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The microRNAs miR-144/451 are highly conserved miRNA that is strongly

induced during erythropoiesis. Despite the biological functions of miR-144/

451 have been extensively studied in erythropoiesis and tumorigenesis, few

studies have been conducted in immune responses. In this study, we showed

that miR-144/451-/- DCs exhibit increased activation. Mechanistically, the miR-

144 directly targets the 3`-UTR of IRF5 and represses the expression of IRF5 in

DCs. Ectopic expression of miR-144/451 by lentiviruses downregulates the

levels of IRF5 and suppresses DCs function. In addition, knockdown of IRF5 by

shRNA significantly inhibits activities of the miR-144/451-/- DCs. Expression of

miR144/451 was decreased in DCs from both patients with IBD and mice with

DSS-colitis compared with controls. Human PBMC derived DCs were

downregulated expression of miR144/451 after LPS stimulation. In the DSS-

induced colitis mice model, we showed that ablation of the miR-144/451 gene

causes severe colitis, and their DCs from both periphery and MLN expressed

higher co-stimulatory molecules and pro-inflammatory cytokines than wild-

type mice. In addition, DCs isolated from miR-144/451-/- mice transfusion

exacerbates mice colitis. In the bone marrow transplanted chimeric mice

model, we show that miR-144/451-/- bone marrow transplantation

deteriorated DSS-induced colitis. At last, we treat the mice with miR-144/451

delivered by chitosan nanoparticles revealing protective effects in DSS-induced

colitis mice. Thus, our results reveal a novel miR144/451-IRF5 pathway in DCs

that protects experimental colitis. Themanipulation of miR-144/451 expression

and DCs activation in IBD patients may be a novel therapeutic approach for the

treatment of inflammatory diseases.
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Introduction

Inflammatory bowel diseases (IBD), including twomain clinical

entities: Cohn’s disease (CD) and ulcerative colitis (UC) are

characterized by both acute and chronic inflammation in the

intestine. The etiology and pathogeny of IBD are largely

unknown. Accumulating evidence have revealed that IBD is

caused by dysregulated function of local immune cells such as

dendritic cells (DCs), macrophages and T cells, and context

cytokine production in the intestine (1, 2).

MicroRNAs are endogenous short (~19 to 22 nucleotides) RNA

molecules that negatively regulate gene expression in animals and

plants by targetingmRNAs for degradation or translation inhibition

(3). There is increasing evidence indicating that miRNAs play

important regulatory roles in immunity, and then contribute to

both physiology and pathophysiology (4–6). Emerging studies from

large IBD patient cohorts, together with mouse models that develop

chronic intestinal inflammation resembling human IBD, have

revealed that miRNAs regulate immune responses and contribute

to IBD progression (7–9).

miR-144 and miR-451 are two highly conserved miRNA

encoded by a bicistronic gene locus miR-144/451 that is strongly

induced during erythropoiesis and facilitates erythrocyte

maturation in zebrafish, mice and human (10–12). GATA1, a

master transcription factor that regulates erythropoiesis plays an

essential role in miR-144/451 transcription (13). Our previous

studies demonstrate that miR-451 directly targets mRNAs of

Cab39, Ywhaz (encoding protein 14-3-3z) and c-Myc followed by

activation of the downstream pathway in erythroid cells and B-

lymphocytes (14–16). miR-144 directly targets the nuclear factor

erythroid-2-related factor-2 (Nrf2) for mRNA degradation in

hepatocellular carcinoma cell (17). A recent study shows that

miR-451 limits T cell proliferative responses to infection in mice

(18). In addition, we have found that miR-144/451 KO mice show

increased antitumor immune responses of CD8+T cells to colorectal

cancer andmelanoma xenograft (Lin et al., unpublished data, 2022).

Together, those evidences indicate that miR-144/451 contributes to

the regulation of immune responses. However, the molecular

mechanisms remain largely unknown.

Interferon regulatory factor (IRF) family are transcription

factor comprises nine members in human, which play a critical

role in antiviral defense, immune response, cell growth

regulation and apoptosis (19, 20). IRF1 and IRF2 are directly

bound to the positive regulatory domain 1 (PRDI) of the IFN-b
gene to activate and repress the expression of the IFN-b gene.
02
IRF3 and 7 are involved in the signal transduction mediated by

virus, which is critical for the transcriptional activation of Type I

IFN gene. While IRF-5 plays a role in apoptosis and

inflammatory responses to pathogens. IRF5 is constitutively

expressed in innate immune cells including (DCs),

macrophages, and neutrophils. IRF5 is also induced in

adaptive immune cells upon activation of the Toll-like

receptor pathway (21, 22). Accumulating studies indicate that

multiple polymorphisms of the IRF5 gene are involved in

autoimmune diseases, such as rheumatoid arthritis (RA),

systemic lupus erythematosus (SLE) (23, 24), and IBD (25, 26).

In the current study, we use miR-144/451 knockout mice,

dextran sulfate sodium (DSS)-induced colitis model, and human

IBD patient samples to demonstrate that miR-144/451 expression is

decreased in DCs from IBD patients and DSS induced colitis

compared with that from healthy donors. We also find that miR-

144 targets 3`-UTR of IRF5 mRNA to deregulate DCs activation

and ability to prime T cells. Elevated activation of DCs from miR-

144/451 KO mice acerbates DSS-induced colitis. Thus, our data

indicate that miR-144/451 may repress DCs activation in DSS-

induced colitis by targeting IRF5.
Methods

Animals and cell line

miR-144/451 knockout (KO, C57BL/6J background,

CD45.2+) mice lacking a 388 base pair segment of genomic

DNA containing both the miR-144 and miR-451 precursors

have been described previously (14). C57BL/6J wild type (WT,

CD45.2+) mice were provided by the Comparative Medical

Center of Yangzhou University (Yangzhou, China). CD45.1+

WT (C57BL/6J background) mice were obtained from the

Jackson Laboratory (Bar Harbor, ME, USA). All animals used

in this study were 8-12 weeks old. 293T cells from American

Type Culture Collection were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10%

fetal bovine serum (FBS), streptomycin and penicillin.
Human samples

Human peripheral blood samples were obtained from

affiliated hospital (Yangzhou University, Yangzhou, China).
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The written informed consent was provided from

each individual.
miR-144/451 overexpression

420 base pairs of miR-144/451 genomic DNA were cloned

and inserted into a pLVX-acGFP1 lentiviral expression vector.

