these cells when defined via slan.

Taken together our data provide evidence for pathways of epigenetic
control of cytokine gene expression involving miRNAs and CpG methy-
lation sites unique to non-classical monocytes.
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Fig. 6. Signaling scheme showing contribution of miRNA-20a-5p and miRNA 106b-5p to LPS induced TNF gene expression via TRIM8.The interaction of miR-20a-5p and 106b-5p with
TRIM8 is based on HITS−CHIP data by Riley et al. (2012), see supplement Table S8 therein. The interaction of TRIM8 and TAK1 all the way down to JNK and AP1 was documented in
Li et al. (2011), the regulation of JNK and p38 by TAK1 was reported by Chen et al. (2015) and the TAK1 IKK interaction was demonstrated in Sakurai et al. (1999). Ablation of
TRIM8 by RNA interference was shown to lead to reduced expression of TNF by Versteeg et al. (2013). IKK will phosphorylate IkBa, which subsequently is degraded. This liberates the
p50p65 NFκB complex that can move into the nucleus.
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