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Early-stage drug development in the field of dermatology has its challenges.
The human skin, functioning as the body’s largest organ, orchestrates a
complex interplay of cellular interactions to regulate crucial processes such as
inflammation,immune responses, wound healing,and angiogenesis.! This subtle
interplay is disturbed in many inflammatory and autoimmune skin diseases and
the development of novel dermatological agents focusses mainly on compounds
modulating this disturbance.? In the early exploratory stage of clinical drug
development, trials are conducted in the absence of clinical information about
the drug. Uncertainty about its active dose, regimen and pharmacological
activity contribute to a relatively low probability of success, amounting to 13.8%
from phase I to market registration across all therapeutic areas. For drugs
targeting immunosuppressive and anti-inflammatory processes, the likelihood
of success is even lower at 6.3%.3

In an effort to increase the probability of success from early phases to market
registration, an alternative, more rational approach was proposed, wherein
pharmacodynamic properties are evaluated at the earliest clinical stage of
drug development.* The European Medicines Agency (EMA) underscores the
importance of assessing these pharmacodynamic properties, i.e., all possible
effects of a drug in the body, including therapeutic effects, adverse effects, and
side effects of drugs in the early exploratory stage of clinical drug development.®
How does this paradigm shift impact early-stage drug development in clinical
pharmaco-dermatology? From our perspective, exploring pharmacodynamic
properties at such an early stage of drug development raises a few challenges:
how to evaluate pharmacodynamic endpoints in early-stage dermatology trials
and which specific pharmacodynamic endpoints should be considered for
evaluation.

HOW TO EVALUATE PHARMACODYNAMIC
ENDPOINTS IN EARLY-STAGE DRUG DEVELOPMENT

Using pharmacodynamic endpoints in early-stage clinical drug development
is not new. With the increasing complexity of drugs and poor success rates,
even more focus is put on gaining comprehensive insight into the mechanism
of action at an early stage. This necessitates the understanding of downstream
signalling events in proteins and cells. In the field of immuno-oncology, a notable
74% of phase I studies have integrated pharmacodynamic markers, with 94% of
these being blood-based.® This trend is also observed in clinical trials focusing
on immunological indications, driven by the availability of blood-based assays,
a pathway-oriented development, and the wealth of experience gained in the
oncology domain.
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At the Centre for Human Drug Research (CHDR), a non-profit clinical research
institute at the interface between academia and the pharmaceutical industry,
objective pharmacodynamic endpoints have extensively been used over the
past decade, either in studies in patients or by using pharmacological challenge
models. Both pharmacokinetic and quantitative pharmacodynamic endpoints
have supported critical decisions in drug development, also in the field of
dermatological drug development. For example, antimicrobial peptides have
been shown not to improve clinical symptoms of atopic dermatitis as quantified
using objective pharmacodynamics.”

SKIN CHALLENGE MODELS

One essential issue when evaluating the pharmacodynamic properties of
(novel) dermatological agents in an early-stage dermatology trial in healthy
volunteers is the absence of a disorder, which can impede the exploration of
key aspects of drug development. Inflammation, for example, is a significant
factor in various dermatological conditions. Skin inflammation represents
an immune response to invading pathogens, skin injuries, and exposure to
xenobiotics, microbes, and parasites. Inflammation manifests itself clinically
through features such as erythema, pain, heat, and swelling.® A range of
immune cells from the innate and adaptive systems collaborate to eliminate the
invading pathogens. Imbalance among these immune cells can contribute to the
development of chronic skin conditions like psoriasis vulgaris, atopic dermatitis,
and acne vulgaris.~" Evaluating potential anti-inflammatory agents in healthy
volunteers is complicated and necessitates a challenge model capable of
mimicking the physiological and pathophysiological processes associated with
an inflammatory skin disease. In that case, pharmacological challenge tests are
needed to provide unequivocal proof of pharmacological activity.

A range of pharmacological challenge models and tests have been validated
in the past years.? Except for the Uv exposure model, most skin challenge
models in dermatology trials share a commonality in the administration of
a pharmacological agent to provoke an immune response. An example of
intervention using a pharmacological agent is used within the KLH challenge
model where researchers have been able to detect dose-dependent responses
of a novel monoclonal antibody against ox40 ligand, developed for atopic
dermatitis by using a KLH challenge model.?®* However, physical interventions
on the skin could also provoke an immunologic and inflammatory response and
mimic a dermatological disease, which is illustrated by the UvB exposure model
in pain studies and more recently in cutaneous lupus erythematosus.’* Another
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trauma-based challenge model is the wound healing model, which finds
application in both preclinical and clinical research.!>¢ Various wound healing
models are utilized in humans, including techniques based on tape stripping,
induction of blisters or abrasion, laser-induced wounds, split-thickness, and
biopsies.'® In general, techniques in wound healing models can be categorized
into two classes: partial thickness (e.g., tape stripping, blister, abrasion, laser-
induced wounds, split thickness) and full thickness (e.g., full thickness biopsy
techniques). The choice of method depends on the specific research question.
Full thickness biopsies necessitate comprehensive dermal, epithelization,
and subcutaneous procedures for healing, whereas studies employing partial
thickness or blister wounds predominantly focuses on epidermal healing and
processes influenced within the epidermis or dermis.

Thedemonstrated success of skinchallenge modelsin early drug development
trials in general is evident. However, CHDR has limited experience with wound
healing models, including both partial thickness and full thickness models.
Additive to the development of pharmacological skin challenge models, new
trauma-based derma-immunological challenges, such as the partial and full
thickness wound models, hold substantial promise not only for advancing our
understanding of human (patho)physiology, but also increasing our knowledge
about pharmacodynamics early in the drug development process.

A BLUEPRINT FOR CONDUCTING EARLY-STAGE
DERMATOLOGY TRIALS

There was only limited guidance on how to execute early-stage clinical trials
involving innovative topical or systemic drugs situated at the intersection of
dermatology and clinical pharmacology. In 2020, a blueprint was proposed
outlining the methodology for conducting early-stage clinical pharmacology
studies within the field of clinical pharmaco-dermatology.” In short, this
blueprint highlights five cornerstones capturing the essential facets of an
early-stage clinical pharmacology study (Figure 1). These cornerstones entail
the exploration of pharmacokinetic and pharmacodynamic properties of a new
drug, the inclusion of sensitive and objective endpoints, a multidisciplinary
setup, and integrating data from different domains. Rissmann underscores
the significance of adopting a multidisciplinary framework, necessitating
collaborations with fellow researchers on a global scale. Adhering to the
principles outlined in these five cornerstones may enhance the likelihood
of early detection of undesirable drug features, whether related to safety,
pharmacokinetics, or pharmacodynamics, thereby mitigating the risk of drug
failure during pivotal trials.
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Figure1 Blueprint for conducting early-stage clinical pharmacology studies in the field of
clinical pharmaco-dermatology.
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WHICH PHARMACODYNAMIC ENDPOINTS TO
CONSIDER

Although the number of novel techniques to assess the pharmacodynamic
properties of a (novel) dermatological agent has expanded in the field of
dermatology, pivotal dermatology trials are dominated by physician-evaluated
scores. Clinical efficacy scales, such as the Eczema Area and Severity Index (EASI)
for atopic dermatitis (AD), Psoriasis Area and Severity Index for psoriasis vulgaris
(pv) and inflammatory lesion count for acne vulgaris (av) or investigator global
assessments, play a vital role in the assessment of drug efficacy in early-stage
dermatology trials. Irrespective of the specific dermatological disease, clinical
efficacy scales are based on the number of lesions, the area affected, and the
severity of the disease, often classified based on color. Most of these scores use
discrete numbers from 0-3 (e.g., EASI). Despite efforts towards objectivity, most
clinical scores necessitate a clinical judgment from the physician. The subjective
nature of clinical scores, influenced by factors such as clinical training, color
perception, and even ambient lighting conditions, can impact the physician’s
judgment. Their limited objectivity, potential inter-rater variability and lack
of sensitivity might compromise unbiased conclusions, while assessments to
evaluate the pharmacodynamic properties of a (novel) compound ought to be as
valid, consistent, accurate, reproducible, and error-free as possible.

I- INTRODUCTION
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Typically, clinical efficacy scales find application in pivotal phase 3 trials
involving large patient cohorts. These outcomes are often associated with
the prevention or decrease in symptoms, such as erythema, scaling, or itch.
Detecting significant effects on such endpoints necessitates trials with large
sample sizes and prolonged follow-up periods. Incorporating clinical scores
into phase I research might lead to trials with inadequate sample size and short
follow-up periods, precluding robust statistical analyses. Consequently, phase I
studies are often underpowered to decisively approve or reject a compound for
further development.

To gain more rigorous insight into the pharmacodynamic effects of a novel
dermatological agent, objective outcome measures are needed. For example,
monitoring microcirculation can provide insights into the severity, progression,
and response to treatment of various skin diseases.’® Microcirculation is just
one aspect of skin health; the comprehensive evaluation of skin responses to
dermatological therapeutics may involve multiple biomarkers. Lack of insight
into the mechanisms and processes of wound healing, for example, has hindered
the development of new interventions and therapies so far.1*2°

A biomarker refers to a broad subcategory of medical signs of clinically
significant patient outcomesthat canbe accurately and reproducibly measured.?
Ideally, a parametric and accurate biomarker of the pharmacological influence of
acritical pathophysiological process is available to reflect the pharmacodynamic
effect of a therapeutic agent. Given the intricate interplay of physiological
processes in human skin, including inflammation, immune responses, wound
healing, and angiogenesis, these processes offer valuable insights into assessing
the pharmacodynamic impact of therapeutic treatments. Physiological
processes, exemplified by erythema, wound healing, barrier function, and
skin surface biomarkers, present opportunities to identify readily applicable
biomarkers in early-stage dermatology trials. However, the challenge remains
in identifying biomarkers accurate enough to reflect the pharmacological
influence of critical pathophysiological processes and determining the tools
capable of precise measurement.

OBJECTIVE MEASURES OF PHARMACODYNAMIC
ENDPOINTS IN DERMATOLOGICAL DRUG TRIALS

The selection of an appropriate pharmacodynamic endpoint is of paramount
significance in the context of early-stage drug trials. Recent advancements
in the development and application of digital tools, imaging techniques and
combinations of serum biomarkers have substantially advanced the realm
of objective measures as pharmacodynamic endpoints in dermatology trials.
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A rapidly growing list of tools is currently available for the comprehensive
characterization of drug effects in the individual patient. The earlier-introduced
blueprint on how to perform early-stage dermatological drug trials also offers
guidance on how to include different sensitive and objective endpoints and
integrate data from different domains, assessed by multiple techniques. The
so-called ‘DermaToolbox’ encompasses innovative methodologies applicable in
early-stage drug development trials, introducing a multidimensional approach
spanning clinical, imaging, biophysical, molecular, cellular, microbiome, and
physician- and patient-reported biomarkers. Digital indices, for instance,
demonstrated by the digital Psoriasis Area and Severity Index (PASI) widely used
in psoriasis trials, and the digital Eczema Area and Severity Index (EASIdig) in
atopic dermatitis trials, have succeeded their non-digital counterparts.??

Transepidermal water loss (TEWL) quantifies the amount of evaporated
water moving through a fixed area of the stratum corneum to the skin surface
within a given time frame. TEWL has become the most widely used objective
measurement for evaluating the barrier function of skin in healthy individuals
and in patients with skin diseases linked to skin barrier dysfunction, such as
atopic dermatitis.®

In addition, the spectrum of imaging techniques has expanded considerably
over the years.?* Examples are stereophotogrammetry, Optical Coherence To-
mography (ocT) and Laser Speckle Contrast Imaging (LscI). Stereophotogram-
metry, also known as 3D photography, involves the simultaneous acquisition
of two images of the lesion from slightly varied angles, allowing creation of a
three-dimensional reconstruction. From this, a range of measurements can be
obtained, including lesion dimensions, properties, and surface features.?®> ocT
is applied for high-resolution, in vivo imaging of skin structure and vasculature
to quantify and monitor inflammation in conditions like psoriasis and atopic
dermatitis,?® while measurements performed via LscI are based on the dynamic
change in backscattered light because of interaction with red blood cells; Lsc1 is
used to objectively quantify perfusion in inflammatory skin lesions.?’ It is evi-
dent that non-contact and reliable imaging modalities hold promise in detecting
slight changes that may often go unnoticed by the naked human eye.

PROBLEM STATEMENT

In summary, evaluating the pharmacodynamic properties of a dermatological
agent seems indisputable for well-informed decision-making in the early stage
of drug development. Despite the multitude of early-stage drug trials incorpo-
rating pharmacodynamical endpoints, there seems tobe alack of understanding
how to integrate pharmacodynamic outcomes into early-stage dermatological

I- INTRODUCTION
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drug trials. Success stories from investigations employing objective pharma-
codynamic endpoints in both disease and challenge models underscore the
feasibility of integrating such endpoints during the initial clinical stages of drug
development. The predominant focus of studies in the earlier stages of drug
development remains on healthy volunteers, with challenge models being un-
equivocally endorsed in most cases. The introduction of novel trauma-based
derma-immunological skin challenges, including partial and full-thickness
wound models, holds promise for enhancing our comprehension of dermato-
logical physiological processes and advancing early-stage pharmacodynamic
knowledge.

Considering the presumed limitations in the objectivity of clinical efficacy
scores, we advocate a more objective approach that incorporates imaging tech-
niques and precise biomarkers as pharmacodynamic endpoints in early-stage
dermatology trials. While outcomes reported by physicians and patients offer
clinically relevant information and can be integrated into routine dermatologic
practice and pivotal phase 3 dermatology trials, their applicability in early-stage
trials is limited. There is a great need for more reliable and objective outcome
measures, given the increasing development of compounds for dermatological-
immunological disorders.

AIMS AND OUTLINE OF THIS THESIS

This thesis describes how pharmacological and trauma-based derma-immuno-
logical challenges are developed and how objective pharmacodynamic endpoints
are evaluated in early-stage trials in the field of clinical pharmaco-dermatology.
Section I of this thesis discusses the development of trauma-based derma-
immunological challenges and how these models support the characterization
of different immunological pharmacodynamic processes. Chapter 2 covers the
characterization of a cutaneous wound model to objectively test novel wound
healing treatments. In this chapter, three- and four-mm full thickness punch bi-
opsies were taken on the lowerback of healthy volunteers and left to heal without
intervention. In chapter 3, a suction blister model is developed to characterize
epidermal wound healing. By using negative pressure, skin blisters were induced
over approximately two hours. After removal of the epidermal sheet blisters
were left untreated in the observational study and treated with a novel topical
cream. The characterization of pharmacodynamic endpoints after the develop-
ment of pharmacological challenge models is discussed in section II. Chapter
4 describes the study of an intradermal challenge with substance P in healthy
participants to understand and distinguish between wheal and flare responses
following various substance p doses. In chapter 5, the pharmacodynamic activity
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of IRAK4 inhibitors is evaluated and characterized after inducing an inflamma-
tory response via the topical application of imiquimod and systemic application
of lipopolysaccharide. Section 111 illustrates how pharmacodynamic endpoints
can be incorporated in a classical phase I feasibility and dosing study about
microneedles. In chapter 6, we pre-explored the nature and extent of impact
of repeated methotrexate injections via microneedles in children. In chapter
7, we investigated the feasibility of intradermal administration of adalimumab
via hollow microneedles and conventional needles and evaluated the effects on
percutaneous perfusion in a classical phase I feasibility and dosing trial. Chapter
8 summarizes the results of all chapters and highlights future avenues for early-
stage drug development in dermatology.

I- INTRODUCTION
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Development of pharmacological interventions for wound treatment is
challenging due to both poorly understood wound healing mechanisms and
heterogeneous patient populations. A standardized and well-characterized
wound healing model in healthy volunteers is needed to aid in-depth
pharmacodynamic and efficacy assessments of novel compounds. The current
study aims to objectively and comprehensively characterize skin punch
biopsy-induced wounds in healthy volunteers with an integrated, multimodal
test battery. Eighteen (18) healthy male and female volunteers received three
biopsies on the lower back which were left to heal without intervention. The
wound healing process was characterized using a battery of multimodal, non-
invasive methods as well as histology and qPCR analysis in re-excised skin punch
biopsies. Biophysical and clinical imaging readouts returned to baseline values
in 28 days. Optical coherence tomography detected cutaneous differences
throughout the wound healing progression. gpCR analysis showed involvement
of proteins, quantified as mrRNA fold increase, in one or more healing phases.
All modalities used in the study were able to detect differences over time. Using
multidimensional datavisualization, we were able to create a distinction between
wound healing phases. Clinical and histopathological scoring were concordant
with non-invasive imaging read-outs. This well-characterized wound healing
model in healthy volunteers will be a valuable tool for the standardized testing of
novel wound healing treatments.

INTRODUCTION

Cutaneous trauma as induced by a cut or burn of the skin initiates a cascade
of phasic events to restore the skin’s function. Classically, the phases of wound
healing are referred to as haemostasis, inflammation, proliferation, and
remodelling (Figure 14), where each phase elicits a peak activity at a certain
time in the wound healing cascade (arbitrarily depicted in Figure 14).¥>>* The
phases are marked by signalling pathways mediated by numerous cell types,
growth factors, and cytokines under normal conditions.>¢ After haemostasis
each subsequent phase is characterised by changes in the microenvironment
including the secretion of cytokines and chemokines, and the attraction,
migration, and activation of various cell types.” In addition, the microbiome is
thought to play an important role in wound healing.® In delayed wound healing
and chronic wounds, the typical cascade is impaired, mainly in the inflammation
phase.® For these situations, an intervention for improved and accelerated
wound healing is desirable.

Currently no clear consensus has been reached regarding the most important
factors resulting in delayed healing in humans and how to improve or accelerate
wound healing.*® Lack of insight into the mechanisms and processes of wound
healing which has hindered the development of new interventions and
therapies.»? The heterogenicity of wounds related to complex comorbidities
and differences in wound induction (i.e., acute wound, burn wound, cut wound,
chronic wound) creates challenges. The need to find effective treatment options
for acute and chronic wounds is unmet. The financial burden to treat chronic
wounds is estimated to be approximately $ 15-22 billion by the end of 2024.1314
Inthelast five years, only alimited number of clinical trials have been performed
focusing on a novel treatment for wounds using an evidence-based approach.
One contributing factor may be the lack of a robust human wound healing
model for early phase clinical studies.’>¢ The current standard endpoint to
evaluate wound healing (also used by regulators) is based on time to complete
healing, and focusses on the wound visible with the naked eye.l” A more in depth
human wound healing model using healthy volunteers had been introduced
earlier.'®However, while the model had shown that optical coherence
tomography (0cT) is capable of distinguishing cutaneous structural changes
and that the measurement was comparable to histology the focus rested on
the non-invasive nature of this device alone. A full integration of modalities to
changes in the skin's structure, function, and micro-environment could aid in
wound healing drug development.

To address these challenges, a study was designed with the aim to compre-
hensively characterize the mechanisms and processes of physiological wound
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healing. A standardized 3 mm full-thickness skin punch biopsy on the back of
healthy volunteers was made and measured with a standardized, multimod-
al test battery yielding a multidimensional approach.2%# All healing phases
after haemostasis were extensively, (non)-invasively characterized in different
domains, i.e., biophysical, cellular, molecular, clinical aspects, and clinical im-
aging. Methods with objective and biomarker-based readout were deployed as
depicted in Figure 1A and 1c. Finally, the data were integrated using advanced
datavisualisation techniques to fully exploit this high-temporal and high-spatial
resolution data set.

MATERIALS AND METHODS

This was a prospective single-arm, biopsy-location randomized, observational
study in healthy volunteers performed at the Centre for Human Drug Research,
Leiden, The Netherlands (NL63280.056.17). The trial was executed in accordance
with the declaration of Helsinki. The independent Medical Review and Ethics
Committee ‘Medisch Ethische Toetsingscommissie van de Stichting Beoordeling
Ethiek Biomedisch Onderzoek’ (Assen, the Netherlands) approved the study
priorto clinical study activities. All subjects received oral and written information
and gave written informed consent before participation. The study lasted from
November 2017 till March 2018. The trial was registered on ClinicalTrials.gov
(NCT03433820).

SUBJECTS, STUDY DESIGN AND RANDOMIZATION

In total, 18 non-smoking healthy male and female volunteers (Fitzpatrick skin
type 1-11), aged 18-30 years with a body mass index (BMI) between 18-30 kg/
m? were included. Main exclusion criteria were history of pathological scar
formation, smoking, clinically relevant skin conditions, and diseases associated
with immunosuppressive or immunomodulatory medication. Overall health
status was assessed by physical examination, electrocardiogram (Eca), blood
pressure measurements and blood analysis.

An overview of the wound healing phases used to classify the data and the
trial design are depicted in Figure 1A and 1B. All subjects underwent three full-
thickness skin punch biopsies (3 mm) on the lower back on the first study day,
which were randomly performed on the right or left side of the lower back.
After the biopsy procedure, the wounds were covered with gauze dressing until
haemostasis was completed. After haemostasis the wounds were left untreated
and uncovered. Subjects were randomized to receive two repeated biopsies on
day 7,14 or 21 and on day 28, 42, or 56 (n=6 per repeated biopsy day), respectively.
For all imaging, clinical, and biophysical parameters eighteen 3 mm were
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Figure1 (aA) Schematic representation of wound healing phases. Phase separation into set
days is arbitrary and can differ dependent on the wound. (8) Clinical study design. Three-
times 3mm biopsies were taken on day 0 either on the right or left side of the lower back
and were left to heal without intervention. *Subjects were randomized to receive the first
4mmre-biopsy on day 7, day 14 or day 21. **Subjects were randomized to receive the second
4mm re-biopsy on day 28, day 42 or day 56. (c) Blueprint for mechanistic and clinical
pharmacology studies. Adapted from Rissmann et al. (2020). All assessments are reported
in this article.
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followed over time. For all molecular and cellular parameters eighteen 3 mm
biopsies were measured on day 0, and six 4 mm biopsies were measured on
subsequent timepoints.

BIOPHYSICAL: SKIN BLOOD PERFUSION AND SKIN BARRIER FUNCTION

Skin blood perfusion was quantified using Dynamic-Optical Coherence
Tomography (D-ocT; VivoSight ocT, Michelson diagnostics, Kent, United
Kingdom) atbaseline and on each study day visit as described before.?>?? Subjects
were acclimatized to a temperature-controlled room and lighting was kept con-
stant for the entire duration of the trial. D-oCT recordings were captured using
a 6 mm probe placed directly over the wound creating a closed environment be-
tween skin and laser. 120 consecutive scans with a depth of up to 1.5 mm were
taken of the wounds in approximately 20 seconds. Cutaneous microcirculation
was quantified by calculating the average speckle signal returning from a depth
of 01 mm up to 0.35 mm to reduce artefacts and noise signal.?*

Skin barrier function was measured using transepidermal water loss mea-
surements (TEWL; Aquaflux AF200, Biox Systems, London, United Kingdom).
Subjects were acclimatized to the room for 15 minutes before the start of a mea-
surement. A probe was placed on the wound creating a closed chamber of 3
mm, after which a measurement was started. Humidity differences between the
TEWL chamber and the skin results in movement of water particles. Sensors in
the chamber detect the water particles over time. A measurement lasted for 9o
seconds or until steady-state flux was reached.

CLINICAL IMAGING: ERYTHEMA, PLANIMETRY, AND MORPHOLOGY

Skin erythema was quantified using multispectral imaging (Antera 3D®,
Miravex, Dublin, Ireland), as described in detail before 22?325 The multispectral
camera creates a closed chamber of 25 cm? for image capture with standardized
lighting and distance. A region of interest of 4 mm in diameter was defined and
kept analogous with all analyzed images. Skin erythema was defined as the a*
value (AU) using the CIELab color classification system.?®

Planimetry (volume, surface, depth) of the induced wounds was measured
using stereophotogrammetry (LifeViz 30®, Quantificare, Biot, France).?” Two 2D
images were created simultaneously using a parallel lensing system. Standard-
ized lighting and distance were established by flash, a light-controlled room,
and guidance lasers. Standardized pictures were taken on all study day visits.
Images were analyzed using accompanying software (DermaPix®, Quantificare,
Biot, France). The inner wounds (wounds without perilesional elevation/depres-
sion of skin included) were traced by a single experienced analyst. Analysis was
performed only when a wound was present. Depth, surface, and volume were
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reported in mm, mm? and mm?, respectively. Volume was calculated using an
algorithm based on volume calculations for a cone.

Qualitative assessment of the skin's morphology was performed using
Optical Coherence Tomography (ocT; VivoSight, Michelson Diagnostics Ltd,
Maidstone, United Kingdom). A 6 mm probe was placed directly over the wound
and recorded 120 consecutive images in approximately 20 seconds. Recordings
were up to 1.5 mm in depth and reached a lateral and spatial resolution of 7.5
pm and 5 pm, respectively. Qualitative inspection of the images was performed
by two experienced observers and quantitative analysis comprised automated
epidermal thickness measurements. Epidermal thickness was calculated by
subtracting the signal corresponding to the change from epidermis to dermis
(dermo-epidermal junction) from the signal corresponding to the transition
from air to skin.

MOLECULAR & CELLULAR: SKIN PUNCH BIOPSIES

Three- and four-millimeter skin punch biopsies were snap frozen in liquid
nitrogendirectly after harvest. Biopsieswere stored at < -80°Cuntil shipmentand
analyzed at the Immunology Laboratory of Erasmus Medical Center, Rotterdam,
The Netherlands.mRNA extraction was performed using GenElute™ Mammalian
Total RNA Miniprep kit (Sigma Aldrich™, RTN350-1KT) and expression was
determined for CTGF, EGF, FGF1, FGF2, GM-CSF, IL-6, IL-10, IL-33, IL-13, MMP1,
MMP3, MMP9, PDGFA, PDGFB, PGF, TGF-[1, TGF-f3, TNF, VEGF-A relative to the
housekeeping gene ABL using quantitative reverse transcriptase polymerase
chain reaction (RT-qPCR, ViiA™ 7 Real-Time PCR system). Furthermore, biopsies
were hematoxylin-eosin stained to compare with time matched ocT recordings
and clinical images. Histopathological scores were graded by an independent
histopathologist. Histopathology scores were given to 5 healing parameters
(wound re-epithelization, granulation tissue, inflammation, neoangiogenesis,
and connective tissue formation) with corresponding assessment parameters,
and were graded from 0-3 corresponding to absent, scant, moderate, and
profound, respectively. To evaluate the wound healing over time, re-biopsies
were used in the histopathologist scoring, as reported earlier.?

CLINICAL: RED-YELLOW-BLACK, ERYTHEMA GRADING SCALE, AND
PATIENT OBSERVER SCAR ASSESSMENT SCORES

Clinical scores of the wounds were performed using the red yellow black (RYB)
score, erythema grading scale (EGs), and Patient Observer Scar Assessment
Scores (POsAS) as described before 223031 All scores were performed by a single
trained physician. The RYB score consisted of three wound parameters: wound
presence, wound color, and wound humidity. RYB scores were only completed on
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days that a wound was present. EGS scores were graded absent, mild, moderate,
or severe and were performed on all study day visits. POSAS scores were only
performed when the wound was closed. Since the wounds were created on the
lower back only the observer scores of the POsAs were performed.

DATA VISUALIZATION

An exploratory data analysis and visualization of the wound healing data was
performed to identify distinct wound healing phases. To visualize if the different
wound healing phases could be clustered based on the objective wound healing
parameters, the data was projected into a t-distributed Stochastic Neighbor
Embedding (t-SNE) space using the Python (Python Software Foundation)
package scikit-learnversion1.0.2.t-SNEis an effective non-linear dimensionality
reduction technique used to create a two-dimensional representation of a high
dimensional dataset to visualize and identify potential clusters.3? Data from all
timepoints were arbitrarily divided over three phases based on literature.33-3¢
The inflammation phase lasted from day 2 to day 7, the proliferation phase from
day 10 to day 24, and the remodeling phase from day 28 to day 70. Data from day
o was used as healthy pre-challenged skin.

For further visual comparison of categorical groups across multiple quantita-
tive parameters a radar chart was developed. The magnitude of the parameter
for each data point in relation to the maximum magnitude of the parameter
across all the data points was calculated using Python (Python Software Founda-
tion) and classified using the wound healing phases depicted in Figure 143’

STATISTICS

All statistical and randomization programming was performed by a study-
independent statistician and created using SAS 9.4 software (SAs Institute Inc.,
Cary, NC, USA). Biopsies were randomly performed using a randomization list
with order of biopsy codes. The randomization code was only made available
after study completion. For all physical, imaging, and clinical parameters data
are summarized and displayed and reported descriptively (mean *, SD).

RESULTS

A total of thirty-two (32) volunteers were screened for participation in the
study. Fourteen (14) volunteers were excluded based on in/exclusion criteria.
Nine (50%) male and nine (50%) female Caucasian subjects participated in this
trial (Table 1). No serious adverse events (SAES) or discontinuation due to AEs
occurred. All AEs were of mild severity and self-limiting.
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Table1 Subject demographics and baseline characteristics

Age (years)

n 18

Mean (SD) 21.9(2.0)

Median 220

Min, Max 18, 25
Height (cm)

n 18

Mean (SD) 176.8 (8.2)

Median 176.9

Min, Max 164.1,193.5
Weight (kg)

n 18

Mean (SD) 70.2 (10.2)

Median 701

Min, Max 55.3,91.95
BMI (kg/m?)

n 18

Mean (sD) 22.4(2.6)

Median 21.8

Min, Max 18.3,27.9
Sex

Female 9(50.0%)

Male 9(50.0%)
Race

White 18 (100.0%)
Fitzpatrick Skin Type

1 (always burns and never tans) 1(5.6%)

2 (always burns and tans min) 17(94.4%)

SKIN BLOOD PERFUSION AND SKIN BARRIER FUNCTION RESTORED
WITHIN 28 DAYS AFTER THE INITIAL BIOPSY

An increased cutaneous microcirculation (Figure 24) was observed after the
skin punch biopsy procedure as quantified with ocT indicating the start of the
inflammation phase (Figure 2B). The average blood flow peaked at day 2 (mean
0.11+0.03 AU, Phase 11) and was elevated up to day 7 (mean 0.11+0.03AU, Phase
11). From day 7 onwards a return to baseline was observed, which completed at
day 17 showing the transition from the inflammation to the proliferation phase
(mean 0.05+0.01AU, Phase II1).

The skin barrier function represented by TEWL flux levels was highly
impaired directly after the skin punch biopsy on day o (Figure 2¢). A maximum
mean flux of 61.0 g/m?h was observed on day 2 (Phase 11), which decreased over
time returning to the baseline value at day 28 (mean 13.8 + 4.1g/m?h, Phase 1v).
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Figure2 Biophysical response after 3mm skin punch biopsies over time. (A) representative
images of D-OCT skin blood perfusion parameter at a measuring depth of 0.35mm on the
indicated study days. (B) Skin blood perfusion, displayed in change from baseline (day o)
[mm/s] up to day 70, is increased after wounding and gradually decreases over time (n=18).
(C) Transepidermal water loss, displayed in change from baseline [g/m2h] over time, is
increased after wound induction and decreases steeply over time (n=18). All data are
expressed as change from baseline, means + standard deviation.
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NOVEL CLINICAL IMAGING TOOL CAN OBJECTIVELY IDENTIFY
DIFFERENCES IN SIZE, COLOR AND CUTANEOUS STRUCTURES
OF THE INDUCED WOUNDS

Erythema of the skin as quantified by multispectral clinical imaging was visible
in all wound healing phases starting two days after biopsy procedure (mean
27.44 £ 416 AU, Phase 11) and remained variably present up to day 70 (mean
25391234 AU, Phase 1V), not returning to the baseline value at end of study
(Figure 3A-B).

Stereophotogrammetric parameters (volume, surface, depth) are displayed
in Figure 3c-E. Two days after biopsy procedure there was a negative wound
volume (mean-1.32+0.95mm?, Phase 11), indicating a concave planimetry. From
day 2 up to day 10. During the inflammation and proliferation phases (Phase 11/111)
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the wound volume became positive (mean 0.58+0.39mm?3), followed by a
decrease and return to the pre-biopsy conditions on day 28 (Phase 1v). Although
no wound was visible anymore after day 28 in the remodeling phase (and no
analysis could be performed) a small elevation of the skin was observed upon
visual inspection on day 28 and during the following visits.

The initial wounds had a mean surface of 7.55+1.24mm? at day 2 (Phase
11). A gradual wound closure was observed from day 2 up to day 24 (mean
0.11%0.39mm?, Phase 11/111), with full closure of the wound on day 28 (Phase 1v).
The mean maximum inner wound depth quantified 2 days after the biopsy pro-
cedure (Phase 11) was -0.41+0.15mm, which returned to a flat and normalized
state at day 28 (Phase 1v).

Automatically calculated epidermal thickness measurements calculated by
ocT showed anincrease in epidermal thickness in the remodeling phase 4 weeks
after wounding followed by a gradual decrease over time up to day 70 (Figure
3F). Epidermal thickness did not return to baseline values in 70 days. Epidermal
thickness measurements could not be performed on day 7,10 and 14 due to crust
interference and lack of epidermis.

