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Glucocorticoids are standard of care for many chronic inflammatory conditions, including
juvenile dermatomyositis (JDM) and anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV). We sought to define pharmacodynamic biomarkers of therapeutic efficacy

and safety concerns of glucocorticoid treatment for these two disorders. Previous proteomic
profiling of patients with Duchenne muscular dystrophy (DMD) and inflammatory bowel disease
(IBD) treated with glucocorticoids identified candidate biomarkers for efficacy and safety
concerns of glucocorticoids. Serial serum samples from patients with AAV (n = 30) and JDM

(n = 12) were obtained during active disease, and after treatment with glucocorticoids. For

AAV, 8 of 11 biomarkers of the anti-inflammatory response to glucocorticoids were validated
(P-value <0.05; CD23, macrophage-derived cytokine, interleukin-22 binding protein, matrix
metalloproteinase-12, T lymphocyte surface antigen Ly9, fibrinogen gamma chain, angiopoietin-2
[all decreased], and protein C [increased]), as were 5 of 7 safety biomarkers (P-value <0.05;
afamin, matrix metalloproteinase-3, insulin growth factor binding protein-5, angiotensinogen,
leptin [all increased]). For JDM, 10 of 11 efficacy biomarkers were validated (P-value <0.05;

all proteins except fibrinogen gamma chain) and 6 of 7 safety biomarkers (P-value <0.05; AAV
proteins plus growth hormone binding protein). The identified efficacy biomarkers may be useful
as objective outcome measures for early phase proof-of-concept studies when assessing novel
anti-inflammatory drugs in JDM and AAV, and likely in other inflammatory disorders. Similarly,
safety biomarkers may also be helpful assessing toxicity of alternatives to glucocorticoids.
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1. Introduction

A pharmacodynamic biomarker is one that reflects a drug’s pharmacological actions and
the subsequent physiologic consequences. Some pharmacodynamic biomarkers are tissue-
and disease-specific, while others may be more specific to the mechanism of action

of the therapy. Glucocorticoids have similar pharmacological actions and physiologic
consequences when used to treat inflammatory diseases. We hypothesized that we could
identify peripheral blood-based biomarkers specific for glucocorticoid action and effect
that were not reflective of downstream, disease-specific processes. The objective of this
study was to validate previously-described glucocorticoid-responsive pharmacodynamic
biomarkers in both patients with anti-neutrophil antibody-associated vasculitis (AAV) and
patients with juvenile dermatomyositis (JDM). If meaningful and reproducible serum
biomarkers specific for the anti-inflammatory efficacy of glucocorticoids were identified,
then these could be used in proof-of-concept studies of alternative, glucocorticoid-sparing
therapies. For example, to assess the potential for a new or repositioned anti-inflammatory
drug in early phase trials in AAV or JDM, pharmacodynamic biomarkers for anti-
inflammatory effect could be monitored as an objective outcome measure demonstrating
proof-of-concept of efficacy. Pharmacodynamic biomarkers could also be correlated with
exposure, thereby aiding in dose selection or extrapolation of data between age groups or
indications. Chronic glucocorticoid use is associated with extensive safety concerns [1],
some of which are already monitored clinically by blood biomarkers: insulin resistance
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measured by fasting insulin and glucose; adrenal suppression measured by first in morning
cortisol; bone morbidities measured by markers of bone turnover. Expanding a panel of
pharmacodynamic safety biomarkers could aid in the development of alternative dosing
regimens of glucocorticoids in AAV and JDM, and in testing of novel steroidal drugs that
may reduce side effects.

Anti-neutrophil cytoplasmic antibody (ANCA) — associated vasculitis (AAV) is a group
of rare organ-and life-threatening multisystem diseases involving inflammation and
destruction of small blood arteries [2]. Induction of remission in new or relapsing AAV

is accomplished by several months of high-dose daily oral glucocorticoids combined with
another immunosuppressive agent, usually cyclophosphamide or rituximab, followed by a
maintenance phase of treatment with often chronic daily low-dose glucocorticoids along
with another immunosuppressive agent [3]. Due to the intensity and duration of the
treatment, the overall burden to patients with AAV in terms of glucocorticoid toxicity and
permanent damage is substantial, including bone fragility, muscle weakness, weight gain,
diabetes mellitus, and many other health problems [4,5]. Patients with AAV recognize and
report significant and fast-acting clinical benefit from the anti-inflammatory properties of
glucocorticoids, but report also suffering from other effects of the drugs [6].

