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Abstract

Objective—Kidney involvement affects 40-60% of patients with lupus and is responsible for
significant morbidity and mortality. Using depletion approaches, several studies have suggested
that macrophages may play a key role in the pathogenesis of lupus nephritis. However, “off target”
effects of macrophage depletion, such as altered hematopoiesis or enhanced autoantibody
production, impeded the determination of a conclusive relationship.

Methods—In this study, we investigated the role of macrophages in mice receiving rabbit anti-
glomerular antibodies, or nephrotoxic serum (NTS), an experimental model which closely mimics
the immune complex mediated disease seen in murine and human lupus nephritis. GW2580, a
selective inhibitor of the colony stimulating factor-1 (CSF-1) receptor kinase, was used for
macrophage depletion.

Results—We found that GW2580-treated, NTS challenged mice did not develop the increased
levels of proteinuria, serum creatinine, or serum urea seen in control-treated, NTS challenged
mice. NTS challenged mice exhibited significantly increased kidney expression of inflammatory
cytokines including RANTES, IP-10, VCAM-1 and iNOS, whereas GW2580-treated mice were
protected from the robust expression of these inflammatory cytokines that are associated with LN.
Quantification of macrophage related gene expression, flow cytometry analysis of kidney single
cell suspensions, and immunofluorescence staining confirmed the depletion of macrophages in
GW2580-treated mice, specifically within renal glomeruli.

Conclusions—Our results strongly implicate a specific and necessary role for macrophages in
the development of immune glomerulonephritis mediated by pathogenic antibodies, and support
the development of macrophage targeting approaches for the treatment of lupus nephritis.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Systemic lupus erythematosus (SLE) is characterized by the production of autoantibodies
and systemic inflammation, which collectively result in damage to various end organs.
Kidney involvement, known as lupus nephritis (LN), is seen in up to 60% of SLE patients,
and is associated with increased morbidity and mortality. Even with current
immunosuppressive regimens, chronic renal insufficiency develops in about a quarter of
patients. In a two year follow up of patients with LN, the complete remission rate with
current treatment regimens was less than 50%, and the relapse rate was as high as 30% [1].
A better understanding of disease pathogenesis could lead to the discovery of more targeted
therapies, which may prevent or suppress relapses and improve long term kidney prognosis.

Macrophages are innate immune system cells that are present in every tissue [2] where they
represent 5-15% of the cells [3]. They have a very high degree of plasticity, and the ability
to assume different functions ranging from trophic, to immune suppressive or tissue
destructive phenotypes [2]. Macrophages derive from three known lineages within mice: the
embryonic yolk sac, the fetal liver, and the adult bone marrow. Most tissue resident
macrophages are thought to derive from the yolk sac, whereas macrophages originating from
precursors in the bone marrow seed tissues mostly under inflammatory conditions [2, 4, 5].

Macrophages are believed to contribute to the pathogenesis of LN. In human lupus, renal
mononuclear phagocyte infiltration is associated with poor outcomes [6]. Furthermore,
studies have shown that unique, activated populations of macrophages are present during
active murine LN [1, 7, 8]. Additionally, depletion studies have sought to demonstrate that
macrophages are not just present during disease, but also actively contribute to pathogenesis.
However, major limitations of the methods employed for macrophage depletion have
seriously hindered a definitive determination of whether or not macrophages are truly
involved in disease progression [8-14].

In this study, we sought to deplete macrophages in an inducible model of LN. Our aim was
to minimize any potential confounding factors, so as to conclusively determine the role of
macrophages in the pathogenesis of renal disease mediated by pathogenic antibodies. We
utilized a classic model known as nephrotoxic serum transfer, or NTS, in which non-
autoimmune mice are passively transferred with heterologous serum containing pre-formed,
nephrotoxic antibodies. The immune response initiated by these antibodies mimics the
glomerulonephritis seen in SLE patients, including immune complex deposition,
complement activation, and inflammatory cell infiltration [15, 16].

GW2580 is a selective inhibitor of the CSF-1 receptor (CSF-1R) kinase [17], which is
expressed on all macrophages [18-20]. GW2580's monospecificity for the CSF-1R has been
validated against every kinase studied to date [17, 21]. By blocking signaling through
CSF-1R, which is important for macrophage proliferation, survival, activation, and
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recruitment [20, 22, 23], GW2580 treatment selectively reduces macrophages in several
tissues including the kidney [22, 24], and in response to inflammatory stimuli [17]. This
particular kinase inhibitor is superior to other depletion methods due to its specificity for
CSF-1R. Using GW2580, we determined whether macrophage depletion ameliorates disease
within this inducible murine model of LN.

2. Methods
2.1. Mice

DBA/1J and B6 mice were purchased from The Jackson Laboratory and housed in the
animal facility at the Albert Einstein College of Medicine (Bronx, NY). All animal studies
were approved by the Institutional Animal Care Committee.

