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ABSTRACT

Objectives Myeloid cell activation by antineutrophil
cytoplasmic antibody (ANCA) is pivotal for

necrotising vasculitis, including necrotising crescentic
glomerulonephritis (NCGN). In contrast to neutrophils,
the contribution of classical monocyte (CM) and non-
classical monocyte (NCM) remains poorly defined.

We tested the hypothesis that CMs contribute to
antineutrophil cytoplasmic antibody-associated vasculitis
(AAV) and that colony-stimulating factor-2 (CSF2,
granulocyte-macrophage colony-stimulating factor
(GM-CSF)) is an important monocyte-directed disease
modifier.

Methods Myeloperoxidase (MPO)-immunised MPO™~
mice were transplanted with haematopoietic cells

from wild-type (WT) mice, C—C chemokine receptor 2
(CCR2)™™ mice to abrogate CM, or transcription factor
CCAAT—enhancer-binding protein beta (C/EBPB)’/’
mice to reduce NCM, respectively. Monocytes were
stimulated with CSF2, and CSF2 receptor subunit beta
(CSF2rb)-deficient mice were used. Urinary monocytes
and CSF2 were quantified and kidney Csf2 expression
was analysed. CSF2-blocking antibody was used in the
nephrotoxic nephritis (NTN) model.

Results Compared with WT mice, CCR27 chimeric
mice showed reduced circulating CM and were protected
from NCGN. C/EBPB"~ chimeric mice lacked NCM but
developed NCGN similar to WT chimeric mice. Kidney
and urinary CSF2 were upregulated in AAV mice. CSF2
increased the ability of ANCA-stimulated monocytes to
generate interleukin-1f and to promote T, 17 effector
cell polarisation. CSF2rb™" chimeric mice harboured
reduced numbers of kidney T, 17 cells and were protected
from NCGN. CSF2 neutralisation reduced renal damage
in the NTN model. Finally, patients with active AAV
displayed increased urinary CM numbers, CSF2 levels and
expression of GM-CSF in infiltrating renal cells.
Conclusions CMs but not NCMs are important

for inducing kidney damage in AAV. CSF2 is a

crucial pathological factor by modulating monocyte
proinflammatory functions and thereby T, 17 cell
polarisation.

INTRODUCTION

Antineutrophil cytoplasmic antibody-associated
vasculitis (AAV) is a systemic autoimmune disease
featuring inflammation of small blood vessels and
multiorgan damage, including necrotising cres-
centic glomerulonephritis (NCGN)." * Antineu-
trophil cytoplasmic antibody (ANCA) recognises
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Key messages

What is already known about this subject?

= Antineutrophil cytoplasmic antibody-associated
vasculitis is a myeloid cell-mediated vascular
inflammation and glomerulonephritis. However,
the detailed pathogenic contribution of distinct
monocyte subsets is not clear.

What does this study add?

= We identified C—C chemokine receptor 2
(CCR2)-positive classical monocytes as
essential components for induction of
antineutrophil cytoplasmic antibody-induced
glomerulonephritis. Furthermore, colony-
stimulating factor-2 (CSF2) and its receptor
CSF2 receptor subunit beta are important
for activation of monocytes and subsequent
regulation of T cells.

How might this impact on clinical practice or

future developments?

= Direct targeting of monocytes (CCR2
antibodies) or CSF2 (granulocyte-macrophage
colony-stimulating factor) could be a novel
treatment strategy in human crescentic
glomerulonephritis.

either myeloperoxidase (MPO) or proteinase 3°
exclusively expressed by neutrophils and mono-
cytes. ANCAs bind to their cell surface-presented
antigens and activate both myeloid cell types.* The
contribution of neutrophils to AAV is well docu-
mented, whereas the mechanistic role of monocytes
remains incompletely understood.’”