Juvenile dermatomyositis (JDM) is a rare disease with an incidence rate in the United States
of 3.2 children per million per year [7] and is the most common (85%) member of the
juvenile inflammatory myopathies. Children with JDM display a classic heliotrope rash,
Gottron’s papules, symmetrical proximal muscle weakness, and elevated muscle-derived
enzymes in the blood. JDM is quite heterogeneous, with myositis-specific antibodies
identifying specific disease patterns [8]. Muscle biopsy shows perifascicular muscle fiber
atrophy, an associated progressive capillary occlusion, and a mononuclear inflammatory
infiltrate [9]. As in the treatment of AAV, prolonged use of glucocorticoids, alone or in
combination with a variety of biologics and immunomodulators, is considered standard
of care [8,10,11]. However, glucocorticoids are well-recognized to deleteriously affect the
quality of life in children, leading to increased risk of bone fragility fractures, cataracts,
hypertension, volatile moods, and weight gain. These side effects become a significant
aspect of morbidity associated with use of glucocorticoids in rheumatic diseases, for

both the child and the child’s family [12]. Growth stunting can be particularly negatively
impactful for children who are treated chronically with glucocorticoids.

Pharmacodynamic biomarkers of chronic glucocorticoids have been previously defined

in a study of two disorders in children: Duchenne muscular dystrophy (DMD) and
pediatric inflammatory bowel disease (IBD) [13,14]. In Hathout et al. [13], cross-sectional
proteomics profiling tested over 1129 proteins using the SOMAscan™ aptamer method in
glucocorticoid-naive patients with DMD compared with patients with DMD treated with
glucocorticoids, identifying biomarkers that were significantly different between cohorts.
These candidate biomarkers were then validated in sera from another cohort of patients
with DMD before and after glucocorticoid treatment. The majority of these same proteins
were then confirmed in a cohort of pediatric patients with IBD using SOMAscan™ panels
measured before and after chronic therapy with glucocorticoids. Eleven pharmacodynamic
biomarkers of efficacy were identified; these were inflammation-associated proteins that

Steroids. Author manuscript; available in PMC 2019 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Conklin et al.

Page 4

were (with the exception of one anti-inflammatory protein) decreased by glucocorticoids.
An additional 7 pharmacodynamic biomarkers of safety concerns were identified, which
were increased by glucocorticoids. Biomarkers were pre-specified as reflective of efficacy
or safety based upon the known functions of the protein, and the direction of change.

Some biomarkers were shown to be elevated in patients with DMD compared with
untreated healthy boys of a similar age, and decreased with prednisone treatment (i.e. MDC,
IGFBP2, ITGAL ITGB1, FGG). Others were decreased in patients with DMD compared
with controls, and levels increased with prednisone treatment (i.e. GHBP, angiotensinogen,
afamin) [13]. In the current study, we evaluated this panel of pharmacodynamic biomarkers
for glucocorticoid efficacy (n = 11) and safety (n = 7) as candidate biomarkers in patients
with both AAV and JDM.

2. Experimental

2.1. Patients and samples

Protocols and studies were approved by the Institutional Review Boards at all participating
centers in the Vasculitis Clinical Research Consortium and at Ann & Robert H. Lurie
Children’s Hospital of Chicago. Adult subjects and parents provided informed consent; for
children, age-appropriate assent was obtained. Serum samples were accessioned from two
established biobanks. Samples from patients with AAV were obtained from the Vasculitis
Clinical Research Center (VCRC) Biospecimen Repository, with links to clinical data in the
VCRC Clinical Data Repository. Thirty patients with AAV were selected to have matched
serum samples with i) a study visit at a time of active disease off prednisone, and ii) sample
at a follow-up visit at a time of remission on prednisone (n = 60 samples tested).

Serum samples from patients with JDM were obtained from the CureJM Center of
Excellence, located in the Stanley Manne Children’s Research Institute of Chicago, affiliated
with the Ann & Robert H. Lurie Children’s Hospital and Northwestern’s Feinberg School
of Medicine. The Myositis Center is supported by the Cure JM Foundation, and hosts the
Juvenile Myositis Registry and Biological Sample Repository. In addition to other samples,
sera from children with JDM were generally collected at clinic visits every six months,
aliquoted, and stored at —80 °C. Standardized Disease Activity Scores (DAS), developed by
the Myaositis Center and used internationally, were used for clinical characterization of the
patients [15-17]. Twelve patients with JDM were selected who had matched serum samples
with i) a study visit at a time of active disease off prednisone (baseline diagnosis or disease
flare), and ii) sample at a follow-up visit on prednisone (n = 24 samples tested).

