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Abstract

Sections

Kidney involvement in patients with systemic lupus erythematosus —
lupus nephritis (LN) — is one of the most important and common
clinical manifestations of this disease and occursin 40-60% of patients.
Current treatment regimens achieve acomplete kidney response in
only aminority of affected individuals, and 10-15% of patients with LN
develop kidney failure, with its attendant morbidity and considerable
prognosticimplications. Moreover, the medications most often used to
treat LN — corticosteroids in combination withimmunosuppressive or
cytotoxic drugs — are associated with substantial side effects. Advances
in proteomics, flow cytometry and RNA sequencing have led to
important new insights into immune cells, molecules and mechanistic
pathways that are instrumental in the pathogenesis of LN. These
insights, together with arenewed focus on the study of human LN
kidney tissue, suggest new therapeutic targets that are already being
tested inlupus animal models and early-phase clinical trials and, as
such, are hoped to eventually lead to meaningful improvements in the
care of patients with systemic lupus erythematosus-associated kidney
disease.
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Key points

o Understanding of the cellular and molecular mechanisms underlying
lupus nephritis (LN) is progressing rapidly, facilitated by new tools for
advanced ‘omic’ analyses.

e Increasingly fine immune cell profiling based on patterns of
expression of cell surface markers and genes is defining T cell and
macrophage subsets that are important in disease mechanisms.

e Chromatin release and/or its ineffective clearance stimulate adaptive
and innate immunity in LN.

o Resident kidney cells, including podocytes, mesangial cells and
tubular epithelial cells, participate actively in the pathology of LN.

o Closer attention to technical aspects in trial design is driving
successes in clinical trials in systemic lupus erythematosus and
stimulating much additional interest in the rational design and
application of novel LN therapies.

Introduction

Lupus nephritis (LN) occurs in ~50% of patients with systemic lupus
erythematosus (SLE) and is amajor contributor to morbidity and mor-
tality’. Despite current management, the newest population-based SLE
registry — the Lupus Midwest Network (LUMEN) — revealed that 13%
of patients with LN developed kidney failure; only 61% were alive and
withoutkidney failure or akidney transplant at 10 years of follow-up?.
LN pathogenesis is characterized by the deposition of autoantibod-
ies and immune complexes (ICs), activation and/or proliferation of
infiltrating immune cells and kidney resident cells, and the presence
of several pathogenic molecules at the site of injury, namely theinflamed
kidneys®. The most severe disease is associated with ‘proliferative’ LN,
where increased numbers of cells are observed within the glomeruli,
representing infiltrating immune cells. By contrast, membranous LN
(whichis characterized by sub-epithelial IC depositsin the glomeruli),
is generally associated with better outcomes. The presence of mixed
features of proliferative and membranous histopathology is not an
uncommon finding in LN.

Systemic disease involves impaired clearance of autoantigens,
aberrantlymphocyte activation, and overproduction of autoantibodies
and pro-inflammatory mediators, all of which contribute to the patho-
genesis of LN. However, the precise cells, molecules and mechanisms
within the kidney that contribute to local pathology continue to be a
hotbed of intense investigation* .

Numerous advances in the past decade, powered by new platforms
and technologies, have greatly advanced our understanding of LN
(Table 1). The application of intravital imaging has enabled the visu-
alization ofimmune cell dynamics in the kidney over time’. Single-cell
RNA sequencing (scRNA-seq) has allowed the identification of gene
signatures and cell clusters within the kidneys of patients with LN* ",
Moreover, comprehensive ‘omics’ screens, including transcriptomics
and proteomics, have accelerated the understanding of molecular
pathogenesis of LN considerably®”°, Of note, some cutting-edge
techniques, such as mass cytometry and multiplexed tissue imaging,
have been used in studies pertaining to SLE or the kidneys but their
applicationin LNis yet to be explored”.

In this Review, we examine the evidence supporting the involve-
ment of different adaptive and innateimmune cells in the pathogenesis
of LN, aswell as therole of non-immune resident kidney cells. Further,
we discuss the molecular mechanisms and mediators that drive SLE
and promote LN, taking stock of insights gained from studies con-
ducted over the past decade, including the therapeutic potential of
new molecular targets.

Cellular pathogenesis of lupus nephritis

The presence of prominent immune infiltrates in the glomerular or
peri-glomerular regions of the kidney, as well as the tubulointersti-
tium, represent a hallmark of LN. These manifestations are referred
to as glomerulonephritis (GN) and tubulointerstitial nephritis (TIN),
respectively. Almostall patients with LN have GN, whereas TIN almost
always develops after the initial GN'®'°, TIN might result from the same
immune mechanisms that elicit the initial GN, including ICs, serum-
derived cytokines and damage caused by infiltrating innate and adap-
tiveimmune cells. Alternatively, TIN might be driven by mechanisms
commontoany GN, including tubularinjury and death due to the pres-
ence of proteins in the urine (for example, albumin or transferrin),
hypoxia, ischaemia or oxidative stress'®". Although current LN classifi-
cationisbased primarily onglomerular pathology, with less attention
accorded to the tubulointerstitial compartment, TIN is an important
component in LN pathology and disease outcome?. Below, we inter-
rogate each major leukocyte typein LN, with respect to their prevalence
inthe glomerular and tubulointerstitial compartments, as well as their
potential pathogenicrole.

Tcells

T cells comprise the majority of kidney-infiltrating immune cells in
patients with LN and in lupus-prone mice* (Table 2). Infiltrating CD4*
and CDS8' T cells in LN kidneys mediate injury and are relevant to the
development of progressive kidney failure?>”. Interestingly, most CD4"
and CD8" kidney-infiltrating T cells (KITs) in murine lupus might not be
effector cells, as their cytokine production and proliferative capacity
arereduced compared with that of peripheral blood T cells, and they
have an ‘exhausted’ transcriptional signature”. CD8*KITs existed first
inatransitional state, before clonally expanding and evolving towards
exhaustion, based on trajectory analysis, whereas CD4*KITs included
both helper and cytotoxic subsets with a highly prevalent exhaustion
signature, indicating that the kidney microenvironment suppresses
T cells by progressively inducing exhausted states®. In contrast to data
from murine models, scRNA-seq analysis of LN biopsy samples has not
revealed features of exhausted T cells, as the observed CD8" T cells (and
natural killer (NK) cells) express high levels of granzymes B and K&.
These seemingly discrepant data highlight the complex nature of LN,
the heterogeneity of KITs, and possibly reflect species differences®.

CD8" T cells. CD8' T cells predominate in periglomerular infiltrates,
and their numbers not only correlate positively with the kidney pathol-
ogy activity index and serum creatinine, but also predict poor outcome
in Class Illand IVLN?, Tubulointerstitial CD8' T cells also correlate with
clinical and histological impairmentin LN, and are associated with an
unfavourable long-term kidney outcome?. Several subsets of CD8*
Tcellshave been described. A substantial number of CD107a* cytotoxic
CDS8' T cells have been reported in LN peritubular infiltrates, where
intrarenal expression of CD107a* correlates with proteinuria®. The
proportion of CD8" tissue-resident memory T (T, cells was signifi-
cantly increased in the kidneys of patients with LN and MRL/Ipr mice

Nature Reviews Nephrology | Volume 19 | August 2023 | 491-508

492


http://www.nature.com/nrneph

Review article

Table 1| Emerging methods advancing the study and understanding of lupus nephritis

Methods Patients Controls Findings Refs.
scRNA-seq 16 kidney samples and 12 skin 5 skin samples from Chronicity index, IgG deposition and proteinuria correlated with a 12
samples from patients with LN healthy individuals transcriptomic-based score composed of IFN-inducible genes in
kidney tubular cells
scRNA-seq analysis of skin biopsy samples might be used as a
biomarker of kidney disease
scRNA-seq 24 kidney biopsy samples 10 kidney biopsy samples 21 subsets of immune cells detected, including multiple populations 8
of myeloid cells, T cells, NK cells and B cells
A continuum of intermediate states spanning patrolling, phagocytic
and alternatively activated monocytes was identified
The kidney and systemic IFN responses correlated highly
scRNA-seq 21 kidney tissue samples, with 3 pairs of skin and kidney  IFN response signatures in tubular cells and in keratinocytes 9
17 concurrent skin biopsy biopsy tissue from distinguished patients with LN from healthy individuals
samples healthy individuals A high IFN response signature and fibrotic signature in tubular cells
were associated with failure to respond to treatment
scRNA-seq Kidney sample from 1 patient Kidney sample from IFNa and IFNB signalling pathway was enriched in B cells and NKT M
with LN 1 healthy individual cells of patients with LN
Mass cytometry Urine and peripheral blood of 6 patients with different The urine signature of activated T cells and macrophages seems to 17
13 patients with LN (6-month acute inflammatory reflect leukocytic infiltrates in the kidney
follow-up) kidney diseases
Aptamer-based Urine samples from 7 patients ~ Urine samples from Urine proteins that best distinguish active LN from inactive disease 14
screen (1,129 with active LN (and 8 with 8 healthy individuals included VCAM-1 across three ethnicities; CD166 (also known as
proteins) inactive SLE) ALCAM) and PF-4, in Black and Asian patients; properdin in Black
patients; soluble E-selectin, BFL1 (also known as BCL2A1) and
hemopexin in white patients; and TFPI in Asian patients. Most of these
proteins correlated significantly with disease activity indices
Kiloplex Quantibody Urine samples from Urine samples from Urine ANGPTLA4, L-selectin and TGFf31 are potential biomarker 13
protein array (1,000 15 patients with SLE, of whom 9 healthy individuals candidates for tracking disease activity in LN
proteins) 12 had LN
Kiloplex Quantibody Urine samples from Urine samples from Patients could be stratified over a urine chemokine gradient inducible 10,16

