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Introduction
A number of  diseases are associated with the deposition of  immune complexes (ICs) in the vascular bed, 
the production of  antibodies against the vascular basement membrane or endothelial cells, which can 
lead to vasculitis or glomerulonephritis (1–3). The etiology of  IC formation can be either autoimmune 
(systemic lupus erythematosus, Goodpasture syndrome), infectious (postinfectious glomerulonephritis), 
or a humoral rejection of  an allogeneic transplant. In these conditions ICs are formed and can be found in 
the walls of  capillaries of  the renal glomerulus, like in lupus nephritis (4), or other locations depending on 
the disease type resulting in local tissue injury and deterioration of  endothelial function. Further, the local 
deposition of  ICs can lead to activation of  myeloid cells through their Fc receptors (FcRs) (5–7). Depend-
ing on the FcR repertoire, monocytes, macrophages, granulocytes, and dendritic cells (DCs) execute a 
broad spectrum of  effector functions or are modulated in their activity by the presence of  ICs (8). Studies 
in mice proposed that activation of  myeloid cells by glomerular deposits of  ICs requires both FcRγ and 
TLRs (9, 10), which initiates an inflammatory response that results in glomerulonephritis (10). In stage III 
and IV lupus nephritis with capillary deposition of  ICs, FcγRIIIA+ (CD16+) monocytes were noticed and 
regarded as relevant to the pathogenesis of  the disease (11).

Monocytes are now classified based on their gradual differences in CD14 versus CD16 expression: 
classical CD14++CD16–, intermediate CD14+CD16+, and nonclassical CD14–CD16++ monocytes (12). 
Within the population of  CD16+LIN–HLA-DR+ leukocytes (nonclassical CD14–CD16++ monocytes) 
our group defined the population of  6-sulfo LacNAc–expressing monocytes (slanMo). Roughly half  

Lupus nephritis is a major cause of morbidity in patients with systemic lupus erythematosus. 
Among the different types of lupus nephritis, intracapillary immune complex (IC) deposition 
and accumulation of monocytes are hallmarks of lupus nephritis class III and IV. The relevance 
of intracapillary ICs in terms of monocyte recruitment and activation, as well as the nature and 
function of these monocytes are not well understood. For the early focal form of lupus nephritis 
(class III) we demonstrate a selective accumulation of the proinflammatory population of 6-sulfo 
LacNAc+ (slan) monocytes (slanMo), which locally expressed TNF-α. Immobilized ICs induced 
a direct recruitment of slanMo from the microcirculation via interaction with Fc γ receptor IIIA 
(CD16). Interestingly, intravenous immunoglobulins blocked CD16 and prevented cell recruitment. 
Engagement of immobilized ICs by slanMo induced the production of neutrophil-attracting 
chemokine CXCL2 as well as TNF-α, which in a forward feedback loop stimulated endothelial cells 
to produce the slanMo-recruiting chemokine CX3CL1 (fractalkine). In conclusion, we observed 
that expression of CD16 equips slanMo with a unique capacity to orchestrate early IC-induced 
inflammatory responses in glomeruli and identified slanMo as a pathogenic proinflammatory cell 
type in lupus nephritis.
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of  the nonclassical monocytes stain positive for slan (Supplemental Figure 1; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.96492DS1). The marker molecule 
slan allowed the mAb-directed purification and functional studies of  these cells purified from blood 
and tonsils, which revealed functional characteristics of  DCs (13–14). Most notably, slanMo showed 
a strong capacity to stimulate T cells and to program Th1/Th17 cells (15–17). DCs, monocytes, and 
macrophages are now classified based on their identified precursor cell. For slan+ cells, transcriptomic 
studies collectively demonstrated a gene signature shared with monocytes rather than bona fide DCs 
(18). We therefore propose calling these cells slanMo instead of  slanDCs, as already recommended by 
others (19). The larger population of  human nonclassical monocytes is regarded as equivalent to mouse 
patrolling monocytes (20). These patrolling CX3CR1hiLy6Clo monocytes are guardians of  the intravas-
cular immune surveillance that showed a prolonged contact with the endothelium and orchestrate the 
phagocytosis of  cellular debris (21). They were seen constitutively in uninflamed glomeruli (22). Pro-
longed interactions with the endothelial cells were found when inflammation was artificially induced by 
antibodies directed against endothelial cells of  the glomerular capillaries. Subsequent contact with neu-
trophils promoted acute neutrophil-dependent glomerular injury, suggesting the critical role of  murine 
monocytes in inflammatory glomerular diseases (23). A similar picture with neutrophil recruitment was 
observed when patrolling monocytes were activated by TLR7-dependent nucleic acid danger signals 
(21). The presence of  CD16+ monocytes in human lupus nephritis with capillary IC deposition (stage 
IV) correlated with endothelial CX3CL1 (fractalkine) expression, which may have contributed to their 
recruitment (11).

