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SUMMARY

The nature of obesity-associated islet inflammation and its impact on β cell abnormalities remains 

poorly defined. Here, we explore immune cell components of islet inflammation and define their 

roles in regulating β cell function and proliferation. Islet inflammation in obese mice is dominated 

by macrophages. We identify two islet-resident macrophage populations, characterized by their 

anatomical distributions, distinct phenotypes, and functional properties. Obesity induces the local 

expansion of resident intra-islet macrophages, independent of recruitment from circulating 

monocytes. Functionally, intra-islet macrophages impair β cell function in a cell-cell contact-

dependent manner. Increased engulfment of β cell insulin secretory granules by intra-islet 

macrophages in obese mice may contribute to restricting insulin secretion. In contrast, both intra- 

and peri-islet macrophage populations from obese mice promote β cell proliferation in a PDGFR 

signaling-dependent manner. Together, these data define distinct roles and mechanisms for islet 

macrophages in the regulation of islet β cells.

*Correspondence: jolefsky@ucsd.edu (J.M.O.), w3fu@ucsd.edu (W.F.).
AUTHOR CONTRIBUTIONS
Conceptualization, W.Y., Y.S.L., J.M.O., and W.F.; Investigation, W.Y., Y.S.L., Y.D., J.B.S., M.Y., J.S.S., B.-H.Y., J.W., R.I., M.R., 
J.M., C.K.G., J.M.O., and W.F.; Writing & Editing, W.Y., Y.S.L., J.M.O., and W.F.; Supervision, Project Administration and Funding 
Acquisition, Y.S.L., J.M.O., and W.F.

SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and four tables and can be found with this article online at https://doi.org/10.1016/j-
cmet.2018.12.003.

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
Cell Metab. Author manuscript; available in PMC 2019 August 20.

Published in final edited form as:
Cell Metab. 2019 February 05; 29(2): 457–474.e5. doi:10.1016/j.cmet.2018.12.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j-cmet.2018.12.003
https://doi.org/10.1016/j-cmet.2018.12.003


In Brief

The crosstalk between immune cells and β cells in obesity is poorly understood. Ying et al. report 

that local macrophages drive obesity-associated islet inflammation through proliferation and that 

the accumulated islet macrophages affect both β cell replication and function through distinct 

mechanisms.

Graphical Abstract

INTRODUCTION

Obesity is associated with low-grade tissue inflammation, which manifests in multiple 

organs, including adipose tissue, liver, muscle, and pancreatic islets (Donath et al., 2013; 

Donath and Shoelson, 2011; Lackey and Olefsky, 2016; Lee et al., 2018). This chronic 

metabolic inflammation (metaflammation) plays a critical role in causing insulin resistance 

(Gregor and Hotamisligil, 2011; Hotamisligil, 2017; Lackey and Olefsky, 2016). Insulin 

resistance provokes a compensatory expansion of pancreatic β cell mass, resulting in a 

transient period of hyperinsulinemia. The eventual failure of these compensatory responses 

in β cells is a hallmark of type 2 diabetes mellitus (T2DM) (Talchai et al., 2009). The 

mechanisms that trigger compensatory expansion of β cells and subsequent β cell 

dysfunction remain poorly understood. It is postulated that local tissue cues in pancreatic 

islets may play a crucial role in obesity-associated β cell alterations (Aamodt and Powers, 

2017). Several mechanisms have been implicated, including amyloid deposition (Haataja et 
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al., 2008; Kamata et al., 2014; Masters et al., 2010; Meier et al., 2014; Westwell-Roper et 

al., 2014), glucolipotoxicity (Robertson, 2009), endoplasmic reticulum stress, and oxidative 

metabolism (Hasnain et al., 2014; Hotamisligil, 2010).

A common feature underlying all these mechanisms is the initiation and amplification of 

inflammatory responses (Donath, 2013; Eguchi and Nagai, 2017). During the course of 

obesity, islet inflammation is evident, characterized by the accumulation of immune cells 

(Butcher et al., 2014; Eguchi and Nagai, 2017) and elevated production of inflammatory 

cytokines and chemokines (Butcher et al., 2014; Donath et al., 2008b). A few studies have 

reported increased numbers of myeloid-lineage cells (primarily monocytes and 

macrophages) in the islets of obese animal models and humans (Cucak et al., 2014; Eguchi 

et al., 2012; Ehses et al., 2007; Richardson et al., 2009). While these studies suggest a 

potential role for immune cells (e.g., macrophages) in obesity-associated β cell dysfunction, 

key questions remain: what are the phenotypes and functional specifications of these 

macrophages? Are other immune cells also involved in obesity associated islet 

inflammation?

Macrophages reside in all organs (Gordon and Plüddemann, 2017). In the developing 

pancreas, macrophages are essential for islet morphogenesis (Geutskens et al., 2005). The 

dearth of macrophages in op/op mice, due to the lack of colony stimulating factor 1 (CSF-1), 

compromises pancreatic islet development and β cell expansion (Banaei-Bouchareb et al., 

2004; Geutskens et al., 2005). Under inflammatory conditions, macrophages are key players 

in orchestrating the initiation, specification, and resolution of tissue-specific inflammation 

(Lee et al., 2018; Medzhitov, 2008; Murray and Wynn, 2011). Recently, several studies have 

reported the connection between islet inflammation and b cell dysfunction (Eguchi et al., 

2012; West-well-Roper et al., 2014). In these studies, islet macrophages exhibited a pro-

inflammatory phenotype (Eguchi et al., 2012; Westwell-Roper et al., 2014), suggesting a 

role of islet macrophages to impact β cell function. However, the sources of these 

macrophages remain controversial. Eguchi et al. reported that blood Ly6C+ monocyte-

derived, not tissue-resident, macrophages were the pathogenic cells that dampened β cell 

function (Eguchi et al., 2012). However, other reports showed that resident macrophages 

impair β cell function (Westwell-Roper et al., 2014). Moreover, whether macrophages also 

participate in the adaptive expansion of β cell mass in the pre-diabetic stage remains to be 

determined.

Here, we applied both diet-induced and genetically induced rodent models of obesity to 

define the nature of islet inflammation. Our data revealed new features of obesity-associated 

islet metaflammation, highlighting the dominant role of islet-resident macrophages in the 

immunopathology affecting β cell dysfunction. We also assessed the heterogeneity and 

functionality of these islet macrophages. Specifically, we identified two distinct subsets of 

islet macrophages, distinguished by anatomical distribution and phenotypes. We found that 

high-fat diet (HFD) triggered a local expansion of intra-islet macrophages, independent of 

recruitment from circulating monocytes. Finally, we demonstrated that intra-islet 

macrophages exerted a role in regulating both β cell proliferation and function, suggesting a 

complex crosstalk network between immune and β cells.
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RESULTS

Identification of Islet-Resident Myeloid Subsets in Lean and Obese Mice

Increased numbers of immune cells in the pancreas during the development of obesity and 

T2DM have been reported (Cucak et al., 2014; Eguchi et al., 2012; Ehses et al., 2007; 

Richardson et al., 2009). However, the phenotypic and functional profiles of these islet 

immune cells have not been elucidated. We analyzed longitudinal changes in leukocyte 

populations (CD45+) in pancreatic islets of male C57BL/6 (B6) mice fed HFD for 1–30 

weeks. Twenty-four-week-old mice fed a normal chow diet (NCD) were used as controls. 

Using only DAPI staining, the islets of Langerhans can be clearly distinguished from the 

exocrine pancreas (Figure S1A). CD45+ immune cells are detected in the islets at low 

abundance in NCD mice. Short-term (<5 weeks) HFD feeding modestly, and non-

significantly, increased the accumulation of immune cells. However, islet accumulation of 

immune cells was dramatically increased after more prolonged HFD feeding (>16 weeks) 

(Figure 1A). Thus, flow cytometry analyses revealed that the CD45+ cell population was 

increased in 16-week HFD mouse islets, compared with age-matched NCD controls (Figure 

S1B). An extended period of HFD feeding up to 30 weeks did not further increase immune 

cell accumulation, suggesting a possible saturation of niche occupancy in pancreatic islets 

by immune cells. On the other hand, the number of CD45+ cells was comparable between 

young (8-week-old) and aged (36-week-old) NCD islets (Figure S1C), suggesting that aging 

alone does not induce islet inflammation. CD45+ cell accumulation was also observed in 

pancreatic islets of leptin-deficient (ob/ob) mice (Figure S1D).

To dissect the cellular components of CD45+ immune cells in obese islets, we performed 

flow cytometric analysis using antibodies against specific immune cell surface markers. We 

found that the majority of islet-accumulated immune cells were CD11b+, indicating a 

myeloid lineage (Figure 1B). A small proportion (2%–3%) of CD11b+ cells were also Ly6C
+. However, HFD did not increase the percentage of these CD11b+Ly6C+ monocytes in the 

islets (Figure 1B). We next parsed out subpopulations of CD11b+Ly6C− cells using two 

surface markers: CD11c and F4/80. As shown in Figure 1C, we found two distinct subsets 

(namely, CD11c− [R1] and CD11c+ [R2]) in both NCD and HFD mouse islets. Both subsets 

were positive for F4/80, except that the expression of F4/80 was substantially greater in the 

R1 compared to the R2 subset (Figures 1C, 1D, and S2A). Moreover, the expression of 

CD11c was significantly higher in the R2 cells compared to R1 cells in both NCD and HFD 

mice (Figures 1C, 1D, and S2B). Interestingly, the ratio between these two myeloid subsets 

was substantially changed after HFD feeding. In NCD mice, the majority (82.6% ± 0.96%) 

of the islet immune cells were the CD11c− subset, whereas, in HFD mice, the dominant islet 

immune compartment was the CD11c− subset (68.3% ± 3.1%) (Figure 1E). We next 

examined these subpopulations in situ using immunofluorescence staining. Consistent with 

the flow cytometric data, there were very few CD11c+ cells in NCD islets. However, the 

number of these cells was significantly increased after 16 weeks of HFD (Figure 1F). Of 

note, these CD11c+ cells were localized to the intra-islet compartment (Figures 1F and S2B). 

