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Abstract

Islets of Langerhans of all species harbor a small number of resident macrophages. These 

macrophages are found since birth, do not exchange with blood monocytes, and are maintained by 

a low level of replication. Under steady state conditions, the islet macrophages are in an activated 

state. Islet macrophages have an important homeostatic role in islet physiology. At the start of the 

autoimmune process in the NOD mouse, a small number of CD103+ dendritic cells (DC) are 

found at about the same time that CD4+ T cells also appear in islets. In the absence of the CD103+ 

DC in the Batf3 deficient mice, autoimmunity never develops. We discuss the interactions among 

the two phagocytes and beta cells that result in autoimmune diabetes in NOD mice.

The beta cells of the islets of Langerhans are the targets of diabetic autoimmunity. In human 

type 1 diabetes and in the diabetes of the NOD mouse, autoreactivity is directed to proteins 

produced by the beta cells, particularly insulin [1,2]. Examining the antigen presenting cells 

(APC) of the islets is important not only in the context of diabetic autoimmunity, but also for 

our general understanding of autoreactivity and host defense. Here we review recent studies 

on islet APCs in the context of autoimmunity. The islets of all species contain macrophages, 

and few, if any, DC. In the early stages of diabetic autoimmunity in the NOD mouse--by 3 to 

4 weeks--a key DC appears in islets, that of the CD103+ DC lineage. This takes place 

concurrently with the arrival of CD4+ T cells and the development of a new gene expression 

program [3,4].

The resident myeloid cell in normal islets: the macrophage

Many of the early studies on islet APCs were made examining pancreata by histological 

procedures and few included islet isolation. In these early studies, including our own, the 

steady-state islet phagocytes were classified as dendritic cells based on their cell surface 

expression of CD11c. More critical marker studies, as well as gene expression analysis, 
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identified them definitively as macrophages. Additionally, until inflammation begins, the 

macrophage is the only CD45+ cell readily detectable in the islets of Langerhans. See our 

review in 2014 that contains references to early reports [5].

Recent reports, most of them in the C57BL/6 (B6) mouse, have added new information on 

the development of tissue macrophages using lineage tracing procedures [6-10]. Most tissue 

resident macrophages develop during early embryogenesis. Under steady state conditions, 

the resident macrophages are maintained by a low level of replication and without the 

involvement of blood monocytes. Moreover, each tissue macrophage has unique features, an 

indication of their functional plasticity. In a recent study, we examined the islet 

macrophages, first focusing on islets from the non-diabetic (B6) mouse [11].

In the pancreas, macrophages are abundant in the inter-acinar stroma, while the islets 

contain a small number (~1-3% of total islet cellularity) [11-15 reviewed in ref 5]. Stromal 

and islet macrophages differ in their properties (Table 1). They are represented as a single 

set, positive for F4/80, CD11b, CD11c and, importantly, by high expression of class II-MHC 

molecules. These macrophages are found in the islets during embryogenesis and derive from 

definitive hematopoiesis. In contrast to the islets, two very different sets of macrophages are 

found in the inter-acinar stroma. These can be discriminated based on their expression of 

CD206, the mannose receptor, and CD301, CLEC10A. The CD206/301 positive 

macrophages cluster around ducts while the negative set shows no preference in localization 

and is found throughout the stroma. The CD206/CD301 set derives from yolk-sac 

hematopoiesis and has a slow turnover. The CD206/CD301-negative stromal set derives 

from blood monocytes and is constantly turning over. Islet macrophages do not exchange 

with blood monocytes, an issue that was examined by parabiosis distinguishing each of the 

parabionts by their differential expression of the two CD45 alleles, CD45.1 and CD45.2. 

After several weeks, at such times when there is blood interchange, the islet macrophages 

and stromal yolk-sac derived macrophages do not exchange between the two parabionts. The 

monocyte-derived stromal macrophages as well as those in the spleen exchange evenly 

between the two mice. Furthermore, using BrdU as a probe, we found a low level of 

replication in islet macrophages [11].

