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Regulatory natural autoantibodies to apoptotic cells: Pallbearers
and protectors
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Abstract

To provide effective host defense, a healthy immune system must recognize microbial threats and
coordinate a protective inflammatory response. Yet the maintenance of overall homeostasis also
dictates an absolute requirement for the efficient recognition and clearance of the host’s own dead
and dying cells, and these functions must somehow also be balanced to avoid autoimmune disease.
In recent studies we have characterized a class of naturally arising regulatory antibodies (NAbs) to
oxidation-associated phospholipid antigens on apoptotic-cell (AC) membranes that discriminate
apoptotic from healthy cells. When augmented by appropriate constant region effector functions,
these antibodies enhance the phagocytic clearance of ACs, blunt inflammatory responses
transduced by membrane and endosomal Toll-like receptors (TLRs), and block the development of
inflammatory arthritis. These NAbs have also been implicated in lupus as well as atherosclerosis.
We describe a model of immune homeostasis, termed the inhibitory dual receptor hypothesis, in
which NAbs to ACs oppose the development of autoimmune and inflammatory disease.

Introduction

One of the most fundamental challenges to the immune system is the efficient recognition
and clearance of the body’s own cells, which because of senescence or injury enter
programmed death pathways. Apoptotic cell (AC) clearance is therefore important for
resolving the cellular consequences of normal development and tissue remodeling that
begins during embryogenesis and continues throughout life. These death pathways can also
result from tissue injury that can follow exposure to environmental factors such as smoking
or ultraviolet light. Hence throughout the lifespan of multicellular organisms there is an
absolute need for the clearance of cell corpses, which are not uncommon since more than
1011 cells in our bodies die each day by apoptosis.

The clearance of ACs by the human immune system constitutes an immense and
fundamental challenge. Multiple pathways therefore exist to clear these ACs in order to
prevent the development of inflammatory immune responses that may be triggered by
progression from cellular apoptosis to secondary necrosis, with release of self-antigens and
activation of Pattern Recognition Receptors, such as Toll-like receptors (TLRs).

Walport and colleagues developed the “waste disposal” hypothesis to rationalize how
defects in the removal of dying cells and cell debris, as occurs in C1q deficiency or other
clearance pathways, can lead to systemic autoimmunity and SLE (1). The innate immune
system has therefore developed a specialized multi-step process, which has been termed
efferocytosis (taken from the Latin effero, meaning to take to the grave or to bury).
Efferocytosis involves numerous surface ligands, bridging molecules, phagocyte receptors,
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and signaling transducers (reviewed in (2)). These pathways for the clearance of apoptotic
cells likely represent one of the most primitive and highly conserved functions of the innate
immune system, and due to the overarching importance of AC clearance, redundant systems
have been developed to ensure the efficiency of these processes. We postulate that
regulatory natural antibodies to AC, as part of the repertoire of the earliest immune cells of
the adaptive immune system, arose to provide additional levels of such protection for the
host (3).

IgM natural autoantibodies are present from birth

At birth, we already have substantial levels of circulating IgM antibodies, which reflect a
functional neonatal B-cell compartment poised and ready to contribute to neonatal host
defense. These IgM antibodies arise in the womb from neonatal B lymphocytes that express
clonally distributed B-cell antigen receptors (BCRs). The conservation of certain antibody
specificities across species may suggest selection to prime immune defenses from infectious
agents. Yet it has also been postulated that part of this early B-cell repertoire may result
from an evolutionary pressure to provide important housekeeping functions (reviewed in
(4)). This latter topic has received little attention in recent years.

Regulatory autoantibodies recognize AC-specific membrane phospholipid
determinants

B-1 cells represent a distinct tier of mature B cells, which arise during the perinatal period
and are the predominant source of circulating IgM in mice. The prototypic murine T15 B-1
cell clonotype is a well-characterized example of a natural antibody (NAb)-producing set of
B cells that is defined by specific H-L paired canonical antibody gene rearrangements
without hypermutation. This clone spontaneously arises and becomes highly represented
within the first week of life, even in mice raised under germ-free conditions (reviewed in
(5). Thus, microbial ligands are not primary mediators of T15 B-cell clonal selection.

