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Summary

We have been examining antigen presentation and the antigen presenting cells (APC) in the islets 

of Langerhans of the non-obese diabetic (NOD) mouse. The purpose is to identify the earliest 

events that initiate autoimmunity in this confined tissue. Islets normally have a population of 

macrophages that is distinct from those that inhabit the exocrine pancreas. Also found in NOD 

islets, is a minor population of dendritic cells (DC) that bear the CD103 integrin. We find close 

interactions between beta cells and the two APCs that result in the initiation of the autoimmunity. 

Even under non-inflammatory conditions, beta cells transfer insulin-containing vesicles to the 

APCs of the islet. This reaction requires live cells and intimate contact. The autoimmune process 

starts in islets with the entrance of CD4+ T cells and an increase in the CD103+ DCs. Mice 

deficient in the Batf3 transcription factor never develop diabetes due to the absence of the CD103/

CD8α lineage of DCs. We hypothesize that the 12-20 peptide of the beta chain of insulin is 

responsible for activation of the initial CD4+ T cell response during diabetogenesis.
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 Introduction

In the past several years, we have been examining autoimmune diabetes in the non-obese 

diabetic (NOD) mouse focusing on antigen presentation events that transpire during the 

initiation of the process. This has led us to identify the early T cells that come into islets and, 

as importantly, the antigen presenting cells (APCs) that reside in them, as well as those that 

enter as the autoimmune process sets in (1-5). Our data shows a complex series of 

interactions, symbiotic to a great extent, among beta cells that donate the “diabetogenic” 
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antigens, the APCs and the CD4+ T cells (6). Studying these interactions is not only 

important in the context of the autoimmune process per se but is also giving us new and 

important insights on how cell communication takes place between tissue cells and the 

innate and adaptive immune system cells. This review consists of a summary and discussion 

of our findings. Our previous reviews had a broader analysis with coverage of the extensive 

literature. Here our review of the literature is limited.

We start with a few comments on the NOD mouse. We then follow by reviewing insulin 

autoreactivity, an issue to which we have paid much attention. Then we review our studies 

on islet APCs and the early events taking place in the islets of Langerhans.

 The NOD mouse

The NOD mouse develops spontaneous T cell-dependent autoimmune diabetes (7). The 

penetrance of the disease depends much on the state of the housing conditions and varies 

from 40% to close to 100%. The cleaner the housing conditions are, the higher the 

incidence, a point very evident in NOD mice raised in gnotobiotic conditions, where the 

incidence is high with somewhat accelerated time kinetics (8). In our specific pathogen-free 

colony, about 80-90% of mice become diabetic starting at about the 20th week of age.

The NOD mouse has a distinctive major histocompatibility complex class-II (MHC-II) 

molecule. The expression of this I-A allele, I-Ag7, is required for the development of the 

autoimmunity (9, 10). NOD mice that express a different allele do not become diabetic (11). 

Of great interest, the I-Ag7 molecule has structural features very much in common with the 

HLA/MHC-II molecules that confer the susceptibility for the human type 1 diabetes (T1D): 

HLA-DQ2 and HLA-DQ8 (12-15). All three of these MHC-II molecules have the distinctive 

feature of not having an aspartic acid at position 57 of the MHC-II beta chain. Most MHC 

molecules have an aspartic acid at this position, and it makes a salt bridge with an arginine at 

the MHC-II alpha 76 position thereby closing the binding site. A non-aspartic acid at beta 57 

results in a very distinct MHC-II peptidome in which the most abundant peptides are those 

that have acidic residues at the carboxy end of the peptide (16-18). In our group, Anish Suri 

with Michael Gross made a comparison of the peptidome of I-Ag7 and HLA-DQ8 from a 

cell line that expressed either the human or the mouse MHC-II molecule and found a very 

similar spectrum of self-peptides displayed on the surface of the cell (16). Notably, many of 

the peptides had multiple acidic residues at their carboxy terminus. By mutating these acidic 

residues, it became clear to Suri that they were instrumental in the specificity of binding 

(19). Several structural analyses on these MHC-II molecules established that peptides having 

acidic residues at the carboxy-end established a salt bridge with the unpaired arginine at 

alpha 76.

 Autoreactivity to insulin

Autoreactivity in the NOD mouse and in patients with T1D is broad. Several proteins have 

been shown to be targeted by T cells or by autoantibodies. Previous reviews have considered 

these, including a recent one of ours (20). The unresolved issue is whether there are 

immunoreactivities that start the process, while others follow as a result of “epitope 
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spreading.” In NOD mice one can probe this by doing transfers of T cells into non-diabetic 

mice and determining whether there are stronger diabetogenic targets that readily cause 

diabetes in contrast to others that may add to the injury or not at all.

Several findings support insulin autoreactivity as having an important, if not the initiating 

role, in the diabetic process. The hypothesis that insulin autoreactivity is the major 

component of diabetes autoimmunity has been supported by many, but particularly by 

George Eisenbarth and his group (21-23). Briefly, we summarize four findings that we 

believe are critical in supporting the insulin-initiator hypothesis.

The first are the clinical studies in patients with T1D that showed the presence of 

autoantibodies to insulin (24-26). These antibodies are, in many instances, of the IgG 

isotype indicating class switch and, therefore, an involvement of CD4 helper T cells. They 

have prognostic value. In the NOD, autoantibodies to insulin are also found.

The second findings come from two studies in which an insulin transgene was engineered to 

have its expression driven by an MHC-II promoter expressed in all APCs. The broad 

expression of insulin epitopes by APCs resulted in a marked reduction in diabetes incidence 

(27, 28). Such was not the case when two other antigens were expressed as transgenes: 

glutamic acid decarboxylase and IA-2.

The third series of findings derive from genetic studies both in NOD and in humans in which 

the expression of insulin genes in thymic medullary epithelial cells (mTECs) and/or in beta 

cells were altered, thereby influencing the incidence of diabetes. The mouse expresses two 

insulin genes, Ins1 and Ins2; the latter is expressed in mTECs, while the beta cells expresse 

both genes. mTECs express insulin as well as other beta cell products most likely regulated 

by the Aire transcription factor (29). Ablation of Ins2 in the NOD accelerates diabetes, 

suggesting that the mTEC expression most likely controls T cell autoreactivity. In contrast, 

ablation of Ins1 decreased diabetes incidence (30, 31). In humans, the second gene variant 

that influences T1D incidence is the variable number of tandem repeats (VNTR) elements in 

the promoter region of insulin. Allelic variants of VNTRs affect the degree of expression of 

insulin in mTECs: those that result in lesser expression are the ones with higher 

susceptibility while the opposite results are found with those VNTR variants that correlate 

with higher thymic expression (32-34). Lastly, one notes a monogenic autoimmune disease, 

APECED for autoimmune polyendocrinopathy syndrome, that has mutations in the AIRE 

gene and includes multiple endocrine autoimmunities including diabetes (35).