Murine monocytes are classified into distinct
Ly6C" inflammatory or classical monocytes (CMs)
and Ly6C"° patrolling or non-classical mono-
cytes (NCMs).? Corresponding human subsets are
CD147CD16~ and CD14°CD16" monocytes,
respectively.” CMs are released from the bone
marrow and give rise to circulating blood NCM."
Murine Ly6C™ and human CD14"CD16" interme-
diary monocytes (IMs) provide a third subset that
possibly represents a maturation stage between CM
and NCM. The CM to NCM conversion depends
on the transcription factor CCAAT-enhancer-
binding protein beta (C/EBPB)."" Similar to neutro-
phils, ANCAs induce monocyte activation resulting
in reactive oxygen species (ROS) production'
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and release of proinflammatory cytokines, such as interleukin
(IL)-6," monocyte chemoattractant protein-1 (MCP-1)'* and
IL-1B, that are crucial for AAV induction in mice." '® Monocyte
exposure to MPO-ANCA promotes survival and macrophage
differentiation.'” Soluble CD163 (sCD163) shed from activated
monocytes may provide a biomarker of renal flares in AAV'®
Unselective monocyte depletion protected mice from anti-MPO-
induced AAV.” Information on the mechanistic contribution of
monocyte subsets in AAV is not available.

The colony stimulating factor 2 (CSF2), also known as
granulocyte-macrophage colony-stimulating factor (GM-CSF),
is produced by various cells, including myeloid, lymphoid and
non-haematopoietic cells.'” CSF2 binds to its receptor CSF2R
(GM-CSFR) constituted by a ligand-binding a-chain and a signal-
transducing B-chain (GM-CSF2Rp or CSF2 receptor subunit beta
(CSF2Rb)).2%2! CSF2 was initially described as a haematopoietic
growth factor for myeloid cell development. However, recent
studies found a normal myelopoiesis in mice deficient either
for CSF2 or for its receptor.”” Instead, CSF2 was suggested as a
modifier of myeloid cell activation in inflammatory conditions,
including a murine experimental autoimmune encephalomy-
elitis (EAE) model where mice with a specific deletion of the
GM-CSFRP subunit (Csf2rb™") in C-C chemokine receptor 2
(CCR2)" monocytes were protected.”” Clinical studies indicated
that CSF2 levels were strongly increased in patients with active
AAV compared with patients on remission (Rem) and healthy
controls (HCs).” We have previously shown that monocytes are
important mediators of kidney damage in ANCA-induced vascu-
litis.” We now investigated the specific contribution of CM and
NCM and explored whether CSF2 controls disease-mediating
monocyte functions.

METHODS
Animal experiments
MPO™~ mice were immunised intraperitoneally with murine
MPO in complete Freund’s adjuvant, boosted intraperitoneally
after 4 weeks with murine MPO in incomplete Freund’s adju-
vant, lethally irradiated and subsequently transplanted intrave-
nously with bone marrow cells (1.5%107) from either C57BL/6 ]
wild type (WT) (The Jackson Laboratory), CCR2™~, C/EBPR ™/~
or Csf2rb™™ mice. Nephrotoxic nephritis (NTN) was induced
by intraperitoneal injection of 10 uL/g BW NTS (Probetex, San
Antonio, Texas, USA), and mice were sacrificed on day 6.

A detailed method section is provided in the online supple-
mental file 2.

RESULTS

CMs are essential for anti-MPO-induced glomerulonephritis
We first explored whether CMs mediate anti-MPO ANCA-
induced glomerulonephritis in an MPO-ANCA mouse model.
MPO-deficient mice were immunised with murine MPO, irradi-
ated and transplanted with bone marrow (BM) cells from either
WT or CCR2-deficient (CCR2™7) animals to generate MPO ™~/
WT mice and MPO™7/CCR2™/~ chimeric mice, respectively
(figure 1A). Mice were euthanised 7-8 weeks after transplanta-
tion, and blood, serum, urine, spleens and kidneys were analysed.
Blood analysis was performed by flow cytometry with an adapted
gating strategy to characterise neutrophils and both mono-
cyte subsets (online supplemental figure 1A). The percentage
of CD11b"Ly6G* neutrophils was similar in both groups.
CD11b*CD115*Ly6C" CMs were almost absent in CCR2™/~
chimeric mice (online supplemental figure 1B). Consequently, a
non-significant marginal reduction of CD11b*CD115*Ly6C'"

