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Distinct binding and signaling activity of Acthar Gel compared to other

melanocortin receptor agonists

Y. Joyce Huang?, Karen Galen®, Ben Zweifel®, Leah R. Brooks® and A. Dale Wright®

Cellular and Molecular Biology, Mallinckrodt Pharmaceuticals, Hazelwood, MO, USA;ZImmunoIogy and Pharmacology, Mallinckrodt
Pharmaceuticals, Hazelwood, MO, USA; 3Medical Affairs, Mallinckrodt Pharmaceuticals, Hazelwood, MO, USA

ABSTRACT

Purpose: To compare the binding and agonistic activity of Acthar® Gel and synthetic melanocortin
receptor (MCR) agonists and examine how the activity of select agonists affects the in vivo production
of corticosterone.

Materials and Methods: In vitro binding was determined using concentration-dependent displace-
ment of the ligand ['**IINle*, D-Phe’-o-melanocyte-stimulating hormone (a-MSH) on cells expressing
MC1R, MC3R, MC4R, or MC5R. Functional activity was determined using a time-resolved fluorescence
cyclic adenosine monophosphate (cAMP) assay in cells expressing MC1R, MC2R, MC3R, MC4R, or
MC5R. In vivo corticosterone analyses were performed by measuring plasma corticosterone levels in
Sprague Dawley rats.

Results: Acthar Gel and synthetic MCR agonists exhibited the highest binding at MC1R, lowest binding
at MC5R, and moderate binding at MC3R and MC4R. Acthar Gel stimulated the production of cAMP in
all 5 MCR-expressing cell lines, with MC2R displaying the lowest level of full agonist activity, 3-, 6.6-,
and 10-fold lower than MC1R, MC3R, and MC4R, respectively. Acthar Gel was a partial agonist at
MC5R. The synthetic MCR agonists induced full activity at all 5 MCRs, with the exception of o-MSH
having no activity at MC2R. Acthar Gel treatment had less of an impact on in vivo production of cor-
ticosterone compared with synthetic ACTH, 5, depot.

Conclusions: Acthar Gel bound to and activated each MCR tested in this study, with partial agonist
activity at MC5R and the lowest level of full agonist activity at MC2R, which distinguished it from syn-
thetic MCR agonists. The minimal activity of Acthar Gel at MC2R corresponded to lower endogenous
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corticosteroid production.

Introduction

Melanocortin receptors (MCRs) comprise an evolutionarily
conserved system that has many physiological regulatory
functions, including energy homeostasis, analgesia, steroido-
genesis, and behavioral effects [1,2]. MCRs have been shown
to modulate various pathophysiological processes that lead
to protection against excitotoxicity, oxidative stress, inflam-
mation, and apoptosis [3-6].

Endogenous MCR agonists include adrenocorticotropic
hormone (ACTH) and a-, B-, and y-melanocyte-stimulating
hormones (MSH) [7]. These agonists are derived from post-
translational processing of a common protein precursor,
proopiomelanocortin, and share a core sequence of 4 amino
acids at positions 6-9 (HFRW) that is required for binding to
MCRs [8-10]. MCR agonists bind to and activate the 5 known
G-protein-coupled transmembrane MCR subtypes (MCIR
through MC5R) with varying specificity and affinity [7].

Examples of the physiological processes regulated by
MCRs include inflammation and immunoregulation in MC1R-
expressing neutrophils, monocytes, macrophages, dendritic
cells, and B lymphocytes; corticosteroid production in
MC2R-expressing adrenocortical cells; energy homeostasis
and control of inflammation in MC3R-expressing monocytes,
B lymphocytes, and macrophages; neuroprotection in MC4R-
expressing cells within the brain and spinal cord; and immu-
nomodulatory functions in MC5R-expressing B and T
lymphocytes, mast cells, and macrophages in peripheral tis-
sues [5,11-13]. MC2R is unique among MCRs in that it binds
only to certain ACTH peptides and requires accessory pro-
teins that are essential for binding and receptor trafficking
from the endoplasmic reticulum to the cell surface [2,13-17].
As such, a-MSH (ACTH,_,3) does not activate MC2R, and ani-
mal studies have confirmed that it is not capable of stimulat-
ing corticosteroid secretion [18,19]. MCR agonists act as
immunomodulators by reducing local and systemic
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inflammatory responses, rather than by complete immuno-
suppression [5,20-22].

