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Introduction
All tissues contain a network of  mononuclear phagocytes (MNPs), including macrophages and dendritic 
cells (DCs) (1), tissue sentinels that express a range of  receptors to enable pathogen recognition, including 
IgG-opsonized microbes. However, this capacity may also promote deleterious inflammation and tissue 
damage in the context of  autoimmunity, for example, by binding autoreactive IgG immune complexes (ICs) 
in patients with systemic lupus erythematosus (SLE). One of  the most serious manifestations of  SLE is 
lupus nephritis, a condition characterized by IgG IC deposition in the kidney, activating complement and 
local immune cells, including macrophages, by engaging Fcγ receptors (FcγRs) (2–4). Macrophage IgG IC 
stimulation results in the generation of  proinflammatory cytokines and mediators (5, 6); therefore unsur-
prisingly, FCGR polymorphisms that augment FcγR-mediated macrophage activation are associated with 
susceptibility to SLE and lupus nephritis (5, 7). In established lupus nephritis, B/plasma cell aggregates 
capable of  local autoantibody production have also been described (8, 9). Current treatments for SLE largely 
consist of  nonspecific immunosuppressants, with blockade of  the B cell survival cytokine, B cell activating 
factor of  the TNF receptor family (BAFF), the only new therapeutic option (10). A better understanding of  
cell type–specific responses in lupus nephritis is needed to identify new and more targeted treatments.

Lupus nephritis is a serious complication of systemic lupus erythematosus, mediated by IgG 
immune complex (IC) deposition in kidneys, with limited treatment options. Kidney macrophages 
are critical tissue sentinels that express IgG-binding Fcγ receptors (FcγRs), with previous studies 
identifying prenatally seeded resident macrophages as major IC responders. Using single-cell 
transcriptomic and spatial analyses in murine and human lupus nephritis, we sought to understand 
macrophage heterogeneity and subset-specific contributions in disease. In lupus nephritis, the cell 
fate trajectories of tissue-resident (TrMac) and monocyte-derived (MoMac) kidney macrophages 
were perturbed, with disease-associated transcriptional states indicating distinct pathogenic 
roles for TrMac and MoMac subsets. Lupus nephritis–associated MoMac subsets showed marked 
induction of FcγR response genes, avidly internalized circulating ICs, and presented IC-opsonized 
antigen. In contrast, lupus nephritis–associated TrMac subsets demonstrated limited IC uptake, 
but expressed monocyte chemoattractants, and their depletion attenuated monocyte recruitment 
to the kidney. TrMacs also produced B cell tissue niche factors, suggesting a role in supporting 
autoantibody-producing lymphoid aggregates. Extensive similarities were observed with human 
kidney macrophages, revealing cross-species transcriptional disruption in lupus nephritis. Overall, 
our study suggests a division of labor in the kidney macrophage response in lupus nephritis, with 
treatment implications — TrMacs orchestrate leukocyte recruitment while MoMacs take up and 
present IC antigen.
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Tissue macrophages are seeded into organs prenatally from yolk sac or fetal liver progenitors and are 
variably replaced postnatally by monocyte precursors (11–13). Early fate mapping and parabiosis studies 
suggested that in adult mouse kidney around half  of  macrophages are prenatally seeded tissue-resident 
cells (TrMacs), do not circulate, and express high levels of  F4/80, while monocyte-derived kidney mac-
rophages (MoMacs) have low F4/80 expression and are CD11b high (11). More recent parabiosis experi-
ments confirmed little exchange of  F4/80hi cells (14, 15), though kidney injury or pathology may influence 
the extent to which renal macrophages are replenished from different precursors (16, 17).

Macrophages adopt tissue-specific transcriptional profiles within organs (18). Recent single-cell RNA 
sequencing (scRNA-Seq) studies showed that MoMacs within lung, heart, liver, and skin progress along 2 
distinct cell fates, occupying different anatomical niches within the tissues (19); Lyve1loMHCIIhi cells lie 
adjacent to nerve fibers, and Lyve1hiMHCIIlo cells colocalize with vasculature, protecting against the devel-
opment of  fibrosis. The kidney is a highly vascularized organ, necessitated by its homeostatic role of  waste 
and acid removal from blood, but whether MoMacs in the kidney differentiate along these 2 distinct cell 
fate trajectories and how this might be perturbed in lupus nephritis are currently unclear.

Previous data suggest that F4/80hi prenatally seeded TrMacs are the cells within the kidney that take up 
circulating ICs, acquiring them from endothelial cells to which they are closely opposed (17, 20). Notably, these 
studies used model ICs, where the antigen/antibody ratio used would generate small ICs, whereas medium 
and large ICs are commonly observed in lupus (21, 22). In addition, the ICs used in these studies did not 
contain nucleic acids or DNA (that can activate other innate receptors) (23, 24) and may therefore not truly 
recapitulate kidney macrophage responses in lupus nephritis. Here, using a combination of flow cytometric 
analysis, high-dimensional imaging, spatial transcriptomics (ST), and scRNA-Seq, we sought to delineate kid-
ney macrophage heterogeneity, activation, signaling networks, and cell fate trajectories in a murine model of  
SLE, the MRL/MpJ-Faslpr/J (MRL-Lpr) mouse, and to integrate this information with publicly available sin-
gle-cell transcriptional data from human lupus nephritis to identify novel, cell type–specific therapeutic targets.

Results
Expanded kidney macrophage populations in lupus nephritis. We profiled kidney macrophages in MRL-MpJ con-
trols and in diseased MRL-Lpr mice that harbor a mutation in Fas, which leads to the survival of  autoreactive 
lymphocytes, the development of  anti-nuclear/anti-DNA antibodies, and an IC-mediated glomerulonephri-
tis, modeling lupus nephritis (25). Flow cytometric assessment indicated 2 major kidney MNP populations, 
an F4/80hiCD11bint population (MNP1) and an F4/80loCD11bhi population (MNP2), previously reported 
to be yolk sac or hematopoietic stem cell/monocyte derived, respectively (11), in both MRL and C57BL/6 
mice (Figure 1, A and B). In all strains examined, the MNP2 subset included an MHCII-positive and -neg-
ative population, referred to hereafter as MNP2+ and MNP2– (Figure 1, B and C). In contrast to the previ-
ous description that 2 distinct populations of  MoMacs in lungs, heart, liver, and skin demonstrate binary 
expression of  MHCII, LYVE-1, and CX3CR1 in homeostasis (19), kidney MNP2+ and MNP2– populations 
expressed similar levels of  LYVE-1 and CX3CR1 (Figure 1C).

In MRL-Lpr mice, a distinct subset of  F4/80hi cells was evident, with lower expression of  CD11b (des-
ignated MNP1CD11b–) (Figure 1, A and D). MNP1CD11b– were infrequent in control kidneys, increased with 
age (Figure 1, D and E), and were expanded in other models of  antibody-mediated nephritis (NZM2328 
and nephrotoxic nephritis) (Figure 1F). In addition to this expanded MNP1CD11b– population, MNP2– were 
increased in the kidneys of  MRL-Lpr mice (Figure 1D), suggesting an increase in both MoMac and TrMac 
populations in lupus nephritis.