Lentiviruses were packaged with vector pLP1, pLP2 and pLP/

VSVG in 293T cells by Lipofectamine 3000 Reagent

(ThermoFisher). 293T cells or DCs were infected with

lentiviruses together with polybrene (10 µg/ml) for 24 or 48

hours. The infection rate of lentivirus was tested in 293T cells as

shown in Supplementary Figure 3A.
IRF5 knockdown

IRF5-shRNA was designed using BLOCK-iT RNAi Designer

(ht tp : / / rna ides igner . thermofi sher . com/rna iexpress ,

ThermoFisher). shRNA1: 5`- GGGACAACACCATCTTC

AAGGCTCGAGCCTTGAAGATGGTGTTGTCCCTTTTT-3`,

shRNA2 : 5 ` -GGTTGCTGCTGGAGATGTTCTCTC

GAGAGAACATCTCCAGCAGCAACCTTTTT-3`. Target

sequences and negative control NC-shRNA (provided by

GeneCreate, Wuhan, China) were inserted in the pLVx-

shRNA2 vector. Lentiviruses were packaged in 293T cells.
Antibodies and flow cytometry

Antibodies used in flow cytometry include anti-mouse-

CD11b (M1/70), CD11c (N418), CD80 (16-10A1), CD86

(GL-1), H2Kb (5041.16.1), I-A/I-E (M5/114.15.2), CD1d

(1B1), TNF-a (MP6-XT22), IL-6 (MP5-20F3), CD3 (17A2),

CD4 (GK1.5), CD8 (53-6.7), CD69 (H1.2F3), NKG2D (CX5),

IFN-g (XMG1.2) and anti-human-CD11b (M1/70), CD11c

(3.9), CD80 (2D10.4), CD86 (IT2.2), TNF-a (MAb11) were

obtained from BioLegend (San Diego, CA, USA) or Thermo

Fisher (Waltham, Mass, USA). Cells were treated or

permeabilized, stained with corresponding antibodies, and

analyzed by BD FACSVerse system and FlowJo software

(version 10.4, FlowJo LLC, Franklin Lakes, NJ, USA).
Cell sorting

CD11c+ DCs (PE anti-CD11c and anti-PE MicroBeads,

Miltenyi Biotec), CD8+T (Ly-2 MicroBeads), and CD4+T

(L3T4 MicroBeads) cells were sorted by magnetic activated cell

sorting (MACS) according to the manufacturer’s protocol.
Frontiers in Immunology 03
Quantitative real-time PCR (qRT-PCR)

Cells with corresponding treatment were harvested and stored

in TRizol reagent (Invitrogen, CA, USA). Total RNA was extracted

and assessed quality by NanoDrop (Thermo Fisher). RNA was

reverse transcribed to cDNA using Takara Prime Script RT reagent

kit with gDNA Eraser (Takara Bio Inc). The primer sequences used

in this study were as follow, IRF5: foreword-5`-CCTCCCAACGCA

CCCTATT-3`, reverse -5`-ATCAGCAGGTCAGGCAAGA-3`.

GAPDH: foreword-5`- CCACTCACGGCAAATTCAAC-3`,

reverse -5`-CTCCACGACATACTCAGCAC-3`. The relative

expression level was calculated using the 2−DDCT method.

Primers for microRNA quantification were designed by miRAN

Design software (Vazyme Biotech, Nanjing, China): RT-miR-144-

5`-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG

GATACGACACTTAC-3`, miR-144F5`-GCGCGGGATATC

ATCATATACT-3`; RT-miR-451-5`-GTCGTATCCAGTGCA

GGGTCCGAGGTATTCGCACTGGATACGACAACTCA-3`;

miR-451F-5`-CGCGAAACCGTTACCATTAC -3`. miRNA 1st

Strand cDNA Synthesis Kit by stem-loop and miRNA Universal

SYBR qPCR Master Mix (Vazyme Biotech) were used for

microRNA quantification.
Western blot

Fresh isolated or treated DCs were rinsed with cold PBS and

lysed in lysis buffer (Beyotime Biotechnology, Shanghai, China).

The protein concentration was measured using NanoDrop.

Equal amounts of protein were separated by 12% SDS-PAGE

and transferred to polyvinylidene fluoride membranes;

nonspecific sites were blocked with 5% BSA in TBST and the

membranes were then incubated with dilutions of the primary

antibody as recommended by the manufacturer. The antibodies

used are as follows: anti-IRF5(1:1000, 96527), anti-b
actin (1:5000, 3700) (CellSignaling, Beverly, MA, USA),

HRP conjugated anti-rabbit secondary antibody (1:2000,

Invitrogen, Grand Island, NY, USA). Western blots were

visualized using the enhanced chemiluminescent (ECL)

reagent (Thermo Fisher).
Dual-luciferase reporter assay

228 base pair segments of IRF5 3’-UTR containing the target

sequences (wild type and mutated) of miR-144 were cloned into the

pGL3-BS vector (Supplementary Figure 2D) (14). 293T cells were

transfected with the pGL3-BS plasmid using the Lipofectamine

3000 transfection reagent (Invitrogen). The pRL-TK vector was

used as an internal control reporter. The luciferase activities were

monitored 24 hours post-transfection using the Promega Dual-
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Luciferase Reporter assay system (Promega Corporation, Madison,

Wisconsin, USA).
DSS-induced colitis

8-12 weeks old female mice were fed with DSS (2.5%, molecular

weight 36000–50000, MP Biomedicals, Santa Ana, CA, USA) in

drinking water for 6 days followed byDSS-free water (27). The body

weight changes, diarrhea, and stool conditions were documented

daily and used to assess the disease activity of colitis. The disease

activity index (DAI) was measured as reported previously.
Bone marrow and DC transplantation

In the BMT model, recipient mice were pretreated with

busulfan (i.p. three times of 90 mg/kg total dose per mouse. i.e.,

for 20 g mouse, administer 600 µg of busulfan at day -7, -5 and -3).

