
 

 

 University of Groningen

Endothelial NF-κB Blockade Abrogates ANCA-Induced GN
Choi, Mira; Schreiber, Adrian; Eulenberg-Gustavus, Claudia; Scheidereit, Claus; Kamps, Jan;
Kettritz, Ralph
Published in:
Journal of the American Society of Nephrology

DOI:
10.1681/ASN.2016060690

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Choi, M., Schreiber, A., Eulenberg-Gustavus, C., Scheidereit, C., Kamps, J., & Kettritz, R. (2017).
Endothelial NF-κB Blockade Abrogates ANCA-Induced GN. Journal of the American Society of Nephrology,
28(11), 3191-3204. https://doi.org/10.1681/ASN.2016060690

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 13-02-2023

https://doi.org/10.1681/ASN.2016060690
https://research.rug.nl/en/publications/746cdbb1-c565-44f8-9ae9-4ffcbed90ad3
https://doi.org/10.1681/ASN.2016060690


BASIC RESEARCH www.jasn.org

Endothelial NF-kB Blockade Abrogates
ANCA-Induced GN

Mira Choi,*† Adrian Schreiber,*† Claudia Eulenberg-Gustavus,* Claus Scheidereit,‡

Jan Kamps,§ and Ralph Kettritz*†

*Experimental and Clinical Research Center, the Charité Universitätsmedizin Berlin and the Max-Delbrück Center for
Molecular Medicine at the Charité, Berlin, Germany; †Nephrology and Internal Intensive Care, Charité
Universitätsmedizin Berlin, Berlin, Germany; ‡Max-Delbrück Center for Molecular Medicine, Berlin, Germany; and
§Department of Pathology and Medical Biology, Medical Biology Section, University Medical Center Groningen,
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ABSTRACT
ANCA-associated vasculitis (AAV) is a highly inflammatory condition in which ANCA-activated neutrophils
interactwith the endothelium, resulting in necrotizing vasculitis.We tested the hypothesis that endothelial
NF-kBmediates necrotizing crescentic GN (NCGN) and provides a specific treatment target. Reanalysis of
kidneys from previously examined murine NCGN disease models revealed NF-kB activation in affected
kidneys, mostly as a p50/p65 heterodimer, and increased renal expression of NF-kB–dependent tumor
necrosis factor a (TNF-a). NF-kB activation positively correlated with crescent formation, and nuclear
phospho-p65 staining showedNF-kB activation within CD31-expressing endothelial cells (ECs) in affected
glomeruli. Therefore, we studied the effect of ANCA on NF-kB activation in neutrophil/EC cocultures in
vitro. ANCA did not activate NF-kB in primed human neutrophils, but ANCA-stimulated primed neutro-
phils activated NF-kB in ECs, at least in part via TNF-a release. This effect increased endothelial gene
transcription and protein production of NF-kB–regulated interleukin-8. Moreover, upregulation of endo-
thelial NF-kB promoted neutrophil adhesion to EC monolayers, an effect that was inhibited by a specific
IKKb inhibitor. In a murine NCGN model, prophylactic application of E-selectin–targeted immunolipo-
somes packed with p65 siRNA to downregulate endothelial NF-kB significantly reduced urine abnormal-
ities, renal myeloid cell influx, and NCGN. Increased glomerular endothelial phospho-p65 staining in
patients with AAV indicated that NF-kB is activated in human NCGN also. We suggest that ANCA-
stimulated neutrophils activate endothelial NF-kB, which contributes to NCGN and provides a potential
therapeutic target in AAV.

J Am Soc Nephrol 28: 3191–3204, 2017. doi: https://doi.org/10.1681/ASN.2016060690

Vascular inflammation is a hallmark of ANCA-
associated vasculitis (AAV), including necrotizing
crescentic GN (NCGN).1 ANCA-activated neutro-
phils and their adhesion to, and interaction with,
the endothelium are initial steps culminating
in necrotizing vasculitis.2 Signal transduction
pathways have been identified that control inflam-
matory neutrophil priming and subsequent
ANCA-induced neutrophil activation. Protein ki-
nase C,3 the mitogen-activated protein kinases
(MAPK) p38 MAPK, the extracellular signal-regu-
lated kinase,4 phosphatidylinositol 3-kinase g
(PI3Kg),5,6 and the spleen tyrosine kinase7 mediate

either neutrophil priming or ANCA-induced neutro-
phil activation. These signaling pathways not only
allow mechanistic insight in the activation process,
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but also provide potential therapeutic targets for ANCA-
induced NCGN. For example, myeloid PI3Kg deficiency,
pharmacologic PI3Kg, and p38 MAPK inhibition reduced
ANCA-induced neutrophil activation in vitro, as well as glo-
merular necrosis and crescent formation in murine MPO-
ANCA mouse models in vivo.8,9

ANCA-activated neutrophils cause endothelial cell (EC)
activation and damage in vitro.2,10–12 Moreover, patients with
active AAV show increased endothelial activation and injury
markers,13–15 and circulating detached ECs provide damage
markers that correlate with disease activity.16 In contrast to neu-
trophils, the signal transduction pathways that mediate EC
activation and injury in the ANCA context are not well charac-
terized. NF-kB signaling controls gene expression during in-
flammation and immunity,17–19 and accumulating evidence
suggests that NF-kB signaling contributes to renal diseases,
including GN.20–24 NF-kB consists of five Rel protein family
members, namely p50, p65, p52, c-Rel, and RelB that form
homo- and heterodimers. Both pro- and anti-inflammatory
NF-kB effects exist, and inhibiting the wrong subunit at the
wrong time can be deleterious.25,26 Thus, the exact NF-kB con-
tributions need to be determined for each disease type.We tested
the hypothesis that endothelial NF-kB is activated by ANCA-
stimulated neutrophils, mediates glomerular necrosis and cres-
cent formation, and provides a potential treatment target.