MRNA EXPRESSION LEVELS OF WOUND RELATED PROTEINS CLEARLY
FOLLOW THE WOUND HEALING PHASES

The molecular response to skin wounding was studied by quantifying mrNA
expression in snap frozen 3- and 4-mm biopsies using gqpcRr (Figure 4). In
general, day 0 data consist of 18 skin punch biopsies, whilst the remaining
time points consist of 6 skin punch biopsies due to the randomized procedure
for repeated biopsies. The inflammation phase (Phase 11) was characterized
by the upregulation of several pro-inflammatory cytokines between day o
and 7 (i.e. IL-1p IL-10, IL-33, TNF, GM-CSF, VEGF-A) followed by a decrease and
stabilization at day 28 (Figure 4A-E). mRNA expression levels of proteins that
are thought to be involved in the proliferation (Phase 111) and remodeling phase
(Phase 1v) of wound healing (i.e. PGF, TGFB1, TGFB3, MMP1, MMP3, MMP9) were
already upregulated at day 7. Interestingly, TGF-B3 remained increased up to day
70. All other parameters showed a gradual decrease over time or a plateau at the
end of the observational period, Figure 4.

HISTOLOGY SCORES ALIGNED TO WOUND HEALING PHASES

Histopathology scoring was performed for each biopsy. Only in case the biopsy
was fragmented and/or scoring was not applicable no score was given. Figures
s1-s5 display all histology scores. Complete re-epithelialization (Phase 111,
Figure s1) was achieved on day 14 for all biopsies. As of day 28, all epithelization
parameters returned to pre-wounded skin.
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Figure 3 Wound planimetry and clinical imaging. () Representative images of wound
healing progression over time (photos taken at indicated days). (B) Skin erythema, displayed
as change from baseline arbitrary units over time (n=18). (C-E) Volume, surface and depth
displayed in change from baseline mm? mm? and mm, respectively (n=18). (F) Automatically
calculated epidermal thickness displayed in mm over time (n=18). Data on day 0 is epidermal
thickness calculated pre-biopsy procedure. Figures A-E are expressed as change from
baseline, means * standard deviation. Figure F is expressed as means + standard deviation.
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Figure 4 mRNA expressing quantified using qpCRr. Data is expressed as individual data points with means, relative to housekeeping gene ABL
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Inflammation scores (Phase 11, Figure s2) were divided in three categories
(neutrophils, histiocytes, lymphocytes) and an overarching parameter ‘total
inflammation'. For two biopsies, signs of inflammation were already observed
on day 0. On day 7, all biopsies that could be assessed showed scant signs of
inflammation, which changed to moderate inflammation in some biopsies and
returned to scant after 42 days in most of the biopsies.

Neoangionesis (sign of Phase 11/111, Figure s3) was scored using two
characteristics: vessel proliferation and orientation. Vessel proliferation was
visible on day 7 in all biopsies and remained mild to moderately present up to
day 70. Vessel orientation was primarily vertical on day 14 (4 biopsies). On all
other days, vessel orientation was primarily mixed (vertical and horizontal).

Granulation tissue (sign of Phase 111/1v, Figure s4) was scored using the
characteristics: area affected by granulation tissue in % and fibrin deposition.
Scant, moderate, profound and excessive correspond to 0%-25%, 25%-50%,
50%-75%, 75%-100% affected, respectively. On day 7, fibrin disposition was
profoundly visible and decreased over time up to clearance at day 21. The
percentage of area affected was the highest on day 21 and day 28. On day 56 the
percentage of area affected differed greatly (2 biopsies scored absent, 4 biopsies
scored profound).

Characteristics associated with connective tissue formation (sign of Phase
1v) are shown in Figure s5. Proteoglycan/mucin deposition was affected 7days
after wounding. From day 14 onwards, the deposition returned to normal. Elastin
deposition remained unchanged throughout the study. With advancement
in time, the amount of collagen deposition fluctuated but was eventually
profoundly expressed on day 70. Interestingly, the collagen orientation changed
over time from horizontal orientated to mixed orientated. On day 70, 4 biopsies
showed horizontal orientation, whereas 2 biopsies showed mixed orientation.

DATA VISUALIZATION

A complete data visualization using all data described in the preceding sections
except epidermal thickness measurements is displayed in Figure 5. The radar
chart (Figure 54) shows involvement of most parameters for the distinction of
phases. The magnitude of pro/anti-inflammatory proteins in the inflammation
phase is higher compared to all other phases. In addition, all multidimensional
data has been compressed to a one-dimensional t-SNE graph (Figure 58). The
t-SNE plot shows distinct pre-challenged, inflammation, proliferation and
remodeling clusters. The figure also illustrates some overlap between the
proliferation and remodeling phase. Data points collected from pre-challenged
skin and datapoints collected in the inflammation phase shows close clustering
and no clear overlap with other phases.
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Figures5 Data visualization using radar chart and t-SNE.
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NON-INVASIVE OCT IMAGES VS INVASIVE HISTOLOGY

Figure s6 depicts the progression of wound healing over time as measured by
ocT.For comparison, histology slides from day 0, 7,14, 21,28, 42, 56 were added to
Figure s6, illustrating the different wound healing processes over time (excluding
the haemostasis phase, phase I) measured invasively vs non-invasively.

In intact skin (Figure s64), skin characteristics such as the stratum corneum,
epidermis, dermis, dermo-epidermal junction and blood vessels could easily be
discriminated in the ocT image.

Phase 11 (day 2-7): 7days after wound induction, the first signs of restoration
became apparent by a clear haemostatic crust in both the ocT and histology
recordings (Figure s6B). In addition, the migrating epidermal tongue originating
from the epidermal bulge directly adjacent to the wound and the several dilated
perilesional blood vessels were also present as signs of this phase.

Phase 111 (day 10-24): Complete restoration of the epidermis occurred
after 14 days (Figure s6c). In histology, this was shown by an epidermal bulge
originating from both perilesional sides of the wound accompanied by a cellular
infiltrate. For ocT, the restored epidermis was visualized by a bright white
band next to the epidermal bulge caused by the inflammatory infiltrate. Other
processes related to the proliferation phase of wound healing were observed
21days after wounding in both the histology and ocT images (Figure s6D). The
epithelium layers were thickened and granulation tissue at the base of the
wound was formed.

Phase 1v (day 28-70): 28 days after wounding the first processes involved
in the remodeling phase of wound healing were seen (Figure S6E). A mixed
extracellular matrix orientation was observed in both histological and ocT
recordings. In addition, a further flattening of the epidermis was seen. This
flattening of the epidermis continued up to day 42 after wounding (Figure S6F).
The epidermis was thickened compared to unwounded skin and no rete ridges
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were visible. Furthermore, a thickening in the upper epithelium layers was seen
in the histology recording. The orientation of blood vessels was mixed (horizontal
and vertical) but less in density compared to unwounded skin. 56 (Figure s6G)
and 70 (Figure s6H) days after wounding, the skin showed increased roughness
(on ocrT recordings) indicating a less dense extracellular matrix compared to
42days post wounding. 70 days after wounding, the epidermis was still thickened
compared to unwounded skin (Figure s6A, ocT graph) and showed clear signs of
fibrosis (hyperreflective dermis).

CLINICAL SCORES ARE CONSISTENT WITH CLINICAL IMAGING

EGS and RYB scores were performed on all study day visits. POSAS scores were
performed from the day that the wound was closed (day 14). Data on the scores
in frequency over time are displayed in Figure s7. A shift from severe (day 2-10,
phase 11/111) to moderate (day 14-28, phase 111/1v) to mild (day 42-70, phase 1v)
erythema was observed in the EGs scores. The RYB scores shifted from black to
no wound (wound closure) from day 14 onwards. POSAS scorings showed a steep
decrease from day 14 up to day 28. A plateau was formed from day 28 to day 70.
The scores did not return to the minimal scores of a POSAS score.

DISCUSSION

In this study, we aimed to characterize physiological wound healing with a
multimodal test battery consisting mainly of non-invasive methodologies in
a healthy volunteer challenge model. We demonstrate for the first time that a
test battery of non-invasive techniques can objectively monitor quantifiable
changes over time of the distinct wound healing phases, that is phase 11
inflammation, phase 111 proliferation and phase 1v remodeling, while excluding
the haemostasis phase. Additionally, multiple parameters were integrated and
visualized in a radar chart highlighting the most important parameters and
most suitable biomarkers per phase. Lastly, data integration of all parameters
by means of t-SNE showed clear clusters per phase. Remarkably pre-challenged
skin and the inflammation phase were the most pronounced clusters.

CLINICAL IMAGING AS OBJECTIVE READ-OUT FOR WOUND HEALING
ASSESSMENT

Clinical imaging of cutaneous disorders in dermatology is often performed for
treatment efficacy evaluation over time.3® Recent advancements in imaging
techniques allows for quantitative and objective measurements to be performed
over time without the need for subjective clinical scoring.?® Using clinical (3D)-
imaging we were able to collect objective data on differences over time for 5
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characteristics, thatis erythema, volume, surface, depth, epidermal thickness. In
the observational period, of this study, skin erythema never returned to baseline
indicating that the remodeling phase continues for much longer than 70 days.*°
Changes observed in stereophotogrammetric parameters (volume, surface and
depth) were in line with known literature on wound closure times. Despite the
haemostatic crust covering the wound, the 3D camera used in this study was
still able to detect differences in wound surface and depth. For wound volume,
an arbitrary elevation was observed. This was partly accounted for the period a
haemostatic crust was present and partly due to skin elevation due to fibrosis.

To summarize, all imaging techniques were able to objectively characterize
the phases of wound healing and offer many advantages for both the clinic and
in clinical research. One of the biggest advantages is that with these techniques
serial non-invasive measurements can be performed on lesions providing
objective data over time. Invasive biopsies can only be taken on a limited basis,
whilst non-invasive techniques can be used any time. These techniques also
have some limitations. 3D photography requires a trained operator to draw
wound circumference, thereby introducing potential inter-operator variability.
In addition, the effect of crust formation on imaging values is unclear and
requires caution with interpretation of data.

SKIN BARRIER FUNCTION MEASUREMENTS ARE USEFUL WHEN
ASSESSING WOUND HEALING

TEWL is a technique often used in pre-clinical and clinical research as an
objective measurement for assessing the barrier function. One of the limitations
often reported is the variability of the technique due to fluctuations in humidity,
temperature, anatomical site and sweat.*! In this study, TEWL values decreased
over time, that is representing the progression of healing, while maintaining
a constant and low variability between subjects. Potential reasons why TEWL
values in this study were more robust compared to literature are the use of a
temperature-controlled room, standardized measurement setup, a fixed
operator, acclimatation time and routine calibration of equipment. TEWL values
were increased up to 3weeks after wounding, which is fully aligned with the time
needed for keratinocytes to migrate the epidermis as seen in autoradiographic
analysis of unaffected epidermal skin from psoriasis, mycosis fungoides and
basal cell carcinoma patients.#*** In the current study no dressing was applied
after haemostasis was achieved. The question remains whether the TEwWL
profile over time will remain the same with occlusive dressing in place. It is
known from literature that dressing plays a vital role in wound management
and future research should include skin barrier measurements using multiple
wound dressing protocols.**
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FREQUENT,IN-DEPTHMOLECULARPROFILINGOFWOUNDHEALINGPHASES

qPCR analysis performed in this study provided a comprehensible mechanistic
insight into the molecular processes at play during wound healing. 1L-10, IL-1B,
IL-33, TNF, GM-CSF were all upregulated in the first days biopsies were taken
(day o, day 7) indicating on a role in the haemostasis and inflammation phase,
which is in line with literature.*>4¢ Interestingly, differences over time were
observed between TGF-p1 and TGF-B3. This group of growth factors is known to
be involved in both inflammation and proliferation phases and are believed to
activate similar intracellular signaling pathways.*” However, we found that TGF-
B1was only elevated up until 7days after wounding, whilst TGF-B3 was increased
up to day 56 (reaching a plateau on day 14). Wang et al. showed that hypertrophic
derived fibroblasts and scar tissue produced more TGF-B1 compared to normal
wound healing, indicating that prolonged elevation of TGF-B1 leads to more
scarring.*® Ferguson et al. discovered that skin wounds in mammalian embryos
heal without scarring. Notably, TGF-B3 is elevated in these embryos, implying
that TGF- B3 has anti scarring properties.*® Another interesting find was the
decrease in several growth factor genes (EGF, FGF1, FGF2, PDGFA, PDGFB) after
wounding. For PDGF it is known from literature that it is upregulated early after
wounding.*® However, in the current study we observed a decrease in these
growth factors 7days after wounding and no return to baseline within 70 days.
The first timepoint that post-biopsy samples were taken was after 7days, which
might be after an elevation in growth factors in the early days (2-6days). In the
literature a short and steep elevation of PDGF has been reported.®=° After the
decrease at day 7 a slight elevation over time occurred, which was insufficient
to return to baseline within the 70days study period. For the MMPs, and in
particular MMP-1, we observe a steep increase 7days after wounding and a slow
return to baseline. This is consistent with literature suggesting high levels of
MMP-1o0ne day after wounding followed by a slow return to baseline.*

Furthermore, we observed that growth factor levels increase slightly over
time but that the time course of the study was insufficient to capture a return to
baseline of these genes. Even though the goal of this study was to characterize
normal wound healing without intervention and no unexpected findings were
anticipated, we did not foresee I1L-6 to only yield zero values in the gpCR analysis
(data not shown). A potential explanation for this could be an analytical assay
issue given that all other tested proteins yielded quantifiable levels and no other
explanation could be found. 1L-6 is known to play a vital part in inflammation
and activates both innate and the adaptive immune system.>? In addition, it is
known from literature that 1L-6 gene expression is elevated in reepithelization
of human skin wounds.>® Therefore, it was expected that 1L-6 would be elevated
following the biopsy procedure.
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INTEGRATED, MULTIDIMENSIONAL DATA VISUALIZATION SHOWS
DISTINCT WOUND HEALING PHASES

We also assessed if integration of all the objective measures could function as a
tooltodistinguish healing phases and indicate the mostimportant parametersin
acertainphase,indicating the most suitable biomarkers perhealing phase. Based
on aradar plot, it can be concluded that important distinguishing biomarkers in
all phases were wound depth, wound volume and mRNA expression of TGFR3
in the skin punch biopsy. Most of the biomarkers were primarily affected in the
inflammation phase indicating that the modalities used in the study are well
capable of detecting differences in this phase. Interestingly, some biomarkers
(i.e. 1L-33, FGF1, PGF) were only affected in one of the phases showing good
distinguishing power of this biomarker. Due to the non-linearity of the data the
decision was made to visualize the integration of data using t-SNE. From this
t-SNE plot a clear clustering of phases was seen. Pre-challenged skin showed
the clearest demarcation compared to the other phases. This is consistent with
expectations since all the data used for the integration model showed the biggest
differences from day o to day 2. Interestingly, data points associated with the
proliferation and maturation phases were closest to each other, indicating that
there is a partial overlay of processes in the proliferation phase and remodeling
phase. Although this visualization of the data suggests that the modalities can
be used to distinguish in what phase a certain wound is, it should be interpreted
with caution. The time points assignment to the different phases are based on
literature and visual assessment of the investigators creating a selection bias.

OCT AS NOVEL TOOL FOR NON-INVASIVE WOUND CHARACTERIZATION

OCT has previously been used to visualize and quantify the microcirculation of
the skin.>*>¢ Vessel density in blister wounds using oCT has been quantified by
Larsen et al. and this research group has been able to correlate (albeit weakly)
the vessel density measurements with the inflammatory reaction scored using
histology.>” The visualization by ocT in this study showed distinct vasodilata-
tion in the first days after wounding followed by an inwards perfusion on day 14
hinting towards neoangiogenesis inside the wound bed, therewith confirming
the applicability of ocT measurements for characterization of the inflammatory
status of the skin. ocT has not been frequently used in the field of dermatology
for the evaluation of skin morphology. The majority of studies that have been
performed were in small populations, focused on few endpoints or were per-
formed in animal models.>®%° In this study, we confirm applicability of the ocT
not only for inflammatory characteristics but also morphological characteris-
tics, allowing a full non-invasive characterization of the wound healing process.
ocT images matched the histology recordings regarding the detectability of
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distinct cutaneous shapes. Restoration of the epidermis, dilatation of blood ves-
sels, granulation tissue and thickening and flattening of the epidermis could all
be clearly characterized using ocT. However, despite being able to distinguish
cutaneous structures and changes in the microenvironment, ocT also has
some limitations. It does not have the diagnostic power and resolution needed
to detect all wound healing processes and small microenvironmental changes
without the need for histology comparison. In addition, the technique requires
trained operators to reduce the number of artefacts in scans. Despite all these
limitations the future of the technique looks promising. With recent advance-
ments in resolution, measuring depth, image analysis and standardization of
measurement the technique holds promise to replace the need for invasive skin
biopsies and become a standard diagnosis tool.®*

Our study is a first step towards a complete model for adequate drug and de-
vice testing in wound healing. These results contribute to a better understand-
ing of the inflammatory responses in the skin's microenvironment. Although the
results appear promising, some aspects could be optimized to increase sensitiv-
ity and improve the distinguishing power of the non-invasive imaging modali-
ties. The first days of acute wound healing are vital in predicting time to closure
and to monitor the first processes in the inflammation phase. Due to the bleed-
ing period in the haemostasis phase, it is difficult to image the wounds shortly
after wounding. In hindsight an extra visit 1day after wounding would have been
useful in determining the maximum response (i.e. skin blood perfusion, TEWL).
Another addition that could be useful in evaluating wound healing would be the
clinical scoring of re-epithelialization and contraction, to explicitly compare
with objective endpoints. The wounds induced in this study were small, acute
and self-resolving punch biopsies, which reflects the normal wound healing
of acute sterile wounds and comparability with chronic, slow healing wounds
should be further explored. In addition, the size and location of the wounds are
important factors influencing wound healing and should be considered when
extrapolating results to a different setting. Lastly, future research should be fo-
cused on including intervention as positive and negative controls to better as-
sess the usability of the model in drug and device testing.

CONCLUSION

We successfully developed a rapid, quantitative human wound healing model
by using a multimodal approach. Clinical imaging, biophysical and non-invasive
morphological read-outs were fully concordant with histology and clinical
scoring. Future use of the model together with test battery will enable early
proof-of-concept of novel wound healing treatments using a homogeneous
healthy study population.
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Supplementary Figure1 Histopathology score on wound re-epithelialization (n=18 for day
0, n=6 for all other timepoints)
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Supplementary Figure 2 Histopathology score on inflammation status (n=18 for day o,
n=6 for all other timepoints)
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Supplementary Figure 3 Histopathology score on neoangionesis (n=18 for day o, n=6 for
all other timepoints)
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Supplementary Figure 4 Histopathology score on granulation tissue (n=18 for day 0, n=6
for all other timepoints)
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Supplementary Figure 5 Histopathology score on connective tissue formation (n=18 for Supplementary Figure 6 Representative OCT images time-matched with histology
day 0, n=6 for all other timepoints
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Supplementary Figure7 Clinical scores
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Non-healing wounds represent a substantial medical burden with few effective
treatments available. To address this challenge, we developed a novel epidermal
wound healing model using suction blisters in healthy volunteers. This model
allowed for the comprehensive assessment of wound healing dynamics and the
evaluation of INM-755, a topical cream containing cannabinol, as a potential
therapeutic agent.

Two clinical studies were conducted: an observational study and an inter-
ventional study. In both studies, healthy volunteers underwent a suction blister
procedure on their lower back, creating open epidermal wounds. Wound healing
parameters were assessed using advanced imaging systems. Skin barrier func-
tion and perfusion were evaluated through trans epidermal water loss (TEWL)
and dynamic optical coherence tomography (D-ocCT), respectively.

The observational study demonstrated the successful and reproducible In-
duction of blisters and the removal of epidermal sheet, enabling quantifiable
measurements of wound healing parameters over time. Re-epithelialization
was observed, revealing recovery of skin barrier function and perfusion. In the
interventional study, differences of treatments over time were quantified using
the above-described techniques.

Despite differences from disease-specific blistering, our developed model
provides a valuable platform for studying wound healing mechanisms and as-
sessing novel therapeutic interventions. The sensitivity to treatment effects
demonstrated in our study underscores the potential utility of this model in
early-phase clinical drug development programs targeting wound healing
disorders.

INTRODUCTION

Cutaneous wound healing is a complex process divided into four main phases:
hemostasis, inflammation, proliferation, and remodeling.! In chronic, non-
healing wounds, one or more of the four phases of wound healing is delayed
or disturbed. Most commonly this impairment is present in the inflammation
phase, in which persistent inflammatory activity induced by infection or re-
injury interferes with healing of the wound.??

Current treatment options for chronic non-healing wounds are limited and
mainly focused on wound care and patient-reported symptoms, e.g. itch, high-
lighting the high medical need in the field of chronic non-healing wounds.**
However, developing novel therapies for non-healing chronic wounds is chal-
lenging, from both a discovery and a clinical development perspective. Current
treatment strategies focus on gene and cell therapies albeit still in early stage.®”8
Wounds can be highly heterogeneous with a high variability in severity and
symptoms among patients, and research on pathophysiology shows that many
interconnected pathways are involved.

Testing new treatment strategies is challenging due to the lack of sensitive
objective biomarkers that can I) quantify the characteristics of wounds and 11)
are able to detect changes after treatment. Both aspects are needed for clinical
trials. The absence of a robust human wound healing model suitable for early-
phase clinical studies is one reason for the restricted number of clinical trials
addressing an evidence-based approach for treating wounds.>° Most wound
models are transferred from pre-clinical mouse models to humans and pri-
marily focus on excisional, scratch, or burn wounds.™ However, the process of
epidermal wound healing most likely differs from wound healing of deeper and/
or differently induced wounds, making the previously developed models likely
unsuitable for clinical trials. Previously, we studied normal wound healing in
healthy volunteers and established a key set of biomarkers for clinical trials. We
developed a model in which normal wound healing of a full-thickness skin biop-
sy was extensively characterized using objective imaging techniques combined
with molecular readouts in re-excised biopsies. The results of this study showed
that with these techniques, it is possible to thoroughly follow the process of nor-
mal wound healing, making it a suitable model for early-phase clinical drug de-
velopment programs targeting wound healing.’? To date, no epidermal wound
healing model exists with full separation of the epidermis. Despite the use of
suction blistering in several clinical studies to investigate various components
of wound healing, these suction blister models only included one or two frag-
mented objective readouts, e.g. isolated transepidermal water loss assessment,
but never employed a full comprehensive characterization looking at perfusion,
wound parameters, barrier function, and immunological readouts.’®
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A suction blister model to characterize wound healing would be beneficial for
therapeutic agents addressing bullous diseases, such as epidermolysis bullosa
(EB). INM-755 represents such a novel therapeutic agent - a topical cream
containing cannabinol (CBN). Pre-clinical studies demonstrated the capacity of
INM-755 to reduce the expression of matrix metalloproteinase-9 (MMP-9) and
interleukin-8 (1L-8), factors that are typically elevated in blisters of EB patients
and are believed to play a role in blister formation in this patient population.*>

In the current studies, we aimed to develop a novel epidermal wound healing
model suitable for the full characterization of epidermal wound healing and
for testing the efficacy of novel therapeutics in healthy volunteers. Specifically,
the objectives were 1) to develop an epidermal wound healing model based on
suction blisters; 11) to extensively characterize epidermal wound healing using
the developed model in healthy volunteers, and 111) to test the effects of INM-755,
a novel therapeutic agent for epidermal wounds, using the developed model in
healthy volunteers.

MATERIALS AND METHODS

Two clinical studies were performed. The first study was a prospective obser-
vational study in healthy volunteers to characterize time-dependent epidermal
wound healing after a suction blister-induced wound (NL71806.056.19). The sec-
ond study was a randomized, double-blind, vehicle-controlled interventional
Phase I study in healthy volunteers to study the effects of INM-755 on epidermal
wound healing in the model as developed in the first study (NL72831.056.20).
Both studies were performed at the Centre for Human Drug Research, Leiden,
The Netherlands and lasted from February 2020 to March 2020 and from July
2020 to September 2020, respectively, with the Declaration of Helsinki as the
guiding principle. Ethical study approval was received from the independent
Medical Review and Ethics Committee ‘Medische Ethische Toetsingscommissie
van de Stichting Beoordeling Ethiek Biomedisch Onderzoek’ (Assen, the Nether-
lands) prior to the start of the clinical phase for each study. Subjects gave written
informed consent before participation in the study after receiving oral and writ-
ten information.

SUBJECTS AND STUDY DESIGN

Twelve (observational study) and eight (intervention study) healthy non-
smoking male or female volunteers were included, aged between 18 and 45, with
a Fitzpatrick skin type of 1-111, and a BMI ranging from 18-30 kg/m? Individuals
were excluded from the study if they had a history of pathological scar formation
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or clinically significant skin conditions requiring immunosuppressive/
immunomodulatory medication. Participants’ overall health status was
evaluated through physical examination, ECG, vital signs, and blood analysis.

In the observational study, subjects underwent the suction blister procedure
on Day 0. One blister was created on each subject’s lower back. The blister roof,
i.e. epidermal sheet, was harvested after blister formation to create an open,
non-bleeding epidermal wound. Initially, the wound was covered with non-
adhesive gauze dressing which was renewed daily. After Day 6, the wound was
left uncovered.

In the interventional study, at baseline four blisters were created on each
subject’s lower back, spaced at least 5 cm apart. The blister roof was harvested
after blister formation to create an open epidermal wound. Each subject
received four treatments randomly assigned to the four blister locations: high
concentration INM-755 cream (HD), low concentration INM-755 cream (LD), a
matching vehicle, or no treatment. Assignment was blinded for treated blisters
(1nM-755 and vehicle). The assigned treatment per blister was applied in excess
(approximately 75 mg/cm?) by a dedicated blinded physician for 14 consecutive
days and the treated wounds were afterwards covered with a semi-adhesive
Mepitel® dressing. To ensure optimal condition for drug uptake, a non-adhesive
gauze dressing was applied over the Mepitel® dressing. The untreated blister, as
a control for wound healing, was covered with the same type of non-adhesive
gauze dressing.

Pharmacodynamic assessments comprised clinical imaging, biophysical
assessments, clinical scores, and molecular readouts, and were performed on
days 0,1, 3, 6,9, and 12 for the observational study and daily from Day 0 up to Day
21 for the interventional study.

TREATMENT

INM-755 is a topical cream containing CBN, a weak agonist for the Cannabinoid-1
and Cannabinoid-2 receptors. Pre-clinical studies with INM-755 showed reduced
expression of MMP-9 and IL-8 after challenging incubated cells with TNFa and
IFNY. MMP-9 and IL-8 are known to be upregulated in blisters of EB patients and
are suspected to contribute to blister formation. Additionally, after treatment
with INM-755, an upregulation in basal keratin 15 (K15) was observed. K15 might
substitute basal keratin 14 (K14) in forming a construct with keratin 5, which
could lead to strengthening of the skin in EB patients with a K14 mutation (data
on file). In addition to the high concentration INM-755 cream, low concentration
INM-755 cream, a matching vehicle, or no treatment were assigned to the blister
locations.
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SKIN SUCTION BLISTER PROCEDURE

Suction blisters were induced using the NP-4 suction blister device (Electric
Diversities in Maryland, usa) following Standard Operating Procedures. The
device generated an approximately 10 mm diameter blister in 79 to 154 minutes
by applying under pressure (up to 8 INHG). After the blister was formed, the roof
was punctured with a needle to aspirate the fluid. The blister roof, or epidermal
sheet, was removed with scissors. The wound diameter was measured using a
standardized calliper.

OUTCOME ASSESSMENTS
CHARACTERISATION OF EPIDERMAL WOUND HEALING

Clinical images to evaluate dimensional wound healing parameters (e.g. wound
surface, diameter, volume) were taken of the suction blister-induced wound
study using a 3D stereo camera system (LifeViz® QuantifiCare, Valbonne, France).
Analysis of the data was performed according to the CHDR standard procedure.’®
Additionally, epidermal wound healing was qualitatively evaluated using
dynamic-optical coherence tomography (D-ocT) from Michelson diagnostics
(VivoSight ocT, Kent, UK).

SKIN BARRIER FUNCTION

Trans epidermal water loss (TEWL) was used to determine the barrier function
of the skin. Before the measurement began, the subjects underwent a 15-minute
acclimatization process to the room. Subsequently, a probe was affixed to the
wound to establish a 7 mm closed chamber, after which the measurement
procedure was initiated as described previously.?? The disparities in humidity
between the TEWL chamber and the skin causes the movement of water
molecules, which are detected by the sensors within the chamber over time. The
measurement was sustained for either 90 seconds or until the steady-state flux
was attained.

SKIN PERFUSION

Cutaneous microcirculation was measured using D-oOCT from Michelson
diagnostics (VivoSight ocT, Kent, UK). The procedure was performed at baseline
and during each visit throughout the trial, following the protocols described
previously.”” A 6 mm probe was placed directly over the inner wound. 120
consecutive scans were taken, each with a depth of up to 1.5 mm, in about 20
seconds. The cutaneous microcirculation was calculated by determining the
average speckle signal that returned from a depth of 0.1 mm to 0.35 mm to
reduce artifacts and noise signals.
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EVALUATION OF INM-755 EFFECTS
SKIN ERYTHEMA

Multispectral imaging (Antera 3D, Miravex, Dublin, Ireland, was used to quantify
skin's erythema in the interventional study as described previously.’® By creating
a closed chamber environment, standardized images were taken at all study
visits. Aregion of interest of 122 mm was selected and kept analogous throughout.
Skin erythema is expressed as CIELab a* value in arbitrary units.

WOUND HEALING PARAMETERS

In the observational study, dimensional wound healing parameters (e.g. wound
surface, diameter, volume) were explored using the 3D stereo camera system
(LifeViz QuantifiCare, Valbonne, France). In the interventional study, 3D image
analysis could not be performed due to a technical malfunction. In both studies,
clinical images were taken of the suction blister-induced wound.

SKIN BARRIER FUNCTION

Skin barrier function was measured using TEWL as described above in the
method section ‘characterization of wound healing model.

SKIN PERFUSION

Skin perfusion was measured using D-OCT as described above in the method
section ‘characterization of wound healing model.

SKIN SURFACE BIOMARKERS

In the interventional study, skin surface biomarkers interleukin-8 (1L-8), matrix
metalloproteinase-9 (MMP-9), interleukin-1 receptor antagonist (IL-1RA),
vascular endothelial growth factor (VEGF), tissue inhibitor of metalloproteinases
(T1MP-1, and TIMP-2) were measured exploratively using FibroTx patches
(FibroTx, Estonia). A patch comprises a multiplexed capture-antibody
micro-array that is fastened to the skin via a dermal adhesive bandage. Upon
application to the skin for 15 minutes, the antibodies imprinted on the micro-
array selectively capture skin biomarkers via immunological recognition. The
captured biomarkers were then subjected to a quantitative analysis through the
utilization of a spot- ELISA (enzyme-linked immunosorbent assay).

SAFETY AND TOLERABILITY

Safety and tolerability of INM-755 was frequently monitored in the interventional
study by tracking adverse events, taking vital signs, and conducting standard
blood analysis. In addition, local application site reactions were monitored
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by scoring erythema, oedema, scaling, and asking subjects about a stinging/
burning sensation using well-defined criteria. The results are displayed as
local tolerability assessments (LTA) and reported as a percentage from total.
Physician-reported LTAS (erythema, oedema, scaling) were scored by the same
blinded physician throughout the study and consisted of categorical scores
ranging from 0-3. Scoring was performed directly after blister induction and on
each subsequent study day. Red-yellow-black (RYB) scores were given to assess
the color and humidity of the blister wounds. RYB was scored after bandage
removal and before drug application on each study day.

STATISTICS

No formal statistical significance analysis was performed for the observational
study considering the lack of treatment groups and the focus on feasibility of
the techniques. All data displayed for the observational study is summarized in
descriptive statistics and reported as means over time. For the interventional
study, a statistical model was applied to analyze repeated wound healing
parameters. A mixed model ANcova with fixed factors of treatment, wound
number, time, and treatment-by-time interaction, and random factors of
subject, subject-by-treatment interaction, and subject-by-time interaction
was used. It also included the baseline value, taken immediately after blister
formation, as a covariate. The following contrasts were calculated within the
model: LD INM-755 vs. vehicle, HD INM-755 vs. vehicle, HD INM-755 vs. LD INM-
755, LD INM-755 vs. untreated, HD INM-755 vs. untreated, vehicle vs. untreated.
Categorical LTA parameters were summarized by frequencies and treatment.
For ocT skin perfusion and IL-1RA measurements the data was log-transformed
because of log-normal distribution.