30 patients with LN (3-, 6-,
and 12-month follow-ups after
kidney biopsy)

protein array (1,000 7 healthy individuals

proteins)

by IFNy, which correlated significantly with the number of kidney-
infiltrating CD8" cells; urinary IL-16 reflected histological activity

ANGPTLA4, angiopoietin-related protein 4; IFN, interferon; IL, interleukin; LN, lupus nephritis; NK, natural killer; PF-4, platelet factor 4; scRNA-seq, single-cell RNA sequencing; SLE, systemic
lupus erythematosus; TFPI, tissue factor pathway inhibitor; TGF1, transforming growth factor-B1; VCAM-1, vascular cell adhesion protein 1.

compared with healthy controls, and was positively associated with
podocyte injury and glomerulosclerosis®*°. In mice with chronic graft-
versus-host disease that develop a typical lupus-like syndrome, adop-
tive transfer of CD8*CD103" induced regulatory T (iT,.,) cells reduced
systemic and kidney disease and improved survival®. Interestingly,
frequencies of circulatingand urinary CD8 T cells have been reported
toreflect disease activity and treatment response in LN*, with higher
frequencies associated with higher disease activity and a reduction
beingindicative of response to treatment.

CD4' Ty1and T,17 T cells. CD4"' T cells have also been implicated in
LN, although studies in human LN are sparse. In MRL/Ipr mice, CD4*
T cells in inflamed kidneys contribute to nephritis progression®*.
Dysregulated CD4" T cell subsets in LN include T helper 1 (T,,1) cells,
Tyl7 cells, T follicular helper (Tg,) cells and T, cells.

ATyl cell-typeresponseis predominantinboth the peripheraland
the kidney milieu of patients with diffuse proliferative LN**, Studies also
suggest that T,,1 cells might migrate from peripheral blood to the kid-
neyand subsequently into the urine during active LN*. IFNy-expressing
CD4" T,1cells in the inflamed kidneys of MRL/Ipr mice contribute to
nephritis progression®.

Compared with healthy individuals, patients with active prolif-
erative LN have a significant increase in the frequency of T,17 cells in

peripheralblood***°. The frequency of these cells correlates positively
with SLE disease activity index (SLEDAI), renal SLEDAI, histological
activity index, and the degree of cellular crescent and endocapillary
proliferation, but decrease in responders following therapy**. Inaddi-
tionto T,17 cells, CD3°CD4 CD8  double-negative T cells alsoinfiltrate
the kidneys of patients with LN and represent a major source of IL-17
(ref.40). The T,17-1L-17 axis stimulates the synthesis of inflammatory
cytokines by resident non-immune cells and immune cells, drives
epithelial-to-mesenchymal transition, and promotes the recruitment
of immune cells to the kidney, based on multiple in vitro and animal
studies®. Fcgr2b™ mice lacking IL-17, and especially those lacking the
adaptor protein E3 ubiquitin ligase TRAF3IP2 (also known as CIKS or
ACT1), whichis essential in IL-17A-induced signalling, had less GN and
greatly improved survival compared with wild type controls, which
highlights the therapeutic potential of this axis in LN*.

However, in a scRNA-seq study of human LN kidneys, CD4" T cell
clusters are not clearly associated with T;,1 or T,,17 signatures, sug-
gesting that T cell polarization might not be amajor feature in human
LN®. Of note, the T,17-1L-17A immune axis has no major role in the
pathogenesis of LN in MRL/Ipr and NZB/W F1 mice*.

CD4' T, cells. T, cells are immunosuppressive and are crucial to
the regulation of immune tolerance. Although multiple early studies
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Table 2 | Lymphoid cellular infiltrates within LN kidneys

Celltype Marker Mouse studies Human studies Refs.
Tcells (CD45'CD3'CD19")
Tlcells  CD4'T-Bet” Infiltrating kidney CD4* T cells have a T;1 cell AT cell-type response was predominant in peripheral and 33-35,54
IFNy* TNF* phenotype in B6.Slel.Yaa mice kidney tissues of patients with diffuse proliferative LN
IFNy-expressing CD4" T1 cells in the inflamed kidneys  Inverse correlation between Ty1 cells in peripheral blood,
of MRL/lpr mice contribute to nephritis progression and urinary and kidney tissue in LN
T 17 cells CD4* The T,17 cell and IL-17A immune response has no Circulating T,17 cells are dramatically elevated in patients 38,39,42
RORVt* IL17* major role in the immunopathogenesis of LN in with active proliferative LN compared with healthy
MRL/lpr and NZB/W F1 mice individuals and correlate positively with SLEDAI, kidney
SLEDAI, histological activity index, and the degree of cellular
crescent and endocapillary proliferation; T,17 cells reduced
following response to therapy
Tey cells CD4* CXCR5* IL-21 blockade blocks accumulation of IL-21" IFNy* The presence of Tg, cells in kidney biopsy samples is 49,54
PD-1"1COS*Bcl-  Tg, cells in B6.Slel.Yaa mice associated with severe tubulointerstitial inflammation, high
6" IL-21* serum creatinine and low estimated glomerular filtration rate
Tegcells  FOXP3*CD25° IL-2 therapy rectifies T, cell versus non-T,, cell Most studies found that T, cells in peripheral blood are 43-46
CD127'°% imbalances, and ameliorates LN in both NZB/W lower in patients with LN than in healthy individuals
F1and MRL/lpr mice
Ter cells CXCR5'FOXP3"  Co-treatment with soluble OX40L and Jagged-1 NA 57,58
proteins increased T, cells, Te; cells and the Tex-to-
Tey cell ratio, and suppressed LN in NZB/W F1 mice
Long treatment regimen of low-dose IL-2 therapy
increased Tx-to-T,, ratio and ameliorated kidney
pathology
CD8" CD3'CD8°CD4” CD8'T cell number elevated in the inflamed kidney Total number of kidney CD8' T cells correlates positively with 26,155
Tcells in MRL/lpr and in pristane-induced LN models; cells kidney activity index and serum creatinine, and predicts poor
predominantly localized in the tubulointerstitium outcome in Class llland IV LN
Proximal tubular epithelial cells induce a cytotoxic and
inflammatory phenotype in CD8* T cells
B cells (CD45' CD19* CD3")
Plasma CD38" CD138" In NZB/W mice, inflamed kidneys are a major reservoir  Plasma cellinfiltration in the kidney medulla is associated 67
cells IgD™ of autoreactive plasma cells, which are observed with increased disease severity in patients with LN
mainly in the tubulointerstitium
ABCs CD21" CD11c* In B6.SLE1,2,3 mice, T-bet’ B cells promote the rapid Peripheral blood ABCs are increased in patients with 59-61,66
T-bet* IgD" appearance of autoantibodies and germinal centres LN compared with individuals without LN and correlate
CD27 Conditional deletion of T-bet from B cells impaired pgsitively with the severity of kidney damage in patients
the formation of germinal centres and mitigated the with LN
development of kidney damage and rapid mortality. CD20*CD11c" B cells present in kidney biopsy samples from
patients with active LN
ILCs (Lineage™ CD127%)
ILC1/NK CD56" CRTH2 Infiltrating NK cells in kidneys of MRL/lpr mice had a Circulating NK cells are diminished, with impaired 71-74
cells T-bet” IFNy* more mature, activated phenotype compared with cytotoxicity in patients with SLE, particularly in those with
TNF* kidney and peripheral NK cells from prediseased mice LN, compared with healthy individuals
Increased frequencies of Ki67* NK cells correlated strongly
with clinical severity and active nephritis
CD56 expression identifies NK cells or NK-like T-cells, which
are present in the kidney interstitium and peri-glomerular
areas but only rarely in glomeruliin LN
ILC2 CRTH2" GATA3"  In MRL/lpr mice, progression of LN is accompanied NA 75

IL-4" IL-5" IL13*

by a reduction of ILC2 abundance in inflamed kidney
tissue

ILC2 restoration via IL-33 administration ameliorates
LN and mortality

ABCs, age-associated B cells; BCMA, B cell maturation protein (also known as TNFRSF17); CCR, CC-chemokine receptor; CXCR, CX-chemokine receptor; ILC, innate lymphoid cells; LN, lupus
nephritis; NA, not available; NK, natural killer; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index; Tg, T follicular helper; T, follicular regulatory T; T,,, T helper; TLR4,

Toll-like receptor 4; Ty, T peripheral helper; T, regulatory T.

measuring the numbers of T, cells and their functionin patients with
SLE and LN yielded conflicting results, most reports indicate that
patients with LN have fewer T, cells in peripheral blood than healthy
individuals, witha considerableincreasein T, 17 cell-to-T,, cell ratios*.

