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I. INTRODUCTION 

A. Statement of the problem and specific aims of the overall project 

Systemic Autoimmune disease occurs due to the breakdown of tolerance 

to self-antigens caused in part by impaired clearance of apoptotic cells. The 

spleen is a primary site for generation of the tolerogenic response to self

antigens 1n the periphery. The marginal zone (MZ) of the spleen, which contains 

the specialized macrophage (M<l>s) populations· Marginal Zone Macrophages 

(MZMs) and Metallophilic Marginal zone Macrophages (MMMs), as well as B 

cells and dendritic cells (OCs) plays a requ1s1te role in capture of apoptotic cells 

and the initiation of tolerance to associated self antigens. Moreover, defective MZ 

cellular architecture may lead to increased auto-reactivity that exacerbates 

autoimmune disease progression. MZMs are specialized to recognize and 

capture apoptotic cells and promote peripheral tolerance to apoptotic cells and 

associated antigens. However, the mechanism by which MZMs enforce this 

tolerance is not known. Thus, the overall goal of our project is to fill the lapse 

in the scientific knowledge and understanding of the mechanism(s) by 

which the splenic stromal M<l>s drive immune tolerance to apoptotic cell 

associated antigens. 

1 
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Two specific aims were developed to explore the cellular and molecular 

mechanisms involved in the splenic M<l>-dependent tolerance to apoptotic cell 

assoc1ated ant1gens. 

Specific Aim One: Test the hypothesis that Marginal Zone Macrophages 

express lndoleamine 2,3- Dioxygenase (100), which is a key mechanistic 

suppressor of innate and adaptive immune responsiveness to apoptotic 

self. 

Overview of Aim One: 

Studies have shown that macrophage dependent removal of apoptotic cells 

results in production and release of soluble suppressors of inflammatory 

immumty like TGF-p1 , PGE2 and IL-10. However, this does not explain the 

molecular mechanisms driving immune suppression or tolerance to apoptotic 

cells. One potential mechanism contributing to this mechanism may be the 

intracellular heme-containing enzyme 100 that catabolizes tryptophan and drives 

immune suppression in inflammation, cancer, and at sites of immune privilege. 

The first aim builds on preliminary data that splenic MZMs induce IDO in 

response to systemically administered apoptotic cells and it further elucidates the 

importance of IDO in regulating the 1nnate and adaptive T cell responses to 

apoptotic cell associated antigens The results of th1s a1m are discussed in detail 

in the manuscript #1 : Tolerance to apoptotic cells is regulated by 

indoleamine 2,3-dioxygenase. 
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Specific Aim Two: Test the hypothesis that selective induction of CCL22 by 

splenic Metallophilic Marginal zone Macrophages is required for the 

initiation of suppression and establishment of long-term tolerance to 

apoptotic cell antigens. 

Overview of Aim Two: 

The MZ is critical for controlling the systemic immune response. Given the close 

contact between the cells in the MZ, the cell-to-cell communication is likely to 

play a key mechanistic role in apoptotic cell mediated immune suppression and 

tolerance in the spleen. Since stromal MC!>s are known to be early responders to 

apoptotic cells, the splenic MMMs may play a role in driving the early 

mechanisms of tolerance to apoptotic cells antigens. This aim builds on our 

preliminary data supporting the novel hypothesis that when CD169+ MMMs 

phagocytose apoptotic remnants they produce the CC chemokine CCL22 driving 

rapid recruitment of regulatory T regulatory cells (Tregs) and DCs into the white 

pulp of the spleen which is required for generation of stable peripheral tolerance. 

Moreover, early Treg responses to apoptotic cell challenge or the requisite 

interactions needed for initiation of suppressive tolerance, has not been 

previously studied. Thus, the results in this report illustrate a novel mechanism of 

MMM-dependent recruitment of Tregs and DCs, as a critical early event for 

immune regulation to apoptotic cells. This aim was achieved and presented in 
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manuscript #2: Marginal zone macrophages coordinate apoptotic cell-driven 

cellular recruitment and tolerance. 

B. Brief literature review and discussion of the rationale project. 

Systemic autoimmunity and tolerance 

Systemic autoimmune disease results from the breakdown of tolerance to 

systemic self-antigens like DNA; however, the mechanism behind the loss of 

tolerance to apoptotic cell associated antigens is not understood. Defects in the 

clearance of apoptotic cells by Mc:t>s and dendritic cells may be a primary cause 

in the development of Systemic Lupus Erythematous (SLE)-Iike disease 

pathology or contribute to disease progression (1-3). The splenic MZ is an 

essential site for trapping and clearing blood-borne pathogens (4, 5). Further, 

studies have elucidated that transient depletion of macrophages in the MZ results 

in the failure of apoptotic cells to drive suppression to associated antigens (6-8). 

Mc:t>s have a potent phagocytic activity and they exhibit a wide array of receptors 

that enable efficient engulfment of apoptotic cells. Mc:t>s are known for their 

remarkable plasticity, both innate and adaptive signals influence Met> physiology 

and such alterations allow Mc:t>s to participate in wound healing and tissue 

remodeling (9). Classically activated/M1 Mc:t>s serve as innate effector cells and 

produce pro-inflammatory cytokines upon stimulation with interferon (IFN-y), 

endotoxins, or when interacting with necrotic cells. In contrast, alternatively 

activated macrophages/M2 Mc:t>s have an increased apoptotic cell phagocytic 

activity expressing a wide array of receptors that aid in efficient engulfment of 
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apoptotic cells (9) driving production of soluble immunosuppressive effectors 

(e g. TGF-~. IL-10, and prostaglandins) (8, 10) Thus, M<l>s are crucial in 

interpreting environmental cues and eliciting appropriate immune stimulatory or 

immune regulatory responses to promote immunity or tolerance. 

Splenic marginal zone and apoptotic cell tolerance 

The spleen is the second largest lymphoid organ in the body and is crucial 

for the generation of immune responses against blood-borne antigens. Apoptotic 

cells in circulation rapidly localize to the spleen where they are cleared by the 

reticulo-endothelial system (8). Thus, splenic apoptotic cell clearance in response 

to systemic (i.e., intravenous) cell challenge provides a useful platform to study 

early 1nnate responses to apoptotic cells Moreover. the importance of the spleen 

in acquired tolerance to apoptot1c cells has been demonstrated in 

splenectomized m1ce, where systemic tolerance to apoptotic cells was lost (11 ). 

In the mouse, the splenic architecture cons1sts of a lymphoid while pulp, which is 

comprised of a sheath ofT cells sheathing the branching arterioles known as the 

periarteriolar lymphoid sheath (PALS). The PALS is further surrounded by 

follicular B cells, which form the majority of the white pulp cellular population. The 

majority of the splenic volume under normal conditions consists of a more 

innate/scavenging red pulp, which is populated primarily by M<l>s. neutrophils, 

and DCs that perform specialized scavenger funct1ons Most arterial blood enters 

the spleen via central arterioles that terminate v1a branched arterioles in a 

marginal sinus forming a physical barrier between the red and white pulp. The 

marginal zone (MZ) is an area adjacent to the marginal sinus that is a specialized 
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transitional region where particulate material <500nm is trapped and circulating T 

and B cells enter the spleen before migrating to the white pulp. The MZ is 

populated by specialized macrophages identified by constitutive expression of 

the type 1 scavenger receptors scavenger receptor A and Macrophage 

associated receptor with collagenase structure (MARCO) and the lectin SIGNR1 

(12). Another specialized macrophage population, Metalophilic Marginal Zone 

Macrophages (MMMs), is defined by constitutive expression of sialoadhesin 

(CD169) and strategically located in the WP reg1on to capture ant1gens from the 

blood and are well equipped for an initiation of inflammatory immune response to 

harmful blood borne pathogens (12) (Refer to mtroduction figure 1). Further, 

studies have indicated, that transient depletion of MZMs leads to the impaired 

uptake and removal of apoptotic materials and thus the breakdown of immune

homeostasis (7, 8). Moreover, defects m the architecture of the MZ, or depletion 

of MZM<l>s and/or the decreased expression of MARCO retards clearance of 

apoptotic cells and is associated with the progression of autoimmunity in lupus

prone mice (13, 14). Also, Wermling et a/. clearly demonstrated that 

autoantibodies aga1nst MARCO result m defective clearance of apoptotic debris 

contributing to lupus progression in mouse and man. This suggests MARCO 

directly contributes to apoptotic cell tolerance by directly mteracting with ox1dized 

lip1ds exposed on apoptotic cells (15) Recent studies have suggested that 

depletion of MZMs, which are in close proximity to the MZ B cells, leads to an 

increased retention of apoptotic cells debris. and the migration of apoptotic 

antigen-loaded MZ B cells into the white pulp potentially driving autoimmunity 



7 

(16) (14). Together, these findings suggest the importance of MZMs in the 

maintenance of homoeostasis and prevention of autoimmunity. 
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Figure legend introduction figure 1: The splenic architecture cons1sts of the lymphoid wh1te 

pulp, which 1s comprised of T cells surroundmg branching artenoles (PALS), w1th adJacent 

follicular B cells and red pulp contammg the macrophages. DCs and neutroph1ls. The afferent 

splenic artery branches mto central artenole that ends m the margmal smus, forms a boundary 

between lymphoid white pulp and innate scavenging red pulp. The margmal zone IS a transitional 

area hnmg the marginal smus and is inhabited by specialized phagocytes called the margmal 

zone macrophages on the red pulp region and metaloph1lic margmal zone macrophages located 

on the white pulp side, appeanng as a contmuous band along the marginal sinus 
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Splenic dendritic cells and apoptotic cell tolerance 

The spleen contains a diverse population of DCs that are strategically 

positioned for antigen acquisition and lymphocyte interactions in the red and 

white pulp. The spleen contains two major populations of DCs that are 

differentiated by the expression of CD8a defining function and localization. 

COso• DCs are found primarily in the white pulp, although there is a small 

population in the MZ and red pulp. They express the c-type lectin CD205 and are 

effective in the cross-presentation of antigens to cos• T cells (17, 1S). COso• 

DCs express an array of receptors that could facilitate the uptake of apoptotic 

cells including PSR, P5A integrin, CD36, scavenger receptor 81, CD14, and 

CD6S. In this vein, Lyoda et a/. demonstrated that apoptotic splenocytes are 

rapidly phagocytosed by cos•co2os• DCs in the spleen and this uptake results 

in the suppression of adaptive cos• T cell inflammatory responses (19, 20). The 

population of COso• DCs responsible for apoptotic cell tolerance has been 

further classified based on the expression of langerin (CD1 03). These CD1 03+ 

DCs cells have an increased apoptotic cell phagocytic activity (21). Moreover, 

specific deletion of the CD1 03+ regulatory DC subset by cytochrome C injection 

blocked apoptotic cell-dependent immune suppression indicative of a primary 

role of these cells in the apoptotic cell response. Supporting this hypothesis, 

COso• DCs induce FOXP3+ Treg development from the na'ive T cell population 

by an antigen specific mechanism requiring TGF-P production by the DCs and 
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low antigen availability (22). Thus, the data suggests CD1 03+CD8+ DCs are a 

critical cellular driver of downstream immunologic tolerance to apoptotic cell 

associated antigens. 

lndoleamine 2,3-Dioxygenase (100) and the adaptive immune response 

lndoleamine 2,3-Dioxygenase (100) is an enzyme that is present in two 

isoforms in mammals: 1001 and 1002 (23, 24). 100 is an intracellular heme

containing enzyme that is the rate-limiting step in oxidative consumption of indole 

containing compounds including the essential amino-acid tryptophan (Trp) along 

the kynurenine pathway. Normally expressed at low basal levels, 100 is induced 

in a variety of cell types including stromal cells, M<l>s and DCs by interferons 

(IFNs) and endotoxins(25). Initially, 100 was believed to play a role in the host 

defense mechanisms against pathogens by limiting available Trp and production 

of toxic Trp metabolites (26, 27). tOO-dependent regulation ofT cell responses 

was first observed using cultured human macrophages, which inhibited T cell 

proliferation (28). This finding was followed by a groundbreaking discovery 

demonstrating 100 expression in the placenta was essential for immune privilege 

and protection of fetal tissue from rejection by genetically disparate mothers (29). 

This showed for the first time that 100 is critical in mediating immune privilege 

and tolerance in vivo. Since this report a large body of literature has found that 

100 IS a principle regulatory mechanism in a range of clinical syndromes, 

1ncludmg cancer. transplantation, infectious and auto1mmune diseases (30). 100 

can modulate T cell immunity by two pnnciple mechanisms: 1) IDO activity 

produces tryptophan metabolites that directly suppresses T cell responses and 
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modulate cytokine production in DCs (30, 31); 2) 100-driven tryptophan depletion 

induces the activation of the stress response kinase general control non

repressed (GCN) 2 which triggers T cell proliferative arrest (32), (33) and Treg 

activation (34). Recently, a study conducted by Mcleod et a/ shows that DCs 

express 100 in response to apoptotic cell exposure in vitro (35). Further, a role 

for 100 in MZM mediated suppression of T cell responses has not been 

previously studied. This proposed study would help us gain new insights into 

fundamental mechanisms that regulate immune responses to apoptotic cell 

antigens. 

Regulatory T cells and apoptotic cell tolerance 

Regulatory T cells (Tregs) play an indispens1ble role in the induction of 

peripheral tolerance to self and foreign antigens Tregs are defined by expression 

of transcription factor Foxp3 (forkhead box P3), a member of the fork

head/winged-helix family of transcription factors. Mutations of Foxp3 in humans 

leads to the development of IPEX (immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked) syndrome, resulting in a functional abnormality of natural 

Treg populations, resulting in autoimmune disease, allergy and lBO (36, 37). 

Foxp3+CD4+ Tregs constitute approximately 10% of peripheral CD4+ T cells; they 

are produced in the thymus as functionally mature suppressive T cell subset and 

can also be induced from na"ive T cells upon antigen exposure under particular 

conditions in the periphery (38). Tregs have been known to play a crucial role in 

apoptotic cell mediated long-term tolerance. For example, Kleinclauss et a/. have 

shown that apoptotic cell infusion enhances bone marrow engraftment by a TGF-
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p mediated Treg expansion (39). Moreover, IL-10 producing CD4.FoxP3"eg T 

cells (TR1 cells), and TRAIL•coa• T cells have also been shown to be important 

mediators in this mechanism of tolerance (22, 40). However, these results show 

the generation of de novo Tregs from na·ive T cells in the spleen and do not 

reflect the potential role of preformed Treg populations in early suppression of 

adaptive immunity or the establishment of long-term tolerance. Our data has 

shown rapid production of immunosuppressive cytokines like IL-10 and TGF-B 

after apoptotic cell challenge suggesting that a suppressive microenvironment is 

established within hours of exposure (41). Given the rapidity of the response to 

apoptotic cells, apoptotic cell antigen-induced peripheral Tregs may not be 

involved in this early response. However, natural (n)Tregs show a significant 

degree of self reactivity and are critical in maintenance of immune homeostasis 

(42, 43). Thus we theorized nTregs might be recruited to the site of efferocytosis, 

playing a role in establishment of immunosuppressive conditions required for the 

initiation of the tolerogenic circuit elicited by apoptotic cells. 

Tregs are known to migrate to sites of inflammation, the tumor 

microenvironment, and allografts in response to several C-C motif chemokines. 

Chemokines are a group of small cytokines (8-14 kDa) that commonly induce 

migration and homing Chemokines are classified into four subfamilies: CC, CXC, 

C and CX3C, based on the arrangement of the N-terminal conserved cysteine 

residues. In contrast to other cytokines, chemokines interact with and signal via a 

group of seven transmembrane G protein-coupled receptors (44). In particular, 

the chemokine CCL22 can be produced by a vanety of cells including 
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macrophages, DCs and NKT cells and 1s a ligand for CCR4 (CC chemokine 

receptor 4), which is expressed by Foxp3+ Tregs cells and Th2 lymphocytes (45-

47). Yagi eta/. reported that CCR4 is upregulated by human foxp3-transduced 

CD4+CD25- naive T cells and this expression in particular. results in the 

suppressive functions of CD4+CD25+Treg cells (48). In humans. Foxp3+ naturally 

occurring CD4+CD25+ Treg cells are mainly present in the CD4+CD25h'9hCCR4+ 

population, but not in the CD4+CD25htghCCR4- population (45). Thus, this 

observation reveals a significant relationship between Foxp3 and CCR4 and its 

importance in regulating immune balance. Moreover, evidence suggests 

recruitment of CCR4 expressing Tregs to the tumor microenvironment via cells 

producing CCL22 suppresses tumor specific T cell immunity enhancing tumor 

growth and negatively correlates with patient survival (49). CCL22 mediates the 

recruitment of CCR4+Tregs into cardiac allografts dnv1ng transplantation 

tolerance and long-term survival of the graft (50). Further, genetically induced 

CCL22 expression in the pancreas of NOD mice protected the mice against 

autoimmune type I diabetes suggesting that CCL22 over expression slows 

autoimmune disease progression and prevents onset of the disease (51). 