The majority (>90%) of these intra-islet CD11c+ cells expressed high levels of the major 

histocompatibility complex class II (MHCII) (Figure S2C). A similar pattern of islet 

accumulation of CD11c+ cells was also observed in ob/ob mice (Figure S1E). In contrast, 
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the CD11c− subset was highly enriched in the capsular area surrounding the islets, and HFD 

altered neither the abundance of these cells nor their tissue localization (Figure S1F). 

However, HFD also increased the expression of MHCII in these peri-islet cells (77% were 

MHCII+) (Figure S2C). Together, our studies identified two islet myeloid populations: intra-

islet CD11c+ and peri-islet CD11c− cells, respectively. Obesity had a marked effect to 

increase the intra-islet CD11c+ population.

Our flow cytometric analyses of dispersed islets from either NCD or HFD mice did not 

reveal any population of adaptive immune cells (Figure S3A). To further confirm this, we 

performed immunostaining of frozen pancreatic sections from both NCD and HFD mice. At 

all time points from 1 week until 30 weeks of HFD feeding, there was no sign of T cell 

(either CD4+ or CD8+) or B cell (CD19+) accumulation in the islets (Figures S3B and S3C). 

However, in the exocrine pancreas, CD4+ and CD8+ T cells can be detected at low 

abundance level, and there was no difference between NCD and HFD mice (Figure S3D and 

data not shown). These results suggest the unique nature of obesity-associated islet 

inflammation, whereby myeloid lineages dominate islet-inflammation, without the 

involvement of adaptive immune cells.

Obesity Alters the Islet Macrophage Transcriptome

To define the lineage identity and functional properties of these islet myeloid subtypes under 

lean or obese conditions, we isolated each population from the islets of NCD and HFD mice 

and performed RNA-sequencing (RNA-seq) analysis. Hierarchical clustering analysis 

showed that the replicates of each cell subset were clustered together (Figure S4). First, we 

asked whether these islet myeloid cells (especially the intra-islet CD11c+ subset) were 

macrophages or dendritic cells (DCs). Thus, we analyzed the expression of reported 

macrophage-specific (Gautier et al., 2012) and DC-specific genes (Miller et al., 2012) in 

each subset. We found that the transcriptomes of both intra-islet CD11c+ and peri-islet 

CD11c− cells exhibited a clear skewing toward the macrophage, and not DC, identity 

(Figure S5A). Furthermore, using quantitative RT-PCR and flow cytometry, we analyzed the 

expression of a panel of markers that are either macrophage specific (Mertk and CD64) 

(Gautier et al., 2012), or DC specific (Zbtb46) (Meredith et al., 2012; Satpathy et al., 2012). 

Mertk, but not Zbtb46, was abundantly expressed in intra-islet CD11c+ cells sorted from 

either NCD or HFD mice (Figure S5B), supporting a macrophage phenotype. Both CD11c+ 

and CD11c− cells from NCD or HFD mice were positive for CD64 expression (Figure S5C), 

consistent with a macrophage phenotype (Figure S5C). Thus, both intra-islet CD11c+ and 

peri-islet CD11c− myeloid subsets are macrophages.

Next, we asked how obesity altered the gene expression profiles of these two islet 

macrophage subtypes. Compared to macrophages isolated from other tissues, including 

brain, kidney, liver, skin, and subcutaneous fat (Mass et al., 2016; Pirzgalska et al., 2017), 

the intra-islet macrophages (ii-macs) and peri-islet macrophages (pi-macs) from either NCD 

or HFD mice clustered together, regardless of metabolic conditions (Figure 2A), suggesting 

that the local tissue environment is key to establishing the transcriptional program of these 

cells (Gosselin et al., 2014; Lavin et al., 2014). Next, we examined how obesity affected the 

pro- (M1-like) versus anti-inflammatory (M2-like) status of intra- and peri-islet 
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macrophages. Using M1 and M2 macrophage gene signatures from published resources 

(Jablonski et al., 2015; Murray, 2017), we found that only a small fraction of M1 signature 

genes were upregulated by HFD in either intra-islet, or peri-islet, macrophages (Figure 2B, 

clusters 1 and 2). Of note, other subsets of M1 genes were even downregulated by HFD 

(Figure 2B, clusters 3 and 4). On the other hand, distinct subsets of M2 signature genes in 

intra-islet or peri-islet macrophages were downregulated by HFD (Figure 2C, clusters 1 and 

2). Thus, the gene expression influenced by HFD in these islet macrophage subtypes spread 

along a broad spectrum of macrophage differentiation, rather than a simple M1 or M2 

polarization. We then asked what signaling pathways were specifically regulated by HFD in 

islet macrophages. Interestingly, HFD exerted a more profound effect on peri-islet than on 

intra-islet macrophages, based on the numbers of differentially expressed (DE) genes 

(Figure 2D versus Figure 2F). Using gene ontology (GO) algorithms, we performed 

functional annotations of these DE genes. We found that the top enriched pathways in HFD-

upregulated genes in the intra-islet macrophages were linked to hormone production and 

synapse formation (Figure 2E). In contrast, HFD-downregulated genes in the intra-islet 

macrophages were mostly linked to cell trafficking and immune regulation (Figure 2E; 

Tables S1 and S2). In parallel, GO analysis of DE genes in the peri-islet macrophages 

showed that HFD-upregulated genes were enriched in pathways of signal release and cell-

cell adhesion, whereas HFD-downregulated genes were more relevant to myeloid activation, 

or GTPase signaling (Figure 2G; Tables S3 and S4). Thus, HFD induced diverse effects, and 

not just a shift of M1/M2 status, in islet macrophages.

Islet Macrophages Are Not Recruited from Circulating Monocytes

We next examined the sources of these two subsets of islet macrophages. Previous studies 

have reported that Ly6C+ monocytes were recruited into pancreatic islets in an experimental 

model of T2DM induced by saturated fatty acids (Eguchi et al., 2012). We assessed this 

possibility in HFD mice. Using an adoptive transfer system (Figure 3A), blood Ly6C+ 

monocytes from either ACTbEGFP (Okabe et al., 1997) or Ccr2RFP/RFP mice (Saederup et 

al., 2010) were sorted, mixed at a 1:1 ratio, and intravenously (i.v.) transferred into HFD 

mice. 1 week after the transfer, pancreatic frozen sections were analyzed for the 

accumulation of transferred cells. There were no RFP+ monocytes observed in the pancreas, 

suggesting that tissue accumulation of transferred monocytes is CCR2 dependent, as 

previously implicated in adipose tissue (Weisberg et al., 2006). In contrast, wild-type (WT) 

EGFP+ monocytes were detected in pancreatic sections. Surprisingly, these monocytes 

accumulated in the capsular area of the islets (Figure 3B), with almost no infiltration into the 

islets. To understand why monocytes were “trapped” in the peripheral area of the islets, we 

examined the expression of the CCR2 ligand –CCL2 (also called MCP-1) in situ. 
Interestingly, we found a higher gradient of CCL2 surrounding the islets (Figure 3C, left). 

Over 85% of CCL2+ cells in the peri-islet area were also F4/80+, as shown in a 

representative and magnified view of CCL2 and F4/80 co-staining (Figure 3C, right), 

indicating that CCL2 is mainly produced by peri-islet macrophages. These findings 

suggested that the specific anatomical accumulation of adoptively transferred CCR2+ 

monocytes was, at least in part, due to the gradient distribution of CCL2 in the same areas.
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Our results showed that adoptively transferred WT monocytes were almost exclusively 

localized to the peri-islet capsule area and did not penetrate to the intra-islet compartment. 

Interestingly, very few transferred monocytes gained the expression of MHCII or F4/80, 

suggesting that the differentiation of monocytes into macrophages was interrupted (Figure 

3D). To further assess the fate of these monocytes, we analyzed the kinetics of transferred 

monocytes both in situ in pancreatic islets and in pancreas-draining lymph nodes (panLNs) 

(Figure 3E). Monocytes labeled with PKH67, a fluorescent dye, were transferred into 

syngeneic mice that had been fed with HFD for 20 weeks. At 2, 7, and 14 days post-transfer, 

both pancreases and panLNs were excised and analyzed for the presence of PKH67-positive 

cells. We observed a similar pattern of peri-islet accumulation of transferred monocytes 

(Figure 3F). LTB4 is a chemotactic eicosanoid involved in immune cell tissue migration (Li 

et al., 2015). We asked whether LTB4 was involved in the peri-islet accumulation of 

monocytes. In this regard, circulating monocytes from Ltb4r1−/− mice were isolated and 

labeled in vitro with PKH26 and i.v. transferred into HFD-fed mice. In contrast to WT 

monocytes, there were no Ltb4r1−/− monocytes detected in the pancreas of recipient mice 

(Figure 3G), suggesting that, in addition to CCR2, the LTB4/Ltb4r1 axis is also required for 

the pancreas trafficking of circulating monocytes.

