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Abstract

Autoreactive B cells and interferons are central players in systemic lupus
erythematosus (SLE) pathogenesis. The partial success of drugs targeting
these pathways, however, supports heterogeneity in upstream mechanisms
contributing to disease pathogenesis. In this review, we focus on recent in-
sights from genetic and immune monitoring studies of patients that are
refining our understanding of these basic mechanisms. Among them, novel
mutations in genes affecting intrinsic B cell activation or clearance of inter-
ferogenic nucleic acids have been described. Mitochondria have emerged as
relevant inducers and/or amplifiers of SLE pathogenesis through a variety
of mechanisms that include disruption of organelle integrity or compart-
mentalization, defective metabolism, and failure of quality control measures.
These result in extra- or intracellular release of interferogenic nucleic acids
as well as in innate and/or adaptive immune cell activation. A variety of clas-
sic and novel SLE autoantibody specificities have been found to recapitulate
genetic alterations associated with monogenic lupus or to trigger interfer-
ogenic amplification loops. Finally, atypical B cells and novel extrafollicular
T helper cell subsets have been proposed to contribute to the generation of
SLE autoantibodies. Overall, these novel insights provide opportunities to
deepen the immunophenotypic surveillance of patients and open the door
to patient stratification and personalized, rational approaches to therapy.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a prototype autoimmune disease that predominantly af-
fects females and involves a wide array of organs/systems. The disease follows a waxing and waning
course, with exacerbations leading to cumulative organ damage over time. Heterogeneity in both
inflammatory pathways and clinical manifestations, even within the same organ, contributes to
diagnosis delays and complicates both the development of objective disease activity measures and
the design of successful clinical trials (1). In fact, while the therapeutic armamentarium to treat
rheumatic diseases has expanded considerably in the past 20 years, only 3 drugs, belimumab, ani-
frolumab, and voclosporin, have been approved by the US Food and Drug Administration (FDA)
to treat SLE or lupus nephritis in more than six decades (2-4).

SLE pathogenesis is complex, but two disease-defining and pervasive immune features
are the breakdown of tolerance to nucleic acids and the activation of the interferon system.
Thus, antibodies against nucleic acids, especially those against naked and nucleosome-associated
double-stranded DNA (dsDNA) and RNA/RNA-binding proteins, together with an interferon-
stimulated gene (ISG) signature in blood and affected tissues, are hallmarks of the disease. Around
the turn of the century, the finding that nucleic acids bound to SLE autoantibodies induce in-
terferon production upon being internalized by plasmacytoid dendritic cells (pDCs) provided a
pathogenic link that had been missed in murine lupus models (5). Eventually, this link brought up
the fundamental role of endosomal Toll-like receptor (TLR) sensing of nucleic acids in the dis-
ease (6-8). Around this time, the pleiotropic effects of interferon on dendritic cell (DC) and B cell
differentiation were elucidated (9, 10), and high-throughput transcriptional studies of pediatric
and adult SLE peripheral blood mononuclear cells (PBMCs) provided an unequivocal picture of
SLE as an interferon-mediated disease (11).

During the 20 years that followed these observations, monoclonal antibodies targeting ei-
ther B cells or different components of the interferon pathway were tested in clinical trials (12).
While most of these approaches progressed to phase 3 studies, only two drugs were eventually
granted FDA approval: belimumab, a monoclonal antibody against the interferon-induced B cell
proliferation and differentiation factor BAFE, and anifrolumab, a monoclonal antibody blocking
the type I interferon receptor 1 subunit IFNARI). Even though these are remarkable thera-
peutic advances, end points for disease improvement and/or flare reduction were not reached
in up to 40-50% of SLE patients included in the trials (13, 14). These results underscore the
heterogeneity in upstream pathways and/or proinflammatory amplification loops contributing to
the lupus phenotype. In fact, neither anti-nucleic acid antibodies nor increased interferon activ-
ity are exclusive features of lupus. Thus, as reviewed below, only a few out of the ever-growing
spectrum of Mendelian diseases characterized by increased type I interferon activity overlap with
SLE (15).

SLE: AN INTERFERONOPATHY WITH MANY TWISTS

Chronic autoimmune and/or inflammatory diseases result from interplay between genes and the
environment. The SLE genetic background is complex, as highlighted by mouse and human stud-
ies. Thus, >30 rare mutations in humans and >60 in mice have been associated with a lupus
phenotype (16). Even though causal mutations are not identified using either limited-panel or
whole-genome sequencing in ~90% of patients with early-onset disease (4, 17), the functional
characterization of rare, familial or de novo, monogenic lupus cases has provided fundamental
information on basic mechanisms upstream of the SLE phenotype(s) (18-27). Genome-wide as-
sociation studies (GWAS), on the other hand, identified >100 common alleles that contribute to
SLE risk (28, 29). Recently, a synergistic effect between heterozygous, ultrarare coding variants in
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genes associated with monogenic lupus and common risk alleles has been described, suggesting a
larger impact of rare variants than previously suspected (4).

In addition to genetic studies, high-throughput immune monitoring has informed on cells,
transcriptional pathways, and proinflammatory mediators that contribute to SLE pathogenesis.
Bulk and single-cell transcriptional profiles confirmed the increased expression of ISGs in pa-
tients’ blood and tissues such as skin and kidney (30-38). However, many questions remain about
the inducers, sensors, and cellular sources of interferon production in SLE. The contribution of
the different interferon families to disease is also difficult to assess, as quantification of type I and
IIT cytokines requires ultra-sensitive assays, and transcriptional programs used to monitor patients
overlap significantly among members of all three families. While type I interferon has been vali-
dated as a target with the approval of the first drug blocking IFNARI (39), the role(s) of type I and
type 11l interferon remain unresolved. IFN-y-producing and/or -responsive cells are expanded in
patients (40-42), and increased levels of IFN-y/IFN-y-inducible proteins precede clinical disease
onset and/or flares (43, 44). However, blocking IFN-y or upstream cytokines such as IL-12/IL-
23 failed to reach the expected end points in clinical trials (45, 46). Finally, type III interferons,
which are secreted by discrete immune cell subsets and tissue-resident cells (47), have not yet been
targeted therapeutically. Importantly, B cell subpopulations associated with SLE disease activity
express high levels of their receptor (40), supporting a potential pathogenic role.

A Complex Link Between Cell Death and Interferon in SLE

Double-stranded DNA (dsDNA) was one of the first autoantigens identified in SLE. Attempts
to understand its source and the conformation responsible for breaking immune tolerance led to
nucleosomes, the basic units of genomic dsDNA coiled around histone cores that are normally
compartmentalized and shielded within nuclei (48). A major mechanism that exposes nucleosomes
to the immune system is cell death. Programmed cell death in the form of apoptosis is immuno-
logically silent, while necrosis is regarded as proinflammatory. However, additional modalities of
cell death trigger inflammation (49, 50). Programmed necroses, including necroptosis, pyroptosis,
NETosis, and ferroptosis, lead to the release of inflammatory molecules in the form of danger-
associated molecular patterns (DAMPs). These different cell death programs have been considered
independent of each other, but their plasticity and interconnection are increasingly recognized
(50). Defects in apoptosis, and increased rates of ferroptosis and NETosis, have been associated
with SLE pathogenesis in mice and humans (51-53). Apoptosis can be triggered by extrinsic death
receptor pathways or intrinsic mitochondrial pathways, and it plays a physiological role during de-
velopment and aging while helping maintain tissue homeostasis (54). In the steady state, apoptotic
cells release find-me signals and expose eat-me signals on their surface, leading to their recogni-
tion and clearance by phagocytes. In addition, late apoptotic and necrotic cells are recognized by
complement initiators such as C1q, mannose-binding lectin, ficolins, and properdin, which trigger
complement activation and opsonization (55).