Further, a study conducted by Onodera et a/ shows that the mesenteric 

lymphnode (MLN) DCs mediate the recruitment of Tregs in the gut via a 

CCL22/CCR4 interactions in response to apoptotic epithelial cells (52) . 

Considering the large body of literature suggesting the prominent role of CCL22 

in the recruitment of Tregs, we hypothesized (n)Tregs could be recruited rapidy 

via a CCL22/CCR4 interactions driven by antigen presenting cells in the spleen 
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after apoptotic cell exposure. By completing the aims proposed above, we could 

achieve a better insight into the role of 100 and Tregs in the molecular 

mechanism of tolerance to apoptotic cells. Also, this project will give a rationale 

to 1nvest1gate these suppressive mechamsms as potential therapeutic targets in 

the treatment of chronic inflammatory disease. 
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Abstract 

Tolerance to self-antigens present in apoptotic cells is critical to maintain 

immune-homeostasis and prevent systemic autoimmunity. However, 

mechanisms that sustain self-tolerance are poorly understood. Here we show 

that systemic administration of apoptotic cells to mice induced splenic expression 

of the tryptophan catabolizing enzyme indoleamine 2-3 dioxygenase (IDO). IDO 

expression was confined to the splenic marginal zone (MZ) and was abrogated 

by depletion of CD169+ cells. Pharmacologic inhibition of IDO skewed the 

immune response to apoptotic cells, resulting in 1ncreased proinflammatory 

cytokine production and increased effector T cell responses towards apoptotic 

cell associated ant1gens Pre-symptomatic lupus-prone MRL L.prllpr mice exhibited 

abnormal elevated IDO expression in the MZ and red pulp and inhibition of IDO 

markedly accelerated disease progression. Moreover, chronic exposure of !DO

deficient mice to apoptotic cells induced a lupus-like disease with serum 

autoreactivity to dsDNA associated with renal pathology and increased mortality. 

Thus IDO limits innate and adaptive immunity to apoptotic self-antigens and !DO

mediated regulation inhibits inflammatory pathology caused by systemic 

autoimmune disease 
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Introduction 

Macrophages {M<I>} are innate scavenging cells that are important in 

maintenance of tolerance to self. Mechantstically, 1t is unknown how M<l>s 

contributes to self-tolerance although it is evident that clearance is necessary 

and must lead to regulation rather than adaptive immunity. In this vein it has 

been shown that interaction of apoptotic cells with M<l>s results in the induction of 

an anti-inflammatory response dominated by TGF-~ that suppresses 

proinflammatory cytokine production (1 0, 63). However, the molecular 

mechanisms by which capture of apoptotic cells trigger immune suppression in 

vivo IS unknown. Moreover, known mechan1sms such as exposure of 

phosphatidyl serine and TGF-~ product1on do not expla1n how tolerance is 

maintained at the molecular level. 

Apoptotic cells in circulation are trapped and removed in the marginal 

zone (MZ) of the spleen (4). The MZ is populated by specialized M<l>s tightly 

associated with the reticular meshwork. These M<l> are defined by constitutive 

expression of either the scavenger receptor MARCO or the metallophillic 

macrophage marker MOMA-1 (13, 15, 64) The importance of MZ M<l>s (MZMs) 

in apoptot1c cell removal and tolerance was illustrated by our recent findings that 

their depletion significantly changed the immune response to apoptotic cells 

altering localization, increasing proinflammatory cytokine production, and 

enhanc1ng phagocytosis and phagocyte activation (8) Similarly, in related 

studies deletion of MARco• and MOMA-1• MZMs retarded the clearance of 

apoptot1c material and abrogated tolerance to apoptotic cell-associated antigens 
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in a mouse model of EAE (7). Thus defective MZM-mediated apoptotic cell 

capture and removal appears to have significant 1mpact on immune homeostasis 

towards systemic self-antigens. 

M<l>s and OCs can promote tolerance by acquiring regulatory phenotypes 

that influence both innate and adaptive immunity. One potential regulatory 

mechanism is expression of the tryptophan catabolizing enzyme indoleamine 2-3 

dioxygenase (100). 100 activity suppresses effector T cell responses, promotes 

Treg differentiation and activation, and inhibits IL-6 production by OCs (65-67). 

100 expression can be induced in M<l>s, OCs, and stromal cells by a variety of 

stimuli including Toll-like receptor (TLR) ligation with subsequent interferon 

production (alpha and gamma) and 100 functional activity is induced and 

enhanced by TGF-fl (66, 68-70). Moreover, apoptot1c cells can mduce 100 in 

bone marrow-denved OCs by an IFN-y-driven mechanism in vitro (35). However, 

it is not know what the relevance of this finding is for either apoptotic cell-driven 

100 expression or immune suppression in vivo. 

In this report we show that apoptotic cells induced 100 expression in 

splenic MZMs and that 100 is essential to limit innate and adaptive T cell 

responses to antigens on apoptotic cells. Moreover we demonstrate that 100 is 

required to limit inflammatory pathology associated w1th systemic autoimmunity 

and preventing apoptotic cell-driven auto1mmumty 1n otherwise healthy mice. 
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Results 

Apoptotic cells induce /DO expression in the splenic marginal zone 

Administering apoptotic cells to mice generally promotes anti-inflammatory 

responses and immune tolerance (7, 63). However, if mice are depleted of 

MZMs, then challenge with apoptotic cells elicits a pro-inflammatory cytokine 

response resulting in fulminate autoimmunity (8). 

IDO activity can be induced by TGF-~ (68), and apoptotic cells can induce 

IDO expression in bone marrow-derived DC co-culture in vitro (35, 70). Thus we 

hypothesized that apoptotic cells might induce IDO expression in phagocytes 

after engulfment in vivo. As most particulate material >1 ~m administered 

systemically is trapped in the splenic MZ we examined IDO expression in this 

region 18h after systemic administration of apoptotic thymocytes. 

Immunofluorescent staining of mice prior to apoptotic cell challenge showed that 

there is no detectible IDO under basal conditions (Fig. 1 A). In contrast, 18h after 

injection of apoptotic cells staining for IDO revealed a prominent expression 

pattern confined to the MZ and outer edge of the follicle. To test if IDO 

expression was dependent on the presence of MZMs, we utilized a transgenic 

model in which the human diptheria toxin receptor is expressed on CD169+ cells 

(7). We found that administration of diptheria toxin depleted MARCO+ and 

MOMA-1+ MZMs while not affecting follicular structure or CD11c+ DC populations 

in the spleen (Fig 1 B). When apoptotic cells were administered to MZM depleted 

mice, there was a complete abrogation of IDO induction (Fig. 1A, right panel) 

suggesting IDO expression was dependent on the presence of MZMs. To test 
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whether 100 was expressed by MZMs directly, sections were stained for 100 

and co-stained for MOMA-1 , MARCO, CD11 c and F4/80. The fluorescence 

pattern showed that 100 overlapped with MARco• M<I>s and not with MOMA-1• 

or F4/8o• M<l>s or CD11c• DCs (Fig . 1C) lmmunostaining was confirmed by 

FAGS-sorting SignR1• macrophages (a surface marker identifying MARco• 

MZMs) and examining 1001 message levels as SignR1+ M<l>s showed a 7-fold 

increase in 100 message by rtPCR 18h after apoptotic thymocyte injection (Fig. 

1 D). In contrast there was no appreciable increase in IDO expression in MOMA-

1+ M<l>s, CD11c• DCs or F4/80+ M<I>s 

/DO inhibits inflammatory responses to apoptotic cells 

We prev1ously showed that the response to apoptotic cells is profoundly 

altered in the absence of MZMs, resulting 1n pronounced pro-inflammatory 

cytokine production (8). Since 100 is induced in the MZ in response to apoptotic 

cells, we asked whether 100 is mechanistically required to suppress 

inflammation in this setting . 

Mice were treated with the 100 inhibitor 1-methyl-0-tryptophan (01 MT) in 

drinking water and injected intravenously with 2*1 07 apoptotic cells. Eighteen 

hours later we measured levels ofTNF-a, IL-6, IL-10, 1L-12p40, and TGF-~ in the 

spleen. In control mice, injection of apoptotic cells Induced significant TGF-~ and 

IL-1 0 with a lower induction of IL-6, IL-12p40, and TNF-<x as previously reported 

(Fig 2A, ref. 7). In contrast. when 100 act1v1ty was inhibited there was a 

significant reduction in TGF-~ and IL-10 protein relative to control apoptotic-cell 

injected mice, and highly significant increases in pro-inflammatory cytokine 



19 

production. In particular, TNF-a levels were 3 fold-greater in 100-inhibited vs 

control mice receiving apoptotic cells. When we examined cytokine message in 

DC and MZM populations we found that apoptotic cells induced IL-10 mRNA in 

both Cos• and CDS"eg DCs as well as SignR1+ MZMs (Fig. 28), while inhibition 

of 100 reduced IL-10 message induction by a factor of 10. Moreover, 100 

inhibition increased TNF-a, IL-6, and IL-12p40 mRNA primarily in SignR1+ MZMs 

(Fig . 28). Thus blocking 100 had a marked impact on the splenic cytokine 

response to apoptotic cells, which appears to primarily effect SignR1+ MZMs. 

When we examined TGF-~ mRNA in splenic DCs and MZMs the data 

showed that CD Sa • DCs had significant induction (60 fold) relative to basal TGF

f3 (Fig. 2C). This was in marked contrast to CDSa"eg DCs and SignR1+ M<l>s 

which showed little change in TGF-~ mRNA after apoptotic cell injection. In 

agreement with our cytokine ELISA data, inhibition of 100 reduced TGF-~ mRNA 

6-fold after apoptotic cell challenge in CD Sa • DC compared to controls (Fig. 2C). 

Thus the data suggested CD Sa • DCs are a significant source of TGF-~ after 

exposure to apoptotic cells, and blockade of 100 attenuates the TGF-~ response 

in these cells. Moreover, since cos• DCs are not the source of 100 expression, 

this result indicates 100 may act in a paracrine fashion influencing TGF-~ 

production after challenge with apoptotic cells. 

100 can modulate immune responses via reduction of environmental 

tryptophan and subsequent activation of the stress response kinase general 

control non-repressed (GCN)2 (65). GCN2 alters the transcriptional profile 

inducing expression of the transcription factor CCAAT/enhancer-binding protein 



20 

beta homologous protein (CHOP) (71 ). CHOP is important for several of the 

observed effects of 100 expression and serves as a marker of cellular GCN2 

activation (65, 72). Eighteen hours after apoptottc cell injection we found 

significant induction of CHOP message in SignR1• macrophages paralleling 100 

expression (Fig. 2C). There was also observed lower level CHOP induction in 

cos• DCs with minimal induction in coaneg DCs. CHOP expression was 

dependent on IDO function as pretreatment of mice with 01 MT significantly 

reduced CHOP induction. To determine if CHOP was mechanistically involved in 

TGF-B tnduction we challenged CHOP_,_ mice wtth apoptotic cells and analyzed 

TGF-B mRNA We found that in the absence of CHOP apoptotic cell challenge 

failed to rnduce TGF-~ mRNA over baseline (Fig. 20). Taken together, these 

results indicate 100 expression induces metabolic stress in SignR1+ M<I>s after 

systemic challenge with apoptotic cells affecting local DC function via paracrine 

mechanisms by tryptophan depletion and subsequent GCN2 activation. 

TGF-~ can directly induce 100 in DCs with kinetics that are slower but 

sustained for a longer period compared to interferon stimulation (68). Since 100 

inhibition reduced TGF-~ production after apoptotic cell challenge, it is unlikely 

that 100 induction requires TGF-13 (Fig 2A) However, to confirm this, mice were 

pretreated with antt-TGF-~ blocking antibodtes 3h pnor to apoptottc cell injection. 

TGF-B blockade had no effect on 100 expression 18h after challenge (Supp Fig. 

1) indtcating IDO expression is mechantsttcally upstream of TGF-13 expression tn 

the apoptotic cell-driven suppression. 
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100 can be an important regulator of the adapt1ve T cell response (66, 

67); therefore, we examined the impact of 100 deficiency on the T cell response 

to exogenous apoptotic cells and associated antigens Wild type and congenic 

IOOr'· (1001-deficient) mice were injected w1th apoptot1c thymocytes and 3 days 

after injection we examined C04+ T cell and Treg (FoxP3+) cell numbers and 

activation. There was a significant increase in total C04+ T cell numbers in loo·'· 

mice 3 days after apoptotic cell administration (Fig. 3A). Moreover, while C044 

on C04+ splenic T cells was unchanged or reduced following apoptotic cell 

transfer in 100-sufficient animals there was a significant increase in splenic 

C044h•ghC04+ T cells in 100+ mice (Fig. 38). This data was unexpected and it 

suggested a widespread loss of regulation of C04+ T cell responses in the 

absence of 100 In contrast, injection of a single bolus of apoptotic cells did not 

affect Treg numbers (Fig . 3A). 

To directly test the hypothesis that 100 suppressed antigen specific C04+ 

T cell responses to apoptotic cells, TCR transgenic OTII T cells were adoptively 

transferred to loo·'· and wild type mice who were were challenged with apoptotic 

OVA-expressing thymocytes. Three days later OTII proliferation was assessed 

by CFSE dye dilution. In 100-sufficient animals, OT II cells did not respond to 

antigen delivered on apoptotic cells, as measured by e1ther proliferation (Fig. 3C) 

or activat1on (C044h19h cells, Fig. 30). In contrast, in 100-deficient mice, 

administration of OVA+ apoptotic thymocytes led to s1gmficant proliferation, and 

increased C044 expression in the proliferating T cell population (Fig . 3C and 

30). Thus taken together, the data show intact 1001 activity was required for 
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normal regulation ofT cell responses and proinflammatory cytokine production in 

response to apoptot1c cells and apoptotic cell-associated ant1gens. 

100 regulates spontaneous autoimmune d1sease progression in lupus-prone 

MRL1prllpr mice 

100 is a counter-regulatory mechanism, meanrng that it is induced by the 

pro-inflammatory signals that it acts to suppress. Thus, the expression of 100 is 

often elevated in settings of chronic inflammation caused by autoimmune disease 

(73-77). Increased 100 in these situations acts to attenuate harmful 

inflammation, as shown by the marked exacerbation of disease in all of these 

models when 100 is Inhibited. Lupus-prone MRL1
P'

11
P' mice show a prolonged 

period of chronrc Inflammation and autoimmunity before the development of overt 

disease (78-81). We asked whether 100 funct1on was Involved in limiting 

development of systemic autoimmune disease in MRL1
prllpr mice. 

In normal mice there is typically little basaiiOO activity detectible in spleen 

(as shown 1n Fig. 1A). In marked contrast, the spleens of young , pre-symptomatic 

MRL1
prllpr mice demonstrated a significant constitutive expression of 100 in the 

red pulp and the MZ (Fig. 4A). To test the mechanistic role of 100, pre

symptomatic female MRL1P'11P' mice were treated w1th the 100 inhibitor 01 MT and 

mon1tored for the development of serum autormmunity. At the beginning of the 

expenment both groups of mice exhibited comparable udsONA lgG titers (in Fig. 

48) After 4-weeks of treatment with 01 MT udsONA lgG titers showed a marked 

increase (10-fold, Fig. 48). In control mice treated with vehicle only, serum 

adsONA lgG activity did not increase over same period (Fig. 48) . This difference 
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was maintained at 6 weeks and 01 MT administration did not alter total serum 

lgG concentrations relative to control groups indicat1ng that 100 selectively 

affected development of autoantibodies (Supp Fig 2A). 

