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Systemic lupus erythematosus (SLE) is a complex autoimmune disease with genetic and environmental contributions.
Hallmarks of the disease are the appearance of immune complexes (IC) containing autoreactive Abs and TLR-activating
nucleic acids, whose deposition in kidney glomeruli is suspected to promote tissue injury and glomerulonephritis (GN).
Here, using a mouse model based on the human SLE susceptibility locus TNFAIP3-interacting protein 1 (TNIP1, also
known as ABIN1), we investigated the pathogenesis of GN. We found that GN was driven by TLRs but, remarkably,
proceeded independently of ICs. Rather, disease in 3 different mouse models and patients with SLE was characterized by
glomerular accumulation of patrolling monocytes (PMos), a cell type with an emerging key function in vascular
inflammation. Consistent with such function in GN, monocyte-specific deletion of ABIN1 promoted kidney disease,
whereas selective elimination of PMos provided protection. In contrast to GN, PMo elimination did not protect from
reduced survival or disease symptoms such as IC generation and splenomegaly, suggesting that GN and other
inflammatory processes are governed by distinct pathogenic mechanisms. These data identify TLR-activated PMos as the
principal component of an intravascular process that contributes to glomerular inflammation and kidney injury.
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Introduction
Forty to seventy percent of all patients with systemic lupus ery-
thematosus (SLE) eventually develop overt nephritis, and despite 
treatment, 10%–30% of these patients progress to end-stage 
kidney disease requiring dialysis or kidney transplantation (1). 
Lupus nephritis is considered an immune complex–mediated (IC- 
mediated) form of glomerulonephritis (GN) caused by character-
istic glomerular deposition of Igs and complement components. 
Autoreactive Abs in these complexes are, at least in part, directed 
against nuclear antigens, including dsDNA, whose appearance in 
the serum of patients with lupus represents a diagnostic criterion 
for SLE in common classifications (2). Although the pathogenic rel-
evance of ICs in lupus nephritis remains to be formally tested, glo-
merular IC deposition and consequent complement fixation are 
thought to provide the basis for complement-mediated cytotoxicity  
and end-organ damage. ICs can also activate nucleic acid–recog-
nizing TLRs, i.e., TLR7, TLR8, and TLR9, on immune cells includ-
ing B cells, providing a possible explanation for the perpetuation 
of inflammation (3–6). In lupus, the function of TLRs, particularly 
those recognizing nucleic acids, is supported by a significant body 
of evidence including (a) data from human patients showing nucleic  
acid–containing complexes in the serum of patients with SLE (4–
6); (b) data showing the therapeutic efficacy of chloroquine, which 
prevents TLR activation by nucleic acids (7); (c) data from mouse 

models, in which constitutive TLR activity by increased gene 
expression drives inflammatory disease (8, 9); and, conversely,  
(d) data showing that genetic deletion of MyD88 or combined 
deletion of TLR7 and TLR9 ameliorates disease (10–13). Together, 
these observations support a model in which autoimmunity in the 
form of B cell–derived autoreactive Abs causes GN. Contrary to 
this simple scenario, B cell–directed therapies have not produced 
the expected therapeutic efficacy and have not been approved by 
the US FDA to treat lupus nephritis (14). Thus, it seems possible 
that the current pathogenic concept of lupus nephritis may be 
incomplete and that other B cell–independent mechanisms exist. 
This idea is supported by the more than 50 genetic SLE suscepti-
bility loci identified so far, whose known (or predicted) gene prod-
ucts have well-established functions outside the adaptive immune 
system (15, 16). One characterized susceptibility locus for SLE 
and lupus nephritis is TNIP1 (TNFAIP3-interacting protein 1; also 
referred to as ABIN1, A20-binding inhibitor of NF-κB activation 1), 
which was identified by GWAS (17–19). Patients with TNIP1 SNPs 
demonstrated reduced mRNA and protein expression, indicat-
ing a hypomorphic (loss-of-function) phenotype (20). ABIN1 has 
been characterized as a negative regulator of the TNFR, TLR, and 
IL-17R pathways, and, consistent with its genetic link to human 
SLE, ABIN1-deficient mice develop a systemic lupus-like disease 
that includes major characteristics of human SLE, including the 
generation of autoreactive Abs and severe GN (21–23). In vitro–
generated DCs and macrophages were shown to exhibit TLR- 
mediated gene deregulation upon loss of ABIN1 function (22). The 
contribution of other cell types to immune pathology, including 
patrolling monocytes (PMos), one of the two monocyte subtypes 
defined in the peripheral blood (PB), has not been investigated to 
our knowledge. Independent work demonstrated the sensitivity  
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kidney tissue from ABIN1-deficient mice revealed diffuse global 
hypercellularity and matrix accumulation, with multifocal endo-
capillary proliferation and scattered pyknotic nuclei (Figure 1A). 
Disease progressed over time, as assessed by proteinuria and 
the increasing size of the affected glomeruli of ABIN1-deficient 
mice, a quantitative measure that correlated well with the histo-
pathological grade and severity of nephritis in the mice (Figure 
1, B and C, and Supplemental Figure 1, A–C; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI125116DS1) (32). Jones methenamine silver (JMS) and periodic  
acid–Schiff (PAS) staining revealed global and segmental endo-
capillary proliferation and increased mesangial matrix, whereas  
Ki67-staining highlighted the markedly increased number of 
proliferating cells in glomeruli (Figure 1A). Although diseased 
glomeruli also contained significantly increased numbers of 
CD45+ leukocytes, the majority of Ki67+ cells were identified 
as DESMIN+ mesangial cells (Supplemental Figure 1, D and 
E). Consistent with an IC-mediated form of GN, the glomeruli  
of ABIN1-deficient mice showed strong staining for IgG and 
C3 (Figure 1D). Older mice developed more severe glomerular 
changes, including capsular adhesions and obliteration of the glo-
merular architecture (Supplemental Figure 1, B and C). Increased 
GN severity was paralleled by lethality (Figure 1E), however, the 

of PMos for TLR-activating nucleic acids, which control PMo biol-
ogy on different levels, including cell maturation and chemokine 
expression (24, 25). PMos have received particular attention more 
recently, given their emerging, specialized function in the blood 
vasculature during inflammatory insults (26). It is apparent from 
these studies that endothelial tissue injury and inflammatory  
triggers, experimentally inflicted by cytotoxic Abs or by TLR acti-
vation, lead to the swift recruitment of PMos, which in turn orches-
trate subsequent phases of the ensuing inflammatory response, 
including the attraction of neutrophils that mediate endothelial 
injury (26–28). Increased numbers of PMos were also detected 
in the PB and kidney glomeruli of patients with SLE, indicating a 
possible role in lupus nephritis (25, 29, 30). Here, we characterize 
GN in ABIN1-deficient mice and 2 additional independent lupus 
models, identifying PMos as a principal cell type mediating tissue 
injury in lupus-like nephritis.

Results
ABIN1-deficient mice develop mesangioproliferative GN. Prolifer-
ative forms of lupus nephritis carry a high risk of progression to 
end-stage renal disease (ESRD) and are characterized by glomer-
ular hypercellularity and matrix accumulation with Ig and com-
plement deposits (31). Histological examination of H&E-stained 

Figure 1. Progressive mesangioproliferative GN in Tnip1–/– mice. (A–D) Kidney pathology and function in 16-week-old Tnip1+/+ and Tnip1–/– mice as analyzed by 
(A) histology based on H&E, JMS, and PAS staining and staining for Abs against Ki67, (B) measurement of protein concentration in urine, (C) measurement of 
average glomerulus size, and (D) IF of kidney using Abs against C3 and IgG. Representative images of glomeruli are shown (scale bars: 20 μm). (E) Survival of 
Tnip1+/+ and Tnip1–/– mice. Data represent the mean ± SEM (B) or ± SD (C). **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-way ANOVA with Sidak’s multiple 
comparisons test (B and C) and Mantel-Cox test (E). Symbols represent data from individual mice.
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Neither deletion of TLR7 nor TLR9 alone produced signifi-
cant benefits for GN, although splenomegaly was ameliorated (for 
TLR7), and anti-dsDNA Ig and antinuclear Ab Ig (ANA Ig) levels in 
the serum were reduced (for TLR7 and TLR9) (Figure 2, A–D, and 
Supplemental Figure 2, A and B). Importantly, combined deletion 
of both receptors led improved survival and a marked reduction of 
disease symptoms including kidney pathology, proteinuria, serum 
levels of anti-dsDNA and ANA Ig, glomerular IC deposits, and 
splenomegaly (Figure 2, A–D, and Supplemental Figure 2, A and B). 
We note that the adverse effect of deletion of TLR9 alone observed 
in some lupus models, most likely mediated by (unexplained) 
upregulation of pathogenic TLR7, was not observed in Tnip1–/– mice 
(35, 36). Still, from a therapeutic standpoint, data obtained from 
various mouse models suggest that interference with both nucleic 
acid–recognizing receptors is the most efficacious.