RESULTS

NF-kB Is Activated and Correlates with Disease
Severity in Murine Anti-MPO Antibody-Induced NCGN
To gain insight into NF-kB activation in NCGN by ANCA, we
retrospectively analyzed kidneys from our previous bortezomib
study where we had induced NCGN by MPO-immunization of
MPO-deficient mice followed by transplantation with wild-type
bone marrow.27 Bortezomib, a proteasome inhibitor known for
its NF-kB blocking effect, provided varying degrees of protection
in this NCGNmodel.Mice in this studywere either treated or not
with an earlyor a late bortezomibprotocol.27Wepreparednuclear
kidney extracts that were subjected to electrophoretic mobility
shift assay (EMSA). Extracts from an animal with 35% crescents
showed strong NF-kB DNA binding compared with extracts
from a bortezomib-treated animal without any crescent forma-
tion (Figure 1A). Supershift experiments with antibodies directed
against NF-kB family members determined p50 and p65 as the
prevailing components of the NF-kB heterodimeric complex.
When we correlated the ODs of p50/p65 as a measure of NF-
kB activation with the percentage of crescents, we observed a
strong and significant positive correlation (Figure 1B). To corrob-
orate this finding, we assessed NF-kB–dependent TNF-amRNA
expression in the same samples by quantitative RT-PCR and
found a significant positive correlation with crescent formation
(Figure 1C). To eliminate treatment effects, we restricted our anal-
ysis to mice that had not received active treatment (six from the
bortezomib and eight from another study28) and again observed a

significant correlation between the OD of the p50/p65 complex
and crescent formation (Figure 1D). We also analyzed nuclear
kidney extracts from two additional previous studies that used
protective approaches. We found that the combination of gluco-
corticoid and cyclophosphamide,27 as well as dipeptidyl peptidase
1 deficiency in myeloid cells,28 reduced both crescent formation
and renal NF-kB activity, suggesting that protection from renal
inflammation by any means is accompanied by reduction of NF-
kB activators (Supplemental Figure 1, A and B).

When we performed phospho-p65 staining of kidney sec-
tions, we observed strong NF-kB activation in crescentic glo-
meruli of untreated mice and less activation in unaffected
glomeruli from bortezomib-protected mice (Figure 1E).
Overlays with endothelial CD31 and nuclear DAPI clearly es-
tablished that some of the NF-kB activation occurred within
glomerular ECs. We concluded from these analyses that NF-
kB is activated in kidneys from NCGN mice, most prevalent
as a p50/p65 heterodimer, correlated with crescent formation,
and affecting the glomerular endothelium.

ANCA-Stimulated Neutrophils Activate Endothelial
NF-kB in Neutrophil–Endothelial Cocultures
We next tested the hypothesis that ANCA activates NF-kB
in neutrophils, ECs, or both cell types in vitro. We first stimulated
TNF-a–primed neutrophils with monoclonal anti-MPO and
anti-PR3 antibodies. To avoid strong NF-kB activation by TNF-a
itself, we reduced the most commonly used 2 ng/ml priming
dose to 0.1 ng/ml. This dose still caused detectable NF-kB activa-
tion as measured by IkBa degradation (Figure 2A). However,
neither mAb resulted in additional IkBa degradation. In the
next step we increased complexity and established neutrophil/
HUVEC cocultures. TNF-a–primed neutrophils were incubated
with mAb to PR3 and MPO and then added to the EC mono-
layers.Neutrophilswere removedbywashing andECwere further
analyzed. These neutrophils induced endothelial NF-kB as mea-
sured by IkBa degradation, whereas the isotype control had no
effect (Figure 2B). In contrast, we did not observe endothelial
NF-kB activation when TNF-a priming was omitted. Several in-
flammatory mediators prime neutrophils for subsequent ANCA
activation. In addition toTNF-a, we tested low-dose LPS, another
NF-kB inducer, and formyl-methionyl-leucyl-phenylalanine
(fMLP) that does not activate NF-kB. We observed that priming
with all these compounds allowed anti-PR3 and anti-MPO anti-
body-treated neutrophils to induce significant endothelial NF-kB
activation (Figure 2C). Primed neutrophils exposed to human
PR3- and MPO-ANCA IgG activated endothelial NF-kB similar
to themAbs (Figure 2D).Our experiments indicate thatANCAdo
not activate NF-kB in neutrophils, whereas ANCA-stimulated
neutrophils activate endothelial NF-kB.

Direct Cell–Cell Contact Is Not Mandatory for
Neutrophil-Mediated Endothelial NF-kB Activation In
Vitro and NF-kB–Dependent Gene Expression
To test whether neutrophils need direct EC contact to acti-
vate endothelial NF-kB, we generated cellfree supernatants
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(SN) from primed neutrophils that were subsequently
stimulated with both mAbs, respectively. We detected
significant IkBa degradation in ECs incubated with these
SN, but not with SN from isotype control–stimulated
neutrophils (Figure 3A).

IL-8 is an NF-kB–controlled chemokine with strong effects
on neutrophils. We found that ECs incubated with SN from
ANCA-treated primed neutrophils not only caused IkBa deg-
radation, but also upregulated IL-8 mRNA expression by
quantitative RT-PCR (Figure 3B) and released IL-8 protein

