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Abstract

The melanocortin hormone system has emerged as a novel therapeutic target for treating refractory
glomerular diseases. However, the role of hematopoietic melanocortin 1 receptor (MC1R)
signaling remains unknown. Upon insult by rabbit nephrotoxic serum, MC1R null-mutant mice
developed more severe crescentic glomerulonephritis than wild-type mice, marked by aggravated
proteinuria, kidney dysfunction and histologic lesions. Melanocortin therapy, using Repository
Corticotropin Injection (Acthar Gel), the pan-melanocortin receptor agonist NDP-MSH, or the
MCI1R agonist MS05, ameliorated experimental nephritis in wild-type mice but this effect was
blunted in null mice. Exacerbated experimental nephritis in null mice was associated with
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increased glomerular deposition of autologous IgG and C5b-9, in parallel with higher circulating
levels of autologous 1gG2c and IgG3. Additionally, the Th1 immune response was potentiated
in null mice with experimental nephritis, accompanied by diminished kidney FoxP3* regulatory
T cells. Kidney infiltration of macrophages was also augmented by MC1R deficiency with an
enhanced M1 polarization. Moreover, adoptive transfer of syngeneic bone marrow-derived cells
from wild-type mice mitigated experimental nephritis in null mice and restored the beneficial
efficacy of melanocortins. Mechanistically, MC1R was expressed by diverse subsets of kidney
leukocytes, including macrophages, T and B lymphocytes, and inversely associated with the
NFxB pathway, a key player in immune responses. MS05 attenuated the production of rabbit
1gG-specific IgG2c and 1gG3 in cultured wild-type splenocytes, and promoted M2 polarization
in M1-primed wild-type macrophages, associated with NFxB inhibition. In contrast in null
splenocytes or macrophages, this effect of MS05 was barely detectable, but was mimicked by
an NF«xB inhibitor. Thus, hematopoietic MC1R signaling attenuates experimental nephritis and
mediates the beneficial effect of melanocortin therapy via, in part, by regulating the immune
response.
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Introduction

Glomerular diseases are the third leading cause of end stage renal failure in the US,
with no definitive therapy available yet.1 Adrenocorticotropic hormone (ACTH) was the
first treatment approved by the US Food and Drug Administration to induce remission
of proteinuria due to idiopathic nephrotic syndrome or lupus erythematosus, and was
commonly used in the 1950s.2-5 At that time, the mechanism of action was assumed

to be mediated indirectly via steroidogenesis.® Subsequently, with the introduction of
synthetic glucocorticoids such as prednisone in the 1960s, clinical use of ACTH became
uncommon.’=2 Two different types of ACTH are currently available for clinical use,
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synthetic ACTH, which contains ACTH1_p4, and natural ACTH, known as repository
corticotropin injection (RCI) or Acthar gel, which contains a complex mixture of
melanocortin peptides, including ACTH;_39.2 In recent years, a growing body of evidence
has suggested that ACTH is effective in a variety of glomerular diseases, including minimal
change disease,19-12 focal segmental glomerulosclerosis, 13 14 idiopathic membranous
nephropathy,1>-17 and proliferative glomerulonephritis.18 12 Moreover, the beneficial action
of ACTH is unlikely to result from steroidogenesis, because ACTH therapy is effective

in patients resistant to steroids.12 13 Furthermore, in addition to regulating adrenal
production of corticosteroids, ACTH also functions as a major ligand of the melanocortin
system, a neuroimmunoendocrine hormone system that is involved in a diverse array of
physiological functions including melanogenesis, immunomodulation, energy homeostasis,
sexual function and exocrine secretion.20

In agreement with the above clinical findings,20 pre-clinical studies reveal that non-
steroidogenic melanocortins, such as a-melanocyte stimulating hormone (MSH) and its
peptidomimetics, exert a unique salutary effect in rodent models of glomerular disease,
including lipopolysaccharide - or adriamycin-elicited podocytopathy?1: 22 and passive
Heymann nephritis.23 The mechanism underlying this renoprotective action is not fully
understood. Evidence suggests that melanocortin 1 receptor (MC1R) is expressed by
glomerular cells, such as podocytes, and that MC1R-specific agonists are able to lessen
proteinuria and glomerular injury in experimental membranous nephropathy, implying that
they play a protective role via glomerulus-specific MC1R signaling.23 In contrast, selective
MCI1R agonists barely triggered the cyclic-adenosine monophosphate (CAMP) response
downstream of MC1R signaling in cultured wild-type podocytes.24 Moreover, the selective
MCI1R agonist had minimal effects on proteinuria and glomerular injury in murine models
of acute podocytopathy elicited by adriamycin,2® suggesting that glomerular-specific MC1R
signaling alone, may not be sufficient for glomerular protection. Also potentially relevant
is the fact that most human glomerular diseases involve not only glomerular cell injury but
also systemic immune dysregulation.26 Despite extensive investigation, the extent to which
hematopoietic MC1R signaling contributes to the renoprotective action of melanocortin
therapy remains uncertain. This study aims to address this issue by harnessing MC1R&/¢
mice (e/e mice; homozygous for the mutant recessive Mc1/¢ allele) with the naturally
occurring loss-of-function null mutation of MC1R. Because many murine models of
nephrotic glomerulopathy are produced by administration of direct podocytoxic agents or
by podocyte depletion with only minimal involvement of immunopathogenic mechanisms,?’
this study employed the nephrotoxic serum (NTS) nephritis model, which is characterized
by heavy proteinuria and diffuse proliferative crescentic glomerulonepbhritis, and shares
pathologic features of human lupus nephritis.