NCMs was observed. Renal histology revealed protection
from kidney injury in CCR27/~ chimeric mice with a signifi-
cantly reduced percentage of crescentic and necrotic glomeruli
(figure 1B). Correspondingly, erythrocyturia and albuminuria
were also significantly decreased (figure 1C,D). Urinary neutro-
phil gelatinase-associated lipocalin (NGAL) was similar in both
groups (figure 1E), suggesting tubular injury. We analysed renal
infiltrating inflammatory cells by flow cytometry to identify
neutrophils and monocyte subsets (online supplemental figure
2). We observed strongly reduced numbers of kidney-infiltrating
CD11b*Ly6C™ CM, whereas both CD11b*Ly6C"MHCII"CD-
11c™9% NCM and CD11b*Ly6G* neutrophil influx were not
altered (figure 1F,G and online supplemental figure 3). These
experiments firmly establish the central role of CM in mediating
anti-MPO-induced NCGN.

NCMs are dispensable for anti-MPO-induced
glomerulonephritis

Next, we studied whether NCM contribute to disease induction
as previous data suggested that NCM are essential in mediating
glomerular neutrophil influx.** We took advantage of mice
deficient in the transcription factor C/EBPB, which is essential
for NCM Ly6C~ monocyte development and survival.'' MPO-
deficient mice were immunised with murine MPO, irradiated
and transplanted with BM cells from either C/EBPB-positive (C/
EBPB*'*) or C/EBPB-deficient (C/EBPB™'7) animals to generate
MPO ™'~ C/EBPB*'* mice (WT)and MPO ™/~ C/EBPR™/~ chimeric
(NCM-deficient) mice, respectively (figure 2A). Both chimeric
mice had similar numbers of circulating neutrophils (online
supplemental figure 1A,C). As expected, C/EBPB™~ chimeric
mice displayed an almost total absence of circulating NCM
together with a marginal, non-significant reduction of blood CM.
Renal histology showed no differences in glomerular crescents
and necrosis between WT and NCM-deficient mice (figure 2B).
Urinalysis did not show differences by dipstick analysis, albu-
minuria and urinary NGAL concentration (figure 2C-E). We
observed a profound reduction in NCM influx, whereas CM and
neutrophil influx were not affected (figure 2). These data estab-
lish that NCMs are dispensable for anti-MPO induced NCGN.

CSF2 is increased in kidneys and urine of AAV mice, and
CSF2rb deletion in haematopoietic cells protects from anti-
MPO induced glomerulonephritis

We next investigated CSF2 as a monocyte-targeting disease
modifier in AAV. Using immunohistochemistry, we found that
CSF2 protein was expressed in kidney sections from AAV but
not HC mice (figure 3A). We observed strong CSF2 expression
in tubular cells and in some glomerulus-infiltrating leucocytes.
We confirmed these results on CSF2 protein assessing kidney
lysates by ELISA. High CSF2 protein was detectable in AAV but
not in control mice (figure 3B). Moreover, urinary CSF2 was
strongly upregulated in AAV mice but undetectable in urine from
healthy mice (figure 3C). In parallel, kidney Csf2 mRNA expres-
sion was strongly upregulated, confirming that CSF2 is locally
expressed (figure 3D). Finally, we found a positive correlation
between CSF2 protein level and the percentage of renal cres-
cents (figure 3E). These results indicate that CSF2 is strongly
upregulated in kidneys of AAV mice. We next explored the
hypothesis that CSF2 is a critical mediator of AAV.