Different T, cell subtypes, including T,.,1and T,17 cells, which have
transcriptional signatures that resemble those of T,,1 and T17 cells,
respectively, have beenidentified, which might underlie discrepancies

reg between study findings. Inhuman LN, these dataneed further scrutiny.
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Several therapeutic strategies that target T, cells have been pro-
posed inLN*. Short-termIL-2 therapy rectifies T, cell versus non-T,.,
T cell imbalances, and ameliorates LN in both NZB/W F1and MRL/Ipr
mice***¢, Erythropoietin, which has newly recognized immunoregu-
latory functions, ameliorates LN by reducing T,17 cell frequencies
and increasing T, cell frequencies in mice with pristane-induced
GN and MRL/Ipr mice. Given the heterogeneity of T, cells and
the paucity of adoptive transfer studies in human SLE and LN, our
understanding of these cells will continue to evolve in the coming years.

CD4* Ty, cells. T, cells have a crucial role in orchestrating germinal
centres (GCs), affinity maturation, class switch recombination, and
generation of plasma cells and memory B cells*®. scRNA-seq analysis of
kidney samples from patients with LN identified a distinct cluster
of Tpy-like cells®. Ty, cells are commonly detected in kidney biopsy
samples and their presenceis associated with severe tubulointerstitial
inflammation, high serum creatinine, and alow estimated glomerular
filtration rate®. Ty, -like cells are distributed diffusely throughout the
tubulointerstitium, usually in the proximity of CD20" B cells. Neverthe-
less, studies examining Ty, cells within the kidney milieu in LN have
beensparse, and the potential role of these cellsinhuman LN needs to
be substantiated further. Of note, TNFSF4, which encodes OX40L, isa
susceptibility locus for SLE, and OX40L signalling through 0X40 on
activated CD4'T cells promotes the differentiation of T cells, plasma-
blast accumulation, and nephritis*>*'. However, a potential mechanistic
link between OX40L polymorphisms and the differentiation of Ty, cells
in LN kidneys remains to be established.

Cytokines have key rolesin Ty, cell differentiation, including IL-2,
IL-6, IL-21, IL-17, and IFN. IL-21 promotes T, cell responses and is also
secreted by T, cells, which promote B cell differentiation®**, Anti-
IL-21 blockade reduces GC B cells, titres of autoantibodies, T, and
T, 1cellinfiltrationin the kidneys, and improves disease and survival in
lupus-prone B6.Slel.Yaa mice*.

Follicular regulatory T (Tg) cells, which suppress Ty, cell function,
arereported tobereduced in patients with SLE*® compared with healthy
individuals, but this reduction is corrected after standard-of-care
treatment®®. Co-treatment with soluble OX40L and Jagged-1 proteins
increased T, cells, T cellsand the Ty-to-Ty ratio, and suppressed LN in
NZB/W F1mice”. Low-doseIL-2 consistently increased the Tq-to-Tp, cell
ratio, restoring the function of T cells in mice and patients with SLE,
Thisintricate balance between T, and Ty, cells thatis constantly modu-
lated by the cytokine milieu, in the context of genetic polymorphisms,
isan exciting area for future explorationin LN.

B cells and plasma cells

A range of B cell activation states have been observed in the kidneys
of patients with LN®, Over the past decade, a novel, distinct, mature,
autoantibody-producing subset of B cells that accumulates with age has
been described; these cells have been termed ‘age-associated B cells’
(ABCs)*. In patients with SLE, peripheral blood ABCs are increased
compared with healthy controls, strongly correlate with anti-chromatin
antibody levels®® and track with disease activity®*>. scRNA-seq analysis
ofkidney samples from patients with LN suggested local activation of
B cells with an ABC signature®,

T-bet is a key ABC transcription factor and, as potent antigen-
presenting cells, CD11c'T-bet" ABCs affect Ty, cell differentiation and
disruptaffinity-based GC selection, which contributes to autoantibody
production®. Deletion of the gene encoding T-bet in B cells reduced
the formation of GCs, lymphocyte activation, kidney damage and rapid

mortality in B6.SLE1,2,3 lupus mice’’. Of note, T-bet” ABCs have also
beenreported®. Interms of their functional potential, ABCs phenocopy
IgD"CD27 double-negative B cells®’, whose frequencies correlate with
the severity of kidney damage in patients with LN,

Inflamed kidneys in NZB/W F1 mice have a reservoir of autoreac-
tive plasma cells, mainly located in the tubulointerstitium of the cor-
tex and outer medulla, with some being observed in periglomerular
infiltrates® %, Plasma cell infiltration in the kidney medulla is associ-
ated with increased disease severity in patients with LN, but not with
tubulointerstitial IC deposition, arguing against a direct contribution
of local antibody production to medullary inflammation®. Multiplexed
confocal microscopy of human LN kidneys showed that B cells often
organized into large periglomerular neighbourhoods with T, cells®’;
interestingly, high B cell densities were associated with protection
from kidney failure, whereas high densities of CD8", y6 or CD4 CD8"
T cellswere associated with both acute kidney failure and progressionto
kidney failure. Collectively, the prevalence of B cells, ABCs and plasma
cells within LN kidneys and their precise pathogenic role warrants
further examination.

Innate lymphoid cells

Innate lymphoid cells (ILCs) are subdivided into cytotoxic NKs and
four groups of ‘helper’ ILCs — ILC1, ILC2, ILC3 (analogous to T,,1, T,;2,
and T,17 cells, respectively) and lymphoid tissue inducer cells™. In
patients with SLE, especially those with LN, circulating NK cells are
diminished and their cytotoxicity isimpaired”. Increased frequencies
of Ki67" NK cells (that s, proliferating NK cells) correlate strongly with
clinical severity and active nephritis>. CD56 expression identifies NK
cellsor NK-like T cells, which are present in the kidney interstitium and
peri-glomerular areas but only rarely in glomeruliin LN” (Table 2).
scRNA-seq of whole human LN kidney tissue identified two NK cell
populations: CD56%™CD16" NK cells and CD56"€"CD16~ NK cells®. In
MRL/Ipr mice, kidney infiltrating NK cells were also identified, with a
more mature, activated phenotype compared with that observed in
peripheral NK cells from mice prior to disease development’. Among
theotherILCs, ILC2s arereduced in MRL/Ipr mice, but the restoration
of ILC2s through IL-33 administration ameliorates LN and mortality”.
Additional studies are clearly warranted to elucidate the prevalence
and pathogenic significance of ILCsin LN.

Neutrophils

The blood neutrophil signature is strongly associated with progres-
sion to LN and disease severity in patients with SLE, and could poten-
tially be abiomarker for monitoring treatment responses’®’”’ (Table 3).
The recruitment of circulating neutrophils in glomerular capillaries
following IC deposition might be mediated by neutrophil fragment
crystallizable y receptors (FcyRs) that bind the Fc-portion of deposited
ICs’, and Abl or Src kinases’. Another study suggests that acute skin
exposure to UV light might trigger neutrophil migration and kidney
inflammation®. However, data suggesting a prominent presence of
neutrophils within LN kidneys, either in spontaneous murine models
orinhumanLN, are lacking.

Neutrophil extracellular traps (NETs), which are net-like extra-
cellular structures comprising modified chromatin decorated with
cytoplasmic and granular proteins, are extruded by neutrophils during
a form of neutrophil cell death termed NETosis®". NETs are elevated
in the circulation of patients with SLE, particularly in those with LN,
and their abundance correlates with circulating levels of anti-double-
stranded DNA (dsDNA), C3 and C4, and proteinuria®>®>, Low-density
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Table 3 | Myeloid cellular infiltrates within LN kidneys