Finally to consider are the studies examining T cells to insulin (1, 2, 6, 36-41). T cells of 

many different specificities have been identified in NOD diabetes since the initial isolation 

of T cell lines by Katie Haskins (42, 43). The capacity of these T cells to induce diabetes has 

varied depending on their specificities. The first studies on T cells to insulin identified a 

number of CD4+ T cells that reacted with segment 9-23 of the insulin B chain. These T cells 

induced diabetes when transferred into non-diabetic NOD mice (op cit).
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 Our findings with T cells to insulin

Studies in our laboratory combined binding analysis of insulin peptides to I-Ag7 molecules 

together with the characterization of the fine specificities of the insulin reactive CD4+ T 

cells (reviewed in 20, 44). Our peptide binding studies with INS B:9-23 revealed a surprising 

finding: this particular peptide could bind in two overlapping but distinct registers. The B:

9-23 peptide contained epitopes that bound in either the 12-20 or the 13-21 register, a one 

amino acid shift in the I-Ag7 peptide binding groove (1, 2, 45) (Table 1). The B:13-21 

segment bound at higher affinity than B:12-20 due to the influence of a glutamic acid at the 

P9 position of the core binding register. A structural analysis of the binding of insulin to 

HLA-DQ8 had shown insulin peptide binding via the B:13-21 register in which the P9Glu 

established an ion pair with the arginine at HLA-DQ8 alpha 76 (15). A similar interaction 

between an acidic residue at P9 and the Arg76 was found in the binding of the I-Ag7 

molecule with a glutamic acid decarboxylase peptide (13). Overall, the binding of the insulin 

peptides to I-Ag7 is weak and changes throughout the nine amino acid core affected binding.

Peptides binding in either of the two binding registers induced specific insulin- reactive 

CD4+ T cells, a project that we started with Matteo Levisetti (45) and later was led by Jim 

Mohan (1,2,46) (Table 1, Fig 1). Initial experiments involved immunizing with insulin 

peptide and generating T cell hybridomas specific to the two registers. This technique 

revealed that the majority of insulin reactive CD4+ T cells recognized the B chain segment 

in “register 1” encompassing residues B:12-20. In contrast, a rarer set of T cells recognized 

“register 2”, the B:13-21 segment, the one amino acid shift in register. We established these 

reactivities either by testing the T cells with soluble peptides encompassing each segment or, 

more telling, by testing responses to APCs in which their I-Ag7 molecules were engineered 

to contain a peptide segment in either one or the other register (Fig. 1). Clonal T cell lines 

generated to either of the two registers were diabetogenic when transferred to NOD.Rag1-/- 

mice. Important to recall are the studies of Teyton's group showing the features of T cells to 

peptides not having an acidic residue at P9: their interaction with such peptides can be of 

high affinity as there is a rearrangement of the interactions of the receptor with the peptide 

(47).

How to explain the presence and distribution of these two sets of T cells to insulin? The 

answer lies at three levels: (i) the processing of insulin or insulin peptides by APC; (ii) the 

nature of insulin presentation in the thymus; and (iii), the nature of insulin containing 

granules that are passed from beta cells to APC in the islets of Langerhans.

Different peptide-MHC (pMHC) complexes derive from the presentation of insulin or 

insulin peptides by an APC. Processing of intact mature insulin by APCs results in the 

presentation exclusively of the Register 2, B:13-21 peptide segment (1,2,6). T cells to 

Register 1, B:12-20 are simply not found after insulin processing. In striking contrast, 

treatment of APCs with denatured insulin, the entire B chain peptide, or the B:9-23 peptide 

results in presentation of either of the two peptides. The important finding is that the 12-20 

segment is presented only when an APC handles the denatured insulin or peptide fragments.
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Finding pMHC complexes from intracellular processing of a protein different from those 

derived from exogenous denatured proteins or peptides can be explained by the intracellular 

pathways for processing and presentation in APCs (1,48,49). Proteins are processed in deep 

vesicular compartments--the MIIC--and subjected to a series of biochemical events that 

result in the binding of peptides to MHC-II. Those peptides are subjected to an editing 

process in which H2-DM is involved: those pMHCs with stronger binding affinity are 

selected while those weaker binders are eliminated. Moreover the high binding pMHC 

survive the traffic to plasma membrane. When cells process peptide or denatured proteins, 

the compartments used are different and can, therefore, give rise to a different peptide 

repertoire. We believe this aberrant peptide presentation is important in the initiation of 

autoimmunity because it creates epitopes that are not correctly negatively selected in the 

thymus. See our reviews for our current understanding of the presentation of alternatively 

selected epitopes (44, 48).

 Other findings that indicate a response to denatured self

Going back almost 100 years, there are indications of a different response to native versus 

denatured self-proteins that has been largely ignored. We first realized the differences in the 

pMHC repertoires of native versus denatured proteins while studying the model protein hen-

egg white lysozyme (HEL) (49-51). In brief, we had found an epitope of the dominant 

segment 48-62 following native HEL processing--we called it a type A epitope. But a 

distinct pMHC conformer--the type B--was processed and presented after providing 

denatured HEL to APCs. The presentation of the type A epitope required processing in a late 

vesicular compartment of the APC while the type B-pMHC epitope was generated in early 

vesicles or by surface exchange at the plasma membrane (49). A series of manipulations 

indicated that the type B-pMHC was eliminated in the presence of H2-DM while the type A 

was not. H2-DM was not found in early vesicles and, thus, the type B-pMHC was presented. 

A major result was found when we generated HEL transgenic mice under the class II-MHC 

promoter and then immunized them with HEL, now a self-protein highly expressed by all 

APCs (52). In contrast to regular mice, most of the type A T cells were eliminated. But the 

type B T cells generated by peptide immunization were unaffected. This finding on HEL-

transgenic mice raised the question whether it could apply to autoimmune reactions. The 

findings in NOD mice with insulin peptides answers this question.

Noteworthy are early observations made by many when immunizing with self- proteins. 

Immunization with autologous proteins was consistently negative; these are the findings that 

established the major immunology paradigm: we do not react to our own proteins. However, 

immunizing with the same protein in a denatured form elicited reactivity, i.e., we react 

against denatured self (53). On this issue, three papers are worth emphasizing. Weigle's 

group at Scripps reported that rabbits immunized with autologous thyroglobulin did not 

elicit antibodies or induced thyroiditis. In contrast, immunization with denatured protein 

elicited thyroid disease (54). Benacerraf's group reported that delayed-type hypersensitivity 

in guinea pigs could be elicited with denatured autologous immunoglobulin but not with the 

native protein (55). Finally, in some strains of mice or guinea pigs, denatured insulin, but not 

native insulin, elicited responses (56, 57). Denatured antigens are thus handled differently by 
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the immune system than their native counterparts, and they elicit a broader repertoire of 

peptides.

 Unresponsiveness to insulin but not to defined insulin peptides

We discussed before the importance of insulin expression in the thymus for preventing 

autoreactivity to insulin. mTECa that express the Aire transcription factor upregulate many 

tissue specific genes, including insulin. However, there will not be high level of antigen nor 

denatured or free peptide available. Therefore, because insulin protein is processed and 

presented as the Register 2, B:13-21 segment, it will result in the elimination of most of the 

T cells reactive to it. In contrast, the Register 1, B:12-20 segment will not be presented to 

significant levels. Direct evaluation of presentation of insulin epitopes by isolated thymic 

epithelial cells has not been examined. However, the current findings in toto suggest that 

NOD mice are tolerant to the Register 2, B:13-21 epitope while capable of responding to 

Register 1,B:12-20.

The main findings that support the idea of differential register expression in the thymus of 

NOD mice comes from our efforts immunizing with insulin or insulin-derived peptides. 