2.2. Nephrotoxic serum transfer

Nephrotoxic serum nephritis was induced as described [25]. In brief, on Day 0, 10 week old
female DBA/J mice were immunized with rabbit 1gG in CFA via intraperitoneal injection.
On day 5, mice received either an intravenous injection of nephrotoxic serum (NTS) or PBS.
Blood and urine were collected at baseline (day 0) and at subsequent time points throughout
the experiment.

Three separate groups of mice were included in each experimental cohort. The first group
(control mice) was immunized with rabbit IgG as described above on day 0, but not given
the NTS transfer. The second group (NTS/GW2580 mice) was immunized with rabbit 1gG
on day 0, and injected with NTS on day 5 of the experiment. In addition, this group received
a daily oral gavage, starting on day 0 and continuing until day 9, of 100 mg/kg of GW2580
(LC Laboratories, Woburn, MA) suspended in 0.2 ml of PBS. This dose was selected based
upon the known pharmacokinetics of GW2580, and produces peak drug levels which
effectively deplete macrophages [17]. The third group (NTS/ PBS mice) was similarly
immunized with rabbit IgG and injected with NTS. In addition, mice in this group were
orally gavaged with 0.2 ml of PBS alone as a control, using the same schedule. Two
independent trials were performed, with trial #1 consisting of 5 control mice, 10 NTS/PBS
mice, and 10 NTS/GW2580 mice, and trial #2 including 4 control mice, 8 NTS/PBS mice,
and 8 NTS/GW2580 mice.

Separate experiments were performed that assessed the therapeutic potential of GW2580. In
these studies GW2580 treatment was initiated later in the disease model (day 5), to insure
that peak macrophage depletion would occur after the onset of proteinuria. GW2580 was
given via oral gavage at the same dose as above, 100 mg/kg in 0.2 ml of PBS per day for 10
days. As before, three groups of mice were utilized for the study, including a total of 9, 18,
and 18 mice in each of the control, NTS/PBS, and NTS/GW2580 groups, respectively.

2.3. Assessment of proteinuria and renal function

Levels of proteinuria were determined by Uristix test strips (Siemens Healthcare Diagnostic,
Tarrytown, NY). Albumin levels were measured by the Mouse Albumin ELISA
Quantitation Set (Bethyl Laboratories, Montgomery, TX). Serum blood urea nitrogen (BUN)
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was determined by the Quantichrom DIUR 500 kit (BioAssay Systems, Hayward, CA).
Serum and urinary creatinine were measured by the QuantiChrom Creatinine Assay Kit
(BioAssay Systems).

2.4. Renal histopathology

Paraffin kidney sections were deparaffinized and stained with hematoxylin and eosin (H&E)
and periodic acid Schiff (PAS). Kidney histology was analyzed and quantified by an
experienced nephropathologist (L.H.), who was blinded to the treatment assignments. The
slides were scored for the presence of endocapillary hypercellularity, extracapillary
proliferation, immune deposits, tubular atrophy, tubular casts, tubular dilation and interstitial
fibrosis and inflammation. A scale of 0-5 was used, where 0 is absent, 1 denotes
involvement of 1-5% of glomeruli or cortical area, 2 is 6-10%, 3 is 11-20%, 4 is 21-50%,
and 5 is greater than 50%.

2.5. Mouse anti-rabbit IgG and rabbit anti-mouse glomerular basement membrane (GBM)
ELISA

Serum titers of mouse anti-rabbit 1gG and 1gG rabbit anti-mouse GBM antibodies were
measured by ELISA, as described in detail (25).

2.6. Renal IgG deposition

Glomerular immunoglobulin deposition was assessed by immunohistochemistry on paraffin
embedded Kidney sections, as described [26].

2.7. Flow cytometric analysis

Following systemic perfusion, kidneys and spleens were harvested for analysis. Single cell
suspensions of kidneys were generated by a 30 min incubation of sliced kidney tissue in 2
mg/ml of collagenase IV (Worthington, Lakewood, NJ) at 37 °C, followed by serial
pipetting. Spleens were mashed through a 70 mm filter with the back of a syringe in order to
create a single cell suspension. Following red blood cell lysis, cells were Fc-blocked for 30
min on ice with anti-CD16/CD32 (BD Pharmingen) diluted 1:200 in 3% FBS in PBS. Cells
were then washed three times with FBS/PBS and stained in the dark with the following
antibodies for 30 min, on ice: APC-CD11c, PE-CD11b, PerCP-F480, and FITC-GR1 (all
purchased from BioLegend, San Diego, CA). After gating out neutrophils (CD11b*GR-1M),
inflammatory macrophages were defined as CD11b*F4/80!°GR-1*(Ly6C), whereas trophic,
tissue resident macrophages were defined as CD11b*F4/80M,

