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EARLY PHASE CLINICAL DRUG DEVELOPMENT

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

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

LOST IN TRANSLATION: THE TOLL-LIKE RECEPTOR 7 INDUCED PHARMACOLOGICAL CHALLENGE MODEL OF THE SKIN

commonly known as proof-of-mechanism studies, which can be inte-
grated into phase 1/11 trials.>1°

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

INFLAMMATION AND PHARMACOLOGICAL
CHALLENGE MODELS

Inflammation is the first response of our body to pathogens and ancient
physicians practicing Ayurvedic medicine in the Indian peninsula, as
early as 1500 BC, possessed prior knowledge of this phenomenon 1213
Aulus Celsus described the four characteristics of inflammation around
30 BC namely rubor (erythema), calor (increased heat), dolor (pain)
and tumor (swelling), while Galen subsequently, in the third century,
introduced the fifth sign, functio laesa (loss/disturbance of function)
in the affected tissue/organ. Altogether, the four characteristics served
as fundamental hallmarks referring to an acute inflammatory re-
sponse while loss of function is an universal sign that accompanies all
inflammatory processes.* Currently, inflammation is defined as the
physiological reaction of the body to injury or infection, wherein the
release of chemical mediators initiates an immune response aimed at
contesting infections or enabling restoration of the impaired tissue.'*®

CHAPTERI - INTRODUCTION



10

The prolonged continuation of inflammation over an extended period
frequently contributes to the development of diverse chronic inflamma-
tory conditions including auto-inflammatory diseases and 1MID, which
very often have cutaneous manifestations. The incidence of these kind
of (skin) diseases in Europe is rising and the prevalence remains high
with poor quality of life and major impact on socioeconomic burden.?*%
The prevalence for diseases such as atopic dermatitis (5.5%), alopecia
(5.8%), psoriasis (2.9%), chronic urticaria (1.4%) and cutaneous lupus er-
ythematosus (0.065 - 0.85%) is quite high, whilst therapeutic options are
still limited.??> This highlights that there is a high medical need for novel
therapeutics. Currently, a growing array of therapeutic agents is being
explored in this field, with e.g., over 70 novel compounds specifically for
atopic dermatitis in the development phase.?® Despite this increase, being
a direct result of improved understanding regarding the fundamental
mechanism of the disease, drug development still is a lengthy process
often spanning up to a decade and beyond from bench to bedside.}?
Therefore, innovative strategies are required to optimize and accelerate
the process of drug development for bringing clinically effective therapies
to the patients in need. Hence, the development of a robust challenge
model for skin inflammation can be an important step in the optimization
and acceleration process.

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

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

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

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

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

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

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

OBJECTIVE CHARACTERIZATION OF (SKIN)
INFLAMMATION

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

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

CHAPTERI - INTRODUCTION
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AIMS AND OUTLINE OF THIS THESIS

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

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

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

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

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

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

Lastly, chapter 7 provides a synthesis of the main findings of this thesis,
accompanied by a general discussion and recommendations regarding
suitability of the model for future drug development programs.

CHAPTERI - INTRODUCTION
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Figure1 Process of conventional drug discovery and the failure rate at each step. Created
with BioRender.com
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Figure2 Chemical properties of imiquimod and resiquimod. Created with BioRender.com
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Figure3 Potentialmechanism of TLR7 agonists: IMQ and resiquimod. (1) MY-D88 dependent
pathway. (11) Via NLRP3. (111) MY-D88 independent pathway via adenosine receptor. Created
with BioRender.com.
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ABSTRACT

Early phase clinical research for drug development requires the inves-
tigation of safety, tolerability and efficacy. The latter is hampered by the
absence of the disorder in healthy volunteers which is why challenge
models are often applied in order to demonstrate ‘proof of pharmacology’
of novel compounds. These challenge models can often be translatable
from animal work and can inform the drug developer which dose, dosing
regimen or application frequency should be selected prior to phase 2
studies in the target population. Furthermore, these challenge models
represent well controlled settings to perform activity screening of the
compound. The following topical skin challenge models are included
in this book chapter: inflammation induced by Toll-like receptor (TLR)4
agonist such as lipopolysaccharide (LPs), keyhole limpet hemocyanin
(kLH) challenge, ultraviolet (UV)-B radiation and agents inducing itch.
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INTRODUCTION

Translational research centers on translating insights from animal mod-
els to applications in humans, with determining the first-in-human dose
being the most crucial part. In general, safety, tolerability and efficacy are
examined in early phases of clinical research.** However, the absence
of the disorder in healthy volunteers may hamper investigation of the
hallmarks of drug development. In preclinical animal research this
problem is solved by using challenge models. These challenge models
induce a pathophysiological condition that mimic certain aspects of a
disease and are widely used in the areas of asthma, cancer, central ner-
vous system (cNs) diseases and immune mediated inflammatory (skin)
diseases such as rheumatoid arthritis, systemic lupus erythematosus
and psoriasis. The latter one has gained growing interest leading to the
development of numerous psoriasis murine models including sponta-
neous mutation model, genetically engineered model, cytokine injection
model and transplantation model.* While these animal models replicate
psoriasis-like cutaneous characteristics, they also present limitations
such as the requirement for specialized experimental facilities and the
lack of effectiveness of anti-psoriatic drugs.*” In general, animal models
are far from perfect especially in terms of pharmaco- and toxicokinetics,
highlighting the need for human (pharmacological) challenge models.?

The use of human challenge models is not entirely novel, dating back to
the 18th century when Edward Jenner developed the smallpox vaccine by
inoculating humans with material from cowpox lesions.’ Nowadays, this
method of viral inoculation remains common in the field of infectiology
for vaccine testing.

A similar approach could be applied to evaluate the pharmacological
effects of compounds on immune-mediated inflammatory skin diseases
and to gain a deeper understanding of their underlying mechanisms.
These skin diseases are often characterized by inflammation, pruritus,
and involvement of the innate and adaptive immune response.*®
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Therefore, this chapter will provide an overview reflecting the four as-
pects by reviewing four different (local) inflammation models that have
been developed in immuno- dermatology. The models include inflam-
mation by Toll-like receptor agonists such as LPS (inflammation), Uv-B
irradiation (inflammation and pain), histamine provocation (itch) and KLH
challenge (delayed type hypersensitivity).

TLR4 AGONIST (LPS)

Skin inflammation is a common response of our immune system to pen-
etrating pathogens, skin trauma, exposure of xenobiotics, microbes and
parasites.®**? Inflammation is physiological recognizable by erythema,
pain, heat and swelling.?®* Generally, in inflamed skin, different immune
cell, of both innate and adaptive system, are involved to combat the
pathogens. However, imbalance of these immune cells may lead various
inflammatory disorders. Currently, many investigations are addressing
the biomolecular mechanisms of inflammation, however, the pathophys-
iology of the skin remains complex and needs further investigation. 1>
To study human inflammation and the effects of potential anti-inflam-
matory drugs, several challenge models have been developed, including
systemic lipopolysaccharide (Lps) administration, that has been known
for decades.Lps is awell-characterized, pathogen- associated molecular
pattern (PAMP) which is a major component of the outer membrane of
Gram- negative bacteria such as Escherichia coli and Salmonella.’®
Uponrecognition of LPS by TLR4, MYD88- and TRIF- dependent signalling
pathways are activated resulting in a transient release of proinflammatory
cytokines and interferons including IFN-a and IFN-B in a dose dependent
manner.’*?° Systemic exposure to LPS in humans leads to presence of
clinical manifestations such as headache, fever, myalgia and tachy-
cardia making this model suitable for studying the pathophysiology of
human host response to infection.?! Despite extensive clinical testing
and consequent dose reductions of LpPs, the systemic model continues
to present several limitations, which could be solved by development of a
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model resemblinglocal inflammatory reactions. A recent study examined
neutrophil recruitment induced by intradermal application of different
doses of LPs in healthy individuals. Rapid, localized inflammation was
observed accompanied by release of cXcL8, IL-1a and IL-1f.22 Buters et al.
went a step further and characterized the cutaneous response following
intradermal Lps administration more thoroughly. Administration of 5 NG LPS
intradermally resulted in an acute, localized, and transient inflammatory
response characterized by an increase in skin perfusion, erythema and
local skin temperature. Furthermore, on cellular readouts LPS response
was evident, showing a classical inflammation pattern illustrated by a
rapid increase of neutrophils peaking at 3h post injection, followed by
an increase of classical, intermediate and nonclassical monocytes, and
dendritic cells.® Therise in neutrophils together with local inflammation
of the skin was concordant with the findings observed by Basran et al. LpsS
notonly triggered a cellular response but also induced arapid increase in
cytokinesIL-6,1L-8,1L-18,and TNF in blister exudate. The transient nature
of the model is confirmed as the skin response, along with the cellular
and cytokine responses, returned to baseline within 24-48 hours. The
applicability of the model was examined by investigating local effects of
two corticosteroids, oral prednisolone and cutaneous applied clobetasol
following LPs administration. Buters et al, demonstrated that topical and
systemic corticosteroid pretreatment effectively suppressed the classical
hallmarks of Lps-induced dermal inflammation-erythema, heat, and perfu-
sion. Additionally, the suppressed inflammatory response is quantifiable by
areductionininflammatory cell attraction.?®?* These findings endorse the
use of the intradermal LPS model for future proof-of-mechanism studies and
for profiling novel anti-inflammatory compounds. An interesting finding in
both studies involving intradermal LS administration was the discrepancy
intiming of peak responses between vascular and cellular aspects. While
the peak of neutrophils, monocytes, and dendritic cells, occurs within 3 to
10 hours post-injection, the vascular response, characterized by increased
perfusion and erythema, peaks only after 24 hours. This suggests that the
cellular response might not drive the vascular response.
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Besides the role of being a model for systemic and local inflammation,
Lps is frequently used to initiate the alternative complement pathway in
preclinical studies, which plays a crucial role in the first line of defense
against pathogens and the clearance of apoptotic cells.?> However, when
hyperactivated, the alternative complement pathway becomes a key
driver of various autoimmune and inflammatory diseases, rendering it
a compelling target for therapeutic intervention in the industry. LpPs is
known to activate the complement system and induce TLR signalling.26?’
Systemic administration of Lps has been linked to complement system
activation in both animal models and humans. Although plasma com-
plement proteins are primarily synthesized in the liver, they can also be
produced by other cell types, such as endothelial cells, epithelial cells, and
immune cells. Additionally, leukocytes and endothelial cells can locally
express complement receptors.?¢2%2° Thus, a complement response can
be triggered by both local and systemic stimuli. Currently a study is ongo-
ing that evaluates activation of complement after local, intradermal LpPS
challenge in healthy volunteers. The results of this study, combined with
the established characteristics of the LPs model, will provide a foundation
for developing this model for future clinical evaluation of anti-inflamma-
tory drugs, including those targeting the complement system.

MODELS FORITCH: HISTAMINE AND COWHAGE
PROVOCATION

Itch, interchangeably used as pruritus, is a common skin sensation and
together with pain are crucial symptoms in many chronic and allergic
skin diseases. Itch can be induced by mechanical, thermal and chemical
stimuli and can additionally lead to impairment of the skin therewith
affecting a person’s quality of life. Four types of pruritus were defined
that are involved in chronic itch including pruriceptive, neuropathic,
neurogenic and psychogenic itch.3%% Skin inflammation, dryness, or
other skin damage are the main factors causing pruriceptive itch and
are found in diseases such as scabies, urticaria and reactions to insect
bite.3! Neuropathic itch is caused most of the times due to nerve injury
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and can arise at any point along the afferent pathway of the neurons. This
itch is observed after Varicella Zoster infection or nerve trauma. Itch that
is originated from activation of the central nervous system is called the
neurogenic itch. The underlying mechanism is complex since it involves
pruriceptive itch as well. This type is most of the times observed in vis-
ceral disease states, renal diseases, and kidney failures. The last subtype
of itch, that is termed, is psychogenic itch. This type of itch arises with
somatization and delusional state of parasitophobia.?*® In this chapter,
more attention will be paid to the pruriceptive itch and the translational
model for it.

Generally, theories have been proposed that explained the relation
between itch and pain. Itch is mediated through weak activation of
nociceptors and stronger activation would result in weak pain.3#* This
is also called, the intensity theory. However, further research has eluci-
dated new aspects that explain pruriceptive sensory mechanism in the
nervous system. This resulted in two main pathways including specific-
ity and pattern theories. The specificity theory explains that there are
different sets of neuron fibers transferring information to the central
nervous system which sends responsive signals including itch and pain.
The pattern theory stipulates that many sensory receptors and spinal
cord neurons are involved in sensation of itch.3¢ Although, the neural
mechanism of pruritus has been investigated there remains much to be
learned. Therefore, studies that use chemical agents to induce itch have
been developed to study the sensory pattern of itch and pain in humans.

One of the most frequently and widely used pruritic agent, that evokes
itch, is histamine.*” Originally, histamine is a neurotransmitter that is
associated with pathological processes such as inflammation, pruritus
and vascular leak. Histamine is stored in several immune cells, basophils
and mast cells and is quickly released after stimulation. Stimulation with
histamine, triggers the unmyelinated nerve fibers, also known as C-fibers.
Subset of C-fibers (CMi or CMh) are stimulated according to the intensity
of the stimulus. In case of histamine stimulation, sustained response of
CMi occurs.?® Histidine decarboxylase (HDC), an enzyme that is responsi-
ble for histamine production, increases through stimulation with certain
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mediators that are found in skin lesions of patients with atopic dermati-
tis.?® Hence, this enhancement is associated with upregulated histamine
release and thus with increased itch sensitivity.34°

Histamine has been used in literature as an important inflammatory
mediator that is responsible for vascular and inflammatory effects.* In
the early 1900s the first studies were conducted regarding the potential
vascular role of histamine in vivo, however, only a couple of years ago a
clinical study was conducted that investigated cutaneous inflammatory
response in human skin.*? Falcone et al. has developed an easy-to-use
model to study early stage of skin inflammation. Eighteen (18) subjects
with Fitzpatrick skin type 11 and 111 received topically applied histamine
after performing histamine iontophoresis. The subject had to rate their
perceived itch on visual analog scale (vAs) with 3 being the threshold for
willingness to scratch the skin. Additionally, different skin assessments
were performed including trans-epidermal water loss, skin redness and
punch biopsy for processing of immunohistochemistry. Itch was ob-
served up to 30 minutes after stimulation with histamine iontophoresis
and was above the itch threshold (vAs>3). Immunohistochemistry has
resulted in an increase of the epidermal thickness, after 72h of histamine
iontophoresis challenge. Summarized, this model, can be used as an in
vivo model to provoke local and acute skin inflammation, without having
an impact on the barrier function. However, no data is available on cell
level or on cytokine expression.*?

Increased production of histamine has been related to several skin
diseases including atopic dermatitis.3® In addition, histamine has been
the main prototypical pruritogen that has been used for experimental
purposes. The working mechanism of histamine is going via G- protein
coupled receptors: H1-H4. It appears that the H1 and H4 receptors are
involved in the itch response caused by histamine in mice.* In humans,
the role of other receptor subtypes (H2 and H3) in itch is not well- exam-
ined. Generally, the classical antihistamines bind to H1 receptor and are
prescribed in patients suffering from atopic dermatitis. However, recent
research clarifies that histamine pathway is not playing a major role in
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atopic dermatitis. Also, the clinical use of antihistamines in atopic derma-
titis population has been ineffective and questionable which corroborates
these findings 344344

Therefore, there was a need to establish an alternative itch model,
relating to another pathway. The pruritus pathway that has physiological
functions such as skin barrier homeostasis, inflammation, itch and pain,
is the protease-activated receptor (PAR) pathway. PARs are classified as
G-protein-coupled receptors and consist of four members, PAR-1, PAR-2,
PAR-3 and PAR-4, Whereas PAR-2 is mainly associated with skin diseases
such as atopic dermatitis.** Papoiu et al. established a simple human
model based on exogenously stimulation of the PAR-2 pathway in order
to provoke itch by applying Cowhage spicules. Additionally, the Cowhage
model was compared to the traditional histamine iontophoresis model
and the effect of the combined model (histamine iontophoresis and
Cowhage) was observed. VAS rating was increased in both atopic dermati-
tis patients and healthy volunteers, the Cowhage and combination model
compared to the histamine model, resulting in no synergy between the
Cowhage and the combined model.** This finding suggests, that Cowhage
was the major contributor of itch after stimulation of both pathways si-
multaneously. The Cowhage model is simple and easy to use and could
serve to study itch related skin diseases such as atopic dermatitis. On
the other hand, less is known about this pathway and more research is
required to examine the mechanism behind this model.

In summary, two main challenge models, histamine and Cowhage,
were discussed to provoke itch, each with different underlying mech-
anisms. The PAR-2 pathway, more prominently involved in atopic
dermatitis pruritus, suggesting that drugs targeting this pathway could
be effective for chronic itch treatment. Since the cellular mechanisms
of Cowhage are less understood, further research should focus on bio-
marker expression, skin photography assessments, and vascularity flow.
Advanced studies involving both healthy individuals and atopic derma-
titis patients are required to monitor skin responses in both models, as
well as to evaluate the efficacy of novel anti-pruritic drugs.
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MODEL FORINFLAMMATION: UV-B SKIN
IRRADIATION

Ultraviolet (Uv) irradiation is classified as a carcinogenic since it has the
ability to initiate and promote a tumor. Additionally, increased exposure
to uvirradiation can lead to various skin malignancies including inflam-
mation and degenerative aging.*® Generally, UV energy is divided into
three main classes based on physical properties and emission: UV-A,
UV-B, and UV-C, characterised by differences in wavelength, with uv-c
having the shortest, but the highest energy, Uv-A having the longest but
lowest energy photons and UV-B being in between. Longer wavelengths of
UV-A penetrate deeper into the skin, reaching the dermis, whereas uv-B
irradiation is mainly absorbed by the epidermis, with minimal exposure
to the dermis. This suggests that the penetration of uv irradiation is
wavelength dependent.#’

UV-B can cause physiological changes in the skin, leading to a cas-
cade of cytokine activation and resulting in an inflammatory response,
known as “sunburn”.#® In addition, UV-B exposure is associated with the
accumulation of epidermal keratinocytes, thereby increasing epidermal
thickness. uv-Birradiation has an additional effect on the skin, it is able
to upregulate the production and the accumulation of melanin in the skin
and is also linked to cancer susceptibility.*?

In well-controlled clinical settings, exposure to UV-B exposure is
widely used as an animal and human challenge model to induce local
cutaneous hyperalgesia (pain) and inflammation. Primary hyperalgesia
is induced after 24h of Uv-B exposure and persists for more than 48h,
making the model suitable for multiple dosing studies. The amount of
UVv-Birradiation applied to the skin must be adapted to the subject’s skin
type, according to the Fitzpatrick skin type classification.>%

This Uv model is one of the pain models that can be used as a screening
tool for early-stage clinical drug development. However, the uv model is
also used in research to study the effects of anti-analgesics or local anaes-
thetics. Research coducted by Okkerse et al used the Uv-B model, among
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others, to compare the effects of several analgesics with placebo. The anal-
gesics included fentanyl, phenytoin, (S)-ketamine and placebo. The second
part of the study examined the effect of imipramine, pregabalin, ibuprofen
and placebo. Ibuprofen and fentanyl were the only two compounds able
to increase the heat pain detection threshold on uv-B-exposed skin.*?

A different research group investigated the effects of Uv-a (150]/cm?),
uv-B (0.5, 1and 3 MED) and UV-C (1 MED) irradiation on skin blood flow
and barrier function using laser- Doppler flowmeter and evaporim-
eter, respectively. Irradiation with different uv light resulted in skin
inflammation characterised by erythema, assessed visually, but the
scores correlated with the observed increase in blood flow assessed by
laser- Doppler flowmeter. UV irradiation did not damage the skin barrier
function, as no increase in the trans- epidermal water loss was observed,
with the exception of the 3 MED.>3

These two studies are examples of examining the effects of Uv-B ir-
radiation as a model for studying the effects of analgesic compounds
and measuring the effects on the skin. However, no studies in humans
have attempted to investigate the inflammatory effect of uv-B irradiation
on the skin by fully characterising it. From in vitro work we know that
UV-Birradiation generally induces the production of pro-inflammatory
cytokines in the human keratinocyte cell line HaCaT, including I1L-1, IL-6,
IL-8,1L-10 and TNF, leading to changes in skin immune cells, but the in-
volvement of immune cells in skin inflammation after uv-B irradiation
has not yet been investigated and monitored in healthy volunteers.>

Future research should aim to apply the uv-B challenge model to
induce temporary skin inflammation and objectively characterise the
response through a comprehensive methodological approach.

KLH CHALLENGE

The challenge models described in this chapter have mostly focused on
induction of an innate response. However, in auto-immune skin diseases,
activation of the adaptive immune system is crucial, as is the involvement
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of the T cells.*® It is quite challenging to evaluate the efficacy of novel
drugs targeting T lymphocytes in healthy volunteers as they are in the
resting phase. Therefore, challenge models may provide the desired
solution by activating autoreactive T cell pathways in healthy volunteers.
Previous research has investigated KLH as a potential immunisation
candidate to study the cell- mediated immune response.®® KLH is a large
molecule (~8000 KDA) consisting of several subtypes and has been widely
used in animal and human research for more than 40 years to outline
cellular and humoral responses.®’>° Additionally, KLH is considered as a
carrier protein for cancer vaccines and as an immunotherapy for blad-
der cancer.®®%! Due to its xenogeneic properties to the human immune
system, KLH is able to promote a reliable primary response. The follow-
ing routes of administration are known and have been used in previous
research: intradermal, subcutaneous, intramuscular and inhalation.68
Furthermore, KLH is considered to be clinically safe, with no reports of
significant adverse according to the comprehensive review by Harris et
al. Only mild adverse events have been reported including pruritus, rash
and soreness at the injection site.?>7° A single dose immunisation with
KLH induces a predictable primary T cell mediated immune response.
An additional intradermal dose of KLH elicits an additional immune re-
sponse resulting in a delayed type Iv hypersensitivity reaction around the
injection site.>® The presence of erythema and induration are features of
a cell-mediated response and are most often scored by visual inspection,
which is a subjective method and may result to interrater variability.
Therefore, Saghari et al. established a challenge model to activate
T cells in healthy volunteers after immunisation with KLH followed by
intradermal injection with KLH, with both cellular response and delayed
type hypersensitivity objectively quantified. Humoral immunity was
measured by anti-KLH IGM and IGG blood serum level titers. In addition,
skin perfusion, erythema and oedema were objectively measured by laser
speckle contrast imaging (LscI), and multispectral imaging.” An increase
in anti-KLH IGM and IGG was observed after intramuscular KLH admin-
istration compared to placebo. Additionally, imaging and biophysical
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readouts yielded consistent results. To date, no studies have quantita-
tively assessed oedema and erythema responses using non-invasive
methodologies after intradermal KLH challenge. Nonetheless, investi-
gating the cellular and molecular characteristics following intradermal
KLH administration would add value to the model. Fortunately, such a
study has been conducted, and the results are currently pending.

In conclusion, the delayed-type hypersensitivity model may serve as
a candidate for studying the pharmacological and pharmacodynamic
effects of immunomodulators in healthy volunteers.

An overview on the human challenge models is provided in Table 1.

CONCLUSION

Generally, in vivo mice models are a crucial part in pre-clinical drug de-
velopment programs, for assessing safety and efficacy. However, these
animal models often lack the specific disease or differ in morphological
and physiological properties from humans. Therefore, challenge mod-
els that temporarily mimic certain aspects of a disease, could provide
a possible solution and act as translational models. This chapter has
provided an overview of challenge models that are known to initiate skin
inflammation or other characteristics of immune mediated inflamma-
tory skin diseases. First, the human intradermal LPS challenge model
was introduced as a safe and well- tolerated model to study temporarily
induced skin inflammation by targeting the TLR4 receptor. This model
was followed by description of two models for pruritus focusing on two
different mechanisms. The first model used histamine as pruritogen
to evoke itch via a subset of C-fibers. An upregulation of HDC is associ-
ated with an increase in histamine release and is found in the lesions
of patients suffering from atopic dermatitis. Antihistamines are often
prescribed against itch in patients with atopic dermatitis even though
they are ineffective. Therefore, an alternative model was developed tar-
geting the PAR-2 pathway by applying Cowhage spicules to the forearm
of healthy volunteers and patients with atopic dermatitis.
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Another model described in this chapter is the UV-B irradiation model,
which is generally used to induce pain stimuli in healthy volunteers.
Couple of studies elucidate the occurrence of skin inflammation after
uv-B irradiation. However, specific research focusing on uv-B-induced
skin inflammation in humans remains lacking.

The final model discussed is the neo-antigen challenge model with
KLH in healthy volunteers. Administration of KLH induced a delayed type
IV immune response, characterized by presence of antibody titers in the
blood circulation and by increase in cutaneous blood perfusion, erythe-
ma and swelling. All of the aforementioned models can be employed for
future proof-of-mechanism and proof-of-pharmacology studies.
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Table1 Overview of challenge agents applied in healthy volunteers.

Challenge Application Mode Condition Immune
of action induced response
INFLAMMATION
BCG Intradermal TLR4, 9 agonist Local Adaptive
inflammation,
systemic immune
response
Imiquimod Local under agonist Local Innate
occlusion inflammation
LPS Intra dermal TLR4 agonist Inflammatory Innate
response
Cantharidin Paper disc with Neutrophils Local Innate
cantharidin inflammation
Injected UV Intradermal Neutrophils Erythema, heat, Innate
Killed E.cOLI swelling and pain
KLH Intradermal, Neo-antigen Local Adaptive
Intramuscular inflammation,
systemic immune
response
ITCH
Capsaicin Intradermal, intra TRPV 1 receptor Itch N/A
muscular, topical
Histamine Intradermal, H1,2,3,4 receptor Itch N/A
epicutaneous cMia fibers
Cowhage Cutaneous CMH-fibers Itch N/A
Burning
UV-EXPOSURE
UV-B irradiation LOCAL PI3K/AKT/MTOR- Pain, Not reported
Thermode upregulation pigmentation,
erythema,
inflammation
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ABSTRACT

Imiquimod (1MQ) is often used as topical challenge agent to provoke
local skin inflammation. The objective of this study was to develop and
refine a rapid, temporary and reversible human skin inflammation model
with 1MQ for application in clinical drug development. A randomized,
vehicle-controlled, open-label, dose-ranging study was conducted in 16
healthy male subjects. IMQ (5 mg) was applied once daily for 72h under
occlusion to intact skin (n=8) or tape stripped (ts) skin (n=8). Although
1MQ alone induced limited effects, TS+IMQ treatment showed larger re-
sponses in several domains including erythema and perfusion (p<0.0001),
MRNA expression of inflammatory markers (p<0.01) and inflammatory
cell influx compared to vehicle. In conclusion, a rapid, human 1MQ skin
inflammation challenge model was successfully developed with a clear
benefit of TS prior to IMQ application. Future interaction studies will
enable proof-of-pharmacology of novel compounds targeting the innate
immune system.

LOST IN TRANSLATION: THE TOLL-LIKE RECEPTOR 7 INDUCED PHARMACOLOGICAL CHALLENGE MODEL OF THE SKIN

INTRODUCTION

Skin inflammation is a physiological immune response to various stimuli
including skin trauma, physical challenge, exposure to xenobiotics, mi-
crobes and parasites. Dysregulation of this immune response is involved
in chronic inflammatory skin diseases e.g. psoriasis vulgaris, acne vulgar-
is and atopic dermatitis.»? Although much mechanistic insight has been
gained, including involvement of the innate immune system via Toll-like
receptors (TLRS) and the adaptive immune system, the pathophysiology
of skin inflammation is complex and remains to be elucidated further.?

