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miR-374a-5p regulates inflammatory genes and
monocyte function in patients with inflammatory
bowel disease
Carlos Perez-Sanchez1,2,3*, Ariana Barbera Betancourt1,2*, Paul A. Lyons1,2*, Zinan Zhang1,2,4, Chenqu Suo1,2,5,6, James C. Lee1,2,
Eoin F. McKinney1,2, Louise K. Modis7, Christian Ellson7, and Kenneth G.C. Smith1,2,8

MicroRNAs are critical regulators of gene expression controlling cellular processes including inflammation. We explored their
role in the pathogenesis of inflammatory bowel disease (IBD) and identified reduced expression of miR-374a-5p in IBD
monocytes that correlated with a module of up-regulated genes related to the inflammatory response. Key proinflammatory
module genes, including for example TNFα, IL1A, IL6, and OSM, were inversely correlated with miR-374a-5p and were validated
in vitro. In colonic biopsies, miR-374a-5p was again reduced in expression and inversely correlated with the same inflammatory
module, and its levels predicted subsequent response to anti-TNF therapy. Increased miR-374a-5p expression was shown to
control macrophage-driven inflammation by suppressing proinflammatory mediators and to reduce the capacity of monocytes
to migrate and activate T cells. Our findings suggest that miR-374a-5p reduction is a central driver of inflammation in IBD, and
its therapeutic supplementation could reduce monocyte-driven inflammation in IBD or other immune-mediated diseases.

Introduction
Inflammatory bowel disease (IBD) is a common, incurable in-
flammatory disease, comprising Crohn’s disease (CD) and ul-
cerative colitis (UC). Worldwide, >6.5 million people have IBD,
which has its peak onset in young adulthood. Chronic disabling
symptoms often impact quality of life and create a substantial
economic burden (Alatab et al., 2020), and so understanding
pathogenesis to drive new treatment strategies is a priority.

Macrophages and monocytes play central roles in IBD path-
ogenesis (Na et al., 2019; Baillie et al., 2017) through the pro-
duction of inflammatory cytokines such as IL1β, IL6, IL23, and TNFα.
These cytokines recruit and activate other immune cells and are the
targets of effective current therapies (Podolsky, 2002; Neurath,
2019). Nonetheless, the molecular mechanisms underlying macro-
phage and monocyte dysregulation in IBD remain unclear. The
analysis of circulating monocytes and derived macrophages from
patients is difficult, as their gene expression and function are ex-
quisitely sensitive to immunosuppressive therapies (Lyons et al.,
2010). To avoid these confounding effects of treatment, it is nec-
essary to study newly diagnosed, treatment-naive patients.

High-throughput technologies have provided important in-
sights into disease—for example, disease-related transcriptional
changes have been identified in mucosal biopsies of IBD patients
(Häsler et al., 2017; Hong et al., 2017)—however, the cellular
heterogeneity of biopsy samples can hamper interpretation. The
analysis of purified cell types can provide a clearer vision of the
molecular pathways associated with the disease; for example,
transcriptomic analysis of purified CD8+ T cells from treatment-
naive patients with active IBD revealed signatures that predicted
clinical outcome and have led to the development of clinically
validated biomarkers (Biasci et al., 2019).

From a therapeutic perspective, the challenge is to make bio-
logical sense of large-scale data to identify key upstream regu-
lators. Network analysis of mRNA data identifies modules of
coexpressed genes that may correlate with disease features. The
identification of mechanisms orchestrating this coregulation
could reveal important drivers of immune dysregulation in
disease, which in turn might provide potential therapeutic tar-
gets. microRNAs (miRs) are attractive candidates, since they are
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an important class of regulatory molecules that can have wide-
spread effects on multiple RNA transcripts in immune and other
contexts (Baltimore et al., 2008). In this study, we sought to
identify miRs important in regulating the inflammatory re-
sponse in monocytes in IBD.

The contribution of miRs to the pathogenesis of IBD is in-
completely understood. Most studies have restricted their focus
to miRs targeting genes that had been previously linked to the
disease at the genetic level (Schaefer, 2016; Kalla et al., 2015).
Others have found miR profiles differentially expressed (DE) in
intestinal biopsies, blood, or serum (Kalla et al., 2015). Many of
those, including miR-21, -146, and -155, are dysregulated in other
immune-mediated diseases, but their roles in pathogenesis are
yet to be fully elucidated (Kalla et al., 2015).

Discovery of the role played by miRs in driving IBD-
associated transcriptional modules will require integrated
analysis of miR and mRNA derived from well characterized
patients with active disease. To avoid the confounding effects of
therapy, only newly diagnosed, treatment-naive patients were
included in this study. We performed such an analysis on
mRNA and miR quantified from purified blood monocytes and
other immune cell types. This analysis found miR-374a-5p to be
reduced in blood and colonic biopsies in active IBD, leading to
increased expression of key proinflammatory target genes.
miR-374a-5p up-regulation in vitro ameliorated the increased
monocyte-driven inflammation by reducing proinflammatory
mediators, migration capacity, and T cell activation. miR-374a-
5p may have a potential therapeutic role in IBD and other
immune-mediated diseases.

Results
Monocyte gene modules associated with IBD
To better understand the contribution of monocytes to IBD
pathogenesis, we measured gene expression in purified CD14+

monocytes isolated from the peripheral blood of 46 active, un-
treated IBD patients and 20 age- and sex-matched healthy con-
trols (HC; Table S1). We applied a systems biology method
(weighted gene coexpression network analysis [WGCNA]) to
help resolve biological networks. Genes were combined into
modules based on the pairwise correlation between their ex-
pression levels across all samples. 31 discrete modules contain-
ing highly coexpressed genes were identified (Fig. 1 A), and
module preservation analysis confirmed their existence in other
inflammatory diseases (ANCA-associated vasculitis [AAV] and
systemic lupus erythematosus [SLE]) and different cell types
(B cells, neutrophils, and CD4+ and CD8+ T cells; Fig. S1 A). We
then sought to identify which of these modules were signifi-
cantly correlated with IBD by excluding those driven by asso-
ciations with age, sex, sample storage time, etc. This process
identified four modules that were significantly associated with
IBD, with two containing genes that were up-regulated in dis-
ease and two containing genes that were down-regulated.
Comparison with other immune-mediated diseases revealed
that some, but not all, of these gene sets were similarly dysre-
gulated in other diseases, including SLE and AAV. Significant
differences were not observed between CD and UC for any

module (Fig. 1, A and B). To understand the biological processes
responsible for these transcriptional changes, we used Gene
Ontology enrichment analysis and identified that the Black and
Brown modules were enriched for genes related to the regula-
tion of nucleic acid metabolic processes, the Darkorange module
for genes involved in nucleosome and chromatin assembly, and
the Tan module for inflammatory pathways (Figs. 1 B and S1 B).
No correlationwas found between the Tanmodule and anatomic
location of the disease in CD (Fig. S1 C).

miR profile of CD14+ monocytes from IBD patients
To determine whether miRs might be contributing to the IBD-
associated changes in gene expression, we performed small
RNA-sequencing (RNA-seq) analysis in the same samples, to
provide a means of comparing miR abundance with changes in
overall gene expression. We identified 110 monocyte DE miRs in
IBD patients compared with HC (false discovery rate [FDR] ≤
0.05); 61 miRs were down-regulated and 49 up-regulated (Fig. 2
A). All miRs detected inmonocytes are listed in Table S2, and the
most significantly DE are highlighted.