To study the mechanistic role of CSF2 in AAV, MPO-deficient mice
were immunised with murine MPO, irradiated and transplanted
with BM cells from either C57BL/6] WT (WT) or CSF2rb-deficient
(CSF2rb™") animals to generate MPO ™~ CSF2rb*/* mice (WT)
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Figure 1 CCR2™" chimeric mice are protected from anti-MPO-induced NCGN. (A) Experimental protocol describing the induction of NCGN in
MPO~"~. Chimeric mice were analysed 7-8 weeks following BM transplantation. (B) CCR2~~ chimeric mice showed reduced renal damage compared
with WT chimeric mice with significant reduction of crescentic and necrotic glomeruli. For each group, a representative image of a kidney section
stained with PAS at high magnification (x40) is shown. (C) CCR2™"~ chimeric mice displayed reduced Ery by dipstick. Leu and Prot were similar in
both groups. (D) Reduction in albuminuria by ELISA in CCR27~ chimeric mice. (E) Urinary NGAL levels by ELISA were similar in CCR27- andWT
chimeric mice. (F) Renal CD11b*Ly6G* neutrophils, CD11b*Ly6GLy6C* CMs and CD11b*Ly6G Ly6C"MHC-II"CD11c™@* NCMs were analysed by flow
cytometry. Infiltration of CM was strongly reduced in CCR2™'~ chimeric mice, whereas infiltration of neutrophils and NCMs was similar in both groups.
The number of immune cells is expressed per gram kidney and calculated using counting beads. (G) Representative flow cytometry plot showing
that the renal infiltration of CM is strongly reduced in CCR2™"~ chimeric mice. *P<0.05, **P<0.01, ***P<0.001. CCR2, C—C chemokine receptor 2;
AU, arbitrary unit; CM, classical monocyte; Ery, erythrocyturia; Leu, leukocyturia; mMPO, murine MPO; MPO, myeloperoxidase; NCGN, necrotising
crescentic glomerulonephritis; NCM, non-classical monocyte; NGAL, neutrophil gelatinase-associated lipocalin; PAS, periodic acid-Schiff; Prot,
proteinuria; WT, wild type.
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Figure 2 Absence of NCMs in C/EBPB™~ chimeric mice does not affect anti-MPO-induced NCGN. (A) Experimental scheme describing the induction
of NCGN in MPO™" mice. (B) No difference in histological renal damage between C/EBPB™"~ and WT chimeric mice. For each group, a representative
image of a kidney section stained with PAS at high magnification (x40) is shown. (C) C/EBPB™~ chimeric mice showed no difference in Leu, Prot and
Ery by dipstick compared with C/EBPB*'* chimeric mice. (D) Albuminuria by ELISA was similar in both groups. (E) Urinary NGAL levels by ELISA were
similar in both groups. (F) Renal CD11b*Ly6G* neutrophils, CD11b*Ly6GLy6C* CMs and CD11b*Ly6G Ly6C"MHC-II"CD11c™* NCMs were analysed
by flow cytometry. Infiltration of NCM was strongly reduced in C/EBPB™~ chimeric mice, whereas infiltration of neutrophils and CM was similar in
both groups. The number of immune cells is expressed per gram kidney and calculated using counting beads. (G) Representative flow cytometry plot
showing that the renal infiltration of NCM is strongly reduced in C/EBPB~"~ chimeric mice. **P<0.01. AU, arbitrary unit; C/EPBB, CCAAT—enhancer-
binding protein beta; CM, classical monocyte; Ery, erythrocyturia; Leu, leukocyturia; MPO, myeloperoxidase; mMPO, murine MPO; NCGN, necrotising
crescentic glomerulonephritis; NCM, non-classical monocyte; NGAL, neutrophil gelatinase-associated lipocalin; PAS, periodic acid-Schiff; Prot,

proteinuria; WT, wild type.
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and MPO™~ CSF2rb™"~ chimeric (CSF2rb™") mice, respectively
(figure 4A). Anti-MPO titres and blood cell counts were similar in
both animal groups (online supplemental figure 4). Renal histology
revealed strongly reduced crescent formation in CSF2rb™"~ chimeric
mice compared with the WT group (figure 4B). Urine analysis did
not show group differences by dipstick analysis, albumin ELISA or
NGAL ELISA (figure 4C-E). Remarkably, quantification of kidney-
infiltrating leucocytes revealed no difference in either neutrophil,
CM or in NCM influx (figure 4F and online supplemental figure
3). These data demonstrate that CSF2 and its interaction with its
CSF2rb receptor on myeloid cells are essential for crescent forma-
tion and that the effect is not mediated by reduced myeloid cell
influx. Thus, we next explored CSF2 effects on monocyte functions
in the presence of MPO-ANCA.

