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Abstract

Objective and design The objective of this study was to assess the effect of vamorolone, a first-in-class dissociative steroidal
compound, to inhibit inflammation when administered after disease onset in the murine collagen antibody-induced arthritis
model of arthritis.

Animals 84 DBA1/J mice were used in this study (n =12 per treatment group).

Treatment Vamorolone or prednisolone was administered orally after disease onset for a duration of 7 days.

Methods Disease score and bone erosion were assessed using previously described scoring systems. Cytokines were meas-
ured in joints via immunoassay, and joint cathepsin B activity (marker of inflammation) was assessed using optical imaging
of joints on live mice.

Results We found that vamorolone treatment led to a reduction of several disease parameters including disease score,
joint inflammation, and the presence of pro-inflammatory mediators to a degree similar of that observed with prednisolone
treatment. More importantly, histopathological analysis of affected joints showed that vamorolone treatment significantly
reduced the degree of bone erosion while this bone-sparing property was not observed with prednisolone treatment at any
of the tested doses.

Conclusions While many intervention regimens in other studies are administered prior to disease onset in animal models,
the current study involves delivery of the potential therapeutic after disease onset. Based on the findings, vamorolone may
offer an efficacious, yet safer alternative to conventional steroidal compounds in the treatment of rheumatoid arthritis and
other inflammatory diseases.
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Introduction

Rheumatoid arthritis (RA) is a chronic disease character-
ized by inflammation of the lining of the synovial joints
resulting in long-term joint damage, loss of function, and
pain. It is estimated that RA affects over 24 million people
worldwide while between 14.6 and 90% of patients are
treated with synthetic glucocorticoids (GCs) [1, 2].

While the beneficial effects of GCs on disease have
been well documented, the prescription of GCs in RA
remains controversial partly due to significant adverse
effects associated with chronic use including osteopenia
with bone fragility, adrenal insufficiency, metabolic dis-
turbance, endocrine imbalances, muscle wasting, growth
stunting, and mood changes. Despite the advent of numer-
ous classes of drugs for the treatment of RA including
disease-modifying anti-rheumatic drugs (DMARDs) and
biologics, many clinicians still prescribe GCs for the
treatment of RA due to their proven effectiveness [3-5].
However, chronic use is discouraged due to the deleterious
consequences of adverse effect profiles on patient quality
of life [6-9].

While the physiological responses to GCs are well
understood, molecular mechanisms remain less under-
stood. Glucocorticoids bind cytoplasmic glucocorti-
coid receptors (NR3C1), form dimerized ligand/recep-
tor complexes, which then enter the nucleus and bind to
glucocorticoid response elements (GREs) altering gene
transcription [10, 11]. Increasingly, this ‘hormonal’ or
transactivation subactivity has been associated with
adverse effect profiles. Efficacy is increasingly associated
with transrepression, where ligand/receptor complexes
inhibit the activity of pro-inflammatory transcription fac-
tors (NFkB) [12]. This process is generally independent
of GRE-mediated gene transcription. Many of the ben-
eficial, anti-inflammatory effects of GCs are attributed to
transrepression, whereas adverse effects are attributed to
GRE-mediated gene transcription.