Integrated IBD monocyte mRNA-miR analysis associates miR-
374a-5p with the “inflammatory response” module
To further explore the potential impact of miRs on the dysre-
gulation of IBD-associated gene networks, we developed an
analysis to integrate the miR and mRNA datasets. This could
provide insight into the potential role ofmiRs in IBD and identify
upstream regulators of dysregulated gene sets that might inform
therapeutic opportunities (Fig. 2 B). Because miRs usually re-
duce gene expression (Baltimore et al., 2008), we used a per-
mutation test to select DE miRs that have a significant negative
correlation with the genes of a given IBD gene module. 15 down-
regulated miRs were correlated with enhanced expression of the
inflammatory response (Tan) module, and no significant nega-
tive correlations between DE miRs and other modules were
found (Fig. 2 C).

We next investigated the enrichment of predicted mRNA
targets for each of these 15 miRs in the inflammatory response
module. miR-374a-5p, the miR most associated with the module,
has more than twice as many predicted and inverse correlated
mRNA targets as any othermiR (Fig. 2 D). miR-374-5p appears to
have a protective role in different pathological conditions, in-
cluding several cancers (Wu et al., 2016; Chen et al., 2018; Chen
et al., 2016), neonatal hypoxic-ischemic encephalopathy (Chen
et al., 2020), diabetic nephropathy (Yang et al., 2018), and
obesity (Doumatey et al., 2018), among others, and a role for it in
controlling inflammatory mediators has been proposed in some
of these contexts (Doumatey et al., 2018; Chen et al., 2020). This
work adds to these reports in that it suggests miR-374a-5p de-
ficiency could play a previously unrecognized central role in
susceptibility to overt immune-mediated diseases such as IBD.

Predicted targets of miR-374a-5p include cytokines (IL1A, IL6,
oncostatin M [OSM], and CCL18), inflammatory transcription fac-
tors (KLF6, NFKBIZ, PRDM1, and ZBTB10), immune-inflammatory
regulators (TNFAIP3, PDE4B, PTGER4, and ZFP36), and two genes
with no recognized immune-inflammatory functions (ORL213 and
KCNT2). Most of these predicted targets are known to play
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prominent roles in the pathogenesis of IBD (Table S3), underlining
the potential importance of regulation of miR-374a-5p. Examples
include OSM, which has been associated with both disease and
treatment response and is a potential therapeutic target (West
et al., 2017), and TNFAIP3 (Bourges et al., 2020). Furthermore,
the combined analysis of module membership (MM; the degree to
which each gene is associated with the module) and the associa-
tion of specific gene expression with IBD (defined as minus log P
value between IBD and HC by t test) revealed that most of these
targets were central to module structure, except for KCNT2 and
OR2L13, the only two without known roles in inflammation (Fig. 2
E). In addition, alone among the potential targets of miR-374a-5p,
only KCTN2 and OR2L13 showed no evidence of differential ex-
pression between IBD and health, and so they will not be con-
sidered further. No differences in target gene expression were
seen between CD and UC (Fig. 3 A). The inverse correlation be-
tween miR-374a-5p and its predicted targets is shown in Fig. 3 B.
No correlation was found between miR-374a-5p and anatomic
location of the disease in CD (Fig. S1 D).

TNFα, a key cytokine involved in the pathogenesis of IBD, is
within the inflammatory response module. It is likely to be a
coregulated gene, as while its expression correlated inversely
with miR-374a-5p, it lacked a predicted seed sequence motif
(Fig. S1, E–G; and see Discussion).

Other miRs have been previously associated with IBD, in-
cluding miR-31 (Keith et al., 2018), miR-200c (Rawat et al.,

2020), and miR-142 (Schaefer et al., 2015). We found that miR-
142-5p and miR-142-3p are highly expressed in monocytes and
significantly down-regulated in IBD compared with HC (Table
S2), whereas miR-31-5p and miR-200c-3p were lowly expressed
in monocytes and not DE in IBD. As these miRs were not asso-
ciated with gene expression modules, they are not considered
further.

miR-374a-5p and the inflammatory response module in
different cell types
We next explored the cell type specificity of the association
between miR-374a-5p and the inflammatory response module.
In HC, miR-374a-5p was most highly expressed in monocytes,
lowest in T cells, and significantly reduced in IBD in monocytes
and B cells and, to a lesser extent, neutrophils (Fig. 4 A). The
eigengene of the Tan inflammatory response module was ele-
vated only in monocytes, however (Fig. 4 B). Consistent with
this, negative correlation between miR-374a-5p expression and
the inflammatory response eigengene was stronger in mono-
cytes, weaker in B cells, and absent in other cell types (Fig. 4 C).
These data suggest the major regulatory impact of miR-374a-5p
on inflammation will be in the monocyte lineage, in both CD
and UC.

Along with miR-374a-5p, other members of the miR-374
family were also down-regulated in monocytes from IBD pa-
tients (Table S2). We extended this observation, analyzing the

Figure 1. WGCNA of CD14 monocyte transcriptomes from IBD patients and HC identified RNA modules associated with disease. (A) The eigengene of
each module (ME) was correlated to disease classification and other clinical and analytical variables. The correlation coefficient and significance (FDR) are
indicated for each module. Red and green colors represent positive and negative correlations, respectively. (B) Eigengene values of the modules across HC and
immune-mediated diseases. The eigengene values were normalized to HC. a, P < 0.05 vs. HC; b, P < 0.05 vs. AAV; c, P < 0.05 vs. SLE. One-way ANOVA and
Tukey’s post hoc test.
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miR-374 family across five cell types. Expression of four mem-
bers of the family (miR-374a-5p, miR-374a-3p, miR-374b-5p, and
miR-374b-3p) was seen across immune cell subsets, was
prominent in monocytes, and was down-regulated in patients
with active IBD in this cell type. The most prominent fall in
terms of both magnitude and statistical significance was in
miR-374a-5p (Fig. S2, A–C).

Confirmation of the disease association of miR-374a-5p/
inflammatory module in intestinal biopsies
If the miR/mRNA disease associations we see in circulating
monocytes are important in disease pathogenesis, they might
also be detectable in diseased tissue. We therefore explored this
in external published transcriptomic datasets from intestinal
biopsies, both extending our findings to the tissue level and
providing further validation in independently recruited cohorts.

A dataset from biopsies of seven active and six inactive UCs
and eight HCs was first analyzed (GSE48957, GSE48958; Van Der
Goten et al., 2014) and showed elevation of the inflammatory
response module eigengene and reduced miR-374a-5p expres-
sion in active UC patients compared with inactive patients and
HC (Fig. 5, A and B). The negative correlation seen between the

two (Fig. 5 C) was comparable to that observed in peripheral
blood (Fig. 4 C). Consistent with this, the expression of most
potential targets of miR-374a-5p within the module was up-
regulated in patients with active UC (Fig. 5 D), and a negative
correlation between miR-374a-5p and some of its targets (IL6,
IL1A, PRDM1, NFKBIZ, PDE4B, and TNF) was seen (Fig. 5 E).

The significant inverse correlation between the expression of
miR-374a-5p and the inflammatory module was validated in a
second dataset of ileal mucosal biopsies from 12 HC and 18 active
and newly diagnosed CD patients (GSE102133; Verstockt et al.,
2019; Fig. 5 F). In this dataset, the inflammatory module was
significantly up-regulated, and miR-374a-5p was slightly down-
regulated compared with HC (Fig. 5, G and H).