Spatially, in control kidneys (both MRL-MpJ and C57BL/6), MNP subsets were asymmetrically dis-
tributed, with CD11bhi MNPs enriched in the outer medulla, and present in occasional clusters in the cor-
tex and around glomeruli, while F4/80hiCD11bint/lo (F4/80hiCD11bint/lo) predominated in the cortex (Figure 
1, G and H, and Supplemental Figure 1, A and B; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.159751DS1). CD11bhiMHCII+ cells were observed adjacent to inter-
lobular arteries, peritubular capillaries, and nerves (Figure 1G and Supplemental Figure 1A). Thus, MHCII 
and LYVE-1 do not appear to mark macrophages located adjacent to nerves or blood vessels, respectively, 
in the kidney. In MRL-Lpr kidneys, extensive cortical F4/80–CD11bhi infiltrates were prominent, with some 
large aggregates that included F4/80hiCD11b– cells (Figure 1H). In addition, F4/80hiCD11b– cells promi-
nently encased every glomerulus (Figure 1H and Supplemental Figure 1B), altogether consistent with the 
increase in MNP1CD11b– and MNP2– identified by flow cytometric assessment (Figure 1, C and D).

https://doi.org/10.1172/jci.insight.159751
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Figure 1. Expanded kidney macrophage populations in lupus nephritis. (A) Representative CD11b versus F4/80 expression by kidney MNPs in 
MRL-MpJ (left) and MRL-Lpr (right) mice. (B) Representative CD11b versus F4/80 and MHCII expression by kidney MNPs in C57BL/6 mice with cells 
identified as MNP1 (F4/80hiCD11bintMHCIIhi), MNP2+ (F4/80intCD11bhiMHCII+), and MNP2– (F4/80intCD11bhiMHCII–). (C) Surface expression of CD11c, 
MHCII, CX3CR1, and LYVE-1 by kidney MNP subsets in MRL mice. (D) Absolute cell numbers of kidney MNPs in 16-week-old MRL-MpJ and MRL-Lpr 
mice. n = 5–6 animals per group from 2 separate experiments. *P < 0.05, Mann-Whitney test with Benjamini, Krieger, and Yekutieli posttest. (E) 
Absolute numbers of MNP1CD11b- per kidney in MRL-MpJ and MRL-Lpr mice with age. n = 2–5 animals per group. *P < 0.05, Mann-Whitney test. (F) 
Representative CD11b and F4/80 expression by kidney MNPs in young and old NZM2328 mice (top, n = 5) and following administration of nephro-
toxic serum in C57BL/6 mice (bottom, n = 6). The cyan outline represents the MNP1CD11b– population in the 34-week-old NZM2328 mouse and the 
mouse that received NTS. (G) Representative confocal microscopy (n = 3) on murine C57BL/6 kidney showing MNP distribution around peritubular, 
afferent/efferent blood vessels and glomeruli (CD31, red) as well as surrounding nerves (βIII tubulin, white) through expression of CD11b (blue) and 
MHCII (green). Scale bar = 150 μm. (H) Representative confocal microscopy (n = 4) showing MNP distribution in kidneys from 18-week-old MRL-MpJ 
(left) and MRL-Lpr (right) mice through expression of F4/80 (cyan) and CD11b (yellow) relative to blood vessels (CD31, red). Scale bar = 300 μm. int, 
intermediate; NTS, nephrotoxic serum; NTN, nephrotoxic nephritis.

https://doi.org/10.1172/jci.insight.159751
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Lupus nephritis–associated macrophage heterogeneity at single-cell resolution. To more comprehensively char-
acterize kidney MNP heterogeneity in health and to explore how these populations change in lupus nephri-
tis, we performed droplet encapsulation scRNA-Seq (Chromium, 10x Genomics) on flow-sorted kidney 
macrophages isolated from MRL-MpJ and MRL-Lpr mice (6) (Figure 2A). Subclustering of  the 2 major 
groups we described previously (group 1, MNP1, and group 2, MNP2) revealed 9 cell clusters (Figure 2A). 
Notably, MNP1 clusters expressed Adgre (F4/80) but little Itgam (CD11b), and vice versa, MNP2 clusters 
showed minimal expression of  Adgre (F4/80) but expressed Itgam (CD11b) (Figure 2B), analogous to the 2 
major macrophage populations identified by flow cytometry. Group 2 MNPs included a monocyte cluster 
(2.1), as well as MHCII-positive (MNP2.2) and -negative (MNP2.3) clusters (Figure 2, B and C), mirroring 
MNP2+ and MNP2– subsets identified by flow cytometry (Figure 1) and the MoMac populations identi-
fied in other organs using scRNA-Seq (19). All MNP1 clusters showed transcriptional similarity with a 
reference fate-mapped, yolk sac–derived kidney macrophage signature (11) and MNP2 clusters with a fate-
mapped kidney monocyte-derived macrophage signature (Figure 2D).

Differentially expressed genes in MNP1.6 included cell cycle genes (Figure 2E), indicating proliferating 
cells, and other canonical macrophage and monocyte markers (Itgax [CD11c], Cd14, Ly6c, Ccr2, and Cx3cr1) 
showed distinct expression patterns with little expression of  DC-associated markers (Figure 2E). Each clus-
ter contained cells from both control and diseased kidneys, although MNP1.4 (which did not express Itgam, 
Figure 2B) and MNP2.3 were markedly enriched in diseased samples (Figure 2C), consistent with our flow 
cytometric and confocal imaging studies, which also demonstrated an expansion of  subsets of  F4/80hi mac-
rophages (MNP1CD11b–) and CD11bhiMHCII– macrophages (MNP2–) in MRL-Lpr kidneys (Figure 1).

We next used ST to delineate the anatomical localization of  macrophage subsets in homeostasis. Podo-
cyte (Nphs2), proximal tubular (Slc22a13, Slc34a1), and distal tubule/collecting duct (Kcnj1, Aqp2) gene 
expression delineated the anatomical regions of  the kidney (Figure 2F and Supplemental Figure 2, A and 
B). In control kidneys, group 1 MNP subset signatures were predominantly enriched in the cortex, except 
for the proliferating MNP1.6 genes, which were enriched in the medulla (Figure 2G and Supplemental 
Figure 2C). Group 2 MNP signatures showed distinct localization patterns, with MNP2.1 (monocytes) 
signatures enriched in the pelvic region and MNP2.2 enriched in the outer medulla, while high MNP2.3 
signatures were scattered around the cortex (Figure 2H and Supplemental Figure 2D). Using a podocyte 
signature (26) to specifically select glomerulus-containing voxels (Figure 2I), we examined the proportion 
of  group 1 and 2 MNPs that localized to glomeruli and found a large increase in glomerulus-associated 
MNP2.3 signatures in the MRL-Lpr compared with the MRL-MpJ kidney (Figure 2J), consistent with a 
contribution to glomerulonephritis.