GN proceeds independently of lymphocytes, autoreactive Abs, and 
C3. Using fetal liver–chimeric mice, we previously showed that 
lupus-like disease in ABIN1-deficient mice is mediated by hema-
topoietic cells (22). To investigate the function of lymphocytes and 
the impact of B cell–derived Abs, we crossed Tnip1–/– mice with 
Rag1-deficient mice, which lack mature T and B cells (37). Inter-
estingly, despite the absence of Ig deposits, all pathological criteria 
characterizing GN, as well as systemic disease parameters, were 
maintained in the Tnip1–/– Rag1–/– mice, including glomerular C3 

residual glomerular filtration rate (GFR) of approximately 40% to 
70% suggested that kidney injury was probably not the sole cause 
of death (Supplemental Figure 1F).

Collectively, these parameters confirm the diagnosis of a 
progressive, mesangioproliferative form of GN accompanied 
by IC deposits, following a disease process akin to proliferative 
forms of human lupus nephritis. Given the experimental con-
straint of increased lethality of the older mice, we focused on 12- 
to 16-week-old mice, in which the GN pathology was significant 
and could be quantified by proteinuria and glomerular size.

Lupus nephritis is mediated via nucleic acid–recognizing TLRs. As 
mentioned above, different lines of evidence indicate an important  
role of TLRs in lupus, particularly TLR7 and TLR9, which recog-
nize nucleic acids (3–6, 10, 13). Thus, we tested the role of TLR7 
and TLR9 in nephritis development in ABIN1- deficient mice. In 
these studies, we included MyD88, the common signaling mole-
cule of TLR7 and TLR9, which we had also used as bait to identify 
ABIN1 as part of the TLR signaling complex (22, 33, 34). Con-
sistent with a major role of MyD88-dependent signal transduc-
tion in lupus nephritis, we found that Tnip1–/– Myd88–/– mice were 
protected from inflammatory disease symptoms including GN, 
proteinuria, formation of autoreactive Abs, and splenomegaly,  
as well as from early lethality (Figure 2, A–D, and Supplemental 
Figure 2, A and B).

Figure 2. Signaling of nucleic acid–recognizing TLRs promotes mesangioproliferative GN. (A–C) Kidney pathology and function of 16-week-old mice 
of the indicated genotypes as analyzed by (A) histology based on H&E staining and staining for Abs against C3 and IgG, (B) measurement of average 
glomerulus size, and (C) measurement of protein concentration in urine. Representative images of glomeruli are shown (scale bars: 20 μm). (D) Levels of 
anti–dsDNA Ig and ANA Ig in serum from 16-week-old mice of the indicated genotypes. Data represent the mean ± SD. ***P < 0.001 and ****P < 0.0001, 
by 1-way ANOVA with Tukey’s multiple comparisons test. Symbols represent data from individual mice.
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PMos represent a major immune cell type in inflamed glomeruli. 
Given our findings that T and B cells are dispensable for the develop-
ment of GN, the most likely candidates driving disease were innate 
immune cells. Various immune cell types, including monocytes, neu-
trophils, macrophages, and DCs, have been identified in diseased 
kidneys of patients with SLE and in mouse models (for a review, see 
ref. 40). To identify innate immune cell types with potential function 
in GN in ABIN1-deficient mice, we used a panel of Abs to identify 
markers that could be used (a) for identification of immune cells with 
glomerular localization and (b) for phenotyping and cell sorting using 
flow cytometry. Two markers, CD43 and F4/80, were found to be 
particularly informative. CD43 is expressed at high levels on T cells  
and PMos, whereas F4/80 is primarily expressed on tissue mac-
rophages (41). We identified cells expressing these antigens in the 
kidneys of ABIN1-deficient mice, however with a marked difference 
in localization. Although CD43+ cells localized almost exclusively 
in glomeruli, F4/80+ cells were found primarily in the tubulointer-
stitium (Figure 4A and Supplemental Figure 3A). Flow cytometric 
analysis of single-cell populations isolated from the kidneys showed 
an overall increase of CD11b+ cells in the kidneys of ABIN1-deficient 
mice, which was largely due to a population of CD43hiF4/80lo PMos 

deposits, increased glomerular size, proteinuria, reduced survival, 
and splenomegaly (Figure 3, A–C, and Supplemental Figure 2, C 
and D). We note that similar results related to IC-independent GN 
development were also obtained in lupus-prone MRL/lpr mice, in 
which Ig secretion was genetically prevented (38). Given the depo-
sition of C3 in the glomeruli of Tnip1–/– Rag1–/– mice in the absence 
of Ig and a possible function of the alternative complement path-
way, we crossed ABIN1-deficient mice with mice deficient for C3, 
the common component of classic and alternative complement 
pathways (39). Still, neither deletion of C3 alone nor the com-
bined deletion of Rag1 and C3 resulted in objective histological 
improvement of GN or a reduction of proteinuria or splenomegaly 
compared with Tnip1 deletion alone, although Tnip1–/– C3–/– mice 
showed slightly improved survival compared with that of Tnip1–/– 
Rag1–/– mice. (Figure 3, A–C, and Supplemental Figure 2, C and D). 
Collectively, these data demonstrate that GN and other disease 
parameters reflected by reduced survival and splenomegaly in 
ABIN1-deficient mice proceed largely independently of autoreac-
tive Abs and C3-mediated complement activation, suggesting that 
other mechanisms drive glomerular inflammation and tissue injury, 
at least during these earlier stages of mesangioproliferative GN.

Figure 3. Mesangioproliferative phase of GN proceeds independently of glomerular IC and C3. (A–C) Kidney pathology and function of 12-week-old mice of 
the indicated genotypes as analyzed by (A) histology based on H&E staining and staining for Abs against C3 and IgG, (B) measurement of average glomerulus 
size, and (C) measurement of protein concentration in urine. Representative images of glomeruli are shown (scale bars: 20 μm). Symbols represent data from 
individual mice. Data represent the mean ± SD. *P < 0.05 and ****P < 0.0001, by 1-way ANOVA with Tukey’s multiple comparisons test.
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Fcgr1 (CD64), Mafb, Runx1, Flt3, Ccr7, and Kit (Supplemental Fig-
ure 4, B and C). As a further confirmation of their identity as PMos, 
we found that these cells were largely absent from NR4A1-deficient 
mice, which have a select defect in PMo generation (see below). 
Interestingly, increased numbers of PMos were also detected in the 
PB of ABIN1-deficient mice (or mice reconstituted with BM from 
ABIN1-deficient mice), whereas the numbers of their progenitor 
cells, i.e., Ly6Chi monocytes and neutrophils, were not affected (Fig-
ure 4D and Supplemental Figure 4, D and E)(43).

Given the established function of PMos inside of blood ves-
sels, we investigated their topology by i.v. injection of Abs against 
CD45, a common leukocyte marker, followed by flow cytometric  
analysis. Virtually all PMos isolated from the kidneys were 
stained with anti-CD45 Abs, indicating their intravascular local-
ization (Figure 4E). In contrast and consistent with their tubu-
lointerstitial localization observed by histology, the majority of 
F4/80hi tissue macrophages remained CD45–, whereas staining  
of neutrophils showed that approximately 50% of the cells 
remained intravascularly located (Figure 4E). We confirmed the 
glomerular localization of PMos by isolation of kidney glomeruli, 
which strongly enriched the frequency of PMos at the expense of 
F4/80hi macrophages (Supplemental Figure 4F).

