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Abstract In type 1 diabetes (T1D), a break in central and

peripheral tolerance results in antigen-specific T cells

destroying insulin-producing, pancreatic beta cells. Herein,

we discuss the critical sub-population of dendritic cells

responsible for mediating both the cross-presentation of

islet antigen to CD8? T cells and the direct presentation of

beta cell antigen to CD4? T cells. These cells, termed

merocytic dendritic cells (mcDC), are more numerous in

non-obese diabetic (NOD), and antigen-loaded mcDC

rescue CD8? T cells from peripheral anergy and deletion,

and stimulate islet-reactive CD4? T cells. When purified

from the pancreatic lymph nodes of overtly diabetic NOD

mice, mcDC can break peripheral T cell tolerance to beta

cell antigens in vivo and induce rapid onset T cell-medi-

ated T1D in young NOD mouse. Thus, the mcDC subset

appears to represent the long-sought critical antigen-pre-

senting cell responsible for breaking peripheral tolerance to

beta cell antigen in vivo.
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Abbreviations

T1D Type 1 diabetes

Ag Antigen(s)

TCR T cell receptor

APC Antigen-presenting cell

DC Dendritic cell(s)

FLT3 Fms-like tyrosine kinase 3

FLT3L FLT3 ligand

mcDC Merocytic dendritic cells

IKDC Natural killer dendritic cells

Th1/Tc1 T helper cell type 1/T cytotoxic cell type 1

pDC Plasmacytoid dendritic cells

cDC Conventional dendritic cells

PLN Pancreatic lymph nodes

CLP Common lymphoid precursors

CMP Common myeloid precursors

NOD Non-obese diabetic

Type 1 diabetes mellitus (T1D) is the most prevalent

pediatric autoimmune disease

In T1D, T cell-mediated destruction of insulin-producing

pancreatic beta cells leads to acute-onset hyperglycemia. It is

the most common autoimmune disease of children and has an

overall incidence approaching 1 in 250 in the general United

States population [1]; its incidence is, unfortunately, rising

(at 3% a year, and even faster in very young, [2, 3]). Both

genetic and environmental factors influence T1D develop-

ment, with current data suggesting a concordance rate

between 35 and 50% among monozygotic twins [4]. The

NOD mouse is widely used to investigate the etiology,

immunology and genetics of T1D (reviewed in [5, 6]). NOD

studies have established that diabetogenic CD4? and CD8?
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T cells are central to the disease process and orchestrate the

destruction of pancreatic beta cells [7–12]. Presently, the

only widely approved treatment is daily, insulin-replacement

therapy. While exogenous insulin is a life-saving therapy, it

is not a cure; T1D patients still face a plethora of short- and

long-term challenges, including higher levels of psycho-

social problems [13] and secondary complications, such as

heart disease, stroke, neuropathy, nephropathy and retinop-

athy that cause increased daily hardships and diminished

quantity and quality of life [14]. Thus, a better understanding

of immunopathogenesis and etiology of T1D is vitally

important and clinically significant to improved both child

and adult health in the United States.

The non-obese diabetic (NOD) mouse is the ‘‘gold

standard’’ of rodent T1D research

The NOD mouse is an excellent model that is extensively

used to elucidate key molecular and cellular mechanisms

in the immunopathogenesis of T1D. The NOD mouse is a

valued model for studying T1D in animals for a number

of key reasons: (1) it exhibits spontaneous T1D that is

clearly autoimmune in character, and genetically and

environmentally regulated; (2) it exhibits substantial dis-

ease similarity with human T1D; (3) it is an inbred small

animal model that is relatively inexpensive to house and

maintain; (4) it is amenable to study using the gene

manipulation techniques of the modern laboratory; and (5)

it has a wealth of available strain- and species-specific

reagents to aid in its analysis. Thus, the NOD mouse has

become indispensable in our quest to understand the basic

etiology and immunopathogenesis of T1D. Unfortunately,

despite substantial recent progress, the basic etiology

remains elusive.