Acthar®  Gel (repository  corticotropin injection;
Mallinckrodt Pharmaceuticals, Bedminster, NJ, USA) is a nat-
urally sourced complex mixture of ACTH analogs and other
pituitary peptides [23]. Acthar Gel engages the MCRs
expressed on immune cells and other tissues throughout the
body and is thought to produce both indirect anti-inflamma-
tory and direct immunomodulatory effects [24-26]. Acthar
Gel is approved for several indications, including treatment
of acute exacerbations of multiple sclerosis in adults, as a
monotherapy for infantile spasms, and for the induction of
diuresis or a remission of proteinuria in nephrotic syndrome
without uremia of the idiopathic type or due to lupus eryth-
ematosus [23]. Acthar Gel is also US Food and Drug
Administration—approved as an adjunctive therapy for short-
term administration in psoriatic and rheumatoid arthritis [23].
In support of the considerably broad clinical utility of Acthar
Gel [23,27], several studies have revealed anti-inflammatory
and immunomodulatory effects in rodent models of multiple
sclerosis, systemic lupus erythematosus, nephrotic syn-
dromes, and rheumatoid arthritis [28-31].

The anti-inflammatory effects of Acthar Gel originally were
thought to be mediated indirectly through corticosteroid
production following the engagement of MC2R-expressing
cells in the adrenal cortex [32]; however, recent studies chal-
lenge that hypothesis and suggest that Acthar Gel directly
modulates the activity of MC1R, MC3R, MC4R, and MC5R on
immune cells and various other cell types [24,25].

In the present study, the mechanism of action of Acthar
Gel was compared with those of synthetic MCR agonists
through the determination of in vitro binding and agonistic
activity. The unique physiological effect of Acthar Gel on
MC2R functional activity in the adrenal cortex was also
assessed through the measurement of rat corticosterone lev-
els in vivo.

Materials and methods
Cell culture and transfections

All cell lines were grown and maintained by Eurofins Cerep
(Celle-L'Evescault, France). B16-F1 cells that express endogen-
ous MC1R were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% fetal calf serum
(FCS) and 1% antibiotics. Cloudman M3 cells were used for
MC2R, as they express the required receptor accessory pro-
tein, and MC2R in this cell line has demonstrated a response
similar to that of endogenous MC2R in adrenal cells [33].
Cloudman M3 cells were cultured in Kaighn’s Modification of
Ham's F-12 Medium supplemented with 15% horse serum,
2.5% FCS, 1% glutamine, and 1.2% geneticin. Chinese ham-
ster ovary cells were used to express human recombinant
MC3R, MC4R, or MC5R and cultured in DMEM supplemented
with 5% FCS, 1% nonessential amino acids, and 1.2% geneti-
cin. Appropriate cell lines were stably transfected by Eurofins
Cerep using Lipofectamine™ (Life Technologies, Rockville,
MD) and the pNEO plasmid.

Synthetic MCR agonists

The following synthetic ACTH analogs were used in this
study: a-MSH (ACTH,_;3; Sigma Aldrich, St. Louis, MO), ACTH,_
17 (Bachem Americas, Inc., Torrance, CA), ACTH;.,4 (Bachem
Americas, Inc, Torrance, CA), human ACTH;3, (hACTH,_3o;
Bachem Americas, Inc, Torrance, CA), and porcine ACTH; 39
(pACTH,_3o; Bachem Americas, Inc., Torrance, CA). A synthetic
N-25 deamidated ACTH;39 (N25D-ACTH;.3, PolyPeptide
Group, Torrance, CA) was also included, as one of the major
components of Acthar Gel is N25D-ACTH;_3o. The amino acid
sequences of the MCR agonists used in this study are listed
in Supplementary Table 1.