Celltype Marker Mouse studies Human studies Refs.
Neutrophils CD66b" Elastase” Deletion or inhibition of NOX2, Blood neutrophil signature is strongly associated with 76,77,
peptidylarginine deiminase or progression to LN and disease severity, and could 91-93
neutrophil elastase reduces NET potentially be a biomarker for monitoring treatment
formation but does not ameliorate responses
murine LN
DCs HLA-DR* CD123* Kidney-infiltrating CD11c” cells in Lower numbers of pDCs in patients with severe LN and 126-129
lupus-prone mice promote LN by increased mDCs are associated with early, mild LN
enhancing kidney-infiltrating T cell Plasmacytoid DCs accumulate within glomeruliin LN.
responses; kidney DCs are responsible
for the local synthesis of Cl1q in LN and
are associated with progressive
tubulointerstitial inflammation
Monocytes MCSFR* Glomerular fractalkine expressionand  Trajectory analysis of scRNA-seq data from LN kidney 8,100,
CD11b* CD14* CD16" monocyte accumulation were biopsy samples identifies a continuum of intermediate 101,03
HLA-DR* prominently increased in MRL/lpr mice  states of monocytes in the kidney, suggesting the
Intracapillary immune complexes differentiation of peripheral inflammatory CD16*
also induced direct recruitment of monocytes into a phagocytic phenotype and then into
6-sulfo LacNAc-expressing monocytes  alternatively activated macrophages within the kidney
(slanMo) from the microcirculation via Patients with severe LN have a higher grade of
interaction with CD16 CD14*CD16" infiltration in the kidneys and lower
peripheral levels of non-classical (CD14°CD16™)
monocytes, potentially reflecting recruitment to kidney
tissues
Macrophages CD68" (humans) Activated kidney macrophages are Kidney expression of CD68 is associated with 105,108
F4/80" (mouse) markers of disease onset and disease progression to chronic kidney disease in patients with
remission in LN and NZB/W F1 mice proliferative LN
M1-like macrophages CD80"CD86* Kidney macrophages are skewed NA 12
towards an M1, rather than an M2,
phenotype during spontaneous LN in
MRL/lpr mice
M2-like macrophages CD163"CD206" Polarizing macrophages towards M2a CD163* M2c-like macrophages are the dominant 13115

in various LN mouse models results in
less kidney damage and prolongs
survival

The number of M2b macrophages is
associated with kidney damage

subpopulation in kidney biopsy samples

The number of glomerular M2-like macrophages
correlate with the degree of proteinuria in patients with
LN

DCs, dendritic cells; INOS, inducible nitric oxide synthase; LN, lupus nephritis; mDCs, myeloid DCs; pDCs, plasmacytoid DCs; scRNA-seq, single-cell RNA sequencing.

granulocytes, which are the main group of neutrophils that produce
NETs, are elevated in SLE®* compared with healthy individuals. High
NET levels identify patients with active and severe disease, includ-
ing nephritis®. NETs have been observed in skin lesions and in the
glomeruli and tubulointerstitium of biopsy samples from patients
with proliferative LN, and their presence was associated with a higher
disease activity index®*™,

However, some studies have challenged the notion that NETs are
nephritogenic. NOX2™ deficiency in lupus-prone mice reduced NET for-
mation, but markedly exacerbated GN°**!, Accordingly, treatment with
NOX2activatorsinduced NET formation and ameliorated nephritis®.
Similarly, deletion or inhibition of peptidylarginine deiminase activity
reduces NET formation but does not ameliorate murine LN*2. Neutro-
phil elastase (NE) or NE-dependent NETs have no effect on nephritis,
dermatitis, orimmune system compositionin MRL/Ipr mice®. Further
studies are needed to define the true prevalence of neutrophils and
NETs within LN kidneys, and to clarify the conditions under which they
might be pathogenic.

Monocytes and macrophages

Glomerular macrophages can be derived from circulating monocytes
recruited by endothelial cells that are activated via nucleic acid-sensing
Toll-like receptors (TLRs)’*. Monocyte CC-chemokine receptor 2 (CCR2)

andendothelial tumour necrosis factor receptor 2 (TNFR2) can promote
the differentiation of monocytes into macrophages within the inflamed
kidney vasculature®. Along with infiltrating macrophages, the kidneys
also have a network of tissue-resident macrophages located around
glomeruliand tubulointerstitium. Resident kidney macrophages derive
from embryonic progenitors, are long-lived and self-renewing, and can
alsobereplenished frombone marrow progenitors withage®. The tissue-
resident macrophage population increases in mouse models of LN,
and has amixed pro-inflammatory and anti-inflammatory phenotype
that might reflect a failure to resolve inflammation®®””. Kidney-resident
macrophages take up circulating ICs that are ‘pumped’ into the inter-
stitiumvia vesicular trans-endothelial transport, triggering an FcyRIV-
dependentinflammatory response and the recruitment of monocytes
and neutrophils®®. The pathogenic roles of tissue-resident macro-
phages and monocyte-derived macrophages have been suggested to
be distinct, with resident cells orchestrating leukocyte recruitment
and infiltrating cells taking up and presenting IC antigens’.
Trajectory analysis using sScRNA-seq data from LN kidney biopsy
samplesidentified acontinuum of intermediate states of monocytesin
the kidney, suggesting that peripheral inflammatory CD16" (classical)
monocytes differentiate into a phagocytic phenotype and then into
alternatively activated macrophages within the kidney®. Patients with
more severe LN have a higher grade of CD14°CD16" infiltration in the
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kidneys and lower peripheral levels of non-classical (CD14°CD16™)
monocytes, potentially reflecting recruitment to the kidney'*.
Fractalkine is expressed on injured endothelial cells and is a mem-
brane-bound chemokine that attracts cells expressing its receptor,
CX-chemokine 3 receptor 1(CX3CR1), including CD16" monocytes'".
Glomerular fractalkine expression and CD16" monocyte accumula-
tion were prominently increased in MRL/Ipr mice and in patients with
active LN'""'°? Intracapillary ICs also induced a direct recruitment of
6-sulfo LacNAc-expressing monocytes (slanMo) from the microcir-
culation via interaction with CD16 (ref. 103). Infiltration of kidneys
with mononuclear phagocytes is associated with more severe disease
and worse prognosis'**'%, possibly because of local inflammation and
excessive tissue remodelling'®. Non-classical patrolling monocytes
(CD43") accumulate in glomerular vessels in murine lupus kidneys and
in patients with SLE, with a potential pathogenic role'”’; CD16 surface
expressioninthese cells is similar to that of non-classical monocytes.

Kidney expression of CD68 is associated with progression
to chronic kidney disease in patients with proliferative LN'°%, Mac-
rophages have been traditionally described as classically activated
M1 pro-inflammatory cells at one extreme and alternatively activated
M2 anti-inflammatory cells at the other extreme of this spectrum’®’. M2
macrophages canbe further categorized as M2a, M2b and M2c —M2a
macrophages are referred to as alternatively activated or profibrotic,
M2b asregulator or T,;2-related, and M2c as deactivated, remodelling,
or anti-inflammatory"*"", Kidney macrophages are skewed towards
an M1, rather than M2, phenotype during spontaneous LN in MRL/Ipr
mice" Polarizingmacrophages towards M2ain various LN mouse mod-
els result in less kidney damage and prolonged survival™. In patients
with LN, CD163" M2c-like macrophages are the dominant subpopu-
lation in kidney biopsy samples and M2a macrophages are associ-
ated with disease progression''*. The number of glomerular M2-like
macrophages correlate with the degree of proteinuria in patients
with LN'™, Importantly, urinary levels of CD163 (a marker of M2c-like
macrophages) are elevated in active LN and correlate well with serial
disease activity, long-term outcome and concurrent renal pathology
inLN"*"; CD163" cells have also beenimplicated inkidney fibrosis and
progression to kidney failure™®,

Macrophage depletion ameliorates nephritis induced by anti-
bodies against the glomerular basement membrane'’. Macrophage
depletionusinga colony-stimulating factor-1receptor (CSF-1R) kinase
inhibitor in MRL/Ipr mice significantly ameliorated kidney disease,
and improved kidney histopathology, without affecting IgG and C3
deposition™°. Similarly, inhibiting nuclear factor-kB (NF-kB) signallingin
myeloid cells reduced infiltrating classically activated macrophages
inthekidneys significantly, decreased kidney inflammatory cytokines
levels and attenuated kidney disease'”. Interestingly, IL-22 from ILC3
aggravated LN by promoting macrophageinfiltration, whereas deletion
of IL-22 or IL-22R reduced disease and kidney macrophage infiltration
significantly in MRL/Ipr mice'*.

Notably, the universal myeloid cell marker, integrin aM (also
known as CD11b), and several other molecules that are crucial to mac-
rophage activation, including components of the type I interferon
(IFN-I) pathway and NF-kB signalling pathway, are well replicated SLE
susceptibility genes’. How genetic variants in these susceptibility genes
impact the recruitment and functional phenotype of macrophagesin
the kidney remains to be elucidated.

Several of the cellular changes described above have been veri-
fied by scRNA-seq studies supported by the NIH Accelerating Medi-
cines Partnership (AMP) 1.0 studies®*'?. Preliminary findings from

AMP 2.0, which is a much larger effort than AMP1.0 and used a more
advanced sequencingtechnology applied to kidney biopsy tissue from
>150 patients with LN'>"?* (>70,000 cells comprising 134 distinct cell
subsets) suggest that different leukocyte populations are associated
with specific histopathological features. Importantly, macrophage
differentiation states seem to distinguish between proliferative and
membranous disease. Furthermore, macrophage populations analo-
gous to those associated with acute kidney injury — similar in their
expression of genesinvolvedinlipid processing and phagocytosis — are
found in human LN and in mouse models of the disease.