The role for CD41 and CD81 T cells in T1D

Studies in the NOD mouse have shown that both CD4? and

CD8? T cell respond to pancreatic beta cell self-antigens

(self-Ag) and that both cell types can kill pancreatic beta

cells [7, 9–12, 15–20]; in addition, both subsets are

required for the effective transfer of diabetes into NOD

mice and the genetic absence of either subsets results in no

insulitis or diabetes in NOD mice [21–25].

The immunopathogenesis of T1D

The initial pathological manifestation of T1D (often

referred to as ‘‘checkpoint 1’’) in both mice and humans is

insulitis; this occult infiltration of the pancreatic islets of

Langerhans by leukocytes leads to localized inflammation

followed by selective destruction of insulin-producing beta

cells, when the infiltration is complete and extensive and

exclusive beta cell apoptosis is observed [26, 27]. More-

over, insulitis is controlled by the tenor of the autoimmune

response, with pronounced differences in localized immu-

noregulation, cellularity and cytokine production during

the transition from a benign to pernicious state [28].

The destructive phase of insulitis demarcates the second

stage of the disease, often termed ‘‘checkpoint 2’’ (reviewed

in [26]). Briefly, during this phase, CD8? T cells mediate the

direct, Ag-driven killing of beta cells via cognate recognition

of beta cell Ag presented by MHC class I on the surface of the

beta cells, while CD4? T cells kill via indirect means,

through the localized liberation of cytokines that are them-

selves directly toxic to beta cells or stimulated the activation

and maturation of resident macrophage, that can, in turn, kill

beta cells by nitric oxide or other free radials [29]. When the

majority of beta cells undergo apoptotic cell death, overt

diabetes ensues [27, 29–32].

The BDC2.5 T cell receptor (TCR) transgenic mice

have provided useful information on the genesis

and pathogenesis of CD41 T cells in T1D

Studies on the role of Aire-driven intrathymic expression

of beta cell Ag in the medullary epithelial cells clearly

show a significant role for central (deletion) tolerance to

islet self Ags during thymocyte development [33–36]. Yet

this is not the sole tolerance mechanism. For example,

many self-Ag specific T cells do escape the thymus. A

prominent example is seen in the BDC2.5 TCR transgenic

mice (BDC2.5/NOD) where the developing T cells express

the rearranged TCR-a and TCR-b chains from the diabe-

togenic CD4? T cell clone, BDC2.5, that was originally

isolated by Haskins and colleagues from an overtly diabetic

female NOD mouse [20, 37, 38], and responds to the

pancreatic beta cell antigen, Chromogranin A [39].

Developing thymocytes from this transgenic mouse express

the transgene encoded TCR-a and TCR-b chains are

selected on MHC class II (I-Ag7) on the NOD thymic

stromal cells, escape negative selected during develop-

ment, and mature into fully functional CD4? T cells [20].

The BDC2.5 TCR-ab are most strongly expressed in young

(\6-week old) NOD mice, as revealed by an anti-clono-

typic mAb, aBDC2.5 [40]. It is during this early period that

the mouse displays a rapid development of insulitis, but

lags in the development of diabetes [40]. The lag in dia-

betes is thought to result from endogenous TCR-a chains

rearrangements that produce an alternative partner for the

transgenic TCR-b chain to provide for a more diverse TCR

repertoire, and this repertoire contains not only other CD4?
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and CD8? T cells but also Foxp3? Treg cells and CD1d-