Figure 1. NF-kB activity correlates with glomerular crescent formation in mice with anti-MPO antibody-induced NCGN. (A and B)
Nuclear kidney extracts from untreated (n=6) or bortezomib (BTZ)-treated mice (n=22) in which we had induced NCGN using an anti-
MPO antibody disease model were analyzed by EMSA. (A) Examples from a BTZ-treated mouse with 0% crescent formation (BTZ 0%) and
an untreated mouse with 35% crescents (no 35%) are shown. Using the latter sample, we performed competition with a cold probe (comp)
and supershift experiments using antibodies to p50, p65, c-Rel, and RelB as indicated. Note that longer exposure was needed to detect the
p65 shift (p65*). (B) OD of the p50/p65 heterodimer was assessed in each sample using arbitrary units, and plotted against the percentage
of glomerular crescents (n=28, correlation coefficient R2=0.65). (C) mRNA was prepared from the kidney of each mouse shown in (B), TNF-a
mRNA expression was analyzed by quantitative RT-PCR and plotted against the percentage of glomerular crescents (n=28, correlation
coefficient R2=0.77). (D) OD of the p50/p65 heterodimer was assessed in samples from NCGN mice that had not received active treatments
and plotted against the percentage of glomerular crescents (n=14, correlation coefficient R2=0.60). The insert shows significantly less NF-kB
activity in mice with ,10% crescents (,10%) compared with those with .10% crescents (.10%). (E) Costaining using fluorescence-labeled
antibodies to the EC marker CD31 (red) and phospho-p65 (green), together with DAPI staining of nuclei (blue) was performed in renal tissue
from untreated mice with NCGN (NCGN) versus BTZ-protected mice (BTZ-protected). Weak phospho-p65 staining occurred in glomeruli
from protected mice and strong signals in crescentic glomeruli of NCGN mice. Overlay images with magnifications in the very right panels
indicate that some of the intense nuclear phospho-p65 staining in crescentic glomeruli was located within CD31-positive ECs. Low-powered
images with scale bars, 50 mm; original magnification, 340. A typical example is shown. **P,0.01.
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by ELISA (Figure 3C). Thus, no direct cell contact is needed
for endothelial NF-kB activation by ANCA-activated neutro-
phils. Moreover, NF-kB activation resulted in increased tran-
scription and protein production of NF-kB–dependent genes
exemplified by IL-8.

Endothelial NF-kB Activation by ANCA-Stimulated
Neutrophils Promotes Adhesion
We hypothesized that upregulation of endothelial NF-kB pro-
motes inflammation by attracting new neutrophils to the en-
dothelium. To test this assumption, we incubated the EC
monolayer with cellfree SN from primed neutrophils that
were stimulated with mAbs to PR3 and MPO, respectively.
Thereafter, isolated neutrophils were added to the EC mono-
layer. We observed enhanced neutrophil adhesion on ECs in-
cubated with SN from ANCA-treated neutrophils and this
effect was blocked by EC pretreatment with the specific
IKKb inhibitor BMS (Figure 3D). Thus, endothelial NF-kB

induced by ANCA-stimulated neutrophils provides an inflam-
matory amplification loop by increasing neutrophil adhesion.

TNF-a Release from ANCA-Activated Primed
Neutrophils Mediates Endothelial NF-kB Activation
To gain initial insight into the mechanisms by which ANCA-
stimulated neutrophils mediate endothelial NF-kB activation,
we tested several candidates. We excluded neutrophil-derived
microparticles (Figure 4A) and NADPH oxidase-dependent
mediators, but observed that heat inactivation abrogated the
NF-kB stimulating properties of SN (Figure 4B). This obser-
vation suggested the presence of a soluble mediator. When we
treated the SN with neutralizing antibodies to TNF-a, we ob-
served significantly reduced NF-kB activation in ECs, which
was not observed with neutralizing antibodies to IL-8 (Figure
4C). An inhibitory effect of neutralizing anti–IL-8 antibodies
could be demonstrated on IL-8–induced neutrophil migra-
tion in parallel experiments (data not shown). Thus, TNF-a

Figure 2. Primed neutrophils stimulated with mAbs to MPO, PR3, and human ANCA IgG activate endothelial NF-kB in cocultures. A typical
example for IkBa immunoblotting and the corresponding ODs (OD as arbitrary units) of the IkBa bands are provided for (A) lysates obtained
from neutrophils stimulated with buffer control (Bu) or primed with 0.1 ng/ml TNF-a and subsequently treated for 60 minutes with Bu, an
isotype control (iso), or mAbs to MPO (aMPO) and PR3 (aPR3), respectively (n=4); and (B) lysates obtained from ECs after 2 hours coculture
with neutrophils that were treated with Bu or primed with 0.1 ng/ml TNF-a and subsequently incubated with Bu, iso, or aMPO and aPR3,
respectively (n=8 for conditions shown in lanes 1–5, and n=4 for lanes 6–8). a-Actin served as a loading control. (C and D) OD mea-
surements of the IkBa bands in lysates from ECs cocultured with neutrophils for 2 hours. (C) Neutrophils were either not primed or primed
with 0.1 mg/ml LPS (black) or 1028 M fMLP (gray) as indicated, subsequently incubated with aMPO and aPR3, respectively and added to the
EC monolayers (n=6). (D) Neutrophils were either not primed or primed with TNF-a and subsequently incubated with Bu, human control IgG
(huCtrl), MPO-ANCA (huMPO), or PR3-ANCA (huPR3), respectively, and added to the EC monolayers (n=5). *P,0.05; **P,0.01.

3194 Journal of the American Society of Nephrology J Am Soc Nephrol 28: 3191–3204, 2017

BASIC RESEARCH www.jasn.org



released from ANCA-activated neutrophils mediates, at least
in part, endothelial NF-kB activation.

E-Selectin–Targeted Downregulation of the
Endothelial p65 NF-kB Subunit Abrogates NCGN
The p50 subunit has anti-inflammatory properties, whereas
p65 is mainly proinflammatory. As a proof of principle study,
we used siRNA in a murine ANCAvasculitis model to down-
regulate p65 in the inflamed endothelium. We previously
showed that liposomes conjugated with antibodies to

E-selectin deliver the cargo to the activated glomerular en-
dothelium.29 We packed cationic SAINT lipid containing
anti–E-selectin liposomes (SAINT-O-Somes; SOS)30 with
p65 siRNA and used a murine anti-MPO antibody transfer
model for NCGN induction, as previously reported.31 We
first injected mice with TNF-a to upregulate endothelial
E-selectin followed by the application of SOS p65 siRNA.
An “empty” SOS vector conjugated with E-selectin anti-
bodies served as control treatment. At 48 hours thereafter,
anti-MPO antibodies were administered followed by an LPS

