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Summary

Apoptotic cells drive innate regulatory responses that result in tolerogenic immunity. This is a 

critical aspect of cell physiology as apoptotic cells expose potentially dangerous nuclear antigens 

on the surface in apoptotic blebs, and failure in their recognition, phagocytosis, or destruction can 

cause dramatic autoimmunity in experimental models and is linked to development and 

progression of systemic pathology in man. The marginal zone is a specialized splenic environment 

that serves as a transitional site from circulation to peripheral lymphoid structures. The marginal 

zone serves a key role in trapping of particulates and initiation of innate responses against 

systemic microbial pathogens. However in recent years it has become clear the marginal zone is 

also important for initiation of immune tolerance to apoptotic cells, driving a coordinated response 

involving multiple phagocyte and lymphocyte subsets. Recent reports linking defects in splenic 

macrophage function to SLE in a manner analogous to marginal zone macrophages in lupus-prone 

mice provides an impetus to better understand the mechanistic basis of the apoptotic cell response 

in the marginal zone and its general applicability to apoptotic cell-driven tolerance at other tissue 

sites. In this review we discuss immune responses to apoptotic cells in the spleen in general and 

the marginal zone in particular, the relationship of these responses to autoimmune disease, and 

comparisons to apoptotic cell immunity in humans.
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Introduction

The scientific concept of cell death has its origins in the mid 19th century when it was 

predicted that cells must die during developmental processes, most notably embryogenesis 
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and fetal development (1). Although some of the prominent features of apoptotic cell death 

including pyknosis (chromatin condensation and marginalization), karyorrhexis (nuclear 

fragmentation), and membrane budding were recognized early on, it was not until 1971 that 

the seminal paper by Kerr et al identified a mode of death phenotypically distinct from 

general necrosis, naming the death process apoptosis the following year (2, 3). However, 

prior to the formal definition, this type of cell death was already closely linked with 

inflammation. It was noted at least by the 1960's that large-scale cell death (during 

embryonic limb development for example) was associated with a massive infiltration of 

phagocytes (4), thus associating cell death and innate immune responses.

It has been recognized for some time that apoptotic cells could drive classic inflammatory 

processes; however, this was believed to be an eventual outcome of delayed clearance or 

other mechanisms promoting persistence of apoptotic cells leading to a “secondary necrotic” 

reaction (5). Nevertheless, in general apoptotic cells were considered inert particles that 

were cleared to prevent or, in certain circumstances (e.g. neutrophil clearance), to resolve 

inflammation (6). Conceptually the understanding of the apoptotic cell/phagocyte 

relationship changed in the 1990s as it became apparent that efferocytosis (i.e. the process of 

apoptotic cell phagocytosis) drives an actively suppressive response that antagonizes 

activating, inflammatory signals (7, 8). At this time, groundbreaking work by Peter Henson's 

laboratory described a ligand and cognate receptor-dependent immunosuppressive response 

elicited in macrophages and dendritic cells driving interactions with apoptotic cells and 

subsequent responses (9–11). This discovery eventually led to the modern definition of 

immunologically silent cell death that currently includes recognition of apoptosis by a 

battery of receptors, production of suppressive soluble effector molecules such as IL-10 and 

TGF-β, acquisition of a tolerogenic phenotype in dendritic cells and macrophages, and 

durable long-term adaptive immune tolerance to apoptotic cell-associated antigens. The 

notions of “silent” death and infectious (i.e. transferrable) tolerance are now a dominant 

feature of research in the field, and attempts to manipulate apoptotic cell-driven suppressive 

pathways are being attempted in experimental immuno-modulatory therapy for hyper-

immune diseases such lupus and multiple sclerosis as well as cancer and other diseases 

where apoptosis may be a barrier to protective immunity. However, there is a significant 

deficit in our understanding of the complex cellular and molecular mechanisms 

underpinning apoptotic cell-driven immune suppression and tolerance in vivo and how 

breakdown of these contribute to autoimmune diseases.

The marginal zone (MZ) of the spleen is a transitional site where the vasculature merges into 

a venous sinusoidal system. The MZ populated by several innate-like lymphocyte and 

phagocytic populations that are specialized to monitor the blood, screening for signs of 

infection such as bacterial polysaccharides and serve a scavenging function to remove 

particulate material (including apoptotic cells) from circulation. Studies in mouse models 

lacking apoptotic cell scavenger receptors highly expressed in the MZ (i.e. macrophage 

receptor with collagenous structure/MARCO or scavenger receptor A1/SR-A) found no 

defects in either apoptotic cell trapping or immune homeostasis (12). Likewise, mice 

deficient in the major MZ cellular populations (MZ B cells, MARCO+ and CD169+ 

macrophages) did not show an impairment of the immune rheostat or development of 
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spontaneous autoimmunity (13). Thus it was unclear what role responses in the MZ had in 

apoptotic cell-driven immunity and prevention of autoimmunity either locally or 

systemically.

Our laboratories have been examining the function of the MZ in apoptotic cell responses for 

the last 10 years. The studies have revealed key mechanistic roles for MZ-resident cell 

populations in generation of tolerance after apoptotic cell exposure and prevention of both 

spontaneous and induced systemic autoimmunity. Moreover, the apoptotic cell response in 

the MZ has proven to be an incredibly dynamic process that requires the coordinated activity 

of B cells, NKT cells, macrophages, dendritic cells, and regulatory T cell populations 

working in parallel and sequentially. This coordinated activity ultimately leads to adaptive 

immunity including immunoglobulin responses against apoptotic cell antigens and antigen-

specific FoxP3+ Tregs driving clearance and long-term tolerance.

In this review we focus on immune responses in the MZ as a model of apoptotic cell 

immunity. While the structure is unique, there are mechanistic similarities with mucosal 

lymphoid tissue, lymph nodes, and sites elsewhere in the body. Thus, while it is not likely 

that immunity in the MZ has complete overlap with immune reactions in other tissue 

locations, there is sufficient commonality to allow application of lessons learned to other 

sites of efferocytosis and multiple disease models. Moreover, the data derived from this 

model system has yielded the surprising observation that apoptotic cells are potently 

recognized by the immune system and it is only active counter-regulatory signals induced in 

a concomitant fashion that prevent apoptotic cells from driving inflammatory, rather than 

regulatory, immunity. In this review, we will highlight advances in understanding of the 

nature of apoptotic cell immunity in the MZ focusing on the novel interactions and links to 

autoimmune disease.

Apoptosis and tolerance: General themes

Paradigm of silent death

Even in tissues with a high rate of apoptotic turnover such as the thymus and spleen it is 

difficult to find significant numbers of apoptotic cells. This is due to the magnificently 

efficient clearance mechanisms driven by professional and non-professional phagocytes. 

These mechanisms often appear to have overlapping function, as deletion of one or several 

sensing and/or removal pathways may have minor effects on homeostasis. Nevertheless, 

genetic deletion approaches have been informative demonstrating that loss of certain critical 

pathways leads to fulminant inflammation and lethal autoimmunity (14–16).

Studies by Fadok et al. demonstrated that apoptotic cells expose signals that promote 

phagocytic uptake (9). Later, it was shown that cellular engulfment was a precipitating 

factor for apoptosis in Caenorhabditis elegans (17, 18). In these studies, cells receiving 

weak apoptotic signals had the capacity to survive unless phagocytosed, suggesting a critical 

link between efferocytosis and the apoptotic program. Subsequently, Lauber et al. identified 

the first putative chemotactic signal released by apoptotic cells promoting phagocyte 

recruitment (19). These concepts led to the hypothesis that apoptotic cell clearance is 

composed of a discrete, overlapping sequence of events in which apoptotic cells advertise 
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their status, recruit local phagocytes for rapid clearance, and promote uptake to prevent 

inflammatory reactions (20).