RESULTS

Twenty subjects (12 in the observational study, 8 in the interventional study)
were enrolled in the studies and all completed the trial according to the protocol.
All study subjects were Caucasian and had a mean age of 26.2 (19-37) years in
the observational study and 23.4 (18-32) years in the interventional study. INM-
755 in all dose levels was safe and well tolerated. The most frequent reported
treatment-related adverse event was application site erythema, which was
present in 8 (100%) of the epidermal wounds that received vehicle and LD INM-
755, and in 7 (87.5%) of the epidermal wounds that received HD INM-755. No dose
relationship in adverse events was detected.
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Table1 Subject demographics

Study Observational Interventional
Age (years)

n 12 8

Mean (sD) 26.2(4.3) 23.4 (5.0)

Median 26.0 22

Min, Max 19,37 18,32
Height (cm)

n 12 8

Mean (sD) 176.6 (101) 177.4(5.8)

Median 177.6 1771

Min, Max 162.3,198.5 169.5,185.4
Weight (kg)

n 12 8

Mean (SD) 70.0 (11.7) 67.9(5.8)

Median 68.2 68.2

Min, Max 52.9,92.3 60.7,74.6
BMI (kg/m?)

n 12 8

Mean (SD) 22.4(2.39) 215 (1.6)

Median 22.4 213

Min, Max 18.2,27.4 18.8,24.5
Sex

Female 6 (50.0%) 4(50.0%)

Male 6 (50.0%) 4 (50.0%)
Race

White 12 (100.0%) 8 (1000%)
Fitzpatrick Skin Type

1 (always burns and never tans) 1(8.3%) 1(12.5%)

2 (often burns and tans lightly) 7(58.3%) 2(25.0%)

3 (burns moderate and tans gradually) 4(33.3%) 5(62.5%)

CHARACTERISATION OF EPIDERMAL WOUND HEALING

In all 12 subjects included in the observational study, a complete suction blister
developed within 154 minutes following the start of the suction procedure. In
each case, the epidermal layer was effectively detached using a combination of
tweezers and scissors.
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Clinical imaging of induced blisters showed gradual restoration of the skin
barrier over time (Figure 14). As part of the feasibility process, quantifying the
variability among subjects before and after undergoing the blister procedure
for the three parameters tested (surface, TEWL, perfusion) was crucial. Figures
1B, C, and D illustrate the coefficient of variation for blister surface, TEWL, and
perfusion, respectively. Following the induction of epidermal wounds, variability
remained within acceptable limits (cv < 30%) for all parameters.’®

In terms of wound healing, re-epithelialization of the epidermis measured
with 3D photo analysis started within 3 days and was complete within 9-11 days
(Figure 1E). After induction of the epidermal wound, TEWL immediately in-
creased and gradually decreased during the observation period over time (Fig-
ure 1F). TEWL did not return to the baseline status within the study duration. This
pattern was also present for skin perfusion as measured with D-ocT. The timing
of return to a normal perfusion of the skin was longer than 12 days (Figure 1G).

Skin morphology before and after the blister procedure was visualized using
OCT. Figure 2 A depicts normal skin, while Figure 2B shows skin post-epidermal
sheet removal. Notably, Figure 2B shows visible rupture marks on the dermo-
epidermal junction. No variation in intensity is observed, signifying complete
epidermal removal. Additionally, the hyperreflective bands in Figure 2B denote
blister fluid seeping from the newly formed wound.

EFFECTS OF INM-755

Clinical images of epidermal blisters are displayed in Figure 3A. Skin erythema
quantified using multispectral imaging is displayed in Figure 3B. Immediately
after the blister procedure, all treatment groups (pre-dose versus post-dose)
demonstrated a noticeable increase in skin erythema. During the first five
days after wounding a trend towards separation between treatment arms can
be observed. Following the initial increase in erythema, there was no longer a
noticeable pattern, as the erythema in the untreated wound returned to baseline
as rapidly the treated wounds.

A steep increase was noted in TEWL from pre-blister (baseline) flux measure-
ments (approximately 10 g/m?/h) to post-blister measurements (approximately
100 g/m?/h) after the removal of the epidermis (Figure 3¢). From Day 2 to Day 7,
a steep decrease in the flux measurements was observed. After Day 7, the TEWL
generally gradually decreased to a mean of about 15 g/m?/h on Day 21, close to
baseline TEWL flux of about 10 g/m?/h. TEWL of epidermal wounds treated with
INM-755 in both concentrations and the vehicle recovered slightly quicker than
the TEWL of untreated wounds (contrast LD INM-755 — untreated p=0.0518, dif-
ference 4.2, (95%CI: -0.036, -8.409). Contrast HD INM-755 — untreated p=0.0512,
difference 4.1, (95%CI: -0.023, -8.194). Contrast vehicle - untreated p=0.0335, dif-
ference 4.4, (95%CI: 0.0392, -8.405)).
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Figure1 A) Representative images of epidermal wound healing over time. B-D) Variability
within subjects measured before and after blister induction displayed as individual data
points. Coefficient of variation is displayed for all parameters before and after induction,
except for blister surface where no blisters were present. E-G) All data are displayed as mean
+- 8D, n=12
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Figure 2 Cross sectional images as measured WITH D-OCT. A) Representative image of
skin before blister induction. B) Representative image of skin after blister induction. Distinct
anatomical structures are displayed in the image.
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B Blister fluid —,

-

Blood/lymph vessels Injured dermis

Skin perfusion as measured with D-0CT is displayed in Figure 3D. An increase in
blood flow (aU) was observed directly after blister induction from approximately
25 AU to 90-115 AU. Perfusion of the skin returned to the baseline status within
5 days of treatment for all treatment arms. It recovered significantly faster after
treatment with HD INM-755 (contrast HD INM-755 versus vehicle (p=0.0139,
difference: -15.3%, (95%Cl: -25.5%, -3.8%)), contrast HD INM-755 versus untreated
(p=0.0437, difference: -12.6%, (95%Cl: -23.2%, -0.4%)).

Figure 4 depicts the quantity (ng/mL) of all six biomarkers collected over time.
In the statistical model, time was a significant (p<0.05) predictor for all tested
cytokines except IL-1RA. VEGF was not analyzed statistically because of too
many samples below level of quantification (BLOQ). Data BLOQ has been set at %
of LLOQ value for the graph. No significant treatment effects were observed for
IL-1RA, IL-8, MMP-9, and TIMP-2. However, a significant difference was found
for TiMP-1 between the untreated blister wounds and the blisters treated with
LD INM-755 (p=0.0085, difference -0.121, 95%ClI: -0.207, -0.035). Throughout the
healing process, the untreated wounds contained higher levels of TIMP-1.
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Figure3 A) Wound healing progression displayed per treatment arm over time. Images
shown are from a single subject B-D) Erythema, TEWL, and Skin perfusion displayed over
time, respectively. All data displayed are mean +- SD, n=8.
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RYB scores (Figure 5E) show that only red wounds were present, and that
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scored in the LTA, erythema was the most reported in the study. Oedema and
stinging/burning were only reported sporadically. Scaling of the skin occurred
throughout the study without a relationship to drug doses. No clear difference

LTA scores for all four parameters tested are presented in Figure 5A-D. Of the
four potential local reactions (erythema, oedema, scaling, stinging/burning)
between treatments was observed in the LTA scoring.

wound disappearance took longer for untreated blister wounds. Humidity
scores ranged from dry to wet with an emphasis on dry wounds 8-9 days after

wounding for treated wounds (LD INM-755, HD INM-755, and vehicle) and 11 days

for untreated wounds.

Figure4 Concentration of exploratory biomarkers displayed over time in days. All data are
displayed in mean +- sD. Data plotted in Figure 4F (VEGF) included data points set at % LLOQ.
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DISCUSSION

In these studies, we aimed to develop a novel epidermal wound healing model
suitable for the comprehensive characterization of epidermal wound healing
and testing of the efficacy of novel therapeutics in healthy volunteers. We
successfully created an epidermal wound healing model based on suction
blisters. The findings of the observational study indicate that the creation of
blisters using under pressure devices was achievable in all subjects, and we
demonstrated that the epidermal sheet could successfully be removed. With an
acceptable coefficient of variation in all tested methodologies and detectable
differences over time, the model was considered feasible to be used for the
extensive characterization of wound healing and to test the effects of INM-755
in healthy volunteers.

In the first, i.e. observational, study we showed that a combination of
several state-of-the art imaging techniques allows for better and quantitative
assessment over time with high specificity to detect small physiological
differences, compared to visual assessments of wound closure often used
as pharmacodynamic endpoint in later phase clinical trials and in clinical
practice.?’ By using D-OCT, TEWL, and 3D photography, we were able to follow
normal epidermal wound healing and quantify skin perfusion, barrier function,
and wound closure. Interestingly, wound closure was complete within the
follow-up period based on 3D imaging and visual inspection. TEWL and skin
perfusion, however, did not return to baseline within the observational period
indicating that skin restoration was not entirely complete at the end of the study
(Day 12). This is in line with previous research showing that skin barrier function
requires approximately 4 weeks to return to baseline.’>?! This finding indicates
that when relying on visual examination and clinical imaging, there is a tendency
to suggest that the wound has completely healed, despite other wound healing
parameters not having fully returned to their baseline levels.

By using the suction blister model, we were able to investigate the effects of
INM-755 in healthy volunteers and found differences in erythema for treated
(including vehicle treatment) versus untreated blister wounds. Treated wounds
seemed to be more erythematous than untreated wounds, as quantified
with multispectral imaging (high standard deviation). Notably, the untreated
blister exhibited higher perfusion levels in the initial post-wounding days
when compared to treated blisters. However, this pattern is reversed for skin
erythema. Given the strong correlation between erythema and perfusion
in biological processes, it is implausible that the difference is attributed to
treatment effects and could potentially be caused by artefacts. One possible
explanation is that differences can be explained by interference of the creams,
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given that both devices employ different methods of detection (color versus
laser). Back reflectance or absorption of the light coming from the multispectral
camera might have caused differences in detection.

Although 3D imaging proved to be a valuable toolin wound assessment, it also
has its limitations. In the interventional study, a technical malfunction resulted
in faulty analysis and thus data was not included in this article. In combination
with the need for trained operators and analysts, the technique is not easily
implemented in standard clinical care.

In the interventional study the skin barrier of all treated (including vehicle
treatment) blisters recovered faster than those of untreated blisters, as
determined by TEWL. The difference in moistness, i.e. a higher water content
of the wounds, due to application of the cream, could have contributed to this
finding. Furthermore, it is known from literature that moist wounds close and
return to baseline status quicker, which is in line with the results of earlier
studies.?2-2* Although some literature suggests that TEWL is not a useful tool
in wound healing studies due to wound secretion, our previous study and the
current study showed that TEWL can detect changes in water loss even when
crust or skin debris is present.’>?> Especially in bullous diseases, this is useful
considering the moist and disrupted environment.

Biomarkers were successfully captured through the exploratory FibroTx
biomarker analysis in our wound healing model. Of all tested biomarkers,
IL-8, MMP-9, TIMP-1, and TIMP-2 showed significant differences over time,
demonstrating a link with wound healing. MMP-9 was directly elevated after
wounding in all treatment arms without difference between treatments. The
elevation of MMP-9 directly after wounding is in line with literature suggesting a
rolein cell migration early in the inflammation phase.?® Interestingly, TIMPs were
also increased directly after wounding but returned to baseline quicker than
MMP-9, which even continued to increase up to Day 4. Considering the function
of TIMPs, it is interesting to see MMP-9 continuing to rise over time, even with
elevated TIMP levels. IL-8 was not elevated directly after wounding but showed
a maximum response on Day 4. Elevated IL-8 after wounding was expected,
considering the strong chemoattractant for leucocytes.?” VEGF is known to
be involved in stimulating vascular permeability, resulting in recruitment of
inflammatory cells,?® aligning with our observations: we noticed a tendency for
VEGF levels to rise in all treatment groups during the initial inflammation phase
and then return to normal within two weeks post-injury. However, it’s crucial to
note that the reliability of our VEGF data was limited due to numerous values
being below the limit of quantification (BLOQ), preventing us from conducting
statistical analyses. Although 1L.-1R A did not significantly change over time using
the statistical model, visual inspection of the figure shows separation between
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treated blisters and untreated blisters on Day 4. From literature it is known that
IL-1RA has a predominant role in the early phase of wounding and it could be
that 1L-1RA levels were even more increased in the initial 3 days, and that the
increase observed on Day 4 is already a decline in elevation.?®

One constraint in this study involves using diverse imaging techniques
at varying time points in both the observational and interventional study.
This precludes a direct comparison of findings between the two studies, even
though such a comparison was not the main objective of our research. With the
interventional study, we generated proof-of-concept for the developed wound
healing model enabling us to explore the impact of INM-755 by assessing wound
healing parameters.

Considering quantitative endpoints in early-phase clinical drug development,
local tolerability assessments scored the progression of wound healing with
little specificity. Although the assessment was included in the study as a safety
measure for treatment with INM-755 and not a pharmacodynamic endpoint,
it did give insight into erythema of blister wounds. The discrete nature of the
scoring system does not allow for advanced statistics or nuances between
wounds and no statistical differences were found. Based on LTA alone, no
erythema differences in treatment arms could be identified, whereas with
clinical imaging we were able to quantitatively describe differences in wound
erythema over time as well as detect a small trend towards separation between
treatment arms.

Although these two studies are a first step toward an epidermal wound
model in healthy volunteers, the question remains whether the blisters in the
model sufficiently mimic EB blisters. From literature, blisters are created at the
dermal-epidermal junction, in line with the most prevalent types of EB.3° How-
ever, these blisters are formed using force and trauma, whereas EB blisters are
formed because of lack of cell adhesion. This difference in creation plus the dif-
ferent expression of keratin and MMP, might cause differences in the inflam-
mation profile as well as the anatomical outlook. Furthermore, in this study, we
removed the blister roof to administer INM-755 on open wounds, whereas in EB
treatment, the epidermal sheet is not always removed because of the risk of in-
fection. Lastly, anatomical location of wounds contributes to the time to healing
and chance of infection.3!-3% Next to that, the disposition of immune cells differ
across body locations and thereby influence the healing process. Lastly, the se-
lected location of the wound in combination with practical challenges with the
under-pressure blister device and application on the skin impacts the blister
formation process dependent on location. The epidermal wound healing model
used in this research was conducted on the lower back, so caution should be
taken when extrapolating these findings to other anatomical sites.
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Over the years, several techniques have been developed to induce partial
thickness wounds,** and the development of imaging methodologies to measure
skin responses has been progressing in parallel.3®* Compared to other partial
thickness models (e.g. tape stripping, abrasion, laser-induced wounds, split
thickness) skin blister methodology as used in this study is time consuming
and requires a complete seal and constant under-pressure. The procedural
challenges make it difficult to draw blisters on certain body areas and movement
of a subject can cancel under-pressure. In general, the selection of a partial
thickness wound healing model should be based on the goal of the study and be
as representative of the disease as possible.

Although there are limitations to the model regarding comparability to EB
and differences among anatomical sites, the setup of these models can help
in development of therapies targeting chronic and epidermal wound diseases.
Bullous diseases are known to be rare and inclusion of patients in a clinical study
is therefore difficult. By using a wound healing model in healthy volunteers, an
early signal of efficacy can be found without the need for big multicentre clinical
trials including a hand-full of patients.

Altogether, this study demonstrates the effective establishment of an
epidermal wound healing model, providing robust groundwork for subsequent
explorations into the wound healing process. With its capacity to monitor
changes over time and discern variations between treatments, this model serves
as a dynamic tool for assessing the effectiveness of novel treatments within the
realm of wound healing.
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Pharmacological challenge models are deployed to evaluate drug effects during
clinical development. Intradermal injection of Substance P (SP) neuropeptide,
a potential challenge agent for investigating local mediators, is associated with
wheal and flare response mediated by the MRGPRX2 receptor. Although dose-
dependent data on sp effects exist, full characterization and information on
potential carryover effect after repeated challenge are lacking. This open-label,
two-part, prospective enabling study of sp intradermal challenge in healthy
participants aimed to understand and distinguish between wheal and flare
responses following various sp doses. Part 1 included one challenge visit to
determine optimum sp dose range for evaluation in part 2, which determined
variability in 20 participants and used intradermal microdialysis (1p™m) for
sp-challenged skin sampling. At 5, 15, 50, and 150 PMOL doses, respectively,
posterior median area under the curve (AUC; AUCo-»n) Was 4090.4, 5881.2,
8846.8, and 9212.8 mm?/min, for wheal response, and 12020.9, 38154.3, 65470.6,
and 67404.4mm?min for flare response (sp-challenge visit 2). When the
challenge was repeated 2weeks later, no carryover effect was observed. IDM
histamine levels were relatively low, resulting in low confidence in the data to
define temporal characteristics for histamine release following sp challenge. No
safety concerns were identified using sp. Wheal and flare responses following
intradermal sp challenge were dose-dependent and different. The results
indicate that this challenge model is fit-for-purpose in future first-in-human
studies and further assessment of novel drugs targeting dermal inflammatory
disease responses, such as chronic spontaneous urticaria, chronic inducible
urticaria, and pseudo-allergic reactions.

INTRODUCTION

Substance P (SP) is a neuropeptide that acts on mast cells in the skin, resulting in
neurogenic inflammation! primarily through activation of mast cells via the Mas-
related G-protein coupled receptor X2 (MRGPRX2) and neurokinin 1 receptor on
endothelial cells.>*%> Mast cell degranulation is the key pathophysiological event
indiseases, including chronic spontaneous urticaria, chronic inducible urticaria,
and pseudo-allergic reactions.®”® Although there are several other challenges
available that are associated with MRGPRX2 signalling, such as somatostatin,
proteases such as cathepsin S, and antimicrobial peptide insulin-like growth
factor-binding protein 5 (AMP-1BP5), previous studies have demonstrated that
Sp plays a role in neurogenic inflammation and pain associated with wound
healing 8910 A high-affinity MRGPRX 2 antagonist has yet to be developed.”

SPis upstream in the inflammatory response signalling cascade and may be
auseful challenge agent for the investigation of locally acting mediators in some
settings.>!® Challenge models mimic pharmacologically induced conditions, pro-
viding a valuable tool to assess an inflammatory response in healthy human vol-
unteers and analyse the potential efficacy of drugs in development before going
to patient populations.>*#1>1¢ Increasing doses of SP via intradermal injection are
associated with an increased wheal and flare response,®% as well as intrader-
mal release of several inflammatory mediators, such as histamine and tryptase.
Histamine can be used as an active control versus Sp, as histamine is an agent
known to produce wheal and flare responses.> Although dermal challenges with
spare available and date back tothe 1970s,” a detailed understanding of the effect
of increasing sp dose on wheal and flare, characterization of doses over multiple
timepoints, and histamine response, are lacking. There are no published results
of pharmaceutical agents tested with this model as of yet.’® Optimizing the intra-
dermal challenge model will facilitate future clinical and pharmacological evalu-
ation of antagonists to block or decrease the induced wheal and flare response.
Novel compounds targeting MRGPRX2 would be one potential application. In ad-
dition, to our knowledge, the test-retest variability as well as potential for carry-
over of effect following repeated sp challenge has not previously been reported.

The aim of the current study was to elucidate the robustness of Sp response
by evaluating the effect of various sp doses on wheal and flare as end points
related to MRGPRX?2 receptor-mediated mast cell degranulation. MRGPRX2 is
exclusively expressed on mast cells, is responsible for non-IGE-mediated mast
cell activation, and has affinity for many molecules, including sp and various
drugs.®!® As such, an sp challenge model may be used to evaluate drugs for
inhibition of the MRGPRX2 pathway, which are designed to treat non-IGE-
mediated diseases.
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The study was conducted in two parts: the objective of part 1 was to select the
correct Sp doses suitable for further investigation in part 2. In this paper, the
results of part 2 of the study will be explored in detail, with part 1 data outlined in
the Supplement. In part 2, the effect of the sp dose on wheal and flare response
was evaluated at two consecutive challenge visits. Intradermal microdialysis
(1pM) was also performed in part 2 of the study. IDM involves the insertion of
dialysis membranes into the dermis, which is then perfused at a low speed with
the perfusate. Endogenous or exogenous molecules soluble in the extracellular
fluid diffuse into the membrane and are then collected in small vials for
analysis. By means of this technique, continuous sampling of interstitial fluid
from sp-challenged skin is possible and allows for evaluation of an effect-time
relationship.’” Overall, this study aimed to develop an sp challenge model that is
fit-for-purpose for future studies and to understand the mechanistic pathways
downstream of S activation.

MATERIALS AND METHODS
STUDY DESIGN

This was a single-center, two-part, prospective enabling study of sp intradermal
challenge in healthy participants conducted between February and March 2021.
An open-label design was chosen for operational considerations and because
the main read-outs of wheal and flare were determined by the calliper method.
The study was registered at ClinicalTrials.gov with the identifier NCT04676763;
the study protocol was approved by the Ethics Committee of the Stichting
Beoordeling Ethiek Biomedisch Onderzoek.

Parts 1 and 2 were conducted sequentially. In part 1 (Figure 14), participants
attended one challenge visit as outpatients, and in part 2 (Figure 1B), participants
attended two challenge visits as outpatients and had one follow-up phone call.
From screening to last follow-up visit, the duration of part 1 was up to 4weeks,
and the duration of part 2 was up to 7weeks.

The intradermal sp challenge was administered sequentially from the lowest
to the highest dose, as 5, 15, 50, and 150 PMOL SP, respectively, at a volume of
501L. The sp doses were in line with previously published research;® we aimed
to establish a dose-response relationship, therefore a 30-fold difference was
selected for this study.

At each challenge visit, participants first received saline by intradermal
injection, and histamine by skin prick, as negative and positive controls,
respectively. The participant received sp if the wheal response met the
acceptable saline and histamine response criteria, 20 min after each control
challenge. The standardized interval of 20 min ensured that delayed responders
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could still participate, given that the effects of histamine are short-lived.’?° The
acceptable responses were defined as saline wheal less than or equal to 1mm
or histamine wheal greater than or equal to 3mm, primarily measured using
the longest diameter of the wheal by callipers, which were readily available to
clinical study sites for standard use. Following confirmation of acceptable saline
and histamine control responses, participants received up to four intradermal
injections of sp at different doses.

Figure1 Study design. IDM, intradermal microdialysis; Sp, substance p. *Asterisks refer
to the positive histamine control that were performed at the back for the thigh. Figure was
created using BioRender.com.
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During part 2 of the study, participants also underwent 1b™, which comprised
an additional single injection of saline and four increasing doses of sp like those
used in the flare and wheal challenges. IDM probes were inserted intradermally
inthe skin of the upperleg of participants (Figure 1B). In total, ~450 uL of dialysate
was collected from each probe to measure histamine content in each partici-
pant. The 1DM probes were inserted at least 2h before the baseline sampling to
reduce IDM procedure-induced wheal and/or flare. IDM samples were taken at
the challenge site, before and after each challenge. The samples were taken up
to 120 min post-sp challenge, however, an interim analysis on the first eight par-
ticipants determined that samples taken past 30 min reached below the lower
limit of quantification (LLOQ) values, and it was therefore decided to only anal-
yse samples up to 40 min post-challenge for the remainder of the participants.
The histamine assay was validated on a fit-for-purpose principle: validation
of the exploratory relative quantification of histamine concentration in 1DM
samples was performed as an extension of previous validation by RefLab ApS
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(Copenhagen, Denmark) of their in-house basophil histamine release assay.
Extension of the validation for the context of use described here covered the IDM
perfusate, IDM probes, and sample stability upon storage conditions required
in this study. The LLOQ and upper limit of quantification of the assay were
determined during the method validation extension. Data were included in the
analysis only if they met predefined acceptance criteria based on variability
between replicates and if they measured within the validated range of the assay.

STUDY POPULATION

Participants were recruited via advertisements on social media and a healthy
volunteer database at the Centre for Human Drug Research, Leiden, The Neth-
erlands. Eligible participants were men and non-pregnant women, 18-64 years
of age, with Fitzpatrick skin type 1-11, body weight greater than or equal to 50kg,
and a body mass index within the range of 19.7-29.4kg/m?2 Participants were
required to have a positive response to the histamine skin prick and a negative
response to the saline injection at screening. Participants were excluded from
the study if they had significant skin-related disorders, skin damage, or other
disfiguration (tattoos, body piercings, and branding) on or near the site of ap-
plication, which could interfere with assessments. Additional exclusion criteria
included use of any form of H1 or H2 antihistamines, tricyclic antidepressants,
beta-2 agonists, dopamine, or beta-blocking agents within 14 days of the first
challenge, and individuals who were at risk or had previously experienced com-
plications from a skin biopsy (including excess bleeding, infection, or scarring/
keloid formation). Participants were also ineligible if they used topical medica-
tions and were unable to refrain from the use of topical medications from the
first to the last challenge visit. Written informed consent was obtained from
each participant prior to the performance of any study-specific procedures.

STUDY OUTCOMES

The primary outcome measure was wheal response, which is the area in
millimetres squared (mm?) and was calculated using the formula for an area
of ellipse with the longest and orthogonal diameters measured with callipers.
The response was summarized in various secondary outcomes: area under the
curve (Auc; mm?/min) during the 2-h post-challenge period at each dose of
SP,2! maximum area of wheal, time taken to observe the maximum wheal area,
and time to complete disappearance of wheal. The same secondary outcomes
were investigated for flare response during the 2-h post-challenge period.
Other secondary outcomes included incidence of adverse events (AEs) and
incidence of laboratory or physical findings of clinical importance (including
electrocardiogram assessment at screening, baseline, and post-challenge).
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STATISTICAL ANALYSIS

Descriptive summaries were calculated for the wheal and flares responses.

The statistical analysis of the sp-induced wheal/flare AUCs was conducted
using the sAs software version 9.4 (sAs Institute, Usa), using a Bayesian
repeated measures model. Point estimates and associated variability were
reported as posterior medians and 95% credible intervals.

To assess the dose-dependent response, we calculated the ratio of the sp-
induced wheal/flare AuC between two consecutive doses of Sp. A ratio exceeding
one indicates an increase in the AuC between the two consecutive doses of
sp. The confidence associated with this ratio was assessed by calculating the
probability of that ratio being above one.

RESULTS
BASELINE CHARACTERISTICS

Overall, 32 participants were enrolled, and 29 participants completed the study:
nine participants in part 1 and 20 in part 2. Of the three participants who did
not complete the study, two were excluded due to a coronavirus disease 2019
(covip-19) infection, and one voluntarily chose to withdraw. In total, 20 of 32
(62.5%) participants were women, and the median age (range) of participants
was 22 (18-49) years. Additional details of the participant characteristics are
presented in Table s1.

WHEAL RESPONSE

sp produced a dose-dependent wheal response in both parts of the study (Table
1), with the posterior median for sp-induced wheal Auc demonstrating a clear
distinction between the different doses of sp (Figure 2). Please see Figure s1and
Table s2 for mean wheal Auc following skin challenges for part 1 of the study. In
part 2 of the study, during visit one, the range in response was pronounced, with
a posterior median that ranged between 4036.7 and 10011.0 mm?/min, for 5 and
150 PMOL of sP, respectively. A dose-dependent ratio of 1.5 was obtained between
Sp 15 and 5PMOL, signifying that the wheal Auc at sp 15PMOL was 1.5 times
higher than the wheal AuC response at Sp 5PMOL (Table 1). At visit two, the range
in response was similar to the one observed at visit one: the posterior median
ranged between 4090.4 and 9212.8 mm?/min for Sp 5 and 150 PMOL, respectively
(Table 1). At both visits, an sp-dependent wheal response was observed with
most of the ratios greater than one. Please see Figure s2 for mean wheal Auc
following skin challenges with IDM intervention.
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Figure2 Meanwheal auc following skin challenges (Part 2, non-1pM). AUC, area under the
curve; IDM, intradermal microdialysis; min, minutes; SP, substance .
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The mean maximum wheal response increased with sp doses in both parts of
the study (Figure 2). A summary of wheal responses following skin challenges
is provided in Table s3. During part 2, 5PMOL of SP produced a mean maximum
wheal response of 85.8mm? and 92.2mm? at visits one and two (at 20min),
respectively; this increased to 148.9 mm? and 153.0 mm?, respectively. The mean
time taken to achieve maximum wheal area was similar across all sp doses in
both parts of the study and ranged from 20.4 to 31.7min during visit one of part
2 (Table s3). The maximal effect (Emay) at 50 PMOL of SP, with a median max area
of 1411mm?, was first observed at visit one during part 2 of the study (Table s3).

The mean time to maximum response during part 2 was similar across visits,
ranging from 20.4 to 31.7min for visit one and 20.9 to 28.3 min for visit two. When
time to complete resolution of the wheal was evaluated, it was observed that
the wheal area lasted longer with the highest dose of sp (9omin at 150PMOL).
In part 2, at visit one, wheal area in four participants lasted longer than 2h at
sp doses of 50 and 150 PMOL, whereas all wheal responses resolved within 2h at
the lower dosages; a similar trend was observed in part 1 (Table s2). In part 2, the
sp-induced wheal responses were similar with and without IDM interventions
(Figure 2 and Figure s2).

FLARE RESPONSE

sp produced a dose-dependent flare response, with the posterior median for sp-
induced flare Auc demonstrating a distinction between the different doses of sp
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(Figure 3 and Table 1). See Figure s3 and Table s2 for mean flare Auc following
skin challenges for part 1 of the study. In part 2 of the study, during visit one,
the variability in response had a posterior median that ranged between 9070.7
and 67260.8 mm?/min, for 5 and 150 PMOL of Sp, respectively. At visit two, the
variability in response was more pronounced, with a posterior median ranging
between 12020.9 and 67494.4mm?/min, for 5 and 150 PMOL of SP, respectively
(Table 1). A dose-dependent AUC ratio of 3.9 and 3.2 was obtained for sp 15 and SP
5PMOL at visit one and visit two, respectively (Table 1).

Figure3 Mean flare auc following skin challenges (Part 2, non-1DM). AUC, area under the
curve; IDM, intradermal microdialysis; min, minutes; SP, substance P.
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Please see Figure s4 for mean flare Auc following skin challenges with 1DM
intervention.

spchallengeswere associated with arapid onset of flare response within 5min
after sp administration (Figure 3). For both parts of the study, a dose-dependent
flare response was observed between the 5-min and 20-min timepoints with a
peak time to maximum response observed between 5 and 10 min (Figure 3 and
Table 1). Intra-participant variability in flare response was observed between
visits one and two of part 2 of the study, resulting in a difference in mean flare
areas being observed between the two visits (Table 1). In both parts of the study,
there was a saturation effect at 50 PMOL of SP (Eppax effect). The IDM interventions
did not change sp-induced flare responses, and all flare responses were resolved
at the same timepoint of 9o min (Figure 3).
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IDM HISTAMINE ANALYSIS

Mean histamine concentrations measured in part 2 IDM samples were
detectable 0-30min following an sp challenge of at least 15PMOL, with a peak
response at 10min (Figure s5). Histamine concentrations were increased in
a dose-dependent manner to SP challenges of 15, 50, and 150 PMOL, although
there was variability in response. Histamine levels were not detectable (values
below LLOQ, 10 ng/mL) 0-30 min following saline and 5PMOL of sP. Histamine
concentrations were also less than the LLOQ at all timepoints after 30 min for
all challenges tested. For the first eight participants included in the interim
analysis, there was no measurable histamine following saline and 5PMOL of SP
challenge. At 50PMOL of sp, there was a relatively small histamine response at
10 and 20 min for a subset of participants at visit two only. A higher proportion
of subjects had detectable histamine levels with 150pPMOL of sp challenge in
comparison to 50 PMOL (Figure s5).

SAFETY

AEsof mild intensity were experienced by one participant (11%) in part 1 (pruritus)
and two participants (10%) in part 2 (headache). The pruritus AE in part 1 was
considered sp-related, whereas the AEs in part 2 were considered unrelated to
sp administration. No moderate or serious AEs were experienced by any of the
participants, and no major safety concerns were observed within the clinical
laboratory parameters. In addition, no clinically significant electrocardiogram
abnormalities were observed.

DISCUSSION

The time profile of the challenge for wheal and flare responses provides greater
insight and characterization of the effect of multiple doses of sp over multiple
timepoints, in addition to determining the potential carryover effect following
repeated challenge. In this study, lower doses of sp produced dose-dependent
wheal and flare responses over the 2-h post-challenge period, as measured by
the Auc in both parts of the study with low test-retest variability. The safety and
tolerability of the challenge agent was acceptable, with only a small number of
mild AEs occurring. These findings are consistent with a previous study, which
looked at the effect of sp on wheal and flare on human skin.? The large maximum
wheal response of 153 mm? increased with increasing doses of sp, and wheal
response lasted only 90 min with the highest sp dose.