In this study, we sought the identity of  the monocytic cells in human lupus nephritis and their 
pathogenic role, with special reference to their direct recruitment from the blood circulation in the 
context of  immobilized ICs. We previously reported an increased frequency of  slanMo in the dermis 
of  lupus skin lesions (24). In patients with systemic lupus erythematosus, ICs circulate in blood and 
are deposited in different organs where they contribute to organ failure. IC deposition on the surface 
of  the glomerular basement membrane reportedly results in damage to the podocytes by mechanisms 
involving the activation of  the complement system leading to dysfunction of  the glomerular filter (25).

In lupus nephritis, mesangial deposition of  ICs is found in class I and II (of  the International 
Society of  Nephrology/Renal Pathology Society [ISN/RPS] classification) (4). Intraluminal immune 
aggregates are present in class III and IV (of  the ISN/RPS classification) lupus nephritis (26). In 
reference to the different sites of  IC deposition, we analyzed the in vivo distribution of  slanMo in a 
set of  human lupus nephritis tissue samples spanning different classes of  the disease. We identified a 
preferential accumulation of  slanMo in class III, while in class IV other mononuclear phagocytes out-
numbered slanMo. Furthermore, we recognized the direct CD16-mediated IC engagement of  slanMo 
as a possible mechanism for the glomerular entry and adhesion of  slanMo by in vitro flow chamber 
experiments and in a murine model of  systemically administered ICs. Therapeutic doses of  intra-
venous immunoglobulins (IVIGs) abrogated the capture of  slanMo under in vitro flow conditions. 
We found that slanMo within glomeruli of  human lupus nephritis samples express TNF-α, and this 
TNF-α production could be reproduced by incubating slanMo with immobilized ICs. Additionally, IC-
stimulated slanMo produced IL-6 and the neutrophil chemoattractant CXCL2. By treating endothelial 
cells with supernatants from IC-stimulated slanMo, we noticed a TNF-α–dependent production of  
CX3CL1 (fractalkine) by endothelial cells. This mechanism may be relevant for disease progression 
by recruiting additional CX3CR1+ slanMo as well as CX3CR1-expressing T cells and NK cells. Our 
study identifies slanMo having a functional specialization as an important proinflammatory cell type, 
in early IC-mediated inflammation.

A deeper insight into the pathogenesis of  lupus nephritis is essential to offer new therapeutic strate-
gies. The findings provided by this study identify slanMo as a potential therapeutic target in human 
lupus nephritis.

Results
SlanMo accumulate in the kidney of  lupus nephritis patients. Formation and deposition of  ICs is a central 
pathogenic mechanism for the development of  lupus nephritis (27). Deposition of  ICs in kidneys leads 
to an influx of  inflammatory cells and production of  proinflammatory cytokines, which promote tissue 
damage (28). To investigate whether glomerular IC deposition contributes to the recruitment of  slanMo, 
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we stained kidney samples obtained from patients with lupus nephritis (class I 
to V of  the ISN/RPS classification) for the presence of  slanMo using the slan-
specific antibody DD2. Classes III and IV of  lupus nephritis are characterized 
by subendothelial and intraglomerular ICs, whereas continuous subepithelial 
IgG deposits in the glomerular capillary wall are a characteristic sign of  class 
V membranous lupus nephritis (Figure 1A). SlanMo were chiefly identified in 
the glomeruli of  class III and IV lupus nephritis. The mean number of  slanMo 
per glomerulus was higher in class III and IV in comparison with the healthy 
controls (Figure 1B). Furthermore, double staining for CD68 and slan revealed 
that slanMo (CD68+) outnumber other CD68-expressing cells in the glomeruli 
in class III lupus nephritis (Figure 1C). Interestingly, in class IV lupus nephritis 
we observed an infiltration of  CD68+ monocytes and the majority of  these cells 
stained negative for slan. Stage V showed no further increase in the numbers of  
slanMo per glomerulus but rather in the periglomerular inflammatory infiltrates 
(Figure 1, A and B and Supplemental Figure 2). This slanMo distribution may 
be correlated with the intravascular IC deposits and the presumed accessibility of  
subendothelial ICs by blood cells in class III and IV of  lupus nephritis through 
the fenestrated endothelium, which is different from the subepithelial deposition 
of  ICs in class V (26).

ICs recruit slanMo in an in vivo model. The kidney glomerulus has a fenes-
trated vascular bed that is thought to passively trap circulating ICs (29). We set 
up a mouse model to test if  heat-aggregated IgG, as a surrogate of  ICs, when 
deposited in glomeruli are able to recruit circulating human slanMo from the 
blood flow. A schematic representation of  the experimental setting is given in 
Figure 2A. Mice were intravenously injected with 5 mg/ml heat-aggregated IgG 

followed by injection with CFSE-labeled slanMo. This reductionist approach does not reflect the com-
plex pathology found in lupus nephritis. However, we found this model to be particularly attractive to 
address the FcγR-dependent recruitment of  cells to glomerular capillaries under in vivo conditions. To 
study whether the recruitment of  slanMo at the site of  IC deposition was CD16 mediated, corresponding 
experiments were performed with CD16A- or CD32A-transfected Jurkat cells. Two hours after cell injec-
tion, mice were euthanized and renal sections were analyzed by immunofluorescence for the presence of  
slanMo or transfected Jurkat cells in the glomeruli (Figure 2B). In this set of  experiments, slanMo and 
CD16-transfected Jurkat cells efficiently accumulated in glomeruli of  mice that had received heat-aggre-
gated IgG. Homing of  slanMo to glomeruli was largely inhibited when CD16 was blocked with specific 
antibodies. Similarly, untransfected WT Jurkat cells or CD32-transfected Jurkat cells did not accumu-
late at significant numbers in glomeruli of  mice challenged with heat-aggregated IgG (Figure 2C). These 
experiments demonstrate that immobilized heat-aggregated IgG enables direct recruitment of  cells from 
the flow and/or alternatively, retention of  already patrolling slanMo, and identify CD16 as the critical IC 
receptor for this process.