Chemotactic signals

Currently, identified apoptotic cell-released chemotactic agents fall into three categories: 1) 

Chemokines- of which the only identified example is CX3CL1/fractlaline (21). 2) Lipids- 

lysophosphatidylcholine/LPC and sphingosine-1-phosphate/S1P have been identified as 

potential apoptotic cell-released chemotactic agents (19, 22). However, while LPC release 

from apoptotic cells can drive phagocyte recruitment, the concentration required does not 

appear to be physiologic suggesting it is not a bona fide chemotactic agent in situ. 3) 

Nucleotides- ATP and UTP are released at low levels by apoptotic cells and can serve as 

chemotactic agents for macrophages (23). Free nucleotides are probably sensed by the 

purinergic receptor P2Y2, and disruption of P2Y2 function increases apoptotic cell 

accumulation in the thymus after dexamethasone treatment suggestive of a role in 

constitutive apoptotic cell clearance (24). However, basal apoptotic cell numbers in the 

thymus are not affected by P2Y2 inhibition calling the role of nucleotides in homeostatic 

clearance into question. Moreover P2Y2
−/− mice do not develop autoimmune disease 

suggesting nucleotide driven recruitment is not a predominant mechanism used for apoptotic 

cell clearance in vivo.

Studies examining chromatolysis (25) observed that yolk-sac epithelial cells had appeared to 

phagocytose neighboring cells with apoptotic characteristics (1, 26). Although the 

significance of this observation was not grasped fully at the time, it is now clear that in 

many circumstances cells neighboring an apoptotic cells act as non-professional phagocytes 

driving clearance of cellular debris. In such situations recruitment is likely not required for 

apoptotic cell uptake. Moreover, many tissues are populated with significant numbers of 

professional phagocytes suggesting chemotaxis may not be requisite for clearance in many 

instances. In an alternate view, Ravishandrian has suggested that release of chemotactic 

agents by apoptotic cells may have an additional/alternative function promoting tolerogenic 

activation of phagocytes (27). Thus it is possible that recruitment of phagocytes is a 

relatively context-specific event and the more germane function of chemotactic agents may 

be to properly activate local phagocytes priming them for efferocytosis.

Apoptotic cell recognition

Recognition of a cell committed to apoptosis is the most critical factor in efferocytosis. This 

concept has been borne out by numerous findings demonstrating that disruption of receptors 

or ligands involved in apoptotic cell capture by phagocytes can lead to severe autoimmune 

and autoinflammatory disease. Recognition is primarily based on four factors. I) Alteration 

in the lipid topography of the plasma membrane. II) Oxidation of lipids exposed on the 

surface of the cell and sugar modification (i.e. altered self) (28). III) Surface reduction of so 

called “don't eat me signals” including complement inactivation pathways. IV) Opsonization 

by serum proteins such as IgM, complement, and thrombospondin.

Lipid localization on the plasma membrane is highly asymmetrical with chlorine-containing 

lipids on the outer leaflet (e.g. phosphatidylcholine/PC), and amino-phospholipids including 
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phosphatidylserine (PS) predominately found on the inner leaflet (29). Early during 

apoptosis this distribution is altered and PS is rapidly externalized, creating what is arguably 

the most pathognomonic signal of commitment to the apoptotic process (9). Increased PS 

exposure occurs within minutes on the surface of apoptotic cells reaching a zenith of a >200-

fold increase within 2 hours (30). PS exposure is required for efferocytosis (9); however, 

activated viable cells can also increase external PS exposure, albeit by mechanisms distinct 

from apoptotic cells (31–36). Moreover, when viable cells are forced to constitutively 

present external PS, they are not targets of phagocytosis unless driven to apoptosis (37), 

suggesting that PS alone is insufficient to signal the presence of an apoptotic cell. Several 

lipids are targets of peroxidation in apoptotic cells, including the acyl tail of PS (38–40). 

CD36 is a scavenger receptor involved in apoptotic cell-driven immune suppressive activity 

that binds oxidized PS (41). Likewise, other scavenger receptors implicated in apoptotic cell 

phagocytosis (including SRA, CD14, CD68, and MARCO) have an affinity for oxidized 

lipids promoting capture and delivery of regulatory signals to the phagocyte (41–44). In 

addition to scavenger receptors, the PS-bridging molecule MFG-E8 can recognize both 

oxidized and unmodified PS with relatively equal affinity while GAS6 appears to have 

preferential affinity for oxidized PS (40, 45). It is important to note that other lipid species in 

the outer leaflet (oxidized and unmodified) have the potential to alter interactions with PS 

via competitive binding and other mechanisms; thus it is likely the role of PS in apoptotic 

cell recognition is the net effect of a nuanced interaction of PS and other lipids on apoptotic 

cells and cognate receptors on the phagocyte.

It has been suggested that PS recognition is the signal for immediate clearance while serum 

opsonins (i.e. complement, immunoglobulin, pentraxins) are involved in clearance of late 

apoptotic cells that escape initial PS-dependent capture events (46). Certainly blocking PS 

recognition delays clearance and partially abrogates the anti-inflammatory impact apoptotic 

cells have on phagocytes. However, complement rapidly opsonizes apoptotic cells due to 

reduced surface expression of complement regulators including CD46 (47). CD46, a “don't 

eat me” signal, inhibits phagocytosis of viable cells by preventing spontaneous C3 activation 

and complement deposition on the cell surface. When cells undergo apoptosis, CD46 is lost 

by caspase-dependent release from the plasma membrane (47). Without CD46-driven 

regulation, C1q and C3b are rapidly deposited on apoptotic cells although this does not lead 

to assembly of the downstream membrane attack complex. C1q has long been known to bind 

DNA (48), and DNA is rapidly exposed on the surface of apoptotic cells localizing to blebs 

presumably promoting recognition and uptake (49–51). Elward et al. found treating 

apoptotic cells with nuclease was sufficient to abrogate complement deposition (47), 

suggesting that although C1q has been reported to bind with PS-containing complexes (52), 

C1q-binding to nucleic acids is the more germane interaction for apoptotic cell efferocytosis.

Several scavenger receptors promote apoptotic cell capture by interaction with C1q in 

marginal zone phagocyte populations including SIGN-R1, a c-type lectin highly expressed 

by MZ macrophages (Mϕs) (53), and SCARF1, a class F scavenger receptor expressed by 

CD8α+ MZ DCs (54, 55). In the case of SCARF1, genetic deletion resulted in elevated 

apoptotic cell burden and development of lupus-like disease in mice suggesting a critical 

role in apoptotic cell removal and tolerance in the periphery (55). Homozygous deficiency 

of C1q is a rare genetic lesion, however this defect has one of the strongest linkages to 
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autoimmunity known, with a >90% risk of developing severe lupus-associated pathology 

(56, 57). Taking all of this into account, it must be assumed that while PS exposure is 

certainly a key feature of efferocytosis, recognition and clearance mechanisms will be 

diverse reflecting the context of cell death including the type and activation state of the 

dying cell as well as location. Moreover, it implies in circulation opsonins targeting a variety 

of apoptotic cell exposed targets, rather than direct PS recognition, may play a dominant 

mechanistic role in removal and prevention of autoimmunity.