Kidney macrophages show deranged cell state trajectories in lupus nephritis. The developmental trajectories 
of  the F4/80hi group 1 clusters showed a progression from the proliferating cluster MNP1.6, through to 
MNP1.5 and then a binary divergence to either MNP1.2 and MNP1.1 or to MNP1.4 and MNP1.3 (Figure 
3A), with a marked skewing toward the latter trajectory in MRL-Lpr kidneys (Figure 3A and Supplemental 
Figure 3A). Transcription factor (TF) regulon activity analysis at the divergence of  pseudotime cell fate 
showed Maf-, Runx1-, Nfatc2-, Irf4-, and Irf7-regulated genes were highly expressed by cells transitioning 
from MNP1.5 to MNP1.2 (Supplemental Figure 3B), while Cebpg, Junb, Irf8, and Stat1 were expressed in 
cells transitioning from MNP1.5 to MNP1.4 (Supplemental Figure 3B). Of note, Maf (also known as cMaf), 
together with MafB, desensitize macrophages to proliferative stimuli, such as M-CSF, by inhibiting the 
expression of  genes such as Myc (27), promoting a quiescent tissue macrophage phenotype. Furthermore, 
Maf and Nfact2c have been shown to be upregulated in renal macrophages as they differentiate from progeni-
tors following seeding in the embryo, with the latter a kidney-specific TF (18). In contrast, IRF8 and STAT1 
mediate inflammatory M1 polarization in macrophages (28), activated by IFN-γ stimulation (29).

Chakarov et al. used scRNA-Seq to investigate MoMacs in lungs, skin, and heart and showed that 
MHCII+ and MHCII– cells represented 2 distinct cell developmental fates rather than cells at opposite 
ends of  a cell differentiation spectrum (19). Similarly, in the kidneys, we found that MNP2.2 and MNP2.3 
developed from monocytes (MNP2.1) along 2 distinct trajectories, with the 2.1 to 2.3 trajectory favored in 
lupus nephritis (Figure 3B and Supplemental Figure 3C). TF regulon activity showed increased expression 
of  Irf4- and Stat6-controlled genes as cells moved from MNP2.1 (monocytes) to MHCII+ MNP2.2 (Supple-
mental Figure 3D), TFs known to polarize toward an antiinflammatory M2 macrophage phenotype (28). 
In contrast, Stat3-regulated genes increased in cells progressing toward MNP2.3 (MHCII–) cluster (Supple-
mental Figure 3D), with STAT3 activated by a number of  cytokines, including IL-6 (30).
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Figure 2. Lupus nephritis–associated macrophage heterogeneity at single-cell resolution. (A) Illustration of single-cell experiment setup (left panels) 
and uniform manifold approximation and projection (UMAP) embedding of 2,179 macrophages from MRL-MpJ and 1,475 macrophages from MRL-Lpr mice 
(right panels). (B) Mean expression dot plot of genes Itgam (CD11b), Adgre1 (F4/80), and H2-Ab1 (MHCII). (C) Proportion of cells found in each cluster 
and mouse strain. (D) Heatmap of mean AUCell enrichment of F4/80hi/lo gene sets, corresponding to yolk sac (YS) versus hematopoietic stem cell (HSC) 
lineage. (E) Mean expression dot plot of top 5 significant marker genes for each MNP cluster. Marker genes were identified using Wilcoxon rank sum test, 
and P (adj) < 0.05 was considered statistically significant. (F) Spatial expression of markers used to delineate the anatomical regions in Visium Spatial 
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MoMacs are IC responders in lupus nephritis. Interestingly, NF-κB1–regulated genes were also increased 
in MoMacs as they differentiated from monocytes, a TF activated by FcγR cross-linking in phagocytes 
(31). (Supplemental Figure 3D). Indeed, Fcgr4 (an activating FcγR) expression was substantially higher in 
MNP2.3 in MRL-Lpr compared with MRL-MpJ kidneys (Figure 3C), with a marked reduction in the inhib-
itory Fcgr2b in all TrMac and MoMa subsets (particularly MNP2.2) in MRL-Lpr kidneys, with the overall 
effect of  increasing macrophage activation upon IgG IC encounter. Consistent with this, we observed a 
significant enrichment of  a macrophage IgG IC stimulation gene signature across all group 1 and group 
2 MNP clusters in MRL-Lpr mice compared with MRL-MpJ mice, particularly in MNP1.5 (Figure 3D). 
Furthermore, Gene Ontology– and Kyoto Encyclopedia of  Genes and Genomes–curated gene sets for 
FcγR signaling and FcγR-mediated phagocytosis were strongly enriched in MNP2.3 in MRL-Lpr kidneys 
(Figure 3D). ST analysis supported a marked increase in IC-induced gene signatures in MRL-Lpr kidneys 
that colocalized with the MNP1.5 gene signature (Figure 3E), as well as an increase in expression of  the 
FcγR-mediated phagocytosis gene set in the cortex that colocalized MNP2.3 gene signature (Figure 3F). 
Together these data support the conclusion that disease-associated subsets of  both TrMacs and MoMacs 
are responding to IgG IC stimulation via FcγR cross-linking in lupus nephritis.

Given that our scRNA-Seq and ST analysis showing MoMacs as IC responders was in contrast to 
previous reports implicating prenatally seeded TrMac as the principal cell type capable of  internaliz-
ing ICs (17, 20), we sought to directly assess the capacity of  kidney macrophages to internalize circu-
lating ovalbumin (OVA) ICs, generated using varying ratios of  rabbit anti-OVA IgG. Following in vivo 
challenge by intravenous administration of  ICs, F4/80hi TrMacs internalized free OVA and small ICs 
(IgG/OVA ratio of  1:1 and 1:10) but demonstrated little uptake of  larger ICs (IgG/OVA ratio of  5:1) 
(Figure 4A). In contrast, MoMac subsets readily internalized large IgG ICs from the circulation (Fig-
ure 4A). To confirm that this observation was not limited to rabbit IgG ICs, we generated larger ICs 
using mouse anti-OVA IgG and similarly showed that MoMac subsets readily internalized circulating 
ICs with no significant uptake by F4/80hi TrMacs in vivo (Supplemental Figure 3E). In vitro, FcγR 
cross-linking by OVA ICs and (to an even greater extent) anti-dsDNA-DNA ICs induced the produc-
tion of  TNF-α, and IL-1β, by both TrMacs and MoMacs (Figure 4B). In the scRNA-Seq data, group 1 
and group 2 MNPs expressed AIM2, which may contribute to the augmented responses to anti-dsD-
NA ICs (Supplemental Figure 3F). Both TrMacs and MoMacs were able to present immune com-
plexed Y-Ae (32) in vitro, but in vivo TrMacs did not present IV immune complexed antigen. Instead, 
MoMacs were the major antigen presenters (Figure 4C). Together, these data implicate MoMacs as 
IC-phagocytosing and -responding populations in the kidney in vivo.