During apoptosis, chromatin DNA is digested intracellularly by DNA fragmentation factor
subunit beta (DFFB). Nucleosomes are then either released as cell-free monomers or polymers
or incorporated into membrane-coated vesicles or microparticles (56), which are all eventually
found in plasma (57). Microparticles expose nucleosomes on their surface, where they become
accessible to DNase1L.3, which together with DNasel is responsible for the bulk of DNase activity
in the circulation (58). DNaselL3 is unique in its capacity to digest membrane- and/or protein-
associated DNA, including intact chromatin (18, 59, 60) as well as long dsDNA fragments within
soluble polynucleosomes (61, 62). Following extracellular nuclease digestion, microparticles and
apoptotic bodies are cleared by phagocytes within lysosomal compartments, where any remaining
dsDNA is degraded by DNase2 (63).
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Specific cell types, such as granulocytes, have the unique capacity to expose genomic dsDNA
extracellularly as they die by NETosis. Neutrophil extracellular traps (NETs) are large, fibrillary
structures composed of cytosolic and granular proteins on a scaffold of decondensed chromatin
(64). NETosis is a physiological phenomenon intended to kill extracellular microbes without
overtly activating the immune system. This is accomplished in part by the prompt digestion of
NETotic dsDNA by the ubiquitous extracellular DNasel (52).

Inside the cell, genomic dsDNA is not restricted to the nucleus but is also present within
micronuclei, which arise as the result of genotoxic stress, as well as in the cytosol as the result,
for example, of reverse transcription of retroelements. There, DNA and DNA/RNA hybrids
are digested by the 3’ exonuclease TREX1 (65), which restricts DNA sensing by the cytosolic
cGAS-STING axis (66).

Alterations in any of the above-reviewed processes lead to disease, but the strongest link to
breaking tolerance to dsDNA and eliciting an SLE phenotype in humans remains the deficient
extracellular degradation of microparticle-associated nucleosomal DNA (18). Thus, defective ap-
optosis due to mutations in F4S/FASL gives rise to lymphoproliferation and lupus-like disease
in mice (67). In humans, F4S/FASL mutations also induce lymphoproliferation and autoimmune
manifestations as part of the so-called autoimmune lymphoproliferative syndrome (ALPS). Some
ALPS patients fulfill criteria for SLE diagnosis, but for the most part they can be distinguished
based on clinical and immunological features (68). Accumulation of cell debris, including genomic
dsDNA, was thought to underlie the strong association between deficiencies of early components
of the complement cascade, especially Clq, and SLE. As discussed later, this concept is being
revisited (25).

Defective degradation of extracellular dsDNA within microparticles, as seen in patients with
homozygous null mutations in DNASEIL3, causes early-onset familial SLE characterized by
prominent anti-dsDNA antibody response and renal involvement (69-71). In some cases, the
disease initially manifests as hypocomplementemic urticarial vasculitis syndrome (HUVS), but it
almost invariably progresses to severe SLE (71, 72). A coding polymorphism in DNASEIL3 that
gives rise to a hypofunctional protein (73) is also associated with autoimmunity, including SLE
(74). DNase1L3 deficiency provides ligands sensed by the endosomal TLR9/MyD88 axis. Impor-
tantly, studies using DNASEIL3 knockout mice confirm that this enzyme maintains tolerance to
self-DNA in a nonredundant manner (18).

Extracellular dsDNA release during NETosis has been extensively proposed to contribute to
SLE pathogenesis (75). In vitro, however, depolymerized nucleosomes within NETs are weakly
interferogenic when internalized by pDCs, and they are efficiently degraded by the DNasel activ-
ity of healthy human serum (64, 76). As reviewed elsewhere, the contribution of loss-of-function
(LOF) mutations in DNASEI to human SLE is controversial (77). Remarkably, however, sera from
approximately one-third of SLE patients fail to degrade dsDNA within NETs because of autoan-
tibodies that limit DNasel accessibility. Patients whose sera fail to degrade NETs tend to suffer
from a higher incidence of lupus nephritis. As DNasel is locally produced in the kidney, decreased
accessibility of this enzyme to in situ-generated, autoantibody-protected NETs could contribute
to this phenotype (52).

An additional form of neutrophil death recently linked to SLE is ferroptosis. Ferroptosis is
driven by iron-dependent reactive oxygen species (ROS) production and cell membrane lipid per-
oxidation and has been implicated in SLE neutropenia. As reported for NETosis, IgG and IFN-«
from SLE sera induce ferroptosis and lead to the release of neutrophil DAMPs. In a lupus mouse
model, suppression of ferroptosis reverted disease progression (78).

Downstream of cell death, remnants containing nucleic acids are digested within the lysoso-
mal compartment of phagocytes. Interestingly, the phenotype of mice and humans carrying LOF
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mutations in the lysosomal endonuclease DNASE? is distinct from SLE. In fact, this enzyme plays
a central role in the clearance of nucleic acids generated during enucleation of erythroid progeni-
tors. Consequently, its deficiency causes lethal anemia due to arrested erythropoiesis and activation
of type I interferon signaling through the cGAS/STING pathway (79). Blocking interferon sig-
naling in DNase2-deficient mice rescues lethality but gives rise to a deforming, noninflammatory
arthropathy. Importantly, humans carrying biallelic LOF mutations in DNASE? display a similar
phenotype, which is distinct from SLE (80).

Finally, cytosolic DNA and DNA/RNA hybrid accumulation as the result of TREX1 defi-
ciency causes encephalopathy within the spectrum of diseases associated with Aicardi-Goutiéres
syndrome (AGS) (81). About 50% of TREX1-deficient patients develop lupus manifestations;
however, they are mainly restricted to the skin (82). Mutations in additional AGS-associated
genes have been rarely reported in SLE patients (15, 83), although heterozygous variants might
contribute to the disease more than previously thought, as earlier discussed.

Opverall, of the growing number of Mendelian or de novo genotypes (>40) associated with
increased production of interferon and assembled under the term monogenic interferonopathies,
only a minority overlap with SLE (15, 83). Thus, in addition to those involving DNASE1L3 and
TREX]1, LOF mutations in ACPS5, which encodes a tartrate-resistant acid phosphatase (TRAP)
responsible for the phosphorylation of osteopontin in pDCs, cause SLE together with a syndromic
skeletal dysplasia (23, 24). In summary, the remarkable number of molecular pathways and wide
range of phenotypic manifestations associated with monogenic interferonopathies, which have
been thoroughly reviewed recently elsewhere (15), underscore the complex pathogenic role of
interferon and its triggers in human inflammatory and autoimmune diseases.

THE MULTIFACETED ROLE OF MITOCHONDRIA IN SLE

Loss of tolerance to nucleic acids in SLE has been traditionally linked to those of nuclear origin,
but mitochondrial nucleic acids are emerging as both antigenic targets and triggers of interferon
in this disease. Mitochondria are most recognized for their function in oxidative phosphoryla-
tion (OXPHOS), metabolism, and apoptosis. These organelles, which originate from bacteria,
contain their own nucleic acids enclosed within double membranes. In recent years, mitochon-
drial components have been identified as a major source of DAMPs. In particular, the circular
mitochondrial genome with hypomethylated CpG motifs resembling bacterial DNA activates a
plethora of pattern recognition receptors, including TLRY, cGAS, and inflammasomes (NLRP3
and AIM2), when released into either the cytoplasm or the extracellular space, leading to type I
interferon and/or IL-1 production (84).