TLRs and nucleic acid sensing in apoptotic cell responses

The biologic importance of PS recognition in apoptotic cell immunity is clearly 

demonstrated by the large number of receptors that interact either directly or indirectly (via 

bridging molecules) with PS (46). However, nucleic acid receptors are also key mechanistic 

links in apoptotic cell-driven immune responses. The first solid evidence that innate 

recognition of mammalian DNA could drive immunity was the 2002 report by Ledbetter et 

al. demonstrating optimal chromatin-IgG complexes-driven activation of rheumatoid factor 

producing (i.e. anti-IgG) B cells required both B cell receptor crosslinking and MyD88/

TLR9 dependent signals (58). This implied innate sensing of DNA is a key step in the 

generation of autoimmunity, promoting interferon production and inflammatory maturation 

of lymphocytes and antigen presenting cells. Overall, this concept fits neatly in the spectra 

of defects associated with systemic lupus erythematosus (SLE) which include reduced 

apoptotic cell clearance (59, 60), early development of IgG responses to chromatin and 

ribonucleoprotein complexes (RNPs) (61), and increased circulating chromatin immune 

complexes (62, 63). Moreover, genetic deletion of TLR9 reduces anti-DNA IgG titers (64) 

while deletion of TLR7 (an RNA binding TLR) reduces anti-RNP IgG titers in lupus-prone 

MRLlpr mice (65). Thus, inflammation driven by specific categories of nucleic acids can 

similarly drive specific autoimmunity in an antigen and potentially cell-intrinsic manner. 

Likewise, elegant chromosomal mapping studies in the BXSB model of SLE demonstrated 

the lupus susceptibility locus Yaa is a duplication of the TLR7 gene (66). Functionally, 

Sylvia Bolland's group demonstrated TLR7 duplication in the Yaa loci significantly 

increased protein expression and function (67), which was responsible for the severe 

autoimmune pathology and distinctive autoantibody pattern targeting RNP structures in 

BXSB mice (68).

However, the contribution of TLR9 to apoptotic cell responses and BCR tolerance 

breakdown is somewhat less clear. In MRLlpr/lpr mice TLR9-signals provide a protective 

influence, as genetic deletion of TLR9 causes increases DC activation, interferon α 

production, and hypergammaglobulinemia (65). Deletion of the interferon α receptor 1 

(abrogating responsiveness to IFNα/β) attenuates disease acceleration in TLR9−/− MRLlpr/lpr 

mice suggesting augmented type I IFN production is the mechanism driving pathology (69). 

Hence, TLR9 appears to have a dual role regulating as well as promoting of inflammatory 

autoimmunity. The contrasting functions may be explained by other signals intrinsic to DNA 

immune complexes. For example, high mobility group box 1 (HMGB1), a DNA binding 

protein that serves as an alarmin when released from activated neutrophils or necrotic cells 

(70), is required for full DNA/immune complex-driven activation of B cells (71). However, 

HMGB1 associated with apoptotic cells is tolerogenic due to modifications by caspase-
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driven ROS burst and oxidation (72). Thus, like PS, the modification state of HMGB1 may 

be a critical determinant factor in the response to extracellular (or apoptotic cell exposed) 

DNA. In line with this concept, B cell exposure to apoptotic cells induces a TLR9-

dependent, IL-10+ regulatory phenotype driven by recognition of DNA exposed in apoptotic 

blebs (49). Consequently, as a whole, the data indicates: I) multiple signals are required to 

augment TLR-driven responses to self-DNA, and II) DNA-dependent activation can have 

vastly different immunologic outcomes dependent on complex signal integration.

Surprisingly, cytoplasmic sensors of apoptotic cell DNA also appear to play a key role in 

apoptotic cell responses and immunologic outcomes. DNA-coupled to PEI nanoparticles 

(DNA nanoparticles, DNP) is a means of in vivo DNA transfection and gene delivery (73). 

It was reported by Dr. Andrew Mellor's group that DNPs carrying irrelevant DNA could 

induce profound immune suppression dependent on escape of the DNA from the phagosome 

into the cytosol with subsequent induction of type I IFN and downstream indoleamine 2,3 

dioxygenase (IDO1)i (73). There are several cytosolic DNA receptors, however most (if not 

all) require the adaptor protein stimulator of interferon genes (STING) to induce type I IFN 

(74), thus STING provides a critical link between microbial signals and front line 

inflammatory immunity against cytosolic pathogen; paradoxically, however, STING was 

also required for DNP-driven regulatory responses inducing type I IFN production that lead 

to IDO activity (75). Shortly prior to publication of this observation, we had reported 

apoptotic cells induced IDO activity in MZ Mϕs (76). Thus, we predicted STING would be 

involved in apoptotic cell-driven IDO activity. Supporting this hypothesis, STING−/− mice 

failed to induce IDO, IL-10, or TGF-β after apoptotic cell challenge (75). This finding was 

reinforced by recent evidence demonstrating STING deficiency accelerated disease in 

MRLlpr/lpr mice (77). We had noted previously that MRLlpr/lpr mice exhibited high levels of 

constitutive IDO expression that acted as a negative feedback mechanism retarding 

autoimmune disease progression (76). Sharma et al. found STING deletion results in a 

significant reduction of IDO protein in MRLlpr/lpr mice suggesting a functional relationship 

between efferocytosis, STING-dependent IFN production, and tolerogenic responses (77). 

STING initiates IFN expression by a TBK1 and IRF3-dependent signal-transduction 

pathway; however, the protective effect of STING on lupus progression appeared to be 

independent of IRF3 suggesting non-canonical STING signaling must be involved in the 

protective mechanism (77).

However, it is clear that STING activation by endogenous DNA can also drive inflammatory 

immunity. Deletion of the 3' exonuclease TREX-1 causes cell-autonomous activation of 

STING by accumulation of endogenous retroviral DNA products resulting in chronic type I 

IFN production and autoimmune disease (78, 79). Moreover pores formed in the 

mitochondrial membrane early during apoptosis can cause release of mtDNA inducing 

STING-dependent type I IFN production unless the DNA is deactivated by a caspase-

dependent mechanism (80, 81). In these instances it is easy enough to explain the 

contrasting roles for STING, as recognition of DNA in this context is a cell-autonomous 

event. Thus exposure in this situation will have qualitative and quantitative differences 

iThere is also an IDO2 gene, however all work described herein refers to IDO1, thus use of IDO will refer to the IDO1 gene and 
protein hereafter.
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compared to phagocyte recognition of apoptotic DNA, influencing immunologic outcomes 

of STING activation. It is more difficult to reconcile recent observations regarding apoptotic 

tumor uptake. In two reports it was observed that STING activation by tumor DNA drove 

type I IFN production and immune reactivity against potentially immunogenic tumors (82, 

83). Yet in this situation, the STING-dependent effects were contingent on IRF3, suggesting 

a response distinct from the protective action of STING in MRLlpr/lpr mice (82). Moreover, 

a large proportion of tumor cells (perhaps as great as 90% for solid tumors) exhibit 

chromosomal instability (84) contributing to a high rate of spontaneous cell death (85). Thus 

the tumor environment may be analogous to observations in DNAseII−/− mice. In this case 

the significant accumulation of undigested apoptotic cells in macrophage lysosomes drives 

severe inflammation and embryonic lethality by activating STING (86, 87). This would 

suggest in the presence of a strong agonistic signal self-DNA may mimic infectious microbe 

DNA driving STING activation and a classic inflammatory phenotype in phagocytes; 

however, attenuated STING activation occurring in most cases of efferocytosis may promote 

limited IFN production that is sufficient to induce autocrine and paracrine IDO (and other 

regulatory mechanisms) but unable to drive pathologic changes.

