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Abstract

Systemic lupus erythematosus (SLE) is a chronic multi-factorial autoimmune disease initiated by
genetic and environmental factors, which in combination trigger disease onset in susceptible
individuals. Damage to the kidney as a consequence of lupus nephritis (LN) is one of the most
prevalent and severe outcomes, as LN affects up to 60% of SLE patients and accounts for much of
SLE-associated morbidity and mortality. As remarkable strides have been made in unlocking new
inflammatory mechanisms associated with signaling molecules of programmed cell death
pathways, this review explores the available evidence implicating the action of these pathways
specifically within dendritic cells and macrophages in the control of kidney disease. Although
advancements into the underlying mechanisms responsible for inducing cell death inflammatory
pathways have been made, there still exist areas of unmet need. By understanding the molecular
mechanisms by which dendritic cells and macrophages contribute to LN pathogenesis, we can
improve their viability as potential therapeutic targets to promote remission.

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic and systemic multi-factorial autoimmune
disease believed to be initiated by both genetic and environmental factors, which in
combination trigger disease onset in susceptible individuals. According to the Alliance for
Lupus Research, approximately 1.5 million Americans suffer from lupus, with more than
16,000 new cases reported annually across the country, making it a highly prevalent
autoimmune disease. SLE mainly affects women of reproductive age; African American
women are three times more likely than Caucasian women to develop SLE and Latina
women tend to present the most aggressive disease activity. The diverse manifestations of
SLE result from chronic immune dysregulation and pathogenic autoantibody production,
culminating in progressive end-organ injury to multiple organs, including the skin, central
nervous system and kidney.
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2. Lupus nephritis

Damage to the kidney as a consequence of lupus nephritis (LN) is one of the most prevalent
and severe of these outcomes, as LN affects up to 60% of SLE patients and accounts for
much of SLE-associated morbidity and mortality [1]. Glomerular deposition of immune
complexes in the kidney is considered the initiator of the resultant inflammation in LN.
These deposited immune complexes derive from circulating anti-nuclear, anti-C1q, and
crossreactive anti-glomerular autoantibodies [2—4], opsonized apoptotic particles,
microparticles and neutrophil extracellular traps (NETS) [5, 6]. DNA particulates that can
reside within NETs can be resistant to degradation by DNAses, and nephritic kidneys are
enriched for antibodies with anti-DNA activity [7]. However, not all anti-DNA antibodies
are pathogenic, and a number of non-DNA-binding antibodies contribute to LN [8, 9].

Histological classification of LN-associated glomerular disease via light microscopy of
kidney biopsy sections has yielded five subtypes, with class Il (focal proliferative, <50%
glomeruli affected), class IV (diffuse proliferative, >50% glomeruli affected) and class V
(membranous) subtypes retaining the greatest potential to cause long-term damage [10, 11].
Renal damage initiated by pathogenic immune complexes depends on the location of
deposition and the subsequent injured cell population, which both contribute to the
classification of LN. Subendothelial deposits are the hallmark of class Il and 1V
proliferative LN. Due to their access to the vascular space, these deposits activate myeloid
cells via Fcy receptor (FcyR) binding, thus enabling these myeloid cells to enter the kidney
[12]. In contrast, subepithelial deposits associated with class V disease injure podocytes and
provoke a less severe inflammatory response than subendothelial deposits; however, should
the glomerular basement membrane rupture, subepithelial deposits can access the entire
glomerulus [10].

Infiltrating inflammatory cells enter the kidney through glomerular and interstitial blood
vessels and contribute in tissue injury. Lymphocytes participate in local effector functions
and adaptive immune responses to incite inflammation and promote perpetuation of kidney
disease [13, 14]. A recent single-centre prospective observational study shows that treatment
with a biologic designed to deplete CD20* B cells, rituximab, in conjunction with low dose
intravenous methyl prednisolone and MMF allows for the elimination of oral steroids and
their negative side effects [15]. Despite these observations, clinical trials for rituximab
remain inconclusive, potentially owing to the continued reliance on oral steroids despite a
planned taper, failure to achieve the primary endpoint and patient variability in genetic
variants that influence LN through mechanisms independent of B cell activation [15-18].
Although lymphocytes are necessary for LN, professional phagocytic cells of the innate
immune system, including dendritic cells and macrophages, have surfaced as critical cell
populations in the pathogenesis LN. Deposited immune complexes activate FcyRs to
promote the activation of dendritic cells and macrophages [19]. Depending on their internal
structure, FcyRs can either activate or inhibit downstream signaling upon ligation to
immune complexes [20]. Human FcyRl, lla, llc and 111 and murine FcyRlI, 111 and IV
contain an ITAM (immunoreceptor tyrosine-based activation motif) that promotes activating
signals [21]. In contrast, FcyRIIB contains an ITIM (immunoreceptor tyrosine-based
inhibitory motif) that promotes inhibitory signals [22]. Polymorphisms and/or copy number
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variants in multiple FcyR genes are linked to SLE susceptibility and associated with LN
[23-27]. There is an accumulation of immune complexes bound to activating FcyRI and
FcyRIV SLE-prone mice [28], and deletion of FcyRI in a murine model of SLE results in
protection from immune complex accumulation in the kidney [28]. In contrast, FcyRIIB™~
mice develop severe SLE-like nephritis [29]. Immune complexes also have the ability to
activate the complement cascade [30] or to directly activate intrinsic glomerular cells,
inducing inflammatory chemokine and cytokine release [31]. Further, should immune
complexes contain nucleic acids, they can also activate endosomal Toll-like receptors
(TLRs), including TLR7 and TLR9, thus increasing the inflammatory response [32]. While
dendritic cells and macrophages can descend from a common progenitor and maintain
overlapping functions, including antigen presentation and participation in T cell
homeostasis, these phagocytes retain distinct roles not only within the immune system, but
also in the context of disease [33-35].

2.1. Dendritic Cells in LN

Dendritic cells play a critical role in the regulation of the adaptive immune response and
consist of two major categories: myeloid dendritic cells and plasmacytoid dendritic cells.
Both myeloid and plasmacytoid dendritic cells are derived from a dendritic cell precursor in
the bone marrow, while inflammatory dendritic cells, similar to inflammatory macrophages,
originate from monocytes [33]. Dendritic cells can function to protect against renal injury; in
acute immune-mediated disease, dendritic cells can be anti-inflammatory [36]. However,
should renal inflammation become chronic, dendritic cells can adopt a pro-inflammatory
behavior [36]. Dendritic cells are among the infiltrating cells in the nephritic kidney, and this
chronic inflammatory environment will induce their maturation, wherein they can produce
inflammatory cytokines and stimulate rather than tolerize effector T cells to perpetuate
kidney disease [37, 38]. Studies show that CD141M9" and CD1c* subsets of the myeloid
dendritic cell population, as well as CD303* plasmacytoid dendritic cells, are numerically
increased in patients with LN, in particular class I1I/1V LN, and this presence correlates with
kidney fibrosis [39-41]. Increased dendritic cell presence in the kidney also correlates with
decreased peripheral circulating dendritic cell subsets [42]. During nephritis in murine
models of SLE, resident renal CD103* dendritic cells that are the best antigen-presenting
cells do not expand their population; however, CD11c"9" myeloid dendritic cells accumulate
in mass quantities in the nephritic kidney, yet their function is unknown [37]. A clear type |
interferon signature is detected in nephritic kidneys [43, 44]. This finding potentially
implicates plasmacytoid dendritic cells in LN pathogenesis, as this population is a major
producer of type | interferon [45, 46]. However, studies also suggest that resident renal cells
are capable of producing type I interferon and can thus contribute to the observed type |
interferon signature [47]. Taken together, these data suggest that dendritic cells play a vital
role in the pathogenesis of LN and highlight the necessity for delving further into their
functionality within the kidney.