Importantly, antibodies directed against an array of mitochondrial components, including
mitochondrial DNA (mtDNA), inner mitochondrial membrane (IMM) or outer mitochondrial
membrane proteins and lipids, matrix components, and mitochondrial RNA (mtRNA), have been
reported in SLE patients (85). A classic SLE specificity is cardiolipin, a phospholipid found
uniquely on the IMM. Anti-cardiolipin antibodies are detectable in patients with SLE and those
with primary antiphospholipid syndrome and are associated with thrombotic events and throm-
bocytopenia (86). HSP60, a chaperonin involved in mitochondrial protein transport, is also a
mitochondrial antigen in SLE (87). Similarly, autoantibodies against the IMM protein mitofusin 1
(MFNT1) seem to predict SLE disease activity and are associated with the presence of antiphos-
pholipid and anti-dsDNA antibodies (88). Finally, antibodies to whole mitochondria have been
described in active SLE patients. These antibodies do not overlap with the classic “antimitochon-
drial antibodies” (AMAs) detected in patients with primary biliary cirrhosis that target the M2
(2-oxo-acid dehydrogenase protein complex) antigen (89).
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Mitochondria Are a Source of Extracellular Interferogenic DNA in SLE

Along with genomic dsDNA, extracellular mtDNA is a constitutive component of NETs (90, 91).
Importantly, NETs released from SLE neutrophils are interferogenic due to an enrichment in
oxidized mtDNA (Ox mtDNA). Upon internalization by myeloid cells or pDCs, these NETS in-
duce type I interferon production through ¢GAS or TLR9 sensing, respectively (92, 93). Notably,
low-density granulocytes, a distinct proinflammatory neutrophil subset expanded in SLE (94),
spontaneously extrude NETS enriched in Ox mtDNA (92) (Figures 1 and 2).

Neutrophils and eosinophils also extrude mtDNA while alive as part of a process referred to
as vital NETosis (90, 91). This process is immunologically silent in the steady state, due to the
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Figure 1

Sources of pDC-activating nucleic acids in SLE. (@) FcyR-mediated internalization of SLE autoantibodies in pDCs delivers dsDNA
and single-stranded RINA into endosomal compartments, where they activate TLR7 and TLR9Y, respectively. (@) Extracellular
nucleosomal dsDNA is associated with microparticles from apoptotic cells. Under physiological conditions, DNaselL3 digests
microparticle-associated dsDNA. Loss-of-function DNASE1L3 mutations, or anti-DNase1L3 antibodies from SLE patients, lead to
nucleosomal dsDNA accumulation and TLR9-dependent pDC activation. (®) Type I interferon primes neutrophils to translocate
LL37 to the cell surface. Upon binding anti-LL37 antibodies, LL37-dsDNA complexes are extruded within NETs. LL37 facilitates
their internalization in pDCs and induces TLR9 activation. (®) SLE anti-Sm/RNP antibodies induce the extrusion of oxidized
mtDNA/TFAM complexes from type I interferon—primed neutrophils in the absence of cell death. TFAM-RAGE interaction favors
their internalization in pDCs and triggers TLR9 activation. () SLE immune complexes activate platelets in an FcyR-dependent
manner and induce the extrusion of entire mitochondria/mitochondrial DAMPs, including mitochondrial dsDNA. Abbreviations:
DAMP, damage-associated molecular pattern; dsDNA, double-stranded DNA; FcyR, Fey receptor; IFN, interferon; LOE, loss of
function; Ox mtDNA, oxidized mitochondrial DNA; NET, neutrophil extracellular trap; pDC, plasmacytoid dendric cell; SLE,
systemic lupus erythematosus; TFAM, transcription factor A, mitochondrial; TLR7, Toll-like receptor 7.
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Figure 2

Sources of myeloid cell-activating nucleic acids in systemic lupus erythematosus. (@) Type I interferon
impairs monocyte mitophagy, leading to cytosolic accumulation of mitochondrial dsDNA, cGAS activation,
and induction of a monocyte-derived inflammatory dendritic cell phenotype. (@) Upon leaking from the
mitochondrial matrix, mitochondrial dsRINA engages the RLR/MAVS pathway, leading to type I interferon
production. (8) mtROS can also trigger MAVS oligomerization in an RLR-independent manner.

(®) Anti-Sm/RNP antibodies induce NETs enriched in mitochondrial DNA. These NETs are internalized
in myeloid cells, through a mechanism yet to be determined, and trigger cGAS activation. (8) Antibody-
mediated internalization of RBCs carrying mitochondria (Mito™ RBCs) induces type I interferon production
upon leakage of mitochondrial DNA from the phagosome into the cytosol and activation of cGAS.
Abbreviations: dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; FeyR, Fey receptor; IFN,
interferon, mtROS, mitochondrial reactive oxygen species; NET, neutrophil extracellular trap; RBC, red
blood cell; RLR, RIG-I-like receptor.

efficient intracellular removal of oxidized residues prior to the externalization of mitochondrial
components. This is accomplished by the internal routing of Ox mtDNA to lysosomes for degra-
dation (95). The combination of type I interferon and anti-Sm/RNP antibodies interferes with
this lysosomal routing pathway and results in mitochondrial retention and eventual extrusion of
interferogenic complexes composed of Ox mtDNA bound to TFAM (transcription factor A, mi-
tochondrial), which is responsible for coiling mtDNA into nucleoids. Accordingly, abundant Ox
mtDNA is visualized within mitochondria in ex vivo SLE blood neutrophils (95). Interestingly,
the release of mitochondrial components from live cells, including neutrophils, has been recently
reported as an alternative quality control mechanism in migrating cells. Defective mitochondria
translocate to the plasma membrane at the trailing edge, where they are incorporated into small
vesicular structures that form within the retraction fibers. These structures are then left behind
the migration path, in a process called mitocytosis (96). Whether a similar mechanism participates
in the extrusion of mtDNA from live neutrophils requires further elucidation.
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In addition to granulocytes, platelets have emerged as a source of extracellular mtDNA in SLE.
In this context, immune complex—activated platelets extrude mitochondria that, unless rapidly
cleared, loose their membrane integrity, causing the release of inflammatory DAMPs, including
mtDNA (97). Like the case of neutrophils, the release of mitochondria from platelets requires
activation through FeyRITA, supporting an additional pathogenic role of autoantibodies and/or
immune complexes in this process (Figure 1). It has been proposed that platelet-mediated re-
lease of proinflammatory mitochondrial components might also contribute to the cardiovascular
morbidity and mortality risk of SLE patients (98).

Mitochondria Are a Source of Intracellular Interferogenic Nucleic Acids in SLE

Mitochondria are not only a source of extracellular DAMPs. In fact, a wide array of mitochondrial
stressors, including environmental insults, oxidative and proteotoxic stress, impaired autophagy,
mtDNA mutations, and infection, have been reported to trigger mtDNA release into the cytosol
and cell-intrinsic production of type I interferon and/or IL-1p (84). This phenomenon plays im-
portant protective roles when induced by pathogens, as it promotes an antiviral state (99), or upon
genotoxic stress as it activates the DNA repair pathway (100). However, if dysregulated, the release
of mtDNA into the cytosol triggers a proinflammatory response (84). For example, by studying
cells lacking the mitochondrial endonuclease G (EndoG), Kim et al. (101) found that voltage-
dependent anion-selective channel 1 (VDACI) oligomerization is responsible for the release of
cytosolic mtDNA. The same study showed that high levels of VDACI oligomers and cytosolic
mtDNA are present in both Mp]J-Fas?" lupus-prone mice and SLE PBMCs. Importantly, both
a type I interferon signature and levels of cytosolic mtDNA were reduced in these mice upon
inhibition of VDACI oligomerization, which also alleviated lupus-like symptoms (101).

Mitochondria also contain dsRNA that, when relocated into the cytosol, leads to innate im-
mune activation. Indeed, loss of the mitochondrial degradosome components helicase SUV3 and
polynucleotide phosphorylase PNPase results in a massive accumulation of dsRNA that escapes
into the cytoplasm. This mitochondrial dsSRINA engages an MDAS5-driven antiviral signaling path-
way that triggers type I interferon. Consistently, patients carrying mutations in PNPT1, which
encodes PNPase, display mitochondrial dsRNA accumulation coupled with upregulation of ISGs
and additional markers of immune activation (102). Similarly, upon mtDNA breaks, BAX/BAK
macropores enable the release of mitochondrial dsRNA into the cytoplasm, which triggers a
RIG-I-dependent response (103). Whether mitochondrial dsRNA leakage is involved in type I
interferon production in SLE patients remains to be elucidated. Interestingly, the sensing of mi-
tochondrial dsRNA by endolysosomal TLRs, such as TLR7, has been shown to induce type I
interferon production and an autoimmune phenotype in mice lacking the GTPase IRGMI, a
mitophagy inducer (104) (Figure 2).