2.8. Immunofluorescence staining for IBA-1

Kidney sections were deparaffinized and rehydrated, followed by antigen retrieval in citrate
buffer (pH 6) at 90-95 °C for two minutes. The slides were then washed 3 times in wash
buffer (0.05% TWEENZ20 in PBS) and blocked for 2 h at room temperature in 20% horse
serum diluted in PBS. Slides were washed three times, and then incubated with the primary
antibody, anti-IBA-1 (WAKO, Osaka, Japan) diluted 1:250 in 2% horse serum in PBS. After
a 2 h incubation at room temperature the slides were washed 3 times, and incubated with
FITC-conjugated anti-rabbit 1gG antibody (Southern Biotech) diluted 1:250. After a one
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hour incubation at room temperature, the slides were washed and stained with DAPI,
mounted in Fluoromount-G (Southern Biotech), and examined using a Zeiss AxioObserver
CLEM.

2.9. Thioglycolate injection

Female B6 mice at 16 weeks of age were given either 100 mg/kg GW2580 suspended in 0.2
ml of PBS, or 0.2 ml of PBS alone, daily by oral gavage for 10 days starting on day 0. On
day 8, mice were injected intraperitoneally with 1 ml of sterile 3.8% aged thioglycolate
suspension. Mice were sacrificed 72 h later, and peritoneal macrophages were harvested by
intraperitoneal lavage with ice cold 0.5% BSA/PBS/5 mM EDTA. The majority of cells
collected were macrophages [27], which were counted using trypan blue exclusion.

2.10. CD3 staining

Kidney sections were deparaffinized and rehydrated, followed by antigen retrieval in citrate
buffer (pH 6) at 90-95 °C for 10 min. The slides were then washed 3 times in wash buffer
(0.05% TWEENZ20 in PBS), and blocked with Dual Endogenous Enzyme Block (Dako,
Carpinteria, CA) for 20 min at room temperature. Slides were then washed once and
incubated with 5% goat serum +2% BSA in PBS for 30 min at 37 °C. After one wash,
sections were incubated with anti-CD3 antibody (Seratec, Gottingen, Germany) diluted
1:500 overnight at 4 °C. The next day, slides were washed three times, and incubated with a
biotinylated goat anti-rat IgG antibody (1:250) (Southern Biotech) for 1 h at 37 °C, followed
by 3 washes and a 30 min incubation at room temperature in streptavidin-HRP (Thermo-
scientific) diluted 1:5000. After three washes, slides were developed with DAB-chromagen
(Dako), washed, counterstained in Mayer's hematoxylin, and mounted with permount.

2.11. RNA isolation, cDNA synthesis, and real time PCR

Total RNA was extracted from whole kidney tissue using Trizol (Invitrogen, Carlsbad, CA)
according to the manufacturer's instructions. Synthesis of cDNA was performed using the
Superscript 11 system (Invitrogen, Carlsbad, CA). Real time PCR was performed in
triplicate, and the values normalized to GAPDH, as described [28].

2.12. Data analysis

Data was analyzed using GraphPad Prism 6, and presented as mean + standard error.
Student T-test was used to determine p-values between different treatment groups unless
otherwise indicated, and values of <0.05 were considered significant.

3. Results

3.1. Treatment with GW2580 ameliorates proteinuria in nephrotoxic serum nephritis

To analyze the role of macrophages in an inducible model of lupus nephritis, we examined
the effect of the CSF-1R inhibitor, GW2580, in kidney disease mediated by nephrotoxic
antibodies. NTS/PBS mice, which were immunized with rabbit 1gG followed by the transfer
of nephrotoxic serum (on day 5), developed significant proteinuria which peaked on day 12
of the experiment (p = 0.03) (Fig. 1A). The NTS/PBS mice continued to display
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significantly increased levels of proteinuria throughout the duration of the study. In contrast,
NTS/GW2580 mice were protected from the development of proteinuria, as seen by both a
semi-quantative assay (Fig. 1A) and urinary albumin concentrations normalized to urinary
creatinine (Fig. 1B).

3.2. GW2580 treated mice maintain normal kidney function

To establish whether GW2580-mediated macrophage depletion prevented the development
of renal insufficiency, creatinine and BUN levels were measured in serum collected at the
time of sacrifice (Day 16). GW2580 treated, NTS-challenged mice had significantly lower
levels of both serum creatinine (p = 0.03) (Fig. 1C) and BUN (p = 0.01) (Fig. 1D) compared
to NTS/PBS mice. Furthermore, there was no significant difference in renal function
between NTS/ GW2580 and healthy control mice.