These results confirmed our T cell specificities studies and supported the statement on 

differential tolerance to the two insulin epitopes (2). Immunization to insulin or to the B:

13-21 peptide showed no significant response over background in an ELISPOT assay. 

Immunization with the B:9-23 peptide elicited T cells that reacted to the B:12-20 peptide, 

but never to insulin or to B:13-21 peptide.

The experimentum crucis was to immunize with a non-immunogenic insulin, which Jim 

Mohan did by using a 9-23 peptide in which the Tyr16 had been substituted with an alanine. 

The T cells to B:12-20 do not recognize a peptide with Y16A, which is a TCR contact 

residue. The T cells to B:13-21 do not recognize it either. In Register 2, the Y16A is the P4 

MHC contact residue. However, based on our results, we believe this mutation significantly 

alters the topology of the TCR contacts. When NOD mice were immunized with B:9-23 

with the Y16A change, a response was elicited to wild-type insulin and the 13-21 peptide 

(2).

We followed this approach because of the important studies in the NOD.B16A mice 

generated by Nakayama in the Eisenbarth laboratory. This mouse strain is homozygous null 

for the Ins1 and Ins2 genes (58-60). Insulin production by the beta cells is driven by a 

mutated Ins2 transgene driven by the insulin promoter. The mutated insulin has the same 

amino acid change from alanine to tyrosine at position 16 of the B chain. These mice do not 

become diabetic presumably because most of the anti-insulin T cells that develop in the 

thymus are incapable of responding to the Y16A variant of the insulin peptide that is 

provided to APCs by the beta cells. It is important to note that the NOD.B16A mice still get 

sialitis, demonstrating that the effect of all the mutations in the mouse are specific to the islet 

autoimmunity and do not influence the general autoimmune predisposition of the NOD 

mouse strain.

Unanue et al. Page 6

Immunol Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Insulin epitopes are presented in islets

The pointed issue from these results is to explain the way in which the Register 1, B:12-20 

pMHC complex is presented, since it does not derive from processing of native insulin. A 

CD4+ T cell receptor transgenic mouse named 8F10, that only recognizes the B:12-20 

segment, provided us with important information on the biological outcomes of alternative 

peptide presentation (46). The 12-20 reactive CD4+ T cells entered islets without the need of 

the pancreatic lymph node (pLN). It is known that mice lacking pLNs do not develop 

diabetes (61,62). Yet, 8F10 T cells entered islets in the absence of pLN. From these findings, 

we have speculated that the important role of the pLN is to amplify the immunological 

process once it has been initiated, an issue that we are examining at this time. We believe the 

earliest T cells to participate in the autoimmune reaction are bloodborne B:12-20 T cells that 

enter through the vasculature, are activated in the islets, and then lead to a pLN-dependent 

amplification of the immune response. This idea is partly supported by our studies of antigen 

capture by APCs in islets.

Further studies indicated that intra-islet APCs presented insulin epitopes in the absence of 

any other inflammatory stimulus, i.e., even NOD.Rag1-/- islet APCs presented insulin 

antigens. Islet APCs from NOD or NOD.Rag1-/- mice were isolated and placed in T cell 

assays probing with the two sets of T cells, i.e., those against Register 1 or Register 2 (1-3). 

Both the B:13-21 peptide, derived from insulin processing, as well as the B:12-20 segment, 

derived from denatured insulin and insulin catabolic products, were detected in both groups 

of islet APCs--the macrophages and the CD103+ DC--which we discuss below (3).

To explain these findings, we decided to search within the secretory granules of beta cells 

for a distinct set that might contain insulin peptides (1, 6). There are at least two insulin-

containing vesicle types in the beta cells. These were identified using monoclonal antibodies 

against conformationally intact insulin or insulin B:9-23 peptide. The insulin peptide 

specific antibodies were tested and found to have no reactivity to either insulin or proinsulin 

proteins (3, 23). We analyzed whole islets by confocal microscopy and found a population of 

vesicles that were only bound by the anti-insulin antibody. We found a second population of 

vesicles that were bound by the anti-INS-B:9-23 peptide. This reactivity could be competed 

by a molar excess of free peptide, confirming the specificity of the reaction. The generation 

of these peptide specific vesicles was not dependent on inflammation, as non-diabetic strains 

of mice also contained them (6). Beside the beta cells, insulin peptide containing vesicles 

could also be detected in APC isolated from islets, albeit to a lower level than in beta cells 

(3). An evaluation of the cell biology literature of beta cells suggests to us that the insulin 

peptide-containing vesicles are compatible with the crinophagic vesicles described in islets 

as well as other endocrine organs (63-65).

The crinophagy pathway appears to be a mechanism that the endocrine cells evolved to 

remove excess hormone and secretory granule material that is constantly being synthesized 

(65). However, it seems that an unexpected consequence of this homeostatic pathway is the 

passage of aberrant immunogenic peptides to the tissue resident APC population. The 

potential role of this passage in other endocrine tissues, which are all notoriously sensitive to 
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autoimmune insults, remains unexplored. We discuss the interaction between the beta cells 

and the APC that result in passage of the granules in a later section.

In summary, our findings, first with HEL, but more importantly in the spontaneous 

autoimmunity of the NOD, plus the reports of others, some of which we discussed above, 

indicate that there is a repertoire of pMHC-II complexes from denatured proteins or peptides 

that is evident when exogenous denatured proteins or peptides are taken up and presented by 

APC. This self-repertoire can become central in autoimmunity, provided the tissue can 

generate denatured self-proteins or peptides and has a way of passing these to the APCs of 

the immune system. This situation is evident in NOD diabetes, but whether it applies to 

other autoimmune diseases needs to be examined.

Having discussed the CD4+ T cells, we now proceed to discuss how presentation takes place 

in the islet during the initial stage of autoimmune diabetes. We start by describing the APCs 

that normally reside in islets, which is a resident macrophage found in all strains. We follow 

by examining the islets in NOD where an additional APC, the CD11c+ CD103+ DC, is a 

major protagonist. Finally, we discuss the interaction among the beta cells, the APCs and the 

CD4+ T cells.

 The resident APC of the islets: the macrophage

The last few years have seen a very large number of studies on the macrophage lineage. Our 

views of this lineage have changed markedly from the early ones in which macrophages 

were perceived as a phagocytic cell derived from blood monocytes and involved in the 

cleaning of tissues. One issue to note with emphasis is that macrophages are effective APCs, 

a point that we first made when starting to examine antigen processing and presentation 

some years ago (66-68). By various criteria, our results pointed to macrophages and not to 

DCs. Moreover, the experimental data that defined antigen presentation and established 

antigen processing for T cell recognition were made studying the macrophage (69, 70). 

Also, examination of macrophages, in the classical studies by Rosenthal and Shevach, led to 

the discovery of the rules for MHC-II-restriction (71-72). This presenting function of 

macrophages tended to be forgotten or ignored as a result of the discovery of the excellent 

presenting role of the DC lineage (discussed in 73). More recently, from examining resident 

macrophages from different tissues, it is evident that many of the resident macrophages 

express MHC-II proteins at high levels and can present antigen (74). The point is to define 

for each immunological reaction and in the various tissues whether macrophages and DC 

interact and communicate to bring in a complete response (for examples: 75-77). This could 

be due, for example, to differences in cytokine or costimulatory molecule functions on the 

different APCs that can sculpt T cell responses, an emerging theme in APC/T cell biology.

