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GENERAL INTRODUCTION

Psoriasis is a common chronic, immune-mediated, inflammatory skin disease that is
frequently encountered by dermatologists and general physicians in daily clinical practice.!
The psychosocial impact of psoriasis can be significant and individuals with psoriasis often
experience a decreased health-related quality of life.?? In addition, psoriasis patients may
suffer from extra-cutaneous comorbidities associated with systemic inflammation such as
psoriatic arthritis, commonly face unmet treatment needs, and seem to have a decreased
life expectancy compared to the general population.*® Hence, psoriasis is a dermatological
condition that carries a considerable disease-burden.” In line, the World Health Organization
(WHO) has acknowledged psoriasis as a serious non-communicable disease in need of more
awareness and further research.® The psoriasis treatment landscape has seen major break-
through developments and consequently significant advances have been made in the last
two decades. However, even today the treatment of psoriasis remains challanging.® Hence,
there is a continuing medical need to develop novel treatments for psoriasis, but also for

improvement of the use of established psoriasis therapies.*

In this thesis, the focus was set on advancing psoriasis treatment by undertaking
clinical drug evaluation of two different systemic psoriasis treatments: i) fumaric acid esters
(FAEs), which are an established classical systemic treatment for psoriasis, but important
questions regarding their efficacy and mechanisms of action remain unanswered; and ii) a
novel oligonucleotide-based antagonist of toll-like receptor (TLR) 7, 8 and 9, which is a po-
tential targeted biologic treatment for psoriasis. In this introduction chapter, an overview of

the treatment of psoriasis is given and the aims of the thesis are outlined.

History of psoriasis Arguably already early on in human history psoriasis was
recognized as a skin disease.!! Historical descriptions of psoriasis, however, have been
surprisingly scarce. Hippocrates (460 — 370 BC) coined the term ‘psora’ meaning itch to
describe a group of skin diseases, but these cases probably did not involve psoriasis.?? The
ancient Greek physicians did distinguish ‘lopoi’ (Greek for epidermis) as a separate group of
scaly dermatoses that may have included psoriasis.® In ancient Indian Ayurveda medicine,
skin diseases classified as ‘eka kushtha’ bear close resemblance to psoriasis.'* Aulus Cor-
nelius Celsus (25 BC — 50 AD) distinguished in his ‘De Medicina’ several forms of impetigo,

and some of his descriptions match to psoriasis. The Roman physician Galenus (129 — 216
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AD) is credited by many to be the first who used the term psoriasis, but he likely described
seborrheic dermatitis - another chronic, scaly skin disease that is distinctive from psoria-
sis.’2 A second misclassification with more significant consequences occurred during the
Middle Ages, when psoriasis was considered to be a form of leprosy, so that patients with
psoriasis had to face severe stigmatization and isolation.'® It was not until late in the 19th
century that psoriasis was irrevocably separated from leprosy by Austrian dermatologist
Ferdinand Hebra (1816 — 1880). The first clinical and morphological description of psoriasis
as it is recognized today was provided earlier in 1808 by the Englishman Robert Willan in his
textbook titled ‘On Cutaneous Diseases’.*® Thereafter, physicians such as Koebner, Auspitz,
Munro, von Zumbusch, and Woronoff described clinical or histopathological signs that are
now considered to be pathognomic for a diagnosis of psoriasis.’”

In the following early days of modern dermatology, the cutaneous morphology of
psoriasis was clearly defined and psoriasis has remained ever since a major focus for clinical

and scientific efforts.

Epidemiology of psoriasis Psoriasis is one of the most common inflammatory skin
diseases encountered by physicians in clinical practice. Epidemiological data on psoriasis,
however, have been quite limited.'® The global prevalence of psoriasis is estimated to be
2 to 4%.% There is presumably a geographical gradient in the occurrence of psoriasis; the
prevalence of psoriasis is largest in countries closest to the poles and tends to decrease in
areas closer to the equator.’® The reasons for this gradient in prevalence are incomplete-
ly understood, but geographical variations in average UV exposure may play a role. In the
Netherlands the self-reported number of people with psoriasis in 2014 was about 400.000
people, equal to 2.4% of the total population.?®

Psoriasis is a dermatologic disease that can be seen in virtually anyone. Men and
women are affected equally and psoriasis occurs in almost all ethnicities.?* Furthermore,
psoriasis can present at any age. Nonetheless, two major peaks of age of onset are not-
ed: one peak is around 20 years of age, which is defined as early-onset psoriasis, whereas
late-onset psoriasis is typically seen around 50 years. Psoriasis is not uncommon in children.
The prevalence of psoriasis among children is about 1%, ranging from 0.2% among 2-year
old children to 1.7% among those aged 18 years.??

In most patients with psoriasis, the disease has a chronic, relapsing-remitting
course. The severity of psoriatic skin lesions typically varies over time. Systematic investi-
gations have been lacking, but overall most individuals with psoriasis seem to have a mild

disease severity.?! Approximately a third of all psoriasis patients has moderate-to-severe
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disease activity.?

Clinical and histopathological features of psoriasis Psoriasis is characterized by
typical skin lesions. Several subtypes of psoriasis are distinguished clinically based on the
morphology and body site location of the skin lesions. The most common type is plaque
psoriasis or psoriasis vulgaris, which entails approximately 85% of all psoriasis cases.(See
Figure 1) Plaque psoriasis is defined by sharply demarcated skin plaques with erythema and
silvery-white coarse scaling.?* These plaque type psoriatic lesions preferentially occur sym-
metrically on arms, knees, lumbar region and scalp, but in principle any body site can be af-
fected. Less frequently occurring psoriasis subtypes include: guttate psoriasis with drop-like
erythematous papules located on trunk and extremities; inverse psoriasis with flat, erythe-
matous skin lesions without much scaling that are located at the body fold areas; pustular
psoriasis that characteristically involve the occurrence of sterile pustules on the palmar and
plantar sides of hand and feet, respectively; and erythrodermic psoriasis which presents as

generalized erythematous skin lesions.

In addition to the skin lesions, psoriasis can be associated with extra-cutaneous
manifestations. Up to 30% of patients with psoriasis has inflammatory joint involvement,
termed psoriatic arthritis.2* Other potential manifestations of psoriatic arthritis include en-
thesitis and dactylitis. Furthermore, about 50% of patients with psoriasis has involvement of
the nails, which can range from slight nail-discoloration to complete dystrophy of the nail.**
The diagnosis of psoriasis is based primarily on the clinical assessment of skin lesions. Three
clinical signs may aid to diagnose psoriasis. The candle-grease sign or ‘signe de la tache
de bougie’ is defined by whitening of the stratum corneum when scales are scratched off
superficially. The second characteristic finding of psoriasis is the Auspitz sign, which is char-
acterized by the occurrence of small pinpoint bleeding upon deeper scraping of scales.?® The
third clinical sign consistent with a diagnosis of psoriasis is the Woronoff ring: a white-color-

ed halo surrounding an erythematous plaque.?®

Differential diagnoses of psoriasis include seborrheic dermatitis, nummular
eczema, pityriasis rubra pilaris, cutaneous forms of lupus erythematosus (LE) - mainly suba-
cute cutaneous LE - and cutaneous T-cell lymphoma. In rare cases, histopathologic analysis
of a skin biopsy may be helpful to differentiate psoriasis from these differential diagnoses.
Histopathologic features of psoriasis include: regular epidermal hyperplasia and parakera-

tosis, Munro microabscesses, elongation of the epidermal rete ridges with thinning of the
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supra-papillary epidermis, dilated capillary vessels in the papillary dermis, and an infiltrate

of immune cells that include neutrophilic granulocytes.”’(See Figure 1)

Figure 1: Clinical and histopathological features of chronic plaque psoriasis

Impact of psoriasis The impact of psoriasis is multi-fold. First, there are the physical
symptoms exerted related to psoriatic skin lesions, such as pruritus, pain, and bleeding.?®
Second, patients with psoriasis often experience a considerable psychosocial impact due to
the visibility of the skin lesions, which can result in social stigmatization.?® Adding to this,
psoriasis can be associated with feelings of social isolation and depression.*® As a result,
patients with psoriasis can have a significantly reduced health-related quality of life to an
extent that is comparable to that of major chronic internal diseases like type 2 diabetes
mellitus and asthma.” Third, psoriasis is more than a mere skin disease. There are multiple
extra-cutaneous comorbidities, which may be owing to psoriasis-related systemic inflam-
mation.?! There is an association of psoriasis with the metabolic syndrome and cardiovascu-
lar disease, but whether this is due to a direct causal relationship remains unclear.?! Other
psoriasis-associated comorbidities include inflammatory bowel disease, uveitis, and multi-
ple sclerosis.?*232 These immune-mediated comorbidities may be linked to shared genetic
pathways with psoriasis.3** Fourth, there is evidence suggesting that psoriasis is associated
with an increased mortality compared to the general population.®3 Both all-cause mortality
and cardiovascular mortality risk specifically seem increased among patients with psoria-
sis compared to those without psoriasis.®*” Lastly, psoriasis poses a considerable substan-
tial economic burden to society.?®*° For instance, the total costs of psoriasis for the United
States in 2013 was estimated at $35.2 billion, of which 35% was related to medical costs,
34% to a reduced health-related quality of live, and 32% stemming from losses in produc-
tivity.*® Sparse data are available for the Dutch health-care setting. In a single-center retro-

spective cohort study from Nijmegen, mean direct costs related to psoriasis was estimated
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to almost € 18.000 per patient per year.*

Measuring disease severity of psoriasis There are several tools available and
in use to measure the disease severity of psoriasis. Severity of psoriasis can be assessed
based on the extent of the psoriasis plaques: severe psoriasis is defined as more than 10%
of body surface area (BSA) affected, moderate psoriasis affects 5-10% of BSA, and mild pso-
riasis includes up to 5% of BSA.® A common outcome measure applied in clinical trials is
the Psoriasis Area and Severity Index (PASI), which assesses BSA, but also takes into account
the degree of erythema, induration and desquamation. The PASI scale ranges from zero
to 72, with higher scoring indicating more severe disease activity. A PASI of 10 or higher is
considered indicative of moderate-to-severe disease. Major limitations of BSA and PASI are
that both grading systems do not always necessarily correlate with the patient’s perceived
impact of the disease. A limited number of psoriasis skin lesions in directly visible body
sites (e.g. face, hands) or involving the genital area or scalp can still significantly affect an
individual’s quality of life.*> Furthermore, a second disadvantage of PASI and BSA is that the
patient’s perspectives and impact of symptoms such as pruritus and pain are not taken into
consideration in the scoring.*®* Therefore, patient-reported outcome measures (PROMs) on
psoriasis severity and health-related quality of life are becoming more important parame-
ters not only in clinical trials, but also in daily clinical practice.** Available patient-reported
outcomes for psoriasis include general assessment tools intended for patients with a skin
disease, such as the Dermatology Life Quality Index (DLQI) and the Skindex.**“¢ In addition,
multiple specific tools for psoriasis have been developed, such as the Psoriasis Symptom

Inventory.4748

Pathogenesis of psoriasis The etiology of psoriasis has been a subject of debate
for multiple decades.* Initial hypotheses focused on metabolic disturbances, parasitic in-
fections, and a primary keratinocyte-dysfunction as the underlying cause of psoriasis.>**2
These theories have been abandoned and psoriasis is now generally accepted to be a
primary immune-mediated inflammatory disease.>® Central in the current concept of psori-
asis pathogenesis is an interplay between environmental factors and genetic susceptibility.
Genome-wide association studies (GWAS) have identified several psoriasis susceptibility
loci, which mostly involve genes involved in immunity.>*>> A clear mode of inheritance, how-
ever, is not observed. Environmental factors known to trigger psoriasis include streptococcal
infection, exposure to certain drugs such as beta-blockers and lithium, physical trauma to

skin (i.e., the Koebner phenomenon), and emotional stress.*®
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Experimental studies from the last two decades have established a well-character-
ized but complex immune-based pathogenesis of psoriasis.>® Driving psoriasis pathogenesis
are positive pro-inflammatory amplification feedback loops and interactions between mul-
tiple mediators, including the innate and adaptive immune system, the keratinocytes, and
the vascular endothelium. One of the initiating events is cell damage leading to release of
self-DNA and self-RNA, which form damage associated molecular patterns and bind to anti-
microbial peptides like cathelicidin (also known as LL37). Via endosomal toll-like receptors
7, 8, and 9 engagement these complexes then activate plasmacytoid dendritic cells in the
skin to induce production of multiple pro-inflammatory cytokines, such as interferon alpha,
tumor necrosis factor (TNF) alpha, and interleukin (IL)-23. In turn, naive T-lymphocytes are
recruited and T helper 1 and T helper 17 cell responses are generated, leading to production
of pro-inflammatory cytokines such as interleukin-17. The self-sustained pro-inflammatory

loops subsequently cause keratinocyte activation and proliferation, which ultimately lead to
formation of psoriatic skin plaques.(See Figure 2)

Figure 2: Schematic overview of the pathogenesis of plaque psoriasis
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Landscape of psoriasis treatment Perhaps no other skin disease has had greater
development of its therapeutic arsenal than has psoriasis. In particular the last two decades
has seen significant improvements with the development of targeted treatments for pso-
riasis.>’” Still, no definitive cure is available for psoriasis. Early on, a multitude of different
treatments were applied. Some of these treatments are now obsolete, such as arsenic and
mercury, whereas other historical treatment modalities such as salicylic acid and coal tar are
still applied today. Current treatment modalities for psoriasis can be broadly clustered into
four broad categories: topical treatments, photo-(chemo)therapy, classical or conventional
systemic treatments, and biologics.(See Table 1) The choice for treatment depends on fac-
tors such as the severity and impact of psoriasis, patient comorbidities and medical history,
patient preference, expected treatment adherence, and treatment-characteristics.'%°®

Topical treatments are the preferred treatments in mild and limited cases of
psoriasis.>® Available topical treatments include corticosteroids and vitamin D3 analogues.
Dithranol and coal tar are also used as topical treatments, but mostly in context of an outpa-
tient day-care clinic setting or in-hospital setting. Furthermore, topical calcineurin inhibitors
- approved for atopic dermatitis - are used as an off-label drug for psoriasis.

A second-line therapy is photo-(chemo)therapy with ultraviolet (UV) radiation.®®
Narrow-band UV-B is the most commonly applied type of phototherapy for psoriasis. Less
frequently used are photo-chemotherapy modalities, i.e. UV-A combined with either oral
or topical psoralen (PUVA). Limitations of phototherapy include the relatively short-term
disease control - with remission of psoriasis often only lasting several months - and the
increased risk of cutaneous carcinogenesis due to cumulative UV exposure.®® Laser-based
treatments are also applied in psoriasis treatment, albeit quite limited in use. Still, the 308
nm excimer laser and the pulse dye laser (PDL) are both considered effective and safe treat-
ment options for psoriasis.®*%

In case of moderate-to-severe psoriasis, systemic treatment is often indicated.
Since the 1960s, several oral treatments became available for psoriasis: methotrexate,
ciclosporin, acitretin, and fumaric acid esters (FAEs).®®* These four systemic agents are often
classified as the classical or conventional psoriasis treatments.(See Table 2) Several adverse
events potentially limit the use of these systemic treatments. For instance, important ad-
verse events associated with methotrexate include hepatotoxicity and bone marrow depres-
sion. Ciclosporin is a fast-acting drug, but nephrotoxicity and development of hypertension
limit the long-term use of ciclosporin in psoriasis. Acitretin, which is a vitamin A derivative,
normalizes epidermal differentiation, but is typically thought to have a low efficacy as mon-

otherapy for plaque type psoriasis.>®
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A new class of oral treatments became available in 2014 with the approval of
apremilast, a small molecule drug that inhibits intracellular phosphodiesterase 4-activity.®*
Apremilast acts as an immunomodulator that decreases pro-inflammatory cytokine-produc-
tion and at the same time stimulates cytokines having anti-inflammatory effects.

The most recently developed treatments are the biologics, i.e. monoclonal anti-
bodies or fusion proteins that target specific pro-inflammatory cytokines. The introduction
of biologics constituted a great breakthrough, as for the first time psoriasis could be treat-
ed with targeting drugs having a high efficacy and often a rapid onset of action. The first-
generation biologics were introduced in the early 2000s and included three different tumor
necrosis factor (TNF)-alpha inhibitors: infliximab, etanercept, and adalimumab. Of note,
two other first-generation biologics targeting lymphocytes, i.e. efalizumab and alefacept,
were withdrawn from the drug market in 2009 and 2011, respectively. The next-generation
biologics target specific interleukin (IL) cytokines, i.e., in order of market approval date:
anti-IL-12/23 (ustekinumab), anti-IL-17 (secukinumab, ixekizumab, brodalumab), and IL-23
(guselkumab). While biologics are effective in inducing rapid reduction of psoriasis severity
in a majority of patients, the use of this class of drugs is associated with several disadvantag-
es. First, the relatively high costs of biologics necessitate rational and restricted use of these
treatments, especially in current times of restricted health care budgets.% Second, biologic
treatment can be associated with loss of efficacy over time, which for some of these drugs
may be related to the development of neutralizing antibodies.®® Third, given the relatively
recent introduction of biologics, data on their long-term effects of continuous treatment is

lacking.

Need for improvement of psoriasis treatment  While the number of different psori-
asis treatments has vastly increased during the last decades, there is still a continued need
for improvement of the treatment of psoriasis. First, the currently available treatment op-
tions are associated with disadvantages, such as primary non-response and secondary loss
of efficacy over time.®® Furthermore, adverse events and cumulative toxicity may lead to
premature treatment discontinuation.®” Such limitations also hamper long-term treatment,
which is a significant issue in the management of psoriasis.®® Given that psoriasis is a chron-
ic disease, long-term treatment is often indicated to allow a continued disease control. A
third limitation is the high costs of several psoriasis therapies, in particular the biologics. In
context of present-day health care, in which cost-control is essential, high costs significantly
decreases the availability of these treatments. In addition, access to biologic therapy for

psoriasis does not seem equally distributed.®® Moreover, in most low- and middle-income
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countries, biologics are either not available at all or very limited in availability. In addition,
from a patient’s perspective there is a great extent of treatment dissatisfaction with current
treatment options. Moreover, non-treatment and under-treatment are major issues in the
care for psoriasis.® Taken together, there are clear unmet treatment needs for both psoriasis

patients and physicians alike.

Table 1: Overview of treatment options for psoriasis anno 2018

Class of treatment Treatment

Topical
Corticosteroids
Vitamin D3 analogues
Dithranol
Coal tar
Calcineurin inhibitors
Photo(chemo-)therapy
UVB
PUVA
Laser excimer / pulse dye laser
Classical systemic treatments
Fumaric acid esters
Methotrexate
Ciclosporin
Acitretin
Small molecule
Apremilast
Biologic:
anti-TNF-alpha Etanercept
Infliximab
Adalimumab
anti-1L-12/23 Ustekinumab
anti-IL-17 Secukinumab
Ixekizumab
Brodalumab
anti-IL-23 Guselkumab
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Table 2: Overview of the classical treatment options for psoriasis

Systemic treatment

Dosing

Important side
effects

Comments

Fumaric acid esters,
including dimethyl-
fumarate

Methotrexate

Ciclosporin

Acitretin

Up to 720 mg per
day per os

Up to 25 mg per
day per week per
os or subcutaneous
injection

3.0-5.0 mg/kg per
day per os

0.5-3.0 mg/kg per
day per os

Gastrointesti-

nal complaints,
lymphocytopenia,
proteinuria
Hepatotoxicity, bone
marrow depression

Nephrotoxicity,
hypertension
Xerosis cutis, dyslipi-
demia, teratogenic

Unlicensed in most
countries

Not suitable for
patients at risk

for liver fibrosis,
multiple drug-drug
interactions

Not suitable for
long-term treatment

Low efficacy as
monotherapy

effects

Clinical drug development and evaluation in psoriasis Before a new drug
can receive market approval and thus be prescribed in clinical practice, an extensive drug
development and evaluation period is required. Contemporary drug development in gen-
eral follows a linear approach with 4 specific phases.(See Figure 3) Following pre-clinical
evaluations, a new compound enters clinical evaluation in healthy volunteers to assess drug
tolerability and pharmacokinetics (Phase 1). Subsequently, phase 2 studies are performed
to assess preliminary efficacy and dose-finding in a small number of patients, which are sub-
sequently followed by large phase 3 trials to confirm efficacy and tolerability. After market
approval, post-marketing surveillance studies or phase 4 trials are conducted to evaluate

(long-term) efficacy and safety in daily clinical practice.

Figure 3: Overview of the linear phases of contemporary clinical drug development

Clinical development Market access

/ \ pharmacovigilance
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Focus of this thesis The focus of this thesis was set on clinical drug development and
evaluation in psoriasis treatment. The overall aim was to identify drawbacks and areas for
improvements and optimization of current drug development practices in the context of
psoriasis. Two different psoriasis drugs were investigated as examples for clinical drug devel-
opment practices in psoriasis. First, fumaric acid esters (FAEs), an established treatment for
psoriasis that are in use for over three decades but whose efficacy, safety, and mechanisms
are still poorly understood.”®”* The second drug investigated was IMO-8400, a novel, first-
in-class oligonucleotide-based antagonist of TLRs 7, 8, and 9, which is a potential treatment

modality for psoriasis.>*Here, a short introduction of both FAEs and TLR-antagonists is given.

Fumaric acid esters: a classical psoriasis treatment The ester derivatives of
fumaric acid, also known as fumarates, are small molecules derived from fumaric acid.”? In
terms of chemical structure, both fumaric acid and FAEs are dicarboxylic acids.(See Figure 4)
Fumaric acid is a naturally occurring compound in the human body, in which it is involved in
two basic cellular processes: the citric acid cycle and the urea cycle.(See Figure 5) The citric
acid cycle, also known as the Krebs cycle, is an essential metabolic process that generates
energy within the mitochondria’® Fumaric acid is one of the intermediate metabolites of the
citric acid cycle. In the urea cycle, ammonia is converted into urea through fumaric acid.
Oral administration of fumaric acid has no clear anti-psoriasis effects. Fumaric acid
is in use as a food additive (E-number E297); it is known for its acid, fruit-like taste. In con-
trast to fumaric acid, FAEs do have broad immunomodulating, anti-inflammatory, and an-
ti-oxidative effects upon oral administration.”? Hence, there is a clear potential of FAEs as

therapeutic drug.

Figure 4: Chemical structure of fumaric acid (left) and dimethylfumarate, an fumaric acid

ester derivative (right)
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Figure 5: Fumaric acid is involved in two basic cellular processes: the citric acid cycle and

the urea cycle
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Development of fumaric acid esters for psoriasis There is a long-standing tra-
dition to treat psoriasis with FAEs, but the development was somewhat peculiar done and
not evidence-based.(See Box 1)7*7°

The German chemist Walter Schweckendiek was the first to report the poten-
tial use of FAEs as psoriasis treatment in 1959.7° Schweckendiek postulated that psoriasis
occurred due a deficiency in serum levels of fumaric acid leading to a dysfunctional citric
acid cycle and that oral supplementation of fumaric acid might neutralize these defects. In
several self-experiments — Schweckendiek himself had psoriasis — he noted improvement of
his psoriasis skin lesions following oral administration of fumaric acid. Given that fumaric
acid caused too much gastrointestinal irritation, Schweckendiek instead tried to use the
ester derivatives of fumaric acid.” In the 1960s and 1970s Schweckendiek together with
the German general practitioner Schafer continued to develop FAEs as a treatment for pso-
riasis.”®”® A mixture of different FAEs was used in combination with topical application of
FAEs and a specific elimination diet. The applied FAEs included dimethylfumarate (DMF) and
monoethylfumarate (MEF). Using a standardized FAEs treatment regimen, Schafer reported
good effectiveness results in treating psoriasis patients with FAEs on a large scale in the
psoriasis clinic Beau Réveil in Leysin, Switzerland. Initial clinical studies by German derma-
tologists, however, could not confirm the beneficial effects of FAEs in psoriasis treatment.
Moreover, there were growing concerns on the safety of FAE as several cases were reported
of acute renal toxicity in patients treated with FAEs. This led to a halt in the development
of FAEs as psoriasis treatment for over a decade. Of note, there were no phase 1-3 trials
conducted that evaluated FAE treatment in psoriasis.

In the mid-1980s there was a revival of interest in FAE treatment among academic
dermatologists, partly under the influence of psoriasis patient associations. The first clinical
observational studies were conducted by dermatology centers in Switzerland and in the
Netherlands, which were published in 1987 and 1989, respectively.t%8! Around the same
time, the Dutch physician Leonard Kunst developed and treated psoriasis patients with a
novel FAE formulation containing only DMF, thereby omitting the MEF-salts.®

In the early 1990s, the first randomized, placebo-controlled trials from the
Netherlands and Germany that evaluated FAEs in psoriasis were published, in which effi-
cacious responses and a good safety profile were observed in patients with chronic plaque
psoriasis.®*®* Based on these clinical trials, FAE treatment became approved in 1994 in
Germany for the systemic treatment of severe psoriasis in adult patients. The licensed FAE
formulation contained a mixture of DMF and MEF-salts, which was marketed as Fumaderm

(Fumapharm AG, Switzerland). Fourteen years later, in 2008, the German registration for
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FAE treatment with Fumaderm was expanded to include moderate psoriasis in adults.

Box 1: Overview of the development of fumaric acid esters as psoriasis treatment

Year Event

1959 First published description of FAEs as potential psoriasis drug by Walter
Schweckendiek, a German biochemist who performed several experiments on
himself using fumaric acid and fumaric acid esters

1970 Gunther Schafer, a German physician and psoriasis patient, further developed
FAEs and treated patients with a standardized treatment protocol using DMF and
MEF.

1985 Leonard Kunst, a Dutch physician, develops a FAE-formulation containing only
DMF.

1987 Dermatologists from Bern, Switzerland, report the clinical effects of FAE treat-
ment among patients with psoriasis.

1989 Several randomized studies involving different FAEs were conducted by Cornelis
Nieboer and colleagues from Amsterdam, The Netherlands.

1990 The first randomized, placebo-controlled on FAEs in psoriasis is published by the
dermatology from Leiden, The Netherlands.

1994 A large, German multicenter, randomized, placebo-controlled among 100 pa-
tients with psoriasis published by Altmeyer and colleagues.

1994  Registration of FAEs in Germany (Fumaderm) for the treatment of severe psori-
asis.

2009 Inclusion of FAEs as systemic treatment option for psoriasis in the 2009 European
S3-guidelines psoriasis treatment by Pathirana and colleagues.

2011 Expansion of Fumaderm registration for the treatment of moderate psoriasis in
Germany.

2017  Publication of the BRIDGE trial, a large randomized controlled trial comparing
Fumaderm with a DMF-formulation and placebo.

Pharmacological features of fumaric acid esters The mechanisms underlying

the efficacy of FAEs in improving psoriasis are not yet completely understood. DMF is consid-

ered the most active FAE and thought to improve psoriasis via various immune-modulating,

antiproliferative, and anti-angiogenic effects.’”>® Experimental studies have demonstrated a

broad range of immune-modulating effects of FAEs. One on the mechanisms is FAEs’ ability

to deplete intracellular levels of glutathione in circulating immune cells, which induces the

expression of the anti-inflammatory protein heme oxygenase 1 (HO-1). In turn, this inhibits

pro-inflammatory cytokine production of TNF-q, interleukin (IL)-12, and IL-23, which could

explain the beneficial response by FAEs in psoriasis treatment.®¢
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Other lines of in vitro investigations have shown FAEs are capable of inhibiting the
maturation of dendritic cells, inducing T-cell apoptosis, shifting T helper cell responses from
aThelper 1toaT helper 2 profile, and interfering with leukocyte extravasation by reduction
of endothelial adhesion molecule expression.®°* Other potential mechanisms of action of
FAE have been ascribed to inhibition of keratinocyte proliferation and downregulating an-
giogenesis by reducing vascular endothelial growth factor receptor-2 expression.®<® While
numerous effects of FAEs have been observed in vitro, it remains unclear which of these are
responsible of the clinical efficacy of FAEs in improving psoriasis severity.

There is relatively little data available on the pharmacokinetic properties of FAEs.
DMF is considered a prodrug for monomethylfumarate (MMF).**1% Following oral adminis-
tration, DMF is rapidly hydrolyzed in the small intestines into MMF. Serum levels of MMF
rise as would be expected following oral intake of FAEs, whereas DMF levels are undetect-
able in serum.1°%92 However, DMF is likely not completely metabolized into MMF in the
small intestines. Instead, DMF is able to reach the systemic circulation, and then DMF rap-
idly enters circulating cells to react and conjugate with intracellular glutathione.’® In line,
DMF-glutathione metabolites were detected in portal veins in rats after DMF administration
into the small intestine and DMF-glutathione metabolites were detected in urine in psoriasis

patients who were treated with FAEs.?041%

Position of fumaric acid esters in the treatment of psoriasis FAEs are consid-
ered one of the traditional systemic treatments for psoriasis, next to methotrexate, ciclo-
sporin, and acitretin. As such, FAEs are included as one of the treatment options for pso-
riasis in the European S3-guidelines on psoriasis treatment.'° Yet there are several issues
involving FAEs in psoriasis treatment and uncertainties exist on the suitability of FAEs as
psoriasis treatment, leading to a limited use of FAEs.

First, the quality of the available evidence to support the efficacy and safety of
FAEs in psoriasis treatment is relatively low; the development of FAEs was mostly empirical
without the rigorous evaluation standards that are adhered to today.'% As a result, FAEs are
not generally fully accepted by all dermatologists as suitable treatment option. In ling, in the
European guidelines no consensus could be reached for a unanimous recommendation for
FAEs as a long-term treatment. % In addition, FAEs may be used, but rather as a second- or
third-line option for systemic psoriasis treatment.7-108

Second, FAEs are not widely available in most countries.” At present, FAEs are ap-
proved only in Germany. There is a longstanding tradition in Germany to treat psoriasis

patients with FAEs as a first-line systemic treatment and, as a result, FAEs are currently one
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of the most frequently used systemic treatments in Germany.® In the Netherlands, where
part of the development of FAEs as psoriasis therapy took place, FAEs are - albeit limited - in
use as unlicensed treatment for psoriasis. FAEs are also available in Austria and Switzerland
and there are reports of FAEs in other European countries, such as the U.K., Ireland, and
Italy.}10114 By contrast, FAEs are not in use in the U.S.A.1%°

Third, another limitation of FAEs is the relatively high incidence of inconvenient ad-
verse events, such as gastrointestinal complaints and flushing symptoms. These complaints
occur frequently during the first weeks of treatment; A significant proportion of patients on
FAEs need to discontinue FAE-treatment premature due to intolerable adverse events.®

Finally, another current drawback of FAEs is that the mechanisms of action under-
lying its beneficial effects on psoriasis are not fully characterized. Accurate prediction of
potential side effects by FAEs is therefore challenging.

Taken together, there is currently a limited understanding and use of FAEs as sys-

temic treatment of psoriasis.

Toll-like receptor antagonism: a potential treatment for psoriasis The last two
decades have seen significant advances in our understanding of the immune-based patho-
genesis of psoriasis and the potential role of TLRs. Recent experimental studies have shown
that one of the earliest and initiating events in the inflammatory cascade driving the patho-
genesis of psoriasis is aberrant activation of TLR 7, 8, and 9 signaling. The TLRs are a family of
pattern recognition receptors that initiate innate immune responses by recognizing patho-
gen-associated molecular patterns. TLR7, TLR8, and TLR9 are intracellular receptors located
on endosomes within dendritic cells, B cells, and keratinocytes. These TLRs are responsible
for generating antiviral and antibacterial responses through sensing of microbial-derived
nucleic acids. TLR7 and TLR9 are expressed in plasmacytoid dendritic cells and B cells,
whereas TLR8 is expressed in monocytes, dendritic cells, and neutrophils. Located within
the endolysosomal compartments, TLR7 and TLR8 can be activated by ligands containing
single-stranded RNA derived from viruses, whereas TLR9 recognizes unmethylated CpG di-
nucleotides that are present in bacterial DNA. Alternatively, in certain circumstances these
endosomal TLRs can be engaged by self-nucleic acids released from cell death (so-called
danger-associated molecular patterns), which can cause inappropriate immune activation

and induction of pro-inflammatory cytokine-production.

In psoriasis, TLRs 7, 8, and 9 can be engaged by complexes of self-nucleic acids

that are bound to antimicrobial peptides such as cathelicidin (also known as LL37), which
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then enter and activate plasmacytoid dendritic cells in the skin to induce production of
multiple pro-inflammatory cytokines including type 1 interferons, interleukin (IL)-12 and IL-
23, maturation of conventional dendritic cells, and generation of T helper (Th) 1 and Th 17
cell responses. The self-sustained pro-inflammatory loop subsequently causes keratinocyte

proliferation, which ultimately leads to the formation of psoriatic skin plaques.

Multiple lines of investigation underline the relevance of TLR-mediated inflammation
in psoriasis. First, experimental studies have demonstrated increased expression of
self-RNA-cathelicidin complexes in association with myeloid dendritic cells in lesional pso-
riatic skin compared to non-lesional skin. Second, keratinocytes in lesional psoriatic skin
express increased levels of TLR9 that in combination with cathelicidin produce type 1 inter-
ferons. TLR7 and TLR9 are strongly expressed in keratinocytes from lesional psoriasis skin,
and the number of activated plasmacytoid dendritic cells and the type 1 interferon signaling
pathway are upregulated in psoriatic skin. Third, expression of TLRs 7, 8, and 9 is increased
in peripheral blood mononuclear cells of psoriasis patients compared to healthy controls.
Fourth, in a randomized phase 2 clinical trial treatment with an oligonucleotide antagonist
of TLR7 and TLR9 resulted in disease improvement in patients with psoriasis. Fifth, in clinical
practice topical use of the TLR7/8 agonist imiquimod can trigger or exacerbate psoriasis.
Finally, imiquimod also induces a psoriasiform skin inflammation when applied topically to

murine skin, which is now widely in use as an experimental mouse model for psoriasis.