3.3. GW2580 treatment prevents renal histopathological injury

To determine if GW2580 treatment prevents the histopathological injury associated with
NTS, histology of the kidney was analyzed by examining H&E and PAS-stained slides. As
expected in this model, NTS/PBS mice displayed features of severe proliferative
glomerulonephritis (Fig. 2C, D). NTS/GW2580 mice, however, had significantly less
histopathological injury (Fig. 2A, B). Specifically, when compared to the NTS/PBS group,
GW2580 treated mice exhibited significantly less endocapillary hyper-cellularity (p < 0.04),
extracapillary proliferation (p < 0.05), and PAS + deposits (p < 0.03) (Fig. 2E-G).

3.4. GW2580 does not interfere with the generation of mouse anti-rabbit antibodies

In the nephritis model utilized in these experiments, the initial immunization with rabbit IgG
serves to worsen disease, since the anti-rabbit antibodies resulting from this immunization
will crosslink the nephrotoxic rabbit anti-mouse GBM antibodies passively transferred on
day 5. To exclude that the protection from nephritis seen with GW2580 treatment was a
result of interference with the mouse anti-rabbit immune response rather than from the
depletion of macrophages, we analyzed the serum levels of mouse anti-rabbit 1gG
antibodies. As seen in Fig. 3A, there were no significant differences in the levels of mouse
anti-rabbit 1gG antibodies between any of the three experimental groups (control, NTS/
GW2580, and NTS/PBS mice), all which were immunized with rabbit 1gG at baseline.
Additionally, there were no differences in relative representation of the various 1gG isotypes
in the mouse anti-rabbit 1gG response (data not shown). These data indicate that the mice
were successfully immunized, and that simultaneous GW2580 treatment did not interfere
with the mounted immune response.

To confirm that the observed differences in the severity of nephritis did not result from
different levels of circulating nephrotoxic antibodies, we examined the levels of rabbit-anti
mouse GBM in the serum (Fig. 3B). Both the NTS/GW2580 mice and the NTS/PBS mice
had significantly higher levels of these antibodies compared to the control mice, which did
not receive the serum transfer (p = 0.02). Importantly, the two mouse groups that received
nephrotoxic serum, NTS/PBS and NTS/GW2580, had comparable serum anti-GBM
antibody levels.
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3.5. GW2580 treatment does not affect glomerular IgG deposition

To determine if changes in renal function were contributed by differential immunoglobulin
deposition, kidney sections were stained for the presence of glomerular 1gG. As expected,
the control mice did not have significant 1gG deposition (Fig. 4C). In contrast, the NTS/PBS
mice (Fig. 4B) and the NTS/GW2580 mice (Fig. 4A) both had significant glomerular
deposition. Importantly, GW2580 treatment did not decrease kidney IgG deposition (Fig.
4D).

3.6. GW2580 successfully depletes intraglomerular macrophages following NTS challenge

Kidney single cell suspensions and kidney sections were analyzed by flow cytometry and
immunofluorescence staining, respectively, to assess the number of macrophages infiltrating
the kidney following NTS transfer, and to study any effect of GW2580 treatment (Fig. 5).

NTS/PBS mice had significantly higher levels of CD11b*F4/80!°GR1* inflammatory
macrophages (p < 0.006) (Fig. 5F), as well as a nearly significant expansion of the tissue
resident CD11b*F4/80" population (p = 0.06), compared to control (Fig. 5E). Furthermore,
IBA-1 staining revealed increased infiltration of macrophages within the glomeruli of these
control treated, NTS-challenged mice (Fig. 5B). In contrast, negative control mice not
receiving nephrotoxic sera did not demonstrate glomerular macrophage infiltration, although
interstitial macrophages that normally populate the tissue were present (Fig. 5A).
Quantification of intraglomerular macrophages confirmed a significant increase of IBA-1+
macrophages in NTS/PBS (nephritic) mice compared to non-nephritic control mice (Fig.
5D).

GW2580 treatment successfully diminished macrophage numbers. Kidney inflammatory
macrophages (CD11b*F4/80/°GR1*) were significantly depleted compared to NTS/PBS
mice, as assessed by flow cytometry (p = 0.03) (Fig. 5F). IBA-1 staining revealed depletion
specifically within the glomeruli; the many glomerular infiltrating macrophages seen in the
NTS/PBS mice were absent. GW2580 did not completely abolish tissue resident, interstitial
macrophages (Fig. 5C); however, tissue resident CD11b*F4/80" macrophage numbers were
decreased as compared to negative control (p = 0.01) and NTS/PBS mice (p = 0.03) (Fig.
5E), suggesting that proliferation of tissue resident macrophages was inhibited by GW2580
treatment as well. No significant difference was seen in the kidney CD11b*F4/80'°CD11cMi
population between any of the groups (data not shown).

Finally, the effect of GW2580 was not limited to the kidneys. Spleens of GW2580 treated
mice contained significantly less CD11b + F4/80 + resident macrophages as compared to
control and NTS challenged mice (p < 0.03; Fig. 5G). Circulating monocyte numbers were,
however, unaffected by GW2580 treatment (Fig. 5G).