2.2. Macrophages in LN

Depending on the environmental composition, activated monocytes can differentiate into
two main macrophage subtypes: classically activated (M1 infiltrating and inflammatory
macrophages) and alternatively activated (M2 tissue resident and trophic macrophages). M2
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macrophages can be further categorized into subsets according to the applied stimuli and the
consequential transcriptional alterations [48, 49]. Studies within the past decade suggest that
murine macrophages stimulated with IFNvy, LPS and granulocyte-macrophage colony
stimulating factor (GM-CSF) can become classically activated (M1 macrophages). M1
activation results in the production of proinflammatory cytokines, including TNFa, IL-18,
IL-12, IL-18 and 1L-23; production of nitric oxide and reactive oxygen species; antigen
presentation; expression of chemokine receptors CCR1 and CCRS5; promotion of type 1 T
helper (Ty1) and type 17 T helper (Ty17) cell responses; thus providing an effective
mechanism of pathogen killing [49]. Murine macrophages skewed towards an M2 phenotype
by fungal cells, immune complexes, parasites, complement components, apoptotic cells,
macrophage colony stimulating factor (M-CSF), IL-4, IL-13, IL-10, and TGF can be
subdivided into four groups depending on the stimuli; M2a, considered to be pro-fibrotic;
M2b, considered to be immunity-regulating; M2c; considered to be deactivated, remodelling
or anti-inflammatory; and M2d are a distinct group unlike M2a-c [49]. Murine M2
macrophages produce IL-10, arginase 1, chitinase-like protein 3 (also known as
phagocytosis, extracellular matrix production, apoptotic cell clearance, wound healing
and/or anti-inflammatory activities [49]. However, macrophages have been found to exhibit
phenotypic plasticity [50, 51]. Changes in the environmental milieu can promote crossover
between each group, allowing for an extensive variation in their phenotype [50, 51]. Only
within the past three years has the M1-M2 paradigm been recognized as a set of well-
defined molecular events that are highly reproducible under controlled conditions /n vitro,
but have little to no relevance in vivo [52-54]. Thus, /n vivo, populations of macrophages
can share both M1-like and M2-like characteristics.

Detection of macrophages in nephritic kidneys, especially when found at a repeat biopsy,
correlates with poor prognosis [55]. However, macrophages can play essential roles in both
kidney injury and repair [56, 57]. Murine kidneys can present with both tissue resident
interstitial macrophages, which are CD11b!°WF4/80P"9ht derived from fetal yolk sac
precursors, and the predominant macrophage population and infiltrating inflammatory
macrophages, which are CD11b"9"F4/80!°W  derived from monocyte precursors and
constantly replenished by monocytes [56, 58]. Tissue resident interstitial macrophages may
be capable of self-renewal [59], and in murine models of LN, this population increases in
number and activation and develop matrix metalloproteinase and cathepsin activity,
indicating they may contribute to irregular tissue remodeling [58, 60]. Upon recruitment
from the peripheral blood to the kidney, infiltration macrophages exhibit a proinflammatory
phenotype during acute inflammation, but have the capacity to switch to a healing phenotype
to enhance the resolution of inflammation [56, 61]. Failure by macrophages to switch from a
pro-inflammatory to an anti-inflammatory phenotype or to eliminate apoptotic cells can
cause chronic inflammation, wherein macrophages continue to amplify disease [62]. In
support of this argument, administration of poly (I:C) to pre-nephritic SLE-prone mice
promotes macrophage infiltration into the kidney and accelerates proliferative LN [63].
Treatment with chlodronate-loaded liposomes not only diminishes the poly (I:C)-induced
macrophage infiltration but also the ensuing intraglomerular proliferative lesions and
crescent formation, thus indicating that macrophages are the key mediators of the LN [63].
However, in LN there may not exist a clear segregation of macrophage phenotype (M1 or
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M2) due to the aberrant activation of macrophages induced by the surrounding complex
inflammatory milieu [64]. For example, in a different murine model of SLE, induction of
apoptosis in circulating monocytes by chlodronate-loaded liposomes, and the ensuing
decrease in monocyte-derived macrophages, accelerates, rather than prevents, the
development of LN, potentially owing to a decrease in macrophage clearance of apoptotic
cells and the subsequent increase in circulating self-antigen [65, 66]. The differing outcomes
of the aforementioned macrophage depletion experiments presumably stem from the
inherent plasticity of macrophages and their designated function within the diseased kidney
at the time of their deletion as well as the context of LN pathogenesis in the chosen SLE
disease model.

CD169 (sialoadhesin), a sialic acid-binding immunoglobulin-like lectin, is an adhesion
molecule restricted to macrophages that serves as a biomarker for a type | IFN-signature
associated with SLE and whose expression is induced by IFNa [67]. Whereas CD169
deficiency is sufficient to ameliorate murine autoimmune neuropathy, suggesting a
functional contribution of this molecule to autoimmune pathologies [68], LN severity and
disease progression in a murine model of SLE were unaffected by CD169 deficiency [69].
However, in SLE, CD169-expressing monocytes within the glomeruli correlate with LN
disease severity [70], suggesting a utility for this molecule not as a therapeutic target for, but
as a biomarker of, LN disease severity [71]. Together these data indicate that macrophages
are critical mediators of LN pathology, as they can drive both the aberrant inflammation and
resolution of disease. Moreover, macrophages in organs other than the kidney may also
participate in the pathogenesis of LN.