Dendritic cells

Dendritic cells (DCs) are sentinels that constantly survey the kidney
microenvironment to serve their antigen-presenting function'”. Dis-
tinctive features of peripheral blood DC subpopulations are associ-
ated with different degrees of severity of LN — patients with severe LN
have low numbers of plasmacytoid DCs (pDCs) whereas early-stage or
mild LN is associated with the presence of myeloid DCs withincreased
expression of co-stimulatory molecules'*'”, pDCs are distinct from
other DC populations that are mainly involved in antigen presentation
to T cells; amain function of pDCs is the production of IFN-I1during viral
infections (discussed below)'.

InLN, DCsinfiltrate the kidneys and are involved not only in anti-
gen presentationbut alsoin the formation of tertiary lymphoid struc-
tures (TLS) that amplify inflammation®*. DC-like CD11c" cells were
detected in the kidneys of lupus-prone mice as LN progressed, where
they promoted LN by enhancing KIT responses'?. CD11c* DCinfiltrates
inthe tubulointerstitium of MLR/Ipr mice were associated with progres-
sive tubulointerstitialinflammation'’. These kidney DCs have alsobeen
implicatedinlocal production of Clqin LN, thus contributing to local
complement activation'?. A 2021 study reported the presence of an
inflammatory DC with shared monocyte surface markers (including
CD14, CD16, CD64, CD68, CD163) in human LN kidneys, suggesting
that these inflammatory DCs may be derived from circulating pro-
inflammatory monocytes'’. Although systemic DC activation and
antigen presentation to T cells are vital to the systemic origins of LN,
datasupporting an essential pathogenicrole for DCs within the kidneys
ordraining lymph nodesin human LN is lacking.

Tertiary lymphoid structures

TLS are ectopic lymphoid structures that develop in non-lymphoid
organs following chronic inflammation and have been reported in
LN"'"2* In 32 patients with LN, 18 kidney biopsy samples contained
areas of scattered B cell distribution, 10 had nodular aggregates with-
out separate T or B cell zones, 3 had distinct Band T cell regions but
no follicular DCs, and 4 had clearly separate Band T cell zones with a
central follicular DC network, which were reminiscent of organized lym-
phoid structures™. The presence of either T cell and B cell aggregates
or GCs is associated with the presence of ICs in the tubular basement
membrane™. TLSin LN and other chronickidney disease models have
been linked to worse disease prognosis'. Kidney TLS in NZB/W F1
murine LN mice form large, interconnected networks that resemble
lymph nodes in cell composition, structure and gene signature'.
High B cell-activating factor (BAFF) levels are required to induce or
maintain TLS compartments and torecruit T cells to glomeruli during
LN; reducing BAFF levels reduces TLS formation and attenuates LN"°,
Mesenchymal stromal-like cells reported within TLS in kidneys of lupus-
prone mice might act aslymphoid tissue organizer cells by accelerating
inflammation and orchestrating TLS formation'’.
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Residentkidney cells
Emerging evidence indicates that kidney-resident cells in LN are not
innocent bystanders, but can also have an active pathological role™,

Podocytes. Podocytes express many molecules of the innate and
adaptive immune system, suggesting that they are actively involved
in the immune-mediated injury of the kidney'”. Podocytes can con-
tribute to LN pathogenesis through several mechanisms, including
secretion of cytokines and chemokines, and crosstalk with parietal
epithelial cells and immune cells"**'*'. Podocytes can also function
as non-haematopoietic professional antigen-presenting cells in the
kidney. T cell-podocyte contact has been reported in murine and
human LN kidney tissue'*2,

Importantly, podocyte damage is common in LN, including
dysregulation of the podocyte actin cytoskeleton and foot process
effacement, which are associated with loss of the filtration barrier'*>.
Structural podocyte damage and/or loss is reported to be more com-
mon in proliferative than membranous LN and associated with worse
prognosis'*. Understanding what causes damage to podocytesin LN
is crucial. The presence of autoantibodies against podocyte antigens
(for example, a-enolase and annexin Al) in the glomeruli of patients
with LN suggests a potential role of autoantibodies in podocyte
injury'®. Activation of NOD-, LRR- and pyrin domain-containing pro-
tein (NLRP3) and calcium/calmodulin-dependent protein kinases IV
(CaMK4) have also been implicated"*'’, with other mediators likely
still to be identified.

Mesangial cells. Mesangial cells proliferate and express awide array
of pro-inflammatory and profibrotic factorsinresponse to a variety of
lupus-relevant pathological stimuli, and contribute to inflammation
and fibrosis in LN by promoting leukocyte recruitment, activation
and maturation, and remodelling of the extracellular matrix®"5,
Mesangial cells are of myeloid origin and can present antigen and
modulate CD4* T lymphocyte proliferation and differentiation’.
Kidney mesangial cells also express TLRs and produce IFNs when stimu-
lated™®. In addition to regulating the production of IL-2 and IL-17 by
T cells, CaMK4 controls mesangial cell proliferation and promotes
their production of IL-6 (ref. 151); inhibition or genetic ablation of
CaMK4 suppressed LN in MRL/Ipr mice'*”>2, Of note, most information
about mesangial cellsin LNis derived frominvitro studies and murine
models; thus, their pathogenic relevance to human LN remains to be
confirmed.

Tubular epithelial cells. Tubular epithelial cells (TECs) participate
actively in the tubulointerstitial pathology of LN through the expres-
sion of cytokines, chemokines and fibrogenic molecules, and via
interactions with infiltrating immune cells™. Proximal TECs express
proteins associated with antigen presentation, and induce CD4"
T cell activation and proliferation™*. In murine LN, CD8* T cells local-
ize close to proximal tubules, and promote enhanced apoptosis of
tubular cells'. Murine and human TECs might exertimmunosuppres-
sion through a mechanism that involves IL-23 receptor, CaMK4, and
competitive uptake of arginine. TEC-targeted delivery of a CaMK4
inhibitor efficiently suppressed kidney inflammation in lupus-prone
MRL/Ipr mice™®.

In contrast toinfiltratingimmune cells, our current knowledge of
howresidentkidney cells might contribute to LN is shaped by isolated
studies that have not been independently validated. Moreover, the lack
of human LN studies creates a substantial knowledge gap.

Emerging molecular mechanisms in lupus
nephritis

Above, we have discussed several molecules implicated in the patho-
genesis of LN, in the context of the cells that produce them, or the cells
that are targeted by various pathogenic molecules. Below, we highlight
the latest molecular pathways to be implicated in LN pathogenesis.

Heightened IFN signaturein SLEand LN

IFNs, particularly IFN-I, have been well recognized as central media-
tors in the immunopathogenesis of SLE™™. An IFN signature (that s,
the overexpression of hundreds of gene transcripts induced by IFN-I)
is prevalent in 70-90% of patients with SLE””"*%, A high baseline IFN
signature is also associated with earlier development of nephritis'’
and an increased rate of subsequent kidney disease activity in LN"°.
Moreover, the prevalence of class llland IV LN is significantly increased
in patients with high serum IFN'®, Persistently high levels of IFNA are
alsoassociated with an unfavourable histological response to treatment
in LN'*2, whereas high circulating IFNy is linked to high SLE disease activ-
ity such asactive arthritis and nephritis, and the presence of anti-Ro60
antinuclear antibodies'**'*,

Although pDCs are professional IFN-I-producing cells, this func-
tionmight be defective in patients with SLE'®*, However, another study
showed that neutrophils have the capacity to produce IFNain response
to circulating chromatin'®. Of note, although pDCs are 27 times more
efficient in producing IFNs than neutrophils, blood neutrophils are
100 times more frequent than pDCs'*°. Non-haematopoietic cells might
alsoberesponsible for IFN production prior to clinical autoimmunity'®.

In the kidneys, experimental models of immune nephritis impli-
cated resident kidney cells as IFN-I producers'” — kidney TECs have
been suggested to be major IFNa producers, which might create an
autocrine circuit within the tubulointerstitium'*. InLN, the intrarenal
IFN response score correlates significantly with that of peripheral
blood®. One study reported that the IFN signature was most prominent
in glomerular areas, suggesting that resident glomerular cells are a
major contributor’®’. Nonetheless, upregulated IFN-I response signa-
tureintubular cells, particularly in proliferative LN, is associated with
non-response to treatment’ and correlates with the kidney pathology
chronicity index, IgG deposition, and proteinuria’. Ongoing spatial
transcriptomic and spatial proteomic studies might clarify the current
discrepancies in the literature, which might arise owing to sampling
error whenrenal sections are examined.

