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Abstract

Pro-inflammatory immune system development, metabolomic defects, and deregulation of 

autophagy play interconnected roles in driving the pathogenesis of systemic lupus erythematosus 

(SLE). Lupus nephritis (LN) is a leading cause of morbidity and mortality in SLE. While the 

causes of SLE have not been clearly delineated, skewing of T and B cell differentiation, activation 

of antigen-presenting cells, production of antinuclear autoantibodies and pro-inflammatory 

cytokines are known to contribute to disease development. Underlying this process are defects in 

autophagy and mitophagy that cause the accumulation of oxidative stress-generating mitochondria 

which promote necrotic cell death. Autophagy is generally inhibited by the activation of the 

mammalian target of rapamycin (mTOR), a large protein kinase that underlies abnormal immune 

cell lineage specification in SLE. Importantly, several autophagy-regulating genes, including 

ATG5 and ATG7, as well as mitophagy-regulating HRES-1/Rab4A have been linked to lupus 

susceptibility and molecular pathogenesis. Moreover, genetically-driven mTOR activation has 

been associated with fulminant lupus nephritis. mTOR activation and diminished autophagy 

promote the expansion of pro-inflammatory Th17, Tfh and CD3+CD4−CD8− double-negative 

(DN) T cells at the expense of CD8+ effector memory T (EMT) cells and CD4+ regulatory T cells 

(Tregs). mTOR activation and aberrant autophagy also involve renal podocytes, mesangial cells, 

endothelial cells, and tubular epithelial cells that may compromise end-organ resistance in LN. 
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Activation of mTOR complexes 1 (mTORC1) and 2 (mTORC2) has been identified as biomarkers 

of disease activation and predictors of disease flares and prognosis in SLE patients with and 

without LN. This review highlights recent advances in molecular pathogenesis of LN with a focus 

on immuno-metabolic checkpoints of autophagy and their roles in pathogenesis, prognosis and 

selection of targets for treatment in SLE.
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Introduction to lupus nephritis

Systemic lupus erythematosus (SLE) is an autoimmune disease with wide spectrum diverse 

of clinical manifestations, organ involvement, and disease severity. It is driven by defects 

in both the innate and adaptive immune system. It disproportionately affects women, 

particularly of minority populations including African Americans, Hispanics, Asians, Native 

Americans, Alaska Natives, Native Hawaiians, and Pacific Islanders. This disparity is 

independent of socioeconomic status and other biopsychosocial factors, with Black women 

more likely to show multi-system involvement of SLE and higher disease activity (1).

Lupus nephritis (LN) is a severe manifestation of SLE and is a predictor of poor 

outcomes. Approximately 30–60% of SLE patients develop nephritis some time during 

their disease course, with nephritis not uncommonly being the first clinical manifestation 

(2–4). Frequency of nephritis is even higher in children with SLE, reaching 80% (5). 

Patients with LN often have an earlier disease onset, show increased levels of circulating 

inflammatory cytokines, and have a higher SLE disease activity index (SLEDAI) at the 

time of presentation(6, 7). Early renal involvement is associated with worse outcomes (5). 

The disease burden is high, both personal and economic. In a recent retrospective cohort 

study of 325 patients, patients with LN have more than two-fold higher mortality than SLE 

patients without nephritis(8). Due to the severity of disease with kidney involvement, SLE 

classification was recently changed from requiring 4 of 11 clinical criteria as established 

by the American College of Rheumatology (ACR) in 1982 (and revised in 1997) to 

diagnostic criteria that increase sensitivity for earlier diagnosis (previously taking 6 years 

on average from the first clinical manifestations)(9, 10). Under the new clinical and 

laboratory criteria established by the Systemic Lupus International Collaborating Clinics, 

a diagnosis of SLE can be made, based on the presence of a proliferative immune complex 

glomerulonephritis and positive antinuclear antibodies (ANA)(11). Although this reduces 

specificity for increased sensitivity, 85% of surveyed rheumatologists agree that a diagnosis 

of SLE can be made, based on a positive ANA and proliferative glomerulonephritis alone. 

Therefore, a high index of suspicion for LN is required in patients with a positive ANA 

who develop nephritic and/or nephrotic syndrome. Alternatively, patients with proliferative 

immune complex glomerulonephritis need to be routinely evaluated for ANA.
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Pathology of lupus nephritis and current biomarkers of disease activity

A kidney biopsy is required for diagnosis of LN. Kidney pathology evaluation of LN 

differentiates the disease into six separate classes, based on the location of immune 

complexes, the presence or absence of proliferative glomerular lesions, and the degree 

of global glomerulosclerosis. LN classes were established by the International Society 

of Nephrology/Renal Pathology Society, and include minimal mesangial LN (class I), 

mesangial proliferative LN (class II), focal lupus nephritis (class III), diffuse LN (class 

IV), membranous LN (class V), and advanced sclerosing LN (class VI)(12). Focal and 

diffuse LN (class III or IV) contain destructive glomerular lesions, which can manifest with 

endocapillary hypercellularity, presence of intracapillary neutrophils and/or karyorrhexis, 

fibrinoid necrosis, cellular/fibrocellular crescents, wire loops, or intracapillary hyaline 

thrombi. Approximately 30% of patients with focal or diffuse LN and 10% of membranous 

lupus nephritis (MLN) develop ESRD, often from repeat disease flares (13).

Kidney biopsies are costly and invasive with potential risks, making it inadequate for 

effective frequent monitoring of disease activity that is critical to each patient. Current 

clinical practice is primarily focused on clinical manifestations included in the SLEDAI 

and laboratory parameters such as serum creatinine, urinary protein, complement levels, 

ANA, and anti-double stranded DNA (anti ds-DNA antibodies) (14–16). The use of 

serum and urine biomarkers present intriguing alternatives compared to serial kidney 

biopsies and include different effectors such as chemokines, cytokines, lymphocyte subsets, 

complement, and autoantibodies (16). In the kidney, cytokines and chemokines are produced 

by infiltrating inflammatory cells and are detected in the serum and urine (17, 18). Only a 

few biomarkers have been validated satisfactorily in cross-sectional longitudinal studies to 

be applicable in clinical practice.

In SLE, autoantibodies are formed against nuclear, cytoplasm and cell surface antigens 

with immune complex formation and subsequent complement deposition. Monitoring of 

autoantibodies is helpful, however are non-specific and present in several other conditions 

(19, 20). DsDNA and anti-C1q antibody titers correlate with LN flares and fall following 

cessation of disease activity (21, 22). However, absence of these antibodies does not rule 

out active LN and many SLE patients with high anti-dsDNA never develop LN (19, 20). 

In some patients, anti-dsDNA levels were lower in active nephritis, suggesting sequestration 

in immune complexes within the kidney (23, 24). Anti-Smith, anti-ribonucleoprotein, anti-

nucleosome, anti-Sjogren-syndrome-related antigen A(20, 25) (26), anti RNA polymerase 

I, and anti-Sjogren-syndrome-related antigen B (25, 27, 28) are also increased in LN and 

may correlate with disease activity (7) (26), but have low sensitivity and are seen in other 

autoimmune diseases.

Compared to many other autoimmune diseases, the causative autoantigens in lupus nephritis 

are largely unknown and cannot be effectively utilized to monitor disease activity. Recently, 

three autoantigens were described in membranous LN with or without concurrent focal or 

diffuse LN. These include the exostosin 1/2 complex (EXT1/2)(29), neural cell adhesion 

molecule 1 (NCAM1)(30), and transforming growth factor receptor-beta 3 (TGFBR3)(31). 

EXT1/2-associated MLN comprises 17–38.4% of cases, and has a good prognosis with a 

Caza et al. Page 3

Transl Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lack of disease progression at 5–10 years (32, 33). NCAM1-associated MLN comprises 

6.6% of cases and may be associated with neuropsychiatric disease in addition to nephritis 

(30). There are no known unique disease characteristics of TGFBR3-associated MLN, 

but affects 5.5% of patients (31). To date, there are no available serologic assays for 

non-invasive monitoring of these subtypes of disease and less than half of cases have a 

known inciting autoantigen.

Additionally, C3 and C4 levels can be monitored, as they are depressed in active disease 

(34). Depletion of serum complements are related to immune complex formation and 

precipitation in glomeruli (35, 36),but do not always correlate with disease activity 

(34, 37–40). Development of improved biomarkers and treatment targets requires further 

understanding of underlying disease pathogenesis.

