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Abstract

The TAM receptor tyrosine kinases Tyro3, Axl, and Mer and their ligands Gas6 and Protein S are
essential for the phagocytosis of apoptotic cells and membranes in the adult immune, nervous, and
reproductive systems. Genetic studies indicate that this receptor-ligand system is central to
apoptotic cell engulfment that is triggered by the “‘eat-me’ signal phosphatidylserine. At the same
time, TAM signaling is normally activated by Toll-like receptor (TLR) and type I interferon
signaling, as part of the innate inflammatory response in dendritic cells and macrophages, where it
inhibits this response. Deficiencies in TAM signaling result in human retinal dystrophies and may
contribute to lupus and other human autoimmune diseases.

Introduction

Autoimmune diseases arise when the immune system makes the fundamental mistake of
confusing self with non-self. Although rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), multiple sclerosis (MS), and other autoimmune disorders have
differential presentations, organ and tissue targets, and dependence on cellular versus
humoral immunity, each is characterized by chronic inflammation and autoreactivity. SLE is
a particularly illustrative example of the challenges of both understanding and treating
autoimmune disease. This broad spectrum disorder is characterized prominently by the
presence of auto-antibodies directed against nuclear antigens such as ribonucleoproteins and
double-stranded DNA. While the etiology and pathogenesis of SLE remain to be defined, it
is increasingly evident that impaired clearance of apoptotic cells, enhanced activation of
dendritic cells (DCs), and a concomitant type | interferon (IFN) response are associated
with, and almost certainly contribute to, autoimmunity [1-3]. The first of these defects
represents an especially serious threat, since programmed cell death and the generation of
apoptotic cells are central to cellular turnover and tissue homeostasis during adulthood.
While in some cases apoptotic cells appear to be shed; e.g., as occurs with intestinal
epithelial cells and epidermal keratinocytes, most such cells must be actively cleared by
phagocytes. Defects in apoptotic cell clearance can lead to the accumulation of intracellular
components and the aberrant (sustained) exposure of nuclear antigens to the immune system.
This can lead, in turn, to the activation of autoreactive B cells, autoantibody production, and
the formation of immune complexes. Immune complexes of DNA and RNA are known to
activate DCs and to trigger the production of type I IFNs, which perpetuate a cycle of
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immune activation [4]. The pathogenic role of type I IFNs in autoimmunity is highlighted by
the observed amelioration of disease in lupus-prone mice that lack the Type I IFN receptor
(IFNAR) [5]. Thus, SLE may be driven by the pathologic exposure to self-antigens due to
the aberrant clearance of apoptotic cells, which in turn leads to the unabated activation of
DCs and the subsequent production of type | IFNs. Recent studies on the function of the
TAM family of receptor tyrosine kinases have provided important insights into these two
discrete, but tightly linked phenomena - the removal of apoptotic cells and the regulation of
DC activation and the type I IFN response. In this review, we summarize findings from
these studies, and highlight their potential importance to SLE specifically and to human
autoimmune disease in general.

TAM receptors and ligands

The TAM receptor tyrosine kinases, Tyro3, Axl and Mer, were identified as a distinct
receptor protein-tyrosine kinase sub-family in 1991 [6,7]. The TAMs share a characteristic
tandem arrangement of two immunoglobulin-like and two fibronectin type 11 repeats in
their extracellular, ligand-binding domains, which are followed by a single-pass
transmembrane domain and a cytoplasmatic protein-tyrosine kinase [8]. The TAM receptors
remained orphans, in the sense that their activating ligands were unknown, until 1995. In a
study employing a receptor-based affinity purification approach, Stitt and colleagues
purified the closely-related Gasé and Protein S (ProS) proteins as TAM ligands [9¢,10-13].
Gas6 and ProS are secreted soluble proteins that carry an N-terminal gamma-carboxylated
glutamic acid (GLA) domain, whose glutamic acid residues are carboxylated at the free
gamma hydroxyl position, in a vitamin-K-dependent reaction. GLA domains confer the
ability to bind phosphatidylserine (PtdSer) to their associated proteins [14]. This
phospholipid is strictly confined to the inner leaflet of the plasma membrane bilayer in most
normal cells, but in apoptotic cells its compartmentalization is lost, and PtdSer is displayed
to the extracellular environment. Extracellular PtdSer serine is in fact one of the most
generally recognized signatures of apoptotic cells [3,15-17]