(Figure 4B). A more detailed flow cytometric analysis confirmed 
the typical phenotype of PMos (CD43hiCD11c+F4/80loMHC-II–) 
along with other myeloid cell types, including Ly6Ghi neutrophils, 
F4/80hi macrophages, CD11c+F4/80loMHC-IIhi DCs, and Ly6Chi 
classic monocytes (Figure 4, B and C, and Supplemental Figure 
3B). We note that the expression of CD11c on PMos sets these cells 
apart from a previously described glomerular macrophage popula-
tion described in the NZM2328 model (42). While we observed a 
particularly marked increase of PMos in ABIN1- deficient mice, we 
also detected an increase in neutrophils, whereas the numbers of 
F4/80hi tissue macrophages, classic inflammatory Ly6Chi mono-
cytes, and DCs were only marginally or not increased (Figure 4C). 
Cell-sorting and cytology analyses confirmed the classic morphol-
ogy of neutrophils (Ly6Ghi), macrophages (F4/80hi), as well as the 
typical, relatively immature morphology of PMos (F4/80loCD43hi) 
(25) (Supplemental Figure 3C). Just like the overall disease pheno-
type in ABIN1- deficient mice, the increase of PMos and neutrophils 
in the kidneys was due to bone marrow–derived cells (BMDCs), as 
revealed by BM-chimeric mice (Supplemental Figure 4A). PMo iden-
tity was further confirmed by mRNA analysis of ontogeny markers, 
which showed the expected high expression of Nr4a1, Cebpb, and 
Csfr1 (CD115) and low expression of macrophage markers such as 

Figure 4. TLR-dependent accumulation of PMos in glomerular capillaries of Tnip1–/– mice. (A) Kidney histology (IHC) images (scale bars: 50 μm) and (B) 
flow cytometric analysis of cells isolated from kidneys of 12-week-old Tnip1+/+ and Tnip1–/– mice. (C) Total numbers of CD43+ PMos, F4/80hi macrophages, 
Ly6G+ neutrophils, Ly6Chi monocytes, and F4/80–MHC-II+ DCs isolated from kidneys of 16-week-old Tnip1+/+ and Tnip1–/– mice. n = 4. (D) Total number of cells 
of the indicated immune cell types isolated from PB of 12-week-old Tnip1+/+ and Tnip1–/– mice as defined in Supplemental Figure 3B. (E) Flow cytometric 
analysis of the indicated immune cell populations isolated from kidneys of a Tnip1–/– mouse 10 minutes after i.v. injection of anti-CD45 Abs. This result 
was confirmed in a second experiment. (F and G) Total number of cells of the indicated immune cell types isolated from kidneys of 16-week-old mice of the 
indicated genotypes. Data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by Mann-Whitney U test (C and D) and 1-way ANOVA with 
Tukey’s multiple comparisons test (F and G). Symbols represent data from individual mice.
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Given that GN in ABIN1-deficient mice is mediated by MyD88, 
we also assessed PMo and neutrophil numbers in MyD88-, TLR7- 
and TLR9-deficient mice. As expected, Myd88 deletion and  
combined deletion of Tlr7 and Tlr9 reduced the accumulation 
of PMos and neutrophils in PB and kidneys (Figure 4, F and G). 
Together, our data show that the PMo is the quantitatively domi-
nating immune cell type in the glomerular capillaries of ABIN1- 
deficient mice and that the increased presence of PMos in PB and 
kidneys depends on signaling via nucleic acid–recognizing TLRs. 
Given their known responsiveness to nucleic acids and emerging 
function in vascular inflammation, PMos appear to be the prime 
suspects in GN.

PMos accumulate in kidney glomeruli of MRL/lpr mice and 
patients with SLE. To determine whether PMos are also involved 
in GN in another mouse model, we analyzed the kidneys of 
MRL.Faslpr (MRL/lpr) mice, characterized by the autoimmune 
background of the MRL strain and a loss-of-function muta-
tion of Fas (lpr), which drives inflammation (44). In diseased 
animals with GN, as determined by histology, proteinuria, 
and increased ANA Ig, flow cytometry revealed significantly 
increased numbers of PMos in the kidneys of MRL/lpr mice but 
not in those of the respective control mice, and IHC analysis 
located these cells almost exclusively in the kidney glomeruli,  
akin to what is seen in Tnip1–/– mice (Figure 5, A–E). Similar 
data were obtained for the B6.Sleyaa model (see below).

PMos were previously reported in the glomeruli of patients with 
SLE (25, 30). To confirm these findings, we established an IHC pro-
tocol using Abs against CD16, CD14, and CD15 for the unequivocal 

identification of CD16+CD14dim PMos and CD15+ neutrophils and 
exclusion of the small population of CD16+CD14+ cells, which are 
possibly an intermediate between classic CD16–CD14+ monocytes 
and CD16+CD14dim PMos (25, 30) (see Methods and Supplemen-
tal Figure 5). We analyzed kidney samples from 10 patients with a 
first episode of GN [class IV-G(a)] with moderate to severe activity 
and minimal to no chronicity (31). We found that glomerular PMo 
numbers were significantly increased in the kidneys of patients with 
lupus, whereas neutrophil numbers appeared to be increased but 
not to a statistically significant degree (Figure 5F). Collectively, the 
data from different mouse models and patients with lupus demon-
strate a correlation between glomerular PMo accumulation and GN.

Genetic deletion of ABIN1 in monocytes drives GN. The data 
described above indicate a possible role of monocytes, specifically 
PMos, in GN pathogenesis in mice with germline deletion of Tnip1/
Abin1. To determine whether more selective deletion of ABIN1 in 
myeloid cells, particularly those of the monocytic lineage, would 
recapitulate nephritis, we crossed conditional ABIN1-deficient mice 
(Tnip1fl/fl) (23) with LysMCre mice. LysMCre mice delete floxed genes 
efficiently in monocytes, macrophages, and neutrophils but only to a 
very small extent in DCs, and not in B or T cells (45). We confirmed 
deletion of ABIN1 in various cell populations by immunoblotting, 
which showed near-complete deletion of ABIN1 in macrophages, 
without affecting ABIN1 expression in DCs or B cells; ABIN1 was not 
expressed at measurable levels in neutrophils (Supplemental Figure 
6A). Thus, crossing Tnip1fl/fl mice with LysMCre mice generates a 
model in which loss of ABIN1 function is (largely) restricted to the 
monocytic lineage. Consistent with a critical role of monocytes in 

Figure 5. PMos accumulate in the glomeruli of diseased MRL/lpr mice and patients with SLE. (A–C) Kidney pathology and function of 14-week-old MRL and 
MRL/lpr mice as analyzed by (A) histology based on H&E and anti-CD43 Ab staining, (B) measurement of average glomerulus size, and (C) measurement of 
proteinuria. Representative images of glomeruli are shown. Scale bars: 20 μm (original magnification, ×40; H&E and CD43) and 50 μm (original magnification, 
×20; CD43). (D) Levels of ANA Ig in serum from the mice described in A. (E) Total number of PMos, tissue macrophages, and neutrophils isolated from kidneys 
of the mice described in A. (F) Numbers of CD16+CD14–CD15– PMos and CD16–CD14–CD15+ neutrophils in glomeruli sections of reperfusion renal transplant 
biopsies from control patients (Ctrl) or patients with lupus nephritis (class IV-G). Data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
Mann-Whitney U test. Symbols represent data from individual mice.
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lupus nephritis and similar to mice with germline deletion of ABIN1, 
Tnip1fl/fl LysMCre mice developed the major symptoms of lupus 
nephritis, including histologically apparent GN and proteinuria, 
which were also accompanied by increased numbers of CD43+ PMos 
in the kidney glomeruli and PB; classical Ly6Chi monocyte numbers 
were not affected (Figure 6, A–E). Neutrophil numbers in the kid-
neys, but not PB, were also increased in Tnip1fl/fl LysMCre mice, most 
likely reflecting a consequence of deregulated monocyte biology, 
given the lack of ABIN1 expression in neutrophils (Figure 6, D and 
E, and Supplemental Figure 6A). Interestingly, these mice also dis-
played other symptoms of inflammatory disease observed in germ-
line Tnip1–/– mice, including myeloid cell infiltration into the liver, 
anemia, and splenomegaly, as well as reduced survival (Supplemen-
tal Figure 6, B–E). These mice also showed significantly increased 
levels of autoreactive Abs and glomerular IC deposits (Figure 6, A 
and F). Although such IC deposits are most likely irrelevant for kid-
ney disease, as suggested by the Rag1 experiments described above, 
these results imply that deregulation of innate immune cell biology 
represents the major cause of development of the various inflamma-
tory disease symptoms, including autoimmunity, rather than being 
a consequence thereof. We note that data emphasizing the role of 
innate immune cells as possible drivers of lupus-like inflammatory  

disease and autoimmunity were also obtained by CD11c-CRE–
mediated deletion of the Src kinase LYN, most likely targeting LYN 
expression in DCs and PMos (46).