Figure 3. Endothelial NF-kB activation by ANCA-stimulated primed neutrophils does not require direct neutrophil/EC contact and
leads to upregulation of IL-8, and increased neutrophil adhesion. (A–D) ECs were incubated with cellfree SN harvested from neutrophils
treated for 5 hours with buffer (Bu) or primed with 0.1 ng/ml TNF-a and subsequently incubated with Bu, an isotype control (iso), or
mAbs to MPO (aMPO) and PR3 (aPR3), respectively. All samples were analyzed on the same SDS gel and membrane. (A) ECs were
incubated with cellfree neutrophil SN for 60 minutes and IkBa was assessed by immunoblotting. A typical example and the corre-
sponding ODs (OD as arbitrary units) of the IkBa bands from all experiments are shown (n=5). a-Actin served as a loading control. (B)
ECs were incubated with cellfree neutrophil SN for 6 hours and IL-8 mRNA was assessed by quantitative RT-PCR (n=5). (C) ECs were
incubated with cellfree neutrophil SN for 18 hours and IL-8 protein was assessed in EC SN by ELISA (n=5). (D) ECs were preincubated
with Bu (black) or the specific IKKb inhibitor BMS (gray) for 60 minutes before cellfree neutrophil SN were added. After 18 hours, freshly
isolated neutrophils were added, and neutrophil adhesion was determined after 120 minutes (n=5). *P,0.05; **P,0.01.
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Figure 4. TNF-a released from ANCA-activated primed neutrophils contributes to endothelial NF-kB activation. (A) ECs were in-
cubated for 60 minutes with cellfree SN harvested from neutrophils treated for 5 hours with buffer (Bu), or primed with 0.1 ng/ml TNF-a
and subsequently incubated with Bu, an isotype control (iso), or mAb to MPO (aMPO), respectively (lanes 1–3). Microparticles were
isolated from these SN, and either the microparticles or the microparticle-free SN were added to the ECs for 60 minutes (lane 4–9).
IkBa was assessed by immunoblotting. A typical example and the corresponding ODs (OD as arbitrary units) of the IkBa bands from all
experiments are shown (n=3). a-Actin served as a loading control. (B) Neutrophil SN preparation and EC treatment for samples in lane
1–3 was as described in (A). When indicated, SN were heat-inactivated or generated from 10 mM DPI-treated neutrophils (n=3). (C)
Neutrophil SN preparation and EC treatment for samples in lane 1–3 were as described in (A). When indicated, SN were treated for 60
minutes with control IgG (IgG) or neutralizing antibodies for TNF-a (aTNF, left panel) or IL-8 (aIL-8, right panel). Note, fMLP was used as
the priming agent in these experiments (n=4). *P,0.05; **P,0.01.
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priming dose. Seven days after disease induction, we found
marked erythrocyturia, leukocyturia, and proteinuria by dip-
stick analysis (Figure 5A) and albuminuria by ELISA (Figure
5B) in control-treated mice. Urinary abnormalities were re-
duced with p65 siRNA. Histology revealed that mice in the
control-treated group developed substantial glomerular cres-
cents and necrosis. The percentage of both was significantly
diminished in mice that received p65 siRNA (Figure 5, C and
D). We reasoned that less endothelial NF-kB activation re-
duced inflammatory cell recruitment into the kidneys. Flow
cytometry revealed a strong influx of macrophages/mono-
cytes and, to a lesser extent, neutrophils into the kidneys of
control-treated mice that was significantly reduced with p65
siRNA (Figure 5, E and F). EMSA showed representative glo-
merular nuclear extracts from kidneys of two control- and
two p65 siRNA–treated mice (Figure 6A) and analyzed glo-
merular nuclear extracts of all animals (Figure 6B). The data
show significantly lower NF-kB DNA binding activity with
p65 siRNA compared with the control treatment. The fact
that p65 siRNA reduced NF-kB binding activity in the band

shift supports the p50/p65 prevalence, as concluded from the
data shown in Figure 1A. Moreover, less NF-kB activity was
paralleled by lower NF-kB–dependent TNF-a mRNA and
this mRNA expression correlated with crescent formation
(Figure 6C). Costaining of kidney sections with phospho-
p65, CD31, and DAPI together with quantitative assessment
showed significantly decreased NF-kB activation in glomer-
ular ECs of siRNA- versus control-treated mice (Figure 6D).
In an alternative approach, we administered p65 siRNA and
control liposomes without prior TNF-a priming, and after
LPS and anti-MPO antibody induction. We again observed
nephritic urine, albuminuria, and glomerular necrosis, as well as
crescents in the control group; however, we observed no signif-
icant protection by p65 siRNA (Supplemental Figure 1C).

NF-kB Is Activated in Glomeruli of Patients with AAV
and Active Lesions
Finally, to test the relevance of our findings to the human
disease we performed phospho-p65 staining in renal biopsies
from patients with AAV using immunohistochemistry. For

Figure 5. E-selectin targeted downregulation of the p65 NF-kB subunit using SOS p65 siRNA abrogates anti-MPO antibody-induced
NCGN in mice. (A) Semiquantitative dipstick urine analysis from anti-MPO antibody-treated mice that received a control compound
(black bars) or SOS p65 siRNA (gray bars). (B) Albuminuria was quantified by ELISA. (C) Histologic analysis of glomerular crescents
formation and necrosis using periodic acid–Schiff staining, with a typical example given in (D), original magnification, 340. (E and F)
Flow cytometry of kidney tissue suspension to assess monocytes/macrophage and neutrophil influx into the kidneys of control-treated
versus SOS p65 siRNA-treated mice. n=5 mice in each treatment group; *P,0.05; **P,0.01.
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comparison, we used normal tissue from nonaffected parts of
surgically resected tumor nephrectomies and from disease
controls with anti-GBM GN, hypertensive and membranous
nephropathy (Figure 7, A–D). We observed enhanced nuclear
phospho-p65 staining within the glomerular compartments of
AAV and anti-GBM disease. When we compared AAV biopsy
samples, we observed that glomeruli with crescents or necrosis
to glomeruli that appeared normal by light microscopy or

showed sclerosis had significantly high numbers of phos-
pho-p65–positive nuclei/glomerulus in glomeruli with active
lesions (Figure 7E). Costaining with phospho-p65, CD31, and
DAPI, together with quantitative assessment also indicated
increased NF-kB activation in the endothelium of crescentic
compared with normal glomeruli from tumor nephrectomies
(Figure 7F). Additional NF-kB activation was observed in
crescents, presumably in macrophages. These data support