Donor bone marrow cells were freshly isolation from femur and

tibia of donor mice, and then adoptively transferred to recipient

mice (2 × 106 bone marrow cells per mouse) via tail vein. Recipient

mice were supplied with water containing gentamicin and

erythromycin for 2 weeks before the followed procedures. For the

DCs transplantation model, CD11c+ DCs were sorted and

transferred to recipient mice (2 × 106 cells/mouse via tail vein).
H&E stain

Mouse colonic tissues were fixed and embedded in paraffin

according to standard procedures. Colon sections (5 mm) were

mounted on glass slides and stained with hematoxylin and eosin

(H&E). Pathological evaluations were performed based on an

earlier study (28).
Preparation of chitosan-plasmid
nanoparticles

Chitosan nanoparticles were prepared as previously described

(29). The solution of the control vector or vector containing pri-

miR-144/451 segments (1 mg/ml) was dropwisely added into an

equal amount of chitosan solutions (1 mg/ml). Mixed solutions

were shaken and centrifuged, the sediments were dissolved with

PBS (1 mg/ml). For in vivo delivery study, mice were treated with

nanoparticles daily (chitosan-plasmid, 100 mg/mouse).
Statistical analysis

All data were presented as the means ± SEM. Differences

between two samples were analyzed using an unpaired, two-
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sided Student’s t-test. Multiple comparisons were performed

using two-way ANOVA, and p values were adjusted using

Tukey’s method. p values of less than or equal to 0.05 were

considered statistically significant. Statistical analyses were

performed using GraphPad Software Prism 9. Statistical

significance was indicated as *p<0.05, **p<0.01, ***p<0.001.
Results

MiR-144/451 ablation upregulates
DC activation

We first evaluated the DCs activities in miR-144/451 KO

mice under physiological conditions. The frequency of DCs was

similar between KO and WT mice (Figure 1A and

Supplementary Figure 1A). Whereas the expression of

costimulatory molecules (CD80, CD86 and CD40) were

significantly upregulated in DCs from KO mice compared to

those with WT mice (Figure 1B and Supplementary Figure 1B).

The expression of antigen presentation molecules (H2Kb, I-A/I-

E, CD1d) was not dramatically changed in DCs from KO mice

(Supplementary Figures 1C, D). Simultaneously, elevated levels

of pro-inflammatory factor TNF-a and IL-6 were observed in

DCs from KO mice (Figure 1C). DCs are the main antigen-

presenting cells for T cell activation and polarization. We

therefore determined the ability to prime T cells of DCs in co-

culture system. DCs from both WT and KO mice shows

promoted T cell activation after co-culture. Notably, the DCs

from KO mice showed the potent capacity for T priming than

DCs from WT mice (Figures 1D, E and Supplementary

Figures 1E–G). Together, these findings indicated that miR-

144/451 inhibits DC activation in mice.
Identification of IRF5 as a target of
miR-144/451

To investigate whether miR-144/451 directly represses DCs

function by regulating genes expression. We performed

transcriptome sequencing. In silico analyses, using the KEGG

cluster profile, we found that the inflammatory pathways

including chemokine, NF-kB, TLR signaling pathways were

significantly changed (Supplementary Figure 2A). Meanwhile,

we searched several online databases, the sequence of miR-144 is

partially complementary to a sequence within the 3′-UTRs IRF5
mRNA (Figure 2A). Previous study reveals that IRF-5 critically

contributes to TLR mediated production of pro-inflammatory

cytokine TNF-a and IL-6 in DCs (30). Up-regulation of IRF5

transcription was also observed in KEGG pathway and heat map

analyses (Supplementary Figures 2B, C). We therefore

constructed luciferase reporter plasmid pGL3 containing

native or mutant version 3′-UTRs of IRF5 mRNA (Figure 2B
frontiersin.org
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and Supplementary Figure 2D). In luciferase reporter assay,

luciferase activity in cells with native 3′-UTRs of IRF5 mRNA

was dramatically inhibited by co-transfection with miR144/451.

Mutation of IRF5 mRNA 3′-UTRs abrogated repression of

luciferase activity (Figure 2C).
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Next, we overexpressed miR-144/451 in 293T cells using

miR-144/451 lentiviruses (Supplementary Figure 3A).

Expression of miR-144 and miR-451 was increased after miR-

144/451 lentiviruses infection (Figures 2D, E). In contrast, the

expression of IRF5 mRNA was significantly repressed after miR-
B

C

D

E

A

FIGURE 1

miR-144/451 ablation upregulates DCs activation. Frequency of CD11b+CD11c+ DCs in the spleen of WT or miR-144/451 KO mice (A).
Expression of CD80, CD86 and CD40 on splenic DCs (B). Intracellular staining of TNF-a and IL-6 on splenic DCs stimulated 5 h with PMA/
Ionomycin plus BFA (C). CD8+T cells (D) and CD4+T cells (E) were co-cultured with WT or miR-144/451 KO DCs for 24 h, expression of surface
markers CD69, NKG2D and intracellular cytokines IFN-g, TNF-a was detected. Ns. no significance, **p<0.01, ***p<0.001.
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144/451 lentiviruses infection (Figure 2F). Expression of miR-

144 and miR-451 was eliminated in DCs from miR-144/451 KO

mice (Figures 2G, H), whereas the expression of IRF5 was

increased in miR-144/451 KO DCs (Figure 2I). Overexpression

of miR-144/451 in DCs significantly downregulated IRF5

mRNA (Figures 2J–L) and protein levels (Figures 2M, N).

Together, these results verify that miR-144/451 directly

represses the expression of IRF5 in DCs.
Ectopic expression of miR-144/451
downregulates DCs function

To confirm there was a negative correlation between the

levels of miR-144/451 and DCs activation. We packed miR-144/

451-expressing lentiviruses, and the efficiency of infection was

assayed in 293T cells (Supplementary Figure 3A). The frequency

of CD11b+CD11c+ splenic DCs was not changed after miR-144/

451 ectopic expression (Figure 3A and Supplementary

Figure 3B). Whereas, expression of costimulatory molecules

(Figures 3B–D and Supplementary Figure 3C–E) and TNF-a
(Figure 3E) on miR-144/451 KO DCs were significantly

decreased after ectopic miR-144/451 expression. In addition,

the expression of activation molecules CD69, NKG2D

(Figures 3F, G and Supplementary Figure 3F), and cytokine

IFN-g and TNF-a (Figures 3H, I and Supplementary Figure 3G)

in CD8+T cells were significantly decreased after co-culture with

miR-144/451-overexpressing DCs. Next, we determined

whether miR-144/451 overexpression deregulates the

activation of human DCs. Human PBMC-derived DCs

(Supplementary Figure 3H) were isolated and infected with

miR-144/451 lentiviruses. The expression of CD80 and TNF-a,

but not CD86, were significantly down-regulated in the miR-

144/451 group compared with those in control DCs (Figures 3J,

K and Supplementary Figure 3I). Together, these data verify that

miR-144/451 directly suppresses the activation of DCs.
Knockdown of IRF5 inhibited activities of
miR-144/451-/- DCs

To determine whether miR-144/451 represses DCs function

via IRF5, we packaged shRNA-expressing lentiviruses to knock

down IRF5. We infected DCs with shRNA lentiviruses for 24 h

or 48h, then quantitated the IRF5 mRNA expression (Figure 4A)

and IRF5 protein levels (Figures 4B, C) in the cells. Knockdown

IRF5 in DCs significantly repressed costimulatory molecules

CD80 expression (Figures 4D, E), but no changes in CD86

levels (Supplementary Figure 4A). At the same time, TNF-a
production was significantly down-regulated in DCs after

shRNA2 lentivirus infection (Figures 4F, G and Supplementary

Figure 4B). Together, these findings further confirmed that miR-
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144/451 directly inhibits the expression of IRF5 and that this

interaction represses DCs function.
miR-144/451 KO exacerbates DSS-
induced colitis by enhanced
DC activation

Dendritic cells are central to the regulation of immune function

in the intestine. To investigate whether miR-144/451 abnormality-

induced DCs activation is involved in DSS-induced mouse colitis,

we first assayed the expression of miR-144/451 and IRF5 in DCs

from colitis mice. As shown in Supplementary Figure 5A,

expression of miR-144/451 was decreased in DCs at day 3, day 5

after mice were treated with DSS, together with significantly

upregulated levels of IRF5 (Supplementary Figure 5A).