More detailed information on methods is provided in the Supplementary Methods.
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Animal experimental design

Animal studies were approved by the animal care and use committee of the University of
Toledo, and they conformed to US Department of Agriculture regulations and the National
Institutes of Health guidelines for humane care and use of laboratory animals. Mice carrying
the recessive yellow Mc1r€ null allele on a C57BL/6 genetic background were acquired
from the Jackson Laboratory. They were bred to generate the MC1R®€ (e/e) mice that were
homozygous for the mutant recessive Mc1/¢ allele and were identified based on the yellow
coat color. Mice carrying the dominant Mc1/~ allele had the wild-type (WT) trait of black
coat color, and were generated from the same crossings as MC1R®® mice and they served as
WT controls. The murine model of NTS nephritis was established in male WT or e/e mice
as previously described, with some modifications,28 followed by treatment with vehicles or
melanocortins, including the RCI (Acthar Gel, Mallinckrodt ARD), the pan-melanocortin
receptor agonist [Nle, DPhe]-a-MSH (NDP-MSH), and the MC1R agonist MS05 (custom-
made peptide, GL Biochem).

Adoptive transfer of bone marrow-derived cells

Bone marrow-derived cells (BMDCs) were freshly prepared from syngeneic donor mice by
flushing the dissected femurs and tibiae, and labelled as previously reported with PKH26
(Sigma-Aldrich),2? a red fluorescent cell-labeling dye for in vivo live cell imaging and
tracking. WT or e/e mice received adoptive transfer of 1x108 syngeneic BMDCs every 10
days, for a total of 3 times v/atail vein infusion, followed by NTS injury and treatment with
melanocortins or vehicles.

Statistical analyses

Results

The integrated pixel density of immunoblot bands and mean fluorescence intensity of
fluorescence staining were determined using the ImageJ program (National Institutes of
Health, Bethesda, MD). All /n vitro studies were repeated at least 3 times. Power analysis
was performed based on pilot data, using the G*power software to determine the sample
size needed to detect a 25% difference in proteinuria between WT and e/e mice upon

NTS injury with 80% power and a 2-sided P-value of 0.05. GraphPad Prism 8.0 was

used for statistical analysis. Data are expressed as meanz SD (or as mean difference, with
95% confidence intervals [95%CI] for the mean differences). One-way analysis of variance
tests were performed to compare means of normally distributed data across several groups,
and when these differed significantly, the Student’s ttest for equal variance was used for
pairwise comparisons. Data from 2 groups were analyzed using an unpaired #test. A<0.05
was considered statistically significant.

MC1R deficiency exacerbates NTS nephritis and lessens the protective efficacy of
melanocortin therapy

After 14 days of NTS injury (Figure 1a), vehicle-treated WT mice demonstrated prominent
proteinuria, as quantitated by urine albumin-to-creatinine ratios (UACR; Figure 1b), and
kidney dysfunction, as evidenced by elevated blood urea nitrogen (BUN) levels (Figure
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1c). These functional impairments were associated with histologic evidence of renal injury,
including glomerular hypercellularity, crescent formation, mesangial expansion, protein
casts, inflammation and fibrosis, as shown by periodic acid-Schiff (PAS) staining (Figure
1d) and evaluated by semi-quantitative morphometric analysis of glomerulonephritis scores,
tubulointerstitial nephritis scores, and percentage of crescentic glomeruli (Figure 1e—g). As
expected in animals with massive proteinuria, vehicle-treated WT mice displayed prominent
podocyte injury, characterized by podocytopenia, marked by loss of glomerular staining

for podocyte markers such as wilms’ tumor-1 and podocin, and by de novo expression

of podocyte injury marker desmin, as shown by dual-color fluorescent immunostaining

for desmin and synaptopodin (Figure 2a). These morphologic findings were further
corroborated by immunoblot analysis of isolated glomeruli (Figure 2b) in conjunction

with densitometry (Figure 2c and d). The above signs of NTS nephritis were exacerbated

in vehicle-treated e/e mice, as compared with vehicle-treated WT mice, with significant
differences (P<0.05) in UACR (9.416, 95%Cl: 6.521, 12.31), BUN (14.76, 95%Cl: 3.668,
25.84), glomerulonephritis score (0.8444, 95%ClI: 0.2926, 1.396), tubulointerstitial nephritis
score (0.9167, 95%Cl: 0.5225, 1.311), and percentage of crescentic glomeruli (17.23,
95%Cl: 10.44, 24.03). RCI or NDP-MSH treatment significantly reduced uACRs (Figure
1b) and BUN levels (Figure 1c), improved kidney pathology (Figure 1d-g), and ameliorated
podocyte injury (Figure 2) in WT mice after NTS injury. Similar beneficial effects were also
achieved, though to a lesser extent, by MS05 (a selective MC1R agonist) in NTS-injured
WT mice (Supplementary Figure S1). In contrast, in NTS-injured e/e mice, MS05 and
vehicle treatment resulted in comparable effects with regard to uUACR (-0.9999, 95%CI:
-3.895, 1.896), BUN (0.5617, 95%CIl: -10.52, 11.65), glomerulonephritis score (—0.3945,
95%Cl: —0.9463, 0.1573), tubulointerstitial nephritis score (—0.100, 95%Cl: —0.4942,
0.2942), and percentage of crescentic glomeruli (=1.700, 95%Cl: —-8.497, 5.097). Given
that the Cls for mean differences contain the null value zero, the evidence based on this
study was insufficient to conclude that a difference was present between MS05 and vehicle
treatment in NTS-injured e/e mice (Figure 1). This finding warrants validation in future
larger studies. Likewise, the protective efficacy of RCI and NDP-MSH was blunted in
NTS-injured e/e mice, as evidenced by the lower percentage of reduction in uUACR and BUN
levels (Supplementary Figure S1a and b), and a lesser-fold change in wilms’ tumor-1 and
podocin expressions in e/e mice (Supplementary Figure S1c and d).