2.2.1. Splenic marginal zone macrophage populations in the initiation of LN—
The spleen is the largest secondary lymphoid organ in the mammalian body and plays
important roles in the filtration of blood and pathogen defense. The follicular marginal zones
(MZ) of the spleen are transitional sites that separate the white pulp from the blood-filled
sinuses of the red pulp. Within the splenic MZ, two highly specialized macrophage
populations, along with a subset of B cells, function in concert to play a vital role in host
defense. The anatomy of the MZ slows down blood flow, thus allowing pathogens in the
peripheral circulation to be phagocytosed by both marginal metallophilic macrophages
(MMM) and MZ macrophages (MZM). Also contained with the reticular framework of the
MZ are the MZ B cells (IgM* CD21high cD23!°W CD1d* in mice) [72], which can transport
immune complexes into the follicle to potently activate T cells [73]. MMM exist as a thin
band of cells within the follicle located beneath MAJCAM-1* cells that line the marginal
sinus. MZM are in close physical contact with MZ B cells [74], and together these two
populations create powerful cellular network for the capture of antigen, including immune
complex, pathogens and apoptotic cells. Further, it has been suggested that the maintenance
of both the MMM and MZM populations requires an intact MZ B cell population [75]. Thus,
MZ macrophages and MZ B cells require cell-to-cell contact and communication to
maintain the integrity of the MZ structure [75].

Under steady-state conditions, apoptotic cells and debris that escape clearance by local
phagocytes are cleared by MMM and MZM, thus preventing autoantigens from entering the
follicle. Efferocytosis is a process whereby phagocytes, including MMM and MZM, engulf
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and eliminate apoptotic cells to promote the resolution of inflammation. Recognition of
apoptotic cells is based on a number of factors [76]: (1) Modification of lipid localization on
the plasma membrane. PS predominately located on the inner leaflet of the plasma
membrane is rapidly externalized during apoptosis, and increased exposed PS are recognized
as ‘eat-me’ signals by scavenger receptors CD36 and MerTK [77, 78]. (2) Oxidation of cell
surface lipid. Besides CD36, other scavenger receptors such as class A scavenger receptor
(SR-A), CD14 and CD68 have an affinity for oxidized lipids that will then enhance antigen
capture and distribute signals to phagocytes [79-82]. (3) Reduction of surface ‘don’t eat me
signals’ and opsonization of the cell by serum proteins, including members of the
complement cascade (C1q, C3, C4) [76]. Following proper recognition, phagocytes
internalize the apoptotic cells by rearranging their cytoskeleton and then ingesting the
material, which is then accompanied by the release of anti-inflammatory mediators to
prevent local inflammation [77]. However, failure to properly distinguish these cells from
nearby live cells can lead to severe autoimmune disease [77]. Mice deficient in MerTK are
unable to clear apoptotic cells and develop SLE-like disease [83]. Further, Over 90% of
patients with C1q deficiency develop SLE [84], owing to reduced circulating C1q, C3 and
C4 in the serum of SLE patients [85]. C1g-deficient mice also develop SLE-like disease,
including glomerulonephritis [84, 86].

Apoptotic bodies in the circulation are targeted to the MZ and are ingested by MMM and
MZM, indicating that the removal of apoptotic cells by MMM and MZM is critical to
prevent inflammatory pathology and fatal autoimmune disease in both mice and humans.
MMM are characterized by the specific expression of CD169 [74]. CD169 binds to sialic-
acid expressed on the surface of pathogens and is involved in cell-cell adhesion as well as
cell-pathogen interaction [87]. Studies show that deletion of CD169* macrophages in
CD169-DTR mice by injection of diphtheria toxin caused delayed clearance of injected
dying cells in the MZ of the spleen [88]. MZM express MARCO (Macrophage Receptor
with Collagenous Structure) and SIGN-R1 (mouse homologue of DC-SIGN) [74]. The
capture of apoptotic cells can be promoted by the interaction of C1q with SIGN-R1 on
MZM [89, 90]. The layer of splenic MARCO* MZM is significantly reduced in patients
with SLE compared to the dense layer found in non-SLE patients [91]. With age, BXD2
mice (derived from the cross of a C57BL/6 and DBA/2 mice) [92-94] and B6.S/e1.S/e2.Sle3
[95] show a dramatic loss of MZM and development SLE-like disease. The loss of MZM
was due to translocation of MZ B cells from the MZ into the follicle [91, 94]. The absence
of MZM leads to increased loading of apoptotic cell antigens on MZ B cells which then
translocate more antigens into the follicle, thus resulting in T cell activation and
inflammatory cytokine production [93].

The spleen can clear immune complex-associated apoptotic cells as described above.
However, the spleen is considered pathogenic in LN, as cells from draining lymph nodes,
including macrophages, T and B cells home to the spleen. Therefore, removal of the spleen
has been postulated as a potential therapeutic strategy to reduce or prevent LN. In the murine
model of immune complex-induced glomerulonephritis, experimental nephrotoxic serum
nephritis (NTS), splenectomy does not impact disease, as kidney damage, circulating
antibody levels and immune complex deposition in the glomeruli remain unchanged [96]. In
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the BAFF transgenic murine model of SLE, low affinity self-reactive B cells, in particular
MZ B cells, are expanded and these mice develop nephritis [97]. However, splenectomized
BAFF transgenic mice are not protected from nephritis, indicating that splenocyte
populations are not the drivers of kidney inflammation [97]. In contrast, splenectomy in a
spontaneous murine model of SLE at 2 weeks of age significantly reduced proteinuria,
indicating diminished kidney damage [98]. The efficacy of splenectomy in patients is
equally inconclusive. Patients with glomerulopathy exhibit decreased proteinuria and
marked histological improvement in the kidney following splenectomy [99]. Another study
suggests an increased risk for the development of SLE associated with splenectomy [100];
however, this study requires further analysis, as factors that could have independently led to
SLE development in these patients were not taken into consideration [100, 101]. Therefore,
these inconclusive results suggest that the efficacy of the splenectomy as a viable therapy
has yet to be determined. Taken together, further investigation is required to understand the
key mechanistic roles of splenic MZ macrophage populations in prevention of murine SLE-
like nephritis and human LN.

3. Programmed cell death pathways in dendritic cells and macrophages are
implicated in LN

Programmed cell death pathways, including apoptosis, are the central mechanisms for the
controlled clearance of cells. As mentioned above, tissue inflammation can occur as a
consequence of the failure to clear dying cells. The resulting inflammation is caused by the
release of cellular contents and exposure to self-antigens that engage receptors for damage-
associated molecular patterns (DAMPS), ultimately culminating in autoimmunity [77, 102].
Therefore, inefficient clearance of dying cells by dendritic cells and macrophages may
contribute to a break in tolerance and lead to LN, in part by providing self-antigens that
become components of immune complexes deposited in kidney. While the mechanisms
underlying LN are not fully illuminated, aberrant programmed cell death is a fundamental
player in its pathogenesis [103]. Theoretically, defects in programmed cell death signaling
components within dendritic cells and macrophages may have detrimental downstream
effects on disease. In recent years, inflammatory functions have been ascribed to molecules
classically involved in programmed cell death through the study of both human samples and
murine models. Here we discuss these newly discovered mechanisms associated with
programmed cell death signaling mediators, with a focus on the dendritic cell and
macrophage populations, in the development of LN.