TrMacs orchestrate monocyte recruitment in lupus nephritis. We next considered the role of  TrMacs in 
lupus pathogenesis. Analysis of  cell-cell interactions between mouse TrMac and MoMac subsets based 
on receptor-ligand expression (33) revealed the potential for MNP1.5 to recruit MNP2.1 via the expres-
sion of  Ccl4 and Ccl8 in MRL-Lpr but not MRL-MpJ kidneys (Figure 5A). ST analysis confirmed the sig-
nificance of  such interactions in vivo as Ccl8 and Ccr5 were shown to be coexpressed in inflamed regions 
of  MRL-Lpr kidneys, with Ccl8 expression colocalizing with MNP1.5 gene signatures in these regions 
(Figure 5B). Similarly, Ccl8 and Ccr2 or Ccl4 and Ccr5 were also coexpressed in MRL-Lpr kidneys, with 
colocalized expression undetectable in MRL-MpJ kidneys (Figure 5C).

In MRL-Lpr kidneys, MNP1.4 also expressed Hebp1 (Figure 5A), a molecule with chemoattractant 
activity via Fpr3 (34). Cd72-Sema4d–mediated interactions were also predicted to reinforce physical associ-
ations between lupus-associated TrMac subsets (MNP1.4 and MNP1.5) and MoMac subsets in the context 
of  nephritis (Figure 5A), which was further supported by the expression of  Sema4d in large CD11bhi MNP2 
infiltrates (Figure 5D) as well as the coexpression of  these molecules in MRL-Lpr kidneys (Figure 5C). 
Notably, Sema4d (CD100) has previously been shown to promote macrophage accumulation in glomeruli 
in nephrotoxic nephritis (35), and CD72 ligation by CD100 can directly activate MNPs (36).

Gene Expression data of C57BL/6 kidney sections (Kcnj1 — pelvis, Slc22a13 — proximal tubules, and Nphs2 — glomeruli). (G) Spatial transcriptomics of 
group 1 macrophage signatures in C57BL/6 murine kidneys with annotated scRNA-Seq data above. Each spot/voxel denotes a prediction score of 0–1 for 
the location of each of the macrophage subgroups. (H) Spatial transcriptomics (ST) of group 2 macrophage signatures in C57BL/6 murine kidneys with 
annotated scRNA-Seq data above. Each spot/voxel denotes a prediction score of 0–1 for the location of each of the macrophage subgroups. (I) ST of 
podocyte signature in MRL-MpJ (left) and MRL-Lpr (right) kidneys to identify glomerulus-containing spots/voxels. (J) Average proportion of each macro-
phage subset signature in spots/voxels identified in I in the MRL-MpJ (left) and MRL-Lpr (right) kidneys.
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To validate the importance of  MNP1-MNP2 interactions in vivo following challenge with ICs, we treat-
ed mice with liposomal clodronate, which specifically depleted kidney TrMacs but had no significant effect 
on kidney or blood MNP2 numbers (Figure 6, A–D). Challenging mice with large ICs intravenously resulted 
in a significant increase in kidney MoMacs, which was substantially abrogated by prior depletion of  TrMacs 
with liposomal clodronate (Figure 6D), demonstrating the functional importance of  TrMac chemokine pro-
duction in orchestrating monocyte recruitment in the context of  IC stimulation.

TrMacs produce B cell cytokines. In addition to inflammatory cell infiltrates, tertiary lymphoid follicles with 
B/plasma cell aggregates capable of  local autoantibody production have been described in murine models of  
lupus nephritis (8, 9). We therefore asked whether kidney MNPs expressed B/plasma cell survival factors that 
might support such activity. We found increased expression of  Tnfsf13b, encoding the B/plasma cell survival 

Figure 3. Kidney macrophages show deranged cell state trajectories in lupus nephritis. (A) (Left) UMAP embedding of group 1 cells with summary tracks of 
slingshot trajectory connecting the group 1 clusters. (Right) Proportion of cells from MRL-MpJ (blue) or MRL-Lpr (yellow) from each cluster organized according to 
predicted trajectory. (B) (Left) UMAP embedding of group 2 cells with summary tracks of slingshot trajectory connecting the group 2 clusters. (Right) Proportion 
of cells from MRL-MpJ (blue) or MRL-Lpr (yellow) from each cluster organized according to predicted trajectory. (C) Mean expression dot plot of FcγR genes split by 
mouse strain (M = MRL-MpJ; L = MRL-Lpr). (D) Heatmap of mean AUCell enrichment of immune complex (IC) stimulation/cross-linking related gene sets split by 
MRL-MpJ or MRL-Lpr. Statistical significance testing was performed using pairwise Wilcoxon rank sum tests and adjusted with Bonferroni posttest where *P < 
0.05; **P < 0.01; ***P < 0.001. (E) (Left and middle panels) Spatial expression of IC stimulation/cross-linking related gene sets in Visium Spatial Gene Expression 
data of MRL-MpJ (left) and MRL-Lpr (right) kidney sections. (Right panel) Positive correlation values of expression of gene set with group 1.5 prediction scores 
across k-nearest neighborhoods of spots are colored from white to red. Gray spots indicate no available scores or negative correlation. (F) (Left and middle panels) 
Spatial expression of FcγR-mediated phagocytosis-related gene sets in Visium Spatial Gene Expression data of MRL-MpJ (left) and MRL-Lpr (right) kidney sec-
tions. (Right panel) Positive correlation values of expression of gene set with group 2.3 prediction scores across k-nearest neighborhoods of spots are colored from 
white to red. Gray spots indicate no available scores or negative correlation. OIC, opsonized immune complex; UP, upregulated.
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factor BAFF, in lupus-enriched TrMac subsets (MNP1.3, 1.4, and 1.5) in MRL-Lpr kidneys compared with 
MRL-MpJ, with little Tnfsf13b expression in MoMac subsets (Figure 7A and Supplemental Figure 4A). In 
the ST data, B cell clusters (evidenced through expression of  Cd79a), were found in areas with high Tnfsf13b 
expression and specifically colocalized with MNP1.5 gene signatures (Figure 7B). BAFF expression was also 
detected at the protein level in F4/80hi MNPs only in kidneys from MRL-Lpr mice (Figure 7C), with tertiary 
lymphoid-like structures formed of  B cells, T cells, and MNPs evident in inflamed kidneys (Figure 7D).

Human kidney MNPs show perturbations in FcyR expression, activation, and interactions in lupus nephritis. To 
validate these findings in human kidney macrophages in SLE, we integrated our data set of  single-cell tran-
scriptomes from healthy human kidney macrophages (37) with those isolated from human kidneys with 
lupus nephritis (38). Macrophages formed 3 major clusters with expression profiles consistent with their 
identity as classical monocyte-derived macrophages, nonclassical monocyte-derived macrophages, and tis-
sue-resident macrophages, each of  which contained cells from both healthy and lupus nephritis kidneys 
(Figure 8A). The tissue-resident cluster was enriched for YS-derived mouse kidney macrophage gene sig-
nature and the monocyte-derived clusters for HSC/monocyte-derived mouse kidney macrophage gene sig-
nature (Supplemental Figure 4B). Comparing mouse kidney macrophage transcriptomes to human macro-
phages, group 1 MNP signatures were enriched in the human TrMac cluster, and group 2 MNP signatures 
were enriched in the human MoMac clusters (Figure 8B). Macrophage IC stimulation signature genes were 
increased in all 3 human macrophage subsets in lupus nephritis compared with healthy kidneys, partic-
ularly in classical MoMacs (Figure 8C). Furthermore, the MRL-Lpr–enriched murine MNP2.3 signature 
was increased in human MoMacs in lupus nephritis, while the MRL-MpJ–enriched MNP2.2 signature was 
decreased (Supplemental Figure 4C).