Vamorolone (VBP15) is a first-in-class dissociative
steroidal compound where the 11-B-hydroxy or 11-keto
group found on traditional GCs is replaced by a double
bond between carbons 9 and 11. Because of this modifi-
cation, vamorolone does not induce GRE-mediated gene
transcription yet still retains anti-inflammatory activity
by inhibiting NFxB activity [13, 14]. Interestingly, vam-
orolone has also been shown to act as a potent miner-
alocorticoid receptor (MR) antagonist [14, 15]. We have
previously demonstrated efficacy that vamorolone reduces
inflammation and improves function in mouse models of
allergic asthma [16], muscular dystrophy [14], multiple
sclerosis [17], and inflammatory bowel disease [18]. Addi-
tionally, vamorolone has been shown to possess a reduced
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adverse effect profile in mice compared to traditional GCs
as it induces much less growth stunting and the transcrip-
tion of genes associated with muscle atrophy [14, 16—18].
Furthermore, phase 1 and phase 2a clinical trials (14 days
of treatment) assessing the safety and pharmacokinetics
of vamorolone in healthy adult volunteers and in patients
with Duchenne muscular dystrophy (DMD) demonstrated
similar pharmacokinetic and metabolism profiles to pred-
nisone as well as no drug-related serious adverse events
through the highest doses tested in each trial (20 mg/kg/
day in adults; 6 mg/kg/day in DMD patients). Biomarker
studies in these trials revealed an improved safety profile
of vamorolone versus GCs as demonstrated by beneficial
changes in bone turnover, as well as, reductions of insulin
resistance and adrenal suppression [19, 20]. Thus, these
data suggest that vamorolone improves safety profiles
compared to standard glucocorticoid regimens.

Due to the established anti-inflammatory capacity and
reduced adverse effect profile associated with vamorolone,
we were interested in assessing its effects within the context
of rheumatoid arthritis. Importantly, previous studies have
demonstrated that vamorolone has the capacity to reduce
NFkB activity in macrophages and splenocytes—two cell
types highly relevant to the pathogenesis of RA [14, 15,
17]. The current study utilizes a series of well-established
preclinical endpoints in the widely used collagen antibody-
induced mouse model of arthritis (CAIA). Furthermore,
while many studies using this model initiate intervention
regimens before disease induction, the current pilot study in
this acute disease model evaluates the therapeutic effect(s) of
vamorolone by initiating treatment after disease is initiated.

Materials and methods
Animals

Male DBA/1 J mice (aged 6-8 weeks) were purchased from
Jackson Laboratories (Bar Harbor, ME). All studies were
reviewed and approved by the Institutional Animal Care and
Use Committee at Children’s National Health System.

Collagen antibody-induced arthritis mouse model

On day 1, DBA1/J mice received an intraperitoneal (i.p.)
injection of 2 mg of monoclonal antibody cocktail specific
for collagen (CII) (MD Biosciences, St. Paul, MN). Two
days later (day 3), mice received an i.p. injection of 100 ug
of lipopolysaccharide (LPS). Mean clinical severity of CAIA
was determined using a macroscopic scoring system on days
4,7, 10, and 13 by two blinded individuals. The scoring
criteria were performed as follows: 0: no signs of disease; 1:
mild redness and/or swelling of one digit; 2: redness and/or



Vamorolone, a dissociative steroidal compound, reduces collagen antibody-induced joint... 971

swelling of 2 digits; 3: redness and/or swelling of more than
2 digits; 4: redness and swelling of entire paw. For interven-
tion studies, mice (n=12) received oral doses of 10, 20,
and 40 mg/kg of vamorolone or prednisolone suspended in
cherry-flavored syrup (30 pl total volume) on day 7 through
day 13. Additional groups of mice (n=12) received cherry-
flavored syrup as a negative control. On day 14, animals
were killed via CO, exposure.

Optical imaging

On day 13, mice were anesthetized with isoflurane, and
cathepsin-caged near-infrared imaging was subsequently
performed on six mice per group as described previously
[21]. Mice received i.p. injections of ProSense 680 (Per-
kin—Elmer) in PBS 24 h prior to imaging with an Optix MX2
Imager (ART). Optical imaging scans of uninjected mice
were performed to obtain baseline optical intensity meas-
urements. Forelimb measurements were made at 0.5-mm
resolution and analyzed using Optiview software.

Histopathological assessments

Mouse forelimbs were removed and placed in 10% formalin
and sent to Histoserv Inc. (Germantown, MD) for processing
and staining with Safranin-O and hematoxylin and eosin (H
and E). Subsequently, slides were imaged with an Olym-
pus VS-120 virtual scanning microscope. The presence of
cartilage was qualitatively assessed on Safranin-O-stained
sections. Bone erosion was quantified on H and E-stained
sections on six different joint interfaces comprising the front
paw using a scoring system that was modified based on a
previously described method [22]. The joint interfaces exam-
ined in a blinded manner were the following: pisiform—ulna,
ulna-radius, radius—navicular lunate, triangular—navicular
lunate, triangular—carpal, and navicular lunate—carpal. The
scoring method is described as follows: 0; no erosion of
either bone, 1: minimal erosion of either bone, 2: moderate
bone loss at the edges of the bones; 3: major erosion on one
of the bones; 4: complete erosion of both bones. An aver-
age score per paw was then generated from these individual
scores.