ICs directly recruit slanMo in vitro. Recruitment of  immune cells to inflamed tissues is guided by adhe-
sion molecules on activated endothelium (30). To investigate whether ICs independently contribute to the 

Figure 1. Preferential glomerular accumulation of slanMo in type III and IV lupus 
nephritis. (A) Histological images of lupus nephritis patients (class IV and V) stained 
with periodic acid–Schiff (PAS) and for IgG deposits and hyaline thrombi. The presence of 
slanMo was shown using the slan-specific antibody DD2. Original magnification, ×40 (PAS 
and IgG) and ×20 (SlanMo). (B) The mean number of immunohistochemically identified 
slanMo in glomeruli found in kidney samples of patients with lupus nephritis: healthy 
(n = 14), class I (n = 8), class II (n = 4), III (n = 22), IV (n = 18) or V (n = 12). One-way ANOVA 
(nonparametric) followed by Dunn’s multiple-comparison test. Mean values are shown ± 
SEM. *P < 0.05; comparison between healthy kidney samples and classes I–V of patients 
with lupus nephritis. (C) Costaining of slanMo and CD68-expressing cells (PG-M1 mAb). 
Original magnification, ×20. The mean number of slanMo and CD68-expressing cells in 
glomeruli of lupus nephritis patients (n = 8–10). One-way ANOVA (nonparametric) followed 
by Newman-Keuls multiple-comparison test. Mean values are shown ± SEM. *P < 0.05; 
comparison between slanMo and CD68-expressing cells in glomeruli.
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recruitment of  slanMo from the blood flow, we set up a flow chamber assay system, in which slanMo 
were perfused over surface-bound, immobilized ICs. In this system, we found a highly efficient capture of  
slanMo by immobilized ICs under shear stress. By contrast, we could not find significant capture of  slan-
Mo in flow chamber slides treated with PBS or a protein loading control. The surface-bound monovalent 
antibody component of  the ICs also mediated some attachment; the capture by ICs was, however, signifi-
cantly higher, which is in line with the high affinity of  slanMo for ICs (31). Surface-bound, immobilized 
human IgG-ICs (Supplemental Figure 3), but not IgA (Supplemental Figure 4) mediated the recruitment 
of  slanMo from the circulation. These data demonstrate that the interaction of  circulating slanMo with 
immobilized ICs can mediate the local recruitment and firm adhesion of  slanMo (Figure 3, A and B). In 
vitro, the capture of  slanMo by ICs immobilized on plastic slides occurred most efficiently at 0.5–1 dyn/
cm2 surface shear stress (Figure 3C).

IC-induced recruitment of  slanMo is mediated by CD16. To compare the capacity of  IC-mediated recruitment 
of  slanMo with that of  other peripheral blood mononuclear cells (PBMCs), we performed additional flow 
chamber experiments with purified CD1c+ DCs, plasmacytoid DCs (pDCs), or T cells. As expected, we did 
not observe recruitment of  T cells, which do not express IC receptors (Figure 3D). However, we also did not 
observe any recruitment of  CD1c+ DCs and pDCs, despite a high expression of  CD32 by CD1c+ DCs. In 
line with this, selective blocking of  CD16 on slanMo almost completely abrogated their capture by immo-
bilized ICs, whereas selective blocking of  CD32 had no effect. Similarly, the lack of  recruitment of  mature 
slanMo, which had downregulated CD16 but maintained CD32 expression (31), independently shows that 