Interestingly, as observed in murine MRL-Lpr MNP1 clusters, TNFSF13B (encoding BAFF) expression 
was increased in TrMacs in human lupus nephritis compared with control kidneys (Figure 8D), and mac-
rophage BAFF expression was validated in biopsies obtained from patients with lupus nephritis (Figure 
8E). Receptor-ligand expression analysis integrating kidney B cell and macrophage single-cell data sup-
ported BAFF as a major mediator of  macrophage–B cell interactions but revealed differing BAFF receptor 
(BAFF-R) expression in lupus nephritis, with TNFSR13B (encoding transmembrane activator and cyclophi-
lin ligand interactor, TACI) prominent in mediating interactions in lupus nephritis but TNFSR13C (encod-
ing BAFF-R) dominant in control kidneys (Figure 8, F and G).

Figure 4. Kidney macrophages produce cytokines and present antigen upon IC uptake. (A) (Left) Uptake of free and immune complexed AF647-OVA by kidney 
MNPs in vivo 2 hours following intravenous injection in C57BL/6 mice. 5:1 (large), 1:1 (small), and 1:5 (monomeric) molar ratios of rabbit IgGs/OVA were used. 
(Right) Uptake of free and immune complexed AF647-OVA by kidney MNPs in vivo 2 hours following intravenous injection in C57BL/6 mice. n = 2–4 mice per 
group from 2 separate experiments. (B) Representative expression (n = 3) of TNF-α (top) and IL-1β (bottom) by each MNP subset after 2 hours of stimulation in 
vitro with the appropriate condition. (C) Antigen presentation by kidney MNPs in vitro (top, n = 3) 2 hours following stimulation with free or immune complexed 
Eα-AF647-OVA or in vivo (bottom, n = 4–6 from 2 separate experiments) 4 hours following intravenous injection of free or immune complexed Eα-AF647-OVA in 
C57BL/6 mice. The number indicates the average gMFI for this channel. AF647, Alexa Fluor 647; gMFI, geometric mean fluorescence intensity.
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MoMacs in lupus nephritis biopsies showed increased expression of CCR5 and FRP3 in lupus nephritis 
(Supplemental Figure 4D), mirroring our findings in MRL-Lpr kidneys, and there was also increased expres-
sion of SEMA4D in both MoMac and TrMac subsets (Supplemental Figure 4D). All the top 10 MNP1.4 TF 
regulons were increased in human TrMacs in lupus nephritis, including STAT1 (Supplemental Figure 5A), and 

Figure 5. TrMacs orchestrate monocyte recruitment in lupus nephritis. (A) CellPhoneDB receptor-ligand interaction analysis between group 1 (group 1.4 and 
group 1.5) and group 2 (group 2.1, group 2.2, and group 2.3) clusters split by mouse strain (M = MRL-MpJ; L = MRL-Lpr). Significant interactions (P < 0.05) are 
highlighted in red. (B) Spatial expression of CCL8 and CCR5 in Visium Spatial Gene Expression data of MRL-MpJ (left) and MRL-Lpr (right) kidney sections. 
(Left and middle) Expression of molecules per spot colored from increasing gradient from white to red, corresponding to increasing expression value. (Right) 
Positive correlation values of expression of molecules with Group 1.5 prediction scores across k-nearest neighborhoods of spots are colored from white to red. 
Gray spots indicate no available scores or negative correlation. (C) Positive correlation values of expression of molecules (CCL8 and CCR2, left; CCL4 and CCR5, 
middle; CD72 and SEMA4D, right) in Visium Spatial Gene Expression data of MRL-MpJ (left) and MRL-Lpr (right) kidney sections. Positive correlation values of 
expression of molecules are colored from white to red. Gray spots indicate no available scores or negative correlation. (D) Representative confocal microscopy 
(n = 3) showing SEMA4D expression (yellow) in healthy tissue (left) and a large immune infiltrate (right) in the cortex (left, CD11b — red) in the kidneys from 
18-week-old MRL-Lpr mice. Colocalization of CD11b with SEMA4D shown in white. Scale bar = 25 μm.
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many of the top 10 MNP2.3 TF regulons were increased in MoMacs (Supplemental Figure 5B). This included 
IKZF1 (encoding IKAROS), a genetic susceptibility locus for human SLE and lupus nephritis (39, 40).

Overall, these data indicate distinct roles for TrMacs and MoMacs in lupus nephritis and show similar 
disruption of  kidney macrophage signaling networks in mice and humans, with TrMacs promoting mono-
cyte recruitment and providing a tissue niche for B cells (Supplemental Figure 5C).

Discussion
Our work has several surprising findings. A previous study applying scRNA-Seq to tissue macrophages 
found 2 distinct populations of  MoMacs in lungs, heart, liver, and skin that were MHCIIhiLYVE-1lo, or 
vice versa, that developed along 2 distinct trajectories and occupied distinct anatomical niches adjacent 
to nerves and blood vessels, respectively (19). The authors suggested this was a universal phenomenon 
across organs, but though we similarly saw binary fate trajectories in the kidney, these 2 populations 
expressed similar levels of  LYVE-1 and CX3CR1 and did not differentially colocalize with vasculature 
or nerves. In lupus nephritis, macrophage fate in these MoMacs was skewed toward the development 
of  the MHCII– subset, which showed increased Fcgr4 expression and transcriptional evidence of  high 
NF-κB activity and FcγR-mediated activation. This was unexpected, given previous reports suggesting 
that F4/80hi prenatally seeded TrMacs represent the main population capable of  phagocytosing circulat-
ing IgG ICs (17, 20), but when we directly challenged mice with large ICs intravenously, we showed that 
CD11bhi MoMac subsets had substantial capacity to internalize ICs in vivo. The likely explanation for 
these differing observations relates to the size of  IgG ICs, with previous studies utilizing small or mono-
meric IgG-opsonized antigens, while we profiled uptake of  a range of  sizes of  ICs, including larger ICs 
that more closely resembled those found in human lupus (21, 22).