Marginal zone cellular biology

B cells

With its connection to the circular system, the spleen has a unique role among the lymphoid 

organs. It functions as a circulatory filter, and as blood enters the spleen circulation flow 

slows allowing for capture of antigens from the blood, facilitating immune cell transport. In 

immune defense, the spleen is necessary for protection against encapsulated bacteria and in 

the absence of the spleen patients need medical intervention to prevent chronic, severe 

bacterial infection (88–90). The spleen is organized in a red and a white pulp with the 

marginal zone (MZ) situated between these. In mice the white pulp follicle is further divided 

in B cell and T cell areas that resemble the structure of a lymph node. B cells in the different 

zones are named after their micro-anatomical location, i.e. Marginal zone B cells (MZB 

cells) and Follicular B cells respectively (91, 92). These two B cell subsets are in majority in 

the spleen with MZB cells constituting between 5–10% of the total B cells in mice. Also, in 

the spleen a small number of B1 B cells can be found, with a dominance of the B1a subtype 

over B1b; however, it is not known if B1 B cells are recruited from other areas of the body 

or are enriched in a specific niche (93). In mice blood entering from the splenic artery 

terminates at the marginal sinus, which is a low resistance vessel that allow blood to flow 

through the marginal zone into the red pulp, and subsequently to the venous sinuses and 

back into venous circulation. In humans there is no marginal sinus but instead the blood 

entering from the splenic artery flow through penicillary arterioles into the red pulp and 

perifollicular zone with and open structure (94). Architectural differences between mouse 

and human spleen are discussed below.

MZB cells

Development of MZB cells occurs after birth and is connected to colonization of bacteria. 

One piece of evidence for this demonstrates gut-associated lymphoid tissue (GALT) is 

needed for their differentiation in rabbits. (95). In mice, MZB cells derive from transitional 
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B cells (T1) belonging to the B-2 lineage arriving to the spleen from the circulation. After 

T1 B cells enter the spleen, they pass through a peripheral checkpoint that removes a portion 

of the self-reactive pool (96, 97). After this they go on to differentiate into transitional type 2 

(T2) B cells and are subsequently selected into the MZB cell and follicular B cell 

populations. The decision on which pool to enter depends on signaling strength from the 

BCR and the downstream signaling molecule Btk (92). NOTCH2 signals are key in MZB 

cell development and engagement of NOTCH2 by the ligand DLL on endothelial cells 

drives development of MZBs (98). NOTCH2 has also been linked to BCR signaling but 

there is also data suggesting NOTCH2 regulates MZB development in absence of the BCR 

(99). The mature MZBs differentiate into a B cell that expresses high levels of IgM, CD1d 

and a number of other markers including CD9 and CD36. There is an overlap in the BCR 

repertoire with FOBs but the MZB pool is enriched for reactivity towards modified self-

antigens such as phosphatidylcholine (PC) (100).

Since the human and mouse spleen architecture are very different (as described below), and 

the markers on B cells do not overlap completely, defining the human equivalent to mouse 

MZBs has proven difficult. One significant point is the fact that IgMhigh/IgDlow cells found 

in the marginal zone in humans (unlike mice) posses mutated B cell receptors, the memory 

marker CD27, and are thus considered to be a product of the germinal center (101). Recently 

however, the fact that mouse MZBs need NOTCH2 signaling for their development was 

used to define a similar human population of B cells (102). This population can be found in 

blood and spleen and are IgM+IgD+CD27+ but differentiated from switched B cells by 

altered expression of a number of genes including Sox7 (102). B cells with the 

IgM+IgD+CD27+ phenotype also develop in individuals with hyper-IgM syndrome showing 

that they can develop in absence of a germinal center reaction (103). Instead, the 

diversification via hyper-mutation of the innate type B cell pool including MZBs are closely 

linked to GALT (104). Interestingly, the innate pool of human B cells including MZBs is 

fairly large and appears more diverse than in mice. Thus, at the moment it is unclear if the 

human pool of innate B cells can be subdivided into separate innate lineages including an 

equivalent of mouse B1 B cells (105).

An important function of MZBs is to transport Immune complexes to the follicle (106). To 

exert this function they highly express a number of receptors that can capture antigens in the 

form of immune complexes (FcgRIIB) or antigens that activated complement and are 

opsonized (CD21) (107, 108). Complement activation in the MZ itself is also facilitated by 

the fact that MZ Mϕ express SIGN-RI that can activate complement locally. In addition, 

they are also enriched for other pattern recognition receptors, including TLR7, CD36 and 

tetraspanin CD9 (109–111). In addition to this, MZBs are larger and have higher levels of 

MHC Class II as well as costimulatory molecules needed to differentiate T cells to the Tfh 

phenotype. This fact paired with that they are able to directly differentiate into plasma cells 

makes MZBs a versatile cell, capable of transport of antigen, quickly induce antibody 

production as well as support T cells needed for the germinal center reaction.
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Stroma cells, granulocytes and innate lymphocytes

The backbone for the compartmentalization of the different areas is the specialized stromal 

cells that provide structure and chemotatic signals driving immune cell migration and 

activation (112). Marginal reticular cells (MRCs) are localized primarily to the MZ, 

although they can also be found at the outer follicular regions of several secondary lymphoid 

organs (113). These are distinct from fibroblast reticular cells (FRCs) and follicular dendritic 

cells (FDCs) that drive formation and structural organization of the white pulp. In the white 

pulp, FRCs make up a network of tubular network conduits for structure and transport of 

antigens, and they are also a key cellular producer of homeostatic levels of BAFF. Thus 

FRCs are critical for establishment of a favorable niche for B cells and their 

compartmentalization in the spleen (114). Follicular FDCs have the unique ability to capture 

and recirculate antigen for B cell activation making them a key cellular component of both 

initiation of the humoral response and B cell selection in the germinal center (115). In the 

red pulp endothelial cells lining the venous sinuses govern blood flow and screen blood for 

aged erythrocytes caught in the splenic cords. These will subsequently be removed by red 

pulp macrophages that align the sinuses (91). The red pulp also harbors a reservoir of 

monocytes that are mobilized by systemic inflammation and can be rapidly recruited to sites 

of injury (116). During tumorigenesis, this niche is inhabited by an increased pool of cells 

with myeloid and neutrophil markers, so called Myeloid derived suppressor cells (MDSCs), 

that suppress T cell responses and are precursors of tumor associated macrophages that 

promote tumor growth (117).

In addition, the red pulp and MZ is populated by neutrophils that aid in MZB activation by 

expression of TNF-family members, BAFF and APRIL as well as IL-21 (118). It has also 

been shown that the MRCs in the marginal zone interact with innate lymphoid cells (ILCs) 

regulating their function through TNF and lymphotoxin production (119). ILCs are potent 

producers of cytokines and their secretion pattern and development mirror that of T cells 

although they do not express antigen receptors (120). Magri et al. demonstrated that the 

ILCs near the MZ supported MZB cell survival and function by a mechanism dependent on 

expression of BAFF and the NOTCH ligand delta-like 1 (DLL1) as well as CD40L-

dependent stimulation (119). Interestingly, DLL1 together with BAFF is needed for MZB 

cell development (98), so it is possible that ILCs in the spleen aid in MZB cell development 

as well as activation.