Figure 2. Recruitment of slanMo by ICs in vivo. (A) 
Schematic representation of the mouse model. Preformed 
immune complexes (ICs) were injected i.v. into immu-
nodeficient NSG mice followed by the injection of either 
fluorescently labeled freshly isolated slanMo or Jurkat cells 
transfected with either CD16 or CD32. (B) Immunofluores-
cence staining of collagen IV (CIV) on kidney sections (red) 
of experimental animals and localization of fluorescently 
labeled cells (slanMo and Jurkat CD16a) (green) in the 
glomeruli (n = 5 mice per group). Original magnification, 
×40. (C) Percentage of glomeruli (gloms) with slanMo and 
Jurkat cells, respectively, recruited by ICs in the presence 
or absence of blocking mAbs for CD16 (3G8). Mean values 
are shown ± SEM (n = 5 mice per group). *P < 0.05, **P < 
0.01, ***P < 0.001 by 1-way ANOVA followed by Bonferroni’s 
multiple-comparison test.
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Figure 3. Immobilized ICs recruit slanMo from shear flow conditions. (A and B) Capture of slanMo by immobilized immune complexes (ICs) from the 
flow. Freshly isolated slanMo were labeled for fluorescence microscopic detection and subsequently perfused over immobilized ICs for 30 minutes at 
a shear stress of 0.5 dyn/cm2 in a flow chamber assay. Adherent cells appear in yellow after merge of consecutive frames (slanMo in red or green) at 
intervals of 5 frames in the off-line analysis at the respective time points after the initiation of shear flow. The images are a representative example 
of 4 experiments. Original magnification, ×20. ICs were preformed by incubating FITC-labeled human serum albumin (HSA, 1 mg/ml) (HSA-FITC) with 
polyclonal rabbit anti-FITC IgG (1 mg/ml) (anti-FITC) at 1:6 for 1 hour at 4°C. (C) Capture of slanMo at increasing levels of surface sheer stress (n = 3). 
(D) Capture of purified CD1c+ DCs, pDCs, and CD4+ T cells by immobilized ICs under the same conditions. n = 3 for CD1c+ DCs and pDCs and n = 4 for 
CD4+ T cells. Mean values are shown ± SEM. **P < 0.01, ***P < 0.001 by 1-way ANOVA followed by Tukey’s post hoc test.
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IC-mediated capture of  slanMo depends on CD16 (Figure 4, A and B). These 
data were additionally corroborated by using CD16- or CD32-transfected Jur-
kat cells. In these experiments, CD16-transfected Jurkat cells were efficiently 
captured by immobilized ICs, while CD32-transfected Jurkat cells were not 
(Figure 4C). In summary, these studies demonstrate a highly selective role of  
CD16 for the IC-mediated recruitment of  slanMo from the circulation under 
flow conditions.

CD16-dependent recruitment of  slanMo from the flow to antibodies deposited on 
endothelial cells. To extend these experiments, we investigated whether slanMo 
can be recruited to endothelial cells by immobilized ICs. We targeted a mono-
layer of  human dermal microvascular endothelial cells (HDMECs) that was 
grown in flow chamber slides with an antibody specific for endoglin (CD105) 
(Supplemental Figure 5). Treatment of  HDMECs immediately before the 
perfusion assay with the antibody led to a strong recruitment of  slanMo to 
the endothelial layer compared with untreated HDMECs. This recruitment 
was nearly completely inhibited by blocking CD16 on slanMo, showing that 
the capture of  slanMo was not due to activation of  endothelial cells. Again, 
capture of  slanMo was independent of  CD32, as its blocking did not change 
the number of  adherent slanMo (Figure 5).

IgG- and CD16-dependent activation of  slanMo to induce an inflammatory 
immune response. TNF-α is an important orchestrator of  inflammatory diseases. 
It is overexpressed in lupus nephritis and anti–TNF-α therapies proved effective 

in reducing disease activity (32). Under inflammatory conditions, slanMo are characterized by their high-level 
TNF-α production. Staining of  kidney tissues from class III lupus nephritis for TNF-α expression and slanMo 
demonstrated the local TNF-α production by slanMo (Figure 6A). Given that slanMo were captured from 
the flow by a CD16-mediated interaction with ICs, we next determined whether binding of  IgG to CD16 
induces the production of  proinflammatory cytokines. We used an assay in which slanMo were cultured 
in the presence of  surface-bound heat-aggregated IgG. Studying supernatants from these cultures revealed 
that heat-aggregated IgG induced production of  TNF-α, IL-6, and CXCL2. Inhibition of  the FcγR signal-
ing pathway using the Syk inhibitor BAY-61-3606 or blocking antibodies for CD16 (clone 3G8) inhibited the 
proinflammatory feature of  slanMo in response to heat-aggregated IgG (Figure 6B). Importantly, a side-by-
side comparison of  slanMo with CD1c+ DCs and CD14+ monocytes revealed that only slanMo responded to 
stimulation with heat-aggregated IgG with a strong production of  TNF-α and IL-6 (Figure 6C).

One of  the local effects of  TNF-α is the activation of  endothelial cells followed by production of  che-
mokines including fractalkine. Fractalkine was reported to be upregulated in lupus nephritis (11) and is 
known to stimulate recruitment of  CX3CR1+ T cells (33) and slanMo. To gain insight into the potential 
interplay between slanMo and endothelial cells, monolayers of  HDMECs were treated with supernatants 
from IC-stimulated slanMo. As shown in Figure 6D, supernatants of  IC-stimulated slanMo induced a strong 
production of  fractalkine among endothelial cells. Neutralizing TNF-α with a TNF-α–specific antibody 
(adalimumab) strongly inhibited secretion of  fractalkine (Figure 6D). Collectively, our studies demonstrate 