CSF2 modulates ANCA-stimulated monocytes

Monocytes were isolated from human blood and murine BM. First,
we analysed the effect of CSF2 priming on anti-MPO IgG-induced
IL-1B generation. We confirmed that anti-MPO IgG-stimulated
human and murine monocytes released IL-1B (figure 5A,B)." '
Importantly, CSF2 priming significantly increased the IL-1p release
by MPO-ANCA. We next tested the capacity of supernatants from
ANCA-stimulated murine monocytes to promote the polarisation of
CD4" T cells into IL-17A-producing T-helper cells (T,,17), which
are known to be an important contributor to kidney injury in AAV.

Monocyte supernatants were added to CD4" T cells from murine
spleens. After 5days, T, 17 cells were detected by flow cytometry.
Supernatants from anti-MPO IgG-stimulated monocytes did not
induce T,,17 polarisation, whereas supernatants from anti-MPO
IgG-stimulated monocytes that were primed with CSF2 strongly
induced T,,17 polarisation in vitro (figure 5B,C). Importantly, we
found a reduction in numbers of kidney-infiltrating T,17 cell in
MPO™~ CSF2rb™~ chimeric mice compared with MPO™~ WT
mice, suggesting that this polarisation effect occurs also in vivo
(figure SD). Together, these data establish that CSF2 increases
proinflammatory monocyte functions and promote the subsequent
polarisation of CD4" T cells. Importantly, human monocyte-derived
macrophages lost MPO protein expression during differentiation
with either GM-CSF or macrophage colony-stimulating factor
(M-CSF) (online supplemental figure 5A,B) and could not be acti-
vated by anti-MPO ANCA, thereby excluding a direct role of macro-
phages in this context (online supplemental figure SC,D).

Patients with ANCA-induced NCGN display elevated renal
CSF2 level and urinary myeloid cells

Next, we analysed CSF2 expression by in situ hybridisation
in kidney biopsies from patients with active AAV and controls
(figure 6A). We observed strong upregulation of CSF2 expres-
sion in glomerulus-infiltrating cells and detected increased CSF2
in urine from patients with active AAV (figure 6B). Finally, we
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(B) Csf2rb™"~ chimeric mice developed less renal damage compared with WT chimeric mice with a reduction of crescentic and necrotic glomeruli. A
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analysed urinary myeloid cells by flow cytometry in 59 subjects, Patient characteristics are given in the online supplemental table
31 with active antineutrophil cytoplasmic antibody-associated 1. The gating strategy for the distinct myeloid cell populations
vasculitis kidney manifestation (kAAV), 20 patients in stable is shown in online supplemental figure 6. We found significantly
AAV Rem but previous AAV kidney manifestation and 8 HCs. increased urinary neutrophil and monocyte cell counts in kAAV
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(median: 17599, IQR 5459-72194) in comparison to all other
groups (Rem: 1116, IQR 638-2376; HC: 1263, IQR 406-2064)
(figure 6C). Analysis of distinct monocyte subpopulations by
surface staining showed that classical, intermediate and NCMs
were strongly increased in patients with kAAV compared with
HCs (figure 6D). Moreover, urinary CMs were increased in
patients with kAAV compared with patients in Rem, while
NCMs were similar (figure 6D,E).