Given the accumulating evidence on the involvement of TLR-activation in psori-
asis pathogenesis, TLRs 7, 8, and 9 are potentially targets for the treatment of psoriasis.
IMO-8400 is a first-in-class, second-generation, synthetic oligonucleotide-based antagonist
of TLR7, TLR8 and TLR9 developed by Idera Pharmaceuticals, Inc. (Cambridge, MA). In in
vitro studies using human cell-based assays and in in vivo studies involving mice and pri-
mates, IMO-8400 inhibited cytokine responses mediated by TLRs 7, 8 and 9. Furthermore,
in an IL-23-induced psoriasis mouse model, treatment with IMO-8400 reduced epidermal
hyperplasia and inhibited the induction of Th 1 and Th 17 cytokines. Gene expression profile
analyses in the same IL-23 induced psoriasis model showed that IMO-8400 reduced IL-17A
expression and normalized several IL-17-induced genes. In a phase 1 study among healthy
adult volunteers, IMO-8400 administered by subcutaneous injection at single doses up to
0.6 mg/kg and multiple doses with 0.3 mg/kg for 4 weeks was well tolerated without any

systemic reactions or laboratory changes.
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AIMS OF THIS THESIS

The focus of this thesis was set on clinical drug development and evaluation in the field of
psoriasis treatment. Two systemic immunomodulatory therapies were investigated.

First, fumaric acid esters, an established treatment for psoriasis in use for over
three decades but whose efficacy, safety, and mechanisms of action in psoriasis are poorly
understood.”®”* In several studies, we assessed the efficacy, safety, tolerability, and mecha-
nisms of action of FAEs in the treatment of psoriasis.

The second drug investigated was IMO-8400, a novel, first-in-class oligonucleo-
tide-based antagonist of toll-like receptors 7, 8, and 9, which is a potential novel targeted
treatment for psoriasis.>® In a first-in-patient phase 2a clinical trial, we evaluated the clinical

effects, short-term safety, and tolerability of IMO-8400 in the treatment of psoriasis.

Key research questions leading to this thesis were:

1. How does clinical drug development and evaluation of conventional systemic
psoriasis treatments, in particular that of FAEs, compare to contemporary drug
development?

What is the evidence for the efficacy and safety of FAEs in psoriasis?

What are clinically important adverse reactions associated with FAEs?

How is FAE treatment best monitored in daily clinical practice?

AN SN

What are the mechanisms of action by which FAEs lead to improvement of psoria-

sis?

o

What are the clinical effects of TLRs 7, 8, and 9 antagonism in psoriasis?

What are the short-term safety and tolerability of TLRs 7, 8, and 9 antagonism in

psoriasis?

In the first part of this thesis, we performed a systematic review to critically ap-
praise the available evidence on the efficacy and safety of FAEs in the treatment of psoriasis
(Chapter 2). One of the gaps in the current literature is a lack of evidence on combination
treatments in psoriasis. We evaluated the efficacy and safety of adding FAEs to etanercept
compared to etanercept monotherapy in a small, randomized pilot study (Chapter 3).

In the second part, we focused on the safety profile of FAEs. We undertook a ran-
domized, double-blind, placebo-controlled trial to evaluate whether adding the oral hista-
mine 1 receptor antagonist cetirizine to FAE treatment would improve the tolerability of

FAEs (Chapter 4). Furthermore, we described two rare, but clinically important adverse re
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actions associated with FAE treatment: progressive multifocal leukoencephalopathy (PML)
and Fanconi syndrome (Chapter 5).

In part 3 of this thesis, we assessed the mechanisms of action of FAEs in psoriasis.
Using an oligonucleotide-based microarray profiling assay, we evaluated changes in gene
expression profiles in lesional skin of psoriasis patients after 12 weeks of treatment with
FAEs (Chapter 6).

Finally, we undertook a first clinical evaluation of a potential drug for psoriasis with
a novel mechanism of action. In collaboration with the Centre for Human Drug Research
(CHDR) based in Leiden, The Netherlands, we performed a first-in-patient phase 2a trial to
evaluate the safety of pharmacodynamics of IMO-8400, a novel toll-like receptor 7, 8, and 9

antagonist for the treatment of plaque psoriasis (Chapter 7).
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ABSTRACT

Background: Fumaric acid esters (FAEs) are increasingly used as a systemic treatment
for psoriasis, but there are still uncertainties regarding their suitability. The objective of this
systematic review was to assess the evidence for the efficacy and safety of FAEs in psoriasis

treatment.

Methods: A systematic literature search was performed in seven databases up to 17
August 2015. Inclusion criteria were studies that reported clinical effects of FAEs in patients
with psoriasis without restrictions in study design, language or publication date. Method-
ological quality of randomized controlled trials (RCTs) and overall level of quality were as-
sessed using the Cochrane risk of bias tool and the Grading of Recommendation, Assess-

ment, Development and Evaluation (GRADE) approach, respectively.

Results: A total of 68 articles were included. There were seven RCTs (total 449
patients) that had an unclear risk of bias and were too clinically heterogeneous to allow a
meta-analysis. Overall, mean Psoriasis Area and Severity Index (PASI) decreased by 42—65%
following 12—16 weeks of treatment. There were 37 observational studies (a total of 3457
patients) that supported the RCT findings, but most were uncontrolled with a high risk of
bias. Commonly reported adverse events included gastrointestinal complaints and flushing,
leading to treatment withdrawal in 6-40% of patients. Several case reports described rare
adverse events, such as renal Fanconi syndrome and progressive multifocal leukoencepha-
lopathy. There was a lack of studies focusing on long-term use and comparisons with other

treatments.

Conclusions: There is low-quality evidence to recommend the use of oral FAEs to treat
plaque psoriasis in adult patients. Unclear and high-risk studies reported favourable efficacy
and tolerability of FAEs. Studies focusing on long-term safety and comparison with systemic
psoriasis treatments could lead to a better understanding of the role of FAEs as a treatment

for psoriasis.
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INTRODUCTION

Fumaric acid esters (FAEs) are small molecules that have immunomodulating properties.?
Oral FAEs have been used to treat psoriasis for five decades. There is a long-standing tradi-
tion in Germany and the Netherlands to treat patients with psoriasis with FAEs as a first-line
systemic treatment.>® In other countries such as the U.K., FAEs are increasingly reported
as treatment for psoriasis.*® Globally, FAEs are limited in availability and unlicensed for the
treatment of psoriasis, primarily owing to a lack of a high-quality evidence-based devel-
opment with well-performed randomized controlled trials (RCTs). In contrast, the develop-
ment of FAEs was mostly carried out on an empirical basis.

FAEs were introduced in 1959 as potential antipsoriatic drugs by the German chem-
ist Schweckendiek, who reported improvement of psoriasis using different FAEs in several
selfexperiments.® In the following two decades, FAEs were empirically developed further
with favourable treatment effects.””’° However, initial dermatological observations regard-
ing treatment using FAEs showed variable improvements and concerns about safety.!*-23
Hence, for a long time FAEs were regarded as a controversial psoriasis treatment.*

In the mid-1980s, there was a revival of interest in FAEs as a potential drug for the
treatment of psoriasis, which was partly driven by requests from patients’ associations.*>™’
The first randomized, double-blind, placebo-controlled trials were published in the early
1990s.'819 Subsequently, FAEs were approved by German regulatory agencies for the treat-
ment of severe psoriasis in 1994 and for moderate psoriasis in 2011. The licensed FAE for-
mulation (Fumaderm, Biogen Idec GmbH, Ismaning, Germany) is a mixture of dimethylfu-
marate (DMF) and lower concentrations of monoethylfumarate (MEF) salts.?

The mechanisms of action of FAEs are not completely understood. DMF is consid-
ered the most active FAE and thought to improve psoriasis via various immunomodulating,
antiproliferative and antiangiogenic effects.?>* Importantly, DMF is a prodrug. The metab-
olites monomethylfumarate (MMF) and S-(1,2-dimethoxycarbonylethyl)glutathione are the
in vivo moieties; MMF is the bioactive metabolite.?>?®

Currently, FAEs are one of the most commonly prescribed treatments for psoriasis
in Germany.? In other European countries, such as the Netherlands and the U.K., FAEs are
increasingly used for psoriasis treatment albeit as an unlicensed drug. In the U.K., FAEs are
considered to be a second-line systemic therapy for psoriasis.?® The 2009 European S3-guide-
lines recommended FAEs as systemic treatment for plaque psoriasis, but no consensus was

reached for a recommendation regarding the use of FAEs as a maintenance treatment.? In
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the 2015 update of the European S3 guidelines, FAEs are recommended for the long-term
treatment of psoriasis, but the recommendation is based on expert opinion only.*® Hence,
there are uncertainties about the suitability of FAEs as a psoriasis treatment.

In this systematic review, we aimed to summarize comprehensively and critically
appraise the evidence for the efficacy, effectiveness and safety of the use of oral FAEs to

treat patients with psoriasis.

MATERIALS AND METHODS

Literature search strategy The databases Embase, Medline (Ovid), Cochrane cen-
tral registry of trials (CENTRAL), Web of Science, Scopus, PubMed (the subset as supplied by
publisher, containing nonindexed citations) and Google Scholar were searched from incep-
tion to 17 August 2015. The searches, conducted by an experienced biomedical information
specialist (W.B.), combined multiple thesaurus terms and words in titles/abstracts for FAEs

with terms for psoriasis. Details of the search strategy are summarized in the Appendix.

Selection criteria Articles were screened for relevance according to the title and
abstract. The remaining articles were assessed using the full text. Articles describing clinical
effects (i.e. efficacy, effectiveness and/or safety outcomes) of oral FAEs in psoriasis treat-
ment were eligible for inclusion. To obtain the most comprehensive overview possible, we

did not apply restrictions for publication date, study design or publication language.

Data extraction  Using a predefined data form, we extracted data regarding study de-
sign, study setting, sample size, study analyses, FAE formulation and dosage, efficacy or

effectiveness outcomes and safety outcomes.

Quality assessment The methodological quality of RCTs and observational studies
was assessed using the Cochrane risk of bias tool and the risk of bias assessment tool for
nonrandomized studies, respectively.332 Overall level of quality of evidence was assessed
according to the Grading of Recommendation, Assessment, Development and Evaluation
(GRADE) approach.®

Outcomes and data analysis =~ We aimed to compare treatment effects of FAEs vs. pla-
cebo, FAEs vs. other systemic treatments, different FAEs formulations and different FAEs

dosage levels. In addition, we looked at treatment effects of FAEs in combination with other



EFFICACY, EFFECTIVENESS, AND SAFETY OF FUMARIC ACID ESTERS IN PSORIASIS TREATMENT |40

psoriasis treatments. The efficacy and effectiveness outcomes of interest included changes
in psoriasis disease activity as measured by the Psoriasis Area and Severity Index (PASI), body
surface area (BSA) affected or global psoriasis assessments. Additional outcomes included
changes in arthritis, nail symptoms and health-related quality of life. The safety outcomes
included proportions of patients reported with serious adverse events, subjective adverse
events, laboratory abnormalities and adverse events requiring withdrawal of treatment. We
classified observational studies that assessed treatment with FAEs for 12 months or longer
as long-term studies.

Two researchers (D.B. and C.H.) independently assessed articles for eligibility for
inclusion, extracted data and evaluated methodological quality. Any disagreements were
resolved by consensus.

Descriptive statistics were used to analyse data. Reporting of findings was in line
with the Preferred Reporting Items for Systematic reviews and Meta-Analyses guidelines.*

A predefined review protocol was used, but not registered beforehand.

RESULTS

Literature search The literature search yielded 2.515 results, of which 275 articles

were assessed using the full article text. A total of 68 articles were included (Fig. 1).

Randomized controlled trials on the use of fumaric acid esters for the treatment

of psoriasis

Characteristics of randomized controlled trials Our search results found seven
RCTs published in the period 1990-2014.181935738 Of these, three trials compared FAEs with
placebo, one trial compared two different FAE formulations with placebo, one trial com-
pared FAEs with methotrexate, one trial compared the combination of FAEs and topical cal-
cipotriol with FAEs monotherapy, and the most recent trial compared FAEs plus an oral his-
tamine antagonist with FAEs monotherapy. Two RCTs from the Netherlands were published
additionally in an extended version in a Dutch journal.**#° The characteristics of study design
and study population of each RCT are summarized in Table 1 and Table S1 (see Supporting

Information).

The sample sizes of the RCTs were relatively small, ranging from 27 to 134 patients.

Overall, 449 patients were included. The majority of the RCTs included patients with chronic
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plaque psoriasis. One RCT enrolled patients with psoriatic arthritis.** All patients included
were aged 18 years or older. There was considerable clinical heterogeneity among the RCTs
in the efficacy outcomes, time of efficacy assessment and FAE formulations used. Frequently
used efficacy outcomes were changes in PASI or in BSA. The treatment duration was relative-
ly short, ranging from 28 months to 4 months.

There were differences in the evaluated FAE formulations. Most RCTs applied the
standardized incremental dosage regimen up to 215 mg FAEs six times per day (720 mg
DMF). Nieboer et al.*® used a different dosage regimen up to 215 mg FAEs four times per day
(480 mg DMF).

Methodological quality assessment of randomized controlled trials Assessment
of the methodological quality of the RCTs using the Cochrane risk of bias tool yielded an
unclear risk of bias, often owing to insufficient reporting (Table S2; see Supporting Informa-
tion).

The overall level of quality of the RCTs included in the GRADE approach was there-

fore downgraded to moderate.

Efficacy outcomes reported in randomized controlled trials Owing to significant
clinical heterogeneity and the small number of RCTs available (n = 7), we decided not to pool
the efficacy data in a meta-analysis. All RCTs reported statistically significant efficacy results
for FAEs. Overall, mean PASI decreased by 42—65% following 12—16 weeks of treatment. The
efficacy results are summarized in Table 1 (Table S3; see Supporting Information).

All placebo-controlled RCTs reported a statistically significant improvement in pso-
riasis severity following the use of FAEs compared with placebo.'®?* The placebo-controlled
RCT for the treatment of psoriatic arthritis using FAEs found significant improvement in skin
lesions but only modest improvement in arthritis.** Only one RCT reported improvements
in health-related quality of life following treatment with FAEs.?® The only head-to-head RCT
compared FAEs with methotrexate and reported similar efficacy results following 16 weeks
of treatment.3*The RCT that directly compared an FAE formulation containing DMF and MEF
with a DMF formulation reported equal short-term efficacy.®

The addition of a topical vitamin D analogue (i.e., calcipotriol) resulted in greater
and faster improvement of psoriasis severity compared with treatment using FAEs alone.?”
In contrast, the addition of an oral histamine-1 receptor antagonist (cetirizine) did not

increase the efficacy of FAEs.3®
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Safety outcomes in randomized controlled trials Treatment using FAEs was
not associated with an increased risk of serious or severe adverse events. There was only
one serious adverse event reported: adnexitis in a subject who received FAEs and calcipot-
riol, which was rated as unlikely to be related to the study medication.*” The proportion of
patients with adverse events was relatively high, ranging from 69% to 92% (Table 1). The
most commonly reported adverse events were gastrointestinal complaints (up to 100%) and
flushing (up to 92%) (Table S3; see Supporting Information). Commonly reported laboratory
abnormalities included elevated liver enzymes (up to 62%), eosinophilia (up to 46%) and
lymphocytopenia (up to 38%), but rarely resulted in treatment discontinuation. Definitions
and grading of laboratory abnormalities were not reported in the individual studies. There
was one case of reversible renal insufficiency reported.®

Overall, 8-39% of patients discontinued FAEs treatment owing to adverse events,

mostly relating to intolerable gastrointestinal or flushing complaints.

Observational studies on fumaric acid esters treatment for psoriasis

Characteristics of observational studies There were 37 observational studies
included from the period 1987-2015 with a total of 3457 patients. There was considerable
clinical heterogeneity in formulations of FAEs and treatment duration. The characteristics of
the observational studies included are summarized in Table 2 and Table S2 (see Supporting
Information). The majority (73%) of these studies were open-label, single-center, cohort
studies that were often uncontrolled. There were two cross-sectional studies.**** The rest
of the observational studies were case series (n = 8). The majority of studies included pa-
tients with moderate-to-severe plaque psoriasis. Two studies evaluated FAEs in mild cases
of plaque psoriasis. In some studies a small number of patients with subtypes other than
plaque psoriasis, such as guttate or palmoplantar pustular psoriasis, were included. Almost
all studies involved adult patients, except for two studies that included paediatric patients
with psoriasis.***> Sample sizes ranged from six to 984 patients. The treatment duration
ranged from 1 month to 14 years. There were 18 studies that described long-term treatment
using FAEs for a period of 1-14 years. Most studies assessed Fumaderm with the recom-
mended dosage schedule. There was variation in the effectiveness outcomes used. PASI,

Physician’s Global Assessment and global psoriasis severity assessments were used.

Quality assessment of observational studies Most of the observational studies

were retrospective and uncontrolled single-center studies with a high or unclear risk of bias



43| CHAPTER 2

(Table S5; see Supporting Information). Following the GRADE approach, there were insuffi-
cient grounds to upgrade the quality of evidence. Hence, the overall level of quality using

GRADE was evaluated as having a very low quality of evidence.

Effectiveness in observational studies The effectiveness data are summarized in
Table 2 and Table S6 (see Supporting Information). There was a wide range in the reported
effectiveness outcomes. Overall, mean reductions in PASI ranged from 13% to 86% following
3-4 months of treatment. Reported PASI-75 responses ranged from 8% to 33%. One retro-
spective, single-center cohort study reported a drug survival rate of 60% after 4 years of
treatment with FAEs.*® Several studies reported improvements in patient-reported quality
of life.¥-* There were anecdotal data on combination treatment with other systemic treat-
ments.*>** One registry study from Austria found similar effectiveness of FAEs and metho-
trexate.”

Two small retrospective case series from the Netherlands and Germany assessed
the effects of FAEs in children with psoriasis.**** The effectiveness results of FAEs were in line

with results reported in adult patients.

Safety outcomes in observational studies No deaths or serious adverse events
were reported in the observational studies. The adverse events profile was, in general, sim-
ilar among the studies. The most commonly reported adverse events were gastrointesti-
nal complaints and flushing (Table 3 and Table S6; see Supporting Information). Commonly
reported laboratory abnormalities included lymphocytopenia, elevated liver enzymes and
eosinophilia.

Overall, 45-87% of patients had experienced an adverse event. The proportion of
patients discontinuing treatment with FAEs owing to adverse events ranged from 6% to
47%. The most common cause for early treatment discontinuation was intolerable gastro-
intestinal symptoms and, to a lesser extent, severe flushing symptoms. There were few
reported treatment discontinuations owing to laboratory abnormalities.

There were few studies that specifically evaluated long-term treatment with FAEs.
The available data indicated no increased risk for infections, malignancies or other seri-
ous adverse events associated with long-term FAE treatment. In a small, retrospective sin-
gle-center study among patients treated with FAE continuously for up to 10-14 years, no
serious adverse events or malignancies were observed.* Similar safety results were report-
ed in a large German study among nearly 1000 patients treated with FAEs for a mean dura-

tion of 35 years.*?
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Case reports on adverse events of fumaric acid esters  Twenty-four case reports
described adverse events associated with treatment with FAEs (Table 4). Of these, sever-
al involved immunosuppressive events linked to FAE-induced lymphocytopenia, including
Kaposi sarcoma,** organizing pneumonia,> tuberculous lymphadenitis,*® squamous cell car-
cinoma,” melanoma®® and progressive multifocal leukoencephalopathy (PML).>*%° Seven
cases of PML associated with treatment with FAEs have been reported. In most cases the
development of PML was linked to exposure to severely low lymphocyte counts for pro-
longed periods of time. However, there was one case of PML linked to moderate lymphocy-
topenia.®® Furthermore, there were several renal adverse events reported including six cas-
es of drug-induced Fanconi syndrome linked to FAEs.®7* Fanconi syndrome is characterized
by proximal renal tubular dysfunction and can lead to proteinuria, glycosuria and low serum
levels of phosphate. Furthermore, there were nine cases of acute renal insufficiency linked
to FAEs. These cases of acute renal insufficiency were all reported in the 1990s and involved
uncontrolled use of oral and topical FAEs. Lastly, there was one case reported of collagenous
colitis during treatment with FAEs, which may be associated with an FAE-induced T helper 2

immune response.”?

DISCUSSION

FAEs have a long history as a systemic psoriasis treatment, but their development was not
based on high-quality evidence. Here, we assessed studies on the efficacy and safety of FAEs
in psoriasis treatment. The available evidence was limited and included seven RCTs with
relatively small sample sizes and an unclear risk of bias. Overall, mean PASI decreased by
42-65% following 12—16 weeks of treatment. The number of observational studies (n = 37)
was much larger, but the majority were uncontrolled and had a high risk of bias. The safety
profile of FAEs was well characterized. Intolerable gastrointestinal complaints and flushing
led to early treatment withdrawal in 6-40% of patients. Lymphocytopenia, eosinophilia, in-
creased liver enzymes and proteinuria were commonly observed, but rarely resulted in the
discontinuation of FAEs. Studies with long-term data were lacking.

To appreciate our results, several aspects of this systematic review need to be con-
sidered. Strengths of our study include the extensive literature search involving multiple
bibliographic databases and the fact that we did not exclude specific study types or publica-
tion dates, making this the largest systematic review on FAEs in psoriasis to date. In addition,
we included articles written in languages other than English, thereby decreasing language

bias. Furthermore, the quality of the included studies was critically evaluated using the
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GRADE approach. A limitation of our study was that most included studies were open-label
and uncontrolled studies with a low level of evidence. Moreover, owing to considerable
clinical heterogeneity among the studies, a meta-analysis was not possible. Furthermore,
the majority of the RCTs from the 1990s did not adhere to reporting guidelines that are
now considered standard (e.g. the Consolidated Standards of Reporting Trials guidelines).”
Moreover, there was a lack of standardization of efficacy outcomes across the RCTs. A recent
Cochrane review of the effects of FAEs in psoriasis could not carry out a meta-analysis be-
cause of incomplete and heterogeneous reporting of outcomes.” Several previous studies
did apply a meta-analysis on a limited number of studies. These meta-analyses reported
similar efficacy of FAEs to methotrexate,” superior efficacy of FAEs compared with the bio-
logic efalizumab76 and significant differences of FAEs compared with placebo.””

Most studies assessed the FAE formulation Fumaderm that has had German
marketing authorization since 1994. The choice of the components of Fumaderm (i.e. DMF
and MEF salts) was not based on rational pharmacological studies. Recent preclinical studies
suggest that DMF is the most active of the FAEs with antipsoriatic effects.”®’® In particular,
DMF is a prodrug for which MMF is the bioactive metabolite.?® Two small studies from the
1990s compared an FAE formulation containing DMF plus MEF with a DMF formulation and
found no statistically significant differences.'®*#° However, these studies applied different
dosage schedules and did not use validated efficacy outcomes. Consequently, clear con-
clusions cannot be made based on these results. A novel DMF formulation BG-12 was as-
sessed in several psoriasis RCTs,® but these studies have yet to be published. The BG-12
formulation later became approved for treatment of multiple sclerosis by the Food and Drug
Administration in 2013.828 Several novel FAE formulations are now in development, e.g. an
MMF-linker formulation and a DMF formulation (clinicaltrials.gov numbers NCT02173301
and NCT01230138, respectively).

Since the mid-1990s, FAEs are increasingly being used and regarded as a systemic
treatment with a favourable risk—benefit ratio. FAEs have several advantages. FAEs seem
suitable for patients with psoriasis with comorbidity and there are no known drug interac-
tions. Furthermore, FAEs appear to have no increased risk of significant immunosuppressive
adverse events, in contrast to other systemic classical treatments.® Although lymphocy-
topenia is relatively frequently observed during treatment with FAEs in about 50% of pa-
tients, in most cases the lymphocyte reductions are mild.>® A small proportion of patients
(approximately 3%) had a severe lymphocytopenia during treatment with FAEs.*® FAE-in-
duced lymphocytopenia does not seem to cause significant immunosuppression as long as

lymphocyte counts are closely monitored according to the guidelines.® FAE dosage reduc-
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tion is recommended if lymphocyte counts fall below 700 per mm? and direct FAE discon-
tinuation is recommended in cases where lymphocyte counts fall below 500 mm?3.2%3° The
occurrence of opportunistic infections during treatment with FAEs was linked to exposure to
prolonged severe lymphocytopenia or to other known risk factors.

It is noted that the use of FAEs for the treatment of psoriasis is more prevalent than
the published data suggests.® It is interesting to compare the level of evidence relating to
the use of FAEs to that of methotrexate. Methotrexate is globally the most commonly used
classical systemic treatment for psoriasis.®” However, the available evidence is limited even
though methotrexate has been in use since 1958.2° Results from an RCT and a registry-based
observational study indicated that methotrexate and FAEs produce similar clinical improve-
ments in short-term treatment.***? Excluding methotrexate, FAEs have not been compared
head-to-head with other systemic psoriasis treatments. Such comparative studies are need-
ed to gain a better understanding of the role of FAEs as a treatment for psoriasis.*

In conclusion, FAEs are considered to be suitable as a systemic treatment for mod-
erate-to-severe plaque psoriasis, but the quality of the available evidence is low. Future
studies could focus on optimizing FAE formulations and comparing FAEs with other systemic

treatments in order to define the position of FAEs in the landscape of psoriasis treatment.
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Table 3: Adverse events associated with fumaric acid esters in psoriasis treatment reported in > 5

patients in randomized controlled trials and observational studies

Adverse event Combined total number of patients

Lymphocytopenia 1115
Gastrointestinal complaints 670
Flushing 626
Increase in liver enzymes 341
Eosinophilia 254
Proteinuria 242
Leukocytopenia 218
Increase in creatinine 79
Pruritus 55
Fatigue 55
Headache 34
Malaise 33
Increase in urea 19
Dizziness 15
Increase in cholesterol 12
Hypertension 10
Dermatitis/rash 9

Hyperkalaemia

Table 4: Summary of safety outcomes of FAEs in psoriasis treatment reported in case reports

Adverse event No. of cases  References
Related to renal events
Acute renal insufficiency 7 Roodnat (1989)*3, Dalhoff (1990)%,
Stuhlinger (1990)°¢
Fanconi syndrome 6 Fliegner (1992)%, Haviv (1999)%,
Raschka (1999)%,Schilling (1999)%,
Warzecha (2001)%, Reid (2013)%”
Proteinuria 3 Ogilvie (2011)%”
Potentially related to immunosuppression
Progressive multifocal leuko- 7 Ermis (2013)%, van Oosten
encephaopathy (PML) (2013)°¢,Stoppe (2014)%7, Bartsch
(2015)°8, Dammeier (2015)%°8, Hoep-
ner (2015)%, Nieuwkamp (2015)*°
Malignant melanoma 2 Barth (2011)>
Tuberculous lymphadenitis 1 Ahmad (2007)*?
Organizing pneumonia 1 Deegan (2010)**
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Table 4 (continued)

Squamous cell carcinoma 1

Kaposi sarcoma 1

Other adverse events

Collagenous colitis 1

Jennings (2009)>
Phillips (2009, 201350110

Hoffmann (2014)%

Figure 1: Overview of literature search and selection

IDENTIFICATION

2515 records identified
through database searching:
Embase (n = 894)
Medline (n = 271)
Web-of-Science (n = 322)
Scopus (n =775)
Cochrane (n = 26)
Pubmed Publisher (n = 27)
Google Scholar (n = 200)

1058 records after duplicates removed

SCREENING

Y

1058 records screened

ELIGIBILITY

Y

275 full-text articles assessed for eligibility

>

738 records excluded based
on title/abstract

Y

INCLUDED

68 studies included in qualitative synthesis

Y

0 studies included in quantitative synthesis

207 full-text articles excluded
with reasons:

- Disease other than psoriasis
(n=3)

- Duplicate publication (n = 13)

- No clinical outcomes described
(n=70)

- Not relevant (n = 19)

- Review article (n = 54)

- Only published in abstract
form (n = 48)
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ABSTRACT

Background: Biologics are a safe and efficacious therapy for psoriasis. The drug survival
of biologics may be disappointing, primarily due to loss of efficacy. Therefore, safe combi-
nation treatments are sought to improve their clinical response. In this study, we aimed to
assess the efficacy, safety and tolerability of the combination therapy of etanercept with

fumarates versus etanercept monotherapy.

Methods: Thirty-three patients with psoriasis were randomized 1:1 to receive etan-
ercept combined with fumaric acid esters or etanercept monotherapy. The primary outcome
measure was the difference in PASI-75 response after 24 weeks; Additionally, a longitudinal
analysis was performed. An important secondary outcome measure was the proportion of
patients with a Physician Global Assessment (PGA) of clear/almost clear. Adverse events

were collected throughout the study.

Results: In the combination therapy group, 78% (14 out of 18 patients) reached
PASI-75 at week 24 versus 57% (8 out of 14 patients) in the monotherapy group (p = 0.27).
The longitudinal analysis showed a PASI reduction of 5.97% per week for the combination
therapy group and of 4.76% for the monotherapy group (p = 0.11). In the combination ther-
apy group, 94% (17 out of 18 patients) of patients had a PGA of clear/almost clear versus
64% (9 out of 14 patients) in the monotherapy group (p = 0.064). The incidence of mild

gastrointestinal complaints was higher in the combination group than in the monotherapy

group.

Conclusions:  Using the PGA, combination therapy showed a trend towards faster im-
provement in the first 24 weeks. The differences in PASI between the two groups was not
statistically significant. Addition of fumaric acid esters to etanercept for 48 weeks appeared

safe with an acceptable tolerability.
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INTRODUCTION

Psoriasis is a chronic, immune-mediated inflammatory skin disease affecting approximately
1-3% of the Caucasian population.’ In most patients, psoriasis has a relapsing course that
considerably impairs their quality of life.>* Biologics are effective drugs that are capable of
inducing a rapid and meaningful clinical improvement. However, the drug survival of anti-tu-
mour necrosis factor (TNF)-a biologics in clinical practice appears disappointing, mainly due
to a gradual loss of efficacy over time.** In a prospective Danish registry, etanercept had a
limited drug survival with a median survival of 30 months after a 10-year follow-up. Loss of
efficacy was the primary reason for 67% of discontinuations for all biologics.®®

Etanercept binds and neutralizes TNF-a via a recombinant soluble p75 TNF-a re-
ceptor fused to an IgG1 constant chain and combines a satisfactory efficacy with a favoura-
ble safety profile.® Despite the increasing use of interleukin-12/23 and interleukin-17 inhib-
itors in the treatment of psoriasis, etanercept is still widely used in clinical practice. Several
studies have shown that after 12 weeks of treatment with the recommended induction dose
of 2 x 50 mg/week, approximately 50% of the patients achieve a 75% or greater improve-
ment in their psoriasis area and severity index (PASI-75 response).®? After the induction
phase of 2 x 50 mg weekly, current guidelines and the label recommend reducing the dose
of etanercept to 1 x 50 mg weekly from week 12 onwards.*® However, at this once weekly
dosage, the clinical response deteriorates in many patients. Van den Reek et al. showed that
33.7% of patients discontinued etanercept because of deterioration of their psoriasis at this
dosage.” An option to counteract this loss of efficacy is to combine etanercept with other
systemic agents.**%?

The ester derivatives of fumaric acid are mainly used in the Netherlands and Ger-
many as a first-line systemic drug for moderate to severe psoriasis. Fumaric acid esters
(FAEs), or fumarates, have been in use for the treatment of psoriasis for over 4 decades and
are considered safe and effective as long as the treatment guidelines are followed.'®? The
fumaric acid ester derivative dimethylfumarate is metabolized in the body to monomethyl-
fumarate, which is regarded as the most bio-active metabolite. In daily clinical practice, we
noted in some patients that the addition of oral fumarates to etanercept 50 mg once weekly
improved the clinical response and drug survival (pers. unpubl. observation). At present,
evidence supporting the safety of the combination therapy of etanercept and FAEs in psori-
asis is virtually lacking. Therefore, it is not recognized as a feasible treatment option among

dermatologists.
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In this exploratory study the key objectives were to evaluate the efficacy, safety and

tolerability of the combination therapy of etanercept with FAEs in psoriasis.

PATIENTS AND METHODS

Study design  This was an investigator-initiated, single-centre, randomized, asses-
sor-blinded study conducted in the Department of Dermatology in the Erasmus Medical
Centre, Rotterdam, the Netherlands, between July 2013 and June 2015. This study was ap-
proved by the Institutional Review Board of the Erasmus University Medical Centre Rot-
terdam (MEC-2011-500). All patients provided written informed consent. The study was
conducted according to the guidelines of Good Clinical Practice. The trial is registered in
the European Clinical Trials Database (EudraCT) under EudraCT No. 2011-005685-38. This
investigator-initiated study was supported by a grant of Pfizer Pharmaceuticals. Pfizer was
not involved in any study procedure, but Pfizer was granted the right to read, but not to
edit, the manuscript prior to submission for publication. Provision and reimbursement of

etanercept medication was executed via the Dutch health insurance.

Patients All included patients were 18 years or older, had had stable, moder-
ate-to-severe plaque psoriasis for more than 6 months, affecting more than 10% of the body
surface area, had a PASI >10 at screening and at baseline, and were candidates for biologic
treatment according to the approved product labelling and to Dutch guidelines.

Patients were recruited from the dermatology outpatient clinic from our hospital. Patients
were excluded if they had any other subtype of psoriasis or previous treatment failure on
etanercept or fumarates or had a clinically significant adverse event with prior use of both
drugs. Pregnant or lactating women were not eligible.

Patients with severe recalcitrant psoriasis who had experienced a lack of efficacy
during prior use of other biologics were also eligible, in order to represent real-life daily
practice. The wash-out period for a TNF-blocking agent or any other biologic was 3 months,
and for other systemic treatments (including fumarates) or UV therapy it was 4 weeks. All
patients were screened for hepatitis B and C, HIV and (latent) tuberculosis according to the

Dutch psoriasis treatment guidelines.