2.2. Proteomic profiling

Banked serum samples were thawed, aliquoted (~100 pL), stored at —80 °C, and delivered
to SomaLogic, Inc. (Boulder CO) on dry ice for proteomic profiling of 1305 proteins
using SOMAscan™, a proprietary aptamer panels testing system, as previously described
[13,18]. All samples (n = 96) were run in parallel at three dilutions of subject sera (40%,
1%, 0.005%), enabling detection of proteins from fM to uM range. SOMAscan™ data
are reported in Relative Fluorescence Units (RFU’s). Values from 95% of the proteins
assayed showed a coefficient of variation < 12.6%. After data normalization, a data filter
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was applied to limit analyses to 11 pre-specified exploratory pro-inflammatory efficacy
biomarkers and 7 pre-specified exploratory safety biomarkers. Ten efficacy biomarkers were
previously noted to decrease with glucocorticoid treatment: (cell differentiation marker 23
[CD23], macrophage derived chemokine [MDC], interleukin 22 binding protein [IL22BP],
lymphotoxin al/b2 [LTal/b2], insulin-like growth factor binding protein 2 [IGFBP-2],
integrin A1B1 [ITGA1 ITGB1], angiopoietin 2 [ANGPT2], T lymphocyte antigen Ly9
[Ly9], fibrinogen gamma chain [FGG], and matrix metalloproteinase-12 [MMP-12]). These
10 proteins are inflammation-related, while Protein C is an anti-inflammatory protein

that has been shown to increase with glucocorticoid therapy [13]. The 7 candidate safety
biomarkers were previously demonstrated to be increased by glucocorticoids in DMD and
IBD: insulin, leptin, matrix metalloproteinase-3 [MMP-3], afamin [AFM], angiotensinogen
[AGT], insulin-like growth factor binding protein-5 [IGFBP-5], and growth hormone
binding protein [GHBP] [13].

2.3. Statistical analysis

SOMAscan™ data are reported in Relative Fluorescence Units (RFU’s). Pre-treatment
baseline RFU’s were compared to post-glucocorticoid RFU’s. All protein RFU’s were log
(base 10) transformed and normality of each verified by the Shapiro-Wilk normality test.
Student’s paired #test and the Wilcoxon signed rank test were used to test the changes

in protein expression from pre- to post-glucocorticoid treatment. Though 1310 proteins
were evaluated in the aptamer panel, we used a data filter to limit analysis to only the
pre-specified candidate proteins (11 efficacy, 7 safety biomarkers). Thus, we did not adjust
for multiple testing due to restricted analyses. An alpha of 0.05 was used as the threshold for
significance.

3. Results

Details regarding the demographic and clinical information for the patients with AAV are
reported in Table 1. Data for AAV candidate efficacy and safety biomarkers are shown in
Table 2. Eight of 11 efficacy biomarkers reached significance by paired #test (CD23, MDC,
IL22BP, LTal/b2, Ly9, FGG, MMP-12, and protein C) and 8 of 11 by Wilcoxon signed rank
test (CD23, MDC, 1L22BP, Ly9, FGG, MMP-12, ANGPT2, and protein C) (P-value <0.05).
Only IGFBP-2 and ITGAL ITGBL did not reach significance by either method, and thus are
not likely to be biomarkers for glucocorticoid efficacy in AAV. Percent change from baseline
for efficacy biomarkers in AAV is shown in Fig. 1. Five of 7 safety biomarkers were elevated
in AAV with glucocorticoid therapy (P-value <0.05): afamin, matrix metalloproteinase-3,
insulin growth factor binding protein-5, angiotensinogen, and leptin. Non-fasting insulin and
GHBP did not reach significance in the AAV cohort. Percent increases from baseline for
safety biomarkers in AAV are shown in Fig. 2.