Our interest in islet macrophages started when we examined APCs in isolated islets (78). 

Early reports examining tissue sections have shown the presence of F4/80+ cells in many 

endocrine tissues and also in the islets proper by conventional histological approaches. We 

were aware of studies done by Paul Lacy in our Department when his laboratory was 

transplanting isolated islets, a technique that he was instrumental in developing. He found 

that some culture conditions resulted in the escape of leukocytes from the islets. These were 

Unanue et al. Page 8

Immunol Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interpreted as blood “passenger” cells. The issue was that when islets were devoid of these 

passenger leukocytes, they poorly rejected in certain allogeneic combinations. The take 

home message was that these leukocytes were central in tissue rejection, a concept that was 

also supported by the studies of others. We examined these early studies in two review 

papers that have the major references (79, 80).

Recently we carried out a project led by Boris Calderon examining the islet phagocytes in 

C57BL/6 (B6) mice as a base to compare with those in the islets of NOD mice (74) (Table 

2). Initial studies that we and others had reported in NOD mice had made a point of calling 

the intra-islet APC a DC based on their expression of CD11c (78, 81, 82). But, both in B6 

and in NOD mice, the major intra islet phagocytes are macrophages, identified not only by 

their composite of different surface markers but also by their gene expression pattern (3, 74, 

80) (Table 2). (It appears that a peculiarity of most organ resident macrophages is that they 

express CD11c.)

Several striking findings were made examining macrophages in B6 mice and comparing the 

islet macrophages to those in the intra-acinar stroma of the pancreas (74). The islet 

macrophages are represented by only one set based on flow cytometric evaluation (see Table 

2). In striking contrast, the pancreatic stromal macrophages contain two sets based mainly 

on their expression of the mannose receptor, CD206, and CLEC10A, CD301. The islet 

macrophages are found in the islets since birth and are derived from definitive 

hematopoiesis. The CD206/CD301 negative stromal set derives from blood monocytes and 

is constantly dividing. In contrast, the CD206/CD301+ population derives from yolk-sac 

hematopoiesis and shows slow turnover. Both sets of stromal macrophages actually have a 

different anatomical representation. The pancreatic ducts are surrounded by the CD206/

CD301+ macrophages while the CD206/CD301 negative macrophages are interspersed 

throughout the acinar stroma.

The turnover of these macrophages was examined by parabiosis using the two alleles of 

CD45 to distinguish each of the parabionts. After several weeks of blood exchange, islets 

and the stromal macrophages were examined. The islet macrophages and stromal yolk-sac 

derived macrophages showed no interchange between the two parabionts. That is, islets of 

CD45.1+ mice still had the CD45.1+ macrophages and very few, if any, CD45.2+ cells and 

vice versa. These findings are in contrast to monocytes and lymphocytes in the spleen that 

exchanged evenly between the two mice (74). Therefore, these resident macrophages, under 

steady state, do not exchange with monocytes but are maintained by a low level of 

replication.

We identified that the stromal and islet macrophages differed in their gene expression 

profiles and function. The islet-resident displayed an M1-like activation pattern as well as 

high levels of MHC-II on their surface. The stromal macrophages expressed an M2-like 

pattern of transcripts, and also high levels of MHC-II. Expression of different genes in 

macrophages is complex, so the M1/M2 pattern is an oversimplification as others have stated 

(83). We used it, nevertheless, being aware that more thorough examination of the islet 

macrophages needs to be evaluated, particularly among strains and during islet 

inflammation. Yet our point stands that the gene expression patterns of islets and stromal 
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macrophages are distinct and compatible with the M1/M2 patterns, albeit with the 

qualification stated above.

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

adulthood and, importantly, after irradiation and replacement with stem cells. Macrophages 

were depleted by lethal irradiation and then reconstituted with bone marrow stem cells. The 

reconstituted macrophages found in the islets were M1 and those found in the stroma were 

M2 in their gene signatures, respectively. We attributed such difference to the particular 

anatomy of the pancreas. In unknown ways, the islet promotes the activated M1-like 

macrophage while the stroma favors the M2-like. We concluded that the “pancreas anatomy 

conditions the origin and properties of the resident macrophages” (74, 80). Future studies are 

required to determine how the tissue microenvironment conditions the biology of 

macrophages (84).

What is the physiological role of the islet macrophages? We believe that there is a symbiotic 

relationship between beta cells and macrophages and that both influence each other. 

Whether the vascular endothelium is involved is an issue to also consider. The islet 

macrophages have a homeostatic or trophic role first reported by Pollard's group's 

examination of the osteopetrotic op/op mouse (85). The op mutation inactivates the Csf1 
gene leading to a reduction or absence of macrophages at many anatomical locations. The 

islets of the op/op mouse were diminished in size and number. This mouse also showed 

impaired glucose tolerance. Calderon in our group showed that most of the islets of the 

op/op mouse lacked macrophages or contained no more than two per islet. In normal mice, 

we saw an average of 10 macrophages per islet. The range was dependent on the size of the 

islets, with bigger islets containing up 20 macrophages, while smaller islets contained fewer 

(78, 80).

How the macrophage and the islet endocrine cells are interacting is unknown. We 

hypothesize that the endocrine cells secrete signals that make the macrophages convert to a 

trophic supportive role. Additionally, all the islet resident macrophages are closely 

associated with the vascular endothelium (78). Live images of islets carried out by Bernd 

Zinselmeyer showed macrophages (labeled with CX3CR1-GFP) extending long cytoplasmic 

projections in between beta cells (6). These cytoplasmic projections can be seen crossing to 

the lumen of the blood vessel (78). Calderon did an ingenious experiment injecting B10.BR 

or NOD mice with 1um latex bead coated with either anti I-Ak or anti I-Ag7 and then 

isolating the islets a few minutes later: in the islets, the specific antibody coated beads were 

localized to blood vessels, always next to a macrophage. It is a telling result that suggests the 

intra-islet macrophage communicates with the circulating blood cells.

Concerning antigen presentation, the islet resident macrophages take up beta cell secretory 

granules and can present diabetogenic antigens. In our first series of studies, we isolated the 

islet macrophages from NOD mice and found them to spontaneously present diabetogenic 

antigens including insulin (78). These studies are complex in the sense that NOD mice, as 

we discuss below, also contain a set of CD103+ DCs that can present antigen. For other 

strains, where the only cell in islet is a macrophage, the conclusion points to macrophages as 

the APC. For example, we tested macrophages isolated from B10.BR mice (H-2k) that 
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expressed HEL as a transgene under the control of the insulin promoter. These islet resident 

macrophages presented antigen to HEL-specific CD4+ T cells. In contrast, the stromal 

macrophages did not present the HEL peptides indicating a clear compartmentalization. 

Thus, the islet macrophages took up the immunogens from beta cells, processed and 

presented them. In the pLN of such mice, there is proliferation of HEL-reactive CD4+ T 

cells as measured by CFSE dilution. This indicates that the islet feeds beta cell derived 

antigens to the pLN. In this case, the most likely transport from islets to pLN is via the 

resident macrophages. It is known that islets lack lymphatics at steady state; instead the 

drainage lies in the surrounding acinar stroma. If the transport is by way of the APC, as we 

believe, it indicates that these move out of islets into the stroma to be able to reach the 

lymphatics.