Overview of SLE disease pathogenesis

The core pathology underlying lupus pathogenesis is the abnormal reaction to self-antigens, 

induced by cellular and inflammatory mediators of the innate and adaptive immune system, 

resulting in deregulated T-cell and B-cell activation from necrotic cell death. Lymphocyte 

activation increases cell energy requirements and promotes mitochondrial dysfunction. This 

subsequently results in oxidative stress leading to reduced generation of ATP, increasing 

propensity for necrosis rather than apoptotic cell death upon sustained T cell activation 

(41). Antigen-presenting cells take up DNA and other necrotic material and become 

activated through toll-like receptors. Toll-like receptor (TLR) activation (in addition to 

T-cell activation) and recognition of damage-associated molecular patterns (DAMPs) result 

in activation of autoreactive B-cells, which differentiate into plasma cells and secrete 

autoantibodies (42). Interestingly, there is increased expression of TLRs in target organs 

that correlates with disease activity, including overexpression of TLR3, TLR7, and TLR9 in 

the kidney in the setting of LN (43). In addition to DAMPs, pathogen-associated molecular 

patterns (PAMPs) can activate T-cells through molecular mimicry, epitope spreading, or 

superantigens that induce non-specific T cell activation and further promote inflammatory 

responses (44). Defective clearance of autoreactive cells is due to disturbance in both central 

and peripheral tolerance. Autoreactive T-cells in the thymus (impaired central tolerance) and 

reduced numbers and impaired function of regulatory T-cells (45, 46) (Tregs, critical for 

peripheral tolerance) further exacerbate disease.

T cell subsets in SLE

T-cell subset distribution is altered in patients with SLE, which lead to B-cell help, promote 

plasmablast differentiation, and lead to production of pro-inflammatory cytokines and 

pathogenic antibodies. Mechanistic studies in NZB/NZW F1 lupus-prone mice revealed 

that T-cells are essential for autoantibody production, as T-cell deficient athymic mice 

cannot produce autoantibodies (47). Additionally, adoptive transfer of CD4+ T cells from 

lupus-prone MRL/lpr mice induce nephritis (48). Lupus T-cells have exacerbated responses 

to both low and high affinity peptide antigens, of which are MHC class-II dependent 

primarily presented by dendritic cells, which results in increased T-cell activation (48, 49). 

‘Nephrogenic’ T cells are expanded within lymph nodes in lupus-prone NSM2328 mice and 
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are recruited to infiltrate the kidneys in active LN, primarily by the activation of CD11c+ 

dendritic cells in response to immune complex deposition within the kidney (50).

Patients with SLE have a higher frequency of CD4−CD8− double-negative (DN) T cells 

than healthy individuals without autoimmune disease, in part due to defective apoptosis 

and escape from the central tolerance in thymic selection. Expansion of DN T cells has 

been also linked to mTOR-dependent downregulation of CD8 (51). Expansion of DN T 

cells, both circulating and infiltrating the kidney, is associated with development of LN 

and correlate with disease flares (52–54). mTORC1 is activated >10-fold in DN T cell in 

comparison to CD4 or CD8 T cells both in healthy and SLE donors (53), although mTORC1 

activity is considerably elevated in SLE T cells (55) (Figure 1). DN T cells express the 

costimulatory molecule CD1, which interacts with CD1c on circulating B cells, promoting 

B-cell help that leads to production of IgG and the pro-inflammatory cytokines IL-4, IL-17, 

and IFN-γ (56). SLE DN− T cells additionally can induce class-switching of IgM-producing 

B lymphocytes into those that produce and secrete IgG autoantibodies (56). DN T cells 

can infiltrate the kidneys in SLE patients (54). Activation of the mechanistic target of 

rapamycin (mTOR) can induce IL-4 production in DN T cells and promotes necrotic cell 

death in SLE patients through inhibition of organelle turnover by autophagy (57). mTOR is 

a serine/threonine kinase that senses metabolic cues to regulate cell growth, proliferation, 

and survival, which integrate the cellular response to stimulation by cytokines, hormones, 

growth factors, and changes in cellular metabolism and is an important regulator of T-cell 

specification, expansion, and survival (58).

Regulatory T cells (Tregs) that function to suppress inflammatory responses are deficient in 

SLE patients. Activation of mTORC1 reduces suppressor function of Tregs with a decrease 

in expression of the immunosuppressive molecules CTLA-4 and GATA3 that are restored 

upon mTOR blockade with rapamycin (59). Tregs are critical for the negative selection 

of autoreactive B-cells (60). Expansion of Tregs and restoration of Treg function serve as 

targets for treatment of LN (61). DN, Th17, and Tfh cells are expanded in SLE, correlate 

with disease activity (62), and secrete inflammatory cytokines, including IL-4, IL-17, 

IL-21, and IL-22. Calcium/calmodulin-dependent protein kinase IV (CAMK4) induces Th17 

specification by increased activation of the mechanistic target of rapamycin (mTOR) due to 

binding of the cAMP response element modulator alpha (CREM-alpha)(63). Tregs can be 

generated through inhibition of calcium/calmodulin-dependent protein kinase IV (CAMK4), 

which is critical to Th17 cell differentiation. Increased IL-6 production results in Th17 cell 

expansion and is a target for therapy. IL-6 levels in the serum and urine were found to be 

higher in patients with LN and decrease in response to treatment (64, 65).

Increased specification to the Th1 and Th2 lineages by expression of the transcription factors 

T-box expressed in T cells (Tbet) and GATA-binding protein 3 (GATA3) in naïve T cells 

is seen in SLE patients and increased Tbet and GATA3 expression correlates with disease 

activity (66). Th1-dominant immune responses are identified within peripheral blood and in 

kidney tissue of LN patients, with an increase in IFNγ production circulating and expressed 

intracellularly in T-cells infiltrating the kidney (67, 68). IFNγ production also results from 

effector CD8+ T lymphocytes, also known as cytotoxic T cells. While effector CD8+ T cells 

are expanded in SLE patients and contribute to inflammation through IFNγ production; 
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there are decreased numbers and function of memory CD8+ T cells in lupus patients (Figure 

1). The depletion of CD8+ T cells has been linked to activation of mTORC1 and deficient 

autophagy (59).

Interferon-α (IFNα) production results not only from skewed commitment of T cell 

subsets, but is also induced upstream by the innate immune system. Recognition of nucleic 

acids released from dying cells by plasmacytoid dendritic cells results in increased IFNα 
production (69). Gene expression profiling studies have identified an ‘interferon signature’ 

within peripheral blood mononuclear cells in greater than 50% of SLE patients (70). The 

IFN signature is associated with severe disease and has been demonstrated to be higher 

in SLE patients with nephritis (71–74). Interferon-associated genes correlate with multiple 

autoantibodies, including anti-dsDNA, anti-dsRNA, anti-U1-sn-RNP, anti-chromatin, anti-

Ro/SSA, anti-La/SSB, anti-topoisomerase I, and anti-Scl-70. High IFN levels also can 

induce cross-switching of IgM to IgG autoantibodies (75). Blockade of the type I IFN 

receptor with anifrolumab has shown remarkable therapeutic efficacy in patients with SLE 

(76).

mTOR activation is responsible for skewing of T cell lineage specification 

in SLE

In SLE, there is activation of the interacting mTOR complexes, mTORC1 and 2. These 

play a critical role in lineage determination and antigen responsiveness within T-cells. 

mTOR controls lineage specification by transcriptional regulation in response to polarizing 

cytokines (77). mTORC1 promotes differentiation of Th1 and Th17 cells through activation 

of the transcription factors that drive their lineage commitment, T-bet and RORϒT, 

respectively (78, 79). In addition to driving Th1 specification, T-bet activation inhibits 

expression of the transcription factor eomesodermin, which prevents commitment of CD8+ 

T cells into memory cells, resulting in increased proportions of effector CD8+ T cells 

(80). In the absence of mTORC1, through genetic deletion or treatment with the mTORC1 

allosteric inhibitor rapamycin, CD4+ T cells cannot polarize in response to cytokine 

stimulation (78, 81).

mTORC1 activation in SLE drives expansion of Th1 cells, Th17 cells, and CD4−CD8− T 

cells and inhibits T-cell lineage specification to Tregs by reduced expression of the key 

transcription factor Foxp3 (82)(Kato and Perl 2014). mTORC1 activation in CD4−CD8− T 

cells promotes production of the effector cytokine IL-4 (57) and reduces suppressor function 

of Tregs by decreased expression of the immunosuppressive molecules CTLA-4 and GATA3 

(59). When mTOR is inhibited, Treg specification is also promoted by a release of inhibition 

on the Foxo1 and Foxo3a transcription factors, as well as promotes SMAD3 activation to 

drive lineage specification (81). mTORC2 activation in SLE promotes Th2 differentiation 

through transcriptional activation of the lineage-specific transcription factor GATA-3 (Figure 

2). mTOR activity is measured through phosphorylation of the downstream targets, of which 

includes S6 kinase and 4E-BP1 for mTORC1 and protein kinase B (AKT) for mTORC2.
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Metabolomic drivers of disease in SLE

Activation of the innate and adaptive immune system by the aforementioned cellular 

and soluble mediators ultimately results from defective metabolism within lymphocytes, 

resulting in a propensity of necrosis over apoptosis, which causes exposure to nucleic acids 

and other immune components. Within lymphocytes, there are defects in autophagy driven 

by activation of mTOR in lupus T cells (Figure 2). mTOR activation impacts CD4+ T cell 

activation through regulation of calcium fluxing and induces activation of the endocytic 

pathway (55, 83). Endocytic pathway components are upregulated in SLE, which include but 

are not limited to HRES-1/Rab4 and Rab5. HRES-1/Rab4 is an early endosomal GTPase 

that impacts T-cell activation through enhancing recycling of CD3 zeta chain, CD4, and CD2 

adaptor protein on T-cells (84). Upregulation of these proteins increases T-cell activation and 

increased immunological synapse formation, leading to activation of partnering dendritic 

cells and/or B-lymphocytes.