Figure 4. Recruitment of slanMo from the flow requires expression of CD16. (A) 
CD16-specific capture of slanMo by immobilized immune complexes (ICs). Freshly 
isolated slanMo were labeled for fluorescence microscopic detection and incu-
bated with specific blocking mAbs for CD16 (3G8), CD32 (AT10), or both as well as 
a binding (DX17) and a nonbinding (MOPC-21) isotype control. Additionally, intra-
venous immunoglobulin (IVIG) was used for blocking FcγR. SlanMo subsequently 
were perfused over immobilized ICs for 30 minutes with an applied surface shear 
stress of 0.5 dyn/cm2 (n = 4). (B) Freshly isolated and CD16-negative mature slan-
Mo of the same donor run over immobilized ICs for 30 minutes at a shear stress 
of 0.5 dyn/cm2 (n = 3). The histograms give an example of the CD16 expression 
of freshly isolated and mature slanMo of the same donor. (C) CD16a-transfected, 
CD32a-transfected, and nontransfected Jurkat cells were fluorescently labeled and 
subsequently run over immobilized ICs for 30 minutes at a shear stress of 0.5 dyn/
cm2 (n = 3). Mean values are shown ± SEM. ***P < 0.001. ns, not significant by 
1-way ANOVA followed by Tukey’s post hoc test.
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that IC-mediated cross-linking of  CD16 (FcγRIIIa) on slanMo is critical for their local accumulation in 
glomeruli and for stimulating an inflammatory immune response.

Discussion
This study identifies slanMo as an early proinflammatory cell type in human lupus nephritis with endocap-
illary hypercellularity. In particular, we provide evidence for a direct IC- and FcγR-dependent recruitment 
of  slanMo from the blood circulation to the vascular interface of  glomerular capillaries and the subsequent 
induction of  an inflammatory response.

SlanMo are proinflammatory CD16+ monocytes best identified in tissues by their specific expression of  
the slan marker. In the peripheral blood slanMo were previously shown to specialize in handling IgG-ICs, 
which is mediated by coexpression of  the IC receptors CD16 and CD32 (31). The very efficient binding 
of  ICs is reportedly a unique feature of  slanMo when compared with other monocytes or DCs. Uptake of  
antigen via FcγRs strongly enhances the stimulation of  antigen-specific T cells by slanMo (31). In another 
study, the coexpression of  CD16A and CD32A was responsible for potent antibody-dependent cell-mediat-
ed cytotoxicity (ADCC) mediated by slanMo (34).

Glomerular monocytes have been reported in human lupus nephritis type III and IV, and their pres-
ence was associated with poor prognosis when found at repeated biopsies (11, 35–37). In line with this, 
mouse models of  lupus nephritis demonstrated a proinflammatory role for monocytes activated by ICs 
(21, 38). However, the exact definition of  these cells, their recruitment, and their role in the pathogenesis 
of  human lupus nephritis remained unresolved. Our profiling of  tissues from patients with lupus nephritis 

Figure 5. SlanMo are captured by antibodies deposited on endothelial cells. Antibody-dependent capture of slanMo on endothelial cells under shear-flow 
conditions. Human microvascular endothelial cells (HDMECs) were seeded into flow chamber slides and grown to 100% confluence. Immediately before the 
perfusion assay, HDMECs were treated with an antibody against CD105. Subsequently, slanMo that were either untreated or treated with specific blocking mAbs 
for CD16 (3G8), CD32 (AT10), or both as well as an isotype control (MOPC-21) were perfused for 30 minutes at a shear stress of 0.5 dyn/cm2 over the HDMECs. 
Adherent cells appear in yellow after merge of consecutive frames (slanMo in red or green) at intervals of 5 frames in the off-line analysis at the respective time 
points after the initiation of shear flow (n = 3). Original magnification, ×32. **P < 0.01. ns, not significant by 1-way ANOVA followed by Tukey’s post hoc test.
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class III identified among all monocytes the preferential presence of  slanMo, localized in the glomeruli 
of  these patients. Among the different classes of  lupus nephritis, class III and IV are characterized by 
intraluminal immune aggregates and subendothelial IC deposits in the glomeruli presumably accessible to 
leukocytes within the blood circulation through the fenestrated endothelium (26). Class III lupus nephritis 
with involvement of  less than 50% of  glomeruli may progress to class IV lupus nephritis with equal and 

Figure 6. IC-slanMo interaction mediates inflammatory responses. (A) Single-color images and combined colors for the detection of TNF-α (green), slan-
Mo (red), and cell nuclei (DAPI; blue) in lupus nephritis glomeruli class III. Original magnification, ×20. Results are representative of multiple sections from 
3 independent donors (n = 3). Asterisks indicate double-positive cells. (B) Cytokine induction by immobilized immune complexes (ICs). Freshly isolated 
slanMo were treated or not with Syk inhibitor or specific blocking mAbs for CD16 (3G8) and incubated with immobilized ICs for 20 hours. TNF-α, IL-6, and 
CXCL2 protein levels in the culture medium were determined by ELISA (n = 3). (C) TNF-α and IL-6 levels in the culture medium of CD1c+ DCs and monocytes 
in the presence or absence of immobilized ICs (n = 3). (D) HDMECs were cultured for 20 hours with supernatants from slanMo previously incubated with 
immobilized ICs and in the presence or absence of a neutralizing TNF-α mAb (10 μg/ml). CX3CL1 protein levels were determined by ELISA (n = 3). Mean 
values are shown ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA followed by Bonferroni’s multiple-comparison test.
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more than 50% of  glomeruli being involved (4). Interestingly, in the more advanced cases with class IV 
lupus nephritis, CD68+ mononuclear cells outnumbered slanMo. This finding supports a role for slanMo 
being the first mononuclear phagocytes recruited by ICs in glomeruli, and which then may orchestrate an 
inflammatory response potentially attracting other cell subsets.