MCI1R signaling is involved in the humoral immune response of NTS nephritis and
contributes to the protective effect of melanocortin therapy

Evidence suggests that podocyte-specific MC1R signaling may protect against glomerular
injury.23: 24,30 Tg test whether glomerular MC1R signaling is present in NTS nephritis,

WT and e/e mice were examined 1 day after NTS injury (Supplementary Figure S2a), an
early stage of NTS nephritis when adaptive immunity is unlikely to be prominent. Shown

in Supplementary Figures S2 and S3, e/e and WT mice presented a comparable-magnitude
albuminuria (0.02507, 95%CI: —0.03803, 0.08816) (Figure S2b), glomerular damage (Figure
S2c and d), and podocyte injury (Figure S3a—e) in response to similar NTS insults, as

shown by linear deposition to a similar extent of the glomerular basement membrane
(GBM)-reactive NTS IgG, together with the terminal complement complex C5b-9 along
glomerular capillary loops (Supplementary Figure S3f-h). The negligible effect of MC1R
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deficiency on proteinuria or glomerular injury at this very early stage of NTS injury may
suggest that the aggravated NTS nephritis that develops later in e/e mice is unlikely to

be due to a sensitized response of the e/e kidney cells to injury. However, because other
possible confounding factors also exist including the early and premature immune response,
and the short time to renal injury, this finding needs to be validated in future studies in a
purely heterologous model of NTS nephritis.

To determine whether alterations of an extrarenal, MC1R-mediated process contribute to
the aggravated NTS nephritis in e/e mice on day 14, kidney specimens were processed
for immunofluorescence staining for mouse IgG and C5b-9 (Figure 3a), followed by
morphometric measurements of mean fluorescence intensity (Figure 3b and c). As shown
in Figure 3, deposition of mouse 1gG, together with C5b-9 along glomerular capillary
loops, was evident in vehicle-treated WT mice after NTS injury, consistent with an
autologous immune nephritis. This effect was markedly enhanced in vehicle-treated e/e
mice, suggesting that the humoral immune response to the xenogeneic NTS may be
amplified in e/e mice. Melanocortin treatment markedly reduced glomerular deposition of
mouse IgG and C5b-9 in WT mice (Figure 3), whereas MC1R deficiency blunted this
beneficial effect and largely abrogated the protective action of MS05 (Supplementary Figure
S4a and b).

Different 1gG subclasses have variable complement-fixing and opsonizing activities.3!

For instance, 1gG3 has potent complement-fixing activity, and IgG2a/c has strong Fc
gamma receptor (FcyR) affinity. To determine whether the differences in glomerular

injury and glomerular accumulation of autologous IgG between WT and e/e mice

result from deposition of different IgG subclasses, kidney sections were processed for
immunofluorescent staining for mouse IgG1, 1gG2c, and IgG3. Shown in Figure 4a,
glomerular deposition of IgG2¢ and IgG3 was more intense in e/e mice than in WT mice
after NTS injury. In contrast, glomerular deposition of 1gG1 was similar in both the WT
and e/e groups (data not shown). To further examine whether a difference in systemic
humoral immune responses also contributes, serum levels of mouse anti-rabbit 1gG and 19gG
subclasses were next assayed. As shown in Figure 4b, compared with WT mice, e/e mice
had significantly (P<0.05) higher circulating levels of 1gG2c (0.8678, 95%ClI: 0.1083, 1.627)
and 1gG3 (0.79, 95%CI: 0.1477, 1.432) after NTS injury, despite similar levels of IgG1 in
the 2 groups (0.479, 95%Cl: —0.766, 1.724).

MC1R deficiency promotes T helper type 1 (Th1l) immune response in NTS nephritis

Not only humoral immunity, but also cell-mediated immune response contributes to
glomerular injury in NTS nephritis.32 To examine whether MC1R signaling modulates

T helper (Th) immunity, signature cytokines of Th immunity were assayed in kidney
homogenates. As shown in Figure 5a, compared with WT mice, e/e mice with NTS
nephritis displayed higher renal expression of interferon- -y (IFN-vy), and a trend toward
increased expression of tumor necrosis factor-a, consistent with an enhanced Th1 immune
response. In parallel, the number of regulatory T cells (Treg) in the nephritic kidneys

was diminished in e/e mice, compared with that in WT mice, as shown by fluorescent
immunohistochemistry staining for the Treg marker FoxP3 (Figure 5b).

Kidney Int. Author manuscript; available in PMC 2024 February 01.
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MCI1R signaling mitigates glomerular infiltration of macrophages in NTS nephritis and
favors M2 polarization

Macrophage infiltration also plays a key role in NTS nephritis.32 To determine whether
MCI1R regulation of NTS nephritis was associated with changes in macrophage infiltration,
kidney specimens were processed for dual-color fluorescent immunohistochemistry staining
for the macrophage marker F4/80 and the M1 macrophage-specific marker inducible nitric
oxide synthase (iNOS) or the M2 macrophage marker mannose receptor (MR; Figure 6a),
which were barely detectable in normal kidney tissues. NTS injury resulted in evident renal
infiltration of F4/80-positive macrophages expressing iNOS or MR in WT mice (Figure

6a). In contrast, MC1R deficiency in e/e mice augmented renal infiltration of F4/80-positive
macrophages mostly positive for iNOS upon NTS injury, in association with diminished
MR-positive macrophages, suggesting an enhanced proinflammatory M1 polarization
(Figure 6a). The morphologic findings were further verified by immunoblot analysis of
kidney specimens (Figure 6b and c). Conversely, MC1R activation in NTS-injured WT mice
by MS05, RCI, or NDP-MSH mitigated Kidney infiltration of macrophages, concomitant
with a macrophage polarization skewed toward the anti-inflammatory M2 phenotype, as
evidenced by the reduced expression of F4/80, iNOS and interleukin (IL-1p), but elevated
expression of MR and arginase-1 on immunoblot analysis (Supplementary Figure S5).