The GLA domain in Gas 6 and ProS is followed by four epidermal growth factor (EGF)-like
domains, and a C-terminal sex hormone binding globulin (SHBG) like module that is both
necessary and sufficient for the activation of TAM receptors. The ability of each ligand to
activate each TAM receptor has been studied, but mostly in the context of cells expressing a
single recombinant TAM receptor. In these studies, Gas6 has been found to activate all three
receptors, albeit with differing potency (AxI>Tyro3>>>Mer) [13], while ProS has been
found to activate both Tyro3 and Mer [9,18]. However, TAM ligands can form heterodimers
(Rothlin and Lemke, unpublished results), and it is possible that the same holds true for
TAM receptors, which are frequently co-expressed [8]. Thus, it will be important to measure
the receptor-ligand affinities in the context of heterodimers. ProS also carries a TAM-
independent activity as an anticoagulant, and is present at relatively high levels (~300nM) in
the circulation. ProS serves as a co-factor for activated Protein C, a protease that inhibits
coagulation through the degradation of factor Va and factor V111 [19]. ProS carries a
thrombin sensitive region, which is not present in Gasé. While it is known that cleavage by
thrombin (which is generated during blood clotting) abolishes ProS anticoagulant co-factor
activity [20], the effect of thrombin on ProS bioactivity as a TAM ligand has not been
comprehensively assessed. It is interesting to note that ProS is not the only molecule shared
between coagulation and inflammation regulatory networks [21]. Indeed, thrombin and
activated Protein C can also regulate the inflammatory response [22,23].
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TAM signaling and apoptotic cell clearance

Significant progress in our understanding of the biological role of the TAM pathway was
made possible with the generation of mice lacking Tyro3, Axl and Mer [24¢,25¢], and both
TAM ligands [26-29]. In agreement with the ability of TAM ligands to bind both to PtdSer
exposed on the extracellular surface of apoptotic cells and to the TAM receptors expressed
by phagocytes [8], a plethora of degenerative phenotypes that result from the inefficient
phagocytosis of apoptotic cells and membranes have been described in TAM knock-out
(KO) mice. TAM triple KO males, for example, were found to be sterile due to the
inefficient removal of apoptotic germ cells (spermatogonia, spermatocytes, and spermatids)
and apoptotic cell debris generated during spermatogenesis [24+,30,31]. Importantly, this
phenotype is degenerative rather than developmental in nature, and is only revealed at ~5
weeks after birth, just after the onset of sexual maturity and active production of sperm. The
degeneration phenotype is also cell non-autonomous with respect to the dying germ cells, as
it appears to arise from the loss of TAM signaling in Sertoli cells. Sertoli cells, which
express all three TAM receptors, phagocytose the ~108 germ cells that normally die by
apoptosis during each new meiotic cycle of spermatogenesis. In the complete absence of
TAM signaling, apoptotic cell corpses pile up and eventually poison the tubule epithelium.