It is worth highlighting that both MDAS and RIG-I-driven signal transduction pathways are
mediated through the mitochondrion-localized protein MAVS (102, 103). Thus, mitochondria
play a dual role in this context by being a source of innate immune stimuli (mitochondrial
dsRNA) and their transducing downstream signals through MAVS. Importantly, SLE PBMCs
display spontaneous MAVS oligomerization in correlation with type I interferon activity and
mitochondrial oxidative stress (105), and all of these are reverted by the mitochondrion-targeted
antioxidant MitoQ (105). These findings suggest that mitochondria, through both RLR-
dependent and RLR-independent MAVS oligomerization, may contribute to the SLE type I
interferon activity (Figure 2).

Opverall, different mechanisms that result in loss of mitochondrial integrity and/or compart-
mentalization might contribute to SLE pathogenesis through the release of mitochondrial nucleic
acids into the extracellular space or the cytosol. Oxidation, which takes place in the steady state
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in neutrophils, enhances the proinflammatory potential of mtDNA. As discussed below, this pro-
cess might contribute not only to amplifying interferogenic loops but also to skewing downstream
adaptive immune responses in SLE.

Mitochondrial Quality-Control Defects in SLE: Links with Interferon

In addition to nucleic acids, other mitochondrial DAMPs such as mitochondrial ROS (mtROS) ac-
tivate innate immune responses. However, different mechanisms involved in mitochondrial quality
control, such as mitophagy and activity of mitochondrion-derived vesicles (MDVs), are in place
to maintain homeostasis and avoid the production and/or release of mitochondrial DAMPs. In-
creasing evidence supports that impaired mitochondrial quality control might be involved in SLE
pathogenesis. Importantly, interferon can be upstream or downstream of these defects.

Macroautophagy, hereafter referred as autophagy, is responsible for the catabolism of cellular
components through their encapsulation by the autophagosome, a double-membrane structure.
Eventually, fusion with the lysosome degrades the cargo, which can be reused or catabolized
for energy production. Several types of autophagy have been identified. Nonselective autophagy
occurs upon nutrient deprivation to supply cells with essential metabolic building blocks. In
contrast, cargo-specific autophagy occurs under nutrient-rich conditions to mediate the removal
of superfluous or damaged organelles and protein aggregates. An example of cargo-specific au-
tophagy is mitophagy (106). Genetic links between SLE and autophagy, such as polymorphisms
in ATGS5 and AT'G7, have been described, but whether these alleles affect mitophagy remains
unknown (107, 108).

Cell-specific defective mitophagy has been reported in SLE. For example, SLE CD4*
T cells display mitochondrial dysfunction characterized by increased mitochondrial mass
(megamitochondria) and hyperpolarization, which has been proposed to contribute to abnormal
T cell activation (109). Multiple mechanisms have been invoked, including defective mitophagy
(110). A potential contributor to defective mitophagy in SLE CD4* T cells is overexpression of
HRES-1/Rab4, a small GTPase that regulates endosomal traffic and promotes the degradation
of the mitophagy initiator Drpl. In line with this, rapamycin, a potent autophagy/mitophagy in-
ducer, ameliorates disease severity and mitochondrial dysfunction via mTOR inhibition in CD4*
T cells from both MRL//pr mice and SLE patients (111). Mitophagy also controls CD8* T cell
activation and function. In SLE, a pathogenic role has been proposed for the NAD* modulating
ectoenzyme CD38, which negatively regulates CD8* T cell mitochondrial fitness and cytotoxic
function. By reducing cellular NAD™ levels, CD38 suppresses the activity of sirtuins and limits the
recruitment of damaged mitochondria to the phagophore, where they are normally encapsulated
within the autophagosome through the PINK1-Parkin pathway. CD38 also diminishes lysosomal
acidification by reducing the expression of V-ATPase. These events result in reduced mitophagy
and accumulation of damaged, depolarized mitochondria (112). Furthermore, exposure of healthy
CD8* T cells to IFN-a increases NAD* consumption through the upregulation of CD38 (113).
These data suggest that both cell-intrinsic as well as cell-extrinsic factors, such as type L interferons,
might be upstream of abnormal mitophagy and subsequent activation of SLE T cells.

Type I interferon signaling also affects mitophagy in myeloid cells. It was described more than
20 years ago that IFN-a activity within SLE sera instructs monocytes to differentiate into DCs
able to sustain the survival and expansion of autoreactive lymphocytes (114). More recently, ex-
posure of monocytes to IFN-a was reported to alter lysosomal acidification and cause defective
mitophagy, resulting in the accumulation of cytoplasmic mtDNA, STING activation and type I
interferon—dependent induction of monocyte differentiation into DCs (115) (Figure 2).

A link between defective mitophagy and a systemic interferonopathy with autoimmunity has
been recently described in IrgmI-deficient mice. IRGMI1 is a dynamin-like immunity-related
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GTPase (IRG) required for the lysosomal degradation of autophagosomes. Its deficiency
promotes lysosomal dysfunction in fibroblasts, allowing the cytoplasmic activation of the
c¢GAS-STING pathway through cytosolic mtDNA. Within macrophages, IRGMI1 supports
autophagosome-lysosome fusion to degrade mitochondrial dsRNA, which in turn prevents
the activation of endosomal TLR7. As a result, IrgmI-deficient mice develop a systemic
interferonopathy with Sjégren syndrome-like symptoms (104).

Besides its role in mitochondrial quality control, mitophagy also plays a fundamental role dur-
ing development and differentiation of specific cell lineages. For example, during terminal lens
differentiation in the eyes of vertebrates, all membrane-bound organelles, including mitochondria,
undergo complete degradation (116). Likewise, mammalian erythropoiesis involves enucleation
and removal of cytosolic organelles, including mitochondria, as proerythroblasts differentiate into
reticulocytes and eventually mature red blood cells (RBCs). We recently reported that “physio-
logical erythroid mitophagy” is defective in SLE, especially in patients with high disease activity,
resulting in mature RBCs that retain mitochondria (Mito™ RBCs) (117). The mechanism under-
lying erythroid mitophagy has been well-characterized in mice (118) but was missing in humans.
Toward this end, we used an in vitro model of human terminal erythroid differentiation (119)
starting from PBMCs from patients and controls. Using this system, we demonstrated that a
metabolic switch from glycolysis to OXPHOS regulated by the degradation of hypoxia-inducible
factor 2a (HIF2a) controls activation of the ubiquitin-proteasome system (UPS) and subsequently
the autophagy-mediated removal of mitochondria in humans. A defect in HIF2a degradation re-
sults in mitochondrial retention within SLE RBCs. Importantly, this phenotype is not directly
triggered by type I interferon (117), and the mechanisms that control HIF2« levels during hu-
man erythropoiesis remain unknown. Of relevance to SLE, Mito™ RBCs carry an extra load of
mitochondrial DAMPs as they leave the bone marrow. Importantly, a significant number of SLE
patients display antibodies that bind RBCs and opsonize them through FeyR within myeloid cells.
This triggers the production of type I interferon in trans, in a Mito" RBC mtDNA- and myeloid
cGAS/STING-dependent manner (117) (Figure 2).

In addition to mitophagy, MDVs—small vesicular carriers that transport mitochondrial pro-
teins and lipids—participate in mitochondrial quality control. Thus, MDVs are involved in the
constitutive delivery of proteins from mitochondria to lysosomes or peroxisomes, where they are
degraded or participate in peroxisomal de novo biogenesis, respectively. In addition, MDVs reg-
ulate mitochondrial motility in axons, selectively package mitochondrial proteins in extracellular
vesicles, and participate in mitochondrial antigen presentation during infections (120). MDVs
also play a role in neutrophil mitochondrial quality control (95). As reported in earlier sections
of this review, human neutrophils extrude mitochondrial components, both during NETosis as
well as in the steady state. The latter results from the neutrophil’s inability to complete mi-
tophagy in response to mitochondrial damage. Instead, Ox mtDNA is routed to lysosomes for
degradation within MDV-like vesicles. This micromitophagy process is altered when human neu-
trophils are exposed to type I interferon and to immune complexes that activate TLR7/8, leading
to mitochondrial retention and eventually extrusion of highly immunogenic nucleoids (95).