Different models that mirror aspects of chronic inflammation have
been developed to study skin inflammation. For instance, rapid, acute
skin inflammation can be induced by topical, cutaneous application of
imiquimod cream (1MQ; Aldara®). IMQ application leads to agonistic acti-
vation of TLR7 and TLR8-mediated MYD88 signalling, activation of NF-kB
and the induction and release of pro-inflammatory cytokines, type-1
interferons, chemokines and other mediators. Ultimately, this leads to
an innate and TH1 and TH17-weighted cellular immune activation and
enhancement of pro-inflammatory effects*

Although the use of IMQ appears to be safe and reasonably tolerated,
disease exacerbation can occur in psoriasis patients and even the devel-
opment of psoriasis in individuals without a prior history of the disease
is reported.>1° Based on the initial findings, the first iMQ-induced skin
inflammation mouse model was successfully developed. This model has
become widely accepted for preclinical studies of psoriasis because of its
straightforward approach, the inexpensiveness and the fast acute inflam-
matory response.*'? Nevertheless the murine model has some crucial
disadvantages the major ones being immediate systemic effects and the
limited extrapolation of murine findings to humans due to differences in
the immunology and TLRS 1213

Therefore, several skin inflammation models with iMQ have been
evaluated in humans. A short, 7-day model in psoriasis patients using
IMQ and tape stripping (Ts), showed that psoriasis-like skin inflammation
occurred but typical psoriasis did not develop.® Contact dermatitis driven
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by plasmacytoid dendritic cells (pDc) was observed in an extended model
of 4 weeks, both in healthy volunteers and in patients with inflammatory
skin diseases. Only limited aspects of the molecular signature of psoriasis
were observed.™ Other studies in healthy volunteers characterized the
model with either solely focussing on biopsy biomarkers or only systemic
effects after high topical doses of iMQ.1>1¢ Acute and rapid IMQ-induced
inflammation models in healthy volunteers with detailed characteriza-
tion have not yet been reported. A well-characterized, comprehensive
human model to study skin inflammation would open opportunities for
understanding the pathogenesis of several skin diseases and for the pro-
filing of novel drugs in development. With this study we aimed to develop
a skin inflammation challenge model with
I topical iMQ application for 24, 48 and 72 hours on a fully competent
skin barrier, and
11 topical iMQ application for 24, 48 and 72 hours on Ts-perturbed skin
barrier to enhance drug delivery.
Cetomacrogol cream, an indifferent neutral emollient, was used as
control. Skin inflammation was assessed by measurement of erythema,
perfusion and using biopsy material (mRNA expression, histology, im-
munohistochemistry). In the future, these models may be used in drug
development programs for proof-of-pharmacology, drug profiling or
interactions studies of novel compounds targeting the innate immune
system and translational research of inflammatory skin diseases.

MATERIALS AND METHODS

The protocol of this randomized, open-label, vehicle-controlled, par-
allel-cohort, dose ranging study was approved by the independent
Medical Ethics Committee ‘Medisch Ethische Toetsingscommissie van
de Stichting Beoordeling Ethiek Biomedisch Onderzoek’ (Assen, the
Netherlands). The study was conducted according to the Dutch Act on
Medical Research involving Human Subjects (WMo0). Subjects were re-
cruited throughout the Netherlands via advertisement campaigns on the
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internet and in the newspaper. All subjects gave informed consent prior
to any study procedure. The study was conducted from May 2016 to June
2016 at the Centre for Human Drug Research, Leiden, The Netherlands.

STUDY POPULATION @ Sixteen (16) healthy male Caucasian (Fitzpatrick
skin type 1-11) volunteers, aged 18-45 years, were included in the study.
Health status was verified with a medical history, physical examination,
laboratory tests and 12-lead electrocardiodiagrams (ECG). Subjects with
amedical history or family history of psoriasis or any disease associated
with immune system impairment were excluded from the study. Previous
use of imiquimod, resiquimod or gardiquimod was not allowed.

IMQ TREATMENT = Prior to the first dose administration, 4 treatment
areas (squares) were identified on the upper back and marked with a
dermatological marker. During the treatment period a standard daily
dosage containing 5 mg 1MQ (100 mg Aldara®) was applied under
occlusion by a 12 mm Finn chamber (Smart Practice, Phoenix, USA),
meaning the Finn chamber was replaced with a new dose after 24h.
Treatment area 1 was treated 1 day (5 mg IMQ, 24h), treatment area 2
was treated 2 days (cumulative 10 mg IMQ, 48h) and treatment area
3 was treated for 3 days (cumulative 15 mg IMQ, 72h). Treatment area
4 was treated with 100 mg cetomacrogol (indifferent) cream for 72h
(negative control), Figure 1. The sample size and dose were selected
based on a previous study with imiquimod in healthy volunteers. Given
the exploratory character of the study no formal power calculation was
performed. Subjects were randomized 1:1 to receive these treatments
either over a fully competent skin barrier or over a disrupted skin barrier
by tape stripping (Ts) of the skin. Tape stripping enhances drug delivery
over the skin barrier. It is known from literature that only a limited
amount of drug can be delivered over a fully competent barrier. Given
the short treatment duration in this study it was decided to tape strip
one group before application to ensure drug delivery. The tape stripping
procedure was performed as follows: tape (D-Squame, CUDERM, Dallas,
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Us) was applied to the marked treatment area and a roller was used
to press the tape to the skin to avoid furrows and wrinkles by a single
operator. After this the tape was removed at a constant velocity. The
procedure was repeated for at least 15 times until the trans epidermal
water loss (TEWL) by Aquaflux (BioX, London, UK) was between 20-25 g/
m?h (partial removal of the stratum corneum). Safety and tolerability
were monitored by recording adverse events.

CLINICAL SCORES = Clinical assessments were performed daily of
treatment area 3 and 4, and included visual erythema grading (Clinician
Erythema Assessment (CEA) scale, 0 represents absence of erythema, 4
very severe), colorimetry (a value (DsM 11 ColorMeter, Cortex Technology,
Hadslund, Denmark) with a total of 3 repeats on each treatment area,
2D photography erythema index analysis and perfusion by laser speckle
contrast imaging (Lscr; PeriCam PSI System, Perimed Jéfalla, Sweden).

TRANSDERMAL ANALYSIS PATCH (TAP) s Skin surface biomarkers
were collected pre-dose and after 1, 2 and 3 days of treatment by with
TAP (FibroTx, Estonia). TAP consists of a multiplex capture-antibody
micro-array that is supported by a dermal adhesive bandage for fixture
to skin and can measure up to 6 markers per TAP. IFN-f, IFN-v, IL-8, IL-6,
HBD-2, IL-1p were chosen and captured from skin were qualitatively and
quantitatively analysed by spot-ELISA.

SKIN PUNCH BIOPSIES @ Three millimetre skin biopsies were collected
pre-dose (of tape stripped skin in the TS cohort), 24h after end-of-
treatment of each treatment area and from a distant site with a total of
six biopsies per subject. After harvest, the biopsies were placed in RNA
later medium and stored at 4°C. The biopsy samples were analysed at the
Immunology Laboratory at Erasmus MC, Rotterdam, The Netherlands. RNA
extraction and real-time quantitative PCR analysis was performed for the
following biomarkers: 1P10/CXCL10, IFN-, IFN-y, TNF-a, IL-1p, IL-6, HBD-2,
Mx1, Mx-A and ICAM-1, that were chosen based on the murine model.

LOST IN TRANSLATION: THE TOLL-LIKE RECEPTOR 7 INDUCED PHARMACOLOGICAL CHALLENGE MODEL OF THE SKIN

Additionally, a histopathological score was obtained of haematoxylin
and eosin (H&E) stained tissue by two blinded persons for the following
characteristics of psoriasis and dermatitis: general infiltration (all type
of inflammatory cells present), parakeratosis, acanthosis, papillomatosis
and spongiosis. The histopathological score for each characteristic was
graded based on fold increase or decrease compared to a reference
biopsy of a healthy subject not related to the clinical trial (1; equal to the
reference biopsy, 2; 2-fold increase compared to the reference biopsy
etc.). Furthermore, immunohistochemical staining was performed to
obtain scoring of markers cD11c, CD14, CD1a, CD4, CD8 and HLA-DR. This
was also performed by two blinded persons and graded the same way as
for the histopathological characteristics.

STATISTICS s All calculations were performed using sAs for windows
V9.4 (sAs Institute, INC., Cary, NC, USA). Treatments effects were analysed
with a mixed model analysis of variance with fixed factors treatment,
cohort, time, treatment by cohort, treatment by time, cohort by time
and treatment by cohort by time, random factors subject, subject
by treatment and subject by time and the baseline measurement as
covariate. To determine the differences among the treatments, contrasts
on all measurements were calculated. Analysis results per variable were
generated with estimates of the difference of the different contrasts
and a back transformed estimate of the difference in percentage for
log transformed parameters, 95% confidence intervals (in percentage
for log-transformed parameters) and Least Square Means (geometric
means for log transformed parameters), and the p-value of the contrasts.

RESULTS

In total thirty-five (35) subjects were screened of whom twenty-six (26)
subjects were eligible for participation in the study. All of the sixteen
(16) included subjects completed the study and the treatments of IMQ or
Ts+IMQ were administered as depicted in Figure 1a. The study participants
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were all Caucasian and had a mean age of 22.3 (18-33) years. The treat-
ments were in general well-tolerated. The most frequent occurring
treatment- emergent adverse event was application site pruritus, ob-
served in 25% of the participants of both IMQ-treatments. No increase
in IFN-o or IFN-y was detected in the systemic circulation.

IMQ APPLICATION INDUCED REVERSIBLE ERYTHEMATOUS HYPER-
PERFUSED SKIN LESIONS @ A clear exposure-dependent increase
in erythema was observed with iIMQ and Ts+IMQ for all erythema
measurements compared to the control as determined by erythema
index (1) photo analysis, erythema by colorimetry and erythema
by visual grading (Figure 1b, Figure 2). Upon 48h IMQ treatment, the
difference with vehicle was statistically significant (p<0.05) (EI; 11.55,
95%CI 1.00-22.10, p=0.03; colorimetry; 2.16, 95%CI 0.66-3.65, p=0.006,
Table 1). TS+IMQ resulted in more significant contrasts (p<0.01) compared
to vehicle and these were already achieved after 24h (E1; 18.64, 95%CI
7.89-29.38, p = 0.001, colorimetry; 3.22, 95%CI 1.72-4.73, p = 0.0001, Table
1). An exposure-dependent increase in perfusion that plateaued after
48h was only observed with TS+IMQ (Figure 2¢). Concordant with the
erythema, this increase was already statistically significant 24h after
application (21%, 95%CI 7.0%-36.9%, p=0.003, Table 1). TS itself did not
induce significant changes in erythema and perfusion (Figure S1). The
skin clinically recovered after end-of-treatment (not shown).

IMQ-INDUCED ACTIVATION OF INNATE IMMUNE SYSTEM =

Expression of CXCL10, HBD-2, ICAM-1, IFN-f, IFN-v, IL-1, IL-6, Mx-1, MX-A
and TNF-a in punch biopsies was investigated by real-time quantitative
gPCR analysis, and normalized for the housekeeping gene ABL. As shown
in Figure 3, CXCL10, MX-A, ICAM-1 and HBD-2 showed a statistically
significant increase after 48h and 72h in the TS+1MQ treatment group
compared to the untreated area (p<0.01). This was only observed for
HBD-2 in the IMQ treatment group versus untreated. In addition, an
increased expression of both TNF-a and 1L-1f was observed with 48h
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and 72h treatment, compared to the untreated site, this was significant
for 1L-1p (p<0.05), and only observed for the conditions without tape
stripping, Figure 3. TAP data was highly variable and not significantly
different from untreated skin (data not shown).

INFILTRATION AND ACANTHOSIS INDUCED BY IMQ TREATMENT =

HSE stained skin punch biopsies were independently analysed by
two investigators blinded to treatment. In the IMQ treatment group,
no changes compared to the reference biopsy were observed. TS+IMQ
treatment demonstrated = 2-fold increase in general infiltration in 31%
and 44% of the subjects after 48h and 72h, respectively, compared to
the reference. Acanthosis was compared to the reference two times
more frequent in 19% of these subjects after 48h (Figure 3, Figure 4).
Moreover, parakeratosis, papillomatosis and spongiosis were scored.
These parameters were not different from the reference biopsy in both
cohorts. No histological skin changes were noted in the vehicle controls.

cD4%t,cD8%,CcD11" AND HLA-DRY CELLS INFILTRATED THE DERMIS
FOLLOWING IMQ TREATMENT @ Immunohistochemical staining was
performed to further explore cell infiltration and showed an infiltration
of cpg* T-cells, cD8* T-cells, cp11* dendritic cells and HLA-DR*
macrophages, mostly in the TS+IMQ treatment group. cD8% cells were
>1.5 times more present in 56% of the subjects in the TSTIMQ treatment
group after 48h and 72h, compared to the reference biopsy (Figure 4,
Figure 5).In 37.5% of the subjects cD4* cells were >1.5 times more present
examined after 48h and 72h of treatment in the TS+I1MQ treatment group.
Moreover, cpiict infiltration was slightly apparent (2 times more present
in 21.4% of the subjects after 48h, 12.5% of the subjects after 72h in Ts).
HLA-DR* cells 12.5% of the tape stripped subjects developed a 3-fold
increase of HLA-DR™ cells after 48h of IMQ treatment, while 18.8% was
observed after 72h of IMQ treatment, compared to the reference biopsy.
However, HLA-DR was already more present at baseline in this group of
subjects, compared to the reference biopsy (Figure 5).
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DISCUSSION

COMPREHENSIVE CHARACTERIZATION OF THE SKIN INFLAMMATION
MODEL e« This is the first study that comprehensively charac-
terized an acute inflammatory model combining iIMQ and TS in
healthy volunteers with the purpose to apply in drug development
programs. We utilized different, complementary assessment mo-
dalites to monitor the effects thouroughly, including clinical (phy-
sician scoring), biophysical (LscI), imaging (colorimetry), molecular
(mRNA expression) and cellular (1HC) aspects. The synthesis of this
multi-modal assessment is presented in Figure 6 and clearly shows
concordant effects on complementary modalities and a clear dose-
dependency, exposure-response relationship. While previously models
were developed in psoriasis patients or with a lengthy treatment-period
of 28 days in healthy volunteers without Ts,>'* our study shows a rapid
and reproducible way of inducing short-term inflammatory skin lesions
with effects on all the different domains as discussed in detail in the
next paragraphs.

STRONG AGREEMENT OF MEASUREMENTS ASSESSING THE CLINICAL
PHENOTYPE = IMQ induced a dose-dependent increase in erythema
in all measurements, which occured much quicker and more pronouced
when combined with Ts. Statistically significant effects on EI, colorimetry
and LscI were already observed 24h after TS+IMQ treatment, versus
48h without Ts. There were no clear differences in erythema intensity
between 48h and 72h of treatment for the TS+I1MQ treatment which is also
seen in the murine model.* Increased skin perfusion as a result of IMQ
application was only observed when it was combined with TS and also
no clear differences between 48h and 72h appeared. In a recent study
where a human model with 4 weeks of IMQ treatment was developed to
study psoriasis, maximal effects occurred at day 4 or later, but Ts of the
skin was not performed to enhance drug delivery of iIMQ.} Importantly,
in our study we showed that within 24-48h of the last dose, the skin fully
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recovered clinically (data not shown), which is in agreement with previous
reports.® The similar clinical observations with different methods and
reversibility of effects are two strong points of our approach.

FULLY COMPREHENSIVE MECHANISTIC INSIGHTS OF MOLECULAR
PATTERNS @ CXCL10, MX-A, ICAM-1 and HBD-2 were all statistically
significant upregulated in the skin of subjects treated with iMQ for 48h
and 72h in combination with Ts and to a lesser extent in the non-Ts
cohort (only for HBD-2) compared to vehicle, which is concordant with
the molecular findings of Dickson et al.** This reflects the intermediate
phase response of IMQ (24-72h) where activation of the innate as
well as adaptive immune system occurs, featuring infiltration of
neutrophils, lymphocytes and macrophages, as described in a recent
review of the murine translational iIMQ skin inflammation models.'”
CXCL10, a chemokine which is highly expressed when keratinocytes
are activated in inflamed skin, is regulated by T-cells and found in
psoriasis and other autoimmune diseases, which corresponds with the
findings in our clinically induced skin inflammation.**>!® Upregulation
of Mx-A, adown-stream mediator of interferons, reflects the activation
of plasmacytoid dendritic cells (ppcs), which play a major role in the
pathophysiology of psoriasis (1, 19, 20) . Furthermore, this refects the
anti-viral response by IMQ, which was expected since 1MQ is effective
against several HPvV-induced skin diseases.?’?2 The mRNA expression
of adhesion molecule 1cAM-1 was observed to be upregulated which
corroborates previous findings showing induction by TNF-a.?® ICAM-1
facilitates leukocyte endothelial transmigration and enhancement of
skin inflammation. Upon IMQ treatment alone no statistically significant
differences in upregulation were observed between 48h and 72h in
the biopsy markers which confirms the better suitability of TS+IMQ
combination for further application in drug development. Interestingly,
in the biopsies of the non-Ts cohort, we found an upregulation of TNF-«
and IL-1f compared to the untreated site while this was not present in
the TsS+IMQ cohort. Presumably, the initial phase (within 24h), where
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the innate immune system is activated as a consequence of release of
inflammatory mediators including IFN-«, IL-1a, IL-1f, IL-6 and TNF-«
and where cellular changes such as accumulation of neutrophils and
proliferation of keratinocytes occur, is at a later time point because of
less drug delivery without tape stripping.”” This would also explain why
TNF-o and IL-1f are not upregulated in the TS cohort after 48h; due to
enhanced penetration by Ts of the skin, the initial upregulation might
already be passed. This matches with the fact that erythema was observed
inthe Ts cohort already after 24h, but not in the non-T1s cohort, where it
appeared after 48h. Moreover, the presence of IcCAM-1 in the TS cohort
confirms the presence of TNF-« in an earlier stage, and therewith the
initial phase as also seen in the murine model, since it is a downstream
marker of TNF-a.2® Vinter et al. did still find TNF-a and 1L-1B after 48h,
but tape stripped less extensively (10 times vs. + 15 times in our study).
Hereafter, both markers also normalized while the downstream markers
increased.”

CONCORDANT CELLULAR OBSERVATIONS @ Histologically, a
general infiltration with little acanthosis was seen only in the TS cohort.
Classical dermatitis and psoriasis characteristics such as spongiosis,
acanthosis and parakeratosis were not observed. Although some of those
characteristics were reported in literature after longer treatment, the
treatment duration in this study of maximally 72h is presumably too
short.>!* In psoriasis patients, exacerbations after IMQ treatment also
occur only after a prolonged period of application (average 9 weeks).” In
addition, cb11c*, HLA-DR, cD4* and cD8" cells infiltrated the dermis,
more in the TS cohort than in the non-Ts cohort and with no clear
difference between 48h and 72h. cp11ct cells reflect the inflammatory
myeloid Dcs. These are highly increased in the psoriatic dermis and are
known to stimulate the production of type 1 helper (TH1) cytokines ..
Likewise, the macrophages (HLA-DR) are involved in this process which
are mediated via the TLR-7 response.?*-2¢ Infiltration of DCs, macrophages
and T-cells indicate activation of both an innate and adaptive immune
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response. All histological effects are consistent with the intermediate and
late phase response of iMQ. The late phase is characterized by expression
of both iL-17 and 1L-22 as a result of IL-23 production, and infiltration of
T-cells. It normally occurs after 72hY. However, due to the enhanced drug
delivery by Ts of the skin this was already observed in the 48h biopsies.

TRANSLATIONAL VALUE OF THE INFLAMMATION MODEL FOR DRUG
DEVELOPMENT @ Taken together, the IMQ-induced histological changes
are highly similar to those that were observed in the murine model and
have features of both psoriasis and contact dermatitis with activation
of the innate and adaptive immunesystem. Concordant with findings of
others no complete phenotype induction such as psoriasiform histology
was observed.>* However, since the purpose of the study was to develop
a model for drug profiling and interaction studies, and not primarily
to study disease pathophysiology this is not considered a limitation. A
limitation of the study is the open-label design which could have lead to
an observer bias of the clinical erythema grading. However, since clinical
scores are highly concordant with the objective erythema measures, El
and colorimetry, the bias is presumably negligible.

In conclusion, we succesfully translated the murine 1MQ skin inflam-
mation model to a fully characterized safe, rapid and reversible human
model in healthy volunteers. Clinical and histological phenotypes were
fully concordant in the TS+1MQ cohort. Therefore, TS of the skin to en-
hance drug delivery of IMQ is required to induce a quicker and stronger
inflammatory response. No significant differences in effects of iIMQ were
observed between 48h and 72h of application suggesting that 48h of
treatment is the most suitable for this model. Future interaction stud-
ies with the model in drug development programs will enable proof of
pharmacology of novel compounds targeting the innate immune system.
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TABLE 1 Analysis results of erythema and perfusion measurements.

IMQ vs vehicle TS +IMQ VS TS + vehicle
24h 48h 72h 24h 48h 72h
Erythema index 918 11.55 16.84 18.64 29.76 36.53
(-137,19.73)  (100,2210)  (6.29,27.38) (7.89,29.38) (19.01,4050) (25.78,47.28)
p=0.09 p=0.03 p=0.003 p=0.001 p=<.0001 p=<.0001
Colorimetry 116 216 3.66 3.22 513 5.64
(-034,266) (066,365  (216,516) (172, 4.73) (3.6, 6.64) (413, 7.5)
p=0.12 p=0.006 p=<.0001 p=0.0001 p=<.0001 p=<.0001
Basal Flow -31% 1.2% 6.6% 21.0% 44.0% 38.8%
(% change) (-13.5%,8.5%) (-9.6%, 13.4%) (-4.9%, 19.4%) (7.0%, 36.9%) (28.5%, 61.4%) (23.8%, 55.5%)
p=0.57 p=0.83 p=0.26 p=0.003 p=<.0001 p=<.0001

The differences between IMQ vs vehicle and Ts + IMQ vs. TS + vehicle are shown. Data is presented as mean, 95%
confidence interval and p-value.
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FIGURE 1A Treatment schedule of the study. Treatment area 1and 2 served as biopsy sites for biopsies
after 1 (24h) and 2 (48h) days of treatment. Treatment site 3 and 4 served as sites for all erythema and
perfusion measurements and biopsies after the longest treatment duration (3 days, 72h, 5 mg imiquimod
(1MQ) application at oh, 24h and 48h). In 8 subjects the local treatment area was tape stripped before iMQ
application. All treatments were applied under occlusion by a 12 mm Finn chamber.

IMQ 5 mg QD 24h - - IMQ 5mg QD 72h
Biopsy 24h after last application - - Erythema and perfusion measurement at 24h, 48h, 72h
- Biopsy 24h after last application

2 2
1 3

B 4
T 7

IMQ5mgQD 48h - - Cetomacrogol 100 mg QD 72h .
s 'Blopsy 24h afterlast application - - Erythema and perfusion measurement at 24h, 48h, 72h'..
- Biopsy 24h after last application.

FIGURE 1B  Clinical impression of site 3, tape stripping +1MQ 72h. An increase of erythema and perfusion
is observed.
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FIGURE 2 Erythema and perfusion induced by imiquimod (1MQ) and tape stripping +IMQ application.
Error bars are defined as LsM +/- upper and lower limit. A) LsM change from baseline in erythema index,
B) LsM change from baseline in erythema by colorimetry, c) LsM change from baseline in % by laser
speckle contrast imaging, D) erythema by visual grading displayed as % presence per time point.
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FIGURE3 mMRNA expression in skin over time in imiquimod (IMQ) and tape stripping +IMQ treated skin
of cxcL10,HBD-2, Mx-A, ICAM1, TNF-« and IL-1f. Statistical significance is indicated as follows: *p<0.05,

**p<0.01, ***p<0.001, P<0.0001.
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FIGURE 4 HSE (upperrow)and cp8* staining (lower row) over time of subject 15 treated with TS+1MQ.

Pre-dose

Scale bars indicate 1:00um.

FIGURE 5 Histology and immunohistochemistry in skin punch biopsies of imiquimod (1IMQ) and tape
stripping +IMQ treated skin compared to untreated skin, displayed in % fold increase compared to the
reference biopsy. A) general infiltration, B) acanthosis, ¢) cp4* and cp8™ infiltration, D) cp11ct and HLA-
DR infiltration. Fraction of subjects is depicted.
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FIGURE 6 Multi-modal assessment of the model including clinical (physician scoring), biophysical
(laser speckle contrast imaging), imaging (colorimetry), molecular (nRNA expression, hep2) and cellular
(1HC, cD8%)aspects. The observed maximal effect is used for normalization of the respective axes. For the
imiquimod alone group, only increased erythema by colorimetry is observed without a dose dependent
relationship. In the tape stripping+imiquimod group it is clearly visible that the effects on all domains
spread over the spiderplot in a dose dependent manner.
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SUPPLEMENTAL MATERIAL

FIGURE s1 Clinical impression and heat maps of laser speckle contrast imaging of the skin inflam-
mation models in one subject with IMQ treatment and another subject upon TS+IMQ treatment.
Topical application of IMQ induces mild erythema and a slight increase in perfusion. When combined
with Ts prior to dose administration, moderate erythema with papules and marked increase in perfusion
is observed. No increase in erythema and perfusion occurred in the vehicle controls.
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ABSTRACT

Imiquimod (IMQ) is a registered topical agent that induces local inflam-
mation via the Toll-like receptor 7 pathway. Recently, an IMQ-driven skin
inflammation model was developed in healthy volunteers for application
in proof-of-pharmacology trials. The aim of this study was to profile the
cellular, biochemical and clinical effects of the marketed anti-inflamma-
tory compound prednisolone on the IMQ model.

A randomized, double-blind, placebo-controlled study was conducted
in 24 healthy volunteers. Oral prednisolone (0.25 mg/kg/dose) or placebo
(1:1) was administered twice daily for 6 consecutive days. Two days after
treatment initiation with prednisolone or placebo, 5 mg imiquimod (IMQ)
once daily for two following days was applied under occlusion on tape
stripped skin of the back for 48 hours in healthy volunteers. Non-invasive
(imaging and biophysical) and invasive assessments - skin punch biopsies
and blister induction —were performed as well as IMQ ex vivo stimulation
on whole blood.

Prednisolone reduced blood perfusion and skin erythema following
48h of IMQ application (95% €I [-26.4%, -4.3%], p=0.0111 and 95% C1 [-7.96,
-2.13], p=0.0016). Oral prednisolone suppressed the IMQ-elevated total cell
count (95% c1[-79.7%, -16.3%], p=0.0165), NK and dendritic cells (95% cI
[-68.7%, -5.2%], p=0.0333, 95% CI [-76.9%, -13.9%], p=0.0184) and classical
monocytes (95% CI [-76.7%, -26.6%], p=0.0043) in blister fluid. Of note,
TNF, IL-6, IL-8 and Mx-A responses in blister exudate were also reduced
by prednisolone compared to placebo.

Oral prednisolone suppresses IMQ-induced skin inflammation, which
underlines the value of this cutaneous challenge model in clinical phar-
macology studies with novel anti-inflammatory compounds. In such
studies, prednisolone can be used as benchmark.
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INTRODUCTION

Early phase clinical research commonly evaluates the safety, tolerability,
and pharmacological activity of novel compounds.*® For anti-inflamma-
tory and immunomodulatory compounds, immune challenge models are
becoming increasingly popular to demonstrate ‘proof of pharmacology’
at an early clinical stage, thereby giving us insights in the mechanism
of action and providing target engagement* These pharmacological
challenge models are often translated from animal work and can guide
the drug developer on dose selection and dosing regimen for subsequent
phase 11 studies in the target population.

Awidely used preclinical model to study (modulation of) inflammation,
also applied in healthy volunteers (HV), is the topical imiquimod (IMQ)
challenge, driving a toll like receptor (TLR) 7-mediated response. The TLR
dependent pathway activates nuclear factor kappa B (NF-kB) signaling
and IRF via MY-D88, which is important in an early immune response
such as secretion of pro-inflammatory cytokines including interferon
(IFN)-a, interleukin (IL)-1, IL-1RA, IL-6, and IL-8.° IMQ, applied under
occlusion for 48 hours, drives a transient local reversible inflammatory
response indicated by an increase in blood perfusion, erythema, and
cytokine production.® The iIMQ model was valuable in the evaluation of
the potential combined effect of iIMQ and omiganan (a synthetic indoli-
cidin) in HV.” The IMQ challenge can be valuable for proof-of-mechanism
studies with compounds that target TLR7-mediated responses. However,
formal benchmarking of the topical iMQ challenge model in man, using a
registered anti-inflammatory drug, has not been performed yet.

An alternative human innate immune challenge model is the intra-
dermal LPS challenge, driving TLR4-mediated responses. Corticosteroid
treatment (oral prednisolone and topical clobetasol propionate) sup-
pressed the characteristics of the dermal inflammatory reaction, also
reflected by areduction in inflammatory cell attraction in blister fluid.®°
Moreover, for the topical iMQ model, profiling of the effects of a known
strong anti-inflammatory compound that is widely used in dermatology,

CHAPTER1V - SUPPRESSION OF IMQ CHALLENGE MODEL BY ORAL PREDNISOLONE



68

such as oral prednisolone, would be valuable to benchmark the model for
future evaluations of novel anti-inflammatory or immunomodulatory
compounds.

Therefore, in this study, we aimed to profile the cellular, biochemical
and clinical effects of oral prednisolone on the 1MQ skin inflammation
model in healthy volunteers with the goal to:

I benchmark the iMQ model for future novel anti-inflammatory
compounds

11 expand the mechanistic insights into the IMQ-driven skin response
by a more thorough molecular and cellular evaluation

111 gain insight into the immunomodulatory mechanism of predniso-
lone in TLR7-mediated tissue inflammation.

MATERIAL AND METHODS

This randomized, double-blind, placebo-controlled, investigator-initiated
study was conducted according to the Dutch Act on Medical Research
involving Human Subjects (WMo) and the study protocol was approved
by a Medical Ethics Committee (Stichting Beoordeling Ethiek Biomedisch
Onderzoek, Assen, The Netherlands) prior to the start of the clinical
phase. Subjects gave written informed consent before any study related
procedures were undertaken.

