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EARLY PHASE CLINICAL DRUG DEVELOPMENT

Drug development is an extensively well-established but resource-de-
manding, and lengthy process. The gap between drug discovery and
market availability is generally estimated to span between 10 to 15 years.}?
Generally, the final stage in these programs is centred around clinical
trials testing drug candidates. The conventional approach for clinical
trials that is used by pharmaceutical industry, was established in the
early 1960’s as a guideline by FDA and divides clinical trials into four
phases, i.e., phaseI1-111 and a post- marketing phase (1v).3 In this approach,
pharmacokinetics, safety, and tolerability are generally prioritized as pri-
mary objectives in phase 1/11 trials.* However, with the current approach,
insufficient or delayed early information is obtained on the pharmacody-
namics and efficacy of the drug that is studied. This limitation can lead to
high attrition rates reaching as high as 90% across all phases, with 55%
attributed to lack of efficacy in phase 2/3, Figure 1.

As a consequence, drug candidates fail to progress to the market re-
sulting in high losses of investment.>” Implementing biomarkers into
clinical trials, with the goals of patient selection, enhancing safety, and
serving as a surrogate clinical endpoint, has resulted in a twofold increase
in the probability of success (Pos) compared to trials that do not utilize
biomarkers (POS 10.3% versus 5.5%). While the use of biomarkers im-
proves the pos in all phases, the effects were more pronounced in phase
I and 11 which is also the case in the field of autoimmune and inflam-
mation therapeutics.” Nonetheless, despite the numerous advantages of
incorporating a biomarker into a clinical trial, it also comes with certain
drawbacks. Making a go/no-go decision regarding a biomarker at the
end of a phase 1 trial is only reasonable when the biomarker’s predictive
accuracy is established at 93.4%.8 Hence, improvement is necessary, e.g.,
by augmenting the primary study objectives with research goals that spe-
cifically examine fundamental aspects of the drug’s properties, such as
its ability to reach the intended site of action and its target engagement,
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commonly known as proof-of-mechanism studies, which can be inte-
grated into phase 1/11 trials.>1°

Proof-of-mechanism studies focus on the initial validation of the
appropriateness of a target in a specific population (volunteers or pa-
tients), the most effective dosage regimen, and the duration of treatment
allowing to minimize the resource wastage.! Selecting an appropriate
patient population is vital for this type of studies. However, the absence
of a disorder, e.g. an inflammatory condition, in healthy volunteers may
impede the examination of these hallmarks. To overcome this problem,
pharmacological challenge models or experimental models in humans
can be established that temporarily mimic components of physiological
and pathophysiological conditions. Such models are currently minimally
available but can potentially be of great importance, e.g., in the field of
immune-mediated inflammatory diseases (IMID).

INFLAMMATION AND PHARMACOLOGICAL
CHALLENGE MODELS

Inflammation is the first response of our body to pathogens and ancient
physicians practicing Ayurvedic medicine in the Indian peninsula, as
early as 1500 BC, possessed prior knowledge of this phenomenon 1213
Aulus Celsus described the four characteristics of inflammation around
30 BC namely rubor (erythema), calor (increased heat), dolor (pain)
and tumor (swelling), while Galen subsequently, in the third century,
introduced the fifth sign, functio laesa (loss/disturbance of function)
in the affected tissue/organ. Altogether, the four characteristics served
as fundamental hallmarks referring to an acute inflammatory re-
sponse while loss of function is an universal sign that accompanies all
inflammatory processes.* Currently, inflammation is defined as the
physiological reaction of the body to injury or infection, wherein the
release of chemical mediators initiates an immune response aimed at
contesting infections or enabling restoration of the impaired tissue.'*®
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The prolonged continuation of inflammation over an extended period
frequently contributes to the development of diverse chronic inflamma-
tory conditions including auto-inflammatory diseases and 1MID, which
very often have cutaneous manifestations. The incidence of these kind
of (skin) diseases in Europe is rising and the prevalence remains high
with poor quality of life and major impact on socioeconomic burden.?*%
The prevalence for diseases such as atopic dermatitis (5.5%), alopecia
(5.8%), psoriasis (2.9%), chronic urticaria (1.4%) and cutaneous lupus er-
ythematosus (0.065 - 0.85%) is quite high, whilst therapeutic options are
still limited.??> This highlights that there is a high medical need for novel
therapeutics. Currently, a growing array of therapeutic agents is being
explored in this field, with e.g., over 70 novel compounds specifically for
atopic dermatitis in the development phase.?® Despite this increase, being
a direct result of improved understanding regarding the fundamental
mechanism of the disease, drug development still is a lengthy process
often spanning up to a decade and beyond from bench to bedside.}?
Therefore, innovative strategies are required to optimize and accelerate
the process of drug development for bringing clinically effective therapies
to the patients in need. Hence, the development of a robust challenge
model for skin inflammation can be an important step in the optimization
and acceleration process.