We have also tried to determine if the islet macrophages contain beta cell material that can 

be visualized and/or quantified. We used an antibody that only detects insulin peptides and 

not insulin protein to find out if the islet macrophage, the only islet APC at steady state, 

contained insulin catabolic products. On average, there were about 10 insulin-peptide 

positive granules per macrophage (6). Electron micrographs of islets from various strains of 

mice also disclosed the presence of granules in APC. The granules in the APCs had the same 

morphology as the dense core granules, the typical morphology of the insulin containing 

granule, an indication that such granules have been transferred. We discuss these issues in 

more detail in a later section, but suffice to say here that definitely the islet phagocytes 

captures and present beta cell antigens. It is likely that such transfer☹i) is responsible for the 

activated biology of the islet macrophages, but, (ii) importantly in the context of 

autoimmune diabetes, is the conduit of immunological information to the T cell system, 

which activates fully when all the genetic components responsible for autoimmunity are in 

place, as happens with the NOD mouse.

(Concerning the stromal macrophages, we examined their antigen presentation capabilities 

by culturing them with a defined antigen, the protein listeriolysin O, that we had experience 

with before. The stromal macrophages, in B6 mice, differed in their presentation when 

isolated and cultured with listeriolysin. The CD206/CD301 negative macrophages presented 

to T cells ex vivo, whereas the CD206/CD301+ macrophages presented it very weakly.)

 The early events in islets: the interferon signature

Several significant events transpire in the NOD at 3-6 weeks of age. In the islets, there is a 

discrete entrance of CD4+ T cells, a burst of CD103+ DCs, an increase in adhesion 

molecules in the vascular endothelium, and a new gene signature (4). Very shortly thereafter, 

CD8+ T cells start appearing, and the deposition of Ig within islets can be found (Fig 2).

One of us (JAC) found that the earliest inflammatory signature in NOD diabetogenesis was 

an interferon (IFN)-inducible gene signature that took place by the 3rd to 4th week of life. 

The early interferon signature in NOD mice was identified by the increased expression of 

well-established interferon-inducible genes, such as the GTPases of the GBP and IRG 

families, and the chemokines Ccl5, Cxcl9 and Cxcl10. The signature was first detected by 

comparing female NOD mice at 2 and 4 weeks of age, and it increased in magnitude as the 
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mice aged. There was no increase in the expression of interferon-signature genes in 

NOD.Rag1-/- mice, demonstrating the requirement for adaptive response in the process. 

Also, C57BL/6 and B6.g7 did not develop an interferon-signature, demonstrating the 

requirement for NOD background genes. In our colony, the first detectable upregulation of 

interferon genes was Ifnb1 at 4 weeks followed by Ifna at 6 weeks and Ifng at 8 weeks. 

Other groups have reported the upregulation of type I interferons in both the pancreatic 

lymph nodes and islets of NOD mice during the 3-4 week time period, although the timing 

seems to vary between colonies (86-87).

We are still trying to understand the importance of both type I and type II IFN in the 

progression of type 1 diabetes. Several major questions remain. How does interferon 

signaling modulate diabetes? This issue remains very confusing to the field. Neutralization 

of the type I interferon receptor with antibodies decreased diabetes incidence, but genetic 

ablation of the receptor had no effect (87). Removal of the type II interferon receptor had no 

effect in one study and led to a reduction of diabetes in females and an increase in diabetes 

in males in another (88, 89).

Do the housing conditions, including gut flora, influence the magnitude of interferon effects 

on diabetogenesis? We suspect that part of the disparate results obtained on NOD 

diabetogenesis regarding interferon may be due to the fact that these cytokines are 

pleiotropic and depending on context and magnitude of exposure can be both pro- and anti-

inflammatory. In brief, the issues of environmental influence on interferon gene expression 

and their effects on diabetes development need to be addressed.

Finally, what are the sources of IFN during diabetes progression? It is easy to assume that 

any Ifng that is detected is being made by T cells, but which T cells? It is still unclear which 

pMHC specificities drive T cells to make IFN during diabetes. Is it the early insulin reactive 

CD4+ T cells or a second wave of amplifying CD4 or CD8+ T cells? The sources of type I 

interferon also remain elusive, and no group has definitively demonstrated its production by 

a specific cell type in either the pancreatic lymph node or the islets of Langerhans.

 The early events in islets: the seminal role of the CD103+ DC

A striking finding in islets is the presence of the subset of DC characterized by expression of 

CD11c and CD103 (αE integrin) (3). In the NOD mice, CD103+ DCs are found in very 

small numbers or not at all at the 3-4 week period but increase shortly thereafter (Figs 3 and 

4). A defining feature of this subset of DC is their high efficiency of cross presentation, i.e., 

processing soluble or particulate antigens and presenting them on MHC-I to CD8+ T cells. 

The CD103+ DC enters the islets at the same time that a few CD4+ T cells are also found. It 

is striking that most, if not all the T cells, are found in contact with the islet APCs. There is a 

tight correlation with the presence of CD4+ T cells, the CD103+ DC, and the appearance of 

a gene signature of inflammation (3). (We still do not know which cells enter the islet first, 

CD4+ T cell or CD103+ DC; and we feel this is an important issue to resolve in order to 

determine causality in the NOD diabetes model.)
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The Batf3-deficient mice were generated by Dr. Kenneth Murphy. Murphy's group found 

that the Batf3 transcription factor is critical in the differentiation of the common DC 

precursor to the CD103+/CD8α+ lineage (90-92). In his studies, the Batf3-/- mice were poor 

at cross-presenting antigens to CD8+ T cells. The mice were susceptible to viral infections 

and did not reject methylcholanthrene-induced sarcomas. The role of the CD103+ DC in 

diabetogenesis was examined in the Batf3 gene knockout mouse in a project led by one of us 

(STF). We backcrossed the Batf3-/- allele onto the NOD background and ran microsatellite 

marker analysis to establish that our mice were fully backcrossed and contained all the IDD 

loci of NOD. The NOD.Batf3-/- lacked the CD103/CD8α DC lineage of DCs in all lymphoid 

tissues, confirming the findings by the Murphy laboratory (90).

We followed a large cohort of NOD.Batf3-/- mice for over a year in our colony and none of 

the mice became diabetic. Histological analysis showed intact islets without any detectable 

lymphocytic infiltration. This was confirmed by flow cytometry analysis of dispersed islet 

cells. Microarray analysis of the isolated islets did not show the signatures of inflammation 

that develop 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 (3). Thus, the interruption of 

the autoimmune process is dramatic. We know of no other NOD gene knockout mice that 

have islets as clean as those found in the NOD.Batf3-/- mice, of course, omitting the 

NOD.SCID or NOD.Rag1-/- mice.

The defect in the Batf3-/- mice is clearly in the lack of the antigen presenting function of the 

CD103+ DC. We know this through an experiment in which we replaced the lineage in the 

NOD.Batf3-/- mice; these were lightly irradiated and reconstituted with NOD.Rag1-/- bone 

marrow cells. The transplanted bone marrow replaced the defective DC lineage in lymphoid 

tissues and in the islets. T cells entered the islets of such reconstituted mice resulting in 

diabetes. Reconstituting the NOD.Batf3-/- with bone marrow cells from a 

NOD.Rag1-/-xBatf3-/- did not replace the missing DC subset or lead to infiltration of islets 

by T cells. Moreover, the autoreactive T cells were still found in the secondary lymphoid 

organs of the NOD.Batf3-/-. T cells isolated from the spleen of the NOD.Batf3-/- transferred 

diabetes after injecting them into NOD.Rag1-/- mice, albeit with slower kinetics than transfer 

of NOD spleen T cells. We concluded that the absence of diabetes in the Batf3-deficient 

mice was caused by the lack of the CD103+ DCs, and that Batf3-deficient T cells were fully 

competent but unable to initiate diabetogenesis without this DC subset.