3.7. GW2580 decreases the number of macrophages recruited to the peritoneal cavity in
sterile peritonitis

Intraperitoneal injection of thioglycolate is an inflammatory stimulus which results in an
influx of a large number of macrophages into the peritoneal cavity [27]. We found that
treatment with GW2580 administered using a similar schedule to that described above for
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NTS resulted in a ~40% reduction (p = 0.03) in the number of macrophages infiltrating into
the peritoneal cavity after thioglycolate injection, when compared to control-treated mice
(Supplemental Fig. 1). These data confirm that GW2580 depletes macrophages in another
well-known, macrophage dependent model of inflammation, and supports a similar effect of
the drug in the inducible nephritis model.

3.8. GW2580 treatment prevents the development of an inflammatory cytokine profile
within the kidney and decreases the expression of macrophage specific markers

Since GW2580 treatment depleted macrophages and protected mice from developing kidney
disease, we sought to determine the mechanism of protection. Macrophages are known to
release numerous inflammatory mediators that contribute to tissue damage [29]. We
investigated whether macrophage depletion with GW2580 affected the expression within the
kidneys of a series of inflammatory cytokines and chemokines associated with the
development of LN. Results showed a decrease in these inflammatory mediators, including
RANTES, IP-10, VCAM-1, and iNOS (Fig. 6). For each cytokine, NTS/GW2580 mice
displayed significantly lower levels of kidney expression compared to NTS/ PBS mice.
Additionally, cytokine expression in NTS/GW2580 mice was not significantly different than
that seen in the control mice (Fig. 6).

The RT-PCR studies using kidney mRNA provided additional evidence confirming the
depletion of macrophages with treatment. Specifically, GW2580 treated mice exhibited
significantly reduced kidney expression of CCR2 and CX3CR1 (Fig. 6), two receptors
expressed on macrophages.

3.9. GW2580 treatment inhibits kidney MMP-9 and HMGB1 expression

Besides cytokines and chemokines, macrophages can produce several other molecules which
majorly contribute to local inflammatory disease. Matrix Metalloproteinase 9 (MMP-9) and
High Mobility Group Box 1 (HMGBL1) are expressed by macrophages and are thought to be
important mediators of disease in LN [30-32]. Therefore, we studied whether depletion of
macrophages with GW2580 affected the expression of these two molecules within the
kidney. As shown in Fig. 6, diseased kidneys in NTS/PBS mice expressed significantly
upregulated levels of both HMGB1 and MMP-9. In contrast, in GW2580-treated mice,
kidney expression of these molecules was not significantly different than the control mice.

3.10. GW2580 treatment prevents the accumulation of kidney T cells

To assess the effect of GW2580 treatment on T cells, we stained kidney sections for CD3.
Kidneys from NTS/PBS mice had significant tissue infiltration of CD3 cells, which were
absent from normal healthy kidneys (Fig. 7A, B). In contrast, kidney accumulation of CD3+
T cells following the nephritic challenge was abrogated in the NTS/GW2580 group (Fig. 7C,
D).

3.11. Delay in initiation of GW2580 treatment does not diminish treatment effectiveness

Initiating treatment with GW2580 at a later time point in the course of disease in this model
was also effective at ameliorating disease. For these experiments, GW2580 treatment began
on day 5 (immediately after the NTS transfer) as opposed to day 0 (see timeline, Fig. 8A).
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Day 5 was chosen so that peak macrophage depletion would occur after the onset of
proteinuria, allowing for an assessment of the therapeutic potential of macrophage depletion.
GW2580 treated mice developed significantly lower levels of proteinuria (p = 0.04) (Fig.
8B) and serum creatinine (p = 0.04) (Fig. 8C) compared to NTS/PBS mice. As with the
experiments described above with earlier initiation of treatment, GW2580 did not interfere
with the induction of the disease model (data not shown). Furthermore, as assessed by flow
cytometry, significant macrophage depletion was achieved also with later treatment (data
not shown).

4. Discussion

LN is seen in a significant proportion of SLE patients, and is associated with a poor
prognosis. Further understanding of disease pathogenesis is required in order to uncover
more targeted and effective therapies [33]. We have shown in this study that macrophages
are an important driver of disease in an inducible murine model of LN that relies upon
passive transfer of pre-formed, nephrotoxic antibodies. Macrophage depletion by a selective
CSF-1R kinase inhibitor in this model protected mice from developing proteinuria, renal
dysfunction, and abnormal renal histology. The experimental system we used here is unique
since: a) it does not involve congenital dysregulation of the CSF-1R pathway; and b)
administering GW2580 before and with disease induction allowed a more complete
assessment of the therapeutic benefit of inhibiting CSF-1R in antibody mediated nephritis.