The number of accumulated monocytes at the capsular area of the islets declined over a 2 

week time window (Figure 3F). Since we did not observe a further differentiation of these 

cells into tissue macrophages (Figure 3D), we speculated that the decline of their abundance 

was due to cell death (Yona et al., 2013), or recirculation by exiting peripheral tissues and 

entering draining LNs. Indeed, we observed a simultaneous increase of transferred 

monocytes in panLNs over the same time period (Figure 3H).

Intra-islet Macrophages Expand Locally with Increased Proliferation in Obesity

The aforementioned observations suggest that the obesity-induced increase in CD11c+ intra-

islet macrophages was due to local proliferation. To assess this possibility, both NCD- and 

HFD-fed mice were given bromodeoxyuridine (BrdU) in their drinking water for 2 weeks. 

Pancreatic sections were prepared at the end of the BrdU labeling and examined for BrdU 

incorporation into islet macrophages (Figure 4A). Since both intra- and peri-islet 

macrophages from HFD mice expressed MHCII, while β cells do not (Figure S2D), MHCII 

staining of tissue sections was used to mark all macrophages, distinguishing them from β 
cells. In NCD mice, BrdU+ macrophages were barely detected (1.16% ± 0.45%). However, 

BrdU+ macrophages were markedly increased in HFD-fed mice (7.5% ± 0.91%) (Figure 

4B). Flow cytometric analysis of different cohorts of mice treated with BrdU confirmed the 

marked proliferation of intra-islet macrophages in HFD mice (1.96% ± 0.77% versus 

14.85% ± 2.25%; Figure 4C). In contrast, this increased proliferation of resident 

macrophages was not observed in the peri-islet macrophage compartment in obese mice 

(Figure 4C). These data reveal local proliferation of resident macrophages as a new 

mechanism accounting for the accumulation of intra-islet macrophages under obese 

conditions.
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Intra-islet CD11c+ Macrophages Impair β Cell Insulin Secretion

To examine the effects of the two islet macrophage subsets on β cell function, these cells 

were sorted from NCD or HFD mice and seeded onto culture plates with Min6 cells, a cell 

line that mimics primary β cells (Eguchi et al., 2012; Miyazaki et al., 1990). The ratio 

between seeded macrophage and Min6 cells was 1:5, similar to the macrophage to β cell 

ratio in HFD mouse islets. As seen in Figure 5A, basal insulin secretion at low-glucose 

conditions was not changed by addition of either intra- or peri-islet macrophages, regardless 

of diet. However, glucose-stimulated insulin secretion (GSIS) was decreased by addition of 

CD11c+ intra-islet macrophages isolated from NCD mice, and this effect was further 

enhanced when Min6 cells were co-cultured with intra-islet macrophages isolated from HFD 

mice (Figure 5A, lane 9 versus lane 6). In contrast, GSIS was not altered by CD11c− peri-

islet macrophages isolated from either NCD or HFD mice (Figure 5A, lanes 8 and 10 versus 

lane 6). Next, to test whether cell-cell contact is required for this effect, isolated islet 

macrophage subsets were co-cultured with Min6 cells in Transwell plates for 24 hr. The 

cellular ratio between macrophages and Min6 cells was maintained at 1:5. Interestingly, in 

the Transwell plate settings, addition of either intra-islet or peri-islet macrophages from 

either NCD or HFD mice did not change insulin secretion under low- or high-glucose 

conditions (Figure 5B). Consistent with this, incubation of Min6 cells with macrophage-

conditioned media did not alter GSIS (Figure 5C). Proliferation of Min6 cells, an 

insulinoma-derived, transformed β cell line, was not affected by adding CD11c+ intra-islet 

macrophages isolated from HFD mice (Figure S6A), indicating that the effects of 

macrophages on Min6 cell GSIS was not a consequence of altered cell proliferation.

Together, these results suggest thatobesity-stimulatedCD11c+ intra-islet macrophages may 

impair β cell function in a cell-cell contact-dependent manner. To more directly assess the 

effects of these intra-islet macrophages on primary β cells, we performed GSIS analysis on 

freshly isolated islets from NCD and HFD mice, respectively (Figure 5D). To directly 

determine whether ablation of macrophages altered β cell GSIS, we treated isolated islets ex 
vivo with clodronate liposomes, which preferentially deplete macrophages (Moreno, 2018). 

Compared to control liposome treatment, overnight treatment with clodronate liposomes 

efficiently depleted >95% of the islet macrophages (Figure S6B). In the absence of 

macrophages, we found that GSIS in HFD β cells was enhanced (Figure 5E), suggesting that 

intra-islet macrophages have a dampening role on islet β cell insulin secretion. As controls, 

clodronate treatment had no effect on GSIS in NCD islets (Figure 5E), nor did it have any 

direct effect on GSIS when added to Min6 cells (Figure S6C).

Next, we conducted additional studies to further understand how islet macrophages impair β 
cell insulin secretion in HFD/obese islets. Previous studies have reported that islet 

macrophages can capture intact insulin containing secretory vesicles from β cells (Vomund 

et al., 2015; Zinselmeyer et al., 2018). We assessed this concept in our system by measuring 

the intensity of the insulin signal within macrophages after they were co-cultured with islets. 

Using flow cytometric analysis with anti-insulin antibodies, we found that the insulin signal 

can be detected in macrophages from both NCD and HFD mice, but the signal intensity was 

much greater in the HFD islet macrophages (Figure 5F). These findings were extended by 

additional experiments in which immunostaining of NCD and HFD pancreatic sections 
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showed that insulin was captured inside the macrophage filopodia-like structures (Figure 

5G). In addition, an electron microscopic analysis revealed the presence of typical β cell 

insulin secretory granules engulfed by adjacent macrophages, and this effect was much more 

pronounced in HFD islets (Figure S6E). Importantly, our RNA-seq analysis showed that the 

intra-islet macrophages from HFD mice expressed a large number of insulin transcripts 

(Figure S6F). This detection of insulin mRNA in macrophages was not due to contamination 

of the isolated macrophages with β cells or macrophage/β cell fusion, since the expression 

of other classical β cell signature genes (e.g., Pdx1 and Nkx6–1) was not detected in the 

macrophages. Together, these findings, using a variety of different approaches, suggest that 

the engulfment of β cell secretory vesicles by intra-islet macrophages from HFD mice could 

account for, at least, one mechanism leading to reduced β cell GSIS.

Both Intra-islet and Peri-islet Macrophages Can Promote β Cell Proliferation

Increased β cell proliferation in obese islets is a well-recognized phenomenon (El Ouaamari 

et al., 2016; Stamateris et al., 2013). Consistent with this, we found that the percentage of 

BrdU+ β cells was significantly elevated in HFD mice (8.1% ± 0.67%), compared to NCD 

mice (1.45% ± 0.67%) (Figure 6A). In contrast, the proliferation rate of glucagon+ α cells 

was low in NCD (0.54% ± 0.28%) mice, and HFD did not significantly increase α cell 

turnover (0.83% ± 0.38%) (Figure 6B). Of note, we found that a significantly elevated 

proportion of cells were positive for both insulin and glucagon in HFD, but not in NCD 

islets (Figure 6C, arrowheads). We asked whether the occurrence of these dual-hormone-

positive cells was due to increased replication under obese conditions. To answer this 

question, HFD mice were given BrdU in the drinking water for 2 weeks. Following this, 

pancreatic frozen sections were analyzed by immunostaining for insulin, glucagon, and 

BrdU. We found that the majority of BrdU+ cells were insulin+ glucagon− cells, and almost 

no insulin+ glucagon+ cells were detected by BrdU labeling (Figure 6D).

It is unknown whether macrophages play a role in obesity-associated β cell expansion. We 

assessed this question by co-culturing primary islets isolated from adult B6 mice (8-week-

old, NCD fed) with macrophages isolated from the islets of either HFD or age-matched 

NCD mice. Using 5-ethynyl-2′-deoxyuridine (EdU) incorporation to measure cell 

proliferation (Figure S7A) (Fu et al., 2014), we found that about 5% of β cells were labeled 

with EdU after 3 days of in vitro culture (Figure 7A). Inclusion of either CD11c+ intra-islet 

or CD11c− peri-islet macrophages isolated from NCD mice did not alter EdU+ β cell ratio. 

In contrast, the percentage of EdU+ β cells was markedly increased after the addition of 

either intra-islet or peri-islet macrophages isolated from HFD mice (Figure 7A). These data 

suggest that the obesity-associated islet microenvironment reprograms both macrophage 

subsets to gain the capacity to stimulate β cell proliferation.

We next assessed which factors or pathways were involved in macrophage-mediated 

enhancement of β cell proliferation. Our RNA-seq analysis of isolated macrophage subsets 

from NCD or HFD mice showed that the expression of Pdgfa was increased in both intra- 

and peri-islet macrophages in HFD mice, compared to NCD mice (Figures 7B and 7C). The 

PDGF-PDGFR pathway can mediate β cell proliferation in both mice and humans (Chen et 

al., 2011). To determine whether the PDGF-PDGFR pathway was required for the 
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macrophage-induced β cell proliferation, we added different concentrations of CP-673451, a 

small molecule inhibitor of both PDGFRα and PDGFRβ signaling (Chintalgattu et al., 

2013), to the co-cultures of freshly isolated islets and intra-islet macrophages from HFD 

mice. β cell viability was not affected by CP-673451 (Figure S7B). The basal levels of β cell 

proliferation were not significantly affected by CP-673451 at either concentration (Figures 

7D and S7C). In contrast, the PDGFR inhibitors suppressed macrophage-mediated β cell 

proliferation in a dose-dependent manner (Figure 7D). Proliferation of a cells was not 

affected by the addition of islet macrophages, nor by CP-673451 (Figure S7D). Thus, under 

obese conditions, islet macrophages promote β cell proliferation via a PDGFR signaling-

dependent mechanism.