Elevated autoantibody levels in 01 MT-treated mice correlated with 

increased lgG immune-complex deposition in kidneys (Fig. 4C panel c and d). In 

contrast, control mice treated with vehicle showed minimal lgG deposition at 

week 6 (Fig 4C panel a and b). Consistent with these findings, histological 

analysis of PAS and Mason's trichrome sta1ned renal sections revealed that 100 

inhibition led to alteration of the glomerular architecture w1th increased presence 

of collagen. hyper-cellularity, and mesang1al thickening (Supp Fig 28). 

Young MRL'P'11P' animals treated with 01 MT also showed rapid onset of 

sk1n pathology relative to vehicle-treated mice. Histologic examination of affected 

areas of skin revealed widespread structural alterations, including hair follicle 

loss, hyperplasia of the epidermal and dermal layers as well as the appearance 

of numerous hyaline cysts (Fig 4C panel g, arrow). In contrast, skin from vehicle

treated mice at the same age had normal histology (Fig. 4C panel e). lgG 

deposition has been described in MRL1prllpr skin primarily at the dermal/epidermal 

junct1on (82). Skin from 01 MT-treated mice exhibited a greater than two-fold 

increase in fluorescence staining for lgG (Fig 4C panel h, Fig 40) compared to 

control skm (Fig 4C panel f) with particular increases at the dermal-epithelial 

junction (F1g 4C panel h, arrow). Thus, taken together, inhibition of 100 in pre

symptomatic MRL'P'11P' mice caused accelerated loss of self-tolerance and 

development of end-organ disease 
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Since IDO is expressed at sites of inflammation as a counter-regulatory 

measure, it is possible that the increased autoimmunity observed upon IDO 

inhibition was the result of amplification of pathology associated with target organ 

autoimmunity. However, In contrast to the spleen , when the kidney was 

examined we found only low-level IDO expression primarily in podocytes and 

vascular endothelium (Supp Fig. 2C) . When IDO was inhibited, we did not 

observe appreciable changes in IDO expression. Thus, the lack of significant IDO 

expression in the kidney indicates it is unlikely that IDO inhibition increased 

autoimmunity by modulating target organ inflammation. 

Chronic exposure to apo_ptotic cells breaks tolerance in /DO deficient mice 

In normal mice repeated exposure to apoptotic cells does not lead to 

pathogenic autoimmunity or a loss of self tolerance (83). In contrast, 

administration of apoptotic material to autoimmune-prone animals has been 

shown to exacerbate disease (84). Genetic ablation of IDO does not in itself 

render mice prone to spontaneous development of autoimmune disease (85). 

However, it was unknown whether IDO was required to maintain self-tolerance 

when mice were chronically challenged with apoptotic cells. 

To test this we injected IDo·'- and wild type C57BU6 mice with apoptotic 

thymocytes two times a week for a period of 5 months. In mice with intact IDO 

the response to apoptotic cells was low-level and self-limiting (Fig. 5A). In 

contrast, !DO-deficient mice showed progressive increases in serum adsDNA 

lgG and the development of lethal autoimmunity (Fig. 5A and 58). Death 

appeared due to renal pathology with IDO_,_ mice exhibiting significant 
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perivascular and periglomerular infiltration, mesang1al thickening, glomerular 

proliferation and tubular necrosis (Fig. 5C) with mcreased lgG immune complex 

deposition, complement fixation and protenuria (F1g. 50 and 5E). Taken together, 

these results Identify 100 as a critical factor in the maintenance of tolerance to 

self-antigens released by apoptotic cells. 

Apoptotic cell induced allograft tolerance is dependent on /DO and GCN2 driven 

dependent mechanism. 

Systemic apoptotic cell exposure results in long term tolerance to 

associated antigens. Since we have shown that apoptotic cells drive early innate 

regulatory responses via the induction of I DO in the spleen by MZM<I>-driven, 

mechanisms we reasoned that m1ce deficient in 100 would have defective 

downstream generation of stable tolerance To test this we utilized a mouse 

model of skin allograft tolerance where systemic challenge of female mice with 

male apoptotic cells leads to long term, whole animal tolerance to H-Y antigens 

(86). It has never been shown if 100 is required for stable tolerance induction. 

Thus, to test this we inhibited IDO using 1-MT via drinking water for the fi rst three 

days of the treatment, followed by challenge with apoptotic male thymocytes on 

day 0 and engraftment of male skin. In control groups (1 e untreated), the male 

skin was rejected by all recipient mice with a graft mean survival time (MST) of 

36 days (F1g 3A). This was in stark contrast to apoptot1c cell treated mice where 

there was 100% surv1val of the grafts (Fig. 3A) In agreement with our 

hypothesis, apoptot1c cell-induced tolerance was completely dependent on the 

presence of an intact 100 enzymatic activity as inhibition of 100 abrogated the 
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protective effect of apoptotic cells and complete graft rejection with a MST of 28 

days (Fig. 3A) (unpublished supplementary data). Similarly, when female GCN2 

knockout mice were treated with a single injection of apoptotic cell injection on 

day 7, apoptotic cell-driven protection of male (supplementary unpublished 

preliminary data 38) . Thus the data strongly indicate apoptotic cells drive stable, 

tolerance by a IOO-GCN2 driven mechanism. 

Discussion 

Immune reactivity to apoptotic cells is tightly controlled to prevent the 

development of undesirable inflammation. In systemic autoimmune disease the 

evidence suggests that a primary mechanism driv1ng disease genesis and 

progression is a failure of this control , allowing the development of immune 

responses to apoptotic self. A question raised by this is why apoptotic cell 

antigens are normally not immunogenic. Our recent work has highlighted the 

concept that systemic regulation of the basal reaction to apoptotic "self' is 

governed not only by signals derived from the apoptotic cell but from the cell type 

that captures them (e.g. phagocytes in the spleen and liver) (8). We now extend 

this to show that one specific molecular mechanism, the immunoregulatory 

enzyme 100 is expressed in the MZ of the spleen, and appears critical for 

immunoregulation of the response to apoptotic cells m Circulation. 

100 is a heme-containing intracellular enzyme that catalyzes the 

breakdown of tryptophan. Inflammatory mediators such as IFN-a, IFN-y, and 

endotoxins stimulate certain myeloid/monocyte cells and stromal cell types to 
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express 100 (25). 100 creates local immune suppression and maintains 

functional immune privilege in a range of inflammatory syndromes of clinical 

importance such as tumors, infections and autoimmune/allergic syndromes. Our 

results now extend this to show that 100 is induced in MZMs in response to 

exposure to apoptotic cells. Abrogation of 100 profoundly compromised the 

normal ability to suppress the response to apoptotic cell bodies, leading to 

increased inflammatory cytokine production , dysregulated T cell responsiveness, 

and lethal autoimmunity. It is striking that under basal conditions we could not 

detect any measurable T cell response to apoptotic cell-associated antigen (as 

illustrated in Fig. 3), yet the inhibition of 100 led toT cell responses to the same 

antigens. It is unclear if 100 expression 1n the spleen either reduces presentation 

of self-antigens to potentially autoreact1ve T cells, or actively suppresses the 

response of T cells after these ant1gens are presented Our continuing studies 

w1ll seek to clarify this point. Nevertheless, 100 is clearly a critical regulatory 

mechanism controlling the response to these antigens. 

Our observation that cos• DCs constitute the bulk of the TGF-(3 response 

after challenge with apoptotic cells is in agreement w1th the suggested role they 

play in the maintenance of tolerance (7) Moreover, the demonstration that 

inhibition of 100 greatly reduces TGF-(3 message suggests that 100 and TGF-(3 

are mechanistically linked. However, as CD8 DCs do not express 100 after 

apoptot1c cell exposure. this suggests a trans-effect of MZM 100 expression on 

resident DCs in the MZ. Moreover, it is important to note that while MZMs did not 

produce TGF-(3 in response to apoptotic cells, there was a sigmficant increase in 
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MZM IL-10 expression and when 100 was Inhibited, 1t was primarily the MZMs 

wh1ch responded with increased TNF-u, IL-6, and IL-12 production (as shown in 

Fig 2) These result are a clear demonstration that: I) MZMs are critical for 

regulating innate and adaptive immunity towards apoptotic self, and II) this 

regulation requires intact 100 function. 

The CHOP mRNA induction in MZMs and OCs suggest that apoptotic cell 

challenge drives a significant stress response in the MZ microenvironment that is 

dependent on 100 as 01 MT treatment ablated this effect. It is unknown how 

GCN2 or CHOP regulates monocytic responses; however the observation that 

TGF-~ gene expression induced by apoptotic cells 1s lost in the absence of 

CHOP suggests CHOP is mechanistically linked to the regulatory response 

towards apoptotic material. 

The finding that basal splenic 100 expression levels were elevated in 

unmanipulated MRL'prllpr mice suggests that increased 100 is a physiologic 

response to increased inflammation in pre-symptomatic in lupus-prone mice (79-

81 , 87). Functionally we show that 100 was mechanistically important in 

controlling disease progression, because inhibition of 100 caused a rapid 

acceleration of disease. Even more strikingly, the loss of 100 in normal mice (not 

genetically prone to autoimmunity) rendered them susceptible to development of 

lethal autoimmunity when challenged with apoptot1c cells. Mice with intact 100 

were fully able to maintain tolerance to the same challenge IFNs (both type I 

and II) are potent 100 inducers and their ab1hty to enhance !DO-mediated 

regulation of cell-mediated immunity would impede autoimmune progression (66, 
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69) The observations that IDO inhibitor treatment led to increased autoantibody 

titers and target organ pathology in MRL1
prl7pr m1ce supports the hypothesis that 

IDO 1s a key factor that slows autoimmune disease progression. 

Recently Tanaka and colleagues demonstrated that CD169+ macrophages 

can cross-present apoptotic tumor ant1gens in draining lymph nodes to elicit 

protection from tumor establishment in a model of melanoma (88). This is 

seemingly at odds with both our present report as well as the Tanaka group's 

previous data indicating that CD169+ macrophages are critical for apoptotic cell

antigen tolerance in the spleen (7). It is generally assumed that CD169+ 

macrophages in the sub-capsular region of the lymph node and the MZ of the 

spleen are analogous in terms of funct1on However there are significant 

differences in basal environmental exposure that would be expected to alter 

macrophage function. Moreover, in the tumor model system the apoptotic cells 

were delivered subcutaneously and were allowed to apoptose for 24h prior to 

injection (88). Thus, the anatomical differences, coupled with the later stages of 

apoptosis and alternate route of administration likely account for the differences 

in immune response we observed. 

In conclusion, we describe a novel !DO-dependent mechanism by which 

splemc MZMs maintain immune-homeostasis These findings identify defective 

I DO-dependent immune suppression as a potential target for therapy of systemic 

autoimmune d1sease 
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Female MRL-MpJ, MRL'P'11P', and C57BU6J mice 6-8 weeks of age were 

purchased from Jackson Laboratories and female 86.1001"'-. B6.C01690TR, 

86 Act-mOVA-11 (Act-mOVA), OTWThy1 .1•, and B6.CHOP1
- mice were obtained 

from a colony maintained under specific pathogen free conditions in the Georgia 

Health Sciences University animal facilities in accordance with IACUC guidelines. 

Apoptosis induction and in vivo apoptotic cell administration 

Apoptotic cells were generated according to previously described methods 

(8) For a detailed description of apoptotic cell administrations see supplemental 

methods 

MZM depletion 

To deplete MZMs B6.C01690TR mice (7) were injected with 100ng of 

diphtheria toxm (Sigma) i.p. in 200111 of PBS. The injection was repeated every 

48h for a total of 3 injections. 

01 MT treatment 

1-methyl-0-tryptophan (01 MT, Sigma) was prepared as described (65). 

For in v1vo use, 1 MT in drinking water at 2 mg/ml (or vehicle control) was 

administered ad libitum to experimental animal groups (34) 

Flow Cytometry 

Flow cytometry was done according to standard methodology. For a 

detailed descnpt1on see supplemental methods 
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Semiquantitative PCR 

Semiquantitative PCR was done accord1ng to standard methology. For a 

complete description of the method see supplemental data. PCR for mouse f3-

actm, 1001 , TGF-f31 , IL-6, IL-10, IL-12p40, and TNF-n was done using 

previously described primers (1 , 24) 

Skin Transplantation 

Prior to skin transplantation female recipient (86) mice were treated with 

1-MT via drinking water on days (-2, -1 and 0). On day 0 GCN2KO mice or 86 

mice received 107 apoptotic thymocytes (i v.) After one week (7d), tail skin from 

donor male mice (-1 cm2
) was placed onto the left thoracic flank region of female 

m1ce as prev1ously described (89) Bandages were removed 7 days after 

engraftment and allografts were observed for 50 days Grafts were scored as 

rejected when ulceration and/or necrosis was ev1dent m > 80% of the graft. 

Autoantibody Detection 

Assays for serum autoantibodies have been described previously (90). 

Kidney Pathology 

Histo-pathologic analysis, immunoflourescent staining, and kidney 

functional assessment was done as described prev1ously (90) and in 

supplemental methods. 

Image and statistical analysis 

Image analysis for lgG deposition 1n the skin was done using NIH IMAGEJ 

software. Means, standard deviations, and unpa1red Student t test results were 

used to analyze the data. When comparing two groups, a P value of > 0.05 was 
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consrdered to be significant. Survival data were analyzed with Kaplan-Meier 

survrval plots followed by the log-rank test. 

SupplementarY Information Materials and Methods 

Apoptosis Induction and in Vivo Apoptotic Cell Administration 

For the generation of apoptotic cells, thymocytes collected from 8-wk- old 

female 86 or Act-mOVA mice were exposed to 2,000 cGy of radiation and 

cultured for 6 h at 37 8C in RPM I 1640 media + 1% BSA (Sigma-Aldrich). 

Annexrn V and propidium iodine staining confirmed apoptosis induction and 

revealed that typically >85% of the thymocytes were apoptotic with less than 1% 

of the cells necrotic. 

For rn vrvo admmistration of apoptotrc cells, mrce were injected with 107 to 

5 x 107 apoptotic thymocytes via caudal vern injection. In one set of experiments, 

18 h postadministration of 2 x 107 apoptotic cells the spleen was collected and 

snap-frozen in liquid N2. The spleen was weighed and ground with a pestle and 

mortar containing 5 g sterile sand (Sigma) and 100 IJL of PBS+protease inhibitor 

mrxture (Sigma) per 10 mg of spleen. The material was centrifuged to sediment 

the sand/ground tissue and the supernatant was collected for assessment of IL

IL-6, IL-10, IL-12p40, TNF-a, and TGF-~1 levels via ELISA (Ebioscience). 

In another set of expenments mice were Injected wrth 107 apoptotic 

thymocytes intravenously twice a week for a period of 5 months. The mice were 

assessed for adsDNA autoantibody development, as descnbed below, monthly 

vra retro-orbrtal eye bleed. 
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TGF-/3 blockage 

Before apoptotic cell Injection mice were injected 1ntraperitoneally with 400 

IJg of mouse anti-TGFP1 , -2, -3 (clone 1 D11 ; R&D Systems) in 300 IJL of PBS 3 

h before intravenous injection of 2 x 1 07 apoptotic cells. 

Flow Cytometry 

To measure T-cell proliferation 2 x 106 5-(and 6)- carboxyfluorescein 

diacetate succinimidyl ester (CFSE)-Iabeled (Invitrogen) OTII+ Thy1 .1 + T cells 

were adoptively transferred intravenously via lateral tail vein injection. Twenty

four hours after OTII transfer, mice were inJected with 107 apoptotic Act-mOVA 

thymocytes in 200 IJL of PBS intravenously. Three days after apoptotic cell 

transfer, the spleen was collected and pro- hferat1on was assessed via flow 

cytometry To VIsualize the adoptively transferred OTII cells, 5 x 106 splenocytes 

were stained with 2.5 IJg anti-Thy1 .1, anti-CD44 (Ebioscience), and anti-CD4 

PerCP (BD Pharmingen). 

Sorting of macrophage and dendritic cell (DC) subsets 

C57BU6J mice were injected with 2 x 1 07 apoptotic syngeneic thymocytes 

and 18 h postinjection spleens were collected and injected with 100 U of 

collagenase (Sigma) in 2 ml PBS and incubated for 30 min at 37C in 5 ml PBS 

contain1ng 400 U/ml collagenase. From the d1gest single-cell suspensions were 

gen- erated and incubated with aSignR1 or aMOMA-1 (Serotec), aCD8a, and 

aCD11c (BD Pharmingen). The cells were sorted on a Dako Cytomation MoFio 

cell sorter into tubes containing RNA protect reagent (Qiagen). 
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General flow cytometry 

106 splenic cells were stained w1th aCD86, aCD11c, aCD8a, aMHCII, 

aCCR7 (eBioscience), or aCD1 03 (Pharmingen) For flow cytometric analysis, at 

least 105 (1 06 in the case of adoptive OTII transfer) events were collected on a 

FACSCanto flow cytometer (BD Bioscience) and all results were analyzed using 

FlowJo software (Tree Star). 