All mice developed a comparable response to the initial rabbit IgG immunization, regardless
of treatment assignment. Furthermore, both NTS/GW2580 mice and NTS/PBS mice were
exposed to similar levels of the nephrotoxic antibodies, and had comparable amounts of
glomerular deposited IgG. The difference in PAS+ deposits observed between mice
receiving NTS with or without GW2580 is therefore likely to be due to other components of
these deposits, including non-1gG antibodies and/or complement. Overall, these data suggest
that the difference in kidney pathology seen between the groups was not due to the GW2580
drug interfering with the NTS protocol.

GW2580 treatment successfully depleted kidney macrophages, as evidenced by flow
cytometry and immunofluorescent staining. These results were further confirmed by RT-
PCR, which showed a significant decrease in CCR2 and CX3CR1 expression within the
kidney. IBA-1 staining showed macrophage depletion specifically within the glomeruli of
treated mice. In addition to this direct evidence, GW2580 treatment significantly reduced the
number of intraperitoneal macrophages after thioglycollate challenge, confirming the
previous observation by Conway et al. [17]. Therefore, we conclude that kidney
macrophages within NTS/GW2580 mice were reduced, and that this depletion is likely
responsible for amelioration of disease.

Our results help to clarify past studies which looked at the potential relationship between
macrophages and LN, but which were marred by confounding factors and conflicting

results. Studies by Davidson et al. [1, 7] described distinct macrophage populations present
within murine LN kidneys. These studies, while suggestive, do not necessarily distinguish
whether macrophages are the primary cause of disease, or whether macrophage infiltration is
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a secondary phenomenon. MCP-1 is a chemokine important for attracting macrophages to
sites of inflammation. Several studies have targeted MCP-1, either through a specific
antagonist [9] or anti-MCP-1 gene therapy [10]. By targeting MCP-1, macrophage
recruitment to the kidney was decreased, and kidney disease was attenuated. However,
MCP-1 also plays a role in activating kidney tubular epithelial cells [11, 34]. Consequently,
any beneficial effect seen in MCP-1 targeting studies may not have necessarily been solely
specific to macrophages.

Denny et al. [12], used clodronate liposomes as a means of macrophage depletion in
NZBXxNZW F1 lupus mice. Contrary to what was expected, diminishing macrophage
numbers actually led to a worsening of disease in this strain. However, clodronate depletes
macrophages by forcing them to undergo apoptosis. Within the context of spontaneous
lupus, the increased apoptotic load was thought to have led to the increase in circulating
autoantibody titers which was seen in clodronate treated mice, consequently worsening
disease which may have been independent of macrophage depletion. The disease model we
employed is not dependent upon generation of anti-nuclear antibodies de-novo for disease
induction.

Several other studies examined macrophage depletion within the MRL-Ipr/lpr spontaneous
murine lupus model. Lenda et al. generated MRL/Ipr mice in which the genes for CSF-1 or
CSF-1R were knocked out, depleting macrophages from birth. CSF-1 or CSF-1R deficient
MRL-Ipr/lpr mice did have significantly less severe nephritis [13, 14]. However, CSF-1R
regulated macrophages play an important trophic role in normal development [35]. Indeed,
congenital CSF-1 or CSF-1R deficiency leads to pronounced tissue abnormalities, including
osteopetrosis, altered hematopoiesis, and neurologic deficits [22, 23, 36], which are
potentially critical confounding factors. Additionally, Lenda et al. [14] noted that CSF-1
deficiency in these models interfered with autoantibody production and renal deposition. As
mentioned above, we validated that neither disease-inducing antibody levels, nor 1I9G
deposition in the kidneys, were affected by GW2580.

Depletion of macrophages from birth (i.e. in the op/op strain (13)) has an additional
limitation in that the monocyte pool is significantly depleted, while with GW2580
monocytes were unaffected. Furthermore, the congenital absence of CSF-1 is not equivalent
to inhibition of the CSF-1R. The CSF-1R has a second ligand, 1L-34, which has unique roles
in the regulation of monocyte/macrophage populations [37]. Thus, in the CSF-1 or CSF-1R
knockout strains reported previously, nephritis may have been attenuated because it
developed on an altered background, preventing the conclusive determination of the
therapeutic efficacy of suppressing CSF-1R in lupus.

Several studies addressed role of macrophages within a parallel disease model in rats [38—
40]. The most relevant, by Han et al. [38], analyzed the effect of fms-I, a kinase inhibitor
which also depletes macrophages, on the progression of nephrotoxic nephritis. While
treatment with fms-I did improve renal function, fms-1I is not solely specific for the CSF-1R
kinase. Rather, this kinase inhibitor also affects c-kit and flt [38], thus introducing off target
effects. Moreover, since a well-established spontaneous lupus model does not exist in rats,
murine models are preferable. Our studies here can be validated within a wide array of LN
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models, which makes a murine system more ideal for modeling of human disease.
Therefore, either because of the model or the method of depletion, previous rodent studies
were not definitive.