tetramer-reactive NKT cells as shown in Fig. 1 (and ref

[41]). These data, along with the waning BDC2.5 TCR

expression with age, suggest that these diverse T cells act

to regulate the diabetogenic T cells that developed earlier

and that drive the initial insulitis observed. When crossed

onto NOD.scid (Prkdcscid) mutant or Rag1-, Rag2- or

TCRa-deficient mice, the resulting BDC2.5/NOD mice,

unable to express alternative endogenously encoded TCR-

a, produce T cells that express a monoclonal BDC2.5 TCR-

ab repertoire and exhibit both accelerated insulitis and

diabetes [27, 42, 43], such that these mice do not survive to

breeding age. Similar studies have been performed with

other CD4? and CD8? TCR transgenic mice, with largely

the same results [21, 44–47]. Thus, taken together, these

data suggest that while central tolerance to islet Ag is

vitally important in reducing auto-reactive T cells, a sig-

nificant proportion of self-Ag T cells are still exported from

the thymus and must be controlled by active mechanisms

of peripheral tolerance. Unfortunately, in the NOD mouse,

unlike most other strains, peripheral tolerance is routinely

breached and most NOD mice eventually develop a T

cell-dependent T1D. Thus, it is critical to understand what

cellular and molecular actors conspire to break peripheral T

cell tolerance in the diabetes-prone NOD mouse.

Natural beta cell turnover and remodeling liberates Ag

recognized by auto-reactive CD41 and CD81 T cells

As mice grow and mature, they are exposed to physio-

logical and environmental stress that alters homeostatic

insulin requirements. As a result, the numbers of and

insulin output by beta cells is under constant flux [48].

Islets have a defined lifespan and normal turnover is a

natural consequence [49, 50]. In addition, several studies

have suggested that a wave of apoptotic beta cell turnover,

coincident with weaning, is seen in 2–3-week-old rats and

mice as they transition from a diet largely of mother’s milk

to a more complex diet of solid food [51–53]. It has been

suggested that this wave of islet cell remodeling affords the

normal antigen-presenting cell of the immune system with

a bolus of self Ag for (cross)-presentation to auto-reactive

CD4? and CD8? T cells (reviewed in [29]). Thus, beta cell

Fig. 1 BDC2.5/NOD mice

contain both Treg cells and

NKT cells while BDC2.5/

NOD.Rag1-/- mice do not. The

transgenic TCR-b chain

excludes the uses of endogenous

TCR-b, all T cells are Vb4?.

However, in the NOD

background functional

endogenous TCR-a can form,

pair with the transgenic TCR-b
and be expressed on the cell

surface. These cells appear as

clonotypic low (a BDC2.5), but

Vb4?.Some of these express

intracellular Foxp3 and have

regulatory function and some

express a TCR-a that allows

them to recognize glycolipid

antigens presented by CD1d and

therefore react with the CD1d-

tetramer used to identify NKT

cells. Live, size gated splenic

CD4? T cells from 12-week-old

mice were analyzed.

50–100 9 105 events were

collected
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antigens are constantly available for antigen presentation in

vivo, either by normal insulin de-graduation or apoptosis.

Peripheral tolerance to beta cells is broken by dendritic

cell presentation of antigen from apoptotic beta cells

T1D is controlled by cognate interactions between islet-

Ag-containing dendritic cells (DCs) that surveil and drain

from the pancreas and naı̈ve islet-specific T cells in the

pancreatic lymph nodes (PLN, [54]). CD4? T cells are

activated in the PLN by DC presenting islet Ag via the

I-Ag7 class II MHC, while CD8? T cells are activated by

cross-presentation of islet Ag by MHC class I on DC [55,

56]. Thus, in the end, the breaking of peripheral tolerance

for both CD4? and CD8? T cells is mediated by Ag-loaded

DCs that drain the pancreas. This process is somewhat

paradoxical; while DCs have long been appreciated as

crucial APC during times of inflammation, the clearance of

apoptotic cells by DCs is generally considered to be non-

inflammatory, even tolerogenic [57]. Yet, under cer-

tain situations, acquisition of antigen from apoptotic cells

by DCs can be pro-inflammatory and can lead to the

priming of self-reactive T cells [58]; this appears to be the

case for apoptotic pancreatic beta cell Ags in T1D-prone

individuals or animals. What is not fully understood is

which DC subset is responsible for breaking peripheral

tolerance to islet Ag and how this process unfolds

mechanistically.