Sustained T-cell activation induces exhaustion and activation-induced cell death within 

normal lymphocytes and is impaired in SLE. As a result, activated lymphocytes have a 

propensity to undergo necrotic cell death rather than apoptosis. HRES-1/Rab4 further affects 

this process by impairing autophagy through its direct interaction with Drp1, a protein that 

promotes mitochondrial fission (84). Deficient expression of this protein reduces turnover of 

mitochondria by autophagy (known as mitophagy). Inhibition of HRES-1/Rab4 (and other 

GTPases that undergo the post-translational modification by geranyl-geranylation) through 

treatment with a geranylgeranyl transferase inhibitor prevents nephritis in lupus-prone mice 

(84). Mitochondrial turnover via autophagy, specifically termed mitophagy, is critical in 

maintaining mitochondrial function. Impaired mitophagy results in enlarged mitochondria 

(or megamitochondria), with impaired oxidative phosphorylation. Impaired mitophagy is 

associated with overall increased autophagy in SLE. Impaired mitophagy enhances overall 

mitochondrial mass and also contributes to mitochondrial hyperpolarization, ATP depletion, 

and oxidative stress (85, 86). Mitochondrial-derived reactive oxygen species activate the 

innate immune system by driving formation of neutrophil extracellular traps in response to 

injury (87). Autoantibodies against SOD2 have been identified in glomerulonephritis, which 

may impair its function through being ensnared in immune complexes (88, 89). Reduction of 

oxidative stress with antioxidants is a therapeutic target in SLE (53). An overview of lupus 

pathogenesis is shown in Figure 3.

Autophagy in SLE

Autophagy is a fundamental process of cell survival that degrades and recycles 

intracellular proteins and organelles, including mitochondria (Figure 3). The regular turnover 

of mitochondria is called mitophagy (90). Autophagy encompasses macroautophagy 

(responsible for degradation of organelles through the endocytic pathway), microautophagy 

(degradation of individual proteins and protein complexes), chaperone-mediated autophagy, 

and LC3-associated phagocytosis (LAP). All pathways converge on degradation of 

intracellular contents in the lysosome.
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There are multiple mechanisms through which autophagy affects the innate and adaptive 

immune response and becomes dysregulated in autoimmunity. Autophagy influences 

the multiple components of the innate immune system, including recognition of non-

selfantigens in conjunction with pattern recognition receptors, regulation of inflammasomes, 

direct microbial killing, and antigen processing for presentation on MHC molecules (91, 

92). Autophagy impacts immune cell differentiation, as cellular differentiation requires 

proteolysis to remove and recycle bulk proteins for translation of components required for 

cellular proliferation and specification. Induction of autophagy is critical during monocyte-

to-macrophage differentiation to recycle intracellular components and avoid cell death via 

caspase activation and apoptosis (93). Activation and proliferation of both T- and B-cells 

is regulated by autophagy (92). Autophagy also negatively regulates production of type I 

interferon (94). Immunoglobulin production by plasma cells requires autophagy to reduce 

endoplasmic reticulum stress that occurs during translation of immunoglobulins (93).

The exact role of autophagy in LN is not fully understood. There are pleiotropic effects of 

autophagy in SLE pathogenesis and changes can be cell-type specific (95, 96). Although 

the underlying pathways are diverse, the majority of data suggests that autophagy is 

overall deficient in SLE regulatory T cells and in memory CD8+ T cells, with autophagic 

induction being therapeutic. However, activation of autophagy can occur Th1 cells, of which 

produce IFN gamma. Autophagy is also activated in macrophages derived from peripheral 

blood mononuclear cells from SLE patients and in macrophages within the spleen and 

kidneys of lupus-prone mice (97). Autophagy can be activated as a normal physiologic 

response to injury as a salvage mechanism to regulate cellular metabolism, however 

hyperactivation of autophagy pathways can be pathogenic as it results in an increase in 

type 2 cell death (98). This can occur in effector CD4+ cells, including Th1, Th2, and 

Th17 cell populations, promoting production of pro-inflammatory cytokines, but also being 

responsible for increased activation-induced cell death.

Dysregulation of autophagy in SLE has multiple consequences and contributes to disease 

development. Autophagy is required for the clearance of cell debris, protein aggregates, and 

abnormal mitochondria, of which is impaired in SLE and serves as a source of autoantigens. 

Tolerance to self-antigens is impaired by reduced peripheral tolerance due to the inability 

of Tregs to activate autophagy due to mTOR activation (59)and increased CD4−CD8− T 

cells which results in further Treg depletion. Cell debris stimulate dendritic cells, of which 

show increased autophagy, which promotes processing and presentation of self-peptides on 

MHC class II molecules as well as production of type I IFN. Self-DNA from cell debris 

can induce neutrophil autophagy and the process of NETosis. Production of neutrophil 

extracellular traps (NETs) serve as a trigger for formation of immune complexes against 

self-DNA (ANA). Persistence of antigens occurs as degradation of NETs is impaired in SLE 

patients and is associated with autophagy (99, 100). These trigger toll-like receptor signaling 

and activation of plasmacytoid dendritic cells to further produce type I IFN (101). NETs 

promote activation of autoreactive B cells, of which can differentiate into plasmablasts and 

secrete autoantibodies. Autoreactive B cells are also activated by T-cell help, for which Th1, 

Th2, and Th17 cells demonstrate increased autophagy. Autophagy is activated in circulating 

macrophages in SLE patients, which could further enhance antigen presentation (97). In 

lupus-prone mice, autophagic induction is present in macrophages within the kidney. This 

Caza et al. Page 8

Transl Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is thought to be injurious, as adoptive transfer of autophagy-deficient Beclin-1 knockout 

macrophages is protective, with reduced production of anti-dsDNA antibodies, decreased 

proteinuria, and reduced disease severity of LN (97). While autophagy is activated in 

multiple innate immune cells, it is deficient in Tregs and CD8+ memory cells, largely as a 

consequence of mTOR activation.

Mulitple intracellular mechanisms regulate autophagy within immune cells and show 

differences in SLE. mTOR activation acts as an upstream inhibitor on autophagy through 

phosphorylation of the autophagy-activating protein ULK1 (102). Genetic variants in 

genes encoding autophagy related proteins and other key components of the autophagy 

machinery have an increased prevalence in SLE patients. LC3-associated phagocytosis 

may be deficient, which impairs clearance of dying cells and perpetuate autoimmunity 

in murine models (103, 104). Additionally, reduced mitophagy promotes mitochondrial 

dysfunction, production of reactive oxygen species, and cell death. Components released 

from damage mitochondria activate the innate immune response and serve as DAMPs. 

These include mitochondrial DNA, N-formyl-peptides, and the phospholipid cardiolipin 

(87). Mitophagy can be controlled by both LAP-dependent and independent mechanisms. 

Both the processes of LAP and mitophagy (via LAP or macroautophagy) are critical to 

limit autoantigen production. In addition to limiting autoantigen production, autophagy 

protects against autoimmunity through controlling positive and negative selection of T cells 

in the thymus, reducing numbers of autoreactive T cells in the periphery (105). Chaperone-

mediated autophagy defects may also play a role in SLE pathogenesis, as activation of 

chaperone-mediated autophagy increases survival in lupus-prone MRL/lpr mice.

Autophagic control of T-cell lineage specification

Energy metabolism, regulated by mTOR and autophagy, is important and a rate-limited 

step in T-cell differentiation, activation, and effector functions. Autophagy controls 

immunometabolism through affecting the shift being anaerobic respiration/glycolysis and 

oxidative phosphorylation (106). Th2 and Th17 cells primarily utilize glycolysis and are 

not as dependent on oxidative phosphorylation and fatty acid oxidation as regulatory and 

memory T cells (107). Tregs and memory T cells have high mitochondrial content to support 

their metabolism. CD4+ T cells frequently undergo lineage specification rather than true 

differentiation and can be metabolically reprogrammed into a separate lineage. Th17 cells 

can reprogram into Tregs through inhibiting glycolysis, which has been demonstrated in 

studies using 2-deoxyglucose to suppress glycolytic metabolism (108).