Semiquantitative PCR 

RNA from sorted cells was purified using RNeasy RNA purification kits 

(Qiagen) and 250 ng of RNA was reverse-transcnbed us1ng a random hexamer 

eDNA reverse-transcription kit (Ciontech). For the PCR, 1 ~L of eDNA was 

amplified with primers described in Matenals and Methods PCR was done using 

IQ Syber green super mix (Bio-Rad) and on an iQ5 real-time PCR detection 

system (Bio-Rad), and results were analyzed w1th the accompanying software 

according to the manufacturer's instructions. 

Pathology and Immunohistochemistry 

To assess target organ pathology, kidneys were fixed with 10% formalin in 

PBS for 48 h and embedded 1n paraffin K1dney sect1ons were stained with 

Penod1c acid-Schiff (PAS) reagent (to examine basement membrane) , H&E, or 

Mason's trichrome (to exam1ne collagen deposition). To assay for immune 

deposits, kidneys were embedded in Tissue-Tek optimal cutting temperature 

compound (Sakura) and snap-fro- zen Sections (5 ~m) were a1r-dried, fixed with 
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cold acetone, and stained with FITC-conjugated anti-mouse lgG (Sigma) or anti

mouse complement component C3 (Cappel). 

To determine microalbuminuria, mice were placed in individual metabolic 

isolator cages and placed on 3% (wt/vol) sucrose containing water. Urine was 

collected over a 24-h time-course and albumin levels were measured by ELISA 

using commercially available reagents (Bethyl Laboratories). 

Immunohistochemistry 

Spleen was snap-frozen and embedded as described above. Five

micrometer sections were fixed for 5 min in 10% neutral buffered formalin 

followed by extensive PBS wash1ng. For immunofluorescent staining of 

mdoleamine 2,3-dioxygenase (100), 5-I.Jm frozen splenic or kidney sections were 

immediately fixed in -20C methanol The sect1ons were blocked with PBS 

containing 1% nonfat milk (Sigma) and stained with 4 I.Jg/ml polyclonal rabbit 

anti-mouse 1001 in PBS containing 1% nonfat milk. After extens1ve washing with 

TBS + 0.05% tween20, the sections were stained with a 1 :400 dilution of CY3-

Iabeled goat anti-rabbit lgG (Jackson lmmunoresearch) and FITC or Alexa488 

labeled antibodies to either C011c (BO Pharmingen). MARCO (Serotec), C0169 

(Serotec), or F4/80 (Ebioscience). Sections were mounted with Prolong Gold 

anti- fade with OAPI (Invitrogen). Fluorescent images were captured using a 

Ze1ss LSM 510 Meta confocal microscope equ1pped with 405-, 488-, 561-, and 

633-nm lasers. 



36 

Acknowledgements 

This work was supported by a grant from the Lupus Research Institute 

(TLM) and NIH grants AI092213 (TLM), AI063402, AI075165 (ALM), and 

CA103320 CA096651 , CA112431 (OHM), the Swedish Research Council, the 

Swedish Med1cal Society, King Gustaf V's BO-years foundation, the Swedish 

Rheumatism Association, the Swedish heart/lung foundation, Torsten Soderberg 

foundation and the cardiovascular research program at Karolinska institutet 

(MCIK). OHM and ALM receive consulting income and research support from 

Newl~nk Genetics. 

Figure Legends 

Figure 1. AJlOJ)totic cells induce IDO expression in MZMs (AJ Eight week-old 

86.CD169DTR mice were depleted of MZMs and injected w1th 5*107 apoptot1c 

thymocytes i.v. and 24h later spleens were snap frozen and sections were 

examined for expression of 1001 Images are representative for 3 mice/group. a) 

sham injected CD169DTR mouse, b) diphtheria toxin injected littermate control 

24h after injection with apoptot1c thymocytes, c) diphtheria toxin injected 

CD169DTR mouse (depleted of MZMs) 24h after inJection with apoptotic cells 

Images are representative for 3 mice/group. (B) 86.CD169DTR+ mice were were 

depleted of MZMs and 2d later the spleens were collected and analyzed by flow 

cytometry and immunofluorescent staining for the presence of 8 cells (8220), T 

cells (CD4, COB), DCs (CD11 c, COB), red pulp M<J>s (F4/BO), and MZMs 

(MARCO, MOMA1 ) Dot-plots and images are representative for 3 mice/group 
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(C) Spleen sections from BU6 mice 24h after mjection with apoptotic thymocytes 

treated as in (A) were co-stamed with antibodies against mouse 1001 (red) and 

MARCO, MOMA-1 , CD11c, and F4/80 (all green). Images are representative of 3 

mice/group. (D) MZM and other splemc phagocytic cells were sorted on the basis 

of the markers indicated and RNA was analyzed for levels of 1001 transcripts by 

sqPCR. Values were normalized for 1~-actin expression and relative expression 

compared to control (untreated) SignR1+ M<l>s. All experiments were repeated at 

least twice with similar results. 

Figure 2 Inhibition of 100 increases apoptotic cell induced pro

inflammatory cytokines (A) 8-12w female BL6 mice were given water 

containing the IDO inhibitor 01 MT as descnbed in Methods. After 48h of 

treatment 2 ·107 apoptotic thymocytes were transferred 1.v and 18h post 

thymocyte InJection spleen was collected and assessed for the cytokines 

indicated Bars are mean values for 4 m1ce/group +/-standard deviation (SO). (B) 

Mice treated as in (A) were sorted 8 and 18h after challenge and analyzed by 

sqPCR for the transcripts indicated (C) MZMs (i.e. SignR1+ macrophages) and 

CD11c+ DCs from mice treated as in (A) were sorted and TGF-f3 or CHOP 

message levels were determined by sqPCR (D) Female BU6 CHOP_,_ mice were 

challenged with apoptotic thymocytes as in (A) Eight and 18h after challenge 

splenic DC and MZM populations were sorted and TGF-B mRNA levels were 

determined. *=pval > 0.05, **=pval > 0 01 as determined by the Student's t test 

where indicated These experiments were repeated at least twice with similar 

results. 
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Figure 3. 100 regulates the T cell response to apoptotic cell antigens. 

(A and B) Female BU6 and 86./DO-'- mice were injected i.v. with 107 live or 

apoptot1c syngeneic thymocytes and 3d post transfer the splenic T cells were 

evaluated v1a FACS for CD4 and FoxP3 expression (A) or CD44 expression on 

gated co4• T cells (B). (C and D) Bw female mice of the genotype indicated 

were injected with 5*106 CFSE-Iabeled MACS purified Thy1.1.0TII T cells and 

48h later 107 apoptotic thymocytes were adoptively transferred via caudal vein 

injection. 3d post-injection the splenic Co4• T cells population were examined for 

extent of OTII proliferation (C) and the Thy1 1 • OTII T cells were examined for 

CD44 expression (0 ). All dot plots and histograms are representative for 3 

mice/group and bars represent the mean values +/- SO *=pval > 0.05, **=pval > 

0 01 as determined by the Students t test where indicated. These experiments 

were repeated multiple times with Similar results. 

Figure 4. 100 inhibition accelerates systemic autoimmune disease in lupus

prone MRL1
prl tpr mice (A) 5!-lm splenic sections from 8w-old female MRL1P'17P' 

mice were stained with antibodies for 1001 and counterstained with DAPI. 

Images are sections from 2 unmanupulated MRL1
prllpr animals and are 

representative images for a group of 5 mice. (B-D) 8w-old female MRL1prllpr mice 

were g1ven the 100 inhib1tor D1MT ad lib1tum in drinkmg water and examined 

over the next 6w for the impact on autoimmune d1sease relative to mice g1ven 

water treated in a similar manner but without the addition of 01 MT. (B) Sera was 

collected from mice before the administration of 01 MT (pre) and at 4 and 6w post 

01 MT administration and tested for udsDNA lgG t1ters v1a ELISA. Bars represent 
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the mean value for the group. N= 5 mice/group. (C) Kidney were collected from 

MRL1
prl1pr mice after 6w treatment with 01 MT and 5ftm frozen sections were 

stained with cxmouse lgG FITC antibody to determine the amount of lgG immune 

complex deposition in the glomeruli (a-d). Additionally, dorsal skin was collected 

from MRL1
prllpr mice after 6w treatment with 01 MT. Sk1n samples were divided 

and Yz was fixed in 10% formalin for H&E staining (e and g) and Yz was snap 

frozen and cryosections were acetone fixed and stained for mouse lgG as 

described for the kidney sect1ons with a DAPI counterstain to visualize nuclei. 

Panels are representative for 5mice/group. Arrows. (g) Highlights hyhne cysts 

which were found in the skin of MRL1P'17P' mice treated with 01 MT. (h) Illustrated 

the increase in lgG deposition 1n D-1 MT -treated mice at the dermal-epithelial 

junction. (D) Skin fluorescence intens1ty for samples stained with FITC-Iabeled c:t

mouse lgG 1n (B) was determined us1ng lmageJ analys1s software. At least 2 

sections were stained from each sample and the mean intensity was determined 

from the average for each animal. Experiments were repeated 3 times with 

similar results. 

Figure 5 Chronic apoptotic cell administration breaks tolerance and results 

in premature mortality in 100-/- mice 1 Ow-old BU6 and I DO_,_ mice were given 

107 apoptot1c thymocytes 2 times/week 1.v. for 5 months. (A) Sera was collected 

as described in Methods monthly and examined via ELISA for the development 

of adsDNA lgG reactivity Po1nts represent the mean values for each group +/

SO •_p val< 0.05, '**_p va < 0 01 . (B) Survival curves for animals over the course of 

the experiment N= 10 mice/group (C) K1dneys were collected from mice in (A) 
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and 5~tm paraffin embedded sections were stained w1th H&E or PAS reagents as 

indicated. D) Frozen kidney sections from mice 1n (A) were stained for lgG 

immune complex deposition (panels a and b) or complement C3 deposition 

(panels c and d) and counterstained with a OAPI contaimng mount. Panels are 

representative sections from groups of 10 mice E) Twenty-four hour urine 

outputs were collected from mice after 4 months of apoptotic cell administration 

and albumin concentrations were determined as described. 86: N=5 mice, 100-/

. N=4 mice. These experiments were repeated at least tw1ce with similar results. 

Supplementary F1gure 1. Apoptotic cell-driven 100 expression is not 

dependent on TGF-Jl Twelve-week-old female 86 mice were injected 

intraperitoneally with TGF-~ neutralizing antibodies or isotype controls followed 

3-h later by Intravenous inJection with 2 x 107 apoptot1c thymocytes and sta1ned 

18-h later for 1001 , as described in Sl Materials and Methods (A) Untreated; (B-

0) 2 x 107 apoptotic thymocytes intravenously injected, (C and E) 400 IJg anti

TGF-~ injected intravenously; and (D) isotype control. Images are at 1 OOx 

magnified frozen spleen sect1ons and representative of three mice per group 

Th1s experiment was repeated twice with similar results. 

Supplementary Figure 2. 100 inhibition does not affect total serum lgG 

production or renal IDO expression in Murphy Roths large (MRL)Iprllpr 

mice (A) E1ght-week-old MRLipr/lpr mice were given 1-methyl-0-tryptophan 

(01 MT) in the dnnking water, as described elsewhere, and after 6 wk of 

treatment sera was tested via ELISA for lgG concentrations Bars represent the 
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mean value for five mice per group ± SO (B) Kidneys were collected from mice 

given 01 MT or control drinking water for 6 wk and 5-~m paraffin embedded 

sect1ons were stamed with Mason's trichrome or PAS reagents, as indicated. 

(Magnification: 100x.) (C) Snap-frozen 5-~m k1dney sections from female 

MRLipr/lpr m1ce treated as in 8 were stained for mouse 1001 , as described in Sl 

Materials and Methods and counterstained with DAPI. All panels are 

representative sections from groups of five mice. These experiments were 

repeated at least twice with similar results. 

Unpublished Supplementary Figure 3 Apoptotic cell-mediated allograft 

tolerance requires an 100- GCN2 function (A) Female 86 mice were given 1-

methyl tryptophan via drinking water for 72 hours 24 hours later, 107 male 86 

thymocytes were adoptively transferred tv followed by male skin engraftment 7 

days later (as described in Methods) (B) Female GCN2KO mice were 

challenged with male apoptotic cells rece1v1ng male skin allografts as in (A). For 

(A to 8 ) graphs represent the cumulative survival of the skin allografts over a 50-

day time period post-transplantation. n=7 -10 mice/group. Significance 

determined as described. ** = pval <0.01 as determined by Student's t test. 

Images in (C) are representative images shown at 200x magnification. 

Expenments were repeated 3x w1th similar results. 
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Abstract 

Tolerance to apoptotic cells is essential to prevent inflammatory 

pathology. While innate responses are critical for immune suppression, our 

understanding of early innate Immunity driven by apoptot1c cells is lacking. 

Herein we report apoptotic cells drive expression of the chemokine CCL22 in 

splenic metalloph1llic macrophages and this is critical for tolerance. Systemic 

challenge with apoptotic cells induced rapid production of CCL22 in CD169+ 

(metallophillic) macrophages resulting in accumulation and activation of FoxP3+ 

Tregs and CD11 c DCs, an effect that could be inhibited by antagonizing CCL22-

driven chemotaxis. This mechamsm was essential for suppression after apoptot1c 

cell challenge since neutralizing CCL22 or its receptor, reducing Treg numbers, 

or blocking effector mechanisms abrogated splenic TGF-~ and IL-10 induction. 

This promoted a sh1ft to proinflammatory cytokines associated with a failure to 

suppress T cells Similarly, CCR4 1nh1b1t1on blocked long-term, apoptotic cell

induced tolerance to allografts. Finally, CCR4 inhibit1on resulted in a systemic 

breakdown of tolerance to self after apoptotic cell injection with rapid increases in 

anti-dsDNA lgG and 1mmune complex deposition. Thus the data demonstrate 

CCL22-dependent chemotaxsis a key early innate response required for 

apoptot1c cell 1nduced suppression implicating a novel mechanism of 

macrophage-dependent coordination of early events leading to stable tolerance. 
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Introduction 

Immunologic tolerance towards apoptotic cell associated antigens 1s 

critical for maintenance of homeostasis and prevention of autoimmune disease 

(8). While several soluble effectors requ1red for immune suppression by apoptotic 

cells have been described, arguably the most notable examples being the 

cytokines TGF-~ and IL-1 0 (91 , 92), key cellular and molecular mechanisms that 

promote tolerance have been more difficult to characterize; however, studies 

have implicated regulatory T cell populations as essential downstream 

components of long term apoptotlc cell induced tolerance (93-95) 

Systemic tolerance to apoptotic cells is dependent on splenic function 

(96). Specifically apoptotic cell-driven tolerance requires a CD8a •cD1 03• 

dendritic cell (DC) population found m the splenic margmal zone (MZ) , which 

induce Treg differentiation from na1Ve CD4 T cell precursors and tolerize effector 

CDS T cells (17, 97-99). However, several recent reports have indicated an 

indispensible role for splenic MZ resident stromal macrophages in the 

establishment of tolerance to apoptotic cells For example, we recently reported 

deletion of MARco• and CD169+ macrophages promoted loss ofT cell tolerance 

to apoptot1c cell antigens and accelerated disease in an ammal model of 

systemic lupus erythematosus (8) and Miyake et al reported a similar result 

utilizing a mouse model of experimental autoimmune encephalomyelitis (EAE) 

(1 00). 

FoxP3+ Tregs are induced in a TGF-~-dependent manner after apoptot1c 

cell exposure and are a key downstream cellular mechanism dnving apoptotic 
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cell tolerance as inhibition of TGF-13 or reduction of Treg numbers after apoptot1c 

cell phagocytosis (efferocytosis) is sufficient to reduce or prevent apoptotic cell 

mediated tolerance in vivo (93). However, there is no information on the role 

preformed Treg populations play in early apoptotic-cell driven suppression or the 

establishment of long-term tolerance Our data has shown rap1d production of IL-

1 0 and TGF-B occur after apoptot1c cell challenge suggesting that a suppressive 

microenvironment is established within hours of exposure (1 01 ). Given the 

rapidity of the response apoptotic cell antigen-induced Treg populations are not 

involved in this early response However, natural (n)Tregs show a significant 

degree of self-reactivity and are critical in maintenance of immune homeostasis 

(42, 43). Thus we theorized nTregs might be recruited to the site of efferocytosis 

playing a role in establishment of immunosuppressive conditions elicited by 

apoptotic cells. Tregs migrate in response to several C-C mot1f chemokines (102. 