Dendritic cell are developmentally diverse subsets

with distinct functions

Dendritic cells are sparsely distributed bone marrow-

derived, phenotypically and functionally heterogeneous

leukocytes. DCs are thought to arise from Flt3? common

lymphoid precursors (CLP) and common myeloid precur-

sors (CMP) in the bone marrow. CLP generate common

dendritic cell precursors (CDP) that give rise to plasma-

cytoid DC (pDC) and—via an intermediate pre-cDC stage

the ‘‘conventional’’ DC (cDC). Flt3? CMP on the other

hand can generate CDP and ‘‘macrophage’’ DC precursors

(MDP). The MDP can further differentiate into macro-

phages, cDC and monocytes that give rise to tissue DC in

and inflammatory DC (Fig. 2 and in review [59, 60]).

Conventional DC (cDC) are generally divided based on

their expression of the surface molecules CD8a, CD4,

CD11b, CD205 and 33D1 [60, 61]. The two major subsets in

mouse spleen and lymph nodes are the CD11c?CD8a?

CD11b- DC that are localized primarily to the T cell area and

marginal zone, and the CD11c?CD11b? CD8a- DC that can

be found in the red pulp and bridging channels. CD205

expression is found in the CD8a? DC while 33D1, CD172,

and CD4 expression is contained within the CD11b? popu-

lation. However, these classifications are a simplified

subdivision, as in vivo studies have revealed the existence of

several other cDC subsets (such as merocytoc DC, natural

killer DC, IKDC, [62–64]). Moreover, these subsets rely on

the more physiologically relevant grouping of cDC around

function rather than a simple collection of cell surface

markers. This is especially relevant for merocytic dendritic

cells which as yet lacks an exclusive surface marker but has a

unique functional phenotype (see below).

The presentation of cell-associated protein antigens

differs between dendritic cells subsets

Most human and mouse DC subsets can activate CD4? and

CD8? T cells when pulsed with cognate peptides, as this

requires no antigen processing and limited secondary sig-

naling [65]. While most human and mouse DC subsets can

capture protein and cell-associated antigens, not all subsets

are able to process and present the Ag fragments (epitopes)

to naı̈ve CD4? T and CD8? T cells [56, 65, 66]. In par-

ticular, cross-presentation of cell-associated antigens to

CD8? T cells is thought to be limited to one or two DC

subsets, as specialized antigen handling is required to

shuttle exogenously acquired antigen into the endogenous

antigen presentation system associated with class I MHC

[67]. Moreover, only a few DC subsets can present cell-

associated antigenic epitopes to both CD4? and CD8? T

cell epitopes. Additionally, studies in both humans and

mice show that detection and subsequent clearance of

apoptotic cells leads to a tolerogenic state in most DC

subsets. Phagocytosis of apoptotic material has, in fact,

been shown to prevent DC maturation and inhibit pro-

inflammatory cytokines production. In addition, the uptake

of apoptotic cells by various lineages of phagocytes has

Fig. 2 Overview of DC differentiation pathways in mice. Flt3, FLT3
fms-like tyrosine kinase 3, FLT3L FLT3 ligand, GM-CSF granulocyte

macrophage colony-stimulating factor, CLP common lymphoid

precursors, CMP common myeloid precursors, MDP macrophage

DC precursor, pDC plasmacytoid dendritic cells, cDC conventional

dendritic cells, mcDC merocytic DC
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been shown to induce specific immunoregulatory factors,

including IL-10, TGFb and prostaglandin E2, that dampen

adaptive immune responses [68–71].

CD8DC

CD8DCs are considered the classic cross-presenting DC

and, for a long time, the only mouse DC population with

the ability to cross-present cell-associated antigens to

CD8? T cells [72]. CD8DCs display more efficient phag-

ocytic uptake of dead cells and loading of antigenic-

peptides into MHC class I than many other DC populations

[73, 74]. In addition, CD8DCs are able to produce high

levels of bioactive interleukin-12 (IL-12p70) that helps in

their induction of Th1, Tc1 and NK responses. However,

their capacity to present antigens in MHC class II to CD4?

T cells under conditions of limiting antigen is relatively

poor (reviewed in [72]). Finally, CD8 only serves as a

useful DC subset marker in mice, as it is absent from DCs

in many other species and notably absent from human DCs.