 The T cells in the Batf3-/- mice

We have paid attention to T cells found in isolated islets. In dispersed islets from non-

diabetic mice, including the NOD.Batf3-/-, we consistently find a small number of CD45+ 

myeloid cells, ∼2-5%. They are mostly represented by the F4/80+ macrophages described 

above. A very small percentage of these CD45+ cells are T cells, ranging from about 3-5%. 

If one considers that each mouse has ∼100-200 CD45+ cells in all their islets, this number 

of T cells is around 3-10 per mouse. We consider that this small number likely derives from 

blood in the islet vessels since, by microscopy, T cells are not detectable inside the islets 

(80). It is important in all these analyses to isolate islets free of stromal cells or the 
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surrounding lymphoid aggregates that may contaminate the islet preparations (see 

Supplemental Figure 1 of reference 80).

The relationship between the presence of CD4+ T cells in islets and the presence and burst 

of CD103+ DC becomes very evident when one of us (STF) examined three congenic strains 

of mice: NOD.B16A (see above), NOD.H4, and NOD.Rag1-/-. The NOD.H4 mouse 

expresses I-Ak and not the diabetogenic allele I-Ag7. Therefore, this strain never becomes 

diabetic, despite the fact that they still get autoimmune thyroiditis. And, of course, the 

NOD.Rag1-/- mouse is deficient in adaptive T and B cells.

In normal NOD mice, there is a progressive increase in CD103+ DC in islets at the same 

time that CD4+ T cells also appear (3) (Fig 4). At 12 weeks of age, there are ∼20% CD103+ 

DCs within the CD11c+ MHCII+ gate. We used this time point as a reference to examine the 

presence of CD4+ T cells and of CD103+ DCs in the islets of NOD congenic strains. We 

found a basal level of about 5% CD103+ DC in the NOD.Rag1-/- mice. This same 

percentage was also found in wild-type NOD mice at 4-6 weeks of age. Hence T cells are 

dispensable for the CD103+ DC to seed the islets. However, T cells are essential for the 

increase during diabetogenesis. In the NOD.H4 mouse there are no diabetogenic T cells, but 

the rest of the genetics are NOD, so we used this mouse to verify that T cells are required for 

CD103+ DC entry. We found the same level of CD103+ DCs in islets of NOD.H4 as in 

NOD.Rag1-/- mice, strongly suggesting that diabetogenic antigen specific T cells are 

required for expansion of the islet CD103+ DC compartment. Interestingly, the examination 

of islets of the NOD.B16A mice revealed that at 12 weeks of age, the percentage of T cells 

was ∼3-4% of the CD45+ cells and the percentage of CD103+ DC was 5% of the APCs.

Therefore, these experiments indicate three clear requirements for initiation of the 

autoimmune diabetic process: CD103+ DCs, insulin reactive T cells, and the expression of 

the I-Ag7 molecule. The congenic mouse studies, especially the NOD.Rag1-/-, showed that T 

cells are unnecessary for the initial seeding of the islets by the Batf3-dependent DCs, but the 

increase of these DCs requires an autoreactive T cell population and, specifically, an insulin 

autoreactive T cell population.

In sum, in studies that are still in progress, we have identified three changes in the 

NOD.Batf3-/- mice. First, the absence of the CD103 resulted in poor presentation of beta cell 

epitopes in the pancreatic lymph node. Presentation was tested by the assay in which CFSE-

labeled standard T cells are injected and their degree of proliferation is assayed in the pLN a 

few days later. Presentation of the islet specific glucose-6-phosphatase related protein 

(IGRP) MHC class I epitope was undetectable while presentation of the BDC2.5 MHC-II 

epitope was reduced by about half. Thus, the sensitization of the draining pLN, required for 

the progression of diabetes, is impaired. It is likely that the APCs from the islets serve to 

transport beta cell antigens to the pLN as we discussed above. A second defect was reduced 

presentation from islet APC. These presentation assays need to be expanded, but we are 

currently limited, as very few CD103+ DC can be isolated from the islets of young NOD 

mice.
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A third important defect in the NOD.Batf3-/- mice is the poor localization of the early CD4+ 

T cells into their islets. We stated before that the islets of the Batf3-/- lacked CD4+ T cells 

found in the regular NOD. Only a few percent were identified, a number similar to that 

found in non-diabetic strains and regarded as “passenger”. Confirming this finding are the 

results of other experiments in which insulin reactive T cells were transferred and their 

localization in islets was examined days later (3). Localization was absent in the Batf3-/- 

islets. The findings suggest that the CD103+ DC somehow conditions the islet to be 

receptive to the early influx of the insulin reactive T cells. How the CD103+ DC controls the 

entry as well as the priming of T cells is of seminal importance to determine.

 Localization of diabetogenic CD4+ T cells into islets

Experiments transferring CD4+ T cells reactive to known antigens have given us important 

information on the mechanisms of entry that we now summarize, then discuss, the 

interpretation of the role of the CD103+ DCs. The experiments used two different models. In 

both cases, Calderon, with one of us (JAC), transferred activated CD4+ T cells, an important 

point to note (5, 93). One model was the transfer of BDC2.5 CD4+ T cells into NOD.SCID 

or NOD.Rag1-/- mice. The other was the transfer of a CD4+ TCR transgenic to reactive to 

HEL (3A9) into mice that expressed HEL in islets as a transgenic under the control of the 

insulin promoter, in B10.BR mice (H2k). The experiments consisted of activating the T cells 

ex vivo with the antigenic peptides, then injecting them and killing the mice a few hours to 

days later, isolating the islets and examining them. The results with both were identical. T 

cells localized specifically to islets, best shown in the HEL model where localization took 

place only in islets expressing HEL but not in those lacking it. Non-specifically activated T 

cells (such as with concanavalin A) did not enter islets. The entry of the specific activated T 

cells was not inhibited by pertussis toxin, suggesting that it did not involve chemokines. It 

was partially inhibited by monoclonal antibodies to MHC-II and to ICAM. ICAM is 

normally expressed in endothelial cells in islets. T cells did not localize in the pancreatic 

stroma. Most of the T cells in islets were in tight contact with the APC. The time of contact 

in live isolated islets was similar to that found in the T cells-APC interactions studied in 

lymph nodes.

Of particular interest is the profound series of changes in islets as soon as activated T cells 

enter. (All of the changes described below happened in islets during the normal diabetogenic 

process in the NOD mouse, albeit a slower pace than when induced with transfer of activated 

CD4+ T cells). Concurrent to T cell entry, there was the upregulation of IFN-signature genes 

described above. Almost simultaneously, there was increased class II expression in the 

APCs, and increased expression of the adhesion molecules ICAM-1 and VCAM-1. ICAM-1 

was highly expressed throughout the vascular endothelium and, notably, also by beta cells. 