Although F4/80hi TrMac subsets showed minimal IC uptake, our data indicate an important role in 
orchestrating tissue inflammation in lupus nephritis. Disease-enriched TrMac subsets expressed chemokines 
capable of  orchestrating the recruitment of  monocytes, validated using ST data sets, and shown to be func-
tionally important by the demonstration that TrMacs attenuated monocyte recruitment to the kidneys after 
intravenous IgG IC challenge. TrMacs in mouse and human lupus nephritis also showed increased expres-
sion of  TNFSF13B, encoding BAFF, a cytokine that enhances B cell survival and proliferation (41) and 
contributes to the plasma cell niche (42). BAFF mediates its effects via 3 receptors, TNFSFR13C (BAFF-R), 
TNFSFR17 (BCMA), and TNFSFR13B (TACI). Selective BAFF blockade prevents the development of  

Figure 6. TrMacs orchestrate IC-dependent monocyte recruitment. (A) Illustration of the experimental setup for in vivo 
experiment. (B) Numbers of MNP1 and MNP2 subsets in the kidneys following 2 injections of liposome clodronate shown 
as percentage of cells in the control (PBS injected) kidneys. n = 4–6 per group. **P < 0.01, Mann-Whitney test with 
Benjamini, Krieger, and Yekutieli posttest applied. (C) Absolute number of CD11bhiMHCII+ (MNP2+) and MHCII– (MNP2–) 
cells in 30 μL of blood 4 hours following injection of free or complexed OVA in mice that had received clodronate or PBS 
as described in Figure 3E. n = 2–5 per group. (D) Absolute numbers for each MNP subset 4 hours following i.v. injection of 
free or immune complexed OVA (right) for each experimental condition in the kidneys. n = 4–10 per group. *P < 0.05, **P 
< 0.01, ****P < 0.0001, Mann-Whitney test with Benjamini, Krieger, and Yekutieli posttest applied.
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lupus nephritis in mice (43), and the humanized anti-BAFF IgG1 antibody belimumab is licensed for use 
in patients with SLE (44), with potential efficacy in lupus nephritis (45). Our analysis specifically identified 
TrMacs as a source of  kidney BAFF in mice and humans and implicated TACI in intra-renal B cell respons-
es to BAFF in lupus nephritis but not in homeostasis, highlighting a disease-specific therapeutic target. Both 
TrMacs and MoMacs showed increased expression of  SEMA4D (CD100) in lupus nephritis. Its ligand CD72 
is highly expressed by B cells (46), identifying an additional axis of  macrophage–B cell crosstalk that may 
also represent a novel therapeutic target.

In summary, our study presents a detailed analysis of the single-cell transcriptional profiles of kidney mac-
rophages in lupus nephritis, integrating murine and human data, and providing spatial validation using ST. We 
define how cell fate trajectories of both TrMacs and MoMacs become deranged in disease and identify key TFs 
that may control cell progression toward a more proinflammatory transcriptional program. We find distinct 
roles for TrMacs and MoMacs, with the former showing limited IC uptake, but playing a major role in orches-
trating the recruitment and maintenance of inflammation-associated cells, and the latter being able to inter-
nalize and present IC-associated antigen. Overall, this work provides a single-cell and spatial transcriptional 
atlas for macrophages in lupus nephritis and identifies potentially novel cell subset–specific therapeutic targets.

Figure 7. TrMacs produce B cell cytokine. (A) Violin plot of Tnfsf13b (BAFF) in group 1 clusters. (B) Spatial expression of Cd79a and Tnfsf13b in Visium Spa-
tial Gene Expression data of MRL-Lpr kidney section. (Left and middle) Expression of molecules per spot are colored from increasing gradient from purple 
to green to yellow, corresponding to increasing expression value. (Right) Positive correlation values of expression of molecules with group 1.5 prediction 
scores across k-nearest neighborhoods of spots are colored from white to red. Gray spots indicate no available scores or negative correlation. (C) Represen-
tative confocal microscopy (n = 3 per group) showing BAFF expression (red) in macrophages (F4/80, cyan) in kidneys from 18-week-old MRL-MpJ (top) and 
MRL-Lpr (bottom) mice. Scale bar = 30 μm. (D) Representative confocal microscopy (n = 3) showing immune infiltrates containing B (B220, purple) and T 
(CD3, green) cells alongside F4/80+ (cyan) and CD11b+ (yellow) MNPs around blood vessels (CD31, red) in kidneys from MRL-Lpr mice. Scale bar = 70 μm.
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Methods

Mice
Wild-type C57BL/6 mice were obtained from The Jackson Laboratory. Transgenic mice expressing Venus 
EYFP under the control of  the CD11c promoter were a gift from M Nussenzweig (Rockefeller University, 
New York, New York, USA). NZM2328 mice were a gift from MJ Kaplan (National Institute of  Arthritis 
and Musculoskeletal and Skin Diseases, National Institutes of  Health, NIAMS/NIH; Bethesda, Maryland, 
USA). MRL-MpJ (no. 00486) and MRL-Lpr (no. 00485) mice were obtained from The Jackson Laboratory. 
In all experiments, both male and female mice were used. For all in vivo experiments, 8- to 16-week-old 
mice were used. In the United Kingdom, mice were maintained in specific pathogen–free conditions at a 
Home Office–approved facility.

Murine kidney processing
Following terminal procedure, mouse kidneys were minced finely and digested in RPMI (MilliporeSig-
ma) containing 0.1 mg/mL DNase I (Merck), 0.0325 mg/mL liberase (Merck), and 10 mM HEPES 
for 25 minutes at room temperature. Organs were then mechanically dissociated through a 70 μm cell 

Figure 8. Human kidney MNPs show perturbations in FcγR expression, activation, and interactions in lupus nephritis. (A) Integrated UMAP embedding of 
macrophages from publicly available data sets of human kidneys (normal, ref. 37, and SLE, ref. 38). (B) Heatmap of mean AUCell enrichment of mouse group 
1 and group 2 signatures in human macrophage clusters. (C) Heatmap of mean AUCell enrichment of OIC cross-linking signature split by normal or SLE. (D) 
Violin plot of Tnfsf13b in human macrophage clusters. Expression value is scaled from 0 to 1 across cell clusters. Significance was calculated using Wilcoxon 
rank sum test with BH posttest applied where ***P < 0.001. Color of the P value indicates which group has a higher value (red = SLE, blue = normal). (E) 
Microscopy showing BAFF expression (red) in peri-glomerular macrophages (CD206, cyan) in kidneys from SLE patients. Scale bar = 20 μm. (F) CellPhoneDB 
receptor-ligand interaction analysis between human B cells and human macrophage clusters (NC — nonclassical monocyte-derived macrophages; C – classi-
cal monocyte-derived macrophages; TR — tissue resident macrophages) split by normal (N) or SLE (S). Significant interactions (P < 0.05) are highlighted in 
red. (G) Violin plot of BAFF receptor molecules in human B cells. Expression value is scaled from 0 to 1. Significance was calculated using Wilcoxon rank sum 
test with BH posttest applied where ***P < 0.001. Color of the P value indicates which group has a higher value (red = SLE, blue = normal).
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strainer (Falcon, Corning), then washed in PBS, and red blood cell lysis was performed. Single-cell 
suspension was enriched in hematopoietic cells by Percoll gradient centrifugation (2,000 rpm in 44% 
Percoll in RPMI 10% FBS with centrifuge break on 0 for 20 minutes), pellet was washed with cold PBS 
2% FBS, and cells were then used for further analysis.

Flow cytometry
Single-cell suspensions were blocked for 30 minutes with 50 μL normal mouse serum in PBS 2% FBS on ice, 
then stained with the appropriate fluorescently labeled antibodies (see antibody table) and live/dead staining for 
30 minutes on ice. When using biotinylated antibodies, cells were then washed and stained with fluorescently 
labeled streptavidin for 20 minutes on ice. After washing, cells were analyzed on an LSRFortessa (BD Biosci-
ences). FCS files were analyzed using FlowJo v9.9.6. Antibodies used in this study are in Supplemental Table 1.