Wheal and flare reactions can be induced by sp through intradermal injection
or skin prick testing. Antihistamines can suppress these reactions, suggesting
SP activates skin mast cells to release histamine.?? In a study by Fujisawa et al.
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using skin-derived cultured mast cells, the MRGPRX2 receptor was found to be
responsible for histamine release induced by sp instead of the traditional sp
receptor NK-1R.2% The present study sought to determine the dose-response and
the robustness of the sp challenge model, by assessing the effect of ascending
dose of intradermal sp on wheal and flare responses in healthy participants. This
study also aimed to establish and validate an sp intradermal challenge model to
allow the future clinical evaluation of the pharmacological ability of MRGPRX2
receptor antagonists to block or decrease the induced wheal and flare response;
in a single- or multiple-ascending-dose trial, the challenge would be used to
demonstrate functional target engagement in humans.?*

The study was designed to determine the potential carryover of effect and
the outcome. Wheal and flare responses following intradermal challenge with
increasing doses of sp were found to differ, and limited carryover of effect was
observed following repeated challenge: baseline visits were comparable between
visit one and visit two and no differences were observed before dosing. The sp
challenge model does not represent a disease model, but a pharmacological
model that can establish engagement and proof-of-pharmacology in a first-in-
human setting. This supports the potential use of the challenge model in future
clinical assessment of novel pharmacological agents that antagonize the induced
wheal and flare response, for example, during future clinical assessments of
novel agents in healthy volunteers before evaluation in patients with diseases
such as chronic spontaneous urticaria, rosacea, and atopic dermatitis, caused
by activation of MRGPRX2 receptor.?®> Other examples of pharmacological
intradermal challenge models include the histamine challenge model, the
imiquimod model and the lipopolysaccharide model of inflammation.’>2627 In
the current study, the sp challenge model was characterized and the results can
be assessed as fit-for-purpose validation of this method.®

Our study also evaluated flare responses and demonstrated that sp challenges
produced a dose-dependent flare response; flare response lasted longest
(between 5 and 10 min) with the highest dose of sp. The results are supported by
previous findings, in which sp was observed to induce a dose-dependent wheal
and flare for the lower doses.?1:29:30

Notably, our findings show an Epax at SP 50 PMOL in the first challenge visit.
Further, we found that there was variability in both the wheal and the flare AUCs
observed with different doses. A dose-dependent flare response was observed
between the 5- and 20-min timepoints, which coincided with findings from the
published literature: response during the first 5min was reported to be the most
reproducible period to assess the inflammatory response.3

For the majority of participants, responses disappeared within 2h following
Sp administration. Only a few lasted longer, and individuals with longer-lasting
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responses were excluded from the analysis. However, it must be noted that this
analysis was conducted with a small number of participants, and it is unclear if
similar trends would manifest in larger studies. Nonetheless, the relatively small
sample size in the present study was similar to that utilized in a prior challenge
study,® and suggests that the skin challenge is suitable for small cohorts in the
early phases of clinical development. One could argue that this study may have
been limited by its open-label design; however, controlling for the risk of bias
was not required for this type of design and appropriate within-subject controls
were used.

Our study showed that IDM interventions did not change sp-induced wheal
and flare responses, and this further supports the use of the sp model. The
concentration of histamine in the clinical samples, released in response to SpP
challenge, waslower than expected based on previous findings.>? These relatively
low concentrations of histamine may have been due to a rapid local clearance
of histamine in the skin after the mediator was released from the skin mast
cells. This hypothesis was consistent with the often rapid decline in histamine
concentrations observed when two consecutive samples from the same
probe were positive, that is, above the LLOQ. This rapid clearance of histamine
following sp challenge in skin has previously been reported,3? similarly with a
peak response measured up to 10 min.

In conclusion, we demonstrate that a pharmacological model with sp in
healthy participants should be considered for proof-of-pharmacology analyses
in first-in-human studies. The use of sp in a challenge study could enable
researchers to investigate the release of locally acting mediators, in addition to
immune cell markers.
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Supplementary Figure 1 Mean wheal auc following skin challenges (Part 1). AUC, area
under the curve; min, minutes; SP, substance p.
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Supplementary Figure 2 Mean wheal auc following skin challenges (Part 2, with 1DM
intervention). AUC, area under the curve; IDM, intradermal microdialysis; min, minutes; SP,
substance p.
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Supplementary Figure 3 Mean flare auc following skin challenges (Part 1). AUC, area
under the curve; min, minutes; SP, substance p.
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Supplementary Figure 4 Mean flare auc following skin challenges (Part 2, with 1DM
intervention). AUC, area under the curve; IDM, intradermal microdialysis; min, minutes; SP,
substance p.
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Supplementary Figure5 Subject profile panel plot by individual histamine concentrations
(1pM) following skin challenges. AUC, area under the curve; IDM, intradermal microdialysis;

min, minutes; SP, substance P.
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Supplementary Table1 Participant demographics

Included in skin challenge Enrolled
evaluations
Part1 Part 2 Total
(n=9) (n=20) (n=32%)
Sex, n (%)
Female 6(67) 13(65) 20(63)
Male 3(33) 7(35) 12(38)
Age (years)*
Median (min, max) 22(21,32) 22(18,49) 22(18,49)
Age group (years)*, n (%)
<18 0 1(5) 2(6)
19-64 9(100) 19 (95) 30(94)
Ethnicity, n (%)
Not Hispanic or Latino 9(100) 20(100) 32(100)
Race, n (%)
White (Arabic/North African Heritage) 0 2(10) 2 (6)
White (White/European Heritage 9(100) 18(90) 30(94)

Height (cm)

Median (min, max)

178.0(166,190) 174.5(161,198) 175.5(161,198)

Weight (kg)

Median (min, max)

72.1(60.3,94.5) 71.6(56.2,93.7) 71.9(56.2,104.8)

Body mass index (kg/m?)

Median (min, max)

21.9(20.5,27.3)

22.4(19.7,29.4)

22.4(19.7,29.4)

Concomitant medications, n (%)

Any medication

5(56) 14(70)

*Of the 32 participants, 3 were excluded from the study due to coOvID-19 infection (n = 2) and

voluntary exclusion (n = 1).
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Supplementary Table2 Summary of wheal and flare auc following skin challenge with

ascending Substance P doses (Part 1)

Challenge sp challenge (dose, Posterior median 95% Crl Probability
visit number of participants) (mm?/min) (lower, upper) (ratio >1)*
PART I - Wheal AUCo-2h
Visit 1 sP5pmol,n=9 1887.2 (904.8,3919.7)
sp15pmol,n=9 4333.1 (2075.7,9027.1)
SP50pmol,n=4 44733 (1473.6,13695.1)
SP150 pmol,n=9 5631.5 (2717.1,11790.2)
SP500pmol,n=5 6579.5 (2448.2,17609.7)
SP 15 pmol/SP 5 pmol 23 (0.8,6.5) 0.9
SP 50 pmol/sP 15 pmol 1.0 (0.3,3.9) 0.5
SP 150 pmol/SP 50 pmol 1.3 (0.3,4.7) 0.6
SP 500 pmol/sP 150 pmol 1.2 (0.3,4.0) 0.6
PARTI - Flare AUCo-2n
Visit 1 SP5pmol, n-9 3967.8 (1439.6,10788.2)
SP 15 pmol, n-9 18733.4 (6859.4,51068.5)
SP 50 pmol, n-4 47333.9 (10337.0,213649.4)

SP 150 pmol, n-9 31904.4 (11687.0,87191.80)

SP 500 pmol, n-5 245304 (6267.2,96405.6) 1.0
SP 15 pmol/sP 5 pmol 47 (1.2,19.7) 1.0
SP 50 pmol/sP 15 pmol 2.5 (0.4,15.5) 0.8
SP 150 pmol/sp 50 pmol 0.7 (0.1,4.2) 0.3
SP 500 pmol/SP 150 pmol 0.8 (0.1,4.2) 0.4

AUC, area under the curve; Crl, credible interval; sD, standard deviation; Sp, Substance P.

*Posterior probability that the ratio is >1.

IV -~ INTRADERMAL SUBSTANCE P CHALLENGE IN HEALTHY VOLUNTEERS

ATYILdVHD TVIddLVIN AAVLNIWITddNS

93



SUPPLEMENTARY MATERIAL CHAPTER IV

94

Supplementary Table3 Summary of wheal responses following skin challenges

Continuation Supplementary Table 3

Skin Challenge Visit | n Mean Median n Mean Median
(sp) (min-max) (sp) (min-max)
Part 2
SP 50 pmol 1 4 16.5 175 20 25.3 23.5
(5.1) (10-21) (12.6) (4-60)
2 - - - 20 27.1 25.0
(10.9) (15-59)
SP 150 pmol 1 9 253 20.0 20 31.7 28.0
(17.2) (10-60) (23.1) (5-90)
2 - - - 20 283 275
(10.0) (15-41)
SP 500 pmol 1 5 16.0 20.0 - - -
(6.5) (5-20)
2 - - - - - -
Time to complete disappearance (minutes)t
Saline 1 9 34.1 39.0 20 179 16.0
(12.8) (15-55) (5.2) (11-30)
2 - - - 20 18.7 20.0
(3.8) (11-27)
Histamine 1 9 79.9 90.0 20 78.5 90.5
(16.0) (56-93) (25.6) (6-120)
2 - - - 19 77.7 90.0
(20.9) (40-120)
SP 5 pmol 1 7 83.0 62.0 20 82.6 89.0
(35.4) (40-120) (27.0) (38-121)
2 - - - 19 73.7 61.0
(18.6) (58-121)
SP 15 pmol 1 7 96.3 120.0 18 85.3 90.0
(33.1) (42-121) (27.3) (38-121)
2 - - - 19 80.9 88.0
(24.5) (40-123)
SP 50 pmol 1 2 74.5 74.5 16 91.7 90.0
(21.9) (59-90) (20.7) (58-121)
2 - - - 19 89.6 90.0
(22.4) (60-122)
SP 150 pmol 1 6 81.8 75.5 16 102.6 104.5
(33.6) (40-120) (19.3) (59-121)
2 - - - 19 91.6 90.0
(20.9) (60-121)
SP 500 pmol 1 4 973 104.5 - - -
(28.5) (60-120)
2 - - - - - -

sD, standard deviation; Sp, Substance P. *During the 2h post challenge period. t Complete
disappearance was defined as a value of 0 for wheal area, longest diameter or orthogonal diameter.
Participants who did not have a disappearance within the 2h post challenge period were excluded.

Skin Challenge Visit | n Mean Median n Mean Median
(sp) (min-max) (sp) (min-max)
Part1 Part 2
Maximum (mm?)*
Saline 1 9 152 15.2 20 16.6 14.0
(8.98) (5.2-30.9) (11.4) (3.7-44.3)
2 - - - 20 21.8 17.2
(12.8) (5.6-47.2)
Histamine 1 9 44.6 38.5 20 53.2 50.2
(16.7) (25.5-69.2) (26.6) (8.2-103.8)
2 - - - 20 52.9 57.0
(16.3) (28.8-78.8)
SP 5 pmol 1 9 424 40.7 20 85.8 87.5
(20.3) (13.3-67.9) (23.5) (27.3-122.3)
2 - - - 20 92.2 89.7
(24.5) (48.5-164.0)
sp15pmol 1 9 82.8 66.9 20 1130 123.2
(41.8) (37.1-139.9) (30.8) (43.4-148.7)
2 - - - 20 1131 110.6
(26.9) (65.4-172.1)
SP 50 pmol 1 4 99.8 939 20 1346 141.1
(48.1) (58.4-153.3) (39.4) (41.0-215.5)
2 - - - 20 1511 137.32
(39.3)  (115.20-282.94)
SP 150 pmol 1 9 126.1 1263 20 1489 145.7
(55.3) (20.9-203.1) (47.7) (50.4-289.9)
2 - - - 20 1530 153.1
(39.8) (91.7-238.6)
SP 500 pmol 1 5 194.1 125.7 - - -
(178.9) (24.6-461.8)
2 - - - - - -
Time to maximum (minutes)*
Saline 1 9 6.8 5.0 20 5.9 5.0
(2.7) (5-11) (2.0) (4-10)
2 - - - 20 55 5.0
(1.6) (4-10)
Histamine 1 9 22.6 20.0 20 31.2 30.0
(10.2) (15-42) (15.5) (9-62)
2 - - - 20 27.7 24.5
(11.5) (14-60)
SP 5 pmol 1 9 23.9 20.0 20 20.4 185
(18.5) (5-60) (7.6) (9-39)
2 - - - 20 20.9 19.0
(7.8) (9-39)
SP 15 pmol 1 9 22.0 20.0 20 25.3 195
(10.5) (10-40) (17.7) (8-90)
2 - - - 20 23.1 185
(16.7) (11-89)
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This study evaluated and characterized the pharmacological activity of the
orally administered interleukin-1 receptor-associated kinase 4 (IRAK4)
inhibitors BAY1834845 (zabedosertib) and BAY1830839 in healthy male
volunteers. Participants received one of either IRAK4 inhibitors or a control
treatment (prednisolone 20 mg or placebo) twice daily for 7days. Localized skin
inflammation was induced by topical application of imiquimod (1MQ) cream for
3days, starting at Day 3 of treatment. The inflammatory response was evaluated
by laser speckle contrast imaging (skin perfusion) and multispectral imaging
(erythema). AtDay 7, participantsreceived1ng/kgintravenouslipopolysaccharide
(LPs). Circulating inflammatory proteins, leukocyte differentiation, acute phase
proteins, and clinical parameters were evaluated before and after the systemic
LPs challenge. Treatment with BAY1834845 significantly reduced the mean
1MQ-induced skin perfusion response (geometric mean ratio [GMR] vs. placebo:
0.69 for BAY1834845, 0.70 for prednisolone; both p<0.05). Treatment with
BAY1834845 and BAY1830839 significantly reduced 1MQ-induced erythema
(GMR vs. placebo: 0.75 and 0.83, respectively, both p<0.05; 0.86 for prednisolone,
not significant). Both IRAK4 inhibitors significantly suppressed the serum
TNF-a and IL-6 responses (280% suppression vs. placebo, p<0.05) and inhibited
c-reactive protein, procalcitonin, and 1L-8 responses to intravenous LPS. This
study demonstrated the pharmacological effectiveness of BAY1834845 and
BAY1830839 in suppressing systemically and locally induced inflammatory
responses in the same range as prednisolone, underlining the potential value of
these IRAK4 inhibitors as future therapies for dermatological or other immune-
mediated inflammatory diseases.

INTRODUCTION

Interleukin-1 receptor-associated kinase 4 (IRAK4) is a serine/threonine
kinase that is a key intracellular signaling component downstream of myeloid
differentiation primary response protein 88-associated toll-like receptors (TLRS)
and the interleukin (1L)-1receptor (1L-1R) family that are key mediators of human
innate immune responses. Inhibition of IRAK4 activity blocks the production
of inflammatory cytokines, such as IL-6, tumor necrosis factor (TNF)-a, I1L-12,
1L-1, and type I interferons (1FNs), which are key drivers in the pathogenesis
of multiple autoimmune inflammatory diseases. In mouse models, IRAK4
inhibition was shown to suppress lipopolysaccharide (Lps)-induced TNF-«
activation, alleviate collagen-induced arthritis, and block gout formation.*?
IRAK4 has thus emerged as an attractive therapeutic target for diseases
associated with dysregulated inflammation, such as chronic inflammatory skin
conditions, systemic and cutaneous lupus erythematosus, and rheumatoid
arthritis. The clinical efficacy of IRAK4 inhibition in rheumatoid arthritis has
been demonstrated by a selective, small molecule IRAK4 inhibitor,® and studies
of other IRAK4-targeting compounds in other indications are ongoing.#®

BAY1834845 (zabedosertib) and BAY1830839 are two oral IRAK4 inhibitors
with high potency and selectivity, and good oral availability across preclinical
species. Synthesized by Bayer AG, Berlin, Germany,” both compounds are
drug candidates in development for the treatment of immune-mediated
inflammatory diseases. In mice with imiquimod (1MQ)-induced psoriasis,
treatment with BAY1834845 or BAY1830839 significantly reduced the severity
of psoriasis-like lesions and reduced the extent of erythema, skin thickening,
and scaling compared with vehicle. Both compounds dose-dependently blocked
1L-1B-induced inflammation in mice.” BAY1834845 also strongly inhibited the
secretion of TNF-« in isolated murine and rat splenic cells stimulated for 24h
with LPs 1 and 0.1pg/mL, with half-maximal inhibitory concentration (1c50)
values of 385 and 1270 NM, respectively (data on file at Bayer). As part of the initial
clinical phase I studies, the ex vivo activity of both compounds was evaluated
by whole blood LPs challenges (LPS concentration 0.1ng/mL, 6h incubation) in
healthy male volunteers. BAY1834845 (daily doses up to 240 mg for 10days) and
BAY1830839 (daily doses up to 400 mg for 10days) suppressed TNF-a release in
a dose-dependent manner, with a mean inhibition of 50% and 70%, respectively
(data on file at Bayer).

The purpose of this clinical study was to evaluate and characterize the
pharmacological activity of orally administered BAY1834845and BAY1830839in
the inhibition of IRAK4 pathway-mediated reactions in healthy male volunteers.
A conventional immunosuppressive agent (prednisolone) and placebo were
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used as active and non-active controls, respectively. The study design allowed
discrimination between systemic and peripheral inflammation, and between
TLR4- and TLR7-mediated responses; in vivo drug activity in a peripheral tissue
(skin) was evaluated based on a topical 1MQ challenge driving TLR7 activation,
while in vivo drug activity in systemic inflammation was investigated by an
intravenous (1.v.) LPs challenge driving TLR4 activation. Ex vivo drug activity
in circulating immune cells was monitored by whole blood challenges driving
TLR4, TLR7/8, and IL-1R. Both the topical iMQ challenge and intravenous LPS
challenge are clinically well-characterized models which have been used to
demonstrate the pharmacological activity of candidate drugs.®* TLR4, TLR7/8,
and IL-1R are all receptors upstream of IRAK4 signalling and, therefore, serve
as relevant targets for providing proof of clinical pharmacological activity and
exploring the therapeutic potential of BAY1834845 and BAY1830839.

MATERIALS AND METHODS
GENERAL STUDY DESIGN

This was a randomized, partial-blind, four-arm study. Healthy male volunteers
(12 per study arm) received oral treatment with one of the two study drugs
(BAY1834845 or BAY1830839), matching placebo, or prednisolone as an active
control, each twice daily (B.i.d.) for 7days (Figure 1). The effects of these oral
treatments onlocal and systemic IRAK4-driven responses, which were triggered
by a topical inflammatory skin challenge conducted from Day 3 to Day 5 after
start of treatment and a systemic immune challenge conducted on Day 7, were
evaluated over time, while safety/tolerability was monitored closely.

This study (ClinicalTrials.gov identifier: NCT05003089) was conducted in
accordance with the Declaration of Helsinki, the Council for International Or-
ganizations of Medical Sciences International Ethical Guidelines, and the Inter-
national Conference of Harmonisation Good Clinical Practice Guidelines. The
independent Medical Review and Ethics Committee ‘Medisch Ethische Toet-
singscommissie van de Stichting Beoordeling Ethiek Biomedisch Onderzoek’
(Assen, The Netherlands) reviewed and approved the study prior to clinical study
activities. All subjects received oral and written information and provided writ-
ten informed consent before participation. The study was conducted at the Cen-
tre for Human Drug Research, Leiden, The Netherlands, between June 2021 and
December 2021.

STUDY PARTICIPANTS

The study included men aged 18-55years at the time of screening (within
42days prior to the study treatment period). All provided informed consent and
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were healthy as determined by medical evaluation based on medical history,
physical examination, laboratory tests, electrocardiogram (EcG), and vital
signs. Individuals were excluded from the study if they had specified medical
conditions, medication or drugs, or evidence of any other clinically relevant
findings. Subjects with active infections, who had recently used immune-
modulating drugs, or with skin disorders were excluded. Further information
regarding the inclusion and exclusion criteria are provided in Data S1.

Figure1 Studydesign. B.i.d., twice daily; BL, baseline; CEA, Clinician Erythema Assessment;
CRP, C-reactive protein; IMQ, imiquimod; LcsI, laser speckle contrast imaging; LPsS,
lipopolysaccharide; pCT, procalcitonin; PK, pharmacokinetics; wB, whole blood.

Zabedosertib 120 mg B.LD.., BAY1830839 100 mg B.LD.,
placebo B.I.D,, or prednisolone 20 mg B.1.D..
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DOSE SELECTION

The selected doses of BAY1834845 (120mg B.i.d.) and BAY1830839 (100mg
B.i.d.) were based on the drug concentrations and exposures found to exert
pharmacological activity in preceding preclinical experiments, which used 1L-13-
induced systemic inflammation in mice” and mouse collagen antibody-induced
arthritis (data on file at Bayer), after taking into account species differences in
potency, as well as evidence from initial clinical studies.’?!*!415 [n these clinical
studies, BAY1834845 was well tolerated in healthy male volunteers at single oral
doses of up to 480mg and at multiple oral doses of up to 200 mg B.i.d. for 10days;
in male and female patients with plaque psoriasis, a similar safety profile was
also reported at 120mg B.i.d. for 8weeks (data on file at Bayer). In addition,
single oral doses of BAY1830839 of up to 800mg as well as multiple oral doses
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of up to 200mg B.i.d. and 100mg T.i.d. for 10days were generally well tolerated
(data on file at Bayer). Prednisolone was administered as an active control at a
supratherapeutic clinical dose (40 mg daily) for long-term use.

TREATMENTS

Study participants were randomized 1:1:1:1 to receive BAY1834845 120 mg B.i.d.
(masked), BAY1830839 100mg B.1.d. (masked), matching placebo B.i.d. (masked),
or20mgprednisolone B.i.d. (openlabel). Study treatments were administered for
7 consecutive days (Days 1-7). Further information regarding the randomization
and blinding procedures are provided in Data s1. Prednisolone was administered
at 20mg B.i.d. to mimic the dosing regimen of the two investigational drugs.
Treatment compliance during in-house visits and on Day 6 (full day in-house)
was monitored at the study site. In the ambulatory phases of the study, direct
supervision of drug intake was undertaken by study personnel via a live video
call. Clinical evaluations were done by treatment-blinded investigators.

IMMUNE CHALLENGES
IMQ SKIN CHALLENGE

For the 1MQ skin challenge, commercially available IMQ-containing cream
(Aldara™ 5% cream, Meda AB, Solna, Sweden) was used, starting after 2 days of
treatment with the study drugs. IMQ cream was applied for 3days to induce skin
inflammation as previously described.? iMQ cream 5% (100 mg) was applied daily
to tape-stripped skin treatment areas on the back under occlusion by a standard
12-mm Finn chamber (Smart Practice, Phoenix, Az, usA). The Finn chamber was
replaced with a new dose of 1MQ after 24 h (treatment areas 2 and 3) and again
after 48h (treatment area 3). This resulted in the following treatment durations
and doses - area 1: 24h 1MQ exposure, cumulative dose 5mg; area 2: 48h IMQ
exposure, cumulative dose 10 mg; area 3: 72h IMQ exposure, cumulative dose
15mg; and area 4: no IMQ exposure (untreated control).

At baseline and 24, 48, and 72h after the start of the iMQ skin challenge,
skin reactions were evaluated using three-dimensional (3D) optical skin image
capture and analysis (Antera 3D® camera, Miravex, Dublin, Ireland) for erythema
and a laser speckle contrast imager (LscI; Perimed AB, Jarfélla, Sweden) for
perfusion. Both procedures were performed according to the manufacturer’s
instructions.® In addition, visual assessments of the skin reaction were graded
using the Clinician Erythema Assessment (CEA) score ¢

At baseline and 24, 48, and 72h after the start of the iMQ skin challenge,
suction blisters were generated on the inflamed skin areas using a negative
pressure device (NP-4; Electric Diversities, Finksburg, MD, UsA).” Blister fluid
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was harvested and used to analyze immune cell subsets via flow cytometry
(using Flowlogic 7.3, Inivai Technologies) as well as cytokines and chemokines
via multiplex immunoassays (Meso Scale Discovery; Meso Scale Diagnostics,
Rockville, MD, USA); see Data s1 for further details.

SYSTEMIC LPS CHALLENGE

Afterparticipantshad undergonetheimMqskinchallenge,an1.v.Lpschallengewas
performed on Day 7 after the start of treatment. All participants received 1ng/kg
purified Escherichia coli 0113 Lps (List Labs, US, Lot #94332B4) reconstituted in
o.5mL glucose 2.5%-sodium chloride (NACL) 0.45% and administered as a 2-min
infusion. To ensure that participants stayed adequately hydrated, glucose 2.5%-
NACL 0.45% was infused, starting 2h prior to LPs administration and continuing
until 6h afterwards.!® Circulating inflammatory proteins (acute phase proteins,
cytokines), leukocyte differentiation, and clinical parameters (pulse rate, blood
pressure, and temperature) were evaluated over time, starting 0.5 h after the end
of the infusion and ending up to 24 h after infusion.

Ex vivo whole blood challenges Before treatment, two baseline (Day -1 and
Day 1) and on Day 6 (Figure 1), ex vivo peripheral blood samples were drawn into
TruCulture tubes (Myriad RBM, Austin, TX, USA) according to the manufacturer’s
instructions. Tubes contained LPs (TLR4 agonist, 0.1ng/mL) or R848 (TLR7/8
agonist, 0.35pg/mL). In addition, a third blood sample was incubated with 1.-1p
(IL-1R agonist, 125ng/mL) in 4 mL sodium heparin tubes. Blood samples were
incubated in duplicate for each challenge agent at 37°C for 24 h. After incubation,
cytokine release in culture supernatants was evaluated using multiplex
immunoassays; see Data s1 for further details.

PK SAMPLE COLLECTION (PLASMA AND SKIN SUCTION BLISTER FLUID)

Sample collection for pharmacokinetic (PK) analyses is described in Data s1.

SAFETY MONITORING

Adverse events (AEs) were recorded and assessed for intensity, cause, and
potential relationship to study treatments or procedures at each study visit.
Assessment of clinical signs and symptoms was particularly thorough during
the 48h after the 1.v. LPs challenge on Day 7 to ensure participant safety. For
these AEs, their potential relationship to the Lps infusion was specifically
documented by the investigator as “infusion-related reactions” (as part of the
AE description text) and subsequently rated as “procedure-related” AEs. This
approach enabled the evaluation of the effects of the active treatments on LPS-
induced adverse reactions.
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STUDY ENDPOINTS

The co-primary endpoints of the study were the average change from baseline
of skin perfusion/basal flow and erythema over 72h after the start of the iMQ
challenge, and the average change in systemic TNF-o and IL-6 levels over 6h
after the systemic Lps challenge. Secondary endpoints included: skin perfusion/
basal flow and erythema at the individual time points (24, 48, and 72h after the
start of the 1MQ challenge), CEA scores (24, 48, and 72h after the start of the IMQ
challenge), molecular responses (cytokines and immune cells in skin suction
blisters) driven by IMQ; as well as immune responses in blood (e.g., immune cells,
C-reactive protein [CRP], cytokines) and clinical responses (body temperature,
pulse rate, systolic and diastolic blood pressure) driven by the systemic LPS
challenge. Other prespecified endpoints included concentrations of total and
unbound BAY1834845 and BAY1830839 in plasma and suction blister fluid,
cytokine release in the ex vivo whole blood challenge assays, and treatment-
emergent AES (TEAES).

STATISTICAL APPROACH AND ANALYSES

Evidence of the pharmacological activity of each treatment was evaluated using
a two-step hierarchical decision: step 1 to establish assay sensitivity, and step 2
to establish superiority of the treatments versus placebo. To satisfy step 1 (1IMQ
skin challenge assay sensitivity), the prednisolone arm was required to show
superiority in at least one of the outcome variables (erythema or perfusion) with
>95% posterior probability. A sample size of 12 evaluable participants per arm
was deemed sufficient to achieve >95% power for success in step 1, assuming a
mean reduction versus placebo of 73% (conservative estimate based on available
data, with a coefficient of variation [cVv] of 15%) in erythema and a mean
reduction versus placebo of 71% (with a cv of 25%) in perfusion. Proof of assay
sensitivity with an effective anti-inflammatory drug was deemed important due
to the limited available data for the challenges. Step 2 (main analysis) required
that the active treatments demonstrated superiority versus placebo with >90%
posterior probability for erythema as well as perfusion. Twelve participants
were calculated as sufficient to achieve >90% power for demonstrating
superiority versus placebo if the treatment effect was at least 70% of the effect of
prednisolone. A Bayesian repeated measures analysis of covariance model was
fitted to the original log-transformed values for change from baseline (or change
from pre-challenge value, if applicable) adjusted for treatment-timepoint
interaction and a random subject effect. All statistical analyses were performed
using SAS software, release 9.4 or higher (sAs Institute Inc., Cary, NC, USA), R
version 3.61 or higher, or JAGS version 4.3 or higher. One-sided p-values <0.05
were considered statistically significant.
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RESULTS

Fifty-one eligible participants were randomly assigned to one of the four study
intervention groups. Two participants were withdrawn early due to AEs (see
later) and were replaced to achieve 12 evaluable participantsin each treatment
group (Table s1). Based on direct supervision at the study site and video call
monitoring, treatment compliance was estimated to be 100% in all evaluable
patients (Table s2). All randomized participants were Caucasian adult males
aged between 19 and 55years. Baseline characteristics were similar across the
four participant groups (Table s1).

IMQ SKIN CHALLENGE

Based on the statistically significant difference (p=0.02) in skin perfusion
between the active control prednisolone and the placebo group, assay
sensitivity was confirmed (step 1; Figure 2B,D, Table 1). Treatment with
BAY1834845 and BAY1830839 reduced IMQ-driven erythema, with a GMR
of treatment effect versus placebo of 0.75 and 0.83, respectively (p=0.01
and p=0.05, respectively; Figure 24,c, Table 1). Treatment with BAY1834845
reduced IMQ-driven increases in skin perfusion as quantified by LscI, with
a GMR of treatment versus placebo of 0.69 (p=0.02; Figure 2B,D, Table 1).
Clinical evaluation of skin reactions indicated that participants treated with
BAY1834845 and BAY1830839 had a less severe inflammatory reaction to
the skin challenge than those who received placebo (Figure 24,8, Figure s1).
Overall, the effect size of BAY1834845 on IMQ-driven skin responses was
comparable or better than that of prednisolone (Table 1).

SKIN SUCTION BLISTER FLUID ANALYSIS

BAY1834845, BAY1830839, and prednisolone strongly suppressed IMQ-driven
1P-10 and interferon-induced myxovirus resistance protein 1 (Mx4A) in skin
suction blister exudate (analysis on Day 6), which were the two biochemical
end points showing the strongest response in this test matrix following skin
challenge (Figure 34,B). The 1MQ challenge resulted in an increase in cD8+
T cells, dendritic cells, classical monocytes, and natural killer (NK) cells in
suction blister fluid. The responses of cD8+ T cells and dendritic cells were
suppressed by BAY1834845, BAY1830839, and prednisolone treatment at 72h
after the start of the IMQ challenge. The responses of NK cells and classical
monocytes were markedly suppressed by prednisolone at 72h post-challenge
only after a preceding increase of these cell types up to 48h post-challenge
(Figure s2). No changes in systemic markers during or after the iIMQ challenge
were observed.
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Figure 2 Changes over time in (a) skin erythema and (b) skin perfusion after start of
imiquimod (1MQ) challenge, both in arbitrary units. Representative images captured 72h
after start of 1MQ challenge are also shown for (c) three-dimensional (3D) camera and (d)
laser speckle contrast imaging (LSC1). AU, arbitrary units; IMQ, imiquimod.
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Figure 3 Changes over time in (a) IFN-y-induced protein 10 (1p-10) and (b) myxovirus
resistance protein 1(MxA) in blister fluid after imiquimod (IMQ) challenge. LLOQ, lower limit
of quantitation; LPs, lipopolysaccharide; ULOQ, upper limit of quantitation.
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Table1 Co-primary end point analysis: imiquimod skin challenge and systemic lipopolysaccharide

challenge parameters.

Placebo BAY 1834845 BAY 1830839 Prednisolone
(n=12) 120 mgB.I.D. 100 mg B.LD. 20 mgB.1.D.
(n=12) (n=12) (n=12)
1MQ skin challenge
Skin perfusion/basal flow
Geometric mean response 143.02 98.68 123.00 100.11
(90% CrI) (aU) (112.05,172.85) (68.65,128.58) (85.67,158.90) (70.08,129.15)
Geometric mean ratio of treatment 1 0.69 0.86 0.70
effect vs. placebo (90% CrI) (0.48,0.90) (0.60,1.11) (0.49,0.90)
Posterior probability of treatment - 0.98* 0.82(n.s.) 0.98*
superiority to placebo
Erythema
Geometric mean response 34.7 26.0 28.8 29.8
(90% Cr1) (av) (29.9,39.4) (20.89,3092)  (23.08,34.21)  (23.98,35.50)
Geometric mean ratio of treatment 1 0.75 0.83 0.86
effect vs. placebo (90% Crl) (0.60,0.89) (0.67,0.99) (0.69,1.02)
Posterior probability of treatment - 0.99* 0.95* 0.91(n.s.)
superiority to placebo
LPS challenge
TNF-a (blood)
Posterior geometric mean response 17.25 3.45 2.42 5.35
(90% Crl) (pg/mL) (13.18, 21.49) (2.28,4.61) (1.60, 3.26) (3.52,7.12)
Geometric mean ratio of treatment 0.20 0.14 0.31
effect vs. placebo (90% CrI) (0.13,0.27) (0.09, 0.19) (0.20, 0.41)
Posterior probability of treatment >0.99* >0.99* >0.99*
superiority to placebo
1L-6 (blood)
Posterior geometric mean response 18.1 4.89 471 5.61
(90% Crl) (pg/mL) (13.7,22.3) (3.31,6.59) (3.04,6.12) (3.71,7.39)
Geometric mean ratio of treatment 0.27 0.26 0.31
effect vs. placebo (90% Crl) (0.18,0.36) (0.17,0.34) (0.21,0.41)
Posterior probability of treatment >0.99* >0.99* >0.99*

superiority to placebo

AU, arbitrary units; Crl, credible interval; IL, interleukin; IMQ, imiquimod; LPS, lipopolysaccharide; LSCI, laser
speckle contrast imaging; TNF, tumour necrosis factor; *, statistically significant at a one-sided a of 5%; n.s, not

significant.