A third dataset compared active UC and CD treated with
anti-TNF therapy with HC (GSE16879; Arijs et al., 2009a). The
inflammatory response module eigengene was higher in both
active UC and CD patients. Intriguingly, an increased eigengene
value in biopsies taken before therapy was highly predictive of
subsequent nonresponse to anti-TNF therapy (area under the
curve [AUC] = 0.83 and AUC = 0.92 in UC and CD patients re-
spectively; Fig. 6, A and B). Consistent with this, up-regulation of
most of the potential targets of miR-374a-5p was observed in

Figure 2. Integrated mRNA-miR analysis identified miR-374a-5p as a potential key regulator of the inflammatory response in IBD patients.
(A) Volcano plot of miRs DE between IBD and HC in CD14+ monocytes (left). Green and red dots represent DE miRs down-regulated and up-regulated in IBD,
respectively. Horizontal dashed line indicates P = 0.05. Mean difference plot indicating the mean expression level of miRNAs and their fold-change (right).
(B) Representative chart summarizing the pipeline of the integrated miRNA-mRNA analysis. The analysis includes two steps: (1) identification of DE miRs that
negatively correlate with the genes within the IBD modules by permutation test analysis; and (2) identification of potential targets within the module that are
predicted and inversely correlated with those DEmiRs. (C) First step: permutation test of DEmiRs and the IBDmodules. Red dots represent DEmiRs correlated
with the modules considering P < 0.05 and FDR < 0.05. (D) Second step: number of predicted and inversely correlated targets within the inflammatory
response module for the previously identified miRs. (E) Scatter plot showing the relationship between the module membership (MM) of each gene within the
inflammatory response module and the differential expression of those genes in IBD compared with HC. Red dots indicate miR-374a-5p potential targets.
Genes important in module structure were identified by taking the intersection between differential expression (P < 0.05) and high intramodular connectivity
(MM > 0.5).
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both UC and CD nonresponders (Fig. 6 C), and their correlated
expression confirmed (Fig. 6 D). The inflammatory response
module eigengene as predictor of anti-TNF response was vali-
dated in two independent datasets (GSE12251 [Arijs et al., 2009b]
and GSE73661 [Arijs et al., 2018]) of intestinal biopsies from UC
patients (Fig. 6, E–H).

In vitro exploration of the interaction between miR-374a-5p
and its proinflammatory targets
The correlation between miR-374-5p and inflammatory gene
expression supports a role for miR-374-5p in monocyte physi-
ology in IBD, but correlation does not prove causation. To di-
rectly investigate the role of miR-374a-5p in monocyte biology,
we examined the expression of miR-374a-5p and its targets after
monocyte stimulation using LPS. This is a relevant model for
IBD, since it has been well established that the aberrant immune
response is directed toward components of the intestinal mi-
croflora (Zhang et al., 2017), and the Tan module not only con-
tained genes involved in inflammation, but was also enriched for
features of the response to LPS (Fig. S1 B). Consistent with a
direct role for miR-374a-5p during inflammatory responses, its
expression was reduced (Fig. 7 A), and that of its targets in-
creased (Fig. 7 B), by LPS in a dose-dependent manner.

To further confirm the ability of miR-374a-5p to directly
control expression of its inflammatory targets, monocytes from
healthy individuals were transfected with a miR-374a-5p mimic;
24 h later, theywere stimulated with 2 ng/ml of LPS for a further

24 h (Fig. 8 A). Increased miR-374a-5p expression after trans-
fection was confirmed by RT-PCR (Fig. S2 D). LPS induced all
predicted targets, and pre-transfection with a miR-374a-5p
mimic reduced the induction of TNFα, IL1A, IL6, OSM, CCL18,
NFKBIZ, ZFP36, KLF6, PDE4B, and PTGER4 consistent with a di-
rect regulatory effect (Fig. 8 B). This effect was also seen, though
was less pronounced, when supraphysiological doses of LPS
were used (100 ng/ml; Fig. S2, E and F). miR-374a-5p inhibition
of these targets was confirmed at protein level in the same
samples: intracellular proteins (PDE4B, NFKBIZ, PTGER4, KLF6,
and ZFP36) by Western blot and secreted proteins (TNF, IL6,
OSM, and CLL18) by Luminex assays of culture supernatants
(Fig. 8, C–E).

To complement the analysis of in vitro–stimulated HC mon-
ocytes, we studied the capacity of miR-374a-5p to reduce its
proinflammatory targets in monocytes from patients with active
IBD immediately ex vivo. Transfection with a miR-374a-5p
mimic reduced TNFα, OSM, CCL18, NFKBIZ, ZFP36, KLF6, PDE4B,
and PTGER4 mRNA compared with the negative scrambled
control, again supporting a direct regulatory role and revealing a
potential therapeutic opportunity (Fig. 8, F and G). This was
again confirmed at a protein level by Western blot (PDE4B,
NFKBIZ, PTGER4, KLF6, and ZFP36) or supernatant assay (OSM
and CCL18) in the same experiments (Fig. 8, H–J). Luciferase
assays were used to evaluate the direct interaction between the
seed sequence of miR-374a-5p and the 3-UTR region of those
coexpressed predicted targets reduced by the miR-374a-5p

Figure 3. Differential expression and correlation analysis of miR-374a-5p targets in monocytes from IBD patients. (A) Expression level of all the
predicted and inverse-correlated miR-374a-5p targets within the inflammatory module in monocytes from HC and patients with CD and UC. Mean, SEM, and P
are shown. One-way ANOVA and Tukey’s post hoc test. (B) Significant inverse correlations between the expression of miR-374a-5p and all the potential
predicted targets within the inflammatory response module (Tan module) in monocytes from IBD patients. Pearson’s correlation coefficient and significance
are represented in each plot.
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mimic. Such interaction was confirmed for IL1A, IL6, OSM, CCL18,
NFKBIZ, ZFP36, KLF6, PDE4B, and PTGER4, but not TNFα
(Fig. 8 K).

Because overexpression experiments with mimics are likely
to provide a supraphysiological level of miRNA, it was important
to confirm that endogenous miR-374a-5p has a functional im-
pact.We inhibited miR-374a-5p with a sequence-specific miRNA
antagonist in healthy monocytes (Fig. S2 G). After 48 h, the level
of miR-374a-5p was reduced (Fig. S2 H). In parallel, the ex-
pression of most of the predicted targets of miR-374a-5p was
significantly up-regulated at the mRNA level (TNF, IL1A, IL6,
OSM, CCL18, NFKBIZ, PDE4B, and PTGER4) or/and protein level
(PDE4B, NFKBIZ, KLF6, TNF, IL1A, and IL6; Fig. S2, I–L).

We next sought to define the impact of miR-374a-5p on
monocyte transcription, to determine if it extended beyond the
genes identified in the Tan module. We therefore transfected
healthy monocytes with SCR or miR-374a-5p mimic before LPS
activation and performed gene set enrichment analysis (GSEA)
on RNA-seq data generated from them. Enrichments of known
LPS- and TREM-response genes (Dower et al., 2008; Fig. S3 A)
were identified. The expression of leading-edge genes (that
drive the enrichment) was reduced by pretransfection with an
miR-374a-5p mimic. These included genes related to leukocyte
migration (CSF1, CCL20, F3, LGALS3, SPRY2, PTGS2, and DAB2),
PPAR signaling (PPARG, MMP1, LPL, and FABP5), TNF signaling
(TNFSF15, TNFSF14, EDN, and PTGS2), and innate immunity
(AKIRIN2, CRTAM, DDIT3, EIF2AK3, INHBA, LY9, PRGS2, RAB20,

RAB7B, RABTB, S1PR3, and SIGLEC15). In addition, canonical
pathways associated with cellular activation, such as protein
translation, oxidative phosphorylation and monosaccharide
transport, were enriched after transfection, with their leading-
edge genes also down-regulated by amiR-374a-5pmimic (Fig. S3
B). Approximately 19% of the down-regulated genes showed
complementarity with the seed sequence of miR-374a-5p, but
this enrichment did not reach statistical significance. This ob-
servation is in keeping with previous studies that report that
∼20–25% of differentially regulated transcripts are predicted
targets of a transfected miRNA (Shahab et al., 2012; Matkovich
et al., 2012; Jones et al., 2015; Thomas et al., 2010).