Most important are the findings of different gene expression patterns between the stromal 

and islet macrophages. The islet macrophages have an M1-like activation pattern, with 

expression of TNFα and IL-1β transcripts. Also of note is that they express high levels of 

MHC-II on their surface. The stromal macrophages have an M2-like pattern of transcripts, 

expressing Retnla, Arg1, Ym1, and IL-10, genes that are expressed in a typical M2-like 

macrophage [16]. Others have claimed, correctly, that the gene expression patterns of 

macrophages are diverse and complex when compared amongst macrophages from different 

tissues and under different conditions. Therefore, an M1-M2 classification is an 

oversimplification [17]. We agree, but still our point stands that the gene expression patterns 

of islets and stromal macrophages are distinct and compatible with the M1/M2-like patterns.

The pattern of gene expression in islet and stromal macrophages was maintained during 

adulthood. A definitive experiment in the study of Calderon et al. was to irradiate the B6 

mouse and engraft it with bone marrow stem cells [11]. The reconstituted islet and stromal 
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macrophages had the same features as the original inhabitants. In the islet, the replaced 

macrophage adopted the M1-like pattern, while in the stroma, it favored the M2-like. Thus, 

this led to the conclusion that the “pancreas anatomy conditions the origin and properties of 

the resident macrophages.” How the tissue microenvironment conditions the biology of 

macrophages is not known at present. Recent studies have discussed this issue [18-20]. An 

important report showed that macrophages isolated from yolk-sac, fetal liver, and fetal 

monocytes differentiated into alveolar macrophages when injected into lungs lacking 

alveolar macrophages. These macrophages expressed transcriptional profiles identical to the 

alveolar macrophage. As was pointedly stated, “tissue imprinting is a dominant factor in 

shaping the gene expression landscape of macrophages” [21].

The islet macrophage has an important homeostatic function, first reported when examining 

the osteopetrotic op/op mouse [22]. (Pollard has paid much attention to this homeostatic 

function of macrophages in many tissues; see his reviews in refs 23 and 24.) The op/op 
mouse has a spontaneous null mutation in the Csf1 gene leading to a reduction or absence in 

macrophages of many organs. The islets of the op/op mouse are highly deficient in 

macrophages, most having none at all, with a few islets having one or two. The islets are 

small, about half the size of control mice; about a third of the mice have an impaired glucose 

tolerance indicating a poor insulin response [11]. How the beta cell and the macrophages are 

interacting is not known. Beta cells express high levels of VEGF responsible for the 

development and maintenance of vascular structures. The Power laboratory just reported an 

experimental system in VEGF null mice [25]. Beta cell proliferation was related to the 

presence of recent monocyte migrants that differentiated into macrophages. They speculated 

that growth factors from the macrophages stimulated the growth of the beta cells [25, 26]. 

The intra-islet blood vessels could be another target of the macrophages. Islet macrophages 

are always located next to blood vessels. Live images show filopodia extending between beta 

cells with some of them protruding into the vessel lumen [27]. Macrophages also capture 

beta cell granules and can present antigens as we discuss below (Fig.1).

In brief, there is a true symbiotic relationship between endocrine cells and the resident 

macrophages. Most likely the endocrine cells secrete molecules that make the macrophages 

convert to a trophic supportive role. Likewise, the macrophage exerts an influence on the 

endocrine cells as noted in the op/op mouse. We speculate that besides this homeostatic role, 

the islet macrophage may also have a protective role against pathogens in the circulation. 

This protective role has been suggested in infections with the beta cell trophic-

encephalomyocarditis virus [28]. Finally, we are only considering here the resident 

macrophage, but we note that monocyte-derived macrophages participate as an important 

effector cell in the inflammatory stages of the autoimmune diabetic process.

The seminal role of the CD103+ DC

In the NOD mouse, and only in the NOD mouse, islets also contain the subset of DC 

characterized by expression of CD103 (αE integrin) [3]. The CD103+ DCs are found in the 

islets of NOD mice in very small numbers or not at all at the 3-4 week period of life, but 

increase shortly thereafter [3]. In NOD.Rag1−/− mice, their number is very low, about 1-2% 
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of the islet myeloid cells. In B6 strains, there is no appreciably detectable number of 

CD103+ DCs.