Autophagy is critical for generation and function of Tregs (109) as well as memory T 

cells and is deficient in SLE (Figure 4). Both Tregs and CD8+ memory T cells have high 

energy demands for maintenance and effector function and require oxidative metabolism. 

mTOR activation reduces both numbers and function of Tregs and their associated immune 

suppression due to inhibition of autophagy and increasing glycolysis (59). CD8+ memory T 

cells also require autophagy, as in its absence, there is reduced mitochondrial homeostasis 

and increased cell death, leading to depletion of this cell population (110). In SLE, memory 

T cells are depleted, have an increased propensity to undergo apoptosis, and reduced 

proliferative capacity (111). Type I interferon, although overall promotes autophagy, can 
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induce increased consumption of NAD+ and result in impaired mitochondrial respiration and 

decrease CD8+ T cell viability (112). An ‘interferon’ signature results in reduced expression 

of mitochondrial derived genes and metabolism in both CD4+ and CD8+ T cells from SLE 

patients (112).

The Th2 cytokines IL-4 and IL-13 inhibit autophagy (113), even in the presence of IFNγ. 

Th2 differentiation, of which leads to production of IL-4 and IL-13, is regulated by the 

autophagy gene ATG16L1 (114). Th1 cell polarization and production of IFN-γ promotes 

autophagy (113, 115). Autophagy is activated in lupus macrophages, both circulating and 

within the kidney (97). This may enhance antigen presentation and production of pro-

inflammatory cytokines, of which include IL-6 and TNFα (97, 116). In lupus-prone mice, 

autophagy-related genes including ATG5, ATG12, and Beclin-1 are upregulated within 

splenic and renal macrophages. Similarly, circulating macrophages in SLE patients have 

similar signatures (97). Therefore, induction of autophagy is cell-type specific and can be 

dependent on differences energy utilization between immune cell subsets (Figure 4).

Mutations in autophagy-related proteins as possible lupus susceptibility 

genes

Autophagy-related genes (ATG) encode key components of the autophagic degradation 

machinery and are polymorphic in patients with SLE (117). ATG proteins initiate 

autophagy through nucleation of an ‘isolation membrane’ from the endoplasmic reticulum-

mitochondrial junction (118) to generate a phagophore (Figures 1–3), which later develops 

a double-membrane autophagosome that engulfs intracellular contents to be degraded within 

lysosomes (119). Genome-wide association studies (GWAS) have identified polymorphisms 

in autophagy-related genes, which may contribute to disease pathogenesis. Polymorphisms 

of ATG5, a key phagophore component (120), have been implicated in both Caucasian and 

Asian SLE cohorts (121–123). The risk allele variants of PR domain zinc finger protein 

1 (PRDM1) and ATG5 in B cells have been associated with the increased expression of 

ATG5, which increases IFN-α signature genes (124). In an Italian cohort ATG5, risk alleles 

were associated with increased anti-dsDNA antibodies and development of LN (125). Other 

SLE susceptibility loci include variants in further autophagy related genes: ATG7, DNA 

damage-regulated autophagy modulator 1 (DRAM1), Apolipoprotein L1 (APOL1), C-type 

lectin domain family 16 (CLECK16A), ATG16L2, immunity-related GTPase family M 

(IRGM) and myotubularin-related protein 3 (MTMR3) (121). Further data will be required 

to determine pathogenicity of these variants, as most are not found in the coding regions and 

are intronic, as well as have not been investigated in animal models.

Mutations of TLRs have also been identified in GWAS, which are similarly localized 

to endosomes and critical to antigen presentation (126). Some TLR mutations result in 

increased protein expression in SLE patients. For example, TLR7 is over-expressed in 

antigen-presenting cells, responds to nucleic acid antigens (RNA), increases differentiation 

of B cells to plasmablasts, and shows overexpression in plasmacytoid dendritic cells that 

secrete type I interferon (127, 128). Polymorphisms in APOL1 in African American patients 

induce a toxic gain of function due to homozygosity or compound heterozygosity of G1 
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and G2 risk alleles, which are triggered by increased IFN levels in SLE (129–131). The 

presence of APOL1 risk alleles is associated with poor renal prognosis and concurrent 

collapsing glomerulopathy, a severe form of focal segmental glomerulosclerosis (130). 

Notably, APOL1 can induce autophagic cell death in an ATG5 and ATG7-dependent manner 

(132). Deficiency in either of these components of the autophagy machinery can impact 

autophagic cell death by APOL1, which could potentially favor necrosis over apoptosis. 

Predisposition to cell death via necrosis is considered highly inflammatory in SLE (57, 86, 

133).

Another genetic mutation in SLE that impacts autophagy is in the gene Def6, which leads to 

altered assembly of the protein complex raptor-p62-TRAF6, an upstream regulator of mTOR 

activation (134). In addition to inhibition of autophagy on mTOR activation, Def6 controls 

the transcription factor Bcl6 in follicular helper T cells (TFH), resulting in TFH proliferation, 

which provides B cell help in autoimmune responses (134).

The activation of mTOR is regulated by tuberous sclerosis proteins 1 (TSC1) and 2 (TSC2) 

(Figure 5)(58). Severe SLE with class IV nephritis has been documented in two case reports 

of patients with tuberous sclerosis (137, 138). mTOR activation also resulted in diminished 

FoxP3 expression, implicating Treg depletion patients with LN (139). Mutations of TSC1 

and TSC2 have also been associated with lymphangioleiomyomatosis (LAM), with recent 

case reports of LAM in SLE (140–142). In two of these cases, a diagnosis of SLE preceded 

the onset of LAM by more than a decade (141, 143), thus patients with long-standing 

SLE should be monitored for the development of LAM and other conditions with mTOR 

activation.

AMPK inhibition and mTOR activation impact autophagy and autoimmunity 

in lupus-prone mice

The master regulators of autophagy include 5’ adenosine monophosphate activated protein 

kinase (AMPK), of which activates autophagy and mTOR, a negative regulator (Figure 

5). mTOR activity is increased in lymphocytes from SLE patients, which is partly 

activated through an increase in intracellular nitric oxide levels and impaired mitochondrial 

homeostasis (144). mTOR activation results in phosphorylation of S6 kinase and 4E-BP1 

(145) with both proteins showing increased phosphorylation in SLE (84). mTOR acts as 

a key negative regulator of autophagy through phosphorylation of the autophagy-initiating 

proteins Unc-51 like autophagy activating kinases 1/2 (ULK1/ULK2), which inhibits their 

function (102). This results in reduced transcription of multiple genes expressed within 

autophagosomes, primarily driven by inhibition of transcription factor EB, a critical 

component of lysosomal biogenesis (146). mTOR activation impairs degradation and 

turnover of long-lived proteins through both autophagy and through inhibition of ubiquitin 

ligases impairing proteolysis via the ubiquitin-proteasome pathway (147). However, 

inhibition of ULK1 alone is insufficient to induce autoimmunity, as ULK1-deficient mice 

do not develop a lupus-like disease (103), despite a defect in a key component initiating 

macroautophagy. mTOR activation induces B-cell class switching (148). mTOR also 

promotes B-cell maturation, as treatment with rapamycin or genetic absence of the upstream 
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activator regulatory-associated protein of mTOR (Raptor) results in a lack of B cells in the 

periphery due to a developmental block at the pre-B cell phase (149).

Conversely, AMPK phosphorylates ULK1 at a separate site to promote autophagy through 

activation of the autophagy-promoting phosphatidylinositol vacuolar protein sorting 34 

(VPS34) complex. AMPK senses low ATP states and serves to promote oxidative 

phosphorylation, acting at mitochondrial complex I of the electron transport chain (150). 

Mitochondrial complex I activity is abnormal in lupus (151), although AMPK levels have 

not been shown to be depleted. Activation of AMPK is protective against inflammation in 

MRL/lpr lupus prone mice, reducing production of the pro-inflammatory mediators IL-6, 

inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX2), and IFN-γ by treatment 

with an AMPK agonist 4-imidazole carboxamide riboside (AICAR)(152). Metformin is 

another agonist of AMPK and inhibits mTOR. Metformin treatment within Roquin san/san 

mice reduced production of dsDNA antibodies, prevented development of hepatitis and 

nephritis, and resulted in a favorable skewing of CD4+ T cell differentiation with increased 

Tregs, reduced Th17 cells, and reduction of follicular helper T cells that participate in 

germinal center formation to stimulate antibody production by B cells (153). Activation of 

AMPK resulted in inhibition of mTOR and STAT3 signaling that impaired differentiation of 

B cells into plasma cells (153). Metformin should clinical efficacy in clinical trials of SLE 

patients (154).