Binding assay

The binding assay, performed by Eurofins Cerep, assessed
concentration-dependent displacement binding of the ligand
['*IINle?, D-Phe’-0-MSH (NDP-0-MSH) at MC1R, MC3R, MC4R,
and MC5R. Specific binding at MC2R was not observed
owing to lack of a commercially available assay. The follow-
ing conditions were used for this assay: cells expressing
MCIR were incubated with 0.05nM ['*’[INDP-0-MSH for
90 min at room temperature (RT); cells expressing MC3R
were incubated with 0.75nM ['?*’[INDP-a-MSH for 60 min at
37°C; cells expressing MC4R were incubated with 0.05nM
['**IINDP-0-MSH for 120 min at 37°C; and cells expressing
MC5R were incubated with 0.05nM ['?’IINDP-a-MSH for
60min at 37°C. In combination with ['**[INDP-0-MSH, each
cell line was incubated with placebo gel (control), Acthar
Gel, or the synthetic MCR agonists in a buffer containing
25mM N-(2-hydroxyethyl)-piperazine-N'-(2-ethanesulfonic
acid) (HEPES)/KOH (pH 7.0), 100mM NaCl, 1.5mM CaCl,,
1 mM MgSO,, 0.2g/L 1-10 phenanthroline, 0.025% NaNs, and
0.1% bovine serum albumin. Prednisolone and 6a-methyl-
prednisolone were included as negative controls.

Following incubation, the samples were rapidly filtered
under vacuum through glass fiber filters (GF/B, Packard) pre-
soaked with 0.3% poly(ethyleneimine) and rinsed several
times with ice-cold 50 mM Tris-HCl using a 96-sample cell
harvester (UniFilter, Packard). The filters were dried and
counted for radioactivity in a scintillation counter (TopCount,
Packard) using a scintillation cocktail (MicroScint™ 0,
Packard). Specific radioligand binding was calculated as the
difference between total and nonspecific ['**[INDP-o-MSH
binding in the absence and presence of NDP-a-MSH (1 uM),
respectively. The results were expressed as percentage inhib-
ition of the control radioligand-specific binding. All estimates
of half maximal inhibitory concentration (ICsy) were deter-
mined with a minimum of 2 replicates using nonlinear
regression analysis and a 3-parameter dose-response curve
with GraphPad Prism v. 7.03 for Windows (GraphPad
Software, San Diego, CA).

Functional activity assay

The functional activity assay was performed by Eurofins
Cerep with a homogeneous time-resolved fluorescence cyclic



adenosine monophosphate (cAMP) assay (Cisbio Bioassays,
Bagnols sur Ceze, France) to measure cellular cAMP levels.
Each cell line was incubated with placebo gel (control),
Acthar Gel, or the synthetic MCR agonists in buffer contain-
ing Hank’s Balanced Salt Solution (Invitrogen, Carlsbad, CA)
supplemented with 20 mM HEPES (pH 7.4) and 500 uM 3-iso-
butyl-1-methylxanthine under the following conditions:
MC1R and MC2R cells, 10 min at RT; MC3R and MC4R cells,
30min at 37°C; and MC5R cells, 30 min at RT. Prednisolone
and 6a-methylprednisolone were included as nega-
tive controls.

Following incubation, the cells were lysed, and the fluor-
escence acceptor (d2-labeled cAMP) and fluorescence donor
(anti-cAMP antibody labeled with europium cryptate) were
added. After 60min at RT, the fluorescence transfer was
measured at Aex = 337nm and Aex = 620 and 665nm
using a microplate reader (Envision®, Perkin Elmer). The
cAMP concentration was determined by dividing the signal
measured at 665 nm by the signal measured at 620 nm. The
results were expressed as a percentage of the control
response to 1uM NDP-o-MSH for MC1R and MC3R, 0.3 to
1uM ACTH, 39 for MC2R, 30 nm NDP-a-MSH for MC4R, and
10 UM a-MSH for MC5R. All estimates of half maximal effect-
ive concentration (ECso) were determined with a minimum
of 2 replicates using nonlinear regression analysis and a 3-
parameter dose-response curve with GraphPad Prism v. 7.03
for Windows. According to Eurofins Cerep’s experimental
parameters, MCR agonists with stimulation values lower
than 25% were considered to have no response as the
result was attributable to the variability of the signal
around the control level.