The CD103+ DC are found in the islets at about the same time that a few CD4+ T cells 

enter, at the very initial stage of the autoimmune process. The early T cells, many of which 

recognize insulin epitopes, are found in tight contact with the islet APCs. With the presence 

of CD4 T cells and the CD103+ DC also appears an interferon-inducible gene expression 

signature [4]. This is the initial stage of diabetogenesis at ~3 weeks of age. Autoimmunity 

then progresses, with the pancreatic lymph node becoming an essential component where 

there is presentation of different MHC-I and MHC-II peptides, and with a seminal 

amplification of the response. How the islet communicates with the pancreatic node has not 

been ascertained. Islets lack detectable lymphatic vessels, but they are found in the stroma, 

sometimes next to the islets.

The CD103+ DC are characterized by their strong capacity to cross-present MHC-I epitopes 

to CD8 T cells [29]. Ken Murphy's group identified the Batf3 transcription factor as critical 

for the differentiation of the common DC precursor to the CD103+/CD8α+ lineage [30,31]. 

In his studies, the Batf3−/− mice were poor at cross-presenting antigens to CD8+ T cells. The 

mice were susceptible to viral infections and were poor at eliminating methylcholanthrene-

induced sarcomas. We examined the role of the CD103+ DC in the Batf3 gene knockout 

mouse backcrossed to NOD, and in agreement, found that the NOD.Batf3−/− lacked the 

CD103/CD8α DC lineage of DCs in all tissues [3]. NOD.Batf3−/− mice never developed 

diabetes. Islets were never infiltrated by inflammatory leukocytes and did not show the gene 

expression signatures of inflammation that typically develops in the NOD by the 4th to 8th 

week of life. The gene expression analysis of NOD.Rag1−/− and the NOD.Batf3−/− were 

practically identical. Through a number of cell transfers, it became evident that the absence 

of diabetes in the Batf3-deficient mice was caused by the lack of the CD103+ DCs. The T 

cells in the Batf3-mice were fully competent and transferred diabetes into NOD.Rag1−/− 

mice. The Batf3−/− mice show no accumulation of the early CD4 T cells, and presentation of 

MHC-II epitopes was partially defective while presentation of MHC-I was completely 

absent.

In brief, several defects were noted in the absence of the CD103+DC lineage: (i) the early 

stage of diabetes was undetectable, (ii) there was no accumulation of the initial T cells into 

islets, (iii) the early inflammatory gene signature was absent, (iv) there was poor priming of 

diabetogenic CD4 and CD8 T cell responses, and (v) there was a lack of islet receptivity to T 

cell entrance. These results were found despite the presence of the islet-resident macrophage 

that expresses high levels of the insulin peptide-MHC-II complex. We hypothesize that that 

the CD103+ DC has a key role in the transport of immunogenic material to the pancreatic 

lymph node, a site that is required for the rapid amplification and progression of the 

autoreactive response. Still, there is a paucity of the intra-islet events in the absence of the 

CD103+DC. Thus, whether the macrophages are involved in the recruitment of DC and/or 

interacting with them are issues to be investigated. Indeed, the interactions among the three 

key cells, i.e., beta cells, macrophages and CD103+DC, needs to be explained.
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Antigen presentation in islets

Both the islet macrophages and the CD103+ DC can process and present insulin epitopes to 

autoreactive T cells [5]. This has been shown by direct isolation of each of the islet 

phagocytes and then testing whether they can elicit IL-2 production by antigen-specific T 

cell hybridomas. At the same time, antigen presentation of islet products also takes place in 

the draining pancreatic lymph node. This can be visualized by transferring beta-cell antigen 

specific primary T cell clones into mice and observing their division using fluorescent dyes. 

In non-diabetogenic strains of mice, islets only have macrophages, and these are still 

effective antigen-presenting cells when isolated and tested.

One important concern is how the beta cell passes its antigens to the local APCs. Our 

laboratory just reported on a series of studies examining the interactions between beta cells 

and APCs combining in vivo and ex vivo experiments [32]. Beta cells were isolated from 

normal mice and incubated with various APC. After a period of time, presentation to CD4 T 

cells reactive against insulin was then examined. Presentation to CD4 T cells reactive to 

different insulin epitopes was strong, indicating that the APC had acquired immunogenic 

material from the beta cells. We examined T cells that respond to two different registers of 

the insulin 9-23 segment [33,34]. One group of T cells responds to both the insulin protein 

and the 9-23 peptide, whereas the second group responds the 9-23 peptide, not to insulin 

protein. The presentation of insulin epitopes to T cells required close contact between the 

APC and beta cells; separating the beta cells from the APC resulted in an absence of 

transfer. It also required live beta cells, indicating an active transport process. The transfer 

was increased when the level of glucose in the media was high in a process that depended on 

mobilization of intracellular Ca++. Beta cells from NOD.Rag1−/− mice, the non-diabetic 

C57BL/6 mouse, and human beta cells all transferred granules to NOD mouse APCs [32]. 