Given that PMos are most likely derived from Ly6Chi mono-
cytes, whose numbers are not affected in ABIN1-deficient mice, 
it appears that ABIN1 specifically controls monocyte maturation. 
To determine whether this process is intrinsically (de-)regulated 
in developing monocytes, we used 2 independent experimental 
systems. In the first one, we took advantage of a recently estab-
lished cell system that allows in vitro expansion of early hemato-
poietic progenitor cells (Hoxb8-FL cells), whose differentiation  
into different lymphoid and myeloid lineages, including mono-
cytes, can be analyzed by adoptive transfer into irradiated mice 
(Supplemental Figure 6F) ( 47). Hoxb8-FL cells from WT and 
ABIN1- deficient BM cells were established and retrovirally 
transduced with vectors expressing different fluorescent pro-
teins, allowing for adoptive transfer as mixed cell populations 
and precise ex vivo quantification (detailed in Methods). As 
shown in Figure 7, A and B, the frequency of PMos derived from 
ABIN1- deficient progenitors was strongly increased in the PB and 
kidneys. Retroviral reconstitution of ABIN1-deficient progeni-
tors with ABIN1 reverted this phenotype without affecting the  

Figure 6. LysMCre-mediated deletion of ABIN1 promotes autoimmunity and GN. (A–C) Kidney pathology and function of 12-week-old Tnip1fl/fl and Tnip1fl/fl 
LysMCre mice as analyzed by (A) histology based on H&E staining and staining for Abs against CD43, C3, and IgG, (B) measurement of average glomerulus 
size, and (C) measurement of protein concentration in urine. Representative images of glomeruli are shown (scale bars: 20 μm). (D and E) Total number of 
cells of the indicated immune cell types isolated from (D) kidneys or (E) PB of 12-week-old Tnip1fl/fl and Tnip1fl/fl LysMCre mice. (F) Levels of anti–dsDNA Ig 
and ANA Ig in serum from 12-week-old Tnip1fl/fl and Tnip1fl/fl LysMCre mice. Data represent the mean ± SD. *P < 0.05 and **P < 0.01, by Mann-Whitney U 
test. Symbols represent data from individual mice.
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Genetic depletion of PMos protects against GN. To directly address 
the question of whether PMos are pathogenically relevant for GN in 
ABIN1-deficient mice, we used Nr4a1–/– mice, which are defective 
in PMo generation (43). Nr4a1–/– mice consistently showed a strong 
reduction of PMos in the PB, which was maintained in Tnip1–/– Nr4a1–/–  
mice (Supplemental Figure 8A). Given that NR4A1 plays additional 
roles outside the hematopoietic system (49), we focused primarily on 
chimeric mice that were generated using mice with a WT recipient  
background. Importantly, the reduction of PMo numbers upon Nr4a1 
deletion resulted in significant protection from kidney pathology  
as assessed by histology and proteinuria measurement (Figure 8, 
A–D). The loss of PMos in the kidneys of Tnip1–/– Nr4a1–/– mice was 
accompanied by a reduction of neutrophil numbers, consistent with 
the interpretation that neutrophil accumulation is dependent on 
PMos (Figure 8D). In contrast, neither autoreactive Ab generation 
nor IgG or C3 deposition in the kidneys was affected by Nr4a1 dele-
tion, suggesting that ICs are neither necessary nor sufficient for the 
development of GN, at least during these relatively early phases of 
disease (Figure 8, A and E). In qualitative terms, the same results 
were obtained with germline Tnip1–/– Nr4a1–/– mice, suggesting that 
NR4A1 function outside the hematopoietic system is less relevant 
in this model (Supplemental Figure 8, B–G). Similar to the gener-
ation of autoreactive antibodies, other disease parameters such as  
anemia, splenomegaly, and overall survival were not affected by 
Nr4a1 deletion, highlighting the selectively pathogenic role of PMos 
in GN (Supplemental Figure 8, H–J).

To determine whether PMo are also functionally involved in GN 
in another mouse model, we analyzed B6.Sle1yaa mice, which have 
the Sle1 locus of NZM2410 mice (on a congenic C57Bl/6 background) 

generation of Ly6Chi monocytes or neutrophils (Figure 7C). Given 
that both cell populations were transferred into the same animal, 
these data suggest that ABIN1 controls the numbers of PMos in 
a cell-intrinsic manner, either by regulating cell maturation or 
the half-life of PMos. We confirmed and extended these findings 
using mixed BM chimeras of either Tnip1+/+ and Tnip1–/– BM or 
Tnip1–/– and Myd88–/– Tnip1–/– BM. Although the total cell numbers 
and major cell lineages derived from Tnip1–/– BM including classic 
monocytes, B cells, and T cells were reduced, possibly reflecting a 
reduction of hematopoietic stem cells in the transferred BM from 
inflamed mice, the frequencyof Tnip1–/– PMos was strongly upreg-
ulated, confirming the select, cell-intrinsic upregulation of PMos 
due to a loss of ABIN1 function (Figure 7D and Supplemental Fig-
ure 7). Of note, Myd88 deletion in Tnip1–/– cells reverted this PMo 
phenotype completely and also rescued the efficacy of the overall 
reduced BM transfer of Tnip1–/– cells (Figure 7D and Supplemental 
Figure 7). Given the causal link between MyD88 expression and 
PMo deregulation, we tested whether genes with inflammatory 
function might be deregulated in ABIN1-deficient PMos. Indeed, 
Il6, Il1b, Csf3, and Cxcl1 were upregulated in ABIN1- deficient 
PMos, the latter of which has been shown to control PMo- 
mediated neutrophil recruitment (Figure 7E) (48). We note that 
these 4 genes are known target genes of the transcription factor 
C/EBPβ, which was found to be deregulated in ABIN1-deficient 
macrophages during TLR activation (22). These results and the 
data obtained from the monocyte-specific deletion experiments 
indicate that ABIN1 controls TLR (MyD88) signaling in PMos in a 
cell- intrinsic manner and that this signaling mediates inflamma-
tory gene expression and deregulates PMo biology.