Study objectives The primary objective of this study was to compare the clinical
efficacy of the combination therapy of etanercept and fumarates with etanercept mono-

therapy per label after 24 weeks. The clinical efficacy was expressed as the proportion of
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patients achieving at least 75% reduction in their PASI after treatment. Additionally a longi-
tudinal analysis was performed to assess the PASI reduction per week for each group.
Secondary objectives were to evaluate the efficacy at weeks 12 and 48, the propor-
tion of patients with a PGA clear or almost clear, the change in DLQI score, and treatment
satisfaction (visual analogue scale) scores after 12, 24 and 48 weeks. Drug survival after
1 year was assessed by a post hoc analysis and was defined as the proportion of patients
who were still under the treatment they had originally been randomized to and who also
achieved at least a 75% reduction in their PASI. Adverse events were collected through the

entire study period.

Study procedures Using a computer-generated randomization list, patients were
randomized at baseline to a 1:1 ratio to receive either etanercept combined with oral fu-
marates (combination group) or etanercept only (monotherapy group). Patients and the
study physicians were not blinded for the allocated treatment group. The independent PASI
assessor (E.P.P.) was blinded to treatment throughout the course of the study.

All patients received etanercept 50 mg subcutaneously twice weekly for 12 weeks
followed by 50 mg once weekly for an additional 12 weeks. Subjects randomized to the
combination group were treated with additional fumarates, of which the daily dose was
gradually increased within 4 weeks from 215 mg once daily up to a maximum of 215 mg 4
times a day. A large batch of enteric-coated tablets containing a total of 215 mg fumaric acid
esters (120 mg dimethylfumarate and 95 mg calcium mono-ethylfumarate) was specifically
manufactured for this trial by Fagron (Capelle aan den lJssel, the Netherlands).

Patients in the monotherapy group who did not achieve a PASI-75 response after
24 weeks were switched to the combination therapy (suppl. fig. 1, 2). Patient visits were
scheduled at weeks 4, 8, 12, 16, 20, 24, 28, 32, 36, 40 and 48. At each study visit, data were
collected on PASI and PGA scores, tolerability, adverse events and laboratory testing (full
blood count, aspartate aminotransferase, alanine aminotransferase, bilirubin, y-glutamyl-
transferase, serum creatinine, sedimentation rate, C-reactive protein and urine analysis).
Patients were asked to fill in the DLQI questionnaire and a visual analogue scale for treat-
ment satisfaction on a monthly basis. Patient data were collected using the computer pro-

gramme Open Clinica.

Statistical analysis The proportion of patients achieving at least a 75% PASI reduc-
tion after 12, 24 (primary objective) and 48 weeks of treatment was analysed using a x2

or Fisher exact test, used for the outcomes of the PGA and for the proportion of patients
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achieving drug survival. Patients who switched to combination therapy after 24 weeks were
considered as failures in the monotherapy group. Patients lost to follow-up were not includ-
ed in the PASI-75 response and PGA score analyses. For the longitudinal analysis, a linear
mixed model analysis was used to calculate the reduction in PASI score per week up to
48 weeks. We used the Ime4 package in R (https://cran.r-project.org/web/packages/Ime4/
Ime4.pdf). Time and group, and the interaction, were predictors. We used log-transformed
PASI in the regression model to achieve changes to be relative.

We used the unpaired t test for comparing changes in DLQI and visual analogue
scale score between the monotherapy and combination therapy at 12, 24 and 48 weeks. If
the residuals were not normally distributed, we used the bootstrap option in SPSS. We used

descriptive statistics by presenting the PASI score per patient in a graph.

RESULTS

Study population In total 33 patients were enrolled: 15 patients were randomized
to etanercept monotherapy and 18 patients to combination therapy with etanercept and
FAEs.

Patient demographics and baseline disease characteristics are shown in table 1.
At baseline only the body mass index and previous use of biologics differed significantly
between the combination and monotherapy groups (p < 0.05). The flow chart in figure 2
shows the number of patients who were enrolled and dropped out from the study together
with the reasons for discontinuation. Twenty-two out of 33 patients (67%) finished the en-
tire study. In the monotherapy group, 9 of 15 patients (60%) completed the study and in the
combination therapy group 13 of 18 patients (72%; p = 0.71).

Clinical efficacy The PASI-75 response is presented in table 2 for both groups.
The difference between the two groups was not statistically significant at all time points.
In both groups, all patients showed a clear improvement in their PASI score from baseline.
The longitudinal analysis demonstrated a reduction of the PASI score for the combination
therapy and monotherapy group from baseline up to week 48. All observations were made
in a 4-week period separated into two groups; The medians per group per time are shown
in figure 3. The reduction in the PASI score per week for the combination therapy was 5.97%
(95% confidence interval, Cl: 5.08-6.85) and in the monotherapy group 4.76% (95% Cl: 3.57-
5.93; p = 0.11). In the online supplementary data, figures 1 and 2 show the changes in the

PASI score per patient. Five patients who did not respond sufficiently to monotherapy were
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switched to combination therapy at week 24 according to the protocol. Only 1 out of 5
switchers achieved a PASI-75 improvement after 24 weeks of combination treatment. The
proportion of patients with a Physician Global Assessment (PGA) score of clear or almost
clear is presented in table 2.

The drug survival in the monotherapy group was 60% after 48 weeks. Nine out of
15 patients (60%) remained under etanercept therapy after 48 weeks. The drug survival in
the combination group was 72%. Thirteen out of 18 patients (72%) remained under etan-
ercept with FAE treatment after 48 weeks. The drug survival was not significantly different
for the combination therapy group compared with the monotherapy group: 72% (95% Cl:
51-93) versus 60% (95% Cl: 35-85), with p = 0.71.

The time to the onset of action was 9 weeks for both groups.

Quality of life and treatment satisfaction The results of the median change in
the Dermatology Quality of Life Index (DLQI) score are shown in table 3.3. In both groups,
DLQI scores decreased significantly over time. The difference between the two groups at 24
and 48 weeks was not statistically significant. The results of the visual analogue scale scores
on treatment satisfaction are shown in table 4. Similar to the DLQI scores, the differences
between the two groups did not reach statistical significance at either 24 or 48 weeks. The

5 switchers were excluded from the analysis.

Adverse events The most frequently reported adverse event in the monotherapy
group was flu-like symptoms, present in 9 versus 14 in the combination therapy group. Gas-
trointestinal complaints (38), consisting of diarrhoea and abdominal cramps, were most fre-
quently observed in the combination therapy group compared to the monotherapy group
(1). One patient developed iron deficiency anaemia, which was caused by a carcinoma of
the rectum. This was diagnosed after the patient had finished the study and was consid-
ered not to be related to the study medication. None of the (severe) adverse events led to
discontinuation of the study. No leucopenia and/or lymphopenia were observed in either

treatment group. All adverse events are listed in table 5.

DISCUSSION

In this exploratory randomized study we prospectively compared the clinical efficacy, safe-
ty, and tolerability of etanercept with oral FAEs in combination therapy with etanercept

monotherapy per label up to 48 weeks of treatment. The assumption was that addition of
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FAEs would be a safe and low-cost option to increase the clinical efficacy and drug survival
of etanercept. The primary outcome of this study was that the combination treatment led
to a numerically higher efficacy compared to etanercept monotherapy (78 vs. 57% PASI-75)
at week 24. However, the numerical differences in efficacy were not statistically significant.
Also the longitudinal analysis using a linear mixed model analysis yielded no significant dif-
ferences in efficacy between the two treatment groups.

Using the PGA as a secondary outcome measure, the combination therapy with
FAEs resulted in a trend towards better efficacy during the first 24 weeks compared to etan-
ercept monotherapy. The 94% of patients with a PGA of clear/almost clear in the combi-
nation group were remarkably high, and the difference with the monotherapy group ap-
proached statistical significance. Furthermore, the DLQI and visual analogue scale scores
did not differ between the two groups, suggesting that concomitant use of FAEs (and related
side effects) did not negatively affect the quality of life and treatment satisfaction in our
patients.

The efficacy rates observed in our study are comparable with the study of Gottlieb
et al., in which 239 patients were randomized to etanercept monotherapy or etanercept
with methotrexate (MTX).>*2 After 24 weeks, the PASI-75 was significantly higher in the
etanercept with MTX group than in the etanercept monotherapy group (77.3 vs. 60.3%; p <
0.0001).

In daily practice MTX is more frequently combined with biologics than fumarates,
because it is assumed that (low-dose) MTX increases the clinical efficacy of biologics by re-
ducing the development of neutralizing antidrug antibodies.?*?* Anti-etanercept antibodies
have only sporadically been observed in clinical studies, indicating that loss of clinical effica-
cy for etanercept is probably caused by other, yet unidentified factors.® We argued that for
improvement of the clinical efficacy of etanercept, inhibition of antidrug antibodies was less
important, and that combination with oral fumarates could have an additive clinical effect.

Wilsmann-Theis et al. performed a retrospective study on combination therapies
in which they concluded that FAEs could be safely combined with biologics in an off-label
real-life setting.?® Although a similar FAE dose of 4 times 215 mg a day as in our study was
used, their study comprised only 4 patients with FAEs in combination with etanercept. In
2 cases, FAEs were added to etanercept treatment, while the other 2 patients had started
on FAEs and were subsequently treated additionally with etanercept. Only 2 of the 4 cases
showed a good clinical response to the combination treatment after 6 months and 2 years.?®
FAEs have also been used in combination with other systemic agents such as ciclosporin,

acitretin, hydroxyurea and MTX.?” However, no prospective randomized clinical trials were



COMBINATION THERAPY OF FUMARIC ACID ESTERS WITH ETANERCEPT |68

performed to evaluate the efficacy and safety of these combinations.?®

This is the first prospective randomized trial to show that combination therapy with
FAEs appears to be relatively safe and to have an acceptable tolerability up to 48 weeks.
Since higher doses of FAEs are known to be associated with an increased incidence of side
effects, an adjusted dose of up to 215 mg 4 times a day was used instead of the commonly
used maximum dose of 6 tablets a day. We believe that therefore no patients had to dis-
continue treatment with FAEs because of side effects. A common and potential serious side
effect of FAEs, leucopenia and/or lymphopenia, was not observed in any of our patients
during the 1-year course of the study. This is particularly of interest because of the recently
reported cases of progressive multifocal leukoencephalopathy in long-term FAEs users. It
has to be noted that most of the reported progressive multifocal leukoencephalopathy cas-
es were lymphopenic for a prolonged period.

It is remarkable that the occurrence of gastrointestinal side effects in the combi-
nation therapy group did not lead to a significantly altered quality of life, as expressed by
the DLQI, or less treatment satisfaction. When a higher dose had been used, we potentially
could have achieved a higher efficacy and statistically significant differences between the
two groups. However, this could also have resulted in more drop-outs because of FAE-relat-
ed side effects.

This study was performed in a real-life clinical setting and was therefore confronted
with some practical clinical limitations from daily practice. First of all, we had issues with
patient compliance. Three patients (1 in the monotherapy and 2 in the combination thera-
py group) decided, for personal reasons and despite a clear/almost clear clinical response
at week 24, to withdraw consent and to discontinue the study. Secondly, the combination
therapy group contained significantly more patients who had previously used and failed one
or more biologics, namely 56% against 20% in the monotherapy group. Several studies have
shown that patients with prior use of biologics have a shorter drug survival in comparison
with biologic-naive patients.”?3*® However, in daily clinical practice non-naive patients also
require treatment. Furthermore, patients were not blinded to treatment as we did not use
placebo FAE tablets in the etanercept monotherapy arm. However, the ‘blinding effects’
of placebo tablets would have been minimal due to the high frequency of gastrointestinal
complaints typically associated with FAEs. Finally, in the etanercept monotherapy group, 5
patients were switched to the combination therapy because of inefficacy. However, only 1 of
these 5 patients showed a clear improvement after the addition of FAEs to etanercept, the
other 4 had persistent brittle psoriasis and did not achieve a PASI-75 response and had to be

switched to other biologics after week 48. These 4 patients had a notorious therapy-resist-
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ant psoriasis who had failed several other antipsoriatic therapies including biologics.

In conclusion, in this study the combination therapy of FAEs with etanercept
showed a trend towards a faster rate of improvement as measured by the PGA in the first
24 weeks. The difference in PASI between the two groups was not statistically significant.

Addition of FAEs to etanercept for 48 weeks appeared safe with an acceptable tolerability.
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Table 1: Baseline demographic and clinical characteristics of the study population

Patient characteristic

Etanercept monother-

Etanercept combined

apy with FAEs (n = 18)
(n=15)
Mean age =+ SD 45+ 16 43 +17
Sex
Male 8 (53%) 14(78%)
Female 7 (47%) 4 (22%)
Mean BMI £ SD 306 26+6
Mean duration of psoriasis in years 19+10 22+10
+SD
History of psoriatic arthritis 1(7%) 5 (28%)
Previous psoriasis treatments
Phototherapy 15 (93%) 17 (94%)
Fumarates 13 (87%) 11 (61%)
Methotrexate 13 (87%) 13 (72%)
Ciclosporin 4 (27%) 6 (33%)
Acitretin 6 (40%) 10 (56%)
Biologic 3 (20%) 10 (56%)
Median PASI at baseline 14 (11-21) 12 (10-16)
Median DLQI at baseline 9 (5-20) 8(3-13)

Data are numbers (percentages), means + SD, or medians (interquartile ranges)
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Table 2: Efficacy analyses of proportion of patients achieving a PASI-75 response and a PGA
clear/almost clear

Etanercept mono- Etanercept com- P value
therapy bined with FAEs
(n=15) (n=18)
PASI-75 response
Week 12 64 (39-89) 67 (41-91) 1.00
Week 24 57 (31-83) 78 (59-97) 0.27
Week 48 64 (42-86) 87 (70-100) 0.22
PGA clear/almost clear
Week 12 57 (31-83) 89 (74-100) 0.01
Week 24 64 (39-89) 94 (84-105) 0.06
Week 48 64 (39-89) 87 (70-100) 0.22

Data are means with 95% confidence intervals. P values obtained with Fisher’s exact test.

Table 3: Change in DLQ

Etanercept mono- Etanercept com- P value

therapy bined with FAEs

(n=15) (n=18)
Week 12 55+6.8 7.1+£6.9 0.53
Week 24 54+79 7.1+6.4 0.56
Week 48 9.4+8.6 7.3+6.2 0.51

Data are means * SD. P values obtained with unpaired t test.

Table 4: Treatment satisfaction measured by visual analogue scale (VAS)

Etanercept mono- Etanercept com- P value

therapy bined with FAEs

(n=15) (n=18)
Week 12 8.0+1.5 8.1+1.6 0.92
Week 24 8.1+15 8.1+14 0.95
Week 48 89+1.2 8.2+1.7 0.30

Data are means * SD. P values obtained with unpaired t test.
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Table 5: Overview of adverse events

Etanercept mono- therapy Etanercept combined with
(n=15) FAEs
(n=18)
Major adverse events
Serious adverse event 1 2
Severe adverse event - -
Minor adverse events
Gastrointestinal complaints 1 11
Flushing 1 4
Elevation of liver enzymes -
Headache - 1
Influenza-like symptoms 7 10
Fatigue 1 1
Pruritus 1 1
Injection-site reactions 1 1
Other 1 2
Figure 1: Study design overview
Etanercept | | Etanercept

2x50 mg per week | |1x50 mg per week

with oral fumarates up to 4x215 mg per day

Psoriasis patients
with PASI > 10

PASI-respons <75%

Etanercept | | Etanercept
2x50 mg per week | |1x50 mg per week

PASI-respons >75%

Etanercept
1x50 mg per week

Baseline Week 12 Week 24 Week 48
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Figure 2: Study enrollment overview

Enrolled in study (n = 33)

Y
Randomized (n = 33)

Monotherapy:

Combination therapy:
Etanercept (n = 15)

Etanercept plus fumaric acid esters
(n=18)

Completed week 12 (n = 15)
Completed week 24 (n = 10)
Completed week 48 (n =9)

Completed week 12 (n = 18)
Completed week 24 (n = 18)
Completed week 48 (n = 15)
Discontinued study (n = 6) Discontinued study (n = 3)
Reasons for early termination:
- inefficacy (n = 5)
- withdrawal of informed consent/
clearance of psoriasis (n =1)

Reasons for early termination:
- inefficacy (n = 1)
- adverse events (n = 1)
- withdrawal of informed consent/
clearance of psoriasis (n =1)

Figure 3: Efficacy over time of combination therapy of etanercept with fumaric acid esters versus
etanercept monotherapy
18 4

—#— Combination therapy
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Median PASI
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“For the drug has not yet been
discovered which will surely take away
all tendency to the recurrence of
psoriasis, and whoever promises a
cure, in the wider sense of the word,
to his patient, will in a very great
number of cases find that he has been

too sanguine.”
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ABSTRACT

Background: Fumaric acid esters (FAEs) are considered an effective and safe long- term
treatment for psoriasis. However, 30—40% of patients need to discontinue FAE treatment
due to intolerable adverse events. In this study, we aimed to assess whether the addition of
cetirizine, an oral histamine-1 receptor antagonist, to FAEs would reduce the incidence of

adverse events.

Methods: In a randomized, double-blind, placebo-controlled trial, patients with pso-
riasis with a Psoriasis Area and Severity Index 2 10 starting an FAE up to a dose of dimethyl-
fumarate 720 mg per day were randomized 1 : 1 to receive either additional cetirizine 10 mg
once daily (n=25) or placebo (n = 25) for 12 weeks. Randomization and treatment allocation
were done at our hospital trial pharmacy. Primary outcomes were the incidence of adverse

events and the proportion of patients discontinuing treatment.

Results: Fifty patients (33 male, 17 female; median age 44 years) were enrolled.
Addition of cetirizine did not reduce the incidence of adverse events compared with pla-
cebo (84% vs. 84%, P = 1-00). The types of adverse events were not different between the
cetirizine and placebo groups, the most common being gastrointestinal complaints (68% vs.
64%) and flushes (60% vs. 48%). The proportion of patients discontinuing treatment was not
statistically different between the cetirizine and placebo groups (24% vs. 32%, P = 0-53).

Conclusions: Addition of oral cetirizine 10 mg once daily to FAE treatment did not re-
duce adverse events in patients with psoriasis during the first 12 weeks of treatment. The
mechanisms underlying FAE-induced gastrointestinal and flushing symptoms likely involve

mediators other than histamine.

Trial registration:  Dutch Trial Registry (http://www.trialregister.nl/) registration num-
ber NTR744.
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INTRODUCTION

Fumaric acid esters (FAEs), or fumarates, are small molecules with immunomodulatory
properties.? For over three decades, FAEs have been used as an oral treatment in patients
with chronic plaque psoriasis, with a favourable long-term efficacy and safety profile.>® The
efficacy of FAEs is comparable with that of methotrexate.** To date, there are no indications
that long-term FAE treatment is associated with an increased risk of malignancies or infec-

tions, making FAEs particularly suitable for maintenance therapy of psoriasis.>®

An important limitation of FAE treatment is intolerable adverse events, which re-
sult in treatment discontinuation in 30-40% of patients.”® The most commonly occurring
adverse events of FAEs are gastrointestinal complaints and flushing. These relatively mild
but inconvenient side-effects occur predominantly during the first 3 months of FAE treat-
ment. In order to improve the tolerability of FAEs, the current guidelines recommend slowly
increasing the dosage of the FAE using a standardized progressive dosing regimen.? In this
dosing regimen, the maximum daily dosage of 720 mg dimethylfumarate is reached within
9 weeks. If patients have adverse events, it is advised that they increase the dosage more

slowly, decrease the dosage, or temporarily stop the FAE.

Another strategy pursued in daily clinical practice when patients on FAEs experi-
ence adverse events is to prescribe an oral histamine antagonist in order to decrease these
symptoms.®1° The adverse events frequently reported during FAE treatment are similar to
several histamine-mediated symptoms, such as diarrhoea, abdominal complaints and flush-
ing.!? Blocking histamine might therefore be helpful in decreasing these adverse events
during FAE treatment. Furthermore, treatment with a histamine antagonist could have an
additional clinical benefit in patients with psoriasis, as histamine antagonists may have an-
tipsoriatic effects.'>!* However, to date there is no clear evidence that the addition of a
histamine antagonist to FAE treatment improves the tolerability or the efficacy of FAEs in the

treatment of psoriasis.

In this randomized placebo-controlled trial, we aimed to determine whether the
addition of cetirizine, an oral histamine-1 receptor antagonist, to FAE treatment would re-
duce the incidence of adverse events in patients with moderate-to- severe plaque psoriasis.

In addition, we aimed to assess whether the addition of cetirizine to FAE treatment would
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increase the efficacy of FAEs.

PATIENT AND METHODS

Study design  This was an investigator-initiated, single-centre, randomized, dou-
ble-blind, placebo-controlled trial conducted at the dermatology outpatient clinic of Eras-
mus Medical Center, Rotterdam, The Netherlands in the period 2009-2012. This study was
approved by the medical ethics committee of the Erasmus Medical Center (MEC 2005-500).
The study was conducted according to the principles of the Declaration of Helsinki. All pa-
tients gave written informed consent. The trial protocol was registered at the Dutch Trial
Registry (http://www.trialregister.nl/) under registration number NTR744. There were no

funding sources.

Study population Eligible for inclusion were patients aged 18 years or older with
moderate-to-severe chronic plaque psoriasis, who had a Psoriasis Area and Severity Index
(PASI) > 10 and who were candidates to start FAE treatment. The exclusion criteria were
renal disease, liver disease, a medical history of malignancies, pregnancy and lactation. Pa-
tients had to discontinue all psoriasis treatments before enrolment, with a washout period
of 4 weeks for systemic treatment and phototherapy, or 2 weeks for topical psoriasis treat-

ment. During the study psoriasis treatments were not allowed expect for bland emollients.

Study procedures Enrolled subjects were randomized at baseline in a 1: 1 ratio to
receive either FAEs plus cetirizine 10 mg once daily or FAEs plus a matching placebo for 12
weeks, followed by a follow- up period of 8 weeks. Randomization and treatment allocation
were done at the hospital trial pharmacy. Patients and physician assessors were both blind-
ed for the allocated treatment group.

All patients were treated with a Dutch FAE formulation with enteric-coated tablets
containing 105 mg FAEs (30 mg dimethylfumarate and 75 mg calcium monoethylfumarate)
for the first 3 weeks, followed by tablets of 215 mg FAEs (120 mg dimethylfumarate and
95 mg calcium monoethylfumarate) (Pharmacy ‘De Magistrale Bereider’, Oud-Beijerland,
The Netherlands). In previous studies we analysed this FAE formulation for pharmacokinetic
properties and for efficacy compared with methotrexate.*!* FAEs were given according to a
standardized progressive dosing regimen, starting at 30 mg dimethylfumarate per day with
an incremental increase up to a maximum daily dosage of 720 mg dimethylfumarate within

9 weeks.?
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Patients were seen at weeks 0, 4, 8, 12, and 20. At each study visit adverse events
were reviewed and routine laboratory testing was performed: full blood count with dif-
ferential, liver function tests, serum creatinine levels, cholesterol levels and urine analysis.
Furthermore, PASI was recorded at each study visit, and health-related quality of life was
measured using the Skindex-29 questionnaire at week 0 and week 12.

Skindex-29 is a validated questionnaire that measures dermatology-specific
health-related quality of life on a scale ranging from 0 to 100, with higher scores indicating
lower quality of life.?® There are currently several instruments available to measure derma-
tology-specific health-related quality of life, but there is no clear consensus on which instru-
ment to use.'® The Dermatology Life Quality Index is a widely used instrument, but there are
some limitations to its use.’” At our department the Skindex-29 questionnaire is routinely
used in daily clinical practice to measure dermatology-specific health-related quality of life.

Therefore, we chose to use Skindex-29 in this study.

Outcomes The primary outcomes were the incidence of adverse events and the pro-
portion of patients discontinuing FAE treatment. Secondary outcomes were changes in PASI

and changes in health-related quality of life.

Statistical analysis Data are presented as mean + SD, or as median with interquartile
range (IQR) when not normally distributed. Analysis was by intention to treat. Differences
in categorical variables and continuous variables between the two groups were tested with
the Kruskal-Wallis or x2-test, respectively. A P-value < 0-05 was considered statistically sig-
nificant.

We calculated a sample size of 50 patients to give 90% power with a two-sided 5%

significance level to detect a reduction of 55% in the incidence of adverse events.

RESULTS

Patient characteristics In total, 50 patients were enrolled and included in the trial (Fig.
1). The demographic and clinical characteristics of the study population are summarized in
Table 1. The median age was 44 years (IQR 30-56) and the median duration of psoriasis was
11 years (IQR 5-21). Most patients had been treated previously with phototherapy (36%).
Few patients had been previously treated with a classical systemic psoriasis treatment (28%)

or with a biological (4%).
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Incidences of adverse events during fumaric acid ester treatment Overall, 21
(84%) of 25 patients in the cetirizine group and 21 (84%) of 25 patients in the placebo group
experienced an adverse event during the first 12 weeks of treatment (Table 2). The addition
of cetirizine to the FAE did not reduce the incidence of adverse events in the cetirizine group
com- pared with the placebo group (84% vs. 84%, P = 1-00).

The most common adverse events in the cetirizine group were gastrointestinal
complaints (68%), flushes (60%) and pruritus (28%). Similar frequencies were observed in
the placebo group, with the most commonly reported adverse events being gastrointesti-
nal complaints (64%), flushes (48%) and headache (28%). The incidences of the different
types of adverse events were not significantly different between the cetirizine and placebo
groups. There were no differences between the two groups in the 8-week follow-up period

following week 12.

Tolerability Six (24%) of 25 patients in the cetirizine group had discontinued FAE
treatment. The reasons for discontinuing treatment were intolerable gastrointestinal com-
plaints (n = 3), an increase of psoriasis (n = 1), arrhythmia (n = 1) and myocardial infarction (n
=1). In the placebo group the number of patients discontinuing FAE treatment was slightly
higher, with eight (32%) of 25 patients discontinuing treatment. The reasons for discontinu-
ing treatment were gastrointestinal complaints (n = 3), an increase in liver enzymes (n = 1),
arrhythmia (n = 1), pregnancy (n = 1), tinnitus (n = 1) and chest pain (n = 1). The proportion
of patients discontinuing FAE treatment was not statistically different between the cetirizine
and placebo groups (P = 0-53). There were two (8%) patients in the placebo group and two

(8%) patients in the cetirizine group who were lost to follow-up.

Safety Abnormal laboratory tests were observed in 24 patients (96%) in the cetirizine
group vs. 21 (84%) in the placebo group (Table 3). The most common abnormal laboratory
tests seen in both groups were an increase in liver enzymes, eosinophilia and proteinuria.
A decrease in lymphocyte counts was seen in five patients (20%) treated with additional
cetirizine vs. four (16%) in the placebo group. In all cases the laboratory abnormalities were
mild, with changes of less than twofold the limit of normal value, and all laboratory abnor-
malities normalized without any intervention and while continuing FAE treatment. There
was only one patient (4%) in the FAE plus cetirizine group who had a more than twofold in-
crease in alanine transaminase and aspartate transaminase following 4 weeks of treatment
with FAE, and who therefore had to discontinue FAE treatment. The increase in transaminas-

es normalized within 2 weeks.
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Efficacy The median improvement in PASI at week 12 compared with baseline was
65% (IQR 52—-79%) among patients treated with FAE plus cetirizine (Fig. 2). In the group of
patients receiving FAE plus placebo a similarimprovement in PASI at week 12 was seen, with
a median improvement of 66% (IQR 49-78%). The proportion of patients achieving at least
75% improvement in PASI at week 12 was 20% in both groups.

Health-related quality of life =~ The health-related quality of life as measured by Skin-
dex-29 improved during the 12-week FAE treatment (Fig. 3). In the group of patients treated
with FAE plus cetirizine the median improvement at week 12 was 39% (IQR 20-62%). Among
patients who received FAE plus placebo the median improvement at week 12 was 55% (IQR
21-77%). The improvements in Skindex-29 scores were not statistically different between

the cetirizine and placebo groups (P = 0-87).

DISCUSSION

In this randomized double-blind placebo-controlled trial among 50 patients with
moderate-to-severe psoriasis, treated with FAEs for 12 weeks, the addition of the oral hista-
mine-1 receptor antagonist cetirizine 10 mg once daily to FAEs did not reduce the incidence
of adverse events or improve the tolerability of FAE treatment. Furthermore, the addition of
cetirizine did not increase the efficacy of FAE compared with treatment with FAEs alone.

To translate these findings into implications for clinical practice, several aspects of
our study need to be considered. Firstly, we used a randomized, double-blind study design
and a matching placebo for cetirizine so that both the patients and the physician assessors
were blinded for the allocated treatment group. Secondly, we used a suitable histamine-1
receptor antagonist that has been shown to be well tolerated with favourable pharmacolog-
ical properties in other patient populations.’® In addition, the effects of cetirizine have been
studied previously in patients with psoriasis.'>*® A limitation of our study is the relatively
small sample size, owing to our pre- study power calculation. However, if a greater sample
size were required to detect a statistically significant difference, the clinical value of adding
a histamine antagonist to FAEs would likely be small. Furthermore, we did not quantify the
severity of flushing and gastrointestinal symptoms. However, we did look specifically for the
incidence of adverse events requiring FAE treatment discontinuation, for which we found
no statistically significant differences between the cetirizine and placebo groups. Lastly, we
chose short-term study duration of 12 weeks, considering that adverse events occur pre-

dominantly at the beginning of FAE treatment.
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In this study, treatment with an oral histamine antagonist had no effect on the oc-
currence of the adverse events during FAE treatment. Therefore, the mechanisms underly-
ing FAE-induced gastrointestinal and flushing symptoms likely involve mediators other than
histamine. Alternatively, histamine may play only a minor role in the generation of adverse
events associated with FAEs. In recent experimental studies it has been shown that FAE-in-
duced flushing is mediated through activation of the G-protein-coupled receptor GPR109A,
located on Langerhans cells and on keratinocytes, which via cyclooxygenase-1 and -2 en-
zymes leads to prostaglandin release.? Further evidence for this mechanism comes from
a clinical trial involving 56 healthy volunteers, in which aspirin, a cyclooxygenase inhibitor,
decreased the incidence and severity of flushing symptoms from dimethyl-fumarate.?*

The mechanisms leading to gastrointestinal complaints in FAE treatment are not
yet understood. One hypothesis involves the FAE-triggered release of tumour necrosis fac-
tor (TNF)-a as a mechanism leading to gastrointestinal complaints.?? In a previous clinical
study, cotreatment with FAE and pentoxifylline, a methylxanthine derivative with some an-
ti-TNF-a properties, reduced the frequency of gastrointestinal complaints.?®> However, this
study was open label and uncontrolled, so bias of these results cannot be excluded. Another
potential mechanism may involve dimethylfumarate-induced allergic contact mucositis of
the gastrointestinal tract.?* Hessam et al. described three patients who had to discontinue
FAE treatment due to gastrointestinal complaints and who had a positive patch test reaction
to dimethylfumarate.?* Considering that dimethylfumarate is a potent contact sensitizer,
systemic treatment with it could induce an allergic contact mucositis, thus causing gastroin-
testinal symptoms. Future studies could focus on these mechanisms to find new strategies
to improve the tolerability of FAEs.

In this study, cetirizine at a daily dosage of 10 mg did not reduce FAE-induced ad-
verse events. One can speculate whether higher dosages of cetirizine may be more effective.
In the current guidelines on the treatment of chronic urticaria, the daily dose of cetirizine
may be increased up to fourfold when a single dose of cetirizine 10 mg is ineffective.?® Sim-
ilarly, cetirizine in higher doses might be effective to decrease FAE-induced adverse events.
We did not test this hypothesis in this current study.

It has been suggested that the histamine antagonist cetirizine might be beneficial
in psoriasis treatment.'2?® In this study, we could not detect an additional improvement by
cetirizine. The improvement in PASI in the FAE plus cetirizine group was comparable with
that in the placebo group. Other histamine antagonists such as ranitidine, a histamine-2 re-
ceptor antagonist, did show improvements of psoriasis in several observational studies, but

failed to demonstrate efficacy in randomized controlled trials.?”?
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FAEs have a favourable long-term efficacy and safety profile, but the induction
phase of FAE treatment can be challenging for patients because of problems with tolerabil-
ity. Therefore, a gradual increase in the dose of FAEs is considered standard. A large disad-
vantage of this approach is that it takes longer to reach the dosage that gives a satisfactory
clinical response. In daily clinical practice, the first clinical response is usually observed fol-
lowing 6—8 weeks of treatment.? If FAE- induced adverse events can be decreased or even
prevented, the optimal dosage of FAEs could be reached faster and would thereby increase
patient treatment satisfaction. There is evidence that aspirin and nonsteroidal anti-inflam-
matory drugs decrease flushing symptoms, but these drugs to do not affect gastrointestinal
complaint. It is our experience that patients on FAEs find the gastrointestinal symptoms to
be more bothersome than the flushing symptomes. In this study, six of 50 patients discontin-
ued FAEs due to gastrointestinal complaints, and none discontinued FAE treatment due to
flushing. In daily clinical practice, gastrointestinal complaints can be managed by sympto-
matic treatment with proton pump inhibitors, antiemetics or antidiarrhoeal drugs.'® Given
the results of this study, adding a histamine antagonist to FAEs is not helpful in reducing the
adverse events.