LC3-associated phagocytosis in autoimmunity

LC3-associated phagocytosis (LAP) is a form of autophagy that is initiated with 

phagocytosis and lipidation of the protein LC3 on the autophagosomal membrane (155). 

Lipidation of LC3, from the non-conjugated form LC3-I to the lipid conjugated form LC3-II 

results in elongation of autophagosomal membranes. Within this pathway, phagosomes 

engulf particles and dying cells and then recruit components of the autophagic machinery 

resulting in maturation of the phagosome and digestion of its contents. Activation of this 

pathway can be measured by lipidation of LC3 by a LC3-II/LC3-I ratio, rather than total 

LC3. LC3 levels are increased in T-cells of SLE patients, however the LC3-II/LC3-I ratio 

is depressed. In addition to LC3, critical components of this pathway include ATG5, ATG7, 

and Beclin-1 (BECN1). BECN1 levels are decreased in SLE T cells (Figure 6) (84).

LAP is a critical pathway for the uptake of dead cells from apoptotic, necrotic, or 

inflammasome-mediated receptor-interacting serine/threonine protein kinase 3 (RIPK3-

directed) cell death (103). This is triggered through activation of the T-cell immunoglobulin 

and mucin domain containing 4 (TIM4) receptor by phosphatidylserine residues displayed 

on the membranes of dying cells. A defect in the clearance of dying cells increases exposure 

to self-antigens has been widely proposed as an underlying driver of SLE pathogenesis, 

which could be due to deficient LAP. Reduced LAP results in increased production of 

pro-inflammatory cytokines, including IL-1β (which activates inflammasome signaling), 

IL-6, IL-12, and interferon gamma-induced protein 10 (IP-10). Additionally, inhibition of 

LAP results in deficient IL-10 production, an important regulatory cytokine (104). IL-10 

deficiency promotes autoimmune responses, as IL-10 deficient mice develop an accelerated 

lupus-like disease. Similarly, IL-10 production by B cells suppresses inflammation (156). 
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Importantly, the production of IL-2 (157), IFN-γ (57, 158), and TNF-α are reduced in SLE 

(159–161).

In mouse models, deficiency of LAP specific and/or core autophagy genes that are 

implicated in formation of the isolation membrane and phagophore (BECN1, NADPH 

oxidase 2 (CYBB/NOX2), rubicon autophagy regulator (RUBCN), ATG7, ATG5, ATG3, 

ATG12, or ATG16) results in diminished clearance of dying cells and development of 

an auto-inflammatory lupus-like disease (104). Mice deficient in these core autophagy 

genes have low body weight, accumulate activate CD8+ T-cells, develop auto-antibodies 

including ANA and anti-dsDNA, show an increase in IFN-α signature gene expression, 

and develop nephritis. Plasmablast differentiation is aberrant in ATG7-knockout mice, 

which could be a potential mechanism into auto-antibody production (162, 163). Similarly, 

autophagy inhibition in human B cells prevents differentiation into plasmablasts (131). 

Hyper-activation of ATG5 and ATG7 and activation of mTORC1 appear to be drivers of 

plasma cell development in SLE (164) (Figure 6).

Prior to being studied in the setting of autoimmunity, LAP was found to be a critical 

component of clearance of dying proximal tubular epithelial cells during acute tubular 

injury. Apoptotic cell phagocytosis is initiated by the kidney injury molecule 1 and T- 

cell IgG and mucin containing 1 proteins (KIM-1/TIM-1). In a mouse model that is 

kidney-injury molecule 1 (KIM-1) deficient, apoptotic cell clearance by proximal tubules 

is reduced, which results in increased pro-inflammatory cytokine secretion, increased tissue 

macrophages, and worsening of acute kidney injury (165).

Mitophagy is in part regulated by LAP. The LC3 autophagosomal membrane is derived from 

mitochondria. Co-localization of LC3 with the early endosomal component HRES-1/Rab4 

increases upon mTOR inhibition and results in increased formation of autophagosomes 

derived from the mitochondrial membranes through activation of the endocytic machinery 

(166). High interferon levels in SLE prevent degradation of mitochondrial DNA within lupus 

monocytes (167), of which occurs due to activation of the stimulation of interferon-genes 

protein-mediated DNA sensing pathway (STING). Another key regulator of mitophagy 

is PTEN-induced kinase 1 (PINK1), which interacts with the mitophagy-inducing protein 

parkin (PRKN). PINK1 responds to mitochondrial hyperpolarization through recruiting 

PRKN to stimulate mitophagy. Genetic ablation of PINK1 or PRKN in mice results in 

release of mitochondrial DNA and other mitochondrial-derived self-antigens (Figure 6), 

resulting in activation of the STING and increased production of type I interferon (168).

LC3-associated phagocytosis may be regulated upstream through small non-coding RNAs 

regulating transcription. microRNA (miR)-20a is reduced in SLE patients compared to 

healthy controls (169). miR-20a levels are further depressed in patients with LN compared 

to SLE patients without kidney involvement (170). Transplantation of adipose-derived stem 

cells that over-express miR-20a in MRL/lpr lupus prone mice protects against development 

of LN (171). Overexpression of miR-20a results in inhibition of mTOR and Akt, releasing 

these ‘negative breaks on autophagy’. As a result, there is increased LC3 lipidation 

(increased LC3-II/LC3-I ratio) and consumption of p62, consistent with LAP activation 

(171). These data suggest that LAP has a protective mechanism against the development of 
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SLE. Activation and deregulation of autophagy are seen in SLE patients, which is evident 

from autophagy-resistant T-cells from SLE patients that preferentially express negative 

regulators of autophagy and increased apoptosis (172). An overview of autophagic pathways 

in SLE are shown in Figure 6.

Autophagy is protective within podocytes and required for recovery from 

autoantibody-induced podocyte injury

Autoantibodies from sera from lupus patients, type I interferon, and reactive oxygen 

species (ROS) all result in destruction of the podocyte membrane by redistribution of 

the slit diaphragm protein podocin (Figure 7). As a result, an induction of autophagy 

occurs as a natural cellular response. Similarly, podocyte exposure to anti-DNA antibodies 

increases TLR9 on endosomes for immune complex clearance (173). Impaired autophagy 

induction results in podocyte injury (124). Inhibition of autophagy in vitro by treatment 

with bafilomycin A or MG132 in podocytes exposed to anti-dsDNA antibodies results in 

accumulation of immunoglobulin aggregates and reduced podocyte survival (172).

In murine lupus nephritis, treatment with the proliferation inhibitor Tris DBA reduced 

kidney inflammation through an increase in autophagy, suppression of inflammasome 

signaling, and through activation of Tregs (174). This reduced further T-cell activation 

through reduced priming of dendritic cells and Treg-mediated immune suppression (174). 

Rapamycin reduced albumin flux in podocytes through increasing nephrin and podocin 

expression, supporting renoprotection (175). Corticosteroids also are renoprotective through 

promoting autophagy, of which inhibits calcium signaling and resulting activation or 

proliferation of T-lymphocytes (176).

mTORC1 and mTORC2 are markedly activated that may underlie diminished autophagy in 

podocytes (Figure 7), mesangial cells, endothelial cells and tubular epithelial cells of LN 

patients as compared with those with minimal change disease (MCD) or normal controls 

(NC)(177). Glomerular mTORC1 activation is higher in LN patients compared with diabetic 

nephropathy (DN) patients. mTORC1, but not mTORC2, activation strongly correlates with 

serum albumin, complement C3, proteinuria, and the following pathological histological 

biomarkers of LN: crescent formation, interstitial inflammation and fibrosis. Moreover, 

mTORC1 activation is a prognostic marker in LN patients (177).

Novel targets for treatment of LN based on the disease pathophysiology

Traditional treatments of lupus nephritis are non-specific and include agents such as 

hydroxychloroquine, cyclophosphamide, mycophenolate mofetil and steroids with overall 

immune suppression and off-target effects (180). High dose steroids in conjunction with the 

cyclic alkylating agent cyclophosphamide are often used in the treatment of proliferative 

lupus nephritis and reduces risk of progression to end-stage kidney disease (181). Following 

this induction therapy, long-term maintenance immunosuppression is often required to avoid 

relapse, typicaly withmycophenolate mofetil (MMF), azathioprine, and prednisone (182).
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Calcineurin inhibitors (CNI), such as tacrolimus and cyclosporine, may also be used 

adjunctively in treatment of LN. CNIs are therapeutic in LN through two main mechanisms: 

through inhibition of calcineurin-related cytokine activation (reducing levels of IL-2, TNF-

alpha, and IFN-gamma) and through stabilizing the podocyte cytoskeleton to decrease 

proteinuria (183). Tacrolimus treatment in conjunction to MMF shows similar efficacy, 

but reduced toxicities, than IV cyclophosphamide (184). Cyclosporine and other CNI have 

adverse renal effects by inhibiting prostacyclin-dependent blood flow (185, 186). New CNIs 

are also under investigation. In a recent double-blind placebo-controlled clinical trial of 

357 patients, there was a 17% increase in renal response in patients receiving voclosporin, 

compared to placebo (AURORA trial, clinicaltrials.gov identifier: NCT03021499)(187).