The above-outlined observations reveal important connections between defective mitochon-
drial quality control measures affecting different cell types and the pathogenesis of SLE. Some of
these can be ascribed to dysregulation of cell-intrinsic factors (i.e., hypoxia-related transcription
factors or mitophagy regulators), whereas others are associated with cell-extrinsic factors such as
cytokines, especially type I interferon, and/or SLE-specific autoantibodies. In the absence of di-
rect genetic links, these alterations might represent disease amplification phenomena rather than
upstream causes of SLE. Understanding their contribution to disease in individual patients might
be fundamental to enable patient stratification toward targeted therapeutic interventions.
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Mitochondrial Metabolic Defects as Therapeutic Targets in SLE

Mitochondria contribute to cellular homeostasis through maintaining ATP levels as well as gen-
erating low levels of ROS, which is important for cell signaling. These two processes are linked
through the electron transport chain. The electron transport chain is composed of four multimeric
protein complexes located in the IMM that transfer electrons from donors to acceptors in a pro-
cess known as oxidative phosphorylation (OXPHOS). The electron donors NADH and FADH2
are produced by the Krebs cycle, which is a chain of enzymatic reactions that oxidize fatty acids,
glutamine, and acetyl-CoA derived from pyruvate. Defects in electron transport chain function
and/or abnormalities in the Krebs cycle leading to accumulation of metabolite intermediates as
well as mtROS have been described in inflammatory diseases (121). Notably, increased oxidative
stress and mtROS production are features of SLE and have been considered as therapeutic targets.
Recent evidence supports that type I interferon and early complement components contribute to
these metabolic alterations.

Type I interferon affects mitochondrial function and enhances oxidative metabolism in mul-
tiple cell types (122). As reviewed earlier, IFN-a-treated monocytes accumulate mtROS and
cytoplasmic mtDNA due to defective mitophagy flux, inducing an inflammatory DC pheno-
type (115). Type Linterferons also promote, through an autocrine interferon receptor—dependent
pathway, changes in pDC cellular metabolism characterized by increased fatty acid oxidation and
OXPHOS. Direct inhibition of fatty acid oxidation or fatty acid synthesis prevents full pDC activa-
tion (123), supporting that targeting OXPHOS could be exploited therapeutically in SLE. Type I
interferons affect OXPHOS in other immune cells, including memory CD8* T cells (124). Thus,
CD8* T cells treated with type I interferon or isolated from the blood of SLE patients display
enlarged mitochondria and lower spare respiratory capacity, which is associated with cell death
upon rechallenge with T cell receptor agonists (113).

The well-established association between SLE and complement Clq deficiency also in-
volves CD8" T cell mitochondrial metabolism (125). Accordingly, C1q modulates mitochondrial
mass and biogenesis through interaction with the globular Clq receptor (p32/gClqR), a
mitochondrion-encoded cell surface protein (25). In a chronic graft-versus-host disease model
of SLE, C1q dampened CD8" T cell differentiation toward an effector phenotype and reduced
responses to self-antigens, thus acting as a metabolic rheostat for effector CD8' T cells (25).

Intermediates of the Krebs cycle, such as succinate, play a crucial role in ATP generation within
mitochondria. Recently, however, new roles for succinate outside metabolism have emerged (126).
Upon deletion of mitochondrial complex III in regulatory T cells (Tregs), for example, a buildup
in succinate alters the expression of genes associated with Treg suppressive functions. An epige-
netically mediated inhibition of the ten-eleven translocation (TET) family of DNA demethylases
might contribute to this phenotype (127). Succinate has also been shown to contribute to B cell
responses in SLE. Thus, an IL-10"/IFN-y* memory CD4% T cell subset expanded in blood
and kidney from pediatric SLE patients with proliferative nephritis produces mtROS as the re-
sult of reverse electron transport fueled by succinate. Importantly, these cells provide B cell help
through the synergistic effect of IL-10 and succinate. Similar cells are generated in vitro upon
priming naive CD4" T cells with pDCs exposed to neutrophil-derived Ox mtDNA, establishing
another link between type I interferon, oxidative stress, and adaptive immune alterations in SLE
42).

Succinate stabilizes the transcription of hypoxia-inducible factors (HIFs) in different cell types,
including tumor cells and activated macrophages (128). Whether this metabolite is involved in
mitochondrial retention during SLE erythropoiesis as the result of HIF2a stabilization remains
to be addressed (117). HIF dysfunction has also been reported in renal-infiltrating CD4" and
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CD8" T cells from lupus nephritis patients (129). Overexpression of HIF1 protein levels and
HIF-dependent genes is associated with altered T cell metabolism and decreased apoptosis, thus
favoring kidney inflammation. Perturbation of these environmental adaptations by selective HIF1
blockade reverted this phenotype in murine lupus models (129). Notably, this phenotype differs
from the one observed in interferon-treated CD8" T cells that undergo cell death due to increased
NAD™ consumption and impaired mitochondrial respiration (113).

It is important to highlight that although the ultimate causes of mitochondrial metabolic
dysfunction in SLE are probably multifactorial, genetic factors might be at play. In humans, a
single-nucleotide polymorphism (SNP) variant of the ATP6 or FOF1-ATPase gene (complex V)
has been associated with SLE (130). Inhibition of this AT Pase leads to mitochondrial hyperpolar-
ization and ATP depletion, which are observed in SLE. The murine lupus susceptibility locus
Slelc2 defines the ESRRC gene, a known regulator of mitochondrial function. Decreased ex-
pression of this gene in mice contributes to mitochondrial dysfunction, increased mtROS, and
abnormal CD4" T cell activation with increased IFN-y production (131).

These recent advances in immunometabolism point to the importance of this area of research
and the potential of testing whether Krebs cycle metabolite intermediates that play a role in
immune signaling could be targeted in SLE. Itaconate, for example, is an immunomodulatory
metabolite with therapeutic potential (132). In addition to enhancing the oxidation of succinate
to fumarate, and therefore reducing intracellular succinate accumulation, itaconate triggers multi-
ple anti-inflammatory pathways (133). Permeable itaconate and 4-octyl itaconate restricted type 1
interferon and inflammatory cytokine production by macrophages (134). When added to PBMCs
from SLE patients, it activated Nrf2 signaling and decreased proinflammatory cytokines such as
TNF-o and IL-6 (135). Metformin is a drug widely used to treat type 2 diabetes, as it prevents glu-
coneogenesis. Metformin transiently inhibits mitochondrial electron transport chain complex I,
therefore decreasing OXPHOS and ATP production and indirectly leading to AMPK activation.
Metformin plays anti-inflammatory roles by promoting Treg differentiation and blocking STAT3
activation, which has been attributed to either AMPK activation/mTORCI inhibition or increased
fatty acid oxidation (136). In vitro, metformin inhibits IFN-y and promotes IL-2 production by
CD4" T cells from SLE patients and lupus-prone mice (137). The combination of metformin and
2-deoxy-glucose, an inhibitor of glycolysis-derived pyruvate, reversed disease activity biomarkers
in several murine lupus models in correlation with decreased CD4* T cell mitochondrial acti-
vation (137). Metformin also reduced the response of SLE CD4* T cells to type I interferon
by inhibiting STAT1 phosphorylation (138), suggesting that it may benefit SLE patients with
high type I interferon activity. Indeed, in randomized trials, metformin added to standard-of-care
treatment reduced the risk of SLE disease flares and corticosteroid exposure, although these ef-
fects were mainly observed in patients with mild disease activity who were seronegative at baseline
(139, 140).

INTERFERON AND SLE AUTOANTIBODIES: FRIENDS OR FOES?