STUDY DESIGN AND SUBJECTS = A total of 24 healthy male and fe-
male Caucasian (Fitzpatrick skin type 1-111) volunteers, aged between 18
and 45 years, were enrolled in this study. Health status was confirmed
with a medical history, physical examination, laboratory tests, and 12-
lead electrocardiograms (ECG). All participants had no family history
of psoriasis, no pathological skin conditions at the treatment area, no
history of hypertrophic scarring or keloid, no prior use of imiquimod and
no known hypersensitivity to prednisolone.
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TREATMENT AND IMQ CHALLENGE @ Participants were equally ran-
domized into two groups to receive orally prednisolone (0.25 mg/kg/dose)
or placebo, twice daily with a 10-12 hours interval between doses, over a
period of six consecutive days. On the sixth day, the volunteers received
only one prednisolone or placebo dose in the morning. Treatments were
administered under supervision at the clinical research unit to ensure
treatment compliance. After two days of pre-treatment with oral pred-
nisolone or placebo, challenge with IMQ commenced.® For this purpose,
the upper back was divided into seven rectangles of 4x3 cM each. Each
treatment area was tape stripped 20 times (D-Squame, CuDerm, Dallas,
TX) to induce mild barrier skin disruption whereafter the trans-epidermal
water loss (TEWL; AquaFlux, Biox Systems) was measured to quantify skin
permeability.” A TEWL between 15-20 G/M%*'h was considered as mild bar-
rier skin disruption. No iIMQ was applied to the first two areas since these
represented the non-treated areas, while to the other three to five areas, 5
mg IMQ (100 mg Aldara®) was applied for either 24h or 48h (depending on
the cohort) under occlusion by a 12 mm Finn chamber (Bipharma, Almere,
The Netherlands) to initiate an inflammatory skin reaction. Subjects were
randomized on (pre-) treatment (prednisolone or placebo) and timepoint
of invasive measurements (blister and biopsy), illustrated in Figure 1.

IMAGING-BASED ENDPOINTS = Subjects underwent multiple as-
sessments to evaluate the inflammatory skin response; before the iIMQ
challenge and 24h, 48h,72h, 168h and 216h after iMQ application. One
single treatment site was selected to evaluate non-invasive endpoints
throughout the study period (Figure 1) resulting in N=12 per time point. An
overview of the number of samples per time point is presented in Table
s1. Erythema was graded in two ways: by a physician using a 4-point scale
ranging from o (absent) to 3 (severe) and by multispectral photo analysis
(Antera 3D, Miravex, Ireland). Perfusion was quantified by laser speckle
contrast imaging (LScI; PeriCam PsI System, Perimed Jafélla, Sweden) and
by Optical Coherence Tomography (OcT; VivoSight, Michelson Diagnostics
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Maidstone, UK). The latter was also used to measure the epidermal thick-
ness. All skin assessments were performed in a room under standardized
conditions with a room temperature between 20-24 degrees Celsius.

BIOPSY AND BLISTER EXUDATE ASSESSMENTS @ Suction blisters
and 3 mm biopsy samples were taken from the 1MQ treated areas and
control areas at indicated time points, depending on the cohort and ran-
domization (Figure 1). In total 3 biopsies and 3 blisters were collected from
each healthy volunteer. Suction blisters were induced according to the
method described by Buters et al.® Biopsies were placed in RNAlater me-
dium directly after harvest and stored at 4 degrees Celsius until analysis
at the Immunology Laboratory of Erasmus Medical Center, Rotterdam,
The Netherlands. Immunohistochemical staining was performed to
obtain scoring of markers cp1ic (Clone 5D11; Cell Marque), cp14 (Clone
EPR3653; Cell Marque), cDi1a (Clone EP3622; Cell Marque), cp4 (Clone SP35;
Ventana), cD8 (Clone sP57; Ventana), and HLA-DR (CR3/43; Dako) using a
6-point rating scale; 0=negative, 1=minimal, 2=few, 3=moderate, 4=many,
5=excessive.

Blister fluid was collected in a V-bottom plate containing 50 pL 3%
sodium citrate (Sigma) in PBS (Gibco) and kept on ice. The plate was cen-
trifuged, and supernatant was weighed to estimate the volume and then
frozen at -80°c for cytokine analysis (Meso Scale Discovery, Rockville,
Maryland, Usa), the following cytokines were analysed: TNF, ASC, IL-1p,
IL-6,IL-10, IL-8, IFN-y, and downstream marker for type 1 interferon Mx-A
(V-plex proinflammatory panel of MSD and Mx-A protein ELISA Kit of
BioVendor). The cell pellet was resuspended in RoboSep buffer (Stemcell).
A cocktail of fluorescent antibodies for cell surface markers was added
to the cells and incubated for 30 minutes on ice. Stained samples were
washed with PBs and measured with a MACSQuant 16 (Miltenyi Biotec
GmbH). Flow cytometry data was analysed with Flowlogic 7.2 (Inivai).
Parallel to the blister fluid, peripheral blood was collected by venipunc-
ture in a sodium heparin vacutainer (BD). 100 uL whole blood was treated
with red blood cell lysis buffer (eBioscience) and washed with PBS and
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resuspended in RoboSep buffer. Staining was similar to previously
mentioned blister cells and served as template for the gating strategy.
The following antibodies were used: CD56-PE (cat# 130-113-312, Miltenyi
Biotec), CD14-PE-Vio615 (cat# 130-110-526, Miltenyi Biotec), cD16-
VioBrighT FITC (cat# 130-119-616, Miltenyi Biotec), CD66b-AF700 (cat#
305114, Biolegend), cD19-BV650 (cat# 302238, Biolegend), CD20-BV650
(cat# 302336, Biolegend), HLA DR-APC (cat# 130-111-790, Miltenyi Biotec),
CD4-VioBlue (cat# 130-114-534, Miltenyi Biotec), cD8-BV570 (cat# 301038,
Biolegend), cp45-VioGreen (cat# 130-110-638, Miltenyi Biotec), CDic-
PE-Vio770 (cat# 130-110-538, Miltenyi Biotec), CD3-APC-Vio770 (cat#
130-113-136, Miltenyi Biotec), 7AAD (cat# 130-111-568, Miltenyi Biotec). An
overview of the gating strategy is provided in Figure S1. Cell populations
(single live cells) were classified based on the following profile: cD45"
HLA-DR CD66b* cD16% neutrophils, CD45% HLA-DR* cD14* CD16™ clas-
sical monocytes, CD45% HLA-DR* CD14+ cD16% intermediate monocytes,
CD45" HLA-DR* CD14” CD16% non-classical monocytes, cCD45% HLA-DR™
CD19 CD20° CD14 CD16 cDict dendritic cells, CD45" HLA-DR CD56% NK
Cells, cD45" HLA-DR cD3* cD4* cD8 T helper cells, CD45" HLA-DR™ CD3™*
CD4 CD8™ cytotoxic T cells, and cD45" HLA-DR* CD19* cD20™ B cells.

EX VIVO WHOLE BLOOD STIMULATION = To investigate the extent
of the systemic immune suppression with prednisolone (ex vivo drug
activity), an IMQ whole blood stimulation was used with cytokine release
as readout. Blood was drawn from healthy volunteers at four timepoints:
pre-dose, 48h, 52h and 96h after initial prednisolone/placebo dose. The
blood samples of 48h and 96h were drawn before the morning prednis-
olone/placebo dose. The sample at 52h after first administration was
taken 4 hours after the previous prednisolone/placebo dose. On these
time points, sodium heparinized whole blood was stimulated with 20
pG/ml mMQ (cat# tlrl-imgq, Invivogen) for 24 hours. After incubation,
cultures were spined down and supernatant was collected and frozen
at -80°c for cytokine analysis. Samples were shipped to Ardena (Assen,
the Netherlands) for analysis. The following cytokines were analysed:

CHAPTER1V - SUPPRESSION OF IMQ CHALLENGE MODEL BY ORAL PREDNISOLONE

71



72

IL-1f, IL-6, IFN-y (V-plex proinflammatory panel of MsD), 1P-10 (V-plex
chemokine panel of MsD) and Mx-A (human Mx-A protein ELISA kit of
BioVendor).

STATISTICS = Allrepeatedly measured PD endpoints were summarised
(n, mean, sD, MIN and MAX values) by treatment and time. Repeatedly
measured continuous PD endpoints were analysed using a mixed model
analysis of covariance with fixed factors treatment, time and treatment
by time with a random factor subject as covariate. Baseline is the pre
prednisolone/placebo treatment measurement. A summary table of
the analysis results per variable was generated with estimates of the
difference of the different contrasts and a back transformed estimate of
the difference in percentage for log transformed parameters, 95% con-
fidence intervals (in percentage for log-transformed parameters) and
Least Square Means (geometric means for log transformed parameters),
and the p-value of the contrasts. Statistical analysis was performed using
sAs for windows V9.4 M6 (sAs Institute, INC., Cary, NC).

RESULTS

Twenty-one female (87.5%) and three male (12.5%) Caucasian subjects
participated in the study and completed without withdrawal. The mean
age was 26.3 * 4.6 years. Headache was the most frequent occurring
adverse event, however, was of mild nature and was probably related to
administration of prednisolone. No serious adverse events were reported
throughout the study.

ORAL CORTICOSTEROIDS SUPPRESS THE CLINICAL RESPONSE IN-
DUCED BY TOPICAL IMQ APPLICATION & Oral prednisolone or pla-
cebo was administered at 0.25 mg/kg per dose B.LD. for a period of six
consecutive days, and the effects on iIMQ-driven clinical responses were
evaluated. IMQ was applied for a maximum of 48 hours under occlusion
after the skin was tape stripped twenty times. Maximal responses were
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observed after 48 hours of IMQ application in the placebo group (Figure
24,B). Treatment with prednisolone resulted in a reduction of the IMQ-
driven response from 24 hours until 72 hours, quantified by imaging of
blood perfusion (estimated difference: -16.1%, 95% confidence interval (c1)
[-26.4%, -4.3%], p=0.0111), erythema (estimated difference: -5.04, 95% CI
[-7.96, -2.13], p=0.0016) and epidermal thickness (estimated difference:
-0.018,95% CI [-0.029, -0.006], p=0.0044) compared to placebo, (Figure
2A-C). Avisual overview of blood perfusion and erythema is provided in
Figure 2D. Application of 1MQ (for 24h and 48h) on the skin resulted in
thickened epidermis, disappearance of the rete ridges and dilatation of the
blood vessels (Figure 2E). Furthermore, prednisolone treatment shifted the
clinically scored erythema response from moderate to mild (at 48h) and
reduced the fraction of clinically scored erythema, Figure S2. All quantified
responses (perfusion, erythema, and epidermal thickness) were reversible
and returned to baseline during the follow-up phase (168h and 216h).

ORAL CORTICOSTEROIDS REDUCE THE IMQ-DRIVEN CELL INFIL-
TRATION IN BLISTER EXUDATE AND BIOPSY = Inearlier skin chal-
lenge research, cellular responses were studied using invasive techniques
including suction blisters and skin punch biopsies.6® In this study, we
implemented the same approaches by inducing suction blisters and taking
skin punch biopsies at indicated timepoints resulting in a total of three
blisters and three biopsies per subject (Figure 1). Biopsy samples were
stained for dermal immune cell infiltration and scored by an independent
investigator who was blinded for treatment.

In addition, immune cells in blister exudate were evaluated by flow
cytometry. A full overview of the analysed immune cell subsets is pre-
sented in Figure 3. The average time for blister induction was (estimated
mean, 95% CI) 86.7 minutes, 95% CI [71.9, 101.4] in the placebo group
and 84.1 minutes, 95% CI [69.4, 98.8] in the prednisolone group (data not
shown). No significant difference in time required for blister formation
was observed between groups (estimated difference: -2.5,95% c1[-23.4,
18.3], p=0.8034). The total number of cells (cD45%) increased mildly
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following 1MQ application with a peak of 624.6 + 469.5 cells in blister
exudate at 48h (after 2x 1MQ application), Figure 34. IMQ increased the
numbers of cD45% HLA-DR™ cD56" (NK cells), reaching a maximum of
84.2 + 89.76 cells also at 48h (after 2x IMQ application), Figure 3B. The
infiltration was followed by other innate immune cells such as cp45+
HLA-DR* CD19" CD20" CD14 CD16™ cDic* (dendritic cells) and cD45% HLA-
DR* cD14* cD16  (“classical monocytes”) peaking at 72h (24 hours after
the second 1MQ application) with means + SD of 26.0 + 21.06 cells and
25.3 = 27.7 cells respectively, however, resulting in a weaker response
compared to influx of NK cells (Figure 3¢, D). Although neutrophils are
strongly involved in innate immune responses, no infiltration of cp45*
HLA-DR CD66b* cD16% (neutrophils) was observed after iMQ application,
resulting in cell counts of <5 cells (data not shown). Similar low cell counts
were observed for cp45* HLA-DR* cD14* cD16* (“intermediate mono-
cytes”), cp45t HLA-DR* cD14” cDp16% (“non-classical monocytes”) and
cp45* HLA-DR' cD19* cD20* (B cells), data not shown. IMQ treatment did
not result in a significant B cell increase in blister fluid (data not shown),
nor a substantial attraction of cp45* HLA-DR cD3* cD4* cD8 (T helper
cells) and cp45* HLA-DR cD3* cD4 cD8* (cytotoxic T cells), Figure 3 E, F.
Prednisolone reduced the number of immune cells in blister fluid. This
reduction, compared to placebo, was observed for total cells, NK cells,
dendritic cells and classical monocytes; estimated difference: -58.8%,
95% CI [-79.7%, -16.3%], p=0.0165, estimated difference: -45.5%, 95% CI
[-68.7%, -5.2%], p=0.0333, estimated difference: -55.4%, 95% CI [-76.9%,
-13.9%], p=0.0184 and estimated difference: -58.6%, 95% cI [-76.7%,
-26.6%], p=0.0043, respectively. Although no substantial changes were
seen following IMQ challenge, prednisolone significantly reduced the
number of T cell subsets (estimated difference: -76.0%, 95% CI [-92.4%,
-4.7%], p=0.0168 for T helper cells and estimated difference: -70.5%, 95%
C1[-89.6%, -16.0%], p=0.0242) for cytotoxic T cells.

Immune cell subsets in biopsies, quantified by 1Hc, showed a com-
parable picture as the cells analysed by flow cytometry in blister fluid.
Administration of prednisolone reduced HLA-DR cells and the infiltrating
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cp11c (dendritic cells), cp4™* (T helper cells), cpia (Langerhans cells), and
cp8+ cells (cytotoxic T cells), Figure 4. Time courses of IMQ effects and
prednisolone effects were comparable between biopsy and blister derived
immune cells.

ORAL CORTICOSTEROIDS SUPPRESS IMQ-DRIVEN CYTOKINE
RESPONSES IN BLISTER EXUDATE AND WHOLE BLOOD CULTURES =
In addition to the dermal cellular response, cytokines levels were analysed
in blister exudate for evaluation of NF-KB- and IRF7-driven responses.
IMQ application induced mild 1L-6 response at 24h and 48h (Figure 4A,
B) but had no clear effect on the levels of NF-kB-driven cytokines IL-1f
IL-8 and IL-10 (Figure 4c-E). IMQ increased Mx-A concentration in blister
fluid, with a peak at 48h and 72h (Figure 4F) indicating activation of the
IRF7 pathway. Prednisolone treatment reduced the levels of NF-kB-driven
cytokines (IL-6, IL-8, and TNF), IL-1p and Mx-A (Figure 44,B,C,F). No formal
statistical analysis for cytokines IL-6, IL-1f and Mx-A was conducted
for the contrast placebo versus prednisolone because the immune
suppression by prednisolone was so strong that most cytokine levels were
below LLOQ. AScC and IFN-y concentrations in blister fluid were very low
and are therefore not reported.

Whole blood samples, drawn from study participants at predefined
timepoints, were stimulated with iIMQ for evaluation of ex vivo prednisolone
activity. Stimulation with 1MQ led to an increase in 1L-1f, IFN-y and IL-6
(Figure 6A-c), but not in a detectable Mx-A response (data not shown). An
overview of the ex vivo results, including unstimulated control conditions,
is provided in Table s2. Overall the effect of prednisolone compared to
placebo had a significant effect on IFN-y and IL-1p concentrations (esti-
mated difference: -86.8%, 95% CI [-94.1%, -70.3%, p<0.0001), -55.8%, 95%
c1[-78.8%, -8.3%], p=0.0301 respectively), yet not on IL-6 (estimated dif-
ference: -44.1%, 95% CI [-69.1%, 1.0%], p=0.0537). However, prednisolone
treatment resulted in a statistically significant reduction of iIMQ-driven
cytokines (1L-1B, IL-6 and IFN-y), with a maximum inhibitory effect at
52h post administration, estimated difference:-92.9%, 95% CI [-96.8%,
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-84.3%], p<0.0001, estimated difference: -87.1%, 95% C1 [-93.2%, -75.7%],
p<0.0001 and estimated difference: -99.0%, 95% cCI [-99.6%, 97.4%],
P<0.0001, respectively. Of interest, prednisolone had no effect on IMQ-
induced response at timepoints 48h and 96h. No statistical analysis was
performed on 1P-10 concentration given the fact that more than 60% of
the samples were above ULOQ.

DISCUSSION

This study aimed to characterize the effects of orally administered pred-
nisolone on TLR7-driven immune responses, using in vivo skin and ex vivo
whole blood 1MQ challenges. Prednisolone significantly suppressed the
objectified transient clinical response to IMQ (imaging-based perfusion
and erythema) as well as clinically graded erythema. An interesting find-
ing was the inhibitory effect of prednisolone on the epidermal thickness
measured by optical coherence tomography, a non- invasive technique
generating 2D images of tissue microstructure. In a psoriasiform murine
model, an abundance of infiltrating cells resulted in a significant increase
of epidermal thickness .1° This is in line with our study, showing an IMQ-
driven increase in epidermal thickness at 48h, suggesting initiation of
an inflammatory response.

To date, this is the first clinical study to examine the effect of predniso-
lone on TLR7-driven cellular and cytokine response in vivo. Earlier studies
evaluated the local immune response following topical IMQ application.
In these studies, the dermal cellular and cytokine responses to IMQ were
characterized by immunohistochemistry and QPCR. IMQ treatment re-
sulted in upregulated chemokines (1P-10), pro-inflammatory cytokine
(1L-6) and interferons (Mx-A and IFN-v). Elevated cD14, CD1a, CD11c, CD4™*
and cD8* cell numbers were observed following IMQ application on tape
stripped skin, peaking at 48- and 72-hours post-dose, fully comparable
to IHC results in this study.®” However, current study also evaluated
IMQ-driven cellular responses in the skin by flow cytometric analysis
of suction blister exudate, giving a more quantitative impression of the
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inflammatory response. Upon IMQ treatment, a mild influx of NK cells,
dendritic cells and classical monocytes was observed. Orally adminis-
tered prednisolone fully suppressed this cell infiltration, confirming
the compound’s strong anti-inflammatory activity. Of note, no traces of
neutrophils were found in blister fluid, indicating that the applied 1MQ
regimen did not drive neutrophil attraction, which contradicts earlier
preclinical findings, showing topical IMQ treatment for 5-6 consecutive
days in mice.®* This resulted in an influx of neutrophils, accumulating
beneath the stratum corneum. Possibly, the absence of neutrophil infil-
tration in our study can be explained by the duration of iMQ application.
The current duration of 48h 1MQ application might not be sufficient
to initiate a neutrophil influx and therefore a prolonged application is
suggested to align more with the duration in preclinical studies. In con-
trast to IMQ, LPS drives an acute and strong innate immune response
characterized by influx of neutrophils (peaking at 10h), monocytes and
NK cells peaking at 24h post injection.®

TLR7 activation generally drives IRF and NF-kB signalling, playing an
important role in recruitment of immune cells to the dermis.?? Topical
application of IMQ resulted in a clear increase in Mx-A concentrations
inblister exudate at 48 and 72 hours, indicative of IRF-mediated produc-
tion of type 1 interferons. Whilst it is expected that IMQ initiates NF-kB
signalling and cytokine production,’* only a mild IL-6 response was
observed, whereas other NF-kB-driven cytokine responses (IL-8, IL-1f,
and I1L-10) were limited or absent. The relatively mild inflammatory re-
sponse at the molecular level may be explained by a potentially limited
IMQ exposure, related to the only partial delivery of applied iMQ to the
dermal tissue. Alternatively, the low NF-kB responses may be explained
by the timing of the sampling: the innate immune system is activated
in phases, with the initial phase resulting in the secretion of proinflam-
matory cytokines generally occurring within 24 hours.>>16 Possibly, our
first post-1MQ blister time point was already too late to detect the early
innate immune response driven by IMQ. Lastly, it is well possible that
IMQ in this formulation and at the current regimen, for these types of
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innate immune challenges is simply a weak immune agonist compared
to the Lps. This is also supported by the relatively mild cellular responses
that were observed. Despite the small cytokine responses, a clear effect
of prednisolone treatment was observed: Mx-A, IL-6, TNF, and IL-1f
responses to IMQ were significantly lower in the prednisolone-treated
volunteers (though for Mx-A, IL-6, and IL-1p no formal p value could be
calculated given the substantial number of samples with cytokine levels
below the limit of quantification in the prednisolone-treated group). For
future studies, the abovementioned readouts could be used to evaluate
the effect of IMQ.

Interestingly, oral prednisolone and topical clobetasol treatment
did not significantly suppress dermal cytokine responses in an earlier
human challenge study applying intradermal LPS injections, driving
TLR4-mediated responses.® This contrasts with the prednisolone ef-
fects on IMQ-driven cytokine responses observed in the current study.
The difference in treatment response might be explained by the much
more pronounced dermal cytokine response driven by LPS (~ 5 to 100-
fold) compared to IMQ. This difference in challenge response size, also
reflected at the cellular level, may be explained by the different routes
of administration - intradermal for LPs versus topical for IMQ leading to
difference in intradermal concentrations. Furthermore, LPS may also be
a more potent immune agonist. The argument that a stronger immune
response is more difficult to counteract by a corticosteroid is contradict-
ed by the efficient suppression of Lps-driven skin perfusion, erythema,
and local cell attraction by prednisolone and clobetasol. Therefore, most
likely, the successful suppression of iIMQ-driven cytokine responses by
prednisolone, versus the poor suppression of LPs-driven responses of
the same cytokines, should be searched at the physiological level: the
difference between TLR4 and TLR7 signalling.

Finally, ex vivo pharmacological activity of prednisolone was monitored
by means of whole blood 1MQ challenges. Prednisolone treatment result-
ed in a significant reduction of IFN-y, IL-1f and IL- 6 release, but only when
measured at 52 hours after initiation of prednisolone treatment, which
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was 4 hours after the previous prednisolone intake. Cytokine release was
not suppressed at timepoints 48 and 96 hours following first prednisolone
administration. This may be explained by the pharmacokinetic profile of
prednisolone which is considerably complex in humans.*” Prednisolone is
rapidly absorbed and is available between 80%-100% after an oral intake.
The plasma concentration peaks 1 to 2 hours after administration and
the corresponding half- lives vary between 2.5h and 6.6h and are dose
dependent.’®® At 48 and 96 hours, shortly before the next prednisolone
dose, the suppressive effect of prednisolone is neglectable since the
systemic concentration of the drug is considered low. Of interest, the
reductions seen in cytokine levels in blister fluid are less dependent
on the pharmacokinetic profile of prednisolone, which is concordant
with literature describing that no relationship has been demonstrated
between prednisolone concentration in blood and therapeutic effect.20%
This discrepancy between the systemic drug activity measured in whole
blood cultures ex vivo, and the peripheral drug effect evaluated in skin in
vivo, underlines the value of in vivo human immune challenges such as
the topical iIMQ challenge for evaluation of drug effects.

In this clinical study, we successfully demonstrated that orally ad-
ministered prednisolone, at a conventional clinical dose, suppresses
IMQ-induced skin inflammation in healthy volunteers, which underlines
the potential value of this cutaneous challenge model for future clinical
pharmacology studies with novel anti-inflammatory compounds tar-
geting the TLR7 pathway. In such studies, prednisolone can be used as
benchmark.
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Figure 1 Overview of the treated sites on the back and study schedule. A) A total of
three biopsies and three blisters were obtained from each subject, with the timing and
location of each procedure determined by their assigned cohort. One site on the back
was used solely for non-invasive measurements throughout the study period. The skin
responses were evaluated using a multi-modal approach and are represented in the
‘derma flower.’ B) A schematic overview of all assessments performed relative to dosing.
Created with BioRender.com. Derma flower created by F. van Meurs, adapted for this manuscript.
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Figure 2 Imaging based and clinical erythema grading assessment. Pre-dose timepoint
refers to assessment prior to IMQ application, whereas 24h refers to 1x IMQ application and
48hto 2x IMQ application. 72h refers to 2x IMQ application however measured 24 hours post
last IMQ application. A) Skin perfusion by LscI, estimated difference: -16.1%, 95% C1 [-26.4%,
-4.3%], p=0.0111. B) Erythema measured by multispectral camera, estimated difference: -5.04,
95% CI1 [-7.96, -2.13], p=0.0016. ) Epidermal thickness by ocT, estimated difference: -0.018,
95% CI [-0.029, -0.006], p=0.0044. D) Overview of objective assessments including Lsc1 and
multispectral imaging in the prednisolone and placebo group. A ROI of 12 mm is selected
for quantification. E) oCcT image of one subject of the placebo group after application of IMQ
over time.
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Abbreviations: c1=confidence interval, IMQ=Imiquimod, LSCI=Laser speckle contrast imaging,
LSMEANS~=Least Squares Mean, OCT=Optical coherence tomography.
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Figure3 Oral prednisolone reduces IMQ- driven immune cell infiltration. A) Total cells, B)
Natural killer cells, c) Dendritic cells, D) Classical monocytes, E) T helper cells, F) Cytotoxic
T cells. Immune cells in blister exudate were quantified by flow cytometry at different time
points, pre and post IMQ application. Data are presented as mean + SD.
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Figure 4 Prednisolone reduces infiltration of IMQ-driven immune cells as measured by
1HC in skin punch biopsies. A) Macrophages, B) HLA-DR, ) myeloid dendritic cells, D) T helper
cells, E) Langerhans cells, F) Cytotoxic T cells.
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Figure5 Prednisolone suppressesthe NF-kB Driven cytokines and IRF7 driven response
in blister fluid. A) IL-6, B) IL-8, C) TNF, D) IL-1f, E) IL-10, F) Mx-A. Cytokine concentrations in
blister fluid were analysed by MsD and Mx-A by ELISA. Data are presented as mean * SD,
for 1L-6, IL-1f and Mx-A no statistical model was applied as the majority of the values were
<LLOQ in the prednisolone group.
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Figure 6 Ex-vivo whole blood stimulated with 20 pg/ml IMQ. A) IL-1B, B) IL-6, C) IFN-y.
Cytokine concentrations in blister fluid were analysed by v-plex and MsD. Pre-dose time
point refers to sample take prior to prednisolone/placebo dosing. The time point 48h refers
to sample taken at 48h after initial dose but before the 5th dose of prednisolone/placebo.
Sample taken at 52h refers to time point 4 hours after sth dose. At 96h after prednisolone/
placebo, the sample was taken before the 8th dose).
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TableS2 Overview of whole blood ex vivo results stimulated and unstimulated with 2opg/

Figure S2

Clinical erythema assessment by physician.
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ABSTRACT

Imiquimod (IMQ; brand name Aldara®) is a registered topical agent that
has been proven to induce local inflammation via the Toll-like receptor
(TLR)7 pathway. The purpose of this study was to characterize TLR7-
mediated inflammation following 7 days (168h) of topical IMQ exposure
in healthy volunteers, and to compare the effects of short exposure (48h-
72h) with prolonged exposure (120h-168h).

1MQ (100 mg) was applied under occlusion to 5 different tape-stripped
treatment sites on the back of 10 healthy participants for a maximum of 7
consecutive days. Erythema and skin perfusion were measured daily up
to 168h. Biopsies for immunohistochemical staining and RNA sequencing
were collected at oh, 48h, 72h, 120h and 168h post IMQ application.

IMQ triggered an inflammatory response starting at 48h after applica-
tion, including erythema and perfusion of the skin. At the transcriptomic
level, iIMQ induced TLR7 signalling, IRF involvement and activation of TNF
signalling via NF-kB. Furthermore, an enhanced inflammatory response
at the cellular level was observed after prolonged iMQ exposure, with cel-
lular infiltration of dendritic cells, macrophages and T cells which was
also corroborated by transcriptomic profiles. No difference was found
in the erythema and perfusion response after 168h of IMQ exposure
compared to 72h.