A remarkably similar phenotype is observed in the retina of Mer KO mice. Adult Mer
mutants are blind, due to the nearly complete loss of photoreceptors. Again, this phenotype
is degenerative rather than developmental, as the retinae of Mer KO mice develop normally,
and at two weeks after birth are indistinguishable histologically from wild-type. However,
beginning around three weeks after birth, shortly after the onset of eye opening in the
mouse, markers of apoptotic cells are detected specifically in the photoreceptor layer of the
Mer mutants. Over the next several weeks, cell death progresses to an almost total
degeneration of the photoreceptor (PR) layer by 10 weeks of age [18,24¢,32]. As for germ
cell degeneration in the testes, this photoreceptor death in the retina reflects loss of TAM
signaling in a specialized phagocytic cell —the retinal pigmental epithelia (RPE) cell. RPE
cells engulf and metabolize the distal ends of PR outer segments, which are the rhodopsin-
containing organelles in which light is detected. In Mer KO mice, RPE cells fail to perform
the daily phagocytosis of outer segments, which leads to the non-autonomous apoptotic
death of all PRs in the retina [18,32]. Mutations in the Mer gene have also been found to
account for a rare form of inherited retinitis pigmentosa in humans [33-37], and for the PR
death that occurs in the RCS rat, a long-standing animal model of hereditary retinal
degeneration [38,39].

It is interesting to note that the testis and the retina are shielded from the blood stream by
blood-organ barriers, and thus rely on resident TAM-dependent phagocytes, Sertoli and RPE
cells, to handle an extraordinary level of apoptotic cell and membrane turnover. For those
apoptotic cells generated in organs and tissues that are not separated by a blood-organ
barrier, macrophages are central players in their removal. Loss of Mer in macrophages has
been shown to lead to impaired removal of apoptotic thymocytes induced by dexamethasone
administration [40]. More recent studies have extended this finding to the other members of
the TAM receptor family, and suggest that all of them contribute to the phagocytosis of
apoptotic cells by DCs and macrophages in vitro, albeit to different degrees [41].

Linking TAM-dependent apoptotic cell clearance to TAM regulation of the
inflammatory response

In addition to playing an essential role in the turnover of apoptotic cells and membranes in
adult tissues, TAM signaling has been found to play a fundamental role in the regulation of
the innate immune response. Camenisch and colleagues were the first to describe the
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excessive production of TNFa in response to LPS administration together with an associated
increased sensitivity to LPS-induced endotoxic shock in Mer KO mice [25]. Consistent with
this finding, the activation of murine antigen presenting cells (APCs) in vitro by TLR
ligands was found to be potently inhibited by recombinant Gas6 and ProS [42e¢,43]. The
production of multiple cytokines, including type I IFNs, by mouse DCs was found to be
suppressed in the presence of these TAM ligands, and the ability of Gas6 to inhibit DC
activation has been recently extended to human DCs [44]. Biochemical analyses revealed
that TAM receptors function as negative regulators of TLR3, TLR4 and TLR9 pathways in
DCs. Intriguingly, these TLR pathways are known to trigger type | IFN responses, which
further drive the maturation of APCs [45,46]. A closer analysis of the molecular mechanism
of TAM-mediated inhibition of TLR signaling revealed a physiological and physical
association between TAMs and the type | IFN receptor (IFNAR). First, the TAM receptor
AxI was found to be markedly upregulated upon treatment of DCs with type | IFNS [42ee,
44,47]. This finding suggests that engagement of the TAM immunoregulatory axis occurs as
a normal consequence of the activation of the immune response [42¢¢]. Second, activation of
the TAM receptors was found to usurp IFNAR and lead to the induction of well-known
inhibitors of TLR and Cytokine receptor pathways - the suppressor of cytokine signaling 1
(SOCS1) and SOCS3 [42¢¢]. SOCS proteins have for many years been known to be induced
by cytokine receptor activation and to account for the negative regulation of both cytokine
receptor and TLR pathways [48-50]. Interestingly, the induction of SOCS proteins by
IFNAR activation was found to proceed through and to be dependent on TAM receptors
[42¢<]. Taken together, these findings revealed a central role of the TAM pathway as
negative regulators of the inflammatory response.