Hematopoietic MC1R signaling protects against NTS nephritis and mediates the beneficial
effect of melanocortin therapy

MCIR is expressed in many tissues,33 34 including hematopoietic cells, such as
lymphocytes, dendritic cells, and macrophages.33: 34 To determine if hematopoietic MC1R
signaling is involved in NTS nephritis, WT or e/e mice received adoptive transfer of
syngeneic BMDCs prepared from WT or e/e mice, followed by NTS injury and treatment
with melanocortins or vehicle (Figure 7a). Shown in Figure 7b, BMDCs freshly prepared
from donor mice were labelled with PKH26. After NTS injury, PKH26-positive cells were
noted in kidney specimens of recipient mice, including renal interstitia and glomeruli, as
identified by podocin staining, denoting successful adoptive transfer and tissue engraftment
of BMDCs (Figure 7c). The morphologic findings were further verified by PKH26*

donor chimerism in the kidney, the blood, and the spleen (Supplementary Figure S6),

as estimated by flow cytometry quantification of the isolated hematopoietic cells positive
for CD45 and PKH26. As compared with WT mice that received WT BMDCs, adoptive
transfer of e/le BMDC to WT mice worsened proteinuria and kidney dysfunction after
NTS injury, shown by the UACR (1.819, 95%CI: 0.06428, 3.574) and BUN levels (11.56,
95%Cl: 0.3011, 22.83; Supplementary Figure S7). Conversely, compared with control e/e
mice receiving e/e BMDCs, adoptive transfer of WT BMDCs to e/e mice significantly
ameliorated albuminuria (Figure 7d; UACR: 7.793, 95%CI: 5.206, 10.38) and kidney
dysfunction (Figure 7e; BUN: 18.25, 95%CI: 5.084, 31.41), and attenuated histologic
lesions of NTS nephritis (Supplementary Figure S8a), as evaluated by glomerulonephritis
scores (0.7333, 95%CI: 0.3571, 1.110), tubulointerstitial nephritis scores (0.750, 95%CI:
0.4091, 1.091), and percentage of crescentic glomeruli (17.22, 95%Cl: 11.34, 23.11;
Supplementary Figure S8b—d). Consistent with the improvement in proteinuria, podocyte
damage in NTS-injured e/e mice was improved by adoptive transfer of WT BMDCs,
marked by retention of podocyte-specific markers in glomeruli, including wilms’ tumor-1
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and podocin, as determined by fluorescent immunohistochemistry staining (Figure 8a) and
immunoblot analysis of isolated glomeruli (Figure 8b—d). In addition, adoptive transfer

of WT BMDC:s rather than e/fe BMDCs reinstated the protective efficacy of RCI, NDP-
MSH, or MS05 in NTS-injured e/e mice, marked by an improvement in proteinuria,

kidney function and histologic lesions (Figure 7 and Supplementary Figure S8). This

effect was accompanied by a restored protection of melanocortins against podocyte injury,
as demonstrated by preservation of wilms’ tumor-1 and podocin expression in glomeruli
(Figure 8). Moreover, the beneficial effect exerted by adoptive transfer of WT BMDCs was
associated with reduction in glomerular deposition of autologous 1gG (Figure 9a and b) and
C5b-9 (Figure 9a and c).

MC1R is expressed by renal leukocytes and modulates adaptive immune response via
inhibition of nuclear factor-xB

To characterize the patterns of expression of melanocortin receptor (MCR) in diverse
leukocyte subsets in the kidney, a post hoc analysis of single-cell RNA sequencing
(scRNAseq) transcriptome of kidney biopsies from lupus patients was performed based

on the publicly available data derived from the Accelerating Medicines Partnership (AMP)
Phase | Studies of Lupus Nephritis.3> Shown in Supplementary Figure S9a—c, MC1R,

but not other MCRs, was expressed in human kidneys with lupus nephritis by diverse
immune cells, including T cells, B cells and macrophages. To validate the mMRNA expression
data, renal leukocytes were isolated from WT mice with NTS nephritis and subjected to
flow cytometry analysis for MC1R in combination with a number of leukocyte markers,
including CD45, CD3, CD19 and F4/80 (Figure 10a). In agreement with previous reports,36
approximately 57% of CD45+ leukocytes, 46% of CD3+ T lymphocytes, 78% of CD19+

B lymphocytes, and 65% of F4/80+ macrophages in the NTS nephritic kidneys expressed
MCI1R, suggesting that renal leukocytes are potential target cells for melanocortin hormones
via binding to MC1R. The flow cytometry data were further verified by immunoblot analysis
of isolated macrophages, T and B lymphocytes for MC1R, which clearly showed MC1R
expression in the WT but not the e/e group (Figure 10b).

To further determine the molecular mechanism by which MC1R modulates immune

cell activity and immune responses, additional post hoc analyses were performed using

the publicly available transcriptome of peripheral blood mononuclear cells (PBMCs)
isolated from lupus patients (GEO accession number: GSE121239). A number of gene

sets related to immunogenic or tolerogenic regulatory pathways were examined by gene

set enrichment analysis (GESA). The curated gene set “BIOCARTA_NFKB_PATHWAY”
exhibited significant enrichment in low-expression of MC1R as opposed to high-expression
of MC1R in lupus PBMCs (Figure 10c), suggesting that MC1R is negatively associated with
NF«xB signaling in immune cells.