1 03) In particular, CCL22 1s a promment chemotactic agent driving Treg 

accumulation 1n tumors and antagon1sm of either CCL22 or its receptor (CCR4) 

has potent anti-tumor effects (1 04-1 07). Similarly, CCL22 expression in allografts 

promotes Treg accumulation and prevents graft reJection (1 06, 108, 1 09), and 

induction of CCL22 1n the pancreas of NOD mice promoted Treg accumulation 

protect1ng against t1ssue destruction and autoimmune d1abetes (11 0). 

In this report we examined if efferocytosis in the spleen induced CCL22 

and the mechanistic relationship between Tregs and phagocytes in apoptotic 

cell-dependent suppress1on and tolerance Our data demonstrate that apoptotic 

cells induce rapid production of CCL22 1n CD169+ macrophages that drives Treg 



54 

and DC accumulation in the spleen, acquisition of a tolerogenic phenotype, and 

induction of long-term suppression to apoptotic cell antigens. Thus the results 

demonstrate a novel mechanism of CCL22 coordinated recruitment by 

macrophages as a requisite early mechanistic step in apoptotic cell mediated 

immune regulation. 

Results 

Apoptotic cells induce CCL22 express/On specifically in CD169+ metallophil/ic 

macrophages 

Systemic apoptotic cell challenge results in rapid production of IL-10 and 

TGF-P1 by MZ resident macrophages and OCs. Moreover, MZ macrophage IL-

1 0 production plays a critical role in expansion of induced (i)Tregs and efferent 

tolerance mechan1sms (111 ). However it is not known what role Tregs play 1n 

early afferent mechanisms of apoptot1c cell-driven suppression S1nce CCL22 is a 

key mediator of Treg chemotaxis and immune suppression we hypothesized it 

may be essential in early innate suppression after apoptotic cell exposure. To 

test this, 86 m1ce were challenged with 1 07 syngene1c apoptotic cells 

intravenously (i.v.) and spleens were collected for measurement of CCL22 

CCL22 prote1n rapidly increased in the spleen after apoptot1c cell challenge w1th 

>5-fold increase observed 8h after administration in whole tissue preparations, 

peaking 24h after apoptotic cell inJection ( 41 + 1.2 pg/ml) and rema1ning elevated 

for at least 48h (Fig 1A) Both macrophages and OCs can produce CCL22 1n 

response to act1vat1on (112), and several MZ resident DCs and macrophage 
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populations actively phagocytose apoptotic cells entenng the spleen from 

circulation (113). When FACS-sorted splenic phagocytes (for sorting strategy see 

supplemental Fig 1) were examined, only CD169+ metallophillic macrophages 

(MM<I>s) showed increased CCL22 message (288-fold Increase at 4h, Fig 1 B). To 

confirm apoptot1c cell-driven CCL22 expression was dependent on CD169+ M<l>s 

we utilized a transgenic model in wh1ch the human diphtheria toxin receptor is 

expressed on C0169+ cells (100, 101). When the CD169+ macrophages were 

depleted prior to apoptotic cell injection, CCL22 was not induced (Fig. 1 C) 

confirming CD169+ MM<I>s responded selectively to apoptot1c cells challenge by 

induction of CCL22. 

MM<l>s are positioned at the outer edge of the B cell follicle, underneath 

the MadCAM+ cells lining the marginal sinus (113) and thus may have limited 

access to apoptot1c cells entering the spleen. However FACS analysis showed 

MM<I>s are robust apoptotlc cell phagocytes and approximately 20% of the 

CD169+ macrophages co-stained with an apoptotic cell tracer dye 30m in after i. v. 

injection (Fig. 1 D) This raised the possibility that apoptot1c cells may induce 

CCL22 in MM<l>s by direct induct1on rather than by trans mechamsms. To test 

this FACS-sorted splen1c CD11 c• OCs and CD169+ MM<l>s were cultured with 

apoptotic thymocytes at a 1:10 phagocyte/apoptotic cell ratio for 4h and CCL22 

mRNA was measured by sqPCR (for cell viability see supplemental Fig. 2). In 

agreement with the in vivo data splenic CD11c• OCs failed to induce CCL22 

mRNA in co-culture conditions while apoptotic cells 1nduced a 337 -fold increase 

in CCL22 message relative to baseline 1n MM<l>s (Fig. 1 E). In contrast to CCL22, 
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apoptotic cells did not induce significant expression of other tested CC-motif 

chemok~nes in sorted CD169+ M<l>s suggesting the CCL22 response was 

unspec1fic and unique to apoptotic cell exposure (Fig. 1 F). Thus the data show 

that MM<I>s are significant apoptotic cell scavengers and are specialized to 

produce CCL22 upon exposure. 

Since CCL22 is a potent Treg chemokine we reasoned that the increase in 

CCL22 expression might result in increased Treg chemotaxis to the spleen 

promoting increased retention of Tregs in the organ. To test this we examined 

the ab1hty of CD169+ M<I>/apoptotic culture conditioned media to induce migration 

of Tregs in vitro. Media conditioned with CD169+ M<l>s only had no impact on 

Treg migration (Fig 1 G); however when the MM<I>s were cultured with apoptotic 

thymocytes, the conditioned med1a induced robust Treg m1gration, an effect that 

could be blocked by the addition of either a CCL22 neutralizing antibody or the 

soluble CCR4 antagon1st C-021 dihydrochloride (114, 115) (Fig. 1 G). Thus 

apoptotic cell-driven MM<l> activation potently stimulated Treg migration in a 

manner dependent on CCL22-mediated recruitment of Tregs via CCR4. 

Apoptotic cells mduce rapid Treg and DC accumulation in the follicle following 

apoptotic cell challenge 

To test if this mechanism is relevant in v1vo we challenged mice i. v. with 

107 apoptot1c cells and examined FoxP3+ Treg recruitment 4 hours after injection 

+/- pre-treatment with CCR4 antagomst Mice injected w1th apoptotic cells 

showed a 2-fold 1ncrease in splenic FoxP3+ Tregs compared to controls, an effect 

that was completely inhibited by pretreatment with CCR4 antagonist (Fig. 2A). 
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Treg accumulation was primarily in the white pulp with scattered cells found 

throughout the red pulp (Fig. 28) suggestmg CCL22 drives specific recruitment to 

lymphoid areas of the spleen rather than a general accumulation in the organ. 

This idea was supported by image analysis that showed a 9-fold increase in 

Foxp3+ cells per follicle (Fig. 2C). Pre-treatment w1th CCR4 antagonist prevented 

this increase in Tregs resulting in splenic FoxP3 staining that was similar to 

control groups (Fig. 28). We had similar results if mice were pre-treated with 

aCCL22 neutralizing lgG or lacked CCR4 expression (supplemental Fig. 3A) 

demonstrating CCL22 and CCR4 are required for apoptotic cell-driven FoxP3+ 

Treg accumulation We have found that 3 to 7 days after apoptotic cell challenge 

there is no appreciable difference in splenic Treg numbers or expression of 

effector molecules (101) However, the data presented herein indicated a 

significant, rapid Treg response to apoptot1c cell challenge occurring within the 

first few hours after exposure Thus we exam1ned express1on of receptors known 

to mediate Treg-dependent immune suppression during this time frame. FACS 

analysis revealed splenic Tregs rapidly upregulated surface CTLA-4 in response 

to apoptotic cell exposure while GITR, C01 03 and P0-1 were relatively 

unchanged (Fig 20). Moreover, this effect was dependent on CCR4 as pre

treatment with antagomst prevented surface CTLA-4 staimng (Fig. 20). 

An unexpected observation was CCL22 and CCR4-dependent follicular 

accumulation of C011 c+ cells follow1ng apoptot1c cell challenge (Fig. 28 and 2E). 

This was not associated with an overall Increase in splenic OCs suggesting they 

were recruited from the MZ and red pulp rather than systemically. Moreover, 
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image analysis showed that increased CD11c• cell presence in the follicle 

significantly elevated the number of Treg-OC 1nteract1ons in the follicle (Fig. 2F 

and supplemental Fig. 38). cos•co1 03• DCs preferentially acquire apoptotic 

cells in the MZ and are responsible for a s1gn1ficant portion of apoptotic cell 

driven TGF-B production, Tett cell tolerization, and induction of Tregs from naive 

populations (94, 97, 99, 116). We found that significant portion of cos•co103• 

DCs expressed the CCR4 receptor in apoptotlc cell challenged mice (Fig. 2G). In 

contrast, CD1 03"eg DCs did not show appreciable surface staining for CCR4 

suggesting CD1 03• DCs may migrate preferentially 1n response to CCL22 

production. In agreement with this, we found apoptotic ceii/MM<I> co-culture 

conditioned media induced significant migration of cos•co1 03• DCs in a CCL22 

and CCR4-dependent mechanism 1n trans-well assays and in vivo (Fig. 2H, 

supplemental Fig. 4). In contrast cos•co103"eg DCs showed reduced apoptotic 

cell-dependent m1gratory capacity, which was Independent of CCL22/CCR4 (Fig. 

2H) Thus, the data show apoptotic cells induced coordinated migration of Tregs 

and tolerogenic DCs and CCR4-dependent accumulation in the follicle. 

Treg recruitment is required for suppresston of innate and adaptive inflammatory 

immune responses elicited by apoptot1c cells 

We have shown that i. v. apoptotic cell administration induces TGF-~ and 

IL-1 0 expression by splenic phagocytes within a few hours of challenge (1 01 ). 

Smce CCL22 expression occurred rap1dly after apoptot1c challenge and recruits 

Tregs to sites of inflammation, we hypothesized that regulatory cytokine induction 

may be dependent on CCL22-mediated Treg recruitment. To test this we 
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pretreated mice with CCR4 antagonist 24h prior to apoptotic cell challenge and 

examined the impact on cytokine induction. Consistent with our previous reports 

(8. 101 ). apoptotic cells induced prominent increases in splenic TGF-f3 and IL-1 0 

(Fig 3A). In stark contrast, when CCR4 was blocked. IL-10 and TGF-f3 induction 

were muted compared to controls while IL-12 and IL-6 protein induction was 

significantly increased (Fig. 3A). Similar results were observed when CCL22 was 

inhibited or CCR4KO mice were challenged with apoptotic cells (supplemental 

Fig. 5) demonstrating a responsive shift had occurred favoring a proinflammatory 

environmental milieu in the absence CCL22-dependent Treg recruitment. 

Recently, we reported coa•ocs were the primary TGF-f3 producing APCs 

after apoptotic challenge (101). Accordingly, TGF-~ transcription rapidly 

increased (-55-fold at 4h) after apoptotic cell challenge in cos• DCs (Fig. 38). 

Similarly, IL-10 message increased in sorted coa•ocs and CD169. M<I>s when 

apoptotic thymocytes were injected intravenously. However. when CCR4 function 

was inhibited by pretreatment with antagonist apoptotic cell-driven IL-10 and 

TGF-B mRNA induction was completely abrogated (Fig. 38) with a concomitant 

increase in IL-12p40, predominately in CD169+ Mcl>s (Fig. 38). Likewise, while 

both coa•ocs and MM<I>s showed an induction in IL-6 message in CCR4 

antagonized groups. it was the CD169+ macrophages that showed the most rapid 

and significant induction of IL-6 express1on after apoptotic cell exposure (Fig. 

38) Th1s IS consistent w1th studies suggesting that tolerogenic DC populations in 

the spleen and other organs have a limited capacity to produce proinflammatory 

cytokines (116) and implies CCL22-mediated Treg recruitment functions to 
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promote acquisition of a regulatory phenotype in DCs and prevent of 

inflammatory cytokine production in macrophages involved in apoptotic cell 

clearance. 

Our data shows TGF-(3 is rapidly induced by apoptotic cells and others 

have reported that this is critical for iTreg development and downstream 

tolerance (93). However, it is unclear if TGF-(3 expression is a result of early, 

innate immune suppression, or a key driver of the innate suppressive immune 

response To test this we pretreated mice with aTGF-(3 neutralizing antibodies 

prior to apoptot1c cell exposure. Blockade of TGF-B abrogated apoptotic cell 

driven TGF-f~ or IL-10 in MM<J>s and DCs that instead showed prominent 

increases in IL-12p40 and IL-6 expression (supplemental Fig. 6A), implying 

innate TGF-1~ Induction in phagocytes after efferocytosis is an essential 

mechanistic driver of suppressive cytok1ne production 

To confirm Tregs were requ1red for apoptotic cell-dnven suppression we 

depleted them prior to apoptotic cell challenge by administration of an anti-CD25 

antibody. In a pattern similar to that observed in CCR4 antagonized animals, 

Treg deplet1on altered cytokine message induction preventing TGF-(3 and IL-1 0 

production 1n DCs and M<t>s rather promoting IL-12p40 and IL-6 transcnpt1on 

(Fig. 3C) Tregs can promote immune suppression by several mechanisms 

including production of the soluble effector TGF-[3 and by direct contact with 

dendritic cells (e.g CTLA4/87 interactions) We surm1sed TGF-f3 production was 

not a likely candidate since we did not observe a s1gmficant Increase in Treg 

TGF-B expression w1thin 24h of apoptotic cell challenge. However, it has been 
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reported that regulatory cost1mulation signals delivered by CTLA4 are potent 

drivers of an immunosuppressive phenotype in DCs (117), moreover, our own 

observations demonstrated a dramatic and specific increase in surface CTLA-4 

on Tregs (Fig 20) leading us to hypothesize Tregs may promote apoptotic cell 

suppression via Signals delivered by CTLA4. In agreement with th1s, blockade of 

CTLA4 with a neutralizing antibody prior to apoptotic cell admimstration inhibited 

apoptotic cell-driven splenic IL-10 or TGF-f3 induction , however there were 

significant increases in IL-12 and IL-6 production (supplemental Fig 68). Thus 

the data indicate CTLA4 is a cnt1cal driver of suppression in the 

microenvironment promoting a tolerogenic phenotype (i.e TGFfH) in DCs. 

Previously, we reported that apoptotic cell associated-antigens elicited 

minimal effector T cell proliferative responses (8, 101). Th1s was absolutely 

dependent on MZ M<l>s as their deletion promoted vigorous T cell proliferation 

and generation of adaptive inflammatory 1mmumty (8) We reasoned that CCR4 

antagonism, which prevented regulatory cytokine production, would also 

compromise suppression of apoptotic cell-associated antigen specific T cell 

responses. To test this CFSE-Iabeled transgenic OTII T cells (2 5x1 06/mouse) 

were adoptively transferred into 86 mice+/- CCR4 antagomst, followed 24h later 

by challenge w1th 107 apoptot1c OVA+ thymocytes and we assessed proliferation 

(CFSE dye dilution). Treatment w1th CCR4 antagonist had no impact on OTII 

localization to the spleen as vehicle treated and CCR4 antagomst treated mice 

had similar numbers of CFSE-Iabeled OTII T cells 1n the absence of apoptotic 

cell exposure. In control m1ce there was no evidence of proliferation after 
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apoptotic cell injection demonstrated by the lack of CFSE fluorescence reduction 

(supplemental Fig. 6C). Interestingly, OTII T cells were not deleted after 

apoptot1c cell challenge since the total number of OTII cells present in the spleen 

was comparable to untreated controls In contrast, when CCR4 activity was 

inhibited OTII T cells underwent significant proliferation with the majority of T 

cells showing a reduction of CFSE fluorescence intensity (supplemental Fig. 6C). 