Prolonged 1MQ exposure revealed enhanced cellular responses and
additional pathways with modulated activity compared to short exposure
and can therefore be of interest as a model for investigational compounds
targeting innate and adaptive immune responses.
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INTRODUCTION

Mouse models are the backbone of the preclinical development of
investigational compounds, but in the field of inflammatory diseases,
species differences can be pronounced and can hamper the translational
step from animals to humans.»? In this context, human innate immune
challenge models are a valuable tool to mimic components of the patho-
physiology of a disease state in a healthy individual. Innate immune
challenge models can thereby unravel underlying human physiological
processes and facilitate the evaluation of pharmacological effects of
investigational compounds in early clinical development.

Imiquimod (1MQ) is primarily an agonist of the Toll-like receptor
(TLR)7, an endosomal TLR which recognizes single stranded RNA from
viruses. IMQ is marketed as a 5% cream (Aldara®) for the treatment of
(pre)malignant and Hpv-induced skin lesions because of its antiviral and
tumoricidal effects.® The antiviral and tumoricidal effects are attributed to
the attraction of TLR7-bearing monocytes, macrophages and plasmacyt-
oid dendritic cells (pDCs), which subsequently produce proinflammatory
cytokines and chemokines and attract other immune cells to the appli-
cation site.* Topical IMQ has been used as a challenge agent to induce
psoriasis-like skin inflammation in mice.*® In these studies, mice were
exposed to IMQ for 120h to 168h, resulting in a dose-dependent clinical
inflammation (i.e. increased ear thickness, erythema and scaling) for the
entire duration of the treatment.** The clinical inflammation was accom-
panied by a substantial influx of T cells, conventional dendritic cells (DCs)
and pDCs, with an essential role for the interleukin (L) 23/1L-17 axis.*¢
Additionally, research showed that the murine IMQ response was driven
by neutrophil influx and complement factor C3.°

IMQ was previously used as a human pharmacological challenge agent
in multiple studies, where it was topically applied for 48h or 72h.”® In
these studies, IMQ application resulted in a transient, mild to moderate
local skin inflammation with a significant increase in skin erythema
and perfusion peaking 48h after the first application. Consistent with
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the working mechanism of 1MQ, the response was accompanied by a
clearly increased expression of Mx-A, an interferon-driven protein, sug-
gesting engagement of Interferon Regulatory Factor (IRF)7 signalling.”
Interestingly, the cellular and molecular responses after 48h-72h were
relatively mild with a moderate influx of monocytes, natural killer (NK)
cells and DCs, mild 1L-6 production, and no significant deposition of com-
plement. There was almost no involvement of neutrophils in this model
after 48h-72h of iMQ application.® The lack of neutrophil involvement
is surprising given the molecular signalling of TLR7,* and contrasts the
preclinical findings in mice, in which neutrophils play a more prominent
role. Notably, the duration of the exposure to IMQ in clinical studies has
never exceeded 72h, whilst preclinical studies usually span up to 6 days.
Characterization of IMQ-induced skin inflammation in healthy partic-
ipants following extended exposure may therefore elucidate valuable
novel aspects of the model and the underlying human immune response.

The purpose of this study was to characterize TLR7-mediated inflam-
mation following 7 days (168h) of IMQ exposure in healthy volunteers.
We aimed to provide deeper insights into the translational value of the
1IMQ model for future early-stage clinical studies, particularly for the in-
vestigation of the pharmacological activity of innate immune-targeting
compounds.

MATERIALS AND METHODS

This clinical study was a single-centre, open-label, investigator-initi-
ated inflammatory challenge study executed in accordance with the
Dutch Act on Medical Research involving Human Subjects (WMo0). The
study protocol was approved by a Medical Ethics Committee (Stichting
Beoordeling Ethiek Biomedisch Onderzoek, Assen, the Netherlands).
Written informed consent was obtained from all subjects prior to any
study-related procedures.
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STUDY DESIGN AND INCLUSION = Werecruited ten healthy male and
female volunteers between the ages of 18 and 45 and with Fitzpatrick skin
types I-111. Their health status was assessed by means of medical history,
physical examination, laboratory tests, and 12-lead electrocardiograms
(ECG). Participants were excluded if they had a familial history of psoriasis,
pathological skin conditions in the treatment area, prior experience with
hypertrophic scarring or keloid, or if they were exposed to IMQ within
three months of enrolment.

TREATMENT = IMQ was topically applied to five treatment sites on the
back for a maximum of seven consecutive days (168h). The back was
marked with six squares: one untreated area and five treatment areas
(Figure 1). Each treatment area was tape stripped (D-Squame, CuDerm,
Dallas, TX) to induce mild skin barrier disruption until a trans-epidermal
water loss (AquaFlux, Biox Systems) value of 20g/m?*h was reached. After
tape stripping, a standard daily dose of 5 mg IMQ (100 mg Aldara® 5%)was
applied under occlusion using a 12mm Finn chamber (Bipharma, Almere,
the Netherlands), which was renewed once every 24h. In this article, we
define “short exposure” as the application of iMQ for 48h-72h, and “long
exposure” as IMQ application in the duration of 120h-168h.

SKIN ASSESSMENTS @ To evaluate the inflammatory skin response,
subjects underwent sequential assessments prior to IMQ challenge (oh)
and at 48h, 72h, 120h and 168h post iIMQ challenge, as well as during follow
up (14 days after first IMQ application). One treatment site was selected
to evaluate endpoints of non-invasive procedures only, throughout the
duration of the study (Figure 1). Erythema was assessed by a physician
using a 4-point scale ranging from o (absent) to 3 (severe). Additionally,
erythema and skin perfusion were assessed by means of multispectral
imaging analysis (Antera 3D, Miravex, Ireland) and laser speckle contrast
imaging (LscI, PeriCam PsI System, Perimed Jéfdlla, Sweden), respectively.
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All skin assessments were performed under standardized conditions with
aroom temperature between 20-24 degrees Celsius (°C).

At specified time intervals (Figure 1), 4-millimetre biopsy samples were
obtained from the IMQ-treated regions as well as from the untreated
region, resulting in a total of 5 biopsies per volunteer. One part of the
biopsy was fixed in 4% formaldehyde at 4°C for 24-48h and subsequent-
ly transferred to 70% ethanol at room temperature. The other part was
rapidly frozen in gelatine capsules containing Tissue Tek OCT medium
(Sakura Finetek Usa, Inc., Torrance, UsA) and stored in liquid nitrogen
until immunohistochemistry (1HC) staining at the pathology Laboratory
of Erasmus Medical Centre, Rotterdam, the Netherlands.

IHC AND DIRECT IMMUNOFLUORESCENCE (DIF) @ IHC staining
was performed for the following targets: cp11c (Clone EP157, Bio SB), cD14
(Clone EPR3653, Ventana), cD20 (Clone L26, Ventana), cD1a (Clone EP3622,
Cell Marque), cp3 (Clone 2GV6, Ventana), cD4 (Clone SP35, Ventana), CD8
(Clone C8/144B, DAKO), HLA-DR (Clone CR3142, Ventana), MPO (Polyclonal,
Ventana), and NF-kB (Clone d14e12, Cell Signaling). Biopsies were scored
by a clinical pathologist using a 6-point nominal scale: negative (0), min-
imal (1), few (2), moderate (3), many (4), excessive (5). DIF was applied for
complement C3c (rabbit polyclonal, DAKO, Glostrup, Denmark) and C4d
(rabbit polyclonal, Biomedica, Wien, Austria). DIF intensity was scored by a
clinical pathologist on a nominal scale of 0-3: none (0), weak (1), moderate
(2) and strong (3). 1 RNA isolation, sequencing, and data preprocessing 1
The remaining snap frozen tissue was lysed using RLT lysis buffer with g-
mercaptoethanol and extracted using the RNeasy micro plus kit (Qiagen,
catno.74034). The extracted RNA concentration was assessed using the
Molecular Probes Quant iT RNA HS Assay Kit (ThermoFisher Scientific,
cat no. Q32852). A set of 45 samples yielded sufficient amounts of RNA for
sequencing at Genomescan BV, Leiden. RNA libraries were constructed
using the NEBNext Ultra 11 Directional RNA Library Prep Kit from Illumina
(New England BioLabs, Ipswich, MA, USA, cat. no. E7760S/L). Samples were
prepared using the NEBNext® Poly(A) mRNA Magnetic Isolation Module.
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MRNA was isolated using oligo-dT magnetic beads, followed by RNA
fragmentation, cDNA synthesis, adapter ligation and PCr amplification
of the cDNA library. Bulk RNA sequencing was performed to obtain 40
million reads per sample using the Illumina NovaSeq 6000, yielding 150
bp paired end reads. Raw sequencing reads were processed as follows:
adapter trimming and filtering of low-quality bases using fastpvo.23.2,
alignment to GRCh38.p13 human reference using STAR2 v2.7.10 and gene
level raw count quantification using HTSeq version 2.0.2.

RNA SEQUENCING DATA ANALYSES @ Data visualization and sta-
tistical analyses of the RNA sequencing data were performed using R
statistical software (v4.3.1).° An overview of samples and associated in-
formation is provided in Supplemental Table S1.t-distributed Stochastic
Neighbour Embedding (t-SNE) was used as an unsupervised dimension-
ality reduction approach to visualize the intrinsic structure of the dataset.
The algorithm was applied to DESeq2 variance-stabilized (vst) counts of
2000 most variably expressed genes using the Rtsne package (v0.16).1012
Based on transcriptomic profiles, a set of 15 IMQ-treated samples co-clus-
tering with the untreated samples were designated as putative (partial
or) non-responders. The molecular response to IMQ was investigated in
the transcriptomes of responders, using differential gene expression
and subsequent pathway analyses. Differential gene expression analysis
was performed using the DEseq2 package (v1.40.2) with subsequent LFC
shrinkage using the ‘apeglm’ estimator.!** Gene set enrichment analysis
(GseA) was performed on a curated subset of the Molecular Signatures
Database (MSigDB) v2023.2.Hs using the clusterProfiler package
(v4.8.2).58 Databases referenced included: hallmark gene sets, oncogenic
signatures Gene Ontology, 3CA, miRNA and transcription factor targets,
curated gene sets from Wikipathways, PID, Reactome, Biocarta and KEGG/
KEGG Medicus. For the MSigDB hallmark gene set collection,® pathway
activity was additionally assessed at the single-sample level using Gene
Set Variation Analysis (GsvA) applied with the GSVA package (v1.48.3).2°
Hierarchically clustered gene expression heatmaps were generated using
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the pheatmap package (v1.0.12).2° Plots linking core enrichment genes
and enriched pathways were drawn using the cnetplot function of the
enrichplot package (v1.20.3).2' Gene expression boxplots were produced
using the DESeqz2 plotCounts function and further modified with ggplot2
(v3.5.0). CIBERSORTx?? was used to quantify the abundances of 22 immune
cell type populations across all samples in the RNA sequencing dataset.
The LM22 signature matrix was used as the reference profile and B-mode
batch correction was applied. The Skillings-Mack test was used to assess
the differences in absolute scores for each cell type across five sample
groups (untreated, IMQ48h, IMQ72h, IMQ120h, IMQ168). The Conover’s
all-pairs test was applied with the PMCMRplus package (v1.9.10) as the
post hoc test using data from subjects with complete observations. Unless
otherwise specified, the statistical significance threshold across all anal-
yseswas set at 0.05 and a Benjamini-Hochberg correction was applied to
account for multiple testing.

COMPLEMENT ANALYSIS IN BLOOD SAMPLES = Blood was collected
in a 4 mL Clot activation Tube (CAT) and plasma in a 4 mL K2EDTA collec-
tion tube. Concentrations of the complement components C3, C3d, C3d/
C3ratio and the soluble membrane attack complex C5B-9 were measured
in plasma at the laboratory of the Department of Nephrology, University
Medical Centre Groningen as described earlier.??

STATISTICS = All repeatedly measured pharmacodynamic (D) end-
points were summarised (n, mean, standard deviation (sD)) by area and
time. Repeatedly measured continuous PD endpoints were analysed using
a mixed model analysis of covariance (ANcova) with area (48h 1MQ, 72h
IMQ, 120h IMQ, 168h IMQ and untreated), hours (oh, 48h,72h,120h and
168h) and area by hours as the fixed factors and subject as the random
factor and the covariate baseline measurement (when applicable). A
summary table of the analysis results per variable was generated with es-
timates of the differences between the contrasts and a back transformed
estimate of the differences in percentage for log transformed parameters,
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95% confidence intervals (in percentages for log-transformed param-
eters) and Least Square Means (geometric means for log transformed
parameters) with corresponding p-values.

RESULTS

STUDY POPULATION AND ADVERSE EVENTS = Ten healthy volun-
teers were enrolled, 7 of whom were female and 3 were male. General
subject characteristics are provided in Supplemental Table S2. All subjects
had Fitzpatrick skin type 1-111 and a mean age of 25.6 (SD + 6.7) years. The
most frequently reported adverse event was application site pruritus,
which was generally transient and disappeared spontaneously after IMQ
application was stopped. No serious adverse events were reported.

IMQ TREATMENT DRIVES ERYTHEMA AND SKIN PERFUSION, BUT
LONG EXPOSURE DOES NOT ENHANCE THESE RESPONSES =
A visual representation of all imaging and biophysical assessments is
provided in Figure 2A. IMQ application under occlusion for 168h led to
a significant increase in erythema (estimated difference (ED): 7.69, 95%
CI[5.51,9.86], p<0.0001) and blood perfusion (ED: 25.1%, 95% confidence
interval (CI)[13.5%, 37.9%], p<0.0001) compared to untreated (Figure
2A-c). Comparison of the response after 168h of IMQ versus oh revealed
a similar significant difference for erythema (11.48, 95% CI[6.75, 16.21],
p<0.0001) and for perfusion (ED: 41.6%, 95% CI[14.2%, 75.6%], p<0.0018).
The erythema and perfusion response peaked at 48h with subsequent
decline over time. No significant differences in erythema (ED: 1.07, 95%
CI[-3.67,5.80], p=0.6567) or perfusion (estimated difference: -12.8%, 95%
CI[-29.7%, 8.1%], p=0.2093) were observed upon long IMQ exposure (168h)
compared to short exposure (48h; Figure 2B-C).

IMQ TRIGGERS AN INFLAMMATORY RESPONSE AT THE TRANSCRIP-

TOMIC LEVEL = Analysis of the RNA sequencing dataset using t-SNE
revealed three major clusters predominantly enriched in samples from
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the untreated group, short exposure time points (48h-72h) and long
exposure time points (120h-168h) (Figure 34). Based on transcriptomic
profiles, we grouped samples from the short exposure time points
(48h-72h) and samples from the long exposure time points (120h-168h)
for downstream analysis. The short exposure group (48h-72h) was
compared to the long exposure group (120h-168h), and both groups
were also compared to the untreated group. Pathway activity for
Hallmarks gene sets demonstrated that iIMQ application leads to an
activation of the following inflammatory pathways: TNF signalling via
NF-kB, IFN-a and IFN-y responses, and complement pathways, which
were most prominently activated after long exposure to IMQ (Figure 3B,
Supplemental Figure S3).

IMQ EXPOSURE INDUCES TLR7 SIGNALLING AND ACTIVATION OF
TNF SIGNALLING VIA NF-kB = We further investigated the biological
processes involved in the different stages of exposure to IMQ using GSEA
(Figure 3c). Short 1MQ exposure led to activation of TLR signalling path-
ways, interferon-driven responses and TNF signalling via NF-kB (Figure
3c). Upon longer IMQ exposure, activation of TLR-induced IRF7 signalling
was revealed and TNF signalling via NF-kB became more prominent
(Figure 3c). Additionally, downstream effects representative of the TLR
pathway including induction of type I and type 11 interferons leading to
the activation of the JAK-STAT pathway were identified after long expo-
sure (Figure 3¢). When comparing long to short IMQ exposure, a positive
enrichment of gene sets relating to IFN-a and -y was found, as well as
additional activated pathways including 1L-2 signalling (Figure 3¢). A net-
work plot was generated displaying the linkages between the biological
pathways involved in the IMQ response (Figure 44). We next focused on
a selection of relevant differentially expressed genes (DEGs) involved in
TLR-induced IRF7 signalling, NF-KB signalling and complement activation
pathways (Figure 4B; full pathways shown in Supplemental Figure 4). For
IRF signalling, a time-dependent increase was found in the expression of
transcripts encoding for IRF7, Mx-1 and CXCL10 in IMQ-treated samples
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compared to untreated samples (Figure 4B). RNA sequencing-based
NF-KB responses were confirmed by immunohistochemical staining of
skin punch biopsies: NF-kB (total) staining was elevated between 120h and
168h post IMQ application, compared to baseline (Supplemental Figure
S5c). Downstream of NF-kB, we found a similar increase in expression
for 1L-6 and ccL2 (Figure 4B). CXCL8 expression was upregulated after
1MQ application, but the difference in expression was not significant be-
tween long and short exposure. An overview of expression for markers
corresponding to the 1HC staining is available in Supplemental Figure S6.

IMQ-DRIVEN EXPRESSION OF COMPLEMENT GENES « Transcriptomic
analysis at the pathway level showed a positive enrichment of gene sets
related to the complement cascade, with stronger enrichment upon
prolonged exposure (Figure 3¢). Complement genes elevated in expres-
sion by 1MQ application included C1QA, C3 and CFB (Figure 4B). Results
for the transcripts encoding for complement proteins downstream of
C3 were inconsistent, with mixed expression levels between samples
(Supplemental Figure S4B).1HC staining for complement revealed traces
of dermal C4d at baseline, but no deposition of C3c or C4d after 168h of
exposure to IMQ. Complement proteins showed no systemic elevation
of C3, C3d, C3d/C3 or C5B-9 in plasma after 168h of IMQ-exposure (not
shown).

INCREASED CELLULAR INFILTRATION AFTER LONG IMQ EXPOSURE @

Histologically, the general inflammation pattern after IMQ exposure was a
lymphohistiocytic perivascular dermatitis with an increasing degree and
deeper extension of inflammation over time (Figure 54). In 9/10 individu-
als the infiltrate showed peri-adnexal (peri-follicular and/or peri-eccrine)
involvement and epidermal interface dermatitis (6/10). A rise in general
cell infiltration accompanied by a mild increase in acanthosis as well as
lymphocytic exocytosis (Supplemental Figure S5A,B) was evident upon
prolonged 1MQ exposure (Figure 5B). Immunohistochemical staining
showed infiltration of monocytes, DCs and macrophages (Figure 5B) but
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no presence of neutrophils (Supplemental Figure S5E). The cells were
present after 48h-72h, with infiltration more elevated after 120h-168h
post IMQ application. This pattern was mirrored by the T cell response,
which showed a rise in T helper cells and cytotoxic T cells until 168h.
(Figure 5B). A minimal number of Langerhans cells and B cells was pres-
ent (Supplemental Figure S5D,F).

The cIBERSORTX algorithm identified a total of 19 out of 22 immmune
cell subpopulations (Figure 6). IMQ application generally led to increased
absolute scores of several immune cell types compared to the untreated
samples. A globally significant difference (using Skillings-Mack test) be-
tween groups is observed, among others, for resting N cells (p=0.0292),
naive B cells, (p=0.0051,), M1 Macrophages (p=0.0003), M2 macrophages
(p=0.0403), activated DCs (p=0.001,), resting cp4* memory T cells
(p=0.0003) and activated cp4* memory T cells (p=0.0241), and cD8* T
cells (p=0.0463) depicted in Supplemental Figure s7. Of these, naive B cells,
M1 macrophages, resting NK cells and both resting and activated cp4*
memory T cells showed significant increase in abundance at 168h vs. 72h
after IMQ exposure in the post-hoc analysis. Additionally, a statistically
significant reduced abundance was observed in both resting and activated
DCsat 168h vs. 72h. M2 macrophages and cD8* T cells did not show statis-
tically significant changes at individual timepoints. Remarkably, overall
low abundance of neutrophils was observed (Supplemental Figure S7).

DISCUSSION

This study is the first to elucidate the acute effects of long-term 1MQ
exposure using a multimodal approach in healthy volunteers. We have
shown that compared to short exposure, long exposure to IMQ results in
a stronger immunological response as evidenced by additional enriched
pathways such as TLR-induced IRF7 signalling, more prominent TNF sig-
nalling via NF-kB along with downstream effects such as induction of type
I and type 11 interferons leading to activation of the JAK-STAT pathway.
Furthermore, increased complement gene expression was identified
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upon long exposure to IMQ.” 22 Although imaging and biophysical mea-
surements showed no significantly enhanced response after long IMQ
application compared to short exposure, a strong cellular infiltration
boost was observed. At the transcriptomic level, this was demonstrated
by an increased abundance of M1 macrophages, resting

NK cells, and resting and activated cD4* memory T cells. While a statis-
tically significant increase was observed in M2 macrophages and cD8* T
cells following 1MQ application, no difference was observed between long
and short exposure. The increased abundance of naive B cells and the
appearance of T cells is indicative of both innate and adaptive immune
responses involvement. The transcriptomic profile partially aligns with
the 1HC-based cellular infiltration of macrophages, NK cells and cp4* T
cells, demonstrating clear time-dependent effects with increased infiltra-
tion after long IMQ exposure. Additionally, IMQ increased the expression
of type 11 interferon-related genes, which aligns with the 1HC observation
of cp8* cell influx. These cellular findings are consistent with classical
TLR signalling. Activation of TLRs is also known to trigger MyD88, IRAK1
and IRAK4, leading to IRF7 and NF-KB signalling, which is in line with our
findings. These pathways result in upregulation of transcription factors
for several cytokines including type I interferons, TNF, IL-2, IL-6, IL-8,
IL-12, IFN-a and chemokines such as macrophage inflammatory protein
(MIP)-1a, MIP-1p and monocyte chemotactic protein-1.2*

Another challenge agent that we use to effectively induce an in vivo
TLR response in men is lipopolysaccharide (LPs).?>?8 Intradermal injec-
tion of LPs triggers an acute inflammatory response via TLR4, leading to
increased innate immune cell populations including neutrophils, mono-
cytes and dendritic cells. Furthermore, LPS elicits an adaptive immune
response, as evidenced by the presence of B and T cells. Elevated levels of
IL-6, IL-8, IL-1f and TNF following LPS injection indicate NF-KB involve-
ment. The current study showed moderate activation of NF-kB signalling
after long 1MQ application, supported by upregulated expression of NF-
KB1, NF-KB2, IL-6, CXCL8, CCL2, IL-17C and IL-23A at the transcriptomic
level. This contradicts previous studies, as no significant 1L-6 and 1L-8
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responses were observed 72 hours after IMQ application, suggesting only
mild NF-kB involvement. However, the release of Mx-A (a downstream
marker indicative of IFN-« activation through 1rRF7) was evident.”® Qur
current data reinforces this finding, as it suggests both MY-D88 transcript
expression and downstream IRF7 and Mx-1 activation, which increases
upon prolonged 1MQ application. The activation of interferons leads to
the engagement of their respective receptors, which in turn triggers
the JAK-STAT pathway culminating in the release of proinflammatory
cytokines.?3° The JAK-STAT pathway was more enriched, with chemo-
kines such as cxcL9, cxcL10 and cxcLi1 significantly overexpressed
after prolonged 1MQ exposure. Recently, Chen et al. provided an over-
view of studies examining DNA and RNA specific profiles in cutaneous
lupus erythematosus (CLE) patients, which indicates an upregulation of
innate immune response functions including JAK-STAT signalling, TLR
signalling, and pattern recognition receptors. Furthermore, there was
a notable increase in the expression of type 1 interferons, along with an
upregulated expression of chemokines cxcL9, CXCL10, and CXCL11, which
are recognized as characteristic indicators for cLE.334 Although a direct
comparison of our data with the existing RNA datasets of CLE patients
was not conducted, analysis of pathway activity and overexpressed genes
detected upon prolonged iMQ application allows us to conclude that our
current model aligns more closely with CLE characteristics than with pso-
riasiform lesions.” In addition, the histopathological changes of a vacuolar
interface dermatitis with adnexal involvement were also reminiscent
of CLE. These observations differ from the prevalent use of the model
in preclinical studies, where the murine IMQ model is typically used to
investigate psoriasis-like conditions.>®

In contrast to our cellular observations, imaging and biophysical
measurements showed no significantly enhanced response after long
1MQ application compared to short exposure. This may be because Aldara
(besides its role as a TLR7 agonist) may also act as an exogenous mediator
by enhancing transient receptor potential vanilloid 1 channel activity on
the primary afferent sensory neuron.®® Activation of this channel leads
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to the release of bioactive substances such as nitric oxide (N0). NO can
then interact with target cells in the surrounding tissue, including vas-
cular smooth muscle cells. The interaction of NO with smooth muscle
cells leads to vasodilation, resulting in increased blood perfusion and
erythemal(6, 35]. Our observations suggest that the vascular response is
independent of the inflammatory process. The role of bioactive, vasodi-
lating substances in the iIMQ-induced erythema and perfusion response
remains to be further elucidated.

Our second objective was to explore the translational value of the IMQ
model. In contrast to the mouse data, IHC staining did not show involve-
ment of complement in the human 1MQ response. We hypothesize that
this may be due to the difference in severity of the hit, as in mice, the
entire surface area of the back is challenged, whereas in humans iMQ is
applied to a much smaller relative surface area. Therefore, it is currently
unknown whether the observed differences are a result of the magnitude
of TLR activation or can be contributed to species differences.*? However,
at the transcriptome level, classical, and alternative pathway genes were
enriched, particularly after prolonged exposure to IMQ, suggesting com-
plement involvement in the human IMQ response. It is unclear how these
sequencing results translate to the protein level, or if the transient nature
of complement explains the lack of IMQ-driven complement responses
in1HC analysis. The same holds true for the observed lack of neutrophils
and cxcL8 expression, which emphasizes that the role of neutrophils in
the human 1MQ response needs to be elucidated further.® The observed
differences between preclinical animal models and the human response
may partially be explained by species differences in TLR7 expression.*’
For instance, Bhagchandani et al. described that the expression of TLR7
on neutrophils is higher in mouse than in men.3”* Moreover, expression
patterns of TLR7 within a given cell type may differ across tissues and
across activation status of the cell,*® further complicating the transla-
tional interpretation both across and within species. These findings
highlight the complementary value of human challenge models in the de-
velopment of immune-targeting compound development. In conclusion,
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our study provides a comprehensive characterization of the cutaneous
response to both short and prolonged iMQ exposure in healthy volunteers
by using a multimodal approach. We have demonstrated that prolonging
the IMQ exposure has added value by enhancing cellular responses and
increasing abundance of specificimmune cell types along with stronger
activation of a diverse set of pathways, particularly those driven by IRF and
related to complement. We also argue that prolonged 1MQ application
resultsin a CLE-like cutaneous inflammation, both at the transcriptomic
level and from a histopathological perspective. Our results suggest that
biophysical and vascular responses are not exclusively driven by cuta-
neous inflammation. The described discrepancies between preclinical
and clinical results, most notably the neutrophil response, illustrate the
complementary value of human challenge models in the development of
compounds targeting the immune system. This in vivo immune challenge
model is of value for future early clinical evaluation of topically or sys-
temically applied anti-inflammatory or immunomodulatory compounds,
particularly compounds targeting IRF and JAK-STAT signalling.
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Figure1 Overview of the study design. IMQ was topically applied to five treatment sites on
the back of healthy participants for a maximum of seven consecutive days (168h). At specified
time intervals (48h, 72h, 120h and 168h), 4-millimetre biopsy samples were obtained from
the IMQ-treated regions as well as from the untreated region, resulting in a total of 5 biopsies
per volunteer. Endpoints included non-invasive imaging, immunohistochemical staining
and RNA sequencing of biopsy material.
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Figure2 Clinical impression and quantification of inflammatory skin response by multi-
spectral imaging and LscI. A) Overview of 2D imaging, LscCI and multispectral imaging. B)
Erythema measured by multispectral camera, illustrated as CFB (n=10 for 0-168h, n=9
for follow up, imaging data of 1 subject were missing at follow up (D14) as D14 visit took
place outside of the allowed time window). No difference observed between short (48h)
and long (168h) IMQ exposure, estimated difference: 1.07, 95% ci1 [-3.67, 5.80], p=0.6567. C)
Skin perfusion by Lscr, illustrated as CFB (n=10 for 0-168h, n=9 for follow up). No difference
observed between short (48h) and long (168h) IMQ exposure, estimated difference: -12.8%,
95% CI [-29.7%, 8.1%], p= 0.2093.
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speckle contrast imaging, LSMEANS = Least Squares Mean.
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Figure3 Transcriptomic profiling of imiquimod response in tissue biopsies. A) T-SNE plot
visualizing the clusters present in the full dataset (n=45, top) and a reduced subset of the
dataset (n=30) excluding the treated samples which showed similarity to the untreated group
(putative non-responders based on transcriptomic profiles). Top figure represents the full
dataset (n=45), while the bottom plot excludes the samples (n=15) that show similarity to
untreated group based on their transcriptomic profiles. B) Heatmap of GSVA single-sample
pathway enrichment scores on 11 representative MSIGDB Hallmark gene sets (n=30). IMQ
application leads to activation of pathways involved in inflammatory and immune responses,
including TNF signalling via NF-kB, IFN-a and IFN-y responses, and complement pathways.
c) Barplots displaying GSEA normalized enrichment scores of 35 representative pathways
upregulated upon 1MQ exposure for the following comparisons: short exposure versus
untreated (left), long exposure versus short exposure (middle) and long exposure versus
untreated (right), based on the selected dataset (n=30).
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kappa-light-chain-enhancer of activated B cells, TNF= tumour necrosis factor, T-SNE= t-distributed
Stochastic Neighbour Embedding.
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Figure6 Overview of immune cell type infiltration based on CIBERSORTX. Stacked barplot
displaying the absolute scores for 19 cell types detected by CIBERSORTx across all samples
(n=45). An asterisk (*) refers to putative molecular non-responders based on transcriptomic
profile similarity to untreated samples.