3.1. Extrinsic Pathway of Apoptosis in LN

The apoptotic machinery can determine the fate of a cell. While ligation of death receptors
triggers death, activation of death receptors by their cognate ligands may also trigger cellular
proliferation and inflammation [104]. Apoptosis occurs via two pathways, an extrinsic
pathway involving transduction of an apoptotic signal following aggregation of a death
receptor, such as Fas, TNF receptor 1 (TNF-R1) or TNF-related apoptosis inducing ligand
(TRAIL) receptor R1 and R2, to its ligand, Fas ligand (FasL), TNFa or TRAIL,
respectively, and an intrinsic pathway that signals through the mitochondria and is regulated
by the Bcl-2 family (discussed in detail below). In the extrinsic pathway, binding of a death
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ligand, such as homotrimeric Fas ligand (FasL), to its cognate receptor Fas, leads to
recruitment of Fas-associated death domain protein (FADD). FADD will then recruits the
cysteine-aspartic acid enzyme pro-caspase-8, and aggregation and homodimerization of pro-
caspase-8 results in its autocatalysis and/or activation and induces the degradative phase of
apoptosis through the activation of caspase-3/7, coordinators of downstream apoptotic
cellular processes [105]. Cellular FADD-like IL-1B-converting enzyme (FLICE)-inhibitory
protein (FLIP) is a catalytically inactive homolog of caspase-8 and acts as an endogenous
regulator of the apoptotic pathway at the level of caspase-8 activation. FLIP is also recruited
by FADD upon Fas activation and can either inhibit or potentiate binding of FADD and
caspase-8 depending on its concentration [106, 107]. An alternative pathway of Fas-induced
cell death involves cross-talk with the intrinsic pathway mediated by activating the Bcl-2
pro-apoptotic protein Bid [108, 109], which is cleaved by caspase-8 following Fas ligation.
Cleaved Bid is then targeted to the mitochondria and results in the induction of the intrinsic
apoptotic pathway [110].

Here, we examine Fas and its downstream signaling molecules in phagocytic cell
populations of the innate immune system in the context of LN in both humans and mice
(TABLE 1).

Human—\Variants of genes that encode for both the death receptor Fas and its ligand, FasL,
are associated with the pathogenesis of SLE, with the -670 FAS polymorphism directly
linked to development of LN [111, 112].

Mouse—Miice that possess a mutation in the death receptor Fas (/or) develop normally, but
with age exhibit splenomegaly, lymphadenopathy, hypergammaglobulinemia,
autoantibodies, the presence of double negative T cells (CD3*CD4~CD8B220™) and severe
glomerulonephritis, with development of advanced SLE-like disease being highly dependent
upon strain background [113]. The autoimmune-prone MRL strain possessing the Jor
mutation (MRL. Fas//ry develop the most severe SLE-like disease [114]. Deletion of
dendritic cells with defective Fas signaling in MRL.Fas/?"/7" mice ameliorates kidney
disease, thus revealing a requirement for dendritic cells in the expansion and differentiation
of T cells and subsequent onset of kidney damage [115]. Deletion of macrophages with
defective Fas signaling in MRL.Fas®/P" mice via congenital deletion of colony-stimulating
factor (CSF-1) or its receptor, CSF-1R, ameliorates kidney disease due to a decrease of both
renal infiltration and intrarenal proliferation [116]. MCP-1 is chemokine with potent
monocyte attracting activity, and its receptor, CCR2, is expressed by circulating
inflammatory monocytes, as well as T cells. Deletion of either MCP-1 or CCR2 in

MRL. FasPPr mice improves renal disease owing to a decrease in both macrophage and T
cell infiltration [117, 118]. Further, in MRL.Fas’?"/" mice, targeting of CX3CR1, the
receptor for fractalkine expressed on macrophages and important for trafficking into tissues,
improves renal disease as a result of reduced macrophage infiltration [119]. The advent of
conditional gene deletion has allowed cell-specific dissection of Fas deficiency within the
dendritic cell and macrophage populations. CD11c"e FasfloX/flox mice, in which Fas is
deleted in conventional, but not plasmacytoid, dendritic cell populations, develop several
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manifestations of systemic autoimmunity, including splenomegaly,
hypergammaglobulinemia and auto-antibodies [120]. Though it was reported that leukocyte
infiltration occurs in the liver, the authors did not mention whether kidney damage occurs in
CD11c"re Fasiox/flox mice [120]. Similar to CD11¢c" Fasf1ox/flox mice, mice that
conditionally lack Fas in the myeloid cell compartment, which includes monocytes,
macrophages and neutrophils (LysMere/cre fagflox/flox) 1217, develop with age a SLE-like
disease characterized by splenomegaly, hypergammaglobulinemia, autoantibodies and
proinflammatory cytokine production [121]. Further, these mice develop SLE-like LN [121].
In LyshFrelere pasfloxiflox mice  the observed accumulation of peripheral monocytes/
macrophages and granulocytes consequently increases both dendritic cell and T cell
activation and disrupts their normal distribution, indicating an indirect role for Fas in
myeloid cells on the activation status of other immune cells [121]. TLR activation is a
critical step in the activation and functional determination of macrophages and is therefore
central for development and persistence of SLE-like disease in mice [122].

LysMerelcre pagfloxiflox mice are more susceptible to death as compared to FasfoX/flox mice
following high-dose LPS injection [121]. Thus, there is a heightened systemic reaction to
TLR ligation resulting from loss of Fas in myeloid cells, suggesting that the death receptor
Fas functions not only in initiating the extrinsic apoptotic pathway, but also in the
maintenance of TLR activation. Thus, it is possible that defective Fas signaling in dendritic
cells and macrophages may drive inflammation in the kidney.

3.1.2. FADD—Following the binding of FasL to its cognate receptor Fas, FADD is
recruited to the complex.

Human: A study performed in 2007 found that expression of FADD is significantly
decreased in PBMCs of SLE patients and negatively correlates with patient SLE activity
index [123]. Expression of FADD was also found to be 2-fold higher in SLE patients who
responded well to a 6-month regimen of corticosteroids plus mycophenylate mofetil or
cycolophosphamide [124]. Together, these findings implicate decreased FADD expression in
the severity of SLE.

Mouse: CD11c"¢ FADDMOX/flox mice develop systemic inflammation along with pro-
inflammatory cytokines, including MCP-1, and increased macrophage, neutrophil and B cell
populations. These phenotypes are attributed to the downstream effects of depletion of
CD103™" dendritic cells within gut-associated lymphoid tissues due to the loss of FADD
[125]. This same group also assessed the impact of myeloid cell-specific FADD-deficiency,
and similar to CD11cc" FADDAOX/Mlox myjce, 1 ysperelere pAppfiox/flox mice which have
nearly complete deletion of FADD in neutrophil and monocyte/macrophage populations,
suffer from systemic inflammation along with pro-inflammatory cytokines, including
MCP-1, and increased macrophage, neutrophil and B cell populations [126]. However,
despite the systemic inflammation observed in CD11cce FADDMOX/floX gng

Lysherelere pappiloxitlox mice  kidney pathology was not assessed. FADD is able to
sequester myeloid differentiation primary response gene 88 (MyD88), an adaptor protein
that is essential for most TLR signaling, thereby hindering activation of the downstream
transcription factor NFxB [127]. Disease in CD11cc FADDIOX/TIoX mice is prevented by
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global, but not dendritic cell-specific, deletion of MyD88 as well as oral antibiotic treatment
[125]. Further global deletion of MyD88 rescues these phenotypes, indicating that the
inflammation observed due to the loss of FADD is driven by MyD88 signaling and not a
defect in death [126]. Since kidney pathology was not examined in mice with dendritic cell-
or myeloid-cell specific FADD deletion, assessment of kidney damage in the context of cell-
specific FADD deficiency merits investigation. Further, as elevated TLR signaling is linked
to the pathogenesis of SLE, it is possible that the decreased level of FADD observed in
patients with SLE allows for uncontrolled TLR signaling, though which cells are involved
remain a mystery.