The aforementioned cellular and metabolic pathways can be exploited for development of 

novel therapies in LN (Figure 8). Antimalarial drugs, such as hydroxychloroquine, target 

the endocytic/autophagic machinery through altering endosome acidification. SLE patients 

treated with hydroxychloroquine had a reduced frequency diffuse lupus nephritis, required 

lower steroid doses, and had lower disease activity (188). For SLE patients with MLN, 

hydroxychloroquine improved rates of complete remission at one year (189). Reduction 

of oxidative stress through treatment of the antioxidant N-acetyl-L-cysteine (NAC), which 

restores intracellular glutathione levels, is therapeutic in SLE and reduces disease activity 

by blocking mTOR activation in T cells (53). This was demonstrated in a double-blind, 

placebo controlled clinical trial of 36 lupus patients (clinicaltrials.gov NCT00775476) (53). 

Supplementation with nicotinamide adenine dinucleotide (NAD+) also reduces oxidative 

stress, as it is a co-enzyme required in redox reactions. NAD+ supports T-cell metabolism 

and is associated with increased mitochondrial capacity and reduced cell death of SLE 

T-lymphocytes (112). NAD inhibits mTOR and extracellular signal-regulated kinases 1 + 

2 (ERK1/2) and induces autophagy (190). Inhibition of chaperone-mediated autophagy 

may serve as another therapeutic target (191). Treatment with a spliceosome-derived 

phosphopeptide, P140, suppressed chaperone-mediated autophagy through reducing the 

expression levels of HSC70/Hsp73 and the refolding properties of chaperone HSC70 (192). 

Treatment of MRL/lpr lupus-prone mice with P140 increased survival, which was associated 

with the accumulation of p62 in B cells (191). Increased expression of HRES-1/Rab4 in 

T cells of SLE patients and T and B cells of several lupus-prone mouse strains, which 

preceded onset of ANA and nephritis, was associated with restriction of mitophagy and 

enhanced autophagy. In turn, blockade of HRES-1/Rab4 and other Rab GTPases through 

treatment with a geranylgeranyl transferase inhibitor (3-PEHPC) prevented nephritis in 

lupus-prone MRL/lpr mice (84).

mTOR inhibition has been shown to be therapeutic in both SLE and lupus-prone mouse 

models (193). Rapamycin treatment of mice (84, 194) and patients with SLE has been 

shown to reduce disease activity, restore serum complements, reduce dsDNA antibody 

titers, and improve fatigue and arthritis (83, 178, 195). In MRL/lpr and NZB/NZW F1 

lupus-prone mice, rapamycin treatment prevents LN and/or halts progression of established 

nephritis (84, 194, 196, 197). In a small study of seven lupus patients, mTOR inhibition 

with everolimus reduced proteinuria and improved kidney function (197). This has been 

shown for both selective mTORC1 inhibitors, as well as with a dual mTORC1 and mTORC2 

inhibitor, INK128 (198). Inhibition of mTOR by rapamycin restores autophagy, reduces 
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necrosis within T cells, and reduces IL-4 producing CD4−CD8− ‘double negative’ T 

cells. Rapamycin treatment has been shown to expand Treg populations, even in healthy 

individuals (199). Rapamycin was found to be effective for treatment of LN in patients 

with SLE (177, 195, 200). Apparently, the mechanism of action may also involve mTOR 

blockade in podocytes, mesangial cells, tubular epithelial cells, and vascular endothelial 

cells (177). Along these lines, rapamycin also blocked mTOR activation in the kidney of 

patients with antiphospholipid nephropathy, with the majority of these subjects also having 

SLE (201).

Tregs express the IL-2 receptor CD25, and low-dose IL-2 may be effective to activate and 

expand Tregs, as well as NK cells, to improve peripheral tolerance (61), and, overall, IL-2 

production by T-cells is deficient in SLE (202). In a randomized, placebo-controlled trial 

of 60 SLE patients, low dose IL-2 treatment was safe and some patients showed complete 

remission of LN (clinicaltrials.gov identifiers: NCT02465580 and NCT02932137) (203). 

However, in addition to promoting Treg differentiation, IL-2 therapy promotes expansion 

of IFNγ-producing CD8+ T cells through activation of the transcription factors STAT6 and 

GATA3, of which may promote inflammation (82).

Expansion and restoration of Treg function comprise a target for treatment of LN (61). 

Suppression of CAMK4 by inhibitor KN-93 increased Tregs, reduced Th17 cells, and 

was therapeutic in MRL/lpr lupus-prone mice as well as in experimental autoimmune 

encephalomyelitis mouse models (63, 204). Additionally, Tregs express the IL-2 receptor 

CD25, and low-dose IL-2 may be effective to activate and expand Tregs, as well as NK cells, 

to improve peripheral tolerance (61), and, overall, IL-2 production by T-cells is deficient 

in SLE (202). In a randomized, placebo-controlled trial of 60 SLE patients, low dose IL-2 

treatment was safe and some patients showed complete remission of LN (clinicaltrials.gov 

identifiers: NCT02465580 and NCT02932137) (203). However, in addition to promoting 

Treg differentiation, IL-2 therapy promotes expansion of IFNγ-producing CD8+ T cells 

through activation of the transcription factors STAT6 and GATA3, of which may promote 

inflammation (82).

The Treg-Th17 axis is also a treatment target in SLE (205). One method of inhibition 

is through targeting the effector cytokine IL-6. Anti-IL-6 monoclonal antibodies prevent 

autoimmunity in lupus-prone NZB/NZW F1 mice, preventing formation of anti-dsDNA 

antibodies (206). In a phase II clinical trial, IL-6 inhibition reduced severe disease 

flares (207) (clinicaltrials.gov identifier: NCT01405196). Interestingly, a dose-response 

relationship did not exist, as significantly reduced IL-6 levels impaired Treg function 

(208). Th17 cell inhibition can also be induced through blockade of IL-23. IL-23 increases 

transcription of RORγT that induces naïve T cells to differentiate into Th17 cells. Th17 

and DN T cells infiltrate the kidney in patients and mice with lupus nephritis (52–54). 

IL-23 promotes the development of Th17 cells, and IL-23-treated lymph node cells from 

lupus-prone mice transfer disease to Rag1-deficient mice (52–54). In turn, IL-23 receptor 

deficiency in lupus prone mice prevents development of LN (209). These studies suggest 

that blockade of IL-23 and IL-17 may have therapeutic efficacy in lupus nephritis. In a phase 

2 clinical trial, IL-12/IL-23 inhibition with the monoclonal antibody ustekinumab was safe 

and reduced IFN-gamma levels, showing promise for further investigation (clinicaltrials.gov 
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identifier: NCT02349061)(210). Direct IL-17 inhibition did not show efficacy in murine 

models, as genetic absence of IL-17 in lupus-prone MRL/lpr mice did not prevent nephritis 

and likewise, inhibition of IL-17 with a monoclonal antibody did not ameliorate disease in 

NZB × NZW F1 mice (211). This is likely because IL-17 is not the only pathogenic cytokine 

as a cause or consequence of Th17 specification.

Type I interferon activation can also be directly targeted in SLE. In a phase 2b clinical trial, 

anifrolumab, a monoclonal antibody against the IFN-alpha receptor, reversed the ‘interferon 

signature’ in SLE patients (212) (clinicaltrials.gov identifier: NCT01438489). In a phase I 

trial, anti-IFN monoclonal antibody therapy reduced IFN-α and β, but there also are many 

other inflammatory effector molecules in SLE, including BAFF, TNF-α, IL-10, IL-1β, and 

GM-CSF (clinicaltrials.gov identifier: NCT00299819)(116). Further data will be required to 

establish clinical efficacy. IFN blockade can also be induced upstream through inhibition of 

the JAK-STAT pathway with the selective Janus Kinase (JAK) inhibitor baricitinib (213). 

Baricitinib therapy in MRL/lpr lupus-prone mice prevented systemic autoimmunity and 

development of nephritis, with reduced renal inflammation and stabilized the podocyte 

cytoskeleton (213).