Functional studies support miR-374a-5p as a key regulator of
monocyte-driven inflammation
miR-374a-5p, by directly targeting specific inflammatory tar-
gets, suppresses many of the mRNA pathways that underpin
monocyte responses to inflammatory stimuli. We thus sought to
determine if this had an impact on monocyte function after
activation. We evaluated the role of miR-374a-5p on the mi-
gration capacity of monocytes using a CCL2 chemotaxis assay.
Monocytes from active IBD patients showed an increased mi-
gration capacity towards CCL2, which was reduced to a level
similar to that of HC monocytes by transfection with a miR-
374a-5p mimic (Fig. 9 A).

Monocyte-derived macrophages are also thought to drive
inflammation in IBD by attracting and activating other immune

Figure 4. Relationship between miR-374a-5p and the inflammatory response module in different cell types from HC and IBD patients. (A) Expression
level of miR-374a-5p between HC, CD, and UC across five different cell types. Mean and SD are represented. (B) Eigengene level of the inflammatory response
module between HC and patients with CD and UC across five different cell types (CD14+, CD16+, CD19+, CD8+, and CD4+). Eigengene values were normalized to
the CD14+ HC group. ***, P < 0.001. One-way ANOVA and Tukey’s post hoc test. (C) Correlation between the level of miR-374a-5p and the eigengene of the
inflammatory response module in IBD patients. Pearson’s correlation test.
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cells, including CD4+ T cells (Podolsky, 2002; Neurath, 2019).We
thus examined the impact of miR-374a-5p mimic transfection
on the ability of monocytes to attract, activate, and differen-
tiate CD4+ T cells. Pretransfection with miR-374a-5p reduced
monocyte-driven CD4+ T cell chemoattractant capacity when
either LPS-stimulated HC monocytes or unstimulated mono-
cytes from patients with active IBD were used (Fig. 9 B). The
effect of miR-374a-5p transfection on CD4+ T cell phenotype was
also evaluated in cocultures (Schrier et al., 2016). LPS-stimulated
monocytes from HC transfected with either miR-374a-5p and
negative scrambled control were cocultured with autologous
CD4+ T cells prestimulated with anti-CD3, and activation
markers (CD25, HLA-DR), and proportions of naive (TN) and
memory CD4+ T cell subsets (central memory [TCM], effector
memory [TEM], and terminally differentiated effector memory
[TEMRA]) were analyzed. Monocytes transfected with miR-
374a-5p reduced the expression of CD25 and HLA-DR in CD4+

T cells and reduced T effector differentiation (reducing the
increase in TEM and TEMRA subsets; Fig. 9, C–E). A similar,
though less pronounced, trend was observed when autologous
CD4+ T cells from active IBD patients were co-cultured with
IBD monocytes transfected with miR-374a-5p (Fig. S3, C–E).

Altogether, this demonstrates that miR-374a-5p is a critical
regulator of many facets of the monocyte inflammatory re-
sponse and highlights the therapeutic potential of targeting
this miR in IBD.

Discussion
Monocytes are thought to be central players in IBD, as the source
of the monocyte-derived macrophages that drive inflammation
(Na et al., 2019; Baillie et al., 2017; Podolsky, 2002; Neurath,
2019). Using integrative mRNA and miRNA analysis in mono-
cytes from IBD patients, we identifiedmiR-374a-5p as a potential
central regulator in IBD, as its down-regulation increases ex-
pression of a module of key inflammatory mediators. We
showed that the overexpression of miR-374a-5p turned off both
inflammatory functions of IBD monocytes and their impact on
CD4+ T cells, and in doing so, identified a previously unrecog-
nized role for miR-374a-5p in the pathogenesis of immune-
mediated disease, in particular IBD. In addition to the prominent
association between miR-374a-5p expression and IBD, other
members of the miR-374 family were similarly, if less strik-
ingly, associated, raising the possibility that they may be

Figure 5. Correlation of miR-374a-5p and the inflammatory response module in IBD intestinal biopsies. (A and B) Inflammatory response module
eigengene (A) and miR-374a-5p expression (B) in intestinal biopsies of UC patients with differential disease activity. a, P < 0.05 vs. HC; b, P < 0.05 vs. UC-
inactive. Kruskal–Wallis and Dunn’s post hoc test (eigengene values normalized to HC). (C) Correlation of inflammatory response module eigengene and miR-
374a-5p expression in UC biopsies. (D and E) Heatmap of expression (D) and correlations of miR-374a-5p/targets (E) in UC biopsies. Red and blue represent
high and low normalized expression, respectively, in D and positive and negative correlations in E. Dot size indicates magnitude of the correlation coefficient.
X, P > 0.05. Pearson’s correlation test. (F) Correlation of inflammatory response module eigengene and miR-374a-5p expression in CD biopsies.
(G and H) Inflammatory response module eigengene (G) and miR-374a-5p expression (H) in ileal biopsies of active CD patients. **, P < 0.01 vs. HC. Unpaired
t test (eigengene values normalized to HC; H).
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controlled by similar upstream mechanisms as miR-374a-5p,
and may also have a functional impact on disease.

Previous studies have associated changes in miR-374a-5p
expression with a range of diseases or disease models, including
neonatal hypoxic brain damage (Chen et al., 2020; Looney et al.,
2015), ischemia/reperfusion injury (Huang et al., 2019), osteo-
arthritis (Shi and Ren, 2020), and obesity (Doumatey et al.,
2018). While these studies did not explore the role of miR-
374a-5p in immune cells, an impact on inflammation is sug-
gested by some of the predicted target genes described (e.g.,
NLRP3 [Chen et al., 2020], Smad6 [Chen et al., 2020], CCL2
[Doumatey et al., 2018], JNK signaling [Gong et al., 2018]). miR-
374a-5p is also seen in lists of down-regulated miRNAs in pro-
filing studies in immune-mediated diseases, including SLE (Luo
et al., 2013; Pérez-Sánchez et al., 2016; Van Den Hoogen et al.,
2018), rheumatoid arthritis (Arias de la Rosa et al., 2020), an-
tiphospholipid syndrome (Pérez-Sánchez et al., 2018), Sjögren’s
syndrome (Wang-Renault et al., 2018), axial spondyloarthritis
(Prajzlerová et al., 2017), asthma (Williams et al., 2009), and
diabetes (Stȩpień et al., 2018; Yang et al., 2018). These studies did
not specifically mention miR-374a-5p and did not provide
functional evidence for a role in pathogenesis.

miR-374a-5p has not been previously functionally implicated
in the pathogenesis of inflammatory disease. miR-374a-5p was
inversely correlated with a gene module up-regulated in mon-
ocytes from UC and CD (and SLE) patients, and in IBD intestinal

biopsies module expression was associated with disease activity
and could predict response to anti-TNF therapy, a finding vali-
dated in independent datasets. If confirmed in larger studies,
this predictive marker of treatment response could help address
a critical unmet need in the field. The Tan module is negatively
correlated with miR-374a-5p expression, but while it is enriched
for validated targets of miR-374a-5p, many genes in it lack pu-
tative seed sequences, and are therefore unlikely to represent
direct targets of the miR. It is known that transcription factors
and miRs work in parallel to modulate gene expression. Thus,
some of the genes in the Tan module may represent indirect
targets of miR-374a-5p, regulated by transcription factors that
are themselves directly regulated by miR-374a-5p. Additionally,
LPS signaling itself leads to a highly coregulated transcriptional
response, which includes the up-regulation of many genes found
within the Tan module. Thus, a proportion of Tan module genes
could be modulated directly by LPS, and thus be coregulated
with, but independent of, miR-374a-5p.