One can speculate that the elevated expression of ICAM-1 fosters the beta cell's interactions 

with T cells. VCAM expression is contained to the vascular endothelium. Experimentally, 

blocking ICAM-1 or VCAM-1 using monoclonal antibodies reduced the entry of the 

diabetogenic T cell clone BDC2.5 (5, 91). Similarly, blockade of ICAM-1 and LFA-1 with 

antibodies reduced diabetes incidence in the NOD mouse (94). Combination therapy with 

both anti-VCAM1 and anti-LFA-4 also prevented diabetes in NOD mice (95). We also 

observed the progressive upregulation of three other adhesion molecules: Glycam1, Amica1, 
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and L1cam (4). However, there has been no assessment of the function of these molecules 

for diabetogenic T cell entry.

In addition to adhesion molecules, we detected the expression of T cell attractant 

chemokines as early as 4 weeks of age (4). The two strongest upregulated chemokines were 

Cxcl9 and Cxcl10, which are also among the most strongly upregulated genes in islets 

throughout all of diabetogenesis. In addition, we detected upregulation of Ccl19, albeit to a 

far lower level. It is still not clear which of these, if any, chemokines is responsible for the 

earliest T cell entry. Taken together, these observations show that very early in 

diabetogenesis the inflammatory cytokine milieu leads to upregulation of ICAM-1 and 

VCAM-1, which are major players in the amplification of T cell numbers or progression of 

diabetes in the NOD mouse.

An important finding is that nonspecifically activated CD4+ T cells entered the islets 

following the entrance of the diabetogenic T cells (93). This entrance, in contrast to that of 

the diabetogenic T cells, was inhibited by pertussis toxin and also inhibited by antibodies to 

VCAM. The non-specific CD4+ T cells did not contact the APCs, or if they did it was a 

transitory interaction. This last finding indicates that as soon as there is a specific entrance of 

diabetogenic T cells, the islet now becomes receptive to entrance of broader repertoire of T 

cells.

 The interactions and passage of beta cells vesicles to APC

We believe that an important component driving the autoimmune process is the transfer of 

beta cell granules to the islet APC. This process appears to be constitutive, but it has 

important implications. It is the conduit of immunological information from beta cell to 

APC, the process that likely brings the CD4+ T cells into operation. We interpret these 

findings as follows: once these early, islet-intrinsic interactions take place, the pancreatic 

node enters into action resulting in a rapid amplification of the process that brings in 

regulatory cells as well as the CD8+ T cell component. Once the CD8+ T cells are primed, 

any MHC-I bearing beta cell will be eliminated. This will release more autoantigens that 

creates a feed-forward inflammatory loop that cannot be stopped. Studying the events before 

CD8+ T cells become primed has the most promise for both understanding human diabetes 

as well as developing interventions that may prevent disease. After CD8+ T cells become 

activated, we believe the process is “locked-in” and therapy will be essentially impossible. 

Therefore, the only way to prevent diabetes is to diagnose it well before hyperglycemia is 

detected.

How are the beta cells donating the diabetogenic antigens, i.e., insulin in our studies, to the 

resident APCs? Through various approaches, we can conclude that beta cells normally are in 

close contact with the resident APCs. In this close contact interaction, the secretory 

granules, as well as the peptide-bearing granules, are transferred to the macrophage and to 

the CD103+ DC. Indeed, we have firm evidence that macrophages as well as DC capture 

secretory granules. However, we need to evaluate which of the two APCs are more effective 

and whether there are interactions between the two, issues that are now under consideration.
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We studied the passage of secretory granules from beta cells to APC in an assay in which 

primary beta cells are cultured with APC (either DC or macrophages), after which we 

probed the presentation of the insulin pMHC-II complex with either of the two T cells 

directed two epitopes of insulin (6) (Fig.5). Both T cells reacted, indicating that the APC 

was presenting both of the insulin peptide registers. The transfer required a close interaction 

between beta cells and APC, separating them by a cell impermeable membrane blocked 

presentation. The transfer also required viable beta cells. Killing beta cells with 

streptozotocin stopped the transfer completely. Beta cells from NOD.Rag1-/- mice, the non-

diabetic C57BL/6 mouse or human all transferred the granules to APCs. In the case of the 

latter two, the APCs were from NOD. Extrapolating these results to the autoimmune 

situation suggests that active inflammation or cell death in islets is not a requirement for the 

initial presentation to take place.

The process whereby the secretory granules are passed to beta cells is modulated by glucose 

concentration (6). Increasing glucose levels from the basal level of 2.5/5 mM, to 25 mM, 

resulted three times higher insulin presentation. We also found a requirement for 

intracellular calcium in the process. How the close cell interactions are taking place needs to 

be examined at depth, but imaging analysis as well as electron microscope studies of islets 

are confirming much of the results of the assay just described.

Electron microscopy of islets of non-diabetic mice and from NOD mice at the ∼6 week 

stage of diabetes revealed the presence of typical macrophages containing beta cell granules 

(Fig 6). Some of the vesicles were the typical dense core granules surrounded by only one 

membrane, an indication that the whole granule was internalized. However, a second type of 

granule within a double membrane vesicle containing a proteinaceous-like material was also 

seen. We need to distinguish the macrophages from the DC and substantiate whether the 

latter also captures granules in vivo.

In a project led by Bernd Zinselmeyer, we have live images of APC interacting with beta 

cells and capturing the entire granules (Fig 6). We made use of an insulinoma cell line 

bearing granules expressing the ZnT8 granule proteins fused with GFP. This allowed us to 

track the movement of the secretory granule in real-time. Soon after putting the ZnT8+ 

insulinoma with DC, we saw a polarization of the granules to the site of contact. Then, one 

can see the movement of the intact GFP+ material from the insulinoma to the DC (6).

We hypothesize that the transfer of the intact granules to the APC has several important 

features to the diabetogenic process. First, the granules contain potential modulatory 

substrates, such as ATP, which enhance the activation of pattern recognition receptors on the 

APC. This activation may be physiologically important to prevent infection of beta cells by 

circulating pathogens, but may have the unintended consequence of creating a “poised” APC 

that is ready to prime diabetogenic T cell responses. Second, the granules are a depot of very 

concentrated insulin protein or peptides, as is the case of the crinophagic vesicles. This 

material may be the substrate that may be presented to T cells by the APC leading to the 

initiation of autoimmune diabetes (fig 7).
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 Summary

In summary, a number of critical events transpire very rapidly in the NOD islets and pLN 

that set up the autoimmune process many weeks before overt diabetes. This is one of the 

great advantages of studying NOD in that the first stage of the autoimmune can be 

identified, a stage that sets this process forward. One can definitely state that in the islet 

there are important interactions between beta cells and the resident macrophages 

independent of the autoimmune program. These translate in healthy beta cells (note the islets 

in the op/op mouse) and in macrophages that have features of activation. It is likely that the 

beta cell:macrophage talk sets the scenario for the next two cellular protagonists to come 

into action, the CD103DC and the initial CD4+ T cell; the NOD is a strain that contains all 

the favorable genetic elements that allows the autoimmune process to develop.