NF«xB has been implicated as a critical modulator of immune responses in diverse immune
cells.3” Thus, it is tempting to speculate that MC1R may modulate NFxB signaling and
thereby regulate the activity of immune cells in NTS nephritis. To test this hypothesis,
splenocytes were prepared from WT and e/e mice 14 days after NTS injury and stimulated
in vitro with rabbit 1gG in the presence or absence of MS05 (Figure 11a). Enzyme-linked
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immunosorbent assay (ELISA) analysis of splenocyte supernatants (Figure 11b) revealed
that the production of anti-rabbit 1gG2c (0.813, 95%CI: —0.001646, 1.628) and 1gG3
(0.6773, 95%Cl: 0.0731, 1.281) was significantly greater in e/e cells than in WT cells and
was suppressed by MS05 in WT cells (Figure 11c), associated with a reduction in NFxB
phosphorylation and activation (Figure 11d). In contrast, in e/e splenocytes, these effects
of MSO05 were only marginally induced but were mimicked by pyrrolidine dithiocarbamate,
an NFxB inhibitor (Figure 11c), suggesting that MC1R may regulate /n vitroimmune
responses of splenocytes via NFxB inhibition.

To determine whether MC1R signaling also regulates macrophage polarization, in vitro
studies on macrophages were performed. BMDCs were prepared from WT and e/e mice

and incubated with granulocyte-macrophage colony-stimulating factor (GM-CSF) for 7 days
to generate bone marrow-derived macrophages (Figure 12a), which were then primed to

the M1 phenotype with lipopolysaccharide and interferon-y for 4 days in the presence

or absence of MS05. As shown in Figure 12b, lipopolysaccharide + interferon-y caused
NFxB p65 phosphorylation and activation in macrophages. This effect was abrogated by
co-treatment with MS05, concomitant with reduced expression of iNOS and IL-1 but
increased expression of MR and arginase-1, consistent with a pro-M2 skewing effect on
macrophage polarization. In contrast, in e/e macrophages, the effects of MS05 were barely
induced but were mimicked by pyrrolidine dithiocarbamate with a shift from the M1 to M2
phenotype (Figure 12b). Taken together, these findings suggest that MC1R signaling exerts a
pro-M2 skewing effect on macrophage polarization via NFxB inhibition.

Discussion

Clinical and experimental evidence suggests that melanocortin therapy confers a protective
effect in glomerular disease.3® Our present study demonstrates that MC1R signaling in
hematopoietic cells plays a key role in mediating the beneficial effect of melanocortin
therapy in NTS nepbhritis.

In addition to causing renal cell injury, NTS nephritis is characterized by a robust systemic
immune response.3% 40 In our study, melanocortin therapy ameliorated glomerular injury,
and this effect was associated with reduced glomerular deposition of autologous 1gG and
C5b-9. This finding is in agreement with previous reports on other immune-mediated
diseases. For instance, in the pristine induced lupus-like murine model, Botte et a#*! found
that NDP-MSH treatment improved glomerular hypercellularity and renal damage, and this
improvement was associated with reduced 1gG deposition in glomeruli, diminished plasma
levels of 1IgG1 and 1gG2a, and reduced incidence of antinuclear antibody, all consistent
with a suppressed humoral immune response. The pathogenesis of the abnormal immune
response in diseases like lupus#2-44 or NTS nephritis32 4% is complex, and it depends

upon the orchestrated interaction of a number of immune-competent cells, including
antigen-presenting cells, and T and B lymphocytes. The exact mechanisms by which the
melanocortinergic signaling regulates this process are not fully understood, but our data
and previous findings shed light on some potential mechanisms. Immune cells including T
and B cells express MCR and may be an important target of melanocortins.36:46 Similarly,
we found that MC1R is expressed by a variety of renal leukocyte subsets, suggesting
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that melanocortins might directly bind to immune cells and modulate their reactivity to
autoantigens or xenoantigens as in NTS. In support of this notion, Olsen et a/4’ detected a
direct effect of melanocortins on human B cells /in vitro. They found reduced proliferation
and IgG production in peripheral blood B cells that were isolated from healthy volunteers
and exposed to Acthar Gel.#” The MCRs that mediate this effect have been uncertain but
may involve MC1R or MC3R.*8 Our present study demonstrates that MC1R signaling
represses autologous antibody generation, although the pathogenic role of the autologous
antibodies in NTS nepbhritis is still under discussion.

Adaptive cellular immune response is also implicated in glomerulonephritis32, and
specifically, adaptive Th immunity influences the severity of NTS nephritis.#? Several lines
of evidence from our study, including increased renal expression of IFN-y and augmented
levels of antigen-specific 1gG2c¢ and IgG3 in e/e mice upon NTS injury, suggest that MC1R
deficiency promotes the Th1l immune response. In addition, MC1R deficiency seems to
disrupt regulatory T cell homeostasis in NTS nephritis, as shown by reduced numbers

of Foxp3* cells in the diseased kidney. This effect is in agreement with a recent finding
that MC1R is essential for the protective effect of NDP-MSH in mice with experimental
autoimmune encephalomyelitis - in this context, it suppressed the Th1 response and
potentiated Treg function.>?

Macrophages also play a role in NTS nephritis°}: M1 macrophage cell therapy worsens,
whereas M2 macrophage transfusion ameliorates, NTS nephritis.>2 Monocytes/macrophages
are also known to express MCR and thus may contribute to the beneficial effect of
melanocortins®3. Our data indicate that macrophage-specific MC1R signaling favors M2
polarization and an anti-inflammatory phenotype. In line with our findings, MC1R-promoted
M2 polarization has also been described in infectious inflammation®# and in macrophage
foam cell formation in atherosclerotic plaques®®. Nevertheless, the functional role of MC1R
regulation of macrophage polarization for the protective effect of MC1R signaling in the
NTS nephritis is still uncertain and merits further investigation.