Figure 7. Cell-intrinsic function of ABIN1 controls the development and inflammatory phenotype of PMos. (A and B) Relative numbers of CD43+ PMos 
derived from Tnip1+/+ and Tnip1–/– Hoxb8-FL cells in (A) PB and (B) kidneys 11 days after adoptive transfer of Hoxb8-FL cells (detailed in Methods). (C) 
Relative numbers of Tnip1–/– and Tnip1-reconstituted (+ Tnip1) Ly6G+ neutrophils (left), Ly6Chi monocytes (middle), and CD43+ PMos (right) derived from 
the Hoxb8-FL cells described in A. Data on cells isolated from kidneys 8 days after adoptive transfer of Hoxb8-FL cells are shown. (D) Relative numbers of 
PMos in PB blood from BM chimeras (6 weeks after transfer), which were established from Tnip1+/+ and Tnip1–/– mice or from Tnip1–/– and Tnip1–/– Myd88–/– 
mice as indicated. (E) Quantitative PCR analysis of PMos that were FACS sorted from kidneys of BM-chimeric mice, based on BM from Tnip1+/+ and Tnip1–/– 
mice as indicated (25 weeks after BM transfer). Data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by Mann-Whitney 
U test (A–D) and unpaired t test (E). Symbols represent data from individual mice.
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other studies (25, 30). Although those studies were limited in scope 
(25) or did not exclude CD16+CD14+ cells (30), our data confirm their 
findings. We also excluded a significant contribution of CD16+CD14+ 
cells, thereby validating the earlier report by Yoshimoto et al., which 
showed a correlation of glomerular CD16+ monocyte numbers 
(PMos) and GN severity and an inverse correlation of glomerular 
PMos with the therapeutic response. As such, the number of PMos in 
kidney glomeruli correlated with GN. As demonstrated in the Tnip1 
and B6.Sle1yaa models, genetic suppression of PMos ameliorated 
GN, suggesting a pathogenic function of these cells. In both models, 
PMos promoted GN independently of autoreactive Abs, which were 
neither necessary nor sufficient to cause GN, as was apparent in the 
RAG1- and NR4A1-deficient mice. These data are consistent with 
other work in MRL/lpr mice, in which Ig secretion and IC formation 
were genetically prevented (38), as well as work based on inhibition 
of the PMo-attracting chemokine CX3CL1, which blocked monocyte 
accumulation and ameliorated GN but did not affect the generation 
of autoreactive Abs (30, 50). The data are also consistent with obser-
vations in siblings of patients with lupus, who may have autoreactive 
Abs but no GN symptoms (51). Together, it appears that PMos can 
mediate GN independently of autoreactive Abs, at least during the 
early phase of disease, which we investigated in this work. Autoreac-
tive Abs and IC may, dependent on their titer and antigen specificity, 
contribute to pathology in the context of specific susceptibility loci 
or, alternatively, become more relevant during later stages of the dis-
ease, in particular extraglomerular pathology possibly coordinated 
by kidney-resident macrophages (52). Splenomegaly and survival, 
like autoreactive Abs, were not rescued by NR4A1-mediated PMo  

and a gain of function (duplication) of the Tlr7 (yaa) gene (9). Flow 
cytometric analysis revealed significantly increased numbers of PMos 
in the kidneys of diseased animals but not in those of the respective 
control mice, and IHC analysis showed that these cells were almost 
exclusively located in kidney glomeruli, as is seen in Tnip1–/– and 
MRL/lpr mice (Figure 9, A and B). As with other mouse models, we 
found that disease was accompanied by an increase in glomerulus 
size and elevated levels of autoreactive Abs (Figure 9, C and D). Of 
note, genetic deletion of Nr4a1 in B6.Sle1yaa mice prevented GN but 
did not affect the serum concentration of autoreactive Abs or their 
glomerular deposition, suggesting an autoimmunity-independent 
pathogenic function of PMos, similar to what was observed in the 
Tnip1 model (Figure 9, A and D). Collectively, data obtained from 3 
independent lupus models and human patients with lupus demon-
strate an accumulation of PMos in diseased kidney glomeruli, and 
genetic suppression of PMos strongly suggests a pathogenic function. 
At the same time, the data confirm that autoimmunity, as reflected by 
the production of autoreactive Abs and glomerular IC deposits, and 
end-organ damage, as reflected by kidney pathology, can proceed 
independently of each other.

Discussion
This work provides evidence that PMos and nucleic acid– recognizing 
TLRs play critical roles in lupus nephritis due to loss of ABIN1 func-
tion. Consistent with a more general role in lupus nephritis, PMos also 
accumulate in the kidney glomeruli of MRL/lpr and B6.Sle1yaa mice 
and in patients with SLE. As mentioned above, increased numbers 
of PMos in the glomeruli of patients with SLE have been reported in 

Figure 8. Genetic deletion of PMos protects 
against GN. (A–C) Kidney pathology and func-
tion of chimeric mice 16 weeks after transfer 
(Tnip1+/+ recipient mice were reconstituted 
with fetal liver cells from mice of the indicated 
genotypes) as analyzed by (A) histology based 
on H&E staining and staining for Abs against 
C3, IgG, and CD43, (B) measurement of average 
glomerulus size, and (C) measurement of 
protein concentration in urine. Representative 
images of glomeruli are shown (scale bars: 
20 μm.). (D) Total number of CD43+ PMos and 
Ly6G+ neutrophils isolated from kidneys of the 
BM-chimeric mice described in A. (E) Levels of 
anti–dsDNA IgG and ANA Ig in sera from the 
BM-chimeric mice described in A. Data repre-
sent the mean ± SD. *P < 0.05, **P < 0.01, and 
****P < 0.0001, by 1-way ANOVA with Tukey’s 
multiple comparisons test. Symbols represent 
data from individual mice.
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revealed a protective function of NR4A1 (55). As such, it seems 
likely that physiological functions unrelated to PMo biology limit the 
viability of NR4A1 as a therapeutic target.

Different experimental settings demonstrated that ABIN1 
controls PMo biology in a cell-intrinsic manner, and BM- chimeric 
mice indicate that TLR (MyD88-mediated) activation of PMos is 
responsible for deregulation. A similar mechanism may be at play 
in the B6.Sle1yaa mouse model, in which disease is promoted by 
increased TLR7 activity (9). Thus, an important question is how 
TLR-activated PMos mediate GN. One possibility is that increased 
cell numbers and cumulative dwell time in the glomeruli suffice to 
instigate glomerular dysfunction and inflammatory damage. This 
interpretation is supported by estimates based on intravital imaging 
studies and the approximately 20-fold increase of PMos measured 
in the kidneys of Tnip1–/– mice, predicting more than 1 PMo per glo-
merular capillary (~20 PMo/4–8 parallel capillaries per glomerulus) 
at any given time (27). Given the diameter of monocytes (~20 μM) 
and capillaries (~8 μm), it seems likely that basic glomerular func-
tions such as proper blood flow will be affected by pathologically 
increased PMo numbers. Another possibility is that GN is promoted 
through specific, PMo-dependent effector functions that need to be 
considered in context with the more recent but rapid appreciation  

suppression. Given that innate immune cells drive disease, as 
observed in Rag1–/– mice and with LysMCre- mediated ABIN1 dele-
tion, it appears that 3 largely independent effector mechanisms can be 
differentiated, i.e., PMo- mediated GN, autoimmunity, and systemic 
inflammation, the latter of which may be mediated primarily by the 
LysMCre-targeted monocyte/macrophage lineage (Figure 10). Con-
sistent with an important role of this lineage, treatment of MRL/lpr 
mice with a small-molecule inhibitor of macrophage-CSF receptor–
driven (M-CSF receptor–driven) monocyte/macrophage generation 
ameliorated kidney pathology and neuropsychiatric disease, without 
affecting autoreactive Ab titers; other parameters including spleno-
megaly and survival were not assessed in that study (53).

Although our work showed that PMo suppression based on 
Nr4a1 deletion in hematopoietic cells provided protection from 
GN, indicating NR4A1 as a possible therapeutic target (Figure 6), 
we note that Nr4a1 deletion in fibroblasts was shown to promote 
TGF-β–mediated fibrosis in various models and also worsened 
kidney disease, in particular with tubulointerstitial symptoms, 
in the fawn-hooded hypertensive rat model (49, 54). Likewise, 
animal models of strictly T cell–dependent autoimmunity, 
such as those for experimental autoimmune encephalomyelitis 
(EAE), allergic contact dermatitis, and collagen- induced arthritis,  

Figure 9. PMos promote GN in B6.Sleyaa mice independently of autoimmunity. (A) Kidney pathology of 14-week-old WT, B6.Sleyaa, and B6.Sleyaa Nr4a1–/– 
mice as analyzed by histology based on H&E staining and staining for Abs against C3, IgG, and CD43. Representative images of glomeruli are shown (scale 
bars: 20 μm). (B) Total number of PMos, tissue macrophages, and neutrophils isolated from kidneys of the mice described in A. (C) Average size of kid-
ney glomeruli and (D) serum levels of anti–dsDNA IgG and ANA Ig of the mice described in A. Data represent the mean ± SD. *P < 0.05, **P < 0.01, and  
***P < 0.001, by 1-way ANOVA with Tukey’s multiple comparisons test. Symbols represent data from individual mice.
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In summary, our observations from ABIN1-deficient mice, var-
ious mouse models, and human patients with SLE are compatible 
with a scenario in which PMo-mediated vascular inflammation 
is critical for end-organ damage and GN. A major question, given 
these findings, is how the various genetic and environmental factors 
driving lupus nephritis interface with PMo biology, including the  
complex multistep process, the complex multistep process that 
entails PMo maturation, endothelial cell signaling, PMo recruitment 
and activation, neutrophil recruitment and activation, endothelial 
cell death, and removal of immunostimulatory debris. Given the 
multiple possibilities of deregulation of this process, it seems likely 
that various factors instigate GN independently of autoimmunity, 
as was seen with loss of TNIP1 function. Other factors, e.g., genetic 
alterations of Fc receptors and ITGAM, which are intimately involved 
in Ig- and complement-mediated immunity, respectively, may 
drive GN as a consequence of autoimmunity and Ig/C3-mediated  
functions (60). With these considerations in mind, one important 
opportunity for lupus research will be to assign the various SLE 
susceptibility factors to specific aspects of PMo-directed vascular 
inflammation in order to define common and unique mechanisms. 
This information may reveal novel therapeutic options and could be 
critical for stratifying patients for specific clinical trials.

