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embranous nephropathy (MN) is one of the most
IVI common causes of nephrotic syndrome in
nondiabetic adults. It is estimated that even with
proper treatment, 10% to 20% of patients with MN
will progress to end-stage kidney disease.'” Disease
pathogenesis involves the production of autoantibodies
against podocyte antigens, including the M-type
phospholipase A2 receptor, that deposit in the sub-
epithelial space of the glomeruli and activate comple-
ment, leading to podocyte injury. Although the exact
pathogenic mechanism responsible for autoantibody
production is unknown, evidence has been generated
showing that patients with active MN have reduced
levels of regulatory T cells (Trgg), a cell subset
responsible for peripheral immune tolerance. Impor-
tantly, treatment-induced remission of MN has been
associated with increased peripheral Tggg levels.’

Adrenocorticotropic hormone (ACTH) has been
proposed as a novel therapy for MN, after the inci-
dental finding by Berg et al.” that this hormone had
antiproteinuric effects in 14 patients with MN. ACTH
protective effects on podocytes are thought to be
mediated by its activation of melanocortin receptors,
resulting in a reduction in cellular oxidative stress,
apoptosis, injury, and loss.’

Based on the evidence that MN disease activity is
associated with reduced Trpg, we hypothesized that
the antiproteinuric effects of ACTH in MN are also
mediated by the promotion of Trpg. To test this
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hypothesis, we designed a mechanistic prospective,
open-label study to evaluate the effects of repository
corticotropin injection (RCI; Acthar Gel, Mallinckrodt
Pharmaceuticals, Staines-upon-Thames, UK) on T- and
B-cell subsets (including Tggg) in patients with MN.
This in vivo study was supplemented by in vitro
mechanistic experiments that altogether converge to
support the idea that ACTH promotes MN disease
remission by inducing Trgg.

RESULTS

Patients and Outcomes

Between March 2018 and June 2019, we enrolled 5
eligible patients with MN. All patients had nephrotic
range proteinuria before starting Acthar Gel despite
having taken an angiotensin-converting enzyme in-
hibitor or angiotensin receptor blocker for =90 days.
Three patients had been treated in the past with either
steroids, alkylating agents, or rituximab, but were off
immunosuppression for =6 months and serum albumin
levels were stably below the normal range. All patients
were negative for anti—phospholipase A2 receptor an-
tibodies (Supplementary Table S1).

Patients were enrolled to receive Acthar Gel sub-
cutaneously starting at the dose of 80 units in the first
week of treatment, and then 80 units twice weekly for
6 months. One of the 5 patients discontinued the study
drug after 2 months of treatment because of insomnia
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Figure 1. (a) Urinary protein/creatinine ratio, (b) serum albumin, and (c) estimated glomerular filtration rate at baseline and throughout study
course. (d) Representative plots for CD4*CD257CD127°W T regulatory cells (Tgeg) at baseline and at 12 months posttreatment; (e) quantification
of circulating Tgeg; (f) total CD4™ T cells, and (g) Treg/CD4" T cell ratio at baseline and throughout study. Data are represented as median +

interquartile range. P/C, urinary protein/creatinine ration; Tgeg, regulatory T cells. *P < 0.05 versus month 0.

and was lost to follow-up. Baseline characteristics of
the patients are available in Supplementary Table S1.

Clinical Outcomes

The clinical endpoint of the study was the change in
proteinuria and estimated glomerular filtration rate
from enrollment to month 12 after initiation of Acthar
Gel therapy. All the included patients reached partial
remission at 12 months. Overall, the median urine
protein/creatinine ratio declined (4.56 [4.41-6.32] vs.
1.36 [1.1-1.78] g/g pretreatment vs. month 12 post-
treatment, respectively, P = 0.078) (Figure la and
Supplementary Figure S1A). Serum albumin trended to
increase, while estimated glomerular filtration rate
remained stable (Figure lb—c and Supplementary
Figure S1B—C).
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Immune Phenotyping

Our extensive immune phenotyping showed no sig-
nificant changes in the percentages of any of the major
T- and B-cell subsets (Supplementary Figures S1D-E,
S2, and $3), except for CD4"CD257CDI27"" Type/
CD4" T cells that significantly increased over time
(Figure 1d—g and Supplementary Figure SIF).

Effects of RCI on In Vitro Treg Induction
The increased Tgrgg levels in patients with MN who
were treated with Acthar Gel formed the basis to test
the hypothesis that RCI promotes the conversion of
naive CD4" T cells into Tgpg.

Melanocortin 1 receptor (MCIR), 1 of the 5 known
melanocortin receptors (MCIR-MC5R), has been
implicated in mediating the antiproteinuric effects of
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Figure 2. (a) Representative imaging flow single-cell images depicting bright-field (left column) and melanocortin 1 receptor (MC1R) expression
in CD4" and CD8™ T cells (right column). (b) Representative plots quantifying membrane MC1R expression on nonpermeabilized CD4* and CD8"
T cells compared with isotype staining (negative control), and (¢) membrane MC1R quantification as mean florescence intensity (MFl). Data
are mean + standard error of the mean (SEM) of 2 independent experiments with 2-4 donors each. (d) Representative plots of FOXP3" Tgeg
at the end of 5 day-induction assay in the presence of a-melanocyte-stimulating hormone (a-MSH) (bottom) or vehicle control (top). (Continued)
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Acthar Gel on podocytes. We documented that it is also
expressed by T and B cells using imaging flow
cytometry (Figure 2a-c). Next, we cultured naive hu-
man CD4" T cells under Tggg-polarizing conditions in
the presence or absence of ¢-melanocyte-stimulating
hormone (0-MSH), a nonselective agonist of melano-
cortin receptors that is similar to Acthar Gel. We found
a significant, dose-dependent increase in FOXP3" Tggg
(Figure 2d-e) at 5 days in cells cultured in the presence
of G-MSH. Because no antigen-presenting cells were
present in the Tgrgg induction culture, the results
indicate a direct effect of 0-MSH on CD4" T cells.
Altogether, these data support the concept that
expansion of peripheral Trgg detected in patients with
MN who were treated with Acthar Gel might be due, at
least in part, to Trgg induction.