DISCUSSION

In this study, we provide an in-depth assessment of obesity-associated islet metaflammation 

in mice. In contrast to most other chronic tissue-inflammatory states that are composed of 

both innate and adaptive immune cells (Mathis, 2013; McLaughlin et al., 2017; Sell et al., 

2012; Shalapour and Karin, 2015), obesity-associated islet inflammation is dominated by 

macrophages, with negligible involvement of adaptive immune cells. Two major subsets of 

islet-resident macrophages, exhibiting distinct anatomical locations (intra- versus peri-islet) 

and functional properties, were identified. Neither intra-islet nor peri-islet macrophages were 

derived from circulating monocytes. In contrast, obesity induced a significant increase in the 

local proliferation of intra-islet, but not peri-islet, macrophages. While intra-islet, but not 

peri-islet, macrophages impaired β cell function, both macrophage populations were capable 

of promoting β cell proliferation. Together, these findings highlight a central role of 

macrophages in modulating β cell adaptive responses and functional impairment.

What Is the Nature of Obesity-Associated Islet Metaflammation?

A hallmark of tissue inflammation is the accumulation and differentiation of various types of 

immune cells in local pathological lesions. Profiling immune cells and understanding their 

functional specifications provide essential clues as to how the immune system affects 

pathological processes. Using both diet-induced and genetically modified rodent models of 

obesity, we found that preexisting islet-resident macrophages predominantly (if not 

exclusively) occupied immuno-pathological niches in inflamed islets. We did not detect the 

accumulation of T cells, or B cells, excluding the involvement of the adaptive immune 

system in obesity-associated islet pathology. Other studies have observed adaptive immune 

cells and innate lymphoid cells in pancreatic islets (Dalmas et al., 2017; Diana et al., 2013). 

However, the extremely low frequency (less than one cell per islet [Dalmas et al., 2017]) 

suggests that these cells may not have a significant role in islet inflammation and β cell 

physiology. Although a decline of β cell mass and function is associated with both T1DM 

and T2DM, islet inflammation in obesity is in sharp contrast to what occurs during T1DM 

development, in which both lymphoid and myeloid lineage cells are readily detectable 

within pancreatic islets (Diana et al., 2013; Fu et al., 2012). Clinically, islet-reactive T cells 

in peripheral blood have been reported in both adult and pediatric T2DM patients (Brooks-

Worrell et al., 1999, 2004; Goel et al., 2007). However, given that these patients were also 

positive for autoantibodies, it is likely more appropriate to categorize these cases as latent 
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autoimmune disease in adults (LADA) or type 1.5 diabetes (Palmer et al., 2005). In line with 

this, classic autoantibody-negative T2DM patients were also negative for T cell responses to 

islet proteins (Palmer et al., 2005).

The accumulation of macrophages in the islets of human T2DM patients has also been 

reported (Butcher et al., 2014; Ehses et al., 2007; Kamata et al., 2014; Richardson et al., 

2009). In these studies, increased intra-islet invasion of CD68+ macrophages was observed 

in pancreatic samples from T2DM patients (Ehses et al., 2007; Richardson et al., 2009), 

consistent with what we have found in obese mice showing an increase in intra-islet 

macrophages. The intensity of islet accumulation of these macrophages was reported to link 

to human T2DM pathogenesis, such as amyloid deposition (Kamata et al., 2014).

Obesity elicits profound effects on islet macrophages, leading to altered functions of both 

intra-islet and peri-islet macrophages. Of note, HFD did not induce a clear shift between M1 

and M2 profiles in either macrophage subset. This is consistent with the increasingly 

recognized notion that the M1/M2 distinction is an oversimplified model, which does not 

recapitulate the more complex, mixed functional profiles of macrophages in vivo in inflamed 

tissues. For instance, in adipose tissues of obese mice, macrophages have been found to 

exhibit diverse phenotypes across a broad spectrum of M1/M2 polarization states (Kratz et 

al., 2014; Li et al., 2010; Lumeng et al., 2008). Interestingly, our genome-wide 

transcriptome analysis revealed that obesity reprograms islet macrophages to gain specific 

functions, such as synapse formation and cell-cell adhesion. Activation of these pathways 

may be required for macrophages to interact with endocrine cells, including β cells.

What Are the Sources of Islet Macrophages?

Our data reveal a new mechanism of intra-islet macrophage accumulation in obese mice. 

Our findings of islet-resident macrophage proliferation are consistent with a previous report 

showing that islet macrophages minimally exchange with blood cells and replicate at a low 

rate at steady state (Calderon et al., 2015). In NCD mice, we found that both intra-islet and 

peri-islet macrophages were maintained at a very low turnover rate (2%–5% BrdU+), lower 

than the rate reported in a previous study (Calderon et al., 2015). However, under obese 

conditions, we found that local proliferation of islet resident macrophages was significantly 

enhanced. Previous studies have reported that a type 2 immunity-skewing cytokine milieu, 

particularly IL-4, is required to elicit local macrophage proliferation (Jenkins et al., 2011, 

2013). However, our gene-profiling analysis of islet macrophages suggests that an axis of 

IL-4 and M2 polarization seems unlikely to be involved in promoting islet macrophage 

proliferation. Interestingly, in obesity, local proliferation has also been demonstrated for 

adipose tissue macrophages (Amano et al., 2014; Braune et al., 2017; Haase et al., 2014; 

Tardelli et al., 2016). Multiple factors, including IL-6 (Braune et al., 2017), CCL2 (Amano 

et al., 2014), and osteopontin (Tardelli et al., 2016), are implicated in macrophage 

replication. Our data reveal a new scenario of local macrophage proliferation under inflamed 

conditions. We propose that intra-islet resident macrophage proliferation is an adaptive 

response to pathophysiological stimuli. However, the factors that mediate this effect remain 

to be defined.
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The peri-islet macrophages are resident cells that can be detected at steady state (Geutskens 

et al., 2005; Thornley et al., 2016). We found that HFD altered the transcriptome, but not the 

abundance, of these macrophages. Using adoptive transfer assay, we found that transferred 

monocytes exhibited a propensity to reach the boundary between the exocrine and endocrine 

pancreas but failed to penetrate the islets. Furthermore, transferred monocytes did not appear 

to differentiate into macrophages in the pancreas. This interruption of monocyte 

differentiation at tissue sites has been reported in other studies (Jakubzick et al., 2013). A 

previous study has reported that saturated fatty acids trigger a wave of Ly6C+ inflammatory 

monocyte infiltration into pancreatic islets and differentiation into macrophages (Eguchi et 

al., 2012). These discrepancies may be due to differences in experimental settings, methods 

for detecting infiltrated cells, or the lack of a niche for infiltration. The latter possibility (i.e., 

competition for a tissue niche) was supported by a previous study showing that adoptively 

transferred monocytes can replace islet macrophages in mice after lethal irradiation, but not 

at steady state (Calderon et al., 2015). Notably, we did observe the appearance of transferred 

monocytes in the peri-islet capsular area. However, their presence seemed to be temporary, 

as our time course analysis showed increased accumulation of transferred monocytes in 

pancreas-draining LNs, with a simultaneous decline in peri-islet accumulation. This suggests 

there is a dynamic balance of monocyte trafficking and distribution between pancreatic islets 

to panLNs under inflamed conditions. Tissue-draining LNs are the primary site for 

differentiation of antigen-presentation cells (APCs) to primary naive T cells (Gagnerault et 

al., 2002; Hoglund et al., 1999). However, in contrast to the peri-islet macrophage, these 

monocytes did not differentiate into MHCII+ cells, suggesting that they did not gain the 

capacity of antigen presentation. Therefore, the migration of these APC-like cells to tissue-

draining LNs is uncoupled from their maturation status.

Do Islet Macrophages Play a Role in Obesity-Associated β Cell Abnormalities?

