
iScience

Article

ll
OPEN ACCESS
Islet-resident macrophage-derived miR-155
promotes b cell decompensation via
targeting PDX1
Yan Zhang, Rong

Cong, Tingting Lv,

..., Yating Li, Xiao

Han, Yunxia Zhu

zhuyx@njmu.edu.cn

Highlights
miR-155 is elevated in

type-2 diabetic islets due

to islet-resident

macrophages

Inhibiting miR-155

improves b cell function to

ease inflammation-linked

diabetes

Macrophage-derived

exosomal miR-155 disrupts

b cell function by targeting

PDX1

Blocking macrophage miR-

155 or reconstituting b cell

PDX1 rescues insulin

secretion

Zhang et al., iScience 27,
109540
April 19, 2024 ª 2024 The
Authors. Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.109540

mailto:zhuyx@njmu.edu.cn
https://doi.org/10.1016/j.isci.2024.109540
https://doi.org/10.1016/j.isci.2024.109540
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109540&domain=pdf


OPEN ACCESS

iScience ll
Article

Islet-resident macrophage-derived
miR-155 promotes b cell
decompensation via targeting PDX1

Yan Zhang,1,2 Rong Cong,1,2 Tingting Lv,1,2 Kerong Liu,1 Xiaoai Chang,1 Yating Li,1 Xiao Han,1 and Yunxia Zhu1,3,*
SUMMARY

Chronic inflammation is critical for the initiation and progression of type 2 diabetes mellitus via causing
both insulin resistance and pancreatic b cell dysfunction. miR-155, highly expressed in macrophages, is
a master regulator of chronic inflammation. Here we show that blocking a macrophage-derived exosomal
miR-155 (MDE-miR-155) mitigates the insulin resistances and glucose intolerances in high-fat-diet (HFD)
feeding and type-2 diabetic db/db mice. Lentivirus-based miR-155 sponge decreases the level of miR-
155 in the pancreas and improves glucose-stimulated insulin secretion (GSIS) ability of b cells, thus leading
to improvements of insulin sensitivities in the liver and adipose tissues. Mechanistically, miR-155 increases
its expression in HFD and db/db islets and is released as exosomes by islet-resident macrophages under
metabolic stressed conditions. MDE-miR-155 enters b cells and causes defects in GSIS function and insulin
biosynthesis via the miR-155-PDX1 axis. Our findings offer a treatment strategy for inflammation-associ-
ated diabetes via targeting miR-155.

INTRODUCTION

Type 2 diabetes mellitus (T2D) is a metabolic syndrome characterized by insulin resistance and pancreatic b cell dysfunction.1–3 Although the

pathogenesis of T2D remains obscure, b cell dysfunction is a recognized major cause of T2D.4,5 Increasing evidence now shows that insulitis,

dominated by macrophage infiltration, is observed in the pancreatic islets of T2D patients,6–10 suggesting inflammatory microenvironment of

islet may play key roles in promoting b cell dysfunction. Macrophages are ubiquitous in tissues and exhibit polarized M1 or M1 pheno-

types.11–14 During pre-diabetic period, intra-islet M1macrophage infiltration has been noted to initiate insulitis, impair b cell insulin secretion,

and contribute to a higher susceptibility to T2D in obese individuals,15–17 which indicates that suppressing intra-islet inflammation in the early

stage of T2D is vital for protecting b cell function from disruption by macrophages.11,18 Therefore, revealing the crosstalk between macro-

phage and b cell dysfunction will provide potent evidence for anti-inflammatory therapy of T2D.

Multiple lines of evidence have shown that the infiltration of macrophages in islets disturbs b cell insulin secretion and induces b cell

apoptosis by secreting large amounts of several inflammatory factors.13,19 Intriguingly, emerging evidence now indicates that macrophages

can secretemicroRNA (miRNA)-rich exosomes to target cells,20,21 suggesting that this type of secretionmightmediate inflammation-induced

b cell dysfunction in T2D. Considerable research has demonstrated high expression of miR-155 in M1 macrophages isolated from adipose

tissues from obese individuals (adipose tissuemacrophages; ATMs)20,22,23 and that the secretion of miR-155 into peripheral circulation in exo-

somes causes glucose intolerance and insulin resistance.23 Notably, T2D patients show clear dysregulation of serum miR-155 expression.24

Moreover, inhibition of miR-155 can mitigate diabetic complications by accelerating diabetic wound healing,25 alleviating diabetic acute kid-

ney injury,26 and protecting against diabetic osteoporosis,27 indicating the potential involvement ofmiR-155 in the development of T2D. Inter-

estingly, Regazzi et al. have demonstrated that miR-155 derived from lymphocyte of islets promoted b cell death and contributes to type 1

diabetes (T1D) development in non-obese diabetic (NOD) mice.28 Nevertheless, it remains unclear whether miR-155 in type-2 diabetic islets

mediates the crosstalk between macrophages and b cells to participate in the development of T2D.