SYSTEMIC LPS CHALLENGE

BAY1834845 and BAY1830839 treatment significantly suppressed the marked
and rapid increase in circulating TNF-a and I1L-6 following 1.v. LPS challenge by
280%, averaged over assessments from 0.5 to 6h after the LPS challenge when
compared with placebo (p<0.01; Figure 4A,B). LPs-induced increases in 1L-8,
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crp, and procalcitonin (pcT; Figure 4C,E,F, respectively), as observed in the
placebo group, were also inhibited by BAY1834845 and BAY1830839. In contrast
to prednisolone, treatment with either BAY1834845 or BAY1830839 did notlead
to an increase in the anti-inflammatory cytokine 1L-10 compared with placebo
(Figure 4D). Furthermore, BAY1834845 and BAY1830839 suppressed LPS-driven
increases in systolic blood pressure and pulse rate (Figure s3) compared with
placebo without suppressing the mild increase in core temperature 2-6h after
Lv. LPS challenge.

ADVERSE EVENTS RELATED TO LPS CHALLENGE

The majority of the TEAEs that occurred during the study were reported
within 48h after the start of the LPs challenge. These procedure-related
TEAEs, comprising reactions related to the Lps infusion, mostly started
within 1h of beginning the LPs challenge and resolved completely after 2h.
Three of these TEAES (tachycardia and infusion-related reactions of fever
and chills) were of moderate intensity and observed in two participants in
the placebo group; all other TEAES were assessed as mild. Overall, compared
with the placebo group, a clear reduction in the number of procedure-related
TEAEs occurring within 48h after the start of the LPS challenge was observed
inthe BAY1834845 and BAY1830839 treatment groups, in which 7 and 6 (of 12)
participants, respectively, reported no procedure-related TEAEs within the
assessment period (Figure 5).

EX VIVO WHOLE BLOOD CHALLENGES

Incubation of whole blood with different immune challenge agents triggered
the secretion of cytokines characteristic of specific signalling pathways
activated by the respective agents, thereby serving as a measure of ex vivo
pharmacological activity. The cytokines induced by R848, LPS, and IL-1B as
well as the inhibition of cytokine release per treatment arm are summarized
in Table 2. Treatment with BAY1834845 and BAY1830839 resulted in an
approximately 80%-95% reduction in R848-driven IL-1B, TNF-q, IL-6, and
IFN-y release; while 1L-8 and 1L-10, 1P-10 and IFN-«a responses had smaller
reductions and were mildly impacted by the IRAK4 inhibition. Both IRAK4
inhibitors suppressed LPS-driven IL-1B, TNF-q, IL-6, and IL-8 release with a
50%-80% reduction. Moreover, reductions in IL-13-driven TNF-q, IL-6, and
IL-8 were observed. Overall, BAY1830839 resulted in a stronger suppression
of R848-drivenresponses than BAY1834845. Prednisolone treatment was less
effective at suppressing most R848- and IL-1B-driven cytokine responses but
showed similar potency to the two IRAK4 inhibitors for the attenuation of LPS-
stimulated 1L-1pB, IL-6, and TNF-a release.
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Figure4 Changes in estimated geometric mean response over time in (a) tumor necrosis
factor (TNF)-a, (b) interleukin (IL)-6, (c) 1L-8, (d) 1L-10, (e) C-reactive protein (CRP), and (f)

procalcitonin after intravenous lipopolysaccharide (L.Ps) challenge.
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Figure5 Subjects with procedure (lipopolysaccharide [LPs] challenge)-related treatment-
emergent adverse effects within 48h of intravenous LPS administration by treatment group
(N=12 per group). BAY1834845, BAY1830839, prednisolone, and placebo. AE, adverse effect;
Lps, lipopolysaccharide.
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Table2 Ex vivo pharmacological activity: inhibition of whole blood cytokine release
triggered by R848, lipopolysaccharide, and interleukin (1L.)-1B.

Challenge Cytokine BAY BAY Prednisolone Placebo
agent 1834845 1830839
R848 TNF-& -87 -93 -32 +22
IL-6 =77 -85 -20 +22
IL-8 -30 -37 +133 +7
IL-1B -87 -92 -2 +19
IFN-Q +11 -32 N.C. +18
IFN-y -93 -93 -67 +32
IL-10 -69 -85 +11 +8
1P-10 -20 -30 +10 +10
LPS TNF-o -51 -75 -56 +38
IL-6 -52 =73 -71 +34
IL-8 -60 -79 +13 +14
IL-1B -50 -75 -57 +30
IL-1B TNF-« N.C. N.C. +34 -1
IL-6 -41 -81 -1 +23
IL-8 0 -50 +30 0
IFN-« N.C. N.C. N.C. N.C.

Data shown are the geometric mean percentage change from baseline stimulation for each cytokine;
a negative change indicates a reduction of the respective marker. Some means were not calculated
because too many values were below the lower limit of quantitation.

IFN, interferon; 1L, interleukin; 1p-10, IFN-y-induced protein 10; LPs, lipopolysaccharide; N.c., not
calculated; TNF, tumour necrosis factor.
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OVERALL SAFETY AND TOLERABILITY

TEAES were reported by 9 participants (69.2%) in the BAY1834845 group,
8 (61.5%) in the BAY1830839 group, and 12 (100%) in the prednisolone and
placebo groups, respectively (Table s4). An AE leading to withdrawal from the
study occurred in one participant in each of the BAY1834845 and BAY1830839
treatment groups. The two discontinuations were due to an asymptomatic and
uncomplicated SARS-coOV-2 infection and an upper respiratory tract infection
on Day 4, respectively.

Most of the TEAES that occurred in 36 participants were assessed as being
related to study procedures and comprised reactions occurring within 48h after
the start of the1.v. LPs challenge (see Figure 5). These procedure-related AEs were
reported in two participants in the BAY1834845 group, three in the BAY1830839
group, four in the prednisolone, and six in the placebo groups, respectively. In
the two IRAK4 inhibitor-treated groups, these AEs included nausea, chills,
asthenia, spontaneous hematoma, myalgia, headache, and oropharyngeal pain.
Two participants in the placebo group reported procedure-related TEAES of
moderate intensity. All other AEs in any of the treatment groups were of mild
intensity.

PK OF BAY1834845 AND BAY1830839

At3hpost-dose on Day 6, geometric mean (Cv) total plasma concentrations were
6.1 (14.9%) mg/L. for BAY1834845 and 5.0 (23.6%) mg/L for BAY1830839 (Figure
S4). The corresponding geometric mean (Cv) total concentrations in blister fluid
were 2.6 (32.3%) and 3.0 (28.3%) mg/L. The geometric mean (cv) of individual
suction blister fluid versus plasma ratios were 0.43 (22.7%) for BAY1834845 and
0.59 (16.2%) for BAY1830839.

DISCUSSION

This study evaluated the pharmacological activity of the two orally administered
IRAK4-specific inhibitors BAY1834845 (zabedosertib) and BAY1830839 in ex-
perimental inflammation in healthy volunteers. Pharmacological activity was
investigated by ex vivo whole blood challenges and in vivo experimental models
of tissue inflammation and systemic inflammation. The data-rich, proof-of-
mechanism study design and selection of challenge models were chosen to (a)
evaluate the translation of results obtained from investigations of BAY1834845
and BAY1830839 based on TLR-driven pharmacodynamic cell and animal mod-
els; (b) characterize the inhibitory effect of these compounds on different TLR
pathways in humans, both systemically and in peripheral tissue; and (c) inform
decisions regarding the potential clinical development of both compounds.
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The doses of BAY1834845 and BAY1830839 used in this study were based on
data from cell-based experiments, animal models, and clinical studies.”21314:19
In multiple ascending dose phase I studies, doses of 120mg B.I1.D. BAY1834845
and 100mg B.I.D. BAY1830839 resulted in a mean suppression of TNFa of 40%
and 70% (TLR4-cytokine release in ex vivo whole blood assay), respectively,
at corresponding systemic exposures of 5.2 (19.4%) and 4.3 (42.8%) mg/L. In
the present study, average plasma concentrations (total) of 6.2 and 5.0mg/L
were observed on Day 6, 3h after BAY1834845 and BAY1830839 intake. Drug
concentrations in suction blister fluid, which acted as a proxy for dermal drug
concentration, were approximately half that of systemically circulating drug
concentrations. Based on the literature,?°2%22 it is known that the ratio between
systemic and interstitial fluid PK differs, and the basement membrane acting as
a barrier for compound penetration might cause differences in Tiax. Although
the concentration measured at Day 6 was considerably lower than that in the
suction blister fluid, the skin readouts from the 1MQ skin challenge suggested
efficient exposure to elicit an immunomodulatory effect.

BAY1834845 treatment significantly suppressed the iMQ-induced increase
in skin perfusion as quantified by Lsc1, and both IRAK4 inhibitors significantly
suppressed induction of erythema as quantified by multispectral imaging.
These findings were supported by visual grading of erythema and by reductions
in biochemical (1P-10 and MxA) and cellular (T cells, dendritic cells, classical
monocytes, NK cells) responsesin suction blister fluid. The results suggest that, of
the two study drugs, BAY1834845 was more effective in the topical inflammatory
challenge. Overall, the effect sizes of BAY1834845 and BAY1830839 on IMQ-
driven skin responses were comparable or better than that of oral prednisolone
(20mg B.1.D.), which was used as an active control. Of note, prednisolone has
been shown to suppress IMQ-induced skin inflammation in mice,?® and a recent
study also demonstrated this suppressive effect in humans.?*

In addition to the effect on the topical iMQ challenge response, the systemic
pharmacological activity of BAY1834845 and BAY1830839 was evaluated
by means of an 1.v. LPS challenge in the same volunteers. The model is well
established for the investigation of physiological mechanisms of systemic
inflammation and drug candidates in clinical development. Intravenous
administration of purified E.coli LPS results in flu-like signs and symptoms and
increased levels of inflammatory markers, such as cytokines and acute phase
reactants. The extent of the effect of LPs challenge on inflammatory markers
in the current study was consistent with that seen in previous studies.?*2¢
BAY1834845 and BAY1830839 strongly inhibited the responses driven by
LPS; cytokine, CRP, and PCT responses were suppressed, and LPS-driven
increases in systolic blood pressure and pulse rate were limited as a result of
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the IRAK 4 inhibition. Oral prednisolone administered at 20 mg B.1.D. had mostly
comparable effects, consistent with earlier reports.?’

Two clear differences between prednisolone and the IRAK4 inhibitors were
observed. Prednisolone induced I1L-10 systemically after the LPS challenge and
also caused a prominent increase in classical monocytes in skin suction blisters
within 48h after the IMQ challenge, whereas BAY1834845 and BAY1830839 did
not. An earlier clinical study showed that steroids upregulate constitutive 1L-10
production by selectively triggering activation signals on monocytes;? this was
not evident for BAY1834845 and BAY1830839.

The pharmacological activity of both IRAK4 inhibitors was evaluated ex vivo
by means of whole blood challenges with specific triggers of the innate immune
system. Treatment with BAY1834845 and BAY1830839 resulted in a reduction
in R848-induced TLR7/8 responses, which were most prominent for NF-kB-de-
pendent IL-1B, TNF-q, IL-6, and IFN-y; and, to a lesser extent, for 1L-8 and IL-10.
Interferon regulatory factor-dependent responses (1P-10 and IFN-«) were only
mildly inhibited by the two IRAK4 inhibitors, which may be explained by the po-
tentially lower sensitivity of the assay platform for IFN-a. Both BAY1834845 and
BAY1830839 suppressed LPS-induced TLR4-driven IL-13, TNF-q, IL-6, and IL-8
release and IL-1B-induced TNF-q, IL-6, and IL-8. Overall, BAY1830839 resulted
in a stronger suppression of ex vivo R848-driven responses and slightly higher
suppression of Lps-driven responses than BAY1834845 in this assay.

BAY1834845 and BAY1830839 inhibited the 1L-1B-driven 1L-8 and IL-6
cytokine release by 50%-80% and 0%-40%, respectively. This contrasted
with the weak effects on 1L-1B-induced cytokines reported for another IRAK4
specific inhibitor (PF-06650833),28 which even demonstrated an upregulation
of these cytokines in comparison with vehicle control. These differences might
be compound-dependent or could be explained by differences in experimental
assay setup. Our data also suggested a similar level of pharmacological activity
compared with an IRAK4 degrader, which suppressed TLR4- and TLR7/8-
mediated cytokine release in peripheral blood mononuclear cells from healthy
volunteers.?

While the clinical relevance of the differences observed between BAY1834845
(zabedosertib) and BAY1830839 in the described suppression of cytokine release
remains unclear and warrants further investigation, this indirect comparison
with available data from other IRAK4-targeting molecules clearly suggests a
competitive profile for zabedosertib and BAY1830839.

The maximal effect size of BAY1834845 and BAY1830839 differed between
experimental models. Both compounds almost completely suppressed (280%)
TLR4-driven systemic responses of TNF-a and IL-6 release following the 1.v. LPS
challenge, and the observed effects were comparable or stronger than those
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observed for prednisolone. In the ex vivo whole blood challenge, inhibition of
these cytokines was more pronounced by BAY1830839 (75% for TNF-«; 73% for
1L-6) than by BAY1834845 (approximately 50% for both cytokines) if TLR4-driven,
but similarly high (80%-90%) for both inhibitors if TLR 7/8-driven. By contrast,
the inflammation induced by topical iMQ was more prominently suppressed by
BAY1834845 than by BAY1830839, and the effects of both compounds on TLR7-
mediated responses to the 1MQ skin challenge were less pronounced compared
with those in the 1.v. LPs challenge. This was not surprising, given the previously
reported effects of prednisolone on TLR4-driven inflammatory responses
following skin inflammatory challenge with intradermal LPs; although oral
prednisolone treatment significantly inhibited LPs-driven increases in skin
perfusion and erythema, no full inhibition of the LPs response was observed.*°

Based on the distinct immunomodulatory effects demonstrated by both
IRAK4 inhibitors in this study, combined with favourable comparisons with
prednisolone, a known strong immunosuppressant, both compounds may be
clinically active and advanced further in clinical development.

Of note, the study was not designed or powered to make a quantitative com-
parative assessment of the two compounds in the chosen respective dose regi-
mens, because we anticipated only marginal differences based on in vitro and ex
vivo findings.

To investigate the effects of BAY1834845 and BAY1830839 in this study, we
administered each at one dose level to obtain proof of pharmacological activity
and enable decisions on the future development of these compounds. The use
of additional dose levels of the two treatments could have allowed for a more
extensive characterization of the respective effects in the immune challenge
tests via a more detailed exposure-pharmacodynamic response evaluation.

Although the immune challenges used in this study provided clear evidence
for the pharmacological activity of BAY1834845 and BAY1830839 in healthy
volunteers and were comparable to preclinical data, the therapeutic effects
remain to be investigated. A direct translation of the observed pharmacological
activity into clinical efficacy in immune-mediated diseases is not possible by
extrapolation of these findings. In addition, the immune challenges used target
distinct immune mediators (TLR4 in the systemic LPs challenge and TLR7 in
the 1MQ skin challenge), whereas immune-mediated diseases often result from
disordered activity of several interconnected and potentially dynamic signalling
pathways; inhibition of one pathway does not necessarily translate into
suppression of disease progression or reduction of the associated symptoms.

The combination of the observed suppression of immune responses in
this study together with ex vivo and preclinical data served as essential steps
in understanding the pharmacological responses in humans and, therefore,
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contributed to the clinical development of the two tested IRAK4 inhibitors.
While model limitations exist, and conclusive evidence for a direct translation
into clinical efficacy could not be provided, the results of this study offer proof
of pharmacological activity that are important sources to direct the scope of
future development of the tested compounds. Moreover, study outcomes and
efficacy data of subsequent clinical trials with patients may be hard to interpret
without human pharmacology data. It is certain that a lack of evidence for the
pharmacological activities of the two molecules tested in this study would have
precluded further clinical development. That being said, the pharmacological
effects demonstrated in this study and data from preceding phase I studies fully
supported the selection of doses for phase 11 studies.

In addition to the beneficial immunomodulatory effects in chronic
inflammatory diseases, the fast onset of action of these compounds suggests
a potential application in acute conditions requiring an anti-inflammatory
intervention. Notably, the observed effects in the skin challenge also underpin
the potential of these compounds as future therapies for inflammatory diseases
in other peripheral tissues.

Taken together, the investigations conducted in this mechanistic clinical
phase I study showed that BAY1834845 (zabedosertib) 120mg B.1.D. and
BAY1830839 100mg B.1.D. administered for 7days achieved a rapid and distinct
anti-inflammatory effect in a human skin challenge model with 1MQ, as well
as in a human systemic LPS challenge model. For several end points, the
immunosuppressive effect of both IRAK4 inhibitors was more pronounced than
the effect of prednisolone 20mg B.1.D. The onset of action of both treatments
occurred within 3days of starting oral treatment. Both IRAK4 inhibitors achieved
approximately 50% systemic exposure in suction blister fluid (as a proxy for
skin exposure). No safety signals were observed during the 7days of treatment.
The human challenge methodologies used in this study (skin and systemic
challenges) were well tolerated by the study participants.

The current study demonstrated proof-of-mechanism for targeted IRAK4
inhibition by BAY1834845 (zabedosertib) and BAY1830839, supporting their
suitability as drug candidates for efficacy studies in appropriately selected
patient populations. Results were indicative of potential immunomodulatory
effects in chronic and acute inflammatory settings as well as a beneficial
steroid-sparing effect for chronic autoimmune conditions (e.g., systemic and
cutaneous lupus erythematosus). The outcomes of both treatments following a
topical inflammatory challenge were particularly encouraging in respect of the
applicability of these IRAK 4 inhibitors to dermatological inflammatory diseases.
In line with this, a clinical study investigating zabedosertib in patients with
moderate to severe atopic dermatitis, NCTO5656911, is currently ongoing 3
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Proportion of participants (%)

Supplementary Figure1 Visual grading of skin reactions following 1MQ challenge.
IMQ, imiquimod.
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Supplementary Figure2 Cell subsets after IMQ challenge.
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Supplementary Figure 3 Changes over time in A) systolic blood pressure, B) pulse rate,

and C) core temperature. LPS, lipopolysaccharide.
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Supplementary Figure4 Concentrations of BAY1830839 and BAY1834845 in plasma and

suction blister fluid.
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Supplementary Table1 Clinician's Erythema Assessment (CEA) scale

Score Skin appearance/morphological description
o] Clear skin with no signs of erythema

1 Almost clear, slight redness

2 Mild erythema, defined redness

3 Moderate erythema, marked redness

4 Severe erythema, fiery redness

Supplementary Table2 Baseline characteristics of participants (per protocol set)

Placebo BAY1834845 BAY1830839 Prednisolone Total
(n=12) 120 mgB.LD. 100mMgB.LD. 20mgB.LD. (n=48)
(n=12) (n=12) (n=12)
Age, years 28.3(10.9) 29.8(7.8) 28.0(101) 28.0(9.2) 28.5(9.3)
Weight, kg 78.5(5.29) 79.2 (11.22) 78.0 (12.71) 72.0 (8.48) 76.9(9.95)
Height, cm 185.9 (6.73) 182.1(7.62) 181.5 (6.25) 180.0 (5.31) 182.4 (6.69)
Body mass 22.8(1.78) 23.8(2.11) 23.6 (2.73) 22.2(2.03) 23.1(2.21)

index, kg/m?

Supplementary Table3 Treatment exposures

Period of exposure, n (%) Placebo BAY1834845 BAY1830839 Prednisolone
(n=12) 120 mgB.L.D. 100 MgB.I.D. 20 mgB.LD.
(n=13) (n=13) (n=12)
3d o o 1(7.7) o)
ad o) 1(7.7) o o
7d 12 (100) 12(92.3) 12(92.3) 12 (100)

Duration, mean (sD); median [range] 7(0);7[7,7] 6.8(0.8);7[4,7] 6.7 (11);7(3,7] 7(0);7[7,7]
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Supplementary Table 4 Incidence of treatment-emergent and treatment-related

adverse events in safety analysis

Placebo BAY1834845 BAY1830839 Prednisolone
(n=12) 120 mgB.L.D. 100mMgB.LD. 20 mgB.LD.
(n=13) (n=13) (n=12)
Any treatment-emergent AE 12 (100) 9(69.2) 8 (61.5) 12 (100)
Mildb 10 (83.3) 9(69.2) 8 (61.5) 12 (100)
Moderateb 2(16.7) 0 o o)
Any treatment-related AE 6 (50) 2(15.4) 3(23.1) 4(33.3)
Mildb 6 (50) 2 (15.4) 3(234) 4(333)
AE related to procedures 12 (100) 6(46.2) 6(46.2) 12 (100)
required by the protocol
AE leading to discontinuation o 1(7.7) 1(7.7) o
of study drug
Any SAE
Treatment-related SAE
SAE related to procedures
required by the protocol
SAE leading to o] o] o] o]

discontinuation of study drug

AE with the outcome of death

Any AE of special interest
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ABSTRACT

INTRODUCTION

Intravenous (1v), intramuscular (1M), and subcutaneous (sc) injections are the
three most frequently used procedures to administer parenteral medication,
accounting for 16 billion injections worldwide on an annual basis.?® Injections
are often perceived as dolorous and pain during injections can lead to the
development of needle phobia or disproportionate amounts of fear or vasovagal
syncope when presented with needles.

Fear of needles or injections is a common problem in the general popula-
tion#232530 and typically begins in childhood.?%?2 There is an inverse correlation
between age and the extent of needle pain and fear.***3° Major reasons are the
increasing tolerance for pain with aging and the frequency of needle procedures
during childhood.®* Even the most extreme form of needle fear, blood-injury-
phobia, is not uncommon; its estimated lifetime prevalence is 3.2-4.5%,>*> which
likely is an underestimation as patients with needle phobia tend to avoid health
care.”®” Needle fear is a documented barrier to immunization in children.?

Children and adolescents with rheumatic diseases may be particularly vul-
nerable to the long-term consequences of procedure-related pain like injection
pain, due to their often young age at diagnosis and long duration of parenteral
treatment with anti-rheumatic drugs. This medication is given intravenously or
subcutaneously, every month, week or, as for children with systemic juvenile id-
iopathic arthritis (j1a), even every day. Children receiving treatment with inject-
able drugs in the home setting frequently need to be kept in position by one of
their parents or caregivers while the other parent is administering the injection.
These frequent painful injections are an important stress factor for many chil-
dren and their families and therefore a recurrent topic during outpatient con-
sultations. Especially for children receiving daily anakinra medical care at home
can be helpful, although this comes not without added financial costs.

We were interested if the perceived high burden of treatment and develop-
ment of needle phobia and its effect on long-term treatment adherence in chil-
dren with rheumatic diseases had been quantified. Therefore, a literature review
was performed systematically, focusing on children receiving treatment with
disease- modifying anti-rheumatic drugs (DMARDS).

METHODS

A systematic search for studies on fear of needles or injection pain in children
was conducted together with a librarian. The following databases were accessed:
PubMed, Embase, Web of Science, and the Cochrane Library (Appendix 1
Search queries). Duplicates were removed manually. Two authors reviewed
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the remaining abstracts for eligibility. Meeting abstracts were not considered
for inclusion. Studies reporting on children with rheumatic diseases needing
treatment with DMARDS were included. Studies regarding antibiotic prophylaxis
in the context of rheumatic heart disease were excluded. As only a few abstracts
were eligible, study selection was solely based on the content and no formal
quality assessment was done.

RESULTS

The search resulted in 973 unique abstracts (February 20, 2018). Two relevant
studies were identified, both about children with j1A taking methotrexate.??” No
relevant studies regarding biologicals were identified. Methotrexate is the first-
choice DMARD forjiA. Common side effects of methotrexate are gastrointestinal
symptoms such as nausea and vomiting, which can partially be prevented by
supplying folic acid. Children who receive methotrexate frequently develop
anticipatory nausea and vomiting.> Methotrexate can be administered orally
and subcutaneously.

In the study by Mulligan and colleagues, a questionnaire was completed by
a mother proxy for 171 children with Jj1A (mean age 9.0 years, SD 4.0 years, 72%
female) taking methotrexate for at least 6 months.?° The questions on needle-
related problems were on anxiety about injections and blood tests experienced
by the children during the month before, with the answers never, almost never,
sometimes, often, or almost always.?%2?® Over a third of the children had fear of
injections and/or blood tests often or almost always. Half of the children experi-
enced these feelings at least sometimes. Anxiety about injections but not blood
tests was more frequently observed for children with subcutaneous injections
than for children receiving oral methotrexate. A younger age and a shorter treat-
ment duration were related to anxiety about blood tests. Anxiety about blood
tests was a significant independent predictor of poorer scores on a psychoso-
cial score. Anxiety about injections was related to younger age, subcutaneous
methotrexate administration, and higher disease activity. Anxiety about injec-
tions did not affect treatment adherence.

Van der Meer et al. interviewed the parents of ten children with j1a (mean
age at start methotrexate 6.7 years, range 2.8-12.9 years, 90% female) receiving
methotrexate who had been referred to a psychologist, and the parents of an
additional 19 patients (mean age at start methotrexate 7.3 years, range 1.3-13.4
years, 76% female) with J1A also using methotrexate. Nine out of the ten children
who were referred for behavioural therapy, and eight of the other group,
showed panic and distress in the anticipation of methotrexate treatment. The
behavioural distress was observed in the children treated with injections as well
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as in the children receiving oral methotrexate. The authors describe refusal of
methotrexate administration by children, but do not provide quantitative data.

DISCUSSION

In the clinical setting, the focus of clinicians is often geared towards modifying
and improving diseases by assessing risk and benefit. However, little is known
about the impact on the quality of life of young children that are diagnosed
with J1A and need to start with repeated, often long-lasting or life-long invasive
therapies. While this is a very relevant topic, we identified a gap in literature
whichhad notbeen appropriately addressed to date. Therefore, we systematically
investigated the burden of parenteral repeated administration in children.

Pain is a common stressor in children with rheumatic diseases and is most
commonly due to arthritis.”? Clinical experience shows that young children with
arthritis frequently do not show pain. Rather, their parents observe a swollen
joint, e.g., knee or ankle, or limping. Older children with arthritis do more often
express feeling pain. Even with stable j1a, pain remains a major problem and has
asignificant impact on quality of life.#7161824 It might seem logical to assume that
children experiencing vast amounts of pain develop a higher pain threshold.
However, patients with J1A have a lower threshold for experimentally induced
pain than healthy controls.’®62¢ This altered pain threshold is observed for both
the affected joints as well as areas unaffected by the disease and persists after
sensory neuronal input from the injured site. Perception of pain is multifactorial
and it is unknown if the altered pain threshold in children with j1a has
predominant physiological or psychological causes. However, it is recognized
that both central and peripheral sensitization play a role in children with juvenile
chronic arthritis.’* The resulting altered pain threshold emphasizes even more
the need to minimize procedural related pain.

The studies by Mulligan et al. and Van der Meer et al. show that distress asso-
ciated with methotrexate administration, both orally and subcutaneous, nega-
tively impacts the quality of life of children with j1A. The interpretation of these
studies in the context of needle fear is complicated due to methotrexate associ-
ated anticipatory nausea and vomiting. The combination of needle fear, impact
of methotrexate treatment, and procedural consequences, e.g., blood sampling,
all contribute to the distress, and the loss of quality of life of children with j1A.

While our findings corroborate common knowledge, it is striking how little
research and established evidence about scope and scale of needle fear is
available. Interpretation of the literature is complicated due to the inconsistent
use of terms relating to the stressors associated with therapeutic drug injections.
Many questions remain to be answered regarding the perceived burden of
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painful injections and needle fear in children with rheumatic diseases requiring
treatment with DMARDS. First, the effect of procedural pain, i.e,, injection pain,
might be better studied in children receiving treatment with biologicals rather
than children receiving methotrexate as the results might be confounded by
anticipatory vomiting associated with methotrexate. No literature was identified
which addressed this issue. Moreover, chronic therapy might affect the perceived
burden over time; therefore, it could be worthwhile to longitudinally study
the anxiety about injections from the start of treatment with biologicals. Also,
it may be worthwhile to develop standardized, age-related tools to uniformly
quantify the untoward injection-related phenomena. Future studies should
use well-defined outcome parameters to systematically evaluate the different
factors contributing to the decrease in quality of life due to therapeutic drug
injections. Last, it might be insightful to compare procedural pain in children
receiving treatment with DMARDS compared to healthy, age-matched controls,
for example in the context of vaccination. Ideally, the aspects of comfort during
the administration of drugs in pediatrics should be evaluated during the drug
development plan. These aspects of comfort include the route of administration,
frequency, and tolerance.®

After performing an impact analysis, new strategies might be developed to
optimize administration of DMARDS to children. This aspect of health care might
represent a financially less attractive target than the development of new drugs.
However, ultimately, there is ample room to improve the health-related quality
of life of pediatric patients with rheumatic diseases by minimalizing chronic
stressors, like procedure-related pain.
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APPENDIX 1: SEARCH QUERIES

PUBMED

((“needle phobia’[tw] OR “needle phobias’[tw]
OR “needle phobic”[tw] OR “needle phobics”[tw]
OR “fear of needle”[tw] OR “fear of needles”[tw]
OR “needle anxiety”[tw] OR “needle pain”[tw]
OR “needle fear”[tw] OR “needle fearful”[tw] oR
“needle fearing”[tw] OR “needle fears’[tw] OR
“fear of injection”[tw] OR “fear of injections”[tw:
OR “injection fear”[tw] OR “injection fearful”[tw
OR “injection fears”[tw] OR “injection anxiety”[tw]
OR “injection pain’[tw] OR “injection pains”[tw]
OR ((“Anxiety”[majr] OR “Fear”[majr] OR “Phobic
Disorders’[majr]) AND (“Needles’[majr]

OR “Injections’[majr])) or ((‘Anxiety”[ti] or
“Fear”[ti] or Phobi*[ti]) AND (“Needles’[ti] orR
“Injections’[ti] OR “Needle”"[ti] OR “Injection’[ti])))
AND (“Child"[mesh] or “Infant’[mesh] or
“Adolescent”[mesh] oR “Child’[tw] OR “Infant”[tw]
OR “Adolescent’[tw] OR “Children”[tw]

OR “Infants’[tw] OR “Adolescents’[tw] OR
“Adolescence”[tw] OR “juvenile’[tw] OR
pediatr*[tw] OR paediatr*[tw] OR schoolchild*[tw]
OR “girl”[tw] OR “girls’[tw] OR “boy”[tw] OR
“boys’[tw]) AND english[la])

EMBASE

((“needle phobia”.mp OR “needle phobias”.mp
OR “needle phobic”.mp OR “needle phobics”.
mp OR “fear of needle”. mp OR “fear of needles”.
mp OR “needle anxiety”.mp OR “needle pain”.
mp OR “needle fear”.mp OR “needle fearful.mp
OR “needle fearing”.mp OR “needle fears”. mp orR
“fear of injection”.mp OR “fear of injections”.mp
OR “injection fear”.mp OR “injection fearful”.mp
OR “injection fears”.mp OR “injection anxiety”.
mp OR *"injection pain”/ OR “injection pain”.ti oR
“injection pains”ti OR ((exp *"Anxiety’/ OR exp
*"Fear”/ OR exp *"Phobia’/) AND (exp *"Needle’/ orR
exp *"Injection’/)) oR ((“Anxiety”.ti OR “Fear”.ti OR
Phobi* ti) AND (“Needles”ti OR “Injections”.ti OR
“Needle”ti OR “Injection”.ti))) AND (exp “Child"/ or
exp “Infant”/ OR exp “Adolescent”/ OR “Child".mp
OR “Infant”.mp OR “Adolescent”.mp OR “Children”.
mp OR “Infants”.mp OR “Adolescents”.mp OR
“Adolescence”.mp OR “juvenile”.mp OR pediatr*.
mp OR paediatr*.mp ORr schoolchild*.mp oR “girl".
mp OR “girls”.mp OR “boy”.mp OR “boys”.mp) AND
englishla)

WEB OF SCIENCE

((ts=(“needle phobia” OR “needle phobias” OR
“needle phobic” oR “needle phobics” OR “fear of
needle” OR “fear of needles” OR “needle anxiety”
OR “needle pain” oR “needle fear” OR “needle

fearful” oR “needle fearing” oR “needle fears”

OR “fear of injection” OR “fear of injections” orR
“injection fear” oR “injection fearful” or “injection
fears” OR “injection anxiety” OR “injection pain”
OR “injection pains”) OR ti=((“Anxiety” OR “Fear”
OR “Phobia’) AND (“Needle” OR “Injection’)) OR
ti=((“Anxiety” OR “Fear” OR Phobi*) AND (“Needles”
OR “Injections” OR “Needle” OR “Injection”)))

AND ts=(“Child” or “Infant” OR “Adolescent” OR
“Child” or “Infant” oR “Adolescent” oR “Children”
OR “Infants” OR “Adolescents” OR “Adolescence”
OR “juvenile” OR pediatr* OR paediatr* or
schoolchild* or “girl” OR “girls’ OR “boy” OR “boys”)
AND la=english) NOT ti=(veterinary OR rabbit
ORrabbits OR animal OR animals OR mouse OR
mice OR rodent OR rodents OR rat OR rats OR pig
OR pigs OR porcine OR horse* OR equine OR cow
OR cows OR bovine OR goat OR goats OR sheep OR
ovine OR canine OR dog OR dogs OR feline OR cat
OR cats))

COCHRANE

(((“needle phobia” OR “needle phobias’ OR “needle
phobic” OR “needle phobics” OR “fear of needle”
OR “fear of needles” OR “needle anxiety” OrR
“needle pain’ OR “needle fear” OR “needle fearful”
OR “needle fearing” oR “needle fears” or “fear

of injection” OR “fear of injections” OR “injection
fear” OR “injection fearful” Or “injection fears”

OR “injection anxiety” OR “injection pain’ OR
“injection pains”):ti,ab,kw OR ((“Anxiety” OR “Fear”
OR “Phobia’) AND (“Needle” OR “Injection”)):ti OR
((“Anxiety” OR “Fear” OR Phobi*) AND (“Needles”
OR “Injections” OR “Needle” OR “Injection”)):ti)
AND (“Child” oR “Infant” OR “Adolescent” OR
“Child” or “Infant” oR “Adolescent” oR “Children”
OR “Infants” OR “Adolescents” OR “Adolescence”
OR “juvenile” OR pediatr* OR paediatr* or
schoolchild* or “girl” or “girls” or “boy” orR
“boys”):ti,ab,kw)
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AIMS To evaluate feasibility of intradermal (i.d.) adalimumab administration
using hollow microneedles, and to compare a single i.d. dose of adalimumab
using a hollow microneedle with a single subcutaneous (s.c.) dose using a con-
ventional needle.