Methods
Mice and cell culture. With the exception of MRL/lpr mice, all mice 
used in this study were on a C57BL/6 background. Tnip1–/– mice 
were backcrossed with mice on a C57BL/6 background for more 
than 10 generations and have been described previously (22). 
Rag1tm1Mom (Rag1–/–), C3tm1Crr (C3–/–), Myd88tm1.1Defr (Myd88–/–), Tlr7tm1Flv 
(Tlr7–/–), Tlr9tm1Aki (Tlr9–/–), Nr4a1tm1Jmi (Nr4a1–/–), MRL/MpJ (MRL), 
MRL/MpJ-Faslpr/J (MRL/lpr), and B6.Cg-Sle1NZM2410/Aeg Yaa/DcrJ 
(B6.SLE1yaa) mice were purchased from The Jackson Laboratory 
(9, 37, 61–65)). Tnip1fl/fl mice were described previously (23) and 
crossed with LysM-Cre (Lyz2tm1(cre)Ifo) mice established by Förster 
et al. (45) and obtained from The Jackson Laboratory. Age- and 
sex-matched littermates at 12 to 16 weeks of age were used for all 
experiments, unless otherwise indicated. BM cells were obtained 
by flushing from femurs and tibiae of mice. For the generation of 
BM-chimeric mice, 1 × 106 cells in 200 μl PBS containing 1% FBS 
were transferred via tail-vein injection into recipient mice that had 
been lethally irradiated at 9.5 Gy 1 day before cell transfer. For fetal 
liver transplantation, 1 × 106 fetal liver cells isolated from Tnip1+/+, 
Tnip1–/–, Nr4a1–/–, and Tnip1–/– Nr4a1–/– embryos (E13.5) were added to 
200 μl PBS containing 1% FBS and transferred via tail-vein injection  
into recipient mice that had been lethally irradiated at 9.5 Gy 1 
day before cell transfer. Recipient mice (both fetal liver transplant 
recipients and BM-chimeric mice) were treated with antibiotics 
(2% SulfaTrim; Hi-Tech Pharmacal) in the drinking water for 5 to 6 
weeks, starting 1 week before irradiation. Chimeric mice were analyzed 
12 weeks after cell transfer.

For the generation of BM-derived macrophages (BMMs) and 
BMDCs, BM cells were cultivated in Petri dishes for 7 days in 
standard growth medium (DMEM; Thermo Fisher Scientific) for 
macrophages or RPMI 1640 (Thermo Fisher Scientific) for DCs, 
supplemented with 10% (v/v) FCS (Hyclone), 50 mM 2-mercap-
toethanol, and antibiotics (100 IU/ml penicillin G and 100 IU/ml 
streptomycin sulfate; Thermo Fisher Scientific) containing 30%  

of the PMo as a specialized macrophage cell type that guards the 
integrity of blood vessels through orchestration of an inflamma-
tory response. Although the experimental settings used in related 
studies focused on leukocyte biology during acute inflammatory 
insults and, in part, on capillaries outside the glomeruli, it is likely 
that key events of the observed multistep process follow common 
principles. Exposure of kidneys to a TLR7 agonist or injection of 
anti–glomerular basement membrane (anti-GBM) Abs triggered 
endothelial PMo retention (dwelling), which provided the basis 
for CXCL1- mediated recruitment and interaction with neutro-
phils, the latter of which caused endothelial cell damage (26, 27). 
Data on Tnip1–/– mice are compatible with the described sequence 
of events, where (a) PMos exhibited increased CXCL1 expression; 
(b) neutrophils were found in the kidney glomeruli but not the PB 
of Tnip1–/– mice, consistent with their PMo-dependent glomer-
ular recruitment; (c) select deletion of ABIN1 in monocytes led 
to accumulation of neutrophils in glomeruli; and (d) genetic PMo 
suppression prevented glomerular neutrophil accumulation. As 
such, glomerular neutrophil accumulation appears to be a conse-
quence of deregulated PMo function. Of note, a pathogenic role of 
neutrophils in SLE is substantiated by data from human patients 
and mouse models (56–59). Together, it seems plausible that 
both increased PMo numbers and PMo-instigated inflammatory  
consequences, including neutrophil recruitment and cytotoxicity, 
cooperate to promote GN in Tnip1–/– mice and probably in other 
mouse models and human SLE (57).

Figure 10. Model of lupus-like inflammatory disease pathogenesis in 
Tnip1–/– mice. The hierarchy of inflammatory events shown is based on the 
following observations: (a) Genetic deletion of MyD88 or combined deletion 
of TLR7 and TLR9 largely protected from all analyzed disease parameters. 
(b) LysMCre-mediated deletion of ABIN1 in monocytes recapitulated all 
analyzed disease parameters, including the generation of autoreactive 
AB. (c) Adoptive transfer models using Hoxb8-FL cells or BM suggest a 
cell-intrinsic function of ABIN1 and MyD88 in the monocyte lineage. (d) On 
the basis of experiments using Rag1- and Nr4a1-deficient mice, it appears 
that deregulation of the adaptive immune system, including the generation 
of autoreactive AB and IC, is neither sufficient nor necessary for promotion 
of the early phase of mesangioproliferative GN (but may contribute to later 
stages of GN or other disease symptoms).

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/6


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 2 6 2 jci.org   Volume 129   Number 6   June 2019

CD45, Ki67, and DESMIN) were tested and compared to determine the 
Ab titrations for each protein marker to be used in the multiplex IF studies.  
All tissue sections used for IF labeling underwent antigen retrieval in a 
prediluted cell-conditioning solution (CC1) (Ventana Medical Systems) 
for 32 minutes before the serial application of the primary Abs, using the 
U Discovery 5-Plex IF procedure as previously described (67). Coverslips  
were mounted onto slides with Prolong Gold Antifade Reagent contain-
ing DAPI (Thermo Fisher Scientific). The following Abs were used for 
multicolor IF: CD45 (30-F11; BD Biosciences; 1:500 dilution; CY5), Ki67 
(Thermo Fisher Scientific; 1:50 dilution; FAM), and DESMIN (rabbit  
polyclonal, RB-9014-S; Thermo Fisher Scientific; 1:500 dilution; Red 
610). Images were acquired with the Leica TCS SP8 confocal microscope 
using a high-contrast, plan apochromatic, 0.75-NA, ×40 magnification 
objective lens. Scan lines were averaged 3 times per frame, and 3 frames 
were accumulated per image. Analyses of Ki67+ cells were done following 
image thresholding and segmentation using Imaris software (Bitplane).

Pathology scoring of mouse kidney sections. Tissue lesions related to 
GN, interstitial nephritis, and vasculitis/perivasculitis were graded on a 
0–5 scale based on the intensity and extent of histopathological changes. 
The grades 0–5 were converted to semiquantitative scores, which were 
used to calculate a mean histopathological score for each mouse. Grade-
based conversion of semiquantitative scores was as follows: 0 = 0; 1 = 1; 
1.5 = 8; 2 = 15; 2.5 = 25; 3 = 40; 3.5 = 60; 4 = 80; 4.5 = 90; and 5 = 100. For 
GN determination, grading criteria were applied to 20 to 30 glomeruli: 
0 = no glomerular lesions detected; 1 = minimal thickening/increased 
mesangium; 2 = noticeably increased mesangial and glomerular capil-
lary cellularity; 3 = previous lesions plus detectable inflammatory exu-
dates and capsular adhesions; 4 = obliteration of more than 70% of the 
glomerular architecture; 5 = effacement of the glomerular architecture 
(Supplemental Figure 1).