T cells gamma delta, Mast cells activated, Eosinophils — not shown

abs_score

cell_type
B 8 cels memory Macrophages MO [ neutrophils B 7 celis CD4 memory resting
B 5 ceis naive [ Macrophages w1 [ 1k celis activated B 7 ceis co4naive
Dendritic cells activated B wacrophages m2 HK cells resting B Tceiscoe
I Denditic cells resting I Mast cels resting . Plasma cells I 7 celis folicutar hefper
Macrophages MO Monocytes T cells CD4 memory activate T cells regulatory (Tregs)

Abbreviations: IMQ=imiquimod, NK=natural killer.
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SUPPLEMENTAL MATERIAL

Table S1 Overview of samples analysed using RNA sequencing.

Sample ID Sample Subject  Timepoint Group Responder
number (molecular)
105669-001-004 S6_Untreated 6 Untreated Untreated
105669-001-009 S1_Untreated 1 Untreated Untreated
105669-001-014 S2_Untreated 2 Untreated Untreated
105669-001-019 S3_Untreated 3 Untreated Untreated
105669-001-024 S4_Untreated 4 Untreated Untreated
105669-001-029 S5_Untreated 5 Untreated Untreated
105669-001-034 S7_Untreated 7 Untreated Untreated
105669-001-049  S10_Untreated 10 Untreated Untreated
105669-001-001 S6_1MQ48h* 6 IMQ48h Short exposure no
(48h +72h)
105669-001-006 S1_1MQ48h* 1 IMQ48h Short exposure no
(48h +72h)
105669-001-011 S2_1MQ48h 2 IMQ48h Short exposure yes
(48h +72h)
105669-001-016 S3_1MQ48h 3 MQ48h Short exposure yes
(48h +72h)
105669-001-021 S4_1MQ48h 4 IMQ48h Short exposure yes
(48h +72h)
105669-001-026 S5_I1MQ48h 5 IMQ48h Short exposure yes
(48h +72h)
105669-001-031 S7_1MQ48h 7 IMQ48h Short exposure yes
(48h +72h)
105669-001-036 S8_1MQ48h 8 MQ48h Short exposure yes
(48h +72h)
105669-001-041 S9_1MQ48h 9 IMQ48h Short exposure yes
(48h +72h)
105669-001-046  S10_IMQ48h* 10 IMQ48h Short exposure no
(48h +72h)
105669-001-002 S6_1MQ72h* 6 MQ72h Short exposure no
(48h +72h)
105669-001-007 S1_1MQ72h* 1 1MQ72h Short exposure no
(48h +72h)
105669-001-017 S3_1MQ72h* 3 MQ72h Short exposure no
(48h +72h)
105669-001-020 S2_1MQ72h* 2 MQ72h Short exposure no
(48h +72h)
105669-001-022 S4_1MQ72h* 4 MQ72h Short exposure no
(48h +72h)
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(Continuation Table S1) TableS2 Overview of subject demographics.
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Sample ID Sample Subject Timepoint Group Responder All subjects
number (molecular) AGE (YEARS)
105669-001-027 S5_IMQ72h 5 IMQ72h Short exposure yes N 10
(48h +72h) Mean (sD) 25.6(6.7)
105669-001-032 S7_1MQ72h 7 1MQ72h Short exposure yes Median o
(48h +72h)
Min, M 1 7
105669-001-037 S8_1MQ72h 8 IMQ72h Short exposure yes 1, Tax 8,3
(a8h +72h) HEIGHT (CM)
105669-001-047 S10_1MQ72h 10 MQ72h Short exposure yes N 10
(48h +72h) Mean (SD) 176.57 (7.48)
105669-001-003 S6_1MQ120h* 6 IMQ120h Long exposure no Median 176.0
(120h + 168h) Min, Max 164.9,192.0
105669-001-008 S1_1MQ120h 1 IMQ120h Long exposure yes WEIGHT (KG)
(120h +168h) N 10
105669-001-013 S2_1MQ120h 2 IMQ120h L((ngﬁ%ssﬁe no Mean (sp) 77.290 (13.677)
105669-001-018 S3_IMQ120h* 3 IMQ120h Long exposure no Median 77.68
(120h +168h) Min, Max 57.40,95.50
105669-001-023 S4_IMQ120h 4 IMQ120h Long exposure yes BMI (KG/M?)
(120h +168h) N 10
105669-001-028 S5_IMQ120h 5 IMQ120h Long exposure yes Mean (SD) 24.68(3.33)
(120h +168h) Median 24.7
105669-001-033 S7_IMQ120h* 7 IMQ120h Long exposure no Min, Max 20.1,30.0
(120h +168h) sEx
05669-001-0 S9_1MQ120h 1MQ120h L
105660-001-043  59.1ea1 9 @ ongeosure - yes Female 770.0%)
0,
105669-001-048 S10_IMQ120h 10 IMQ120h Long exposure yes Male 3(30.0%)
(120h +168h)
105669-001-005 S6_1MQ168h* 6 IMQ168h Long exposure no
(120h +168h)
105669-001-010 S1_IMQ168h 1 IMQ168h Long exposure yes
(120h +168h)
105669-001-012 S3_1MQ168h* 3 IMQ168h Long exposure no
(120h +168h)
105669-001-015 S2_1MQ168h 2 IMQ168h Long exposure yes
(120h +168h)
105669-001-025 S4_1MQ168h 4 IMQ168h Long exposure yes
(120h +168h)
105669-001-030 S5_IMQ168h 5 IMQ168h Long exposure yes
(120h +168h)
105669-001-035 S7_1MQ168h* 7 IMQ168h Long exposure no
(120h +168h)
105669-001-040 S8_1MQ168h 8 IMQ168h Long exposure yes
(120h +168h)
105669-001-045 S9_1MQ168h 9 IMQ168h Long exposure yes
(120h +168h)
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Figure S1 Heatmap of GSVA single-sample pathway enrichment scores on 11 representative
MsIGDB Hallmark gene sets, scaled by row and shown across the full data set (n=45 samples).
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Figure S2 Key pathways involved in the 1MQ response. Gene expression for members of
the A) TLR7/9 signalling pathway (REGG Medicus), B) complement activation pathway (wp;
WikiPathways), c) a subset of the TNF signalling via NF-KB pathway (Hallmark gene sets);
scaled by row across the full dataset (n=45 samples).
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Figure S3  Staining of biopsies for A) acanthosis, B) lymphocytic exocytosis, C) NF-KB, D)
B cells, E) neutrophils, F) Langerhans cells.
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Figure S4 Expression of transcripts corresponding to the markers used for 1HC scaled by
row and shown across the full data set (n=45 samples).
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Figure S5 Overview of cell types profiled using CIBERSORTX per time point. Boxplots
depicting absolute scores for 11 cell types with statistically significant changes across time
points (Skillings-Mack test). The Conover's all-pairs test with FDR correction was applied as
the post hoc test using data from subjects with complete observations. Three subjects were
excluded from the analysis due to incomplete observations.
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ABSTRACT

Omiganan (omiganan, a synthetic cationic peptide) and imiquimod
(imiquimod, a TLR7 agonist) have synergistic effects on interferon
responses in vitro. The objective of this study was to translate this to a
human model for proof-of-concept, and to explore the potential of omi-
ganan add-on treatment for viral skin diseases. Sixteen (16) healthy
volunteers received topical imiquimod, omiganan or a combination
of both for up to 4 days on tape stripped skin. Skin inflammation was
quantified by laser speckle contrast imaging and 2D photography, and
molecular and cellular responses were analyzed in biopsies. Imiquimod
treatment induced an inflammatory response of the skin. Co-treatment
with omiganan enhanced this inflammatory response to imiquimod, with
increases in perfusion (+17.1%, 95% CI 5.6-30%, P<0.01) and erythema
(+1.5,95% CI1 0.25-2.83, P=0.02). IRF- and NFkB-driven responses following
TLR7 stimulation were enhanced by omiganan (increases in IL-6, IL-10,
Mx-A, and IFNy), and more immune cell infiltration was observed (in par-
ticular cp4*, cp8* and cp14* cells). These findings are in line with the
earlier mechanistic in vitro data, and support evaluation of imiquimod/
omiganan combination therapy in HPvV-induced skin diseases.
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INTRODUCTION

Cathelicidins are a family of antimicrobial (cationic) peptides that play
an important role in the first line immune defence of the skin, related
to their broad antimicrobial activity against bacteria, viruses and fungi.
LL-37 is the only human member of the cathelicidin family.! Besides its
antimicrobial effects, this peptide also has direct immunomodulatory
activity. LL-37 affects the response of neutrophils to viruses, and modu-
lates interferon (IFN) responses induced by viral triggers.? LL-37 converts
self-RNA into a ligand for Toll Like Receptor (TLR) 7 and TLR8 in human
dendritic cells, thereby enhancing 1FNa production in human skin 2

Omiganan is a synthetic indolicidin (a cathelicidin isolated from bo-
vine neutrophils), currently under development as topical gel for several
clinical indications. Omiganan is known to have activity against a wide
variety of microorganisms such as gram-positive and gram-negative
bacteria and fungi.#®* Moreover, omiganan enhances IFN responses in-
duced by TLR3 (POLY:IC), TLR7 (imiquimod), TLR8 (sSRNA) and TLR9 (CPG) in
human immune cells, comparable but not similar to the effects observed
for LL-37 (unpublished data, Grievink et al.). These observations support
the future application of omiganan as co-treatment with endosomal TLR
ligands for viral skin disease in humans.

Imiquimod is the only registered endosomal TLR ligand, as Aldara®
topical cream. The mechanism of action of imiquimod is based on
TLR7-dependent MYD88-signalling.®” This results in two responses:
a tumoricidal effect by the release of several pro-inflammatory cyto-
kines (e.g. TNF-a, IL-6 and IL-8, via NFKp) and an anti-viral response by
the induction of IFNa and IFN-inducible genes (e.g. Mx1 and Mx-A, via
IRF7).2 Based on these mechanisms imiquimod is widely used in clinical
practice for human papilloma virus (Hpv)-induced anogenital warts and
high grade squamous intraepithelial lesions of the vulva (vulvar HSIL),
actinic keratosis (AK), and basal cell carcinoma (Bcc).? In most of these
conditions, drug efficacy is suboptimal, and lesions may reoccur after
treatment discontinuation.’® Therefore, a treatment enhancing the

CHAPTER VI - OMIGANAN ENHANCES IMIQUIMOD-INDUCED INFLAMMATORY RESPONSES IN SKIN OF HEALTHY VOLUNTEERS

125



126

efficacy of imiquimod in these dermatological conditions would be of
great benefit. Based on its observed preclinical activity, omiganan may
be a good candidate for combination treatment with imiquimod.

We recently developed an in vivo challenge model with transient local
skin inflammation, induced by 48h imiquimod (Aldara® cream) applica-
tion under occlusion by a 122mm Finn Chamber to tape stripped skin.* This
model was used in the current study to explore the potential of combined
imiquimod and omiganan treatment as novel therapeutic modality for
HPV-induced skin diseases, e.g. genital warts and vulvar HSIL. Omiganan
was applied topically to imiquimod-primed skin, and the clinical, bio-
physical, cellular and molecular responses to this combined treatment
were investigated.

METHODS

STUDY DESIGN AND SUBJECTS @ Thiswas arandomized, open-label,
evaluator-blinded, vehicle controlled, parallel-cohort, dose ranging study.
The study was conducted from February 2017 to March 2017 at the Centre
for Human Drug Research, Leiden, the Netherlands, and was approved
by the independent Medical Ethics Committee ‘Medisch Ethische
Toetsingscommissie van de Stichting Beoordeling Ethiek Biomedisch
Onderzoek’ (Assen, the Netherlands). The study was conducted according
to the Dutch Act on Medical Research involving Human Subjects (WMO).
Before study procedures started, all subjects gave informed consent.
Sixteen (16) healthy male and female Caucasian (Fitzpatrick skin type
1-11) volunteers, aged 18 to 45 years, were included. Subjects with a (family)
history of psoriasis or any disease associated with immune system
impairment were excluded.

TREATMENTS AND RANDOMIZATION s To explore the effect of
omiganan and the combination of omiganan and imiquimod on tape
stripped skin, treatment combinations were applied and randomized
over different treatment sites on the back (Table 1). All 4 treatment
combinations were explored in each study participant. A standard daily
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dosage containing either 100 mg Aldara® 5% (5 mg imiquimod, IMQ), 100
mg omiganan 1% (1 mg omiganan, OMN), 100 mg omiganan 2.5%, 100 mg
omiganan vehicle (veho) or cetomacrogol (which served as imiquimod
vehicle, vehr) was applied under occlusion by a 12 mm Finn chamber
(Smart Practice, Phoenix, U.S.A.). The tape stripping procedure included
20 times stripping with tape (D-Squame, CuDerm, Dallas, Us) to induce
mild barrier disruption.

It should be noted that within the same clinical study, alternative regi-
mens and control conditions were explored, within the same group of 16
volunteers. These additional conditions included the reverse treatment
sequence (first imiquimod, then omiganan) and partial control groups
vehicle/imiquimod or vehicle/omiganan (1% or 2.5%). To increase the
readability of this manuscript, it was decided to not present data related
to these conditions.

SKIN ASSESSMENTS @ The skin was assessed daily for 5 days for signs
of inflammation (erythema and hyper perfusion) by 2D photography
erythema index analysis, visual erythema grading (Clinician Erythema
Assessment (CEA) scale; 0 represents absence of erythema, 4 very severe),
colorimetry (a value; DSM 11 ColorMeter, Cortex Technology, Hadslund,
Denmark), and perfusion by laser speckle contrast imaging (LscI; PeriCam
PSI System, Perimed Jafélla, Sweden). TAP (FibroTx, Estonia) were used
to quantify skin surface biomarkers (IL-8, IFNa, IL-6, IL-10, CCL20 and
HBD-2) by spot-ELISA at pre-dose and after end-of-treatment. Skin swabs
were collected for microbiome analysis.

Three-millimetre punch biopsies were collected pre-dose (after tape
stripping) and at end-of-treatment. For all 16 subjects, a biopsy of the
veho+vehl, IMQ+OMN1% and IMQ+OMN2.5% treated areas was collected.
For only 8 subjects the iMQ+veho treated area was biopsied, to limit the
number of biopsies per subject. Biopsies were snap frozen using liquid
nitrogen and stored at -80°C until analysis at the Immunology Laboratory
of Erasmus Medical Center, Rotterdam, The Netherlands for determina-
tion of IFN«, IFN-y, IL-1p, IL-6, IL-8, HBD-2, Mx1, Mx-A, cCL20 and IL-10
MRNA expression relative to the housekeeping gene ABL by quantitative
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PCR. In addition, all biopsies were haematoxylin and eosin (H&E) stained
to obtain histopathological scores of psoriasis and dermatitis; general
infiltration, parakeratosis, acanthosis, papillomatosis and spongiosis. The
histopathological score for each characteristic was graded based on fold
increase or decrease compared to a reference biopsy of a healthy subject
not participating in the clinical trial (1; equal to the reference biopsy, 2;
2-fold increase compared to the reference biopsy etc.). Furthermore, im-
munohistochemical staining was performed to obtain scoring of markers
cpiic (Clone 5D11, Cell Marque), cD14 (Clone EPR3653, Cell Marque), CD1a
(Clone EP3622, Cell Marque), cb4 (Clone sP35, Ventana), cD8 (Clone SP57,
Ventana) and HLA-DR (CR3/43, Dako).

SAFETY ENDPOINTS = Safety and tolerability were monitored by
tracking adverse events, performing physical examination, measuring
vital signs, 12-lead electrocardiograms, and laboratory tests (i.e.
hematology, chemistry and urinalysis) at multiple time points throughout
the study. IFN«, IFN-p and IFNy were measured in blood samples to detect
a possible systemic effect of the interventions.

STATISTICS = Treatment effects were analysed with a mixed model
analysis of variance with the baseline measurement as covariate. To
determine the differences between the treatments, contrasts were
calculated for all measurements. All calculations were performed using
sAs for windows v9.4 (sAs Institute, Inc., Cary, NC, USA). Evaluation
window for non-invasive measures was 0-96 hours (day 4), whereas
biopsies were collected at 120 hours (day 5).

RESULTS

12 female (75%) and 4 male (25%) Caucasian subjects participated in
the study. All 16 included subjects completed the study according to the
schedule in Table 1. The mean age was 24.6 (SD +5.8 years). Application
site pruritus was the most frequent occurring Adverse Event (AE) in 14/16
subjects (87.5%). This can be related to the tape stripping procedure,
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occlusion procedure or one of the treatments or vehicles. No serious ad-
verse events (SAEs) or discontinuations due to AEs occurred. No systemic
effects of any of the treatment in terms of elevated circulating cytokines
(serum IFNa, IFN-p of IFNy) were observed (data not shown).

Imiquimod treatment resulted in a modest inflammatory response,
observed as enhanced erythema (quantified by 2D photograph, Figure 1
top panel) and perfusion (quantified by laser speckle contrast imaging,
Figure 1 bottom panel). The maximal imiquimod response was reached
after 1-2 days treatment (Figure 2). After 48 hours of imiquimod/vehicle
exposure, the target areas were treated with omiganan (orvehicle) for an
additional 2 days. Omiganan treatment enhanced the imiquimod-driven
increase in skin perfusion and erythema, without an indication of omi-
ganan dose-dependency (Figure 2). Omiganan treatment significantly
enhanced perfusion (profile 0-96h) (Figure 24: imiquimod+vehicle ver-
sus imiquimod+omiganan; +17.1%, 95% CI 5.6-30%, p<0.01 and +15.1%,
95% CI 3.8-27.7%, p<0.01, for 1% and 2.5% omiganan, respectively). For
erythema, a statistically significant omiganan effect was observed (pro-
file 0-96h;for colorimetry, but only at the 1% omiganan dose (Figure 2B:
imiquimod+vehicle versus imiquimod+omiganan +1.5,95% CI 0.25-2.83,
p=0.02 and +0.92, 95% CI 0.37-2.21, p=0.16, for 1% and 2.5% omiganan,
respectively). Omiganan treatment did not significantly alter imiqui-
mod-related increases in erythema index (profile 0-96h; +0.8, 95% CI
-1.62-3.25, p=0.51 and +2.21, 95% CI -0.23-4.64, p=0.08 for 1% and 2.5%
omiganan, respectively). The enhanced inflammatory responses were
observed during the omiganan treatment period (day 3 and 4, 48-96h).
Hereafter, perfusion and erythema returned within one day to levels as
observed for the imiquimod + vehicle treatment within one day (Figure 2,
120h).

In addition to the above non-invasive assessments, skin punch biop-
sies were taken from the target areas. Biopsies were stained for dermal
immune cell infiltration, and independently analyzed by two investigators
blinded to treatment compared to a reference biopsy (healthy unaffected
skin). Imiquimod treatment resulted in an influx of immune cells in the
skin, reflected by an increase in macrophages, HLA-DR cells, myeloid
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dendritic cells, Langerhans cells, and cp4* and cp8* T cells (Figure
34-F, second bars versus first bars). Consistent with the observations for
perfusion and erythema, omiganan treatment enhanced the imiquim-
od-driven inflammatory response as quantified in skin punch biopsies.
When imiquimod-exposed skin was treated with omiganan, this result-
ed in a strong increase of infiltrating immune cells (Figure 34-F, third
and fourth bars versus second bars). There was no indication of a clear
omiganan dose-dependency, although the response to the 1% omiganan
formulation appeared slightly higher.

Subsequently, the effects of imiquimod and omiganan add-on
treatment on local cytokine responses were investigated. As expected,
imiquimod treatment resulted in an NFkp-driven increase in IL-6 and
1L-10 (F igure 44, IL-6 imiquimod/vehicle versus vehicle/vehicle +120.9%,
95% CI 2.6%-375.6%, p=0.04, IL-10 imiquimod/vehicle versus vehicle/
vehicle +132.1%, 95% CI 40.8%-282.8%, p=0.001). In line with this, imiqui-
mod increased the expression of type 1 interferon-driven Mx-A (Figure
4B left panel, imiquimod/vehicle versus vehicle/vehicle +213.3%, 95% CI
50.7%-551%, p=0.002) and IFNy (Figure 4B right panel, imiquimod/vehi-
cle versus vehicle/vehicle +542.4%, 95% CI 132.1%-1678.3%, p<0.001). No
treatment effect was observed for Mx1 expression. Subsequently, omi-
ganan was applied for two days to the target areas. Though omiganan did
not significantly alter any of the imiquimod-driven responses, a higher
level of cytokines was consistently found in the imiquimod/omiganan
treatment group when compared with the imiquimod/vehicle treatment
group (Figure 4A,1L-6 and IL-10: for 1% omiganan +26.3%, 95% CI -41.6%-
173.1%, p=0.55, and +36.1%, 95%CI -17.7%-125.1%, p=0.23, for IL-6 and
IL-10 respectively; Figure 4B: +88.4%, 95% CI -9.4%-291.5%, p=0.09, and
+44.4%, 95%CI -48.1%-302.4%, p=0.48, for Mx-A and IFNy, respectively).
Overall, the response induced by 1% omiganan was more outspoken than
the response to 2.5% omiganan. IL-8 was induced by imiquimod but no
enhancement was seen with omiganan addition (data not shown). No
effects of imiquimod and omiganan add-on treatment were observed
for the skin surface biomarkers by transdermal analysis patch (TAP), or
on skin microbiome (data not shown).
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DISCUSSION

In human peripheral blood mononuclear cells, omiganan enhances
inflammatory responses driven by endosomal TLRs (unpublished data,
Grievink et al.). Omiganan strongly increased type 1 IFN responses when
cells were incubated with ligands for TLR3 (Poly:1c), TLR7 (imiquimod),
TLR8 (SSRNA) or TLR9 (CPG). IRF (interferon regulatory factor) and NFkp
pathways, induced by these endosomal TLRS, drive tumoricidal and an-
tiviral responses. Therefore, enhancement of endosomal TLR signalling
in the skin may be of therapeutic interest for a variety of pathophysio-
logical conditions. To investigate the clinical translation of omiganan’s
enhancement of endosomal TLR signalling, a healthy volunteer study
was designed exploring the effects of imiquimod combined with omi-
ganan add-on treatment. This combination was well tolerated by the
study participants, the main adverse event being mild application site
pruritus which was equal to the imiquimod alone and omiganan alone
treatment groups. The clinical skin response was evaluated with laser
speckle contrast imaging (perfusion) and erythema assessments (col-
orimetry, erythema, and visual grading by the physician). Two days of
imiquimod treatment induced an inflammatory response similar as
previously described, with erythema, increased perfusion and increased
inflammatory cell infiltration on histopathology lasting for at least 5 days.
This effect was enhanced when imiquimod was combined with omiga-
nan treatment. The influx of immune cells coincided with an increased
cytokine response. Imiquimod induces an inflammatory response via
TLR7-driven IRF and NFkp signaling (Guiducci et al, 2009), which plays
a role in a variety of dermal cells (T cells, keratinocytes, macrophages,
Langerhans cells, dendritic cells). In this study, omiganan treatment in-
creased the imiquimod-driven production of 1L-6 and IL-10, reflecting
NFKp activity. Also IRF-driven pathways were enhanced: after application
of omiganan, elevated expression levels Mx-A were observed. Mx-A is a
downstream mediator of interferons; its expression indicates an IFN«
response.’? Moreover, omiganan treatment increased type Il interferon
(1FNy) levels, which is mainly produced by T cells. Importantly, cellular
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and molecular responses were quantified in skin biopsies collected at
day 5 (120 hours), where omiganan (or vehicle) was applied at 0, 24, 48
and 72 hours. It could be contemplated that at earlier (uninvestigated)
time points, the additive effect of omiganan on immune responses was
more outspoken, as observed for laser speckle and 2D photography data
at time points 72 en 96 hours.

Our results relate to experimental conditions where skin of healthy
human volunteers was first primed with imiquimod, and subsequently
treated with omiganan. The reverse sequence was also studied, with
omiganan pretreatment for 2 days followed by 2 days application of
imiquimod. With this treatment sequence, the enhenced effects of omi-
ganan on imiquimod responses were not observed (data not shown). This
isinline with mechanistic in vitro experiments on human pBMcCs, which
suggest that coinciding exposure to omiganan and endosomal TLR ligands
result in the strongest immune response (unpublished data, Grievink et
al). Furthermore, omiganan treatment alone did not induce any clinical,
molecular or cellular immune response (data not shown), which also cor-
roborates with earlier PBMC-based experiments. It is hypothesized that
the immune enhancing effects of omiganan on endosomal TLR signaling
requires a complex formation between the cationic peptide and the TLR
ligand. Such complex formation has been demonstrated earlier, for
example between TLR9 ligand cPG and the bovine host defense peptide
indolicidin, thereby enhancing innate and adaptive immune responses.’®

The potentiating effect of omiganan on imiquimod induced respons-
es, and potentially on the effect of other endosomal TLR ligands that are
currently under development as immunostimulatory compounds, may
be interesting from a drug development perspective. The effectiveness
of imiquimod treatment for HPv-induced skin disease is suboptimal.
In anogenital warts for example, the estimated complete clearance is
approximately 50%, with a recurrence rate of 13-19%. For HSIL, effec-
tiveness of imiquimod is estimated to be 58% with a 16% recurrence
rate (10, 14-16). These data underline the need for enhanced treatment
modalities. The combination treatment of imiquimod with omiganan
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may be considered as such. Although omiganan’s effect size on top of
imiquimod-induced responses was relatively small in our study, and no
clear dose-dependency for omiganan was observed, our findings sup-
port the mechanistic concept of omiganan-dependent enhancement of
endosomal TLR signaling. Thus, optimization of combined omiganan/
imiquimod treatment appears to be a rational way forward.

For practical reasons, imiquimod and omiganan could only be admin-
istered as alternating treatments. Since a plausible mechanistic basis for
omiganan-enhanced imiquimod effects is the complex formation be-
tween TLR ligand and cationic peptide, it is not likely that pharmaceutical
adjustments can be made to increase the desired effects. This may consist
of optimization of the formulation containing a mixture of both com-
pounds, or application of treatment regimens with rapid alternation of
omiganan and imiquimod. Importantly, the observed enhanced imiquim-
od responses by omiganan co-treatment also support further exploration
of treatments combining omiganan with other endosomal TLR ligands.
The limitation is that currently no other endosomal TLR ligands besides
imiquimod are available for clinical application in the EU. Rintatolimod,
a TLR3 ligand, is only accessible via an Early Access Program for chronic
fatigue syndrome. Other interesting candidates for combined treatment
with omiganan include resiquimod, a TLR7/8 agonist, or one of the TLR9
agonists that are currently being evaluated in phase I11 clinical programs.

In summary, omiganan enhanced the inflammatory skin response to
imiquimod, as studied in healthy volunteers with laser speckle contrast
imaging (perfusion), 2D photography (colorimetry, erythema, visual grad-
ing), and analysis of molecular and cellular responses in skin biopsies.
Figure 5 provides a graphical summary of key biomarkers, and under-
lines the omiganan-induced increase of imiquimod-driven responses.
These findings are in line with the observations of enhanced endosomal
TLR responses by omiganan in in vitro experiments on primary human
immune cells, and are supporting evaluation of imiquimod/omiganan
combination therapy in Hpv-induced skin diseases such as anogenital
warts or HSIL.
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TABLE1 Treatment combinations.

DAY O DAY 1 DAY 2 DAY 3
1 imiquimod imiquimod vehicle(omiganan) vehicle(omiganan)
2 imiquimod imiquimod omiganan 1% omiganan 1%
3 imiquimod imiquimod omiganan 2.5% omiganan 2.5%

4 vehicle(omiganan) vehicle(omiganan) vehicle(imiquimod) vehicle(imiquimod)

FIGURE 1 Clinical impression of imiquimod (1MQ) response (left panel) and imiquimod + omiganan
(oMN, middle and right panel) of one subject at day 4, 24 hours after the last application of omiganan
or vehicle.
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FIGURE 2 Skininflammation induced by imiquimod (1MQ) and omiganan (0MN), as quantified by Lsc1
(perfusion/basal flow, A), and erythema assessments (B: colorimetry, c: erythema, D: visual grading).
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FIGURE 3 Skin inflammation induced by imiquimod (iMQ) and omiganan (OMN) on day 5 (scored
compared to areference biopsy), as quantified by immune cell influx. ) cp14* macrophages, B) HLA-DR
cells, ¢) cp1ict myeloid dendritic cells, D) cbia™ Langerhans cells, E) cD4* T cells, F) cD8™ T cells.
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FIGURE 4 Skin inflammation induced by imiquimod (1MQ), omiganan (0MN), vehicle imiquimod
(v1) and vehicle omiganan (vo) on day 5, as quantified by cytokine production (qpcR) relative to ABL.