The miR-374a-5p–associated module contained a remarkably
focused set of known key inflammatory genes (IL6, OSM, IL1A,
CCL18, KLF6, NFKBIZ, ZFP36, PDE4B, PTGER4, and TNF); all but
TNF were shown to be direct targets of miR-374a-5p. miR-374a-
5p mediates control these canonical pathways, which drive an
activated phenotype in monocytes including an increased mi-
gration capacity, and increased activation of CD4+ T-cells. Given
the inflammatory importance of genes controlled by miR-374, at

Figure 6. The inflammatory response module predicts response to anti-TNF therapy in IBD intestinal biopsies. (A) Inflammatory response module
eigengene values in intestinal biopsies of HC and UC and CD patients before and after 4–6wk of anti-TNF therapy. a, P < 0.05 vs. HC; b, P < 0.05 vs. UC anti-TNF
responder before therapy; c, P < 0.05 vs. CD anti-TNF responder before therapy; d, P < 0.05 vs. UC anti-TNF responder after therapy; e, P < 0.05 vs. CD anti-TNF
responder after therapy. Kruskal–Wallis and Dunn’s post hoc test. (B) Receiver operator characteristic curve using the inflammatory response module ei-
gengene before therapy as a predictor of anti-TNF response in UC and CD. (C and D) Heatmap of the expression (C) and correlation of miR-374a-5p targets (D)
in UC and CD biopsies before and after anti-TNF therapy. Red and blue represent high and low normalized expression, respectively, in C and positive and
negative correlations in D. Dot size indicates magnitude of the correlation coefficient. X, P > 0.05. Pearson’s correlation test. (E–H) Validation of the in-
flammatory module eigengene as predictor of anti-TNF response in two independent datasets of intestinal UC biopsies. ***, P < 0.001. Unpaired t test.
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least four of which are targets of existing drugs, the identifica-
tion of other disease-associated miRNAs could lead us to new
downstream inflammatory mediators, or upstream regulators of
the miRNAs that might be therapeutically targeted.

miRNAs are attractive as novel therapeutics in themselves,
with the field’s main challenge being the develop of effective
miRNA tissue or cell-specific delivery systems (Li and Rana,
2014; Rupaimoole et al., 2011). Nonetheless Miravirsen, an
anti–miR-122 reached phase II clinical trials for hepatitis C virus
treatment, and an miR-34 mimic MRX34 is in phase I clinical
trials to treat different solid tumors (Rupaimoole and Slack,
2017). An alternative strategy is to discover what regulates
miRNA production, which might reveal more tractable thera-
peutic targets (Agostini and Knight, 2014).

Our data suggest miR-374a-5p has considerable therapeutic
potential. In vivo preclinical studies are limited by the absence
of a mouse ortholog (miR-374a-5p is conserved in the Rhesus
macaque, pig, goat, armadillo, rabbit, and shrew: https://www.
mirbase.org/). Issues with therapeutic delivery would also arise,
but topical therapymight be possible in UC, where inflammation
is predominantly mucosal and restricted to the colon. miRNA
delivery to the liver is relatively straightforward—for example
Patisiran, an siRNA that silences transthyretin in hereditary
transthyretin-mediated amyloidosis, is directly delivered to the
liver and is the first Food and Drug Administration–approved
RNA-based therapy (Heras-Palou, 2019). This raises the possi-
bility that miR-374a-5p could be used to treat liver diseases in

which miR-374a-5p is reduced, such as non-alcoholic steatohe-
patitis; miR-374a-5p reduction is associated with progressive
fibrosis; Estep et al., 2010), hepatitis C virus (Zhang et al., 2015),
and or progressive fibrosis in hepatitis B (Bao et al., 2017). Taken
together, our studies identify miR-374a-5p as a potential master
regulator of monocyte-driven inflammation in IBD, which may
have clinical implications in a range of immune-mediated
diseases.

Materials and methods
Subjects
46 patients with active IBD (25 with UC and 21 with CD, diag-
nosed using standard criteria; Silverberg et al., 2005) were re-
cruited before starting treatment at a specialist IBD clinic at
Addenbrooke’s Hospital in Cambridge, UK. Assessment of dis-
ease activity was in accordance with national (British Society of
Gastroenterology) and international guidelines (European
Crohn’s and Colitis Organisation; Walsh et al., 2016). Sigmoi-
doscopy or colonoscopy was performed where appropriate.
Harvey–Bradshaw severity index (<4 remission) or simple
clinical colitis activity index (<2 remission) was assessed for CD
and UC, respectively (Table S1). In parallel, a cohort was re-
cruited of 20 age-matched adult HC volunteers with no family
history of autoimmune disease, no serious comorbidities, no
use of steroids or immunosuppressants, and no hospitalization
within the last 12 mo.

Figure 7. LPS stimulation of miR-374a-5p and its proinflammatory targets.Monocytes from HCwere activated with different doses of LPS (0.5, 2, 10, and
100 ng/ml) for 24 h, and the expression levels of miR-374a-5p and its targets were evaluated by RT-PCR. (A) Expression level of miR-374a-5p. (B) Expression
level of potential miR-374a-5p targets. Mean and SD are represented. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. control. Mann–Whitney U test.
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64 patients with active AAV and 49 patients with active SLE
were recruited before starting treatment at Addenbrooke’s
Hospital. AAV included granulomatosis with polyangiitis (for-
merly Wegener’s granulomatosis) and microscopic polyan-
giitis; eosinophilic granulomatosis with polyangiitis (formerly
Churg–Strauss syndrome) was excluded. Active disease was
defined by the Birmingham Vasculitis Activity Score (Stone
et al., 2001). SLE patients met at least four of the American
College of Rheumatology SLE criteria (Tan et al., 1982). Active
disease was defined as meeting all the following defined cri-
teria: new British Isles Lupus Assessment Group score A or B in
any system (Isenberg et al., 2005), clinical assessment of active
disease by the reviewing specialist, and increase in immuno-
suppressive therapy as a result.

Cell separation
PBMCs from IBD, AAV, SLE, and HC were isolated from blood
samples (100 ml) using Histopaque 1077 (Sigma-Aldrich) and
separated into two different fractions. CD14+ monocytes and
CD19+ B cells were isolated from each fraction by positive im-
munomagnetic selection (Miltenyi Biotec; Lyons et al., 2007).

CD4+ and CD8+ T cells were isolated by positive selection from
the CD14− and CD19− fractions, respectively. Finally, CD16+ cells
were isolated by red cell lysis from the red cell/granulocyte
pellet, followed by CD16 positive selection. For cell migration
experiments, monocytes were isolated from PBMCs by negative
selection using the PanMonocyte Isolation Kit (Miltenyi Biotec).