3.1.3. FLIP—Following recruitment of FADD, FLIP is then recruited by FADD and either
inhibits or potentiates binding of FADD and caspase-8 depending on its concentration. FLIP
is a catalytically inactive homolog of caspase-8 and acts as an endogenous regulator of the
Fas pathway at the level of caspase-8 activation.

Human: Expression of the self-antigen Ro52/SSA that functions to increase cell death is
increased in patients with SLE [128]. Ro52/SSA can negatively regulate the long form of
FLIP (FLIP(L)) /n vitro, as overexpression of Ro52/SSA reduces FLIP(L) and knockdown
of Ro52/SSA results in the accumulation of FLIP(L) [129]. Peripheral blood B cells from
patients with SLE present with significantly higher expression of FLIP, which correlates
with SLE severity, as patients with active SLE show higher FLIP levels that patients with
inactive SLE [130].

Mouse: Loss of FLIP in the conventional CD8* and CD11b~ dendritic cell compartments
(CD11ccr Fljpflox/loxy promotes spontaneous development of an erosive inflammatory
arthritis accompanied by autoantibodies to joint antigens that resembles another autoimmune
disorder, rheumatoid arthritis [131]. Prior to the onset of arthritis, the dendritic cell
populations, CD8* dendritic cells in particular, are significantly decreased in the thymus,
spleen, and lymph nodes [131]. Although CD11c™e F/jpfloX/flox mice are lymphopenic,
autoreactive CD4* T cells are detected and correlate with reduced regulatory T cell numbers
[131]. Another group reported that CD11c"e F/ipf1ox/flox mice develop neutrophilia, owing to
excess availability of G-CSF, and splenomegaly. Contrary to the previous study, there is no
impact on the peripheral dendritic cell number, but these cells are hyper-activated. FLIP-
deficient dendritic cells are hyper-responsive to stimulation with TLR2, TLR4 and dectin-1
[132], yet these mice do not develop spontaneous arthritis [132—135]. In both studies,
despite the systemic inflammation observed, the extent of kidney damage is unknown. Mice
deficient in FLIP within the myeloid populations (LysAee/cre £/jrfelfloxy show significantly
reduced body weight and succumb to premature mortality by 3-5 weeks of age,
demonstrating that expression of FLIP in myeloid cells is critical for postnatal survival
[136]. LysMEre* Fljgfel/flox mice, which have complete deletion of FLIP in neutrophils, but
only partial deletion of FLIP in monocyte precursors and peripheral monocytes, present
increased numbers of circulating neutrophils accompanied by extensive multiorgan
neutrophil infiltration [136]. FLIP is crucial for macrophage differentiation, as evidenced by
the inability to differentiate ex vivo cultures of FLIP-deficient c-Kit* hematopoietic stem
cells to macrophages and the fact that LysA€"¢/* Ffjpfelflox mice show elevated levels of
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circulating monocytes, yet show greatly reduced macrophage populations within tissues
[136]. In particular, LysMEre* Fjgdel/flox mice show a reduced splenic MMM population
[136]. Another group observed similar results when examining an alternate construct of
FLIP deficiency (LysMerelere grigfloxifloxy \which limits FLIP deficiency to the monocyte
population [137]. Similar to LysAEre/* Ffjgfel/flox mice the splenic MMM population is also
deleted in Lysherelcre £fjgfloxiflox 1137] However, unlike LysnVFre' Fligeliflox mice,
Lysherelcre prigfloxiflox mice develop severe splenomegaly [137]. In both studies, analysis of
the kidney is not included [136, 137]. As kidney pathology is not referenced in the
aforementioned studies examining either dendritic cell- or macrophage-specific FLIP
deficiency, yet there is a link between reduced FLIP in circulating B cells and SLE, the
impact of FLIP expression in dendritic cells and macrophages in the kidney merits
investigation in both murine models of and patients with LN.

3.1.4. Caspase-8—Following FasL binding to Fas, FADD recruits pro-caspase-8. The
aggregation and homodimerization of pro-caspase-8 results in its autocatalysis and/or
activation to induce the degradative phase of apoptosis through activation of caspase-3/7,
coordinators of the degradative phase of apoptosis [105]. Although caspase-8 clearly
functions in regulating programmed cell death, accumulating evidence implicates caspase-8
in activities independent of its role in programmed cell death, including motility [138],
metastasis [139], suppression of inflammation [140, 141], NFxB activation [142] and IRF3
degradation [140, 143].

Human: Anti-caspase-8 autoantibodies are detected in the sera of patients with SLE [144].
Further, neutrophils isolated from peripheral blood of patients with juvenile onset SLE
display increased expression of caspase-8 [145]. A study shows that while peripheral blood
lymphocytes from healthy control patients predominantly express an isoform of caspase-8,
caspase-8L, which lacks the proteolytic domain, these same cell populations in some SLE
patients express a relatively decreased amount of this isoform compared to intact caspase-8
[146].

Mice: Dendritic cell-specific deletion of caspase-8 (CD11c%"e Casp&1o¥/flox) induces an
aggressive SLE-like disease [147, 148]. This SLE-like disease in CD11cce Caspéfiox/flox
mice is characterized by splenomegaly, lymphadenopathy, elevated serum cytokine levels,
hypergammaglobulinemia, proteinuria, autoantibodies, immune complex deposition in the
kidney and severe glomerulonephritis [147]. CD11c°" Casp&1ox/flox dendritic cells do not
display a survival advantage, indicating that defective dendritic cell apoptosis is not the
underlying cause of the observed inflammation [147]. Caspase-8-deficient dendritic cells are
hyper-responsive to TLR activation /n vitroand in vivo [147]. As observed in patients with
SLE, CreéfPIc CaspdlM mice develop an interferon signature, indicating that the loss of
caspase-8 may increase the activity of interferon regulatory factors (IRFs), a family of
transcription factors known to play a role in type 1 interferon production. Though caspase-8
is able to process IRF3 for degradation [143] and CD11cc" Casp&1oX/floX dendritic cells
constitutively express elevated IRF3, deletion of IRF3 in CD11c Casp&1ox/flox mice does
not inhibit, but rather exacerbates, SLE-like disease. Further, deletion of a redundant
homolog of IRF3, IRF7, neither prevents nor exacerbates disease in CD11cC Caspd1ox/flox
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mice [147]. As in CD11c5 FADDIOXT0X mice, deletion of MyD88 in