In this study, we observed the expression of miR-155 was elevated in islets of T2D mice that derived from islet-resident M1 macrophages

(MDE-miR-155). MDE-miR-155 entered b cells via exosomes to cause b cell dysfunction by targeting PDX1. In vivo, we demonstrated that in-

hibition of miR-155 improved T2D symptoms by increasing b cell insulin secretion and mitigating insulin resistance in high-fat-diet (HFD)-fed

and db/db diabetic mice. Therefore, our findings revealed that miR-155 mimicked inflammation-induced b cell dysfunction in T2D while its

inhibition exerted obvious therapeutic effect, suggesting that targeting miR-155 may be a promising treatment strategy for T2D.
1Key Laboratory of Human Functional Genomics of Jiangsu Province, Department of Biochemistry and Molecular Biology, Nanjing medical University, Nanjing, Jiangsu
211166, China
2These authors contributed equally
3Lead contact
*Correspondence: zhuyx@njmu.edu.cn
https://doi.org/10.1016/j.isci.2024.109540

iScience 27, 109540, April 19, 2024 ª 2024 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1

mailto:zhuyx@njmu.edu.cn
https://doi.org/10.1016/j.isci.2024.109540
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109540&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Inhibition of miR-155 ameliorates HFD-induced T2D pathogenesis in mice

(A) C57BL/6J male mice fed with 4-month HFD were injected with GFP or miR-155 sponge lentiviruses through tail vein. Experimental scheme to ascertain miR-

155 sponge effects in HFD-induced T2D mouse model.

(B–E) Body weights (B), gain of body weights (C), ITTs (D), and GTTs (E) were performed in GFP and miR-155 sponge mice.

(F) Serum insulin levels were detected in GFP and miR-155 sponge mice under fasting or fed condition. Data were presented by MeanG SEM. n = 5 per group.

NS = not significant, *p < 0.05, **p < 0.01.

See also Figure S1.
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RESULTS

Inhibition of miR-155 ameliorates HFD-induced T2D pathogenesis in mice

Previous studies have revealedmiR-155 participates in T2D pathogenesis. Here, we examined whether inhibitingmiR-155 could alleviate T2D

symptoms in HFD-feeding mice by injecting miR-155 sponge lentiviruses after 4 months of HFD feeding (Figure 1A). The mice administered

the miR-155 sponge showed a tendency to gain weight within 10 weeks after the injection, whereas the mice showed a dramatic reduction in

weight gain after 12 weeks compared with the GFP controls (Figures 1B and 1C). Moreover, inhibition of miR-155 significantly improved HFD-

induced insulin resistance and glucose intolerance (Figures 1D and 1E). Notably, although the serum insulin levels showed no obvious differ-

ences in the fasting condition, the levels were significantly increased after feeding (Figure 1F), indicating inhibition of miR-155 improved b cell

function. We also determined that the administration of the miR-155 sponge significantly enhanced in vivo glucose-stimulated insulin secre-

tion (GSIS) in HFD-feedingmice (Figure S1A). Overall, these results suggest that miR-155 inhibition ameliorates HFD-induced T2D pathogen-

esis in mice.

Inhibition of miR-155 increases islet mass and peripheral insulin signaling transduction

Islets mass is critical for the development of T2D under metabolic stress. Here, we examined islets mass to determine the mitigative effect

of miR-155 inhibition on T2D symptoms in HFD-feeding mice by pancreatic hematoxylin and eosin (H&E) staining. Indeed, the islets were

larger in size in the pancreases of HFD-feeding mice administered the miR-155 sponge than in the GFP controls (Figure 2A), and the ratio

of islet area to pancreas area was also higher (Figure 2B). Large islets (>15 mm2) were also more abundant in the pancreases of HFD-

feeding mice treated with the miR-155 sponge (Figure 2C). Besides, b-catenin measurements showed that the sizes of b cell were larger

in HFD mice with miR-155 sponge, which may contribute to the enlarged islet mass (Figures S1B and S1C). The greater islets mass could

secret more insulin in turn to meet the demand for insulin in the peripheral tissues of HFD-feeding mice. Moreover, we observed that in-

sulin signaling pathway was significantly activated in the peripheral tissues of HFD-feeding mice administered the miR-155 sponge, as evi-

denced by the elevation of P-AKT (Phosphorylated AKT) expression in the epididymal white adipose tissue (eWAT) and livers (Figure 2D)

while P-INSR (Phosphorylated INSR) and P-GSK3b (Phosphorylated GSK3b) expression were also upregulated in the latter (Figure S1D).

Interestingly, lentivirus-based miR-155 sponge decreases the level of miR-155 in the pancreas but not in the liver, eWAT, or muscle (Fig-

ure 2E), consistent with observation of GFP fluorescence in isolated islets (Figure S1E). Thus, these findings revealed that pancreatic miR-

155 inhibition promoted islet mass enlargement and improved peripheral insulin sensitivity to ameliorate the symptoms of HFD-

induced T2D.
2 iScience 27, 109540, April 19, 2024



Figure 2. Inhibition of miR-155 increases islet mass and peripheral insulin signaling transduction

(A) Histopathological analysis of pancreas tissues. Mice injected with Lenti-GFP and miR-155 sponge lentiviruses for 4 months. Islet areas were assessed by H&E

staining.

(B) The ratio of islet area to pancreatic area was calculated between the GFP and miR-155 sponge mice.

(C) The distribution of islets mass in GFP and miR-155 sponge mice.

(D) Representative western blot images (left) and quantitative analysis (right) of P-AKT andAKT in lysates of liver, eWAT, andmuscles fromGFP ormiR-155 sponge

mice with or without insulin stimulation.

(E) Relative miR-155 expression in pancreas, liver, eWAT, and muscle determined by qPCR. Data were presented by MeanG SEM. n = 3–12 per group. NS = not

significant, *p < 0.05, **p < 0.01.