Thus, the TAM pathway functions in two discrete phenomena: the phagocytosis of apoptotic
corpses and the regulation of the innate immune response. It is likely that, at least in
macrophages and DCs, these pathways are functionally linked. Indeed, evidence for such an
integrative view of TAM signaling was provided by Tisch and colleagues. The addition of
irradiated apoptotic thymocytes to DCs in culture was found to suppress LPS-induced NF-
kB activation and production of TNF and IL-12 in a Mer dependent manner [51e¢,52].

TAM signaling and autoimmunity

Perhaps not surprisingly, the delayed clearance of apoptotic cells and the loss of regulation
of the inflammatory response are associated with the development of a lupus-like syndrome
in TAM KO mice [53¢¢,54¢¢]. TAM triple knock out (TKO) mice display profound
lymphoproliferation and features of systemic autoimmunity [54e]. The peripheral lymphoid
organs of these mice become grossly enlarged, due to the expansion of both myeloid and
lymphoid cell populations [42e¢,54¢¢]. In addition, high titers of circulating auto-antibodies,
including anti-chromatin, anti-double and single stranded DNA, and anti-phospholipid
antibodies, can be detected in the sera of TAM KO mice [53¢,54¢¢]. Again, this phenotype
appears to be cell non-autonomous with respect to lymphocytes, in that T cells and resting B
cells do not express TAMs.

Impaired clearance of apoptotic cells has been detected in the germinal centers (GC) of the
lymph nodes of patients with SLE and has been proposed to be involved in the pathogenesis
of this disease [1]. A specialized macrophage in the GC, known as the tingible body
macrophage (TBM), engulfs low-affinity or self-reactive apoptotic B cells that are generated
through negative selection [55]. This appears to be fundamental to preventing the activation
of nearby auto-reactive B cells, and the consequent development of autoimmunity. This
requirement is nicely illustrated by the phenotype that develops in mice that carry loss-of-
function mutations for MFG-E8 - an opsonin that promotes clearance of apoptotic cells
through interaction with integrins expressed on the surface of phagocytes. MFG-E8 KO
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mice display impaired removal of B cell corpses in lymph node GCs, and a lupus-like
autoimmune disease [56]. These disease phenotypes are especially interesting with respect
to TAM signaling, since an essential association of Mer with integrin-based engulfment
systems has also been demonstrated. In RPE cells, for example, MFG-ES8 stimulation of
photoreceptor outer segment phagocytosis through avp5 integrins has been demonstrated to
require a physical association and physiological integration with Mer [57]. At the same time,
Mer has been found to be expressed in TBMs [58], and it will be interesting to assess
whether loss of Mer in TBMs leads to the accumulation of apoptotic bodies in GCs and an
increase susceptibility to lupus-like autoimmune disease.

More well-established in TAM KO mice is the hyperproliferation and hyperactivation of
DCs and macrophages accounting from the loss of negative regulation of inflammation
[42¢¢,54¢¢]. Future studies employing cell-type specific KOs and genetic approaches that
dissociate the phagocytosis from the anti-inflammatory effect will further illuminate the
function of this receptor tyrosine kinase family in specific steps leading to autoimmunity. In
this respect, a study by Birge and colleagues shows that the phagocytosis and anti-
inflammatory effects mediated by Mer appear to rely on the phosphorylation of different
tyrosine residues and may indeed be dissociable events [43].

Avre defects in TAM signaling associated with autoimmunity in humans? It is particularly
interesting that deficiencies on the TAM ligand ProS have been a fairly consistent
observation in various autoimmune diseases. There is an anecdotal medical literature that
has tied reduced levels of ProS to ulcerative colitis and other inflammatory bowel diseases.
A far more substantial literature, however, points to a clear association between reduced
ProS levels in the circulation and SLE [59-62¢¢]. A recent analysis of a large cohort of SLE
patients found that levels of free protein S — but not Gas6 - were significantly lower in SLE
patients with a history of serositis, neurologic disorder, hematologic disorder and
immunologic disorder [62¢]. These results have been interpreted to suggest that reduced
TAM signaling may contribute to the development of SLE.