Figure 6. Preemptive SOS p65 siRNA treatment of mice inhibited glomerular NF-kB activation by EMSA and NF-kB–dependent TNF-a
mRNA expression by quantitative RT-PCR that correlated with crescent formation. (A) Glomeruli were prepared from two control-
treated (SOS ctrl) and two SOS p65 siRNA-treated (SOS siRNA) mice and NF-kB was assessed by EMSA. (B) Nuclear kidney extracts
from SOS ctrl (black, n=5) and SOS siRNA (gray, n=5) mice were subjected to EMSA and the OD of the p50/65 heterodimer was
assessed. (C) mRNA was prepared from the kidney of each mouse shown in (B), TNF-a mRNA expression was determined by qRT-PCR
and plotted against the percentage of crescents. (D) Costaining using fluorescence-labeled antibodies to the EC marker CD31 (red),
phospho-p65 (green), and DAPI staining for nuclei (blue) was performed in renal tissue from SOS ctrl– and SOS siRNA–treated mice. A
typical microscopy example (original magnification,340) together with the corresponding quantitative assessment of nuclear phospho-
p65 staining within CD31-positive glomerular ECs using Image J is depicted. **P,0.01.
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the notion that glomerular NF-kB activation occurs not only
in a murine disease model but also in patients with AAV, and
that NF-kB activation includes the glomerular endothelium.

DISCUSSION

Our study indicates that glomerular NF-kB is activated in a
murine AAV disease model, most abundantly as a p50/p65
heterodimer, and positively correlates with glomerular necro-
sis and crescent formation. ANCA-stimulated neutrophils
induced endothelial NF-kB in vitro, thereby promoting neu-
trophil recruitment to the endothelial monolayer. As a proof

of principle, an endothelium-targeted p65 siRNA approach
inhibited glomerular NF-kB, reduced myeloid cell influx
and, most importantly, abrogated NCGN in a murine AAV
model. Increased phospho-p65 staining in active glomerular
lesions from patients with AAV indicates that NF-kB is also
activated in the human disease condition and should be fur-
ther explored as a therapeutic target.

Endothelial injury by ANCA-activated neutrophils is a piv-
otal event in necrotizing vasculitis. However, current treat-
ments are neither specifically directed to the neutrophil nor
to the EC. Conceivably, characterization of signaling pathways
that cause endothelial inflammation by ANCA-activated
neutrophils, and subsequently NCGN, will identify potential

Figure 7. NF-kB is activated in glomeruli of patients with AAV and active lesions. (A–D) Immunohistochemistry for phospho-p65 was
performed in renal tissue from patients with tumor nephrectomy (labeled as normal tissue, n=5), ANCA-NCGN (n=5), anti-GBM NCGN
(n=3), and hypertensive (n=3) and membranous nephropathy (n=2) as disease controls, respectively. (E) The corresponding quantifi-
cations are depicted. Glomeruli with active lesions (crescents/necrosis), normal appearance by light microscopy, and glomerular
sclerosis were separately assessed in biopsies from patients with ANCA-NCGN. (F) Costaining using fluorescence-labeled antibodies to
the EC marker CD31 (red), phospho-p65 (green), and DAPI staining for nuclei (blue) was performed in ANCA-GN biopsy samples
(NCGN) and in normal tissue from tumor nephrectomies. A typical microscopy example (original magnification, 340; scale bars = 50 mm)
together with the corresponding quantitative assessment of nuclear phospho-p65 staining within CD31-positive glomerular ECs using
Image J is depicted. **P,0.01.
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targets for more cell-specific treatment approaches. Ewert
et al.32 were the first to describe that ANCA-stimulated primed
neutrophils damage human EC in vitro, a finding that was
corroborated in subsequent studies.2 Moreover, clinical
studies established EC activation markers,13,14 markers of an-
tiangiogenesis,33 endothelial microparticels34,35 and even cir-
culating detached ECs16 in patients with active AAV.

NF-kB is a key transcription factor that controls various cel-
lular functions by forming Rel family member dimers that bind
to kB DNA motifs. Some of these dimers, such as p50/p65,
activate gene transcription, whereas others, such as p50/p50,
are thought to function as repressors. NF-kB is important in
induction of inflammation and also in its resolution. We pre-
viously described NF-kB activation by inflammatory mediators
in human neutrophils and its role in apoptosis.36 However, NF-
kB activation has also been reported in renal diseases,23 includ-
ing experimental anti-GBM crescentic GN.20,26,37 The starting
point of our NF-kB study in AAV was to reanalyze kidneys
from a previous study, where we had induced NCGN by anti-
MPO antibodies and treated some of the mice with bortezo-
mib.27 This study was particularly informative because the
proteasome inhibitor bortezomib reduces IkBa degradation
and thereby NF-kB activation. Bortezomib provided protection
from NCGN in our mouse model. In retrospect, we found that
NF-kB was activated in renal tissue obtained from NCGNmice
and that the complex contained mostly p50/p65 heterodimers.
Bortezomib reduced both renal NF-kB and crescent formation.
However, other interventions that abrogated NCGNbut did not
directly target ubiquitination also inhibited NF-kB activation,
indicating that protection from renal inflammation by any
means is accompanied by abrogated NF-kB activation. We had
additional tissue available in this mouse study to perform
EMSA on isolated glomeruli and costaining that clearly estab-
lished glomerular NF-kB activation within CD31-positive ECs.
Substantial NF-kB activationwas also observedwithin crescents,
presumably inmacrophages. Thus, although glomerular NF-kB
activation strongly correlated with crescent formation, this
correlation could be pure association or indicate a causative
relationship.