Our use of GW2580 represents a depletion method which minimizes confounding factors,
and allows us to isolate the role macrophages play in renal disease mediated by nephrotoxic
antibodies. GW2580 selectively inhibits the signaling of CSF-1 through the CSF-1R [17, 21,
41]. This signaling is important in several areas of macrophage function, particularly
proliferation and survival [20]. It is also important in aiding with macrophage recruitment to
inflammatory sites [23]. CSF-1 signaling can affect macrophage membrane ruffling, making
macrophages more mobile, and therefore more readily recruited to sites of inflammation
within tissues [42]. Additionally, CSF-1 signaling can stimulate monocyte precursors in the
bone marrow to differentiate into inflammatory monocytes [20]. The salutatory effect of
GW2580 may have been due to the effects of the drug on minimizing kidney macrophage
infiltration by inhibiting the recruitment of inflammatory monocytes from the circulation, by
negatively affecting proliferation and survival of tissue resident macrophages, or by some
combination of these effects.

Our studies strongly indicate that macrophages are instrumental in the pathogenesis of
kidney disease in this inducible model of LN. One mechanism by which macrophages can
be contributing to disease is through the release of inflammatory mediators including
multiple cytokines and chemokines. We found that depleting macrophages significantly
downregulates the kidney expression of cytokines known to contribute to disease
pathogenesis. Additionally, the decreased expression of certain chemokines, such as
RANTES, would explain the decreased number of T cells seen in kidneys of GW2580
treated mice. Furthermore, we were able to show that macrophage depletion prevented the
increased expression of both MMP-9 and HMGBL1, both macrophage secreted mediators
believed to be important in LN progression.

MMP-9 is involved in LN pathogenesis by contributing to extracellular matrix damage and
podocyte injury [43]; indeed, CD11B*F4/80N9" tissue resident macrophages, in the context
of nephritis, increase their MMP expression [44]. The proinflammatory activity of HMGB1
is mediated via TLR2, TLR4 and RAGE receptor signaling on both local and infiltrating
cells. Both MMP-9 [45] and HMGBL [46] are increased within diseased kidney tissue and in
lupus patient serum, while urinary HMGBL1 levels correlate with disease activity scores [47].
HMGB1 stimulated macrophages have been shown to release proinflammatory cytokines,
including MCP-1 [31]. MCP-1 can then attract more macrophages into the kidneys, thereby
creating a positive feedback loop that amplifies disease. Finally, we had previously
demonstrated that anti-DNA antibodies, acting via TLR2 and 4 signaling on mesangial cells,
can cause the release of HMGBL [48]. Therefore, any treatment that decreases HMGB1
expression, such as GW2580, can be beneficial for nephritis mediated by pathogenic
antibodies. In fact, GW2580 has translational application to patients. The related CSF-1R
inhibitors PLX 3397 and 5622 are in clinical trials for rheumatoid arthritis and cancer,
showing that this family of drugs can be adapted for treatment of human disease. This
potential approach is further validated by the fact that GW2580 ameliorated disease even
when beginning treatment later in the disease model.
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5. Conclusions

Our results point toward an important role of macrophages in disease development in
immune glomerulonephritis mediated by nephritogenic antibodies, providing strong support
for the pivotal role of macrophages in spontaneous lupus nephritis as well. Macrophages
seem to be important in translating immune complex deposition into active disease by
contributing to the inflammatory environment through the release of cytokines, as well
MMP-9 and HMGBL. Overall, this study highlights the important role of the innate immune
system, and specifically macrophages, within the context of disease development, and
encourages further development of macrophage targeting approaches for the treatment of
lupus nepbhritis.
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Fig. 1.

Renal function in NTS challenged mice. Proteinuria levels were analyzed by (A) Uristix at
different time points throughout the experiment (experimental timeline provided at the
bottom on the panel) or (B) Urine albumin ELISA, normalized to urine creatinine to adjust
for variations in urine output, at terminal day 16. Results are shown normalized to control
mice. NTS/PBS mice develop significantly higher levels of proteinuria by day 12, which
remained elevated through the end of the experiment at day 16. Renal function was also
analyzed by (C) serum creatinine and (D) serum blood urine nitrogen levels on terminal day
16. Shown here are results from one experiment (control mice, n = 5; NTS/GW2580 mice, n
= 10; NTS/PBS mice n = 10), which is representative of the two independent studies

performed.
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Renal histopathology. Panels A & B are from GW2580 treated mice. A shows a normal
appearing glomerulus; B shows a glomerulus with a focal deposit in a glomerular capillary
(arrow) but no prominent glomerular inflammation. Panel C and D are from NTS/PBS mice.
Panel C shows abundant intraluminal PAS+ deposits and focal intracapillary leukocyte
infiltration. Panel D shows a segmental cellular crescent (arrow) overlying prominent
intracapillary deposits. Panels A-D (600x, PAS stained) are representative of the mean
severity of renal pathology seen in their respective groups. NTS/PBS mice had significantly
worse endocapillary hypercellularity (E), extracapillary proliferation (F), and PAS+ deposits

(G).
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Fig. 3.