Rodent corticosterone analyses

A total of 36 female Sprague Dawley rats (n=6 per treat-
ment group) were acclimated to a Culex cage for 24h
before dosing with Acthar Gel or synthetic ACTH, 4 depot
(Mallinckrodt ~ Pharmaceuticals, Bedminster, NJ, US).
Following anesthetization with 3% isoflurane, rats were sub-
cutaneously injected with 10, 40, or 4001U/kg Acthar Gel or
0.6, 1.2, or 2.4 mg/kg synthetic ACTH;_,, depot (doses previ-
ously used in several disease models to evaluate corticoster-
oid levels) in the dorsal area of the back. After prespecified
time periods of up to 48 h postdose, blood was collected in
lithium heparin tubes lacking separator gel using the Culex
automated blood collection system. Plasma was then trans-
ferred to a 96-well plate, and corticosterone was quantified
with an enzyme-linked immunosorbent assay (Cayman
Chemical, Ann Arbor, MI) according to the manufacturer’s
instructions, as corticosterone is the predominant circulat-
ing adrenal corticosteroid in rodents. Area under the curve
(AUQ) calculations were performed with GraphPad Prism v.
7.03 for Windows. Statistical analyses were performed with
a 2-way repeated-measures analysis of variance (ANOVA) or
a 1-way ANOVA followed by a Tukey multiple compari-
sons test.
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Ethical considerations

This study was performed in accordance with the National
Institutes of Health’s Guide for the Care and Use of
Laboratory Animals [34]. The study protocol was reviewed
and approved by the Institutional Animal Care and Use
Committee of Mallinckrodt Pharmaceuticals.

Results
MCR binding

The binding of placebo control, Acthar Gel, and the synthetic
MCR agonists was assessed at MC1R, MC3R, MC4R, and
MC5R by measuring concentration-dependent displacement
binding of NDP-a-MSH at each receptor (Figure 1; Table 1).
As a negative control, placebo gel did not elicit a response
(Figure 1(A)). Acthar Gel displaced specific binding of
[">*IINDP-0-MSH to all 4 MCR subtypes in a concentration-
dependent manner and displayed approximately 12- and 16-
fold greater binding for MC1R than for the MC3R and MC4R
subtypes, respectively (Figure 1(B); Table 1). Acthar Gel
bound even more weakly to MC5R, with a 46-fold lower
binding than for MC1R. On the basis of these values, Acthar
Gel binding had the  following rank  order:
MC1R > MC3R~MC4R > MC5R (Table 2). The rank order bind-
ing profiles of the synthetic MCR agonists were similar to
that of Acthar Gel (Table 2). As expected, the corticosteroids
prednisolone and 6a-methylprednisolone did not bind to
any of the MCRs (data not shown).

MCR functional activity

The functional activity of placebo control, Acthar Gel, and
the synthetic MCR agonists was assessed at MC1R, MC2R,
MC3R, MC4R, and MC5R by measuring the induction of
cAMP resulting from activation of each receptor (Table 3;
Figure 2). As a negative control, placebo gel did not elicit a
response (Figure 2(A)). Acthar Gel increased cellular cAMP
concentrations in all 5 MCR-expressing cell lines in a concen-
tration-dependent manner (Figure 2(B)). Acthar Gel had the
lowest level of full agonist activity at MC2R, with 3-, 6.6-, and
10-fold lower potency than at MC1R, MC3R, and MC4R,
respectively (Table 3). Acthar Gel and the synthetic MCR ago-
nists exhibited full agonist activity at MC1R, MC2R, MC3R,
and MC4R; however, Acthar Gel behaved as a partial agonist
at MC5R (Figure 2(B)). These data demonstrate that Acthar
Gel induced cAMP at each MCR with the following rank
order: MC4R > MC3R > MC1R > MC2R > MC5R, whereas the
other MCR agonists exhibited functional activity different
from that of Acthar Gel (Table 4). As expected, the corticoste-
roids prednisolone and 6a-methylprednisolone had no func-
tional activity at any of the MCRs (data not shown).