SlanMo were absent from healthy kidneys and from samples where ICs were deposited in the mesan-
gial space (lupus nephritis class I and class II). We here provide strong evidence for the possibility of  a 
direct glomerular recruitment of  slanMo from the blood flow by immobilized ICs. Alternatively, as slanMo 
are a population of  nonclassical monocytes for which intravascular patrolling was reported (20), a pro-
longed IC-mediated retention of  already patrolling monocytes as reported previously by Finsterbusch et al. 
(23) may alternatively account for the increased number of  slanMo found in lupus nephritis tissue samples.

When studying the outcome of  ICs interacting with slanMo we observed a cytokine and chemokine 
production relevant for orchestrating a local inflammatory response. Other blood cells that express CD32 
but not CD16, like CD1c+ DCs and pDCs, were not recruited by immobilized ICs. All human IgG sub-
classes were found to contribute to the capture of  slanMo from the flow in their complexed form. However, 
the capture of  slanMo by monomeric IgG3 was considerably higher than the other human IgG subclasses 
(Supplemental Figure 6). One study described the fucosylation of  the Fc tail of  IgG3 to be responsible for 
the enhanced binding affinity of  IgG3 for CD16a (39). Although it has been shown that monomeric IgG3 
binds more efficiently than monomeric IgG1 to CD32a, CD16a, and CD16b (40), the structural determi-
nants responsible for the differences in IgG binding of  individual IgG isotypes remain unknown.

We identified CD16A as the chief  surface structure facilitating the IC-mediated capture of  slanMo 
from the flow, and we also observed a more efficient binding of  soluble ICs by CD16 versus CD32 in a pre-
vious study (31). This difference may be explained by the higher affinity of  CD16A versus CD32A for IgG: 
IgG1-affinity of  1.5 × 10–6 Kd [M] for CD32A and 4.20 × 10–7 Kd [M] for CD16 (41). Furthermore, slanMo 
showed a higher CD16A cell surface expression compared with CD32A (31). An additional level of  hetero-
geneity among CD16 and CD32 is introduced by genetic polymorphisms of  these FcγRs (42). CD32A has 
2 allotypic variants at position 131 named low-responder (H131) and high-responder (R131) (43), whereas 
F158 and V158 are the allotypic variants described for CD16A. Among these 2 variants, V158 has a greater 
affinity for IgG3 and the following relative affinities: IgG3 > IgG1 > IgG4 > IgG2 (44).

The capture of slanMo by ICs in vitro was completely inhibited by intravenous IVIGs. These immuno-
globulin preparations contain small ICs with the ability to bind and apparently also to block activating FcγRs. 
IVIGs are considered an important option for the treatment of patients with different autoimmune diseases and 
are recommended for the treatment of refractory cases of lupus nephritis (45). Hence, our findings provide argu-
ments for therapeutic targeting of CD16 for the inhibition of IC-induced recruitment and activation of slanMo.

It was previously shown that the interaction of  circulating neutrophils with ICs deposited in the vas-
cular bed was largely dependent on GPI-linked CD16B and in some models on both CD16B and CD32A 
(46–48). Although the presence of  neutrophils is not regarded as a classic feature of  IC-induced lupus 
nephritis, they contribute to the systemic inflammatory response in lupus (49), and we previously described 
neutrophil extracellular traps in anti-neutrophil cytoplasmic autoantibody–induced small vessel vasculitis 
glomerulonephritis (50). Interestingly, there is evidence for neutrophils enhancing the survival and proin-
flammatory properties of  slanMo (51–53).

We demonstrated that IC binding by slanMo induces inflammatory downstream signaling after 
cross-linking of  FcγRs. CD16 engagement by immobilized ICs resulted in the secretion of  TNF-α and 
IL-6 as well as the neutrophil-recruiting chemokine CXCL2 by slanMo. TNF-α production by slanMo 
stimulated endothelial cells to produce fractalkine, potentially initiating and maintaining a circuit of  
local tissue inflammation and cell retention.