Autoantibodies to nuclear antigens are a hallmark of SLE, but cytosolic, cell surface, and extra-
cellular antigens are also targeted in this disease. Among them, only a few antibody specificities
are known to play a direct pathogenic role. SLE autoantibodies, however, impact interferogenic
and proinflammatory pathways through a variety of mechanisms. Furthermore, a series of classic
and recently described auto-specificities mimic genetic defects associated with monogenic in-
terferonopathies and lupus. SLE autoantibodies can also target and neutralize interferon family
members. This illustrates the complex role of SLE autoantibodies beyond the traditional view as
passive inducers of inflammation upon immune complex deposition in target tissues.
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Prointerferogenic Autoantibodies

SLE autoantibodies contribute to activation of the interferon system through their capacity to
carry and deliver, through FeyR-mediated internalization, nucleic acids otherwise inaccessible to
intracellular sensors such as endosomal TLRs and cytosolic ¢cGAS. In vitro, for example, IFN-a
and ISGs are induced when unfractionated PBMCs or pDCs are cultured with SLE serum, pu-
rified serum IgG, or reconstituted immune complexes containing autoantibodies against RNA,
necrotic or apoptotic cellular material (5). This effect is inhibited by Fcy blockade or the addition
of nucleases, and it is augmented by NA-binding proteins such as HMGB1 or LL37 (141, 142),
which are also SLE antigenic targets (143). The in vivo significance of these findings is supported
by the correlation between the presence of these auto-specificities and a type I interferon signa-
ture in SLE blood (144). Anti-RNA/RNP autoantibodies not only carry TLR7 ligands capable
of inducing interferon production by pDCs but also trigger release of interferogenic Ox mtDNA
from neutrophils (92, 95).

As described earlier, RBCs and anti-RBC autoantibodies act as Trojan horses in SLE. Thus,
defective erythropoiesis leads to mitochondrial retention in mature RBCs from a subset of SLE
patients. Opsonization of Mito™ RBCs within myeloid cells and leakage of Mitot RBC—derived
mtDNA into the cytosol lead to ¢cGAS/STING activation, triggering the production of type I
interferon (117) (Figure 2). Opsonizing antibodies might directly recognize surface antigens on
RBCs or be associated with complement-fixing immune complexes through complement receptor
type 1 (CR1), also on the RBC surface. Interestingly, although the direct binding of antibodies to
RBC:s is a hallmark of autoimmune hemolytic anemia, immune complex binding to CR1 is not
associated with hemolysis (145). Indeed, overt hemolysis is rare in SLE, supporting the latter sce-
nario. Whether additional cell types such as platelets, which carry a plethora of potential DAMPs,
play an inflammatory role in SLE through similar mechanisms remains to be explored.

Another mechanism by which SLE autoantibodies contribute to interferon production is by
interfering with extracellular nucleic acid degradation. For example, autoantibodies that recog-
nize NET components protect extracellular dsDNA from DNasel-mediated degradation (146,
147), and their presence is associated with lupus nephritis (52). Recently, autoantibodies targeting
DNaselL3 have been described in >50% of patients with sporadic SLE and lupus nephritis. These
autoantibodies reduce DNaselL3 enzymatic activity and consequently decrease microparticle-
associated dsDNA degradation (Figure 1). Importantly, their presence correlates with overall
disease activity, supporting an upstream pathogenic role (148). Cellular debris, another source
of extracellular nucleic acids, is removed by phagocytes through a process involving numerous
players, including Clq. Anti-C1q antibodies reduce C1q protein levels and impair the clearance
of dying cells, therefore mimicking deficiency of Clgq, one of the strongest genetic risk fac-
tors for early-onset SLE (149). Whether these autoantibodies also interfere with CD8" T cell
mitochondrial function remains to be addressed.

Anti-interferon Autoantibodies

SLE autoantibodies also target the interferon pathway. Anti-cytokine autoantibodies are actually
a component of the healthy immune repertoire and may regulate cytokine biology by reducing
their production or by prolonging their half-life (150). In SLE patients, autoantibodies against
multiple cytokines including type I and II interferons, G-CSE, TNF, IL-1, IL-6, and IL-10 have
been reported (150). In fact, autoantibodies against type I and II interferons are present in sera
from up to 27% of SLE patients (151). While in nearly 50% of SLE patients with anti-type I
interferon autoantibodies the target cytokine is neutralized, anti-type I interferon autoantibodies
do not display blocking activity. As expected, the presence of neutralizing anti-type I interferon
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autoantibodies is associated with significantly lower levels of interferon bioactivity and lower
disease activity (152). Surprisingly, non-neutralizing anti-IFN-y autoantibodies correlate with
greater disease activity, higher titer of anti-dsDNA antibodies, and increased ISG expression
(153). Whether this is mediated through increased half-life of the target cytokine remains to be
determined.

RECENT INSIGHTS INTO THE ORIGIN OF SLE AUTOANTIBODIES

Autoreactive B cells are a hallmark of SLE. Not surprisingly, genetic studies of de novo or familial
SLE cases using genome-wide approaches confirm that intrinsic B cell defects lead to SLE (83,
154, 155). Among these, homozygous missense mutations in PRKCD, encoding protein kinase §
(PKC3), confer resistance to B cell receptor (BCR)- and calcium-dependent apoptosis and result
in defective deletion of autoreactive B cells and lymphoproliferation (156). Variants in BLK, an Src
B kinase relevant to signaling downstream of the BCR and type I interferon, have been implicated
by GWAS in multiple autoimmune diseases. Importantly, rare damaging variants of BLK were
found in ~12% of patients with SLE, whereas variants found in healthy controls were not delete-
rious. BANKI encodes a catalytically inactive scaffolding protein thought to recruit BLK, among
other phosphokinases, to signal in response to BCR ligation. A common BANKI SNP has been
associated with several autoimmune diseases. Similar to BLK, a rare variant of BANKI resulting
in enhanced nuclear localization of IRF5 was found restricted to SLE patients (19).

In the end, regardless of whether the upstream genetic pathway leading to SLE is B cell-
intrinsic (e.g., PRKCD, BLK, etc.) or —extrinsic (e.g., Clg, DNASEIL3, etc.), autoantibody
specificities against antigens such as dsDNA, Smith antigen (Sm) and RNPs become prevalent.
The microenvironment and the B cell pathways involved in the generation of these autoantibod-
ies have been long debated. T cell-dependent B cell activation starts at the T cell-B cell border
in secondary lymphoid organs. B cells then either migrate to extrafollicular foci, quickly expand,
and become short-lived plasmablasts or enter germinal centers (GCs), which are the major sites
of affinity maturation and long-term memory and plasma cell generation (157) (Figure 3). A
load of somatic hypermutation detected in autoantibodies from SLE patients supports their GC
origin (158, 159). However, quantitative longitudinal assessment reveals different antibody pat-
terns depending on their specificities (160). Thus, levels of anti-Sm and anti-RINP antibodies are
relatively stable and resistant to antiproliferative therapies, supporting a long-lived plasma cell
origin. In contrast, levels of anti-dsDNA antibodies fluctuate with disease activity and decrease
after antiproliferative therapy (161), supporting their short-lived plasmablast origin. Consistently,
pathogenic autoantibodies have been shown to derive from extrafollicular reactions in multiple
lupus mouse models (20, 162-164). Features of this response include its localization in the bridg-
ing channels of the spleen or the medullary cords of lymph nodes and its independence from Bcl6
expression in B cells.