METHODS In this single-centre double-blind, placebo-controlled, double-
dummy clinical trial in 24 healthy adults we compared 40 mg adalimumab
(0.4 mL) administered i.d. using a hollow microneedle with a s.c. dose using a
conventional needle. Primary parameters were pain, acceptability and local tol-
erability; secondary parameters safety, pharmacokinetics and immunogenicity.
We explored usability of optical coherence tomography, clinical photography,
thermal imaging, and laser speckle contrast imaging to evaluate skin reaction
after i.d. injections. In vitro protein analysis was performed to assess compat-
ibility of adalimumab with the hollow microneedle device.

RESULTS While feasible and safe, injection pain of i.d. adalimumab was higher
compared to s.c. adalimumab (35.4 vs. 7.9 on a 100-point visual analogue scale).
Initial absorption rate and relative bioavailability were higher after i.d. adali-
mumab (time to maximum plasma concentration = 95 h [47-120]; Fre] = 129%
[6.46%]) compared to s.c. adalimumab (time to maximum plasma concentration
=120 h [96-221]). Anti-adalimumab antibodies were detected in 50% and 83%
of the subjects after i.d. and s.c. adalimumab, respectively. We observed statis-
tically significantly more erythema and skin perfusion after i.d. adalimumab,
compared to s.c. adalimumab and placebo injections (P <.0001). Cytokine secre-
tion after whole blood lipopolysaccharide challenge was comparable between
administration routes.

CONCLUSIONS Intradermal injection of adalimumab using hollowing
microneedles was perceived as more painful and less accepted than s.c. ad-
ministration, but yields a higher relative bioavailability with similar safety and
pharmacodynamic effects.

INTRODUCTION

Biopharmaceuticals, such as monoclonal antibodies (mAbs), are used in the
treatment of many chronic and life-threatening diseases.! Degradation and
ineffective absorption of mAbs in the gastrointestinal tract, due to molecular
size and conditions such as low PH and digestive enzymes, necessitates
their parenteral administration. However, in clinical practice, treatments
administered using subcutaneous (s.c.) injection of mAbs have been perceived
as unpleasant and painful, especially during long-term use in both adults and
children.? Thus, s.c. administration may jeopardize treatment adherence and a
less invasive and less painful method to administer mAbs is warranted.

Intradermal (i.d.) administration of biopharmaceuticals through hollow
microneedles is advocated as a substitute for s.c. injection, due to less pain
associated with injection of drugs using microneedles,® and i.d. administered
biopharmaceuticals may show more favourable pharmacokinetics (PK) as
compared to s.c. administration.*#>%” Multiple types of microneedles exist, such
as hollow and solid microneedles, and microneedles have different properties
in comparison with conventional needles. For instance, the injection of
pharmaceutical compounds using hollow microneedles is more superficial, i.e.
into the skin (i.d.) rather than beneath the skin (s.c.). Additionally, the diameter
of hollow microneedles is smaller than that of conventional hypodermic
needles for s.c. injection. An unbiased and systematic approach is warranted to
acquire reliable data on pain perception and patient preferences, as these are
subjective concepts.® Therefore, it is relevant to compare pain, acceptability
and local tolerability, as well as Pk and pharmacodynamics (PD) between
mAbs administered i.d. using a hollow microneedle with s.c. injection using a
conventional hypodermic needle. Moreover, when using a new drug-device
combination, chemistry, manufacturing and control aspects need consideration.

The commercially available microneedles used in the clinical trial reported in
this paper have been used in various clinical studies.® Each device consists of 3
hollow microneedles with alength of 600 pm; this device is hereafter referred to
as hollow microneedle. Although microneedle vaccine administration has been
widely investigated, there are no systematic reports on MAB administration
using microneedles in humans. We choose adalimumab (Humira, AbbVie) as
model MAB as it is widely used for a variety of auto-immune/auto-inflammatory
diseases including juvenile idiopathic arthritis. Adalimumab acts by binding
to the proinflammatory cytokine tumour necrosis factor-a (TNFa), hereby
preventing its interaction with the TNFa receptor.®

To evaluate feasibility of i.d. adalimumab administration using hollow
microneedles, we performed a double-blind, double-dummy, randomized
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controlled clinical trial in healthy adults, comparing a single i.d. dose of
adalimumab using a hollow microneedle with a single s.c. dose using a
conventional needle. Our primary aim was to systematically investigate pain,
acceptability and local tolerability after i.d. adalimumab administration and to
compare this with s.c. administration. Our secondary aim was to evaluate safety,
PK, PD and immunogenicity of i.d. adalimumab administration and to compare
this with s.c. administration. Moreover, we explored the usability of optical
coherence tomography (ocT), clinical photography, thermal imaging and laser
speckle contrast imaging (Lsc1) in the evaluation of i.d. injections. Lastly, prior to
the clinical trial we performed an elaborate in vitro protein analysis to examine
whether ejection of adalimumab through a hollow microneedle bore increases
particle formation or protein aggregation compared to ejection through a
conventional needle. One could envision that during ejection of a protein out
of a narrow microneedle, the structure of the protein might be affected. Factors
contributing to the immunogenicity of mAbs include protein structure and
physical degradation, such as aggregation. The formation of anti-adalimumab
antibodies may result in reduced treatment efficacy due to increased drug
clearance (cL).1213

Altogether, in this paper we provide a systematic and comprehensive
approach to answer the question of whether hollow microneedles can be used
safely and effectively to administer a model MAB.

MATERIALS AND METHODS
STUDY DESIGN

This was a single-centre double-blind, placebo-controlled, double-dummy
clinical trial with 4 interventions: i.d. adalimumab (40 mg Humira, AbbVie,
Maidenhead, Kent, UK), i.d. saline (0.9%), s.c. adalimumab, and s.c. saline.
i.d. injections were given using a hollow microneedle (MicronJet6oo from
Nanopass Technologies Ltd., Ness Ziona, Israel), s.c. injections using a regular
needle (Microlance 3 from Becton, Dickinson and Company [BD], Franklin
Lakes, NJ, USA); both devices were connected to a syringe (1 mL Luer-Lok, BD).
The length of the 3 needles of a MicronJet600 device is 600 num. Injections were
given according to standard operating procedures and the manufacturer’s
instruction. All subjects received 1 placebo injection and 1 adalimumab injection
of 40 mg in 0.4 mLin the right and left upper lateral thigh by the same physician.
Given the nature of the study, the physician administering the injection could
not be blinded to the method of administration but was blinded to treatment,
ie., adalimumab or placebo. Therefore, this physician was not involved in
the assessment of any of the predefined outcomes (evaluator-blinded). The
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subjects were in a prone position during and in between injections to ensure
blinding (subject-blinded). Injections were spaced 5 minutes apart. Prior to
administration, the sites of injection were annotated using a surgical marker
(Purple Surgical, Shenley, Herts, UK). Subjects were instructed to maintain the
marking while at home, and to prevent excessive sun exposure to the injection
site to limit possible interference with the exploratory measurements.

PARTICIPANTS

Twenty-four healthy immunocompetent male and female subjects aged 18-45
years with Fitzpatrick skin type 1-11 (Caucasian) and not smoking more than
10 cigarettes per day were included in the study. The ratio male:female was 1:1.
Subject health status was verified during a medical screening consisting of a
medical history, physical examination, vital signs, 12-lead electrocardiogram,
laboratory analysis of blood and urine, and a Mantoux and/or interferon-y
(TFN-y) release assay. Subjects with a history of tuberculosis were excluded.
Routine safety assessments were performed as described earlier.* Total
observation time was 70 days.

SAMPLE SIZE AND RANDOMIZATION

Due to the explorative character of this trial, empirical, early clinical phase cohort
sizes were used to answer the objectives of the trial. No formal power calculation
was performed. A total of 24 subjects were studied (allocation s.c.: i.d. = 1:1): 12
subjects received i.d. adalimumab and s.c. placebo and 12 subjects received s.c.
adalimumab and i.d. placebo. The sequence of injection, i.e., s.c. followed by
i.d. injection or i.d. injection followed by s.c. injection, was counterbalanced.
Randomization was done in 6 blocks of 4, each 4 arms containing 1 of each 4
sequences (adalimumab s.c. followed by placebo i.d.; placebo i.d. followed by
adalimumab s.c.; placebo s.c. followed by adalimumab id.; adalimumab i.d.
followed by placebo s.c.). The randomization code was generated using SAS 9.4
by a study-independent statistician; treatment allocation was only revealed
after completion of blind data review and locking of the data. After screening
and assessment for suitability, subjects were enrolled in the trial by a physician.
Interventions were assigned to subjects by a study-independent statistician.

OUTCOME MEASURES

A subijective evaluation of spill was performed by visual inspection of the
injection site, estimating the volume that was not injected as percentage of the
intended injection volume: no spill; minor spill: 15% spillage; major spill: 15-50%
spillage; critical spill: >50% spillage. Microneedles were inspected post injection
for damage using bright field microscopy.
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PAIN, ACCEPTABILITY AND LOCAL TOLERABILITY AFTER I.D. AND S.C.
ADALIMUMAB ADMINISTRATION

To quantify pain, visual analogue scale (vVAS) scores for pain using both a 10-cm
vAs and the Dutch Faces Pain Scales Revised (FPSR)!® were completed by the vol-
unteers at screening for the Mantoux, or saline if no Mantoux was given, at the
time of drug administration, and after drug administration. Pain scores were
obtained separately for insertion of the needle (insertion pain) and infusion of
the formulation (infusion pain). A standardized injection site examination was
performed to evaluate injection sites. Pain was graded as (0) absent; (1) present;
no limitations in activity of daily living (ADL); (2) present, limitations in age-ap-
propriate instrumental ADL or requires repeated non-narcotic pain reliever; (3)
present, limitations in self-care ADL or interferes with sleep or requires repeat-
ed narcotic pain reliever. Induration was scored similarly as injection site pain,
but with grade (3) instead being ‘limitations in self-care ADL or requires systemic
treatment’. Tenderness was graded as: (0) absent; (1) mild discomfort with pres-
sure; (2) discomfort with touch; (3) discomfort elicited by clothing or bed sheets.
Pruritus was graded as (0) absent; (1) present, but minimally distracting; (2) pres-
ent, distracting during routine activities; (3) interferes with sleep. Erythema,
blister, ulceration, necrosis and ecchymosis were measured if present.

Subject preference for injection was examined using multiple-choice
questions. Subjects were asked how they experienced the injections, how they
would like to receive a potential future injection and if they feared the injection(s),
using the following options: do you prefer the first injection, the second injection
or do you not have a preference? Subjects were additionally asked whether they
had fear orno fear. These questions were asked directly after injection, i.e. before
subjects were able to see the injection, and also one day after the injections.

SAFETY, PK AND IMMUNOGENICITY OF I.D. AND S.C. ADALIMUMAB
ADMINISTRATION

Adverse events were summarized by treatment group, in subsets of all treat-
ment-emergent AEs, and separately for treatment-related AEs. Clinical labora-
tory and vital sign measurements were summarized by treatment and change
from baseline was recorded. Summary statistics included number of subjects,
mean, median, minimum and maximum values (with standard deviation).
Immunogenicity, i.e. anti-adalimumab antibodies, was reported descriptively.
For PK analyses, serum adalimumab concentrations were assessed in
blood collected in 4 mL plain tubes (BD) after coagulation (30-60 min) and
centrifugation (2000 G for 10 min at 4°C), from day 1 (predose) to day 71
postdose. Adalimumab levels were quantified by fully automated enzyme-
linked immunosorbent assay as described.’ Briefly, TNF was indirectly coated
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on microtitre plates. Serum was added and incubated. Immobilized adalimumab
was subsequently detected using biotinylated rabbit anti-idiotype. The lower
limit of detection (LoD) for this assay is 10 ng/mL.

Anti-adalimumab antibodies were measured using a semi-quantitative
radioimmunoassay as previously described.'® Briefly, samples were incubated
with sepharose-immobilized protein A (1.0 mg/TEST; Pharmacia Uppsala,
Sweden) on its surface to capture 1GG. After washing, radioactive-iodine labelled
F(ab')2 fragments of adalimumab were added to detect drug-specific antibodies.
The LoD for this assay 12 AU/mL.

Ex vivo whole blood challenge was performed to assess the effect of adali-
mumab on the release of cytokines by circulating immune cells and activa-
tion of these cells. Blood (6 mL) was collected in sodium heparin tubes (Becton
Dickinson, NJ, usa) followed by stimulation with 2 ng/mL lipopolysaccharide
(Lps; Sigma-Aldrich, Deisenhofen, Germany) and 25 pug/mL aluminium hydrox-
ide (Alhydrogel 2%; Invivogen, Toulouse, France) for 24 hours at 37°C, 5% CO..
Culture supernatants were assayed for release of proinflammatory cytokines
TNFq, interleukin (1L)-6, 1L-18, IFNy and IL-8 using the Mesoscale Discovery
multiplex immunoassay platform.

USABILITY OF OPTICAL COHERENCE TOMOGRAPHY, CLINICAL
PHOTOGRAPHY, THERMAL IMAGING AND LASER SPECKLE CONTRAST
IMAGING IN THE EVALUATION OF I.D. INJECTIONS

Subjects were acclimatized in a temperature-controlled room (21°C) for 15
minutes with bare legs. The sequence of measurements was (starting with
the least invasive to minimize disturbance of the subsequent measurements):
(1) thermography; (11) cutaneous microcirculation; (111) 3D photography; (1v)
multispectral imaging; and (v) skin morphology. Details of skin imaging methods
are described below.

Skin microcirculation was quantified by LscI (PeriCam PSI NR system,
Perimed, Sweden). Laser speckle is the interference pattern returning from
erythrocytes, resulting in a speckle pattern that differs under changes in blood
flow.’” Recordings of 40 seconds were taken from a distance of 15 cm with a
reading frame of 7 x 7 cm. Analysis was performed using the internal software
(PimSoft, Perimed, Sweden) and regions of interest were selected based on the
most predominant injection site reaction. Area was calculated based on values
above an arbitrary threshold of 90 puU.

Skin temperature was quantified by infrared thermography (FLIR X6540SC
camera, FLIR Systems Inc., USA). After calibration for room temperature
using a black body, 10 second recordings were taken from a distance of 80 cm.
Recordings were averaged for analysis.

VII - ADALIMUMAB DELIVERY USING MICRONEEDLES VERSUS SUBCUTANEOUS DELIVERY

145



146

Skin morphology was assessed by ocT (D-0cCT VivoSight, Michelson Diagnostics,
UK). Thirty second scans were performed with a 6 mm diameter probe. Three
automatically calculated parameters were used to quantify morphology
(attenuation compensation, blood flow at depth and skin roughness). Qualitative
analysis was performed by 2 clinical scientists with experience in analysing D-
OCT images.

Erythema and swelling were quantified using a multispectral camera (An-
tera 3D, Miravex, Ireland), and a 3D stereophotogrammetry camera (3D LifeViz,
QuantifiCare, UsA). The multispectral camera was placed over the skin creat-
ing a closed environment with the lesion in the centre of the frame. Erythema
was measured using the CIELab *a value. CIELab is a standardized quantitative
method to discriminate colours using an Xvz-axis system. CIELab *avalueis rep-
resented on the red/green axis (green colours are negative, red colours positive)
and is correlated to skin erythema.’®* Three-dimensional images were taken
from a distance of 20 cm with use of a guidance laser and analysed in imaging
processing software (DermaPix Software, QuantifiCare, Valbonne, France). Vol-
ume was determined by outlining bleb circumference and height and calculated
using the DermaPix (QuantifiCare, Usa) algorithm for volume (o = 5).

IN VITRO PROTEIN ANALYSIS

Adalimumab 100 mg/mL prefilled pens or syringes (depending on availability)
of the same batch and expiration date were pooled. Storage containers were: (1)
syringe only; (11) Verex 2 mL clear glass vial (Phenomenex, Torrance, CA, USA);
and (111) syringe with a MicronJet600. For condition (1), a capped regular needle
was attached during storage to prevent evaporation. Samples were measured
immediately (to assess the effect of repackaging), or after storage for 4 hours at
4°C (to assess in-use stability). Directly before analysis the samples were ejected
from the syringe into a glass vial and subsequently diluted to 10 or 1 mg/mL with
solvent. The solvent consisted of Milli-Q water with 1.2 G per 100 mL mannitol
(Sigma, St Louis, MO, UsA) and 100 mg/100 mL polysorbate 80 (Sigma), and was
filtered through an Anotop 10 mm, 0.1 pm syringe filter (Whatman, Maidstone,
Kent, UK) before use. For nanoparticle tracking analysis (NTA) optimization, the
solvent was made without polysorbate 80. Experiments were performed at room
temperature, and in a dust free cabinet whenever possible. Changes in protein
conformation were determined by second-derivative Uv spectroscopy. The
formation of adalimumab aggregates and particles was determined by dynamic
light scattering (DLS), high-pressure size-exclusion chromatography (HP-SEC),
micro-flow imaging (MF1) and NTA as described?® and summarized below.
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UV SPECTROSCOPY

Second-derivative UV spectroscopy was used to detect conformational changes.
Measurements were performed on an Agilent 8453 UV-VIS spectrometer
(Agilent Technologies, Waldbronn, Germany). Samples were measured in 2 mL
half-micro quartz cuvettes (Hellma Benelux, Kruibeke, Belgium) with a path
length of 10 mm in a concentration of 1 mg/mL. Absorbance was measured
from 248 to 332 NM with 1 NM intervals and an integration time of 15 seconds.
Background correction was performed using solvent. Second-derivative spectra
were calculated with uv-Visible ChemStation software (Agilent Technologies,
Walbronn, Germany) as described earlier.?° The a/b ratio, i.e,, the ratio between
(1) the vertical distance between the peak minimum at 283 NM and the maximum
at 287 NM and (11) the vertical distance between the minimum and maximum at
290 and 295 NM was calculated and used to determine the exposure of tyrosine
residues to bulk solvent, which is sensitive to changes in the tertiary structure.!

DLS

DLS was used to detect aggregates in the size range from about 1 NM to 1 pm. DLS
was performed on a Malvern Zetasizer Nano (Malvern, Herrenberg, Germany);
500 pL of each sample in a concentration of 10 mg/mL was analysed in plastic
cuvettes at 25°C using the automatic mode (n = 3). Z-average diameter and
polydispersity index were calculated using Dispersion Technology Software
version 7.03 (Malvern, Herrenberg, Germany).

HP-SEC

HP-SEC was used to quantify monomers, dimers and fragments. Adalimumab
samples of 1 mg/mL were injected in a volume of 50 pL onto a SRT SEC-300,
5um, 30 cm x 7.8 mm column (Supelco, Bellefonte, PA, USA). An Agilent 1200
chromatography system (Agilent Technologics, Palo Alto, California) combined
withan Agilent 1200 UV detector and a multi-angle laserlight scattering detector
(DAWN HELEOS, Wyatt Technology Europe GmbH) was used. The flow rate was
0.5 mL/min. The mobile phase was composed of 50MM phosphate, 150MM
arginine and 0.025% NaNs at pH 6.5. To quantify aggregation, uv absorption at
280 NM was recorded. From the multiangle laser light scattering signal, the root
mean square diameter was calculated using the Berry Fit in the Astra software
version 5.3.2.22 (Wyatt Technology Europe GmbH, Dernbach, Germany).

MFI

MFI was used to detect particles up to 70 pm. A MF15200 (ProteinSimple, Santa
Clara, Ac, UsA), equipped with a silane coated flow cell (1.41 x 1.76 x 0.1 mm) and
controlled by the MFI View System Software version 2 was used. Prior to each
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measurement the system was flushed with purified water. The background was
zeroed by using solvent and performing the optimize illumination procedure.
Samples of 1 mg/mL adalimumab were analysed without a predefined prerun
volume because of the limited amount. Flow rate was 0.17 mL/min and camera
shot rate was 22 flashes per second. Data were analysed with MFI View Analysis
Suite version 1.2. For each product, stuck, edge, and slow-moving particles were
removed by the software before analysis. Because no prerun volume could be
used, the data were recorded throughout the entire run but processed only in
the time window from 0.7 to 1.7 min where, based on the trend chart option in the
software, the measurement was stable for all samples. The equivalent circular
diameter was calculated as described earlier.?°

NTA

NTA was used to detect particles between about 50 and 1000 NM. Measurements
were performed with a NanoSight LM20, equipped with a sample chamberwith a
635 NM laser for illumination of the particles. Samples of 10 mg/mL adalimumab
were injected into the chamber by an automatic pump (Harvard Apparatus,
catalogue no. 984362, Holliston, Usa) using a sterile 1 mL syringe (BD Discardit
11). For each sample, a 90 second video was captured with the shutter set at 29.9
ms and the gain at 680. Videos were analysed using NTA 2.0 Build 127 software.
The following settings were used for tracking of the particles: background extract
on; brightness 0; gain 1; blur size 3 x 3; detection threshold 10, viscosity 0.953. All
other parameters were set to the automatic adjustment mode.

STATISTICS

The population analysed for pain, tolerability, preference, skin imaging and pD
endpoints included all randomized subjects (n = 24 subjects). The population
analysed for PK parameters and PK modelling included injections in which
no spillage during treatment administration was reported (n = 43 injections).
Repeated pain injection data (vas and FPSR) were analysed with a repeated
measures ANOVA with fixed factors treatment, method, time, treatment by
method, treatment by time, method by time, treatment by method by time,
random factor subject and repeated factor time within subject by treatment
by method. The injection pain score of the Mantoux intradermal injection at
screening was used as covariate. Single measured pain insertion data (vAas
and FPSR) were analysed with a repeated-measures model ANOVA with fixed
factors treatment, method, treatment by method, and repeated factor method
within subject. The insertion pain score of the Mantoux intradermal injection at
screening was used as covariate. Repeated cytokines data were analysed with
a repeated-measures ANOVA with fixed factors method, time, method by time,
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repeated factor time within subject and the baseline as covariate. The contrasts
of interest were s.c.vs.i.d. and s.c. vs.i.d. within compound. For imaging analyses,
a subset of data was used as some variables were zero in some conditions or
timepoints. If applicable, the factors of the mixed model were adjusted.

PK ANALYSES

PK parameters derived from serum sample concentrations were calculated
using a noncompartmental analysis. The noncompartmental analysis was
performed using R version 3.5.3?2 while the linear trapezoid rule was used for
the calculation of areas under the plasma concentration-time curves (AUCs).
Analysis of the differences between methods were based on least squares means
from the ANOVA of the In-transformed AUCo-t ,AUCo-inf and maximum plasma
concentration (Cmay). In addition, Wilcoxon tests were performed on time to
reach Crax (Tmax)-

POPULATION PK MODELLING

The identification of structural differences in the PK properties of s.c. and i.d.
administration, while accounting for covariates such as the presence of anti-
adalimumab antibodies, was investigated using a population nonlinear mixed
effects modelling approach in NONMEM (ICON plc, V7.3). Based on literature
information, a 1-compartment structural model with linear absorption and
linear elimination was used during model development.?® For this structural
model, the effect of anti-drug antibodies on the cL of adalimumab was tested
as a time-varying covariate, increasing the cL of adalimumab at higher titre
levels with the following equation: CL=0Tvcr, * (1 + OTVTitre-slope *TITRE), Where
individual TITRE levels proportionally increase the CL of an individual over time.

When a structural misspecification was identified in the absorption phase,
modifications to the absorption part of the model were explored, in which
transit models, different absorption compartments, and a model event time
(MTIME) function in which the ka changes after an estimated time point, were
investigated, modelled separately for each administration route.

After identification of the best structural absorption models for each route
of administration, log-transformed interindividual variability was included
following a forward inclusion procedure (P < .01) and covariates (age, weight,
body mass index, gender, serum creatinine, and albumin) were explored
following a forward-inclusion (P < .01) with backward-elimination (P < .001)
procedure. Continuous covariates were tested following a power relationship
centered around the median. Models were evaluated on basis of the objective
function value, the parameter uncertainty (judged by the relative standard error),
goodness-of-fit figures, individual model predictions vs. observations over time,
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and confidence interval visual predictive checks based on 500 Monte Carlo
simulations. Bootstrapping was not considered of added value as additional
model evaluation tool. Data transformation was performed in R (V3.6.1?%) and
models were executed in conjunction with Perl-speaks-NONMEM (V4.8.1).%

STUDY APPROVAL

The study protocol was reviewed and approved by an independent medical
ethics committee, the Medische Ethische Toetsingscommissie van de Stichting
Beoordeling Ethiek Biomedisch Onderzoek (Assen, the Netherlands). All subjects
provided informed consent prior to any study related procedures. The study was
conducted at the Centre for Human Drug Research (Leiden, the Netherlands)
from July 2018 until October 2018, and registered under clinical trial number
NCT03607903. No interim analysis was performed.

RESULTS

Forty-seven subjects underwent medical screening. Twenty-four subjects
(male:female ratio 1:1) with Fitzpatrick skin type 11 were administered 40
mg adalimumab (volume of 0.4 mL) i.d. or s.c. in the lateral upper thigh and
placebo (volume of 0.4 mL) s.c. or i.d. in the contralateral thigh. One subject
was randomized but excluded before treatment due to medical reasons and
replaced (Figure 1). The mean age was 26.1 years (range 20-42). Demographic
characteristics were comparable between groups (Table 1). For both s.c. and i.d.
adalimumab injections, a minor spill (1-15% of intended volume not injected)
occurred in 2 of 12 (17%) injections, and there was 1 (8%) major spill (15-50% of
intended volume not injected) in an i.d. adalimumab injection. Both the minor
spills and the major spill during i.d. injection occurred when high resistance
during injection was encountered, whereas the minor spill of s.c. injection was
due to backflow. Inspection of the hollow microneedles after injection using
bright field microscopy did not show damaged microneedle tips (not shown).
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Figure 1 CONSORT flow diagram of clinical trial. For pharmacokinetic and population
pharmacokinetic analysis, subjects in whom any spillage occurred during injection were
excluded. Other analyses were done with all subjects who completed the study (n = 24). i.d.
intradermal; s.c.: subcutaneous

CONSORT flow diagram

Assessad for eligibility

MN=4T
Excluded
M=23
T
Randomized
M=25
[ | ]
i.d. adalimumab 5.6. adalimumab
Received intervention N=12 Received intervention N=12
Did not receive allocated intervention: Did not receive allocated intervention:
MW=1, urinary tract infection N=0
Completed study Completed study
N=12 N=12
Minor spill (N=2) | Minor spill (N=2)
Major spill (N=1)

Included in per protocol analysis Included in per protocol analysis
MN=0 MN=10
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Table1 Demographics and baseline characteristics

All subjects
n=24
id.(n=12) s.c.(n=12)
Age (years)
Mean (sD) 25.2(53) 27.1(7.6)
Median 23 23.5
Min-Max 20-38 20-42
Height (cm)
Mean (SD) 177.8(6.1) 180.1(7.6)
Min-Max 167.3-188.5 166.5-191.1
BMI (kg/m?)
Mean (sD) 23.8(3.2) 23.2(2.8)
Min-Max 19.3-29.3 20-28.8
Sex
Female (%) 6 (25%) 6 (25%)
Male (%) 6 (25%) 6 (25%)
Race (% per group)
Asian 0(0%) 0(0%)
Black or Afr. American 0(0%) 0(0%)
Mixed 0(0%) 0(0%)
Other 0(0%) 0(0%)
Caucasian 12(100%) 12 (100%)

id. intradermal; s.c.: subcutaneous; sp: standard deviation

PAIN, ACCEPTABILITY AND LOCAL TOLERABILITY AFTER I.D. AND S.C.

ADALIMUMAB ADMINISTRATION

Pain ascribed to needle injections is often divided into insertion pain, which
is pain resulting from the needle insertion, and injection pain which is pain
resulting from the fluid injection. Insertion pain did not statistically significant
differ between a hollow microneedle and a regular s.c. needle (Figure 24, allp =
.22). Pain associated with fluid injection was higher fori.d. vs. s.c.injections (Figure
24, i.d. vs. s.c. estimated means 29.5 and 8.3, decrease of 72%, 95% confidence
interval [CI] -83 to -53%, p < .001). Intradermal adalimumab injections were
more painful (estimated mean 35.4) than s.c. adalimumab injections (estimated
mean 7.9). Comparing the treatments (placebo vs. adalimumab, with both i.d. and
s.c.administration methods combined) no statistically significant difference was
observed (p = .55). There was no difference within the administration method
between adalimumab or placebo administration (placebo vs. adalimumab
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within administration method p = .32 and p = .81 for i.d. and s.c., respectively). No
pain was reported 24 hours after injection in any treatment group (Figure 2B).
For both insertion and injection, a similar pattern in pain was reported in the
Dutch FPSR15 in comparison with the vas (data not shown). Altogether, these
subject-reported outcomes indicate that there is no difference in pain between
adalimumab and placebo injection, but that i.d. injection is more painful than s.c.
injection.

Figure2 Volunteer reported outcomes indicate preference for subcutaneous (s.c.) admin-
istration vs. intradermal (.d.) administration. Healthy volunteers were injected with a single
dose of adalimumab in the upper thigh and placebo in the contralateral upper thigh admin-
istered i.d. using a hollow microneedle or s.c. using a conventional needle. Insertion and
injection pain were normalized to the pain score during a Mantoux which the volunteers
received during screening. (a) Visual analogue scale (vAS) pain scores for insertion pain. No
differences were observed between s.c. and i.d. insertion pain (p = .68). (B) VAS pain scores
for injection and postinjection pain. Injection pain was significantly (p < .0001) higher for
i.d. compared to s.c. injection. Postinjection pain was not present. After injection, subjects
were asked multiple choice questions about their preference, for (c) how they experienced
the injection, (D) how they would like to get a hypothetical future injection, (E) and for which
injection they had fear. (A-E): n =12 per group, except for Mantoux where n = 24. (A-B): mean
+ standard deviation; repeated-measures ANOVA; **** p < 0001. NA: not available because
not measured

i.d. Mantoux

i.d.
I.d. adalimumab

100 points VAS pain

= 2 & 8 8
100 points VAS pain

E
Mo prefenence 1 === Equal fear
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To determine which injection type was preferred, subjects were asked about
their preference: immediately after the injections (i.e. before seeing the injection
area) and also one day after the injections. Subject reported outcomes indicated
that subjects had a preference for s.c. injection compared to i.d. injection (Figure
2¢). They also preferred to receive a hypothetical next injection using s.c. rather
than i.d. administration (Figure 2D). Directly after injection a majority (13
subjects, 54%) indicated no fear, while 24 hours after injection, most (19 subjects,
79%) subjects indicated no fear after injection. To summarize, we found that
volunteers prefer s.c. over i.d. injection.

SAFETY

Nine treatment emergent adverse events were recorded; 5 in the s.c. group and
4 in the i.d. group. All treatment emergent adverse events were mild and self-
limiting. Four subjects had fatigue, 3 had an upper respiratory tract infection,
and 1 subject had a rhinitis. One subject had an injection site haematoma after
id. adalimumab. Thus, i.d. and s.c. administration of adalimumab and saline do
not raise a safety signal.

IMMUNOGENICITY

Anti-adalimumab antibodies are reported descriptively. None of the study
participants had anti-adalimumab antibodies at baseline. Ten (83%, Figure 34)
and six (50%, Figure 3B) of the volunteers who received s.c. or i.d. adalimumab,
respectively, treatment-emergent anti-adalimumab antibodies were detected.
The median serum concentration for anti-adalimumab antibodies, for
participants who developed anti-adalimumab antibodies, was 178 (range 16-
864)fors.c.and 250 (range 189-940) arbitrary units forid. administration (Figure
3c). Presence of anti-adalimumab antibodies was associated with increased
adalimumab cL. However, high variability in the AUCo-inf was identified due
to the differences in immunogenicity, which needs to be taken into account to
allow for a direct comparison of i.d. with s.c. administration.