One of the pharmacological skin challenge models that has demon-
strated high potential in preclinical mice studies is a model with
imiquimod (1MQ) application. This model shows clinical features similar
to psoriasiform lesions, but also activates immunological pathways
that are of importance for various other auto-inflammatory/immunity
diseases, such as type I interferonopathies (e.g., cutaneous lupus erythe-
matosus).?”3! A fully characterized translation of this model to humans
has not yet been accomplished. Therefore, the objective of this thesis is I)
to set up an experimental imiquimod challenge model in healthy volun-
teers, based on murine models, I1) to suppress the IMQ-induced response
with the anti-inflammatory prednisolone and 111) to test applicability of
the model with a novel investigational drug.
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IMIDAZO[4,5-CIQUINOLINES

IMIQUIMOD = Imiquimod or1-(2-methylpropyl)-1H-1MIDazo[4,5-c]quin-
olin-4-amine (Figure 24A)isa synthetic, small molecule with a molecular
weight 0f240.3 g/mol, logP (2.65 - 2.83) that functions as animmunomod-
ulating agent.®2 This small sized, highly hydrophobic nucleoside analogue
is the active ingredient in Aldara® 5%, a topical cream marketed by 3M
Pharmaceuticals in 1995 for the treatment of external genital warts and
perianal warts and in 1997 for actinic keratosis, and superficial basal cell
carcinoma.?*371MQis available on the market as a 5% cream, howeverit is
also available in lower concentrations, 2.5% and 3.75% (Zyclara). IMQ acts
as a Toll like receptor (TLR)7 agonist (TLR7, EC50=10.7 uM) and primarily
activates the innate immune pathways followed by adaptive upon topical
application, leading to the production of cytokines.3®3° Whilst imiquimod’s
potential antiviral, antitumor, and immunoregulatory effects make it a
compelling choice for the treatment of a diverse range of dermatologic
conditions, it has also been used as a challenge agent in mice and rats to
induce inflammation and psoriasiform lesions.283140

RESIQUIMOD = Resiquimod or 4-amino-2-ethoxymethyl-o,a-dimethyl
-1H-1MIDazo[4,5-clquinolin-1-ethanol (Figure 2B) is a synthetic small
molecule with molecular weight of 314.4 g/mol, logP (1.72-2.24) and
was also developed by 3M Pharmaceuticals. While belonging to the
same chemical family as imiquimod, resiquimod can activate both TLR7
(ECc50=15 + 0.3 uM) and TLR8 (EC50=4.5 *+ 3.2 uM) and therefore also being
a good candidate for the treatment of genital herpes and actinic kerato-
sis.3%41 However, unlike imiquimod, resiquimod has never reached market
approval due to inconsistent results in clinical trials.*?