The Extrafollicular B Cell Compartment as a Source of SLE Autoantibodies

The recent definition of extrafollicular B cell markers has fueled interest in the contribution of
this pathway to infectious (165-167) and autoimmune (40, 168, 169) diseases. In SLE, two sub-
sets of extrafollicular B cells were reported to expand during active disease, especially in patients
of African American descent: an IgD"CD27~ Mitotracker Green™ activated naive (aNAV) cell
population (169) and a subset within the IgD~CD27~ double negative (DN) memory compart-
ment characterized by expression of CD11c and T-bet, lack of the follicular markers CXCR5 and
CD21, and increased responsiveness to TLR7 (DN2) (40).

aNAV and DN2 cells share phenotypic markers with a subset of B cells first described in mice as
aged-associated B cells (ABCs). ABCs were characterized in the spleen by the expression of CD11c

Caielli » Wan o Pascual



Bone marrow Blood Secondary lymphoid organ

_1hi +
P? :] ‘El'chR1%" PD1h CXCR3*
TiR7 Transitional B @ Th10
GOF
& P2RY8 CXCR5-T helpers
Immature B LOF
° °° 0@
e §.° o ° °\e IFN a
JIE21 Sed e e/l .
° o #1L-10 /4 ° > °
°°’ Uo %) o o /o0 lFN_Yo @ Q N
“o YoV, V Succinate
o
O °® o: 1 2
f « &5 -
° o %o °
IFN o Microparticle
pDC
< — NAV
breB @ DNASE1L3
re ( LOF
-— DN2 TLR7 '\ Naive B / P2RY8

<«— P2RY8

, GOF LOF GCB
<= -—
GC

Plasma cells / e Tth
° ° 9,

GOF LOF
Long-lived
plasma cells TR7 = ({ Follicle l /\/

£ °
olL-21%

Figure 3

Amplification of extrafollicular antibody generation in systemic lupus erythematosus. There are multiple checkpoints of B cell tolerance
along the trajectory of B cell development (upper left, purple) and two T cell-dependent B cell differentiation pathways (GC response,
originated from follicle in blue; extrafollicular response, outside follicle in red). These are fueled by different subsets of T helper cells
(peripheral helpers on the upper right, and follicular helpers within GCs). Checkpoints of B cell tolerance are impacted in monogenic
lupus. P2YR8 LOF leads to increased AKT and ERK activity in B cells, which disrupts B cell negative selection from transitional to
follicular stage and promotes plasma cell differentiation. P2YR8 LOF prevents GC confinement of B cells and thus disrupts GC
tolerance checkpoints. TLR7 GOF drives aberrant survival of B cell receptor—activated immature B cells and amplifies both GC and
extrafollicular responses. DNASEIL3 LOF leads to the accumulation of microparticle-associated DNA, which is sensed by TLR9 in
pDCs. Type I interferon and additional pDC-derived signals amplify extrafollicular responses by promoting the differentiation of
extrafollicular helper T cells (Th10 cells) as well as extrafollicular B cells. Abbreviations: aNAV, activated naive; GC, germinal center;
GOFE, gain of function; LOEF, loss of function; pDC, plasmacytoid dendritic cell; Tth, T follicular helper; TLR7, Toll-like receptor 7;
Tph, T peripheral helper.

and CD11b, absence of CD21 and CD23, and, in ~50% of them, expression of T-bet. As their
name indicates, these cells accumulate with age, especially in female mice (170, 171). Moreover,
ABCs prematurely expand and play a pathogenic role in different murine lupus models (170, 172).
Several human B cell subsets resembling ABCs have been described according to the expression of
different markers in distinct contexts. In addition to aNAV and DN2 cells, T-bet*CD11c" B cells
were reported to be expanded in SLE (173, 174), and CD27-CD21°FCRL4" atypical memory
B cells were found expanded in malaria (175, 176) and HIV (177) patients. These cell populations,
as defined by expression levels of CD21,CD11¢, T-bet, or combinations thereof, are different from
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CD27* conventional memory B cells expressing low levels of CD21, which are transiently induced
after immunization and are thought to represent recent GC graduates (178). Healthy CD21'"
B cells display variable levels of CD11c¢ (179, 180). CD11c*t B cells are, on the contrary, remark-
ably enriched in CD21'" expressors (181). T-bet is also enriched in CD21" B cells, and to a greater
extentin CD21°CD11c" B cells. Moreover, single-cell proteotranscriptomics of B cells from a pa-
tient with inherited T-bet deficiency revealed an absence of ABC-like cells, establishing T-bet as an
essential transcription factor for these cells’ development (179). Zeb2, another transcription factor
highly expressed in DN2 cells (40), might be induced by T-bet as shown in cytotoxic T cells (182).

Despite the recent advances in their phenotypic characterization, the extrafollicular origin
of human ABC-like B cells requires further clarification. Expression of CXCRS5, the main fol-
licular homing chemokine receptor, is heterogeneous among CD21 B cells (180) but almost
uniformly downregulated in CD21°CD11c* and/or T-bet™ B cells (40, 168). In the end, how-
ever, all the major B cell compartments defined by CD27 and IgD, including naive (CD27~IgD"),
conventional memory (CD27%), and DN (CD27-IgD™) B cells, may contain a subpopulation of
T-bettCD11ctCD21'" ABC-like cells (40, 168, 180). In the context of SLE, most ABC-like cells
are found, however, within the DN2 compartment (40, 174).

Within SLE patients, aNAV cells and DN2 cells share similar transcriptomes and exhibit a sub-
stantial level of clonal connectivity. Furthermore, both are precursors of antibody-secreting cells
(40). The expression levels and target genes of IRF4, a transcription factor essential for plasma cell
differentiation (183), are enriched in DN2 cells (40). Consistently, BACH2, IRF8, and EST1, tran-
scription factors that repress plasma cell differentiation (184), are downregulated in DN2 cells, and
protein levels of BLIMP-1, a transcription factor that induces plasma cell differentiation, increase
gradually along a naive, aNAV, and eventually DN2 cell trajectory. Similar to plasma cells, which
downregulate surface BCRs, DN2 cells express 50% lower levels of surface immunoglobulin com-
pared with their CD27% memory B cell counterparts (40). Neither their potential to differentiate
into plasma cells nor their low expression levels of the lymph node homing receptors L-selectin
(CD62L) and CXCRS are, however, direct evidence that DN2 cells are generated extrafollicularly.
In this context, the frequency of somatic hypermutation within aNAV and DN2 cells is at an in-
termediate level between naive and switched memory B cells, which could still support their GC
origin if the eventual loss of follicular homing markers would preclude GC recycling and further
accumulation of somatic hypermutation.

T Cell Dependence of Extrafollicular B Cell Responses in SLE

GC responses are mostly T cell dependent, but T cell-independent GCs have been well-
characterized and shown to contribute to long-lived memory and plasma cell responses, such as
those to bacterial polysaccharide antigens (185). The extrafollicular response can also be depen-
dent or independent of T cells. A fundamental B cell survival signal provided by T helper cells is
CDA40L. aNAV and DN2 cells downregulate TRAFS, an essential mediator of CD40 signaling,
and are consequently hyporesponsive in vitro to CD40L stimulation. While in vitro generation
of DN2-like cells from naive B cells proceeds in the absence of CD40L (40), BAFE, which has a
redundant downstream signal with CD40L, induces DN2 differentiation from naive B cells (40).
Importantly, cytokines required for DN2 induction and further antibody-secreting cell differen-
tiation such as IL-21,IL-2, and IFN-y (41) are predominantly derived from T cells. Consistently,
IL-21 deficiency completely abolishes the accumulation of ABCs in a SWAP-70~/~ and DEF6~/~
mouse model of lupus. In the same model, lack of SAP, an adaptor protein that sustains T cell-B cell
interactions (186), inhibits the accumulation of ABCs (187). Recently, the blood B cell compart-
ment of patients with monogenic defects in IL21R, [IFNGRI, and CD40/CD40L was shown to have
lower frequencies of CD21% B cells (180), supporting their in vivo dependence on T cell signals.
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Extensive efforts have been made to identify the T cell subset(s) involved in extrafollicular B cell
help in SLE. The first well-characterized extrafollicular helper subset in humans (T peripheral
helper cells) was described in the synovium of patients with rheumatoid arthritis. These cells,
identified as CD4* CXCRS~ PD1" T cells, provide B cell help through IL-21, CXCL13, and
SLAMFS5 (188). T peripheral helper cells were later found expanded in SLE blood (189). Recent
studies, however, support that additional T cell subsets contribute to extrafollicular B cell help in
SLE. Thus, pediatric SLE blood contains an expanded CD4*IL-10"IFN-y* T helper population
(Th10) (42). As T peripheral helper cells, Th10 cells express high levels of PD1, lack CXCR5
expression, and exhibit chemokine receptors (CXCR3) and transcription factors (T-bet) related
to Thl cells. In addition, Th10 cells accumulate the metabolite succinate as the result of reverse
electron transfer. Blood Th10 and T follicular helper (Tth) cells are equally effective at inducing
naive and memory B cell differentiation into antibody-secreting cells, but the helper function of
Th10 cells is independent of IL-21 and dependent on IL-10 and succinate. Expansion of Th10
cells in SLE blood correlates with IgG and IgA levels and with the frequency of ABC-like cells
(42). Similar cells have been reported in the context of COVID-19 vaccine responses and HIV
infection (190, 191).