In vivo corticosterone analyses

MC2R plays an important role in the regulation of adrenal
corticosteroid secretion [35]. Historically, the clinical efficacy
of Acthar Gel was thought to be due to its ability to
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Figure 1. Binding of Acthar Gel and synthetic MCR agonists. Data are presented as the mean + SEM. Placebo gel was used as a control. MC2R was excluded from
this analysis owing to lack of a commercially available assay. ACTH: adrenocorticotropic hormone; h: human; MCR: melanocortin receptor; N25D: N-25 deamidated;
p: porcine; SEM: standard error of the mean.

stimulate endogenous cortisol production through the synthetic MCR agonists tested, whereas Acthar Gel showed
engagement of MC2R [32]. Interestingly, ACTH,,4 demon- less full agonist activity at MC2R than the other MCRs (Table
strated the greatest MC2R functional activity of any of the 4). We therefore examined differences between Acthar Gel



and synthetic ACTH,,, depot in eliciting corticosterone
response in rats (Figure 3). There were significant effects on
corticosterone levels with treatment (F [5, 275]=45.03,
p <0.0001) and time (F [10, 55]=91.07, p <0.0001). There
was also a significant interaction between treatment and
time (F [50, 275]1=9.48, p <0.0001). Corticosterone levels
reached their maximum (490-744ng/mL) at 1, 0.5, and 4h
after administration of 10, 40, and 4001U/kg Acthar Gel,

Table 1. Binding (ICso) Values for Acthar Gel and Synthetic MCR Agonists
at MCRs.

MC1R MC3R MC4R MC5R
IU/mL
Acthar Gel 0.003 0.035 0.048 0.139
(0.003-0.004) (0.028-0.044) (0.030-0.075)  (0.094-0.204)
nM
ACTH; 43 441 3213 20.43 156.90
(2.53-7.71)  (22.29-46.33) (14.90-28.01) (58.18-422.90)
ACTH,_47 1.56 7.55 10.42 34.62
(1.04-2.34) (4.31-13.21)  (6.93-15.66) (20.75-57.74)
ACTH .24 1.01 4.56 1.36 19.42
(0.76-1.33) (2.41-8.65) (1.18-1.57) (12.54-30.07)
N25D-ACTH; 39 25.30 37.42 57.29 203.30
(19.25-33.25) (29.66-47.20) (45.88-71.55) (150.50-274.60)
hACTH; 39 7.40 51.83 2039 359.40
(6.40-8.54)  (28.29-94.93) (14.32-29.03) (249.90-516.70)
pACTH, 39 8.92 30.84 4424 260.50
(7.35-10.82) (24.71-38.50) (34.28-57.10)  (197-344.50)

All values are presented as the mean (95% Cl). MC2R was excluded from this
analysis owing to lack of a commercially available assay.

ACTH: adrenocorticotropic hormone; Cl: confidence interval; h: human; 1Cs:
half maximal inhibitory concentration; MCR: melanocortin receptor; N25D:
N-25 deamidated; p: porcine.

Table 2. Rank order for binding of Acthar Gel and each synthetic
MCR agonist.

MCR agonist MCR rank order

Acthar Gel MC1R > MC3R~MC4R > MC5R
ACTHq 43 MC1R > MC4R > MC3R > MC5R
ACTHq.47 MC1R > MC3R > MC4R > MC5R
ACTH 154 MC1R > MC4R > MC3R > MC5R
N25D-ACTH1.39 MC1R > MC3R > MC4R > MC5R
hACTH, 3¢ MC1R > MC4R > MC3R > MC5R
pACTH; .39 MC1R > MC3R > MC4R > MC5R