See also Figure S1.
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Increased miR-155 level in type-2 diabetic islets is derived from islet-resident macrophages

To clarify the role and source of elevated miR-155 in islets of T2D, we firstly performed single-cell RNA sequencing (scRNA-seq) of islets iso-

lated from wild-type mice to determine the location of miR-155. Based on specific marker gene expression, we identified distinct clusters

representing b cells, a/d/PP cells, endothelial cells, and macrophages, as shown by the heatmap (Figure 3A). MiR155hg, a long noncoding

RNA, is the host gene of miR-155 and co-regulates with it. MiR155hg was co-expressed with inflammatory factor interleukin (IL)-1b and

IL-6, as well as with the macrophage biomarker adgre1 (Figures 3B and S2D), suggesting that miR-155 was mainly expressed in islet macro-

phages. Previous studies have revealed that the infiltration of macrophages into islets increases with the progression of T2D. Consistently, we

detected a significant upregulation of miR-155 in the islets of 12- or 18-week-old HFD-feeding mice (Figure 3C) and 8- or 12-week-old db/db

mice with obesity and hyperglycemia (Figures 3D and S2A–S2C). Similarly, the expression of miR-155 was markedly elevated in human islets

treated with palmitic acid (Figure 3E). We also tested whether the elevated miR-155 in diabetic islets was derived from resident macrophages

by administering clodronate liposomes (C-lipos) to clear macrophages from the islets of both db/db mice and humans, as evidenced by the

reduction of macrophages maker genes level (Figures S2E and S2F). Meanwhile, C-lipos did not affect glucose-stimulated insulin secretion in

human islets (Figure S2G). Surprisingly, miR-155 expression was significantly decreased in the islets of db/db mice and humans with C-lipo

treatment (Figures 3F and 3G). Collectively, the data supported the notion that the increased levels of miR-155 in diabetic islets were derived

from resident macrophages.
MiR-155 mimics inflammation-induced b cell dysfunction

Next, we investigated whether macrophage-derived miR-155 impaired insulin secretion by overexpressing miR-155 in b cells and islets.

Initially, we observed that miR-155 overexpression decreasedGSIS and potassium-stimulated insulin secretion (KSIS) inMin6 cells (Figure 4A),

while also inhibiting cell viability without inducing apoptosis, as determined by Cell Counting Kit-8 (CCK8) and Hoechst staining (Figures S4A

and S4B). Moreover, miR-155 also reduced dynamic insulin secretion in islets during glucose perfusion (Figure 4B) and impaired GSIS in hu-

man islets (Figure 4C). Intriguingly, although KSIS was little effected in INS-1 cells (Figure S4C), insulin content was significantly decreased

after miR-155 transfection (Figure 4D), along with downregulated Ins1 and Ins2 gene levels as well as decreased cell viability (Figures 4E

and S4D). Similarly, miR-155 also decreased insulin content in human islets (Figure 4F). One interesting finding was that blocking miR-155
iScience 27, 109540, April 19, 2024 3



Figure 3. Increased miR-155 in type-2 diabetic islets is derived from islet-resident macrophages

(A) Whole-islet scRNA-seq was performed inWTmice, and b cell, a/d/PP cell, endothelial cell, andmacrophage clusters were classified according to the heatmap

of characteristic gene expression in different cells.

(B) The distribution of four clusters corresponding to the whole-islet sequencing map, and the distribution of miR155hg, IL-1b, and IL-6 in islets was also labeled.

(C and D) Relative miR-155 levels in islets of 12- or 18-week HFD mice (C) and 8- or 12-week db/db mice (D), compared with that in control mice, respectively.

(E) Relative miR-155 levels in human islets with and without Palm treatment.

(F) Relative miR-155 levels in islets of 4-week db/m mice, db/db mice with or without C-lipos treatment.

(G) Relative miR-155 levels in human islets with or without C-lipos treatment. Data were presented by Mean G SEM. n = 3–4 per group. *p < 0.05, **p < 0.01,

***p < 0.001.

See also Figure S2.
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in IL-1b-treated islets improved insulin secretion and content (Figures 4G and 4H), indicating miR-155 can mimic inflammation-induced b cell

dysfunction. Besides, although insulin content had little changes (Figure S3A), miR-155 inhibition clearly increased GSIS in db/db islets

(Figure 4I).

Further, we observedmainly pro-inflammatory M1macrophages increased in islets of 12-week db/dbmice compared with 4-week, as evi-

denced by the elevation of adgre1 expression (M1 marker) rather than mrc1 (M2 marker) (Figure S3B). Indeed, both M1 macrophage and its

exosomes (M1-exo) hadmore than 20 times expression levels of miR-155 compared toM0,M2macrophages and their relative exosomes (M2-

exo and M0-exo) (Figure S3C). Moreover, M1-exo could enter b cells to impair GSIS function (Figures S3D–S3F). More importantly, miR-155
4 iScience 27, 109540, April 19, 2024



Figure 4. miR-155 mimics inflammation-induced b cell dysfunction

(A) The ratio of insulin secretion to content in Min6 cells transfected with miR-155 under low-glucose, high-glucose, and high-potassium condition.

(B) Islets perfusion was performed after miR-155 transfection for 48 h (left). The AUC (Area under the curve) of the first phase (from 10 to 20 min) and the second

phase (20–30 min) of insulin secretion was analyzed by GraphPad prism 8.

(C) Insulin secretion detection (left) and glucose-stimulated index (GSI) calculation (right) in human islets transfected with miR-155 under low- and high-glucose

condition, respectively.

(D) Insulin content corrected by protein concentration was examined in INS-1 after miR-155 transfection for 48 h and 72 h.