Next, we determined the levels of miR-144/451 and IRF5 in

DCs from IBD patients. Similar to colitis mice, miR-144/451

expression was ablated, paralleled with increased IRF5 levels in

DCs from IBD (Supplementary Figure 5B). If miR-144/451 has

negative correlation with DCs activation, decreased expression

of miR-144/451 should be observed in DCs under activated

conditions. We therefore treated human DCs with LPS to

activation, and then assayed the levels of miR-144/451 and

IRF5. As expected, repressed miR-144/451 expression and

increased IRF5 levels were obtained in LPS treated human

DCs (Supplementary Figure 5C).

We then evaluated the sensitivity of miR-144/451 KO mice to

DSS-induced colitis. miR-144/451 KO mice developed severer

colitis with a dramatic decrease in body weight, colon length,

survivals and increase of disease activity index and pathological

scores thanWTmice (Figures 5A–F and Supplementary Figure 5D,

E). Additionally, the frequency of DC from the spleen and blood

were both decreased in KO mice after DSS treatment (Figures 5G,

H). In contrast, the frequency of DCs was increased in mesenteric

lymph nodes of DSS-treated KO mice (Figure 5I). Consistent with

miR-144/451 KO DC activation in physiological status, expression

of CD80, CD86 and TNF-a were increased in DCs of the spleen,

blood and MLN from DSS treated KO mice (Figures 5G–I and

Supplementary Figure 5F–H).

Next, we sorted the DCs from WT and KO mice, and

adoptively transferred them via tail vein to DSS treated CD45.1+

WT mice. miR-144/451 KO DC transplantation significantly

exacerbated DSS-induced colitis, as demonstrated by body weight

loss (Figure 6A), disease activity index (Figure 6B) and colon length

(Figures 6C, D). The frequency of CD45.2+ DCs from spleen or

MLN was not changed between WT and KO mice (Figure 6E and

Supplementary Figure 6A). Whereas, levels of CD80, CD86 and IL-

6 on DCs were increased in miR-144/451 KO DC-transplanted

mice (Figures 6F–I). Together, these data demonstrate that miR-

144/451 KO exacerbates DSS-induced colitis through enhanced

DCs activation.
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Verification of enhanced DC activation in
miR-144/451 KO mice by bone
marrow transplantation

To determine whether increased activation of miR-144/451 KO

DCs is due to endogenic regulation or cell development
Frontiers in Immunology 07
microenvironment. Chimeric mice were established after bone

marrow transplantation. CD45.1+ WT mice were treated with

busulfan (Supplementary Figure 6B) and adoptively transferred

with WT or miR-144/451 KO bone marrows (CD45.2+,

Supplementary Figure 6C). The frequency of CD45.2+ DCs was

significantly increased in KO bone marrow-transplanted mice
B C

D E F G H I

J K L

M N

A

FIGURE 2

Identification of IRF5 as a target of miR-144/451. Nucleotide sequence alignments showing complementarity between the 3′-UTRs of IRF5
mRNAs and miR-144 (A). Native and mutant version 3′-UTRs of IRF5 mRNAs were inserted into the pGL3-BS vector (B), and statistic bars
represent the Firefly/Renilla luciferase activity detected in 293T cells (C). Expression of miR-144 (D), miR-451 (E) and IRF-5 Mrna (F) was
detected in 293T cells after 24 h lentiviruses infection. Expression of miR-144 (G), miR-451 (H) and IRF-5 mRNA (I) were detected in fresh
isolated DCs from the spleen of WT or miR-144/451 KO mice. Expression of miR-144 (J), miR-451 (K) and IRF-5 mRNA (L) were detected in
DCs 24 h after lentiviruses infection (n = 3). Expression of IRF-5 protein was assayed in DCs 48 h after lentiviruses infection (M), and bars
represent the ratio of IRF-5/b-actin (N). Ns. no significance, *p<0.05, **p<0.01, ***p<0.001.
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FIGURE 3

Ectopic expression of miR-144/451 downregulates DCs function. Mice splenic DCs were infected with lentiviruses for 24 h, the frequency of
DCs (A) and expression of CD80 (B), CD86 (C), CD40 (D) and TNF-a (E) on DCs was detected. CD8+T cells were co-cultured with lentiviruses
infected DCs for 24 h, surface markers CD69 (F), NKG2D (G) and intracellular cytokines IFN-g (H), TNF-a (I) were detected in CD8+T cells.
Human PBMCs were cultured in presence of GM-CSF (50 ng/ml) and IL-4 (50 ng/ml) for 5 days. Expression of CD80 and TNF-a (J, K) by
monocyte-derived DCs were detected after 48 h lentiviruses infection. Ns. no significance, *p<0.05, **p<0.01, ***p<0.001.
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(Figure 7A and Supplementary Figure 6C). Furthermore, the

expression of costimulatory molecules (Figures 7B, C and

Supplementary Figure 6D), antigen presentation molecules

(Figures 7D, E and Supplementary Figure 6E) and cytokines

(Figures 7F, G and Supplementary Figure 6F) on these DCs

were upregulated.