N'?’S is successfully induced in GW2580 treated mice. (A) Levels of serum mouse anti-
rabbit 1gG antibodies were assessed by ELISA to determine if GW2580 treatment interfered
with the initial immunization. (B) Rabbit anti-mouse GBM antibodies in serum were
measured by ELISA to ascertain that NTS/PBS mice and NTS/GW2580 mice were exposed
to comparable levels of nephrotoxic antibodies. Shown are results from one experiment
(control mice, n=5; NTS/GW2580 mice, n = 10; NTS/PBS mice, n = 10), which is
representative of the two independent studies performed.
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Fig. 4.

GI%meruIar 1gG deposition. NTS/GW2580 mice (A) and NTS/PBS mice (B) have
comparable levels of glomerular mouse 1gG deposition. Arrows point to selected glomeruli
exhibiting immunoglobulin deposition. Control mice (C), which did not receive the
nephrotoxic antibodies, did not show significant glomerular mouse 1gG deposition. Sections
were scored (D), and significant differences were noted when comparing NTS/PBS and
NTS/GW2580 mice to the control group.
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Fig. 5.
Macrophage depletion in GW2580 treated mice. In (A)—(C), the yellow lines outline the

glomeruli in each section. Control mice (A) stained positive for IBA-1 within the kidney
interstitium (green stain), indicating the presence of normal tissue resident macrophages. No
intra-glomerular staining was present, in contrast to what was seen in the NTS/PBS group
(B). GW2580 treated mice (C) resembled the control mice, maintaining a population of
interstitial macrophages, but without positive staining observed within the glomeruli. (D)
Quantification of intraglomerular macrophages. Shown in (A)-(D) are results from one
experiment (control mice, n=5; NTS/GW2580 mice, n = 10; NTS/PBS mice, n = 10),
which is representative of both early and late GW2580 treatment studies. (E, F) Flow
cytometry analysis of kidney single cell suspensions confirmed decreased numbers of both
CD11b*F4/80" macrophages and CD11b*F4/80!° macrophages in GW2580 treated mice.
(G) Flow cytometry analysis revealed no change in monocyte numbers in the blood in
response to GW2580, but a significant decrease in macrophage numbers in the spleen.
Shown in (E)—(G) are results from one experiment (control samples, n = 2; NTS/GW2580
samples, n = 4; and NTS/PBS samples, n = 4, with each cytometry sample containing cells
from 2 randomly chosen mice of that group), which is representative of both the early and
late GW2580 treatment studies.
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Fig. 6.

Kidney expression of inflammatory mediators. RT-PCR was performed on whole kidney
mRNA to quantitate RANTES, IP-10, VCAM-1, iNOS, CCR2, CX3CR1, MMP-9, and
HMGBL gene expression. PCR reactions were done in triplicate, and the PCR for each
cytokine repeated at least twice (FC, fold change compared to control). Shown are results
from one experiment (control mice, n=5; NTS/GW2580 mice, n = 10; NTS/PBS mice, n =
10), which is representative of the two independent studies performed.
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Quantification of kidney infiltrating T cells. Control mice (A) had minimal CD3+ cells,
while NTS/PBS mice (B) had significant T cell infiltrates (arrow). GW2580 treated mice (C)
had significantly less CD3+ cells (short arrows) than NTS/PBS mice. CD3+ cells were
quantified (D) in representative images taken at 20x magnification, and values normalized to
control mice. Shown are results from one experiment (control mice, n = 5; NTS/GW2580
mice, n=10; NTS/PBS mice, n = 10), which is representative of the two separate
experiments performed. Depicted images are at 20x for A and C, while B is at 40x for
enhanced viewing of the infiltrating population. Images are representative of their respective
groups.
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Fig. 8.
Delayed treatment with GW2580. Treatment with GW2580 starting on day 5, rather than

day 0, remains effective in attenuating the development of kidney dysfunction in NTS
challenged mice (A) Experimental time line. (B) Proteinuria was significantly reduced in
GW2580 treated mice, as determined by the urinary albumin to creatinine ratio. Results are
shown as the values normalized to control mice. (C) Serum creatinine does not rise in
response to the nephrotoxic challenge in GW2580 treated mice. Results shown are from one
experiment (control mice, n =4; NTS/GW2580 mice, n = 8; NTS/PBS mice, n = 8), which
is representative of the two experiments performed.
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