(E) Relative Ins1 and Ins2 mRNA expression in INS-1 cells after miR-155 transfection for 48 h.

(F) Insulin content of human islets transfected miR-155 or NC.

(G) Insulin secretion per islet (left) and GSIS ratio (right) detection in mice islets treated with IL-1b with or without miR-155 blocking.

(H) Insulin content was examined in mice islets treated with IL-1b with or without miR-155 blocking.

(I) Insulin secretion (left) and GSIS ratio (right) detection in db/db islets with or without miR-155 blocking.
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Figure 4. Continued

(J) Insulin secretion (left) and GSIS ratio (right) detection in Min6 cells treated with M1-derived exosomes with or without miR-155 blocking. Data were presented

by Mean G SEM. n = 3–8 per group. NS = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figures S3 and S4.
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blocking in M1-exos dramatically decreased miR-155 level and rescued the expression of genes associated with insulin transcription and

increased GSIS in Min6 cells (Figures S3G, S3H, and 4J). Taken together, these results demonstrated that miR-155 derived from pro-inflam-

matory M1 macrophages induced b cell dysfunction which could be rescued by miR-155 inhibition of M1-exos.

MiR-155-PDX1 axis mediates impairments from islet inflammation

Mechanistically, our use of the TargetScan prediction website and luciferase reporter assays revealed that miR-155 directly targeted and in-

hibited the expression of a key transcription factor, PDX1, by binding to its 30 UTR (Figures 5A and 5B). This finding was consistent with the

downregulation of PDX1 at the protein level in Min6 cells after miR-155 transfection (Figure 5C). In contrast, inhibition of miR-155 markedly

increased the expression of PDX1 in islets of db/db mice (Figure 5D). Moreover, miR-155 sponge treatment also upregulated PDX1 expres-

sion relative to Ins1 in the pancreases of HFD-feeding mice (Figures 5E and 5F), whereas the genes of macrophage maker were decreased

markedly (Figure S5A). After clearing macrophages by C-lipo treatment (Figures S5B–S5D), we observed PDX1 expression was rescued in

islets of HFD-feeding mice and in 4-week-old and 12-week-old db/db mice (Figures 5G and 5H), indicating that an miR-155-PDX1 axis medi-

ated the impairment of islet inflammation. In addition, overexpression of PDX1 rescued the impaired GSIS caused by miR-155 in Min6 cells

(Figures 5I and 5J). Taken together, these findings indicated that miR-155 inhibited b cell dysfunction by targeting PDX1.

Inhibition of miR-155 treats type-2 diabetic db/db mice

We also tested whether miR-155 inhibition by antagomiR-155 injection via abdominal aorta could treat type-2 diabetic db/db mice. We

observed that db/db mice administered antagomiR-155 showed lowered random blood glucose levels (Figure 6A), improved glucose toler-

ance and insulin sensitivity, and increased insulin secretion compared with that in controls (Figures 6C–6F), although no significant difference

was noted in body weight (Figure 6B). In addition, we also determined the effect of miR-155 on the features of T1D. The expression ofmiR-155

was significantly increased in the islets and infiltrated lymphocytes of NOD mice (Figures S6A and S6B) and was induced by inflammatory

factors (IL-1b, either alone or combined with tumor necrosis factor alpha [TNF-a] and interferon gamma [IFNg]) (Figure S6C). Furthermore,

administration of themiR-155 sponge dramatically reduced diabeticmorbidity andmortality in NODmice (Figures S6D and S6E). In summary,

our findings identified miR-155 as a promising therapeutic target for both T2D and T1D.

DISCUSSION

Extensive studies have reported the dysregulation of miR-155 expression in serum and peripheral blood mononuclear cells in patients with

T2D diabetes29,30; however, its level and role in type-2 diabetic islets have not been intensively explored. A previous study reported that

hyperlipidemia-associated endotoxemia-induced miR-155-5p targeted mafb in b cells to promote IL-6 expression, which further increased

the GLP (glucagon-like peptide) level and thereby increased insulin secretion.31 In contrast, Regazzi et al. have revealed that lymphocyte-

derived exosomal miR-155 promoted pancreatic b cell death and contributed to T1D development,28 indicating that the effect of miR-155

on b cell function was also obscure. In this study, we demonstrated that the expression of miR-155 was significantly elevated in islets of

HFD-feeding and type-2 diabetic db/db mice (Figure 3), and overexpression of miR-155 decreased insulin secretion and content both in b

cell lines and pancreatic islets (Figure 4), indicating the increase of miR-155 in islets under metabolic stress promotes T2D progression.

Obesity is an independent risk factor for T2D. In HFD-feedingmice, body weight gain triggers adaptive islet expansion to compensate for

peripheral insulin resistance;32 once the expansion is insufficient, it will develop into typical T2D. We considered that intervention at the

compensatory stage could delay or prevent the development of T2D. Here, we observed that blocking miR-155 increased single b cell

size and islets mass in HFD-feeding mice, which in turn compensated for the insulin resistance by releasing more insulin (Figures 2 and

S1). A previous study reported by Lin has shown that, under the normal chow diet condition, no significant difference was observed on b

cell proliferation, mass, and insulin genes expression between globalmiR-155 knockout (KO)mice and control mice.33 These phenotypes sug-

gest that the effect of miR-155 on islets is mainly in the pathological state rather than in the physiological, and its upregulation in islets of

obese individual may accelerate the course of diabetes, while inhibition of miR-155 can treat T2D. Here, we used miRNA sponge to inhibit

miR-155 expression in HFDmice.We observed that miR-155 levels were reduced by half in the pancreases of HFDmice after miR-155 sponge

lentiviruses injection (Figure 2), which indicated that the method we used was effective. In addition, there are also other ways to suppress

miRNA expression in vivo or in vitro, such as the antagomir-155 we used in db/db mice as well as bulged sponge reported by Gao et al.34

It is hoped to introduce multiple strategies for miRNA intervention in future studies.