PK OF I.D. AND S.C. ADALIMUMAB ADMINISTRATION

The adalimumab concentration time profile is displayed in Figure 3D. First, a
noncompartmental analysis of PK was performed. After exclusion of subjects
where anyleakage occurred during injection, in the remaining subjects Cnax was
significantly higher after i.d. injection compared to s.c. injection (90% CI 0.57-
0.90, p =.02). No difference was detected in AUCo-inf (90% CI 0.55-1.09, p =.22) or
AUCo-last (90% CI 0.60-1.07, p = .20; per protocol subjects in Table 2, all enrolled
subjects in Table s1). These data show that i.d. administration of adalimumab
yields a higher maximum concentration than s.c.administered adalimumab.
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Figure 3 Pharmacokinetics of adalimumab and anti-adalimumab antibodies after
subcutaneous (s.c.) or intradermal (i.d.) injection. Mean anti-adalimumab levels after (a)
s.c.and (B) i.d. administration (n = 12 per administration type). (C) Average anti-adalimumab
levels for subjects with anti-adalimumab antibodies (n = 10 for s.c. administration and n = 6
for i.d. administration). (D) Serum adalimumab concentrations over time (D, n = 10 for s.c.
administration and n = 9 for i.d. administration, noncompartmental analysis of subjects
without leakage during injection). (C-D) Mean + standard deviation. (E) Schematic depiction
of population Pk model. (F) Adalimumab absorption kinetics over time after adalimumab
administration following microneedle id. or s.c. administration (typical population PK
model). F: relative bioavailability; ka: absorption rate constant
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Table2 Summary pharmacokinetic parameters for 1D and sc adalimumab administration
per protocol subjects, i.e. the subjects in which no leakage occurred and the intended dose of
adalimumab was administered.

s.c.(n=10) id. (n=9)
Parameter Mean (SD) Median (range) Mean (SD) Median (range)
Crnax (ng/mL) 33(1.1) 3.6(1.5-4.8) 4.4(0.7) 4.2(3.6-5.5)
Trmax () 120(96-221) 95 (47-120)

AUCq.inf(ug*h/mL)  2359(1167) 2048(853-5351) 2986(1217) 2724 (1679-4897)
AUCq.last (ug*h/mL) ~ 2189(816)  2005(846-4019)  2688(869) 2581 (1677-4094)

sD: standard deviation; Cmg,: maximum plasma concentration; Tmgy: time to reach Cpax;
AUC: area under the plasma concentration-time curve

VII - ADALIMUMAB DELIVERY USING MICRONEEDLES VERSUS SUBCUTANEOUS DELIVERY



156

To further examine PK and to be able to correct for interindividual variation in
the kinetics of adalimumab and the formation of anti-adalimumab antibodies,
a population PK model was developed. After exclusion of subjects in which any
spill of adalimumab occurred during administration, data from 10 s.c. and 9
id. injections were available for model development using 275 adalimumab
measurements that were above the LOD. A total of 4% of the measurements was
below the LoD and therefore excluded from analysis. A significant effect between
the time-varying titre levels and the cL was identified (p < .001), indicating that
the cL of adalimumab increases in the presence of high titre levels. However,
a bias in the absorption kinetics for s.c. and i.d. was identified with linear
absorption kinetics. Subsequent exploration of different structural absorption
models resulted in a MTIME function for the absorption rate constant (ka) after
id. administration and 2 separate absorption compartments with equal kas and
1 with an absorption lag time for s.c. administration to be best fit for purpose
(Figure 3E). In this revised structural model, significant (p < .01) interindividual
variability on the titre-cL relationship and the central volume of distribution
was identified. Additionally, a significant (p < .01) improvement in model fit
was quantified after estimating a 29% higher relative bioavailability (Fye]) after
i.d. administration of adalimumab compared to s.c. administered adalimumab.
A negative age-CL relationship and a positive weight-cL relationship were
identified. Both covariates gave p < .001 improvement in the model fit. The
developed model showed an overall accurate description of the absorption
and elimination phase of adalimumab (Figure s2). Model parameters (Table 3)
were estimated with high precision and were comparable to literature values.?
Simulations of the typical adalimumab absorption rates over time showed a clear
difference between both administration routes, in which the i.d. dose had a fast
initial phase which decreased after MTIME, whereas the s.c. administration had
a slower initial phase and a small increase in the absorption rate, approximately
2 hours after dosing (Figure 3F).

Cytokine production was assessed by stimulating ex vivo whole blood with
LPs and aluminium hydroxide, driving NF-kB and NLRP3 inflammasome
activation. Results are shown in Figure 4. Free TNFa levels after both s.c. and
i.d. administration sharply decreased from predose to postdose (mean levels
predose i.d. 897 pg/mL, i.d. 48 h postdose 50 pg/mL, s.c. predose 928 pg/mL, s.C.
48 hpostdose 74 pg/mL), as has been reported earlier,*® and returned to baseline
at the end of study (i.d. 70 d postdose 1149 pg/mL, s.c. 70 d postdose 850 pg/mL).
No significant differences in inhibition of cytokine release were detected when
id. adalimumab administration was compared to s.c. adalimumab administra-
tion (IFNy p = .61; IL-6 p = .31; IL-8 p =.81; IL-1B p = .61; TNFa p = .80). A sex effect
has been reported for Lps/aluminium hydroxide-induced 1FNyproduction after
adalimumab administration,’* but this was not detected in this study (1FNy
p=.99;1L-6 p=.80;IL-8 p =.96; IL-1B p =.75; TNFa p =.08).
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Table3 Population pharmacokinetics parameter estimates with relative standard errors.

Parameter Estimate RSE (%)

Absorption population parameters

Fip 1.29 6.46
Intradermal administration

ka-, (/day) 3.54 10.1

ka-, (/day) 0.96 9.90

MTIME (days) 0.078 9.32
Subcutaneous administration

k, (/day) 0.514 9.64

Fscy 0322 36.6

Lag time (days) 0.075 36.7
Structural model parameters

Volume of distribution central (L) 115 8.02

Clearance (L/day) 0.36 431
Covariate relationships

CL-age exponent@ -0.70 24.3

CL-weight exponentb 0.68 36.7

TITRE-slope (/xxx) 0.064 25.1
Inter-individual variability

w? Volume of distribution central 0.069 31.2

w2 TITRE-slope 0.537 37.1

Residual variability

o2 Proportional residual error 0.054 139

CL: clearance; F: relative bioavailability; ka: absorption rate constant; MTIME, model event time; RSE:
relative standard error/ a) centred around 23 years / b) centred around 70 kg.

OPTICAL COHERENCE TOMOGRAPHY, CLINICAL PHOTOGRAPHY,
THERMAL IMAGING AND LASER SPECKLE CONTRAST IMAGING

Three-dimensional photography was used to quantify the bleb size after i.d.
injection. No bleb formation was observed after s.c. injection. After i.d. injection
bleb formation was observed after both adalimumab and saline injections,
which resolved in less than 1 day (Figure 54,B). I.D. adalimumab administration
but not s.c. adalimumab administration or injection of placebo caused local
redness after injection (Figure 5¢). ocT was used to examine breach of epidermis
and fluid disposition. Penetration of the epidermis was visible for 92% of cases
10 minutes after administration of both placebo injections and s.c. adalimumab
injection. All i.d. adalimumab injections showed epidermal penetration 10
minutes postdose (Figure 5D-F). Fluid disposition and vasodilatation in the
dermis were visible more clearly for i.d. injections than s.c. injections.
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Figure 4 Similar cytokine production after subcutaneous (s.c.) or intradermal (i.d.)
adalimumab administration (aA) tumour necrosis factor-a (TNFa), (B) interleukin
(1)-1B, (c) 1L-8, (D) interferon (IFN)y and (E) 1L-6 release after ex vivo stimulation with
lipopolysaccharide/aluminium hydroxide of whole blood samples. No sex effect was
observed. Mean * standard deviation. A-E: n = 12 per group, repeated measures ANOVA
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Cutaneous microcirculation of the upperlegs following injections was quantified
using LScI. A significant increase in blood flow for i.d. adalimumab injections
compared to i.d. placebo, s.c. adalimumab, and s.c. placebo injections was shown
10 minutes postdose (p < .0001, Figure 5G), followed by a decrease, reaching
baseline on day 3 (data not shown). The bleb surface area was quantified using
Lscr's perfused area measurements. The perfused areas were significant larger
after i.d. adalimumab injections compared to i.d. placebo (p < .0001), and also
compared to s.c. adalimumab (p = .0012) and placebo injections (p < .0001; Figure
5H,1).

Injection site temperature was measured in a temperature-controlled room
using infrared thermography and corrected using standardized control areas
(Figure s1).

IN VITRO PROTEIN ANALYSIS

In vitro studies were performed to investigate whether passage of adalimumab
through a hollow microneedle led to protein instability, as compared to passage
through a regular s.c. needle. To this end, adalimumab was subjected to the
same storage conditions and ejection methods as those used in the clinical trial.
Protein conformational changes were determined by second-derivative uv
spectroscopy, and formation of adalimumab aggregates and particles were
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determined by DLS, HP-SEC, MFI and NTA. Results of the protein analysis are
shown in Table 4. Second-derivative UV spectroscopy showed no change in a/b
ratio between conditions and time points, indicating no protein conformational
changes. With DLs, no substantial differences in z-average diameter were found.
No substantial differences in the concentration of particles 22 um were detected
between conditions using MFI. NTA showed nanoparticle concentrations around
the lower limit of detection (107 ; data not shown), and mean sizes were found
ranging from 188 to 414 NM. HP-SEC showed no differences in monomer content
between conditions or between time points, and no evidence of aggregation or
fragmentation. Molecular weights, based on multiangle laser light scattering
data for the main peak, correspond to that of adalimumab reported before.2°
These data show that passage of adalimumab through a hollow microneedle
before storage and after storage for 4 hours at 2-8°C does not lead to measurable
protein aggregation or particle formation.

Table 4 Characterization of adalimumab after passage through a glass vial, a syringe, or
a syringe with a hollow microneedle (SYR. + MN), at 0 hours and after storage at 4 °C for 4
hours. Representative data of 2 independent experiments.

Time point oh 4h
Condition Vial Syr. Syr. Vial Syr. Syr.
+MN +MN
UV spectroscopy ~ a/bratio 146 146 145 138 141 144
DLS Z-average diameter 376 368 399 359 361 423
innm (sD) (0.01) (0.03) (0.33) (0.03) (0.07) (0.04)
Polydispersity index 0.191 0203 0.191 0188 0.177 0.182
(sp) (0.003) (0.039) (0.002) (0.001) (0.080) (0.009)
HP-SEC Monomer content (%) 998 980 980 996 996 996
Dimer content (%) 0.2 2.0 2.0 04 04 0.4
Molecular weight monomer (10°5Da) 1.57 150 153 155 155 155
NTA size estimation Mean in nm (sD) 429 408 463 386 391 352
(233) (180) (330) (182) (234) (179)
MFI Particles = 2 pm per mL 4581 4264 4033 3309 3631 4145

DLS: dynamic light scattering; SD: standard deviation; HP-SEC: high-pressure size-exclusion
chromatography; NTA: nanoparticle tracking analysis; MFI: micro-flow imaging. UV spectroscopy,
HP-SEC and MFI were measured with adalimumab samples diluted to 1 mg/mL, DLS and NTA in a
concentration of 10 mg/mL.

Figure5 Characterization of skin reaction following subcutaneous (s.c.) and intradermal
(i.d.) injection. (A-c) 3D photography. (A) Typical bleb after i.d. injection. (B) Maximum
height and volume of injection site. Bleb height and volume did not differ between id.
adalimumab and i.d. placebo (height p = .26, volume p = .29). (D) Redness of the injection
sites: The more positive the CIELAB *a ratio, the redder the injection site. 1.D. adalimumab
and placebo injections induced significantly more redness of the skin compared to s.c.
adalimumab and placebo injections (p < .0001). Skin redness induced by adalimumab
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injection was significantly higher for i.d. administration than for placebo injection (p =
0014; E, F) Representative OCT images of i.d. injection 10 minutes postinjection; (D, E) Cross-
sectional planes of i.d. injection, and (F) top view of skin surface with 3 puncture holes. (G)
Skin perfusion in arbitrary PU 10 minutes postinjection, measured with LscI. (H) Injection
site surface area 10 minutes postinjection. A significant difference in skin perfusion and
surface area 10 minutes postinjection was observed for both administration methods (p <
0001) and treatment (p < .0001). (1) Representative LSCI images of both injection methods
and treatments 10 minutes postinjection. LSCI: laser speckle contrast imaging; 0CT: optical
coherence tomography; PU: perfusion units; B, D, G, H: mean + standard deviation, n = 12 per
group, repeated measures ANOVA, **** p < 0001
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DISCUSSION

With a sophisticated and comprehensive, multimodal PK-PD safety approach we
investigatedapossiblyminimallyinvasiveadministrationmethod ofadalimumab
with a commerecially available hollow microneedle. Importantly, this clinical trial
shows thati.d. administration of a single dose of 40 mg adalimumab in a volume
of 0.4 mL using a hollow microneedle is safe and well accepted. However, i.d.
administration was associated with an increased amount of injection pain and
decreased volunteer preference compared to s.c. administration. Using imaging
methods, the effect of i.d. injections on the skin was thoroughly characterized. As
expected, i.d. injections led to bleb formation. Notably, i.d. injection transiently
increased cutaneous microcirculation as measured by LscI. Importantly, we
found that i.d. administration of adalimumab led to a higher cnax and a higher
relative bioavailability compared to s.c. adalimumab administration. The
inhibition of ex vivo cytokine production of whole blood stimulated with Lps/
aluminium hydroxide was similar for i.d. and s.c. adalimumab administration
indicating comparable pD efficacy.

Protein degradation, especially aggregation, might result in increased im-
munogenicity of mAbs" and immunogenicity of mAbs is a major reason for
secondary loss of response to mAbs. Therefore, we first showed in vitro that mi-
croneedle ejection of adalimumab does not substantially alters the amount of
protein fragments or aggregates compared to ejection using a regular hypoder-
mic needle.

Hollow microneedles are frequently considered a minimally invasive device
to deliver parenteral drugs.#?52627 In this study, we administered a single adalim-
umab dose of 40 mg in 0.4 mL or 0.4 mL placebo. We systematically studied pain
associated with insertion and injection in a double-blind manner. We found that
insertion pain of s.c. and i.d. administration was equal. However, injection pain
of i.d. administration was significantly higher than s.c. administration. The high
amount of pain is in contrast with another study, which used higher volumes
but detected less pain.?’ Pain due to s.c. injection is generally attributed to differ-
ent factors, i.e. volume of injection, site of injection, formulation, needle size and
injection depth.?®

The volume limit of s.c. injection is generally considered to be 1.5 mL.?° Several
studies have found higher volumes of s.c. administration to be associated with
more pain.?*39%31 Thus, the increased pain that was associated with i.d. adminis-
tration in the clinical trial reported in this paper is probably due to the volume
injected. The volume used in this trial was limited by a minimum volume which
contains a regular dose of a MAB in adults. Future studies might investigate the
volume-pain relationship for i.d. administration using hollow microneedles. We
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did not detect a significant difference in pain when comparing adalimumab with
placebo after i.d. and s.c. administration, which indicates that the formulation
chosen in this study did not influence pain.

Although not quantified, we observed a higher injection pressure during i.d.
administration compared to s.c. administration. With ocT, we detected fluid
filled cavities after i.d. injection, indicating that there was no time for the com-
pound to distribute in the skin.

We characterized the skin response to hollow microneedle administration of
adalimumab using a combination of methods. The skin response following i.d.
administration of adalimumab was mild and resolved within a day after injec-
tion. Using 3D photography, we showed a bleb, which is typical for i.d. admin-
istration. Furthermore, using LSCI, an increase in cutaneous microcirculation
after i.d. injection of adalimumab was observed. Our observations are of inter-
est in the context of drug absorption. The increased cutaneous microcirculation
might be associated with the increased adalimumab absorption following i.d. vs.
s.c. administration observed in our study. However, drugs injected s.c. may be
absorbed via the lymph capillaries, or diffuse into blood capillaries, and after s.c.
administration proteins with a high molecular weight, such as mAbs, are pre-
dominantly absorbed via the lymph after s.c. administration.3>33

Various factors influence lymph flow, one being local skin temperature. Dur-
ing an increase in local skin temperature, both the blood flow and the lymph
flow increase.3*3>3¢ We quantified local skin temperature after i.d. adalimumab
administration using thermography. A limitation is that from the skin tempera-
ture measurements we cannot unequivocally conclude which type of injection
(s.c. ori.d.) leads to higher skin temperature for two reasons. The temperature
measurements might be confounded by difference in depth as i.d. injections
are more superficial than s.c. injections. Thus, the s.c. injections might have in-
creased the local temperature, which is not apparent from our measurements.

Initial lymphatics, the part of the lymph vessels responsible for drug uptake,
are located superficially, in the dermis.?” Under physiological conditions most
of these lymph vessels are collapsed. Excess fluid (high hydrostatic pressure)
and proteins (high local osmotic pressure) in the dermis cause high lymph flow.
We used OCT to visualize epidermal penetration after i.d. injection. Qualitative
analysis of OCT observations showed an increase in vessel diameter after i.d. in-
jection compared to s.c. injection. Based on the 0CT, no distinction can be made
between blood and lymph vessels. Perhaps in the future, a new variant of ocT,
Doppler ocT,?® could be used to further characterize the physiology of MAB ab-
sorption and lymph flow.

Several studies have reported that the i.d. administration of drugs has dif-
ferent PK characteristics from s.c. delivery.>”?73° General observations are that
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Tmax 1S decreased, Cmax is increased and that relative bioavailability is either
equal or increased after i.d. administration compared to s.c. administration.
Most studies use insulin as model drug. For i.d. injection of insulin using hollow
microneedles, it has been reported that Cyax increases and Tyax decreases after
i.d. administration vs. s.c. administration. It has been suggested that a shift in
the concentration-time profile explains why some but not all studies have re-
ported increased relative bioavailability after i.d. injection.>*° Changes in PK are
generally attributed to anatomical differences in the skin: the dermis has exten-
sive vasculature and lymphatics, while the subcutis has more adipose tissue.*
When correcting for individual differences in the covariates and the titre values,
this study showed a significant difference in relative bioavailability between s.c.
and i.d. administration; i.d. administration was associated with a 29% higher
relative bioavailability. In our study, a clear distinction in the absorption profiles
over time could be observed between s.c. and i.d. administration. Adalimumab
administered by microneedle injection show a short but fast absorption, where-
as s.c. dosing shows a lower absorption rate. The steep drop in absorption after
a microneedle injection is caused by the distribution of sampling points and an
estimated mathematical time point. In reality, this transition would probably be
smoother. Altogether, the PK profile of the i.d. administration of adalimumab is
favourable over s.c. administration.

The immunogenicity of mAbs is a significant clinical problem hampering
the treatment of autoimmune diseases with mAbs. In this study, the number of
healthy volunteers allows only for descriptive reporting of anti-adalimumab an-
tibodies. The skin is a potent immune organ.* Studies have shown an increased
immunogenicity of i.d. vaccines compared to s.c. vaccines and microneedles are
frequently studied as a device to deliver vaccines.*?*® By contrast, it has been
suggested that i.d. administration of mAbs might lead to less immunogenicity
compared to s.c. administration due to the presence of professional antigen-
presenting cells in the epidermis and dermis rather than in the subcutis.3?%
Perhaps the relatively short residence time at the i.d. injection site of the (pre-
dominantly monomeric) protein might contribute to the lack of increased im-
munogenicity as compared to s.c. administration. It remains to be determined
whether i.d. administration of biologicals alters the incidence, degree, or time of
onset of anti-drug antibody formation compared to s.c. administration.

In this study the functional effect of adalimumab administration was inves-
tigated in vitro. Whole blood was stimulated with Lps/aluminium hydroxide and
secreted cytokines were measured. We found that i.d. and s.c. adalimumab re-
duced ex vivo TNFa bioavailability to a similar extent.

The increased relative bioavailability of i.d. adalimumab in our study suggests
that lower doses may be used to achieve similar concentrations and subsequent
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effects compared to s.c. administration. Combined with the increased elasticity
of the skin of children® and the need for a lower (adalimumab) dose than in
adults, hollow microneedles ultimately might be suitable for use in pediatric
patients. However, it is of paramount importance to better understand the pain-
volume relationship of i.d. injections using hollow microneedles in adults first.

In conclusion, we showed that the i.d. administration of adalimumab is
feasible and leads to faster absorption and increased relative bioavailability
compared to s.c. administration. The amount of pain reported in this study,
higher for i.d. than for s.c. adalimumab administration, is probably explained by
the injection volume of 0.4 mL. Understanding the relationship between pain
and the administration of mAbs is essential before hollow microneedles can be
investigated for use in the pediatric patient population.
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Supplementary Table1 Summary pharmacokinetic parameters for i.d. (A) and s.c.(B)

adalimumab administration for all enrolled subjects.

A

s.c. (n=12) id. (n=12)
Parameter Mean (SD) Median (range) Mean (SD) Median (range)
Crmax (mug/mL) 3.3(1.0) 3.4(1.5-4.8) 4.0(4.1) 4.1(1.6-5.6)
Tmax (h) 145 (54) 120(96-221) 90(23) 96 (47-120)

AUC_inf(ug*h/mL)  2401(1094) 2054 (853-5316)

2514(1173) 2623(619-4805)

AUC, Jast (Ng*h/mL)  2130(690) 2005 (846-2603)

2332(976)  2485(619-4805)

cL(L/h) 0.02(0.01) 0.02(0.01-0.05) 0.02(0.02) 0.02(0.01-0.06)
B

s.c.(n=10) id. (n=9)
Parameter Mean (SD) Median (range) Mean (SD) Median (range)
Crmax (mug/mL) 3.3(1.1) 3.6 (1.5-4.8) 4.4(0.7) 4.2(3.6-5.5)
Tmax (h) 142(120) 120(96-221) 85(85) 95 (47-120)

AUC,-inf (ng*h/mL) 2359(1167) 2048(853-5351)

2986 (1217) 2724 (1679-4897)

AUC, Jast (Ng*h/mL) ~ 2180(816) 2005 (846-4019)

2688(869) 2581(1677-4094)

CL (L/h) 0.02(0.01) 0.02(0.01-0.05)

0.02(0.01 0.01(0.01-0.02)
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Supplementary Figure 1 Skin temperature after s.c. and id. injections. (A) Control
thermography recordings were subtracted from injection site temperatures to calculate the
difference in°C as change from baseline on a time point for the first day after injection. n =
12 per group, mean + sD. (B) Images in the top panel are representative of reactions 1 minute
postdose, and images in the bottom panel are representative of reactions 10 minutes
postdose.
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Supplementary Figure 2 Model fit of population PK model 500 Monte Carlo simulations
were performed for a visual predictive check of the adalimumab population Pk model after
the development of a separate structural model for the absorption of microneedle (A) and
s.c. (B) administration of adalimumab. The blue coloured rectangles are the 95% confidence
interval around the 5 and 95% prediction interval. The orange rectangles are the 95%
confidence interval around the median prediction. Data was binned per observation time.
The dashed lines are the 5,50 and 95% distribution of the data.
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Well-informed decisions are needed in the earliest phase of dermatological
drug development. Only 6.3% of the drugs targeting immunosuppressive and
anti-inflammatory processes reaches market registration. Knowledge about
the pharmacodynamic properties of a dermatological agent is essential to
increase the probability of success from early-phase clinical trials to market
registration in dermatology. Despite the increasing amount of early-stage drug
trials incorporating pharmacodynamic endpoints, there seems to be a lack
of understanding how to integrate pharmacodynamic outcomes into early-
stage dermatological drug trials. There are success stories from investigations
employing objective pharmacodynamic endpoints in both disease and challenge
models, showing that integrating such endpoints during the initial clinical
stages of drug development is feasible. This thesis investigates and advocates a
more objective methodology, suggesting the integration of imaging techniques
and precise biomarkers as pharmacodynamic endpoints in early-stage
dermatology trials. However, this advocacy for pharmacodynamic endpoints
in early-stage dermatology trials raised two main questions: how to evaluate
pharmacodynamic endpoints in early-stage dermatology trials and which
specific pharmacodynamic endpoints should be considered for evaluation.

As the predominant focus of studies in the earlier stages of drug development
remains on healthy volunteers, challenge models are being unequivocally
endorsed. The present thesis outlined how pharmacological and trauma-
based derma-immunological challenges are developed and how objective
pharmacodynamic endpoints are evaluated in early-stage trials in clinical
pharmaco-dermatology. Two types of skin challenge models were explored:
trauma-based derma-immunological challenges, wherein a physical
intervention was applied on skin to provoke an immunologic and inflammatory
response to mimic a dermatological disease (section 1), and pharmacological
skin challenges, wherein a pharmacological agent is administered to the skin
(section 11). These challenges were applied in five early-phase dermatological
trials. Additionally, one clinical trial was initiated to set an example how to
evaluate pharmacodynamic endpointsinaclassical phase I feasibility and dosing
study but without using a skin challenge model (section 111). After outlining
the outcomes of the clinical trials, the focus of this discussion is to address the
queries raised in the introduction: how to evaluate pharmacodynamic endpoints
in early-stage dermatology trials and which specific pharmacodynamic
endpoints should be considered for evaluation. With this we try to contribute to
answering the question which objective pharmacodynamic endpoints deserve
consideration in early-phase clinical pharmacology trials in dermatology.
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SUMMARY OF FINDINGS
SECTION I: PHARMACODYNAMICS OF TRAUMA-BASED DERMA-IMMUNOLOGICAL
CHALLENGES

In chapter 2, we presented a cutaneous full-thickness wound model to test novel
wound healing treatments. In this chapter, three- and four-mm full thickness
punch biopsies were taken from the lower back of healthy volunteers and left
to heal without intervention. We aimed to characterize physiological wound
healing with a multimodal test battery consisting mainly of non-invasive
methodologies in a healthy volunteer challenge model. We demonstrated for
the first time that a test battery of non-invasive techniques can objectively
monitor quantifiable changes over time of the distinct wound healing phases,
that is phase 11 inflammation, phase 111 proliferation and phase 1v remodeling,
while excluding the hemostasis phase. Additionally, multiple parameters were
integrated and visualized in a radar chart highlighting the most important
parameters and most suitable biomarkers per phase. Key findings of this
study were that clinical imaging was an objective read-out for wound healing
assessments, and we were able to distinguish the distinct phases of wound
healing by integrated, multidimensional data visualization. The developed
wound healing model shows promise to be a valuable tool for the standardized
testing of novel wound healing treatments.

In chapter 3, we presented a trauma-based model aimed at the
characterization of epidermal wound healing; this model was however based
on the principle of suction blistering. In this chapter, we refined a previously
developed suction blister model for analysis of suction blister fluid to monitor
epidermal wound healing. This chapter illustrated for the first time that in
our hands the blister method is suitable to monitor epidermal wound healing
over time. We were able to induce blisters successfully and reproducibly with a
clear separation of dermis and epidermis. The inflammation, proliferation, and
remodeling phases were distinctly visible using objective pharmacodynamic
biomarkers. We quantified several pharmacodynamic parameters, i.e., wound
healing features, skin barrier function and skin perfusion via clinical imaging
techniques, TEWL assessments and D-OCT. All parameters differed over time
with comparable and acceptable variability. We were able to detect dermal
structures with an emphasis on the separation of epidermis using D-OCT.
Additionally, we could objectively measure the pharmacodynamic effects of a
topical treatment alongside the blister suction model. Although the effects were
limited, the techniques used to quantify the effects were sensitive enough to
pick up differences over time.
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SECTION II: PHARMACODYNAMICS OF PHARMACOLOGICAL CHALLENGES

Chapter 4 demonstrated a pharmacological model with substance p (sP). This
chapter outlined the setup of an intradermal challenge model utilizing Sp, a
neuropeptide known to induce wheal and flare responses and serving as a
potential challenging agent for investigating such responses mediated by the
mas-related G-protein coupled receptor member X2 (MRGPRX?2) receptor. Main
objectives of this open-label, two-part, prospective enabling study in healthy
volunteers were to assess the robustness of the sp response by evaluating the
effect of varying doses of sp on wheal and flare, which are endpoints associated
with MRGPRX2 receptor-mediated mast cell degranulation. Initially, a single
challenge visit involving 20 healthy subjects aimed to determine the optimum
dose range of sp for subsequent evaluation. Intradermal microdialysis (1Dm)
was employed to sp-challenged skin, involving the insertion of dialysis
membranes into the dermis, which were then perfused at low rate with
perfusate. This technique facilitated continuous sampling of interstitial fluid
from sp-challenged skin, enabling assessment of the effect-time relationship.
Subsequently, the effect of the selected dose of sp on wheal and flare responses,
also assessed with IDM, was evaluated at two consecutive challenge visits.
The time profile of the challenge for wheal and flare responses provided
greater insight and characterization of the effect of multiple doses of sp over
multiple timepoints, in addition to determining the potential carryover effect
following repeated challenge. Lower doses of sp produced dose-dependent
wheal and flare responses. Findings of this study support the fit-for-purpose
validation for application of the challenge model in future clinical studies.

Chapter 5 described the effects of two novel, highly selective inhibitors of
interleukin-1 receptor-associated kinase 4 (IRAK4), BAY1834845 (zabedosertib)
and BAY1830839 or a control treatment ,i.e. prednisolone 20 mg or placebo,
in human in vivo experimental challenge models of topical and systemic
inflammation. The investigations conducted in this mechanistic clinical phase
1 study revealed that administering BAY1834845 (zabedosertib) at 120 mg B.i.d.
and BAY1830839 at 100 mg B.1.D. for 7 days resulted in a rapid and distinct anti-
inflammatory effect in a human skin challenge model with 1MQ, as well as in
a human systemic LPs challenge model. Both the topical iMQ challenge and
intravenous LPS challenge are clinically well-characterized models that have
been utilized to demonstrate the pharmacological activity of candidate drugs.
What sets this study apart is the combination of two already established models,
highlighting the potential utility of concomitant use of various novel human
pharmacological models for evaluating the immunomodulatory effects of anti-
inflammatory molecules in early-stage drug development.
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SECTION III: PHARMACODYNAMICS AT THE EARLIEST PHASE OF CLINICAL
DRUG DEVELOPMENT: RELEVANCE FOR OPTIMIZING DRUG ADMINISTRATION

Subcutaneousinjections of drugs have been perceived as unpleasant and painful,
especially during long-term use in both adults and children. Chapter 6 explored
the impact of repeated methotrexate injections via microneedles in children.
This chapter presented the findings of a systematically performed literature
review focused on children undergoing treatment with disease-modifying anti-
rheumatic drugs (DMARDS). Insights from this review hold significance due to
the perceived high treatment burden and the development of needle phobia
among children with rheumatic diseases, which may affect long-term treatment
adherence. The review identified two relevant studies involving children
with juvenile idiopathic arthritis (jia) receiving methotrexate. These studies
indicated that needle fear, the effect of methotrexate treatment, and procedural
consequences, such as blood sampling, all contribute to the distress and
reduced quality of life among children with J1A. Notably, no studies investigating
fear of injections or injection-related pain in children with rheumatic diseases
receiving biologicals were found. This study emphasizes the importance of
systematically exploring needle fear to optimize the administration of DMARDS,
thus laying the groundwork for the setup of a prospective placebo-controlled
trial outlined in the subsequent chapter of this thesis.

Chapter 7 detailed the establishment of a single-center double-blind, placebo-
controlled, double-dummy clinical trial aimed at addressing the safety and
efficacy of using hollow microneedles to administer a model monoclonal
antibody (MAB). This chapter describes the feasibility of the intradermal
administration of adalimumab via hollow microneedles versus conventional
needles, evaluating their effects on pain, acceptability, local tolerability,
pharmacokinetics, and immunogenicity. Conducted among 24 healthy adults,
this trial compared the intradermal administration of 40 mg adalimumab
(0.4 mL) using a hollow microneedle with subcutaneous administration using
a conventional needle. Intradermal administration of biopharmaceuticals
through hollow microneedles is suggested as an alternative for subcutaneous
injection due to reduced injection-related pain and potentially more favorable
pharmacokinetics compared to subcutaneous administration. Additionally, the
applicability of optical coherence tomography, clinical photography, thermal
imaging, andlaser speckle contrastimaging in assessing skinreactions following
intradermal injections was explored. In vitro protein analysis was performed to
evaluate the compatibility of adalimumab with the hollow microneedle device.
Intradermal injection of adalimumab via hollowing microneedles was found
to be more painful and less accepted than subcutaneous administration, but
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higher relative bioavailability with comparable safety and pharmacodynamic
effects were found.