A series of questions come immediately to mind and that need to be resolved first:

i. Are the initial CD4+ T cells to insulin peptides the only or the major initiating 

cells, and what is the explanation for their recognition of insulin catabolites by 

the I-Ag7 MHC-II molecules? Although our data is pointing to a unique 

presentation of the insulin catabolites, the range of insulin-specific cells, the 

presentation by mTEC and/or by thymic APCs, the interactions leading to anti-

insulin antibodies and the role of the antibodies are part of the many issues that 

need immediate answers.

ii. What is the nature of the interactions between beta cells and the two main 

APCs? It was surprising to note the close interactions between beta cells and 

APC pointing to a beta cell-APC synapse that is critically involved. Dissecting 

its different molecular elements is a priority as well as the mechanism of 

granule transfer that appears to be so distinct from the classical process of 

degranulation following glucose challenge.

iii. Why is CD103+ DC such an important cell? The CD103DC is definitely 

having a role in presentation of MHC-I epitopes to the pLN leading to the 

subsequent stage that amplifies the process. How the transport process from 

islets to pLN takes place is likely via the pancreatic lymphatics. Based on our 

findings, the CD103Dc is also involved in MHC-II presentation, an issue that is 

ignored because of the exaggerated role given to its “cross presentation” 

function. For us, the important issue is to determine how the CD103+ DC is 

brought into islets, how it gets hold of insulin epitopes and whether there is 

cooperativity with the resident macrophage. This includes the presentation of 

both MHC-I and II epitopes. Unquestionably the major cell in islets containing 

insulin epitopes is the macrophage. It may not surprise us if the macrophage 

and DC are interacting and exchanging material, rather than being separate 

independent entities. Selective depletions of one or the other may give us an 

indication of their function.

As expected, there are many other issues to consider and follow that are as important as 

these. Among them are the programs of activation of the CD4+ T cells, the involvement of 

the regulatory pathways, and the biology of the CD8+ T cells. Other groups are prioritizing 
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these questions. Hopefully all the pieces of the diabetes autoimmune puzzle may all fit 

together into a whole, but we should be prepared that some of the pieces of the puzzle may 

fall or not fit at all.
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Figure 1. 
CD4+ T cells recognize distinct registers of the B:9–23 peptide. Response of the hybridomas 

IIT-3 (Left Panel) and 9B9 (Right Panel) to the Register 1, B:12–20 and the Register 2, B:

13–21 peptides covalently linked to I-Ag7 expressed on C3.G7 cells. T cells directed to 

Register 1, B:12-20 escape negative selection and can enter islets.
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Figure 2. 
Examination of NOD islets throughout diabetogenesis. (A) Islets of Langerhans were 

isolated from NOD mice at the indicated ages and stained for blood vessels (PECAM-1), 

intra islet myeloid cells (CD11c), and T cell (CD4). Shown are representative images 

obtained from a pool of 6 mice per age from two independent experiments. Inserts show 

contacts between intraislet myeloid cells and T cells. White bars represent 50 μm. (B) Islets 

were isolated and stained for the indicated markers and then scored for presence or absence 

of staining. Bars represent mean+/−S.D. of the percentage of marker positive islets of 

Langerhans obtained from a pool of 6 mice per group from two independent experiments. 

(C) Islets of Langerhans were dispersed and cells were examined by flow cytometry for the 

indicated cell surface markers. Bars represent the mean+/−S.D. of the percentage of total 

islet cells identified in two independent experiments per age. Results were obtained from a 

pool of 8 to 10 mice per group. Taken from reference 4.
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Figure 3. 
Two sets of myeloid cells are identified in NOD mice islets. (A) Gating strategy for 

dispersed islets. (B) F4/80+ and CD103+ staining of myeloid cells from 4-week-old and 8-

week-old NOD (left) and NOD.Batf3−/− (right) islets, as gated in (A). Adapted from 

reference 3 with permission.
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Figure 4. 
Lymphocyte infiltration is absent in NOD.Batf3−/− mice islets. Flow cytometric analysis of 

(A) CD103+ myeloid cells gated as in Figure 2A and (B) CD3ε+ lymphocytes (gated on 

CD45+ cells) from 12 week NOD, NOD.Batf3−/−, NOD.B16A, NOD.H4, and NOD.Rag1−/− 

islets. (C) Representative graph of data from (A) including time course of NOD from 3 to 12 

weeks of age. (D) Representative graph of data from (B) including NOD time course from 3 

to 12 weeks of age. Representative flow cytometry plots and cumulative data from three or 

more independent experiments with each experiment pooling two or more mouse islets per 

sample (error bars, SD). Taken from reference 3 with permission.
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Figure 5. 
Beta cells transfer immunogenic insulin to phagocytes. Left Panel: Graph shows the 

characterization of the two CD4+ T cells to insulin (1). The FLT-3L DCs were incubated 

with insulin or with the B:9–23 peptide, each at 10 μM. 8F10 reacts with peptides B:9–23 or 

B:12–20 (sequence shown below the graph) but not with insulin or B:13–21. IIT-3 reacts 

with insulin and peptides B:9–23 and B:13–21. Right Panel: A representative assay (of n > 

25). Indicated are the cells used in the assay. Beta cells were from 6-wk-old NOD.Rag1−/− 

mice; the APCs were DCs obtained from the spleen of mice previously injected with 

FLT-3L. Background response of the T cells never exceeded 150 cpm. Adapted from 

reference 6.
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Figure 6. 
Imaging and electron microscopy of beta cell granule transfer to APC. (A) DCs labeled with 

CellTrace Violet (red) were added to NIT GFP-ZnT8-Insulinomas. Left panel shows the 

contact area of NIT insulinomas in green with the DCs. Note the accumulation of GFP+ 

granules at the contact area. No movement of granules was observed in BAPTA/AM-treated 

NIT cells (Right panel). (B–E) Electron micrographs. B represents an islet from an 8-wk-old 

female NOD; C–E are islets taken from NOD.Rag1−/− mice at 14 wk of age. The arrow in B 

indicates a vessel. In the enlarged area, one of the dense-core granules is indicated by an 
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arrow. In panel D a phagocyte is shown in between beta cells, and an arrow points to a 

dense-core granule. Panel E shows a portion of a phagocyte with endocytosed material in the 

form of vesicles containing an electron-dense core, with others containing amorphous 

content. Graph published in the Proc. Nat. Acad. Sci. (6).
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Figure 7. 
Graph shows our current model of diabetes progression.

1. Insulin autoreactive CD4+ T cells primarily directed to register 1, B:12-20 

enter the islets. The entry of autoreactive CD4+ T cells requires the Batf3-

dependent dendritic cells and, in their absence, the diabetogenic process is 

never established. Hence, the prisitine uninfiltrated islets evidenced in the 

NOD.Batf3-/- mouse.

2. Either the macrophage or the CD103+ DC leads to the CD4+ T cells getting 

activated. Then, the trafficking DC, presumably the CD103+ DC, exits the 

islets.

3. The draining pancreatic lymph node, upon receiving an activating and 

inflammatory signal from the trafficking DC, switches from a regulatory depot, 

to a priming and amplifying source for islet autoreactive T cells.

4. Primed autoreactive T cells enter islets and destroy beta cells. (Taken from 

reference 3 with permission.)
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Table 2
Profiles 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 - + +

All three macrophages were negative for Ly6C, CD103, Zbtb46.

*
Refers to definitive hematopoiesis or yolk-sac-primitive hematopoiesis.

+, high expression; +/-, low expression; -, negative expression
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