Apoptotic cell induced allograft tolerance requires CD 169+ macrophages and 

CCR4 function 

Systemic apoptotic cell exposure results in long term tolerance to 

associated antigens. Since we have shown that apoptot1c cells drive early innate 

regulatory responses via recruitment of Tregs to the spleen by MM<I>-driven, 

CCL22/CCR4-dependent mechanisms we reasoned that mice deficient in 

CD169+ M<l>s or CCR4 funct1on would have defective downstream generation of 

stable tolerance. To test this we utilized a mouse model of skin allograft tolerance 

where systemic challenge of female mice with male apoptotic cells leads to long 

term, whole animal tolerance to H-Y antigens (86). CD169+ M<l> depletion is 

associated with an abrogation of apoptot1c cell-driven 1mmune suppression to 

associated antigens (8, 1 00); however, it has never been shown if this cell 

population is required for stable tolerance induction Thus, to test this we 

depleted the CD169+ M<l>s in CD169DTR mice followed by challenge with 

apoptotic male thymocytes and engraftment of male skin. In control groups (i.e. 

untreated), the male sk1n was rejected by all recipient mice with a graft mean 

surv1val time (MST) of 36 days (Fig . 4A) This was 1n stark contrast to apoptotic 
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cell treated mice where there was 100% survival of the grafts (Fig. 4A). Control 

female MM<I>-depleted mice rejected allografts with a time-course similar to 

control untreated mice (MST 34.5d) suggesting the absence of MM<I>s did not 

impact the ability to reject H-Y mismatched grafts. In agreement with our 

hypothesis. apoptot1c cell-induced tolerance was completely dependent on the 

presence of an intact MM<I> population as C0169+ cell depletion abrogated the 

protective effect of apoptotic cells and complete graft rejection with a MST of 28 

days (Fig 4A) Similarly, when female 86 mice were treated with a single 

injection of CCR4 antagonist 24h prior to i. v. apoptotic cell injection, apoptotic 

cell-dnven protection of male allografts from rejection was completely abrogated 

(MST 24 days, Fig 48). Tolerance was transferrable to secondary recipients as 

mice receiving 107 splenocytes from apoptotic cell tolerized mice showed 

complete acceptance of allografts (Fig 4C). In contrast, groups receiving 

splenocytes from mice treated with apoptotic cells+CCR4 antagonist rejected 

skin allografts in an accelerated fashion compared to controls (MST 14d for 

CCR4 anUapop vs MST 21d for nil, Pv81=0.0024, Fig. 4C). Thus the data strongly 

indicate apoptot1c cells drive stable, infectious tolerance by a mechanism that 

depends on early mnate recogmt1on events assoc1ated with recruitment of 

CCR4+ regulatory cells. 

CCR4 inhibition promotes apoptotic cell-driven tolerance breakdown and 

autoimmunity 

We have previously shown that depletion of marginal zone and 

metalloph1lhc macrophages 1mpa1rs apoptotic cell-act1vated regulatory 
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mechanisms resulting in a breakdown of self-tolerance and the development of 

autoimmunity (8). S1nce our data has demonstrated antagonizing CCL22 or 

CCR4 promotes a proinflammatory splenic response to apoptotic cell challenge 

i v. , we tested if repeated exposure to apoptotic cells m CCR4-inhibition 

conditions would elicit an autoimmune response. Mice were challenged weekly 

with syngeneic apoptotic thymocytes 1 v. and parallel i.p. treatments with CCR4 

antagonist (for a total of 3 injections) and serum autoreactivity to dsONA was 

monitored by ELISA. We found that one injection of apoptotic cells/CCR4 

antagomst was sufficient to induce a 1 0-fold increase m serum anti-dsONA lgG 

7d after administration (Fig. 40) Moreover, repeated inJeCtion of apoptotic cells 

(3x in total) resulted in a 26-fold increase in anti-dsONA lgG compared to 

baseline levels and a significant increase in cyroglobulin (anti-dsONA lgG3, Fig. 

40). Since mcreased circulating anti-dsONA lg generally parallels increase 

immune complex (IC) deposition in the glomeruli we exammed kidney sect1ons 

for IC depos1t1on. Mice challenged w1th apoptotic cells alone showed minimal 

changes in lgG staining relative to controls (Fig. 4E). However, when CCR4 was 

antagomzed there was a significant increase in IC staimng upon chronic 

exposure to apoptotic cells paralleling Increased anti-dsONA lgG m serum (Fig 

4E) Renal function was preserved m the mice and there were no overt signs of 

pathology; however this is likely due to the short time frame of the experiment. 

Nevertheless, the data clearly show that in that absence of CCR4 function, 

apoptot1c cells can elicit a strong autoimmune response suggest1ng that Treg 

recruitment is required for the regulation of tolerance to apoptotic corpse 
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associated antigens, and, in particular, 1n the regulation of adaptive 

autoimmunity. 

Discussion 

Efferocytos1s of apoptot1c cells leads to stable, long-term tolerance 

mediated by induced regulatory lymphocytes. Studies have reported that CD8a • 

DCs are critical drivers of this process, cross presenting apoptotic cell antigens to 

tolerize cos• T cells and promote iTreg development in an antigen and TGF-~

dependent manner. However, this induct1on occurs several days after primary 

exposure and does not account for the cellular or molecular mechanisms 

involved in the early innate response to apoptot1c cells Our previous data has 

shown that MZ M<l> populations (CD169+ and S1gnR1•) play a key mechanistic 

role as immune sentinels in the spleen, capturing apoptotic material entering 

from circulation and promoting immune suppression Immediately after contact. 

Importantly, MZ M<l>s influence the activity of DCs modulating TGF-~ production 

and phagocytosis of apoptotic cells (8, 101 ). Thus it is likely that M<I>-DC 

communication is critical for initial generation of a suppressive microenvironment 

and acquisition of a regulatory phenotype. 

The data presented in this report adds an additional layer to this 

communication network as it suggest that rap1d follicular accumulation of Tregs 

and DCs 1n response to CCL22 production by MM<l>s is a key early mechamsm 

Involved in apoptotic cell-mediated immune suppression and tolerance. Tregs are 

potent suppressors of immunity and at least a portion of nTregs is positively 

selected by self-antigen (42, 43). Their importance for 1mmune homeostasis and 
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the prevention of autoimmune disease is clear as even temporary depletion 

rapidly results in severe autoimmune/autoinflammatory disease and mortality 

demonstrating the significant basal role Tregs play monitoring self antigen 

presentation and potentially autoreact1ve na'ive T cells (118) Moreover, recent 

data have shown that Tregs serve a cnt1cal function as "first responders" (119) In 

mice immunized with OVAJIFA/CpG, Sharma et al. found Tregs provided a 

positive signal via CD40/CD40L within the first few hours after vaccine 

administration that is required for induction of immunity (119). In this context, 

functional part1c1pat1on of Tregs was TCR-dependent; however, smce there were 

presumably no OVA-specific Tregs present, this result suggests the Tregs were 

reacting to endogenously presented self/MHCII in the context of CpG-driven 

activation. We envision a similar mechanism occurring in the spleen whereby 

Tregs recruited as a result of MM<l> production of CCL22 are activated either by 

apoptotic cell antigens presented on capturing APCs or constitutively presented 

self in the context of tolerogenic stimulation. 

The observation that suppression required CTLA4 function implies 

contact-dependent communication is required for apoptotic cell-driven 

tolerogenic signals. The fact that the large majonty of accumulated Tregs appear 

in the white pulp suggests Treg/antigen presenting cell interactions likely occur m 

the lymphoid areas of the spleen. CD8ct CD1 03+ DCs capture apoptotic material 

in the MZ and migrate to the white pulp where they present the captured antigens 

driving downstream. stable tolerance (97. 116). Our report adds to this model as 

it suggests responsiveness to CCL22 results in coordinated recruitment of Tregs 
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and tolerogenic CD1 03+ DCs to the wh1te pulp enhancing Treg-DC interactions 

(as shown in Fig 2F) 

Apoptotic cell induced Treg recruitment to the spleen was clearly a critical 

mechanism for tolerance induction as either depletion of MM<I>s or inhibition of 

CCR4 was sufficient to abrogate apoptotic cell-driven tolerance of H-Y mismatch 

allografts Apoptotic cell-immune suppression is a mechanistically important 

phenomenon as it limits harmful autoreactivity. Our data suggests CCR4 

mediated Treg recruitment plays an important role in this process as co

treatment with antagonist resulted in rapid Induction of serum autoimmunity after 

apoptot1c cell injection associated with increased renal IC deposition. Thus taken 

as a whole, the data strongly argue that early mnate responses to apoptosis are 

dependent on functional crosstalk with Treg populations It is not clear why 

apoptot1c cells induce CCL22 specifically m splen1c MM<l>s; however 1t is 

reasonable to assume that the specialized niche these M<l>s populate has a 

significant influence on the apoptotic cell response. In conclusion, we show for 

the first time that selective CCL22 expression by a small population of CD169+ 

M<I>s located in splenic marginal zone is essential for initiation of tolerogenic 

responses to apoptotic cells by rapid recruitment of Tregs. Moreover, the data 

ind1cates Tregs have a fundamental role m suppression Induced by apoptosis in 

secondary lymphoid tissues perhaps by providing 1nitial instruction via CTLA4/87 

interactions and promoting a tolerogen1c DC phenotype. 
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C57BU6J (B6), B6.CD169DTR, B6.Act-m0VA-II (Act-mOVA), OTII, and 

B6 CD45 1 • congenic mice were obta1ned from a colony maintained under 

spec1fic pathogen-free conditions at Georgia Regents University, in accordance 

with Institutional Animal Care and Use Committee guidelines. All mice used in 

the experiments were female 8-12 week-old animals unless otherwise noted. 

Apoptos1s Induction and in vivo apoptotic cell administration 

Apoptotic cells were generated and adm1n1stered as previously described 

(101) For cytokine measurements the spleen was weighed and ground with a 

pestle and mortar containing Sg sterile sand (S1gma) and 1 OO~L of PBS + 

protease inhibitor mixture (Sigma) per 1 Omg of spleen as described (8) 

Assessment of CCL22, IL-6, IL-10, IL-12p40, and TGF-~1 was via ELISA 

(Eb1osc1ence). 

Flow Cytometry 

Flow cytometric analysis and cell sortmg were done usmg a standard 

approach as described in Sl materials and methods. 

CD169• MMC/> depletion, Treg depletion, and antibody blockade 

To deplete MM<I>s B6.CD169.DTR mice (100) were injected with 100ng of 

diphtheria toxin (DT) (Sigma) i.p. in 1 OO~L of PBS The injection was repeated 

every 48 h for a total of three injections as descnbed (101). For Treg depletion, 

mice were injected 1 p. with anti-CD25 mAb (clone PC61) (250 ~g/mouse) 6h 

prior to apoptot1c cell injection. For TGF-~ blockade m1ce were injected i.p. with 
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anti- TGF-~ mAb (clone 1D11) (150 J.Jg/mouse) or for CCL22 blockade mice were 

InJected 1 p with 250~tg of anti-CCL22 mAb (clone 158132) 6h prior to apoptotic 

cell injection and for CTLA4 blockade mice were injected i.p. with 1 OOJ.Jg/mouse 

u-CTLA4 mAb (Clone 9H 1 0) 24h prior to apoptotic cell transfer. 

Semi-quantitative PCR 

RNA from sorted cells was purified using RNeasy RNA purification kits 

(Qiagen) and 250ng of RNA was reverse-transcribed using a random hexamer 

eDNA reverse transcription kit (Ciontech). eDNA was analyzed for the message 

species indicated as described in Sl Materials and methods 

Chemotaxis Assay 

Sorted CD169 ... M4>s were incubated w1th apoptotic thymocytes at a 10:1 

apoptotic ceii/MM4> rat1o for 24h. Culture supernatants were collected and 

prepared per manufacturer's instructions for the QCM rM chemotaxis 51Jm cell 

migration assay (Millipore). For further deta1ls see Sl Materials and methods. 

Skin Transplantation 

Prior to skin transplantation female recipient (B6) mice were injected i.p. 

with 1.51Jg of CCR4 antagonist (EMD Milhpore) in 100~1 of PBS or 

B6 CD169 ... DTR mice were depleted of MM<I>s (as described above). One day 

later the mice received 107 apoptotic thymocytes (i.v.) After one week (7d), tail 

skin from donor male mice (-1 cm2
) was placed onto the left thoracic flank region 

of female mice as previously descnbed (89) Bandages were removed 7 days 

after engraftment and allografts were observed for 50 days. Grafts were scored 

as rejected when ulceration and/or necrosis was ev1dent in > 80% of the graft. 
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Immunofluorescence and immunohistochemistry 

Frozen tissue cryosectioning and immuno-staining was done using 

standard approaches and commercially available antibodies as descnbed in Sl 

materials and methods. 

Assays for autoantibodies 

Assays for serum anti-dsDNA autoantibodies have been described 

previously (90). For further details see Sl Materials and methods. 

Image and statistical analysis 

Image and statistical analysis was done as described m Sl Materials and 

Methods. 

Supplementary Information Materials and Methods 

Flow Cytometry 

To assay for apoptotic cell uptake 107 PKH26-Iabeled apoptotic cells in 

200 fJL of PBS was injected i. v. into B6 mice. Two hours after apoptotic cell 

injection, spleens were collected and injected with 100U of collagenase (Sigma) 

in 2ml PBS and incubated for 30 min at 3rC in 5 ml PBS containing 400 U/ml 

of collagenase From the digest single-cell suspensions were generated and 

mcubated with MOMA-1 monoclonal antibody (Serotec) 

To examine the FoxP3+ Treg positiomng in the spleen, B6 mice were 

injected with 107 apoptotic syngeneic thymocytes and 4h post-injection spleens 

were collected and stained with anti-C04 APC (BD pharm1ngen), anti-FoxP3 PE 

(eB1oscience). Intracellular sta1ning for Foxp3 expression was performed with 
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intracellular staining kit, in accordance with the manufacturer's protocol 

(e8ioscience). 

For sorting of macrophage and dendritic cell (DC) subsets 86, CCR4 

antagonist (EMO Millipore) pre-treated mice were Injected with 107 apoptotic 

syngeneic thymocytes and 8h post-mjection spleens were collected and treated 

with collagenase as described above. From the digest single-cell suspensions 

were generated and incubated with MOMA-1 (Serotec), a-CD8a, a-CD11c, 

aCD103, (80 Pharmingen), and a-F4/80 (eBioscience) The cells were sorted on 

a Oako Cytomation MoFio cell sorter into tubes containing RNA protect reagent 

(Q1agen). 

To measure in vivo T-cell proliferation 2x106 5-(and 6)-carboxyfluorescein 

d1acetate succmim1dyl ester (CFSE)-Iabeled (Invitrogen) OTII+C045.2+ T cells 

were adoptively transferred intravenously 1nto 86 C045 1 congenic mice via 

lateral tail vein injection. Twenty-four hours after OTII transfer, mice were injected 

with 107 apoptotic Act-mOVA thymocytes in 2001-JL of PBS i.v. Three days after 

apoptotic cell transfer, the spleen was collected and proliferation was assessed 

via flow cytometry. To visualize the adoptively transferred OTII cells, 5x1 06 

splenocytes were stained with 2.5 IJg a-C045 2 PE (e81oscience). 

For flow cytometric analys1s ~ 105 (106 m the case of adoptive OTII 

transfer) events were collected on a LSR II flow cytometer and all results were 

analyzed with FlowJo software (TreeStar). 
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Semi-quantitative PCR 

RNA from sorted cells was purified us1ng RNeasy RNA purification kits 

(Qiagen) and 250ng of RNA was reverse-transcribed using a random hexamer 

eDNA reverse transcription kit (Ciontech) For the PCR, 1 ~L of eDNA was 

amplified with primers previously described (1). PCR was done using IQ Syber 

green super mix (Bio-Rad) and on an iQ5 real-time PCR detection system (Bio

Rad), and results were analyzed with the accompanying software according to 

the manufacturer's instructions 

Chemotaxts Assay 

To assay for chemotaxis, the culture supernatants described in Methods 

were seeded in the lower chamber of the prov1ded 96-well plates. The upper 

chambers were seeded with MACS column sorted CD4+CD25+ Tregs, CD1 03+ 

CDS+ or CD8neg DCs in a normal culture medium in the presence or absence of 

CCR4 Antagonist (C-021 d1hydrochloride, 39nM, EMD Millipore), aCCL22 

blockmg antibody (2~g/ml , R&D systems), or isotype control and the cells were 

allowed to migrate for 4h. The plate was then processed and read at 

485nm(excitation)/530nm(emission). Migration index was determined as per 

manufactures directions. 