These findings fit very well with studies by Ahn et al. describing the TNF-α–dependent activation 
of  endothelial cells to produce fractalkine (54). Furthermore, fractalkine and CX3CR1 were reported to 
mediate leukocyte capture, firm adhesion, and activation under physiologic flow (55). This mechanism 
has also been studied in the context of  human renal inflammatory states (56), and both fractalkine and 
CX3CR1 were shown to play key roles in the patrolling of  mouse monocytes in glomeruli (23), their 
migration (57), and transmigration of  endothelial cells (57–59). Antagonizing fractalkine in lupus-prone 
MRL/lpr mice delays the generation and ameliorates the progression of  lupus nephritis (60). Fractalkine 
has been shown to contribute to the development of  leukocytoclastic vasculitis, a type III hypersensitivity 
reaction (Arthus reaction) induced by ICs mainly by regulating neutrophil and mast cell recruitment and 
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cytokine expression (61). Similarly, mice lacking CX3CR1 showed a reduced IC-induced edema and hem-
orrhage during the Arthus reactions. This was correlated with reduced neutrophil and mast cell accumula-
tion in the skin and peritoneum as well as with the increased expression of  the proinflammatory cytokines 
TNF-α and IL-6 (61). Activation of  mast cells, neutrophils, and monocytes induces secretion of  TNF-α, 
which is known to induce expression of  fractalkine in endothelial cells (54) and in turn could enhance 
migration of  other CX3CR1-positive cells.

The finding of  a local production of  TNF-α by slanMo in lupus nephritis documents their direct con-
tribution to the local inflammatory response. SlanMo have been described as a cell type producing large 
amounts of  TNF-α after stimulation with TLR7/8 as well as TLR4 ligands (24).

Anti–TNF-α treatment proved effective in the reduction of  lupus nephritis in patients as well as mouse 
models, thereby providing strong evidence for an important role for TNF-α in stimulating the local inflam-
matory process in lupus nephritis. However, the therapeutic value of  targeting TNF-α in lupus nephritis is 
limited, as increased rates of  infections were noticed in anti–TNF-α–treated patients (62) and covers only 
one aspect of  the complex inflammatory reaction.

The IC-mediated recruitment and activation of  slanMo presented in this study may also apply to other 
kidney diseases. For example, in acute antibody-mediated kidney-allograft rejection, infiltrating macro-
phages are predictors for graft loss (63). Moreover, the findings presented in this study may have direct 
relevance for setting off  a beneficial antiviral immune response at vascular interfaces in already immunized 
and seroconverted patients. Here, IgG-opsonized viral particles may be sensed at the vascular interface 
by slanMo, inducing a subsequent proinflammatory response to control viral spread. However, the same 
mechanisms may account for the induction of  inflammatory vascular complications in patients with her-
pes zoster, such as transient ischemic attacks, stroke, aneurysm, sinus thrombosis, giant cell arteritis, and 
granulomatous aortitis (64).

CD16+ monocytes are a heterogeneous cell population, as precisely revealed by recent transcriptomic 
and phenotypic studies (65–66). We are just beginning to understand their role in immunity. It currently 
appears as if  the phenotype and function of  CD16+ monocytes presents as a spectrum, with IL-10–produc-
ing, nonpatrolling (20), intermediate CD16+ monocytes (high expression of  CD14, CD11b, CD163, and 
CD36) and with low-level IL-10–producing, patrolling, nonclassical monocytes (low or absent expression 
of  CD14, CD11b, CD163, and CD36) (20). The side-by-side comparison of  slanMo with other CD16+ 
monocytes demonstrated a particularly high capacity for slanMo to produce IL-12 (13) and TNF-α (67). In 
line with this, it was demonstrated that slanMo have a transcriptomic signature distinct from slan-negative 
CD16+ monocytes (19). CD16+ intermediate monocytes as well as nonclassical monocytes can develop 
from blood monocytes (68); whether this also applies to slanMo or whether they develop from a separate 
precursor cell requires further studies.

Once slanMo are recruited to tissues, different fates may ensue. SlanMo were shown in vitro to differen-
tiate into proinflammatory DCs (13, 15, 69) or macrophages (14) depending on the local microenvironment. 
Similarly, in vivo slanMo were identified as IL-23–producing inflammatory dermal DCs in psoriasis (16), 
as DCs in tonsils (14), or as immature IL-10–producing macrophage-like cells in renal cell carcinoma (70).

In summary, lupus nephritis is a major cause of  acute and chronic kidney disease in women fre-
quently leading to end-stage renal disease and limited treatment options. Our study adds to the under-
standing of  the mechanisms involved in the initiation and perpetuation of  IC-mediated inflammation 
and provides arguments for the design of  slanMo-specific innovative therapeutic interventions in IC-
mediated inflammatory diseases (71).

Methods
Patient samples. Renal biopsies were categorized into class I, II, III, IV, and V of  lupus nephritis according 
to the ISN/RPS classification and based on light microscopy, electron microscopy, and immunohistology 
with staining for immunoglobulins, complement, and fibrin/fibrinogen.

Cell separation and flow cytometry. PBMCs of  healthy donors were isolated from fresh buffy coats 
by density-gradient centrifugation over Ficoll (Biochrom GmbH). Purified leukocyte populations were 
obtained from PBMCs by magnetic cell separation using the autoMACS Pro Separator (Miltenyi Bio-
tec). SlanMo were isolated as described previously (15). Purity of  cell types after magnetic cell separa-
tion was determined by staining with specific markers and quantification by flow cytometry using a 
FACSCanto (BD Biosciences).
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Solid-phase IC assay. Heat-aggregated human IgG (100 μg/ml) was directly bound to tissue culture 
plates (Corning) in sterile PBS overnight at 4°C. Plates were then washed with sterile PBS and freshly 
isolated human leukocyte populations were added and left to stand for 20 hours in a 37°C cell incubator 
with 5% CO2. In specified experiments, slanMo were incubated with 25 μg/ml anti–human CD16 anti-
body (3G8) (BioLegend) or 4 μM Syk inhibitor BAY-61-3606 (Enzo Life Sciences). After 20 hours the 
cell culture medium was tested by ELISA for IC-induced cytokine/chemokine responses: IL-6, TNF-α 
(both from BD Pharmingen), and CXCL2 (R&D Systems).