We then studied NF-kB–dependent mechanisms in an in
vitro coculture system consisting of ANCA-treated primed
neutrophils and ECs and observed that ANCA did not activate
neutrophil NF-kB, but that ANCA-treated neutrophils acti-
vated endothelial NF-kB. Neutrophil priming was important
for this effect and it did not matter whether a TNF-
a–dependent or –independent primer was used. Direct neu-
trophil and EC contact was not necessary because cellfree SN
from ANCA-treated neutrophils was sufficient to activate en-
dothelial NF-kB. We found that TNF-a release from ANCA-
activated neutrophils mediated, at least in part, endothelial
NF-kB activation, whereas neutrophil-derived microparticles
and reactive oxygen species did not. A mechanistic role for
TNF-a was demonstrated in previous murine and rat models
of AAV.38,39 We observed that, as a consequence of endothe-
lial NF-kB activation, neutrophil adhesion to endothelial

monolayers and IL-8 production were increased in vitro. De-
pleting experiments established that neutrophils are impor-
tant for glomerular necrosis and crescents in a murine disease
model,40 and our data support the notion that endothelial NF-
kB participates in neutrophil recruitment. In addition, IL-8
produced by ECs may keep neutrophils within the
intravascular compartment and contribute to glomerular
damage.41

With these data we considered the possibility that endothe-
lial NF-kB provides a treatment target for ANCA-induced
NCGN. To test this hypothesis, we selected p65 over p50
because p50 is not only important to induction but also to
resolution of inflammation.42–46 Panzer et al.25 showed that
p50-deficient mice showed prolonged renal inflammation in
LPS and Thy-1 models. Because p65 mediates transcriptional
activation of proinflammatory cytokines and because of the
abundance of p50/p65 complexes in our NCGN disease
model, we focused on p65 inhibition. We recently used p65
siRNA to downregulate p65 in TNF-a– and LPS-treated HU-
VECs in vitro and in TNF-a– and LPS-treated mice.30 p65
siRNA inhibited endothelial p65 mRNA and protein, and
NF-kB–dependent proinflammatory cytokines and adhesion
molecules. We packed p65 siRNA into liposomes that are
based on the cationic amphiphile SAINT-C18. We conjugated
these SOSwith E-selectin antibodies because E-selectin is spe-
cifically expressed by the inflamed endothelium and E-selec-
tin–targeted immunoliposomes were used previously to
deliver biologically active agents to the endothelium, includ-
ing to the microvascular glomerular endothelium.29,47–50

However, the vasculature of lungs, skin, and even aorta
showed also activated NF-kB (Supplemental Figure 1, D and
E) that would possibly also be reduced by such a treatment.
As a proof of principle, p65 siRNA downregulated glomerular
NF-kB. This approach strongly reduced renal neutrophil and
monocyte influx as well as NCGN. We pretreated mice with
TNF-a to ensure that the immunoliposomes were delivered to
the endothelial target. Conceivably, such treatment is unnec-
essary in patients with AAV. We suggest that activated
endothelium, a hallmark of vasculitis, is already present
when clinical diseasemanifestation and treatment opportunities
occur.Nevertheless, omitting TNF-a priming and application of
SOS p65 siRNA after disease induction with anti-MPO anti-
bodies did not provide disease protection, most likely because
of the short-term study period. Our 7-day model may not be
optimal for testing siRNA treatment at later time points because
approximately 48 hours are necessary to downregulate p65.30

Further optimization of our treatment protocol will be ad-
dressed in future studies, e.g., by use of the bone-marrow transfer
model of anti-MPONCGN, which first requires extended long-
term kinetic studies of SOS siRNA. The fact that p65 is activated
in patients with AAV, and particularly in active lesions, suggests
its relevance to the human disease. The fact that crescentic
glomeruli from patients with anti-GBM disease also showed
activated NF-kB suggests that the importance of this signaling
pathway is not restricted to AAV.
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In summary, we provide strong evidence of the crucial in-
volvement of the NF-kB signaling pathway in ANCA-induced
NCGN. The mechanism involves endothelial NF-kB activa-
tion by ANCA-stimulated primed neutrophils. Downregulat-
ing endothelial p65 NF-kB with siRNA-packed E-selectin
immunoliposomes could offer a more specific treatment
strategy in AAV.

CONCISE METHODS

Materials
Human and mouse TNF-a, LPS (O26:B6), fMLP, the IKKb inhibitor

BMS 345541, diphenyleneiodonium, and Ficoll–Hypaque were from

Sigma (Deisenhofen, Germany). Dextran was from Amersham Phar-

macia (Amsterdam, The Netherlands); the a-actin antibody (C-2)

and the polyclonal rabbit antibodies against IkBa (C-21), p65 (Rel-

A) and phospho-p65, Rel-B, and c-Rel were from Santa Cruz Bio-

technology (Santa Cruz, CA); p50 antibodies were from Rockland

and Upstate Biotechnology (Lake Placid, NY); anti-CD31 was from

Abcam (Cambridge, UK); the mAb to MPO (clone 2C7) was from

Acris (Herford, Germany); PR3 (mAb 12.8) was from CLB (Amster-

dam, The Netherlands); and the isotype control (clone 11711) was

from R&D Systems (Wiesbaden-Nordenstadt, Germany). Neutraliz-

ing antibodies against TNF-a, IL-8, and isotype controls were from

R&D Systems (Minneapolis, MN). For immunofluorescence stain-

ing, the phospho-p65 antibody was from SAB (College Park, MD),

anti-CD31 was from Dianova (Hamburg, Germany), anti-rat Cy3

was from Jackson ImmunoResearch Laboratories (Baltimore, PA),

anti-rabbit Alexa Fluor 488 was from Thermo Fisher Scientific

(Rockford, IL), and DAPI mounting medium was from VECTA-

SHIELD (Peterborough, UK). Endotoxin-free reagents and plastic

disposables were used in all experiments. Lipids, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-ethylene

glycol)-2000]-maleimide (DSPE-PEG2000-Mal), and 2-distearoyl-

sn-glycero-3-phosphoethanolamine-N [methoxy(polyethylene

glycol)-2000] (DSPE-PEG2000) were purchased from Avanti Polar

Lipids (Alabaster, AL). The cationic lipid 1-methyl-4-(cis-9-dioleyl)

methyl-pyridinium-chloride (SAINT-C18) was obtained from Syn-

volux Therapeutics (Groningen, The Netherlands). Cholesterol and

N-succinimidyl-S-acetylthioacetate (SATA) were from Sigma (St.