Prevention of T-cell homing into target organs is another therapeutic strategy. Agonists 

of sphingosine 1 phosphate, including FTY720 and KRP203, have shown efficacy in 

preventing nephritis in lupus-prone MRL/lpr mice (214, 215). Activating sphingosine 1 

phosphate signaling reduced proteinuria and increased survival in this model. This was 

accompanied by reduced production of anti-dsDNA antibodies and decreased IgG deposition 

within glomeruli (215), reduced lymphadenopathy, and decreased survival of pathogenic 

lymphocytes (214). . Safety for sphingosine 1 phosphate agonism was established in 

humans, with use of fingolimod in multiple sclerosis (216). Sphingosine 1 phosphate 

accumulation in cells can induce autophagy in response to endoplasmic reticulum stress 

(217).

On the other side of the immunological synapse, inhibiting B-cell activation or B 

cell depletion represent other therapeutic targets, resulting in reduction in autoantibody 

production. B-cell activation can be inhibited in SLE through blockade of the interaction 

between the B-cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL). 

BAFF is a key protein required for B-cell maturation and survival. Inhibition of the BAFF-

APRIL axis by the monoclonal antibody belimumab was shown to have efficacy in LN, with 

an 11 percent increase in renal response in a recent randomized, placebo-controlled phase 3 

clinical trial of 448 SLE patients with nephritis (BLISS-LN trial, clinicaltrials.gov identifier: 

NCT01639339) (218). Inhibiting T-B cell co-stimulation by expression of CTLA4 using 

a CTLA4-IgG1Fc fusion protein abatacept was an attempted therapeutic strategy in focal 

or diffuse lupus nephritis. Treatment reduced dsDNA titers, restored serum complements, 

and decreased proteinuria. However, it did not meet the primary endpoint of a complete 

renal response in a phase II/III clinical trial (NCT00430677(219)). Rituximab, an anti-CD20 

monoclonal antibody, depletes B-cells and has been shown to be effective in maintenance 

therapy in an observational study of 147 patients with refractory lupus (220). A new 

anti-CD20 monoclonal antibody, obinutuzumab, shows increased and sustained B-cell 

depletion when compared to rituximab, with 22% increased efficacy in treatment of LN in 

Caza et al. Page 17

Transl Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02349061
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01438489
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT00299819
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01639339
https://clinicaltrials.gov/ct2/show/NCT00430677


a recent phase II trial (NOBILITY study, clinicaltrials.gov identifier: NCT02550652) (218). 

Plasma cell depletion with anti-CD38 monoclonal antibody therapy with daratumumab is 

another therapeutic strategy, depleting plasmablasts and long-lived plasma cells for reduced 

autoantibody production, although there is currently only data from case reports (221).

Adenosine A2A receptor signaling promotes autophagy (222) and mitigates mitochondrial 

ROS production (223). As recently uncovered, adenosine receptor 2a (A2A) agonists 

depleted CD11c+Tbet+ B cells and CD138+ plasma cells and reduced the production of 

anti-nuclear antibodies and the development of glomerulonephritis and interstitial nephritis 

in lupus-prone mice (224). An overview of therapeutic targets in current use and under 

investigation is shown in Figure 8.

Conclusions

Evidence has been mounting of the increased importance of intracellular metabolic 

pathways, such as mTOR activation and autophagy, in the development of SLE (225, 

226). Metabolic changes can result in skewing of T cell subset specification, production 

of pro-inflammatory cytokines, and promoting B-cell activation. Deregulation of autophagy 

and defects in associated genes are pathogenic in SLE and may promote auto-antibody 

production. It is evident that genetically enforced defects in regulatory components of the 

autophagy machinery contribute to pro-inflammatory immune cell lineage development 

and compromise the natural response to podocyte injury. Current SLE treatments are non-

specific, although multiple agents are under development for targeted therapies, such as the 

autophagy inducers rapamycin, with the premise for protection against end-organ damage in 

LN.
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Abbreviations:

3-MA 3-methyladenine

ACR American College of Rheumatology

AICAR AMPK-agonist 4-imidazole carboxamide riboside

AKT AKT serine/threonine kinase 1

AMBRA1 autophagy and beclin 1 regulator 1

ANA antinuclear antibodies

APRIL a proliferation-inducing ligand

ATG autophagy related

ATG5 autophagy related 5

Caza et al. Page 18

Transl Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02550652


ATG7 autophagy related 7

APOL1 apolipoprotein L1

ATG16L2 autophagy related 16 like 2

ATP adenosine triphosphate

BAFF B-cell activating factor

BCR B-cell receptor

BECN1 beclin 1

CD cluster of differentiation

CNI calcineurin inhibitor

COX2 cyclooxygenase 2

CTLA4 cytotoxic T-lymphocyte associated protein 4

CYBB cytochrome b-245 beta chain

DAMPs damage-associated molecular patterns

DC dendritic cell

Def6 DEF guanine nucleotide exchange factor 6

DN CD4−CD8− T cell

ERK1/2 extracellular signal related kinases 1/2

DRAM1 DNA damage regulated autophagy modulator 1

DRP1 dynamin-related protein 1

dsDNA double stranded DNA

GATA3 GATA binding protein 3

GWAS genome-wide association study

ESKD end-stage kidney disease

EXT1/2 exostosin 1/exostosin 2 complex

Foxp3 forkhead box protein P3

GATA3 GATA-binding protein 3

GWAS genome-wide association study

HRES-1/Rab4 Human Retroviral Endogenous Sequence-1/Rab GTPase 4

HSP90 heat shock protein-90
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IFN interferon

IFN-α interferon alpha

IL interleukin

iNOS inducible nitric oxide synthase

IP-10 interferon gamma-inducible protein 10

IRGM immunity related GTPase M

JAK Janus Kinase

KIM-1 kidney injury molecule-1

LAP LC3-associated phagocytosis

LC3 microtubule-associated protein 1 light chain 3 alpha

LN lupus nephritis

MHC major histocompatibility complex

MLN membranous lupus nephritis

MMF mycophenolate mofetil

MTMR3 myotubularin related protein 3

mTOR mechanistic target of rapamycin

NAC N-acetyl-L-cysteine

NAD+ nicotinamide adenine dinucleotide

NCAM1 neural cell adhesion molecule 1

NET neutrophil extracellular traps

NETosis neutrophil cell death with extrusion of neutrophil 

extracellular traps

NOX2 NADPH oxidase 2

NZB/NZW New Zealand Black/New Zealand white F1 lupus-prone 

mice

NZM2328 New Zealand mixed lupus-prone mice

p62 sequestosome 1

PAMPs pathogen-associated molecular patterns

pDC plasmacytoid dendritic cell

PI3K phosphoinositide 3-kinase
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PINK-1 PTEN-induced kinase 1

Raptor regulatory-associated protein of mTOR

PRDM1 PR domain zinc finger protein 1

PRKN Parkin RBR E3 ubiquitin protein ligase

Rag1 recombination activating 1

RIPK3 receptor-interacting serine/threonine protein kinase 3

RNA ribonucleic acid

RNP ribonucleoprotein

RORγT retinoic orphan receptor gamma

SLC15A4 Solute carrier family 15 member 4

SLE systemic lupus erythematosus

STING stimulation of interferon genes protein-mediated DNA 

sensing pathway

SOD2 superoxide dismutase 2

STAT signal transducer and activator of transcription

Tbet T-box expressed in T-cells

TCR T-cell receptor

TGFBR3 transforming growth factor beta receptor 3

TLR toll-like receptor

TIM4 T-cell immunoglobulin and mucin domain containing 4

TNF tumor necrosis factor

Treg regulatory T cell

TSC tuberous sclerosis complex

ULK 1/2 UNC-51-like autophagy activating kinases 1/2

Vps34 vacuolar protein sorting 34
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Figure 1. Coordinate skewing of mTOR activation and autophagy in cells of the adaptive and 
innate immune systems underlie pro-inflammatory lineage specification in SLE.
mTOR activation is considered as a central mediator of disease pathogenesis. There is 

a direct and well established relationship between mTOR activity and autophagy, with 

increased activity resulting in diminished autophagy. Different T-cell lineages, however, 

have discordant skewing in autophagy. Naive CD4+ T cells have increased autophagy. CD4+ 

Th17 cells have decreased autophagy and increased mTORc1 activity. CD4+FoxP3+Treg 

cells have diminished autophagy with increased activation of both complexes, mTORC1 

and mTORC2. CD4+Tfh cells have mixed results with increased or decreased autophagy 

but mTOR complexes are both increased. CD8+ cytotoxic T cells have increased autophagy 

resulting in increased cell death. Activity of their mTOR complexes is not fully known. CD8 

effector memory T (EMT) cells have reduced autophagy and activation of mTORC1 which 

are responsive to rapamycin treatment in vivo and in vitro. B cells and plasma cells have 

increased autophagy required for B cell differentiation, with spurious elevation of MTORC1.
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Figure 2. mTOR activation mediates pro-inflammatory T-cell lineage specification in SLE.
Activation of mTORC1 in naïve lupus T cells results in CD4+ T cell specification to the Th1 

and Th17 lineages, through activation of lineage specific transcription factors in the presence 

of polarizing cytokines. This results in activation of JAK-STAT signaling and production 

of cytokines and other inflammatory mediators. T-bet expression during Th1 specification 

inhibits eomesodermin, impairing differentiation to the memory T cell lineage. Additionally, 

RORγT expression for Th17 specification results in reduced expression of Foxp3, inhibiting 

Treg development. mTORC2 activation promotes Th2 specification through the transcription 

factor GATA-3 in the presence of IL-4.
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Figure 3. Overview of changes in autophagy during lupus pathogenesis.
mTOR activation with subsequent inhibition of autophagy is central to lupus pathogenesis. 