CSF2 blockade reduces kidney damage in crescentic
glomerulonephritis

Finally, we performed an animal experiment to address the
potential of CSF2 neutralisation as therapeutic option for cres-
centic glomerulonephritis. To this purpose, we used the nephro-
toxic nephritis model (figure 7A). One group of mice received
daily injection of anti-CSF2 antibody, whereas control mice
received the same amount of isotype IgG. Although mice from

1168

Rousselle A, et al. Ann Rheum Dis 2022;81:1162—1172. doi:10.1136/annrheumdis-2021-221984



Healthy

CSF2 neutrophils monocytes
10 - 1e+07 1 ek 1e+07 1 ok
o ns _ns
*kk £ i — i
5
. T 1e+05 3 1e+05
o
. e 3 3
= -
> 5 « 1e+03 4 1e+03 4§
Q +
. “4 3 1e+01 1§ 1e+01 1§
% - -
0 _{5_._ © r r r : T T
HC AAV kAAV Rem HC kAAV Rem HC
D CM M NCM
° 1e+07 5 kil 1e+07 5 *% 1e+07 5 *
£ ] = B ] ns
= _ns
E 1e+05 4 1e+05 5 1e+05 4
o
‘9 E E E
= 1e+03 - 1e+03 3 1e+03 4
+ r - -
g
3 1e+01 4 1e+01 3 1e+01 4
o
kAAV Rem HC kAAV Rem HC kAAV Rem HC
E
kAAV Rem
0000000000 0000000000
0000000000 0000000000
0000000000 0000000000
o0 o0 [ ]
o0 @0 (o]
(1] Q000000000
(1] Q000000000
o0 Q000000000
@0 Q000000000
Q0000000 O000000000

@®@cv O M QNcMm
Figure 6 CSF2 and monocyte subsets in patients with AAV and HCs. (A) Human kidney biopsies from patients with AAV were analysed for in
situ expression of Csf2 usingRNAscope Probe-Hs-CSF2 mRNA and appropriate positive and negative controls. Counterstaining was done with
haematoxylin. A representative picture at x40 magnification is shown for both groups (left: negative control, right: RNAscope for Csf2). (B) CSF2
protein in human urines was measured by ELISA. CSF2 was increased in urine from patients with active AAV compared with HCs. (C,D) Myeloid cells
in urines from patients with active AAV with kidney involvement (kAAV), patients in Rem and HCs were analysed by flow cytometry. Neutrophils,
monocytes and the three different monocyte subsets were quantified and expressed as cell number per 100 mL urine. Total neutrophil and monocyte
numbers are significantly higher in patients with kAVV compared with HCs. CD14*CD16~ CMs, CD14*CD16" IMs and CD14~CD16* NCMs are
significantly increased in urine from patients with kAAV compared with HC. In addition, CMs are increased in urine from patients with kAAV
compared with patients with AAV in Rem. (E) Dot plots representing the distribution of the different monocyte subsets in urine from patients with
kAAV and Rem. *P<0.05, **P<0.01, ***P<0.001. AAV, antineutrophil cytoplasmic antibody-associated vasculitis; CM, classical monocyte; CSF2,
colony-stimulating factor-2; HC, healthy control; IM, intermediary monocyte; kAAV, antineutrophil cytoplasmic antibody-associated vasculitis kidney
manifestation; NCM, non-classical monocyte; ns, not significant; Rem, remission.

Rousselle A, et al. Ann Rheum Dis 2022;81:1162—1172. doi:10.1136/annrheumdis-2021-221984 1169



A B
Albuminuria NGAL
300 - 8000 A
0 1 2 3 4 5 6
| | | | | | |
| | | | | | | 6000 - A
1 T 1 i T 1 200 4 °
«CSF2 or Isotype -|- B Al .
2 £ o E .
(200 we) El 5 40007
NTS 10 pl/g. BW
H/e 100 4 T
2000 4 J_ I
o* I
0 0
Iso aCSF2 Iso aCSF2
C
Crescents Necrosis
807 807 Iso
Fkk e Fo g »
B 3 A Sl
> 601 2 60+ > e
o [e) ® &
2 . 2 * b e e P
= - = e T e A
2404 | & S 40 e ¢ 2%
(] . (0] asye, ‘? X v
E A E . i Y D
L ke, L ?
o =) _ A= Sho !
* 20 e =204 = R e
ot = . o go
Y ==
0 0
Iso  aCSF2 Iso aCSF2