Finally, although other signaling mechanisms may also mediate MC1R’s role in NTS
nephritis, our findings that MC1R modulates the NFxB pathway, and this is likely involved
in MC1R regulation of immune cell activity, are in concert with recent evidence showing
MC1R modulates proinflammatory NF«B activation in other cell types and tissues.® 57 In
our study, although MSO05 is a selective MC1R agonist, RClI is a steroidogenic pan-MCR
agonist that activates all 5 MCRs (MC1-5R), and NDP-MSH is a nonsteroidogenic pan-
MCR agonist that activates MC1R and MC3,4,5R. If not only MC1R but also other MCRs
influence NTS nephritis, then activation of all MCRs by RCI or NDP-MSH might have
greater protective effects than activation of MC1R only by MS05, shown in our study.
Moreover, the benefit of MS05 was largely blunted in e/e mice with NTS nepbhritis, whereas
the pan-MCR agonists such as RCI and NDP-MSH, were still effective.

In summary, MC1R deficiency aggravates NTS nephritis in mice and mitigates the beneficial
effects of melanocortins. Mechanistically, hematopoietic-specific MC1R signaling seems to
protect against NTS nephritis via modulation of the immune response. Our findings may
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open up new avenues for development of a novel therapeutic approach for immune-mediated
glomerular disease, based on targeting of MC1R.
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Translational Statement

The melanocortin neuropeptides, represented by adrenocorticotropic hormone (ACTH),
have recently emerged as a novel therapeutic choice for treating refractory glomerular
diseases. The molecular mechanism of this action remains uncertain. This study
demonstrated, in both /7 vivoand /n vitro models, that hematopoietic-specific
melanocortin 1 receptor(MC1R) signaling attenuates nephrotoxic serum nephritis and
mediates the beneficial effect of melanocortin therapy. This renoprotective action of
MCIR is achieved, at least in part, v/aa regulatory effect on immune response. These
findings may open up new avenues for developing novel therapeutic strategies to treat
immune-mediated glomerular disease based on targeting of MC1R.
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Figure 1. The e/e loss-of-function mutation of MC1R aggravates proteinuria, kidney injury and
dysfunction in murine models of nephrotoxic serum (NTS) nephritis, and blunts the protective
efficacy of melanocortin therapy.

(a) Schematic diagram depicts the animal study design. Wild-type (WT) and MC1R-null
(e/e) mice received an intraperitoneal injection of 250pl rabbit IgG emulsified in complete
Freund’s adjuvant (CFA) 6 days before a tail vein injection of either rabbit NTS or
nonimmune IgG, followed by treatment with repository corticotropin injection (RCI),
vehicle gel (Veh gel), the pan-melanocortin receptor agonist [Nle, DPhe]-a-MSH (NDP-
MSH), MC1R agonist MS05 (custom-made peptide, GL Biochem), or vehicle (\eh) till day
14. (b) Proteinuria was estimated using the urinary albumin-to-creatinine ratios (UACR). (c)
Kidney function was assessed by measuring blood urea nitrogen (BUN) levels in sera. (d)
Representative micrographs of periodic acid-Schiff staining of mouse kidneys are shown.
Arrowheads indicate glomeruli with crescents (Scale bar = 50 pm). (e~g) Semi-quantitative
morphometric analysis of (e) glomerulonephritis (GN) score, (f) tubulointerstitial nephritis
(TIN) score, and (g) the percentage of glomeruli with crescents based on periodic acid-
Schiff staining of mouse kidneys. *P<0.05 by analysis of variance. 2/<0.05 versus e/e group
treated with NTS and Veh gel or WT group with NTS and RCI treatment; P/£<0.05 versus e/e
mice treated with NTS and RCI; ©/<0.05 versus e/e mice treated with NTS and Veh or WT
mice treated with NTS and NDP-MSH or MS05; 9/<0.05 versus e/e mice treated with NTS
and NDP-MSH; (n=6). g.0.d., every other day; s.c., subcutaneous. To optimize viewing of
this image, please see the online version of this article at www.kidney-international.org.
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Figure 2. Melanocortin 1 receptor (MC1R) deficiency exacerbates podocyte injury in murine
models of nephrotoxic serum (NTS) nephritis and blunts the protective efficacy of melanocortins.

(a) Animals were treated as shown in Figure 1. Representative micrographs show fluorescent
immunohistochemistry staining of kidney specimens for indicated proteins, with glomeruli
outlined by dashed circles. (bar=20 um). White arrowheads indicate desmin expression

in synaptopodin (SYNPO)-positive podocytes. (b) Representative blots show immunoblot
analysis of isolated glomeruli for indicated proteins. (c, d) Estimation of the abundance of
wilms” tumor-1 (WT-1) and podocin expression by densitometric analyses of immunaoblots,
presented as relative levels normalized to actin. */<0.05 by analysis of variance. 2/<0.01
versus e/e (MC1R-null) group treated with NTS and Vehicle (\eh) gel or wild-type (WT)
group with NTS and repository corticotropin injection (RCI) treatment; °£<0.01 versus e/e
mice treated with NTS and RCI; ©/<0.05 versus e/e mice treated with NTS and Veh or

WT mice treated with NTS and pan-melanocortin receptor agonist [Nle, DPhe]-a-MSH
(NDP-MSH) or MC1R agonist MS05 (custom-made peptide, GL Biochem); 9/<:0.05 versus
e/e mice treated with NTS and NDP-MSH; (n=6). To optimize viewing of this image, please
see the online version of this article at www.kidney-international.org.
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Figure 3. Melanocortin 1 receptor (MC1R) deficiency promotes glomerular deposition of mouse
1gG and the terminal complement complex C5b-9 along glomerular capillary loops in murine
models of NTS nephritis, and lessens the protective efficacy of melanocortin therapy.