In conclusion, the addition of the histamine antagonist cetirizine 10 mg once daily
to FAE treatment did not reduce adverse events or improve the tolerability of FAE in patients
with psoriasis. Our results do not support a beneficial effect of adding a systemic histamine

antagonist to FAE treatment in patients with psoriasis.
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Table 1: Baseline demographic and clinical characteristics of the study population

Patient characteristic

Fumaric acid esters
with cetirizine (n = 25)

Fumaric acid esters
with placebo (n = 25)

Age 46 (31-62) 38 (30-54)
Sex
Male 15 (60%) 18 (72%)
Female 10 (40%) 7 (28%)
Duration of psoriasis in years 11 (5-19) 12 (5-24)
History of psoriatic arthritis 8 (32%) 5 (20%)
Previous psoriasis treatments
Phototherapy 10 (40%) 8 (32%)
Classical treatment (methotrexate, 8 (32%) 6 (24%)
ciclosporin)
Biologic 2 (8%) 0 (0%)

PASI at baseline

12.7 (10.8-16.0)

14.5 (12.0-16.7)

Data are numbers (percentages) or medians (interquartile ranges)
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Table 2: Subjective adverse events

Fumaric acid esters
with cetirizine (n = 25)

Fumaric acid esters
with placebo (n = 25)

Gastrointestinal complaints
Flushing

Pruritus

Headache

Fatigue

Lower extremity edema
Dermatitis

Chest pain

Tinnitus

Flu-like symptoms

Dizziness

17 (68%)
15 (60%)
7 (28%)
2 (8%)

5 (20%)
2 (8%)

0 (0%)

0 (0%)

0 (0%)

1 (4%)

1 (4%)

16 (64%)
12 (48%)
6 (24%)
7 (28%)
4 (16%)
2 (8%)

1 (4%)

1 (4%)

1 (4%)

0 (0%)

0 (0%)

Data are numbers (percentages)

Table 3: Laboratory adverse events

Fumaric acid esters
with cetirizine (n = 25)

Fumaric acid esters
with placebo (n = 25)

Increase in liver enzymes
Eosinophilia

Proteinuria
Lymphocytopenia
Decrease in creatinine
Increase in urea

Increase in cholesterol
Decrease in thrombocytes

Increase in haemoglobin

13 (52%)
10 (40%)
8 (32%)
5 (20%)
4 (16%)
2 (8%)

2 (8%)

0 (0%)

1 (4%)

15 (60%)
8 (32%)
5 (20%)
4 (16%)
0 (0%)
1(4%)

1 (4%)

1 (4%)

0 (0%

Data are numbers (percentages)
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Figure 1: Flow diagram
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Figure 2: Changes in PASI during 12 weeks of FAE treatment in patients treated with FAEs

plus cetirizine (n=25) and in patients treated with FAEs plus placebo (n=25). Error bars show
median and interquartile range
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Figure 3: Changes in Skindex-29 scores during 12 weeks of FAE treatment in patients treated

with FAEs plus cetirizine (n=25) and in patients treated with FAEs plus placebo (n=25). Error
bars show median and interquartile range
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ABSTRACT

Background: Fumaric acid esters (FAEs) are a systemic treatment for psoriasis consid-
ered to have a favourable long-term safety profile without an increased risk for immunosup-
pression. However, progressive multifocal leukoencephalopathy (PML), a rare, opportunistic
viral infection of the central nervous system, has been linked anecdotally to FAE treatment.

Here, we aimed to assess clinical features and outcomes of FAE-associated PML cases.

Methods: Systematic literature search in multiple databases up to 25th February

2016 for reports of PML in psoriasis patients treated with FAEs.

Results: Eight cases (four male, four female) of FAE-associated PML were identi-
fied. Median age was 64 years (range 42-74 years); median FAE treatment duration was 3
years (range 1.5-5 years). Six patients were treated with a formulation containing dimethyl
fumarate (DMF) and monoethyl fumarates, and two patients with a DMF formulation. Pa-
tients exhibited neurological symptoms, such as aphasia, hemiparesis and dysarthria. PML
diagnosis was based on MRI findings and presence of JC virus in cerebrospinal fluid and/or
brain tissue.

All cases were linked to moderate-to-severe reductions in absolute lymphocyte
counts, with nadirs ranging from 200 to 792 cells per mm?3. Median exposure to lymphocy-
topenia was 2 years (range 1-5 years).

In all cases, FAE treatment was discontinued; PML was treated with mefloquine
plus mirtazapine. Three patients improved, two had stable disease, two had residual symp-

toms, and one patient died to an immune reconstitution inflammatory syndrome (IRIS).

Conclusions:  Progressive multifocal leukoencephalopathy is infrequently linked to FAE
treatment, but underreporting cannot be excluded. Physicians treating patients with FAEs
should be vigilant for the occurrence of PML, and both clinicians and patients should be
alert for onset of new neurological symptoms. Periodic monitoring of lymphocyte counts
and FAE discontinuation in case of moderate-to-severe lymphocytopenia is recommended

to minimize the risk for PML.
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INTRODUCTION

Fumaric acid esters (FAEs), also termed fumarates, are small molecules with pleiotropic im-
mune-modulating properties that have been developed for the treatment of psoriasis.’?
FAE-formulations containing dimethyl fumarate (DMF) have been in use for the systemic
treatment of psoriasis since 1959, mainly in Europe.® Fumaderm, an FAE-formulation con-
taining a mixture of DMF and three monoethyl fumarate (MEF) salts, has held German mar-
ket authorization since 1994 and is currently the most prescribed systemic treatment for
psoriasis.* In other European countries such as the UK, Ireland, the Netherlands, Italy, Aus-
tria and Switzerland, FAEs are unlicensed in use for psoriasis treatment.>°

The 2015 European psoriasis S3-guidelines recommend FAEs as a long-term main-
tenance treatment for psoriasis on the basis of a favourable long-term safety profile of
FAEs.! Observational studies have not reported clinically significant safety issues or an in-
creased risk for malignancy or immunosuppressive adverse events.'>'>!* However, in 2013
two cases were published of progressive multifocal leukoencephalopathy (PML) in patients
with psoriasis treated with FAEs.»*** PML is a rare, opportunistic viral infection of the central
nervous system.'® PML occurs due to reactivation of the John Cunningham polyomavirus
(JC virus), a human polyomavirus which is latently present in up to 60% of the general pop-
ulation.?” Initial JC virus-infection typically occurs during childhood without any symptoms.
However, in the context of an immunocompromised status, JC virus-reactivation can lead
to a demyelinating infection of the central nervous system that can be potentially fetal.'®
Established risk factors for the development of PML include infection with human immu-
nodeficiency virus, haematological malignancies, and certain immune-mediated diseases,
such as sarcoidosis and systemic lupus erythematosus.*® In addition, the occurrence of PML
can be drug-related with immunosuppressive treatments, such as natalizumab, rituximab,
efalizumab and ciclosporine.%2°

FAEs seem to be a new association of drug-induced PML. Of note, the development
of FAE-associated PML is thought to be related to lymphocytopenia and not directly to the
compound itself. Only a subpopulation of DMF-treated patients show lymphocytopenia and
are thus potential at increased risk for PML. This is different to other compounds such as
natalizumab, where the risk of PML is presumably linked directly to the drug’s mechanism of
action, that is, inhibition of leukocyte migration into tissues leading to a decreased immuno-
surveillance. As a result, all patients treated with natalizumab and similar drugs would have

an increased risk to develop PML, in contrast to only the subpopulation of DMF-treated
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patients having a lymphocytopenia.

Following the first case report of FAE-associated PML, several other cases were
published.?** Assessment of these cases is of clinical importance in order to define the risk
factors for the development of PML, to support better-informed management and moni-
toring of FAE treatment, and to improve treatment outcomes. Here, we systematically re-
viewed the literature to assess clinical features and outcomes of cases of FAE-associated
PML, and to generate suggestions for recommendations for treatment monitoring to mini-
mize the risk of PML.

MATERIALS AND METHODS

Literature search strategy The databases Embase.com, Medline (Ovid), Cochrane
central registry of trials (CENTRAL), Web-of-Science, PubMed (the subset as supplied by
publisher, containing non-indexed citations) and Google Scholar were searched from incep-
tion up to 25th February 2016. The searches, conducted by an experienced biomedical in-
formation specialist (WB), combined multiple thesaurus terms and words in title/abstract
for FAEs with terms for PML and JC virus. Details of the search strategy terms are summa-

rized in Appendix 1.

Literature search strategy Articles were first screened by title and/or abstract,
which were followed by a full-text evaluation by one assessor (DB). We included articles
describing the occurrence of PML in patients with psoriasis treated with a FAE formulation.

There were no limitations applied for publication language or date.

Data extraction and analysis = Data were extracted on demographics, FAE formulation,
dosage, treatment duration, laboratory assessments, including leukocyte counts, clinical
features and diagnostic assessments of PML, and treatment outcomes.

Descriptive statics were used. Median range and interquartile range (IQR) were

reported when appropriate.

RESULTS

Literature search The literature search yielded 524 hits, of which eight articles
were included after evaluation of abstract and full text (Fig. 1). All articles consisted of single

case reports that were published in the period 2013-2015 in English, peer-reviewed jour-
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nals (Table 1).1415.21-26

Case descriptions A total of eight cases (four male, four female) of FAE-associated
PML in patients with psoriasis were reported (Table 1). Median age at time of diagnosis of
PML was 64 years [interquartile range (IQR) 5569 years].

All patients received FAE treatment for a minimum period of 1.5 years. Median FAE
treatment duration was 3 years (IQR 2.4-3.5 years). Six patients were treated with Fuma-
derm, a German licensed FAE-formulation containing DMF and three MEF-salts. The other
two patients were treated with Psorinovo, a Dutch unlicensed FAE-formulation containing
slow-release DMF. Median daily dosage of FAEs was 645 mg (IQR 423-1022 mg).

Presenting signs of PML included neurological symptoms, mainly aphasia (38% of
cases), hemiparesis (38%) and dysarthria (25%) (Table 2). In all cases, the neurological symp-
toms were progressive over time.

Diagnosis of PML was based on abnormal MRI findings, the presence of JC virus
in cerebrospinal fluid and/or brain tissue and histopathological analysis of brain biopsy
specimens. A brain biopsy was performed in five cases. In several cases, initial testing of
cerebrospinal fluid for JC virus DNA with a polymerase chain reaction (PCR) assay was neg-
ative.?2?*?6This led to an initial misdiagnosis of ischemic stroke or multiple sclerosis in four

cases, 14232526

Risk factors for PML  Four cases were associated with established risk factors for PML,
such as a medical history of malignancies, auto-immune diseases or exposure to previous
immunosuppressive treatments.

All cases of FAEs-associated PML were linked to exposure to moderate-to-severe
lymphocytopenia of varying periods (Table 3). Six patients had a grade 3 (severe) lympho-
cytopenia. Two patients were exposed to only moderate grade 2 lymphocytopenia. Median
exposure to FAEs-induced lymphocytopenia was 2 years (IQR 1.5-2.8 years). The nadir of
the absolute lymphocyte count ranged from 200 to 792 per mm?. Several reports involved
data on lymphocyte subsets. A low CD4*-cell count was observed in four cases, while a low
CD8"-cell count was seen in three cases.

The lag time between start of FAE treatment, onset of lymphocytopenia and onset

of PML varied in the reported cases (Fig. 2).

Treatment outcomes In all eight cases, FAE treatment was discontinued, and treat-

ment for PML with mefloquine and mirtazapine was initiated. This led to improvement of
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symptoms in three cases and a stable condition in two cases. There were two patients with
residual symptoms of PML.

An immune reconstitution inflammatory syndrome (IRIS) following FAE treatment
discontinuation was reported in five cases. One patient died due to complications following
IRIS.?®

DISCUSSION

Drug-related PML has been reported anecdotally in patients with psoriasis treated
with FAEs.?” The association between PML and FAE treatment is of clinical importance, con-
sidering the increasing use of FAEs as psoriasis treatment and the progressive and potential
fatal course of PML. Here, we assessed eight confirmed cases of FAEs-associated PML.

Several important points can be made from this case series. First, several cases
were not linked to known risk factors for PML, thus strengthening the potential associated
between FAEs and PML. However, in four of the cases, there were established risk factors
for PML other than FAE treatment present. Second, all confirmed cases were exposed to
periods of varying lymphocytopenia. Importantly, in all reported cases, the monitoring rules
for lymphocytopenia advised in current guidelines were not adhered to, which resulted in
long periods of unknown lymphocyte counts. Third, severe lymphocytopenia does not seem
critical for the development of FAEs-associated PML, as there were two cases with exposure
to only moderate grade 2 lymphocytopenia. Fourth, diagnosing FAE-associated PML can be
challenging due to non-specific neurological symptoms, which in some cases initially led to
a misdiagnosis. In addition, a negative PCR assay on JC virus does not rule out PML. Further
testing, for example brain biopsy, should therefore be considering when the clinical suspi-
cion of a diagnosis of PML remains high despite a negative PCR result for JC virus.

This case series is limited due to insufficient data on causal and pathophysiological
relationships between PML and FAEs. In addition, risk estimates for FAE-related PML were
not available in this data set. The reported cases involved different FAE-formulations, that
is, formulations containing DMF with MEF and formulations containing DMF. The number of
cases (n = 8), however, was too low to allow assessment of differences in risks or outcomes
of the various FAE-formulations.

The risk of PML related to FAE treatment has yet to be determined, considering
that studies assessing the incidence of PML are not available. Observational studies so far
have not reported any opportunistic adverse events associated with FAEs.>!* Despite the

relatively common occurrence of lymphocytopenia during FAE treatment, the incidence of
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associated immunosuppressive adverse events has been surprisingly low with eight report-
ed PML cases to date set against 180.000 patient-years of FAE treatment.?® However, under-
reporting of the incidence of PML in FAE treatment cannot be excluded.

The exact mechanisms by which exposure to FAEs may lead to PML are unknown.
Given that PML usually occurs in the context of cellular immune-incompetence, FAE-induced
lymphocytopeniaisimplicated.” Inline, all reported cases of FAE-associated PML were linked
to lymphocytopenia. Experimental studies have shown that FAEs induce lymphocytopenia,
including reduction of CD4*, CD8* and B lymphocytes.? CD4+ lymphocytopenia, occurring
as in idiopathic CD4*-lymphocytopenia, has been linked to PML.?° FAEs are known to reduce
CD4* and CD8* lymphocytes, and in all 8 cases of PML reported in patients on FAE treatment
exposure to moderate-to-severe lymphocytopenia was present.3**? FAE-induced moderate
lymphocytopenia with more pronounced selective reductions in lymphocyte-subsets could
predispose to an increased risk for PML.3* Unfortunately, data on lymphocyte-subsets were
not available for all cases. Although the immunosuppressive effects of FAEs have been noted
in experimental studies, in daily clinical practice no significant increased immunosuppres-
sive risk is observed.® The safety profile of FAE treatment is considered favourable.!*®3 In
context of potential immunosuppressive effects of FAEs, 7 cases have been published of
uncommon adverse events potential related to immune-incompetence.? These include the
occurrence of Kaposi sarcoma, tuberculous lymphadenitis, and organizing pneumonia, and
disseminated varicella zoster.3*** Whether and how exactly FAE-induced lymphocytopenia
plays a pivotal role in the development of PML is subject for future studies. Furthermore,
rare genetic variants may predispose to an increased risk for PML. Several cases of PML have
also been described in patients with no apparent immune-deficiency. In one of such cases,
analyses showed a genetic deficit in interferon-gamma production as a possible underlying
cause for PML.®

The occurrence of PML linked to FAE treatment has been reported in patients with
multiple sclerosis.?” As of 2013, a FAE-formulation containing DMF is approved by the U.S.
Food and Drug and the European Medicines Agency for the treatment of relapsing-remitting
multiple sclerosis. Four cases have been reported of PML in patients with multiple sclerosis
treated with DMF.*® In response to the reported cases of PML associated with various FAE
formulations, the European Medicines Agency has formulated different recommendations
to minimize risks for PML during treatment with the DMF formulation in multiple sclerosis
and the FAE formulation in psoriasis.*® It is of importance to note that there are no clear
differences in the DMF formulation used for MS and the DMF formulations in psoriasis as

these compounds are identical in terms of chemimal structure. While there may be intrinsic
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differences between patients with psoriasis compared to those having multiple sclerosis,
there is no clear scientific rationale to have differential monitoring guidelines for lympho-
cytopenia for the various DMF formulations. For psoriasis, monitoring blood cell counts,
including lymphocyte counts, every 4 weeks is now recommended. In case of an absolute
lymphocyte count below 0.5 * 10°/L, treatment with FAEs is to be discontinued. In case of
an absolute lymphocyte count below 0.7 * 10°/L, a 50% dosage reduction is advised and
treatment discontinuation when following 4 weeks the lymphocyte counts persist below 0.7
* 10°/L.39 Although these drug-discontinuation rules are in line with the current European
guidelines, such strategies remain to be validated.!*° Moreover, there is currently no suffi-
cient evidence to support monthly monitoring of lymphocyte counts during FAE treatment
in psoriasis. In previous psoriasis guidelines, monitoring a full blood count once every 3
months was advised.** We suggest that an interval of 3 months for blood count monitoring
is acceptable when no leukocyte abnormalities are found during initial monthly testing (Ta-
ble 4). Importantly, more frequent testing may be indicated when leukocyte and/or lympho-
cyte count values show a decreasing trend. Other suggested recommendations to minimize
risks for the development of PML during treatment with FAEs are summarized in Table 4.

In case of FAE-induced leukocytopenia and/or lymphocytopenia, care should be
given to follow-up the leukocyte and/or lymphocyte count until normalization. This is of
clinical importance as starting a systemic treatment with a known association with leukocy-
topenia should preferably by avoided until the low counts are resolved. For instance, meth-
otrexate would be a less suitable treatment option in view of its potential for bone marrow
suppression. Logical next options for patients who had to stop FAE due to the development
of lymphocytopenia would include optimal topical treatment and/or UVB phototherapy.

In conclusion, PML is an infrequently reported adverse event linked to FAE treat-
ment in patients with psoriasis. The neurological symptoms of PML are non-specific and
often lead to initial misdiagnosis. Physicians treating patients with FAEs should be vigilant
for the occurrence of PML. Patients on FAEs presenting with neurological symptoms or signs
should undergo evaluation for PML. Periodic monitoring of lymphocyte counts, treatment
discontinuation in case of moderate-to-severe lymphocytopenia and clinical alertness for

new onset of neurological symptoms is recommended to minimize risks for PML.
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Figure 1: Overview of estimated lag times in months between start of FAE treatment and on-
set of lymphocytopenia and lag times between start of lymphocytopenia and onset of PML

Hoepner et al. (2015)

Lag time start of FAEs

to onst of lymphocytopenia
Lag time start of lympho-
cytopenia to onset of PML

Dammeier et al. (2015)
Bartsch et al. (2015)

van Qosten et al. (2015)

Ermis et al. (2015)

1 1 1 1 1 1 1 1
10 20 30 40 50 60 70
Time in months

Abbreviations: FAE, fumaric acid esters; PML, progressive multifocal leukoencephalopathy. All reported cases were associated with
exposure to grade 2-3 lymphocytopenia, with absolute lymphocyte counts ranging between 200 and 800/mm? [Common Terminol-
ogy Criteria for Adverse Events version 4.0, National Cancer Institute (NCI) of the National Institutes of Health (NIH)]; In three cases

(i.e. Buttmann?*, Stoppe?, and Nieuwkamp?) the time of onset of lymphocytopenia was not specified.

Table 2: Presenting neurological symptoms in fumaric acid ester (FAE)-associated PML cases

Symptom Frequency

(Sensory) aphasia
Hemiparesis
Dysarthria
Hemiataxia
Dysphagia
Dysesthesia

Apraxia
Hemihypesthesia
Confusion
Left-sided weakness
Focal motor seizures

Headache

I I = T = = S N N N = Y]
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Table 3: Summary of lymphocyte counts in published cases of progressive multifocal leukoencepha-
lopathy (PML) associated with fumaric acid ester (FAE) treatment in patients with psoriasis

Case Dura- Grade of Absolute  Abso- Absolute CD4*cell CD8*cell Ratio
Ref tion of lypho- lympho- lute Leuko- count count cb4at/
lyphocy- cytope- cyte count nadir cyte (*1000/ (*1000/ CDS8*
topenia niat attimeof oflym- count mL) mL)
in years diagnosis  phocyte (*10°/L)
(per mm3) counts
(per
mm3)
1. 2 Grade3 410 410 4.6 NR NR 6.1
Ermis
(2013)s
2. 5 Grade3 200 200 NR 40 20 2.0
van Oos-
ten
(2013)*
3. Ca.3 Grade NR 445 NR NR NR NR
Buttmann 2-3
(2013)
4. NR Grade3 Ca.500 NR NR 131 NR NR
Stoppe
(2014)
5. Bartsch 2 Grade2 500 500 3.0 154 117 1.3
(2015)
6. Ca. 1l Grade 450 450 >3.0 NR NR NR
Dammei- 2-3
er
(2015)*
7.Hoep- Ca.l1.3 Grade 288 288 NR NR NR NR
ner 2-3
(2015)*
8. NR Grade2 792 792 4.0 270 40 6.8
Nieuw-
kamp
(2015)%

TAccording to the Common Terminology Criteria for Adverse Events version 4.0, National Cancer Institute (NCI) of the National In-
stitutes of Health (NIH): Grade 1 (mild) < lower limit of normal (LLN) —800/mm? (<LLN — 0.8 * 10°/L); Grade 2 (moderate) < 800-500/
mm? (<0.8-0.5 * 10°/L); Grade 3 (severe) < 500-200/mm? (<0.5-0.2 * 10°/L); Grade 4 (life-threatening) < 200/mm?(<0.2 * 10°/L).

Ca., circa; NR, not reported.
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Table 4: Suggested recommendations to minimize risks for the development of progressive
multifocal leukoencephalopathy during treatment with fumaric acid esters (FAEs)

Suggested recommendation

Comment

Before starting FAE treatment

*  Check for a medical history of recur-
ring or opportunistic infections and
neurological diseases, such as multi-
ple sclerosis

*  Obtain baseline measurements of ab-
solute leukocyte counts and differen-
tial, including lymphocyte counts

During FAE treatment

*  In case of new onset of neurological
symptoms, stop FAE treatment and
consider referral to a neurologist for
an evaluation for PML

*  Monitor leukocyte count and differen-
tial, including lymphocyte counts

*  Adjust or stop FAE treatment in case
of moderate-to-severe leukocytope-
nia or lymphocytopenia

After FAE treatment discontinuation

* In case of leukocytopenia or lympho-
cytopenia follow-up leukocyte- and
lymphocyte counts until reaching
normal values

Consider starting FAE treatment with more
caution for blood cell counts and possible
PML

In case of unknown leukocytopenia or
lymphocytopenia, considering postponing
FAE treatment until further hematological
or immunological evaluation

See Table 2 for potential neurological
symptoms

Initially, monitoring once every months is
advised, and after 6 months once

every 3 months if no leukocyte abnormali-
ties are present

Immediate stop FAE treatment in case of
an absolute leukocyte count of 3.0 * 10°/L
or an absolute lymphocyte count of 0.5 *
10°/L

Reduce FAE dosage by 50% in case of an
absolute lymphocyte count of 0.7 * 10°/L
and follow-up in 4 weeks

Until leukocyte and/or lymphocyte count
normalization, consider postponing start of
systemic treatments with a known asso-
ciation with leukocytopenia, e.g. metho-
trexate; Consider starting optimal topical
treatment and/or UVB

phototherapy




— Prof.dr. Hermann W. Siemens

“Psoriasis  wordt  met  alles
behandeld, wat langs velden en
wegen en in den schoot der bergen
groeit.”

Vraagstukken der psoriasisbehandeling. Ned Tijdschr Geneeskd. 1938;82:1290-8.




Jay Frank Schamberg

“Psoriasis, the great dermatologic
mystery, is an affliction that has
been known since the days of the
early Greeks.”

—— The known and the unknown about psoriasis. JAMA. 1924;83(16):1211-1214. —
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ABSTRACT

Background: Fumaric acid esters (FAEs), an oral immunomodulating treatment for pso-
riasis and multiple sclerosis, have been anecdotally associated with proximal renal tubular
dysfunction due to a drug-induced Fanconi syndrome. Few data are available on clinical

outcomes of FAE-induced Fanconi syndrome.

Methods: Descriptive case series with two cases of Fanconi syndrome associated
with FAE treatment diagnosed at two Dutch university nephrology departments, three cases
reported at the Dutch and German national pharmacovigilance databases and six previously

reported cases.

Results: All 11 cases involved female patients with psoriasis. The median age at the
time of onset was 38 years [interquartile range (IQR) 37-46]. Patients received long-term
FAEs treatment with a median treatment duration of 60 months (IQR 28-111). Laboratory
tests were typically significant for low serum levels of phosphate and uric acid, while urinal-
ysis showed glycosuria and proteinuria. Eight (73%) patients had developed a hypophos-
phataemic osteomalacia and three (27%) had pathological bone fractures. All patients dis-
continued FAEs, while four (36%) patients were treated with supplementation of phosphate
and/or vitamin D. Five (45%) patients had persisting symptoms despite FAEs discontinua-

tion.

Conclusions:  FAE treatment can cause drug-induced Fanconi syndrome, but the associ-
ation has been reported infrequently. Female patients with psoriasis treated long term with
FAEs seem to be particularly at risk. Physicians treating patients with FAEs should be vigilant
and monitor for the potential occurrence of Fanconi syndrome. Measurement of the urinary
albumin:total protein ratio is a suggested screening tool for tubular proteinuria in Fanconi

syndrome.
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INTRODUCTION

Fumaric acid esters (FAEs) are small molecules with immunomodulating effects that have
been used as an oral treatment for psoriasis for four decades.! Since 1994, FAEs are an
approved treatment for psoriasis in Germany. The licensed FAE formulation Fumaderm®
(Biogen Idec, Ismaning, Germany) is a mixture of dimethylfumarate and monoethylfumarate
salts.? Currently, Fumaderm is one of the most commonly used first-line systemic treatments
in Germany.® In other countries, FAEs are increasingly used as an unlicensed treatment for
psoriasis. The European S3 guidelines recommend FAEs as a treatment for moderate-to-se-
vere psoriasis on the basis of their positive efficacy and safety profile.* The U.S. Food and
Drug Administration and the European Medicines Agency approved an FAE formulation con-
taining dimethylfumarate (Tecfidera®; Biogen Idec, Cambridge, MA, USA) as a treatment for
multiple sclerosis in 2013 and 2014, respectively.®

FAEs have been anecdotally linked to renal adverse events, such as acute kidney
injury and Fanconi syndrome (FS).5° FS is defined by a generalized dysfunction of the prox-
imal renal tubules, which can lead to an impaired resorption of glucose, amino acids and
phosphate. A complication of FS is osteomalacia, which can lead to bone fractures and bone
pain.’®Several drugs can induce FS, such as tenofovir, ifosfamide, aminoglycoside antibiotics
and FAEs (see Table 1).”%° There have been only a limited number of cases described of FS
associated with FAEs. Consequently, few data are available on the clinical presentation and
treatment of FAE-induced FS.

Here, we assessed clinical and treatment outcomes of drug-induced FS associated

with FAEs treatment.

MATERIALS AND METHODS

This is a descriptive case series of FAE-associated FS in patients with psoriasis. We described
two new cases that were diagnosed at our department. We reviewed clinical features, labo-
ratory findings and treatment outcomes. Measurements of serum levels of substances such
as phosphate, calcium and 1,25-dihydroxyvitamin D were performed according to standard
operating procedures at the Department of Clinical Chemistry. Additional testing to exclude
the differential diagnoses of FS involved genetic testing or radiologic evaluation.

We searched for additional cases in pharmacovigilance databases of the Nether-

lands Pharmacovigilance Centre Lareb and the German Federal Institute for Drugs and Med-
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ical Devices [Bundesinstitut fur Arzneimittel und Medizinprodukte (BfArM)] up to August
2015. We chose these two national pharmacovigilance databases given that FAEs are exten-
sively used in these countries.>! In addition, Medline and Embase databases were searched
up to August 2015 for published cases.

We used descriptive statistical methods to analyse data.

RESULTS

Case characteristics ~ We included a total of 11 patients who developed FS during
treatment with FAEs. Two cases were diagnosed at the nephrology department of two
Dutch university medical centres, three cases were identified in German and Dutch phar-
macovigilance databases and six case reports were found through a literature search. The
clinical characteristics of the cases are presented in Table 2.

All cases involved female patients with psoriasis. The median age at the time of
onset of FS was 38 years [interquartile range (IQR) 37-46]. The median treatment duration
with FAEs was 60 months (IQR 28-111) and the median daily FAEs dosage was 840 mg (IQR
720-1290). Data on body mass were available for four patients [median 20.9 kg/m? (IQR
20.3-23.6)]

In most cases, patients did not exhibit any symptoms. The most frequently report-
ed presenting symptoms of FS were generalized weakness (27%), myalgia (27%) and ar-
thralgia (27%) (see Table 3). Laboratory tests often displayed low serum levels of phosphate
(73%), high alkaline phosphatase (45%) and low uric acid (45%). Urinalysis typically showed
glycosuria (73%), proteinuria (64%), aminoaciduria (27%) and phosphaturia (27%). Diagno-
sis of FS was based on laboratory test results. Five (45%) patients were diagnosed with a
hypophosphataemic osteomalacia, of whom three (27%) patients suffered from multiple
pathological bone fractures. FAEs treatment was discontinued in almost all cases; two re-
ports did not describe whether FAEs were discontinued. Four (36%) patients were treated
with supplementation of phosphate and three (27%) with vitamin D supplementation.

Complete improvement was reported in four (36%) patients, partial improvement
in one (9%) patient and there were five (45%) patients who had no improvement. In one
(9%) case, the symptoms of FS recurred twice upon rechallenges with FAEs.*

Below, we describe detailed information on clinical features and outcomes of the

novel FS cases.
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New cases of FAE-associated FS A 37-year-old female patient with plaque pso-
riasis developed FS during FAE treatment (patient no. 7; see Tables 2 and 4). This patient
had a history of psoriasis from the age of 20 years and had been previously treated with
phototherapy and topical treatments. She had been treated with oral FAEs for 15 years and
had only temporarily stopped FAEs during pregnancy. Her medical history was remarkable
for two miscarriages, migraine and recurrent urinary tract infections. She used FAEs (Fuma-
derm) 215 mg dimethylfumarate once per day, rizatriptan 5 mg as needed, an ethinylestra-
diol/gestodene contraceptive and calcipotriol/betamethasone dipropionate ointment as
needed. She had no history of drug use known to cause drug-induced FS. The psoriasis was
well controlled with FAEs and there were no adverse events. Routine urinalyses throughout
FAE treatment indicated persisting proteinuria and glycosuria, therefore she was referred to
the nephrology department for further analysis.

Additional laboratory testing showed a hypophosphataemia (serum phosphate
0.86 mmol/L, RR 0.90-1.50) with a normal serum creatinine level (74 umol/L, RR 49-90) and
a normal estimated glomerular filtration rate (eGFR) >60 mL/min/1.73 m? (see Table 3). The
fractional phosphate excretion was 22%, suggesting renal phosphate wasting. There was also
a low serum level of uric acid of 0.09 mmol/L (RR 0.14-0.34); the fractional uric acid excre-
tion was >73%. Further urinalysis revealed a tubular proteinuria (0.86 g protein/24 h). There
was also glycosuria (1+ glucose on dipstick) in the face of a normal glycated haemoglobin
level of 32 mmol/mol Hb (RR 20-42). She also had hypercalciuria and nephrolithiasis. Her
serum calcium level was normal. The parathyroid hormone (PTH) level was decreased (0.7
pmol/L, RR 1.4-7.3) and PTH-like peptide was not present. Differential diagnoses as Dent’s
disease and sarcoidosis were excluded by genetic mutation testing and by chest radiograph
evaluation, respectively. The findings in this case were consistent with a drug-induced FS.
However, although unlikely, a new genetic entity cannot be excluded. FAE treatment was

subsequently discontinued. However, the laboratory and urine abnormalities persisted.

A second case of FAE-associated FS involved a 40-year-old female patient who had
plaque psoriasis since the age of 8 years (patient no. 8; see Tables 2 and 4). Her medical
history was remarkable for hypercholesterolaemia and recurrent vaginal yeast infections,
and she was recently diagnosed with a vitamin B12 deficiency. Her medication use included
atorvastatin 10 mg once daily, fluconazole 150 mg as needed and vitamin B12 injections.
There was no prior use of drugs linked to drug-induced FS. She had previously been treated
with topical psoriasis treatments and phototherapy. In May 2008, she started FAE treatment

215 mg three to six times per day. Her psoriasis was well controlled and she reported no
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adverse events. She had used FAEs continuously for 7 years. Routine urinalysis showed per-
sisting proteinuria, and therefore she was referred to the nephrology department.
Additional testing was significant for hypophosphataemia (serum phosphate 0.58
mmol/L, RR 0.80-1.40), hypocalcaemia (serum calcium 2.16 mmol/L, RR 2.20-2.65), an in-
creased PTH level of 9.1 pmol/L (RR 1.4-7.3) and a slightly decreased serum bicarbonate
level of 19.9 mmol/L (RR 21.0-27.0) (see Table 3). The fractional phosphate excretion was
30.6%, which is in line with renal phosphate wasting. The serum creatinine level was with-
in the normal range (87 umol/L, RR 55-90), as was the eGFR of 63 mL/min/1.73 m? (RR
>60). Urinalysis was significant for glycosuria (3+ glucose on dipstick) and tubular proteinu-
ria (0.38 g protein/L). Based on these findings, a diagnosis of FAE-induced FS was made. It
is likely that the patient’s vitamin B12 deficiency is part of FS, considering that vitamin B12
is taken up at the proximal renal tubule.” Pernicious anaemia as an alternative reason for
the vitamin B12 deficiency was excluded, as antibodies to intrinsic factor were not present.
Vitamin D is also taken up in the proximal tubule’, but in this case serum 1,25-dihydrox-
yvitamin D was within normal limits (69 pmol/L, RR 38—183). Following the diagnosis of FS,
FAEs were stopped. There was partial improvement of the symptoms with normalization of

serum phosphate levels and proteinuria.