Several studies havedemonstrated thepro-inflammatory effects ofmiR-155onmultipledisease.35,36 Interestingly, almost all thepro-inflam-

matory effects ofmiR-155 are associatedwithmacrophages.20,35–39Wanget al. have reported thatmiR-155-containingmacrophageexosomes

promoted inflammation in cardiac fibroblasts by suppressing anti-inflammatory gene SOCS1,36 and inflammatorymacrophages-derivedmiR-

155 in obese adipose tissue promoted insulin resistance by targeting PPARg in the livers and muscle,20 indicating that miR-155 facilitated

inflammation by multiple mechanisms. Insulitis dominated by macrophage was also an inflammatory manifestation in T2D. Macrophages

induce b cell dysfunction through a variety of pathways, including secreting pro-inflammatory factors and transferring inflammatory
6 iScience 27, 109540, April 19, 2024



Figure 5. miR-155-PDX1 mediates impairments from islet inflammation

(A and B) Sequence matching between PDX1and miR-486 (A) and dual luciferase reporter test (B).

(C and D) Representative western blot images of PDX1 expression in Min6 cells transfected with miR-155 (C) and islets of db/db mice (D) treated with miR-155

inhibition.

(E) Relative genes expression corrected by Ins1 was quantified in pancreas of HFD mice with lenti-GFP and miR-155 sponge.

(F) PDX1 (red) and insulin (green) staining in in pancreatic islets of mice with lenti-GFP and miR-155 sponge.

(G and H) Relative genes expression in islets of HFD (G) and db/db mice (H) with C-lipos treatment.

(I) Representative western blot images of PDX1 expression in Min6 cells transfected with miR-155 with or without PDX1 overexpression.

(J) Insulin secretion (left) and GSIS ratio (right) detection in Min6 cells transfected with miR-155 with or without PDX1 overexpression under low- or high-glucose

condition. Data were presented by Mean G SEM. n = 3–6 per group. NS = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S5.
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Figure 6. Inhibition of miR-155 treats type-2 diabetic db/db mice

(A) Db/db male mice were injected AntagoNC or AntagomiR-155 via abdominal aorta at 8 weeks and further monitored metabolic index following the

experimental scheme.

(B–F) The measurement of body weights (B), blood glucose (C), GTTs (D), ITTs (E), and serum insulin (F) in db/m and db/db mice with AntagoNC or AntagomiR-

155 injection. Data were presented by Mean G SEM. n = 4–7 per group. *p < 0.05. #p < 0.01, ##p < 0.001.

See also Figure S6.
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mitochondria40 andmiRNAs to b cells by extracellular vesicles. In this study, we investigatedmiR-155 derived from islet-residentmacrophages

impairedb cell function via targetingPDX1,which is a characteristic geneofb cells involving in insulin synthesis and secretion.Wealsoobserved

increased PDX1 expression and improved b cell function inHFDmice injectedwithmiR-155 sponge lentivirus, indicating that the role of block-

ing miR-155 in the treatment of T2D was depended on PDX1 expression in b cells, while it might be independent of inflammatory effects. Be-

sides, a study has reported that blockade of lymphocyte-derivedmiRNAs (including miR-142, miR-150, andmiR-155) decreases diabetes inci-

dence in NODmice.28 Intriguingly, we discovered that inhibition of miR-155 alone also exerted therapeutic effect on NODmice (Figures S6D

and S6E). However, the mechanism of miR-155 in treating T1D was unclear and needed further study.

The origin of islet miR-155 depends on islet microenvironment. Normally, islet-resident macrophages are the main source of miR-155 as

evidenced by our scRNA-seq, at least in C57BL/6J mouse islets (Figure 3). During the development of T1D and T2D, distinct immune cell

types,16 such as lymphocytes and macrophages in type-1 diabetic islets as well as macrophages in type-2 diabetic islets, contribute to the

increased levels of islet miR-155. Despite the different origins of miR-155 in the T1D and T2D disease statuses, engulfed miR-155 by b cells

led to the insufficient insulin secretion and/or insulin resistance, which could be treated by our lentivirus-based miR-155 sponge strategy.

Therefore, we employed three kind of diabetic mouse models (HFD, db/db, and NOD) to prove the anti-diabetic effects via blocking islet

miR-155 regardless of the origins.