(The transfer of beta-cell protein to APCs has also been observed, albeit in less detail, in the 

non-diabetic B10.BR mouse.)

We concluded that inflammation or beta cell death was not a requirement for the initial 

presentation of islet antigens to take place. The granules that were transferred included the 

typical dense core granule that has a high content of insulin, as well as granules that mainly 

contain insulin peptides. These are the crinophagic granules identified by cell biologists in 

endocrine organs that contain degradative products of the secretory granule [35, 36]. Our 

data indicate that these granules contain the peptides that activate the peptide specific T 

cells.

Ultrastructural examination of islets from various strains of mice showed phagocytes next to 

blood vessels. Of interest, all phagocytes had taken up the dense core granules that contain 

insulin. Surprisingly the granules were transferred intact; the phagocyte's endocytic vesicle 

contained the granule within its own membrane. This is a process very different from how 

the insulin-containing granule is released after a glucose challenge in which its membrane is 

incorporated into the plasma membrane of the beta cell. We concluded that beta cells 

interact closely with the APC forming a beta cell:APC synapse. In this synapse, the dense 

core granules are concentrated and are transferred intact to the APC. This process is taking 

place constitutively in all islets and in all strains of mice. It becomes relevant in the 

autoimmune situation in which the genetic program favors autoreactivity.
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Conclusions

Under steady state conditions, the pancreas contains macrophages both in the inter-acinar 

stroma and in the islets of Langerhans. These are very different in their origin and 

properties. We discussed the resident macrophage of the islets having a state of activation 

and an important homeostatic role in islet development. The start of the autoimmune process 

in the NOD mouse is characterized by the appearance in islets of a small number of CD103+ 

DC together with insulin-reactive CD4 T cells and a new gene inflammatory program. Gene 

ablation of the CD103+ DC lineage results in the absence of diabetes. We discussed the 

interactions among beta cells, macrophages, and CD103+DC in the autoimmune process.
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Highlights

• Pancreatic islets contain resident macrophages that self-replicate

• Islet macrophages capture secretory vesicles and present beta cell 

antigens

• Macrophages have an M1-pattern of gene expression

• A CD103+ dendritic cell enters islets during autoimmune diabetes

• Autoimmune diabetes does not develop in mice lacking CD103+ 

dendritic cells
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Figure 1. 
An electron micrograph of an islet from an 8 week-old NOD mouse. The image shows a 

phagocyte wrapped around a blood vessel. Note a dense core granule inside a phagocytic 

vesicle. Islet phagocytes contain about 10 granules per cell. Unpublished micrograph.
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Figure 2. 
The graph summarizes the main points made in the review. Islets of all species contain 

macrophages that are in true symbiosis with beta cells. In NOD mice at the start of the 

autoimmune process, the CD103+ DC join the macrophages in the islets. Both capture dense 

core granules and present to insulin-reactive CD4 T cells. However, it is the CD103+DC that 

is essential to move the autoimmune process forward. At the same time CD4 T cells to 

insulin appear in islets together with a new gene signature. The process readily extends to 

the pancreatic node where the autoimmune process is amplified.
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Table 1

Features of pancreatic macrophages

Islet macrophage Stroma CD206+ macrophage Stroma CD206− macrophage

Properties

    Derivation Definitive* Yolk-sac* Monocytes

    Exchange No No With monocytes

    Antigen presentation + Poor +

Cell Surface Markers

    F4/80 + + +

    CD11b + + +

    CD11c + + +

    MHC-II + +/− +

    CD64 + + +

    CD68 + + +

    LyzM + + +

    CX3CR1 + +/− +/−

    CD206 − + −

    CD301 − + −

Gene Expression

        II1b + − −

        Tnfa + − −

        Nos2 − − −

        Arg1 − +/− +/−

        II10 − + −

        Ym1 − − +

        Fizz1 − + +

This Table summarizes the reports in references 3 and 11. None of the three macrophages sets expressed genes typical of DC.
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