Next, we assayed the sensitivity of chimeric mice to DSS-

induced colitis. The bone marrow from CD45.2+ miR-144/451

KO mice or CD45.1+ WT mice were transplanted to busulfan-

treated WT or KO mice respectively (Supplementary
Frontiers in Immunology 09
Figure 6G). In a previous study, we found splenomegaly in

miR-144/451 KO mice due to compensatory extramedullary

hematopoiesis. After WT bone marrow transplantation,

splenomegaly of the KO mice was abrogated (Supplementary

Figure 6H). Severe colitis in the KO mice was alleviated after

WT bone marrow transplantation (Figures 7H–K). In contrast,

miR-144/451 KO bone marrow transplantation exacerbates

colitis in WT mice (Figures 7H–K). Together, these results

verified that miR-144/451 KO potentiates the deteriorated

DSS-induced colitis by DC activation.
B C

D E

F

A

G

FIGURE 4

Knockdown of IRF-5 inhibits activities of DCs. Expression of IRF-5 mRNA was detected in DCs after 24 h lentiviruses infection (A). IRF-5 protein
level was measured in DCs after 48 h lentiviruses infection (B), and statistic bars represent the ratio of IRF-5/b-actin (C) n = 5). Expression of
CD80 (D, E) and TNF-a (F, G) on splenic DCs after lentiviruses infection. The statistical graph represents the mean fluorescence intensity gated
on CD11b+CD11c+ cells. Ns. no significance, **p<0.01, ***p<0.001.
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FIGURE 5

miR-144/451 KO exacerbates DSS-induced mice colitis. WT and miR-144/451 KO mice were treated with 2.5% DSS. Changes in body weight (A).
Disease activity index of colitis (B). Morphology of colons (C), and bars represent the length of colons (D). Survival curve of mice with colitis (E).
Histological sections and pathological scores (F), 40 ×). Frequency of DCs, and expression of CD80, CD86 and TNF-a on DCs from spleen (G),
Blood (H) and MLN (I) of colitis mice. Ns. no significance, *p<0.05, **p<0.01, ***p<0.001.
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FIGURE 6

miR-144/451-/- DCs-transplantation exacerbates DSS-induced mice colitis. CD45.1+ WT recipient mouse was treated with 2.5% DSS, and adoptively
transferred with WT (CD45.2+, n=6) or miR-144/451 KO (CD45.2+, n=6) DCs via tail vein at day -1, day 3 and day 5. Changes in body weight (A). Disease
activity index of colitis (B). Morphology of colons (C), and bars represent the length of colons (D). Frequency of CD45.2+ cells in spleen and MLN of
recipient mice (E). Expression of CD80, CD86 and IL-6 on CD45.2+ DCs from spleen (F, G) and MLN (H, I) of colitis mice. Ns. no significance, *p<0.05,
**p<0.01, ***p<0.001.
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FIGURE 7

Enhanced DC activation verified by bone marrow transplantation. CD45.1+ WT recipient mouse was treated with busulfan and adoptively
transferred with bone marrow (CD45.2+). Frequency of CD45.2+ DCs in the spleen of the recipient (A). Expression of CD80 (B), CD86 (C), I-A/I-
E (D), H2Kb (E), TNF-a (F) and IL-6 (G) on CD45.2+ DCs. The sensibility of DSS-induced colitis was evaluated in the bone marrow transplantation
model. WT (CD45.1+) or miR-144/451 KO bone marrow (CD45.2+) were injected into busulfan-treated KO or WT mice respectively (n = 5).
Changes in body weight (H). Disease activity index of colitis (I). Morphology of colons, and bars represent the length of colons (J). Histological
sections and pathological scores (K), 40 ×). *WT to WT vs. KO to KO, #WT to WT vs. KO to WT. Ns. no significance, *p<0.05, **p<0.01,
***p<0.001
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Nanoparticles delivery of miR-144/451
ameliorates DSS-induced colitis in
KO mice

To further confirm the effect of miR-144/451 on DSS-

induced mouse colitis. The chitosan nanoparticle-enveloped

control vector or miR-14/451 vector were injected

intraperitoneally to mice treated with DSS daily. Expression

of miR-144, miR-451 and IRF5 were evaluated in DCs of

ch i tosan-miR-144/451 nanopar t i c l e - in j ec t ed mice

(Supplementary Figures 7A–C). Compared with the control

group, chitosan-miR-144/451 nanoparticle injection

alleviated colitis both in WT and KO mice, as demonstrated

in less body weight loss (Figure 8A), decreased disease activity

index (Figure 8B), increased colon length (Figure 8C) and

alleviated histologic damage (Figure 8D).
Discussion

IBD including two major subtypes of clinical entities: CD

and UC, are chronic inflammatory diseases of the intestines,

and have been shown to multifactorial etiology including

dysregulated local immune cell function (1, 2). Innate

immune cells, such as macrophages and DCs can sense

invading bacteria through extracellular and intracellular

pattern recognition receptors such as TLRs and NLRs, and

initiate rapid inflammatory responses mediated by the

secretion of cytokines and chemokines and recruitment of

inflammatory cells (31). The DSS-induced colitis mouse

models that develop chronic intestinal inflammation

resembling human IBD have been established (27). In the

current study, we demonstrated that DCs expression of miR-

144 and -451 were significantly decreased in response to LPS

and as well as colitis mice. Using the miR-144/451 KO mice to

establish DSS-induced experimental colitis model, we found

that miR144/451 protect mice intestinal inflammation

through repressing TLRs signaling pathway in DCs. We also

identified that IRF5 is a direct target gene of miR-144 in

facilitating the activation of DCs in colitis.

miRNAs negatively regulate gene expression in a variety

of biological processes, and have been implicated in

neurological diseases, cardiovascular diseases, cancer and

autoimmune diseases (7). Several miRNAs have been

suggested in regulating intestinal homeostasis. miR-21 is

highly expressed in patients of IBD and experimental colitis

models. miR-21 KO mice protecting DSS-induced colitis via

repress proinflammatory cytokines production and regulates

the composition of the intestinal microbiota (32, 33). miR-31

transcription activated in colorectal cancer cells in response

to TNF-a and IL-6. miR-31 reduces the inflammatory

response in DSS- and TNBS-induced mice colitis by
Frontiers in Immunology 13
repressing expression of inflammatory cytokine receptors

IL7R and IL17RA (9). The key miRNAs involved in IBD,

such as miR-21, are the focus of anti-miRNA therapeutic

development. In this study, we demonstrated that expression

of miR-144/451 was increased in IBD patients. Furthermore,

the miR-144/451 KO mice revealed acerbate DSS-induced

colitis, which indicated a protective role of miR-144/451 in

development of intestinal inflammatory.

miR-144 have being significantly destroyed in many types

of cancers including leukemia, gastrointestinal cancers,

pancreatic cancer, hepatocellular carcinoma, lung cancer,

and breast cancer (34, 35). miR-144 significantly inhibits

cell proliferation, metastasis, invasion, EMT, and resistance

to chemotherapy of cancer via direct targeting genes

including B-cell lymphoma 6 (BCL6) (36), human formin-2

(FMN2) (37), nuclear factor erythroid 2–related factor 2

(Nrf2) (17), Smad1 (38), taurine upregulated gene 1

(TUG1) (39) and FMS-like tyrosine kinase 3 (FLT3) (40).