In addition to Th10, IL-10-producing CD4" T cells expressing CCR6 but lacking CXCR3
were described in a pristane-induced lupus model and in SLE patients. Like Th10, these cells
provide B cell help in an IL-10-dependent manner (192). Notably, the cytokine profile of Th10
and CCR61 CD4* T cells overlaps significantly with that of type 1 regulatory (1Tr1) CD4* T cells
(193-196) and Th1 “switched” CD4* T cells (197), thus making their identification based on sur-
face markers or cytokine profiles challenging. Further studies are required to fully understand the
complexity of the extrafollicular CD4* memory T cell compartment in healthy and autoimmune
scenarios.

The anatomical sites where extrafollicular help is provided in the context of SLE remain to be
determined. As in mice, the human extrafollicular reaction was first described in secondary lym-
phoid organs (198, 199) but evidence supporting the role of inflamed tissues has emerged. CD11c*
B cells and Th10-like cells are represented within lupus nephritis cellular infiltrates (42, 174).
Theoretically, the interaction between T and B cells could be mediated by chemokine-chemokine
receptor pairs, or these cell types could be attracted to the same location independently of each
other. Whereas T peripheral helper cells in the rheumatoid arthritis synovium express CXCL13,
the main Tfh cell chemoattractant for B cells, Th10 cells do not secrete this chemokine. Further-
more, both aNAV and DN2 cells lack expression of its receptor, CXCRS5. Th10 cells upregulate
CXCR3 (42), a receptor for the interferon-inducible chemokine CXCL10 (IP10) (200). CXCR3,
also expressed by DN2 cells (40), may direct these cell types to interferon-expressing areas within
the lupus kidney.

Monogenic Lupus Provides Novel Links to the Extrafollicular Reaction

Extrafollicular responses could be a primary or a secondary pathogenic event in SLE, and these
two possibilities are not mutually exclusive. pDCs and type I interferon, for example, induce the
generation of Th10 cells in vitro (42) and might therefore be upstream of extrafollicular B cell
help pathways in SLE. TLR7 signaling promotes GC reactions in mice, and yet it is one of the
best-established extrafollicular reaction—associated pathways. Consequently, ABCs are not found
in some MyD88~'~ or TLR7~'~murine models, and chronic TLR7 stimulation is enough to induce
ABC generation (170). Furthermore, anti-chromatin antibodies drive AM14 rheumatoid factor—
encoding B cells to differentiate into plasmablasts outside follicles in the lupus-prone MRL-Ipr/lpr
(MRL-Ipr) background (163). In this model, the extrafollicular reaction does not require T cells
but depends on the combination of TLR7 and TLR9 stimulation (201,202). In humans, DN2 cells
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are hyperresponsive to TLR7, and TLR?7 signaling is indispensable for the induction of these
cells under some in vitro conditions (40, 41). Importantly, while patients with inborn errors of
immunity due to TLR signaling defects, such as MyD88 or IRAK4 LOF, exhibit normal numbers
of T-bet* CD21' ABC-like cells (180), a recently described TLR7Y?** gain-of-function mutation
in a patient with early-onset SLE supports the role of TLR7 signaling in the SLE extrafollicular
response (20). This variant selectively increased sensing of guanosine and 2’,3’-cGMP, a potential
endogenous TLR?7 ligand, and was sufficient to induce lupus in a B cell-intrinsic manner when
introduced in mice. Despite prominent spontaneous GC formation in TIr7Y?**" mice, higher
autoantibody titers and a more pronounced expansion of ABCs and plasma cells were observed
upon GC ablation. Inclusion of phenotypic markers covering both ABC-like (Tbet*CD21%) and
DN2 (CD27-IgD~CXCRS5~CD21°CD11c") B cell populations in human studies might facilitate
drawing conclusions about the origin and role of extrafollicular B cell pathways in disease.

In addition to TLR7, the functional characterization of recently described genes associated
with monogenic lupus provides strong support for the contribution of extrafollicular pathways to
human SLE (Figure 3). Thus, rare Mendelian or de novo LOF variants in P2RYS, the G pro-
tein receptor for S-geranyl-geranyl-L-glutathione (GGG) that drives B cell clustering inside GCs
(203, 204), were identified in either lupus kindreds or patients with the related antiphospholipid
syndrome (21). Interestingly, P2RY8 protein levels were also found downregulated in B cells from
SLE patients who did not carry germline P2RY'8 variants, and these expression levels correlated
with both the presence of lupus nephritis and increased frequencies of DN2 B cells and plasma
cells. Therefore, disruption of P2RYS signaling, and subsequently of B cell GC confinement, rep-
resents an upstream event in SLE pathogenesis. However, P2RY8 plays additional roles in B cell
tolerance checkpoints, such as restraining plasma cell accumulation and limiting selection of im-
mature self-reactive B cells into the recirculating pool (21). P2RY8 is also widely expressed by
other lymphocytes (205), and the absence of a rodent homolog makes it difficult to dissect the
potential contribution to SLE of additional cell types that express this protein.

As reviewed above, DNASEIL3 LOF mutations cause monogenic lupus (69). Deficiency
in this enzyme induces accumulation of microparticle-associated dsDNA and elicits a univer-
sal anti-dsDNA response that is T cell-dependent in both mice and humans (18). Ablation of
TLR7-dependent GC formation in DNASE1L3~~ mice does not change the titers of anti-
dsDNA autoantibodies or the number of antibody-secreting cells. In contrast, disrupting pDCs
and/or TLR9-dependent type I interferon signaling decreases anti-dsDNA antibody titers and
ameliorates autoreactivity (164). Therefore, the anti-dsDNA response triggered by extracellu-
lar microparticle-associated dsSDNA accumulation depends on the extrafollicular response and is
enhanced by TLRY signaling and type I interferon (Figure 3).

Despite this and other supportive evidence (20, 40, 164), questions about the contribution of
extrafollicular reactions to SLE pathogenesis remain. There is no experimental evidence, for ex-
ample, that the specificities of antibody-secreting cells generated through GC or extrafollicular
responses are different. In two mouse models (DNasel L3/~ and Tlr7Y?6*) mentioned above, the
quantity of autoantibodies in GC-impaired mice was comparable to or even higher than that of
GC-competent mice, but their quality and the ensuing autoimmune-related tissue damage were
not evaluated. For example, even though the autoantibody titers and number of antibody-secreting
cells were unchanged in Dnase1/3~/~Tlr7~'~ mice with reduced GCs, kidney manifestations, in-
cluding glomerular deposition of IgG and C3, were rescued. Whether the amelioration of tissue
damage is due to decreased affinity of autoantibodies produced through extrafollicular response
remains to be explored. Evidence from mice suggests that long-lived plasma cells are derived ex-
clusively from GC responses (206). As mentioned above, long-lived plasma cells contribute to
distinct specificities in SLE and are resistant to B cell depletion therapies.
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In conclusion, further dissecting the potentially different roles of GC and extrafollicular re-
sponses and the mechanisms that control them calls for future research. Understanding the
upstream pathways and amplifiers of autoreactive T" and B cell responses in individual patients

will improve selection of available therapies and will guide the development of new ones targeting
these pathways.
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