Cytokine analysis

Following killing, mouse forelimbs were snap frozen in
liquid nitrogen. Subsequently, limbs were homogenized
in RIPA buffer with a HALT Protease Inhibitor Cocktail
(ThermoFisher Scientific, Waltham, MA) and EDTA added.
A multiplex sandwich immunoassay (V-PLEX; Meso Scale
Discovery, Rockville, MD) was then performed on forelimb
homogenates per manufacturer’s instructions.

Statistical analysis

For all analyses except for bone erosion quantification,
statistical significance was established using one-way
ANOVA with post hoc Tukey’s test. Statistical analysis
on bone erosion quantification was performed using an
unpaired two-tailed ¢ test. All analyses were performed
using Graphpad Prism software.

Results

Vamorolone reduces the disease score of collagen
antibody-induced arthritis

To determine if vamorolone can reduce inflammation
within the context of rheumatoid arthritis, we performed
a study that utilized the well-described and widely used
mouse collagen antibody-induced arthritis (CAIA) model
(Fig. 1b). On day 1, DBA/I male mice received an i.p.
injection of a monoclonal antibody cocktail specific for
collagen. Two days later (day 3), mice received an i.p.
injection of LPS. Following disease induction, mice
(n=12/group) were orally administered vamorolone (10,
20, 40 mg/kg/day), prednisolone (10, 20, 40 mg/kg/day),
or cherry syrup as a vehicle control starting 4 days after
LPS injection (day 7) and continuing daily through day 13.
Mean clinical severity of CAIA was determined using a
macroscopic scoring system by two blinded individuals on
days 4, 7, 10, and 13 until the end of the experiment (day
13). We found that vamorolone treatment at the highest
dose of 40 mg/kg/day and prednisolone treatment at all
doses (10, 20, 40 mg/kg/day) led to significant reductions
in disease score on day 13 (Fig. 1c¢).

Vamorolone and prednisolone treatment reduces
joint inflammation in arthritic mice

Cathepsin B is a proteinase that contributes to joint
destruction in RA [23]. One day prior to killing, mice
underwent live optical imaging as a means of testing
cathepsin B activity in joints. ProSense 680, a substrate
cleaved by cathepsin proteases was injected as reported
previously [21]. Cathepsin B activity was elevated in the
forelimb joints of vehicle-treated CAIA mice, but vam-
orolone (40 mg/kg/day) and prednisolone (10—40 mg/kg/
day) treatment significantly reduced cathepsin activity in
joint forelimbs (Fig. 2) suggesting a reduction in the pres-
ence of joint inflammation which is in line with the disease
score findings.
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Fig. 1 Vamorolone treatment following disease induction reduces the
severity of collagen antibody-induced arthritis. Structures of pred-
nisone (left panel), prednisolone (mid panel), and vamorolone (right
panel) are shown (a). Vamorolone (10, 20, 40 mg/kg/day), predni-
solone (10, 20, 40 mg/kg/day), or vehicle control was administered
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on day 7 (b). Disease severity was assessed by calculating disease
score. Disease score graphs (c) represent mean =+ SE disease score for
vamorolone (left)- or prednisolone (right)-treated mice (n=12 mice/
group). ¥***¥p <0.0001 compared to vehicle-treated group
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Vamorolone treatment reduces the presence
of pro-inflammatory mediators in joints of arthritic
mice

A pro-inflammatory role within the context of RA has been
previously described for cytokines such as IL-6, IL-1p,
and IL-4 [24-26]. Following killing, protein was extracted
from excised joints. A subsequent multiplex immunoas-
say revealed that vamorolone and prednisolone treatment
resulted in decreases of IL-6, IL-1f, and IL-4 at all three
doses (Fig. 3).