Macrophages

An integral component of the splenic stroma is the unique resident Mϕ populations that 

reside in the red and white pulp (121). In the white pulp, both the T and B cell zones house 

distinct Mϕ populations. Of these, the function of tingible body Mϕs (TBMs) is the most 

extensively studied. These Mϕs have a key mechanistic role in the germinal center as they 

are the primary phagocyte responsible for clearing apoptotic B cells (hence the terminology, 

as the “tingible bodies” are remnants of apoptotic nuclei in the Mϕs). In the germinal center 

PS recognition is a key signal for clearance, primarily via indirect mechanisms involving 

bridging molecules. For example, mice lacking the TAM receptor MER exhibit 

accumulated, non-phagocytized apoptotic cells on the surface of TBMs (122). TBMs also 

show an extensive presence of MFG-E8 on the cell surface; although TBMs do not express 
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MFG-E8, which is produced by nearby FDCs in the germinal center (123). Thus, through 

this production of soluble opsonins, FDCs may partially “license” TBM for efferocytosis 

(16).

In the red pulp a large number of Mϕ can be found associated with the FRCs, governing red 

blood cell turnover and iron recycling (124). In and around the MZ, there are at least two 

distinct Mϕ populations, Marginal zone Mϕ (MZ Mϕ) which isolate as a band in the MZ 

proper, and metallophilic macrophages (MMϕ) that exist as a thin band of cells in the 

follicle directly underneath the MAdCAM-1+ cells lining the marginal sinus. The MMϕs 

have a phenotype similar to subcapsular Mϕs in the lymph node and most likely exhibit 

similar function in which they capture and transfer antigens in circulation (either blood or 

lymph) to be transported to the FDCs (121). In addition they have high levels of enzymatic 

activity and can transport antigens to the follicular FRC conduit network where antigens 

may be presented on FDCs or DCs in the PALS (125). MZ Mϕs, on the other hand, are in 

close physical contact with the MZB cells and together the two cell populations create a 

potent cellular mechanism for capture of antigens including immune complexes, systemic 

pathogens, and self-antigens, (including oxidized LDL and apoptotic cells) (108, 126, 127). 

The close physical and mechanistic association of MZ Mϕs and MZB cells is required for 

function, development and differentiation of both cell populations (128, 129). Some of the 

specific receptors expressed by MZ Mϕs also aid in the capture and response to antigens 

captured here, exemplified by SIGN-RI that has the ability to activate complement (130).

NKT cells

In the MZ and red pulp there is a population of NKT cells expressing T cell receptors that 

can recognize glycolipids presented on the MHC I like molecule CD1d (62). MZB cells 

express very high levels of CD1d and it has been shown that they interact with NKT cells 

with either inflammatory or suppressive outcomes depending on the glycolipids activating 

the NKT cells (63, 64). Moreover, when responding to foreign glycolipids, NKT cells take 

on a helper phenotype (NKTfh) in a manner similar to T follicular helper cells, but unlike T 

cells the activation of B cells via NKTfh cells does not result in long lived plasma cells 

instead driving IL-10 producing regulatory B cells (131). NKT cells are potently activated 

by glycolipid antigens of self-origin including glycosphingolipids (GSL) and phospholipids 

like lysophosphatidylcholine (lysoPC) (66). However, the exact extent of NKT cell self-

reactivity not known, and self-lipids involved in their selection in thymus are likely different 

from the ones generated during inflammation.

NKT cell regulation of B cell responses when they are activated by foreign glycolipids 

presented in CD1d can be divided into cognate vs non-cognate interactions (132). During 

the non-cognate activation NKT cells promote B cell responses trough interactions with 

CD1d expressing DCs that in turn drive T cell and B cell responses. This interaction drives 

antibody production and memory formation. This is separate from cognate interaction 

between NKT cells and B cells that promote antibody production without memory. Instead 

this interaction gives rise to IL-10 producing regulatory B cells that differentiate to plasma 

cells producing antigen-specific and poly-reactive IgM and IgG (133, 134). In this way, 

regulatory B cells can limit a specific immune response and also aid in clearance of the 
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antigen. This regulation is in contrast to NKT cell regulation of B cell responses during 

sterile inflammation or after exposure to apoptotic cells (135, 136). In both circumstances, 

NKT cell deficient mice exhibit much stronger immunity compared to wild type controls. In 

the case of apoptotic cells, mice also develop signs of disease with involvement of kidney 

pathology (136). The self-glycolipid being presented on CD1d in these models is not known 

and could be derived from apoptotic cells as a result of alterations of the membrane or be an 

endogenously produced ligand. CD1d is always occupied with a glycolipid and it has been 

shown that endogenously produced glucosylceramides can be produced by mammalian cells 

(137) suggesting homeostatic activation of NKT cells. However, how the enzyme systems 

driving self-lipid production are tightly regulated and if they respond to signals of cell death 

is not known. In inflammasome-driven responses, NKT cells may suppresses inflammatory 

activity by perforin or FAS-dependent killing of inflammatory effector cells (135). This 

capacity has been shown to be involved in inflammatory diseases such as hypersensitivity or 

atherosclerosis (138, 139). NKT cell induced killing has been shown to correlate with CD1d 

expression and thus NKT cells are most potent in killing MZBs as shown in the paper by 

Wingender and colleagues (140). The involvement of NKT cells in regulating tolerance is 

further strengthened by the findings that CD1d−/− mice were unable to develop tolerance to 

OVA in the anterior chamber associated immune deviation (ACAID) model of systemic 

tolerance (141). This is a model for tolerance induction at immune-privileged sites that relies 

on the spleen, with involvement of macrophages and tolerance imposed on B cells. 

However, how NKT cells are polarized in this model, and if there is also activation of IL-10 

producing regulatory B cells has not been investigated.

Human versus mouse

When applying mechanistic observations of marginal zone function in mouse or rat models 

to humans, consideration must be given to anatomical differences. As described above, in 

mice there is a highly ordered compartmentalization of the spleen with the marginal sinus 

providing a clear demarcation between the red pulp and the majority of the white pulp 

follicles (91). Moreover, in the mouse marginal zone and metallophillic Mϕ populations are 

readily identifiable based on expression of MARCO and SIGN-R1 (MZ Mϕs) and CD169 

(sialoadhesin/Siglec-1, MMϕs). Rats have a splenic MZ architecture comparable to mice, 

although CD169 is expressed on MZ Mϕs as well as MMϕs suggestive of potential 

diversification of function (142). Furthermore, in rodents the branching splenic arterial 

vessels are extensively sheathed by lymphocytes in a predictable and consistent fashion that, 

at least for mice, appears to have little variation between common laboratory strains (TLM, 

unpublished observations). In humans, splenic cellular architecture and function is still a 

subject of debate. While possessing clearly demarcated white and red pulp regions, human 

spleen lacks a marginal sinus and a functionally demarcated marginal zone (143). Rather, 

the region surrounding the germinal center follicle consists of a follicular dendritic cell 

(FDC)-supported mantle zone containing IgM+IgD+CD20+ B cells (144) with an adjacent 

superficial zone. The superficial zone contains specialized MAdCAM-1+CD90+CD106+ 

fibroblasts that may aid in lymphocyte migration from the red pulp to the PALS (145). 