MECHANISM OF ACTION TLR7/8 AGONISTS @ Currently, there has
been significant progress made in understanding the mechanism of ac-
tion of imiquimod (Aldara®) and resiquimod. Recent evidence suggests
that the main pathway is TLR dependent for both iMQ and resiquimod. The
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other two inferior pathways following IMQ application are related to in-
flammasome activation and inhibition of the adenosine receptor.?7443-45
The main pathway which is TLR-dependent leads to IMQ or resiquimod en-
gaging with the pathogen recognition receptors (PRR) such as TLR7 and 8
respectively, that are predominantly expressed among other cells in hu-
mans on plasmacytoid dendritic cells (Ppcs) and myeloid dendritic cells
(MDCs), thereby activating the signal transduction cascade downstream
of these receptors.*¢4” These receptors belong to the family of transmem-
brane glycoproteins containing an ectodomain of leucine- rich motifs
allowing involvement in recognition of certain components of microbes.
Furthermore, TLRs also have a transmembrane domain and a cytoplasmic
tail domain that is primarily responsible for the initiation of intracellular
cascades.*®>* Upon binding of IMQ or resiquimod to TLR7 and TLRS, the
TLR dimerizes and undergoes conformational changes resulting in re-
cruitment of the adapter protein called myeloid differentiation primary
response 88 (MyD88) which in turn interacts with members of interleukin
(1L) 1 receptor associated kinases (IRAK) protein kinase family via death
domain. This leads to phosphorylation of IRAK4 which activates IRAK1.%°
Upon phosphorylation of these two kinases, dissociation from MYD88 oc-
curs leading to interaction with tumour necrosis factor (TNF) receptor
associated factor (TRAF)6 with E3 ubiquitin ligase activity.>® This formed
scaffold phosphorylates the inhibitor of kB (1kB) - protein with a primarily
function of keeping nuclear factor kappa B (NF- kB) in the cytoplasm - and
therewith degrades 1kB promoting translocation of NF- kB to the nucleus.”’
Activation of this downstream pathway is important in an early immune
response such as secretion of pro-inflammatory cytokines including, TNF,
IL-1,IL-1RA, IL-6, and IL-8%¢! | Figure 3. Furthermore, the formed scaffold
activates the AP-1 family transcription factors via phosphorylation of the
mitogen- activated protein kinase (MAPK) pathway leading to production
of interferon (IFN)p and TNF. Additionally, IRAK1 via TRAF3 interacts with
interferon regulatory factor (IRF) 7 which is highly expressed in specific cell
subsets among which PDcs. Phosphorylation of IRF7 shifts into the nucle-
us and triggers the production of type 11FNs, such as IFN-a and IFN-[3.6254
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The second pathway is TLR-independent and presumably Aldara indirect-
ly activates the inflammasome via NLRP3, which also triggers activation
of caspase 1and leads to pyroptosis accompanied by the secretion of iL-1f
and IL-18.4*%> An alternative pathway of Aldara® is also TLR- independent
and involves the activation of adenosine receptors. Imiquimod selectively
binds to the A; and A,A subtypes of adenosine receptors and potentially
exerts an antagonistic effect on these receptors.*#>¢¢ This results in the
inhibition of adenyl cyclase activity, which, in turn, prevents the conver-
sion of adenosine monophosphate to cyclic adenosine monophosphate,
and allows for the unimpeded transcription of proinflammatory cyto-
kines, such as TNF, IL-4 and IFN-y. This cascade potentially contributes
to augmentation of inflammation synergistically of the TLR-mediated
proinflammatory activity.

IMIQUIMOD IN (PRE)CLINICAL STUDIES @ Initially imiquimod was
proposed as a challenge agent to drive psoriasis-like inflammation in
mice, in addition to its marketed applications in the treatment of basal
cell carcinoma and actinic keratosis, by van der Fits et al. In this research,
1IMQ was applied to the shaved back and the right ear for 5 to 6 consecutive
days resulting in a daily dose of 62.5 mg. Within 2-3 days of application,
the first clinical inflammation symptoms such as erythema, scaling and
skin thickening became apparent. The epidermal thickening was also
confirmed with Hematoxylin and Eosin (H&E) stained sections, which also
showed increased numbers of dermal DCs, PDCs, neutrophils, and T cells.
On a molecular level, elevated levels of 1L-17/1L-23 measured by quanti-
tative polymerase chain reaction (QPCR) were observed. Furthermore, a
significant 2-fold spleen enlargement was observed after mice have been
subjected to 5 to 6 days of IMQ application with increased percentages of
macrophages, DCs and pPDCs.3! These findings indicate that topical IMQ
application in mice leads to systemic effects.

Subsequently the mouse model of psoriasis-like skin inflammation
gained popularity and has been utilized in more than 150 preclinical
published studies.?*%” This model offers several benefits, including its
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ease of implementation, cost-effectiveness, and ability to induce acute
skin inflammation.®87° However, it is not without drawbacks. Some of
the disadvantages include unintended systemic effects from topical
treatment, its excessive usage with limited validation studies, histological
misinterpretation, and its limited representation of various aspects of
human psoriasis.?®’°7> Another challenge is the difficulty in translatabil-
ity to humans given the presence of interspecies differences. In general,
human and murine skin share similar cellular compositions in the der-
mis and epidermis, but they primarily differ in thickness. Murine skin is
characterized by thin (less than 25 M) and loose structure while human
skin is firm and thick (100 pM) and is firmly adhering to the underlying
tissues with 5-10 layers of the epidermis, compared to murine which has
only 2-3 layers.”®8° Beyond the morphological distinctions, there are also
significant immunological differences between human and murine skin.
For instance, human skin contains the cytokine 1L-8, which is absent in
murine skin.® This particular cytokine plays a crucial role in neutrophil
attraction in humans and is secreted upon activation of the TLR7 receptor
and involvement of the NF-kB pathway. However, since mice lack this
cytokine, its absence, as well as the absence of potentially other cyto-
kines, may lead to discrepancies between the expected mode of action
of IMQ and the observed response in mice. This highlights the necessity
for achieving translatability of the iMQ model, ensuring that the findings
from mouse studies can be effectively translated and applied to humans.