(a) Representative micrographs show immunofluorescence staining of kidney cryosections
for mouse 1gG or the complement membrane attack complex C5b-9 (bar=20 pm). (b)
Avrbitrary levels of mean fluorescence intensity (MFI) of mouse 1gG staining or (c) C5b-9
staining in glomeruli, as estimated by computerized morphometric analysis. */<0.05 by
analysis of variance. 2/2<0.05 versus e/e group treated with NTS and Vehicle (\eh) gel or
wild-type (WT) group with NTS and repository corticotropin injection (RCI) treatment;
bp<:0.05 versus e/e (MC1R-null) mice treated with NTS and RCI; ©/<0.05 versus e/e

mice treated with NTS and Veh or WT mice treated with NTS and pan-melanocortin
receptor agonist [Nle, DPhe]-a-MSH (NDP-MSH) or MC1R agonist MS05 (custom-made
peptide, GL Biochem); 4/<0.05 versus e/e mice treated with NTS and NDP-MSH:; (n=6). To
optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Figure 4. Melanocortin 1 receptor (MC1R) deficiency augments glomerular deposition and
circulating levels of mouse autologous 1gG2c and 1gG3 in nephrotoxic serum (NTS) nephritis.

(a) Representative micrographs show immunofluorescence staining of kidney specimens
procured from IgG or NTS-injured and vehicle-treated mice for mouse 1gG2c¢ and 1gG3.
(bar=25 um). (b) Arbitrary levels of rabbit IgG-specific mouse IgG, 1gG1, IgG2c and 1gG3
in sera collected from vehicle-treated wild-type (WT) or e/e (MC1R-null) mice with NTS
nephritis, as determined by enzyme-linked immunosorbent assay of diluted sera. 2/<0.05 by
unpaired t test (n=4). OD, optical density. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 5. Melanocortin 1 receptor (MC1R) deficiency potentiates T helper type 1 (Thl) immune
response and diminishes renal regulatory T cells in nephrotoxic serum (NTS) nephritis.

(a) Kidney homogenates derived from NTS-injured vehicle-treated wild-type (WT) or e/e
mice (MC1R-null) were processed for profiling of signature cytokines of Th immunity.
8P<0.05 by unpaired ftest (n=4). (b) Representative micrographs show immunofluorescence
staining of kidney cryosections for forkhead box protein P3 (FoxP3), with glomeruli
outlined by dashed circles. Arrowheads indicate the positive staining of FoxP3. (bar=50 pm).
Absolute counting of FoxP3* cells per microscopic field. 2<0.05 by unpaired ftest (n=4).
IFN, interferon; TNF, tumor necrosis factor. To optimize viewing of this image, please see
the online version of this article at www.kidney-international.org.
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Figure 6. Melanocortin 1 receptor (MC1R) deficiency increases kidney infiltration of
macrophages in nephrotoxic serum (NTS) nephritis and enhances M1 polarization.

(a) Representative micrographs show dual-color immunofluorescence staining of kidney
specimens procured from IgG or NTS-injured and vehicle-treated mice for F4/80 and
inducible nitric oxide synthase (iNOS) or mannose receptor (MR), with glomeruli outlined
by dashed circles (bar=25 pm). Arrowheads indicate cells positive for dual-color staining.
(b) Kidney homogenates were processed for immunoblot analysis for indicated proteins. (c)
Estimation of the abundance of indicated proteins in NTS-injured groups by densitometric
analyses of immunoblots, expressed as relative levels normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). 2/<0.05 versus NTS-injured wild-type (WT) mice for
the same protein by unpaired ztest (n=4). To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 7. Adoptive transfer of bone marrow-derived cells (BMDC) prepared from syngeneic
wild-type (WT) mice alleviates proteinuria, kidney injury, and dysfunction in e/e (melanocortin
1 receptor -null) mice with nephrotoxic serum (NTS) nephritis, and reinstates the protective
efficacy of melanocortin therapy.

(a) Schematic diagram depicts the animal study design. (b) Representative fluorescent
micrographs of red fluorescent dye PKH26-labelled BMDC (red) prior to infusion
(bar=100um). (c) Representative fluorescent micrographs show engraftment of PKH26*
BMDC (red) in renal interstitia and glomeruli, marked by podocin staining (green), in
recipient mice 14 days after NTS injury (Scale bar=100um). (d) Proteinuria was estimated
by the urinary albumin-to-creatinine ratios (UACR). (e) Kidney function was assessed by
measuring blood urea nitrogen (BUN) levels in sera. */£<0.05 by analysis of variance.
ap<0.05 versus NTS-injured mice treated with e/e BMDC and Vehicle (Veh) gel or with
WT BMDC and repository corticotropin injection (RCI); °2<0.05 versus NTS-injured mice
treated with e/e BMDC and RCI; ©/A<0.05 versus NTS-injured mice treated with e/fe BMDC
and Veh or with WT BMDC and pan-melanocortin receptor agonist [Nle, DPhe]-a-MSH
(NDP-MSH) or MC1R agonist MS05 (custom-made peptide, GL Biochem); 9/<0.05 versus
NTS-injured mice treated with e/e BMDC and NDP-MSH; (n=6). CFA, complete Freund’s
adjuvant; g.0.d., every other day; s.c., subcutaneous. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Figure 8. Adoptive transfer of bone marrow-derived cells (BMDC) prepared from syngeneic
wild-type (WT) mice protects e/e (melanocortin 1 receptor -null) mice against nephrotoxic serum
(NTS)-elicited podocyte injury, and restores the podocyte protective efficacy of melanocortin
therapy.