T15-NAbs bind to phosphorylcholine (PC) determinants, which is a small phospholipid head
group that is an immunodominant determinant on pneumococci and several other common
microbial pathogens, and T15-NAbs contribute to host defense to PC-containing
pneumococci and other microbes and provide optimal protection from systemic infection
(reviewed in (5)). More recently, PC determinants were also identified on oxidatively
modified low-density lipoprotein (OxLDL) generated during atherogenesis (6).
Significantly, we found that pneumococcal immunization, which induced active B-cell
responses with raised T15 antibody levels, greatly ameliorated atherosclerosis in this murine
model of hyperlipidemia and chronic inflammation (7). Surprisingly, although it was first
assumed that NAb binding interactions with components of atherosclerotic plaques were
responsible, infusions of these anti-PC antibodies failed to enhance in vivo clearance of
labeled OXLDL (8), which indicated that the actual basis for this vaccine-mediated
atheroprotection needed an alternative explanation.

Instead, our investigations have suggested that it is the cross-reactivity of these same NADbs
with PC epitopes on ACs that is most likely the source of the protective effects seen in this
atherosclerosis model. By immune recognition of the PC head group, T15-NAbs can
discriminate dead/dying cells from healthy cells (reviewed in (5)). In explanation, the PC
head group is also a component of neutral phospholipids (e.g. phosphatidyl choline) in the
outer leaflet of host cell membranes. In healthy cells, PC is sequestered and not available for
immune recognition. Yet, during apoptotic death the PC head group becomes exposed due to
oxidative damage to the polyunsaturated fatty acid side chains of phospholipids, to generate
reactive compounds such as 1-palmitoyl-2-(5-oxovaleroyl)-snglycero-3-
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phosphorylcholine_(POVPC), which is an oxidative breakdown product of
phosphatidylcholine (reviewed in (5)). A second major set of IgM NAbs recognizes
malondialdehyde, MDA, which is a major degradation product of unsaturated lipids reacting
with reactive oxidation species. Thereby, damaged cells undergoing apoptosis are flagged by
the emergence of PC and MDA neo-epitopes. These oxidation-associated neo-epitopes are
then recognized by commonly expressed NADbs, thereby enabling discrimination between
apoptotic and healthy cells (6,7,9-12).

The levels of these NAbs appear to be driven by exposure to ACs. After intravenous
administration of ACs, without adjuvant or other stimulants, the induced humoral response
has been evaluated with an 800-feature antigen microarray, and these surveys showed that
anti-AC responses are dominated by antibodies to antigens involving the simple compounds,
PC and MDA (10). Indeed at a cellular level, PC and MDA-albumin antigens were together
recognized by more than 55% of all induced splenic IgM-secreting cells after AC
immunization (10). Hence, induced anti-AC responses are heavily dominated by these same
NADbs, which are also present in naive mice. As discussed below, these NAbs were shown to
form immune complexes with ACs, which we postulate enhance complex synaptic
interactions with immune cells that can regulate key innate immune functions.

Regulatory properties of anti-ACM antibodies involve recruitment of MBL
and Cl1q to AC-complexes

The phagocytic clearance of ACs can involve innate immune recognition molecules, such as
C1g and mannose binding lectin (MBL), that can be directly deposited from plasma onto
late apoptotic and early necrotic cells, where they serve as “eat me” signal that aids
phagocytic clearance by macrophages (M and dendritic cells (DCs) (2,13,14). MBL is a
multimeric lectin protein member of collectin family structurally akin to C1q (reviewed in
(15). In vitro studies have shown that C1q and MBL also have redundant capacities to
directly down-modulate innate immune cell responses. However, this process of direct
opsonin mediated phagocytosis is relatively inefficient, and recent studies have shown that
that C1g- and MBL-mediated AC phagocytic clearance can be enhanced several-fold by the
addition of polyclonal natural IgM (9,10,16,17), or by a monoclonal IgM with unmutated Ab
variable regions identical to the classical T15 B-1 cell clonotype that binds PC-containing
antigens (9,10,16). Significantly, anti-PC IgM antibodies shifted the recruitment of C1q and
MBL onto ACs at much earlier stages of apoptosis that have the greatest immunomodulatory
properties, which likely explains the associated immune modulating activity (9,10).