Despite the extensive studies of the biological functions of

miR-144/451 in erythropoiesis (41) and tumorigenesis (34,

35), few studies have been conducted in immune responses.

Our study revealed that DCs activation (this study) and

CD8+T cell’s anti-tumor responses (Lin et al., unpublished

data, 2022) were both elevated in miR-144/451 KO mice.

Whereas, we did not see any changes in macrophages

including frequency, expression of co-stimulatory factor

and MHC molecular in miR-144/451 KO mice compared

with that in WT mice (data not show).

Our results identified IRF5 as a target gene of miR-144 to

regulate DCs function. Interferon regulatory factor family has

been shown to include nine members, IRF1-9 (42). IRF5 is

important transcription factor defining the classical

inflammatory, which highly expressed in the innate

immune cells. Pattern Recognition Receptors (PRRs), such

as NOD and TLR regulates act ivat ion of IRF5 by

phosphorylation and ubiquitination manner. Expression of

IRF5 also directly regulates many cytokines including TNF-a,
IL-6, IL-1b , which are associated with inflammation

responses in central nervous system (43) and intestine (25,

26). Recently, pro-inflammatory role of IRF5 has been

suggested in intestinal inflammation. IRF5 promotes

inflammatory macrophage polar izat ion and guides

monocytes toward and inflammatory CD11c+ cells during

intestinal inflammation (22, 26). In addition, IRF5 in CD4+ T

cells promotes Th1 and Th17 associated cytokines, decreases

Th2 associated cytokines and enhances the severity of

experimental colitis in mice (44). In this study, we found

that IRF5 was significantly increased in DCs of patients with

IBD and mice with DSS treatment. miR144 targets 3`UTR of

IRF5 to suppressing DCs activation and ameliorating DSS-

induced colitis in mice. These data thereby indicate that miR-

144/IRF5 may be a key regulator in intestinal homeostasis by

repressing immune response. However, it is not clear whether
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miR-451 was involved in this process. Since the miR-451-/-

mice had increased responses of T cells to infection (18), in

our future studies, it will be interesting to investigate the

effects of miR-144 and miR-451 on immune cel ls

activities separately.

Taken together, these findings demonstrated that miR-144/

451 regulates DCs function via directly targeting IRF5 and which

is involved in intestinal inflammation. To our best knowledge,

this study was the first to identify miR-144 direct targets 3`-UTR

of IRF5 mRNA to deregulate DCs activation. The manipulation

of miR-144/451 expression and DCs activation in IBD patients

may be a novel therapeutic approach for the treatment of

inflammatory diseases.
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FIGURE 8
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frontiersin.org

https://doi.org/10.3389/fimmu.2022.928593
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lin et al. 10.3389/fimmu.2022.928593
study was reviewed and approved by Institutional Animal Care

and Use Committee of Yangzhou University, Yangzhou, China

(Approval ID: SYXK [Su] 2017-0044).
Author contributions

WG and ZL: the conception and design of the study. ZL, XX,

MG, and QC: acquisition of data, analysis and interpretation of

data. ZL: wrote the main manuscript text, prepared figures,

statistical analysis. GL, XJ, WX, and JZ: methodology; WG and

DY: Supervision. All authors contributed to the article and

approved the submitted version.
Acknowledgments

This work was supported by the National Natural Science

Foundation of China (Grant numbers: 82102901, 81873866 and

81873867), the Natural Science Foundation of Jiangsu Province,

China (Grant number: BK20180925); the “Six peaks” Talent

Project of Jiangsu Province.
Frontiers in Immunology 15
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.928593/full#supplementary-material
References

1. Friedrich M, Pohin M, Powrie F. Cytokine networks in the pathophysiology
of inflammatory bowel disease. Immunity (2019) 50(4):992–1006. doi: 10.1016/
j.immuni.2019.03.017

2. Cader MZ, Kaser A. Recent advances in inflammatory bowel disease: mucosal
immune cells in intestinal inflammation. Gut (2013) 62(11):1653–64. doi: 10.1136/
gutjnl-2012-303955

3. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116(2):281–97. doi: 10.1016/s0092-8674(04)00045-5

4. Wang JK, Wang Z, Li G. MicroRNA-125 in immunity and cancer. Cancer
Lett (2019) 454:134–45. doi: 10.1016/j.canlet.2019.04.015

5. Li Y, He X, Zhang X, Xu Y, Wu Y, Xu X. Immune-related microRNA
signature for predicting prognosis and the immune microenvironment in
hepatocellular carcinoma. Life Sci (2021) 265:118799. doi: 10.1016/j.lfs.
2020.118799

6. Seeley JJ, Baker RG, Mohamed G, Bruns T, Hayden MS, Deshmukh SD, et al.
Induction of innate immune memory via microRNA targeting of chromatin
remodelling factors. Nature (2018) 559(7712):114. doi: 10.1038/s41586-018-0253-5

7. Kalla R, Ventham NT, Kennedy NA, Quintana JF, Nimmo ER, Buck AH,
et al. MicroRNAs: new players in IBD. Gut (2015) 64(3):504–17. doi: 10.1136/
gutjnl-2014-307891

8. He C, Yu T, Shi Y, Ma C, Yang W, Fang L, et al. MicroRNA 301A promotes
intestinal inflammation and colitis-associated cancer development by inhibiting
BTG1. Gastroenterology (2017) 152(6):1434–1448.e15. doi: 10.1053/
j.gastro.2017.01.049

9. Tian YH, Xu JZ, Li Y, Zhao R, Du SJ, Lv C, et al. MicroRNA-31 reduces
inflammatory signaling and promotes regeneration in colon epithelium, and
delivery of mimics in microspheres reduces colitis in mice. Gastroenterology
(2019) 156(8):2281. doi: 10.1053/j.gastro.2019.02.023

10. Xu P, Palmer LE, Lechauve C, Zhao GW, Yao Y, Luan J, et al. Regulation of
gene expression by miR-144/451 during mouse erythropoiesis. Blood (2019) 133
(23):2518–28. doi: 10.1182/blood.2018854604

11. Fu YF, Du TT, Dong M, Zhu KY, Jing CB, Zhang Y, et al. Mir-144 selectively
regulates embryonic alpha-hemoglobin synthesis during primitive erythropoiesis.
Blood (2009) 113(6):1340–9. doi: 10.1182/blood-2008-08-174854
12. Pase L, Layton JE, KloostermanWP, Carradice D,Waterhouse PM, Lieschke
GJ. miR-451 regulates zebrafish erythroid maturation in vivo via its target gata2.
Blood (2009) 113(8):1794–804. doi: 10.1182/blood-2008-05-155812