In summary, our study demonstrated that aberrantly increased miR-155 derived from M1 macrophages caused islet inflammation and

impaired b cell function during T2D progression, whereas inhibition of MDE-miR-155 alleviated b cell dysfunction. In vivo, blocking miR-

155 increased insulin secretion and improved glucose tolerance and insulin sensitivity in HFD-feeding and type-2 diabetic db/dbmice. Over-

all, therapeutic strategies aimed at blocking miR-155 in macrophages represent a promising approach for the prevention and treatment of

obesity-induced T2D.
Limitations of the study

Here, we discovered that PDX1was the vital target gene ofmiR-155 which caused the defects in b cell GSIS function and insulin biosynthesis in

the development of T2D; however, we also observed that b cell sizes were enlarged in islet of HFD-feeding mice with miR-155 sponge, indi-

cating potential target genesmight play an important role to understand howmiR-155 regulated b cell size. In addition, previous studies have

revealed that silencing miR-155 can inhibit M1 macrophage polarization that reduces inflammation.41,42 Our work focused on M1 macro-

phage-derived exosomal miR-155 entering b cells and contributing to b cell dysfunction, in which we neglected the effect of miR-155 sponge

on M1 macrophage polarization that might also delay the progression of T2D.
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Antibodies

Rabbit anti-phospho S473 AKT Cell Signaling Cat#4060; RRID: AB_2315049

Rabbit anti-AKT Cell Signaling Cat#4691; RRID: AB_915783

Rabbit anti-phospho Insulin Receptor b Cell Signaling Cat#3024; RRID: AB_331253

Rabbit anti-Insulin Receptorb Cell Signaling Cat#3025; RRID: AB_2280448

Rabbit anti-Phospho-GSK-3b Cell Signaling Cat#5558; RRID: AB_10013750

Rabbit anti-GSK-3b Cell Signaling Cat#12456; RRID: AB_2636978

Insulin Servicebio Cat#GB11334-100

b-catenin Cell Signaling Cat#8480; RRID: AB_11127855

Rabbit anti-GAPDH Proteintech Cat#10494-1-AP; RRID: AB_2263076

Rabbit anti-PDX1 Abcam Cat#Ab219207; RRID: AB_2891187

Rabbit anti-a-Tubulin Cell Signaling Cat#2148; RRID: AB_2288042

Goat anti-mouse IgG-HRP Cell Signaling Cat #7076; RRID: AB_330924

Goat anti-rabbit IgG-HRP Cell Signaling Cat #7074; RRID: AB_2099233

Bacterial and virus strains

Lentivirus-GFP This paper N/A

Lentivirus-mmu-miR-155 sponge This paper N/A

Biological samples

Human Pancreatic Islets Tianjin First Central Hospital N/A

Chemicals, peptides, and recombinant proteins

Glucose Otsuka N/A

Insulin Novo Nordisk N/A

Trizol Invitrogen Cat#15596026

Total Exosome Isolation kit Invitrogen Cat#4478359

Clodronate Liposomes LIPOSOME Cat#CP-010-010

Hoechst 33342 Beyotime Cat#C1022

Collagenase Type V Sigma-Aldrich Cat#C9263

Histopaque_-1077 Sigma-Aldrich Cat#10771

Protease inhibitors cocktail Roche Cat#11687498001

Phalloidin Yeasen Cat#40737ES75

PKH67 Sigma-Aldrich Cat#MINI67

Recombinant Human IL-1b PeproTech Cat#200-01B

Recombinant Human IFNg PeproTech Cat#300-02

Recombinant Human TNFa PeproTech Cat#300-01A

Critical commercial assays

Mouse Insulin ELISA EZ assay Cat#MS200

Insulin Radioimmunoassay BNIBT N/A

Lipofectamine 2000 Invitrogen Cat#11668027

Dual-Glo Luciferase Assay Kit Promega Cat#E2920

BCA Protein Assays ThermoFisher Cat#23227

Reverse Transcription Kit TOYOBO Cat#FSK-101

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Counting Kit-8 (CCK-8) APExBIO Cat#K1018

Exo-Fect Exosome Transfection Kit System Biosciences Cat#EXFT20A-1

Deposited data

Raw and analyzed scRNA-seq data This paper GEO GSE232474

Experimental models: Cell lines

Human Pancreatic Islets Tianjin First Central Hospital N/A

Mouse Pancreatic Islets This paper N/A

Mouse: L929 cell ATCC Cat#CCL-1

Bone Marrow-Derived Macrophage This paper N/A

Mouse: Min6 cell Wang et al., 201943 N/A

Rat: INS1 cell ATCC Cat#CM-1421

Primary islet infiltrated lymphocytes This paper N/A

Experimental models: Organisms/strains

C57BL/6J Mice GemPharmatech N000013

db/db Mice GemPharmatech T002407

NOD mice GemPharmatech N000235

Oligonucleotides

See Table S1 for primers N/A N/A

Recombinant DNA

pMIR-REPORT Ambion Cat#AM5795

PDX1-wt This paper N/A

PDX1-mt This paper N/A

pCMV5-Flag This paper N/A

pCMV5-Flag -PDX1 This paper N/A

pRL-SV40 Promega Cat#E2231

Software and algorithms

FV10-ASW Olympus https://lifescience.evidentscientific.com.cn/zh/

downloads/detail-iframe/?0[downloads][id]=847249651

ImageJ NIH https://imagej.nih.gov/ij/

Pannoramic Viewer 3D HISTECH https://www.3dhistech.com/products-and-

software/software/software-downloads/

Target Scan Whitehead Institute http://www.targetscan.org/vert_72/

Prism Graphpad https://www.graphpad.com

Other

High fat diet Research Diets Cat#D12492

Normal chow diet Research Diets Cat#D12450J

SYBR Green Mix Vazyme Cat#Q111-02

THUNDERBIRD Probe qPCR Mix TOYOBO Cat#QPS-101
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Yunxia Zhu (zhuyx@

njmu.edu.cn).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

� The scRNA-seq data of primary islets is available at GEO: GSE232474 and will be shared by the lead contact upon request. Accession

number is listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male C57BL6/J mice, db/db mice and NOD mice were purchased from GemPharmatech LLC. 4-week-old C57BL6/J mice were fed with a

standard chow or high fat diet (HFD; 60% of kcal from fat, 20% kcal from carbohydrate and 20% of kcal from protein, Research Diets) for

4 months. All animal studies followed guidelines established by the Animal Care Committee of Nanjing Medical University, China (Permit

Number: IACUC-NJMU 1404075). Mice were housed under standard specific pathogen-free conditions (24�C, 45%–55% humidity, 12 h

light/dark cycle) with free access to water and food.