Cases reported in Dutch and German national pharmacovigilance databases One
case of FS linked to FAEs was reported to Lareb. This case involved a 31-year-old female
psoriasis patient. Her medical history was remarkable for endometriosis, and she used cel-
ecoxib and a lynestrenol contraceptive. She had been treated with FAEs for 5 years (dosage
not reported). She developed FS with severe osteomalacia. She had no symptoms except for
a spontaneous bone fracture. FAE treatment was discontinued and the patient was treated
with supplementation of phosphate and vita- min D. The patient did not recover and be-
came wheelchair dependent.

Two cases of FS were reported by BfArM. A female patient between 45 and 49
years of age was reported with FS. She had been treated since 1989 with Fumaderm (dosage
not reported) and topical fumaric acid. In 1999, she developed FS, from which she did not
recover. She also developed osteomalacia, which led to a pathologic fracture. The second
case involved a female psoriasis patient between 29 and 35 years of age who had been
treated with Fumaderm (dosage not reported) since 1995. She was reported with FS (year
of onset not reported) with a complete recovery. She was diagnosed in 1998 with osteoma-

lacia.
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DISCUSSION

FS is a renal disorder that is characterized by proximal tubular dysfunction, which can lead
to inappropriate urinary losses of phosphate, glucose, bicarbonate and amino acids. Here,
we report 11 psoriasis patients who developed an FAE-induced FS. Presenting symptoms of
FSincluded generalized weakness and myalgia. Laboratory tests typically showed low serum
levels of phosphate and uric acid and a proximal tubular acidosis, while urinalysis showed
glycosuria and proteinuria. Eight (73%) patients had hypophosphataemic osteomalacia and
five (45%) patients had persisting symptoms despite FAE discontinuation.

The reported cases of FAE-associated FS share several phenotypical similarities. All
cases involved females. Sex differences in renal proximal tubular function and in the expres-
sion of organic anion receptors have been described and such differences could underlie
differential risks for male and female patients to develop FAE-associated FS.%!° However, we
cannot exclude selective reporting due to the relatively small sample size described in our
case series. Whether there is a true predominance for females to develop FS remains to be
determined. Furthermore, all patients reported with FS were treated long term with FAEs.
The median duration of FAEs treatment was 60 months (IQR 28-111). The five cases that
were published in the 1990s were linked to the use of unlicensed FAEs formulations with
dimethylfumarate and monoethylfumarate salts. Moreover, the doses of FAEs applied in
these cases exceeded the maximum daily dose of 1290 mg that is recommended in current
psoriasis guidelines.* However, several of the patients were treated with lower dosages of
FAEs and still developed FS (see Table 2). Therefore, a clear correlation between FAE dosage
and proximal tubular dysfunction cannot be made. Higher doses of FAEs per body weight
has been proposed as a potential factor in the nephrotoxicity of FAEs.® The body mass index
(BMI) was reported for only four cases, with a median BMI for these cases of 20.9 kg/m?
(IQR 20.3-23.6). More data are needed to identify risk factors for the development of FS
during FAEs treatment.

Limitations of our study are the relatively small sample size and the fact that cau-
sality between FAEs and drug-induced FS cannot be proven in this data set. In addition, the
data available for some cases were incomplete for findings of proximal tubular dysfunction.
Also, some cases had limited data on alternative causes of FS or use of prior and concomi-
tant drugs that are known to result in drug-induced FS. Two recent epidemiological studies
have shown an independent association between moderate-to-severe psoriasis and an in-

creased risk for glomerulonephritis or chronic kidney disease.?*! Psoriasis itself does not
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seem to be associated with FS.

The incidence of FAE-associated FS has not been studied. In randomized controlled
trials that evaluated FAEs treatment in psoriasis patients, no renal toxicity was reported.*
This could be due to the relatively short follow-up period in these trials. Long-term obser-
vational studies have not indicated an increased risk for nephrotoxicity during continuous
FAE treatment.?*?* FS could be underdiagnosed, especially mild forms of proximal tubular
dysfunction, given that proteinuria is a recognized and common adverse event of FAEs.?*
Up to 30% of patients display proteinuria.?®> On the other hand, FAE-induced proteinuria is
typically transient, even with continued FAE treatment.*

The current psoriasis guidelines recommend regular urinalysis during FAEs, but
there is no consensus on the optimal frequency. The 2009 European S3 guidelines on psoria-
sis treatment recommend monitoring serum creatinine and urine sediment every 4 weeks.*
In the 2011 German psoriasis guidelines, it is advised to monitor serum creatinine and urine
status every 4 weeks for the first 4 months of treatment, followed by once every 8 weeks.?®
Urinalysis is typically performed with a urine dipstick, but this method is sensitive for albu-
min and probably not reliable for detection of tubular proteinuria.?’” Tubular dysfunction
leads to increased urinary levels of proteins other than albumin, such as f2-microglobulin.
Haring et al. assessed the use of B2-microglobulin in urine as a marker for proximal tu-
bular damage during FAEs treatment in psoriasis patients.’ Urinary B2-microglobulin was
increased in 3 of 23 patients receiving FAEs, which normalized upon discontinuation of the
FAEs. B2-microglobulin does not seem to be a sensitive marker, which may be due to the
collection method. f2- microglobulin is not stable in acid urine and is only measurable after
alkalinization of the urine. A new method is measurement of the urinary aloumin:total pro-
tein ratio, which is an inexpensive and simple screening test. If albumin constitutes <40%
of the total protein in urine, this is a good indication for tubular proteinuria.?® In our data
set, we had no data available on the urinary albumin:total protein ratio. Use of the urinary
albumin:total protein ratio as a screening test for tubular proteinuria needs to be tested and
validated for FAEs-induced FS.

FAEs are increasingly being used, also for conditions other than psoriasis.?® An
FAE formulation containing dimethylfumarate (Tecfidera®, Biogen Idec) was approved for
the treatment of multiple sclerosis in 2013. Although the FAEs formulation and the dosage
schedule are different than those used in the treatment of psoriasis, the safety profile of
this FAE formulation seems similar to that of FAE treatment in psoriasis. There have been
no reports of proximal tubular dysfunction with dimethylfumarate in multiple sclerosis pa-

tients.303?
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The mechanisms leading to FAE-induced proximal tubular dysfunction in FS are not under-
stood.7 One potential mechanism involves FAE-induced glutathione depletion. FAEs are
able to enter proximal tubular cells via the organic anion transporter (OAT1)*? and deplete
intracellular levels of glutathione levels®*, which can cause FS.>3** Maleic acid, a cis isomer
of fumaric acid, induces FS in rats through similar mechanisms of intracellular depletion of
glutathione and adenosine triphosphate.*®

In conclusion, FS seems to be an infrequent adverse event of FAE treatment. Fe-
male patients treated long term with FAEs seem to be particularly at risk. Physicians treating
patients with FAEs should be aware of and vigilant for proximal tubular dysfunction during

FAEs treatment. Quantitative total protein measurement to calculate the albumin:total pro-

tein ratio is suggested as a screening test for tubular proteinuria.
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Table 1: Overview of drugs that can cause a drug-induced Fanconi syndrome?”:*°

Drug Class of drug Indications
Adefovir Antiviral Hepatitis B
Aminoglycosides, e.g. gentamicin, tobramycin,  Antibiotic Bacterial infections

amikacin

Aspirin
Azacitidine
Carboplatin
Cidofovir
Cisplatin
Deferasirox
Didanosine
Fumaric acid esters, e.g. dimethyl fumarate
Ifosfamide
Imatinib mesylate
Mercaptopurine

Ranitidine

Streptozocin
Suramin
Tenofovir
Tetracyclines

Valproic acid

Cyclooxygenase inhibitor

Cytostatic
Cytostatic
Antiviral
Cytostatic
Iron chelator

Antiviral

Immunomodulator

Cytostatic

Tyrosine-kinase inhibitor

Cytostatic

Histamine antagonist

Cytostatic
Antiparasitic
Antiviral
Antibiotic

Anticonvulsant

Pain, fever

Types of cancer

Types of cancer
Cytomegalovirus retinitis
Types of cancer

Chronic iron overload
HIV

Psoriasis, multiple sclerosis
Types of cancer
Leukemia

Leukemia

Gastroesophageal reflux, peptic
ulcer disease

Types of cancer
Trypanosomiasis, onchocerciasis
HIV, hepatitis B

Bacterial infections, acne

Epilepsy, bipolar disorder,
migraine




FANCONI SYNDROME ASSOCIATED WITH FUMARIC ACID ESTERS |116

+ BI2B|RWO31SO

eunidjeasadAy ‘elunpioeouiwe
‘e1ansodA|8 ‘elnuiajoud :auln

sainioel)
auoq 213ojoyied

wnissejod moj ‘pioe o1 mo| ‘@1eyd 1934 Jay ul uled (€102)
SH9IM {7 UIYHUM uonenuuodSIp -soyd mo| ‘esereydsoyd auieye pue ssauyeam LE orP!19Y
uawanoidwi 919|/dwo) uawWieaJy 3y4 WiNJ3S PaseaJdul :wnJas pazijesausn Sw ozz ST UN 4 ‘9
e1NsodA|3
+ BIDB[BWO31ISO uopejuaw ‘elnpioeoujwe ‘elnuidlold :auln ei1gjleAw
-9|ddns €@ ulweyn |esQ €Q UlWeyA ‘saunjoeu) auoq (to07)
Syuow € uiyum ‘uoeNURUOSIP mo| ‘@1eydsoyd mo| ‘asejeydsoyd |eaiSojoyied 8V eYdziem
juswanoidwi 919|dwo) JuaWieal} Iv4 dul|eY|B PASEaJdU] WNJBS i dmynAl UN 0zZI D YN 4 'S
eunjeasadAiy (43
+ B|OB[BWO3ISO ‘elnuiayold ‘elansodA|8 :aunn 0.5 +
pioe aun 4INQ 02L) (666T)
syjuow g uiyum uolenuluodSIp mo| ‘areydsoyd mo| ‘asejeydsoyd e13jeAw q3w se L 8ulyas
juswanoldwi 919|dwo) juawWiealy Iv4 EV R EHEYIIHITSEIS ‘199 ululed  06CT XelN 9c e) UN 4 b
e12e|eWwo31S0 ON uoneusaw e1INS0JA|3
-9|ddns a1eydsoyd |ei0 ‘elnuialold :aunn (666T)
syluow 9 uiyum ‘uopeNURUOISIP o1eydsoyd eisdipAjod ‘ssau 8¢ Jeyosey
juswanosdwi oN uawWieaJy 3y4 MO| ‘P12 1IN MO :WINJDS -jeam ‘andne4 Sw op8 09 70T 4 €
elnpioe oun ‘eunieydsoyd
+ BIDB[BWO3ISO ‘elnploeoulwe ‘elnsodA|8 :aunn
uopejuaw wnio|ed |e303 mo| ‘Aduaidyap
Aypeded -9|ddns a1eydsoyd |0 219 UlwelA ‘Hld pasealoul eaoudsAp (666T)
Aiojeaidsau ‘uoeNURUOSIP ‘aeydsoyd mo| ‘asejeydsoyd ‘ssaudeam 37 erAINEH
91 Jo uawanosdw| JuaWieal} Iv4 dul|eY|e PASeaJdU] WNJSS pazijesauan UN T €0 4 T
+ B|OB[BWO3ISO
uopejuawalddns ¢q uiw ennuialold ‘elunsodA|8 :auln Anjigowwi (43 Sw
'S3Y4 YHM judawieasy -e}A pue a1eydsoyd |euQ asejeyd ‘Bupjiem yum 97/ +4INQd (z66T)
-3J J9Ye 90Ud4INd3Y ‘uoeNUIIUOISIP -soyd aui|eyj|e pasealoul ‘ploe  sapndwip ‘eld|e Sw 096) 9y daudal4
Juawanosdwi a39|dwo) juawWiealy Iv4 J14n Mo| ‘@1eydsoyd mo| :wnJas -Aw ‘e18jelyy Swog/T 9T UN 4 T
syjuow
Aep  ‘uoneinp a8y JEN|
suonelnap 19d adesop LW
awo21nQ Adesayy qeq syuiejdwo) Jy4  -1ean vd 1ng X3S ON

siseliosd yum syuaned Ul Jusawileasl s34 YIm paleldosse aWolpuAs 1UodUe4 paonpul-8nip Jo sased paiodal Jo M3IAJIBAQ g dlqeL



‘(wJspewnd) syjes ajesewnyjAyisouow snid a1esewnyjAyiawip Suluieluod uone|NwJio) 34 UBWISH Pasuadl] g ‘s1jes aletewnyjAyisouow snid ajesewnyjAyiawip uiuieuod
uone|NWI0) Jy4 pPasuadljun e "‘paiodal J0u ‘YN ‘e1esewnjjAyloouow 4I|A ‘DjeW ‘| (SI91 PIoe dleWNy ‘ST ‘9jeway 4 ‘@rewnyAylawip 4IANQ ‘xapul ssew Apoq ‘NG

NIVig
+ BIDB[BWO31ISO s€ 1odau
-6¢ SIYL
4N 4N 4N 4N 4N 4N 4N 4 1
N4Vig
+ B|OB[BWO3ISO 61 1odau
14 SIyL
1uawanosdwi oN 4N YN YN 4N 0ct YN 4 0T
uonejuswa|ddns (geu4e)
+ BIDB[BWORISO Q ulwellA pue ajeydsoyd ainjoely 1odau
‘uonenNURUOSIP auoq I€ SIyL
juswanosdwi oN uawWieaJy 3y4 UN snoauejuods YN 09 86T 4 6
eunjeydsoyd
‘e1ansodA|8 ‘elunuiajoud :aunn
B12B|BWO0]S0 ON 219 UlWElA MO| 1odau
uolenuluodSIp ‘91eU0QJeIq MO| ‘H1d pPaseaJoul 4N o SIyL
uswanoidwi [ended usawieasy 34 ‘wnijed moj| ‘@xeydsoyd moj :winias QUON Sw ozL v8 YN 4 8
eunieydsoyd ‘eliniojeasadAy
‘e14nsodA|3 ‘elunuialoud dulin
B12B|BWO03]S0 ON 1odau
uopenuijuoosip Hld mo| ‘pioe q4Ng 8w LE SIyL
jJuawanosdwi oN uawieall 34 o1n mo| ‘@3eydsoyd moj :wnuas QuoN 08v-02T 08T S'IC 4 1A
syjuow
Aep  ‘uoneinp a8y JEN|
suonelnap 19d adesop LW
awo21nQ Adesayy qeq syuiejdwo) Jy4  -1ean vd 1ng X3S ON

117| CHAPTER 5.2

(panuguoo) z 3jqeL



FANCONI SYNDROME ASSOCIATED WITH FUMARIC ACID ESTERS |118

Table 3: Overview of characteristics of drug-induced FS observed in cases associated with FAE
treatment for psoriasis (n = 11)

Characteristic Frequency in cases linked to FAEs

Subjective symptoms
Myalgia
Generalized weakness
Arthralgia/pain in feet
Fatigue
Polydipsia

Immobility

R R R R W W W

Dyspnoea
Laboratory abnormalities
Low phosphate
High alkaline phosphatase
Low uric acid
High PTH
Low vitamin B12
Low calcium

Low potassium

R P N N NN U0

Low vitamin D3

[N

Low bicarbonate

Low PTH

[ERN

Urine analysis abnormalities
Glycosuria
Proteinuria
Aminoaciduria

Hypercalciuria

w w w N o

Phosphaturia

Uric aciduria 1
Complications

Osteomalacia 8

Pathological bone fractures
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Table 4: Laboratory data characteristics from the two new cases of drug-induced FS associated with
FAE treatment

Characteristics (reference values) Patient Patient
no.7 no. 8
Serum
eGFR (>60 mL/min/1.73m?) >60 63
Creatinine (49-90 umol/L) 74 87
Uric acid (0.14-0.34 mmol/L) 0.09 NA
Phosphate (0.90-1.50 mmol/L) 0.86 0.58
1,25-Dihydroxyvitamin D3 (38-183 pmol/L) 259 69
25-Hydroxyvitamin D3 (50-250 nmol/L) 161 71
PTH (1.4-7.3 pmol/L) 0.7 9.1
PTH-like peptide Negative NA
Alkaline phosphatase (0-97 U/L) 43 NA
Calcium (2.20-2.65 mmol/L) 2.50 2.16
Bicarbonate (21.0-27.0 mmol/L) 26 19.9
HbA1c (26-42 mmol/mol) 32 NA
Glucose (4.0-6.1 mmol/L) NA 4.8
Urine
Proteinuria (dipstick) Positive (2+) Positive
(1+)
Proteinuria (g protein/24 h) 0.86 0.38
Glycosuria Positive (1+) Positive
(3+)
Hypercalciuria (mmol/L) 4.5 NA
Creatinine (mmol/L) 5.1 4.7
Phosphate (mmol/L) 16 9.6
Fractional phosphate excretion 22% 31%
Fractional uric acid excretion >73% NA

eGFR, estimated glomerular filtration rate; NA, not available.
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against TNF-alpha, to clear severe
psoriasis might perhaps have been
predicted but serendipity took the
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ABSTRACT

Background: Fumaric acid esters (FAEs) are widely used in Europe for the treatment of
psoriasis because of their clinical efficacy and favourable safety profile. However, the mech-
anisms of action by which FAEs improve psoriasis remain largely unknown. In this study, we
aimed to identify pathways and mechanisms affected by FAE treatment and to compare
these with pathways affected by treatment with the antitumour necrosis factor (anti-TNF)-a

biologic etanercept.

Methods: In a prospective cohort study, 50 patients with plaque psoriasis were
treated with FAEs for 20 weeks. Nine patients were randomly selected for gene expression
profiling of plaque biopsies from week 0 and week 12. The groups consisted of FAE respond-
ers [> Psoriasis Area and Severity Index (PASI) 75% improvement] and nonresponders (<
PASI-50 improvement). Changes in gene expression profiles were analysed using Ingenuity
Pathway Analysis and the outcome was compared with gene expression affected by etaner-

cept.

Results: Response to FAE treatment was associated with a > 2-fold change (P <
0:-05) in the expression of 458 genes. In FAE responders the role of interleukin-17A in the
psoriasis pathway was most significantly activated. Glutathione and Nrf2 pathway molecules
were specifically induced by FAE treatment and not by etanercept treatment, representing
an FAE-specific effect in psoriatic skin. In addition, FAE treatment specifically induced the

transcription factors PTTG1, NR3C1, GATA3 and NFkBIZ in responding patients.

Conclusions:  FAE treatment induces glutathione and Nrf2 pathway genes in lesional
skin of patients with psoriasis. In responders, FAEs specifically regulate the transcription
factors PTTG1, NR3C1, GATA3 and NFkBIZ, which are important in normal cutaneous devel-
opment, and the T-helper (Th) 2 and Th 17 pathways, respectively.
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INTRODUCTION

Psoriasis is a common chronic inflammatory skin disease, characterized by hyperprolifera-
tion of keratinocytes and an increased dermal infiltration by immune cells, notably neutro-
phils and T helper (Th) 1 and Th 17 cells. Most patients with moderate-to-severe disease
require long-term systemic treatment to control their psoriasis. Fumaric acid esters (FAEs)
are small molecules that have been used as oral treatment in psoriasis for more than 25
years, mainly in Western Europe.! Of patients with psoriasis treated with FAEs, 50-70%
show a clinical improvement of at least 75% following 16 weeks of treatment.? This treat-
ment response is comparable to the efficacy of first-generation anti- tumour necrosis fac-
tor (TNF)-alpha biologics, but at a fraction of the costs. Data from long-term observational
studies on treatment of patients with psoriasis with FAEs indicate a favourable safety profile
without evidence for an increased risk of infections or malignancies.>* In vitro, FAEs inhibit
dendritic cell maturation and keratinocyte proliferation.®’

Anti-TNF-alpha biologics, including etanercept, are commonly used effective sys-
temic treatments for moderate-to-severe psoriasis.® In recent years, gene expression pro-
filing studies have provided insights into the mechanisms of action and the signalling path-
ways by which anti-TNF-a biologics improve psoriasis.>® However, the molecular pathways
by which FAEs improve psoriasis remain largely unknown. FAEs have not been studied by
gene expression profiling nor have they been compared with anti-TNF-alpha biologics.

In this study we investigated pathways and mechanisms targeted by FAE treatment,
and assessed whether successful FAE treatment invoked different molecules and pathways
from etanercept treatment. Gene expression profiling was performed on RNA derived from
biopsies of psoriatic plaques taken before and after 12 weeks of FAE treatment. We then
compared the molecules and pathways that were differentially affected by FAE treatment

with those affected by etanercept treatment.

MATERIALS AND METHODS

Study design and skin biopsies In a prospective, single-centre clinical study, 50 pa-
tients with a Psoriasis Area and Severity Index (PASI) > 10 were treated with oral FAE for
20 weeks. In the Netherlands, the import of Fumaderm tablets from Germany is often not
reimbursed by insurance companies. We therefore used a Dutch FAE formulation with en-

teric-coated tablets containing 105 mg FAEs (30 mg dimethylfumarate, 75 mg calcium mo-
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noethylfumarate) and 215 mg FAEs (120 mg dimethylfumarate, 95 mg calcium monoethyl-
fumarate.!! The short-term efficacy of this FAE formulation is comparable with that of oral
methotrexate 15 mg weekly.*?

Eligible patients were at least 18 years of age, had a diagnosis of plaque psoriasis
for at least 6 months, and were candidates for phototherapy or systemic therapy. Patients
were excluded when they had received systemic psoriasis therapy or phototherapy within
the previous 4 weeks, or had received topical psoriasis treatment within 2 weeks. All pa-
tients were dosed according to the German S-3 guideline on systemic treatment of psoriasis
(see Supporting Information TableS1).*® Lesional skin biopsies (3 mm) were taken at baseline
from the edge of a well-defined psoriasis plaque on the legs and after 12 weeks, from the
same plaque, near to the previous biopsy site at baseline. The interval of 12 weeks was
chosen because subjects had by then reached the maximum daily dosage of FAEs and after
12 weeks of treatment a clinically meaningful improvement is expected in daily clinical prac-
tice. Responders were defined as having a PASI improvement > 75% at week 12 compared
with baseline, while nonresponders were defined as having a PASI improvement < 50%, as
defined in the European treatment goal consensus.*

Patients were randomly selected for gene expression profiling based on clinical im-
provement. The intermediate responders (PASI 50-75; n = 19) and dropouts (n = 13) were
not included in the analysis.

The clinical study protocol was approved by the local medical ethical committee
(MEC 2005-105), and all patients gave written informed consent prior to study enrolment.

The study was conducted according to the principles of the Declaration of Helsinki.

cDNA preparation hybridization cDNA was made using 1 Ig of total RNA tem-
plate, with SuperScript Il reverse transcriptase (Invitrogen, Carlsbad, CA, U.S.A.) and oli-
go(dT). qRT-PCR was performed using the ABI PRISM 7900 sequence-detection system (Ap-
plied Biosystems, Foster City, CA, U.S.A.; Supporting Information Table S2).

Immunofluorescent staining Cryosections from normal healthy skin and lesional
skin biopsies were thaw-mounted on slides for immunofluorescent staining. Slides were
fixed for 15 min in 4% paraformaldehyde in phosphate-buffered saline. A rabbit affinity-pu-
rified antiphospho-Stat-3 antibody (Tyr705) (1:100; Cell Signaling Technology, Danvers, MA,
U.S.A.) was used as the primary antibody. Goat antirabbit antibody A488 1gG (1:1600, Invit-
rogen) was used as secondary antibody. Nuclei were stained with DAPI (1:2000). Photomi-

crographs were taken with an Axio Imager fluorescence microscope (Carl Zeiss Microimag-
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ing GmbH, Jena, Germany).

Statistical analysis A quality check on the microarray data was performed using the
R package ‘affyQCReport’ and analysis was done as previously described.’ A gene was con-
sidered differentially expressed when its adjusted P-value was < 0-05 and its fold change was
> 2. We utilized IPA (Ingenuity Pathway Analysis, Ingenuity Systems 2012, Redwood City, CA,
U.S.A.) to identify biological functions and pathways affected by FAEa in psoriasis lesions and
to understand more thoroughly the roles of the genes uniquely identified in this study as
possible targets of FAE treatment. Clinical data were analysed with SPSS Statistics (IBM, Ar-
monk, NY, U.S.A.) and mRNA data was analysed with GRAPHPAD PRISM version 5 (Graphpad
Soft- ware, La Jolla, CA, U.S.A.).

Etanercept comparison data The gene expression pathways affected by FAE treat-
ment were compared with previously published datal0 that identified pathways affected by
etanercept treatment (NCBI Gene Expression Omnibus GSE11903). In this study GeneChip
HG-U133A v2 gene arrays were used to analyse gene expression in lesional skin biopsies at
baseline and at week 12 from 11 responding patients who were treated with etanercept 50
mg twice a week for 12 weeks. In that study responders were defined as having histological
disease resolution at week 12 marked by decreased epidermal thickening and normalization
of Ki67 and K16 expression. For comparison purposes, we selected the 22.277 probe sets
present on both these microarrays and our HG-U133 Plus 2.0 microarrays and analysed the

data using the same methods as used on our full FAE data.

RNA processing and microarray hybridization From the 10 patients showing a clin-
ical PASI improvement of more than 75% at week 12 (PASI > 75 response), four patients
were randomly selected as clinical responders and from the eight patients with a PASI < 50
response, five patients were randomly selected as clinical nonresponders for microarray
analysis. RNA was extracted from whole-skin biopsies (epidermis and dermis) of these nine
patients and from 11 additional patients for validation of the microarray results by quantita-
tive reverse-transcriptase polymerase chain reaction (qRT-PCR). RNA was processed as pre-
viously described.15 In short, 1 ug of total RNA of four responding and five nonresponding
patients was hybridized to GeneChip HG-U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA,

U.S.A.). Array hybridization and scanning was done as previously described.*®
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RESULTS

Clinical response to oral fumaric acid ester treatment The baseline characteristics
of the selected patients with psoriasis (six male and three female patients) are summa-
rized in Table S3 (see Supporting Information). The median PASI reduction after 12 weeks
of FAE treatment in the total group of patients (n = 50) was 65:2% [interquartile range (IQR)
50-6—77-8%]. The median PASI at baseline was 13:6 (IQR 11:3-16-4), which decreased to 5-5
(IQR 3:3-7-6) following 12 weeks of FAE treatment (P < 0-001). The clinical responders, ran-
domly included for array analysis, had a median decrease in PASI of 84:3% (IQR 77-5—89-4%)
whereas the clinical nonresponders had a median PASI decrease of 40-4% (IQR 34-:8—44-7%).
The difference in PASI reduction was statistically significant (P = 0-02; see Supporting Infor-

mation Figure S1).

Differentially expressed genes in the skin of psoriasis patients treated with fu-
maric acid esters After 12 weeks of FAE treatment, 24 genes were differentially
expressed in the lesional skin of patients with psoriasis (responders and nonresponders).
Seven of these were downregulated [including psoriasin (S100A7), calgranulin-B (S100A9),
pentraxin 3 (PTX3), matrix metallopeptidase 1, lipocallin 2 (LCN2), desmocollin 2 (DSC2)
and 5-hydroxytryptamine (serotonin) receptor 3A]. Seventeen molecules were upregulated
including dermcidin, secretoglobulin, prolactin-induced protein (PIP), keratins and NADPH
dehydrogenase (NQO1; Table 1).

Most of the genes that were differentially expressed in the skin of patients with
psoriasis are known markers of psoriatic inflammation, such as psoriasin, calgranulin-B,

LCN2, DSC2 and PTX3. PIP is an immunosuppressive molecule.”18

Differentially expressed genes in responders to fumaric acid esters We also
analysed gene expression changes separately in the group of responders and in the group
of nonresponders, in order to identify molecules and pathways that might be responsible
for the clinical improvement of the psoriasis lesions. In responders, 458 genes were dif-
ferentially expressed in lesional skin before treatment vs. 12 weeks after the start of the
treatment (166 upregulated, 292 downregulated, > 2-fold, P < 0-05; Supporting Information
Table S4). In the FAE-treated responders several upregulated keratin genes were detected,
including keratin (K)15, which is downregulated in activated keratinocytes and in psoriatic
skin.19,20 Thus the upregulation of K15 in FAE-treated responding patients was illustrative

for the induced transition to normal skin. Similarly, the expression of K16 and K17, markers
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of keratinocyte hyperproliferation that are upregulated in psoriatic skin, were significantly
downregulated in FAE responders after 12 weeks (Supporting Information Table S4). Several
molecules of the epidermal differentiation complex were significantly downregulated after
12 weeks in responders to FAE treatment including LCE3D (late cornified envelope 3D), in-
volucrin and several members of the small proline-rich (SPRR) family. The expression of in-
ducible nitric oxide synthase and interleukin (IL)-20 was significantly reduced after 12 weeks
of FAE treatment (Supporting Information Table S4).

The list of differentially expressed genes was analysed by IPA. In responders, the
IL-17A pathway was the most significantly affected, with a downregulated expression of the
chemokines CCL20, CXCL1 and CXCL6, the antimicrobial peptides b-defensin 2 (DEFB4), pso-
riasin (S100A7), calgranulin-A (S100A8) and calgranulin-B (S100A9) and the cytokines IL-8
and IL-17A (Table 2). When validating these findings with qRT-PCR, we confirmed a signifi-
cant decrease in the expression of these genes after 12 weeks of FAE treatment (Supporting
Information Figure S2). Expression of the signal transducer and activator of transcription
(STAT)3 gene was significantly (—2-3-fold, P < 0-001) downregulated in biopsies of lesional
psoriatic skin of responders after 12 weeks of FAE treatment (Supporting Information Table
S4). To verify that STAT3 protein was also downregulated, immunofluorescent staining of
phosphorylated STAT3 on these skin biopsies was performed. This showed a clear reduction
of phosphorylated STAT3 at week 12 in responders, which is indicative of repression of the
Th17 pathway (Fig. 1).

Furthermore, a downregulation of the expression of the proinflammatory cytokines
IL-1b, IL-22, IL-36a (IL-1F6) and IL-36¢ (IL-1F9) and an upregulation of the anti-inflammatory
IL-37 (IL-1F7) was associated with successful FAE treatment (Supporting Information Table
S4).

Differentially expressed genes in nonresponders to fumaric acid esters In the
nonresponding patients, a differential expression of 35 genes was found: two of these were
downregulated and 33 were upregulated. IPA showed activation of the glutathione signalling
pathway [microsomal glutathione S-transferase (MGST)1, glutathione peroxidase 2 (GPX2)],
the Nrf2 pathway (MGST1, NQO1 and GPX2), superoxide radical degeneration (NQO1) and
that of xenobiotic mechanism signalling [MGST1, NQO1, peroxisome proliferator-activated
receptor gamma]. These pathways were enriched in both nonresponders and responding

patients (Table 2).
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Comparison of gene expression profiles between fumaric acid esters and etaner-
cept  The differentially expressed genes in the skin of FAE responders before and after
treatment were compared with the differentially expressed genes before and after success-
ful treatment with etanercept.10 When using the same cut-off values (> 2- fold change, P <
0:-05), we found 112 upregulated and 208 downregulated genes (Fig. 2a). We compared the
change in gene expression of psoriasis-related molecules during FAE and etanercept treat-
ment and found an overlap of 122 significantly downregulated genes and of 35 significantly
upregulated genes. Overlapping downregulated genes included CCL20, CXCL1, DEFB4A and
several S100 family genes (Fig. 2a). All overlapping genes are known markers of the psoriatic
transcriptome and are likely important for lesion improvement as they were downregulated
during successful treatment with both FAEs and etanercept.?*2

Several molecules and pathways that were differentially expressed in FAE-treated
patients did not alter during etanercept treatment. FAE downregulated 170 genes and up-
regulated 131 genes that were not differentially affected by etanercept treatment (Tables
3 and 4). FAE-specific pathways included the Nrf2, superoxide radicals degradation, eicosa-
noid signalling and IL-17 signalling in fibroblast pathways (Fig. 2). NQO1 is part of the Nrf2
pathway.24 The aryl hydrocarbon receptor (AHR) can regulate the Nrf2 pathway and AHR
knockdown in keratinocytes partly inhibits NQO1 induction by coal tar.?* During FAE treat-
ment the AHR was not differentially expressed; however, the AHR signalling pathway was

differentially expressed in FAE responders, but not in etanercept responders.

Transcription factors The differential expression of transcription factors due to FAE
treatment was compared with that for etanercept treatment. In etanercept responders five
transcription factors were differentially expressed, whereas in the FAE responders nine tran-
scription factors were differentially expressed (Table 5). FAE treatment specifically reduced
the transcription regulator NFkBIZ (nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, zeta) and PTTG1 (pituitary tumour transforming gene 1) in lesional psori-
atic skin (Table 5). In addition, FAE specifically upregulated the transcription factors NR3C1
(nuclear receptor subfamily 3, group ¢, member 1/glucocorticoid receptor) and GATA3,
which is an important regulator in T-cell differentiation.?® These transcription factors were

not differentially expressed during etanercept treatment.

DISCUSSION

This study assessed the mode of action of FAEs by analysing their effects on the gene ex-
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pression profile in lesional psoriatic skin before and after 12 weeks of FAE treatment. We
compared our findings of FAE treatment with a previously published study that investigated
gene expression during etanercept treatment.’® The comparison shows that FAE and etan-
ercept have a considerable overlap in the affected pathways leading to psoriasis improve-
ment, including the IL-17 pathway. Responders to FAE treatment showed a differential ex-
pression after 12 weeks of many antimicrobial peptide genes. Antimicrobial peptides are
significantly upregulated in psoriatic skin representing a disturbance in innate immunity, an
important aspect of the pathogenesis of the disease.?”” Human B-defensin 2 even serves as
a psoriasis disease severity biomarker.?® The differential expression during successful FAE
treatment is similar to the molecular effects of other systemic treatments for psoriasis and
may represent a fingerprint of a successful psoriasis treatment response.