Vamorolone treatment improves cartilage and bone
health in CAIA mice

Following killing on day 14, mouse forelimbs were removed
and processed for histology and stained with Safranin-O
and hematoxylin and eosin. The presence of cartilage was
qualitatively assessed on the front paws of vehicle and drug-
treated mice (Fig. 4). Vamorolone treatment at all doses
showed reduced cartilage destruction compared to vehicle-
treated mice. On the contrary, prednisolone-treated mice
at higher doses (20 mg/kg/day and 40 mg/kg/day) did not
show this property of reduced cartilage destruction. A quan-
titative assessment of bone erosion was performed on paw
sections stained with hematoxylin and eosin. Bone erosion
was quantified on six different joint interfaces in the front
paw, and an average score per paw was then generated. We
found that vamorolone treatment resulted in a clear demar-
cation of intra-articular space (Fig. 5b, ¢ (Inset)). Addition-
ally, we observed that vamorolone treatment resulted in a
dose-responsive decrease in bone erosion with significance
reached at 20 mg/kg/day (Fig. 5d). In contrast, predniso-
lone treatment did not result in a dose-responsive reduction
in bone erosion (Fig. 5e). More importantly, we noticed a
reduction in intra-articular space and bone adhesions at all
three prednisolone doses suggesting significant deleterious
effects on bone health (Fig. 5a, b, c). It must be stated that
while the vamorolone-induced reduction in bone erosion
reached statistical significance at 20 mg/kg/day, the reduc-
tion at 40 mg/kg/day did not reach statistical significance
because of small sample size (n=4) due to sectioning arti-
facts of joints.

Discussion

Vamorolone is a dissociative steroidal compound that has
been previously shown to effectively inhibit NFkB activ-
ity [13-18], behave as an MR antagonist, and effectively
reduce inflammation in multiple acute and chronic mouse
models of inflammatory disease. It has been previously
demonstrated that vamorolone has the capacity to reduce

leukocyte infiltration into lungs of mice undergoing aller-
gic lung inflammation [16]. Vamorolone has been shown
to increase muscle strength in mouse models of muscular
dystrophy [14, 27]. In mice with experimental autoimmune
encephalomyelitis (a mouse model for multiple sclerosis),
vamorolone was shown to reduce the degree of limb paral-
ysis [17]. Additionally, vamorolone has proven effective
at reducing the disease score in a mouse model of inflam-
matory bowel disease [18]. Vamorolone does not induce
GRE-mediated transcription leading to a much reduced
glucocorticoid-associated adverse effect profile in vivo
[14-17]. Phase 1 and Phase 2a clinical trials (14-day treat-
ment) have shown that vamorolone is well tolerated in
healthy adult volunteers and DMD patients at doses of up
to 20 mg/kg/day and 6 mg/kg/day, respectively [19, 20].

Since GCs are still heavily prescribed for treating RA
and since vamorolone has been previously shown to reduce
NFkB activity in RA-relevant cell types (macrophages,
splenocytes) [14, 15, 17], we proposed to assess the anti-
inflammatory capacity of vamorolone within the context
of RA by utilizing the widely used murine collagen anti-
body-induced model of arthritis. Vamorolone and predni-
solone (10, 20, 40, mg/kg/day) were administered after full
induction of CAIA. We found that both vamorolone and
prednisolone effectively reduced disease score and joint
inflammation as measured by cathepsin B activity.

Furthermore, we assessed the presence of pro-inflam-
matory mediators in CAIA joints following vamorolone
and prednisolone treatment. Three cytokines (IL-6, IL-1p,
and IL-4) that have been previously implicated in promot-
ing the pathogenesis of RA [24-26] were shown to be
reduced by both vamorolone and prednisolone at all doses
tested. As IL-6 and IL-1p have been previously shown to
be regulated by NFkB, the reductions of these cytokines
are consistent with the well-described transrepression
(e.g., NFkB inhibition) property of steroidal compounds
[28, 29]. Furthermore, these findings are consistent with
previous studies demonstrating that vamorolone has the
capacity to reduce IL-6 and IL-1p production in mac-
rophages [15].