ACTH: adrenocorticotropic hormone; h: human; MCR: melanocortin receptor;
N25D: N-25 deamidated; p: porcine.
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respectively; whereas ~maximum corticosterone levels
(654-782 ng/mL) following synthetic ACTH;_,4 depot adminis-
tration were reached at 8h for 0.6 and 2.4mg/kg and 24h
for 1.2mg/kg (Figure 3(A)). Treatment with 10, 40, and
4001U/kg Acthar Gel resulted in an initial increase followed
by a consistent decrease in corticosterone levels, with the 10
and 401U/kg Acthar Gel groups returning to baseline within
24 h (Figure 3(AB)). In contrast, treatment with 0.6, 1.2, or
2.4 mg/kg synthetic ACTH;_,4 depot resulted in sustained ele-
vations in corticosterone levels throughout 48h (Figure
3(A,B)). Post hoc analysis revealed significant differences in
corticosterone levels between the Acthar Gel groups and the
synthetic ACTH,_,, depot groups at 24 and 48h (p <0.05)
(Figure 3(A,B)).

Discussion

The data presented here confirm the binding of Acthar Gel
to MCRs and identify agonistic activity distinct from that of
synthetic MCR agonists. Furthermore, in rats, treatment with
Acthar Gel led to substantially less corticosterone production
than synthetic ACTH;,4 depot. Acthar Gel exhibited the
greatest binding at MC1R, moderate binding at MC3R and
MC4R, and the lowest binding at MC5R. The other MCR ago-
nists had a similar profile, with the greatest binding at MC1R
and lowest at MC5R, but binding at MC3R and MC4R varied
from agonist to agonist. Although the binding profile of
Acthar Gel was similar to that of the synthetic MCR agonists,
its receptor functional activity was remarkably different.
Acthar Gel showed the most functional activity at MC4R, a
moderate activity level at MC3R and MCIR, the least full
agonistic activity at MC2R, and partial agonism at MC5R.
Conversely, the MCR agonists ACTH;,, and pACTH; 35 had
the greatest level of functional activity at MC2R. Additionally,
to differentiate the activity of Acthar Gel from that of cortico-
steroids, we confirmed the lack of binding and functional
activity of prednisolone and 6a-methylprednisolone at each
MCR tested.

These data are supported by prior studies that observed
the binding and functional activity of various MCR agonists

Table 3. Functional activity (ECsp) values for Acthar Gel and synthetic MCR agonists at MCRs.

MC1R MC2R MC3R MC4R MC5R
IU/mL
Acthar Gel 0.057 0.171 0.026 0.017 PA
(0.041-0.077) (0.139-0.211) (0.018-0.039) (0.010-0.026)
nM
ACTH; 43 7.76 NR 28.47 15.84 1081
(4.68-12.87) (18.52-43.78) (12.13-20.68) (747.70-1564)
ACTH; 47 7.83 11.52 12.05 8.54 398.70
(5.83-10.52) (6.73-19.72) (5.58-25.99) (5.23-13.93) (298.70-532.10)
ACTH; 24 6.84 3.12 14.25 6.68 204.70
(3.79-12.32) (1.55-6.28) (4.73-42.90) (3.85-11.61) (156-268.60)
N25D-ACTH; 39 29.57 31.66 19.96 32.92 495.80
(23.48-37.24) (24.36-41.16) (14.84-26.86) (25.94-41.77) (371.70-661.40)
hACTH; 39 35.09 42.76 26.95 35.59 1252
(21.79-56.53) (23.51-77.77) (19.67-36.92) (23.35-54.26) (1034-1516)
pACTH; 39 27.32 22,61 31.10 29.33 513
(22.08-33.81) (15.10-33.85) (22.56-42.87) (24.06-35.75) (391.90-671.50)

All values are presented as the mean (95% Cl). Receptor stimulation lower than 25% was considered nonresponsive, as the result
was deemed attributable to the variability of the signal around the control level.

ACTH: adrenocorticotropic hormone; Cl: confidence interval; ECso: half maximal effective concentration; h: human; MCR: melanocor-
tin receptor; N25D: N-25 deamidated; NR: nonresponsive; p: porcine; PA: partial agonist.
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Figure 2. Functional activity of Acthar Gel and synthetic MCR agonists. Data are presented as the mean + SEM. Placebo gel was used as a negative control. ACTH:
adrenocorticotropic hormone; cAMP: cyclic adenosine monophosphate; h: human; MCR: melanocortin receptor; N25D: N-25 deamidated; p: porcine; SEM: standard
error of the mean.