This has led to the false impression that this DC subset is

absent from the human DC system, their likely human

counterpart are CD141? DC [75–77].

CD11bDC

Presentation of exogenous antigen by CD11bDCs is con-

sidered to be geared towards CD4?T cells. Although

CD11bDCs phagocytose apoptotic cells quickly, they are

poor presenters of cell-associated antigens in both MHC

class I and II. Moreover, in the absence of other inflammatory

stimuli, CD11bDC produce anti-inflammatory cytokines,

including IL-10 that suppresses T cell priming. In the pres-

ence of inflammatory stimuli (including TLR/NLR stimuli or

inflammatory cytokines) CD11bDCs do prime CD4?T cells

to cell-associated antigens. This priming, however, is rela-

tively poor when compared with soluble antigens and often

fails to induce memory T cell responses.

Plasmacytoid DC (pDC)

The pDC subset is a major non-conventional dendritic cell

population, that are CD11loB220?PDCA-1?. The pDC is a

relatively rare population of DC in lymphoid tissues and

the blood. pDC are predominantly known for their unique

ability to secrete large amounts of type I interferons in

response to pathogen-derived products. Recently the con-

sensus has emerged that pDC can activate naı̈ve T cells as

well as memory cells. However, compared to other DC

populations, pDC are considered poor presenters of

exogenous antigens, recent studies indicate that they can

efficiently present endogenous antigens, especially in the

context of infection [78–80]. They may be particularly

potent at activating natural killer (NK) T cells in vivo.

Merocytic DC (mcDC)

Merocytic DC, have only recently been identified within

the CD11c?CD11b-/loCD8a-PDCA-1- DC subset based

on their capacity to potently (cross-) prime both CD4? and

CD8? T cells to cell-associated antigens, Fig. 3a and in ref.

[58, 81, 82]. Most of the current knowledge on mcDCs and

their function comes from recent studies where mcDCs

were used for autologous tumor vaccine presentation in

mouse models of cancer. These experiments in tumor

bearing mice have shown that mcDC can prime naı̈ve T

cells—both CD4? and CD8?—in a tumor suppressive

environment as well reinvigorate T cells rendered anergic

by the tumor [82]. Moreover, T cells primed by mcDC

displayed a greater capacity for primary expansion, cyto-

kine production, and memory formation on a per cell basis

than those primed by other DC subsets. Given its potential

in preclinical tumor models, the identification of the human

equivalent has become a topic of intense research.

The mcDCs potent priming potential resides in no small

measure in its other critical phenotypic characteristics—

antigen storage in non-acidic cytosolic compartments

concomitant with prolonged antigen presentation and the

type I IFN production upon uptake of apoptotic cells.

Rather than engulfing the entire apoptotic body, mcDC

seem to actively ‘‘nibble’’ on the corpses. The particles

(meros = particle in Greek) obtained through this pathway

are significantly smaller than apoptotic material taken in by

CD8DCs and CD11bDCs, Fig. 3b. Importantly, the parti-

cles are stored in non-acidic organelles—‘‘merosomes’’—

in the cytosol for many days and function as an antigen

depot [82]. This endows the mcDCs with the capacity for

prolonged Ag presentation, which increases the window

during which rare antigen-specific T cells can encounter

and interact with their cognate antigen, Fig. 3c. In addition,

increasing the length of antigenic stimulation has been

shown to positively affect T cell expansion, acquisition of

effector functions, and memory development [83–86].

The mcDCs are further characterized by their unique

capacity to produce proinflammatory type I IFN, instead of

IL-12p70 or the immunoregulatory IL-10, after uptake of

dying cells [58, 82]. Type I IFN can provide an autocrine

adjuvant effect on mcDCs through the up-regulation of

MHC I/II and co-stimulatory molecules and a paracrine

adjuvant effect on T cells through alterations of pro-and

anti-apoptotic molecule expression [87–89]. This is sup-

ported by our observations that mcDCs lacking a functional

Merocytic DC in autoimmune diabetes 2877
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type I IFN receptor (Ifnar-/-) showed significantly reduced

priming and absence of wild-type T cell memory upon

presentation of autologous tumor vaccines in vivo [82]. In

addition, Ifnar-/- CD8 T cells showed poor priming and

failure to develop into memory cells upon priming by WT

mcDCs [82].