Immunofluorescence and immunohistochemtsfry 

To assay for immune depos1ts k1dneys were embedded in Tissue-Tek 

OCT compound (Sakura) and snap frozen Sect1ons (5 ~m) were air-dried, fixed 

w1th cold acetone, and stained w1th a 1·200 dilut1on 1n PBS plus 1% normal goat 

serum (NGS) of FITC-conjugated a-mouse lgG (Sigma-Aldrich). 
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For immunohistochemistry, spleen was snap-frozen and embedded as 

described above. For Immunofluorescence staining of FoxP3 in the spleen, five

micrometer sections were fixed for 10 min in 100% methanol followed by 

extensive PBS washing. The sections were blocked with PBS containing 1% 

nonfat milk (Sigma) and 5% NGS and stained with 1:100 of rabbit anti-mouse 

FoxP3 (Abeam) and 1:50 of hamster anti-mouse CD11c or CD103 (Biolegend) in 

blocking buffer. After extensive washing with TBS+0.1% tween-20, the sections 

were stained with a 1:1000 dilution of AF488-Iabeled goat anti-rabbit lgG 

(Jackson lmmunoresearch) and AF568-Iabeled donkey anti-hamster lgG 

(Jackson lmmunoresearch) Sections were mounted w1th Prolong Gold anti-fade 

with DAPI (Invitrogen). In quantifymg Treg and DC accumulation at least 20 

follicles were examined per spleen. Fluorescent images were captured using a 

Zeiss LSM 510 Meta confocal microscope equipped with 405-, 488-, 561-, and 

633-nm lasers. 

Assays for autoantibodies 

Briefly, lmmulon II plates (Oynatech) precoated with BSA were coated with 

50~g/ml calf thymus dsDNA (Sigma) . To assay for serum autoantibody levels 50 

~I of whole blood was collected from tail vem and the serum was separated using 

blood collection micro tubes accord1ng to the manufactures directions (Sarstedt, 

Newton NC) The serum was diluted 1·200 and assayed for auto antigen

reactivity against the plates described above by 1ncubat1on for 2h at room 

temperature. Bound lgG was detected usmg a goat HRP-anti-mouse lgG and 

lgG3 detection antibody (Bethyl Laboratories, Montgomery TX) and visualized at 
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450 nm usrng TM8 substrate (KPL, Gaithersburg MD) according to the 

manufacturers directions. 

Image and statistical analysis 

Image analysis was done using Natrona! Institutes of Health lmage-J 

software unless otherwise indicated Means, SDs, and unpaired Student t test 

results were used to analyze the data. When comparing two groups, a P value of 

< 0.05 was considered to be significant. Allograft survival data were analyzed 

with Kaplan-Meier survival plots followed by the log-rank test. 

Figure legends 

Figure 1. Apoptotic cells induce CCL22 expression in splenic CD169+ 

metallophillic macrophages (A) 86 mrce were InJected with 107 apoptotic 

thymocytes i. v. and at indicated time pornts whole spleen lysates were tested for 

CCL22 (B) 4h after apoptotic cell injection as rn (A) phagocytes were sorted 

based on indicated markers by FACS and CCL22 message was measured by 

sqPCR. (CJ 86.CD169°TR mice were depleted of metallophillic M<I>s as described 

(1 01) and injected with apoptotic thymocytes as described in (A) . 24h later 

CCL22 protein was measured in whole spleen lysates by ELISA Immuno

fluorescence shows representative spleen sections from 86.CD169°TR and 

littermate control groups 48h after last rnjectron wrth drphtheria toxrn stained for 8 

cell markers (u8220, red) and cxCD169 (green). (OJ Splenic CD169+ cells were 

analyzed by F ACS for uptake of Pkh26-labelled apoptotic cells 30m in after 

injection with 107 cells i. v. (E) CD169+ and CD11 c+ cells were sorted from 86 
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mice and cultured in complete RPMI with apoptotic thymocytes at a 10:1 

apoptotic cell/phagocyte ratio for 4 hours. GGL22 message was then measured 

by sqPGR as described. (F) 4h after apoptotic cell injection as in (A), G0169+ 

M<l>s were sorted by FAGS and chemokme message for the species indicated 

was measured by sqPGR. (G) FAGS-punfied splenic G0169+ macrophages were 

incubated with apoptotic cells at a 10:1 ratio. 24h supernatant from the cultures 

were analyzed for chemotactic activity against MAGS purified GD4+GD25+ 

Tregs. In some wells neutralizing uGGL22 antibody or GGR4 antagonist was 

added to confirm the dependence of migration on GGL22 dependent 

mechanisms as described in Methods Bars represent mean value for 5 mice + 

SO (A, C, D), pooled samples from 3 mice (8 and F) , or triplicate wells (E and 

G) . *and ** =Pval <0.05 and <0.01 respectively as determined by Student's t test. 

Experiments were repeated at least three times with s1m1lar results. NO= not 

detected 

Figure 2. Apoptotic cell exposure drives rapid Treg and DC migration into 

the splenic follicle 86 mice were pretreated with GGR4 antagonist as described 

in Methods 6 hours prior to injection of 107 apoptotic thymocytes i. v .. Four hours 

after apoptot1c cell adm1nistrat1on the spleen was collected for analysis (A) 

Splenocytes analyzed by flow cytometry to quantify GD4+FoxP3+ Treg 

accumulation after exposure to apoptotic cells. (B) Representative immuno

fluorescence staining of splenic sections to determine localization of GD11 c+ 

OGs (red) and FoxP3+ Tregs (green) 4h after apoptotic cell challenge. Rp=red 

pulp, wp=white pulp. (C) Image analys1s of the number of FoxP3+ cells/follicle 1n 
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splenic sections from mice treated as descnbed in (B). (D) Representative FAGS

analySIS histograms showing surface expression of the markers indicated in 

CD25+FoxP3+ Tregs 4h after apoptotic cell challenge. (E and F) Image analysis 

of splenic sections from mice treated as 1n (B) for semi-quantitative analysis of 

follicular CD11c+ DC accumulation and Treg/DC Interactions after apoptotic cell 

challenge. Distance between Tregs and DCs considered contacts was 0.02,...m or 

less. Distance was quantified by Applied Precis1on Software (SoftworX) on 

images captured as described in Methods. (G) Histogram analysis of CCR4 

expression in the DC populations indicated (1.e CD11c+CD8a+CD103+/-). (H) 

Chemotaxis of DCs in response to apoptotlc ceii/MM<I> conditioned media was 

done as described in figure 1 F using FAGS punfied DCs with the phenotype 

indicated Bars represent mean value for tnpllcate samples (H) or 5 or more mice 

per group (A and G) + standard deviation (SO) Images (B) are representative 

for 5 or more mice and are 200x magnification. **= p vat <0.01 as determined by 

Student's t test. Experiments were repeated three times with similar results. 

Figure 3. CCR4 inhibition promotes an apoptotic cell-driven 

proinflammatorY cytokine response in the spleen (A) 86 mice were injected 

1 p with CCR4 antagonist as described 1n Methods 12 hours later the mice were 

challenged w1th 107 apoptot1c syngeneic thymocytes 1. v. and 18 hours after 

apoptot1c cell administration spleens were collected and cytokine protein 

concentrations were determined on whole spleen lysate by ELISA (B) 86 m1ce 

were treated with CCR4 antagonist and Injected with apoptotic cells as in (A). 4 

hours after apoptotic cell challenge CD169+ MM<l>s and CD11c+CD8a+ DCs 
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were sorted by FACS and cytokine message for the indicated species was 

determmed by sqPCR. (C) CD25+ Treg numbers were depleted by 

administration of 250ug of aCD25 monoclonal ant1body (clone PC61) as 

described in Methods. 24h later mice were challenged w1th 107 apoptotic cells i. v. 

and macrophages and DCs were analyzed for cytokine message induction as in 

(B). For (A) Bars represent mean value for 5 mice + SO and for (B and C) bars 

represent the value for pooled samples from 3 mice. ** =Pval <0.01 as determined 

by Student's t test. Experiments were repeated at least three times with similar 

results. 

Figure 4. Apoptotic cell-mediated allograft tolerance requires an intact 

C0169+ MMtf> population and CCR4 function (A) Female 86.CD169DTR mice 

were injected 3x with saline +/- 1 OOng diphtheria tox1n (DT) to deplete the MM<I> 

population. 48 hours after the last DT inJeCtion 107 male 86 thymocytes were 

adoptively transferred i. v. followed by male skin engraftment 7 days later (as 

described in Methods). (B) Female 86 mice were injected with CCR4 antagonist 

and challenged with male apoptotic cells receiving male skin allografts as in (A) . 

(C) Female mice were injected with apoptotic cells +/- CCR4 antagonist pre

treatment and 7d later 107 splenocytes were adoptively transferred i. v. to female 

86. 1d after the transfer mice rece1ved male 86 sk1n. For (A to C) graphs 

represent the cumulative survival of the skin allografts over a 50-day time penod 

post-transplantation. n=7-10 mice/group Significance determined as described. 

(D) 86 mice were injected once/week (3x total) i. v. w1th apoptotic cells and i.p . 

with CCR4 antagonist as described in methods The serum was collected at the 
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indicated time points and concentrations of total lgG and lgG3 reactive against 

dsDNA as a marker of systemic autoimmunity was determined by ELISA. (E) 

Kidneys from mice in (OJ were collected after the terminal bleed and frozen 

sections were stamed with a-mouse lgG to measure immune complex 

deposition For (D) each data point represents the mean value for 5 mice/group + 

the SO. ** = pval <0.01 as determined by Students t test. Images in C are 

representative images shown at 200x magnification. Experiments were repeated 

3x with similar results. 

Supplementary Figure 1. FACS sorting scheme for splenic MCI>s and DCs 

Representative dot plots for pre and post sort of splenic cell populations 

indicated Spleens from 3-5mice/groups were pooled for each sort. Experiment 

was repeated multiple times w1th s1milar results SSC-S1de scatter, FSC-Forward 

scatter. 

Supplementary Figure 2. CD169+ Mel> viability in culture Sorted CD169+ 

macrophages were stained with DAPI to determine cell viability immediately after 

FACS sorting (A) and after 24h co-culture with apoptotic cells (B) as described in 

Methods. Histograms show DAPI fluorescence for CD169+ cells. Experiment was 

repeated 4 times with similar results. 

Supplementary Figure 3. CCL22 and CCR4 are required for apoptotic cell 

driven recruitment of FoxP3+ Tregs and CD1 03+ DCs into the splenic 

follicle 86 or CCR4KO mice were pretreated as Indicated with CCR4 antagonist 
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or CCL22 neutrallz1ng antibody as described 1n Methods 6 hours prior to injection 

of 107 apoptotic thymocytes i. v. Four hours after apoptotic cell administration the 

spleen was collected for analysis. (A) Representative immuno-fluorescence 

staining of splenic sections to determine localization of CD1 03+ DCs (green) and 

FoxP3+ Tregs (red) after apoptot1c cell challenge. Rp=red pulp, wp=white pulp 

Images (A) are representative for 5 or more mice and are 200x magnification. **= 

Pval <0.01 as determined by Student's t test. Experiments were repeated twice 

with similar results. 

Supplementary F1gure 4. Apoptotic cell-driven CD11c+C0103+ DCs 

recruitment is dependent on CCL22 and CCR4 86 or CCR4KO mice were 

pretreated as Indicated with CCL22 neutralizing antibody as described in si 

Methods 6 hours prior to injection of 107 apoptotic thymocytes i. v. Four hours 

after apoptot1c cell administration the spleen was collected for analysis. Images 

are representative immuno-fluorescence staining of splemc sect1ons to determine 

localization of CD103+ (green) and CD11c+ (red) DCs after apoptotic cell 

challenge. Rp=red pulp, wp=white pulp. Images are representative for 5 or more 

mice and are 200x magnification Experiment was repeated 2 times with similar 

results. 

Supplementary Figure 5. CCR4 function is required for the apoptotic cell

induced regulatory cytokine response in the spleen (A) CCR4KO or 86 mice 

were injected as indicated i.p. with CCL22 neutralizing or control lgG antagonist 

as described 1n Sl Methods. 4 hours later the mice were challenged with 107 

apoptotic syngeneic thymocytes i. v. and 18 hours after apoptotic cell 
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administration spleens were collected and cytokine protein concentrations were 

determined on whole spleen lysate by ELISA Bars represent mean value for 5 

mice + the standard deviation. ** =Pvai<0.01 as determined by Student's t test. 

Experiments were repeated three times with Similar results. NS= not significant. 

Supplementary Figure 6. TGF-P and CTLA4 are required for regulation of 

innate and adaptive responses to apoptotic cell antigens (A) B6 mice were 

injected with 150~g of aTGF-13 neutralizing antibody (clone 1011) or isotype 

controls i.p. and 8h later injected with apoptotic cells. 4h post-injection, splenic 

CD169+ macrophages and CD8a+CD11c+DCs were purified by FACS and 

relative message levels for the cytokine spec1es indicated were determined by 

sqPCR (B) M1ce were injected with 1 OOug of aCTLA4 blocking monoclonal 

antibody (clone 9H 1 0) 4h prior to i v. injection of 107 apoptotic cells. 18h after 

apoptot1c cell treatment spleens were collected and splenic lysates were 

measured for the cytokines indicated by ELISA For A bars represent the value 

for pooled samples from 3 mice. For B Bars represent mean value for 5 mice + 

SO ** =Pval >0.01 as determined by Students t test. Experiments were repeated 

three times with similar results. (C) CD45.1 + B6 mice received 2.5x1 06 MACS 

purified CFSE-Iabeled CD45.2+CD4+ OTII T cells i v followed by challenge with 

1 07 OVA+ apoptotic cells with or without pretreatment with CCR4 antagonist as 

indicated. 3d later spleens were collected and CFSE intensity in the 

CD4+CD45 2+ T cells and the total number of splemc CD4+CD45.2+ T cells was 

determined by flow cytometry. For all expenments bars represent mean values 
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for triplicate wells + SO. ** = Pval <0.01 as determined by Student's t test. Each 

expenment was repeated multiple times wrth similar results. 
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IV. DISCUSSION 

Apoptosis is important for tissue remodeling during embryogenesis and is 

fundamental for lymphocyte generation and immune responses in higher 

vertebrates. However, apoptotic cell removal without inflammation is crucial for 

normal homeostasis and the prevention of autoimmunity, as impairment to this 

process can drive severe inflammation and pathology. During tissue remodeling, 

professional phagocytes includ1ng M<l>s and DCs play a pivotal role in the 

efficient clearance of apoptotic cells. PhagocytiC destruction of apoptotic cells, 

wh1le eliciting initial immune suppression by v1rtue of TGF-~ and IL-1 0 

production , is inadequate for the generation of immunologic tolerance, which 

requires the participation of both innate and adaptive immune cells. Much of what 

is known about apoptotic cell mediated suppression is derived from in vitro 

studies, which suggests that when M<l>s or DCs are co-cultured with apoptotic 

cells, anti-inflammatory cytokines like TGF-13 and IL-1 0 are induced (1 0). 

However, the in vivo scenario is much more complex and there is relatively 

limited understanding of the molecular mechanisms Involved in tolerance or the 

cellular division of labor involved in the process. To better understand the 

mechanism of tolerance to apoptotic cells in vtvo, we sought to test the potential 
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cellular and molecular players involved and their role in apoptotic cell mediated 

immune-suppression. 

In our first aim we have shown in vivo, that the immunoregulatory enzyme 

1001 induced by the MZMs is a key molecular mechanism driving tolerance to 

apoptotic cells. 100 is a heme conta1n1ng mtracellular enzyme, which breaks 

down tryptophan to N-formyl Kynurenines. 100 is known to mediate peripheral 

immune suppression in cancer, autoimmune disease, and immune privilege (29). 

100 is induced in innate cells by a variety of mediators like interferons and 

endotoxins (25). Moreover. apoptotic cells can induce 100 by an IFN-y

dependent mechanism in vitro (35). However, the in vivo role of 100 in this 

context was not known. Therefore. we tested the role of 100 in the mechanism of 

tolerance to apoptotic cells. We found that 18-24h post apoptotic cells challenge, 

1001 was Induced in the spleen, and the expression of 1001 was confined to the 

MZ. Though 1001 activity is often associated with C08a+ and plasmacytoid OCs, 

we observed SignR1+ MZMs are the primary producers of 1001 in response to 

apoptotic cell antigens. Interestingly, we observed that the MZMs influence OCs 

to induce TGF- ~ in response to apoptotic cells. Inhibition of 100 activity with the 

pharmacological inhibitor 1-MT, caused a Significant increase in the induction of 

pro-inflammatory cytokines like TNF-a and IL-12 message specifically in MZMs, 

dysregulated C04+ T cell responses to apoptot1c cell antigens and exacerbates 

disease progression in mouse models of lupus-like auto1mmun1ty Similarly, early 

100 expression is required for downstream, long-term tolerance as treatment of 

m1ce with an 100 inhibitor at the time of apoptot1c cell exposure completely 
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blocked apoptotic cell-driven acceptance of skin allografts (unpublished 

supplementary data 3). How apoptotrc cells induce 100 is not clear however our 

preliminary findings have suggested innate sensrng involvrng the cytoplasmic 

DNA sensor STING are required for apoptotic cell driven 100 expression (14). 