Our data suggest that under obese conditions, islet macrophages (especially the intra-islet 

subset) play a role in β cell compensatory proliferation and functional impairment. First, we 

show that intraislet macrophages can directly impair β cell function. Previous studies have 

proposed that soluble factors such as IL-1β mediate the crosstalk between islet macrophages 

and β cells (Maedler et al., 2006; Nackiewicz et al., 2014). However, our co-culture and 

GSIS assays suggest that cell-cell contact is required for macrophages to impact β cell 

function in unstressed conditions. In line with this, transcriptome analysis showed that 

pathways involved in cell-cell communications were more activated in intraislet 

macrophages after HFD feeding. Our studies also reveal new mechanisms underlying the 

effect of macrophages to dampen β cell GSIS. First, our studies showed that the inhibition of 

GSIS was not present when using the Transwell system or macrophage-conditioned media 

and only observed in the context of direct co-culture with cell-cell contact, indicating the 

importance of cell contact in this phenomenon. To more directly demonstrate this, we went 

on to deplete macrophages ex vivo by treating isolated islets from NCD or HFD mice with 

clodronate. With this approach, we found that depletion of islet macrophages had a 

substantial effect to increase GSIS in β cells from HFD but not NCD mice. In our co-culture 

system, we also used flow cytometric analysis to demonstrate that the insulin content was 

substantially higher in macrophages from HFD islets compared to NCD islets. Importantly, 

our RNA-seq analysis demonstrated that the intra-islet macrophages from HFD mice 
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exhibited a large amount of insulin transcripts. To further explore this phenomenon, we 

performed electron microscopy on islets from NCD and HFD mice. These results showed 

the presence of intact insulin secretory vesicles in macrophages adjacent to β cells in HFD 

mice. Together, these findings are suggestive of the concept that intra-islet macrophages in 

the obese state gain substantially enhanced capacity to engulf intact β cell insulin-containing 

secretory vesicles. Importantly, a similar phenomenon has already been elegantly 

demonstrated by Unanue’s group (Vomund et al., 2015; Zinselmeyer et al., 2018). While 

these earlier findings were in the context of T1DM, they clearly showed that islet 

macrophages engulfed bone fide, intact insulin secretory vesicles, comparable to what we 

found in the context of HFD islets. Recent studies have revealed that macrophages can form 

open-ended channels called tunneling nanotubes to transport cytoplasmic materials from the 

connected cells (Naphade et al., 2015; Nawaz and Fatima, 2017; Rocca et al., 2017). This 

could be one plausible mechanism explaining the transfer of insulin-containing vesicles 

from β cells to macrophages, and this process is significantly enhanced under obese 

conditions. Taken together, these data provide insights to a possible novel mechanism as to 

how macrophages can dampen β cell GSIS in the context of obesity. Others have shown that 

stress-mediated cytokine secretion can also impair β cell GSIS (Donath et al., 2008a, 2013; 

Eguchi et al., 2012). Thus, it is possible that inflammatory cytokine levels may be higher in 

the islet interstitium compared to the Transwell and macrophage condition medium settings. 

Our data, therefore, do not necessarily mean that macrophage-mediated secretory vesicle 

engulfment is the sole mechanism for decreased insulin secretion, but it is certainly an 

additional and new possibility.

Islet macrophages also participate in β cell compensatory proliferation. In adults, the 

turnover rate of β cells is extremely low. However, β cells are not permanently quiescent. 

Under certain conditions, such as pregnancy and obesity, these cells are able to re-enter the 

cell cycle. Adaptive expansion of β cell mass has been observed in the pre-diabetic stage in 

rodent models of obesity (Ebato et al., 2008; Hull et al., 2005; Mosser et al., 2015; Peyot et 

al., 2010; Stamateris et al., 2013). Multiple factors, including glucose (Alonso et al., 2007; 

Levitt et al., 2011; Porat et al., 2011), insulin (Assmann et al., 2009), and hepatocyte growth 

factor (Araújo et al., 2012; Demirci et al., 2012; Garcia-Ocana et al., 2000) can stimulate β 
cell replication under obese conditions. While signaling events mediated by these factors 

could act directly on β cells, it is also possible that islet macrophages play a direct role in β 
cell neogenesis. Our studies show that islet macrophages from obese mice exert an enhanced 

capacity to promote β cell proliferation, and both intra-islet and peri-islet macrophages 

exhibit a similar effect. With respect to mechanisms, we found that the expression of Pdgfa 
was increased in both CD11c+ intra-islet macrophages and CD11c– peri-islet macrophages. 

The PDGF/PDGFR pathway has been shown to play a role in mouse and human β cell 

proliferation (Chen et al., 2011), and since macrophages are a major source of PDGF (Jaguin 

et al., 2015; Onogi et al., 2017; Shimokado et al., 1985; Zhou et al., 2018), we hypothesized 

that HFD islet macrophages stimulate β-cell proliferation via this pathway. To test this 

possibility, we treated macrophage/β-cell co-cultures with PDGFR inhibitors at different 

doses. Our data show that basal levels of β-cell proliferation (without additional islet 

macrophages) were unaffected by PDGFR inhibition, while macrophage-mediated β-cell 

proliferation was markedly inhibited to basal values in a dose-dependent manner. Thus, the 
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ligation of macrophage-derived PDGF to PDGFR on β-cells is at least one mechanism 

explaining why thesetwo islet macrophage populations from HFD mice promote β-cell 

proliferation. The role of macrophages in expanding β cell mass was also reported by several 

other studies. Xiao et al. reported that M2 macrophages were involved in β cell proliferation 

in a pancreatic duct ligation model (Xiao et al., 2014). Similar effects were also observed 

using Pdx1-DTR (Criscimanna et al., 2014) and a connective tissue growth factor-induced 

injury model (Riley et al., 2015).

Obesity leads to increased heterogeneity of β cells, reflected by the increased number of 

insulin+ glucagon+ cells in HFD mice. While this phenomenon has been implied in previous 

studies (Bensellam et al., 2018; Chera et al., 2014; Talchai et al., 2012; Thorel et al., 2010), 

it remains unclear whether the increase of these insulin+ glucagon+ cells under obese 

conditions was due to cell replication or transformation from pre-existing cells. Our data 

suggest that the increase of dual-hormone positive cells was unlikely a consequence of 

proliferation due to the lack of BrdU incorporation in these cells. This favors the possibility 

of transformation from pre-exiting cells. Different mechanisms including transdifferentiation 

from α cells (Chera et al., 2014; Thorel et al., 2010) or dedifferentiation from mature β cells 

(Bensellam et al., 2018; Talchai et al., 2012) have been proposed to explain the increase of 

these dual-hormone-positive cells in obese mice. Islet macrophages are a major source of 

these cytokines (Eguchi et al., 2012; Maedleret al., 2006; Nackiewicz et al., 2014), and thus, 

these cells may participate in obesity-induced β cell transdifferentiation and 

dedifferentiation.

In summary, we demonstrate that macrophages are the dominant immune components of 

obesity-associated islet inflammation. We find that mouse islets harbor two distinct resident 

macrophage subsets, distinguished by their anatomical locations and phenotypes. Obesity 

induces diverse effects on the transcriptomes of these two islet macrophage subsets. 

Specifically, intra-islet macrophages in obese mice expand locally without the recruitment of 

circulating monocytes. Moreover, our findings reveal new mechanisms of immune-β cell 

crosstalk in obesity, whereby intra-islet macrophages dampen β cell GSIS in a cell-cell 

contact-dependent manner, while both intra-islet and peri-islet macrophages can promote β 
cell compensatory proliferation. The phenomenon of relative insulin insufficiency in insulin-

resistant states has been known and discussed for many years, and it has always been a 

lingering question as to why β cells from mice and humans who are insulin resistant and 

become hyperglycemic do not increase insulin secretion to fully compensate and keep 

glucose levels within the normal range. Perhaps these findings with islet macrophages 

provide some answers.

Limitations of the Study

So far there is no method that could lead to in vivo elimination of CD11c+ macrophages in 

an islet-specific manner. While CD11c-DTR mice are a useful model to deplete CD11c+ 

cells with diphtheria toxin (DT) treatment, this method deletes macrophages throughout the 

body, including adipose tissue, liver, and islets (Patsouris et al., 2008). Therefore, it is 

currently not possible to dissect in vivo islet-specific effects, since the systemic effects of 

macrophages are so robust. Moreover, we show in this study that islet macrophages exhibit a 
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due role by dampening β cell GSIS and promoting β cell proliferation. Whether these two 

effects on β cells are caused by the same or different islet macrophage subsets requires 

further study. Single-cell techniques and targeted manipulations of different macrophage 

subsets may provide essential clues. Finally, the translation of these findings to human islets 

remains to be determined.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Wenxian Fu (w3fu@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6 (B6) mice were fed a high-fat diet (60% fat calories, 20% protein calories, 

and 20% carbohydrate calories; Research Diets) or a normal chow diet ad libitum for various 

durations (ranged from 1 week to 30 weeks). In most assays, the mice were fed with HFD 

for 16 weeks. Ob/ob, ACTbEGFP, Ccr2RFP/RFP and Ltb4r1–/– mice (all were on a B6 

background) were purchased from the Jackson Laboratory. The data presented in this study 

were derived from male mice. In most experiments, 8-week-old mice were fed with HFD for 

more than 16 weeks. Other experiments using mice with different ages were described in the 

text and figure legends. All mice were maintained on a 12/12-hr light-dark cycle at the room 

temperature of 20–22°C.

Study Approval—All animal procedures were done in accordance with University of 

California, San Diego Research Guidelines for the Care and Use of Laboratory Animals and 

all animals were randomly assigned to cohorts when used.

METHOD DETAILS

Isolation of Islet Macrophages—NCD and HFD mice were euthanized, and freshly 

prepared collagenase P (Roche, Indianapolis, IN) solution (0.5 mg/mL) was injected into the 

pancreas via the common bile duct. The perfused pancreas was digested at 37°Cfor20 min, 

and the islets were handpicked under a stereoscopic microscope, and then dispersed into 

single cell suspensions. Macrophages were labeled with mAbs against CD11b, CD11c, 

F4/80 and sorted using FACSAria II (BD, San Jose, CA).

Antibodies and Flow Cytometry—All staining began with incubation with a 

monoclonal antibody (mAb) for FcγR (2.4G2; BD Biosciences). mAbs used for flow 

cytometry were listed in Key Resources Table. Samples were acquired with a BD 

LSRFortessa (BD) and analyzed with FlowJo software (FlowJo, LLC, Ashland, OR).