A) 1L-6 (left panel) and 1L.-10 (right panel), B) Mx-A (left panel) and 1IFNy (right panel). N=8 for the IMQ+veho
contrast and N=16 for the other contrasts.
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FIGURE 5 Graphical summary of key biomarkers. NF-kB-driven immune response (IL-6), IRF-driven
immune response (Mx-A), perfusion (LscI), colorimetry (erythema), and immune cell infiltration (cD1a

Langerhans cells). Responses were normalized to the maximal effects. Category labels indicate the actual
minimum and maximum response.
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Over the past decades, increased attention has been directed towards the
improvement of the drug development process. The conventional ap-
proach of categorizing clinical trials into phase 1-111 and a post- marketing
phase (1v) tends to be replaced by a more integral, biomarker-enriched,
question based drug development approach in which answers to the most
relevant questions, L.E., does the drug reach the site of action, does the
compound have a pharmacological effect etc., are obtained to gain as
much information as possible on the mechanism of action already in the
early phase of drug development.!

The introductory section of this thesis outlines the strategies to
meet this integral approach by obtaining more information about the
mechanism of action in the earliest phase of drug development. Firstly,
implementing biomarkers with acceptable predictive accuracy into clin-
ical trials is needed to increase the probability of success (Pos) compared
to trials not using biomarkers. Secondly, implementing proof-of-mecha-
nism studies targeted at a specific population is encouraged, aiming for
an effective dosage regimen and duration. These studies seem to provide
loads of information about the mechanism of action of the investigated
drug in early phase drug development programs. Pharmacological chal-
lenge models or experimental models in humans that temporarily mimic
components of physiological and pathophysiological conditions are vital
for this type of studies, as the absence of a disorder, E.G. an inflammatory
condition, in healthy volunteers may impede the examination of these
hallmarks. Proof-of-mechanism models have been previously suc-
cessfully introduced in the field of neurology, especially to gain a more
in-depth understanding of pain. These models, generally referred to as
human evoked pain models, have proved to be pivotal in bridging the
gap between animal research and patients with pain.?* In infectiology,
the so called controlled human infection models (CHIMS) gain growing
interest, especially aftermath of the SARS-CcOV-2 pandemic, with the aim
of expediting vaccine development.>” Within the field of psychiatry, inha-
lation of elevated co2 concentrations in healthy individuals can induce
panicogenic symptoms similar to those experienced during a panic attack
by patients.®1°
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One of the pharmacological skin challenge models that has demonstrat-
ed high potential in preclinical mice studies is a model with imiquimod
application.®* This model shows clinical features similar to psoriasiform
lesions, but also activates immunological pathways that are of importance
for various other auto-inflammatory/immunity diseases, such as type
interferonopathies (E.G., cutaneous lupus erythematosus). However,
a translation of this model to humans has not yet been accomplished.
The model should fulfil two criteria:

1 elicit an inflammatory response comparable to the one observed in

murine models
11 should fit for purpose for proof-of mechanism in healthy volunteers.

The studies described in this thesis address the outlined strategies to
obtain more information about the mechanism of action in the earliest
phase of drug development by implementing biomarkers into clinical
trials and implementing proof-of-mechanism studies. The primary aim
of this thesis was to develop and characterize a mechanistic model to in-
vestigate skin inflammation on a mechanistic basis in healthy volunteers
by applying imiquimod, for utilization in drug development programs.
By using an array of assessments focused on imaging-based, biophysi-
cal, cellular, and molecular changes, this thesis describes the extensive
characterization of the inflammatory response.

SUMMARY OF FINDINGS

In chapter 2 we provided a summary of clinical studies in which cuta-
neous pharmacological challenge models are used. These models offer a
controlled and appropriate way to assess a drug candidate’s effects before
proceeding to the next phase where the compound is tested in patients,
therewith potentially reducing the attrition rate. The chosen challenge
agents represent processes within the skin and target innate immune
responses. Introduction was made to the LPS challenge and different
examples have been provided such as Uv-B model, assessing itch by his-
tamine and cowhage. Furthermore, the delayed type of hypersensitivity
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model using KLH has also been elucidated. Interestingly, notable achieve-
ment was reached with the KLH challenge, implemented to evaluate the
efficacy of amlitelimab, a novel non-depleting 1IGG4 human anti- OX40L
monoclonal antibody in healthy volunteers.’>?* Based on the data that
was generated and the selected dose from the first-in-human study,
the compound has successfully been tested in patients with atopic
dermatitis, and the results were presented at the American Academy of
Dermatology meeting in March 2024.%> Of note, the dose-selection for the
patient studies was based on the effects observed with amlitelimab on the
KLH challenge. This serves as an excellent example of the contemporary
shift in drug development paradigms. Rather than conducting a first-
in-human trial solely focused on safety and tolerability, an integrated
approach has been adopted to assess the effect of a new drug candidate
at an early stage, aiding in dose determination for trials in subsequent
phases of drug development.

A similar integrated approach has been utilized in chapter 3, which
described a randomized, open-label, vehicle-controlled clinical study to
develop a temporary skin inflammation model. Cutaneous inflamma-
tion in this model was induced by 5 mg of the topical TLR7 agonist, L.E.
imiquimod (1MQ). IMQ was applied under occlusion on the upper back of
16 healthy male volunteers in an open labelled fashion for 24h, 48h and
72h. Healthy volunteers were randomized to undergo either tape-strip-
ping (Ts) of the region of interest before IMQ application or application of
IMQ to the intact skin. The results showed that while iMQ alone induced
limited effects, the combination of tape stripping and 1MQ application led
to more significant and measurable skin inflammatory responses. These
responses included increased erythema and skin perfusion, elevated
MRNA expression of inflammatory markers, and an influx of inflamma-
tory cells compared to the control group treated with a vehicle. Activation
of the innate immune system was evidenced by significantly elevated
expression of chemokines cXCL10, ICAM-1, HBD-2 and MX-A of the TS
group compared to untreated. These findings were further amplified by
infiltration of cells such as T helper cells, cytotoxic T cells, macrophages,
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and dendritic cells after 48h to 72h of iMQ application. The effects were
more pronounced in the tape stripped group. In general, there was no
additional effect observed after 72h of iMQ application compared to 48h
on all readouts, indicating that a 48h application period appears to be
the most suitable duration.

The next step was to test if the clinical response and immunological
response by IMQ could be reversed using an anti-inflammatory com-
pound that could serve as a benchmark. For this purpose, in chapter 4,
we randomly administered oral prednisolone/placebo at a clinically
conventional dose of 0.25 mg/kg/dose in 24 healthy volunteers for six
consecutive days. In this study, IMQ was applied on TS skin for 48h. The
clinical, cellular, and molecular responses were characterized using
a multimodal approach and a different technique was introduced to
examine the TLR7 cellular and cytokine responses by inducing suction
blisters. Oral prednisolone suppressed the TLR7-driven response on
almost every readout including skin perfusion, erythema, epidermal
thickness, immune cells (i.e. NK, classical monocytes, T helper, cytotoxic
cells) and cytokines (i.e. IL-6, IL-8, TNF and Mx-A). In previous chapters
we have demonstrated that IMQ does not enter the systemic circulation.
However, there was increased interest to investigate the difference in
effect of prednisolone between blood and peripheral tissue. As a result,
we have tested the ex vivo drug activity via whole-blood IMQ stimulation
with cytokine release as a readout. We have proved that suppression on
cytokines by prednisolone is less dependent on pharmacokinetic profile
of the compound. In both compartments, blood and tissue, prednisolone
showed anti-inflammatory characteristics, yet in blood these effects were
of transient nature.

Furthermore, this was the first study that compared the pharmacody-
namic biomarkers obtained from the conventional skin punch biopsies
with those in blister exudate in iIMQ- induced inflammation. Already
back in the mid 1960’s suction blisters were described as a method for
dermo-epidermal separation, providing added value for studying in-
flammation in tissue.’® This technique has also been used in multiple
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studies in which inflammatory responses to different intradermally
applied challenge agents, such as tuberculin purified protein derivative
(pPD), UV-killed Escherichia coli (UVKEC), KLH and LPS, were studied.’”?!
Cells and cytokines in blister exudate following Lps challenge were
fully concordant with the measured cellular response in biopsies, with
minimal invasive inflammatory cell influx and neglectable cytokine
concentrations related to the blister procedure itself. While cellular
responses studied in blister exudate focus on intradermally adminis-
tered challenge agents, topical applications using this technique have
also been reported. Blister exudates taken from participants who were
subjected to topical application of 0.075% capsaicin, an extract of chili
peppers, have not revealed any differences in inflammatory markers
such as IL-1a and TNF.?? In our study, despite the low number of total
cells in blister exudate, comparable immune cell subsets were seen in
IHC staining. Although we have not identified cytokines through QPCR in
this study for a direct comparison between blister exudate and biopsy,
we can infer the expression of specific cytokines from the research that
has been previously conducted. Comparable cytokine patterns were
observed, suggesting that the blister technique is both effective and
straightforward for investigating inflammation in a minimally invasive
manner. As opposed to intradermal administration of challenge agents,
the readout of blister exudate for topically applied challenge agents is not
robust across studies. Research in which immunomodulatory effects of a
single-strain probiotic were evaluated on the TLR7 driven IMQ model, re-
sulted in a more prominent cell infiltration of different cell types in blister
exudate.?® Larger numbers of total cells were found as well as infiltration
of neutrophils, NK cells, granulocytes, monocytes (classical, intermediate,
and non-classical), MDcs, T helper cells and cytotoxic T cells. The majority
of these cells are in line with findings observed in murine models and
chapters 3 and 4 of this thesis. However, one significant contrast exists
between murine models, the research conducted by Eveleens-Maarse et
al, and our findings. This difference lies in the notable recruitment of
neutrophils observed in murine models and the work of Eveleens-Maarse
et al, which was not observed in our studies. Moreover, IMQ activated the
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complement cascade in mice, however this process was not yet evident
from clinical studies.

The absence of neutrophils in human 1MQ model was surprising and
markedly different from the murine 1IMQ model, where neutrophils
are typically present. A potential explanation was presented to be the
relatively short duration of IMQ exposure in our clinical studies so far.
Therefore, in chapter 5 we characterized the TLR7-mediated inflamma-
tory response after 7 days (168h) of IMQ exposure in healthy volunteers
and compared this response to the already established short duration 2-3
days (48h and 72h). As a secondary objective, we aimed to test if the com-
plement cascade could be activated following prolonged IMQ exposure.
For this purpose, 10 healthy volunteers participated in a randomized,
open-label study. Prolonged 1MQ exposure resulted in amplification
of the IMQ-induced inflammatory response. Transcriptomic analysis
revealed activation of TNF signalling, complement and predominantly
strong interferon responses. These findings were especially feasible after
prolonged IMQ exposure. Furthermore, we have observed that secretion
of interferons leads to enrichment of the JAK-STAT pathway, with an
increase in the expression of cxcL9, cxcL10 and cxCL11 chemokines.
Additionally, in this study, absence of neutrophils as a driving factor in
the response was confirmed, which was not surprising given the minimal
presence of IL-8, leading to a significant translational gap between mice
and humans.

Interestingly, prolonged 1MQ exposure did not lead to increased skin
perfusion or erythema, revealing a discrepancy between cellular and
vascular responses. This suggests that the observed imaging/biophysical
changes are not mediated by cellular inflammation. Hence, to elucidate
the mediators driving perfusion and erythema, future clinical studies
should prioritise investigating the vascular response mechanisms rather
than cellular aspects.

To examine the applicability of our model in drug development, we
have conducted a clinical study presented in chapter 6. In this chapter
we investigated the effects of omiganan (OMN) on the inflammatory
responses induced by imiquimod (1MQ) and vice versa in the skin of 16
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healthy individuals. OMN, a synthetic cathelicidin, shows broad antimi-
crobial activity and enhances IFN responses, resembling LL-37 effects.
Cathelicidins, including LL-37, are vital antimicrobial peptides in skin
immunity, combating various pathogens. LL-37 also modulates immune
responses, enhancing IFN production induced by TLR3 ligand polyl:C in
keratinocytes.?* However, in vitro studies have demonstrated that this
effect also applies for TLR7 ligand, IMQ.?° IMQ treatment induced mod-
est inflammatory responses, characterized by increased erythema and
perfusion, peaking after 24h and 48h. Combining iMQ and oMN further
enhanced these responses, particularly at a 1% concentration, which was
also applicable for cellular response. An increase in macrophages/mono-
cytes, DCs and T helper cells was evident, however this effect was limited
in the corresponding cytokine response. IMQ treatment increased mRNA
levels of 1L-6, IL-10, MX-A, and IFN-y, with OMN showing a trend towards
amplification of these cytokine responses. In a recently conducted study,
2.5% OMN was applied in patients with anogenital warts and with high-
grade squamous intraepithelial lesions, however, clinical efficacy was not
demonstrated, despite reductions in viral load.?® This further indicates
that a combination therapy of iMQ and oMN might be beneficial for HPV-
induced skin diseases.

CRITICAL EVALUATION OF THE IMQ-INDUCED
INFLAMMATION MODEL

IS THERE A TRANSLATIONAL GAP? » The introductory section of this
thesis outlined the inflammatory immune response to IMQ in mice. In
mice, clinical manifestations including thickening of the skin, erythema
and scaling already appear within 2-3 days of iMQ application.!! In
humans, similar clinical findings were present, evidenced by an increase
in skin perfusion, erythema, and epidermal thickness following 2-3 days
of IMQ application.

In mice, exposure to IMQ triggers the activation and attraction of
neutrophils, along with increased number of pDcs and y8 T cells. This
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was further reinforced by elevated cytokine levels of TNF, IL-1p and IL-6
coupled with a transient rise in IL-23, IL-17A, IL-17F, and IL-22 suggesting
involvement of adaptive immune response, resembling psoriasiform
lesions. In line with preclinical findings, in humans, infiltration of
monocytes/macrophages, NK cells, Dcs, T helper cells, and cytotoxic T
cells was evident. At the cytokine level, there was notable IRF signalling,
evidenced by increased MX-A, IFN-y, and 1P-10. Nevertheless, differences
existed among species at the cellular and cytokine levels (Figure 1). While
increased levels of IL-6 and TNF were observed, their expression was less
than that of 1FN signalling, indicating that IMQ serves more as a model
for IRF signalling rather than NF-KB.

A second notable difference between murine and human i1MQ model
is the lack of 1L-8 and therewith neutrophils in healthy individuals.
Neutrophils, acting as the first line of defence are rapidly recruited to
the sites of inflammation in humans.?”? Therefore, it was first hypothe-
sized that the window of opportunity to measure neutrophils with an iIMQ
challenge might have been missed, given that neutrophils are considered
short-lived, with an estimated half-life of 13-19h.?° However, the differ-
ence in neutrophilic response between mice and humans is attributable
to the absence of TLR3 expression and the limited expression of TLR7 in
human neutrophils.?°*2 They do respond to TLR4 ligands, such as LPs,
which induces a more immediate and classical inflammatory response
that complements the effects of IMQ.

Lastly, the difference in cellular and cytokine profiles in response to
IMQ between mice and humans also affects the relevance of this model
to disease. In preclinical research 1MQ is often used to resemble pso-
riasis-like inflammation given the involvement of IL-23/IL-17A/IL-22
axis, while in humans the expression of these cytokines is limited. In
the human 1MQ studies, strong activation of IFN response is evident,
leading to enrichment of the JAK-STAT pathway. These findings together
with histopathological changes of a vacuolar interface dermatitis with
adnexal involvement are indicative that the IMQ model in humans is more
representative of lupus characteristics rather than psoriasis.
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USE OF ACCURATE READ-OUTS = Inthefield of clinometry, physicians
typically perform lesion scoring for the features like erythema and or
swelling. Researchers often strive to incorporate many biomarkers and
endpoints, however, these happen to provide only one-dimensional
information. In clinical research, a multi-dimensional, in-depth un-
derstanding of skin processes can be obtained by using a multimodal
approach, outlined in the introduction section of this thesis. The pillars
of this approach include (Figure 2):

I Clinical scores

11 Subject- reported outcomes

11 Imaging

v Biophysical assessments

vV Molecular analyses in biosamples E.G. biopsies, and blister exudate
VI Cellular assessments

In the chapters of this thesis, different combinations of the mentioned
pillars have been thoroughly discussed. Moreover, imaging methods and
biophysical evaluations, such as laser speckle contrast imaging, have
been examined in other clinical studies involving challenge agents like
LpPs and KLH, in which they were suitable to objectively quantify erythema
and skin perfusion.’*?*32 While these assessments predominantly center
on characterizing superficial skin reactions, there are also non-invasive
techniques available that facilitate instant readouts on epidermal mor-
phology up to 1-2 MM depth.3* Optical coherence tomography, generally
used in clinical research with patients, does recognize major histological
structures, however it lacks high resolution to identify individual cellu-
lar changes as well as to determine specific proteins in the epidermis.®
Nevertheless, within this thesis, optical coherence tomography has been
utilized to quantify epidermal thickness, a measure that was effectively
evaluated. This underscores the feasibility of substituting conventional
biopsy methods with this technique in skin challenge studies. This multi-
modal approach has also been successfully implemented in phenotyping
atopic dermatitis and seborrheic dermatitis, with the latter employing an
integrated quantification of specific characteristics.3¢-38 The techniques
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applied in this thesis offer promising grounds in characterizing the in-
flammatory response following iMQ application. Future research should
aim to integrate diverse results and visualize the data after examining
the most relevant hallmarks to achieve a more comprehensive under-
standing of the biological function of cells of interest and consequently,
the mechanism or pathology of the disease.

CHALLENGES & PERSPECTIVES

IMQ serves as a valuable challenge agent, primarily targeting the in-
terferon pathway, with a consistent immune response observed across
studies despite variations in individual cellular responses. One of the
limitations of 1MQ is its topical application. While all subjects receive
the same dosage, the extent of absorption through the skin has not been
evaluated. It could be argued that topical administration of IMQ may not
be the optimal approach for this model. Previous attempts, to activate and
mobilize Dcs through intradermal application of the TLR7 ligand on ex vivo
skin, were unsuccessful, whereas topical administration of iIMQ proved
effective.® To refine the model], it is crucial to analyse the variability in
dosing. Wind et al. introduced a methodology in her research employing
matrix-assisted laser desorption/ionization mass spectrometry imaging
to measure pharmacokinetic concentrations from skin biopsies following
topical treatment with bimiralisib?. The same approach could be adapted
for evaluating the pharmacokinetic properties of IMQ in the skin model.
While the 1MQ model underwent rigorous testing with novel drug can-
didates targeting their specific signalling cascade,* it is interesting to
explore alternative fields where iIMQ can be effectively applied.

The discoveries described in this thesis not only demonstrate success-
ful translation but also indicate consistency across studies, suggesting
the repeatability of the IMQ response in healthy individuals while a formal
test-retest study has not yet been conducted. Another translational step
will be set to patients. Recently the next step, L.E. translation to patients
with cutaneous lupus erythematosus has been initiated by means of a
clinical study.*?
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Lately, increased attention has been directed towards elucidating the
function of TLRs and their potential as adjuvants in vaccine devel-
opment.**-4> 1IMQ was applied topically as skin adjuvant and showed
enhanced responses to intradermal influenza vaccine®. A more re-
cent illustration involves the evaluation of synthetic TLR7/8 ligands by
Inimmune CORP. in vivo co-administered with SARS-COV-2 vaccine,
which enhanced T cell responses as well as neutralizing antibody titres*”.
Given these encouraging outcomes, these molecules are presently eval-
uated in phase I clinical trials.

In addition to their potential use as adjuvants, synthetic TLR7/8 ligands
have gained significant interest in cancer research*®. Immunostimulatory
molecules targeting TLRS 7/8 can activate both innate and adaptive
immune responses by inducing cytokine production and activating
cytotoxic cells. Through this immune response it is hypothesized that
‘cold’ tumours could be converted to “hot” tumours, which respond more
favourably to immune checkpoint inhibitors.**° Consequently, these TLR
agonists are promising candidates for novel monotherapies or combina-
tion therapies. While some research suggests that TLR activation could
be advantageous in cancer treatment, other studies indicate that TLR
signalling might contribute to tumour development. Fully understanding
the role of TLRs across different cancer cell types remains a significant
challenge, necessitating extensive current clinical trials (Table 1). Given
the promising signals stemming from preliminary analyses of some clin-
ical trials, more comprehensive data is anticipated from ongoing studies
of TLR agonists being developed for the treatment of solid tumours.

OVERALL CONCLUSIONS

This thesis encourages for implementation of challenge models in
early phases of drug development to efficiently conduct clinical trials
and facilitate timely go/no-go decisions. The use of a TLR7 agonist as
challenge agent has been effectively translated from animals to human
individuals, showing similarities and differences between species. The
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imiquimod response was comprehensively characterized through an
integrated approach of multimodal biomarkers. The successful model
development was achieved through a systematic process involving model
optimization, benchmarking with an anti-inflammatory compound, and
by implementing this model in a proof-of-mechanism study to demon-
strate the in vivo pharmacological activity of a novel drug candidate. With
this thesis we established a framework of studies that can be conducted
prior to commercial application of a novel challenge model. This strategy
employs multiple approaches to gather crucial data, assisting in making
informed decisions about advancing to later stages or discontinuing
product development early. Herewith, we anticipate that our approach
will revolutionize the traditional paradigm of drug development by
streamlining clinical research processes, thereby enhancing efficiency
and reducing costs.
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Table1 Overview of TLR7 and TLR7/8 agonists in clinical development for the treatment
of tumours. Adapted from: Applications and clinical trial landscape using Toll-like receptor
agonists to reduce the toll of cancer (2023).4°

Imiquimod and Inactivated Influenza Virus 49. Rolfo, C., Giovannetti, E., Martinez, P., McCue, S. & Agent Clinical Route of Monotherapy Tumour types Identifier
Particles Promotes Mouse B Cell Activation, Dif- Naing, A. Applications and clinical trial landscape study adml_nls- or combination
ferentiation, and Accelerated Antigen Specific using Toll-like receptor agonists to reduce the toll phase _tration therapy
Antibody Production. Front. Immunol. 9, 2370 of cancer. npj Precis. Oncol. 7, 26 (2023). TLR 7 AGONISTS
(2018). 50. Khosravi, G.-R. et al. Immunologic tumor micro- TQ-A3334 /11 Oral Monotherapy & NSCLC NCT04273815
47. Siram, K. et al. Co-Delivery of Novel Synthetic environment modulators for turning cold tumors Combined with
TLR4 and TLR7/8 Ligands Adsorbed to Aluminum hot. Cancer Commun. (London, England) 44, 521~ anti- VEGF
Salts Promotes Thi-Mediated Immunity against 553 (2024). SHR2150 1/11 Oral Combined with Solid tumours NCT04588324
Poorly Immunogenic SARS-CoV-2 RBD. Vaccines chemotherapy
12,1-23 (2024). and anti-pD-10r
anti-cp47
RO7119929 1 Oral Monotherapy HCC, Biliary tract NCT04338685
cancer
Solid tumours with
liver metastases
DSP-0509 1/11 v Monotherapy & Solid tumours NCT03416335
Combined with
pembrolizumab
BNT411 1/11A v Monotherapy & Solid tumours & NCT04101357
Combined with ES-SCLC
atezolizumab,
carboplatin, and
etoposide
APROO3 1 Oral Monotherapy CRC with liver NCT04645797
metastases
Imiquimod 1 Intravesical =~ Combined with Non- muscle NCT05375903
(uGN-201) UGN-301 invasive bladder
cancer
CAN1012 1 IT Monotherapy Solid tumours NCT05580991
Imiquimod 1/1  Cutaneous  Monotherapy & Skin metastases NCT01421017
Combined with from breast cancer
cyclophosphamide
and radiotherapy
Imiquimod 11 Cutaneous Monotherapy Skin metastases NCT00899574
from breast cancer
TLR 7/8 AGONISTS
BDBOO1 1/11 1IASC Monotherapy & Solid tumours NCT03486301
Combined with NCT04196530
pembrolizumab, NCT03915678
atezolizumab and NCT04819373
atezolizumab and RT
BDC-1001 1/11 v Monotherapy & HER2-positive solid NCT04278144
Combined with tumours
nivolumab
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(Continuation Table 1)

Agent Clinical Route of Monotherapy Tumour types Identifier
study adminis- or combination
phase tration therapy
Cv8102 I T Monotherapy & Melanoma, cSCC, NCT03291002
Combined with SCCHN, ACC
anti-pPD-1
TransCon /11 IT Monotherapy & Solid tumours NCT04799054
TLR7/8 Combined with
pembrolizumab
MBS-8 1 v Monotherapy Solid tumours NCT04855435
BDB-018 1 v Monotherapy Solid tumours NCT04840394
MEDI9197 I T Monotherapy & Solid tumours NCTO02556463
Combined with
durvalumab

Acc= adenoid cystic carcinoma, cD47 = cluster differentiation 47; CRC= colorectal cancer,
CRPC= castrate-resistant prostate cancer, cSCC= cutaneous squamous cell carcinoma;
ES-SCLC= extensive-stage small-cell lung cancer, HcC= hepatocellular carcinoma,

HER2= human epidermal growth factor receptor 2, IASC= immune-stimulating antibody conjugate,

IT= intratumoral; IV= intravenous, NSCLC= non-small-cell lung cancer, PD-1= programmed cell
death protein-1, RT= radiotherapy, SCCHN = squamous cell carcinoma of the head and neck,
TLR= Toll-like receptor; VEGF= vascular endothelial growth factor.
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Figure1 Difference ininflammatory response between mice and human to IMQ.
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Figure2 Multimodal approach in characterizing the effect of drug.
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Het ontwikkelen van geneesmiddelen is een zeer uitgebreid, langdurig en
kostbaar proces. Het kan wel 10 tot 15 jaar duren voordat het kandidaat-
geneesmiddel geregistreerd wordt en beschikbaar komt voor gebruik
bij patiénten. Het geneesmiddelenontwikkelingsproces richt zich
op preklinische en klinische proeven, waarbij klinische proeven de
traditionele fase 1-1v structuur volgen gericht op informatie verzamelen
over farmacokinetiek, veiligheid en verdraagbaarheid. Door gebrek aan
gegevens over de effectiviteit van kandidaat-geneesmiddelen in de vroege
fase van geneesmiddelenonderzoek is het uitvalpercentage hoog (~90%).
Dit is vooral aan de orde in fase 11/111, waarbij een uitvalpercentage oploopt
tot 55% en te wijten is aan het uitblijven van tekenen van effectiviteit in
(grote) patiéntenstudies. Dit heeft als gevolg dat de beslissing om niet
door te gaan met het kandidaat-geneesmiddel vrijlaat in het traject wordt
genomen wat leidt tot hoge kosten. Om deze redenenis er in de afgelopen
decennia steeds meer aandacht besteed aan de verbetering van het
vroege geneesmiddelenontwikkelingsproces. De traditionele procedure,
waarbij klinische proeven worden gecategoriseerd in vier fasen, wordt
steeds vaker vervangen door een meer integrale, biomarker-verrijkte
envraaggerichte benadering. Hierin worden antwoorden gezocht op de
meest relevante vragen voor het geneesmiddelenontwikkelingsproces,
bijvoorbeeld: of het geneesmiddel de plaats waar het moet werken
bereikt, of het middel een farmacologisch effect heeft en of het middel
gunstige effecten op de ziekte of de pathofysiologie ervan heeft. Het doel
hierbij is om al in een vroeg stadium van de geneesmiddelenontwikkeling
zoveel mogelijk informatie over het werkingsmechanisme te verzamelen.