Multiple therapeutic strategies targeting IFNs or related path-
ways have been investigated, including those targeting IFNs or IFN
receptors'®”2, upstream pDCs"*'"*, and the downstream JAK-STAT
pathway'”. Anifrolumab, which is a blocking human monoclonal anti-
body against the IFN-Ireceptor subunit1(ref.176), hasbeenapproved
by the US Federal and Drug Administration for adults with moderate-
to-severe SLE who are receiving standard therapy'”’. In patients with
active LN, althoughthe primary end point was not met, an anifrolumab-
intensified regimen was associated with improved complete kidney

response with sustained glucocorticoid reduction',

Activation of nucleic acid sensors

One potential mechanism for the enhanced IFN signature in SLE is
heightened stimulation of nucleic acid sensors, which drive the pro-
duction of IFN-I by sensing nucleic acids'”’. Mounting evidence indi-
cates thatbothendosomal and cytosolic nucleic sensors are activated
in lupus (Fig. 1). Of note, genetic polymorphisms in several of these
molecules, including TLRs and IRFs, have been documented in SLE’.
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Fig.1|Pathogenic consequences ofimmunostimulatory DNA insystemic lupus
erythematosus and lupus nephritis. Cytosolic RNA is sensed by cytosolic retinoic
acid-inducible gene I (RIG-1) or melanoma differentiation-associated protein 5
(MDAS), which principally bind single-stranded RNA (ssRNA) and double-stranded
RNA (dsRNA), respectively, and promote oligomerization of mitochondrial
antiviral-signalling protein (MAVS) on the mitochondrial membrane. Cytosolic
DNA s recognized by 2,3-cyclic GMP-AMP synthase (cGAS), which dimerizes to
synthesize 2,3-cyclic GMP-AMP (cGAMP) and activates stimulator of interferon
genes (STING) on the endoplasmic reticulum (ER) surface. MAVS and STING

subsequently activate transcription factors such as interferon regulatory factors
(IRF) 3,5and 7 and nuclear factor-kB (NF-kB) to produce IFN and cytokines, and
activate infiltratingimmune cells and resident kidney cellsin lupus nephritis.
Chromatin, processed by antigen-presenting cells canalso activate T cellsand
cognate B cellsin an antigen-specific manner, leading to the generation of activated
autoreactive lymphocytes and the production of anti-nuclear autoantibodies. Thus,
immunostimulatory chromatin has a vital role inactivating both the adaptive and
innate arms of immune systemin lupus nephritis, collectively orchestrating disease
pathogenesis. APRIL, a proliferating-inducing ligand; BAFF, B cell-activating factor.

Endosomal DNA and RNA sensors. TLR7 and TLR9 are highly
expressed in the endosomes of pDCs and B cells, and are activated by
ICs that contain RNA or DNA, respectively”’. Inaddition to driving the
production of IFN-1in pDCs, TLR7 also has a direct effect on B cells by
promoting the development of spontaneous GCs, differentiation of
plasmablasts, and production of autoantibodies*'®'. TLR7 activity
is required for formation of anti-RNA autoantibodies, DC activation
and severe GN in lupus mice™*°"®}, and TLR7 gain-of-function variants
are associated with human lupus'®*, High TLR7 expression in patients
with SLE was associated with active disease, upregulation of IFN-
responsive genes and autoantibody production'. Given that TLR7 is
encoded by an X chromosome locus, TLR7 might also contribute to the
female bias in SLE by escaping X chromosome inactivation in women
and leading to enhanced TLR7 expression'®®. Similarly, the Y-linked

autoimmune accelerating (Yaa) locus associated with murine lupus
leads to overexpression of TLR7 (ref. 187).

Despite having similar tissue expression and signalling pathways,
TLR9 negatively regulates TLR7 (ref. 188). B cells from patients with SLE
have defective in vitro TLR9 responses, which might contribute to a
loss of B cell tolerance'’. Whereas B cell-intrinsic TLR7 deficiency pre-
vents formation of autoantibodies against RNA and non-nuclear anti-
gens, and limits systemic autoimmunity, B cell-specific TLR9 deletion
results in decreased autoantibodies against dsSDNA or nucleosomes,
but increased autoantibodies targeting a broad range of systemic
autoantigens, and exacerbates nephritis'’*'?'. TLR9 deficiency also
leads to accelerated kidney disease in pristane-induced murine lupus'*.
Similarly, TLR7, but not TLR9Y, is responsible for the generation of
anti-chromatin IgG antibodies in autoimmune-prone Mer’™ mice'”.
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Ingeneral, patients with SLE over-express TLRs 7,8 and 9 (refs.194,195),
which might contribute to a heightened IFN signature.

Cytosolic DNA and RNA sensors. In addition to the endosomal TLR
pathway, IFNs can also be produced through the newly described
cytosolic nucleic acid sensing pathways'°. Cytosolic RNA from exog-
enous viruses or endogenous transcriptsis sensed by cytosolic retinoic
acid-inducible gene I (RIG-I) or melanoma differentiation-associated
protein 5 (MDAS), which mainly bind ssSRNA and dsRNA, respectively,
and promote oligomerization of mitochondrial antiviral-signalling
protein (MAVS) on the mitochondrial membrane. MAVS and STING
subsequently activate IRF3and NF-kB to produce IFN-f3 and cytokines,
respectively”® (Fig.1).

Polymorphismsin/FIHI, which encodes MDAS, are associated with
SLE, and constitutively activated MDAS5 leads to alupus-like disease in
mice'?. Activation and oligomerization of the downstream molecule
MAVS is observed in peripheral blood cells in over a third of patients
with SLE and is associated withincreased IFN-3 production and autoan-
tibodies to the small nuclear ribonucleoproteins Sm and UIRNP',
MAVS also hasaB cell-intrinsicrolein autoreactive B cell activation that
isindependent of IFN-1 expression*’°, MAVS polymorphisms have also
beenreportedin SLE, and a MAVSloss-of-function variantis associated
with decreased IFN-1and RNA-protein binding autoantibodies'”.

Cytosolic DNA from exogenous viruses, pieces of chromatin,
mitochondrial DNA (mtDNA), or reverse-transcribed RNAis recognized
by cyclic GMP-AMP synthase (cGAS), which dimerizes to synthesize
2,3-cyclic GMP-AMP (cGAMP) and activates stimulator of interferon
genes (STING) on the endoplasmic reticulum (ER) (Fig. 1). Expression
of cGAS in peripheral blood mononuclear cells is not only significantly
elevated in SLE patients compared with healthy individuals but also
correlates positively with the IFN score”’. Gain-of-function mutations
in TMEM173, which encodes STING, lead to systemic inflammatory and
autoimmune conditions, including lupus'®*°>?°>, However, the rele-
vance of cGAS-STING signalling to the pathogenesis of SLE is variable
and mouse model dependent, with conflicting results?** >,

Excessive activation of endosomal and cytosolic nucleic acid sen-
sors, partly driven by genetic polymorphisms, might contribute to the
prominentIFN-Isignatureinlupus.Inaddition to potentially increasing
the activation of systemic myeloid cells and B cells, these pathways
might also promote kidney disease, although experimental evidence
to support this hypothesis in the context of LN is scarce. Potential
underlying mechanismsinclude kidney cell responses to systemicIFN,
and amplification of localinflammation owing to excessive activation
of endosomal and cytosolic nucleic acid sensorsinkidney-infiltrating
myeloid cells or kidney-resident cells. Of note, these nucleic sensors
are expressed in multiple kidney-resident cells including mesangial
cells, podocytes and TECs, and have been assigned pathogenic roles
in other kidney diseases?** ',

Novel sources of chromatin

Chromatin is a central autoantigen driving adaptive immune system
activation in SLE?". The aforementioned cytosolic and endosomal
nucleic acid sensors were first studied in the context of recognizing
viral DNA and RNA but can also be activated by endogenous DNA or
RNA. Early studies reported that ICs containing nucleic acids released
by necrotic orlate apoptoticcellsand lupusIgG could induce IFNa pro-
ductionin pDCs*2 Over the past decade, newer insights have emerged
(Fig. 2). Below we consider several sources of DNA or chromatin that
might drive anti-DNA autoantibody production — the diagnostic

hallmark of SLE — and activate the innate immune system by engaging
nucleic acid sensors, systemically and locally within the kidneys.

NETosis. Various pathogens, antibodies, ICs and cytokines can trig-
ger NETosis?” (Fig. 2). In LN, autoantibodies, ICs, cytokines and IFN
can all prime neutrophils for NETosis, and the DNA released in NETs
can subsequently trigger IFN-I production by engaging TLR9 in
pDCs, or by activating cGAS-STING in monocytes and/or macropha
ges® 1732147216 thysfuellingavicious circle. This signallingis further aug-
mented by DNA-bound immunostimulatory molecules such as IL-33,
HMGBI1and LL37, which are released in NETs?". This self-perpetrating
loop is likely to be active systemically and in the kidney. For exam-
ple, IL-33-decorated NETs have been detected in inflamed kidneys of
patients with active lupus, especially in the tubulointerstitium, and
shown to stimulate robust IFN-a synthesis by pDCs in aIL-33 receptor
(ST2L)-dependent manner”®,

In addition to NETosis, ferroptosis, which is an iron-dependent
form of non-apoptotic cell death, is associated with the release and
activation of damage-associated molecular patterns such as HMGBI,
and DNA or lipid oxidation products inimmune cells®’. A 2021 report
showed that autoantibodies and IFN-I cooperatively induce ferroptosis
in neutrophils and this is pathogenically importantin LN*?. Likewise, a
2022 study linked TEC ferroptosis to glomerular injury and tubuloint-
erstitial pathology in LN*”'; these cells are also implicated in kidney

fibrosis and progression to kidney failure"®,

Mitochondrial DNA. Mitochondria are another important source of
DNA (Fig.2) and platelets represent amajor reservoir of mitochondria
in circulation and a key source of mitochondrial antigens in SLE?***%,
Moreover, defective programmed mitochondrial removal during
erythropoiesis leads to the accumulation of red blood cells carrying
mitochondria (Mito" red blood cells) in patients with SLE***. Mito-
chondrial reactive oxygen species promote the release of oxidized
mtDNA into the cytosol, which then oxidize the much more abundant
NET genomic DNA. Oxidized DNA is more resilient to nuclease deg-
radation and is more efficient than reduced DNA in activating the
STING pathway and triggering IFN production'®>**2%, Antioxidants,
which inhibit mitochondrial reactive oxygen species, dampen NET
formation and improve clinical features and immune dysregulation
in murine lupus®7*%22%_ Given that oxidatively stressed mitochon-
dria release short mtDNA fragments via pores formed by voltage-
dependent anion channel (VDAC) oligomers in the mitochondrial
outer membrane, inhibiting VDAC oligomerization decreased mtDNA
and NET release, IFN signalling and disease severity in lupus mice®”’,
again underscoring the pathogenic role of oxidized mtDNA in LN.
Of relevance, mtDNA has also been observed in NETs in LN kidney
biopsy samples.