13. Dore LC, Amigo JD, Dos Santos CO, Zhang Z, Gai X, Tobias JW, et al. A
GATA-1-regulated microRNA locus essential for erythropoiesis. Proc Natl Acad Sci
USA (2008) 105(9):3333–8. doi: 10.1073/pnas.0712312105

14. Yu D, dos Santos CO, Zhao G, Jiang J, Amigo JD, Khandros E, et al. miR-451
protects against erythroid oxidant stress by repressing 14-3-3zeta. Genes Dev
(2010) 24(15):1620–33. doi: 10.1101/gad.1942110

15. Fang X, Shen F, Lechauve C, Xu P, Zhao G, Itkow J, et al. miR-144/451
represses the LKB1/AMPK/mTOR pathway to promote red cell precursor survival
during recovery from acute anemia. Haematologica (2018) 103(3):406–16.
doi: 10.3324/haematol.2017.177394

16. Ding L, Zhang Y, Han L, Fu L, Mei X, Wang J, et al. Activating and
sustaining c-myc by depletion of miR-144/451 gene locus contributes to b-
lymphomagenesis. Oncogene (2018) 37(10):1293–307. doi: 10.1038/s41388-017-
0055-5

17. Zhou S, Ye W, Zhang Y, Yu D, Shao Q, Liang J, et al. miR-144 reverses
chemoresistance of hepatocellular carcinoma cell lines by targeting Nrf2-
dependent antioxidant pathway. Am J Transl Res (2016) 8(7):2992–3002.

18. Chapman LM, Ture SK, Field DJ, Morrell CN. miR-451 limits CD4(+) T cell
proliferative responses to infection in mice. Immunol Res (2017) 65(4):828–40.
doi: 10.1007/s12026-017-8919-x

19. Jefferies CA. Regulating IRFs in IFN driven disease. Front Immunol (2019)
10:325. doi: 10.3389/fimmu.2019.00325

20. Negishi H, Taniguchi T, Yanai H. The interferon (IFN) class of cytokines
and the IFN regulatory factor (IRF) transcription factor family. Cold Spring Harb
Perspect Biol (2018) 10(11):a028423. doi: 10.1101/cshperspect.a028423

21. Weiss M, Byrne AJ, Blazek K, Saliba DG, Pease JE, Perocheau D, et al. IRF5
controls both acute and chronic inflammation. Proc Natl Acad Sci USA (2015) 112
(35):11001–6. doi: 10.1073/pnas.1506254112

22. Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, et al.
And udalova IA: IRF5 promotes inflammatory macrophage polarization and TH1-
TH17 responses. Nat Immunol (2011) 12(3):231–8. doi: 10.1038/ni.1990
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.928593/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.928593/full#supplementary-material
https://doi.org/10.1016/j.immuni.2019.03.017
https://doi.org/10.1016/j.immuni.2019.03.017
https://doi.org/10.1136/gutjnl-2012-303955
https://doi.org/10.1136/gutjnl-2012-303955
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1016/j.canlet.2019.04.015
https://doi.org/10.1016/j.lfs.2020.118799
https://doi.org/10.1016/j.lfs.2020.118799
https://doi.org/10.1038/s41586-018-0253-5
https://doi.org/10.1136/gutjnl-2014-307891
https://doi.org/10.1136/gutjnl-2014-307891
https://doi.org/10.1053/j.gastro.2017.01.049
https://doi.org/10.1053/j.gastro.2017.01.049
https://doi.org/10.1053/j.gastro.2019.02.023
https://doi.org/10.1182/blood.2018854604
https://doi.org/10.1182/blood-2008-08-174854
https://doi.org/10.1182/blood-2008-05-155812
https://doi.org/10.1073/pnas.0712312105
https://doi.org/10.1101/gad.1942110
https://doi.org/10.3324/haematol.2017.177394
https://doi.org/10.1038/s41388-017-0055-5
https://doi.org/10.1038/s41388-017-0055-5
https://doi.org/10.1007/s12026-017-8919-x
https://doi.org/10.3389/fimmu.2019.00325
https://doi.org/10.1101/cshperspect.a028423
https://doi.org/10.1073/pnas.1506254112
https://doi.org/10.1038/ni.1990
https://doi.org/10.3389/fimmu.2022.928593
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lin et al. 10.3389/fimmu.2022.928593
23. Kaur A, Lee LH, Chow SC, Fang CM. IRF5-mediated immune responses and its
implications in immunological disorders. Int Rev Immunol (2018) 37(5):229–48.
doi: 10.1080/08830185.2018.1469629

24. Matta B, Barnes BJ. Coordination between innate immune cells, type I IFNs and
IRF5 drives SLE pathogenesis. Cytokine (2020) 132:154731. doi: 10.1016/
j.cyto.2019.05.018

25. Yang Y, Zhang C, Jing D, He H, Li X, Wang Y, et al. IRF5 acts as a
potential therapeutic marker in inflammatory bowel diseases. Inflammation
Bowel Dis (2021) 27(3):407–17. doi: 10.1093/ibd/izaa200

26. Corbin AL, Gomez-Vazquez M, Berthold DL, Attar M, Arnold IC, Powrie
FM, et al. IRF5 guides monocytes toward an inflammatory CD11c(+) macrophage
phenotype and promotes intestinal inflammation. Sci Immunol (2020) 5(47):
eaax6085. doi: 10.1126/sciimmunol.aax6085

27. Wirtz S, Popp V, Kindermann M, Gerlach K, Weigmann B, Fichtner-
Feigl S, et al. Chemically induced mouse models of acute and chronic
intestinal inflammation. Nat Protoc (2017) 12(7):1295–309. doi: 10.1038/
nprot.2017.044

28. Lin Z, Zhang YG, Xia Y, Xu X, Jiao X, Sun J. Salmonella enteritidis effector
AvrA stabilizes intestinal tight junctions via the JNK pathway. J Biol Chem (2016)
291(52):26837–49. doi: 10.1074/jbc.M116.757393

29. Chen Y, Chen B, Yang T, Xiao W, Qian L, Ding Y, et al. Human fused
NKG2D-IL-15 protein controls xenografted human gastric cancer through the
recruitment and activation of NK cells. Cell Mol Immunol (2017) 14(3):293–307.
doi: 10.1038/cmi.2015.81

30. Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al.
Integral role of IRF-5 in the gene induction programme activated by toll-like
receptors. Nature (2005) 434(7030):243–9. doi: 10.1038/nature03308

31. Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A. Innate and
adaptive immunity in inflammatory bowel disease. Autoimmun Rev (2014) 13
(1):3–10. doi: 10.1016/j.autrev.2013.06.004

32. Shi C, Yang Y, Xia Y, Okugawa Y, Yang J, Liang Y, et al. Novel evidence for
an oncogenic role of microRNA-21 in colitis-associated colorectal cancer. Gut
(2016) 65(9):1470–81. doi: 10.1136/gutjnl-2014-308455

33. Johnston DGW, Williams MA, Thaiss CA, Cabrera-Rubio R, Raverdeau M,
McEntee C, et al. Loss of MicroRNA-21 influences the gut microbiota, causing
reduced susceptibility in a murine model of colitis. J Crohns Colitis (2018) 12
(7):835–48. doi: 10.1093/ecco-jcc/jjy038
Frontiers in Immunology 16
34. Kooshkaki O, Rezaei Z, Rahmati M, Vahedi P, Derakhshani A, Brunetti
O, et al. MiR-144: A new possible therapeutic target and Diagnostic/
Prognostic tool in cancers. Int J Mol Sci (2020) 21(7):2578. doi: 10.3390/
ijms21072578

35. Gits CM, van Kuijk PF, Jonkers MB, Boersma AW, Smid M, van Ijcken WF,
et al. MicroRNA expression profiles distinguish liposarcoma subtypes and
implicate miR-145 and miR-451 as tumor suppressors. Int J Cancer (2014) 135
(2):348–61. doi: 10.1002/ijc.28694

36. Wang H, Wang A, Hu Z, Xu X, Liu Z, Wang Z. A critical role of miR-144 in
diffuse Large b-cell lymphoma proliferation and invasion. Cancer Immunol Res
(2016) 4(4):337–44. doi: 10.1158/2326-6066.CIR-15-0161

37. Jin J, Wang Y, Xu Y, Zhou X, Liu Y, Li X, et al. MicroRNA-144 regulates cancer
cell proliferation and cell-cycle transition in acute lymphoblastic leukemia through the
interaction of FMN2. J Gene Med (2017) 19(6-7):e2898. doi: 10.1002/jgm.2898

38. Zhang D, Wu Y, Li Z, Chen H, Huang S, Jian C, et al. MiR-144-5p, an
exosomal miRNA from bone marrow-derived macrophage in type 2 diabetes,
impairs bone fracture healing via targeting Smad1. J Nanobiotechnol (2021) 19
(1):226. doi: 10.1186/s12951-021-00964-8

39. Lv J, Kong Y, Gao Z, Liu Y, Zhu P, Yu Z. LncRNA TUG1 interacting with miR-
144 contributes to proliferation, migration and tumorigenesis through activating the
JAK2/STAT3 pathway in hepatocellular carcinoma. Int J Biochem Cell Biol (2018)
101:19–28. doi: 10.1016/j.biocel.2018.05.010

40. Daver N, Schlenk RF, Russell NH, Levis MJ. Targeting FLT3 mutations in
AML: review of current knowledge and evidence. Leukemia (2019) 33(2):299–312.
doi: 10.1038/s41375-018-0357-9

41. Xu P, Palmer LE, Lechauve C, Zhao G, Yao Y, Luan J, et al. Regulation of
gene expression by miR-144/451 during mouse erythropoiesis. Blood (2019) 133
(23):2518–28. doi: 10.1182/blood.2018854604

42. Yanai H, Negishi H, Taniguchi T. The IRF family of transcription factors:
Inception, impact and implications in oncogenesis. Oncoimmunology (2012) 1
(8):1376–86. doi: 10.4161/onci.22475

43. Fan Z, Zhao S, Zhu Y, Li Z, Liu Z, Yan Y, et al. Interferon regulatory factor 5
mediates lipopolysaccharide-induced neuroinflammation. Front Immunol (2020)
11:600479. doi: 10.3389/fimmu.2020.600479

44. Yan J, Pandey SP, Barnes BJ, Turner JR, Abraham C. T Cell-intrinsic IRF5
regulates T cell signaling, migration, and differentiation and promotes intestinal
inflammation. Cell Rep (2020) 31(13):107820. doi: 10.1016/j.celrep.2020.107820
frontiersin.org

https://doi.org/10.1080/08830185.2018.1469629
https://doi.org/10.1016/j.cyto.2019.05.018
https://doi.org/10.1016/j.cyto.2019.05.018
https://doi.org/10.1093/ibd/izaa200
https://doi.org/10.1126/sciimmunol.aax6085
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1074/jbc.M116.757393
https://doi.org/10.1038/cmi.2015.81
https://doi.org/10.1038/nature03308
https://doi.org/10.1016/j.autrev.2013.06.004
https://doi.org/10.1136/gutjnl-2014-308455
https://doi.org/10.1093/ecco-jcc/jjy038
https://doi.org/10.3390/ijms21072578
https://doi.org/10.3390/ijms21072578
https://doi.org/10.1002/ijc.28694
https://doi.org/10.1158/2326-6066.CIR-15-0161
https://doi.org/10.1002/jgm.2898
https://doi.org/10.1186/s12951-021-00964-8
https://doi.org/10.1016/j.biocel.2018.05.010
https://doi.org/10.1038/s41375-018-0357-9
https://doi.org/10.1182/blood.2018854604
https://doi.org/10.4161/onci.22475
https://doi.org/10.3389/fimmu.2020.600479
https://doi.org/10.1016/j.celrep.2020.107820
https://doi.org/10.3389/fimmu.2022.928593
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	microRNA-144/451 decreases dendritic cell bioactivity via targeting interferon-regulatory factor 5 to limit DSS-induced colitis
	Introduction
	Methods
	Animals and cell line
	Human samples
	miR-144/451 overexpression
	IRF5 knockdown
	Antibodies and flow cytometry
	Cell sorting
	Quantitative real-time PCR (qRT-PCR)
	Western blot
	Dual-luciferase reporter assay
	DSS-induced colitis
	Bone marrow and DC transplantation
	H&amp;E stain
	Preparation of chitosan-plasmid nanoparticles
	Statistical analysis

	Results
	MiR-144/451 ablation upregulates DC activation
	Identification of IRF5 as a target of miR-144/451
	Ectopic expression of miR-144/451 downregulates DCs function
	Knockdown of IRF5 inhibited activities of miR-144/451-/- DCs
	miR-144/451 KO exacerbates DSS-induced colitis by enhanced DC activation
	Verification of enhanced DC activation in miR-144/451 KO mice by bone marrow transplantation
	Nanoparticles delivery of miR-144/451 ameliorates DSS-induced colitis in KO mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