Human spleen also contains an extra compartment not found rodents, the perifollicular zone 

(PFZ). The PFZ, located between the superficial zone and the red pulp, is notable for the 

presence of numerous capillaries sheathed by CD68+CD169+ Mϕ (145, 146). The outer 
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edge of the PFZ is continuous with red pulp sinuses suggesting it is a specialized extension 

of the red pulp (145, 147, 148).

Comparatively, circulation dynamics are distinct as blood enters the human spleen via 

terminating capillaries that empty in to the splenic cords (149) while in rodents much of the 

blood enters via the marginal sinus (91). This raises questions regarding the sequence of 

events leading from apoptotic cell capture to long-term immunologic tolerance that have yet 

to be resolved. In the end it is likely sheathed capillary Mϕ in the spleen are a functional 

equivalent of MARCO+ Mϕ in the mouse MZ capturing particulates in the circulation 

(including apoptotic cells). Supporting the idea of mechanistic convergence is the 

observation that i/v apoptotic cell infusion drives Treg expansion (150, 151), improves 

allograft survival and function in a variety of transplant settings (152–154), and reduces 

autoimmune T cell responses (155) recapitulating observations in mice following apoptotic 

cell infusion (151, 156, 157).

Apoptotic cell response in the

Macrophages

MZ Mϕs and metallophillic CD169+ Mϕ (MMϕs) share a close developmental and 

functional relationship. In particular developmental defects or depletion strategies lead to the 

absence of both populations of Mϕs. Moreover, mice deficient in MZ B cells are also 

deficient in MZ Mϕ and MMϕ and restoration of the MZB population restores both Mϕ 

populations (13). This shows constant cell-cell communication is required to maintain the 

MZ cellular architecture under steady-state conditions. This also creates a challenge since it 

is difficult (with current tools) to determine cell-specific mechanisms after depletion or 

congenital deficiency. Nevertheless, by isolating MZ Mϕs and MMϕs after apoptotic cell 

exposure a picture has begun to emerge suggesting distinct, non-overlapping function for 

these Mϕ populations in apoptotic cell-driven tolerance.

It has been known for some time that MZ Mϕ are critical for particulate trapping in the 

spleen. We have found particles with a size of 1μM are efficiently trapped in the MZ in 

close contact with MZ Mϕs (158), while nanoparticles (>100nM is size) are captured less 

efficiently diffusing into the red pulp where they interact to a greater degree with other 

phagocytes (75). When the spleen is depleted of MZ Mϕs, overall apoptotic cell clearance 

from circulation is not impacted in a significant fashion; but, apoptotic cell trapping in the 

MZ is lost and the cell debris is instead dispersed throughout the red pulp with aggregate 

accumulation in the white pulp (158). This change in phagocytic localization is associated 

with a significant increase in efferocytosis by CD68+F4/80+ red pulp Mϕs and CD11b+ DCs 

(158, 159). There is also a dysregulation of apoptotic cell responses by phagocytes as 

efferocytosis drives acquisition an inflammatory phenotype with induction of TNF-α, IL-6, 

and IL-12p40, upregulation of MHCII and CD86, and CCR7-dependent migration to the 

white pulp (158). Moreover, CD8α+CD103+ DC that drive adaptive tolerance to apoptotic 

cells (151, 160) appear to have reduced efferocytosis function (159). Ultimately, this change 

in dynamics of the apoptotic cell response promotes a microenvironment conducive to 

inflammatory adaptive immunity, and we found that chronic exposure to apoptotic cells in 

MZ Mϕ-depleted animals drives systemic and eventually fatal autoimmunity (158).
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Gene expression analysis on sorted phagocytes after efferocytosis indicated apoptotic cells 

drive a distinctive cytokine signature in MARCO+ Mϕ that includes prominent induction of 

type I IFNs (TLM, unpublished observations). In general IFN stimulated genes (ISG) are 

associated with inflammatory immunity, however the IDO promoter contains several 

gamma-activated sequences (GAS) and interferon stimulation responsive elements (ISRE) 

making the IDO gene sensitive to type I type II IFN stimulation (161, 162). Thus IDO is one 

of a handful of ISG that has an unambiguous a regulatory function, limiting IFN-driven 

inflammation. As mentioned earlier, splenic IDO is induced by apoptotic cell exposure i/v 

(76); moreover, expression segregates with the IFN signature in MZ Mϕs, and MZ Mϕ 

depletion abrogates IDO induction after apoptotic cell exposure (76). Importantly, when 

IDO activity is antagonized, splenic responses to apoptotic cells phenocopies MZ Mϕ 

depleted mice with an attenuation of IL-10 and TGF-β induction and concomitant 

proinflammatory cytokine synthesis and T cell responses to apoptotic cell antigens (76). 

This suggests IDO serves a key role in regulation of the innate response to apoptotic 

material and ensuing apoptotic cell-driven immune suppression.

IDO is an intracellular heme-oxygenase that targets indole ring-containing compounds 

including the essential amino acid tryptophan (163). Although IDO can regulate immunity 

by production of tryptophan metabolites (163), it appears that IDO induction in MZ Mϕ 

regulates local dendritic cell and macrophage responses to apoptotic cells by consumption of 

micro-environmental tryptophan driving the general control nonderepressible 2 (GCN2) arm 

of the integrated stress response (157). GCN2 is a Ser/Thr kinase that binds uncharged 

tRNAs that accumulate when intracellular amino acid pools are depleted (164). Activated 

GCN2 phosphorylates the translation factor eIF2α altering ribosomal assembly dynamics 

and protein translation (165). In myeloid cells, efferocytosis suppresses IL-12 promoter 

activity (166), and GCN2 activation by IDO augments this effect by inhibiting IL-12 

translation; this is in contrast to IL-10, which is enhanced transcriptionally by efferocytosis 

but not impacted at the translational level by activation of GCN2 (157). However, when 

GCN2 is deleted IL-12 mRNA association with polyribosomes is not inhibited by apoptotic 

cells; thus promoting IL-12 synthesis that has a feedback effect inhibiting production of 

IL-10. This explains the phenotype we have observed in IDO-inhibited mice, and suggest 

apoptotic cells are capable of stimulating inflammatory immunity that must be counteracted 

to prevent inflammatory responses.

When exposed to apoptotic cells, MMϕs rapidly induce expression of the chemokine CCL22 

(151). CCL22, also known as macrophage-derived chemokine (MDC) (167), is a T cell 

chemo-attractant that interacts with the cognate receptor CCR4 (168–171). CCR4 has a 

predominately lineage specific expression on Th2 T cells and a subpopulation of Foxp3+ 

regulatory T cells, and expression of CCL22 drives Treg accumulation and suppression of 

immunity (170, 172–174). Similarly, CCL22 induction by MMϕs drives significant 

accumulation of Tregs in the splenic white pulp within hours of exposure (151). DC can also 

express CCR4 under certain circumstances (175), and CCL22 expression by MMϕ promoted 

accumulation of CCR4+CD103+CD8α+ tolerogenic DCs in the spleen (151). This 

significantly increased Treg-DC interactions in the white pulp promoting downstream 

suppressive immunity. Importantly, inhibition of either CCL22-driven chemotaxis or Treg 

function was sufficient to block DC tolerogenic maturation or apoptotic cell-driven tolerance 
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(151). A similar role for splenic MMϕs has been described in protection from ischemic 

injury (176) suggesting a key role for MMϕs in coordinated regulation of cellular migration 

and promotion of down stream adaptive tolerance.