IHC of human tissue. In the initial IHC staining step, FFPE tis-
sue that was cut at 4-μm thickness and mounted onto charged glass 
slides was dewaxed by placing in a 60°C oven for 30 minutes and then 
deparaffinized in 3 changes of xylene for 3 minutes each, followed by 
rehydration in a series of graded alcohols into distilled water. Other  
than heat- induced epitope retrieval (HIER), all incubation steps were 
performed at room temperature in a humidity chamber (manual 
staining). HIER was performed at 90°C with high pH buffer (Dako; 
catalog DM828) for 15 minutes in a Dako PT-Link. Endogenous per-
oxidase was quenched by treatment with peroxidase blocker (Dako; 
catalog SM801) for 5 minutes at room temperature. The sections 
were washed in FLEX buffer (Dako; catalog DM831). The sections 
were then washed and incubated with a primary Ab targeting CD15 
(Abcam; catalog Ab218403) for 1 hour at room temperature. The 
sections were washed with FLEX buffer and then incubated with an 
HRP-linked secondary Ab (Dako EnVision FLEX; catalog SM802) for 
20 minutes at room temperature. Next, the sections were washed in 
FLEX buffer at room temperature, incubated with EnVision FLEX 
DAB (diaminobenzidine) plus chromagen (Dako catalogs DM827 and 
SM803) for 10 minutes at room temperature, and then washed with 
FLEX buffer. The CD15-stained sections were then incubated with 
the primary rabbit Ab against CD14 (Sino Biological; catalog 10073-
R001) and a mouse Ab against CD16 (Novacastra; Leica Biosystems; 
catalog NCL-L-CD16) for 2 hours at room temperature. The sections 
were washed with FLEX buffer and then incubated with a cocktail of 
the secondary Abs against mouse CY2 (The Jackson Laboratory; cat-
alog 115-225-146) and rabbit CY3 (The Jackson Laboratory; catalog 

L cell–conditioned medium (for BMMs) or 2% GM-CSF (for 
BMDCs) derived from growth factor– producing cell lines. The 2% 
GM-CSF corresponded to the bioactivity of 7 ng/ml recombinant 
GM-CSF (BD Biosciences).

Renal biopsies. Human samples were selected from biopsies received 
over a 2-month period at Arkana Laboratories. Selection criteria for lupus 
nephritis included a first episode of lupus nephritis with a diagnosis of dif-
fuse lupus nephritis, class IV-G (a), with moderate to severe activity and 
minimal to no chronicity by International Society of Nephrology/Renal 
Pathology Society (ISN/RPS) classification (66). Controls were time- 
zero reperfusion biopsies from deceased donor renal transplants with no 
abnormalities, specifically no acute tubular injury and no chronicity.

Histology, IHC, and immunofluorescence of mouse tissues. Mice were 
perfused with 10 ml PBS through the left ventricle after incision of the 
lateral left lobe of the liver. For histological analyses based on H&E, 
PAS, JMS staining and IHC, kidneys were fixed with 10% phosphate- 
buffered formalin and embedded in paraffin. Deparaffinized sections 
of 4-μm thickness were stained with H&E (Richard-Allan Scientific) 
on a Dako Coverstainer (Agilent Technologies), with PAS and JMS 
(Dako) on the Artisan Link Stainer (Agilent Technologies), or stained 
with Abs against Ki67 (clone SP6; Thermo Fisher Scientific), F4/80 
(clone BM8; Thermo Fisher Scientific), or CD43 (clone S7; BD Bio-
sciences), followed by detection with secondary biotinylated Abs and 
HRP-labeled streptavidin (Thermo Fisher Scientific) and counter-
staining with hematoxylin (Shandon; Thermo Fisher Scientific). To 
determine the glomeruli area range for each model, images of H&E-
stained sections were acquired on an automated Zeiss Axio Scan Z.1 
using a 20 × 0.8 objective and analyzed using Zeiss Zen Blue software 
or, alternatively, captured with an Aperio ScanScope XT Slide Scanner 
(Leica Biosystems), resulting in scalable whole slide images that were 
also manually outlined and analyzed using Aperio ImageScope soft-
ware. The average glomerular area was determined by measuring 30 
glomeruli on each H&E-stained kidney section.

For immunofluorescence (IF) of IgG and C3, kidneys were fixed in 
4% paraformaldehyde for 24 hours prior to cryoprotection using 20% 
sucrose in PBS. Tissues were cryosectioned and allowed to air-dry 
for 30 minutes before blocking nonspecific binding with 1 % BSA and 
0.05 % Tween-20 in PBS, pH 7.4, for 1 hour at room temperature. Sec-
tions were incubated overnight at 4°C in blocking buffer containing  
FITC- conjugated anti-C3 (1 μg/ml; clone RmC11H9; Cedarlane) and 
CR568-conjugated goat anti–mouse IgG (1 μg/ml; catalog 20301; 
Biotium). Slides were washed in PBS before mounting with HardSet 
media containing DAPI (Vector Laboratories). Widefield fluorescence 
microscopy was performed using a motorized Nikon TiE inverted 
microscope equipped with a ×20 Plan Apo 0.75 NA objective, standard 
DAPI, FITC, and TRITC filter sets, and an EMCCD camera (Andor). 
A series of 10 × 10 images acquired using a ×20 objective was stitched 
on the basis of DAPI fluorescent signal, and the subsequent large 
stitched images were analyzed using NIS Elements software (Nikon 
Instruments). High-resolution images were acquired using a Marianis 
spinning-disk confocal microscope (Intelligent Imaging Innovations) 
equipped with a ×40 1.3 NA objective and EMCCD camera and ana-
lyzed using Slidebook software (Intelligent Imaging Innovations).

For multicolor IF analysis, formalin-fixed, paraffin-embedded 
(FFPE) tissues were sectioned at 4-μm thickness, mounted on positively 
charged glass slides (Superfrost Plus; Thermo Fisher Scientific), and dried 
at 60°C for 20 minutes. Both IHC and singleplex IF labeling methods (for 
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Abs were used for flow cytometry: FITC–MHC-II (M5/114.15.2; eBiosci-
ence; 1:300 dilution); PE-CD115 (AFS98; eBioscience; 1:100 dilution); 
PE-F4/80 (BM8; eBioscience; 1:200 dilution); PE-Cy7-Ly-6G (1A8; 
BioLegend; 1:200 dilution); APC-CD43 (S7; BD Biosciences; 1:300 
dilution); APC/Cy7-Ly6C (HK1.4; BioLegend; 1:200 dilution); BV421-
CD11b (M1/70; BioLegend; 1:200 dilution); and PerCP-Cy5.5-CD11c 
(N418; eBioscience; 1:100 dilution). The specificity of all Abs was con-
trolled by the respective Ab isotypes. Samples were analyzed using a 
FACSCanto II (BD Biosciences) and FlowJo 7.6.5 software. Cell sorting 
was done using a FACSAria (BD Biosciences) or a Reflection (Sony Bio-
technology) instrument. Absolute numbers of individual cell popula-
tions were calculated on the basis of total cell numbers from CBC (PB) 
and Neubauer chambers (kidneys) and the relative numbers of specific 
cell populations (defined by flow cytometry).

Adoptive transfer of Hoxb8-FL cells. Hoxb8-FL cells were gener-
ated as described previously (47). In brief, BM cells from Tnip1+/+ and 
Tnip1–/– mice were infected with an MSCV-based vector expressing an 
estrogen- regulated form of Hoxb8 (ER-HBD-Hoxb8), and condition-
ally immortalized progenitor cells were expanded in the presence of 
FMS-like tyrosine kinase 3 ligand (FLT3L) and estrogen. Stably growing  
cells were labeled by retroviral transduction with murine stem cell 
virus–based (MSCV-based) vectors expressing EGFP or ametrine. Cells 
(2.5 × 106) expressing EGFP or ametrine (e.g., Hoxb8-FL cells from 
Tnip1+/+ [GFP] and Tnip1–/– mice [ametrine]) were mixed at a 1:1 ratio 
and injected i.v. into lethally irradiated mice along with 2 × 105 non-
fractionated BM helper cells. Cells derived from Hoxb8-FL cells were 
identified on the basis of EGFP and ametrine expression.