Details regarding the demographic and clinical information for the patients with JDM are
shown in Table 3. Seven of the 12 patients were newly diagnosed and receiving their initial
course of glucocorticoids. SOMAscan™ data for candidate safety and efficacy biomarkers
in JDM are shown in Table 4. Ten of 11 efficacy biomarkers validated (~-value <0.05; all
proteins except FGG) in the JDM cohort by paired #test, and all 11 validated (~-value
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<0.05) by Wilcoxon signed rank test. Percent change from baseline for efficacy biomarkers
in JDM is shown in Fig. 1. Furthermore, 6 of 7 safety biomarkers were increased in the JDM
cohort (P-value <0.05; all AAV proteins plus growth hormone binding protein [GHBP]) by
paired #test, and 5 of 7 safety biomarkers were significant by Wilcoxon signed rank test
(P-value <0.05; all AAV proteins). Percent increases from baseline for safety biomarkers in
JDM are shown in Fig. 2.

Candidate biomarkers were similarly evaluated in subjects with Duchenne muscular
dystrophy and pediatric IBD before and after several weeks of therapy with glucocorticoids.
In these analyses, mixed effects linear regression models were used with terms for time

of glucocorticoid use, and age [13,14]. To compare effect of glucocorticoids on changes

in these proteins across 4 inflammatory diseases, P-values from these previous published
analyses are shown compared with P-values from the current AAV and JDM analyses
(P-values from Wilcoxon signed rank tests are shown) (Table 5).

4. Discussion

Glucocorticoids are used by about 1% of the US population, and are among the

most commonly prescribed medications [19]. The dramatic anti-inflammatory effects of
glucocorticoids were first noted in patients with arthritis in the 1940s and this work

led to the award of the 1950 Nobel Prize for medicine. However, the extensive side

effects lead to significant reductions in quality of life of patients who take glucocorticoids
chronically, especially in children and the elderly. The development of alternatives to
glucocorticoids have focused on dissociative steroidal drugs and targeted biologics. While
effective replacements for glucocorticoids have emerged in some indications, patients with
many chronic inflammatory disorders, such as AAV and JDM, still rely on glucocorticoids
as necessary therapy to mitigate their disease and associated symptoms. There remains

a significant need for alternative and glucocorticoid-sparing therapies, either new or
repositioned, for patients with AAV and JDM.

The assessment of clinical effectiveness and safety of treatments for many inflammatory
diseases requires long-term study, as drugs are used to induce and maintain remission. But
it is unethical and challenging to withhold standard of care therapy in early-phase trials

of novel anti-inflammatory drugs in many patients. The possibility of receiving placebo

is a major deterrent for enrollment in trials and raises ethical concerns, especially in rare
pediatric disorders, or when equipoise is reduced by proven efficacy in adults [20,21].
Development of pharmacodynamic biomarkers reflective of aspects of efficacy and safety
of glucocorticoids may facilitate the development of safer replacement therapies, while
also decreasing burdens on patients and families. Because serum biomarkers are considered
objective outcome measures of drug effect, an early-phase biomarker-focused clinical trial
design might require study of only a few patients, and for only a short treatment period,

in effect resulting in a “clinical de-risking’ of a new or repositioned therapy in a specific
indication, such as AAV or JDM. These data may be particularly beneficial for conditions
with small numbers of patients (who may have choices of clinical trials), or in pediatrics,
where there may be more inherent tension involved in enrolling patients when other
therapies exist.
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In this current study we evaluated candidate glucocorticoid-responsive efficacy and safety
biomarkers in patients with AAV and JDM who were responsive to therapy with
glucocorticoids. JDM is a pediatric disorder, and the previous groups studied, DMD and
IBD, were also pediatric subjects. AAV is a chronic inflammatory state mostly occurring

in adults, often over the age of 60 years. Thus, this study extends our pharmacodynamic
biomarker studies to a broad age range of subjects, and across four distinct chronic
inflammatory disorders. We found that the large majority of biomarkers were validated as
glucocorticoid-responsive in both AAV and JDM. This finding supports our hypothesis that
these biomarkers are reflective of drug effect, and not indicative of disease-specific factors.

A limitation of our study is that samples were obtained within observational, natural history
studies, and not within the context of clinical trials. Dosing of prednisone/prednisolone, as
well as the timing of blood collection, was inconsistent. No exposure-response relationship
could be identified in this study because pharmacokinetic data were not available. Moreover,
values could be affected by Circadian rhythms and fasting status. For example, many of

the baseline samples in the IBD cohort were drawn at the time of diagnostic colonoscopy,
when the patient was fasting [14]. However, the same was not necessarily true of patients
with AAV and JDM, likely contributing to the lack of consistent change in non-fasting
insulin. A potential confounding variable is that patients in both cohorts were exposed

to concomitant immunomodulatory medications that changed between the pre- and post-
prednisone visits. DMD, IBD, JDM, and AAV are quite heterogeneous inflammatory
diseases, with different longitudinal courses and clinical responses to glucocorticoids.
However, despite significant heterogeneity of these diseases and exposures, most biomarkers
were glucocorticoid-responsive across all four diseases, thereby clearly demonstrating a
treatment-specific effect.