In Vitro Mouse Islet Culture—For in vitro culture of mouse islets, mice (8-week-old, 

males) were euthanized, and freshly prepared collagenase P (Roche) solution (0.5 mg/mL) 

was injected into the pancreas via the common bile duct. The perfused pancreas was 

digested at 37°C for 20 min, islets were handpicked under a stereoscopic microscope, and 

then were cultured in complete RPMI1640 medium for 3 days alone, or with the addition of 
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isolated macrophages from NID or HFD mice. In some experiments, CP-673451 was added 

to the cultures of islets alone or islets plus macrophages at the concentrations indicated in 

the figures. EdU (1 μM) was added during the last 24 hr of culture. After culture, islets were 

dissociated into a single-cell suspension, and were analyzed for intracellular EdU 

incorporation detection and insulin staining.

β Cell Proliferation Assay—For EdU incorporation assay, single-cell suspensions were 

prepared, fixed and permeabilized using eBioscience Fixation/Permeabilization set (Cat# 

00–5123, 00–5223). They were then stained using the EdU staining kit (Click-iT EdU Flow 

Cytometry Assay Kits; Invitrogen) following the user’s manual. Samples were acquired with 

a LSRFortessa (BD Bioscience) and analyzed with FlowJo software (FlowJo, LLC).

Monocyte Preparation—After red blood cell lysis, circulating monocytes from C57/BL6 

WT, Ltb4r–/–, ACTbEGFP, or Ccr2RFP/RFP mice were enriched with EasySep mouse 

monocyte enrichment kit (STEMCELL Technologies) following the manufacturer’s 

instructions.

In Vitro Labeling—Isolated monocytes from C57/BL6 or Ltb4r–/– mice were washed in 

serum-free RPMI-1640 and then suspended in PKH26 or PKH67 labeling buffer (containing 

2×10–3 M PKH26 or PKH67; Sigma-Aldrich). After 10 min incubation in the dark, the 

PKH26 or PKH67 labeling assay was stopped by adding an equal volume of medium 

supplemented with 10% FBS. The mixture was centrifuged, and the cells were washed once 

and resuspended in PBS.

In Vivo Monocyte Tracking—A mixture of PKH26-labled Ltb4r–/– monocytes (0.5×106) 

and PKH67-labeled WT monocytes (0.5×106), or a combination of WT (from ACTbGFP) 
(0.5×106) and CCR2-deficent (from Ccr2RFP/RFP mice) (0.5×106) monocytes was adoptively 

transferred into each 16-week HFD-fed WT recipient mouse via intravenous injection. The 

presence of reporter-expressing cells or PKH-labeled cells in the islet of recipient mice were 

examined by flow cytometry.

In Vivo BrdU Labeling—The drinking water containing BrdU (0.5 mg/mL; BD 

Biosciences) was fed to NCD or HFD mice. After 2 weeks, pancreas was isolated and 

embedded in OCT reagent for further immunofluorescent staining analysis.

Immunofluorescence Staining—Pancreases were cut and snap frozen in optimum 

cutting temperature (O.C.T., Fisher Healthcare). Six mm cryo-sections of tissue sections 

were cut and fixed with pre-cold acetone for 20 min. Immunostaining was performed as 

previously described. Before adding primary mAbs, sections were blocked with 5% normal 

donkey serum (Jackson ImmunoResearch). mAbs used for immunofluorescence staining in 

this study were listed in Key Resource Table. Forco-staining of BrdU andcell-surface 

proteins, acetone fixed frozen tissue sections were blocked using 5% donkey serum (Jackson 

ImmunoResearch) for two hr at room temperature. Then, sections were first stained with 

anti-MHCII antibody at 1:200 dilution in PBST (0.1% Tween-20 with 0.5% BSA) for 1 hr at 

room temperature. After washing, slides were fixed with 4% PFAfor 15 min at room 

temperature. Then, slides were subsequently incubated in hydrogen chloride (HCl, 1M)for 
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10 min on ice, HCl (2M)for20 min at 37°C, and Borate Buffer (0.1M pH 9.0) for 10 min at 

room temperature. After DNA hydrolysis, standard immunocytochemistry protocol was 

followed with primary anti-BrdU antibody, followed by secondary antibody. Nuclei were 

stained with DAPI (4’,6-Diamidino-2–28 phenylindole dihydrochloride). Images were 

acquired on an AxioImager microscope (Zeiss, Thornwood, NY), and were processed with 

ImageJ (NIH, Bethesda, MD). The immunofluorescence staining results were scored by two 

independent observers in an unblinded manner.

Quantitative Reverse Transcriptase-polymerase Chain Reaction (RT-PCR) 
Analysis—Total RNA was extracted from islet macrophages using the Trizol extraction 

protocol according to the manufacturer’s instructions (Zymo Research). cDNA was 

synthesized using SuperScript III and random hexamers. qPCR was carried out in 10 μL 

reactions using iTaq SYBR Green supermix on a StepOnePlus Real-Time PCR Systems 

(ThermoFisher Scientific). The data presented correspond to the mean of 2–ΔΔCt from at 

least three independent experiments after being normalized to β-actin.

Glucose-Stimulated Insulin Secretion (GSIS) Assays—Min6 cells were grown in 

DMEM containing 5 g/L glucose, 10% v/v FBS, 0.1% v/v Penicillin/Streptomycin. For co-

culture experiments, Min6 cells were grown in down plates of Transwell plates and isolated 

islet macrophages were directly added to the down plates where Min6 cells were growing or 

into upper plates at 1 (macrophage) to 6 (Min6) ratio. Macrophage conditioned media was 

harvested after incubating islet macrophages in serum free DMEM for 24h and was diluted 

into fresh serum free DMEM to match 1:6 cell ratio for later GSIS experiments. After 24h 

incubation with macrophages or in conditioned media, Min6 cells were subjected to GSIS. 

Static GSIS experiments were done as described previously (Lee et al., 2013). Briefly, after 

washing twice with 2.8 mM glucose DMEM, cells were incubated overnight in 2.8 mM 

glucose DMEM supplemented by 0.1% BSA, at 37°C, 5% CO2. Next day, the cells were 

washed with fresh 2.8 mM glucose Krebs Ringer Bicarbonate buffer (KRB buffer; 2.6 mM 

CaCl2/ 2H2O, 1.2 mM MgSO4/7H2O, 1.2 mM KH2PO4, 4.9 mM KCl, 98.5 mM NaCl, and 

25.9 mM NaHCO3, supplemented with 20 mM HEPES and 0.1% BSA (Serological, 

Norcross, GA), and then incubated for 60 min in 2.8 mM or 16.7 mM glucose KRB buffer. 

Insulin concentrations in the supernatant were determined using Ultrasensitive mouse or 

human insulin ELISA kits (Alpco, Salem, NH).

Primary mouse islets isolated from both NCD and obese (fed HFD for 18–20 weeks) WT 

mice were also used to evaluate the effects of macrophage on GSIS. To deplete islet 

macrophages, primary islets were handpicked (30 islets for each replication) and incubated 

in DMEM medium with10 μl of clodronate liposome (7 mg/mL, FormuMax, Sunnyvale, 

CA). In the control groups, mouse islets were treated with empty liposomes (FormuMax, 

Sunnyvale, CA). After 24 hr, islets were washed and incubated in Krebs-Ringer buffer with 

2.8 or 16.7 mmol/L glucose for 1 hr. Insulin concentration in the supernatant were 

determined by Ultrasensitive insulin ELISA kits (Alpco, Salem, NH).

RNA-Sequencing—Sequencing libraries were prepared according to the Smart-seq2 

method (Picelli et al., 2013) with some modifications. 3000–5000 FACS isolated islet 

macrophages in Trizol (Thermo Fisher) were used as starting material. RNA was extracted 
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with the Direct-zol MicroPrep kit (Zymo Research) with on-column DNaseI treatment. 10 

μL of purified RNA was mixed with 5.5 μL of SMARTScribe 5X First-Strand Buffer 

(Clontech), 1 μL polyT-RT primer (2.5 μM, 5′-AAGCAGTGGTATCAACGCA 

GAGTAC(T30)VN-3′), 0.5 μL SUPERase-IN (Ambion), 4 μL dNTP mix (10 mM, 

Invitrogen), 0.5 μL DTT (20 mM, Clontech) and 2 μL Betaine solution (5 M, Sigma), 

incubated 50°C 3 min. 3.9 μL of first strand mix, containing 0.2 μL 1% Tween-20, 0.32 μL 

MgCl2 (500 mM), 0.88 μL Betaine solution (5 M, Sigma), 0.5 μL SUPERase-IN (Ambion) 

and 2 μL SMARTScribe Reverse Transcriptase (100 U/μL, Clontech) was added and 

incubated one cycle 25°C 3 min., 42°C 60 min. 1.62 mL template switch (TS) reaction mix 

containing 0.8 μL biotin-TS oligo (10 μM, Biotin-5′-

AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′), 0.5 μL SMARTScribe Reverse 

Transcriptase (100 U/μL Clontech) and 0.32 μL SMARTScribe 5X First-Strand Buffer 

(Clontech) was added, then incubated at 50°C 2 min., 42°C 80 min., 70°C 10 min. 14.8 μL 

second strand synthesis, pre-amplification mix containing 1 mL pre-amp oligo (10 mM, 

5′AAGCAGTGGTATCAACGCAGAGT-3′), 8.8 μL KAPA HiFi Fidelity Buffer (5X, KAPA 

Biosystems), 3.5 μL dNTP mix (10 μM, Invitrogen) and 1.5 μL KAPA HiFi HotStart DNA 