The capacity of mcDC to prime both CD4? and CD8? T

cells is critically important in the clearance of tumors. We

and others have shown that CD4? T cell help during the

priming of CD8? T cells is required for optimal CD8? T

cell activation, primary expansion, acquisition of effector

function, and the development of memory [90–92]. This is

most clearly appreciated in models where increasing cog-

nate CD4? T cell help through transfer of (transgenic)

CD4? T cells or pre-immunization augments the induction

of CD8? T cell responses [93, 94]. In addition, ample

evidence indicates that CD4? T cell help plays an ancillary

role in the maintenance, reactivation, and expansion of

existing memory CD8? T cells [95].

There is a specific role for dendritic cells

in the initiation and progression of T1D

A number of studies suggest distinct and vital roles for DCs

in promoting or inhibiting T1D in the NOD mouse, including

studies showing that DC are the first leukocytes to infiltrate

islets during the initial phases of insulitis, only followed

secondarily by T cells [96]. Pancreatic islet resident DC

resemble those in the dermis and include both CD8?CD103?

and CD11b? DCs, although the relative number of

CD8?CD103? DCs is much lower that CD11bDCs and

rarely exceeds 20% of the total tissue DC pool [97]. In

addition, none of the islet resident DCs express langerin [98].

DCs are essential for the retention of lymphocytes in

peri-insulitis lesions prior to the onset of progressive insulitis

[99, 100], while Turley et al., have proposed that diabeto-

genic T cells activation is triggered via antigen presented on

CD11b?CD11c?DC [54]. This is largely in agreement with

our published data that the presentation of islet antigen to

BDC2.5 T cells in vivo requires cDC, and that the ablation of

cDC, using CD11c promoter driven expression of diphtheria

toxin receptor (DTR) on all DC subsets followed by diph-

theria toxin (DT) treatment, results in no T cell activation, no

insulitis and no diabetes [101].

Conventional DCs restore antigen presentation,

insulitis, and diabetes in DT-treated CD11c-DTR mice

The temporal ablation of DC abrogated the development of

diabetes, allowing us to determine the DC subset responsible

for breaking peripheral tolerance to islet cell antigen in vivo.

Following DT treatment of CD11c-DTR/NOD mice, treated

mice received either cDC or pDC from wild type (WT, non-

DTR) NOD mice. When these mice then received sort-

purified naı̈ve BDC2.5 T cells diabetes developed only in the

mice reconstituted with cDC but not pDC subsets, suggested

that cDC but not pDC were critical for in vivo antigen pre-

sentation and subsequent diabetes, and parallel our in vitro

results [101]. However, pDC do play a vital role in the

negative regulation of effector T cell function in vivo [101].

In this regard, pDC appear to act on locally in the pancreas to

dampen the inflammatory response via the production of

indoleamine 2,3-dioxygenase (IDO) [101].

The NOD mouse has elevated levels of mcDCs

The population of cDC that restored insulitis and diabetes to

DC-ablated NOD mice included several distinct DC subsets,

including CD8DCs, CD11bDCs and mcDCs, thus, it was vital

Fig. 3 Biological and functional characteristics of mcDC. a identifi-

cation of mcDC within the CD11chigh population. Upon gating for

CD11chigh and exclusion of pDC by PDCA-1, mcDC are found in the

CD8-CD11b-/low population. b Particle size of phagocytosed apop-

totic material. Indicated DC populations were incubated with Violet

Trace-labeled apoptotic cells and particle size was determined 20 h

later using Amnis Imagestream. c Prolonged Ag presentation by

mcDC. Indicated DC populations were incubated with OVA-express-

ing MHC class I deficient irradiated tumor cells. After 20 h, DC were

purified and an OVA-specific CD8?T cell hybridoma was added after

an additional 24, 48, or 72 h. mcDCs were the only DCs that showed

activation of the T cell hybridoma. Viability of the different DC

populations was comparable indicating that mcDC have a distinct

capacity for persistent Ag presentation
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to determine if one or more of these subsets were responsible

for the observed restoration of T cell activation and diabetes.