In vivo Ab labeling. Tnip1–/– mice were injected i.v. with 3 μg 
PE-conjugated anti–mouse CD45 Ab (clone 30-F11; eBioscience). Ten 
minutes later, mice were perfused with 20 ml PBS as described above. 
Immune cells were isolated and analyzed by flow cytometry.

ELISA and proteinuria analysis. Total ANA Ig and anti–dsDNA Ig 
levels in the serum were determined with ELISA kits (Alpha Diagnostic 
International) according to the manufacturer’s instructions. The pro-
tein concentration in urine was determined using Multistix 10 SG sticks 
(Siemens) and scored as 0 (negative), 1 (<30 mg/dl), 2 (>30 mg/dl), 3 
(>100 mg/dl), and 4 (>300 mg/dl).

Immunoblot analysis. Cells were lysed in buffer containing 20 mM 
HEPES and KOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 
10% glycerol, 10 mM pyrophosphate, supplemented with complete 
proteases inhibitors (Roche). Cell lysates were resolved by SDS-PAGE 
using precast gels (Bio-Rad) and transferred onto nitrocellulose 
membranes. Membranes were probed with Abs against ABIN1 (clone 
HPA037893; Atlas Antibodies) or GRB2 (catalog 3972; Cell Signaling 
Technology) and visualized using ECL (Thermo Fisher Scientific).

Transdermal GFR analysis. GFR measurements were performed in 
conscious mice as recently described (68, 69). In short, the transdermal 
GFR monitor (MediBeacon) was placed onto the side of the depilated 
back skin of briefly anesthetized mice using a double-sided adhesive 
patch and secured with additional adhesive tape around the body to 
minimize movement artifacts. The background fluorescence signal 
was recorded for 15 minutes, followed by i.v. injection of FITC-sinistrin 
(in PBS, 7 mg/100 g BW; Fresenius Kabi) and continuous fluorescence 
recording for 60 minutes. Recorded data were analyzed using MPD Lab 
software (Medibeacon), with the GFR (μl/min/100 g BW) calculated on 
the basis of the decrease of fluorescence intensity of FITC- sinistrin over 
time using the 3-compartment model with linear correction.

111-165-144) for 30 minutes at room temperature. Stained sections 
were washed with FLEX buffer, air-dried, and then coverslipped 
with aqueous fluorescence mounting media containing DAPI (Dako) 
for viewing by fluorescence and light microscopy. After microscopic 
analysis of the sections (detailed below), the coverslip was removed 
and reacted with PAS using standard techniques.

All stains were validated in a pilot study using human tonsil as a 
control. The experimental and control group cells were then stained 
and examined using 1 Ab alone, then 2 Abs, and, finally, all 3 Abs. This 
was done in order to validate the intensity and maintenance of inten-
sity of the fluorochrome and the IHC reaction throughout the complex 
staining process. For the experimental study, all sections were stained 
in 1 continuous run. All microscopic analyses (see below) were done 
within 2 hours of completion of the staining protocol.

Microscopic and image analyses of human IHC samples. A renal 
pathologist without knowledge of the diagnosis performed the analysis. 
The slides were examined with an Olympus BX51 microscope with an 
epifluorescence attachment and photographed with an Olympus DP72 
camera. The anti-CD14 Ab was examined with the TRITC filter, the 
anti-CD16 Ab with the FITC filter, and the anti-CD15 Ab with a light 
microscope. Several steps were followed for each glomerulus (Supple-
mental Figure 5). First, the glomerulus was centered and a photograph 
taken with the ×40 objective using the FITC filter. Then, without move-
ment of the slide, the TRITC filter was used for a second photograph, 
and finally, a third photograph of the IHC stain was taken with a light 
microscope. After reaction with PAS, the glomeruli were relocated and 
photographed with the light microscope. The microscopic TRITC, FITC, 
and IHC images were converted to 8-bit gray scale, and the IHC images 
were inverted so that all 3 images had comparable black backgrounds. A 
composite was made using ImageJ software (NIH). The composite and 
the PAS image were then opened in Adobe Photoshop (Adobe Systems), 
and the PAS image was manually aligned with the composite. The 
opacity of the PAS image was adjusted to identify cells with or without 
TRITC, FITC, and/or IHC reaction. CD16+CD14– cells were counted. 
For the IHC images, cells with or without CD16 and CD14 positivity 
were counted, and the photographs with the positive cells were labeled. 
For final illustration, the opacity of the PAS photograph was set at 45%.

PB and flow cytometric analyses. PB was collected by retro-orbital 
bleeding of the mice. Complete blood cell counts (CBCs) were deter-
mined using the Forcyte Hematology System (Oxford Science). For 
flow cytometric analysis of PB, RBC were lysed with RBC Lysis Buffer 
according to the manufacturer’s instructions (STEMCELL Technolo-
gies), and single-cell suspensions were obtained by passing cells through 
40-μm cell strainers. For immune cell analysis of kidneys, perfused kid-
neys were cut into 1- to 2-mm3 pieces and digested in DMEM (Thermo 
Fisher Scientific) containing 2 mg/ml collagenase type I (Worthington) 
and 2 mg/ml DNaseI (Worthington) for 30 minutes at 37°C. Digested 
kidneys were passed through a 40-μm cell strainer (BD Biosciences) to 
obtain single-cell suspensions, and cell numbers were determined with 
a hemocytometer (Neubauer chamber). Cells obtained from kidneys 
and PB were blocked with Abs against CD16 and CD32 (clone 2.4G2, 
Tonbo), followed by staining for cell-surface markers. In the PB, cells 
were defined according to markers for neutrophils (CD11b+, Ly6G+); 
PMos (CD11b+, Ly6G–, CD115+, Ly6Clo, CD43hi); and classical mono-
cytes (CD11b+, Ly6G–, CD115+, Ly6Chi, and CD43lo). Cells obtained from 
kidneys were defined according to markers for neutrophils (CD11b+, 
Ly6G+) and PMos (CD11b+, Ly6G–, F4/80lo, and CD43hi). The following 
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Isolation of kidney glomeruli. Mouse glomeruli were isolated by the 
sieving technique. Kidneys were perfused with 10 ml PBS through the 
left ventricle after incision of the lateral left lobe of the liver. Kidneys 
were removed, decapsulated, and the cortex of each kidney separated 
from the medulla by macroscopic dissection. The cortex was gently 
strained through a 100-μM cell strainer in PBS containing 0.5% FBS 
(PBS/FBS) using the plunger of a 3-ml syringe. The glomeruli-containing  
flow-through was collected and passed through a 40-μM strainer, thereby  
retaining glomeruli. The 40-μM cell strainer was then placed onto a 
50-ml tube, and the glomeruli were washed twice with 45 ml PBS/FBS. 
The cell strainer was inverted onto a Petri dish, and the glomeruli were 
collected by flushing the cell strainer with PBS/FBS. The isolated glom-
eruli were examined by light microscopy to assess the purity.

Statistics. Data were analyzed with GraphPad Prism soft ware and are 
expressed as the mean ± SD or the mean ± SEM, as indicated in the figure 
legends. Statistical significance between 2 groups was assessed with the 
Mann-Whitney U test. Statistical significance between more than 2 groups 
was assessed by 1-way ANOVA with Tukey’s multiple comparisons test.  
P values of less than 0.05 were considered statistically significant.

Study approval. All mouse studies were carried out in accor-
dance with protocols approved by the IACUC of St. Jude Children’s 
Research Hospital. The retrospective analysis of human renal biopsy 
material was performed on deidentified material, and thus the study 
was exempt from the informed consent requirement. The protocol 
was approved by the Schulman Institutional Review Board, and the 
study was conducted according to Declaration of Helsinki principles.
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