Polymerase (1U/μL, KAPA Biosystems), was added, then amplified by PCR: 95°C 3 min., 8 

cycles 98°C 20 s, 67°C 15 s and 72°C 6 min, final extension 72°C 5 min. The synthesized 

dsDNA was purified using Sera-Mag Speedbeads (Thermo Fisher Scientific) with final 8.4% 

PEG8000, 1.1M NaCl, then eluted with 13 μL UltraPure water (Invitrogen). The product 

was quantified by Qubit dsDNA High Sensitivity Assay Kit (Invitrogen) and libraries were 

prepared using the Nextera DNA Sample Preparation kit (Illumina). Tagmentation mix 

containing 11 μL 2X Tagment DNA Buffer and 1 μL Tagment DNA Enzyme was added to 

10 μL purified DNA, then incubated at 55°C 15 min. 6 μL Nextera Resuspension Buffer 

(Illumina) was added and incubated at room temperature for 5 min. Tagmented DNA was 

purified using Sera-Mag Speedbeads (Thermo Fisher Scientific) with final 7.8% PEG8000, 

0.98M NaCl, then eluted with 25 μL UltraPure water (Invitrogen). Final enrichment 

amplification was performed with Nextera primers, adding 1 mL Index 1 primers (100 μM, 

N7xx), 1 μL Index 2 primers (100 μM, N5xx) and 27 μL NEBNext High-Fidelity 2X PCR 

Master Mix (New England BioLabs), then amplified by PCR: 72°C 5 min., 98°C 30 s., 8–13 

cycles 98°C 10 s, 63°C 30 s., and 72°C 1 min. Libraries were size selected, quantified Qubit 

dsDNA HS Assay Kit (Thermo Fisher Scientific), pooled and sequenced on a NextSeq 500 

(Illumina) for 76 cycles at a depth of 25 tow 40 million single end reads per sample.

Fastq files from sequencing experiments were mapped to the mouse mm10 genome using 

default parameters for STAR (Dobin et al., 2013). Mapped data were analyzed with 

HOMER (Heinz et al., 2010) and custom R scripts. Normalized RNA-seq datasets were 

analyzed using Metascape (metascape.org) (Tripathi et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—The results are presented as mean ± standard error of mean (SEM) 

with the numbers of experiments or mice indicted in the figure legends. To assess whether 

the means of two groups are statistically different from each other, unpaired two-tailed 

Student’s t test was used for statistical analyses using Prism6 software (GraphPad software 

6.0; Prism, La Jolla, CA). P values of 0.05 or less were considered to be statistically 
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significant. Degrees of significance were indicated in the figure legends. No methods were 

used to determine whether the data met assumptions of the statistical approach.

DATA AVAILABILITY

RNA-seq Data—Transcriptome sequencing data of islet macrophages have been deposited 

in the Gene Expression Omnibus (GEO), with the accession number GSE112002. RNA-seq 

datasets of subcutaneous fat macrophages were from GSE103847 (Pirzgalska et al., 2017); 

RNA-seq datasets of CD4+ DC, CD8+ DC, plasmacytoid dendritic cells (pDC), peritoneal 

and alveolar macrophages were from GSE109125 (Heng and Painter, 2008); RNA-seq 

datasets of microglia, kidney, liver and skin were from GSE81774 (Mass et al., 2016).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Macrophages are the dominant immune cells in obesity-associated islet 

inflammation

• Obesity provokes local proliferation of resident intra-islet macrophages

• Intra-islet macrophages impair β cell function in a cell contact-dependent 

manner

• Islet macrophages in obese mice promote β cell replication through PDGFR 

signaling
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Figure 1. Obesity-Associated Islet Inflammation Is Dominated by Myeloid Lineage Cells
(A) Immunofluorescence staining of pancreatic frozen sections prepared from wild-type B6 

mice fed with HFD for various periods of time as indicated. 24-week-old NCD mice were 

used as controls. (Left) Representative images of CD45 staining. Dotted line depicts the 

border of an islet (same depiction for the rest of the figures). (Right) Statistics of the number 

of CD45+ cells per islet. 5–7 mice per group.

(B) The expression of CD11b and Ly6C in CD45+ immune cells Isolated from the 

pancreases of age-matched NCD and HFD mice (with HFD for 16 weeks), respectively.
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(C) The fractionations of islet immune cells as in (B) based on their expression of CD11c 

and F4/80and analyzed by flow cytometry. Shown are the percentages of each subset in 

CD45+ CD11b+ cells.

(D) The mean fluorescence intensity (MFIs) of F4/80 and CD11c proteins in the R1 and R2 

subsets from NCD and HFD mice, as in (C).

(E) The percentages of the R1 (F4/80hiCD11c−) and R2 (F4/80loCD11c+) subsets in the 

islets of NCD and HFD mice as in (C).

(F) Immunofluorescence staining of pancreatic frozen sections of NCD and HFD mice as in 

(A) to examine the expression patterns of CD11c and MHCII.

Student’s t test was used, and statistic data are expressed as mean ± SEM. Data are 

representative of three(A–E), and four(F) experiments. (B–F) n = 3–4 in each group. *p < 

0.05; **p < 0.01; n.s., non-significant. Scale bar, 50 μm.

Also see Figures S1–S3.
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Figure 2. Transcriptional Profiles of Islet Macrophages
(A) PCA analysis of islet macrophages under NCD and HFD conditions, in comparison with 

macrophages from other tissues.

(B and C) The expression of M1 (B) and M2 (C) signature genes in isolated islet 

macrophages from NCD and HFD mice. Mean values from three replicates were shown.

(D) Volcano plot showing the fold change (x axis) versus adjusted (adj.) p value(y axis) of 

the transcriptomes of CD11c+ intra-islet macrophages (ii-macs) between NCD and HFD 
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mice. Genes highlighted in red or blue are based on the thresholds of Log2 fold change > 1 

and adj. p value < 0.01.

(E) Top 5 pathways in ii-macs that were either activated (red) or repressed (blue) by HFD. 

“log10(P)” is the enrichment p value in log base 10.

(F) Volcano plot showing the fold change (x axis) versus adj. p value (y axis) of the 

transcriptomes of CD11c− peri-islet macrophages (pi-macs) between NCD and HFD mice. 

Genes highlighted in red or blue are based on the thresholds of Log2 fold change > 1 and 

adj. p value < 0.01.

(G) Top 5 pathways in pi-macs that were either activated (red) or repressed (blue) by HFD. 

“log10(P)” is the enrichment p value in log base 10. Data are representative of three 

replicates. ii-macs, intra-islet CD11c+ macrophages; pi-macs, peri-islet CD11c− 

macrophages; SubQ, subcutaneous; GO, gene ontology.

Also see Figures S4 and S5 and Tables S1, S2, S3, and S4.
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Figure 3. Islet Macrophages Are Not Recruited from Circulating Monocytes
(A) Schematic diagram illustrating in vivo tracking of ACTbGFP wild-type (WT) or 

Ccr2RFP/RFP donor monocytes in HFD WT recipient mice.

(B) Immunofluorescence staining of pancreatic frozen sections of 24-week-old HFD mice 

(with HFD for 16 weeks) received either wild-type or Ccr2-deficient monocytes. Pseudo-

colors: green, wild-type monocytes; red, Ccr2-deficient monocytes.

(C) (Left) Immunostaining of CCL2 in the pancreas of 24-week-old HFD mice 

(representative image from three mice with more than ten islets examined in each mouse). 
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(Right) Co-staining of CCL2 and F4/80 in the peri-islet area of pancreatic sections from the 

same cohort of mice.

(D) Immunofluorescence staining of the same pancreatic frozen sections as in (B) for the 

expression of MHCII (red, left panel) or F4/80 (red, right panel). Green pseudo-color depicts 

transferred WT monocytes.

(E) Experimental design of adoptive transfer of monocytes isolated from WT B6 mice and 

Ltb4r1−/− NCD mice and labeled in vitro with PKH67 and PKH26, respectively.

(F and G) Immunofluorescence staining of pancreatic frozen sections of mice received 

monocytes prepared as in (E) and analyzed for PKH67-labeled WT monocytes (F) at 

indicated time points and PKH26-labeled Ltb4r1−/− monocytes 7 days after the transfer (G).

(H) Flow cytometric analysis of transferred monocytes that were accumulated in panLNs at 

various time points as indicated.

Student’s t test was used, and statistic data are expressed as mean ± SEM (A–D); n = 4 per 

group; (E–G) n = 3 per group. *p < 0.05; **p < 0.01. Scale bars, 50 μm (B; C, left panel; D; 

F; G), 10 μm (C, right panel).
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Figure 4. Obesity Induces a Local Expansion of Intra-Islet Macrophages
(A) Experimental design of BrdU incorporation assays.

(B) Representative immunofluorescence staining of pancreatic frozen sections (left) and 

statistics (right) of age-matched NCD and HFD mice (16 weeks of HFD feeding) to measure 

the cells labeled with BrdU and the expression of MHCII. Arrows depict proliferating 

macrophages. Insets depict higher magnifications of the stainings for BrdU and MHCII.
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(C) Flow cytometric analysis of macrophage proliferation in mice prepared as in (B). 

Isolated islets were dispersed into single-cell suspension, and the incorporation of BrdU in 

CD11c+ intra-islet and CD11c− peri-islet macrophages was measured.