In vitro, dimethylfumarate and its primary metabolite monomethylfumarate in-
duce the expression of the Nrf2/ NQO1 pathway in endothelial cells.? The Nrf2 pathway can
be regulated by FAE in neurons, and the neuroprotective effects of fumarates are dependent
on Nrf2-mediated antioxidative pathways.?* An FAE formulation containing dimethyl-fuma-
rate (BG-12, Biogen Idec, Cambridge, MA, U.S.A.) was recently approved by the U.S. Food
and Drug Administration for the treatment of multiple sclerosis.3%3! The nervous system and
neuronal factors promote inflammation in psoriasis lesions, which are characterized by a
high density of nerves and an increased expression of neurotrophins.3 The Nrf2 pathway
has an important antioxidative function and is involved in epidermal barrier function.®* Qur
results show that in FAE-treated responding as well as nonresponding patients the Nrf2
pathway is activated and the expression of its major effector molecule NQO1 is induced.
The AHR can regulate the Nrf2 pathway, and AHR knockdown in keratinocytes partly inhib-
its the induction of NQO1 by coal tar.?®> However, during FAE treatment the AHR was not
differentially expressed; therefore additional mechanisms might play a role in FAE-induced
activation of the Nrf2 pathway. The Nrf2 pathway was differentially expressed in FAE re-
sponders as well as nonresponders, but not in etanercept-treated patients, which suggests
an FAE-specific effect.

In addition, the glutathione pathway was activated only in the FAE-treated pa-
tients and not in the etanercept group. This was evidenced by an upregulation of several
glutathione transferases and depletion enzymes in both responding and nonresponding
patients, including GPX2, MGST1 and glutathione S-transferase (GST) mu 3. The activation
suggests a specific effect of FAE; however, it is not critical for substantial psoriasis plaque
clearance. Therefore, FAE-dependent glutathione depletion might not be required for im-

provement of clinical disease. In vitro, dimethylfumarate has been shown to interfere with
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the glutathione pathway in human monocytes and T cells as well as in mouse dendritic
cells.3**> Dimethylfumarate binds to glutathione, and the consequent functional depletion
of intracellular glutathione leads to the induction of haem oxygenase-1 (HO-1).35 HO-1 in-
duction leads to an inactivation of STAT1, which prevents IL-12p35 transcription. Transcrip-
tion of IL-23p19 is also impaired due to binding of a part of HO-1 to the IL-23p19 promoter.3
In previous in vitro studies, HO-1 was identified as a key molecule induced by FAE. However,
a study that determined GST genotyping and phenotyping found no differences in allelic
variants and enzymatic activity of GSTT1 and responder status to FAE treatment.3®

FAEs have shown in vitro effects on T cells and Th-cell differentiation.>3° GATA3
is an important transcription factor and regulator in T-cell development, and regulation by
GATA3 leads to Th2 cell differentiation;? in addition, GATA3 is involved in normal epidermal
development.’® GATA3 was significantly upregulated only in the FAE-treated responders, but
not in the etanercept-treated responders. This suggests that Th2 cell development/skewing
is an important target of FAE, which is also illustrated by the known induction of IgE by FAE.
In addition, NR3C1 was significantly up-regulated. This glucocorticoid receptor is important
for normal cutaneous development, and in keratinocyte-specific glucocorticoid receptor
knockout mice the epidermis shows altered levels of many innate immunity genes including
S100A8 (calgranulin-A) and S100A9 (calgranulin-B).*® The FAE-specific upregulation repre-
sents a shift from an abnormal to normal phenotype of the epidermis in responders to
FAE treatment. The transcription factor PTTG1 is involved in keratinocyte proliferation and
differentiation and is overexpressed in psoriatic skin. Overexpression of PTTG1 results in an
overproduction of TNF-alpha.*! FAE specifically reduced the expression of PTTG1, which was
not reduced in etanercept-treated patients.

The NFkBIZ (IkBZ) gene encodes the transcription factor IkBZ, which is required for
Th17 development in mice. NFkBIZ-deficient mice are not able to produce Th17 cells.*>** The
observed downregulation of IkB{ expression in our human psoriatic skin samples is likely
important in the inhibition of the Th17 pathway, although this should be confirmed in fur-
ther experiments. Interestingly, this transcription factor was not differentially expressed in
etanercept-treated patients, but only in FAE-treatment responders.

In conclusion, FAE-specific induced pathways in the skin include activation of the
Nrf2 and glutathione pathways. FAE- specific molecules that are related to response to
treatment are the transcription factors PTTG1 and NR3C1, which are important in keratino-
cyte regulation and normal cutaneous development, , respectively, and GATA3 and NFkBIZ,

which are important in Th2 and Th17 cell development, respectively.
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Figure 1: Reduction of phosphorylated signal transducer and activator of transcription (STAT)3 protein
in the psoriatic epidermis during fumaric acid ester (FAE) treatment indicative of inhibition of the
T-helper 17 pathway.

Phospho-STAT3

Week 0

Week 12

Immunofluorescent staining in lesional psoriatic skin of a representative responder patient to FAE treatment at week 0 and at week

12. Nuclei were stained with DAPI. Scale bar: 10 um.
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Figure 2: Overlap in gene expression profiles of responders to treatment with fumaric acid ester (FAE)
or etanercept. (a) Venn diagram comparing the overlap in genes significantly (> 2-fold change and P <
005) downregulated or upregulated following 12 weeks of treatment. (b) Complete list of canonical
pathways affected by FAE in responders following 12 weeks of treatment.
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Table 1: Complete list of differentially expressed genes in patients treated with fumaric acid esters
(responders and nonresponders) week 0 vs. week 12

Gene name Description Fold change P-value
DCD Dermcidin 7.521 <0.001
SCGB2A2 Secretoglobin, family 2A, member 2 6.227 <0.001
SCGB1D2 Secretoglobin, family 1D, member 2 4.055 <0.001
PIP Prolactin-induced protein 3.797 0.034
KRT19 Keratin 19 3.153 <0.001
CA6 Carbonic anhydrase VI 2.783 <0.001
THRSP Thyroid hormone responsive 2.695 0.043
ATP6V0OA4 ATPase, H+ transporting, lysosomal VO 2.464 <0.001
subunit a4
LGRS Leucine-rich repeat containing G pro- 2.399 0.011
tein-coupled receptor 5
CLDN10 Claudin 10 2.342 0.008
DNER Delta/notch-like EGF repeat containing 2.331 0.005
NQO1 NAD(P)H dehydrogenase, quinone 1 2.244 <0.001
PPARGC1A Peroxisome proliferator-activated receptor  2.157 <0.001
gamma
RHPN2 Rhophilin, Rho GTPase binding protein 2 2.116 <0.001
KRT7 Keratin 7 2.083 <0.001
BTC Betacellulin 2 2.04 <0.001
SLC12A2 Solute carrier family 12, member 2 2.03 <0.001
S100A9 $100 calcium binding protein A9 (calgran- - 2.065 <0.001
ulin-A)
HTR3A 5-Hydroxytryptamine (serotonin) receptor - 2.138 <0.001
3A, ionotropic
DSC2 Desmocollin 2 -2.227 <0.001
LCN2 Lipocalin 2 -2.414 0.039
PTX3 Pentraxin 3, long -2.48 <0.001
MMP1 Matrix metallopeptidase 1 (interstitial -2.589 <0.001
collagenase)
S100A7A $100 calcium binding protein A7A (psori- -4.443 <0.001

asin)
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Table 2: Pathways affected by fumaric acid esters (FAEs) in responders (top 10) and nonresponders (all)
following 12 weeks of FAE treatment

Canonical pathways P-value Upregulated Downregulated
FAE responders
Role of IL-17A in psoriasis <0.001 CCL20, CXCL1, CXCL6, DEFB4A/DEFB4B,
IL8, IL17A, SI00A8, S100A9
Role of cytokines in mediating <0.001 IL37 IL8, IL20, 1L24, IL12B, IL17A, IL1A, IL1B,
communication between cells ILIRN, IL36A, IL36G, IL36RN
Atherosclerosis signaling <0.001 IL37, PLA2R1 ALOX12B, ALOX15B, IL8, IL1A, IL1B,
IL1RN, IL36A, IL36G, IL36RN, MMP1,
PLA2G3, PLA2G2A, PLA2G4D, S100A8,
SERPINA1
Dendritic cell maturation <0.001 IL37, LEPR, PIK- CCR7, FCGR1A, FCGR1B, FCGR3B, IL12B,
3C2G, PLCB4 IL1A, IL1B, ILIRN, IL36A, IL36G, IL36RN,
LTBR, STAT1
LXR/RXR activation <0.001 IL37 ARG2, CCL7, IL1A, IL1B, IL1IRN, IL36A,
IL36G, IL36RN, LDLR, NOS2, S100A8,
SAA1, SERPINA1
IL-10 signalling <0.001 IL37 ARG2, IL1A, IL1B, IL1RN, IL36A, IL36G,
IL36RN, IL4R, STAT3
p38 MAPK signaling <0.001 EEF2K, HSPB3, IL37 IL1A, IL1B, ILIRN, IL36A, IL36G, IL36RN,
PLA2G3, PLA2G2A, PLA2G4D, STAT1
Eicosanoid signaling <0.001 AKR1C3, PLA2R1 ALOX12B, ALOX15B, FPR2, LTB4R,
PLA2G3, PLA2G2A, PLA2G4D
Communication between innate < 0.001 IL37 CCR7, IL8, IL12B, IL1A, IL1B, IL1RN,
and adaptive immune cells IL36A, IL36G, IL36RN
LPS/IL-1 mediated inhibition of <0.001 ABCC3, ALDH3A2, ALAS1, ALDH1A3, HMGCS1, HS3ST3A1,
RXR function ALDHG6A1, IL1A, IL1B, IL1RN, IL36A, IL36G, IL36RN
GSTM3, HS3ST6,
IL37, SULT1EL, UST
FAE nonresponders
Glutathione redox reactions <0.001 GPX2, MGST1
Putrescine biosynthesis Il 0.006 oDC1
Nrf2-mediated oxidative stress 0.013 GPX2, MGST1,
response NQO1
Superoxide radicals degradation  0.017 NQO1
Xenobiotic metabolism signal- <0.001 MGST1, NQO1,
ling PPARGC1A

IL, interleukin; LXR, Tiver X receptor; RXR, retinoid X receptor; PLS, lipopolysaccharide.
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Table 3: Fumaric acid ester-specific induced downregulated molecules (top 20), not regulated by etan-

ercept therapy in responders at 12 weeks of treatment

Gene name Description Fold change Adjusted
P-value
S100A7A $100 calcium binding protein A7A -47.656 <0.001
MMP1 Matrix metallopeptidase 1 -10.493 <0.001
PTX3 Pentraxin 3 -5.56 <0.001
1L20 Interleukin 20 -5.481 <0.001
SOST Sclerostin -4.78 <0.001
LRG1 Leucine-rich alpha-2-glycoprotein 1 -4.748 <0.001
GJB2 Gap junction protein, beta 2, 26 kDa -4.608 <0.001
TNIP3 TNFAIP3 interacting protein 3 -4.578 <0.001
SPRR3 Small proline-rich protein 3 -4.558 <0.001
FPR1 Formyl peptide receptor 1 -4.541 <0.001
XDH Xanthine dehydrogenase -4.246 <0.001
HAS3 Hyaluronan synthase 3 -3.845 <0.001
IL36A Interleukin 36, alpha -3.845 <0.001
C150rf48 Chromosome 15 open reading frame 48 - 3.525 <0.001
ACTA1 Actin, alpha 1, skeletal muscle 3.483 0.004
IL17A Interleukin 17A -3.379 <0.001
LCE3D Late cornified envelope 3D -3.333 0.014
SLPI Secretory leucocyte peptidase inhibitor  -3.175 <0.001
TDO2 Tryptophan 2,3-dioxygenase -3.084 <0.001
CDH26 Cadherin -3.067 <0.001

Table 4: Fumaric acid ester-specific induced upregulated molecules (top 20), not regulated by etaner-

cept therapy in responders at 12 weeks of treatment

Gene name Description Fold change Adjusted
P-value
BTC Betacellulin 4.705 <0.001
AADAC Arylacetamide deacetylase 4.154 <0.001
NQO1 NAD(P)H dehydrogenase, quinone 13_  3.995 <0.001
FLG Filaggrin 3.765 <0.001
CYP4F3 Cytochrome P450, family 4, subfamily F3  3.588 <0.001
LOR Loricrin 3.557 0.004
SLC1A6 Solute carrier family 1, member 6 3.552 <0.001
AKR1C1/C2 Aldo-keto reductase family 1, member 3.551 <0.001

c1/c2
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Table 4 (continued)

SPINK7 Serine peptidase inhibitor, Kazal type 7 3.151 <0.034
SGCG Sarcoglycan, gamma 3.03 <0.001
CLDN11 Claudin 11 3.008 <0.001
CYP39A1 Cytochrome P450, family 39, subfamily ~ 2.979 <0.001
Al

SOSTDC1 Sclerostin domain containing 1 2.957 <0.001
ANGPTL1 Angiopoietin-like 1 2.95 <0.001
SCEL Sciellin 2.836 0.004

SCARAS Scavenger receptor class A, member 5 2.834 <0.001
GSTM3 Glutathione S-transferase mu 3 2.832 0.014

IL17D Interleukin 17D 2.781 <0.001
DCT Dopachrome tautomerase 2.7 <0.001

Table 5: Differentially expressed transcription factors in patients treated with etanercept and fumaric
acid esters (FAEs)

FAEs Etanercept
Upstream Fold change P-value Upstream Fold change P-value
regulator regulator
NFKBIZ -2.96 0.003 EHF -5.33 0.005
EHF -2.53 0.014 STAT1 -3.11 <0.001
STAT3 -2.28 <0.001 TP63 -2.49 <0.001
PTTG1 -2.22 0.046 STAT3 -2.18 <0.001
ELF3 -2.06 0.001 ZEB1 2.03 0.001
STAT1 -2.00 <0.001
NR3C1 2.12 0.046
GATA3 2.12 0.046

ZEB1 2.30 0.046




A.S. Myrtle
“In common with others, I have been

struck with the number of cases where
the disease is confined entirely to
parts of the body which are always
under cover, and often its existence is
only known to the individual, who
keeps his secret even from his
ordinary medical attendant as well as
his relatives.”

— Remarks on psoriasis. Br Med J. 1873 Mar 1;1(635):225.




| PART V |
TOLL-LIKE RECEPTOR
ANTAGONISM IN PSORIASIS



Lotus Mallbris & Brian J. Nickeloff
“In conclusion, there is little doubt

that psoriasis epitomizes the essence
of translational medicine that is
impacting not only dermatology,
but other medical specialties as
well.”

m Psoriasis: the poster child for bench-to-bedside translational medicine. J Clin Aesthet Dermatol. 2015 Jul;8(7):14-6.




CHAPTER|

IM0O-8400, a toll-like receptor 7, 8, and 9 antago-
nist, demonstrates clinical activity in a phase 2a,
randomized, placebo-controlled trial in patients

with moderate-to-severe plaque psoriasis

Deepak M.W. Balak?
Martijn B.A. van Doorn*
Robert D. Arbeit?
Rianne Rijneveld®

Erica Klaassen®

Tim Sullivan?

Julie Brevard?

H. Bing Thio*

Errol P. Prens?

Jacobus Burggraaf®

Robert Rissmann?®

'Department of Dermatology, Erasmus MC, University Medical Center, Rotterdam, the
Netherlands

’|dera Pharmaceuticals, Inc., Cambridge, MA, USA
3Centre for Human Drug Research, Leiden, the Netherlands

Clin Immunol. 2017 Jan;174:63-72.



143| CHAPTER 7

ABSTRACT

Background: Aberrant toll-like receptors (TLRs) 7, 8, and 9 activation by self-nucleic ac-
ids is implicated in immune-mediated inflammatory diseases (IMIDs) such as psoriasis. In
preclinical IMID models, blocking TLR-activation reduced disease severity. IMO-8400 is a
first-in-class, oligonucleotide-based antagonist of TLRs 7, 8, and 9. We evaluated the short-

term safety and proof-of-concept for efficacy of IMO-8400 in a first-in-patient phase 2 trial.

Methods: Forty-six psoriasis patients were randomly assigned to IMO-8400 in four
dose levels or placebo for 12 weeks. Post-treatment follow-up was seven weeks. Prima-
ry outcome was incidence of adverse events. Secondary, exploratory outcomes included

changes in psoriasis area and severity index (PASI).

Results: IMO-8400 across all dose levels did not cause any serious or severe ad-
verse events. The most common treatment-related adverse events were dose-dependent
injection-site reactions. All IMO-8400 groups showed clinical improvement, but a clear
dose-response relationship and statistically significant differences with placebo were not
observed (P = 0.26). Eleven (38%) of 29 subjects on IMO-8400 achieved >50% PASI-reduc-
tion, compared to 1 (11%) of 9 subjects on placebo. Five (17%) and 2 (7%) IMO-8400-treated

subjects achieved PASI-75 and PASI-90, respectively, compared to none on placebo.
Conclusions:  Short-term IMO-8400-treatment was well tolerated and reduced psoriasis
severity. These findings warrant further investigation of endosomal TLR-antagonism as a

therapeutic approach in psoriasis and other TLR-mediated IMIDs.

Trial registration: EudraCT 2013-000164-28 and Clinicaltrials.gov NCT01899729.
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INTRODUCTION

The toll-like receptors (TLRs) belong to a family of pattern recognition receptors that initiate
innate immune responses by recognizing pathogen-associated molecular patterns.! TLR7,
TLRS8, and TLR9 are intracellular receptors located on endosomes in dendritic cells, B cells,
and keratinocytes that specifically generate antiviral and antibacterial responses through
sensing of microbial-derived nucleic acids.>* TLR7 and TLR9 are expressed in plasmacyto-
id dendritic cells and B cells; TLR8 is expressed in monocytes, dendritic cells, and neutro-
phils.> Located within the endolysosomal compartments, TLR7 and TLR8 can be activated
by ligands containing single-stranded RNA derived from viruses, whereas TLR9 recognizes
unmethylated CpG dinucleotides that are present in bacterial DNA.®7 Alternatively, these
endosomal TLRs can be engaged by self-nucleic acids released from cell death (so-called
danger-associated molecular patterns), which causes inappropriate immune activation and
induction of proinflammatory cytokines.2® Aberrant endosomal TLR-mediated immune ac-
tivation by self-nucleic acids is implicated in the pathogenesis of immune-mediated inflam-
matory diseases (IMIDs), such as psoriasis.1%!

In psoriasis, TLRs 7, 8, and 9 can be engaged by complexes of self-nucleic acids that
are bound to antimicrobial peptides such as cathelicidin (also known as LL37), which then
enter and activate plasmacytoid dendritic cells in the skin to induce production of multi-
ple pro-inflammatory cytokines including type 1 interferons, interleukin (IL)-12 and IL-23,
maturation of conventional dendritic cells, and generation of T helper (Th) 1 and Th 17 cell
responses.’? The self-sustained pro-inflammatory loop subsequently causes keratinocyte
proliferation, which ultimately leads to formation of psoriatic skin plaques. Aberrant activa-
tion of TLRs 7, 8, and 9 is now recognized as an initiating event in the inflammatory cascade
driving the pathogenesis of psoriasis.®

Several observations underline the relevance of TLR-mediated inflammation
in psoriasis. First, experimental studies have demonstrated increased expression of
self-RNA-cathelicidin complexes in association with myeloid dendritic cells in lesional pso-
riatic skin compared to non-lesional skin.'* Second, keratinocytes in lesional psoriatic skin
express increased levels of TLR9 that in combination with cathelicidin produce type 1 in-
terferons.12 TLR7 and TLR9 are strongly expressed in keratinocytes from lesional psoriasis
skin and the number of activated plasmacytoid dendritic cells and the type 1 interferon
signaling pathway are upregulated in psoriatic skin.*>*” Third, expression of TLRs 7, 8, and 9

is increased in peripheral blood mononuclear cells of psoriasis patients compared to healthy
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controls.*® Fourth, in a randomized phase 2 clinical trial treatment with an oligonucleotide
antagonist of TLR7 and TLR9 resulted in disease improvement in patients with psoriasis.®
Fifth, in clinical practice topical use of the TLR7/8 agonist imiquimod triggers or exacerbates
psoriasis.2?! Finally, imiquimod also induces a psoriasiform skin inflammation when applied
topically to murine skin, which is now used as an experimental mouse model for psoria-
sis.223

Given the accumulating evidence on the involvement of TLR-activation in psori-
asis pathogenesis, TLRs 7, 8, and 9 are potentially targets for the treatment of psoriasis.?*
Theoretically, this novel therapeutic approach has several advantages over currently avail-
able treatments including the biologics.> Targeting TLR-mediated inflammation would have
broader activity than monoclonal antibodies such as TNF-a-inhibitors, which block only one
of the multiple cytokines induced by TLR activation. Furthermore, TLR antagonists act on
specific upstream activation mechanisms of immune cell activation and cytokine induction,
and thus may represent a more leveraged treatment compared to cytokine-based antago-
nists that globally suppress cytokine-levels.> Theoretically, blockage of TLRs upstream of
cytokine-induction likely does not compromise cytokine-levels as much as anti-cytokine
agents (given that cytokine-induction by other non-TLR pathways are left undisturbed), and
thus may be a safer alternative.?®?’

IMO-8400 is a first-in-class, second-generation, synthetic oligonucleotide-based
antagonist of TLR7, TLR8 and TLR9 developed by Idera Pharmaceuticals, Inc. (Cambridge,
MA).2¢In in vitro studies using human cell-based assays and in in vivo studies with mice
and primates, IMO-8400 inhibited cytokine responses mediated by TLRs 7, 8 and 9.2% Fur-
thermore, in an IL-23-induced psoriasis mouse model, treatment with IMO-8400 reduced
epidermal hyperplasia and inhibited the induction of Th 1 and Th 17 cytokines.?* In addition,
gene expression profile analyses in the same IL-23 induced psoriasis model showed that
IMO-8400 reduced IL-17A expression and normalized several IL-17-induced genes.?® In a
phase 1 study among healthy adult volunteers, IMO-8400 administered by subcutaneous
injection at single doses up to 0.6 mg/kg and multiple doses at 0.3 mg/kg for 4 weeks was
well tolerated without any systemic reactions or laboratory changes.>°

In this first-in-patient, phase 2a, randomized, placebo-controlled, clinical trial, we
evaluated the tolerability, pharmacodynamics, and clinical effects of IMO-8400 at dosages
up to 0.6 mg/kg by weekly subcutaneous injections for 12 weeks in patients with moder-

ate-to-severe plaque psoriasis.
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MATERIAL AND METHODS

Study design  This was a phase 2a, randomized, single-center, double-blind, place-
bo-controlled, parallel group, dose-ranging study of IMO-8400. The study was conducted
at the Centre for Human Drug Research (CHDR), Leiden, the Netherlands. Subjects were re-
cruited throughout the Netherlands via the Dutch Trial Network Dermatology and advertise-
ments in newspapers. Date of first patient enrolled was 23 April 2013; date of last patient
last visit was 2 April 2014. All subjects gave written and informed consent. The study proto-
col was approved by the Medical Ethics Committee “Medisch Ethische Toetsingscommissie
van de Stichting Beoordeling Ethiek Biomedisch Onderzoek” (Assen, the Netherlands). The
study was performed in compliance with Good Clinical Practice (ICH-GCP) and the principles
of the Declaration of Helsinki. The study protocol was registered at EudraCT under number
2013-000164-28 and at Clinicaltrials.gov under number NCT01899729. There were no ma-
jor protocol violations. Most protocol violations involved the use of prohibited medications
such as topical corticosteroids. In such instances, observations of efficacy data gathered sub-
sequent to initiation of prohibited medications were excluded from the analyses. Funding of
the trial was provided by Idera Pharmaceuticals, Inc. (Cambridge, MA). A pre-study sample
size calculation yielded 8 patients to be enrolled in each treatment arm to have a power of

0.80 to detect differences between IM0O-8400 and placebo across the entire data set.

Study population Patients were eligible for inclusion if they had a clinical diagnosis
of moderate-to-severe chronic plaque psoriasis and a PASI of 12.0 or higher and a BSA of at
least 10% at screening. Patients with significant medical conditions or who had previously
failed treatment due to lack or loss of efficacy to two different biologics were excluded.
Ongoing treatments for psoriasis were discontinued before enrollment in the study. The
minimal discontinuation intervals were 2 weeks for topical treatments, 4 weeks for photo-
therapy and systemic treatments including methotrexate and fumaric acid esters, and 4 to
26 weeks for biologics. Concomitant psoriasis treatments were not allowed for the dura-
tion of the study, except for bland emollients. Subjects were instructed to avoid excessive

sun-exposure.

Treatment assignment and study procedures Patients were randomly assigned to
treatment regimen using a computer-generated randomization schedule prepared by a

study-independent statistician. The study was executed in 2 parts. The main cohort was de-
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signed to randomize 32 patients with psoriasis 1:1:1:1 to receive IMO-8400 in 0.075 mg/kg,
0.15 mg/kg, or 0.30 mg/kg, or placebo. The protocol was subsequently amended to evalu-
ate the 0.60 mg/kg dose of IMO-8400, randomizing 9 patients to 0.60 mg/kg IMO-8400 and
3 to placebo.

Following enrollment, subjects underwent a medical screening consisting of a
physical examination, medical history, and laboratory testing, including hepatitis and HIV
serology. Study treatment was administered on Days 1, 8, 15, 22, 29, 36, 43, 50, 57, 64, 71,
and 78 by study site personnel as subcutaneous injections rotated among the 4 quadrants
of the abdomen and upper thigh. There were 4 posttreatment follow-up visits on Days 85,
99, 113, and 127. Subjects, study personnel, and investigators were blinded for allocated

treatment throughout the study.

Study objectives The primary objective of this study was to evaluate the short-
term safety and tolerability of four dose levels of IMO-8400 compared with placebo. Safety
and tolerability outcomes were collected throughout the study period by adverse event
monitoring, physical examination, measurement of vital signs, 12-lead electrocardiograms,
and laboratory tests (i.e. hematology, chemistry, coagulation, and urinalysis). Laboratory
outcomes were graded according to the Common Terminology Criteria for Adverse Events,
version 4.02. Furthermore, each injection site was systematically assessed for ISRs, which
were defined as erythema, induration, pruritus, tenderness, pain, blistering, ulceration, or
necrosis. Severity of ISRs was graded from grade 1 (mild) to grade 3 (severe).

The secondary objective of this study was to evaluate the clinical response of IMO-
8400 compared with placebo. Efficacy outcomes included changes in PASI, which is a validat-
ed composite score ranging from 0 (no disease activity) to 72 (extensive disease activity). All
PASI measurements were performed at one site by two experienced assessors. Additional
efficacy parameters included: body surface area (BSA), ranging from0% (no disease) to 100%
(extensive disease activity); physician global assessment (PGA), graded in categories from
0 (clear skin) to 4 (very severe psoriatic skin lesions); and dermatology life quality index
(DLQI), ranging from 0 to 30, with higher scores representing greater impairment.31 Explor-
atory outcome measures included plasma concentrations of IL-12, IL-23, human beta-defen-
sin-2 (hBD2), and interferon-inducible protein 10 (IP-10), which were measured as potential

biomarkers at specific time points.

Data analysis All efficacy endpoints were analyzed using a mixed-effect model repeated

measures analysis for percentage reduction in PASI score relative to placebo by treatment
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group for the intent-to-treat population and the clinically evaluable (CE) population. The CE
population included all subjects considered to have completed at least 10 of the 12 doses
of planned study treatment without major protocol deviation. The mixed-effect model in-
cludes percent reduction in PASI from baseline as the response variable, treatment, visit, and
treatment-by-visit as fixed factors, patient as a random factor, and baseline measurement
as a covariate. Comparisons were made between individual dose cohorts and placebo using
the mixed model without the treatment by visit interaction term, as this was not statistically
significant at the 0.05 level. The general treatment effect was reported with p-values from
the Type 3 tests of fixed effects. Specific contrasts were reported with the least square mean
estimates, 95% confidence interval, and p-value. A post-hoc responder analysis was done by
Fisher’s exact test to examine the proportion of patients in the CE population who achieved
a 50%, 75%, and 90% reduction in PASI (PASI-50, PASI-75, and PASI-90 response, respective-
ly) from baseline to end of treatment and to end of study by treatment group.

All statistical hypothesis tests were two-sided, conducted at the alpha=0.05 level.
There was no adjustment for multiple comparisons. All analyses were performed using SAS
for windows V9.1.3 (SAS Institute, Inc., Cary, NC).

RESULTS

Participant flow and characteristics One hundred-eighteen subjects were screened,
of whom 71 (60%) were excluded based on the in- and exclusion criteria (Fig. 1). Most sub-
jects were excluded because of an insufficient psoriasis severity. Forty-six subjects were
enrolled within 6 months in this mono-center study. Eight (17%) subjects discontinued study
treatment early due to: lack of efficacy (n=3), withdrawal of consent (n=3), and an adverse
event unrelated to the study treatment (n = 2). Two of the 8 subjects who withdrew before
week 6 were replaced per protocol. The demographic characteristics of the study popula-
tion are summarized in Table 1. The majority (72%) was male, and most patients (80%) were

of Caucasian origin.

Short-term safety and tolerability IMO-8400 treatment was not associated with
any clinically significant changes in laboratory tests, ECG, or vital signs. Throughout the
study, there were no deaths or serious adverse events. The incidence of treatment-emer-
gent adverse events was similar among patients who received IMO-8400 and patients who
received placebo (Table 2). Common adverse events included headache (37% of IMO-8400-

treated patients), diarrhea (20%), and influenza-like illness (20%). The majority of the treat-
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ment-emergent adverse events were of mild (grade 1) or moderate (grade 2) severity and
self-limiting without the need for therapeutic intervention. Three patients experienced a
severe adverse event and discontinued the study prematurely. In all 3 cases, the events
(severe abdominal pain, transient ischemic attack, and hypothyroidism, respectively) were
assessed as unlikely related to the study drug and resolved without sequelae.

Injection site reactions (ISRs) were common adverse events, reported in 23 (66%)
of 35 of the IMO-8400-treated patients compared to 1 (9%) of 11 subjects on placebo (Table
3). The most common ISRs included erythema and induration of mild to moderate severity
that resolved without treatment. No blistering, ulceration, or necrosis at the injection site
was observed in any subject. There was a clear dose-related increase in the incidence of ISRs
in IMO-8400-treated subjects (Table 3). The greatest incidences of ISRs were observed in
the two highest dose groups. Furthermore, at the two highest dose levels of IMO-8400, the
development of 2- to 4-cm psoriasis plaques (Fig. 2B) was observed at the site of injection in
2 (25%) subjects in the 0.30 mg/kg group and 4 (44%) subjects in the 0.60 mg/kg group.

Efficacy The mean PASI improved in all four IMO-8400 dose groups as well as the
placebo group over the 12-week study treatment period (Fig. 3). However, there were no
statistically significant treatment effects found for any IMO-8400 dose level compared to
placebo in the repeated measures analysis (P = 0.26). Response to IMO-8400 treatment
was heterogeneous (Fig. 3b). Eleven (38%) of 29 patients treated with IMO-8400 achieved
at least a 50% reduction in PASI (i.e. PASI-50 response) compared to 1 of 9 (11%) patients
treated with placebo (Table 4). Five (17%) and 2 (7%) IMO-8400-treated subjects achieved
clinically significant clinical responses with PASI-75 and PASI-90 responses, respectively,
compared to none treated with placebo.

In a responder analysis, no statistically significant differences compared to placebo
were found (Table 4). The PASI-75 response through end of treatment was 29% in the 0.075
mg/kg group (P = 0.18 vs. placebo), 14% in the 0.15 mg/kg group (P = 0.44 vs. placebo), and
11% in the 0.60 mg/kg group (P = 1.00 vs. placebo). None of the subjects in the 0.30 mg/kg
group achieved a PASI-75 response. A PASI-90 response was observed in 2 (29%) patients
who had received the lowest IMO-8400 dose level of 0.075 mg/kg (P = 0.18 vs. placebo).
Secondary efficacy outcomes showed no statistical significant differences. Changes in BSA
were comparable between any IMO-8400 treated group and placebo (P=0.53). Likewise, the
proportion of patients with a PGA of 0 (clear disease) or 1 (minimal disease) was more or
less similar across all treatment arms, ranging from 22 to 38%. Patient-reported DLQI-scores

improved during treatment with IMO-8400, but no statistically differences were observed.
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Exploratory analyses of serum biomarkers Across all IMO-8400 treatment
groups, there were no statistically significant changes in the plasma concentrations of the
cytokines IL-12, IL-23, human beta-defensin-2 (hBD2) and IP-10. However, hBD2 concentra-
tions in the intent-to-treat population showed a significant correlation with changes in PASI
(r=0.57, p < 0.0001), suggesting that hBD2 has the potential to be employed as a biomarker

of psoriasis disease activity (See Fig. 4).

DISCUSSION

Antagonism of aberrant TLR-mediated inflammation is a potential novel thera-
peutic approach for psoriasis Accumulating experimental studies indicate that
blocking TLR-mediated inflammation may be a relevant approach in the treatment of psoria-
sis. For example, a recent study found that thiostrepton, an antibiotic with specific inhibitory
effects on TLR7 and TLR9, led to disease improvement in the imiquimod-induced psoriasis
mouse model.3? Another study reported that disruption of the ubiquitin-binding protein
ABIN-1 in dendritic cells led to an increased psoriasis phenotype in a mouse model due to
increased TLR-induced MyD88 signaling.3* ABIN-1 has been linked to psoriasis susceptibility

in genome-wide association studies.®*

Limitations and strengths Several limitations of this trial need to be considered.
The study had a relatively small sample size (n=8 per treatment group), with the primary
goal of evaluating tolerability and short-term safety. The protocol was amended mid-study
to add evaluation of the dose of 0.60 mg/kg, which involved enrollment and randomiza-
tion of a separate population. A clinical trial with a larger sample size would be needed to
characterize fully dose-related clinical activity. In addition, we did not have data available to
demonstrate successful blockage of TLR-mediated responses at target sites, e.g. gene ex-
pression analysis of skin biopsies from lesional psoriasis skin. Strengths of our study include
the randomized, double-blind, placebo-controlled study design and the use of multiple val-
idated physician- and patient-reported psoriasis outcomes. Furthermore, all PASI assess-
ments were scored by the same two assessors at a single center, in an effort to minimize

variability due to assessor differences.