Het verbeteren van het geneesmiddelenontwikkelingsproces kan op
verschillende manieren. In literatuur wordt de nadruk gelegd op het
gebruik van biomarkers in klinische onderzoeken om zo de kans op
succes van geneesmiddelen te vergroten. In dit proefschrift ligt de focus
op het uitvoeren van ‘proof-of-mechanism’ onderzoeken om zo tot een
effectief dosis en duur van een nieuw te onderzoeken geneesmiddel te
komen. Hierbij zijn farmacologische challenge-modellen in gezonde
vrijwilligers zeer waardevol. Deze challenge-modellen bootsen tijdelijk
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componenten van fysiologische en pathofysiologische processen na.
‘Proof-of-mechanism’-modellen zijn eerder met succes geintroduceerd
op het gebied van neurologie en pijn, vooral om de achterliggende
mechanismes beter in kaart te brengen. Deze modellen worden over het
algemeen ‘human evoked pain-tests’ genoemd en zijn van meerwaarde
gebleken bij studies met gezonde vrijwilligers. De human evoked pain-
tetst helpen bij vroege fase geneesmiddel ontwikkeling om de stap van
dieren naar patienten met pijn te verkleinen. Enkele voorbeelden van
deze testen zijn het Uv-B hitte pijn model, koude pijn test en de Von
Frey pin prick test. Binnen de infectieziekten krijgen de gecontroleerde
humane infectiemodellen (controlled human infection models) steeds
meer aandacht. Door gezonde vrijwilligers bloot te stellen aan een virus,
zoals rhinovirus of SARS-cOV-2 kan het effect van een vaccin vroeg in
de ontwikkeling worden geévalueerd met als doel het versnellen van
de vaccinontwikkeling. Ook op het gebied van psychiatrie worden
gecontroleerde modellen gebruikt door gezonde personen verhoogde
Cco2-concentraties te laten inhaleren. Dit zorgt bij gezonde personen voor
paniek klachten die vergelijkbaar zijn met de symptomen die patiénten
ervaren tijdens een paniekaanval.

In deze thesis hebben wij ons voornamelijk gericht op de ontwikkeling
van een model binnen het onderzoeksveld van immuno-dermatologie.
Een van de farmacologische challenge modellen die in preklinische
(muizen) studies succesvol bleek te zijn, is een model waarbij imiquimod
(1MQ) op de huid wordt gesmeerd om lokale inflammatie op te wekken. IMQ
is de actieve stof van een goedgekeurd geneesmiddel genaamd Aldara®.
Dit middel werkt op de Toll-like receptor (TLR) 7 en wordt in de praktijk
voorgeschreven aan patiénten met huidaandoeningen zoals actinische
keratose, basaalcelcarcinoom en genitale wratten. Hoewel dit middel al
geregistreerd is, wordt het in het dieronderzoek gebruikt om klinische
kenmerken van de huidziekte psoriasis na te bootsen. IMQ activeert in
dieren immunologische routes (interferon route en NF-«B) die belangrijk
zijn voor verschillende andere auto-inflammatoire/afweerziekten, zoals
type I interferonopathieén (bijvoorbeeld cutane lupus erythematosus).
Erbestaat echter nog geen vertaling van dit model naar de mens. Om een
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ontstekingsmodel succesvol te transleren naar de mens moet het voldoen
aan twee criteria: 1) een reactie opwekken die vergelijkbaar is met de
reactie die in dieronderzoeken wordt waargenomen en 2) moet geschikt
zijn voor proof-of-mechanism onderzoeken bij gezonde vrijwilligers.

Het hoofddoel van deze thesis is het opzetten van een humaan IMQ-
model om zo het onderliggende ontstekingsmechanisme te bestuderen
en dit verder te kunnen gebruiken in vroege fase van de geneesmidde-
lenontwikkeling. Deze thesis omvat daarom een aantal klinische studies
met IMQ die zijn uitgevoerd in gezonde vrijwilligers. Daarnaast besteden
we aandacht aan diverse technieken om de ontsteking van de huid goed
in kaart te brengen. Hiervoor gebruiken we een multimodale benade-
ring die verschillende soorten uitleesmaten omvat zoals beeldvorming,
biofysische, moleculaire en cellulaire analyses, evenals de beoordeling
door artsen, Figuur 1.

Voordat de Kklinische studies met imiquimod worden besproken,
worden een aantal challenge modellen in kaart gebracht in hoofdstuk 2.
De gekozen challenge agents richten zich op de aangeboren afweerreactie
van de huid en het aanzetten van bepaalde immunologische processen
in de huid. Zo is de challenge met lipopolysaccharide (LPS) beschreven
die de aangeboren afweersysteem aanzet gericht op het TLR4. Verder is
het uv-B model uitgelicht dat preklinisch ingezet wordt om inflammatie
op te wekken en in de mensen toegepast wordt om inflammatoire pijn
te bestuderen. Naast de eerdergenoemde modellen met betrekking tot
het bestuderen van het afweersysteem, worden in dit hoofdstuk ook
twee methoden beschreven voor het opwekken van jeuk, namelijk via
toediening van histamine en cowhage. Een model voor het aanzetten
van het adaptieve afweersysteem door de toediening van KLH wordt
ook in hoofdstuk 2 genoemd. Interessant om te vermelden was dat dit
model is ingezet om het effect van een nieuw kandidaat-geneesmiddel
genaamd amlitelimab, een humane IgG4 anti 0x40L monoklonale
antilichaam, in gezonde vrijwilligers te bestuderen. Gebaseerd op de
gegenereerde data en de geselecteerde dosis uit de first-in-human
studie, is het onderzoeksmiddel succesvol getest bij patiénten met
atopische dermatitis. Dit vormt een uitstekend voorbeeld van de
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huidige verschuiving in geneesmiddelontwikkeling. In plaats van een
traditionele first-in-human studie die primair gericht is op veiligheid
en verdraagbaarheid, is een geintegreerde benadering toegepast
die het effect van een nieuw kandidaat-geneesmiddel al in een vroeg
ontwikkelingsstadium succesvol evalueert.

Een vergelijkbare geintegreerde benadering is toegepast in hoofdstuk
3, waarin een gerandomiseerde, open-label, vehicle-gecontroleerde
klinische studie werd uitgevoerd gericht om tijdelijk cutane ontsteking
op te wekken. Cutane ontsteking in dit model werd geinduceerd door
5 mg van TLR7-agonist, namelijk IMQ te smeren op de huid. IMQ werd
onder occlusie aangebracht op de bovenkant van de rug van 16 gezonde
mannelijke vrijwilligers in een open-label setting gedurende 24 uur, 48
uur en 72 uur. Gezonde vrijwilligers werden gerandomiseerd om ofwel
tape-stripping (Ts) van de huid te ondergaan voorafgaand aan de 1MQ-
toediening, of om IMQ op de intacte huid aan te brengen. De resultaten
toonden aan dat, hoewel IMQ alleen beperkte ontstekingsreacties veroor-
zaakte, de combinatie van Ts en IMQ-toediening leidde tot een sterkere
en meetbare cutane ontstekingsreacties. Vergeleken met de controle-
groep, werd er in de IMQ-groep verhoogd erytheem en doorbloeding van
de huid, verhoogde mRNA-expressie van ontstekingsmarkers en een
influx van ontstekingscellen waargenomen. Activatie van het aangebo-
ren immuunsysteem werd aangetoond door significante verhoging in
de expressie van chemokinen zoals CXCL10, ICAM-1, HBD-2 en MX-A bij
de Ts-groep ten opzichte van onbehandelde gebieden (geen TS en geen
IMQ). Deze activatie van het immuunsysteem werden verder onder-
bouwd door het vaststellen van immuun infiltraat zoals T-helpercellen,
cytotoxische T-cellen, macrofagen en dendritische cellen na 48 tot 72
uur IMQ-toediening. De ontstekingsreacties waren duidelijker in de TsS-
groep. Over het algemeen werd er na 72 uur toedienen van IMQ geen extra
effect waargenomen ten opzichte van 48 uur bij alle metingen, wat sug-
gereert dat een toedieningsperiode van 48 uur de optimale duur lijkt te
zijn. Hiermee is er een model opgezet waarbij 48 uur blootstelling zorgt
voor een goed aantoonbare rectie die gebruikt kan worden voor ontwik-
keling van geneesmiddel.
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De volgende stap was om te testen of de klinische en immunologische
respons door IMQ ook kon worden omgekeerd met behulp van een
ontstekingsremmend middel dat als benchmark zou kunnen dienen.
Hiervoor hebben we in hoofdstuk 4 willekeurig orale prednisolon/place-
bo toegediend aan 24 gezonde vrijwilligers gedurende zes opeenvolgende
dagen. Prednisolon is een geregistreerd en ontstekingsremmend middel
dat voornamelijk op de glucocorticoid receptor werkt. In deze studie werd
MQ gedurende 48 uur op Ts-huid aangebracht. De klinische, cellulaire
en moleculaire reacties werden gekarakteriseerd door de technieken
afgebeeld in Figuur 1. Daarbij is er een andere techniek geintroduceerd
om de TLR7-cellulaire en cytokineresponsen te onderzoeken door blaren
te trekken. Vergeleken met placebo, onderdrukte prednisolon de TLR7-
gedreven respons op bijna elke meting, waaronder doorbloeding van de
huid, erytheem, epidermale dikte, immuuncellen (zoals NK, klassieke
monocyten, T-helper-, cytotoxische cellen) en cytokinen (zoals IL-6,
IL-8, TNF en Mx-A). In een eerder onderzoek hebben we aangetoond
dat IMQ niet in de systemische circulatie terechtkomt. Echter, werd het
relevant geacht om het verschil in effect van prednisolon in het bloed
en in perifeer weefsel te onderzoeken. Daarom hebben we de ex vivo
geneesmiddelactiviteit getest via IMQ-stimulatie in volbloed met cytoki-
ne-afgifte als uitleesmaat. We hebben aangetoond dat onderdrukking van
cytokinen door prednisolon minder afhankelijk is van het farmacokineti-
sche profiel van de stof. Zowel in bloed als in weefsel toonde prednisolon
ontstekingsremmende eigenschappen, hoewel deze effecten in het bloed
reversibel waren.

Dit was het eerste onderzoek dat de uitkomsten van de biopten
vergeleek met die van blaren na iMQ-toediening. Het trekken van blaren is
niet een geheel nieuwe procedure; al in de jaren zestig van de vorige eeuw
werd dit techniek toegepast om de dermis van de epidermis te scheiden.
Dit zorgde ervoor dat het bestuderen van ontstekingsreacties op een niet
invasieve manier kon plaatsvinden. Deze techniek is daarom ook gebruikt
in meerdere (pre-)klinische studies waarin ontstekingsreacties op
verschillende intradermaal toegediende challenges werden bestudeerd,
zoals tuberculine gezuiverd eiwitderivaat (PPD), Uv-dode Escherichia coli
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(UVKEC), KLH en LPS. Na intradermale toediening van LPS, waren de cellen
en cytokinen waargenomen in blaarvocht volledig in lijn met de gemeten
cellulaire respons in biopten. In dit hoofdstuk, hebben we vergelijkbare
immuuncellen waargenomen in blaarvocht en in de 1HC-kleuringen. Dit
suggereert dat de blaartechniek zowel effectief als eenvoudig is voor het
onderzoeken van ontsteking op een minimaal invasieve manier.

Echter, waren er ook belangrijke verschillen tussen het IMQ-diermodel
en het humane 1MQ-model. In het diermodel waren de neutrofielen
doorgaans aanwezig terwijl in het humane 1MQ-model deze geheel
ontbraken. Een mogelijke verklaring was de relatief korte duur van de
IMQ-blootstelling in onze klinische studies tot nu toe. Daarom hebben we
inhoofdstuk 5 de TLR7-gemedieerde ontstekingsreactie gekarakteriseerd
na 7 dagen (168 uur) IMQ-toediening bij gezonde vrijwilligers en deze
respons vergeleken met de respons van de al vastgestelde kortere
IMQ-toediening van 2-3 dagen (48 uur en 72 uur). Daarnaast werd
het ontstekingsreactie in dieren aangedreven door complement c3.
Als gevolg hiervan was onze secundaire doel om te onderzoeken of
de complementcascade geactiveerd kon worden na verlengde 1MQ-
blootstelling. Hiervoor namen 10 gezonde vrijwilligers deel aan een
gerandomiseerde, open-label studie. Verlengde 1MQ-blootstelling
resulteerde in versterking van de IMQ-geinduceerde ontstekingsreactie
op zowel moleculair als cellulair niveau. Verder hebben we in dit
onderzoek transcriptoom analyse toegepast die de activering van TNF-
signaaltransductie, complement en vooral sterke interferonreacties
aantoonde. Deze bevindingen waren vooral duidelijk na een verlengde
IMQ-blootstelling. Daarbij hebben we waargenomen dat secretie van
interferonen leidt tot de inductie van de JAK-STAT-route, met een
toename in de expressie van de chemokinen CXCL9, CXCL10 en CXCL11.
Als laatste bevestigde deze studie het ontbreken van neutrofielen als een
bepalende factor in de respons, wat leidt tot een aanzienlijk translationeel
verschil tussen muizen en mensen.

Om de toepasbaarheid van ons model met een nieuw kandidaat-
geneesmiddel te onderzoeken, hebben we een Kklinische studie
uitgevoerd, beschreven in hoofdstuk 6. In dit hoofdstuk zijn de effecten
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van omiganan (OMN) en IMQ op ontstekingsreacties in de huid van 16
gezonde deelnemers onderzocht. OMN is een synthetisch cathelicidine
met antimicrobiéle eigenschappen vergelijkbaar met LL-37 die de IFN-
responsen versterkt. Cathelicidinen, waaronder LL-37, zijn essenti€le
antimicrobiéle peptiden in huidimmuniteit en bestrijden verschillende
pathogenen. LL-37 moduleert ook immuunreacties en versterkt de
IFN-productie die geinduceerd worden door TLR3-ligand polyl:C in
keratinocyten. Er is echter in in vitro studies aangetoond dat dit effect ook
geldt voor de TLR7-ligand, zoals IMQ. Net zoals in hoofdstuk 3, Toediening
met IMQ induceerde een matige ontstekingsreacties, gekenmerkt door
verhoogd erytheem en doorbloeding, met een piek na 24 en 48 uur.
Combinatie van IMQ en OMN versterkte deze fysiologische reacties verder
alsmede de cellulaire response, vooral bij de hoogste concentratie van
1%. Een toename van macrofagen/monocyten, DC’s en T-helpercellen
was evident, maar dit effect was beperkt in de corresponderende
cytokinerespons. IMQ-behandeling verhoogde de mRNA-niveaus van
IL-6, IL-10, MX-A en IFN-y, waarbij OMN een trend toonde naar versterking
van deze cytokineresponsen. In een eerder onderzoek, waarbij 2.5% OMN
werd aangebracht bij patiénten met anogenitale wratten en hooggradige
plaveiselcel intra-epitheliale laesies, werd geen klinische effectiviteit
aangetoond. Dit wijst erop dat een combinatietherapie van IMQ en OMN
mogelijk gunstig kan zijn voor HPV-geinduceerde huidaandoening.

KRITISCHE EVALUATIE VAN HET
IMQ-GEiNDUCEERD INFLAMMATIEMODEL

IS ER EEN TRANSLATIONELE KLOOF? » De inleidende sectie van
dit proefschrift beschreef de inflammatoire immuunrespons op IMQ
bij muizen. De bevindingen kenmerken zich bij muizen door klinische
verschijnselen, zoals verdikking van de huid, erytheem en schilfering
die binnen 2-3 dagen na IMQ-toediening optreden. Bij mensen waren
vergelijkbare, maar meer beperkte, klinische bevindingen aanwezig, zoals
een toename in huiddoorbloeding, erytheem en epidermale dikte na 2-3
dagen IMQ-toediening.
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Bij muizen activeert blootstelling aan IMQ, neutrofielen en trekt deze aan,
samen met een verhoogd aantal PDC’s en y§ T-cellen. Dit werd verder
ondersteund door verhoogde niveaus van de cytokinen TNF, IL-18 en
IL-6, in combinatie met een tijdelijke toename van IL-23, IL-17A, IL-17F
en IL-22, wat wijst op de betrokkenheid van de adaptieve immuunrespons
en lijkt op psoriasiforme laesies. In lijn met preklinische bevindingen
was bij mensen infiltratie van monocyten/macrofagen, NK-cellen, DC’s,
T-helpercellen en cytotoxische T-cellen duidelijk zichtbaar. Op cyto-
kineniveau was er duidelijke IRF-signalisatie, wat bleek uit verhoogde
MX-A, IFN-y en IP-10. Desondanks waren er verschillen tussen de soorten
op cellulair en cytokineniveau (Figuur 2). Hoewel verhoogde niveaus van
IL-6 en TNF werden waargenomen, was de expressie minder dan die
van IFN, wat aangeeft dat IMQ meer als model voor IRF-stimulatie dient
dan voor NF-kB. Een tweede belangrijk verschil tussen het muizen- en
mensenmodel met IMQ is het gebrek aan IL-8 en daarmee neutrofielen
bij gezonde individuen. Neutrofielen, die als eerste verdedigingslinie fun-
geren, worden bij mensen snel naar ontstekingsplaatsen gerekruteerd.
Daarom werd aanvankelijk verondersteld dat het mogelijk was dat het
moment om neutrofielen te meten bij een iIMQ-challenge gemist was,
gezien de korte levensduur van neutrofielen, met een geschatte halfwaar-
detijd van 13-19 uur. Het verschil in neutrofiele respons tussen muizen
enmensen is echter te wijten aan de afwezigheid van TLR3-expressie en
de beperkte expressie van TLR7 in menselijke neutrofielen. Zij reageren
wel op TLR4-liganden, zoals LPS, wat een meer directe en klassieke in-
flammatoire respons induceert die de effecten van iMQ aanvult.

Tot slot beinvloedt het verschil in cellulaire en cytokineprofielen in
respons op IMQ tussen muizen en mensen ook de relevantie van dit
model voor ziektes. In preklinisch onderzoek wordt 1MQ vaak gebruikt
als model voor psoriasis-achtige ontsteking, gezien de betrokkenheid
van de IL-23/IL-17A/1L-22-as, terwijl de expressie van deze cytokinen bij
mensen beperkt is. In menselijke IMQ-studies is er sterke activatie van
de IFN-respons zichtbaar, wat leidt tot verrijking van de JAK-STAT-route.
Deze bevindingen, samen met histopathologische veranderingen wijzen
erop dat het IMQ-model bij mensen mogelijk beter representatief is voor
lupus dan voor psoriasis.
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GEBRUIK VAN ACCURATE UITLEESMATEN = Op het gebied van
klinimetrie scoren de artsen aangedane huid meestal op kenmerken
zoals erytheem en zwelling. Onderzoekers proberen vaak enkele
biomarkers en eindpunten te integreren, maar deze leveren doorgaans
slechts eendimensionale informatie. In klinisch onderzoek kan een
multidimensionaal, dieper inzicht in huidprocessen worden verkregen
door gebruik te maken van een multimodale benadering, zoals beschreven
in de inleiding van dit proefschrift. De pijlers van deze aanpak omvatten
het volgende (Figuur 1):
I Klinische scores
11 Door de patiént gerapporteerde uitkomsten
11 Beeldvorming
IV Biofysische metingen
v Moleculaire analyses in biologische monsters, zoals biopten

en blaarvocht
vi  Cellulaire uitleesmaten

In de hoofdstukken van dit proefschrift zijn verschillende combinaties
van de genoemde pijlers uitvoerig uitgelicht en toegepast. Daarnaast zijn
beeldvormingstechnieken en biofysische metingen, zoals laser speck-
le contrast imaging, eerder onderzocht in andere klinische studies met
challenges zoals LPS en KLH, waarbij ze geschikt bleken om erytheem en
huiddoorbloeding objectief te kwantificeren. Hoewel deze evaluaties voor-
namelijk gericht zijn op het karakteriseren van oppervlakkige huidreacties,
zijn er ook niet-invasieve technieken beschikbaar die directe metingen
van de epidermale morfologie tot een diepte van 1-2 MM mogelijk maken.
Optical coherence tomography, doorgaans gebruikt in klinisch onderzoek
met patiénten, herkent grote histologische structuren, maar mist de hoge
resolutie die nodig is om individuele cellulaire veranderingen te identi-
ficeren en specifieke eiwitten in de epidermis te bepalen. Desondanks is
optical coherence tomography in dit proefschrift ingezet om de epidermale
dikte te kwantificeren. Dit benadrukt de haalbaarheid om conventionele
biopten te vervangen door deze techniek in huid-challenge-studies. De
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technieken dien in dit proefschrift zijn toegepast bieden veelbeloven-
de mogelijkheden om de inflammatoire respons na IMQ-toediening te
karakteriseren. Toekomstig onderzoek zou zich moeten richten op het
combineren van verschillende resultaten en het visualiseren van data
om een beter begrip te krijgen van de functie van de cellen en daarmee
het mechanisme of de pathologie van een bepaalde ziekte.

UITDAGINGEN & PERSPECTIEVEN

IMQ is waardevol gebleken als een challenge agent, voornamelijk gericht
op het aanzetten van het interferonrespons. In verschillende studies laat
het een consistente immuunrespons zien ondanks de waargenomen
variaties in individuele cellulaire reacties. Echter, een van de beperkingen
vanIMQ is de topische formulering. Hoewel alle deelnemers dezelfde dosis
ontvangen is de absorptie door de huid onvoldoende gekarakteriseerd
tussen verschillende proefpersonen, wat met het oog op de verbeterde
response na tape-strippen een deel van de variabiliteit van de respons
zou kunnen verklaren. Men zou kunnen stellen dat de topische toediening
van IMQ mogelijk niet de optimale toedieningsvorm is voor dit model.
Eerdere pogingen om DC's te activeren en te mobiliseren via intradermale
toediening van de TLR7-ligand op ex vivo-huid waren niet succesvol
gebleken, terwijl topische toediening van iMQ effectief bleek te zijn. Om
het model te verfijnen, is het cruciaal om de variabiliteit van de dosering
te definiéren. In een onderzoek door Wind et al. introduceerden de groep
een methodologie in hun onderzoek waarbij matrix-assisted laser
desorption/ionization massaspectrometrie imaging werd gebruikt om
concentraties van bimiralisib te meten in huidbiopten na een topische
behandeling. Dezelfde benadering zou kunnen worden aangepast om de
farmacokinetische eigenschappen van IMQ in het huidmodel te evalueren.
Hoewel het IMQ-model werd getest met nieuwe geneesmiddelkandidaten
die zich richten op hun specifieke signaalcascade, is het interessant om
alternatieve toepassingsgebieden te verkennen waar 1MQ effectief kan
worden toegepast.
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De bevindingen die in dit proefschrift worden beschreven, tonen niet
alleen een succesvolle vertaling aan dier naar mens, maar duiden ook
de consistentie tussen studies, wat suggereert dat de IMQ herhaalbaar is
in gezonde individuen, hoewel er nog geen formele test-hertest studie is
uitgevoerd. Een volgende translatiestap zal naar patiénten worden gezet.
Onlangs is er een klinische studie gestart die zich richt op de translatie
van IMQ naar patiénten met cutaan lupus erythematosus.

Daarnaast, is errecent meer aandacht gekomen voor het verduidelijken
van de functie van TLR-agonisten en hun potentieel als adjuvanten in
vaccinontwikkeling. IMQ werd topisch toegepast als huidadjuvans en
toonde verbeterde reacties op intradermale influenzavaccins. Een recent
voorbeeld betreft de evaluatie van synthetische TLR7/8-liganden door
Inimmune Corp., die in vivo werden toegediend samen met het SARS-
cov-2-vaccin, wat de T-cel reacties en neutraliserende antilichaamtiters
verhoogde duidend op een mogelijk effectiever vaccin. Gezien deze
veelbelovende resultaten, worden deze moleculen momenteel
geévalueerd in fase 1 klinische onderzoeken.

Naast hun potentieel als adjuvanten, hebben synthetische TLR7/8-
liganden aanzienlijke belangstelling gekregen binnen de oncologie.
Immunostimulerende moleculen die zich richten op TLR7/8 kunnen
zowel aangeboren als adaptieve immuunresponsen activeren door
cytokineproductie en het activeren van cytotoxische cellen. Via deze
immuunrespons wordt verondersteld dat ‘cold’ tumoren omgezet
kunnen worden in ‘hot’ tumoren, die gunstiger reageren op immuun-
checkpointremmers. Als gevolg hiervan worden deze TLR-agonisten
als veelbelovende kandidaten gezien voor nieuwe monotherapieén
of combinatietherapieén. Hoewel sommige onderzoeken suggereren
dat TLR-activatie voordelig kan zijn bij tumorbehandeling, wijzen an-
dere studies erop dat TLR-signaaltransductie mogelijk bijdraagt aan
tumorgroei. Het volledig begrijpen van de rol van TLR'’s in verschillende
tumorceltypes blijft een aanzienlijke uitdaging, die uitgebreide lopende
klinische onderzoeken vereist. Gezien de veelbelovende signalen die
voortkomen uit voorlopige analyses van enkele klinische onderzoeken,
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worden er meer uitgebreide gegevens verwacht van de lopende studies
naar TLR-agonisten die worden ontwikkeld voor de behandeling van
solide tumoren.

CONCLUSIE

Dit proefschrift moedigt de implementatie van challenge-modellen
in de vroege fasen van geneesmiddelontwikkeling aan om klinische
onderzoeken efficiént uit te voeren en tijdige go/no-go-beslissingen te
vergemakkelijken. Het gebruik van een TLR7-agonist als challenge-agent
is succesvol vertaald van dieren naar mensen, waarbij overeenkomsten
en verschillen tussen soorten zichtbaar werden gemaakt. De imiqui-
mod-respons werd grondig gekarakteriseerd door een geintegreerde
benadering van multimodale biomarkers. Het model werd succesvol
ontwikkeld door een systematische aanpak van modeloptimalisatie,
benchmarking met een ontstekingsremmend middel, en door het model
te gebruiken in een ‘proof-of-mechanism’ studie om de in vivo far-
macologische werking van een nieuw geneesmiddel te tonen. Met dit
proefschrift hebben we een raamwerk van studies opgezet die uitgevoerd
kunnen worden voorafgaand aan de commerciéle toepassing van een
nieuw challenge-model. Het gebruik van verschillende complementaire
benaderingen zorgt voor een alomvattend beeld waardoor beslissingen
naar latere fase of het vroegtijdig beéindigen van de productontwikkeling
sneller genomen kunnen worden. Met deze aanpak verwachten we het
traditionele paradigma van geneesmiddelontwikkeling te transformeren
door de klinische onderzoeksprocessen te vereenvoudigen, leidend tot
hogere efficiéntie en lagere totale kosten.
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Figuur1 Multimodale benadering voor het karakteriseren van geneesmiddel effect.
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Figuur2 Verschilininflammatoir respons op IMQ tussen muis en mens.

Murine IMQ model

Epidermal thickness? Cellular inf.h.-ationf Cytokines and chemokines f
° IL-18
IL-6
o) T ceI_Is IL-17A
Neutrophils IL-17F
] pDCs IL-23
Macrophages IL-22
Untreated IMQ ¢ CXCL-1
4 ’
! 1
! 1
! 1
1
Blood perfusion ? ' :
Erythema 4 M v
Epidermal thickness ! Cellular infiltration t Cytokines and chemokines t
NK cells i mn‘_A
Macrophages P 1;
DCs y
T helper cells ?)Q:TQL
Cytotoxic T -6
cells g

Transcriptomics --> Upregulated pathways

Expression profile Pathways

TLR7_9_IRF_signalling
® Gene1 . .. Type_|_Interferon_to_JAK-STAT _signalling
@® Gene2 . . Type_ll_Interferon_to_JAK-STAT _signalling
IL-12_STAT5_signalling
ocenes NN N 0 TNF_Signalling_via_NF-kB
IL-6_JAK STAT3_signalling

® G;HeN. ] ] l Complement

Allograft rejection

DEG

IFNAT0, IFNB1, IFNAT
IFNAS, IFNAT4

IFNy

CXCL10, SELL, GBP4
CXCL11, IL-6, IFIT2
CXCL9, CCL7,CD38
CFB, C3AR1, C1QB
GZMB, CD80, KLRDT

APPENDICES - NEDERLANDSE SAMENVATTING

177



178

LOST IN TRANSLATION: THE TOLL-LIKE RECEPTOR 7 INDUCED PHARMACOLOGICAL CHALLENGE MODEL OF THE SKIN

APPENDICES

KpaTKoe comepykaHue
Ha PYCCKOM

&




180

Pa3paboTKa JIeKapCTBEHHBIX ITPEerapaToB — 3TO CJIOKHBIM, IJIUTETbHbBIN
U IOPOTOCTOSIIIUIM ITpoliecc. MoyKeT IIPOUTU OT 10 [0 15 JIET, ITpeKe 4eM
TECTUPYEMBIH TIpernapar 6yZeT 3aperucTpUPOBaH U CTAaHET JOCTYITHBIM K
TIPUMEHeHUIO JIATallieHToB. [Tpoliecc pa3paboTKU JIeKapCTB BKITIOYAET
JIOKJIMHUYECKYe U KIIMHUYeCKYe UCCIIe0BaHNUsl, ITie KIIMHUYEeCKUe UCCIle-
ZIOBaHUA CJIEAYIOT TPAAULIIOHHOM CTPYKTYpe da3 I-1V, OpUeHTHPOBAaHHOM Ha
c60p nHbOpMaIY 0 GapMaKOKUHETHUKE, 6€30ITaCHOCTH U TEPEHOCUMOCTH.