Clinical de-risking based on pharmacodynamic biomarkers may generate early-phase data
that could reduce cost, risk, and time for patients, while providing confidence that enables
a clinical development program to proceed. Using these biomarkers as objective outcome
measures, it may be possible to conduct exploratory clinical trials with small numbers of
patients, and for short durations of treatment time, while minimizing withholding standard
of care for extended periods of time. If treatment with vamorolone results in normalization
of pharmacodynamic efficacy biomarkers, or a change in biomarkers well-correlated with
glucocorticoid exposure, then a larger trial could be designed and conducted using clinical
outcome measures. In other rare or pediatric disease populations, this approach could be
utilized by other anti-inflammatory or next-generation steroidal drug development programs
for proof-of-concept studies, drug repositioning, and in support of extrapolation of efficacy
between patient populations.

This approach of utilizing these same glucocorticoid-responsive serum biomarkers as
pharmacodynamic measures of drug mechanism of action has recently been utilized in the
development of vamorolone, a first-in-class dissociative steroidal drug being developed for
Duchenne muscular dystrophy (DMD) [22]. A first-in-patient clinical trial of vamorolone
in 48 boys with DMD pre-specified 7 of the glucocorticoid-responsive biomarkers shown
in Table 5 as exploratory outcomes for anti-inflammatory mechanism of action [23]. The
authors found that 4 of the 7 efficacy biomarkers robustly validated in JDM and AAV
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also showed robust dose-responsive decreases with 2 weeks of vamorolone treatment in
boys with DMD [CD23, MDC, 1L22BP, MMP12]. ITGAL/ITGA2 showed poor response to
vamorolone, and likewise was not validated in AAV. Lymphotoxin al/bl and IGFBP2 were
dose-responsive to vamorolone, but were also were variable in response to glucocorticoids in
AAV. The data presented here may enable similar clinical de-risking trials of vamorolone in
early-phase trials of AAV and JDM.
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Fig. 1.
Shown are plots of mean change in Relative Fluorescence Units (RFU’s) from baseline

and standard deviation for 11 efficacy biomarkers in AAV and JDM. Significance is noted
as follows: * P-value <0.05; **P-value <0.01; ***P-value <0.001. Eight of 11 biomarkers
reached significance in AAV; 10 of 11 reached significance in JDM (by paired £test). All
biomarkers were decreased by glucocorticoids, except for Protein C. These changes were

in the same direction as seen in previous studies in IBD and DMD [13,14]. Abbreviations.
AAV = anti-neutrophil antibody-associated vasculitis; JDM = juvenile dermatomyositis; IBD
= Inflammatory Bowel Disease; DMD = Duchenne muscular dystrophy; MMP-12 = matrix
metalloproteinase-12; MDC = macrophage derived cytokine; PROC = Protein C; IL22-BP =
IL22 binding protein; LY9 = T lymphocyte antigen Ly9; FGG = fibrinogen gamma chain;
ANGPT2 = angiopoietin-2; IGFBP-2 = insulin-like growth factor binding protein-2; ITGAL
ITGB1 = integrin Al B1.
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Fig. 2.

Shown are plots of mean change in Relative Fluorescence Units (RFU’s) from baseline

and standard deviation for 7 safety biomarkers in AAV and JDM. Significance is noted as
follows:* P-value < 0.05; **P-value <0.01; ***P-value <0.001. Five of 7 biomarkers reached
significance in AAV; 6 of 7 reached significance in JDM (by paired #test). All biomarkers
were increased by glucocorticoids. These changes were in the same direction as seen in
previous studies in IBD and DMD [13,14]. Abbreviations. AAV = anti-neutrophil antibody-
associated vasculitis; JDM = juvenile dermatomyositis; IBD = Inflammatory Bowel Disease;
DMD = Duchenne muscular dystrophy; MMP-3 = matrix metalloproteinase-3; AGT =
angiotensinogen; IGFBP-5 = insulin-like growth factor binding protein-5; GHBP = growth
hormone binding protein.
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