When the frequency and absolute numbers of these subsets

were measured in the spleen and PLN of NOD and age-mat-

ched C57BL/6 (B6) and BALB/c mice, it became clear that

the frequency of mcDC was increased in NOD mice compared

to the non-disease-prone B6 and BALB/c, Fig. 4. Moreover,

the mcDC population in spleen and PLN mice increased in

NOD with age while mcDC populations did not change over

time in B6 and BALB/c mice [102]. The increase in frequency

of mcDC in the NOD mice came largely at the expense of

myeloid DCs (CD11bDC).

NOD mcDC have augmented type 1 interferon

production after exposure to irradiated cells

One hallmark of the mcDC subset is its ability to produce

type 1 IFN upon activation by either an encounter with

irradiated/dying cells and/or by toll receptor signaling [58,

82]. The production of type 1 IFN by mcDCs is thought to

explain in part their ability to break peripheral tolerance to

antigen in vivo [58]. Interestingly, the production of type 1

IFN by NOD mcDC from PLN and spleen was likewise

enhanced after exposure to irradiated cells when compared to

BALB/c mcDC of the same age [102]. Thus, the heightened

numbers of and IFN production by NOD mcDC were note-

worthy, particularly so, in that they coincided with the

development and progression of insulitis in NOD mice, and

reinforce the recent published data suggest that type 1 IFN is

critical for the initiation of T1D in the NOD mouse [103].

NOD mcDCs efficiently acquire and present beta cell

antigen from irradiated islet cells

The defining attributes of mcDC are their unique abilities to

acquire, store and present antigen from apoptotic cells [58,

82]. Unlike other cDC, mcDCs acquire antigen by merocy-

tosis, or ‘‘nibbling’’ small fragments of antigen from dead or

dying cells, rather than by engulfment of the entire dying cell

[58]. The antigenic fragments acquired by merocytosis are

retained by mcDC as visually distinct punctate cytoplasmic

vesicles. We found that in the NOD mice, mcDC readily

acquired from apoptotic islet cells. After a simple overnight

co-culture with CFSE-marked irradiated islet cells, the NOD

mcDCs exhibited clearly visible merocytic vesicles con-

taining islet antigen. The mcDCs retained their antigen load

in relatively neutral pH endosomes, while the CD11bDC had

only widely distributed CFSE staining indicative of classical

phagocytosis, and low pH fluorescence quenching associ-

ated with antigen degradation. Moreover, in some cases had

visible cytoplasmic-localized apoptotic bodies (Fig. 5). On

average the mcDC vesicles contained roughly a two-fold

greater CFSE signal than those from CD11bDC [102].

Islet cell-derived Ag is efficiently presented to naı̈ve

CD41 and CD81 T cells by merocytic DC

The imaging flow cytometry clearly showed that mcDC

have a distinct and readily identifiable intracellular pattern

of antigen acquisition and storage. However, these data did

not establish if mcDC were more efficient at presenting

self-antigen than CD11bDC on a per cell basis. This was

however, the case. We found that mcDC co-cultured with

irradiated beta cells were 9- to tenfold better than

CD11bDC or other cDC subsets at presenting exogenously

acquired beta cell Ag to CD4? and CD8? T cells [102].

Antigen-exposed NOD mcDC break tolerance

and transfer diabetes to young, pre-diabetic NOD mice

When NOD DC subsets were exposed to irradiated islet

cells overnight, purified and transferred into 28-day old

NOD recipients, all of the NOD recipients of antigen-

Fig. 4 Increased frequency and function of merocytic DC in NOD

mice with age. NOD mcDC increase with age when compared to both

B6 and BALB/c mice. Subset analysis was performed at 4, 6, 8, 12,

and 20 weeks of age. A comparison at 12 weeks of age is shown.