Nevertheless, these novel findings are the first to suggest that amino acid 

catabolism drives peripheral tolerance to apoptotic cells. 

100 can regulate tolerance potentially by two mechanisms: 1) induction of 

the stress response to amino acid withdrawal, 2) production of tryptophan 

catabolites called kynurenines. The amino acid withdrawal is mediated by the 

ser/thr krnase general control nonrepressed 2 (GCN) 2. GCN2 activation has 

been shown to suppress T cell prollferatron and IL-6 production in DCs (34, 65, 

120) It is unclear how GCN2 activation modulates cytokine production in APCs, 

however GCN2 activation induces a downstream transcription factor called the 

C/EBP homologous protein 10 (CHOP) CHOP has been shown to regulate 

activity of immune relevant gene expression, in particular chemokines and 

cytokines (121 , 122). We have demonstrated a significant induction of CHOP 

mRNA levels in the MZMs in response to apoptotrc cell challenge. Furthermore, 

TGF-13 induction was lost in CHOP_,_ mice suggesting a link between 100 and 

CHOP GCN2 activation has never been mechanistically linked to apoptotic cell 

tolerance. However, in preliminary investrgatrons we have found a requisite role 

for GCN2 in suppressrng inflammatory cytokrnes in MZMs/splenic DCs and in 

maintaimng long-term tolerance to apoptotrc cell medrated skin allografts 

(unpublished supplementary data 3). Nevertheless. the impact of GCN2 rn 
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regulating adaptive responses to apoptotic cells antigens and prevention of 

autoimmunity remain to be determined. Based on our results, we anticipate that 

GCN2 deficiency might cause T cell proliferation in response to apoptotic cell 

associated antigens and could accelerate autoimmunity in autoimmune settings. 

The second mechanism of immune-suppression ellc1ted by 100 is due to 

the induction of kynurenines on target cells. Numerous studies have suggested 

that an environment rich in tryptophan metabolites, favors the expansion of 

Foxp3+ regulatory T cells (120, 123, 124). Recently, Mezrich eta/. has shown 

that kynurenines can bind to a ligand-based transcnpbon factor called aryl 

hydrocarbon receptor (AhR) (125) Moreover, act1vation of AhR by kynurenines in 

C04+ T cells resulted in their polarization to a regulatory cell phenotype, thus 

contributing to a suppressive microenvironment (126). Further, AhR ligation can 

induce 100 expression in a positive feedback loop. The role of kynurenines or 

AhR in the mechanism of tolerance to apoptot1c cells has not been tested , but 

unpublished data from our lab suggests that apoptotic cells mduce AhR activity in 

macrophages in vivo. It is likely that both amino acid depletion and the direct 

action of tryptophan metabolites may contnbute to the Immunosuppressive role 

of 100 in response to apoptot1c cells. Thus, the findings in our first project. 

suggests an Involvement of suppress1ve med1ators like 100. GCN2 and AhR and 

understandmg the role of these mediators in the apoptotic cell regulatory 

mechanisms will move the field forward by providing new therapeutic targets for 

autoimmune disease. 
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In the second manuscript presented in this dissertation we show for the 

first time, macrophage dependent recruitment of Tregs and regulatory DCs, 

providing a key early mechanism in the initiation of apoptotic cell-mediated 

tolerance in the periphery. The maJor findings of our study are as follows: first, we 

showed that the splenic CD169• M<l>s specifically induced expression of CCL22, 

which was critical for the rapid recruitment of CCR4 expressing Foxp3• Tregs 

and regulatory DCs to the site of efferocytosis. The recruited Tregs were rapidly 

activated becoming potent suppressors and driving tolerance via a CTLA4/B7 

mediated mechanism. Second, our study suggests that immunosuppressive 

cytokines are produced in response to apoptotic cells, wh1ch IS consistent w1th 

our previous findings that coa• tolerogenic DCs were the primary cells inducing 

TGF-~ in response to apoptotic cells. Our data reveals that the aforementioned 

tolerogenic mediators and soluble factors, are essential in the creation and 

maintenance of an immunosuppressive environment, s1nce treatment with a 

CCR4 antagonist, reducing Treg numbers, or blocking CTLA4 or TGF-~ prior to 

apoptotic cell challenge resulted in a robust pro-inflammatory response. Third, 

we show that the CCL22 induced by the CD169+ M<l>s 1s required for the 

establishment of long-term, apoptotlc cell driven skm allograft tolerance 

Moreover, we showed for the first time that apoptot1c cell mduced allograft 

tolerance is transferable to secondary recipients and th1s indicates a mechanism 

of infectious tolerance that is dependent on the suppressive CCR4• Treg 

response Collectively, our data suggests a novel tolerance mechan1sm where1n 

MM<l>s recruit Tregs and DCs by a CCL22/CCR4 dnven mechamsm. Th1s could 
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be a key ax1s that controls the innate and adaptive immune response to apoptotic 

cell antigens. Thus our findings support the concept that induction and 

maintenance of tolerance to antigens derived from dying cells is a dynamic 

process 1nvolv1ng multiple components and pathways. 

In higher organisms, professional and non-professional phagocytes 

maintain immune homeostasis by the removal of billions of apoptotic cells every 

day. Apoptotic cell removal is often referred to as an immunologically silent 

clearance mechanism, even though a significant number of studies have shown 

that this clearance results in the active suppression of 1mmune responses. Only 

in recent years, our lab and others have begun to understand the mechanism of 

suppress1on at the cellular and molecular level. The data presented in this thesis 

elucidates the cellular and molecular mediators involved in the apoptotic cell 

tolerance mechamsm. Our data strongly suggests that marginal zone 

macrophage populations (CD169+ and S1gnR1+) play a key mechanistic role in 

promoting immune suppression immediately after apoptotic cell uptake 

Importantly, MZ macrophages Influence the activity of DCs, resulting in TGF-B 

production and acqu1rement of the regulatory DC phenotype. Thus, it is likely that 

this communication between M<l> and DCs 1s critical for initial generation of a 

suppressive m1croenv1ronment. Further, our study demonstrates that the MZMs 

form an evolutionary bridge between the innate and adapt1ve cells, adding an 

additional layer to this tolerogemc mechanism This 1s ev1dent from the manner 

by wh1ch the splenic metallophilic macrophages, after phagocytosis of apoptot1c 

cells, regulate the accumulation and communication of Tregs and CD1 03+ DCs 1n 
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the splenic follicle resulting in suppression and tolerance to apoptotic cell 

ant1gens 

The findings in this dissertation show the class1c example of how splenic 

macrophages behave like immune sentinels within the spleen. Macrophages are 

not only critical for capturing or processing of apoptotic cells but are 

indispensable for initiating tolerance and maintaining long-term tolerance to 

apoptotic cell antigens. Moreover, macrophages are also efficient in determining 

the downstream pathway of tolerance to apoptotic cells. Our findings elucidate 

the molecular mechanisms of peripheral tolerance to apoptotic cell antigens and 

how therapeutiC targeting of IDO-GCN2 pathway or CCL22/CCR4, could be 

potential novel interventional avenues in the treatment of autoimmune diseases. 



V. SUMMARY 

"Death would not be called bad, 0 people, if one knew how to truly die." - Guru 

Nanak. An important question throughout the centuries that has been asked is, if 

death is good or bad When we look at cell death, we also wonder this and in 

essence th1nk on why apoptot1c cells are tolerogenic and not Immunogenic. Our 

work underlines the concept that the basal reaction to apoptot1c cell antigens 1s 

driven not only by the signals from the apoptotic cells but from the professional 

phagocytes that captures them. The findings of this project shows that both the 

red pulp SIGNR1• MZMs and the white pulp CD169. MMMs are important in 

initiating distinct tolerogen1c networks in the spleen. In manuscript one, we 

demonstrate that the tryptophan catabolizing enzyme IDO, produced by the red

pulp SIGNR1+ MZMs after efferocytosis, is required for short term immune

suppression and long-term immune tolerance to apoptotic cell antigens. 

Moreover, we found that IDO activity llm1ted autoimmunity rn lupus prone mouse 

models lnhib1t1on of I DO resulted 1n rncreased production of pro-inflammatory 

cytokines, dysregulated T cell response to apoptotic cell antigens, and lead to 

lethal development of autoimmunity, resulting in mortality upon chronic exposure 

to apoptot1c cells (Summary Fig. 1 ). However, how apoptot1c cells induce IDO 

has not been clear. Further. increases in IDOs enzymatic activity, led to 

tryptophan depletion also caused significant induction of CHOP, a gene 
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downstream of GCN2, in splemc DCs and M<l>s. The role of GCN2 in 

orchestrating the mechanism of tolerance to apoptotic cells is currently under 

investigation In manuscript two, we report that apoptotic cell capture by CD169+ 

white pulp macrophages promote rap1d expression of the chemokine CCL22, 

leading to the migration and act1vat1on of FoxP3+ Tregs and DCs. Moreover, we 

found that the CCL22/CCR4 axis is required for the generation of stable allograft 

tolerance and the prevention of apoptotic cell-driven autoimmunity (Summary 

Fig. 1). In summary, this work shows that the splenic macrophages are 

indispensable for early immune unresponsiveness and maintenance of long-term 

tolerance to apoptotic cell antigens. Moreover, the findings will help move the 

field forward by a contributing significant amount of new knowledge on the 

molecular mechanisms of tolerance and by providing new targets for treating 

autoimmune disease. 

Immune Therapy using Apoptotic Cells 

Systemic Lupus Erythamatosus (SLE) is a systemic autoimmune disease, 

which is characterized by the presence of anti-nuclear autoantibodies, and is 

often known to affect multiple organs in the human body A large body of 

literature has reported that SLE patients have an increased accumulation of 

apoptotic bodies in the blood, secondary lymphoid organs and within the skin 

after exposure to ultra-violet radiation. 

The molecular mechamsms Involved in the clearance of apoptotic cells are 

still not clear but it might include the liver X receptors (LXR) a and ~. which are 

required for the induction of the tyrosine kinase receptor, Mer, on the phagocytes 
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for efficient engulfment of apoptotic cells(1 ). Mice that are deficient in LXR 

develop exacerbated autoantibodies and nephritis, while LXR agonist treatment 

ameliorates disease progression in the mouse model of lupus. Further, Gonzalez 

eta/. , have reported that LXR is required for MZ macrophage self renewal and 

maintenance, suggesting that LXR agonists could play a potential role in 

macrophage homeostasis and efficient clearance of apoptot1c cells in patients 

with lupus like autoimmune disease(53). Another potential player is a soluble milk 

protein (m1lk fat globule epidermal growth factor 8) MFGE-8, that was identified 

as a bndg1ng molecule between apoptot1c cells and phagocytes, which aids in the 

efficient engulfment of apoptotic cells by the phagocytes M1ce lacking MFGE-8 

spontaneously develop lupus like autoimmunity(54) . Genetic polymorphisms of 

MFGE-8 have been reported in small number of SLE patients, suggesting that 

this molecule might operate dunng the clearance of apoptot1c cells 1n the 

patients(55) There 1s d1rect evidence of inflammation caused by the defects 1n 

apoptotic cell clearance in rheumatoid arthritis pat1ents, linking apoptotic cell 

clearance to inflammation 

Moreover, failure in the clearance of apoptotic cells eventually leads to 

secondary necros1s, where the intracellular ant1gens are released to the 

extracellular milieu, dnving autoimmunity. These secondary necrotic cells secrete 

danger associated molecular patterns (DAMPS) such as histones, high mobility 

group box-1 (HMGB1), which is known to negatively regulate phagocytosis. 

Molecular methods to degrade DAMPS could also be mvolved in the effect1ve 

clearance of apoptotic cells( 56) 
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Apoptotic cell based therapeutic strategies have been developed for 

treating patients with autoimmune disease. One such strategy is the 

extracorporeal photo chemotherapy (ECP), which involves the reinfusion of 

leukocytes that have previously been subjected to 8-methoxypsoralen (8-MOP) 

and ultraviolet-A radiation, wh1ch damages cellular DNA leading to apoptosis. 

This therapy was originally developed to treat patients with cutaneous T cell 

lymphoma (CTCL)(57). ECP was first tested in 1987, and due to its efficacy, was 

approved as the first line treatment for patients with CTCL. Moreover, ECP is 

also known to play a remarkable role in type-1 diabetes. multiple sclerosis, 

inflammatory bowel diseases, atopic dermatitis and systemic sclerosis(57). ECP 

has been demonstrated to be a fairly efficient treatment in patients with both 

acute and chronic graft-verses-host disease (GVHO), resulted in regression of 

skin mamfestation and improvement with respect to organ Involvement was 

observed 1n the patients. Stud1es suggest ECP med1ates tolerance via the 

activation and expansion of Tregs m patients with GVH0(58). A Study by 

Spisdek et a/., suggests that DCs isolated from the patients treated with ECP 

during chronic GVHO exhibit an Immature phenotype and increased production 

of IL-1 0(59) A growing body of literature suggests that ECP induces the 

generation of tolerogenic OCs and Tregs, thus improvmg the clinical efficacy 

ECP treatment is known to have mimmal side effects and toxicity and this makes 

it remarkably efficacious when compared to other immune-regulatory therapies. 

However. characterization of phenotypic and functional aspects of ECP is still not 
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clear Further mvestigation, could help develop better therapeutic approaches for 

treating patients with autoimmune diseases. 

Stephen Miller's group has extensively studied the use of apoptotic cells for 

the establishment of tolerance and therapy in mouse models of autoimmunity 

Since in v1vo treatment of apoptot1c cells was initially observed to mediate 

tolerance via activation of Tregs, production of immuno-suppressive cytokines 

and T-cell anergy, Miller and his group exploited this mechanism of tolerance by 

chemically treatmg the auto-antigen pulsed splenocytes w1th coupled 1-ethyl-3-

(3-dimethylaminopropyl) carbodiim1de (ECDI), which mduces rapid apoptosis. 

Apoptot1c splenocytes treated th1s way are rapidly engulfed by the F4/8o• 

macrophages in the spleen when administered i. v. resulting in an antigen-specific 

T-cell anergy in hosts with ongoing autoimmune-disease(60). ECDI recently 

completed Phase-1 clinical trials in Multiple Sclerosis (MS) patients.(61) However, 

using th1s techmque 1n a clinical arena requires a high number of donor cells. 

which might be expensive and might also be technically difficult. A potential 

solution to solve this problem is to use a surrogate for apoptotic-cellular carriers 

such as ant1gen-coupled carboxylated polystyrene nanoparticles. Moreover, 

these particles mimicked apoptot1c cells Inducing tolerance m the mouse models 

of MS Smce these particles were non-biodegradable, they could not replace 

ECDI-fixed cells m treating patients with autoimmune diseases; however, Getts 

et a/. developed biodegradable poly-(lactide-co-glycolide)-microparticles and 

coupled 1t to encephalitogenic pept1des When injected intravenously. these 

particles trafficked rapidly into the MZ of the spleen and were efficiently engulfed 
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by MARCO+ macrophages similar to our observation of apoptotic cells. Further, 

the particles induced T-cell anergy and activation of Tregs, thus resulting in 

tolerance(62). Taken together the body of ev1dence suggests a potential use for 

microparticles to mimic the apoptotic-cell-med1ated tolerance pathways in the 

clinic to treat patients with autoimmune diseases A potential mechanism by 

which the biodegradable microparticles induce tolerance could be via the 

induction of 100 or CCL22, which bridges the innate and adaptive immune cells 

leading to efficient long-term tolerance. 

The most critical parameters that one should consider to achieve better 

therapeutic effects using apoptotic-cell infusion tnclude: 1) the method of 

induc1ng apoptosis (UVA-irradiatlon) 2) the source of apoptotic cells 3) the 

number of cells injected 3) the route of administration. Deciphering these could 

lead to the most effective therapy for treating patients with autoimmune diseases. 
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