Dendritic Cells

The spleen contains several DC populations with distinct localization patterns and functional 

segregation. The major CD11c+ populations can be differentiated on the basis of CD8α 

expression while plasmacytoid dendritic cells are B220+PDCA+SiglecH+CD11clow (177). 

CD8αneg DCs localize primarily outside the white pulp and are thus more abundant in the 

MZ and red pulp while CD8α+ DCs have a more generalized distribution and are found in 

both the red and white pulp. Clearly CD11c+ DC play a key mechanistic role in the 

maintenance of peripheral tolerance since ablation using a CD11c human diphtheria toxin 

receptor transgenic model resulted in rapidly fatal autoimmune disease (178). Surprisingly, 

abrogation of DC apoptosis leads to the development of systemic autoimmunity suggesting 

DCs apoptosis may also be a key factor in maintaining the immune rheostat (179). Our data 

suggest cognate interaction between DCs and Tregs is an important instructive event 

promoting tolerogenic DC maturation (151). Likewise, Treg functional activity is dependent 

on signals delivered by the DCs (180). This would insinuate constitutive interactions 

between DCs and Tregs in the context of self-antigen are required for the maintenance of 

suppressive DC and Treg identity and downstream tolerance, an idea consistent with the 

finding that Treg suppression of autoimmunity requires the constant presence of self-antigen 

(181).

It is generally believed efferocytosis leading to adaptive tolerance requires a population of 

CD8α+CD103+CD11c+ DCs found in the MZ and red pulp. These DCs preferentially 

capture apoptotic cells in a variety of circumstances and are potent drivers of suppression 

(151, 182–185). In the spleen, CD103+ DC are functionally distinct from CD8α+CD103neg 

DCs as they exhibit a profound defect in IL-6 production after LPS activation (185). 

Moreover, they appear specialized to capture apoptotic cells after which they migrate to the 

PALS where they may present antigens to T cells, tolerizing inflammatory responses (185). 

Supporting this idea, deletion of CD103+ splenic DCs significantly attenuates apoptotic cell 

driven suppression of inflammatory autoimmune disease (185).

CD8+ DCs provide the link between innate efferocytosis and adaptive T cell tolerogenic 

mechanisms, and they cross-present apoptotic cell antigens potently suppressing both CD4+ 

and CD8+ autoimmune T cell effector responses (183, 184, 186, 187). Cross presentation 

function is a constitutive activity in CD8α+ DCs and likely not apoptotic cell-specific per se 

(186, 187). However, an essential, apoptotic cell-driven feature of long-term tolerance is 

Treg expansion from the naïve repertoire (156). Expansion is self-antigen driven, and our 

recent data suggests autoreactivity in the preformed (i.e. natural) nTreg population in the 

periphery is required for initiation of the process (151). Based on these observations, a case 

can be made for autoimmune Treg-driven priming of apoptotic cell tolerance since apoptotic 

cell challenge rapidly induced surface CTLA-4 on splenic Tregs suggestive of apoptotic 

cell-induced activation prior to differentiation of naïve T cells (151). Treg expansion 

requires induction of TGF-β, and low antigen availability (188). Our laboratory has found 
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that apoptotic cell challenge induces prominent TGF-β production in a segregated fashion in 

CD8α+ DCs in the spleen (151, 157). Moreover, it would be predicted antigen load for any 

apoptotic cell associated molecule would be low. Likewise cellular particulates are efficient 

at directing antigens towards MHCII presentation in a mechanism of tolerance consistent 

with the notion of DC directed FoxP3+ Treg generation (189). Together this suggests the 

CD103+CD8α+ DC population is the one primarily responsible for apoptotic cell-driven 

Treg induction.

PDCs have massive ability to produce type I IFN, and their expansion and activation are 

closely associated with systemic autoimmune disease progression in both mouse and man. 

However PDC exposure to apoptotic cell-released microparticles drives IFNα production in 

a mechanism dependent on TLR9-driven recognition of apoptotic cell DNA (190). Further, 

Phillip Sass's group found that apoptotic cell infusion i/v drove Treg expansion in a 

mechanism dependent on Mϕ/PDC cross talk (191). This suggests PDCs may play a 

previously unknown role in establishment of the immune regulatory network following 

efferoctyosis. As such, PDCs can induce suppressive immunity by variety of mechanisms 

including IL-10 secretion, expression of IDO, and upregulation of PD-L1, and ICOS-L 

(192–194). However, we have not observed a significant physiologic response in splenic 

CD11clowB220+ PDCs following apoptotic cell exposure (TLM, unpublished data). 

Nevertheless, this does not exclude a role in apoptotic responses under other circumstances.

Natural Immunoglobulin

Natural antibodies are defined as inherited and germline encoded antibodies produced by 

naïve mature B cells that have gone through selection but that are unaffected by external 

antigenic stimuli (195). The discovery of natural immunoglobulin stems from studies of 

antibodies found in germ-free mice as well in human cord blood (196). Determining the 

cellular source, experiments in mice have shown that typically 90% of the circulating natural 

IgM is derived from B1 B cells (197). A portion of the B1 B cells produce antibody that can 

recognize the head group of modified phosphorylcholine (i.e. PC) generated during 

apoptosis (198). This includes T15, a high affinity IgM B cell clone repeatedly identified in 

screens for reactivity to PC (199). Originally, interest in T15 was directed to its importance 

in protection from pneumococcal infection (200). However, T15 dominates the early life 

anti-PC response, even in germ free mice (201, 202). Given the cross-reactivity to self-

lipids, one explanation for the dominance of T15 is endogenous positive selection in 

response to apoptotic cells. T15 can bind directly, and specifically, to apoptotic cells (203) 

and will likely aid in clearance by complement dependent mechanisms. However, T15 also 

has a direct inhibitory effect on phagocytes driving induction of the negative regulatory of 

MAPK signaling, MAPK phosphatase 1 (204). This regulation occurred either in the 

presence of C1q mannose binding lectin suggesting T15-ellicits multiple regulatory signals 

(204). Moreover, apoptotic cell exposure rapidly induces IgM responses to PS, PC and the 

lipid neo-antigen malondialdehyde (MDA), including T15 (205). Although much remains to 

be determined, it is clear innate (i.e. rapid, non-mutated) IgM responses to apoptotic cells 

are a critical component of splenic immunity to self.
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Complement and clearance

The complement system is a major component of innate immunity, consisting of over 40 

proteins of which 25 are soluble and produced mostly by the liver (206). However, myeloid 

cells can produce many of the proteins locally during an immune response as an integrated 

part of innate immunity (207). Over a century of research has shown that the complement 

system is an important part of the immune system and its activation is mediated through 

three major pathways (The classical, lectin, and alternative pathways) (207, 208). The 

classical pathway involves antibodies and is activated when the C1q protein binds to its 

ligands, including immune complexes containing sIgM as well as sIgG (209). The binding 

of C1q is restricted to pentameric sIgM whereas it has no affinity for the monomeric protein. 