Figure 7 CSF2 neutralisation attenuates crescentic glomerulonephritis. (A) Experimental protocol describing the induction of ¢cGN in C57BI/6) mice.
Animals were sacrificed 6days after the induction of cGN with NTS. Anti-CSF2 antibodies were injected daily. Control mice received the same amount
of isotype. (B) Albuminuria and urine NGAL were determined by ELISA. (C) Mice treated with anti-CSF2 antibodies showed reduced renal damage
compared with control mice with significant reduction of crescentic and necrotic glomeruli. For each group, a representative image of a kidney section
stained with PAS at high magnification (x40) is shown. **P<0.01, ***P<0.001. cGN, crescentic glomerulonephritis; CSF2, colony-stimulating factor-2;
NGAL, neutrophil gelatinase-associated lipocalin; NTS, nephrotoxic serum; PAS, periodic acid-Schiff.

both groups developed high albuminuria and urine NGAL levels
(figure 7B), CSF2 blockade attenuated the development of renal
damage as the amount of crescentic and necrotic glomeruli was
decreased in treated mice compared with control mice injected
with isotype IgG (figure 7C).

DISCUSSION

We studied the mechanistic role of monocytes and their subsets
in inducing ANCA vasculitis. First, our study shows that CMs
play an important non-redundant role in AAV, whereas NCMs
are dispensable. Second, we demonstrate the importance of renal
CSF2 as a monocyte-targeting disease modifier. Renal CSF2 was
increased in mice and patients with AAV and accelerated ANCA-
induced monocyte activation, IL-1B release and monocyte-
mediated T17 polarisation. CSF2rb deficiency reduced the
kidney-infiltrating T ;17 cells and protected from NCGN. Third,
we show that patients with active AAV with NCGN feature key
findings characterised in the mechanistic murine studies, namely,
increased renal and urine CSF2, and increased urinary CM
numbers. Fourth, we could demonstrate that CSF2 blockade
attenuated the development of renal damage in the NTN model
of crescentic glomerulonephritis.

The central role of neutrophils in the pathogenesis of AAV
is supported by a multitude of in vitro and in vivo studies. For
example, Xiao et al showed that neutrophil depletion with the
NIMP-R14 monoclonal antibody protected mice. However, as
this antibody targets the Gr-1 antigen, also known as Ly-6G/
Ly6-C, that is expressed by both neutrophils and monocytes, the

contribution of monocytes could not be completely ruled out.*
Conceivably, both monocytes and neutrophils are essential for
NCGN induction with distinct time-specific roles. Our results
do not exclude a role of neutrophil in the development of AAV
but rather suggest that either monocytes modulate neutrophil
functions or both cell subsets work in concert to promote vascu-
litis and renal damage. Our data now firmly establish that CMs
are important contributors to MPO-ANCA-induced vasculitis,
whereas NCMs are dispensable. Although we cannot completely
exclude that minimal residual NCM in C/EBPB™'~ chimeric mice
played a minor role, the almost unaffected circulating NCMs
in CCR27/~ chimeric mice and the even increased infiltration
of NCM in kidneys of CSF2rb™'~ chimeric mice that displayed
strongly reduced renal damage further support our conclusion
derived from C/EBPR™'~ mice. Using ANCA unrelated animal
models, NCMs were described to perform patrolling functions,
thereby controlling both CM and neutrophil influx. Using
imaging studies, Finsterbusch et al demonstrated in a murine
NTN model that NCMs continuously traffic along the glomer-
ular endothelium and that CX3CR1 expressed by NCM is
crucial for this process.** Turner-Stokes et al showed in a rat
NTN model that monocytes infiltrate the inflamed glomerulus
in a two-wave recruitment process.”® The investigators showed
that NCMs enter the glomerulus initially, whereas CMs follow
at later time points. However, NTN does not feature charac-
teristics of human ANCA-induced NCGN, and our murine and
human data support the notion that CMs rather than NCMs are
important in inducing ANCA-mediated pauci-immune NCGN.
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Importantly, although NCMs have been described to play an
important role in the earlier phase of disease induction in the
NTN model, our overall injury data at later time points clearly
demonstrate that CMs are the major inducer of cumulative
kidney damage in an anti-MPO IgG-induced NCGN. Conceiv-
ably, with single-cell studies, the distinction of monocytes into
three subsets may become obsolete. These techniques will
provide a better tool to characterise additional monocyte and
monocyte-derived cell populations in physiological and patho-
logical conditions.?”~*°