Anti-ACM antibodies enhance the phagocytic clearance of ACs by Mg and

DCs

In many settings, Mo are primarily responsible for the clearance of ACs, which is essential
to prevent the release of pro-inflammatory factors and autoantigens that can select
pathogenic B- and T-cell clones. There are many subsets of DCs that vary by surface
phenotype and functional capacity. Certain DCs share the phagocytic properties of activated
Meo, especially at early stages of differentiation and/or those expressing CD103 and high
levels of CD11c. Phagocytosis of ACs by such DCs is part of a process of constant steady-
state sampling and presentation of self-antigens, which in vivo experiments suggest actively
reinforces immune tolerance (18).

Regulatory NADbs, such as the prototypic monoclonal T15 IgM (from the E06 hybridoma
(12)), have been shown to greatly enhance in vivo clearance of ACs by peritoneal M¢ and
also in vitro clearance by DCs (9,10). Notably, the effects of NAb on AC engulfment by
DCs was dependent on C1g- and/or MBL recruitment (9;10), while there was neither an
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absolute requirement for C4, C3, iC3b or other breakdown products nor for activation of the
downstream complement cascade, although this topic is controversial (19,20). Moreover,
circulating NAbs to PC and MDA in murine neonatal and adult sera had similar properties to
enhance AC phagocytosis by DCs (10).

Anti-ACM antibodies block TLR-mediated responses of M and DCs

Inflammation is a protective host response to foreign challenge or tissue injury that is
ultimately beneficial as it leads to the restoration of tissue structure and function. The
resolution of an inflammatory response is therefore essential for homeostasis. Both the
exposure to ACs and their clearance have been recognized as important mechanisms for the
control and resolution of inflammation in vivo (reviewed in (2)).

In studies of the effects of NAbs on inflammatory responses, the IgM anti-ACM inhibited in
vivo responses to endotoxin (TLR4 agonist) and poly 1:C (TLR3 agonist), with suppression
of blood levels of inflammatory cytokines, such as IL-6, IL-12p70, IL-17, TNFa and the
chemokines, MIP-1a, MCP-1 KC and IP-10, which have all been implicated in human
autoimmune disease (9). There was also inhibition of activation marker expression on
splenic Meos and DCs, which included CD40, CD86 and MHC II, although this could also
have reflected changes in splenic cellular representation and/or altered phagocyte trafficking
(9). This same natural antibody was capable of dose-dependent suppression of in vitro IL-6
and TNFa responses of a monocyte-like cell line, RAW264.7, to the TLR4 agonist LPS (9).

The effects on DCs may potentially be even more important, as DCs serve as sentinel
immune cells and when induced to fully mature, lose phagocytic capacity, up-regulate
costimulatory molecules and chemokine receptors, migrate to draining lymph nodes, and
become potent antigen-presenting cells. Moreover, when certain types of DCs are fully
activated they can also be high-level producers of a range of cytokines and chemokines. We
found that the IgM anti-ACM also blocked responses of DCs to agonists to TLR3, TLR4,
TLR7 and TLR9, with inhibition of DC production of IL-6, IL-12p70, IL-17, TNFo and a
range of chemokines (9). IgM anti-ACM also suppresses IFN related genes, including IP-10
(9) and IFN-B1 and IRF-4 (unpublished). However, we were surprised to find that the anti-
ACM NADbs did not induce these bone marrow-derived DCs to produce IL-10 or TGF-p,
factors implicated in the suppression of inflammatory responses in other settings. Thus, the
nature of this anti-inflammatory activity of anti-ACM antibodies appears to utilize different
mechanisms in vitro. However, it remains possible that IL-10 and TGFB may be induced by
anti-ACM NAbs in other cell types during in vivo responses.