Louis, MO).

Preparation of Human Neutrophils, ECs, and EC
Coincubation with Neutrophils or Cellfree Neutrophil
SN
Neutrophils fromhealthy human donors andHUVECswere obtained

after due approval by Charité and governmental authorities and after

written informed consent. We isolated neutrophils by density gradi-

ent centrifugation and assessed cell viability as described previously.36

Cell viability by trypan blue exclusion was .99%. Neutrophils at

23106 were treated with buffer control or primed with inflammatory

mediators for 30minutes. Primingwas achievedwith 0.1 ng/ml TNF-a,

0.1 mg/ml LPS, and 1028 M fMLP as indicated. Buffer-treated or

primed neutrophils were then activated with 10 mg/ml mAbs to PR3

or MPO, with 150 mg/ml human ANCA-IgG, or appropriate control

antibodies in a total reaction volume of 400 ml HBSS++ in polypro-

pylene tubes. Samples were incubated for 60 minutes to assess

NF-kB activation in neutrophils, or added to the EC monolayer for

2 hours to assess endothelial NF-kB activation, or incubated for

5 hours to produce cellfree neutrophil SN, respectively. In the case

of the latter experiments, FCS was added to achieve 1% final FCS

concentration. Where indicated, neutrophil microparticles were sep-

arated by SN centrifugation at 20,0003g for 30 minutes, or SN was

heat-inactivated at 90°C for 5 minutes. In other experiments, SN

was generated in the presence of an NADPH inhibitor (10 mMdiphe-

nyleneiodonium) or treated for 60 minutes with neutralizing anti–

TNF-a (0.5 mg/ml) or anti–IL-8 (5 mg/ml) antibodies or isotype con-

trols, respectively.

Primary HUVECs were used after two to four passages. Confluent

ECs in 24-well plates were washed with PBS and incubated either for

60minutes with cellfree neutrophil SN to assess IkBadegradation, for

6 hours to measure IL-8 mRNA expression, and for 18 hours to mea-

sure IL-8 protein release by ECs.

Neutrophil Adhesion Assay
Adhesion experiments were performed with minor modifications as

described previously.51 After overnight coincubation, freshly pre-

pared neutrophils (23105) were incubated with 100 nM IL-8 for

30 minutes at 37°C and added to ECs. After 120 minutes, wells

were flicked dry, washed three times with PBS, and adherent cells

were estimated using the MPO assay.51

Preparation of Human Neutrophils and Human IgG
Normal IgG and ANCA IgG were prepared from the blood

of normal healthy volunteers and patients with AAV as described

previously.4

Immunoblotting and ELISA
IkBa degradation was analyzed by immunoblotting using 10 mg of

cytoplasmic neutrophil extracts or whole-cell extracts for ECs, re-

spectively. Samples were incubated for 5 minutes at 95°C in loading

buffer. After SDS-PAGE and transfer to a nitrocellulose membrane,

membranes were developed with antibodies to IkBa or a-actin. IL-8

secretion from ECs was assessed by ELISA (R&D Systems).

Nuclear Extract Preparation and EMSA
Nuclear extracts from renal tissue were prepared analogous to

the preparation of nuclear extracts from human neutrophils as

described previously with minor modifications.36 Briefly, kidney

or enriched fractions of glomerular cells after sieving were homog-

enized in a tissue homogenizer (Precellys; Bertin Technologies,

Erlangen, Germany). Lysates, generated by treatment with hypo-

tonic HEPES buffer and addition of 0.1% NP40, were vortexed,

pelleted, and the supernatant containing the cytoplasmic fraction

was stored at 280°C. The pellet was resuspended with the hyper-

tonic, high-salt HEPES buffer together with protease inhibitors.

After centrifugation the supernatant was collected and EMSA was

performed as described.36
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Quantitative RT-PCR
Total RNAwas isolated according toQiagen (Hilden, Germany) includ-

ing DNase treatment. Reverse transcription was performed according

to the Superscript protocol (Thermo Fisher Scientific Inc., Waltham,

MA) and TaqMan RT-PCR using the TaqMan Fast Universal PCRMaster

Mix (AppliedBiosystems,Weiterstadt,Germany).QuantitativeRT-PCR

was performed as described previously.36 The forward primer for hu-

man IL-8 was 59-GCCTTCCTGATTTCTGCAGC-39, the reverse

primer was 59-TGCACTGACATCTAAGTTCTTTAGCA-39, and the

TaqMan probe was FAM-59-TGTGTGAAGGTGCAGTTTTGC-

CAAGG-39-TAMRA. The forward primer for mouse TNF-a was

59-TCTCTTCAAGGGACAAGGCTG-39, the reverse primer was 59-

ATAGCAAATCGGCTGACGGT-39, and the TaqMan probe was FAM-

59-CCCGACTACGTGCTCCTCACCCA-39-TAMRA. Quantification

was checked using the primer and probe for human GAPDH (item

number 4310884E; Applied Biosystems) or mouse GAPDH with for-

ward primer 59-GGCAAATTCAACGGCACAGT-39 and reverse primer

59-AGATGGTGATGGGCTTCCC-39, and the TaqMan probe FAM-59-

AAGGCCGAGAATGGGAAGCTTGTCATC-39-TAMRA. Data were

analyzed using SDS 7500 software and DDCt comparative analysis as

described by Applied Biosystems.