Primary islet isolation and cell culture

Human islets were provided from Tianjin First Central Hospital. The use of human islets was approved by the research ethics committee of

Tianjin First Central Hospital (No.2018N129KY).43 Detail information about donors was added in Table S2. Murine islets were isolated as

described previously.44 Primary islets were cultured in cultured in in medium (CMRL1066 for human islets; RPMI-1640 for murine islets) con-

taining 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 mg/mL streptomycin.45 Min6 cells provided by J. I. Miyazaki (Medical

School of Osaka University, Osaka, Japan) were cultured in DMEM (Invitrogen, Grand Island, NY)) with 15% FBS (Gibco, Burlington, Ontario,

Canada), 100 U/ml penicillin, 100 mg/mL streptomycin, 10 mM HEPES, and 50 mM b-mercaptoethanol (Sigma, Louis, USA).46 INS-1 cells ob-

tained from ATCC (CM-1421) were cultured in RPMI-1640 (Invitrogen, Grand Island, NY) with 8% FBS (Gibco, Burlington, Ontario, Canada),

100 U/ml penicillin, 100 mg/mL streptomycin, 10mMHEPES, and 50 mM b-mercaptoethanol (Sigma, Louis, USA). All the cells and primary islets

were incubated at 37�C in a suitable atmosphere containing 95% O2 and 5% CO2.

METHOD DETAILS

Tail vein injection and abdomens aorta injection

For tail vein injection, HFD-fed male C57BL6/J mice for 4-month were injected lentivirus-miR-155 sponge (1 3 108 TU/per mouse) or GFP

controls from tail vein. For abdominal aorta injection, the experiment steps are as follows: 1) Mice were fasted overnight then anesthetized

with isoflurane; 2) The abdominal cavities were cut open then the abdomens aortas were exposed; 3) After injection with 100 mL antago-mir,

the abdomens aortas were pressed with Q-tips for 10 min to stop bleeding. Then the abdominal cavities were washed with NS and sewed; 4)

Mice were allowed 3 days postsurgical recovery. db/db mice were injected with 100 mL antago-miR-155 from the abdomens aortas as

described previously.47

Islet-resident macrophage clearance

To clear islet-residentmacrophages, clodronate liposome (LIPOSOME) was added into complete RPMI-1640medium, the final concentration

was 1 mg/mL. Primary islets were cultured in complete RPMI-1640 medium containing 1 mg/mL clodronate liposome for 24h. Macrophage

clearance efficiency was confirmed by qPCR.

Metabolic characters and ELISA

Blood glucose was measured from tail vein using a Glucometer Elite monitor (Abbott, Oxon, UK). GTTs were performed by intraperitoneal

(i.p.) injection of D-glucose (1 g/kg) after overnight fasting. ITTs were performed by i.p. injection of 1.2 U/kg insulin after 5 h of fasting. Mice

blood samples were collected and were centrifuged at 3,000 g for 15 min to collect serum. The levels of serum insulin were measured by In-

sulin Elisa kit (EZ assay, Shenzhen, China).

Insulin sensitivity assays

Mice were fasted for 5 h and anesthetized by isoflurane. After anesthetization, a small piece of liver, muscle, and adipose tissues were

collected avoiding hemorrhage. Then, insulin (3 U/kg) was injected via postcava and tissue samples mentioned above were collected at 3,

4, and 5 min post-injection respectively. All the samples before or after insulin injection were prepared for western blot analysis and qPCR.

Immunofluorescence staining

For pancreatic sections, mouse pancreases were collected, fixed in 4% paraformaldehyde, embedded in paraffin and cut into sections (5 mm)

for further stanning overnight at 4�Cwith primary antibodies: b-catenin (CST, Cat#8480, 1:200), insulin (Servicebio, GB11334-100, 1:1000), and

PDX1 (Abcam, ab219207, 1:1000). On the second day, sections were washed in PBS containing with 1% tween 20 (PBST), and then incubated
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with second antibody (ThermoFisher, 1:500) at 37�C for 1h. Then sections were washed in PBST and stained with Hoechst 33342 (Beyotime,

1:8000) before imaging by confocal microscopy (Olympus). For cell lines, Min6 cells were stained with phalloidine (Yeasen, Shanghai, China)

according to the manufacturer’s protocol.
Bone marrow-derived macrophage isolation

8-10 weeks C57BL6/J mice were sacrificed for bone marrow-derived macrophages (BMDM) isolation. BMDM was collected and treated as

described previously.23 The unpolarized M0 macrophages and differentiated M1 or M2 macrophages were cultured in RPMI-1640 medium

containing 10%FBS (exosome-free), 100 units/ml penicillin, and 100mg/mL streptomycin for 48h to collect culturemedia for further exosomes

extraction as described previously.21
BMDM-derived exosomes isolation

Collected culture media were centrifuged at 2000 rpm for 5 min to pellets cells and then at 10,000 g for 20 min to discard dead cells and cell

debris. Exosomes were then isolated using Total Exosome Isolation kit (Invitrogen, Grand Island, NY) and were identified by western blot and