Deficient autophagy, including autophagic turnover of mitochondria (mitophagy), results 

in mitochondrial dysfunction. Mitochondrial dysfunction is characterized by increased 

mitochondrial mass, mitochondrial hyperpolarization, increased production of reactive 

oxygen species, and reduced production of ATP. Upon sustained T-cell activation, 

mitochondrial dysfunction predisposes to necrotic cell death, rather than apoptosis. Released 

nucleic acids and other intracellular materials can serve as damage-associated molecular 

patterns (DAMPs) or autoantigens, inducing toll-like receptor activation within antigen-

presenting cells. Activation of antigen presenting cells results in activation of autoreactive 

B cells which can differentiate into plasmablasts to produce autoantibodies. Additionally, 

cytokine production can preserve CD4−CD8− T cells and skew T-cell subset specification 

towards inflammatory Th1, Th2, Th17 cells, rather than Tregs or memory T cells.
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Figure 4. 
Role of autophagy in pro-inflammatory immune cell specification in SLE. Immune cell 

subsets have differential requirements for autophagy in activation and maintenance, of 

which is primarily regulated by mTOR activation and is dependent on energy metabolism. 

CD4−CD8− T cells of which escape thymic selection show increased mTOR activity and 

deficient autophagy. CD4+ Tregs and CD8+ memory T cells also have increased mTOR 

activity, deficient autophagy, and are depleted in SLE. Tregs are additionally depleted 

through increased differentiation into Th17 cells. Dendritic cells have increased autophagy 

that increases antigen presentation to naïve CD4+ T cells. Th subsets with low energy 

requirements utilize glycolysis and turnover cellular components by autophagy. Th1 and 

Th17 cells show activated autophagy. Th2 cells produce IL-4 and IL-13 which in turn 

inhibits autophagy and IFNγ production by Th1 cells.
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Figure 5. Defective canonical autophagy underlies pathogenic cell-to-cell communication in SLE.
In a susceptible host, genetic material from apoptotic cells primes an autoreactive immune 

response. NETosis and oxidative activity increases in neutrophils. The NET DNA detection 

by pDC causes an increase in type 1 IFN signalling, which is a hallmark of SLE disease 

(135, 136).. IFNα signalling, along with the increased secretion of pro-inflammatory 

cytokines IL-6, IL-17, IL-18, IL-23 and type 1 IFN stimulates native dendritic cells. 

Homeostatic balance between macrophages shift to favor the M1 differentiation with a 

resultant pro-inflammatory cascade. Endocytosis of a dying cell, in the susceptible host with 

defective components of autophagy will result in the non-fusion of the phagosome with the 

lysosome. The pre-initiation complex of autophagosome formation is comprised of ULK1/2, 

ATG13, FIP200 and ATG101. Interaction with the complex of VPS15, ATG14, BECN1, 

VPS34 and AMBRA1 generates the isolation membrane from the endoplasmic reticulum or 

mitochondria which is required for phagosome formation (90). Defects in BECN1, CYBB/

NOX2, RUBCN, ATG7, ATG5 are associated with reduced autophagosome formation and 

defective clearance of dying cells that trigger inflammation in SLE and lupus nephritis 

(90, 122, 123, 125). AMPK activates while mTOR inhibits autophagy via phosphorylation 

of ULK1. In turn, TSC1 and TSC2 restrain mTOR activation. The inability to complete 

autophagy into the final autolysosome step causes the release of self-antigens which are 

then presented by antigen presenting cells to CD4+ helper T cells and CD8+ cytotoxic 

T cells via MHC class II and MHC class I, respectively. The result is the stimulation 

of the adaptive immune system towards autoreactive helper T-cells and cytotoxic T-cells 
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which lead to tissue damage. Primed CD4+ T cells form and immune synapse with and 

release cytokines, IL-4 and IL-21 to activate B cells which differentiate to immunoglobulin-

secreting plasma cells. FN: Interferon, NET: Neutrophil extracellular traps, ER: endoplasmic 

reticulum, DNA: Deoxyribonucleic acid, pDC: plasmacytoid dentritic cell, CD28 & B7: 

costimulatory signals, TLR: toll like receptor, BCR: B-cell receptor.
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Figure 6. Molecular checkpoints of distorted autophagy pathways in lupus nephritis
The process and main regulatory mechanisms of autophagy. The process of autophagy 

starts with cytoplasmic material being engulfed by double membranes with the formation 

of cup-like structure called the phagophore to the conversion into double membrane 

vesicles called the autophagosomes. The mTOR pathway and the AMP- activated Kinase 

(AMPK) are key determinants of autophagy activation. The process if finely regulated 

by autophagy-related proteins (ATG) that assemble into several complexes : Unc-51-Like 

Kinase (ULK1), PI3K nucleation complex and the phosphatidinol 3 phosphate binding 

complex. Together, they direct the distribution of the autophagy machinery allowing the 

formation of the autophagosome. LC3 is cleaved into LC3-I by ATG4 which is then 

conjugated to phosphatidylethanolamine to form LC3-II. This complex gets incorporated 

into autophagosome and binds with receptors harboring LC3 containing motifs. Both 

macroautophagy and LC3-associated autophagy can impact mitophagy, of which is largely 

deficient in SLE, but dependent on the energy requirements of effector cell types.
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Figure 7. mTOR-dependent changes in autophagy involve renal and infiltrating-inflammatory 
cells in patients with lupus nephritis.
Inhibition of ATG5 by small interfering RNA and 3-MA inhibits autophagy in podocytes 

resulting in an aggravation of podocyte apoptosis and injury. Sera obtained from lupus 

nephritis patients demonstrated an increase in podocin by IFNα and an increase in podocyte 

injury and apoptosis by IgG. The combined cellular injury and podocyte foot process 

effacement leads to increase in proteinuria. Rapamycin which is a potent inhibitor of 

mTOR induces autophagy in such patients and reconstitute the podocyte foot processes 

and diminishes podocyte apoptosis leading to a decrease in albumin flux and proteinuria. 

mTORC1, mTORC2 and autophagy is skewed in a cell type-specific manner within the 

innate and adaptive immune system of SLE patients (58, 59, 178, 179).
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Figure 8. Therapeutic targeting of autophagy in lupus nephritis.
Targeting metabolism expands our repertoire of potential therapeutics in SLE. Traditional 

therapies have targeted DNA replication (cyclophosphamide, mycophenolate mofetil, 

azathioprine) or inhibiting T-cell activation through inhibiting calcineurin which prevents 

production of IL-2 and other cytokines (tacrolimus, cyclosporine, voclosporin), or 

through activating glucocorticoid receptors (corticosteroids, such as prednisone or 

methylprednisolone). Calcineurin inhibitors and corticosteroids can also function to stabilize 

the podocyte cytoskeleton. Aberrations in T-cell metabolism can be targeted through mTOR 

inhibition (everolimus, sirolimus/rapamycin), which restores autophagy. Anti-oxidants can 

inhibit mTOR, including NAC or NAD+. Autophagy can be activated through treatment 

with TrisDBA or agonists of AMPK (metformin, AICAR). It is also affected through 

altering endosomal acidification with anti-malarial drugs (hydroxychloroquine). Endosomal 

function can also be targeted by inhibiting RabGTPases through geranylgeranyl transferase 

inhibitors. Cytokines and cytokine receptors can be targeted for therapy, including the 

p40 domain of IL-2 and IL-23 (ustekinumab), interferon receptor (anifrolumab), and 

low-dose IL-2 therapy. The JAK inhibitor, baricitinib, also reduces production of pro-

inflammatory cytokines through blockade of JAK-STAT signaling. Autoantibody production 

can be reduced through depletion of B cells by monoclonal antibodies directed against 

CD20 (rituximab, obinutuzumab) or depletion of plasma cells/plasmablasts with anti-CD38 
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monoclonal antibodies (daratumumab). Alternatively, B cell activation can be inhibited 

through the BAFF-APRIL axis (belimumab).
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