Interpretation  These results of this phase 2 trial are in line with previous studies on
IMO-8400 in healthy volunteers and a phase 2 study with a somewhat similar TLR-antag-
onist.?®3° Qur findings indicated a treatment effect of IMO-8400 in only some of the study
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subjects. A clear linear dose-response relationship and statistically significant differences
to placebo were not observed; secondary efficacy endpoints analyses showed essentially a
flat dose-response relationship. Unexpectedly, with the lowest dose levels of 0.075 mg/kg
IMO-8400 the most pronounced clinical effects were observed and some patients achieved
PASI-reductions up to 90%. However, a clear trend towards a possible inverse dose response
was not seen and interpretation of these observations remains difficult.

Overall, in this phase 2 trial the efficacy of IMO-8400 was modest. There are sever-
al reasons possible to explain the relatively low efficacy of IMO-8400 in this trial. First, the
primary aim was to investigate safety, while the sample size was too low to assess efficacy
adequately. Second, we believe the dosing regimen and duration were not optimized to
establish and sustain immune modulation required to control psoriasis disease activity in
all patients. Furthermore, it is possible that TLRs 7, 8, and 9 activation is only relevant in a
subtype of psoriasis. Recent studies have identified several molecular subtypes of psoriasis
based upon differences in gene expressions profiles of psoriasis skin lesions.?>*¢Such differ-
ential gene expression profiles could implicate differential responses to treatment.* Future
studies may benefit from considering gene expression profile. Third, the type of psoriasis
(i.e. chronic plaque psoriasis) that was studied in our trial might not be completely respon-
sive to TLR antagonism. It is unknown whether blocking TLR signaling is clinically relevant
in all patients with an established chronic psoriasis plaque. There is a possible distinction to
be made between early and late immune activation in psoriatic plaques.®® Aberrant activa-
tion of TLRs by self-nucleic acids is implicated as one the first events in the cascade leading
to initiation of psoriasis.13,39 Theoretically, antagonism of TLRs 7, 8 and 9 activation may
more readily prevent the onset of new psoriatic skin lesions relative to healing established
lesions. This may be similar to treatment with fumaric acid esters FAEs treatment, which in
daily clinical practice has a slow onset of efficacy. Illustratively, blocking interferon-alpha,
which is triggered by TLR-activated plasmacytoid dendritic cells, had no clinical efficacy in
established psoriasis plaques in a randomized phase 1 trial with a monoclonal antibody tar-
geting interferon-alpha.*° This is in contrast with the clinical efficacy of inhibitors targeting
more downstream cytokines like I1L-17 and IL-23, for which high PASI response rates were
demonstrated.**? Thus, TLR-antagonists may impact the disease by preventing rather than
improving psoriasis skin plaques. Based on the current knowledge on the transient activa-
tion of plasmacytoid dendritic cells by endosomal TLRs in psoriasis, TLR-antagonism might
be more clinically relevant in acute forms of the disease (such as guttate psoriasis) or the
prevention of new exacerbations of chronic plaque psoriasis.* In addition, other type 1 in-

terferon driven diseases such as dermatomyositis may be promising targets.
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The occurrence of ISRs, which were the most common treatment-emergent adverse
event associated with IMO-8400, was dose-dependent. ISRs are a well-known, frequently
occurring adverse event associated with oligonucleotide-based treatments and likely rep-
resent a class adverse effect of oligonucleotide-based drugs.**** Oligonucleotide-associated
ISRs are likely due to an immune-mediated reaction, but the underlying mechanisms are not
clear.® The erythematous ISRs occurring at higher dosages may reflect an increased immune
activation locally in the skin, which theoretically could impact the overall response. Howev-
er, there was no correlation found between the occurrence of ISRs and PASI-response (data
not shown). In addition, in this trial no skin biopsies were available to analyze the erythema-
tous skin reactions. Of note, several subjects developed psoriasis-like skin lesions at the site
of some of the ISRs. These reactions occurred infrequently and were observed only in the
two highest dose levels of IMO-8400. The occurrence of a psoriatic skin lesion could be due
to the Koebner phenomenon, i.e. a trauma to healthy skin evoking a psoriasis plaque.*” The
development of Koebner-like reactions specifically at the site of a drug-injection has been
described only for subcutaneous injection of interferon-gamma and adalimumab.¢-°

In this trial we assessed plasma concentrations of 4 potential biomarkers. Of these,
only hBD2 showed a significant correlation with change in PASI. Hence, hBD2 could there-
fore be a suitable biomarker for psoriasis disease activity, which is in line with previous

studies.>?

Generalizability Findings from this trial have implications for future drug develop-
ment. TLR antagonism by IMO-8400 has relevance as a potential treatment for other IMIDs.
TLR-mediated inflammation are implicated in the pathogenesis of multiple IMIDs including
dermatomyositis, polymyositis and lupus erythematosus.>** In particular, dermatomyosi-
tis may be a promising indication for TLR antagonism as changes in type 1 interferon and
chemokine expression have been correlated with disease activity.>* Other potential future
indications for IMO-8400 and similar TLR antagonist compounds include inflammatory, im-
mune-mediated diseases, such as lupus erythematosus, rheumatoid arthritis, systemic scle-
rosis, multiple sclerosis, Sjégren’s syndrome, and lichen planus.>®2¢5>57 Preclinical studies of
TLR antagonists indicated ameliorating effects in mouse models of lupus and rheumatoid
arthritis.>® In addition, the drug hydroxychloroquine is used to treat dermatomyositis as well
as cutaneous and systemic forms of lupus erythematosus, and may work via blockage of
endosomal TLR signaling.>*®°Based on these findings a phase 2 trial of IMO-8400 in patients
with dermatomyositis has been initiated (Clinicaltrials.gov number NCT02612857).
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Conclusions

In conclusion, in this phase 2a trial blocking TLRs 7, 8 and 9 with the oli-

gonucleotide-based antagonist IMO-8400 up to 12 weeks was well-tolerated and did show

some clinical improvement of plaque psoriasis in several subjects. Our findings provide

proof-of-concept that antagonism of TLRs 7, 8 and 9 has beneficial effects in at least a sub-

group of patients with plaque psoriasis. Further investigations are warranted to assess TLR

antagonism as a potential treatment for psoriasis and other IMIDs in which TLR-mediated

inflammation is implicated.
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TABLES AND FIGURES
Table 1: Baseline characteristics of the study population
IMO-8400
0.075 0.15 0.30 0.60 Placebo
mg/kg mg/kg mg/kg mg/kg (n=11)
(n=9) (n=9) (n=8) (n=9)
Age (years) 48.8 (15.1) 35.0 (16.0) 42.3(17.2) 47.8 (13.2) 47.2 (13.4)
Sex
Female 4 (44%) 3 (33%) 2 (25%) 1(11%) 2 (18%)
Male 5 (56%) 6 (67%) 6 (75%) 7 (78%) 9 (82%)
Race
White 5 (56%) 8 (89%) 6 (75%) 9 (100%) 8 (73%)
Asian 0 (0%) 0 (0%) 2 (25%) 0 (0%) 2 (18%)
Other or un 2 (22%) 1(11%) 0 (0%) 0 (0%) 0 (0%)
known
Mixed 2 (22%) 0 (0%) 0 (0%) 0 (0%) 1 (9%)
BMI (kg/m2) 25.8 (4.5) 24.1(4.9) 27.1(1.3) 28.1(5.8) 29.8 (3.9)
PASI 14.09 (2.6) 14.09 (2.0) 14.78 (2.7) 14.23 (2.0) 14.12 (2.5)
Disease duration  19.2 (14.1) 15.3 (10.6) 13.5(9.7) 31.7 (14.9) 20.5(11.7)
(years)
Previous treat-
ments:
Phototherapy 7 (78%) 6 (67%) 3 (88%) 5 (56%) 7 (64%)
Methotrexate 4 (%) 4 (44%) 0 (0%) 2 (22%) 2 (18%)
Fumaricacid 0 (0%) 4 (44%) 1(13%) 2 (22%) 3 (27%)
esters
Acitretin 0 (0%) 1(11%) 0 (0%) 1(11%) 2 (18%)
Ciclosporin 1(11%) 1(11%) 0 (0%) 1(11%) 0 (0%)
Biologic 0 (0%) 1(11%) 0 (0%) 1(11%) 0 (0%)

Values are absolute numbers (percentages) or means (standard deviation).
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Table 2: Summary of treatment-emergent adverse events reported in > 1 patient

IMO-8400

0.075 0.15 0.30 0.60 Placebo

mg/kg mg/kg mg/kg mg/kg (n=11)

(n=9) (n=9) (n=8) (n=9)
Any adverse 8 (89%) 8 (89%) 7 (88%) 7 (78%) 9 (82%)
event
Headache 4 (44%) 3 (33%) 2 (25%) 4 (44%) 5 (46%)
Fatigue 1(11%) 3(33%) 1(13%) 1(11%) 1(9%)
Diarrhea 3 (33%) 1(11%) 1(13%) 2 (22%) -
Influenza-like 1(11%) 3 (33%) 2 (25%) 1(11%) 1(9%)
iliness
Upper respirato- 1 (11%) 2 (22%) 1(13%) 1(11%) 1(9%)
ry tract infection
Back pain 1(11%) 1(11%) 1(11%) 1(11%) 1 (9%)
Insomnia - 2 (22%) 1(13%) - 1(9%)
Nausea 2 (22%) - 1(13%) - -
Arthralgia - - - 1(11%) 2 (18%)
Somnolence 1(11%) 1(11%) - 1(11%) -
Polyuria - 1(11%) - 1(11%) 1(9%)
Abdominal 1(11%) 1(11%) - - 1(9%)
discomfort
Joint swelling - - - - 2 (18%)
Muscle spasms - - - - 2 (18%)
Upper respirato- - - - 1(11%) 1(9%)
ry tract infection
Oropharyngeal 1(11%) - - 1(11%) -
pain
Vomiting 1(11%) - 1(13%) - -
Abdominal pain
Dizziness - 1(11%) - 1(11%) -
Myalgia 1(11%) - - - 1(9%)

Pain in extremity - 1(11%) - - 1(9%)
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Table 3: Summary of incidence of injection-site reactions

IMO-8400
0.075 0.15 0.30 0.60 Placebo
mg/kg mg/kg mg/kg mg/kg (n=11)
(n=9) (n=9) (n=8) (n=9)
Any ISR 4 (44%) 3 (33%) 7 (88%) 9 (100%) 1(9%)
Erythema 4 (44%) 2 (22%) 6 (75%) 9 (100%) 1 (9%)
Induration 0 (0%) 1(11%) 4 (50%) 8 (89%) 1(9%)
Pruritus 2 (22%) 0 (0%) 5 (63%) 5 (56%) 0 (0%)
Pain 0 (0%) 0 (0%) 2 (25%) 1(11%) 0 (0%)
Tenderness 0 (0%) 1(11%) 4 (50%) 4 (44%) 0 (0%)
Table 4: Summary of efficacy analyses (clinically evaluable population)
IMO-8400
0.075 0.15 0.30 0.60 Placebo
mg/kg mg/kg mg/kg mg/kg (n=9)
(n=7) (n=7) (n=6) (n=9)
Mixed effect model repeated measures analysis*
PASI P =0.1535 P =0.8978 P=0.3775 P =0.4556 NA
Responder analysis#
End of treatment
PASI-50 3 (43%) 2 (29%) 3 (50%) 2 (22%) 1(11%)
response P=0.26 P=0.55 P=0.24 P=1.00 NA
PASI-75 2 (29%) 1(14%) 0 (0%) 1(11%) 0 (0%)
response P=0.18 P=0.44 NA P=1.00 NA
PASI-90 2 (29%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
response P=0.1 NA NA NA NA
End of study
PASI-50 3 (43%) 3 (43%) 3 (50%) 2 (22%) 1(11%)
response P=0.26 P=0.26 P=0.24 P=1.00 NA
PASI-75 3 (43%) 1(14%) 0 (0%) 1(11%) 0 (0%)
response P =0.06 P=0.44 NA P=1.00 NA
PASI-90 2 (29%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
response P=0.18 NA NA NA NA

* Model based on a repeated-measures mixed-model with response variable change from Baseline, fixed factors for treatment and
visit, and Baseline as covariate. P-values for pair-wise comparison of IMO-8400 dose cohort vs. placebo obtained from the repeated
measures model.

# Compared to placebo; P-value is based on Fisher’s exact test.
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Figure 1: Flow chart of enroliment

Assessed for eligibility (n = 118)

> Excluded (n=72)
ENROLLMENT * Not meeting inclusion
Y criteria (n = 71)
. * Withdrew consent
Randomized (n = 46) _
(n=1)
ALLOCATION
Allocated to intervention IMO-8400 (n = 35) Allocated to intervention placebo (n = 11)
* Received allocated intervention (n = 35) * Received allocated intervention (n = 11)
* IMO-8400 0.075 mg/kg (n =9) * Placebo (n=11)
* IMO-8400 0.15 mg/kg (n = 9)
* IMO-8400 0.30 mg/kg (n = 8)
* IMO-8400 0.60 mg/kg (n = 9)
FOLLOW-UP
Y Y
Discontinued treatment (n = 6) Discontinued treatment (n = 2)
* AEs not related to treatment (n = 1) * AEs not related to treatment (n = 1)
* Withdrawal of consent (n = 3) * Lack of efficacy (n=1)
* Lack of efficacy (n =2)
ANALYSIS
Analysed (n = 35) Analysed (n =11)
* Safety population (n = 35) * Safety population (n = 11)
* Intent-to-treat population (n = 35) * Intent-to-treat population (n = 11)
* Clinically evaluable population (n = 29) * Clinically evaluable population (n =9)
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Figure 2: Example of a typical injection-site reaction with mild erythema at the lower abdomen (upper
panel), and psoriasis-like plagues that occasionally developed at an injection-site (lower pannel)

7

Figure 3a: Efficacy outcomes of IMO-8400. Mean PASI during the study by treatment arm (clinically
evaluable population).
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Walter Schweckendiek

“Dieser Erfolg machte nachdenklich.
[...] Damit wiire fiir die Psoriasis eine
sehr einfache Erklidrung als Stoff-
wechselkrankheit gegeben, denn gerade
die Schuppenflechte und die rheuma-
tisch-arthritischen Krankheiten sollen
ihre Ursache in einem fehlgesteuerten
Stoffwechsel haben.”

Heilung von Psoriasis vulgaris. Med Monatsschr. 1959 Feb;13(2):103-4.
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SUMMARY

Psoriasis is a common chronic, relapsing inflammatory disease that from a clinical and so-
cio-economical perspective can elicit a considerable high disease-burden on patients, their
families, and society.! Improving established treatments and developing new treatments
for psoriasis is therefore a relevant research subject. For the last 100 years or so the treat-
ment of psoriasis has remained a major research topic.>* These scientific efforts have accu-
mulated in groundbreaking innovations making their entry in psoriasis treatment, perhaps
unparalleled to any other skin disease. Significant advances made in the last two decades
have led to the establishment of a wide array of treatment modalities for psoriasis.* In par-
ticular, novel insights in our understanding of the immune-based pathogenesis of psoriasis
have resulted in the development of targeted therapies (i.e. the biologics). While such bio-
logic monoclonal antibodies targeting specific cytokines have revolutionized the treatment
of psoriasis - inducing quick and often near complete clearance of psoriasis in a majori-
ty of treated patients - their still expensive costs, primary treatment failure in a subset of
patients, and potential secondary treatment failure over time necessitate the continued
development of alternative treatment targets.>’ In comparison to the biologics, the ‘older’
classical or conventional systemic psoriasis treatments have been longer in use, but their
supporting evidence is more limited.®® Furthermore, a lack of understanding of their exact
mechanisms of action, efficacy, and safety profile limits more widespread use of the conven-
tional systemic treatments. Taken together, there is a clear clinical need for a continuous de-
velopment and evaluation of emerging and established treatments of psoriasis. In this the-
sis, the focus was set on clinical drug development and evaluation of two different systemic

psoriasis treatments: fumaric acid esters (FAEs) and toll-like receptor (TLR) antagonists.

FAEs, which are small molecules with broad, pluripotent immune-modulating prop-
erties, have been in use as a systemic psoriasis treatment for over three decades, but impor-
tant questions on their efficacy, safety, and mechanisms of action remain unanswered. In
this thesis, several clinical and experimental studies were conducted to assess the potential
of FAEs in psoriasis. In contrast to the broad immune-modulating effects of FAEs, oligonu-
cleotide-based antagonists of TLRs 7, 8, and 9 are a potential targeted psoriasis treatment.
Preclinical evaluations and studies in healthy volunteers have yielded promising effects, but
assessments in patients with psoriasis have not been performed yet. Here, we performed a

first-in-patient phase 2a randomized clinical assessment of a novel, first-in-class TLR7, 8 and
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9 antagonist in patients with psoriasis.
In this concluding chapter, the results of each of the studies are put into context,
potential implications of the findings are discussed, and some perspectives on the future

care for individuals with psoriasis are explored.

Main findings of this thesis

Efficacy of fumaric acid esters in psoriasis To assess the efficacy data on FAEs in
psoriasis we performed a systematic review of the available literature up to August 2015 by
searching multiple electronic databases. In order to include as much articles as possible we
did not apply restrictions in study type, publication date, or article language. We could in-
clude 7 randomized controlled trials and 37 observational studies that evaluated the clinical
effects of FAEs in patients with psoriasis.'® All RCTs had relatively small sample sizes. More-
over, there were no formal phase 2 or 3 trials published. In the included studies, FAEs re-
duced psoriasis severity significantly compared to placebo; roughly 50-70% of patients had a
favorable response to FAE treatment. Regrettably, high-quality studies evaluating FAE treat-
ment in psoriasis were lacking, thus resulting in a low-to-moderate quality of evidence to
support the use of FAEs in the treatment of psoriasis. Also, significant heterogeneity of the
studies hampered to conduct a meta-analysis. Notwithstanding the low level of evidence,
the clinical experience with conventional psoriasis treatments including FAEs is thought to
be larger than the published data suggests.® A recent German multicenter RCT published in
2017 confirmed the efficacy of FAE treatment in psoriasis.5

A gap in the currently available literature is the paucity on efficacy and safety data
of combination treatments in psoriasis.' In daily clinical practice, there is sometimes a clin-
ical necessity to combine different systemic treatments to allow a sufficient disease control
of psoriasis. Biologic treatments for instance may be combined with methotrexate or FAEs
to enhance their efficacy and drug survival. High-quality evidence, however, to support the
efficacy and safety of such combinations remains lacking.!* Given this gap, we conducted a
small randomized pilot study to assess the benefits of adding FAEs to etanercept, a first-gen-
eration anti-TNF alpha biologic.'> The combination of etanercept with FAEs was safe and
well-tolerated and did not lead to more adverse events with the exeption of gastrointestinal
complaints. However, the combination treatment of FAEs and etanercept did not result in a
robust increase in efficacy. These findings are in line with previously reported observational
studies.’** In a second placebo-controlled RCT, we evaluated the combination treatment of

FAEs and the histamine-antagonist cetirizine.’ There are some preclinical and clinical data
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that suggest a potential beneficial role of cetirizine in psoriasis treatment. Our trial, how-
ever, demonstrated that adding cetirizine did not increase the efficacy of FAEs compared to
treatment with FAEs alone. Taken together, combining FAEs with cetirizine does not seem

clinically meaningful for daily clinical practice.

Safety of fumaric acid esters in psoriasis Ever since the introduction of FAEs as
potential psoriasis treatment, concerns existed regarding the safety of FAEs. Back in the
1980s, several cases of severe acute renal toxicity were reported in psoriasis patients treat-
ed with FAEs.'®*' For a long time FAEs were therefore considered by most dermatologists
to be unsuitable for use as a systemic psoriasis treatment. However, these concerns were
likely unjustified as we found no recent reports of acute nephrotoxic effects of FAEs.'° The
reported cases of renal failure from the 1980s were probably related to uncontrolled use
of concomitant oral and topical FAEs leading to an overdose of FAEs. Rather, we did find
several cases of another renal adverse event, namely Fanconi syndrome, that is likely under-
appreciated by dermatologists. Fanconi syndrome is characterized by renal proximal tubular
damage, which can lead to urinary losses of amino acid, glucose and phosphate.'® When left
untreated, Fanconi syndrome can lead to a hypophosphataemic osteomalacia and associat-
ed pathological bone fractures.

We described two novel Dutch cases of a FAE-associated Fanconi syndrome from
our department and the Leiden University Medical Center. In addition, we reviewed the
clinical outcomes of all previously reported cases (n = 9). The median age at the time of
onset was 38 years [interquartile range (IQR) 37-46]. Patients received long-term FAE treat-
ment with a median treatment duration of 60 months (IQR 28-111). Laboratory tests were
typically significant for low serum levels of phosphate and uric acid, while urinalysis showed
glycosuria and proteinuria. Eight (73%) patients had developed a hypophosphataemic oste-
omalacia and three (27%) had pathological bone fractures. All patients discontinued FAEs,
while four (36%) patients were treated with supplementation of phosphate and/or vitamin
D. Five (45%) patients had persisting symptoms despite FAEs discontinuation. Of note, all
reported cases of Fanconi syndrome were female psoriasis patients treated long-term with
FAEs. A recent, retrospective study from Ireland also reported the occurrence of FAE-asso-
ciated proximal renal tubular damage predominantly in female patients.19 The reasons for
this sex-specific difference in risk for proximal tubular damage are still unknown.

A new, but potentially serious adverse event is the possible association of FAE
treatment with progressive multifocal leukoencephalopathy (PML). PML is a rare, oppor-

tunistic viral infection of the central nervous system that is linked to reactivation of the John
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Cunningham (JC) virus, a human polyomavirus, due to a state of immunosuppression. The
occurrence of PML can be linked to several drugs, which now includes FAEs. The incidence
of FAE-associated PML remains unknown as systematic studies assessing the frequency of
PML have not been performed yet. Searching multiple electronic databases, we identified
8 reports in the literature. We reviewed the clinical features and of all 8 reported cases of
PML to define risk factors.?’ The median age was 64 years (range 42—74 years); the median
FAE treatment duration was 3 years (range 1.5-5 years). Six patients were treated with a for-
mulation containing dimethyl fumarate (DMF) and monoethyl fumarates, and two patients
with a DMF mono-formulation. Patients exhibited neurological symptoms, such as aphasia,
hemiparesis, and dysarthria. PML diagnosis was based on MRI findings and presence of JC
virus in cerebrospinal fluid and/or brain tissue. All cases were linked to moderate-to-severe
reductions in absolute lymphocyte counts, with nadirs ranging from 200 to 792 cells per
mm?3. Of importance, all reported cases were exposed to varying lengths of lymphocytope-
nia. Median exposure to lymphocytopenia was 2 years (range 1-5 years). In all cases, FAE
treatment was discontinued; PML was treated with mefloquine plus mirtazapine. Three pa-
tients improved, two had stable disease, two had residual symptoms, and one patient died

to complications follwing an immune reconstitution inflammatory syndrome (IRIS).

Mechanisms of action of fumaric acid esters in psoriasis One major draw-
back associated with FAEs is that the exact mode of action underlying their effects in pso-
riasis is still incompletely understood. Insights into the drug-actions of FAEs are needed to
better define their efficacy potential and to be able to predict potential adverse events.
Experimental in vitro studies have reported numerous effects of FAEs, but the relevance of
these for FAE’s effects in vivo are disputable. For instance, DMF is considered a prodrug for
MMF, but most studies have been performed with only DMF.2* Notwithstanding those lim-
itations, the in vitro effects of FAEs are broad. Next to various immune-modulating effects,
FAEs have been linked to anti-angiogenic and anti-proliferating effects. Which of these are
responsible for the clinical effects of FAEs in psoriasis treatment is unknown.

To evaluate potential pathways influenced by FAEs, we undertook a micro-array
profiling study of lesional skin biopsies before and after 12 weeks of FAE treatment.?? The
study population included 9 patients with moderate-to-severe plaque psoriasis, of which 4
patients had a PASI-50 response and 5 who did not have a PASI-50 response. Our findings
showed that FAE treatment reduces Th-17 responses, which is a clear mechanism of action
given the pivotal pathogenetic role of IL-17 in psoriasis. In addition, our microarray analy-

ses also showed FAE’s capability to induce glutathione and Nrf2 pathway genes in psoriatic
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lesional skin. Whether these effects are essential for FAEs to reduce psoriasis inflammation
is unclear. The comparison with the effects of a non-related targeted treatment (i.e., the
anti-TNF alpha inhibitor etanercept) was helpful to delineate precisely the potential effects
of FAEs in psoriasis. In the current view, FAEs act via broad mechanisms of action in psoriasis.

(See Figure 1)

Figure 1: Broad immune-related effects of fumaric acid esters relevant for psoriasis

treatment
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Efficacy and safety of a novel TLR-antagonist in psoriasis In a phase 2a clini-
cal trial we assessed the effects of IMO-8400, a novel first-in-class oligonucleotide-based
antagonist of TLRs 7, 8, and 9 among patients with moderate-to-severe plaque psoriasis.23
Four dose-levels ranging from 0.075 mg/kg to 0.60 mg/kg were included with weekly subcu-
taneous administration for a total treatment duration of 12 weeks. After the final study drug
administration, there was a 6-week follow-up period. Treatment with all doses of IMO-8400
was well-tolerated and not associated with an increased risk of adverse events compared to
placebo. Injection-site reactions were the most reported treatment-related adverse events.
The overall efficacy was moderate, with 11 (38%) of 29 subjects on IMO-8400 who achieved
>50% PASI-reduction, compared to 1 (11%) of 9 subjects on placebo. Five (17%) and 2 (7%)
IMO-8400-treated subjects achieved PASI-75 and PASI-90, respectively, compared to none
on placebo. There were no statistically significant differences compared to placebo, nor was

there a clear dose-response relationship present.
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GENERAL DISCUSSION

Clinical drug development and evaluation in psoriasis: past versus pres-
ent

Example of drug development in the past: evaluation of FAEs as psoriasis treat-
ment In this thesis we conducted a drug-evaluation of FAEs, which were introduced
as one of the earliest developed systemic psoriasis treatments in the late 1950s.?* The first
published description of FAEs as potential psoriasis drug was provided in 1959 by Walter
Schweckendiek.?> Following his somewhat serendipitous discovery in a series of self-exper-
iments that oral administration of FAEs reduces psoriasis severity, FAEs were empirically
developed further by Schweckendiek and later by the German general practitioner Gunther
Schéafer in the period 1960-1980. Regrettably, but not uncommon in that time period, the
clinical development of FAEs was undertaken without published pre-clinical or pharmaco-
logical evaluations.?®?” Combined with concerns on nephrotoxic potential of FAEs, this led to
FAEs having a status of an alternative treatment in the eyes of dermatologists at that time.
As a result, FAEs were prescribed only on a very limited scale in Germany and Switzerland.
This began to change when - partly under pressure of psoriasis patient associations - the first
dermatology-driven placebo-controlled randomized controlled studies with FAEs were con-
ducted in the early 1990s.%3! While these early trials reported favourable results, all studies
had small sample sizes and incomplete reporting of findings and statistical analyses.° Still,
FAEs received German market approval (as Fumaderm) for the treatment of severe psoriasis
in 1994 and for moderately severe psoriasis in 2008.32 Outside Germany, the use of FAEs in
psoriasis remains off-label treatment. To date, FAE-use is still limited, prescribed mainly in
Western European countries, such as the Netherlands, the U.K., Ireland, and Austria.3*3¢
While the development of FAEs was quite unconventional in view of current drug
development standards, it is a typical example of how the conventional psoriasis treatments
were developed and introduced during that time period. Following a rather serendipitous
drug discovery, therapies were evaluated without large, placebo-controlled randomized
controlled trials prior to approval and market introduction. In general, the clinical experi-
ence would outweigh the limited number of trials published. While generally considered
the golden era of the RCT, the sparse clinical trials in psoriasis from the 1960s to 1980s often
did not adhere to methodological and reporting standards now considered standard, such

as the Consolidated Standards of Reporting Trials (CONSORT) guidelines.®*” In addition, at
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that time the understanding of the immunological basis of psoriasis was limited, making
pre-clinical evaluations to assess the mechanisms of action of a new compound understand-
ably rather inadequate in modern-day view. To put FAE’s drug development into context,
the same holds true for the other conventional psoriasis agents developed in the same time
period. For instance, methotrexate - introduced in the 1950s - is also associated with a low
quality of evidence to support its clinical effects in psoriasis.*® In addition, the drug actions
of methotrexate leading to psoriasis improvement are only relatively recently elucidated.
Yet, in general methotrexate is regarded as gold standard for the systemic treatment of
psoriasis and is used commonly as a first-line treatment.?® In contrast to the status of meth-
otrexate, FAEs are not yet widely approved and available.* One of the underlying reasons
for the differential status of FAEs compared to methotrexate is that FAEs were regarded as
an alternative treatment due to their rather peculiar and non-dermatology-based develop-
ment.

Taken together, the current limited evidence of the conventional psoriasis treat-
ments like FAEs and methotrexate is a legacy from the past, given that at the time of their
introduction and development, treatments were prior to approval not evaluated to the
stringent standards of today. Without proper evaluations, the level of evidence of the con-
ventional treatments will remain low, especially when compared to recently developed
treatments, such as the biologics; Now-a-days, newly developed psoriasis treatments will
always need to be evaluated with extensive preclinical evaluations and phase 1-3 assess-

ments before consideration for approval by regulatory agencies.

Example of contemporary drug development: evaluation of a novel TLR-antago-
nist The development of TLR-antagonists as a potential new treatment for psoriasis is
exemplarily for contemporary drug development. A multitude of experimental studies point
towards a pivotal role of endosomal TLR engagement in the inflammatory cascade leading to
psoriasis and possible other immune-mediated inflammatory diseases.?*** Aberrant over-ac-
tivation of the TLRs 7,8, and 9 by self-nucleic acids is now recognized as one of the initial
steps in the pathogenesis of psoriasis.***> Hence, blocking TLRs 7, 8, and 9 would represent
a viable therapeutic target in psoriasis. Pre-clinical interventional studies with TLR-blocking
compounds in psoriasis mouse models have shown potential for targeting TLRs 7, 8, and 9 to
reduce psoriatic skin inflammation.*¢*” Based on these findings, a clinical development path
was initiated for evaluation of a novel TLR-antagonist in psoriasis. A synthetic oligonucleo-

tide-based compound was developed named IMO-8400 that has antagonistic properties for
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TLRs 7, 8, and 9 activation.*® The first evaluations of IMO-8400 in several preclinical psoriasis
mice models demonstrated ameliorating effects.**° Subsequently, IMO-8400 administra-
tion was well-tolerated in a phase 1 clinical trial among healthy volunteers.>* On the basis of
these promising results, we conducted a first-in-patient, phase 2a clinical trial, evaluation of
IMO-8400.2 Unfortunately, the efficacy of the novel TLR-antagonist was overall modest in
our phase 2 trial. Tolerability and short-term safety were favourable.

The development of the TLR-antagonist IMO-8400 is an example of modern drug
development of a targeted therapy. Based on hypothesis-testing in pre-clinical disease mod-
els, the potential compound is then assessed in phase 1 and 2 evaluations. If well-evalu-
ated, the development can continue to phase 3 trials to allow consideration by regulato-
ry agencies for market authorization. Despite extensive preclinical evaluations suggesting
‘the target is right’, a compound still can fail to deliver upon entering the clinical phase
development. An example is our phase 2 trial on TLR-antagonist in psoriasis. Despite the
initial successful results, one of the most important disadvantages of contemporary drug
development is the relatively low probability of success. Overall, less than 10% of devel-
oped compounds ultimately receive market approval. The long development period of novel
treatments - which in general takes between 10 to 17 years - is another clear disadvantage
of current drug development. Evidently, changes are needed in the way novel drugs with a

novel mode of action are being developed.

Implications for clinical drug development and evaluation in psoriasis

Early drug development Adjustments in the way early clinical trials are designed
are required to increase the success rates of drug development. One of the proposed al-
terations is to engage in more informative trials early on in drug development.>?(See Figure
2) The use of biomarkers in early clinical evaluations could also be of additive value. This
could result in demonstrating proof-of-concept and establishing dose selection earlier on
in the development phase and on the other hand earlier discontinuation of unsuccesful
development of unsuitable compounds. In psoriasis trials, one could apply ex vivo analy-
ses on serum samples to allow early establishment of target engagement and correlations
to clinical effects. Also, gene expression profiling in lesional skin biopsies can be applied
to predict earlier drug effects in psoriasis. Another potential improvement in clinical drug
development in psoriasis is to stratify for the underlying type of psoriasis. It is increasingly
appreciated that there seems to be genetic heterogeneity in the pathogenic pathways lead-

ing to psoriasis that is not directly mirrored by different clinical phenotypes. Stratifying for
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such underlying pathways could enrich the study design. In our IMO-8400 trial, for instance,
included patients could be stratified beforehand for type 1 interferon signaling or TLR en-
gagement. Conducting such analyses would prove target engagement in target tissue (i.e.,
lesional skin) and could allow subgroup analyses. In the IMO-8400 trial we did perform an
ex vivo challenge with synthetic TLR-agonists, but the assays were not robust enough for
reliable analyses. Taken together, there are multiple possibilities to increase the potential

success of early drug development in psoriasis.