Student’s t test was used, and statistic data are expressed as mean ± SEM; n = 4 per group. 

**p < 0.01. ii-macs, intra-islet CD11c+ macrophages; pi-macs, peri-islet CD11c− 

macrophages. Scale bar, 50 μm.

Also see Figure S2.
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Figure 5. Intra-Islet CD11c+ Macrophages Impair GSIS in Min6 and Primary β Cells
(A) Basal insulin secretion and GSIS inMin6 cells after direct cell-cell co-culture with or 

without intra-islet (CD11c+) or peri-islet (CD11c−) macrophages isolated from age-matched 

NCD and HFD mice. The cells were co-cultured ata5 (Min6 cells) to 1 (macrophages) ratio 

to reflect the cell ratio in HFD mouse islets. After 24 hr, insulin secretion was measured as 

described in the STAR Methods section. n = 4 per group.

(B) Basal insulin secretion and GSIS in Min6 cells after being co-cultured with macrophages 

in Transwell plates (0.4 mm polycarbonate filter). Min6 cells were plated at the bottom of 
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the plates, and macrophages were added to the upper plates. The ratio between macrophages 

and Min6 cells was 1:5. n = 5 per group.

(C) Basal insulin secretion and GSIS in Min6 cells after being incubated with macrophage-

conditioned media for 24 hr.n = 6 (control), n = 4 (CD11c− cells from NCD), and n = 2 

(CD11c+ from NCD, CD11c− and CD11c+ cells from HFD mice). **p < 0.01 versus lane 1; 

***p < 0.001 versus lane 1; #, p < 0.05 versus lane 6.

(D) Experimental design to test macrophage depletion and β cell GSIS. The islets were 

freshly isolated from NCD and HFD mice and cultured in vitro in the presence of clodronate 

liposome or control liposome (7 mg/mL, 1:100 dilution) for 24 hr.

(E) The basal insulin secretion and GSIS from primary islets isolated from NCD and HFD 

mice with the presence or absence of macrophages. n = 5 per group. *p < 0.05.

(F) Intra-islet macrophages from NCD or HFD mice were co-cultured with primary islets for 

3 days. The expression of insulin was measured using flow cytometry with anti-insulin mAb 

in both β cells and macrophages. The numbers in each panel depict the MFIs of insulin 

expression (red) in comparison with isotype control (gray). FC, fold change.

(G) Immunostaining of NCD and HFD pancreases. β cells were identified by anti-insulin 

staining and macrophages by anti-CD11c. Note that the HFD macrophage filopodia 

contained insulin signals (yellow). Scale bar, 5 μm.

Student’s t test was used, and statistic data are expressed as mean ± SEM; ii-macs, intra-islet 

CD11c+ macrophages; pi-macs, peri-islet CD11c− macrophages.

Also see Figure S6.
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Figure 6. Obesity Increases the Proliferation and Dual Hormone Expression in β Cells
(A) Immunostaining of pancreatic frozen sections of NCD and HFD mice showing the 

expression of insulin (green) and incorporation of BrdU (red). Inset image depicted one 

BrdU+ cell and one BrdU− cell.

(B) Immunostaining of pancreatic frozen sections of NCD and HFD mice showing the 

expression of glucagon (green) and incorporation of BrdU (red).
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(C) Double staining for insulin and glucagon in pancreatic frozen sections of NCD and HFD 

mice. Insets (a and b) were shown in higher magnification. Arrowheads depict insulin/

glucagon double-positive cells.

(D) Triple staining for insulin, glucagon, and BrdU in pancreatic frozen sections of HFD 

mice. Arrowheads depict BrdU-positive cells.

Student’s t test was used, and statistic data are expressed as mean ± SEM; n = 6 per group. 

**p < 0.01; ****p < 0.0001; n.s., non-significant. n.d., non-detected.

Scale bar, 50 μm.
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Figure 7. Islet Macrophages from HFD Mice Can Promote β Cell Proliferation
(A) (Left) Experimental design of co-culturing primary islets and isolated macrophages from 

NCD and HFD mice. (Right) The incorporation of EdU in insulin+ β cells after being co-

cultured with ii-macs or pi-macs from NCD and HFD mice, respectively. n = 3–4 per group.

(B and C) The expression of Pdgfa in ii-macs and pi-macs from NCD and HFD mice.

(B) Representative peak tracks depicting reads per million reads aligned. Arrow indicates 

Pdgfa transcription start site and direction of transcription.
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(C) Mean ± SEM of Pdgfa in intra- and peri-islet macrophages from NCD or HFD mice. 

Presented in TPMs (transcripts per kilobase million). Data are representative of three 

replicates.

(D) (Left) Experimental design of co-culturing primary islets and isolated macrophages from 

HFD mice, with PDGFR inhibitors, CP-673451. (Right) The percentages of proliferating β 
cells after being co-cultured with intra-islet macrophages isolated from HFD mice; in the 

presence of CP-673451; or DMSO control. Data are representative of two independent 

experiments. n = 5 per group.

Student’s t test was used, and statistic data are expressed as mean ± SEM. *p < 0.01; n.s., 

non-significant; ii-macs, intra-islet CD11c+ macrophages; pi-macs, peri-islet CD11c− 

macrophages; w/, with; w/o, without; Mϕ, macrophage; CP, CP-673451; EdU, 5-ethynyl-2′-

deoxyuridine.

Also see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse F4/80 Thermo Fisher Cat# MA516626; RRID: AB_2538122

Anti-mouse F4/80 BioLegend Cat# 123116; RRID: AB_893481

Anti-mouse CD11b BioLegend Cat# 101208; RRID: AB_312791

Anti-mouse CD11c TONBO Cat# 50–0114-U100

Anti-mouse CD206 BioLegend Cat# 141706; RRID: AB_10895754

Anti-mouse CD103 BioLegend Cat# 121408; RRID: AB_535950

Anti-mouse CD45 eBioscience Cat# 25–0451-82; RRID: AB_2734986

Anti-human insulin Abcam Cat# ab7842; RRID: AB_306130

Anti-glucagon Sigma Cat# G2654; RRID: AB_259852

Anti-mouse MHCII BioLegend Cat# 107614; RRID: AB_313329

Anti-mouse CD19 BioLegend Cat# 115508; RRID: AB_313643

Anti-mouse Ly6c BioLegend Cat# 128006; RRID: AB_1186135

Anti-mouse CD4 BioLegend Cat# 100516; RRID: AB_312719

Anti-mouse CD8 TONBO Cat# 50–0081-U500

Anti-mouse CD45 BioLegend Cat# 103112; RRID: AB_312977

Chemicals, Peptides, and Recombinant Proteins

PKH26 Sigma-Aldrich Cat# PKH26GL-1KT

PKH67 Sigma-Aldrich Cat# MINI67

60% high-fat diet Research Diets Cat# D12492

Collagenase P Roche Cat# 11249002001

TRIzol RNA isolation reagent Thermo Fisher Scientific Cat# 15596026

Bromodeoxyuridine (Brdu) BD Biosciences Cat# 550891

EdU staining kit Life Technologies Cat# C10424

EasySep mouse monocyte enrichment kit STEMCELL Technologies Cat# 19861

RBC lysis buffer eBioscience Cat# 00–4333-57

High-capacity cDNA reverse transcription kit Thermo Fisher Scientific Cat# 4368813

iTaq SYBR Green supermix Bio-Rad Cat# 172–5125

SMARTScribe Reverse Transcriptase Clontech Cat# 639537

Betaine solution Sigma Cat# B0300–1VL

NEBNext High-Fidelity 2x PCR Master Mix New England Biolabs Cat# M0541S

CP-673451 Selleckchem Cat# S1536

Clodronate liposome FormuMax Cat# F70101C-N

Control liposome FormuMax Cat# F70101-N

Critical Commercial Assays

Direct-zol microprep kit Zymo research Cat# R2060

Insulin ELISA kit ALPCO Cat# 80-INSHU-E01.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Qubit dsDNA HS assay kit Thermo Fisher Scientific Cat# Q32851

Nextera DNA library prep kit illumina Cat# FC-121–1030

Deposited Data

Raw and analyzed data This paper GSE112002

Experimental Models: Cell Lines

Min6 cell line ATCC CRL-11506

Experimental Models: Organisms/Strains

Mouse: ob/ob (Lepob) mice Jackson Laboratories JAX: 000632

Mouse: WT C57BL6/J Jackson Laboratories JAX: 000664

Mouse: ACTbEGFP Jackson Laboratories JAX: 003291

Mouse: Ccr2RFP/RFP Jackson Laboratories JAX: 017586

Mouse: Ltb4r−/− Jackson Laboratories JAX: 008102

Oligonucleotides

Mertk forward Integrated DNA Technologies CAGGGCCTTTACCAGGGAGA

Mertk reverse Integrated DNA Technologies TGTGTGCTGGATGTGATCTTC

Zbtb46 forward Integrated DNA Technologies GACACATGCGCTCACATACTG

Zbtb46 reverse Integrated DNA Technologies TGCACACGTACTTCTTGTCCT

Actb forward Integrated DNA Technologies GGCTGTATTCCCCTCCATCG

Actb reverse Integrated DNA Technologies CCAGTTGGTAACAATGCCATGT

Software and Algorithms

Prism6 Graphpad https://www.graphpad.com/scientific-software/prism/

FlowJo FlowJo N/A

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

Metascope Tripathi et al. (2015) http://metascape.org

STAR Dobin et al. (2013) https://code.google.com/archive/p/rna-star/
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