TEM as reported.20
Exosomes transfection

Isolated M1 macrophage-derived exosomes (M1-exos) (25mg) were transfected with 10 p.m. anti-miR-155-5p using the Exo-Fect Exosome

Transfection Kit (System Biosciences, Palo Alto, CA, USA) and added to exosome-free medium for Min6 cells to culture for 48h.
Fluorescence labeling of exosomes

Exosomes were labeled with PKH67 (Sigma, Louis, USA) for 1 h and then washed three times with PBS. PKH67-labeled exosomes were resus-

pended in RPMI-1640 and incubatedwith culturedMin6 cells. After incubation for 24 h,Min6 cytoskeleton was stainedwith Phalloidin (Yeasen,

Shanghai, China) while nucleus was stained with Hoechst 33342 (Beyotime, Shanghai, China). Macrophages were examined by confocal mi-

croscopy (FV1200; Olympus).
GSIS, KSIS and islet perfusion assay

Min6 cells and mouse/human islets or INS1 cells were transfected with miR-155 mimics or anti-miR-155 for 48h were subjected to glucose-

stimulated insulin secretion (GSIS) or potassium-stimulated insulin secretion (KSIS) assay.48 Insulin content was extracted using acid-ethanol.

For islet perfusion, after equilibrating overnight, 100 islets per group were incubated 1 h at 37�C in Krebs-Ringer buffer (KRB) with 0 mM

glucose, then collected in a syringe filter (Millex-GP, Millipore) and perfused with 37�C KRB containing 0 mM glucose for 25 min at

125 mL/min flow rate, then followed by 20 mM glucose for 15 min. Insulin levels were measured by radioimmunoassay.48
Western blot analysis

Western blotting was performed as described previously48 using primary antibodies against P-AKT (CST, Cat#4060, 1:2000); AKT (CST,

Cat#4691, 1:1000); P-INSR (CST, Cat#3024, 1:1000); INSR (CST, Cat#3025, 1:1000); P-GSK3b (CST, Cat#5558, 1:1000); GSK3b (CST,

Cat#12456, 1:1000); GAPDH (Proteinech, Cat No. 10494-1-AP, 1:10000); PDX1 (Abcam, ab219207, 1:1000); a-tubulin (CST, Cat#2148,

1:4000). Secondary antibodies were goat anti-rabbit IgG-HRP (CST, Cat #7074, 1:4000) and anti-mouse IgG-HRP (CST, Cat #7076, 1:4000).

Stripes intensity was measured by ImageJ.
RNA extraction and qPCR

Total RNA was extracted with TRIzol reagent (Invitrogen, Grand Island, NY). The reverse transcriptions of miRNA and mRNA were performed

according to the instructions of TOYOBO and Vazyme respectively.21 Quantitative RT-PCR were performed by using the THUNDERBIRD

probe qPCR Mix (TOYOBO) for miR-155-5p, and SYBR Green qPCR Master Mix for mRNA on Roche Lightcycle480 II Sequence Detection

System (Roche Diagnostics). U6 and b-actin were used as normalizers for miRNAs and mRNAs, respectively. TaqMan probes for mmu-

miR-155-5p (002571) and has-miR-155-5p (000479) detection were purchased from ThermoFisher. Primer sequences for qPCR were listed

in Table S1.
Plasmid construction and luciferase assay

Mmu-miR-155 binding sites of 30UTR of PDX1 and relative mutant nucleotide sequences were synthesized and inserted into pMIR-REPORT

Luciferase miRNA Expression Reporter Vector (Ambion, Foster City, CA).49 pRL-SV40 carried Renilla luciferase was used as internal control.

Min6 cells were transfected with luciferase reporter plasmids and pRL-SV40 as well as mmu-miR-155 mimics or negative control using Lipo-

fectamine 2000 (Invitrogen, Grand Island, NY) according to the manufacturer’s instructions. After 48h transfection, luciferase activities were

measuredwith a dual-luciferase reporter assay system (Promega,Madison,WI) and normalized to Renilla activity expressedwith the pRL-SV40

plasmid.
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Single-cell RNA sequencing (scRNA-seq)

Freshly isolated islets were cultured in culture media (5.5 mM glucose) for 4 h and then processed to obtain dispersed single cells. Cells was

then examined by cell counter (Ruiyu Biotech, Shanghai, China) to ensure more than 90% viability. 10 x Genomics ChromiumTMplatform was

used to prepare scRNA-seq library. The resulting libraries were sequenced on an Illumina Hiseq PE150 platform. The data cleaning, normal-

ization and scaling were handled by Cell Ranger algorithm (Novogene, Beijing, China).50 Principal component analysis was used to reduce

dimension and all cells were projected onto a two-dimensional map by means of t-stochastic neighbor embedding (t-SNE). Cell types were

then clustered through a k-means-based approach and visualized by Loupe-Cell-Browser-2.0.0 (Novogene). Marker genes of each cell cluster

were outputted to define the cell types. scRNA sequencing data are available in GEO GSE232474.
QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro experiments were repeated at least three times and in vivo assay were repeated two times, with the number of per condition or mice

included in each group in each experiment indicated. The areas of islets and pancreas were calculated using Slide Viewer software. Compar-

isons were performed using the Student’s t test between two groups or ANOVA in multiple groups. Results are presented as meanG SEM.

p < 0.05 is considered statistically significant.
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