Regulatory NAbs may block development of inflammatory autoimmune

disease

As inflammatory pathways involving M, DC, and TLR have been implicated in the
pathogenesis of autoimmune arthritis, we studied collagen-induced arthritis (CIA) in DBA/1
mice. Significantly, pretreatment with the IgM anti-PC NAb markedly reduced clinical
disease activity, synovial leukocytic infiltrates, and bone and joint damage (9). Notably,
there were no differences in 1gG anti-Collagen type 11 (CII) levels induced by collagen
immunization in the different treatment groups, suggesting that T15-NAb primarily inhibited
the 1gG immune complex mediated end-organ inflammatory response.

To further define the role of the adaptive immune system in this process, the effects of T15-
NADb were studied on arthritis induced by the passive transfer of anti-Cll IgG, in which the
innate immune system dominates pathogenic pathways and lymphocytes do not a play
central role. Here, T15-NADb treatment also significantly diminished joint swelling (9).
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Taken together, these findings indicate that the regulatory properties of T15-NADb in these
models of arthritis act through the blunting of pro-inflammatory effector mechanisms
mediated by the recruitment of 1gG-autoantibody immune complexes.

Regulatory NAbs and the dual inhibitory receptor hypothesis

To better understand the potential mechanistic basis for the properties of regulatory NAbs,
we have compared these pathways with those of pathogenic antibodies as formulated by the
Activating dual receptor hypothesis of Marshak-Rothstein (21). This model explained that
pathogenic IgG-autoantibodies, which can form immune complexes with RNA- and DNA-
containing nuclear Ags from our own cells, can stimulate immune cells though TLR
receptors and FcyR on myeloid and plasmacytoid DC, or alternatively through TLRs and
BCR on B cells (22). For DC activation, an 1gG-nuclear antigen complex (that includes 1gG
of activating subclasses) can trigger and be internalized via interactions with ITAM-
associated FcyR (and especially FcyRI11a)(23), which results in the delivery of the DNA or
RNA-containing complex to otherwise sequestered endosomal lysosomal compartment.
These 1gG-immune complexes deliver activating ligands to endosomal TLR7 and TLR9
molecules and their co-receptors. Interactions with pathogenic autoantibody-RNA/DNA
complexes set off proinflammatory cascades, with central roles for Mitogen Activated
Protein (MAP) Kinase pathways, and especially the primary MAP Kinase, p38. This
cascade, with activation of the intertwined NF-kB pathways, results in activation and
nuclear entry of a range of pro-inflammatory transcription factors. Presumably, pathogenic
autoantibodies in inflammatory arthritis also involve other currently unknown ligands for
innate immune Pattern Recognition receptors.

We postulate that the presence of a regulatory NAb acts through an anti-inflammatory
mechanism, the dual inhibitory receptor pathway. In this model, the anti-ACM
autoantibodies are counter-regulatory factors for the pathogenic IgG autoantibodies to
nucleoproteins that are striking features of SLE. In Table I, the features of pathogenic IgG
lupus anti-nuclear autoantibodies are contrasted with those of counter-regulatory anti-ACM
NADbs. Both types of autoantibodies recognize autoantigens that are generated during
apoptosis and/or secondary necrosis. Yet, there are important differences. AC-membranes,
themselves, have immune modulatory activities, which we propose are essential for the
properties of anti-ACM Abs. We postulate that the homeostatic properties of natural Abs to
ACM act by coordinating and enhancing specific interactions with two types of membrane-
associated inhibitory receptors; receptors for early complement factors (C1g and MBL) that
have known anti-inflammatory activities (15) and to receptors for ACs (Figure 1). Our
future studies will test whether the anti-ACM antibodies specifically increase accessibility
on immune-complexed AC of phosphatidylserine residues, which are reported to mediate
binding to a range of putative AC receptors (reviewed in (2)).