CD11c5" Caspd1oX/Tlox mice prevents SLE-like disease, including immune complex
deposition in the kidney and glomerulonephritis, though oral antibiotic treatment is
ineffective at diminishing the observed inflammation [147]. Thus, caspase-8 in dendritic
cells maintains tolerance in a manner that is independent of cell death and IRF3/7, but
requires dampening of downstream MyD88 signaling [147]. Similar to

CD11c"e Caspdox/flox mice, specific deletion of caspase-8 in myeloid cells

(LysMFTelCre Caspdloxitlox) Jeads to the development of systemic inflammation. However, this
inflammation is significantly milder and is characterized by splenomegaly,
lymphadenopathy, elevated serum cytokine levels, hypergammaglobulinemia, proteinuria
and immune complex deposition in the kidney without the development of
glomerulonephritis [149]. /n vitro studies reveal that caspase-8-deficient macrophages are
prone to caspase-independent death in response to DR ligation, yet caspase-8-deficient
myeloid populations are not predisposed to unchecked survival, as analysis of mixed bone
marrow chimeric mice demonstrate that caspase-8 deficiency does not confer preferential
expansion of myeloid populations [149]. Despite the mild inflammatory phenotype of
LysMFrelere Cagpgfloxiflox mice, caspase-8-deficient macrophages are hyper-responsive to
TLR activation /n vitroand in vivo, and, in contrast to CrecP11¢ CaspdVfl mice, oral
antibiotic treatment prevents inflammatory disease phenotypes in young

LysMFrelere Cagpgfloxiflox mice [149]. These data suggest that the gut microbiota may
contribute to the observed inflammation by providing a pool of endogenous TLR ligands.
Moreover, caspase-8 controls the polarization of macrophages in response to M1-skewing
media (IFNy and LPS), as deletion of caspase-8 prevents formation of true M1 macrophages
[149]. While it is clear that caspase-8 controls multiple functions within the dendritic cell
and macrophage populations, future studies are required to determine the direct impact of
these functions on development of kidney disease.

3.2. Intrinsic Pathway of Apoptosis in LN

In addition to the extrinsic pathway of apoptosis, there also exists an intrinsic pathway. The
intrinsic pathway of apoptosis is regulated by the Bcl-2 protein family, which are divided
into anti-apoptotic (Bcl-2, Bcl-x; , Mcl-1) and pro-apoptotic (Bax, Bak, Bim) members
[150]. The pro-apoptotic family is further categorized into the multi-Bcl-2 homology (BH)
domain proteins, including Bax and Bak, and the BH3-only domain proteins, including Bad,
Bok/Mtd, Bik/BIk/Nbk, Bid, Hrk/DP5, Bmf, Noxa, Puma/Bbc3 and Bim/Bod. The
prevailing dogma is that the BH3-only proteins either activate the multi-BH pro-apoptotic
proteins or sequester Bcl-2 anti-apoptotic proteins to induce apoptosis. Alternatively, the
Bcl-2 pro-apoptotic proteins may bind and prevent the BH3-only domain proteins from
activating the apoptotic cascade. Further, not all BH3-only domain proteins bind to all Bcl-2
anti-apoptotic members. Bim, Bid and Puma are the most promiscuous as they are able to
bind equally to all Bcl-2 anti-apoptotic protein family members, while Bad and Noxa
display a high degree of specificity of binding to Bcl-2 anti-apoptotic members [151]. This
specificity to Bcl-2 anti-apoptotic proteins also correlates with their ability to induce
apoptosis. Peptides that correspond to Bim, Bid or Puma BH3 domains are sufficient to
induce apoptosis in whole cells and disrupt the mitochondrial membrane potential of
isolated mitochondria. In contrast, Bad, Bok/Mtd, Bik/BIk/Nbk, Hrk/DP5, Bmf and Noxa
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BH3-only proteins are unable to induce apoptosis and require additional unknown signals to
activate the apoptotic cascade, and are therefore referred to as sensitizers of apoptosis. Once
the apoptotic signal is activated, Bak and Bax form homo and heterodimers at the
mitochondria causing the release of inner mitochondrial proteins, including cytochrome C.
Cytochrome C binds to both APAF1 and pro-caspase-9 to form the apoptosome. This
complex then activates downstream caspases, pro-caspase-3 and 7, to cleave numerous
proteins induce DNA degradation by DNAse [151, 152].

3.3.1. The Bcl-2 family in LN—Studies implicate the intrinsic apoptotic pathway in the
pathogenesis of LN [153-157]. Here, we examine members of the intrinsic apoptotic
pathway in phagocytic cell populations of the innate immune system in the context of LN
(TABLE 1).

Human: The release of nucleosomal antigens from dying cells plays a pivotal role in the
evolution of LN. The nucleosome can be degraded by caspase-activated DNAse, which is
decreased in SLE patients with nephropathy [153]; further, polymorphisms in the DNASE1
gene are linked to LN [154]. Examination of renal biopsies from LN patients shows that
BCL-2 is up-regulated in T and B cells that have infiltrated the tubulointerstitium, but not
the glomeruli [157].

Mouse: Activated caspase-3-positive cells are found in the tubules, interstitium and
glomeruli of nephritic NZB/W (F1) mice [155]. There is also increased transcription of
cytochrome C in proteinuric NZB/W (F1) mice compared to healthy control BALB/c [155].
Treatment with the Bcl-2 antagonist, ABT-737, results in potent inhibition of kidney disease,
as NZB/W (F1) mice treated with IFN-a, to promote accelerated onset of disease, showed
significantly decreased glomerulonephritis [158]. ABT-737 actively and selectively kills
plasmacytoid dendritic cells and reduced the production of IFN-a by NZB/W (F1) mice
[159]. In addition, treatment with the oral Bcl-2 specific inhibitor ABT-199, also attenuates
glomerulonephritis in NZB/W (F1) mice and diminishes the frequency of infiltrating
adaptive and innate immune cells [157]. To understand the role that the Bcl-2 family plays in
the development of disease, genetically modified mice are utilized. The contribution of Bcl-2
family members to development of autoimmune disease is controversial [160-162]. Mcl-1
transgenic mice and mice overexpressing Bcl-2 in all hematopoietic cells do not develop a
full-blown SLE-like disease [160, 162]. However, transgenic mice overexpressing Bcl-2 in
multiple hematopoietic linages (VavP-Bcl-2) show the propensity for development of
autoimmune kidney disease [161].