RNA extraction, microarray preprocessing, and differential
expression analysis
RNA was extracted from CD14+, CD16+, CD19+, CD8+, and CD4+

cells from all the subjects included in the study using the RNEasy
Plus Mini Kit (Qiagen) according to the manufacturer’s in-
structions. RNA quantity and integrity were determined by
NanoDrop and Agilent 2100 Bioanalyzer (Agilent Technologies).
200 ng of RNA was processed for hybridization onto Affymetrix
Human Gene ST 1.1 microarrays, according to the manu-
facturer’s instructions. Background correction, quantile nor-
malization, and log2 transformation were performed using the
robust multiarray average method in R (v3.6.0). Samples were
subjected to quality control evaluation and batch effect correc-
tion if needed. Probe annotation and differential expression

Figure 8. In vitro validation of coexpressed proinflammatory genes as targets ofmiR-374a-5p. (A) Experimental design of transfection experiments with
100 nM of miR-374a-5p mimic in healthy monocytes stimulated with 2 ng/ml of LPS. (B) mRNA expression levels of miR-374a-5p targets after mimic
transfection. Data were normalized against a negative scrambled control + LPS. Mean and SD of five independent experiments are represented. (C) Western
blot analysis of intracellular miR-374a-5p targets. (D) Densitometric analysis of Western blot experiments. Mean and SD of three independent experiments are
shown. (E) Protein levels of secretedmiR-374a-5p targets by Luminex assay. Mean and SD of five independent experiments are shown. (F) Experimental design
of transfection experiments with 100 nM of miR-374a-5p mimic in monocytes from IBD patients. (G) mRNA expression levels of miR-374a-5p targets after
mimic transfection. Data were normalized against a negative scrambled control. Mean and SD of five independent experiments are represented. (H)Western
blot analysis of intracellular miR-374a-5p targets. (I) Densitometric analysis of Western blot experiments. Mean and SD of three independent experiments are
shown. (J) Protein levels of secreted miR-374a-5p targets by Luminex assay. Mean and SD of five independent experiments are shown. *, P < 0.05; **, P < 0.01;
***, P < 0.001 vs. SCR control + LPS (A–E) or vs. SCR control (F–J). Wilcoxon test. (K) Luciferase activity of HEK293 cells cotransfected with SwithGear GoClone
reporter constructs and either negative scrambled control or miR-374a-5p mimic. Data were normalized against negative scrambled control. Mean and SD of
four independent experiments are shown. *, P < 0.05 vs. SCR control. Wilcoxon test.
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were obtained from the pd.hugene.1.1.st.v1 and limma packages,
respectively. An FDR < 0.05 was considered significant after
multiple correction testing.

Five different datasets from biopsy samples taken from dis-
eased colon of IBD patients were also analyzed from the Gene
Expression Omnibus (GEO). The GEO dataset GSE48957/
GSE49958 included mRNA and miR paired data from mucosal
biopsies of 8 HC and 14 UC patients (6 inactive and 8 active
patients; Van Der Goten et al., 2014). The dataset dataset
GSE16879 included mRNA data of mucosal biopsies from 6 HC
and 43 IBD patients (19 CD and 24 UC) before and after anti-TNF
therapy (infliximab). Patients were considered responders or
nonresponders based on endoscopic and histologic findings at
the end of the treatment (8 wk; Arijs et al., 2009a). The dataset
dataset GSE102133 contained paired mRNA and miRNA data
from ileal mucosal biopsies of 12 HC and 18 active and newly
diagnosed CD patients (Verstockt et al., 2019). The GEO dataset
GSE12251 included mRNA data of mucosal biopsies from 22 UC
patients before infliximab treatment (12 responders and 10
nonresponders). Response to anti-TNF was defined as endo-
scopic and histologic healing at week 8 (Arijs et al., 2009b). Fi-
nally, the GEO dataset GSE73661 contained mRNA data from
colonic biopsies of 22 UC patients before infliximab therapy (8
responders and 15 nonresponders). Response to anti-TNF was
defined as endoscopic and histologic healing at week 4–6 (Arijs

et al., 2018). The details of the cohorts used in this study are
summarized in Fig. S3 F.

WGCNA
WGCNA was performed on the microarray data of HC and IBD
patients to identify modules of highly coexpressed genes asso-
ciated with the disease (Langfelder and Horvath, 2008).WGCNA
R software package v1.69 was used. The minimum number of
genes in a module was set to 30. Each module containing a
cluster of highly coexpressed genes was summarized by a rep-
resentative eigengene profile (first principal component), which
was then correlated against a matrix of clinical variables.
Modules showing a significant correlation (FDR < 0.05) with
disease were selected for further analysis. When different dis-
eases or cell types were compared, raw intensity matrices were
normalized together and batch corrected. Pathway enrichment
analysis included a network-based protein–protein interaction
analysis, STRING, and Gene Ontology enrichment analysis.

Module preservation assessment
Module preservation assessment was performed with the R
WGCNA package to investigate whether given modules in the
reference data set (CD14 IBD-HC) could be found in a test data
set. These included CD14+ AAV-HC, CD14+ SLE-HC, CD16+

IBD-HC, CD19+ IBD-HC, CD8+ IBD-HC, and CD4+ IBD-HC. The

Figure 9. miR-374a-5p regulated keymonocyte functions such asmigration and T-cell activation. (A)Migration assays of monocytes from seven HC and
six IBD patients transfected with SCR or miR-374a-5p mimic. Cells were monitored with Calcein, and a ChemoTx Disposable Chemotaxis System was used,
with CCL2 as a chemoattractant. Mean and SD are shown. (B) Migration assays of CD4+ T cells, using as chemoattractant the supernatant of monocytes
transfected with SCR or miR-374a-5p mimic from LPS-stimulated HC (left) or IBD patients (right). (C) Experimental design chart of coculture experiments
between anti-CD3–stimulated CD4+ T cells and autologous LPS-stimulated monocytes pretransfected with SCR or miR-374a-5p mimic. (D) T cell activation
markers (CD25 and HLA-DR) evaluated by flow cytometry on CD4+ T cells after coculture. (E) Representative dot plot showing the differentiation status of
CD4+ T cells from HC before coculture (left). The percentages of TCM, TN, TEM, and TEMRA were analyzed by flow cytometry after 24 h of coculture (right). Mean
and SD of five independent experiments are shown. SCR, scrambled control; TCM, CD45RA−CD62L+; TN, CD45RA+CD62L+; TEM, CD45RA−CD62L−; TEMRA,
CD45RA+CD62L−. *, P < 0.05. Wilcoxon test. Mann–Whitney U test was used in A between HC and IBD.
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Zsummary statistic was used to assess the overall significance
of module preservation (Langfelder et al., 2011).

Small RNA isolation, sequencing, and analysis
Small RNAwas extracted from cell lysates using the RNEasy Plus
Mini Kit and the RNeasy MinElute Cleanup Kit (both from
Qiagen) according to the manufacturer’s instructions. Briefly,
the workflow for small RNA-seq is divided into three main
sections: (1) library preparation using the TruSeq small RNA kit
from Illumina; (2) preprocessing of fastq files, quality control,
and mapping; and (3) downstream analysis. Libraries were se-
quenced using a NextSeq500 High Output sequencer in single-
read, 75-bp mode, to a depth of 9.8 ± 0.6 million reads, of which
82.8% (8.2 ± 0.5 million reads) could be uniquely mapped to the
human genome (GRCh 38 build). Of the mapped reads, 95.3%
mapped to annotated miRNAs (miRbase v21), 2.5% to piRNAs
(piRNAbank v2), and 2.2% to snoRNAs (Ensembl v84; Fig. S3 G).

A threshold of 2 counts per million (cpm) reads was used to
determine whether an miRNA was expressed or not in each li-
brary. This threshold was selected based on a subsampling study
in which a sample containing ∼10 million miRNA reads was
randomly sampled at different sequencing depths in triplicate to
create datasets containing 0.6, 1, 2, 3, 4, and 5 million miRNA
reads. Similar numbers of expressed miRNAs were obtained
across all subsampled libraries when either 2 (451–459) or 3
(499–506) cpm was used as the cutoff value of miRNA expres-
sion (Fig. S3 H); whereas using a 1-cpm cutoff showed the
highest variability in numbers of miRNA deemed expressed
(550–620). Furthermore, we found that the expression levels of
individual miRNAs were highly correlated between all sub-
sampled libraries and the original library (R2 = 0.98–0.99; Fig. S3
I). Normalization and differential expression analysis between
groups of interest was carried out with the R package DESeq2.
miRs showing an FDR < 0.05 were considered DE.