Passive Model of Anti-MPO NCGN
Mice were bred in the Max-Delbrück Center animal facility under

pathogen-free conditions. Local authorities approved all animal

experiments, which followed the ARRIVE guidelines. Polyclonal

anti-MPO IgG was obtained by isolation of total IgG from murine

MPO-immunizedMPO-deficientmice as described previously.31 GN

was induced in wild-type C57BL/6 mice (aged 8–10 weeks) by in-

travenous injection of anti-MPO IgG (50 mg/g body wt), followed by

intraperitoneal injection of LPS (5 mg/g body wt; Escherichia coli,

serotype O26:B6) 1 hour later. At 50 hours before anti-MPO IgG,

mice received 200 ng TNF-a intravenously to upregulate E-selectin,

followed by intravenous application of 1 mmol total lipid with SOS

siRNA or an empty SOS control preparation 2 hours later (n=5 mice

per group). For therapeutic application of SOS siRNA after disease

induction, TNF-a was omitted and 1 mmol total lipid with SOS

siRNA or empty SOS control preparation was injected 4 hours after

anti-MPO IgG and LPS injection (n=5mice per group). All mice were

euthanized after 7 days.

Urine Evaluation in Mice
Mice were placed in metabolic cages on the day before euthanasia at

day7, andurinewas collected for16hours.Urinewas testedbydipstick

(Roche Diagnostics, Almere, The Netherlands) for hematuria, leuko-

cyturia, and proteinuria, and the extent is expressed as the mean on a

scale of 0 (none) to 4 (severe) for leukocyturia and hematuria, and 0–3

for proteinuria. Albuminuria was quantified using an ELISA kit

(R&D Systems).

Histologic Examinations of Renal Injury and
NF-kB Activation
Kidneyswas collected at the time of euthanasia,fixed in 10% formalin,

and embedded in paraffin using routine protocols. Coronal section

(2-mm thick) were stained with hematoxylin and eosin or periodic

acid–Schiff (PAS) and evaluated by light microscopy. Glomerular

crescents and necrosis were expressed as the mean percentage of

glomeruli with crescents and necrosis in each animal as previously

described.27

Histologic stains for phospho-p65 and CD31 were performed on

2-mm thick paraffin-embedded sections. Briefly, sections were dew-

axed in xylene and rehydrated through graded ethanols. Antigen re-

trieval was performed by heating sections in 10 mM sodium citrate

buffer in a microwave oven for 5 minutes at 800 W, followed by 20

minutes at 200 W. Sections were incubated with peroxidase block for

5 minutes using Envision+ System-HRP (Dako, Hamburg, Ger-

many). For immunohistochemistry, sections were incubated at 4°C

with the indicated antibodies in a humidified chamber overnight.

Incubation with secondary antibody and substrate development

was carried out as recommended by the manufacturer. Nuclei were

counterstained with hematoxylin. Visualization and quantification

was done using a Zeiss Axioplan-2 imaging microscope (Carl Zeiss

GmbH, Jena, Germany). For immunofluorescence costaining, sec-

tions were incubated with phospho-p65, followed by the anti-CD31

antibody (from Dianova) at 4°C overnight, followed by anti-rabbit

Alexa Fluor 488 and anti-rat Cy3 secondary antibodies. Nuclei were

counterstained with DAPI. Staining intensity of phospho-p65–posi-

tive glomerular ECs was measured using ImageJ software. Sections

were transformed into an RGB (red, green, blue) number triplet and

background was subtracted to reduce autofluorescence signals. From

each section five glomeruli were selected and nuclear mean phospho-

p65 staining intensity (green) from 10 to 15 glomerular ECs was

calculated. The DAPI staining (blue) was used to define the nuclear

ROI. The CD31 staining (red) was used to define ECs. Quantitative

data were exported into Microsoft Excel software for further analysis.

For phospho-p65 quantification in vascular beds of organs other than

kidneys, three to four regions from each section were analyzed.

Flow Cytometry To Assess Neutrophil and Monocyte/
Macrophage Influx into Kidneys
Freshly harvested kidney tissue was weighed, minced, digested, and

passed through a 70-mm filter (BD Biosciences, Heidelberg, Ger-

many). Suspensions were incubated with fluorochrome-labeled

mouse antibodies to CD11b (eBioscience, Frankfurt, Germany),

Ly6G, Ly6C (BioLegend, London, UK), and CD45 (Beckman Coulter,

Krefeld, Germany) for 15minutes on ice. Neutrophils were identified

by expression of CD45, CD11b, Ly6C, and Ly6G, respectively. Tru-

Count beads (BD Biosciences) were added to the samples before

acquisition and measurements were performed on a BD FACS

CANTO II. Data were analyzed with the FlowJo Software (Tree

Star, Inc., Ashland, OR).

Preparation of siRNA Containing SOS
SOS were prepared as described previously with slight modifications.52

In brief, lipids from stock solutions of POPC, SAINT-C18, Chol, DSPE-

PEG2000, and DSPE-PEG2000-Mal in chloroform/methanol (9:1)

were mixed in a molar ratio of 37:18:40:4:1. SOS were prepared con-

taining siRNA specific for RelA (Mm_Rela_3 FlexiTube siRNA, 59-

CACCATCAAGATCAATGGCTA-39). siRNA was dissolved according

to the protocol of the manufacturer and mixed with dried lipids at a
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ratio of 1 nM siRNA per 1 mM total lipid. After extrusion through

polycarbonate filters (50 nm pore size) nonencapsulated siRNA was

removed by ion exchange chromatography on a DEAE Sepharose CL-

6B column (Sigma) using HN buffer (135 mM NaCl, 10 mM HEPES;

pH 6.7) as an eluent. The concentration of siRNA encapsulated in

liposomes was measured using the Quant-iT Ribo-Green assay (Invi-

trogen, Breda, The Netherlands). The monoclonal rat anti-mouse

E-selectin antibody (MES-1, kindly provided by Dr. D. Brown; UCB

Celltech, Slough, UK) was thiolated by means of SATA and coupled

to a maleimide group at the distal end of the polyethylene glycol chain

by sulfhydryl-maleimide coupling, as described before for albumin.53

The SOS were stored at 4°C under argon gas and used within 4 weeks.

Statistical Analyses
Results are given as mean6SEM. Comparisons between multiple

groups were done using ANOVA and appropriate post hoc tests. Com-

parisons between two groups were done by a two-sided paired t test.

Differences were considered significant if P,0.05.
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