Despite their involvement in cell death, the BH3-only proteins are reported to possess non-
apoptotic functions [163]. BAD can regulate glucokinase activity, respiration and ATP
production [164]. Bid not only possesses lipid transferase activity [165], but also regulates
nucleotide-binding, oligomerization domain (NOD)-like signaling independent of its BH3
domain or association with Bax, as Bid-deficient macrophages show defective cytokine
production in response to NOD-like signaling activation [166]. However, only deletion of
Bim results in SLE-like systemic autoimmunity [167]. Approximately 50% of Bin/~ mice
develop SLE-like nephritis characterized by the presence of IgG-immune complex
depositions in the glomeruli, [167], thus highlighting novel functions for Bim in the control
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of systemic autoimmunity. Histological examination of kidneys from Bim '~ mice reveal
glomerular hypercellularity and increased mesangial matrix [167]. SLE-like nephritis is also
found in Bim'~. Fas’P”IPr mice, as indicated by increased mesangial expansion and
interstitial infiltration [168]. Bim’~Bmf !~ mice develop glomerulonephritis, which leads to
premature mortality [169]. The development of SLE-like nephritis in Bin/~ mice may be
attributed to enhanced antigen presentation by dendritic cells and increased numbers of
myeloid cells. Similar to results observed in mice that overexpress Bcl-2 in dendritic cells
[170-172], Bim'~ dendritic cells are more efficient in inducing proliferation of OVA-
specific OT-l1-transgenic CD4 and OT-I-trangenic CD8 T cells /n7 vivo [173]. In contrast to
the dendritic cell-specific Bcl-2-overexpressing mice [170], only Bim/~ dendritic cells have
an increased propensity for producing autoantibodies following adoptive transfer and LPS
stimulation [173, 174]. Further, Bin/~ macrophages exhibit increased expression of
inflammatory markers, including CD86 and MHCII, and secrete elevated levels of IL-1f
following thioglycollate elicitation or TLR ligation [175]. Bim may also contribute to SLE-
like nephritis through alteration of the renal microenvironment by impacting the functions of
kidney endothelial and epithelial cells [176]. Bim is a critical regulator of ankios, a form of
cell death resulting from matrix detachment, in epithelial cells, thus acting as a sensor of
integrin and growth factor signals to the ERK pathway [177]. Bin/~ kidney epithelial cells
demonstrate increased adhesion, sustained osteopontin and thrombopondin-1 (TSP1) [176].
Previous data show that lupus-prone NZB/W (F1) mice have increased extracellular matrix
(ECM) components that may contribute to glomerular injury in SLE-like nephritis [178],
suggesting that increased ECM in the kidney could be important LN pathogenesis [178].
Thus it is conceivable that aberrations in ECM composition in NZB/W (F1) mice are due to
a decrease in the expression of Bim that is required for maintaining normal ankios of ECM,
implicating Bim in the maintenance of renal homeostasis. Bcl-2 is at the forefront as a
potential therapeutic target in SLE. However, as global deletion of Bim results in SLE-like
systemic autoimmunity characterized by the development of glomerulonephritis, there is an
unmet need of investigating dendritic cell- and macrophage-specific roles for Bim in LN.

3.3. Necroptotic pathway in LN

Other forms of ordered cell death pathways beyond apoptosis have been identified, including
necroptosis [179]. Both the apoptotic (described above) and necroptotic pathways involve
similar signaling components, yet the underlying mechanisms by which these orderly ends
occur differ and depend on the cytosolic milieu. Necroptosis is carried out by the receptor
interacting protein kinases 1 and 3 (RIPK1 and RIPK3) and the pseudokinase mixed lineage
kinase domain-like (MLKL). Necroptosis is triggered by a number of proinflammatory
factors linked to LN, including members of the TNF superfamily, TWEAK, TLRs and other
DNA- and RNA-sensing receptors [66], or by other stimuli when apoptosis is blocked [77]
and involves components of the extrinsic apoptotic pathway. Once the signal is initiated,
FADD is recruited and this protein aggregation facilitates recruitment of pro-caspase-8,
which upon dimerization becomes active. Active caspase-8 can initiate the degradative phase
of apoptosis or can block necroptosis depending upon the availability of FLIP [180, 181].
Low levels of FLIP allow caspase-8 homodimers to form and apoptosis ensues as described
above [180]. Conversely, when FLIP is present at sufficient levels, this catalytically inactive
homolog of caspase-8 can be recruited by FADD to form a heterodimer with caspase-8 that
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not only prevents apoptosis but also limits necroptosis by suppressing RIPK1-RIPK3
signaling [180]. Further, in the absence of FADD or caspase-8, apoptosis may be prevented,
but under these conditions RIPK1-RIPK3 signaling proceeds unchecked, also potentially
leading to necroptosis [180]. Necroptosis results in rapid plasma membrane permabilization
and the release of nucleosomes and other DAMPSs that serve as SLE-associated antigens.
Other caspase-8 death-independent functions have also been directly linked to RIPK activity.
TLR engagement provokes RIPK signaling independent of death receptor activation, leading
to ripoptosome formation, a complex containing similar proteins involved in necroptosis, or
the necrosome (FADD, caspase-8, FLIP, RIPK1) [182]. Ripoptosome/RIPK3 activity
induces IL-1p production [183], and caspase-8/RIPK signaling can regulate the NIrp3
inflammasome [148, 184, 185].

Human—In PBMCs isolated from patients with SLE, expression of RIPKL1 is significantly
decreased and negatively correlates with the SLE activity index [123]. Further, B cells
isolated from PBMCs of SLE patients also show decreased expression of both RIPK1 and
RIPKS3.

Mouse—While R/PK17/~ mice die perinatally [186], R/PK3"~ mice develop normally
(TABLE 1) [187]. Deletion of either RIPK1 or RIPK3 can rescue the embryonic lethality
that occurs with global knockout of either FADD or caspase-8, but not FLIP [180, 188, 189],
and deletion of RIPK3 in CD11cce FADDAOXIfl0X ang [ ysperelcre ga ppfloxiflox mice also
rescues the phenotypes associated with phagocyte-specific FADD deficiency [125, 126].
Similar to CD11cce FADDIOX/TI0X and [ ysperelcre pAppfiox/flox mice deletion of RIPK3
prevents disease symptoms in LysAVFrecre Caspgloxiflox mice resulting from caspase-8
deficiency in myeloid cells [149]. However, RIPK3 is not involved in the aggressive SLE-
like disease in dendritic cell-specific caspase-8-deficient mice (CD11cC"e Caspd1ox/flox) as
kidney damage persists [147, 148]. /n vitro studies also implicate RIPK1 in the
hyperactivation of dendritic cells and macrophages from CD1.1ce Casp&iox/flox and
LysMErelcre Cagpgflox/flox mice following TLR activation [147, 149], suggesting that
uncontrolled RIPK1 activity may contribute to the SLE-like disease in

CD11c¢°™ Caspd1o¥/flox mice and the inflammatory phenotypes in LysAFe/cre Caspgfiox/flox
mice. Together, these data suggest that action of necroptotic mediators within the dendritic
cell and macrophage populations merit further evaluation in the nephritic kidney.