Flow chamber assay. ICs and respective controls were immobilized by incubating μ-slides I0.8 Luer 
(IBIDI) for at least 6 hours at 4°C with either 200 μl of  50 μg/ml ICs or appropriate concentrations of  
controls in PBS. Endothelial cell monolayers were grown in flow chamber slides as described above. 
Purified cells were labeled with 15 μmol/l 5-chloromethylfluorescein diacetate (CMFDA) (Life Tech-
nologies) in serum-free medium (X-VIVO 15, Lonza) for 45 minutes at 4°C followed by washing with 
medium. For analysis of  receptor-specific adhesion, CMFDA-labeled slanMo were incubated with 50 
μg/ml blocking antibodies or 25 mg of  IVIG for 30 minutes at 4°C. Flow chamber slides were continu-
ously perfused with 1 × 106 cells per sample in 5 ml conditioned medium at ambient temperature. Every 
sample was run for 30 minutes in an equilibrated bubble-free system that was driven by a peristaltic 
pump (ISM 795C, Ismatec). The surface shear stress within the flow chamber slides was adjusted to 
0.5 dyn/cm2 unless otherwise stated. The number of  adherent cells per visible field was determined by 
video microscopy using the Leica Z16-APO fluorescence microscope (Leica), the Coolsnap EZ digital 
camera (Photometrics), and Metavue software (Molecular Devices). Images were recorded and attached 
cells were quantified off-line; adherent cells appear in yellow after merge of  consecutive frames (slanMo 
in red or green) at intervals of  5 frames in the off-line analysis at the respective time points after shear 
flow was started. For all shown experiments, the counted visual field had the same size and was located 
in the central part of  the chamber slides.

Mouse model. Immunodeficient nonobese diabetic (NOD)-SCID IL-2 γ chain receptor (NSG) mice 
were purchased from The Jackson Laboratory. All animals were housed in the central animal facility 
of  the University of  Heidelberg. NSG mice of  either sex, between 8 and 10 weeks old, were injected 
in the lateral tail vein with 5 mg/ml of  preformed IgG-ICs or PBS as control in a 100 μl volume. Heat-
aggregated IgGs were prepared as described above. Freshly isolated slanMo (8 × 106) were fluores-
cently labeled with CFSE (Invitrogen) according to the manufacturer’s protocol and injected 7 hours 
later in the lateral tail vein in a 100 μl volume. For blocking of  CD16, cells were incubated with 25 
μg/ml anti–human CD16 antibody (3G8) (BD Biosciences) or mouse IgG1 (MOPC-21) (BioLegend) 
as nonbinding isotype antibody for 30 minutes on ice prior to i.v. injection. Mice were euthanized 2 
hours after cell injection and kidneys were collected for further analysis. Control groups received the 
same dose of  ICs, followed by injection of  CFSE-labeled CD16a/CD32a–transfected Jurkat or WT 
Jurkat cells.

Direct immunofluorescence of  mouse kidneys. Portions of  snap-frozen mouse kidneys embedded in 
Tissue-Tek OCT Compound (Sakura Finetek) were cryosectioned (5 μm), fixed in 4% paraformalde-
hyde (PFA) (Thermo Fischer Scientific) for 10 minutes, and blocked with 3% BSA and 3% normal 
goat serum. Kidney glomeruli were identified by staining with rabbit anti–mouse collagen IV antibod-
ies (Progen Biotechnik) and Alexa Fluor 594–conjugated goat anti–rabbit IgG (Invitrogen). Sections 
were mounted with antifade reagent (Invitrogen) and examined under a Leica DM 5500 B microscope 
(Leica Microsystems). Glomeruli containing CFSE-labeled cells were counted and expressed as posi-
tive glomeruli/total number of  glomeruli. At least 25 glomeruli were examined in each tissue section.

Statistics. Statistical analyses were performed using 1-way ANOVA followed by Tukey’s post hoc 
test unless otherwise indicated. Levels of  statistical significance were P < 0.05 (*), P < 0.01 (**), and 
P < 0.001 (***). Data are shown as mean ± SEM. Graphs were prepared and statistics were calculated 
in Prism 5 (GraphPad Software).

Study approval. All work contained in this publication was approved by the Institutional Review Board 
of  the University of  Heidelberg, Germany. Healthy blood donors gave written informed consent in accor-
dance with the ethics principles stated in the Declaration of  Helsinki.

All mouse experiments were carried out according to the Guidelines for Animal Welfare of  the State 
of  Baden-Württemberg.
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