One of the most well-described adverse effects associ-
ated with long-term glucocorticoid use is bone loss [9].
Histopathological analysis of affected joints demonstrated
that vamorolone treatment resulted in a dose—responsive
decrease in bone erosion, whereas prednisolone treatment
did not result in such a dose-responsive reduction. The del-
eterious effects of prednisolone on bone health were further
demonstrated by a reduction in intra-articular space and
bone adhesions at all three prednisolone doses tested in our
study. These findings are consistent with previous work dem-
onstrating that vamorolone possesses bone-sparing proper-
ties in vivo when compared to prednisolone [14]. It must be
stated that an additional study assessing bone density in a
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«Fig.2 Vamorolone treatment reduces cathepsin B activity in arthritic
joints. Mice received i.p. injections of ProSense 680 24 h prior to
imaging. Optical imaging assessing cathepsin B activity was per-
formed on day 13 post-disease induction. Images are representa-
tive of each treatment group: vehicle (a), vamorolone 10 mg/kg/
day (b), vamorolone 20 mg/kg/day (c), vamorolone 40 mg/kg/day
(d), prednisolone 10 mg/kg/day (e), prednisolone 20 mg/kg/day (f),
prednisolone 40 mg/kg/day (g). Whisker plots (H) show intensity
(photon counts) in forelimb joints of vamorolone-treated (left panel)
and prednisolone-treated (right panel) mice (rn=6 mice/group).
*#**%p <0.0001 compared to vehicle-treated group

chronic mouse model is planned to fully evaluate the effects
of vamorolone vs. prednisolone on bone loss.

In addition to bone health, the current study also qualita-
tively analyzed the effect of both drugs on cartilage destruc-
tion. While vamorolone treatment at all three doses appeared
to reduce the loss of cartilage compared to vehicle-treated
mice, prednisolone treatment at higher doses did not result
in reduced cartilage destruction. This is in line with previ-
ous reports describing the detrimental effects of traditional
steroidal compounds on articular cartilage [30].

While the CAIA model is widely used to assess the anti-
inflammatory capacity of potential therapeutics, there are
some key limitations associated with using this model. The
inflammation in CAIA is acute-in-nature and self-resolves
[31]. Rheumatoid arthritis, on the other hand, is well
described as being chronic and progressive. Moreover, RA
is associated with extra-articular manifestations while the
CAIA model is limited to the joints [32]. Chronic collagen-
induced arthritis models have been described which may
better mimic the chronic, progressive nature of RA. Addi-
tionally, some chronic models have been shown to display
some of the extra-articular manifestations associated with
RA [33]. Therefore, further work in chronic models may be
warranted to greatly assess the therapeutic potential of vam-
orolone within the context of RA. Regardless, the results of
the current CAIA study should help design upcoming studies
in more chronic animal models.

Current treatments for RA involve the specific targeting
of the inflammatory cytokine, TNF-a, since it is well known
to play an important role in the pathogenesis of the disease.
Indeed, previous studies have indicated that TNF-a is impor-
tant for the pathogenesis of collagen-induced arthritis [34].
Thus, we assessed TNF-a in the joint homogenates of the
current study. However, the levels detected were lower than
the assay’s limit of detection (data not shown). While this

can be considered a limitation of the current study, this par-
ticular finding in our study has been corroborated in other
studies assessing the presence of TNF-a in joint homoge-
nates of mice with experimental arthritis [35]. Therefore,
future studies may be necessary to assess the effect(s) of
vamorolone on the presence of TNF-a within the context of
rheumatoid arthritis.