Integrated mRNA-miR analysis
A novel integrated mRNA-miR analysis was performed on data
from CD14+ monocytes with the aim of identifying miRs that
could regulate modules of highly coexpressed genes associated
with IBD. This analysis included two steps. In the first step, a
permutation test was performed to identify those miRs that had
a significant negative correlation with a given module of genes
associated with IBD. To this end, Pearson correlations between a
given DE miR and all the genes that composed a given module
were computed, and the average of the correlations was iden-
tified as the actual mean correlation. Then, 10,000 random
permutations of the phenotype labels (i.e., the sample index)
were performed, and the mean correlation of this miR with each
permuted dataset formed a set of 10,000 background mean
correlations. The nominal P value for this miR-module pair was
defined as the empirical quantile of the actual mean correlation
in relation to the background mean correlations. The above was
performed on all DE miRs for a given module, and miRs with
both P value < 0.05 and FDR < 0.25 in the permutation test were
selected.

In the second step, the identification of gene targets within
the module that potentially could be modulated by the miRs was

performed. Thus, the combination of TargetScan (v7.1) and mi-
Randa platforms was used to predict direct interactions. Finally,
potential miR-target pairs showing negative correlations (P <
0.05) in IBD patients were filtered.

LPS dose response of potential target genes of miR-374a-5p
Monocytes fromHCwere cultured (6 × 105) in RPMI 1640with 10%
FBS (both fromSigma-Aldrich), and different concentrations (0.5, 2,
10, and 100 ng/ml) of LPS from Escherichia coli (Sigma-Aldrich) in
ultra-low-attachment 24-well plates (Corning). After 24 h, the RNA
was extracted using the RNA/DNA/Protein Purification Plus kit
(Norgen Biotek Corp.). The expression of both miR-374a-5p and
target genes was assessed by quantitative real-time PCR.

Cell transfection
To select the optimal transfection conditions, 6 × 105 HC mon-
ocytes were transfected with 50 or 100 nM of Cy3 Dye-Labeled
Pre-miR Negative Control for 24 and 48 h using siPORT Ne-
oFXTM transfection agent (Thermo Fisher Scientific). Cell via-
bility was assessed by Annexin V FITC and PI staining. Flow
cytometry analysis suggested that the mimic concentration of
100 nM for 48 h provided the highest ratio of transfection
without compromising cell viability (Fig. S3 J).

HC and IBD monocytes were transfected for 48 h with 100
nM of miR-374a-5p miR mimic or negative scrambled control
(miR Vana; Thermo Fisher Scientific). In HC, monocytes were
activated with 2 ng/ml of LPS after 24 h of transfection. Finally,
RNA and protein were extracted, and supernatants were stored
at −80°C. miR-374a mimic transfection did not affect the growth
and survival of the monocytes.

In parallel, HC monocytes were also transfected with 100 nM
of miR-374a-5p inhibitor (miRVana; Thermo Fisher Scientific)
or negative control (miRNA Inhibitor, negative control; miR-
Vana; Thermo Fisher Scientific) for 48 h. RNA and protein were
extracted, and supernatants were stored at −80°C.

Quantitative real-time PCR
RNA samples were retrotranscribed using SuperScript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific) for gene ex-
pression analysis. TaqMan Expression Assays (Life Technolo-
gies) and LightCycler 480 System II (Roche Diagnostics) were
used to assess the expression of miR-374a-5p and its potential
target genes. The expression level of miR-374a-5p was normal-
ized with RNU6B, whereas target genes were normalized with
Cyclophilin B and β2-microglobulin. The 2−ΔΔCt method was
used to calculate relative changes in gene expression.

Western blotting
Proteins were separated by SDS-PAGE using NuPAGE 4–12% Bis-Tris
Gel (Invitrogen). Protein bands were then transferred onto a poly-
vinylidene difluoride membrane (Invitrogen). Absolute band inten-
sities of the indicated proteins were captured and quantified with
NIH ImageJ Lab software. Cyclophilin Bwas used as a loading control.

Luminex assay for cytokine production in culture supernatants
Secreted levels of TNFα, OSM, IL1A, IL6, and CCL18 were deter-
mined using a Magnetic Luminex Assay multiplex kit (R&D)
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following the manufacturer’s instructions. Analysis was per-
formed on a Luminex MAGPIX Instrument (Luminex) with
xPONENT software.

Luciferase assays
The direct interaction between selected potential targets and
miR-374a-5p was evaluated by using the LightSwitch Luciferase
Assay reporter system (SwitchGear Genomics) following the
manufacturer’s instructions. Briefly, 2.5 × 104 HEK293 cells
were seeded in 96-white-well plates (Thermo Fisher Scientific)
24 h before transfection. Then, cells were cotransfected with
SwitchGear GoClone reporter constructs for each target and
with 100 nM of either miR-374a-5p mimic or negative scram-
bled control for 24 h. Luciferase activity was detected by a lu-
minometer. Negative controls included one empty vector and
two vectors with no binding sites for miR-374a-5p (GAPDH and
TNFα).

Total RNA library prep, sequencing, and data analysis
Samples from LPS-stimulated HC monocytes pretransfected
with miR-374a-5p mimic or negative scrambled control with an
RNA integrity number >7 were used for RNA-seq library con-
struction with the SMARTer Stranded Total RNA-Seq Kit Pico
Input (Takara Bio), following the manufacturer’s instructions.
Paired-end strategy 150-bp sequencing was performed on an
Illumina HiSeq 4000 instrument. Quality control was per-
formed using the FastQC program. Reads having a Phred score
<24 were removed along with the adaptors, and the first three
bases of both read 2 and read 1 using Trimgalore. Ribosomal RNA
reads were removed using Bbsplit. Reads were mapped onto
grch38 reference genome using HISAT2 and checked using
QoRTs. Finally, a count table was generated, and the data were
normalized using the R packages Rsubread and edgeR. Finally,
GSEA was performed using all gene sets from the molecular
signature database (C7 Immunologic gene sets), with an FDR <
0.05 considered significant.

Migration assays
Cell migration was monitored using a 96-well ChemoTx Dis-
posable Chemotaxis System (pore size, 5 µm; well capacity,
30 μl; cell site diameter, 3.2 mm; filter membranes, standard
PCTE; Neuro Probe Inc.). Transfected monocytes or CD4+ T cells
were incubated with 10 µM Calcein-AM (Thermo Fisher Sci-
entific) for 30 min at 37°C and then washed in PBS. A 25-μl drop
containing 2.5 × 104 cells was placed in triplicate onto a 5-µm-
pore membrane. For monocyte migration assays, 30 μl of CCL2
(10 nM) was placed in each well under the membrane, and for
CD4 migration assays, 30 μl of supernatant from transfected
monocytes were used as chemoattractant. After 1 h at 37°C,
Calcein fluorescence was measured under the membrane at 517
nm in a CLARIOstarPlus microplate reader (BMG Labtech). The
percentage of migration was calculated by dividing by the flu-
orescence of the initial drop.

CD4+ T cell and monocyte coculture
CD4+ T cells (1 × 105) from HC and IBD patients were cultured in
RPMI 1640 and 10% FBS in a flat-bottom anti-CD3–coated plate

(10 µg/ml) with 6 × 104 autologous monocytes transfected with
miR-374a-5p mimic or scrambled as previously shown. After
24 h of coculture, the phenotype of CD4+ T cells was evaluated by
flow cytometry.