Microparticles. Apoptotic microparticles derived from platelets,
erythrocytes, endothelial cells andimmune cells, and bearing alarmins,
lipid mediators, cytokines, tissue factor, nucleic acids and multiple
other autoantigens, have been documented in SLE**°2*, Certain sub-
sets of microparticles are associated with kidney function (as assayed
by GFR), disease activity and other clinical features of SLE?*0231233234,
Microparticles prime neutrophils for NETosis in SLE*?, which might
lead to subsequent glomerular deposition of NETs and NET-driven
LN?*, Notably, conflicting studies have reported that microparticle
numbers are unchanged, or even significantly decreased in SLE*****,
highlighting the need for further studies.
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Fig.2|Sources ofimmunostimulatory DNA in systemic lupus erythematosus
and lupus nephritis. Chromatin, in addition to being the key immunogen
driving the adaptive immune response in systemic lupus erythematosus (SLE),
has also emerged as a central driver of innate immunity owing to its ability to
trigger cytosolic and endosomal nucleic acid sensors. In addition to nucleic acids
released by necrotic or late apoptotic cells, novel sources ofimmunostimulatory
DNA have been reported. Neutrophil extracellular traps (NETs) comprise
modified chromatin and DNA decorated with cytoplasmic and granular proteins
extruded during neutrophil cell death. Mitochondria provide another major
source ofimmunostimulatory DNA (mtDNA). Platelets represent a major
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reservoir of mitochondria in circulation and are a key source of mitochondrial
antigens in SLE. Accumulation of red blood cells (RBCs) carrying mitochondria
(Mito* RBCs) has also been observed in patients with SLE. Apoptotic micro-
particles bearing nucleic acids have been documented in SLE. These diverse
sources generate immunostimulatory DNA (grey arrows). By contrast, several
DNAses and RNAses function to remove these DNA molecules, and theirimpaired
function canalso contribute to increased immunostimulatory DNA (red arrow).
These factors, partly driven by polymorphisms in genes encoding key mediators
of these pathways, contribute to the increased availability ofimmunostimulatory
DNA in SLE and lupus nephritis (LN).

Defective chromatin clearance. Although the release of immu-
nostimulatory or immunogenic DNA seems to be enhanced in SLE,
the potential contribution of defective nucleic acid clearance in the
development should not be overlooked®*® (Fig. 2). Apoptotic rem-
nants and ICs are typically engulfed by phagocytes, shuttled by phago-
somes within these cells to lysosomal compartments, and processed
in a non-inflammatory manner®*°. However, macrophages from
patients with SLE have engulfment defects and impaired degrada-
tion of phagocytosed apoptotic cells and NETs’**¥. Macrophages
from MRL/Ipr mice have impaired lysosomal maturation, which
enhances reactive oxygen species production and attenuates lyso-
somal acidification®®. Lysosomal cathepsin K, which is involved in
degrading biological macromolecules in lysosomes, contributes to
disease in MRL/Ipr mice, whereas its deficiency reduces kidney dis-
ease and autoantibodies®*’. Moreover, lysosomes are implicated in
the deregulation of autophagy in SLE, both in mice and in patients®*.
Collectively, these events might promote the accumulation of uncleared
nuclear antigens>®,

Several nucleases have beenimplicated in the clearance of nucleic
acids (Fig. 2). Most importantly, impaired function, genetic mutations,
or deficiency of these nucleases are linked to SLE and LN. For example,
DNASEIL3isuniquely capable of digesting chromatinin microparticles
released from apoptotic cells and DNASE1L3-deficient mice rapidly
develop autoantibodies to DNA and chromatin, followed by an SLE-like
disease’"’. The therapeutic potential of DNAses and RNAsesin SLEisan
active area of investigation.

Overall, multiple processes can potentially enhance the release
of immunostimulatory DNA in SLE, whereas genetic and non-genetic
deficienciesin several nucleases might contribute to the accumulation
of uncleared DNA. Both effects can promote the stimulation of cyto-
solicand endosomal nucleic sensors, resulting inincreased release of
IFN and other pro-inflammatory cytokines.

Autoantibodies and immune complexes

SLE is associated with >100 different circulating autoantibodies.
Nevertheless, one of the most characteristic serological features
of this disease is the presence of antibodies to native DNA (that is,
dsDNA). Extrafollicular B cell differentiation into short-lived anti-
body-forming cells is the key mechanism of anti-DNA autoreactivity,
which is facilitated by IFN-I signalling and IFN-I-producing pDCs**%
In addition to their close association with disease (>95% diagnostic
specificity), anti-dsDNA antibodies (or at least cross-reactive anti-
bodies that also bind dsDNA) seem to be instrumental in tissue
injury, particularly in the kidney, but also in the skin and brain**. The
unique specificity to dsDNA in SLE-associated antibodies intrigues
researchers, and studies have continued to illuminate several quite
novel aspects of their biology, including peculiar antigen-antibody
binding features®**, differential specificity for various types of DNA
structures®***¢, capacity for penetration into live cells*”, arole for
the constant region in determining the fine specificity**, and the
discovery of atypical non-canonical antibody functions including
catalytic activity?*.
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Not all patients with clinically measured anti-DNA antibodies
develop nephritis. Importantly, which antigens (nucleic acid or cross-
reactive structural antigen) confer nephritogenic potentialand why IC
deposits or formsin the kidney remain contentious questions that are
notyetresolved. Variation in DNA-binding antibody subgroups, which
differintheir binding properties, pathogenic potential,and mechanism
of disease induction, probably underlie the current discrepancies in
study findings?****>2%,

Although anti-dsDNA antibodies are most closely associated with
LN, other autoantibodies, including related anti-nuclear antibodies
(anti-nucleosomal or anti-histone), anti-ribosomal P antibodies, anti-
bodies against soluble molecules involved in the disposal of apoptotic
cells(forexample, C1q), orlocalkidney antigens (forexample, vimentin),
might also be important™ %, Newly discovered autoantibodies that
have emerged from comprehensive omics studies®* also need to be
validated inindependent cohorts.

Complement

One of the main functions of the complement systemis to safely remove
ICs and apoptotic cells. Unsurprisingly, deficiency of early classical
complement componentssuch as Clq, C2and C4isanimportant (albeit
quiterare) genetic susceptibility factor for the development of mono-
genic SLE or lupus-like conditions®>**°, However, complement activa-
tion and deposition, triggered by autoantibodies binding directly to
kidney tissue or viaICs, are also a key feature of LN. All complement
activation pathways have been implicated in the pathogenesis of SLE
(reviewed in Satyam et al.”").

C3, C4and other markers of complement activation are routinely
monitoredin clinical practice and are very useful indicators of disease
activity and response to treatment, particularly in the kidney. The
presence of complement cleavage products indicate complement
activation, and technical advances such as their measurement through
flow cytometry (for example, C4d deposited on erythrocytes), might
be superior to measuring intact C3 and C4 in the serum?®,

Complementinhibition has therapeutic potential and eculizumab,
whichisafully humanized monoclonal antibody to C5that prevents gen-
erationof C5aand the membrane attack complex, is now being explored
inother conditions associated with complement activation after being
approved to treat paroxysmal nocturnal haemoglobinuria and atypical
haemolytic uraemic syndrome®”. Interestingly, a systematic review
provided some preliminary support for the use of eculizumab in a
particular form of LN that is associated with thrombotic microangi-
opathy?”. Similarly, avacopan, which is a small molecule inhibitor of
the C5areceptor thatis administered orally and hasbeen approved for
selected patients with anti-neutrophil cytoplasmic antibody (ANCA)-
associated nephritis, is now being studied for the treatment of LN*°.
Of note, understanding the dual protective and inflammatory roles of
complement in LN is crucial to guiding the potential application

of increasingly available complement-targeted therapies™'.