[36-39]. The rank order binding for ACTH;;3 ACTH;,
ACTH; 54, pACTH; 39, and hACTH; 39 observed here is similar
to that reported by Schioth et al. [37]. Also, the trend in
cAMP generation by ACTH; .13, ACTH; .54, and ACTH, 39 is simi-
lar to results from Pritchard et al. [36], who examined MC4R,
and Chen et al. [39], who examined MC2R. In addition, Kapas
et al. [38] showed that ACTH,,4 induced a greater cAMP
response than ACTH,_3o, which is consistent with our results.
The novelty of the data presented here is the unique
engagement and functional activity of Acthar Gel on various
MCRs when compared with those of synthetic MCR agonists.

Table 4. Rank order for functional activity of Acthar Gel and each synthetic
MCR agonist.

MCR agonist MCR rank order

Acthar Gel MC4R > MC3R > MC1R > MC2R > MC5R?
ACTH145° MC1R > MC4R > MC3R > MC5R

ACTH, 7 MCTR > MC4R > MC2R > MC3R > MC5R
ACTH 124 MC2R > MC4R > MC1R > MC3R > MC5R
N25D-ACTH, 39 MC3R > MC1R > MC2R > MC4R > MC5R
hACTH; 30 MC3R > MC1R > MC4R > MC2R > MC5R
pPACTH1 39 MC2R > MC1R > MC4R > MC3R > MC5R

“Partial agonist.

PMC2R excluded for nonresponsiveness.

ACTH: adrenocorticotropic hormone; h: human; MCR: melanocortin receptor;
N25D: N-25 deamidated; p: porcine.

(A)
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[10 40 4001106 1.2 24
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(IU/kg) ACTH, 54 Depot
(mglkg)
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Determining the extent of MCR activation by Acthar Gel
and individual MCR agonists has important clinical implica-
tions. MCRs downregulate leukocyte activity (e.g. antibody
production, inflammatory cytokine release) and potentiate
parasympathetic and sympathetic nervous system activity to
dampen the immune response [13]. We show that Acthar
Gel produced the most robust response at MC4R, which is
the predominant MCR in the brain [5,13]. Through the stimu-
lation of MC4R, Acthar Gel may elicit anti-inflammatory
effects in the central nervous system, which supports its effi-
cacy in the treatment of acute exacerbations of multiple
sclerosis in adults and potentially in infantile spasms
[13,40-43]. Acthar Gel had the second largest impact on
MC3R, which is expressed in the brain, monocytes, B lympho-
cytes, and macrophages and controls inflammation [5,13]. In
addition, Acthar Gel has activity at MC1R, which is present
on neutrophils, monocytes, macrophages, dendritic cells, and
B lymphocytes and reduces inflammation [5,13]. MCI1R in
podocytes has been implicated in providing renoprotective
effects in patients with nephrotic syndrome through stabil-
ization of the actin cytoskeleton, and Acthar Gel has been
shown to have such renoprotective effects in a rodent model
of focal segmental glomerulosclerosis [31,44]. Interestingly,
Acthar Gel appeared to be a partial agonist at MC5R, which
is expressed on a variety of immune cells, including

Acthar Gel 10 1U/kg, n=6

= = = Acthar Gel 40 IU/kg, n=6

Acthar Gel 400 IU/kg, n=6

Synthetic ACTH .54 Depot 0.6 mg/kg, n=6
- = = . Synthetic ACTH .54 Depot 1.2 mg/kg, n=6

——— Synthetic ACTH4_,4 Depot 2.4 mg/kg, n=6

Figure 3. In vivo corticosterone induction in response to treatment with Acthar Gel or synthetic ACTH,_,, depot. Data were analyzed with a 2-way repeated-meas-
ures ANOVA followed by a Tukey multiple comparisons test in (A) and with a 1-way ANOVA followed by a Tukey multiple comparisons test in (B); a, b, and c corres-
pond to p < 0.05 vs synthetic ACTH;_,4 depot 0.6 mg/kg, 1.2 mg/kg, and 2.4 mg/kg, respectively. Data are presented as the mean + SEM. ACTH: adrenocorticotropic
hormone; ANOVA: analysis of variance; AUC: area under the curve; SEM: standard error of the mean.
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macrophages and lymphocytes, and may also inhibit the
inflammatory response [5,13]. These interactions of Acthar
Gel with each MCR likely contribute to its unique mechanism
of action.