3.4. Inhibitors of Apoptosis in LN

A group of proteins called the inhibitors of apoptosis proteins (IAPs) may provide another
mechanism by which the programmed cell death machinery participate in LN. IAPs can
regulate cell death. XIAP is a direct inhibitor of apoptosis, as it can bind to and prevent
downstream effector functions of caspases -3, -7 and -9 [190-192]. In contrast, cellular IAP1
(clAP1) and cellular IAP2 (clAP2) are unable to directly inhibit caspases and instead
promote prosurvival signaling from TNF receptor (TNFR)1 complex I and limit formation
of the apoptosis-inducing TNFR1 complex Il [193-195]. In response to pro-apoptotic
stimuli, the second mitochondria-derived activator of caspases (Smac) can be liberated from
the mitochondria into the cytoplasm to block the anti-apoptotic activity of IAPs [196, 197],
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and a number of compounds designed as therapeutic targets imitate the structure of these
molecules (Smac mimetics) [191].

Human—~Patients with juvenile onset SLE show decreased expression of XIAP, clAP1 and
clAP2 in their circulating neutrophil population [145].

Mouse—While 1APs have not been examined in the dendritic cells, murine studies show
that elimination of IAPs in myeloid cells (LysErelcre g apiloxiflox capo-i= and

LysMerelcre cfapgtloxiflox o4 p2-I- x4 P71-) causes splenomegaly as well as a spontaneous
inflammatory arthritis relating to myeloid cell dysfunction and mediated by TNF and IL-1p
(TABLE 1) [198, 199]. However, despite the ensuing inflammation caused by myeloid-cell
specific deletion of multiple 1APs, the effect of this deletion is not examined in the kidney
[198, 199]. These data indicate that IAPs tightly control the apoptotic machinery, and
although IAPs are linked to juvenile onset SLE, IAP activity in phagocytes in the kidney has
yet to be examined in either humans or murine models of SLE.

4. Conclusions

The controlled removal of dying cells by professional phagocytes, such as dendritic cells and
macrophages, is crucial for the maintenance of tissue integrity and homeostasis; however,
when this process goes awry, inflammation and exposure to self-antigens can occur and
autoimmunity may ensue, potentially within the kidney. The current standard-of-care
treatment regimen for patients with class 111/1V LN combines mycophenolate mofetil
(MMF) and corticosteroids [200, 201]. Because of the acceptance of MMF as a first-line
therapy and the limited predictive value of the diagnostic biopsy for long-term renal
prognosis [55, 202], an argument exists against performing renal biopsies [203]. However,
the rate of complete remission for the proliferative subtypes of LN is less than 50% despite
the many advances in these immunosuppressive drug regimens [204-206]. Strikingly,
permanent renal impairment still occurs in 40% of patients with class 111-V LN [206, 207].
In light of the overall failure of the standard-of-care immunosuppressive treatments, it would
argue that we currently have an incomplete comprehension of LN disease pathogenesis.
Therefore, there is an emerging belief that emphasizes a new role for the renal biopsy that
extends beyond its current use in histopathologic classification for diagnostic purposes
[203]. Thus, renal biopsies, repeat biopsies in particular, have the potential to become
valuable tools in understanding LN at the molecular, proteomic and lipidomic levels in a
cell-specific context to predict treatment response and determine prognosis [10, 203]. It is
evident, as examined here, that many cell-specific inflammatory pathways associated with
the programmed cell death machinery contribute to the pathogenesis of LN. Should dendritic
cells and macrophages themselves present with defects in signaling mediators and/or
inhibitors of programmed cell death pathways, one can predict detrimental outcomes to the
kidney. Early detection and treatment of LN are crucial in order to minimize the risk of
irreversible renal impairment and to maintain proper kidney function. Therefore, analysis of
cell-specific and pathway-specific immune dysregulation via utilization of the kidney biopsy
has the potential to lead to personalized precision-based medicine for patients suffering from
LN.
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Highlights

As damage to the kidney as a consequence of lupus nephritis (LN) is one of
the most prevalent and severe outcomes, understanding the underlying
immunologic mechanisms by which this injury occurs could be critical for the
prevention of permanent renal impairment.

Phagocyte populations of the innate immune system, including dendritic cells
and macrophages, have gained considerable traction as critical mediators of
LN-associated damage.

Examination of both human SLE and murine models of SLE reveals that
disruptions in the normal function of programmed cell death machinery, with
emphasis on their functions within dendritic cells and macrophages, can
contribute to LN pathogenesis.

Further analysis of the kidney biopsy at cell-specific molecular, proteomic
and lipidomic levels may provide the vital information we currently lack for
the optimization of personalized precision-based therpies for patients
suffering from LN.
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Table 1

SLE-like disease and LN in murine models with defects in cell death pathways
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Protein Mouse model

Extrinsic apoptotic pathway

Fas MRL. Fas’"
CD11c"e Fagflox/flox
L ys/w:re/cre Fasflox/flox
FADD CD11¢ee FADfloxfflox
LySMre/creFADDOXIfIUX
FLIP CDJ_ZLcreF///;onlflox
L ys/w:re/cre F/,'piel/flox
L ,VSA/F'Q/* F/,piel/flox
Caspase-8  CD11c"® Caspgﬂoxlflox
Lys/w:relcre Caspgflox/ﬂox
Intrinsic apoptotic pathway
Mcl-1 Mcl-1
Bcl2 Vav(P)-Bcl2
Bim Bim™"~
Bim™".Fas®"
Bim=-Bmf'-

Necroptotic pathway
RIPK3 RIPK3™~

Inhibitors of apoptosis

1APs CD11ceecIAPIox/floxcrap ol
CD11ceclAPIioxflox cpap 2= X AP=
LysMrelcreC/Ap_zﬂox/floxC/APZ—/—
LysherelerecjApfioxfiox cj Ap2-i= x1AP1=

Cell types affected

all cells

dendritic cells

monocytes/ macrophages/ neutrophils
dendritic cells

monocytes/ macrophages/ neutrophils
dendritic cells

monocytes/ macrophages/ neutrophils
monocytes/ macrophages/ neutrophils
dendritic cells

monocytes/ macrophages/ neutrophils

all hematopoietic cells
all hematopoietic cells
all cells
all cells

all cells

all cells

dendritic cells
dendritic cells
monocytes/ macrophages/ neutrophils

monocytes/ macrophages/ neutrophils

Presence of SLE-
like disease

++++ [114]
4 [120]

4 [121]

44 [125]

44 [126]

- [131]

NA [136]

- [136]

4y [147,248]

4 [149]

. [160]

+ [162]

444 [167,168]
+++ [168]

+++ [169]

ity

+ [198]

+ [198]

Presence of Lupus
Nephritis

++++ [114]

2

o [121]

?

?

2

NA [136]

?

oy [147,148]

_ [149]

?
44 [161]
4+ [167,168]

+++ [168]

+++ [169]

ty|
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