On the other hand, a single pentameric sIgM molecule is enough to activate the complement 

cascade in in vitro assays, making it 1000 more efficient than sIgG (210, 211). Complement 

factors and especially C1q are involved in the removal of dead cells and cellular debris, and 

by this can take part in tissue homeostasis (212). In the marginal zone local complement 

activation is further facilitated by MZ Mϕs expressing SIGN-RI, a receptor shown to be able 

to mediate complement fixation (130). The importance of complement-mediated clearance is 

best illustrated by the fact that over 90% of patients with C1q deficiency develop SLE, and 

C1q deficient mice develop spontaneous lupus-like disease (15, 57). These data show that 

the complement system plays an important role in the tolerogenic perception of apoptotic 

cells. Mechanistically, it has been shown that C1q coated apoptotic cells suppress 

inflammation by induction of IFNs, IL-27 and IL-10 in macrophages (213). This response 

will in turn suppress Th1 and Th17 activation of T cells and thus further suppress the pro-

inflammatory response (214). Unlike apoptotic cells, live cells are protected from 

complement attack by regulatory molecules on their surface, including factor H which binds 

to C3b which is a cleavage product of C3. The end result is conversion of C3b to iC3b, 

which also participates in clearance of apoptotic cells via CR3 on macrophages and dendritic 

cells in the MZ. This iC3b-CR3 interaction drives immune suppression by down regulation 

of co-stimulatory molecules, inhibition of maturation, and antagonizing production of pro-

inflammatory cytokines including IL-12 (54, 215). These pathways are critical to regulate 

complement activation, as C3 can also be a very potent molecular adjuvant when opsonizing 

in the form of C3d. This was elegantly shown in a seminal paper where tagging of one or 

more cleavage products of C3 (C3d) enhanced the response in a stepwise fashion to the 

protein antigen hen egg lysozyme (HEL) up to 10 000 times (216). MZBs also transport C3d 

tagged antigen or immune complexes to the follicle for deposition on FDCs (217). Thus 

inappropriate clearance and regulation via complement could drive chronic activation and 

deposition of self-antigen on FDCs (218). This, together with the fact that the MZ is 

enriched for scavenger receptors that bind apoptotic cells, makes this region key in the 

regulation of tolerance towards self-antigens (219). The protective scavenging function also 

extend to atherosclerosis where secreted (s) IgM and C1q-deficient mice exhibit an enhance 

disease when crossed to atherosclerosis prone LDL receptor-deficient mice (220). The 

disease in mice lacking sIgM was more severe than in mice lacking C1q suggesting that 

protection is only partly regulated by the classical pathway of complement activation.
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MZ defects and contribution to autoimmune disease

Defects in recognition, clearance, or destruction of apoptotic cells is closely linked with the 

development of systemic autoimmune disease in mouse and man. In SLE the earliest and 

primary antigens targeted are exposed on apoptotic blebs (50, 221) suggesting defective 

homeostatic processing of apoptotic cells leads to inflammatory responses to these widely 

available auto-antigens. Exactly what defects drive abnormal apoptotic cell responses are 

not clear as there is no significant association between SLE and the major apoptotic cell 

recognition machinery, with the notable exception of C1q. While human splenic structure 

does not contain a marginal zone, recent lessons learned in the mouse MZ have applicability 

to general defects in phagocyte function and their contribution to disease activity in SLE. 

For example, Birjandi et al found aged (i.e. 18 months old) BALB/c mice showed altered 

MZ cellularity including significantly decreased and disorganized MZ Mϕs and a reduction 

of MZB cells (222). Moreover, there was a reduction and reorientation of the MAdCAM-1+ 

cells lining the marginal sinus towards the white pulp in a discontinuous distribution (222). 

The MAdCAM-1+ cells form a barrier to follicular access and regulates lymphocyte homing 

(223–225), thus aging may compromise the ability of the MZ to regulate follicular access.

BXD2 mice are a lupus prone strain of derived from a cross of C57BL/6 and DBA/2. Li et 

al. reported as BXD2 mice age and progress to autoimmunity, there is a progressive defect 

in MZ Mϕ numbers (226). Importantly, as MZ Mϕ numbers decreased MZB cells 

transporting apoptotic cell debris showed increased follicular access (226). This resulted in 

T cell activation and inflammatory cytokine production. Loss of MZ Mϕs was also 

associated with a decrease in IDO expression and the negative regulator of signal 

transduction SHIP1 (226). Importantly, spleens from SLE patients showed a similar loss of 

MARCO+ Mϕs (227). Mechanistically, the loss of MZ Mϕs was the result of IFN-driven 

repositioning of membrane lymphotoxin-α1β2+ MZB cells from the MZ to the follicle. The 

loss of lymphotoxin-α1β2 signaling in MZ Mϕs reduced expression of the transcription 

factor megakaryoblastic leukemia 1 (MLK1) which attenuated actin expression, driving 

decreased efferocytosis and a gradual loss of MZ Mϕs (227). This important finding 

suggests chronic IFN production can compound autoimmunity by compromising the ability 

of the spleen to properly capture and dispose of apoptotic debris.

Apoptotic cells and atherosclerosis

There is an overlap in the reactivity between apoptotic cells and oxidized LDL (oxLDL) 

particles as both modified self-antigens contain oxidation specific epitopes that can be 

recognized by the same antibodies (228). This reactivity is also present in the natural 

antibody pool, and serum from newborns bind both apoptotic cells and atherosclerotic 

plaques (229). In atherosclerosis cholesterol in the vessel wall generates oxLDL which 

drives vascular inflammation promoting pathology, but recently it was shown that this 

accumulation (including the formation of cholesterol crystals driving inflammasome 

activation) could also occur in the spleen (126). The antibody reactivity towards oxLDL 

includes T15, which may be key in oxLDL clearance (203). B cells have a dual role in 

atherosclerosis as they can also add to pathology enhancing inflammation and driving T cell 

responses (230, 231). On the other hand, natural IgM and PC-specific antibodies are known 

to be protective. A clear example of this is the observation that transfer of B cells but not T 
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cells from atherogenic mice provides protection from atherosclerosis (232). This was later 

shown to be due to transfer of an ongoing innate inflammatory B cell response that included 

production of T15 antibodies (126). Interestingly, injecting mice with apoptotic cells could 

induce the same arthero-protective response. This shows that the response to apoptotic cells 

in the marginal zone of the spleen have a buffering effect by the induction of a natural 

antibody response as well as some of the other mechanisms discussed earlier. This links 

regulation in the MZ to atherosclerosis and may explain studies linking splenectomy, altered 

cholesterol levels, and heart disease in humans (233, 234).

Conclusions

It is clear that the spleen in general, and the marginal zone in particular, plays a key role in 

the homeostasis related to buffering of systemic inflammation to apoptotic cell death. This 

system is closely connected to lipid metabolism and responses are evoked by a number of 

systems of pattern recognition that overlap with the response to foreign antigens. However, 

the complex in vivo mechanisms driving apoptotic cell suppression remain, generally 

speaking, poorly understood. Since many autoimmune and inflammatory diseases are a 

result of, or result in, imbalance in reticuloendothelial clearance apoptotic cells, targeting the 

machinery involved in immune homeostasis to apoptotic cells may be an attractive approach 

to modulate the tolerogenic rheostat. However, important questions remain regarding the 

general applicability of mechanisms described in the mouse marginal zone to human disease 

as well as the characteristics of stimuli that drive initial and long term immune suppression. 

From a therapeutic perspective it will be key to determine if is there a specific set of 

canonical signals that give rise to the apoptotic cell suppressive response that could be 

incorporated in a tolerogenic vaccine, or conversely blocked for improved traditional 

vaccine efficacy.
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