Based on the data presented, vamorolone is effective at
about four times the dose of prednisolone in reducing dis-
ease score and joint inflammation (cathepsin B activity).
Indeed, previous studies have shown that it takes higher
in vivo doses of vamorolone to achieve the prednisolone
anti-inflammatory effect whenever mouse models that
involve immunological adjuvants (LPS, PTX) are used
[17]. On the contrary, whenever adjuvants are not used,
vamorolone treatment reduces in vivo inflammation to
a similar degree to prednisolone at the same dose tested
[18]. It must also be pointed out that vamorolone and pred-
nisolone show similar potencies in vitro in terms of their
ability to inhibit NFkB activity [13, 14]. Importantly, pre-
vious studies have assessed the capacity of vamorolone
and prednisolone to induce GRE-mediated transcription
in vivo using doses comparable to the effective doses
observed for both drugs in the current study. These stud-
ies demonstrated that chronic treatment of vamorolone did
not induce transcription of genes with GREs in their pro-
moter regions whereas prednisolone treatment did induce
transcription of these genes in vivo [15, 17]. Additionally,
these differences in GRE-mediated gene transcription were
further reflected in our assessment of steroid-associated
side effects as mice chronically treated with vamorolone
did not show evidence of bone growth inhibition in con-
trast to mice receiving prednisolone [14, 16]. These pre-
vious findings are in line with the current study demon-
strating that vamorolone appears to lose the deleterious
effects on bone health associated with prednisolone treat-
ment. Furthermore, a 6-month GLP chronic toxicology
study of vamorolone performed in mice demonstrated a
no-observed-adverse-effect level of 45 mg/kg/day which is
higher than the effective vamorolone dose observed in the
current study. Taken together, these findings demonstrate
that vamorolone is better tolerated than conventional GCs
in diseased mice. Thus, vamorolone may offer an effica-
cious, yet safer alternative to traditional steroids in the
treatment of RA and other inflammatory diseases..
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IL-4, IL-6, and IL-1B in vamorolone-treated (left panels) and pred-
nisolone-treated (right panels) mice (n=6 mice/group). **p <0.01;
*#%p <(0.001 compared to vehicle-treated group
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Fig.4 Vamorolone treatment reduces cartilage destruction in CAIA
mice. Top-left panel represents a diagram of different joint areas of
the paw. The presence of cartilage was qualitatively assessed on the
front paws of vehicle-treated mice (A1), vamorolone-treated mice at
10, 20, 40 mg/kg/day (B1, B2, B3, respectively), and prednisolone-
treated mice at 10, 20, 40 mg/kg/day (C1, C2, C3, respectively).

White stars on navicular lunate represent areas of cartilage destruc-
tion. Black stars on navicular lunate represent areas of reduced carti-
lage destruction. Long arrows represent pannus-driven destruction of
the bone cortex. Short arrows in A1 represent additional areas of car-
tilage destruction. Cb cortical bone, ep epiphysis. Scale bar=200pM
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«Fig.5 Vamorolone treatment improves bone health in CAIA mice.
Bone erosion was quantified on six different joint interfaces of within
the front paw: pisiform (Pisi)—ulna, ulna-radius, radius—navicular
lunate (NL), triangular (Tri)-navicular lunate, triangular—carpal (d4),
and navicular lunate—carpal (d3) as labeled in A-1.1. Metacarpals
(mcl, mc2, me3, mc4, meS) are labeled as well in A-1.1. A four-point
scoring method was implemented on each joint interface, and an aver-
age score per paw was generated from these individual scores. Rep-
resentative images from vehicle treated (A-1.2), vamorolone treated
at 10, 20, 40 mg/kg/day (B-1.1, B-2.1, B-3.1, respectively), and
prednisolone treated at 10, 20, 40 mg/kg/day (C-1.1, C-2.1, C-3.1,
respectively) are shown. Corresponding magnified images are placed
directly to the right of each image (A-1.3, B-1.2, B-2.2, B-3.2, C-1.2,
C-2.2, C-3.2). Whisker plots show bone erosion of vamorolone-
treated (d) and prednisolone-treated (e) mice (n=6 mice/group).
*#p <0.01 compared to vehicle-treated group
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