As described above, prominent amongst the properties of anti-ACM Abs is the capacity to
enhance the efficiency of AC clearance, which may also effectively reduce the availability
of sequestered autoantigens that can drive the production of pathogenic autoantibodies. IgM
anti-ACM can also directly protect from the development of inflammatory arthritis, and a
protective role of such NAbs have also been implicated in atherogenesis (7). We are
currently exploring how anti-ACM antibodies may block central inflammatory signal
transduction pathways common to a range of TLR responses. Conversely, we wonder
whether some 1gG anti-ACM may be capable of forming complexes that trigger pro-
inflammatory activating FcyR that may in fact worsen disease, and we speculate that such
opposing activities may contribute to the accelerated atherosclerosis associated with
rheumatoid arthritis and SLE. In fact recent studies support the notion that both IgG and
IgM anti-PC antibodies are commonly elevated in patients with SLE compared to healthy
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controls, while patients with SLE without a history of cardiovascular events had
significantly higher anti-PC IgM levels (24,25)(manuscript submitted).

In conclusion, investigations into regulatory natural autoantibodies are beginning to
characterize the pathways responsible for the potent capacity for controlling inflammatory
responses driven by either innate or adaptive immune pathways. These studies are already
shedding light on previous unsuspected connections at the interface of the adaptive and
innate immune systems that may contribute to the accelerated atherosclerosis in patients
with SLE, RA and related diseases. These observations may also provide the blueprints for
the development of a novel therapeutic approach, which enhances physiologic anti-
inflammatory pathways to control pathways responsible for the tissue damage occurring in
chronic autoimmune disease.
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Figure 1. Hypothesis: Anti-ACM NAbs enhance triggering via inhibitory dual receptors

At left, the pathogenic autoantibody pathway can involve autoantigens, which in health are
primarily sequestered in the nucleus. In murine lupus models, these 1gG2a autoantibodies
are made under Thl-biased autoimmune responses. These immune complexes can trigger
activating FcyR, which causes internalization followed by interactions with the stimulatory
TLR7 and TLR9 otherwise sequestered within intracellular compartments. At right, the
opposing pro-homeostatic anti-ACM antibodies, which are present in the circulation from
birth, inhibit the pro-inflammatory influences of TLR ligands, as well as the activating
activity of pathogenic lupus autoantibodies to DNA and RNA Abs. A depiction of C1q is
shown, while MBL may play similar or overlapping roles. C’ R, complement receptor(s);

AC R, apoptotic cell receptor(s).
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Proposed properties of opposing pathogenic and protective autoantibodies

Table |

Pathogenic lupus autoantibodies

Protective anti-ACM
autoantibodies

location of
receptors of
autoantibody-
complexes
involved in
mechanism of
action

interactions with
activating membrane
FcyR and BCR and
otherwise
inaccessible
endosomal receptors
(TLR7 & TLR9)

receptors
constitutively
expressed on M@
and DC, and may be
inducible on
lymphocytes after
certain forms of
activation

Isotype/subclass | Commonly murine Ref. | IgM and perhaps Ref.
(in mouse) 1gG2a, 1gG2b or (22, | 1gG that do not (6,7,9-
1gG2c that strongly 23) interact with 11)
interacts with activating FcyR
activating FcyR. In
humans IgG1 and
19G3
When are these During active (21) | From perinatal (unpubl
autoantibodies immune disease period and ished)
expressed? throughout life. (26)
What happens Often increase during | (21) | May decrease during | (24,25)
during active active disease active disease
disease?
Cellular location | Normally sequestered | (21) | PL-related (6,9,
of targeted intracellular (i.e., neoantigens form 10)
autoantigens nuclear) naturally during
apoptosis. Rapidly
expressed &
accessible on AC
membranes
beginning from early
apoptotic death.
Postulated that Coordinated (21) | Cell membrane (9,10)
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