Each subset was enumerated as a percent of total DC. Blue mcDC,

Red CD11bDC, Green CD8DC and Purple pDC

Fig. 5 mcDC have a larger subset of small, high-intensity particle of

irradiated islet cells than CD11b?DC. Representative composite

images from pooled cDC (CD11bDC and CD8DC) and mcDC fed

irradiated CFSE-labeled islet cells. A pool of CD11bDC, CD8DC and

mcDC from NOD were exposed to irradiated islet cells in vitro and

then purified and transferred (5 9 105) to 4-week-old NOD recipi-

ents. Recipients that received mcDC but not the other cDC rapidly

developed T1D. Rapid onset of T1D in NOD mice upon transfer of

mcDC isolated from the PLN of overtly diabetic female NOD mice.

DC were isolated from the PLN of *40 diabetic NOD females, sort-

purified and transferred (2 9 105) into 4-week-old female NOD mice
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loaded mcDC became diabetic within the first 14 days,

while recipients that received a pooled fraction of antigen-

exposed CD11bDCs and CD8DCs did not, Fig. 5 and

[102]. This accelerated transfer of diabetes also holds true

for NOD mice that received mcDCs that acquired their islet

antigen under native in vivo conditions, as mcDCs from the

draining PLN of overtly diabetic NOD mice likewise

transferred diabetes to young disease-free recipient NOD

mice, Fig. 5. The tempo and disease incidence were similar

to those seen when in vitro-loaded mcDC were used

(Fig. 5). None of the NOD recipients that either received

the non-mcDC pool or were left untreated progressed on to

overt diabetes within the assay period (Fig. 5). Importantly

then, these data suggested that the mcDC subset (1) acquire

islet antigen naturally in vivo, (2) were competent antigen-

presenting cells when transferred to young disease-free

recipients, (3) were capable of promoting the breaking of

self-tolerance to islet cell antigen, and (4) were capable of

hastening diabetes development in vivo.

Merocytic dendritic cells represent a novel therapeutic

avenue for breaking T cell tolerance and enhancing

vaccination

The data in the NOD mice and tumor vaccination suggest

that mcDC may represent a new target for immune inter-

vention. While there are a number of as yet unanswered

questions on the development and function of mcDCs in

NOD mice, they are an inviting target for therapeutic

intervention at various phases of disease. It is currently not

known if the distinct dysfunction of mcDC in the NOD

mouse results from intrinsic defects in DC development,

maturation or environmental factors, or a combination of

these factors. Further research to elucidate the mechanisms

that drive mcDC functions will be instrumental in the

design of mcDC specific therapeutic targets. However, the

ability to target these cells will likely profoundly affect

the activation of rogue diabetogenic CD4? and CD8? T

cells.

The targeting of DC is not a new concept in diabetes.

However, most studies use an ‘‘add back’’ approach where

the transfer of in vitro manipulated DCs is used to (1) alter

cytokine production by the pathogenic T cells, (2) actively

induce tolerance/anergy or delete pathogenic T cells, and (3)

induce/increase the frequency of T cells with counter-regu-

latory functions. These approaches all interfere with the T

cells after priming has occurred and do not necessarily pre-

vent or reduce the priming of new pathogenic T cells by

mcDC, Fig. 6. Moreover, our tumor studies indicate that

mcDC are able to reinvigorate anergic or tolerized T cells,

making them an impediment in strategies aimed at tolerance

induction. The elimination of mcDC, or interference with

their function, could be powerful tool to slow pre-diabetes

and new onset diabetes, and provide a favorable environment

for additional treatments whether they are geared towards the

re-education of the immune-response or the grafting of islet

cells. Increasing our understanding of the mcDC in animal

models as well as the identification of the human mcDC

equivalent would provide new targets for interventional

therapy that could significantly enhance current immuno-

therapeutic approaches.
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