Ongoing need for pharmacovigilance A lesson learned from the studies on FAEs in
psoriasis is the continuous need for pharmacovigilance. RCTs are often insufficiently pow-
ered to assess infrequently occurring side adverse events. To detect signals for rare side
effects, analyses of spontaneous reports to pharmacovigilance centers are pivotal. In this
context, a local - and preferably nationwide - register that includes patients starting with
FAE treatment is also of added value. Registration of clinical practice data may provide use-
ful insights into the incidence of uncommon adverse events. Furthermore, such registers
generate useful data on tolerability, effectiveness, and drug survival in daily clinical practice.
These data are a useful addition to data generated from randomized clinical trials, which
often have stringent in- and exclusion criteria. As a result, patients with for instance renal
of hepatic insufficiency often are excluded in such clinical trials. Effectiveness and safety
outcomes from daily clinical practice registries are therefore suitable complementary data
to RCTs. Moreover, given the relatively paucity in data of FAEs, there is much to gain with
optimal use of data generated from daily clinical practice. To maximize the usefulness and
success, such a register should be a joint venture of the prescribing physician and pharma-

ceutical companies.

Psoriasis as a proof-of-concept disease model Psoriasis can be applied as
a useful proof-of-concept disease model for evaluations of novel targets intended for im-
mune-mediated inflammatory diseases (IMIDs).>® There are several reasons for this. First,
the immune-based pathogenesis of psoriasis is well-characterized, and there is a significant
overlap of the immunologic background of psoriasis and other IMIDs, such as lupus erythe-
matosus and dermatomyositis. Second, clinical effects can be easily evaluated as psoriatic
skin lesions are directly visible. As a result, there is no absolute need for invasive biopsy
procedures or use of proxy biomarkers. Taken together, psoriasis can serve as an useful
model of other immune-mediated diseases, such as systemic lupus erythematosus (SLE).

Our phase 2 trial on IMO-8400 in psoriasis is a good demonstration of the usefulness of pso-
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riasis as suitable go-to model for pharmacological evaluations for IMIDs. On the basis of the
findings of our phase 2 trial involving IMO-8400, a clinical development path was developed
to assess TLR antagonism as potential treatment for dermatomyositis. A phase 2 clinical trial
to evaluate IMO-8400 in dermatomyositis (ClinicalTrials.gov NCT02612857) is now ongoing

in several sites in the US.

Reverse drug discovery and drug-repurposing of fumaric acid esters The cur-
rent status of FAEs as psoriasis treatment is somewhat special, considering their relatively
frequent use in spite of a lack of a clear understanding of the mechanisms of action. In this
thesis, we attempted a reverse drug discovery approach by studying the effects of FAEs un-
derlying their clinical effects in psoriasis. By a better understanding the drug-actions of FAEs,
we might be able to better predict the effects of FAEs. Moreover, such understanding is also
needed to better define the safety profile and predict adverse events. Our gene expression
profiling study demonstrated multiple pathways being affected by FAE treatment. These
results are in line with other experimental studies that showed effects of FAEs on multiple
cell-types, including lymphocytes, neutrophils, endothelial cells, and mast cells.

Given the broad immune-modulating properties of FAEs, they are good candidate
drugs for drug repurposing. FAEs could have potential as treatment options for other indica-
tions. One successful example of FAE drug repurposing is represented by the treatment of
multiple sclerosis. A DMF-formulation has been an FDA- and EMA-approved treatment for
multiple sclerosis since 2013.

Drug repurposing of approved drugs hold several advantages. As the safety profile
of approved drugs are well-characterized, the developmental time and the associated costs

can be reduced considerable with drug repurposing.

Implications for the treatment of psoriasis

FAEs as primary option of first-line treatment of psoriasis We propose a more
prominent role for FAEs as a first option for first-line systemic treatment for psoriasis. In
spite of the limited evidence, the clinical experience with FAEs as psoriasis treatment is
favourable. With proper patient-selection and adequate treatment monitoring FAEs treat-
ment has the potential for long-term use and persistent disease control of psoriasis. In line,
the drug survival of FAEs is also favourable; one Irish single-center study reported a drug
survival of 60% following 5 years of treatment.>* Next to a favourable safety profile without

severe immunosuppressive effects, there are no known drug-drug interactions of FAEs.>®
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Figure 2: Drug-development 2.0 in psoriasis
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This is a clear advantage in psoriasis treatment, considering that most patients with psoria-
sis require concomitant medications for comorbidity. We propose FAEs as the first choice of
first-line systemic treatment in moderate-to-severe psoriasis, preferred over methotrexate

and UV-B phototherapy.

FAEs vs. methotrexate Until now, methotrexate (MTX) is widely regarded as the pri-
mary drug for first-line therapy in psoriasis.*® There are several arguments to favour the use
of FAEs over MTX as first-line systemic agent. First, the short-term efficacy of FAEs seems
similar to that of MTX.3**” Second, the risk of hepatotoxicity is a major drawback for long-
term use of MTX. Moreover, the hepatotoxic effects of MTX are quite relevant, given that
current monitoring options for MTX-associated hepatotoxicity seem limited, psoriasis itself
is associated with liver fibrosis, and that concomitant use of alcohol with MTX is prohib-
ited.®®* The latter is a somewhat serious issue for modern-day society, in which alcohol
consumption has a rather prominent social position. Moreover, psoriasis in itself may be
additionally associated with an increased alcohol consumption.®® Furthermore, in rare cases
MTX use has been associated with bone marrow suppression; even at low dosages, MTX can
cause significant adverse events — especially in elderly patients.®* Another drawback of MTX
is the potential drug-drug interactions with for instance antibiotics. Finally, in daily clinical
practice is it noted that many patients are reluctant to start MTX in fear of adverse events

and toxicity. Taken together, MTX had a limited potential for long-term use.*

FAEs vs. phototherapy A next issue is the changing position of UV phototherapy. Pho-
totherapy has been a hallmark therapy for psoriasis since its introduction in the 1980s and
often applied as next therapy in case psoriasis is unresponsive or inadequately controlled
with topical treatments.®? Yet the position of phototherapy may become increasingly nar-
rower due to several reasons. First, phototherapy often induces only short clinical remission
as psoriasis often reoccurs within months after stopping photo-therapy. Continuous or fre-
quent courses of phototherapy are not a viable option considering the risk of cutaneous
malignancies associated with cumulative UV-exposure. Moreover, the risk of UV-associated
skin cancer is now-a-days more relevant, given the increasing life expectancy and increasing
UV exposure in current-day society. Finally, phototherapy poses a considerable logistic bur-
den to patients - especially those with a day-time occupation - given the requirement of 2 to
3 weekly visits to the outpatient clinic for up to 3 months. Therefore, the use of photother-
apy may become more restricted to a subgroup of patients with psoriasis, e.g. patients with

uncontrolled severe psoriasis and who have contra-indications, intolerance, or treatment
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failure to systemic treatments.

Position of FAEs in the psoriasis treatment landscape Based on the current evi-
dence and our clinical experience, we propose a position of FAEs earlier in the treatment
ladder as first-line systemic treatment before other classical systemic treatments — most
notable MTX - and also before phototherapy.(See Figure 3)

In case of primary or secondary treatment failure of FAEs, a logical next step would
be switching to a biologic. Antagonists of interleukin-12/23 and IL-17 are highly efficacious
treatments, but their high costs are potential drawbacks. In current health care systems,
budget control is essential for sustainability. As the costs of FAEs are considerable lower
than that of biologic agents, it would by cost-reductive to start with FAEs before a biologic.
A substantial proportion will respond favourable to FAEs, bypassing the need for a biologic,
and this approach would therefore contribute significantly to costs reduction in health care.
Our preferred position of FAEs relative to that of the biologics is not only financially driven.
One issue is that the safety aspects of long-term continuous treatment with a biologic are
still relatively unknown. In addition, biologics have a decreased drug survival in daily clini-
cal practice due to progressive secondary loss of efficacy. In contrast, FAEs seem to have a
favourable drug survival in daily clinical practice. Furthermore, there are several medical
contra-indications for biologics, such as congestive heart failure for anti-TNF alpha antago-
nists. Also, patient-related factors may prohibit biologic use, such as belonephobia (i.e., fear
for needles). Taken together, there are several lines of argumentation to support a preferred

status of FAEs as first-line systemic treatment for psoriasis.

Prescription of fumaric acid esters for psoriasis in clinical practice

FAE-formulations in psoriasis At present, multiple different FAE-formulations are in
use in daily clinical practice. The most studied formulation is the combination-formulation
of DMF and MEF, which is also the licensed drug in Germany marketed as Fumaderm.32 His-
torically, the combination formulations with DMF and MEF were the most applied. Newer
formulations, however, contain only DMF, given that in experimental studies DMF appeared
to be the most active FAE. In the Netherlands multiple FAE-formulations are in use, includ-
ing combination-formulations with DMF and MEF and DMF-mono-preparations.'>%® At pres-
ent, multiple DMF-formulations are in clinical development. A recent phase Ill trial reported
non-inferiority of a DMF-formulation compared to Fumaderm.5 Based on the current avail-

able studies, no clear preference for a specific FAE formulation can be made. Until more data
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Figure 3: Proposed treatment ladder for chronic plaque psoriasis
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become available, the choice for a FAE-formulation is likely dependent predominantly on
local availability. From a pharmacologic and regulatory view, it seems logical that ultimately

the preference will be set for the DMF-formulations.

Monitoring FAEs in psoriasis treatment As with any systemic drug, monitoring
for side effects is of importance during FAE treatment.(See Table 1) Two aspects of FAEs that
require specific monitoring includes Fanconi syndrome and progressive multifocal leukoen-
cephalopathy. Both seem infrequently occurring adverse events, but their potential severity
and risks for serious complications justify a rigorous clinical vigilance.

To monitor for Fanconi syndrome, measurement of proteinuria during FAE treat-
ment is recommended. Measurement of albumin:total protein ratio in urine is an additional
tool to look specifically for tubular proteinuria. Referral to a nephrologist for further renal
evaluating should be considered in case of persisting (tubular) proteinuria.

To monitor for PML, periodic monitoring of lymphocyte-counts and FAE discontinu-
ation in case of moderate-to-severe lymphocytopenia are recommended. The 2015 Europe-
an S3-guidelines on psoriasis treatment has recommended two drug-discontinuation rules.
Direct FAE-treatment discontinuation is recommended upon an absolute lymphocyte count
of 0.5 x 10°/L and/or an absolute leukocyte count of 3.0 x 10°/L. In case of an absolute lym-
phocyte count of 0.7 x 10°/L, reduction of the FAE-dosage by 50% and re-evaluation within 4
weeks is indicated. Of equal importance to laboratory monitoring, clinical vigilance for onset
of new neurological symptoms should be continued throughout the FAE-treatment. Upon
new neurological symptoms, immediate FAE discontinuation and prompt evaluation by a

neurologist are recommended.

Table 1: Recommendations for treatment monitoring of fumaric acid esters in psoriasis

Start Month 1 Month 2 Month 3, there-

after every 3
months

Full blood X X X X

count including

leukocytes and

lymphocytes

Liver enzymes X X X X

Serum creatinine x X X X

Urine analysis X X X X
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Recommendations for the use of FAEs in clinical practice It is essential that
treatment with FAEs is combined with proper patient education. The initial treatment pe-
riod with FAEs can be challenging for patients, as FAEs are associated with a relatively slow
onset of efficacy. Moreover, the first weeks of FAE-treatment are commonly associated with
a relatively high incidence of gastrointestinal complaints and cutaneous flushing symptoms
that can be quite bothersome to tolerate. Therefore, the initial treatment phase of FAEs can
be difficult to get through for patients. It is therefore essential to guide patients with proper
education and counseling In this context, co-guidance of patients starting FAEs by a special-

ized physician assistant of a nurse practitioner can be helpful for clinical practice.

Towards approval of FAEs as psoriasis treatment One important current limi-
tation of FAEs is the fact that it remains an unlicensed therapy in a majority of countries. At
present, Germany is the only country in which FAEs have an approved status for the treat-
ment of psoriasis.3? For medicolegal reasons, the unlicensed status of FAEs can be a major
drawback for their use in clinical practice. Having received German market authorization in
1994, FAEs are currently the most common prescribed systemic treatment in Germany.65 In
contrast, in other countries such as the U.K. the use of FAEs is much more narrow. Results
from the U.K. national psoriasis registry BADDIR showed that only 3% is prescribed FAEs.?
There are unfortunately no data available for prevalence of FAE-use in the Netherlands.
Based upon a nationwide survey in 2010, two-third of all dermatologists indicated to pre-
scribe FAEs.** The other third stated the unlicensed status as a barrier for FAE-prescription.
Taken together, there may be much to gain following approval of FAEs as psoriasis treat-
ment. However, one disadvantage to consider in this context would be the pricing of the
drug. Following approval, the costs of the licensed drug typically increases compared to the
compounded formulation. Nonetheless, it would be advantageous when FAEs are granted
market authorization for psoriasis treatment, as this will presumably lead to a wider availa-
bility of FAEs. A DMF-formulation has now received market approval by the European Med-

icines Agency (EMA) following publication of a successful phase 3 trial in 2017.%

Where to go: precise or pluripotent?

Anno 2018, the physician treating psoriasis can apply a multitude of treatment modalities
with different treatment targets. As direct head-to-head studies comparing are largely lack-
ing, the choice which treatment to start depends on factors such as physician experience

and patient-bound factors. Conceptually, control of the systemic inflammation associated
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with psoriasis would require long-term systemic treatment. In terms of treatment target, a
distinction can be made between targeted biologic treatments and broad, pluripotent treat-
ments. Examples of targeted treatments include antagonists of TNF-alpha, IL-23, and IL-17.
These antagonists of downstream cytokines that play pivotal roles in psoriasis pathogenesis
are effective therapies for psoriasis. In contrast to the targeted drugs, disease-modifying
drugs act on multiple targets to decrease cutaneous inflammation. Examples of these in-
clude the classical systemic psoriasis treatments FAEs and MTX. At present, there is insuf-
ficient evidence for superiority of a particular class of treatment. Historically, conventional
systemic psoriasis drugs (mostly MTX) are chosen as first-line systemic treatment for psori-
asis. This preference was based on clinical experience - the (long-term) safety profile of bio-
logics was yet to be established - and financial grounds. However, the first-line status of MTX
and other classical systemic treatments may be undergoing a change, given that now-a-days
the long-term effects of biologics are increasingly known. Furthermore, with the approval of

biosimilars the costs of biologics will likely diminish.

Table 2: Targeted therapies versus broad, non-specific therapies in psoriasis.

Precise, targeted therapies Broad, non-specific therapies
Examples Anti-TNF alpha biologics Fumaric acid esters
Anti-IL12/23 biologic Methotrexate
Anti-IL17 biologics Apremilast
JAK-STAT inhibitors
Advantages Rapid onset of response Multiple indications, suitable
for co-morbidity
High efficacy Oral administration
Relatively low costs
Disadvantages Relatively high costs Slow onset of response
Primary non-response Moderate efficacy

Secondary loss of efficacy due ~ Cumulative toxicity
to anti-drug antibody forma-
tion

Studies focusing on long-term safety and direct comparisons with other psoriasis
treatments could lead to a better understanding of the role of conventional treatments such
as FAEs relative to that of biologics in the treatment for psoriasis. For the time being, it is
likely that the classical systemic psoriasis treatments will retain their first-line status. New

insights into their mechanisms in action could lead to better prediction of efficacy and safety
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outcomes. Future studies could be directed at identifying biomarkers to predict treatment

response or side effects.

Some perspectives on the future care for individuals with psoriasis

As long as a definitive cure for psoriasis remains lacking, the treatment of psoriasis is a joint
venture of the physician and the patient. In addition to factors such as efficacy, safety, and
tolerability of a treatment, it is essential to include the patient’s perspective in the treat-
ment. Furthermore, a multidisciplinary approach is crucial for an optimal treatment of an
individual with psoriasis.®® A clear example includes rheumatology with regards to psoriatic
arthritis. But other medical disciplines could also have a part in a ‘psoriasis management
team’. For instance, endocrinologists specialized in obesity and bariatric surgeons could
co-manage patients having a severely elevated high body mass index (BMI). Furthermore,

psychosocial support should also be central in the management of psoriasis.

CONCLUSIONS

Despite significant advances in the treatment of psoriasis seen in the last two decades,
psoriasis remains a challenging and difficult-to-treat disease. There is a continuous clinical
need for development and evaluation of emerging and established treatments of psoriasis.
Contemporary drug development for psoriasis could be enhanced in order to increase the
success rates.

In this thesis we studied the clinical drug development of fumaric acid esters and
a toll-like receptor antagonist. In a drug rediscovery approach we attempted to elucidate
further the effects and mechanisms of action of fumaric acid esters in psoriasis treatment;
these insights will contribute to a more accurate prediction of their treatment responses
and potential side effects. The toll-like receptor 7, 8, and 9 antagonist IMO-8400 failed to
deliver in a phase 2 trial involving psoriasis, but the study results did provide useful insights
into the potential mechanisms underlying psoriasis. Additionally, the phase 2 trial gave suf-
ficient grounds for a continuous drug development of IMO-8400 for related immune-medi-
ated inflammatory diseases (e.g. dermatomyositis).

Given that psoriasis is a chronic disease, long-term systemic treatment is pivotal
for sustained disease control in most patients with moderate-to-severe plaque psoriasis.
With proper monitoring, fumaric acid esters have the potential for effective and safe disease

control of psoriasis in long-term treatment. Out of all currently available systemic treatment
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options, fumaric acid esters may arguably have the most favourable risk-benefit ratio. Fu-
ture direct head-to-head comparison with other systemic treatments and evaluations to
establish biomarkers for early assessment of treatment response could all enhance the po-
sition of fumaric acid esters in the psoriasis treatment landscape.

Notwithstanding al the recent developments and innovations, the ‘magic bullet’
for psoriasis is yet to be discovered. The need remains to continue the development of new,
better and safer treatment options for psoriasis, so that in the end the lives of those having

psoriasis may be improved.
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SAMENVATTING

Hoofdstuk 1 van deze thesis start met een inwijding in de achtergronden en behandelopties
van psoriasis, een veelvoorkomende chronische immuun-gemedieerde inflammatoire aan-
doening die een hoge ziektelast met zich meebrengt. De meeste patiénten met uitgebreide
en ernstige vormen van psoriasis zijn veelal afhankelijk van systemische behandeling om
hun aandoening afdoende te kunnen onderdrukken. In de praktijk blijkt de behandeling van
psoriasis vaak lastig, maar de afgelopen twee decennia hebben zich grote ontwikkelingen in
de behandelopties voorgedaan. Voortschrijdende inzichten in de onderliggende pathogen-
ese van psoriasis hebben geleid tot een revolutionaire ontwikkeling van nieuwe, gerichte
behandelopties. De huidig beschikbare psoriasis behandelingen zijn onder te verdelen in
vier grote categorieén: i) lokale therapieén, waaronder corticosteroidbevattende zalven en
crémes; ii) lichttherapie met UV-straling; iii) systemische immunosuppressieve en immuno-
modulerende medicatie, waaronder methotrexaat, fumaraten, ciclosporine, acitretine en
apremilast; iv) biologics, bestaande uit monoklonale antilichamen die specifiek bepaalde
componenten van het afweersysteem onderdrukken, waronder TNF-alpha, interleukine-17
en interleukine-23. Ondanks de diverse scala aan beschikbare behandelopties, blijft de be-
handeling van psoriasis in de praktijk een uitdaging. Derhalve is er nog steeds ruimte in het
optimaliseren van psoriasis behandeling. In deze thesis werd de geneesmiddelen-ontwikke-
ling en -evaluatie van twee verschillende systemische psoriasis-behandelingen onderzocht:

fumaraten en toll-like receptor (TLR)-antagonisten.

Fumaraten zijn ester derivaten van fumaarzuur, een lichaamseigen stof dat be-
trokken is bij de energiehuishouding in de cellen. Fumaarzuur zelf heeft geen anti-psoriasis
effecten en wordt o.a. gebruikt als voedingsadditief (E-nummer 297). Daarentegen hebben
de ester derivaten van fumaarzuur diverse anti-inflammatoire, immunomodulerende en an-
tiproliferatieve effecten. De eerste beschrijving van fumaraten als mogelijke behandeling
van psoriasis dateert uit 1959 toen de Duitse chemicus Schweckendiek in enkele zelf-exper-
imenten - hij leed zelf aan psoriasis - aantoonde dat psoriasis in ernst afneemt met orale
toediening van fumaarzuur-derivaten. Omdat verdere wetenschappelijk evaluaties helaas
uitbleven, ontbrak de nodige bewijskracht en bleven belangrijke vragen omtrent de effec-
tiviteit, veiligheid en werkingsmechanisme van fumaraten als systemische psoriasisbehan-
deling onbeantwoord. Mede daardoor werden fumaraten niet volledig geaccepteerd als va-

lide behandeloptie voor psoriasis en bleef de toepassing van fumaraten voor lange tijd zeer
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gelimiteerd.

In hoofdstuk 2 worden de resultaten beschreven van een systematisch uitgevoerd
literatuuronderzoek die beoogde om de effectiviteit en veiligheid van fumaraten in de be-
handeling van psoriasis in kaart te brengen. Om zoveel mogelijk studies te kunnen includer-
en werden geen limitaties in studie-design, publicatie-periode of publicatie-taal gehanteerd.
In totaal konden 68 artikelen worden geincludeerd, gepubliceerd in de periode 1987-2015.
Zeven van de geincludeerde artikelen betroffen gerandomiseerde klinische onderzoeken
(totaal patiéntenaantal 449). Opvallend was dat de ontwikkeling van fumaraten als pso-
riasis-behandeling niet verliep volgens de gewoonlijke fases van geneesmiddelenonderzo-
ek. Er waren bijvoorbeeld geen fase 2 of 3 studies verricht die fumaraten evalueerden als
psoriasis-behandeling. De 7 beschikbare studies waren relatief klein en vaak incompleet
beschreven. De studies bleken daarnaast te heterogeen qua studie-opzet om een resultat-
en met een meta-analyse te kunnen onderzoeken. Gemiddeld genomen nam de ernst van
psoriasis gemeten met de PASI af met 42-65% na 12 tot 16 weken behandeling. Naast de
gerandomiseerde studies konden 37 observationele studies worden (totaal patiéntenaantal
3457) opgenomen in het systematisch literatuuronderzoek. Deze studies hadden een hoog
risico op bias, maar ondersteunden over het algemeen de resultaten van de gerandomi-
seerde studies. Frequent gerapporteerde bijwerkingen betroffen gastro-intestinale klachten
en flushing. In 6-40% van de patiénten leidden het optreden van bijwerkingen tot voorti-
jdig staken van fumaraten-behandeling. Daarnaast werden enkele gevallen gerapporteerd
omtrent het optreden van zeldzame bijwerkingen, waaronder progressieve multifocale leu-
kencefalopathie (PML). Hiaten in de huidige literatuur bleken lange-termijn evaluaties en

directe vergelijkende studies met andere systemische psoriasis-behandelingen.

In de praktijk worden fumaraten soms toegevoegd aan etanercept, een le gener-
atie anti-TNF alpha biologic, om een verlies van effectiviteit op te vangen, maar bewijskracht
voor deze combinatie-behandeling ontbreekt echter. Hoofdstuk 3 beschrijft de bevinding-
en van een gerandomiseerde exploratieve studie naar de toegevoegde waarde van com-
binatie-behandeling van fumaraten met etanercept versus etanercept monotherapie. In
totaal werden 33 patiénten met psoriasis gerandomiseerd naar of behandeling met etan-
ercept of behandeling met etanercept en fumaraten. Na 24 weken behandeling bleek de
proportie die een PASI-75 respons behaalde numeriek groter te zijn in de combinatie-groep
vergeleken met de etanercept monotherapie-arm (respectievelijk 78% en 57%), maar het

verschil was niet statistisch significant. Qua bijwerkingen was er een hoger frequentie van
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milde gastro-intestinale bijwerkingen in de groep behandeld met fumaraten. Op basis van
een deze kleine studie is een combinatie-behandeling van etanercept met fumaraten niet

direct aan te bevelen voor de dagelijkse praktijk.

Een belangrijk limitatie van fumaraten is het relatief frequent optreden van bijw-
erkingen, met name in de beginfase van behandeling met fumaraten. Dit kan leiden tot
voortijdig staken tot 40% van de patiénten. Strategieén om fumaraat-gerelateerde bijwerkin-
gen te kunnen minimaliseren zijn daarom van klinisch belang. Een deel van de bijwerkingen,
met name de gastrointestinale klachten, zou mogelijk histaminerg bepaald zijn, waardoor
het zinvol kan zijn om een antihistaminicum toe te voegen aan de fumaraten-behandeling.
In hoofdstuk 4 worden de resultaten beschreven van een gerandomiseerde studie naar de
potentie van de orale histamine-1 receptor antagonist cetirizine om bijwerkingen van fuma-
raten te reduceren. In een dubbelblinde, placebo-gecontroleerde studie onder 50 patiénten
werd de helft van de studiepopulatie behandeld met fumaraten + cetirizine 10 mg/dag, de
andere helft ontving fumaraten + placebo cetirizine. Na 12 weken behandelingen bleek de
incidentie van bijwerkingen niet verschillend tussen beide groepen. Ook het percentage
dat de fumaraten-behandeling voortijdig diende te staken was niet significant verschillend
tussen beide groepen. Toevoeging van cetirizine ter voorkoming of vermindering van bijw-

erkingen tijdens fumaraten-behandeling lijkt derhalve niet klinisch zinvol.

Hoofdstuk 5 behandelt twee zeldzame, maar klinisch gezien belangrijke bijwerkin-
gen die kunnen optreden tijdens fumaratenbehandeling: progressieve multifocale leuco-en-
cephalopathie (PML) en het Fanconi syndroom. PML is een een zeldzame opportunistische
infectie van het centrale zenuwstelsel t.g.v. reactivatie van het John Cunningham (JC) virus.
Meerdere immunosuppresieve geneesmiddelen kunnen aanleiding geven tot het optreden
van PML, waaronder ciclosporine en methotrexaat. In 2013 verschenen enkele case reports
die de ontwikkeling van PML tijdens fumaraten-behandeling beschcreven. Hoofdstuk 5.1
beschrijft een systematische analyse van 8 gevallen van PML die gelinked zijn aan fuma-
raten-behandeling. Opvallend was dat alle gerapporteerde gevallen gekenmerkt werden
door het optreden van een verlaging van het aantal lymfocyten. De diepte van de lymfocy-
topenie was wel wisselend. Het nadir van het absolute lymfocyten-aantal varieerde van 200
tot 792 per mm3. Gemiddeld bedroeg de blootstelling aan lymfocytopenie 2 jaar (range 1
tot 5 jaar). Tot nu toe zijn geen casus beschreven waarbij er geen sprake was van een lym-

focytopenie. Derhalve lijkt nauwlettend controleren van het lymfocyten-aantal van belang
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om het risico op PML te minimaliseren. In de huidige richtlijnen wordt aanbevolen om bij
een absolute lymfocyten-aantal < 0.5 x 109/L en/of een absolute leukocyten-aantal < 3.0 x
109/L fumaraten-behandeling direct te staken. In geval van een absolute lymfocyten-aantal
< 0.7 x 109/L wordt aanbevolen de fumaraten-dosering te halveren en - indien na 4 wek-
en de lymfocytopenie peristeert - de behandeling met fumaraten alsnog te stoppen. Naast
monitoring van het lymfocyten-aantal is waakzaamheid op het optreden van neurologische
symptomen raadzaam.

In hoofdstuk 5.2 wordt het Fanconi syndroom als bijwerking van fumaraten bes-
chreven. Het Fanconi syndroom wordt gekenmerkt door schade aan de proximale niertubu-
li, waardoor een toegenomen verlies van aminozuren, glucose en fosfaat via de urine kan
optreden. Indien persisterend kan het verlies van fostaat leiden tot een hypofosfatemische
osteomalacie. Verschillende geneesmiddelen kunnen een Fanconi syndroom veroorzak-
en, waaronder fumaraten. Het Fanconi syndroom lijkt echter een zeldzame bijwerking en
er heerst mede daardoor onbekendheid van dit ziektebeeld onder dermatologen. Dit gaf
aanleiding om twee nieuwe casus te beschreven van een fumaraten-gerelateerde Fanconi
syndroom. Daarnaast werd de literatuur systematisch onderzocht voor eerder gerappor-
teerde Fanconi syndroom gevallen. In totaal werden 9 casus geidentificeerd. De klinische
gegevens van alle 11 casus werden geanalyseerd om risicofacturen voor het optreden van
Fanconi syndroom in kaart te brengen. Uit de analyse bleek dat alle 11 patiénten vrouwen
waren van middelbare leeftijd, die relatief lang behandeld waren geweest met fumaraten.
Met name in deze patiéntenpopulatie lijkt klinische alertheid op het optreden van Fanconi
syndroom en monitoring van proteinurie aanbevolen. Daarnaast kan het meten van de al-

bumine - totale eiwit ratio in de urine van additionele screenende waarde zijn.

Een belangrijke limitatie van fumaraten is dat de exacte werkingsmechanisme
waarmee fumaraten tot psoriasis-verbetering leiden nog onopgehelderd zijn. In hoofdstuk
6 beschrijven wij de eerste studie die onderzocht in hoe verre fumaraten veranderingen
op genexpressie-niveau in de huid induceren. In een groep van 9 psoriasis-patiénten die
behandeld werden met fumaraat-behandeling werden lesionale huidbiopten afgenomen
voor start en na 12 weken behandeling. Met genexpressieprofiling werd vervolgens onder-
zocht welke genen en pathways mogelijk worden beinvloed door fumaraten. De resultaten
toonden dat fumaraten onder andere de interleukine-17 pathway beinvloeden, welke bek-
end staat als een belangrijk therapeutisch aangrijpingspunt voor psoriasis. De resultaten
lieten daarnaast zien dat fumaraten twee andere pathways kunnen beinvioeden: de glu-

tathione en de Nrf2 pathway. Of deze betrokken pathways essentieel zijn voor de werking
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van fumaraten bij psoriasis moet verder onderzoek uitwijzen.

Abnormale endosomale TLR-activatie speelt een belangrijk initiérende rol in de
pathogenese van psoriasis. Preklinische data suggereren dat blokkade van deze TLR-recep-
toren een potentieel nieuw geneesmiddel-target voor psoriasis is. Een nieuwe oligonucle-
otide-antagonist van TLRs 7, 8 en 9 (IMO-8400) werd positief geevalueerd in enkele experi-
mentele studies en een fase 1 trial onder gezonde vrijwilligers. Op basis van deze positieve
resultaten werd een eerste klinische evaluatie in psoriasis patiénten uitgevoerd. In hoofd-
stuk 7 worden de resultaten beschreven van een fase 2a trial met IMO-8400 in patiénten
met chronische plaque psoriasis. In deze studie werden 46 patiénten gerandomiseerd naar
een van 4 doseringen IM0-8400 of placebo. Studiemedicatie werd 1 keer per week toege-
diend met subcutane injecties. De behandelduur was in totaal 12 weken, gevolgd door een
follow-up periode van 7 weken. Tijdens de gehele studie-periode traden geen ernstige bi-
jwerkingen op en alle doseringen van IMO-8400 bleken goed verdraagzaam. Overal gezien
bracht IMO-8400 behandeling verbetering, maar een duidelijk dosis-respons relatie kon niet
worden aangetoond. Bovendien waren er geen statistisch significante verschillen met place-
bo (P =0.26). Van de 29 patiénten behandeld met IIM0-8400 behaalde 11 (38%) een PASI-50
respons, vergeleken met 1 (11%) van 9 patiénten met placebo. Vijf (17%) behaalde een PASI-
75 respons t.o.v. geen van de deelnemers in de placebo-groep. Concluderend toonde deze
fase 2 studie aan dat TLR-antagonisme met IMO-8400 klinisch leidt tot psoriasis-verbetering
in ten minste een subgroep van patiénten met plaque psoriasis. Verdere studies naar onder
andere doseringen e.d. zijn noodzakelijk om de waarde van TLR-antagonisten in de behan-

deling van psoriasis nader te onderzoeken.



P.S. Abraham
“Most of us, it must be admitted, still

treat many diseases absolutely
empirically, and we often cannot well
do anything else. |[...]

Our empiricism may be in one sense
unscientific, but it is obvious that a
rational treatment founded upon
pathology and etiology can only be
possible when the facts connected
with these latter are quite certain.”

—— AN address on psoriasis and its treatment. Br Med J. 1906 Apr 14;1(2363):842-4. se—




Aulus Cornelius Celsus

“Alterum genus peius est, simile
papulae fere, sed asperius rubi-
cundiusque; figuras varias habet;
squamulae ex summa cute discedunt,
rosio maior est; celerius et latius pro-
cedit certioribusque etiamnum quam
prior temporibus et fit et desinit:
rubrica cognominatur.”

De Medicina, Liber V. From Loeb Classical Library (1935), Harvard University Press s—
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p— Fugene M. Farber & Richard P. McClintock Jr.

“Ihe search for a ‘magic bullet’ that
will resolve lesions of psoriasis without
disturbing the mnormal metabolic
functions is far from over.”

—— A current review on psoriasis. Calif Med. 1968 Jun;108(6):440-57.
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ADVANCING PSORIASIS TREATMENT

Psoriasis is a common immune-mediated inflammatory skin disease
that can elicit a significant high burden of disease on patients, theirs
families, and society. In the last two decades significant advances
have been made in the treatment of psoriasis, but psoriasis remains
a challenging and difficult-to-treat disease. In this thesis, the focus
was set on advancing psoriasis treatment by undertaking a clinical
drug evaluation approach of two different systemic psoriasis treat-
ments. The first studied therapy is fumaric acid esters, which are an
established classical systemic treatment for psoriasis, but impor-
tant questions regarding their efficacy and mechanisms of action re-
main unanswered. The second drug assessed is a novel oligonucleo-
tide-based antagonist of toll-like receptor (TLR) 7, 8 and 9, which is a
potential targeted biologic treatment for psoriasis.
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