DISCUSSION

ACTH is produced by the anterior pituitary gland and
induces cortisol production by the adrenal glands. Its
antiproteinuric effects, however, seem not to be medi-
ated by the increased cortisol synthesis, because steroid
therapy alone has been proven ineffective in inducing
remission or delaying end-stage kidney disease in
patients with MN.® Conversely, Acthar Gel has been
shown to have direct podocyte-protective effects
through the activation of melanocortin receptors. These
effects could at least partially account for the reduction
of proteinuria previously observed in a wide range of
glomerular diseases, including, aside from MN, IgA ne-
phropathy, focal segmental glomerulosclerosis, lupus
nephritis, and minimal change disease. Intriguingly,
previous in vitro®' and in vivo®” studies found an inverse
relationship between cortisol levels and Tgrgg, suggest-
ing that increased Tyyg in patients treated with ACTH is
likely not caused by increased cortisol but rather by a
direct effect on T cells, as supported by our in vitro data.

With the limitation of the small sample size, our re-
sults support the use of Acthar Gel as a therapeutic op-
tion for patients with MN who have failed to respond to
more conventional therapies, such as anti-CD20 anti-
bodies, calcineurin inhibitors, or alkylating agents.
Going along with other published reports, we observed
reduced proteinuria from baseline in all of the enrolled
patients. In a multicenter retrospective series of 11 pa-
tients with primary MN, Acthar Gel treatment was
associated with a reduction of proteinuria of >50% in 7
patients and 2 patients showed complete remission. Only
2 patients failed to show any response.’

Our mechanistic data show that the antiproteinuric
efficacy of Acthar Gel may be due also to its anti-
inflammatory effects.® We showed that human T cells
express MCIR and that RCI promotes Tgrgg induction
both in vivo and in vitro, although further studies are
needed to decipher the underlying molecular mecha-
nism. Our results align with previous findings showing
that increased Tgrggs identify patients with MN who
respond to treatment. A phenotypic analysis of
lymphocyte subpopulations on 25 patients with severe
MN suggested that Tggg counts may help predict early
responses to rituximab.” This study found that patients
who responded to rituximab had lower Trggs at base-
line and significantly increased percentages of these
cells at day 8 posttreatment when compared with
nonresponders.” Another study on 17 patients with
MN showed a significant increase (up to 10-fold) in
Tregs at 12 months posttreatment in individuals who
underwent disease remission.’

There are limitations to this study. Since the cohort
of patients was small, our findings can be taken for
now just as proof-of-concept. Second, the uncontrolled
design does not allow us to conclude that clinical
remission in our patients was achieved as an effect of
the medication rather than the natural history of the
disease, because a significant number of patients with
MN may undergo spontaneous remission. However,
spontaneous remissions would have been unlikely for
our patients, given the extended monitoring period
pre-enrollment off immunosuppressive therapy.
Despite these caveats, our data identify Trgg induction
as a mechanism of action of Acthar Gel, which could be
responsible for its therapeutic effects in MN and,
possibly, in other autoimmune diseases.

CONCLUSION

Our proof-of-concept study shows that Acthar Gel
promotes disease remission in patients with MN and
increases Trpe induction. These cells, on turn, may
inhibit autoreactive B cell-producing autoantibodies.
Further studies are needed to validate these findings
and assess the clinical efficacy, immune effects, and
safety of Acthar Gel for the treatment of refractory MN.
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Figure 2. (Continued) Naive human CD4*CD45RA*CD45R0™ T cells were cultured with anti-CD3/anti-CD28 mAb (1 pg/ml), interleukin-2 (100 1U/
ml), and transforming growth factor-p (10 ng/ml) + o-MSH. (e) Quantification of FOXP3 expression measured by flow cytometry 5 days later.
Data are represented as mean + SEM of 3 different experiments with 3 different donors.
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SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Table S1. Clinical characteristics at baseline in four
patients who completed treatment with Acthar Gel.
Figure S1. (A) Urinary protein/creatinine ratio (P/C), (B)
serum albumin, and (C) eGFR. Percentages of circulating
(D) CD25"CD27"°“Trea, (E) total CD4" T cells and (F)
Treg/CD4T T cell ratio. Data are represented as single
values for each patient, at baseline and throughout study
course.

Figure S2. Changes in total lymphocytes and T cell
subsets. Data are represented as mean + SEM. No
subsets differed significantly between time points.

Figure S3. Changes in total lymphocytes and B cell
subsets. Data are represented as mean + SEM. No
subsets differed significantly between time points.
Supplementary Methods.

Supplementary References.
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