CHALLENGE MODELS IN EARLY-STAGE DERMATOLOGICAL DRUG
DEVELOPMENT

Challenge models serve as invaluable tools for drug developers, enabling the
replication of physiological and pathophysiological processes associated with
inflammatory skin diseases. Initially, the focus of this thesis was on delineating
two clinical trials with trauma-based challenge models: a cutaneous full-thick-
ness wound model to test novel wound healing treatments and a model based
on the principle of suction blistering. The wound healing models described and
scrutinized in the clinical trials explained upon in chapters 2 and 3 character-
ize pioneering research, using an explorative approach. Findings reveal that the
most obvious challenge in trauma-based skin challenges lies in the uncertainty
surrounding the time course of assessments. Balancing the inclusion of a com-
prehensive assessment scheme, which yields rich data, with the reasonable
burden it places on participants, proves to be a pivotal consideration. Presently,
information regarding the appropriate timing of assessments relies on preclini-
cal studies, often conducted in animal models or in vitro models.! Regrettably,
literature pertaining to early-phase studies incorporating trauma-based chal-
lenge models offers scant insights into the temporal aspect of assessments,
typically reporting only the time to closure. Consequently, intriguing dispari-
ties observed over time, such as those between TGF-B1 and TGF-B3 discussed in
chapter 2, present challenges in interpretation. These growth factors, integral
to both inflammation and proliferation phases, are thought to activate similar
intracellular signaling pathways.>® Nonetheless, discrepancies in the elevations
of TGF-B1 and TGF-B3 appear discordant, posing complexities in understanding
their respective roles within the context of derma-immunological challenges.
These complexities also relate to the interpretation of unexpected outcomes,
e.g., that 1L-6 would consistently yield zero values in the QPCR analysis in a nor-
mal wound healing model devoid of intervention, which again might be due to
the sampling rate. The deconstruction of physiological processes into discrete
components through modeling constitutes a fundamental aspect of research.
Consequently, understanding the time course of events in multiple scenarios,
e.g., diseased skin versus healthy skin, full-thickness versus scratch wounds, will
furnish us with insights into the underlying mechanisms of wound healing.

The establishment of a suction blistering model in chapter 3 represents an
initial stride toward devising an epidermal wound model in healthy volunteers
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incorporating multiple non-invasive measurements. However, a remaining
issue is the fidelity of the blisters generated in this model to those characteristic
of epidermolysis bullosa (EB) and other bullous diseases. By introducing acute
trauma, we bypass a normally longer process (days/weeks versus 1.5 hours)
which might elicit an immune response different from chronic disease states.*
Additionally, insights gathered from this challenge model confronted us with
an apparent ambiguity. Notably, tissue inhibitors of metalloproteinases (TIMPS)
increased directly post-wounding yet reverted to baseline levels more swiftly
compared to matrix metalloproteinase-9 (MMP-9), the latter of which displayed
a continued escalation until day 4. As future investigations unfold, including
analogous blister suctioning models, we anticipate an increased understanding
of the timing and implications of these findings as well as an integrated analysis
as performed for the full-thickness wounds.

Conversely, a more extensive body of knowledge exists regarding the time
course of assessments within trials including pharmacological challenge mod-
els. Chapter 4 highlighted a pharmacological model employing substance P (sp),
while chapter 5 delineated a human skin challenge model integrating topical
IMQ and systemic LPS to elucidate the effects of a candidate IRAK4-inhibitor.
Notably, the combined iIMQ/LPs challenge model, deployed for the first time in
a clinical trial together with novel IRAK4 inhibitors, proved to be groundbreak-
ing. This innovation enabled the differentiation of local and systemic challenge
effects, affirming the feasibility of this model in healthy volunteers. Chapter 4
provided support for the utility of the sp model. Despite the existence of dose-
dependent data on sp effects, a comprehensive characterization and insights
into potential carryover effects following repeated challenges were lacking.
Nevertheless, data revealed the absence of a carryover effect when the chal-
lenge was repeated after a 2-week interval. This study was a testimony to the
continuous development of challenge models since each new study contributes
to knowledge about the model.

In summary, the selection of a specific pharmacological skin challenge in early-
phase clinical trials appears contingent upon the underlying research question.
Such skin challenges supply proof-of-mechanism in early-phase clinical trials,
while including safety and pharmacokinetic parameters, and insights into dose
escalation based on pharmacodynamic measures. Nonetheless, the presence of
model limitations, such as an unknown time course of assessments, precludes
the provision of conclusive evidence for a direct translation into clinical efficacy,
particularly in studies including trauma-based challenge models.
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PHARMACODYNAMIC ENDPOINTS IN EARLY-STAGE DERMATOLOGICAL
DRUG DEVELOPMENT

This thesis advocates a more objective approach that incorporates imaging
techniques and accurate as well as precise biomarkers as pharmacodynamic
endpoints in early-stage dermatology trials. While outcomes reported by
physicians and patients offer clinically relevant information and can be
integrated into routine dermatologic practice and pivotal phase 3 dermatology
trials, their applicability in early-stage trials is limited. This thesis bundles
5 randomized controlled trials wherein the most appropriate objective
pharmacodynamic outcome measures were chosen, and several non-invasive
(imaging) tools were successfully applied to detect biomarkers. The challenge
remains in identifying biomarkers accurate enough to make critical go/no-go
decisions in early-stage dermatology trials. Ideally, a parametric and accurate
biomarker of the pharmacological influence of a critical pathophysiological
process is available to reflect the pharmacodynamic effect of a therapeutic
agent. Thorough generation of data and experience in biomarker studies
are therefore warranted. This thesis highlights many imaging techniques,
such as stereophotogrammetry, multispectral imaging, optical coherence
tomography (ocT), laser speckle contrast imaging (LscI) and transepidermal
water loss (TEwWL). Additionally, it mentions more standard techniques (e.g.,
QpcRr and HE biopsy staining) that are not within the scope of this discussion.
While providing insight into the intricate interplay of physiological processes
in human skin, including inflammation, immune responses, wound healing,
and angiogenesis, not all techniques are readily applicable biomarkers yet.
In general, LscI proved to be a highly reliable and easy to execute technique.
The inter-subject variability was acceptable allowing to detect treatment and
challenge effects. In our hands, 0CT proved to be an especially useful qualitative
tool but lacked consistency in calculating automated quantitative parameters.
Despite its rapidity, simplicity, compactness, and cost-effectiveness, ocT
had some limitations that became obvious in chapter 2. Although ocT was
an objective read-out for wound healing assessments in this study, it did not
have the diagnostic power and resolution needed to detect all wound healing
processes and small microenvironmental changes which, currently, could only
be assessed using histology. Its spatial resolution might have been troubled by
the so-called resolution-penetration depth paradox, i.e., imaging deeper tissues
generates visuals with poor resolution and imaging superficial cells generates
visuals with relatively good resolution.® The resolution of OCT is between the
very good spatial resolution of confocal microscopy, which only detects cells
without tissue penetration, and the resolution of ultrasound that visualizes
tissue lower than the dermis but is unable to detect individual cells. While

RUBOR, CALOR, TUMOR, DOLOR — OBJECTIVE ASSESSMENTS OF INFLAMMATION

OCT can detect significant structures within the dermis, it lacks the specificity
required to distinguish between diseases effectively. In addition, oCT required
trained operators to reduce the number of artefacts in scans. In addition, TEWL
is known to be subject to numerous environmental and individual variables,
such as age, gender, ethnicity, anatomical location, skin temperature, external
surroundings, seasonal variations, smoking habits, and measurement tools.®’
Consequently, establishing a definitive ‘normal’ TEWL value and determining
thresholds indicating pathological significance remain topics of ongoing debate.
Based on the findings presented in this thesis, it can be concluded that some
techniques (TEWL, LscI and multispectral imaging) are currently more suited
for implementation as objective endpoints than others (0cT). However, ongoing
advancements in imaging and detection techniques show promise in improving
resolution while maintaining imaging depth. Examples include line-field
optical coherence tomography and reflectance confocal microscopy.?® Line-
field confocal optical coherence tomography (Lc-0CT) combines the principles
of time-domain ocT and confocal microscopy, utilizing line illumination
and detection with a broadband laser and a line-scan camera. With these
developments, OCT or an advanced type of 0CT could become a future biomarker
in clinical drug development. In the near future, improved imaging techniques
might be less-invasive alternatives for biopsies and staining that are still the gold
standard in drug development and clinical practice. The challenge in developing
a test battery of non-clinical imaging methodologies lies in identifying the most
sensitive and representative endpoints and excluding endpoints with too much
variability and noise. In exploratory research (as in this thesis), it is entirely
feasible to include numerous endpoints. However, when exploratory endpoints
become primary or secondary endpoints and underlie data-driven decisions,
study designs should be lean and only include endpoints with sufficient
sensitivity and reproducibility to be considered as reliable biomarkers.

MULTIMODAL PROFILING

Changes in parameters observed through imaging modalities or biomarker
assessments are less relevant without accompanying clinical effects. Therefore,
profiling the interplay of physiological processes in human skin in early-stage
research should eventually incorporate multimodal parameters, including both
physician-evaluated and patient-reported scores alongside imaging modalities
and objective biomarkers. The blueprint of mechanistic dermatology trials
using multiple readout angles as described earlier was developed to capture
multimodality in early-stage clinical pharmacology studies by considering
pharmacokinetic and pharmacodynamic properties of a new drug, and
sensitive and objective endpoints from different domains.’® Combining all
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readouts provides a multifaceted overview of a dermatological condition, but
also allows to gain insight into its pathophysiology and into the relationship
between pathophysiology and clinical representation. Clinical endpoints are
composed to assume a pivotal role in later-phase clinical trials. And although
early-phase clinical trials are not inherently designed to directly assess clinical
endpoints, insights into potential clinical efficacy are invaluable in the trajectory
toward successful compound marketing. Evaluating clinical endpoints can also
offer insights into the pathophysiology of dermatologic conditions, but most
clinical efficacy scales show limited objectivity, inter-rater variability, and lack
of sensitivity."-13

A clinical composite score attempts to combine clinical parameters by
averaging their individual scores (e.g., a score of erythema of 1, and oedema of 2
results in an EASI score average to 0.3 with an involvement of 1-9% of the skin).**
Using clinical composite scores in advanced statistical modelling might not be
the holy grail, as implementing composite scores into a multifaceted analysis
including objective sensitive quantitative endpoints might reduce the sensitivity
of the outcome. Considering that the expected effect and signal-to-noise ratio
are small, clinical scores offer limited value in advanced statistical models.

The challenge lies in effectively interpreting the information from multiple
endpoints to entirely profile disease progression, while ensuring attention
to detail and monitoring individual parameter changes. This thesis outlines
numerous (non-) invasive imaging methodologies employed to examine
individual parameters. However, a shift in a single parameter does not
necessarily equate to a change in clinical impact. As was illustrated in drug
development, targeting a single protein or receptor believed to be responsible for
disease symptoms does not always indicate clinical impact, which also accounts
for imaging modalities and biomarkers that phenotype challenge effects. By
integrating all parameters into domains and/or paradigms, and using this
comprehensive approach to detect treatment effects, we may be better equipped
to describe diseases and drug impacts in a more realistic manner. It should be
noted however that incorporating multiple endpoints in a multifaceted analysis
will result in small pieces of information on many parameters. Decisions about
the relevance of each finding requires thoughtful interpretation of the results
of preselection of the most relevant parameters to be included in a statistical
model.

FUTURE DIRECTIONS

This thesis is built upon the assumption that assessing the pharmacodynamic
properties of a dermatological agent could increase the probability of success
from early phases to market registration in the field of pharmacological
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dermatology. Only 6.3% of the drugs targeting immunosuppressive and anti-
inflammatory processes, reaches market registration. The results presented
in this thesis point towards a more nuanced future perspective on how early-
phase clinical trials with skin challenge models and with objective outcomes
assessments could improve marketing success.

OPTIMIZING EARLY GO/NO-GO DECISIONS

As new compounds compete with standard of care and regulatory bodies
demand greater evidence prior to market approval, drug development grows
increasingly complex.’® Combined with a more reluctant investment climate,
there is a need for early indicators of efficacy to enhance the chances of success.
Integrating objective and quantitative endpoints in derma-immunological
trials provides crucial insights into a compound’s performance at an early stage,
aiding in making go/no-go decisions. While this does not necessarily translate
to an increase in the 6.3% of drugs reaching the market, it could help to allocate
less resources on ineffective compounds. Moreover, better dose rationale within
patient populations, based on a pharmacodynamic approach to dose escalation,
could potentially lead to increased approvals.

REDESIGNING EARLY-STAGE TRIALS

The IRAK4 study in chapter 5 clearly illustrated how insights gained from
biomarkerassessmentsatanearly stage could informthe redesign of subsequent
clinical trials. This mechanistic clinical phase 1 study delineated a human skin
challenge model integrating topical IMQ and systemic LPS to elucidate the effects
of a candidate IRAK4 inhibitor. The results of this study helped drug developers
differentiate a target indication and proceed to a subsequent phase 2 study
with more knowledge about their compounds. Currently, a study is underway
in atopic dermatitis with the candidate IRAK4 inhibitor tested in chapter 5. By
utilizing these biomarker-heavy and mechanistic question-based development
strategies, the indicated 6.3% market approval rate for all new compounds in
immunological dermatology might be lifted to 13.8%.

EVOLVING TECHNOLOGY

Imaging techniques are continuously evolving. For instance, accurate erythema
measurements with smartphones (ScarletRed)!® are increasingly common,
replacing the exclusive reliance on clinical scores. Imaging modalities
employing non-visible light are also advancing, enhancing skin penetration
while maintaining resolution.® Moreover, analysing capabilities of digital
images are rapidly improving. Previously, algorithms were used to classify and
annotate certain skin structures beneath the surface, but with the aid of artificial
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intelligence and enhanced algorithms, this can be achieved without human
intervention, leading to even higher specificity. These advancements promise
to enhance image quality and quantitative analysis, thereby facilitating a better
understanding of diseases and improving success rates.

THE IDEAL EARLY-STAGE CLINICAL TRIAL

Ideally, early-stage clinical trials in healthy volunteers should consistently
incorporate relevant biomarkers. The era of exclusively focusing on safety
and tolerability has passed and investors now demand more information
regarding proof of concept as well.”” This shift necessitates drug developers
to prioritize target engagement from the outset, prompting drug testers to
consider appropriate biomarkers to test new therapeutics. The selection of
these biomarkers should be based on the most important question to answer for
a compound. For instance, if literature and preclinical work indicate that dermal
penetration of a compound is a challenge, dermal PK assessment becomes a
valuable tool for evaluation. Similarly, if a novel technique like microneedles
is used for compound delivery into the dermis, 0CT or ultrasound are useful
to detect fluid disposition in the dermal layer. Although quantitative readouts
are crucial for comprehending the underlying mechanism, totally discarding
clinical scores is unwarranted. The combination of objective readouts with
subjective clinical scores facilitates understanding the correlation between the
two and aids in translating proximal biomarkers (e.g., cytokine analysis) into
clinical effects (e.g,, itch or erythema).

OVERALL CONCLUSIONS

This thesis explored various skin challenge models that provoke immunologic
and inflammatory responses and simulate dermatological diseases. Objective
pharmacodynamic endpointsin clinical pharmaco-dermatology were evaluated
across several early-stage dermatology trials, with some biomarkers proving
useful and others not. The findings underscore the necessity of thorough
validation and feasibility assessments for biomarkers before including them as
primary or secondary endpoints in clinical trials. The ‘trial and error’ paradigm
remains crucial for testing devices in clinical settings and identifying useful
parameters. By examining diseases using these pharmacodynamic imaging
tools, both with and without treatment, valuable insights are gained into disease
pathology and drug effects. While the ideal of measuring effect with a single well-
validated biomarker remains elusive in dermatology trials, combining multiple
aspects of disease pathophysiology will be the focus for future dermatology
research.
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Vroege fase geneesmiddelenontwikkeling op het gebied van dermatologie kent
verschillende uitdagingen. De menselijke huid is het grootste orgaan van het
lichaam en is betrokken bij het in evenwicht houden van complexe processen
zoals ontsteking, reacties van het afweersysteem, wondgenezing en nieuwvor-
ming van vaten. Dit subtiele evenwicht wordt verstoord bij veel inflammatoire
huidaandoeningen, en de ontwikkeling van nieuwe dermatologische middelen
richt zich voornamelijk op medicijnen die dit evenwicht kunnen herstellen. In
vroege fase geneesmiddelenonderzoek worden studies uitgevoerd zonder in-
formatie over het middel na toediening aan de mens. Hierdoor is soms nog
onduidelijk wat de juiste (effectieve) dosering is, wat het beste doseringsschema
is en wat de precieze farmacologische werking is. Dit draagt bij aan een lage kans
op succes, 13,8% van alle geneesmiddelen die ontwikkeld worden halen uitein-
delijk marktregistratie. Voor geneesmiddelen in de dermatologie die gericht zijn
op immunosuppressie en het remmen van ontsteking ligt deze kans nog lager,
op slechts 6,3%.

Om de kans op succes van vroege fase onderzoek tot marktregistratie te
vergroten is een alternatief, rationeler ontwikkelmodel voorgesteld, waarin
farmacodynamische eigenschappen zoals binding aan de juiste target al in het
vroegste klinische stadium van geneesmiddelenontwikkeling kunnen worden
geévalueerd. Deze paradigmaverschuiving roept echter vragen op voor de vroe-
ge fase van geneesmiddelenontwikkeling binnen de dermatologie, namelijk:
hoe kunnen farmacodynamische eindpunten in vroege klinische dermatologi-
sche onderzoeken worden geévalueerd en welke specifieke farmacodynamische
eindpunten moeten hierbij in overweging worden genomen?

Het gebruik van farmacodynamische eindpunten in vroege fase klinisch ge-
neesmiddelenonderzoek is niet nieuw. Door de complexiteit van medicijnen en
eerder genoemde lage slagingspercentages wordt nu meer nadruk gelegd op
vroeg inzicht in het werkingsmechanisme. In de immuno-oncologie is 74% van
de fase I-studies verrijkt met farmacodynamische markers, waarvan 94% van de
markers in het bloed zijn te meten. Deze trend zien we ook bij onderzoeken naar
immunologische indicaties door de beschikbaarheid van bloedtesten en erva-
ring uit de oncologie.

Het onderzoeken en evalueren van farmacodynamische eigenschappen van
nieuwe dermatologische middelen in vroege klinische onderzoeken bij gezonde
vrijwilligers is uitdagend door het ontbreken van de specifieke aandoening die
bestudeerd wordt. Om dit probleem te verhelpen, worden skin challenge model-
leningezet om ontstekings- en afweerreacties na te bootsen bij gezonde mensen.

Daarnaast zijn er wondgenezingsmodellen, zoals tape-stripping en blaar-
inductie, die ook worden gebruikt om immuun- en ontstekingsreacties te
bestuderen. Deze modellen zijn waardevol in zowel preklinisch als klinisch on-
derzoek en helpen bij het begrijpen van de genezingsprocessen. Daarnaast
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bieden deze modellen mogelijkheden om de farmacodynamiek beter te door-
gronden en inzicht te krijgen in menselijke (patho)fysiologie.

In 2020 presenteerden we een blauwdruk voor het uitvoeren van vroege der-
matologische onderzoeken, waarbij vijf pijlers centraal staan (Rissmann et al.
(2020),10.1111/bcp.14293). Deze omvatten het verkennen van farmacokinetische en
farmacodynamische eigenschappen van nieuwe geneesmiddelen, het opnemen
van gevoelige en objectieve eindpunten, en het integreren van multidisciplinaire
data. Door de principes van deze vijf pijlers te volgen, kan de kans op vroegtijdige
identificatie van ongewenste geneesmiddelkenmerken, bijvoorbeeld gerelateerd
aanveiligheid, farmacokinetiek of farmacodynamiek, worden vergroot, waardoor
het risico op falen in latere klinische fases kan worden verminderd.

Hoewel er in de dermatologie steeds meer nieuwe technieken beschikbaar
zijn om de farmacodynamische eigenschappen van dermatologische middelen
te beoordelen, klinische scores foor de arts, zoals de Eczema Area and Severity
Index (EASI) en de Psoriasis Area and Severity Index (PAsI), de norm in klinische
onderzoeken. Deze schalen zijn vaak laag sensitief en erg subjectief wat leidt tot
variabiliteit.

Om de farmacodynamische effecten van nieuwe middelen beter te begrijpen,
zijn dus objectief-kwantificeerbare meetmethoden nodig. Het monitoren van
microcirculatie en het gebruik van biomarkers kunnen waardevolle inzichten in
huidziekten en genezingsprocessen bieden. De identificatie van nauwkeurige en
meetbare biomarkers blijft echter een uitdaging.

Recente ontwikkelingen in digitale tools en beeldvormende technieken heb-
bengeleid totverbeterde objectieve meetmethoden. Het ‘DermaToolbox’-concept
biedt richtlijnen voor het integreren van sensitieve en objectieve eindpunten.
Innovaties zoals digitale versies van traditionele schalen en technieken zoals
stereofotogrammetrie en optical coherence tomography (OCT) verbeteren de eva-
luatie van dermatologische geneesmiddelen aanzienlijk.

Ondanks de vele vroege onderzoeken die farmacodynamische eindpunten
gebruiken, ontbreekt het vaak aan inzicht in hoe deze resultaten effectief kun-
nen worden gecombineerd en geintegreerd in dermatologische onderzoeken.
Succesverhalen met objectieve farmacodynamische eindpunten in ziekte- en
challenge modellen tonen de haalbaarheid aan van integratie in de vroege kli-
nische stadia.

Huidige studies richten zich voornamelijk op gezonde vrijwilligers, waarbij
skin challenge modellen de voorkeur hebben. Nieuwe trauma-gebaseerde skin
challenge modellen, zoals gedeeltelijke en volledige wondmodellen, bieden mo-
gelijkheden om de fysiologische processen in de dermatologie beter te begrijpen.
Vanwege de beperkingen van klinische scores pleiten we voor een objectievere
aanpak door beeldvormende technieken en nauwkeurige biomarkers te gebrui-
ken als farmacodynamische eindpunten in vroege onderzoeken.
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Dit proefschrift beschrijft de ontwikkeling van farmacologische en trauma-ge-
baseerde skin challenge modellen en de evaluatie van objectieve farmacody-
namische eindpunten in vroege fase geneesmiddelenonderzoek binnen de
dermatologie. Sectie 1 behandelt de ontwikkeling van deze trauma-gebaseerde
modellen en hun rol in het karakteriseren van immunologische processen. Sec-
tie I bespreekt de evaluatie van farmacodynamische activiteit bij verschillende
farmacologische modellen, terwijl sectie 111 laat zien hoe deze eindpunten kun-
nen worden geintegreerd in klassieke fase 1-onderzoeken.

SECTIE I: FARMACODYNAMICA VAN TRAUMA-GEBASEERDE DERMA-
IMMUNOLOGISCHE CHALLENGES

In hoofdstuk 2 wordt een cutaan wondmodel geintroduceerd, waarbij drie- en
vier-mm punchbiopten van de onderrug van gezonde vrijwilligers worden geno-
men en zonder interventie worden gelaten om te genezen. Met een multimodale
testbatterij, voornamelijk bestaande uit niet-invasieve methoden, is aangetoond
dat objectieve monitoring van de verschillende fasen van wondgenezing mo-
gelijk is. De belangrijkste bevindingen waren dat klinische beeldvorming een
objectieve meting biedt voor wondgenezing en dat we de verschillende fasen
—ontsteking, proliferatie en remodeling— effectief konden onderscheiden door
middel van geintegreerde multidimensionale datavisualisatie.

Hoofdstuk 3 introduceert een blaarmodel om epidermale wondgenezing te
karakteriseren. Dit hoofdstuk toont aan dat het blaarmodel effectief is in het mo-
nitoren van epidermale wondgenezing over de tijd. We konden blaren succesvol
en reproduceerbaar induceren, met een duidelijke scheiding van dermis en epi-
dermis. Het model maakt het mogelijk om de fasen van ontsteking, proliferatie
en remodeling te visualiseren met behulp van farmacodynamische biomarkers.
De resultaten tonen aan dat de technieken gevoelig genoeg zijn om significante
veranderingen in de huidstructuren en genezingsprocessen over tijd te detec-
teren, wat de toepasbaarheid van dit model in toekomstige studies ondersteunt.

SECTIE II: FARMACODYNAMICA VAN FARMACOLOGISCHE CHALLENGES

Hoofdstuk 4 beschrijft de opzet van een intradermaal challenge model met sub-
stance P (sP), een neuropeptide dat wheal- en flare-reacties induceert. De studie
heeft als doel de robuustheid van de sp-reactie te beoordelen door de effecten
van verschillende doses sp op wheal en flare te evalueren. De bevindingen beves-
tigen dat lagere doses sp dosisafhankelijke reacties oproepen, wat inzicht biedt
in de farmacodynamiek van sp en de rol van de Mas-related G-protein coupled
receptor member x2 (MRGPRX2) bij het mediéren van mestcel degranulatie.

In hoofdstuk 5 worden de effecten van twee nieuwe, selectieve interleukin-1
receptor-associated kinase 4 (IRAK4) remmers (BAY1834845 en BAY1830839)
besproken, die in vivo zijn getest in modellen van lokale en systemische
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ontsteking. De resultaten tonen aan dat deze remmers een snelle en significan-
te ontstekingsremmende werking vertonen in zowel de lokale IMQ-challenge
als de systemische LPs-challenge. Dit benadrukt de toegevoegde waarde van
deze modellen in het evalueren van de immunomodulerende effecten van ge-
neesmiddelen en accentueert de waarde van de combinatie van verschillende
farmacologische modellen voor het begrijpen van de mechanismen van nieuwe
therapieén in de vroege stadia van geneesmiddelenontwikkeling.

SECTIE I1I: FARMACODYNAMICA IN DE VROEGSTE FASE VAN KLINISCHE
GENEESMIDDELENONTWIKKELING

Hoofdstuk 6 verkent de impact van herhaalde methotrexaatinjecties via mi-
cronaalden bij kinderen met reumatische aandoeningen. De literatuurstudie
benadrukt de hoge behandelbelasting en de ontwikkeling van naaldangst, wat de
therapietrouwheid op lange termijn kan beinvloeden. De studie identificeert dat
factoren zoals angst voor injecties en de gevolgen van de behandeling bijdragen
aan de stress en verminderde kwaliteit van leven bij kinderen. Dit hoofdstuk legt
de basis voor het belang van het systematisch onderzoeken van naaldangst, met
als doel de toediening van disease-modifying antirheumatic drugs (DMARD) te
optimaliseren.

Hoofdstuk 7 bespreekt een gerandomiseerde, placebo-gecontroleerde studie
die de veiligheid en effectiviteit van intradermale toediening van adalimumab
via holle micronaalden evalueert. De bevindingen suggereren dat hoewel de in-
tradermale toediening meer pijn en een lagere acceptatie met zich meebrengt
in vergelijking met subcutane injecties, het ook een hogere biologische beschik-
baarheid vertoont. Daarnaast werden verschillende beeldvormingstechnieken,
zoals optische coherentie tomografie en thermale beeldvorming, toegepast om
huidreacties na intradermale injecties te beoordelen. Dit hoofdstuk concludeert
dat intradermale toediening via holle micronaalden een veelbelovende alterna-
tieve toedieningswijze biedt, met potentieel voor verbeterde farmacokinetiek en
vergelijkbare farmacodynamische effecten, wat de weg vrijmaakt voor verdere
studies en toepassingen in de klinische praktijk.

CHALLENGE MODELLEN IN DE VROEGSTE FASE VAN ONTWIKKELING VAN
DERMATOLOGISCHE GENEESMIDDELEN

Challenge modellen zijn belangrijke hulpmiddelen voor geneesmiddelenont-
wikkelaars, omdat ze fysiologische en pathofysiologische processen die gepaard
gaan met inflammatoire huidaandoeningen kunnen repliceren in gezonde
mensen. Dit proefschrift richt zich op twee klinische onderzoeken met trau-
ma-gebaseerde challenge modellen: een cutaan wondmodel voor het testen van
nieuwe wondgenezingstherapieén en een model gebaseerd op het principe van
blaarwonden. De bevindingen in hoofdstukken 2 en 3 benadrukken dat een grote
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uitdaging bij trauma-gebaseerde huidmodellen de onzekerheid over de tijdsduur
van de evaluaties is. Het balanceren van een uitgebreid beoordelingsschema met
de belasting voor deelnemers is cruciaal. Huidige informatie over de timing van
beoordelingen is vaak afhankelijk van preklinische studies, maar er is weinig li-
teratuur over de tijdsaspecten van vroege fase-studies met deze modellen.

De discrepanties in de hoeveelheid van groeifactoren zoals TGF-B1 en TGF-B3,
en onverwachte uitkomsten zoals nulwaarden van IL-6 in normale wondge-
nezing, compliceren de interpretatie. Het begrijpen van het tijdsverloop van
fysiologische processen is fundamenteel voor verder onderzoek, zoals het ver-
gelijken van zieke en gezonde huid of volledige dikte versus krab en snijwonden.

Bij het gebruik van een challenge model rijst de vraag in hoeverre het model
relevant en representatief is voor de echte ziekte. De blaren die in hoofdstuk 3
zijn ontstaan, hebben anatomisch dezelfde diepte, maar het is onduidelijk of het
genezingsproces vergelijkbaar verloopt met dat van bijvoorbeeld epidermolysis
bullosa.

In hoofdstuk 5 hebben we gebruik gemaakt van twee challenge-modellen
binnen dezelfde gezonde vrijwilliger. Het combineren van twee farmacologische
modellen (IMQ en LPS) is een innovatieve benadering die ons in staat stelt om
zowel lokale als systemische effecten te onderscheiden binnen één proefper-
soon. Door deze opzet wordt de variabiliteit tussen proefpersonen uitgesloten,
wat de gevoeligheid voor het detecteren van geneesmiddeleffecten aanzienlijk
vergroot.

Het onderscheid tussen de modellen gaat echter verder dan alleen het ver-
schil tussen lokale en systemische effecten. De downstream uitleesparameters
en compensatiemechanismen verschillen sterk tussen beide modellen, en het is
van belang om deze verschillen goed te begrijpen voordat een vertaling naar een
ziektebeeld kan worden gemaakt.

Samenvattend blijft de keuze van een specifiek farmacologische skin challenge
model in vroege klinische studies afhankelijk van de onderliggende onderzoeks-
vraag. Deze challenges maken bewijs van geneesmiddelmechanismen en inzicht
in veiligheid en farmacokinetische parameters mogelijk in een vroeg stadium
van ontwikkeling. Desondanks zijn er beperkingen aan de modellen, zoals een
onbekende tijdsduur van de evaluaties, en de vergelijking met een ziektebeeld,
wat het bieden van sluitend bewijs voor klinische werkzaamheid bemoeilijkt.

FARMACODYNAMISCHE EINDPUNTEN IN VROEGE FASE DERMATOLOGISCHE
GENEESMIDDELENONTWIKKELING

Dit proefschrift pleit voor een meer objectieve benadering die beeldvormings-
technieken en nauwkeurige biomarkers als farmacodynamische eindpunten in
vroege dermatologie studies integreert. Hoewel uitkomsten van klinische scores
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waardevolle informatie bieden, is hun toepasbaarheid in vroege fase-studies
beperkt. Het proefschrift bundelt vijf gerandomiseerde gecontroleerde proeven
waarin de meest geschikte objectieve farmacodynamische uitkomstmaten zijn
gekozen.

De uitdaging ligt in het identificeren van nauwkeurige biomarkers voor
kritische beslissingen in vroege dermatologie onderzoeken. Verschillende
beeldvormingstechnieken zoals stereofotogrammetrie, multispectrale beeld-
vorming, en optische coherentie tomografie worden genoemd. Hoewel LScCI als
betrouwbaar wordt beschouwd, vertoont optische coherentie tomografie beper-
kingen in diagnostische kracht en specificiteit.

De resultaten suggereren dat sommige technieken momenteel geschikter
zijn als objectieve eindpunten dan andere. Ontwikkelingen in beeldvormings-
technieken bieden hoop voor betere resolutie en minder invasieve alternatieven
voor biopsieén.

TOEKOMSTIGE RICHTINGEN

Het meten van veranderingen in parameters zonder bijbehorende klinische
effecten is minder relevant. Voor een effectieve profilering van de interactie
tussen fysiologische processen in de menselijke huid is het essentieel om mul-
timodale parameters te hanteren. Dit proefschrift benadrukt de noodzaak om
verschillende benaderingen te combineren om een beter inzicht te krijgen in de
pathofysiologie en klinische presentatie van huidaandoeningen. Daarnaast pleit
het proefschrift voor het integreren van farmacodynamische eigenschappen in
vroege fase klinische proeven om de kans op succes te vergroten. Gezien de be-
hoefte aan vroegtijdige indicatoren van werkzaamheid in de steeds complexere
omgeving van geneesmiddelenontwikkeling, kunnen objectieve en kwantitatie-
ve eindpunten waardevolle inzichten opleveren.

ALGEMENE CONCLUSIES

Dit proefschrift onderzoekt verschillende skin challenge modellen die immuno-
logische en inflammatoire reacties uitlokken. De bevindingen benadrukken de
noodzaak van grondige validatie van biomarkers voordat ze als primaire of se-
cundaire eindpunten worden opgenomen in klinische studies. Door de ziekte
en geneesmiddeleffecten te bestuderen met behulp van farmacodynamische
beeldvormingstools, worden waardevolle inzichten verkregen. Gezien de com-
plexe pathofysiologie van dermatologische aandoeningen is het combineren
van deze farmacodynamische tools van essentieel belang voor een diepgaand
begrip van de ziekteprocessen, de zogenoemde multimodale aanpak. Dit ver-
groot niet alleen ons inzicht in de ziekte, maar draagt bij aan een grotere kans op
succes bij de ontwikkeling van nieuwe geneesmiddelen.
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