Our data provide a mechanistic explanation how monocytes
contribute to vasculitis and the subsequent kidney damage. We
previously showed that ANCA-stimulated monocytes released
significantly more IL-1B compared with neutrophils and that
blocking the IL-1B receptor protected mice from AAV." *' Now,
we show that increased CSF2 augmented the capacity of ANCA-
stimulated monocytes to release IL-1B and subsequently to
induce T,,17 polarisation in vitro. T ;17 cells play an important
role in the pathogenesis of NCGN,** including NCGN induced
by ANCA.** Conceivably, additional monocyte-mediated disease
mechanisms are at work. For example, monocytes release extra-
cellular traps in response to ANCA that can directly induce endo-
thelial cell damage (personal data). In addition, the absence of
CM likely reduces the amount of circulating IM. The contribu-
tion of IM in AAV was suggested but remains controversial.' >*
Moreover, the local renal environment of monocyte-derived
macrophages and dendritic cells is likely altered by the absence
of CM. In summary, we believe that CMs predominantly mediate
their pathogenic roles by indirect effects by modulating CD4*
T-cell polarisation rather than by directly damaging effects.

CSF2 has evolved as a key proinflammatory cytokine involved
in the pathogenesis of several inflammatory and autoimmune
disorders, including experimental autoimmune encephalomy-
elitis and arthritis.”> CSF2 was produced by resident renal cells
in an NTN model,*® and CSF2 released by renal and immune
cells contributed to renal injury in a murine anti-GBM glomeru-
lonephritis model.>” *® Interestingly, CSF2 induced a pathogenic
signature in Ly6C" CCR2" monocytes and monocyte-derived
dendritic cells that was characterised by an increased IL-1
generation.”> Our data now establish a mechanistic role of CSF2
in regulating monocyte activation in AAV. We demonstrated that
CSF2 is not only increased in kidney and urine of mice with AAV
but also augments the capacity of ANCA-activated monocytes
to release IL-1B and to induce T,,17 polarisation. We confirmed
the mechanistic CSF2 role in vivo by showing that mice lacking
CSF2rb in their haematopoietic cells were protected from
the development of ANCA-induced NCGN and had reduced
numbers of kidney-infiltrating T, 17 cells. Importantly, we found
increased CSF2 expression in kidney biopsies and increased
CSF2 protein in the urine from active AAV patients with NCGN.
Importantly, CSF2 neutralisation attenuated kidney damage in
the NTN model of crescentic glomerulonephritis. Together
with the finding that urinary CMs were increased in active, but
not patients with AAV on Rem, we confirmed key elements of
the mechanistic CSF2-CSF2rb-CM concept in the human AAV
disease. Of note, other cytokines (such as tumour necrosis
factor alpha or interferon gamma among others) besides CSF2
can potentially activate, modulate or even dampen monocyte
functions and thereby can also be involved in the regulation of
renal injury in AAV. Our results may encourage future studies
exploring CSF2 and its receptor interaction as a potential ther-
apeutic target in AAV, particularly since compounds targeting
either CSF2 or its receptor are currently tested in clinical trials
(reviewed in Ingelfinger et al*).
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