IMQ has not earlier been tested as a challenge compound in humans,
however the safety and efficacy were tested extensively in healthy vol-
unteers and in patients. Furthermore, it has proven to be effective for
the treatment of certain viral infections such as perianal and genital
warts, superficial basal cell carcinoma, superficial squamous cell carci-
noma, actinic keratosis, and certain superficial malignant melanomas.®?
Application of iMQ depends on the skin disease, however in general,
patients are exposed to 5% IMQ at least three to four times per week
for a minimal period of four weeks.®® While topically applied iMQ has
shown to be locally effective, neglectable amounts (<0.9% of the dose)
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of the compound after single dose reaching systemic circulation were
reported.®* Following topical application of iMQ local skin reactions were
observed including local pruritus, burning sensation, erythema, excori-
ation, and oedema. In general, the drug appears to be well-tolerated.8>-9°

OBJECTIVE CHARACTERIZATION OF (SKIN)
INFLAMMATION

The use of validated biomarkers in the context of clinical drug devel-
opment has the potential to yield significant time and cost saving by
obtaining early validation of pharmacological effects or “proof- of-
pharmacology”. We define a biomarker as objectively measurable
characteristics that serve as indicators of normal biological processes,
pathological processes, or pharmacological response to an intervention.*

In the fields of immunology and dermatology, many biomarkers and
endpoints that are used in clinical settings provide only one-dimensional
information. For instance, in the context of skin inflammation, biopsies
are considered the conventional method for obtaining information
about the cellular and molecular process within the skin.®>°3 Moreover,
the impact on the skin's surface is frequently visualized using imaging
techniques to gain valuable insights into erythema.®* Whilst these as-
sessments are commonly used in clinical settings they offer only limited,
one-dimensional information on skin inflammation, despite its multi-
faceted nature as a complex biological process. Hence, there is need for a
multimodal characterization of skin inflammation. To address this need,
we introduce a novel and comprehensive approach covering different
domains, i.e.imaging, biophysical, molecular and cellular and physicians
score, Figure 4. The goal of this approach is to have a more complete pro-
file regarding skin inflammation that can be used to characterize drug
specific effects in early phase clinical trials.
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AIMS AND OUTLINE OF THIS THESIS

The primary aim of this thesis is developing and characterizing a mech-
anistic model to investigate skin inflammation on a mechanistic basis
in healthy volunteers by applying imiquimod, for utilization in drug
development programs. Extensive characterization of the inflammato-
ry response to imiquimod is performed using an array of assessments
focusing on imaging based, biophysical, cellular, and molecular changes.

In chapter 2, we broaden the scope and present a comprehensive
overview of other challenge agents for mechanistical models in healthy
volunteers studying inflammation, pruritus and models that target the
adaptive immune response.

Chapter 3 describes the development of a temporary skin inflamma-
tion model in healthy volunteers. Cutaneous inflammation in this model
is induced by the topical TLR7 agonist IMQ (Aldara®).

In chapter 4 of this thesis, a clinical study is performed to investigate
whether the immune response driven by iIMQ could be suppressed. This
study involves the administration of a registered anti-inflammatory drug,
i.e. oral prednisolone compared with a placebo. In addition, a technique
called suction blistering is implemented in this study to further charac-
terize the molecular and cellular aspects of the immune response.

The objective of chapter 5 is to conduct a translational study that fur-
ther studies the iIMQ-induced skin inflammation in healthy volunteers
by comparing short and long iMQ exposure. The study aims, amongst
other objectives, to determine whether the complement system played
a role in the underlying mechanisms associated with the induced skin
inflammation as earlier described in preclinical studies and if prolonged
IMQ exposure enhances the cellular effect. Also, this chapter attempts
understanding the role of neutrophil in this pharmacological model.
Furthermore, we aim to gain a deeper comprehension of the potential
translational gap that exists in this model.

Chapter 6 predominantly centres on the application of the IMQ model,
in combination with a novel drug candidate called omiganan, belonging
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to the group of cathelicidins, to examine if application of both compounds
results in synergy of the iIMQ-induced inflammatory response, as evi-
denced from in vitro studies.®

Lastly, chapter 7 provides a synthesis of the main findings of this thesis,
accompanied by a general discussion and recommendations regarding
suitability of the model for future drug development programs.
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Figure1 Process of conventional drug discovery and the failure rate at each step. Created
with BioRender.com
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Figure2 Chemical properties of imiquimod and resiquimod. Created with BioRender.com
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Figure3 Potentialmechanism of TLR7 agonists: IMQ and resiquimod. (1) MY-D88 dependent
pathway. (11) Via NLRP3. (111) MY-D88 independent pathway via adenosine receptor. Created
with BioRender.com.
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