(@) Animals were treated as described in Figure 7. Representative micrographs show

immunofluorescence staining of kidney specimens for podocyte-specific markers wild-
type (WT) and podocin, with glomeruli outlined by dashed circles (bar =20 pm). (b)
Representative blots showing immunoblot analysis of isolated glomeruli for indicated
proteins. (c, d) Estimation of the abundance of WT-1 and podocin in glomeruli by
densitometric analyses of immunoblots, expressed as relative levels normalized to actin.
*P<0.05 by analysis of variance. 2/<0.01 versus NTS-injured mice treated with e/e BMDC
and Vehicle (\eh) gel or with WT BMDC and repository corticotropin injection (RCI);
bp<0.01 versus NTS-injured mice treated with e/e BMDC and RCI; ©/<0.05 versus NTS-
injured mice treated with e/fe BMDC and (Veh) or with WT BMDC and pan-melanocortin
receptor agonist [Nle, DPhe]-a-MSH (NDP-MSH) or MC1R agonist MS05 (custom-made
peptide, GL Biochem); 9/<0.05 versus NTS-injured mice treated with e/e BMDC and NDP-
MSH; (n=6). CFA, complete Freund’s adjuvant; g.0.d., every other day; s.c., subcutaneous.
To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 9. Adoptive transfer of bone marrow-derived cells (BMDC) prepared from syngeneic
wild-type (WT) mice diminishes glomerular deposition of mouse 1gG and C5b-9 in e/e
(melanocortin 1 receptor -null) mice with nephrotoxic serum (NTS) nephritis, and restores the
protective effect of melanocortin therapy.

(@) Animals were treated as described in Figure 7. Representative micrographs show
immunofluorescence staining of kidney specimens for mouse 1gG or C5b-9 (bar =20

pum). (b, ) Arbitrary levels of mean fluorescence intensity (MFI) of (b) mouse 1gG
staining or (c) C5b-9 staining in glomeruli, as estimated by computerized morphometric
analysis. *P<0.05 by analysis of variance. 2/<0.05 versus NTS-injured mice treated with
e/e BMDC and Vehicle (\eh) gel or with BMDC and repository corticotropin injection
(RCI); P/<0.05 versus NTS-injured mice treated with e/e BMDC and RCI; ©/<0.05 versus
NTS-injured mice treated with e/e BMDC and Vehicle (Veh) or with WT BMDC and pan-
melanocortin receptor agonist [Nle, DPhe]-a-MSH (NDP-MSH) or MC1R agonist MS05
(custom-made peptide, GL Biochem); 9/<0.05 versus NTS-injured mice treated with e/e
BMDC and NDP-MSH; (n=6). CFA, complete Freund’s adjuvant; g.0.d., every other day;
s.c., subcutaneous. To optimize viewing of this image, please see the online version of this
article at www.kidney-international.org.
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Figure 10. Melanocortin 1 receptor (MC1R) is expressed by diverse subsets of renal leukocytes
and inversely correlates with the nuclear factor (NFxB) pathway.

(a) Flow cytometry analysis of renal leukocytes isolated from wild-type (WT) mice with
nephrotoxic serum (NTS) nephritis (pool of 3 animals per group) demonstrates MC1R
expression in CD45+, F4/80+, CD3+, and CD19+ renal leukocytes. (b) Representative
immunoblots show MC1R expression in bone marrow-derived macrophages and splenocyte-
derived T and B cells prepared from WT or e/e (melanocortin 1 receptor—null) mice.
Asterisks indicate nonspecific bands. (c) Gene set enrichment analysis based on data
derived from the National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) database (GEO accession number GSE121239) demonstrated that MC1R
expression inversely correlates with the curated gene set “BIOCARTA_NFKB_PATHWAY”
in peripheral blood mononuclear cells collected from patients with systemic lupus
erythematosus. Normalized enrichment score (NES) and nominal P value are shown.
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Figure 11. Melanocortin 1 receptor (MC1R) regulates in vitro immune response in cultured
splenocytes involving nuclear factor (NFxB) inhibition.

(a) Splenocytes were prepared from WT or e/e mice after NTS injury and were stimulated
with rabbit 1gG in the presence or absence of MS05 (10~'M) or PDTC (2.5uM). (b) ELISA
of rabbit 1gG-specific mouse 19gG1, IgG2c and 1gG3 in the culture supernatants. 2/<0.05
versus WT groups for the same IgG subclass by unpaired #test; (n=4). (c) ELISA of rabbit
IgG-specific mouse 1gG2c in the culture supernatants after indicated treatments. °/<0.05
versus the WT control group; ©/<0.05 versus the e/e control group by unpaired ftest (n=4);
ns, not significant. (d) Representative immunoblots show expression of indicated proteins in
splenocytes collected after different treatments.
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Figure 12. Melanocortin 1 receptor (MC1R) signaling mitigates proinflammatory M1 activation
and facilitates the anti-inflammatory M2 polarization of macrophages via repression of nuclear
factor (NFxB) activation.

(a) A schematic diagram depicts the preparation of bone marrow-derived macrophages
(BMM) from bone marrow-derived cells (BMDC) isolated from wild-type (WT) or

e/e (MC1R-null) mice. (b) BMM cells were primed with a mix of lipopolysaccharide
(LPS;100ng/mL) and interferon-y (IFN-v; 50ng/mL) in the presence or absence of MC1R
agonist MS05 (custom-made peptide, GL Biochem; 10~/M) or pyrrolidine dithiocarbamate
(PDTC; 2.5uM). Representative immunoblots show expression of diverse proteins, as well
as actin or B-tubulin, which served as loading controls. GM-CSF, granulocyte-macrophage
colony-stimulating factor; IL, interleukin; iNOS, inducible nitric oxide synthase; MR,
mannose receptor.
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