The ability of Acthar Gel to elicit functional activity at
MCRs distinct from that of the synthetic MCR agonists in this
study may be attributed to its unique formulation. It has
been shown that G-protein—coupled receptors have the abil-
ity to heterodimerize, driving a unique pharmacological pro-
file based on ligand binding [45]. The partial agonism of
Acthar Gel at MC5R could be attributed to the interactions of
its complex mixture, which may ultimately impact net partial
agonist activity. This possibility is intriguing, and further
research is needed to investigate whether the present data
represent the functional profiles of single (i.e. N25D-ACTH;.
39) or multiple melanocortin peptides present in Acthar Gel
acting alone or in combination with each MCR subtype.

Further confirming the unique mechanism of Acthar Gel is
the striking difference between the MC2R-mediated cortico-
sterone response to Acthar Gel and synthetic ACTH; 4
depot. MC2R is critical for ACTH-mediated adrenal gluco-
corticoid release [46]. Given the in vitro differences between
Acthar Gel and ACTH;,; in functional activity at MC2R,
in vivo corticosterone levels were assessed in rats. These
in vivo data confirm that Acthar Gel is a weaker agonist of
MC2R, leading to significantly less induction of endogenous
corticosterone production over time. Conversely, synthetic
ACTH; 4 depot led to sustained elevations in corticosterone
levels. Although its weaker agonism at MC2R may play an
important role in the in vivo response observed here, the dis-
tinct clearance mechanisms of Acthar Gel may be another
factor to consider.

Overall, reduced corticosterone exposure in Acthar
Gel—treated rats suggests a favorable tolerability profile as
the adverse effects commonly associated with corticosteroid
production may be minimized [47]. In support of this, a
recent clinical study in patients with rheumatoid arthritis
treated with Acthar Gel reported little to no incidence of
adverse events typically associated with corticosteroid use
(e.g. hypertension, hyperglycemia, headache, weight gain,
edema) [48]. In particular, bone turnover markers were sta-
ble, suggesting minimal further impact of Acthar Gel on
bone metabolism in patients already receiving corticosteroids
[48]. Treatment with Acthar Gel has also been effective in
patients with rheumatoid arthritis or glomerular diseases that
have been resistant to corticosteroid treatment, further con-
firming a mechanism of action that is independent of cortisol
production [48,49]. Thus, these data, in combination with
preclinical and clinical studies [24-26,28,48,49], suggest that
Acthar Gel may provide benefit in the treatment of inflam-
matory disease through mechanisms beyond the induction
of steroids.

Taken together, the combined engagement profile of
Acthar Gel at MC1R, MC3R, MC4R, and MC5R suggests a dis-
tinct direct immune cell effect beyond the indirect anti-
inflammatory effect from MC2R-dependent production of
corticosteroids. Despite less sustained cortisol induction,
Acthar Gel remains efficacious [48,49], suggesting direct

interaction with immune cells to treat disease [24-26]. The
mechanism of action of Acthar Gel is unique from that of
pPACTH; 39, ACTH; 4, N25D-ACTH; 35, and other MCR ago-
nists, suggesting that its complex mixture of peptides inter-
acts with MCRs differently than any single MCR agonist does.
Although a mixture of peptides may not be the best com-
parator for single synthetic peptides, these data demonstrate
that the various components of Acthar Gel influence its
unique MCR agonistic activity. This may result from the pro-
prietary manufacturing process used to produce Acthar Gel,
which likely generates peptides that require further charac-
terization, along with its known components (i.e. N25D-
ACTH;_30), and contribute to its activity profile. Acthar Gel
may therefore have a multimodal and preferential mechan-
ism of regulating the immune response.
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