Flow cytometry analysis
Live/dead discrimination was performed using the LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit. The expression of activation,
naive, and memory markers in CD4+ T cells was assessed by
using a mix of CD4-eF450, CD25-BV780, HLA-DR-BV570,
CD45RA-BV605, and CD62L-APC eF780 anti-human mAbs in a
BD LSRFortessa cell analyzer (BD Biosciences). Data were ana-
lyzed using FlowJo software.

Study approval
Ethical approval for this work was obtained from the East of
England Cambridgeshire and Hertfordshire Ethics Committee
(REC reference 08/H0306/21). All participants provided written
informed consent.

Online supplemental material
Fig. S1 depicts the preservation of gene expression modules
across different datasets, the association of the Tan module and
miR-374a-5p with anatomic location, and the relationship be-
tween TNFα expression and mir-374a-5p and other members of
the inflammation module. Fig. S2 shows the expression of miR-
374a-5p family members in different immune cell types and the
results of transfection experiments with a mir374a-5p mimic
and antagomiR on the expression levels of target genes. Fig. S3
shows the global transcriptional impact of miR-374a-5p over-
expression, the functional consequences of coculturing CD4
T cells and monocytes from IBD patients transfected with
miR374a-5p, and quality control data on the miRNA datasets
described in this manuscript. Table S1 contains the clinical
characteristics of patients, data on miRNAs DE between patients
with IBD and HC, and information regarding known miR-374a-
5p targets. Table S2 shows small RNA-seq analysis in monocytes
(IBD vs. HC). Table S3 shows a description of targets of miR-
374a-5p.

Data availability
The microarray, miRNA-seq, and RNA-seq data described in
this article have been deposited in ArrayExpress (accession
nos. E-MTAB-3554, E-MTAB-2713, and E-MTAB-11565) or the
European Genome-Phenome Archive under accession no.
EGAS00001006157.
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Supplemental material

Figure S1. Module preservation analysis, inflammatory Tan module description, and TNFα associations. (A)Module preservation of the CD14+ IBD-HC
network across multiple datasets. The CD14+ IBD-HC network was used as the reference, whereas the test datasets included transcriptomes derived from
other related diseases (AAV and SLE) and other cell types (CD19+, CD16+, CD8+, and CD4+). The Zsummary preservation statistics (y axis) of the modules were
used to assess the overall significance of the preservation analysis. Each dot represents a module labeled by color. The dashed blue and green lines indicate the
thresholds. A Zsummary value <2 indicates no preservation; a value >2 represents moderate preservation; and a value >10 indicates strong evidence of
preservation. (B) Tan module associated with inflammatory response. Gene Ontology enrichment analysis and network of known and predicted protein–
protein interaction by String platform analysis. Red dots, genes related to the response to LPS; purple dots, genes related to cellular response to stimulus;
green dots, genes involved in the response to cytokine; and yellow dots, genes associated with the response to chemical. (C and D) Analysis of expression of
the Tan module (C) and hsa-miR-374a-5p (D) in monocytes of CD patients assigned by the Montreal disease location classification: L1, terminal ileum; L2, colon;
L3, ileocolon; L4, upper gastrointestinal tract. (E) Significant inverse correlation between the expression level of miR-374a-5p and TNFα in IBD monocytes. The
correlation coefficient and significance are represented. (F) Network of known and predicted protein–protein interactions between TNFα and the predicted
and inversely correlated targets by using String platform. (G) Heatmap of correlations between TNFα, miR-374a-5p, and all the predicted and inversely
correlated targets within the inflammatory response module. Red and blue colors represent positive and negative correlations, respectively. The size of the dot
corresponds with the correlation coefficient. All correlations included in the heatmap showed P < 0.05. Pearson’s correlation test.
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Figure S2. miR-374a-5p family members and transfection experiments with miR-374a-5p mimic and inhibitor. (A) Expression of miR-374 family across
five immune cell types. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. CD14. Unpaired t test. (B) Comparison of the expression of miR-374 family in monocytes. **,
P < 0.01; ***, P < 0.001. One-way ANOVA and Tukey’s post hoc test. (C) Volcano plot of miR-374 family members DE between IBD and HC in CD14+ monocytes.
Green dots, DE miRs down-regulated in IBD; horizontal dashed line, P = 0.05. (D and E) Expression level of miR-374a-5p (D) and reference genes (E) after 48 h
of transfection of healthy LPS-stimulated monocytes with miR-374a-5p mimic or scrambled control by RT-PCR. (F) mRNA expression levels of miR-374a-5p
targets after 48 h of mimic transfection of healthy monocytes stimulated with 100 ng/ml of LPS. Data are normalized against negative scrambled control + LPS.
Mean and SD of five independent experiments are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. SCR control + LPS. Wilcoxon test. (G) Experimental design
of transfection experiments with 100 nM of miR-374a-5p inhibitor in healthy monocytes for 48 h. (H) Expression level of miR-374a-5p after transfection with
miR-374a-5p inhibitor or negative control by RT-PCR. (I) mRNA expression levels of miR-374a-5p targets after inhibitor transfection. Data were normalized
against the negative control. Mean and SD of five independent experiments are shown. (J) Western blot analysis of intracellular miR-374a-5p targets.
(K) Densitometric analysis of Western blot experiments. Mean and SD of four independent experiments are shown. (L) Protein levels of secreted miR-374a-5p
targets by Luminex assay. Mean and SD of five independent experiments are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. negative control. Wilcoxon test.
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Provided online are Table S1, Table S2, and Table S3. Table S1 shows baseline characteristics of IBD patients. Table S2 shows small
RNA-seq analysis in monocytes (IBD vs. HC). Table S3 shows a description of targets of miR-374a-5p.

Figure S3. Global transcriptional impact of miR-374a-5p overexpression, co-culture experiments of CD4 T cells, and monocytes from IBD patients
and quality control data on miRNA datasets. (A and B) RNA-seq and GSEA of miR mimic transfections identified a global impact of miR-374a-5p in cell
activation pathways. RNA-seq was performed on RNA from transfection experiments of LPS-stimulated healthy monocytes with SCR control or miR-374a-5p
mimic. GSEA identified the top enriched set of genes between the two conditions: (A) anti-TREM1 vs. vehicle-treated monocytes up-regulated genes; low LPS
vs. anti-TREM1 and LPS-treated monocytes down-regulated genes; and (B) translation, oxidative phosphorylation, and monosaccharide transport pathways.
(C) Experimental design chart of coculture experiments between anti-CD3–stimulated CD4 T cells and autologous monocytes pretransfected with SCR or miR-
374a-5pmimic from IBD patients. (D) Representative dot plot showing the differentiation status of CD4+ T cells from IBD before coculture. (E) The percentages
of TCM, TN, TEM, and TEMRA were analyzed by flow cytometry after 24 h of coculture. *, P < 0.05. (F) Summary of the mRNA and miRNA dataset used in this
study. (G) Description of the mapping results of the small-RNA-seq analysis. (H and I) Expressed miRNAs (H) and coefficient of determination (I) of the
subsampling small RNA-seq analysis. (J) Transfection efficiency and cell viability of miR mimic experiments. Fluorescent Cy3-negative scrambled control was
transfected into healthy monocytes for 24 h (above) and 48 h (below) at 50 and 100 nM, and both transfection efficiency (left) and cell viability (right) were
assessed by flow cytometry. Alive cells: PI−, Annexin V−; early apoptotic cells: PI−, Annexin V+; late apoptotic cells: PI+, Annexin V+.
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