Cytokines and chemokines

Several cytokines and chemokines have been extensively studied in the
context of LN pathogenesis, and here we highlight key mediators with
demonstrated therapeutic potentialin LN. For example, belimumabis
ananti-BAFF monoclonal antibody that was recently approved (incom-
bination with mycophenolate) for the treatment of LN?**?, whereas ani-
frolumab, an anti-IFNa antibody, is indicated for moderate to severe
SLE and is now being tested as an add-on to standard of care for LN
(ClinicalTrials.gov Identifier: NCT05138133)*>2%* (Fig. 3).

TNF-like weak inducer of apoptosis (TWEAK) is a member of
the TNF cytokine superfamily, which binds to the Fnl4 receptor that
is expressed on multiple cell types including resident kidney cells.
TWEAK-Fnl4 interactions promote inflammation, kidney cell prolifera-
tion and/or cell death, vascular activation and fibrosis, through which
they might contribute to the pathogenesis of LN. The importance of
TWEAK-Fn14 signalling has been demonstrated in several murine
models of SLE and LN?*"2%, Moreover, serum and especially urinary
TWEAK levelsin patients correlate with nephritis and disease severity,
and might help to monitor disease flares?**?”°, Other key cytokines and
chemokines with emerging therapeutic potential in LN include IL-17
(discussed above), TNF, transforming growth factor-p (TGFp), IL-6,
IL-10, CCL-2, and CXC-chemokine ligand 10 (CXCL-10)*°"?”%, Notably,
TGFBis also akey driver of fibrosisin LN",

Studies combining large-scale urine proteomics with kidney
single-cell transcriptomics have revealed a potential role for IFNy
and IL-16 in LN'>'®, Patients could be stratified over an IFNy-inducible
chemokine gradient and high chemokine levelsidentified patients with
proliferative LN'. IL-16 was expressed by myeloid, NK and CD8* T cells
inLN kidneys. Response to treatment was associated withareductionin
urinaryIL-16 (ref.16), which also differentiates patients with prolifera-
tive LN from those with less severe LN subtypes or active SLE without
kidney involvement®*. IL-16 might also have pathogenic relevance in
end-organs in SLE other than the kidney*”.

Dozens of additional cytokines and chemokines, growth factors
and other soluble mediators are emerging from recent large-scale
proteomic screens of urine from patients with LN; several of these
biomarkers are also elevated in LN kidneys”">***?®, The feasibility of
tracking urine biomarkers of active LN using patient-friendly point
of care tests has also been reported®”.

These exciting studies further support possible integration of non-
invasive longitudinal follow-up of patients with SLE into clinical practice
and predict that more accurate and personalized diagnosis and inter-
vention in LN is on the horizon, instead of the current more uniform
(“cookie-cutter”) approach of renal histology assessment by microscopy
and protocol-driveninitiation of standard-of-care treatment.

Genetics of lupus nephritis

Polymorphisms in several genes that impact lymphocyte signalling
and activation (for example, BANKI, BLK, LYN, CSK, PTPN22, TNFSF4,
PRKCBB, RASGRP3, PP2CA, CD44, ETS1, PRDM1 and HLA-DR), inflam-
mation (such as, TNFAIP3, TNIP3, UBE2L3, IRAK1 and ITGAM), IFN pro-
duction (for example, IRFS, IRF7, TLR7, TLRS, TLR9 and STAT4), DNA
clearance (such as DNASE1, DNASE1L3and TREX1) and the complement
pathway (suchas Clqand C4) confer susceptibility to SLE and/or LN*>7%,
Hundreds of single-cohort studies have documented and validated sev-
eralgenesthatare specifically associated with LN, including APOL1,ACE,
ITGAM, HLA-DR and multiple FCR genes”. Interestingly, an unbiassed
meta-analysis of genome-wide association screens comparing patients
with SLE and LN with those without LN, identified a comprehensive
list of LN-associated genes, including PDGFRA, HLA-DR2, HLA-DR3,
SLC5A11,1D4,HAS2 and SNTBI (ref. 278). Active researchis underway to
elucidate how these genes contribute to disease at a mechanistic level.

Therapeutic advances in lupus nephritis

The remarkable strides made in the mechanistic understanding
ofthemediators and pathwaysinvolvedin LN, together with successful
drugtherapies for other rheumatological indications, have stimulated
much clinical trial activity in SLE and LN over the past decade and led
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Fig.3|Overview of pathogenic mechanismsin LN and potential therapeutic
targets. This figure highlights potential biological therapy targets inin systemic
lupus erythematosus (SLE) and lupus nephritis (LN) based on the underlying
pathogenic node. a, Targets related to the generation ofimmunostimulatory
DNA and pathways that can activate the innate immune systemin SLEand LN.

b, Targeting adaptive immune cells with a pathogenic role in disease and their
associated pathways. Drugs highlighted in dark pink have been approved for

the treatment of LN. Abatacept, cytotoxic Tlymphocyte-associated antigen

4 immunoglobulin fusion protein (CTLA4); anifrolumab, anti-IFNa receptor
monoclonal antibody; belimumab, B cell-activating factor (BAFF)-specific
monoclonal antibody; dapirolizumab, CD40 ligand antagonist; rituximab, CD20-
specific monoclonal antibody; telitacicept, TACI-Fc fusion protein targeting
BAFF and a proliferating-inducing ligand (APRIL).

to the approval of belimumab and voclosporin, in combination with
standard of care, for the treatment of LN. However, several unantici-
pated failuresin phaselll lupus clinical trials have also been reported,
evenof medications that exhibited very promising results in phase I1”°.
These medications (including rituximab, abatacept and baricitinib
(aJAKinhibitor)) targeted key pathogenic mechanisms (Fig. 3), but
primary endpoints were not met. Important variables such as sample
size, choice of outcome measures, trial design and duration, length
of follow-up, high placebo response rates, and high baseline use of
corticosteroids or other immunosuppressants might complicate dis-
cernment of a positive signal. Moreover, SLE is a heterogenous disorder
involving many different cells and tissues, and positive resultsinasub-
set of patients might be difficult to ascertain. Even within LN, patients
vary in pathological subtypes (for example, proliferative versus mem-
branous histology) and phase of disease (incident LN versus disease
relapse after aperiod of remission). A single biologic drug will unlikely
successfully target all the mechanisms involved in the pathogenesis
of LN. Targeting groups of patients stratified according to biomarker
analyses or pharmacogenomics mightimprove trial success. Moreover,

systematic testing of combinations of drugs that target different
pathways (a common approach in oncology therapy) might be more
effective in LN*%0%,

Thelack of success in clinical trials does notinvalidate the under-
lying rationale for treatments. For example, although rituximab
(an anti-CD20 mAb that depletes B cells) did not meet endpoints for
LN?®2, it remains widely used for this indication and there is strong
real-world experience supporting its use, as endorsed by the American
College of Rheumatology and European Alliance of Associations for
Rheumatology. Moreover, a next-generation B cell-depleting agent
thatis more potent that rituximab — obinutuzumab — yielded promis-
ingresultsinaphasell randomized clinical trial in patients with active
proliferative LN?>*%3, Profound B cell depletion with anti-CD19 CAR
T cell therapy also showed potential benefit in refractory SLE?®*,

Therefore,inLN, therapy development with astrongimmunopath-
ogenic rationale, together with close attention to patient selection
and other aspects of trial design, is highly likely to identify newer and
improved forms of treatment that will translate into better disease
outcomes.
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Conclusions

The past decade has witnessed tremendous growthin our understand-
ing ofthe cellular and molecular basis of LN. In terms of renal infiltrating
leukocytes, we have gained a better resolution of the subtypes of mac-
rophages and T cells at the sites of injury. Insights have also emerged
regarding neutrophil-released mediators in disease pathogenesis.
Chromatin, in addition to being a key immunogen driving the adap-
tive immune response in this disease, has also emerged as a central
driver of innate immunity owing to its ability to trigger cytosolic and
endosomal nucleic acid sensors (Fig. 1). Collectively, current evidence
suggeststhatincreased generation and inefficient clearance ofimmu-
nostimulatory chromatindrives both adaptive and innateimmunityin
LN, particularly in genetically susceptible individuals (Fig.3). However,
several aspects remain unclear, including the relative contribution
of each of these chromatin-related mechanisms to the generation of
immunostimulatory DNA in SLE and LN, the impact of genetic poly-
morphisms in generating immunostimulatory DNA and the relative
contribution of systemic versus localimmunostimulatory DNA in ini-
tiating and driving LN. Importantly, which of these processes can be
targeted therapeutically remains a crucial question. Active researchin
all ofthese areasis likely to broaden our understanding of the origins,
characteristics and impacts of the central autoantigen in SLEand LN,
namely chromatin.

Emerging data also suggest that resident renal cells are not inno-
cent bystandersin LN but can actively contribute to disease. The next
decade could significantly expand these preliminary observations
thanks to an explosion of transcriptomic and proteomic studies with
spatial coordinates, taking the field one step closer to delivering
personalized medicinein LN.

Published online: 24 May 2023
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