Cell sorting
Stained samples were sorted on a FACSAria III (BD Biosciences) following the appropriate gating strategy. 
Cells were sorted under the 4-way purity setting into chilled FBS and kept on ice until ready to use.

Generation of OVA ICs
ICs were prepared in vitro by incubating AF647-OVA (1 mg/mL in PBS) or DQ-OVA (1 mg/mL in PBS) 
with rabbit polyclonal anti-OVA antiserum (3.7 mg/mL) at a 1:10, 1:5, 1:1, 5:1, or 10:1 molar ratio for 60 
minutes in a 37°C water bath. Large ICs (1:5 and 1:10 molar ratios) were washed twice (10,000 rpm for 2 
minutes with discarding of  the supernatant) prior to being injected to remove excess OVA or excess IgG.

Generation of DNA ICs
ICs were prepared in vitro by incubation with Ultrapure salmon sperm DNA (Thermo Fisher Scientific) 
and sonicated into fragments ranging from 150 to 300 bp with anti-dsDNA antibodies engineered to have a 
human IgG1 backbone for 60 minutes in a 37°C water bath. The anti-dsDNA antibodies were provided by 
the autoimmunity, transplantation, and inflammation branch at Novartis, Switzerland.

In vitro uptake by kidney MNPs
Single-cell suspension was prepared as described. Cells were then resuspended in prewarmed RPMI 10% 
FBS and plated in a 24-well plate, 3 × 106 cells per well in 300 μL medium. Cells were given opsonized/free 
OVA in 10 μL PBS and incubated in the dark at 37°C for the appropriate time. After incubation, cells were 
washed with cold PBS 2% FBS and stained for flow cytometry analysis.

In vivo uptake by kidney MNPs
All compounds were administered intravenously via tail vein injection in a final volume of  100 μL. ICs 
of  different sizes were prepared as described so that each mouse received 8 μg worth of  AF647-OVA. The 
amount of  anti-OVA serum used to form ICs was calculated to fit the desired molar ratios. Two hours after 
injection, mice were culled via cervical dislocation. Both kidneys and blood from the renal vein were har-
vested for further processing.

Antigen presentation
Eα peptide (sequence CGGGASFEAQGALANIAVDKA) was conjugated to AF647-OVA (termed 
Eα-OVA) on custom order (ALMAC). Eα-OVA was mixed at a 1:1 ratio with AF647-OVA for all antigen 
presentation experiments. Presentation was assessed using the Y-ae antibody clone for flow cytometry.

Confocal microscopy of human samples
Biopsies were processed and embedded in paraffin. Before staining, 10 μm sections were heated 30 minutes at 
65°C and then rehydrated as follows: xylene — 10 minutes, 2 changes; 100% ethanol — 10 minutes, 2 changes; 
95% ethanol — 5 minutes; 70% ethanol — 5 minutes; 50% ethanol — 5 minutes, washed with deionized water, 
and rehydrated with PBS 1× — 10 minutes. Antigen retrieval was performed using citrate buffer 100× pH 6.0 
(Abcam ab93678) 99°C — 40 minutes. Sections were incubated with primary antibodies for 2 hours at room 
temperature (RT) and washed 3 times in PBS. Finally, sections were incubated with the appropriate fluoro-
chrome-labeled secondary antibodies for 1 hour at RT, washed in PBS, and mounted in Fluoromount-G with 
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DAPI (Invitrogen). Images were acquired using a TCS SP8 (Leica Microsystems) confocal microscope. Raw 
imaging data were processed using Imaris (Bitplane). Antibodies used in this study are in Supplemental Table 1.

Confocal microscopy of murine samples
Samples were fixed in 1% paraformaldehyde (Electron Microscopy Services)/l-lysine/sodium periodate (both 
MilliporeSigma) buffer for 24 hours or in AntigenFix for 1 hour at 4°C followed by 8 hours in 30% sucrose 
in PBS. Then 30 μm sections were permeabilized and blocked in 0.1 M Tris, containing 0.1% Triton X-100 
(MilliporeSigma), 1% normal mouse serum, 1% normal rat serum, and 1% BSA (R&D Systems). Samples 
were stained for 2 hours at RT in a wet chamber with the appropriate antibodies, washed 3 times in PBS, and 
mounted in Fluoromount-G (Southern Biotech). Images were acquired using a TCS SP8 (Leica Microsys-
tems) inverted confocal microscope, on a 40× 1.3 N/A oil or 40× 1.1 N/A water objective. Raw imaging data 
were processed using Imaris (Bitplane). Antibodies used in this study are in Supplemental Table 1.

Iterative staining
Iterative staining of  sections was performed as previously described (47, 48). Samples were prepared and 
stained as described above. Following acquisition, the coverslip was removed, and slides were washed 3 
times in PBS to remove any mounting medium. Bleaching of  the fluorochromes was achieved using a 1 
mg/mL solution of  lithium borohydride in water (Acros Organics) for 15 minutes at RT. The slides were 
then washed 3 times in PBS prior to staining with a different set of  antibodies as described above. The pro-
cess was repeated up to 5 times. Raw imaging data were processed using Imaris (Bitplane) using Hoechst or 
CD31 as fiducial for the alignment of  subsequent images.

Production of anti-OVA antibodies in mouse
Mice were immunized subcutaneously with 100 μL of  OVA in incomplete Freund’s adjuvant (50 μg of  
OVA per immunization) on day 0 and day 14. On day 28, mice were culled via CO2, and blood was collect-
ed into serum separation tubes (Sarstedt) via cardiac puncture. After 30 minutes at room temperature, the 
tubes were centrifuged at 2,000g for 5 minutes at 4°C, and serum was collected for later IgG purification.

IgG purification from serum
Serum from OVA-immunized mice was collected as previously described. IgG was purified using the Pierce 
Protein A IgG purification kit following the manufacturer’s protocol, using sterile PBS as binding/washing 
buffer; 0.1 M glycine with 150 mM NaCl, pH 2.5, as elution buffer; and 1 M Tris, pH 7, as neutralization 
buffer. IgG content was measured on a NanoDrop 2000 (Thermo Fisher Scientific). Amicon Ultra 15 mL 
centrifugal filters (Merck) were used to exchange buffer for sterile PBS, and the purified IgG solution was 
kept at –20°C until required.

Nephrotoxic nephritis
Mice were given a single intravenous injection of  50 μL sheep anti-rat isolated glomerular basement mem-
brane serum (ProbeTex) on day 0. Proteinuria was monitored daily using Uristix 11 from day 1, and the 
mice were euthanized for analysis on day 4.

Cell collection and library preparation for single-cell sequencing
Cells were flow-sorted as previously described and centrifuged at 350g for 5 minutes at 4°C. Supernatant 
was discarded and the pellet resuspended in PBS 0.05% BSA. Cells were loaded at an appropriate concen-
tration to enable recovery of  10,000 cells. A 10x Genomics single-cell 3′ v2 kit was used as per the manu-
facturer’s protocol. Libraries were produced using the manufacturer’s protocol and sequenced on a HiSeq 
4000 (Illumina). The single-cell RNA-sequencing data are publicly available at NCBI Gene Expression 
Omnibus repository under the accession number GSE215272.