Concluding Remarks and Future Directions

TAM signaling has been found to be a central player in the phagocytosis of the outer
segments of PR and apoptotic germ cells. Yet, the specificity of the TAM pathway in the
phagocytosis mediated by professional phagocytes, which are known to express a variety of
phagocytic receptors, remains unknown. As proposed by Medzhitov [63], apoptotic cells
may produce signals that are associated with the type of death that they have undergone,
which might in turn determine the type of phagocytic receptors to be engaged together with
the outcome of their removal. Thus, while phagocytosis of apoptotic cells generated by
infection is expected to induce a host-defence response in macrophages, apoptotic cells that
are generated during inflammatory or immune responses might be removed by pathways,
such as the TAM, that are associated with anti-inflammatory or immunosuppressive
responses.

The mechanisms that lead to the activation of the TAM anti-inflammatory pathway in vivo
remain ill-defined. TAM signaling has been recently found to be an integral component of
potent immunosuppressive pathways. Several broad-spectrum immunosuppressive drugs
that are used to treat the chronic inflammation that is associated with autoimmune disease
may function by regulating the TAM pathway. The well-known ability of
immunosuppressive drugs such as glucocorticoids, liver X receptors (LXR) and PPARY/3
agonists to stimulate macrophage phagocytosis of apoptotic cells has been tied to their
ability to up-regulate Mer expression. Glucocorticoids, for example, have been shown to
induce ProS-dependent phagocytosis of apoptotic cells by macrophages; and this
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glucocorticoid induction appears to be Mer-dependent [64]. Similarly, activation of LXRs in
macrophages stimulates the phagocytosis of apoptotic thymocytes in a Mer-dependent
fashion [65]. The integration of the TAM pathway with well-known immunosuppressive
pathways notwithstanding, the comparative ability of each of the TAM ligands to trigger this

an

ti-inflammatory pathway in vivo is currently unknown. The analysis of genetically

modified mice lacking the expression of Gas6 and ProS is bound to yield insights into the in
vivo specificity and cellular source of each ligand in TAM mediated regulation of the innate
immune response.
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Figure 1. Integrative view of TAM signaling in both the phagocytic removal of apoptotic cells (A/
left) and the regulation of the inflammatory response (B/right)

(A) Resident phagocytes, such as Sertoli cells of the testis, RPE cells of the eye, and tissue
macrophages (bottom cell), use the TAM receptors (red) to recognize and engulf apoptotic
cells and membranes (top cell). This is achieved through binding of the amino-terminal
domains of the two TAM ligands — Gas6 and ProS (green) — to the phosphatidylserine
(PtdSer; light blue) that is expressed on the surface of apoptotic cells. The carboxy-terminal
domains of these ligands then bind to and activate the TAM receptors on the phagocyte.
This triggers a signal transduction cascade that results in mobilization of the actin
cytoskeleton, and the phagocytosis of the apoptotic cell. (B) This same scheme of
engagement, when it occurs in the context of the joint expression of TAM and type | IFN
receptors (IFNARs; dark blue) in macrophages and dendritic cells (DCs), also inhibits the
inflammatory response of the innate immune system through induction of the genes
encoding the cytokine suppressors SOCS1 and 3. In this case, apoptotic cells, whose binding
to DCs is generally immunosuppressive, serve as ‘presentation platforms’ for Gasé and/or
ProS, which together with a type | IFN (pink), trigger a STAT1-dependent cascade that
leads to SOCS1/3 expression. These SOCS proteins inhibit signaling downstream of both
IFNARs and Toll-like receptors (TLRs, violet). Increasing evidence suggests that activation
of nuclear receptors (e.g., GR, LXR, PPARY/3) - by glucocorticoids, oxysterols, and other
immunosuppressive hormones - leads to the up-regulation of Mer, and that this Mer up-
regulation is required for hormone stimulation of the phagocytosis of apoptotic cells by
macrophages.
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