Mouse single-cell data analysis and preprocessing
Single-cell gene expression data from cellranger output was analyzed using standard Seurat-inspired scanpy 
(v.1.4.5.post2) workflow (49, 50). Doublet detection was performed using scrublet (v0.2.1) (51) with adap-
tations as outlined before (52). Briefly, after scrublet was performed, the data were iteratively subclustered 
using standard Seurat-inspired scanpy (v.1.4.5.post2) workflow (49, 50), and a median scrublet score for 
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each subcluster was computed. Median absolute deviation scores were computed from the cluster scrublet 
scores, and a 1-tailed t test was performed with Benjamini-Hochberg (BH) correction (53) applied. Cells 
with significantly outlying cluster scrublet scores (BH P < 0.1) were flagged as potential doublets. The data 
were then processed using scanpy with standard quality control steps; cells were filtered if  number of  genes 
was >2,500 or <200. Percentage mitochondrial content cutoff  was set at <5%. Genes were retained if  they 
were expressed by at least 3 cells. Gene counts for each cell were normalized to contain a total count equal 
to the median of  total counts in cells before normalization. This led to a working data set of  3,654 cells. 
Highly variable genes were selected based on the following parameters: minimum and maximum mean 
expression ≥ 0.0125 and ≤ 3, respectively; minimum dispersion of  genes = 0.5. The number of  principal 
components used for neighborhood graph construction and dimensional reduction was set at 50. Batch 
correction was performed using bbknn with strains as the batch term and with all other parameters as 
per default settings (54). Clustering was performed using Leiden algorithm (55) with resolution set at 1.0. 
UMAP (v3.10.0) (56) was used for dimensional reduction and visualization, the minimum distance was set 
at 0.3, and all other parameters were as per default settings in scanpy.

Human single-cell data analysis
Normalized single-cell data from normal and lupus nephritis human kidneys were downloaded (37, 38). 
The 2 data sets were integrated with ingest protocol in scanpy.

Differential gene testing
Differential gene testing was performed using the Wilcoxon rank sum test implemented in scanpy’s 
rank_genes_groups module.

Gene set testing
Gene set testing was performed using AUCell analysis tool (57). Gene sets from the respective studies were 
downloaded from ArrayExpress (YS versus HSC signature, E-MEXP-3510); MSigDB (58, 59); GO_FC_
GAMMA_RECEPTOR_SIGNALING_PATHWAY, KEGG_FC_GAMMA_R_MEDIATED_PHAGO-
CYTOSIS, GSE7509_FCGRIIB_STIM_MONOCYTE_ DOWN and GSE7509_FCGRIIB_STIM_DC_ 
DOWN (60); interferon signatures (61); macrophage stimulation signatures (62); and opsonized immune 
complex signatures (63). Heatmaps were generated using the pheatmap R package.

Cell type similarity assessment
We used a logistic regression approach to test for cell type similarity with Lyve1+/Lyve1– macrophages 
(19). This is done with L2-regularized logistic regression (ridge regression) binomial model with the glm-
net R package (64) (i.e., α parameter = 0). Models were trained on normalized gene expression data with 
10-fold cross-validation to obtain the appropriate λ coefficient (lambda.1se; within 1 standard error from 
best model) for prediction. Genes were filtered for tissue-specific genes (19) prior to model training. Gene 
expression values were standardized in both the training and test sets. The average of  50 iterations was used 
for the final score.

Trajectory analyses
Cell trajectory analyses were performed using slingshot (65) and tradeSeq (66). The cells were ordered 
based on the root node closest to clusters deemed to be composed of  proliferating/dividing cells (group 1.6) 
or monocytes (group 2.1). Principal component analysis was used for learning the trajectory.

TF enrichment analysis
TF and regulon enrichment was performed using pyscenic (67). The top 10 cluster-specific regulons were 
determined by calculating regulon specificity scores and significantly differently enriched regulons based on 
Wilcoxon rank sum tests between clusters of  interest (group 1.4 vs. group 1.2 and group 2.3 vs. group 2.2).

CellPhoneDB analysis
Normalized expression values from macrophage cell types found in this data set and the macrophage and 
human data sets were subjected to CellPhoneDB analysis (v2.0.0) (68). The minimum threshold was set at 
30%, and results were considered statistically significant if  P < 0.05.
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ST analysis
Analysis of  Visium Spatial Gene Expression data was performed using Seurat v3.2.3 as per default meth-
ods. Prediction/label transfer was performed using the default SCTransform protocol. Correlation of  mol-
ecules on the Visium data was performed by computing the correlation score across overlapping k-nearest 
neighborhoods of  a spot based on spatial coordinates, followed by averaging across the neighborhoods. If  
any neighborhoods returned with no available values, due to uniform expression values across the entire 
neighborhood, the correlation value would not be returned and visualized as a gray spot. Only positive 
correlation values were retained for the analysis.

Transcriptomic data visualization
Mean expression dot plot. Size of  circle indicates percentage of  cells expressing genes, and increasing expres-
sion (scaled from 0 to 1) corresponds to increasing color gradient from white to blue (Figure 2B and Supple-
mental Figure 3F) or from purple, blue, green, to yellow (Figure 2E and Figure 3C).

Heatmap. Row/column enrichment value is scaled from 0 to 1 and presented as an increasing gradient 
from white to blue (Figure 2D) or from purple, blue, green, to yellow (Figure 3D and Figure 8, B and C), 
which corresponds to increasing enrichment score.

CellPhoneDB. The order of  the receptor-ligand interactions corresponds to the order of  the cell types, 
i.e., cell type A expressing molecule A interacts with cell type B expressing molecule B. Size of  circles and 
color gradient correspond to the receptor-ligand interaction score, with purple, blue, green, to yellow for 
increasing values (Figure 5A and Figure 8F).

ST. Expression of  molecules/genes per spot are colored from increasing gradient from purple to green 
to yellow to red (Figure 2F and Figure 7B) or from white to red (Figure 3, E and F, and Figure 5B), which 
corresponds to increasing expression value.

Statistics
Statistical analyses were performed in R, python, or Prism (GraphPad) where appropriate. For the sin-
gle-cell data analyses, in general, nonparametric tests were used and stated in the corresponding figure 
legends. BH or Bonferroni post hoc correction procedure was applied for multiple testing correction, and 
adjusted P < 0.05 was considered statistically significant. Dot plots represent mean ± SD.

Study approval
All animal procedures were conducted in accordance with the United Kingdom Animals (Scientific Proce-
dures) Act of  1986. In the United States, all animal study protocols were approved by the animal care and 
use committee of  the NIAMS/NIH, listed on animal study protocol AO14-01–01, and in agreement with 
Animal Research Advisory Committee guidelines (3.18.1).

Kidney biopsies from 3 patients with a diagnosis of  lupus nephritis (LN III/IV/V each) and 3 healthy 
portions of  kidneys obtained during nephrectomy of  patients with a diagnosis of  renal cell carcinoma were 
obtained through NIH protocol 94-AR-0066. All tissue samples were obtained in accordance with the 
NIH–Clinical Center Ethics Committee procedures, and all patients provided written informed consent.
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