V3-3a He[IoCTaTKa JaHHBIX 06 3pEKTUBHOCTH TECTUPYEMOTO IIperapara
Ha paHHUX 3TallaX UCCIIeA0BaHUM ITPOLIEHT ITPEKpaLleHNs UX JaIbHENIITeN
paspaboTKY KpaiHe BBICOK (~90%). 3TO 0CO6EHHO 3aMeTHO Ha 3Tarax /11,
IJle YpOBeHb OTKA30B OT JaJIbHENIIEero TeCTUPOBAHUS JOCTUTaeT 55% U
CBSI3aH C OTCYTCTBUEM MPU3HAKOB 3bGEKTUBHOCTY B (KPYITHBIX) UCCIIEI0-
BaHUSAX C YYaCTUEM ITAIIMEHTOB. B pe3ysbraTe, pellleHus O ITpeKpalieHUuN
pa3paboTKU TeCTUPYeMOTo IIperapaTa MPUHUMAIOTCS Ha 60jiee MO3THIX
JTarax, 4YTo IPUBOAUT K 3HAUUTEJIbHBIM GMHaHCOBBIM 3aTPaTaM.

[To 3TUM MIPUYUHAM B [IOC/IEIHYE IeCATUIETUS BCE 6OITbIlle BHUMAaHUI
VIEeJSeTCS COBEPLIEHCTBOBAHUIO IIPOLECca paHHEe! pa3paboTKU JIEKAPCTB.
TpafuIMOHHAS IPOLIEAYPa, B PaMKaxX KOTOPOM KIIMHUYECKUEe UCITBITAHUS
KJTacCUPUITUPYIOTCS Ha YeThipe $asbl, BCE yalle 3aMeHsaeTcs 6ojiee MHTe-
TPaTUBHBIM ITOIXOJ0OM, OPUEHTUPOBAHHBIM Ha GHMOMAapKeEpPEHI U CIIpoc . B
paMKax 3TOTO MOAX0Ma aKLEHT Ae/IaeTCs Ha OTBETaX Ha HauboJjiee BayKHbIE
BOITPOCHI, CBA3aHHbIE C Pa3pabOTKOM JIeKapCTBEHHBIX CPEJICTB, HallpUMep:
JIOCTUTAET JIU ITpertapar LieJIeBOro yYacTKa BO3JIeMCTBYSA, OKa3bIBAET JIU OH
bapMaKroJIOTMYecKOe IeCTBYUE Y UMEET JIU OH IIOJIOKUTEIBHOE BIUSHYE Ha
3a601eBaHME WK ero TaToGU310I0rui0. OCHOBHOM 11EJTbI0 ABJISIETCS IO -
YeHUe KaK MOJXHO 60J1p11ero 06heMa MHGOPMALIUY O MEXaHU3ME IeUCTBUA
TIperapaTa Ha paHHUX 3Tarax pa3paboTKU.

CoBepIlleHCTBOBaHUe TIpollecca pa3paboTKy JIEKApCTB BO3MOKHO pas-
HBIMU cIiocobaMu. B nuTeparype aKLEeHT JelaeTcs Ha HCIIONb30BaHUU
61OMapKEPOB B KIMHUYECKUX UCCIIEJOBaHUAX IJI YBEIUUEHUs IaHCOB
Ha yCIIex IMpernaparoB. B 3TOM AuCCepTalliy OCHOBHOE BHUMAaHUE YAes-
eTcsl MPOBEIEHUIO HCCIIEIOBAHUM THUIIA «JIOKA3aTeIbCTBO MeXaHM3Ma»
(proof-of-mechanism), 4To6b! ompemenuTh 3GGEKTUBHYIO MO3UPOBKY U
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TIPOJIOJIKUTEIBHOCTD JIEUCTBUSA HOBOTO JIEKAPCTBEHHOTO CPEACTBA. B 3THX
rccnenoBaHuaX GapMaKoJIOrMYecKie MOJENU CTUMYIIALUN Y 3[I0POBBIX
I06POBOJIBIIEB UMEIOT BBICOKYIO IIEHHOCTD. TaKMe MOJETY BpEMEHHO BOC-
TIPOU3BOIAT KOMIIOHEHTBI (QU3UOJIOTUYECKUX U MAaTOPU3UOJIOTUYECKUIX
IIPOIIECCOB.

Mogenu «I0Ka3aTeIbCTBa MeEXaHMU3Ma» C YCIIEXOM 6bLTH BHEPEHBI B 06-
JIACTYU HEBPOJIOTUY U 60JIU, 0COBEHHO JJIs JIYUIIIEro MOHNMaHUSI OCHOBHBIX
MEXaHU3MOB. DTU MOJEJIY, U3BECTHBIE KaK «TeCThI Ha BBI3BAHHYIO OOJIb ¥
yesioBera» (human evoked pain-tests), OKa3aaKMCh IIONE3HBI B UCCIIENO-
BaHUAX C yUYACTHUEM 3[IOPOBBIX JOO6POBOJIBIIEB. OHU ITOMOTAIOT Ha PAaHHUX
STarax pa3paboTKU JIEKAPCTB COKPATUTD Pa3pPhIB MEXKY IKCIIEPUMEHTAMU
Ha JXUBOTHBIX U MTAIIUEHTAMU C 60JIeBBIMU CUHAPOMaMHU. [[pUMephI TAKMX
TECTOB BRJIIOYAIOT MOJIENIb 60JIM OT TEIUIOBOro BoszericTeua (UV-B), TecT Ha
60JIb OT XOJIOZA ¥ TECT C UCITOIb30BAaHMEM UTOJIBYATIX CTUMYJIOB (Von Frey
pin prick test).

B ob6yacTyl nHGERITMOHHBIX 3a60/IeBaHUI BCE 60JIbIIIE BHUMAaHUSA TIPU-
BJIEKAIOT KOHTPOJIMpyeMble Mofeny MHGEKIuN y denoseka (controlled
human infection models). B paMKax 3THX KCCIIeIOBAHNI 3I0POBbIe JO6PO-
BOJIBLIBI TTOABEPTAIOTCS BO3IEUCTBUIO BUPYCA, HATIPUMEDP PUHOBUPYCA VTN
SARS-CoV-2, YTO ITO3BOJISET OLIEHUTH 3QPEKTUBHOCTD BaKLIMHbBI HA PAHHUX
STarax eé pa3paboTKU U YCKOPUTD MPOLIECC CO3MAaHUS BaKLUMH. B obmactu
TICUXVATPUN KOHTPOJIUPYEMbIE MOJIENN MCIIONB3YIOTCS JJIT BOCCO3LAHUSI
MTaHUYECKUX CUMIITOMOB V 3[OPOBBIX JOOPOBOJIBLIEB IIYyTEM WHIIISIINU
TIOBBIIIEHHBIX KOHIeHTpauui CO2, YTO BBI3BIBAET OLIYIIEHUs, CXOKUEe C
TMaHUYECKUMU aTaKaMU Y MalleHTOB.

B 3TOM AyicCepTaLiy OCHOBHOE BHUMaHUE YAEJIEHO pa3paboTKe MOLETN
B MICCJIEIOBATETBCKOM 06J1aCTH UMMYHHOM epMaToioruu. OgHOM u3 dap-
MaKOJIOTUYECKUX MOJIEJIEN CTUMYJISALINM, KOTOpas IOKa3aja YCIIEITHbIe
pEe3yJIbTaThl B JOKJIIMHUYECKUX (MBILIMHBIX) UCCIIEIOBAHUAX, ABJIAETCI MO-
IleJib, B paMKaX KOTOPOM UMUXUMOJ, (IMQ) HAHOCUTCA Ha KOJKY I BbI30Ba
JIOKAJIBHOTO BOCITaJIEHUs. IMQ — 3TO aKTUBHOE BEIIECTBO 3aPETUCTPUPO-
BaHHOTO JIEKAPCTBEHHOTO CPeJICTBA 101 HazBaHKeM Aldara®. 3To cpeficTBO
mericteyeT depe3 Toll-mmomo6HeI perienTop (TLR) 7 W MPUMEHAETCS Ha
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TIpaKTUKe JJIs JIeUeHUs KOKHbBIX 3a60/IeBaHUH, TAKUX KaK aKTUHUYECKUH
Keparo3, 6a3aIbHO-KJIeTOYHAs KAPIIMHOMA U TeHUTAJIbHbIE 60POIABKYU. XOTS
3TO CPEZICTBO y3Ke 3aperuCTPUPOBAHO, B UCCIIEOBaHUAX Ha JKUBOTHBIX €T0
VICITOJIB3YIOT [IJIS1 MOZIETTMPOBAHUS KIIMHUYECKUX TPU3HAKOB ITCoprasa. IMQ
AKTUBUPYET Y JKUBOTHBIX UMMYHHbIE Iy TU (MHTepGEPOHOBBIN Iy Th U NF-KB),
KOTOpbIe Ba)KHBI OJI PAOA OPYTrUX ayTOMMMYHHBIX U BOCITaJIUTETBHBIX
3a60J1eBaHNl, HalpuMep, UHTepGEePOHOITaTUH IIEPBOro TUIA (TAKUX KaK
KOXXHAs GopMa KpacHOM BOJTYaHKw). OfHAKO 0 CHX TIOP 3Ta MOZeJb He 6bl1a
TIpUMeHeHa Ha YeJIoBeKe

[J1s1 yCITeNTHOTO TIPUMEHEHUS BOCITAJIUTEIBHOM MOZEIY Ha YeJI0BEKe,
OHa JIOJDKHA COOTBETCTBOBATh JBYM KPUTEPUAM: 1) BBI3BIBATH PEAKIIUIO,
CXOAHYIO C TOM, KOTOpast HabJoAaeTcs B UCCIeNOBAaHUAX Ha JKUBOTHBIX, U
2) 6BITh IIPUTOHOM ISl NCCIIEIOBAHNI TUTIA «OKA3aTEIbCTBO MEXaH3Ma»
C y4acTHeM 3L0POBBIX JO6POBOJIBLEB. OCHOBHOM LIEJIBI0 JAHHOM AUCCED-
TaLUU SIBJISIETCS CO3TAHME YeJIOBEYECKOM MOZENH C UCTIONIb30BaHUEM IMQ
IUIS U3yYeHUs OCHOBHOTO MeXaHW3Ma BOCITaJIEHUS U ero JajibHenIero
TIpYMEHeHUS Ha PaHHUX dTarax pa3paboTKU JEeKapCTB. Ta JUCCepTaLus
BRJTIOUAET CEePUI0 KIMHUYECKUX UCCIIENOBAHUN C IMQ, TIPOBEIEHHBIX Ha
30POBBIX 106POBOJIBIIAX. TAKIKE YIeIeHO BHUMAHNE Pas3IMYHbIM METOJIaM
OLIEHKY BOCIIAJIEHUS KOXKHU. [IJIs 5TOTO UCIIONIB3YETCA MYJIBTUAUCLIUTIINHAD-
HBIW TIOAXOJ, BKIIOYAIOUIMIY Pa3/IMUHbIe TTapaMeTPhl OLIEHKU, TaKue KaK
BU3yaIU3aIus, 61oPU3NIECKUM, MOJIEKYIAPHBIN 1 KJIETOYHBIN aHaIus, a
TAK)Ke KJIIMHUYECKas OLIEHKA, KaK IT0Ka3aHo Ha PUCYHKe 1.

[Ipexkme yeM O6CYKIATh KIMHUYECKUE WCCIENOBAHUS C HKCITONB30-
BaHWEM UMUXMMOA, B IVIaBe 2 PacCMaTPUBAIOTCA HECKOJBKO MOMesern
vcnbiTaHui (challenge models). Bei6paHHbIe TECTOBBIE areHThI HALEJIEHEI
Ha BPOXXIEHHYIO UMYHHYIO PEAKLII0 KOXKY ) M aKTUBALUIO OIIPeIeIeHHBIX
VMMYHOJIOTUYECKUX TTPOIeCCOB. HampuMep, orucata MOJeNb C UCITOJb-
30BaHMEM JIUIONonrcaxapua (LPS), KOTOPBIN aKTUBUPYET BPOXKAEHHYIO
VMMYHHYI0 CUCTEMY Yepe3 TLR4. TakKe BbIeleHa MOZETb BO3IENCTBUS
V®-B usnmy4yeHUs, KOTOpas WCIIONb3yeTCs B JOKIMHUYECKUX UCCIIEHOBa-
HUSX JJIS1 UHOYKLUYY BOCIIAJIEHUS U IPUMEHSIETCS Y JIIOAEH Ik U3yYeHUs
BOCTIAJIUTENIBHOM 60JTH.
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TIOMUMO YITOMSIHYTBIX MOJIENIEN, CBA3AHHBIX C U3YYEHUEM WMMYHHOU
CHCTEMBI, B 3TOM IVIaBe OIIMCAHBI IBa MeTo/a JiJI BbI30Ba 3yZa: C UCII0Nb-
30BaHMEM rucTaMuHa u cowhage (6apxaTHoro 606a). TakKe yIIOMUHAETCA
MO/IeJIb aKTUBAIIVY aIalITUBHOM UMMYHHOM CUCTEMBI C TIOMOIIIBIO BBEAEHUA
KLH (KJII04eBOro TUMQOLIMTAPHOTO aHTUTeHa). IHTEPECHO OTMETUTb, UTO
9Ta MoJiesTb 6b1J1a UCTIONb30BaHA A1 U3ydeHus 3bdeKTa HOBOTO ITpernapara
10T Ha3BaHNEM aMJIUTEINMab — yesoBedeckoro IgG4 MOHOKIOHAIBHOTO
aHTHUTENa TIPOTUB OX40L, Ha 3L0POBBIX JOOPOBOBLAX. V3 ITepBoOM $a3bl
WCCIIeOBAaHUS Ha JIFOSIX Y HA OCHOBAHUWU ITOJIyYEHHBIX TAHHBIX, 8 TAKKE
MIPaBUJIBHO BEIOPAHHOM Z03bI, MTperapaT yCIIeIHo TPOTeCTUPOBaH Ha I1a-
LIeHTaX C aTOITMYEeCKUM IepMaTUTOM. DTO ABJISEeTCS OTVINYHBIM ITPUMEePOM
COBpPEMEHHOTO TIOAX0ZA K pa3paboTKe JeKapCcTB. BMECTO TPaAULIOHHbIX
VCCIIeIOBaHU ITepBOU (asbl, HarlpaBIeHHbIX [TTaBHbIM 06pa30M Ha OlleH-
Ky 6€30IacHOCTH U [IepPeHOCUMOCTH, OBUT IIPUMEHEH UHTErPUPOBAHHBIN
TIOZIXOZ, TIO3BOJISIOIINH YCIIEUTHO OLEHUTH 3Q$EKT HOBOTO TECTUPYEMOTO
rperapaTa Ha paHHeM 3Tarle pa3spaboTKUL.

AHAJIOTMYHBIN WUHTETPUPOBAHHBIN ITOAXOL OBUI IIPUMEHEH B IVIaBe 3,
rIe 6bUTO TIPOBEJEHO PAaHIOMU3UPOBAHHOE, OTKPBITOE KIMHUYECKOE UC-
cefioBaHYe C KOHTPOJIEM Ha TPAHCIIOPTHOM CPEZCTBE, HATIpaBJIeHHOE Ha
BpeMeHHOe MHIYLIMPOBaHMe KOXKHOTO BOCIIaJeHUs. B 3ToM Mozmenu Boc-
T1aJIeHre KOKY BbI3BIBAJIOCh HAHECEHUEM 5 MT arOHMCTa TLR7, UMUXUMOZA
(IMQ), Ha KOKY. IMQ HAHOCHUJICSA IT0J] OKKJTIO3ME Ha BEPXHIOI YACTh CIIMHBI
16 3[I0POBBIX My>KYMH-TOOPOBOJIBLIEB B OTKPHITOM bopMaTe Ha 24, 48 U 72
yaca. [lobpOBOJIBLIBI OBUTY PAHAOMU3UPOBAHBI Ha IBE IPYIIIIBL: OJHA TPYIIa
MO[BEPraIach MPOLefype CHATUA BEPXHETO CJIOS KOXKY (tape-stripping, TS)
Iiepe]; HAaHeCeHUeM IMQ, a [ipyras TpyIIia IoiyJdana IMQ Ha WHTAKTHYIO
KOJXY.

Pe3y/ETaThl ITOKA3aJIX, YTO, XOTS IMQ caM I10 cebe BbI3bIBAJI JIUIIE OTpa-
HUYEHHbIE BOCIIAJIUTENIBHBIE PeaKLIUY, KOMOUHAIMA TS U HAHECEHUs IMQ
rpuBea K 60jiee BhIpayKEHHOW U U3MEPHMOM KOKHOM BOCITaIUTEIbHOMN
peariuu. T1o CpaBHEHUIO C KOHTPOJIBHOM TPYIITION B TPyIIe IMQ HabJIio-
JIAJIMCh YCUJIEHHAs 3pUTEMA U KPOBOOOpAIlleHUE B KOXKe, NTOBBIIIEHHAS
aKrcripeccusi MPHK BOCITaTMTeNTbHBIX MAPKEPOB U IIPUTOK BOCIIATTUTENBHBIX
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KJIETOK. AKTUBALIMA BPOKIeHHOM MMMYHHOM CHCTEMBI 6bIJIa IIOATBEPIKIEHA
3HAYUTEIBHBIM yBeJIMUYeHNEeM SKCIIPECCUM XeMOKMHOB, TAKUX KaK CXCL10,
ICAM-1, hBD-2 1 Mx-A, B TpyIIIe TS 10 CPaBHEHUIO C He06paboTaHHBIMU
yuacTRamu (6e3 TS u 63 IMQ).

OTa aKTUBaLMs WMMMYHHOM CHUCTeMbI 6bljia IOTIOMHUTEIBHO IO -
TBEpKIeHa NAeHTUOUKALINEN NHOUIBTpaTa UMMYHHBIX KJIETOK, TAKUX KaK
T-XeJIIephl, UTOTOKCUYECKUE T-KIIeTKY, MaKpodary 1 IeHAPUTHbIE KIIETKH,
yepes 48-72 yaca I1ocjie HaHeCceHus IMQ. BocIamuTesnbHble peaKIuy 66111
6osiee BbIpAKEHHBIMU B IPYIIIIE TS. B 1€JI0M, TIOCTIe 72 YacOB HaHEeCEeHU
IMQ He 6bUI0 06HAPYIKEHO JOTIOTHUTENBHEIX 3PGEKTOB 10 CPABHEHUIO C
48 yacaMu [Ji BCeX M3MEpPEHMH, UTO TI03BOJISET IIPEIIONIOKUTh, YTO OII-
THMaJIbHasA IPOOJIKUTEIbHOCTh HAHECEHUA COCTABIAET 48 4acoB. TAKUM
o6pasoM, 6b11a paspaboTaHa MOJIEIb, [IPY KOTOPOH 48-4acoBOe BO3IENCTBIE
o6ecreyrBaeT YETKYI0 BOCIIPOU3BOAUMYIO PEAKLMIO, MOAXONAIIYIO I
pa3paboTKY IeKApCTBEHHBIX CPEJICTB.

CrlefyIoMyM IIaroM 6bUIO IIPOBEPUTh, MOKET JIM KIMHUYECKAAUN U
VIMMYHOJIOTUYeCKaANii peakiinusa Ha IMQ 6bITh 06paliieHa C IIOMOIIIBIO ITPO-
THUBOBOCIIAJIUTEIBHOTO CPEICTBA, KOTOPOE MOIJIO 6bI CIIY’KUTH STAJIOHOM.
IlJig 5TOTO B IVIABE 4 24 3IO0POBBIM MO6POBOJIbIIAM CIyYalHBEIM 06pa3soM
HasHaJya/IM IIepopasbHbIM NPeIHU30JI0H WK IIAle60 B TedeHre IeCTH
I10CTIeI0BaTe IbHbIX JHE. IIpeIHU30JI0H — 3TO 3aperrCTPUPOBAHHOE [IPO-
THUBOBOCIIAJINTEIEHOE CPEMICTBO, KOTOPOE IeHMCTBYET [IaBHbIM 06pa3soM Ha
[IIOKOKOPTUKOUIHEIE PELIETITOPHL.

B IaHHOM MCCIeI0BaHNUY IMQ HAHOCHUIICS Ha KOXKY, 06paboTaHHYIO Me-
TomoM TS (tape-stripping), B TeueHue 48 4acoB. KIIMHUYECKME, KIIETOYHBIE U
MOJIeKyJISpHbIE PeaKLIMY XapaKTepH30BaIKCh C UCIIOIb30BAHNEM METO/IOB,
1306paykeHHBIX Ha PUCYHKe 1. KpoMe Toro, 6b1J1a BBEZIeHa ApyTras METOAMKA
ILUISl KCCIIeN0BaHMA KJIIETOYHBIX 1 IIMNTOKUMHOBBIX OTBETOB TLR7 — CO3LaHue
BOJIIBIPEN.

ITo cpaBHEHUIO C IIale60 IIPeSHU30JI0H ITOJABIAN PeAKLIMIO , BhI3BaH-
HYyI0 TLR7, TIOYTH I10 BCEM [TapaMeTpaM, BKIII0Yasd KpOBOObpallleHHe B KOXKE,
SpUTEMY, TOJIIUHY SMIUIEPMIUCA, KOMIMYECTBO UMMYHHBIX KJIETOK (TaKuXx
KaK NK-KJIETKU, KJIACCUYECKUE MOHOLMUTEI, T-XeNIepsl, IUTOTOKCUYECKUEe
KJIETKY) ¥ YPOBHU [IUTOKMHOB (TAKMX KaK IL-6, IL-8, TNF 1 Mx-A).
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B mpepIyIneM NCCIeI0BaHUM MbI IIPOJEeMOHCTPUPOBAIH, YTO IMQ He I10-
MaZiaeT B CUCTEMHBIN KPOBOTOK. OJfHAKO BayKHBIM 6bII0 U3YYUTh pas3udre
B 93¢ deKTax MpefHU30JI0HA B KPOBU U eprdeprIecKux TRaHaX. [I09ToMy
MBI [TPOTECTUPOBAJIY €X ViVO aKTUBHOCTD IIPertapara C [IOMOIIBIO CTUMYJIA-
LMY IMQ B LeJIBHOM KPOBU, UCITOJIB3Ysl BBIIEIEHNE LINTOKUHOB B KAYECTBE
M3MepaeMOoro IoKasaTesis. Mbl ITOKa3ay, YTO IIOfAaBJIEHNE IIUTOKUHOB
MIPEeHU30JI0HOM B MEHBIIIEI CTEIIEHN 3aBUCUT OT GapMaKOKUHETHYECKOTO
nipoduis BemecTBa. Kak B KPOBY, TaK U B TKAHAX [TPEIHU30JI0OH JEMOHCTPH -
POBaJI IIPOTUBOBOCITAJIUTESIBHBIE CBOUCTBA, XOTS 9TU 3 EKThI B KPOBU GBIIH
06paTUMbIMH.

9To 6BUIO IIEpBOE UCCIIeOBAHUE, KOTOPOE CPABHUJIO PE3YIIbTaThI
6UOTICUY C JAHHBIMU, TIOJIYYeHHBIMU U3 COIEPKUMOT0 BOJIABIPEH OCIIe
NpuMeHeHUd IMQ. Co3ZlaHre BOJIABIPEN He ABJIAeTCS abCONMIOTHO HOBOM
MIPOLIEAYPO; ellle B 1960-X rofjaX 3TOT METOZ, UCIIOIb30BaJICs AJIA pas3me-
JIEHUS JepMbI U 3TUAEPMUCA. DTO O3BOJIMJIO U3ydYaTh BOCITAJIUTEIIbHbIE
peakIuy HEeWHBa3HUBHBIM CII0CO60M. DTa TEXHHKA TAKKe IIPUMEHSIAch
BO MHOTHX (repe-)KIMHUYECKUX UCCIIEIOBaHUsAX, B KOTOPhIX M3y4aliiCh
BOCITQJIUTEJIbHbIE PEaKlMM Ha pas3jInudHble WHTPaJepMaJibHble BO3IEH-
CTBUSI, TAKWE KaK OYMIIEHHBIN IPOU3BOIAHBIN 6eJI0K TybepKyauHa (PPD),
yneTpaduoneTosas o6paborka yéuTon Escherichia coli (UVKEC), KLH 1 LPS.
TTocsie MHTpagepMaIbHOTO BBEIEHNS LPS KJIIETKU U LINTOKWHBI, 06HAPYIKEH-
HbIe B COIEPKMMOM BOJIIBIPE, IIOJTHOCTBI0 COOTBETCTBOBAJIN KJIETOUHBIM
peakiuaM, U3MEepPEeHHbIM B BUOIICUSX. B JaHHOU [1aBe Mbl 06HAPYKUIN
aQHAJIOTUYHbIE UMMYHHBIE KIETKY KaK B COAEPKMMOM BOJIABIPEH, Tak U
[IPY UMMYHOTMCTOXMMUYECKOM OKpaIIMBaHuU (IHC). 9TO CBULETENIbCTBYET
0 TOM, YTO TEXHUKA CO3/IaHUs BOJIABIPEN IBIAETCA Kak 3GOEeKTUBHOM, TaK
Y TIPOCTOM Ui MUHMMAJIBHO WHBA3WBHOTO WU3Y4YEHUS BOCITAJIUTEJIBHBIX
IIPOLIECCOB.

OZHAKO CYIIEeCTBOBAJIY U Ba)KHbIE PA3INYUA MEXKAY MOIENbI0 IMQ Ha
SKUBOTHBIX ¥ MOZEJIbIO IMQ Ha JIFOZSX. B MOIETH Ha JKUBOTHBIX HEUTPOQUIIBI
06BIYHO MTPUCYTCTBOBAJIY, TOTMA KaK B UEJIOBEYECKOUM MOJIETU IMQ OHU TI0JT-
HOCTBIO OTCYTCTBOBaJIU. OZHUM U3 BOSMOKHBIX 06BSICHEHUH 3TOTO SABJISETCS
OTHOCUTEJIBHO KOPOTKAS ITPOAOJIKUTEIBHOCTD BO3IEHCTBYS IMQ B HAIIKX
KJIMHUYECKUX UCCIIe0BAHUAX 10 HACTOAIIEro BpeMeHu. [T03ToMy B IVIaBe 5
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MBI OXapaKTepU30BaIU TLR7-0IIOCPEI0BAHHYI0 BOCITAIUTEIBHYIO PEaKIINI0
rocsie 7 gHew (168 4acoB) BO3AENCTBUA IMQ Y 300POBbIX JOGPOBOJIBLIEB U
CpaBHUJIY 3Ty PeaKIIUIO C peaklirel, HabmomaeMo ociie 60j1ee KOpOTKOTO
BO3[IENCTBYA IMQ B 2-3 1HA (48 1 72 yaca). KpoMe TOro, BOCHalIUTe IbHAs pe-
Ak y JKUBOTHBIX 6bUIA OITOCPeZoBaHa KoMILJIEMeHTOM C3. CIIeI0BaTEINBHO,
Hallle} BTOPUYHOM LIEJTBIO 6BII0 UCCIIENOBATh, MOYKET JIM OBITh aKTUBUPOBAH
KacKaJl, KOMITJIeMeHTa I10CJie IIPOJI0JIKeHHOT0 BO3eNCTBYUA IMQ. [IJ151 3TOTo
10 3[[0POBBIX JO6POBOJIBLIEB YYaCTBOBAJIY B PAHIOMU3UPOBAHHOM, OTKPBI-
TOM UCCIIeA0BaHUM. [IpO/IJIEeHHOE BO3IENCTBYE IMQ IIPUBEJIO K YCHIJIEHUIO
IMQ-UHIYIIMPOBAHHOIO BOCIIaJIeHYA KaK Ha MOJIEKY/ISIPHOM, TaK U Ha KJle-
TOYHOM YpOBHe. KpoMe TOro, B 3TOM UCCIIeI0BAHUY MbI TPUMEHIIIN aHAJIU3
TPAHCKPUIITOMA, KOTOPBIM IIPOAEMOHCTPUPOBAJ aKTUBALIVIO CUTHAJIBHOM
riepeiayil TNF, KOMIUIEMeHTa 1, 0CO6eHHO, CUTbHbIE MHTEPOEPOHOBBIE pe-
AKLIWU. DTH pE3YNIBTAThI 6bLIH 0COBEHHO BEIPAsKEHEI ITOCJIE IPOLOJIKEHHOTO
BO3ZIENCTBUA IMQ. MBI TaKKe HabII0Zay, YTO CEKpeLrsa MHTEPHEPOHOB
IIPUBOAUT K UHAYKIIUU ITyTU JAK-STAT, C yBeJIUUeHIEM SKCITPECCUU XeMO-
KMHOB CXCL9, CXCL10 U CXCL11. HaKoHell, 3To 1cciefoBaHye [IOATBEPAUIIO
OTCYTCTBUE HEUTPODUIIOB KaK OIIpeeAoINi ¢aKTOp B OTBETHOM PeaKlIUH,
YTO ITPUBOJIUT K 3HAUUTEIIBHOMY TPaHCIISIIIMOHHOMY Pa3InIUI0 MEXKAY MbI-
IIaMU U JIIOBMU.

[IJ151 TOTO YTO6BI KCCIIEIOBATE IIPUMEHUMOCTD HAIIIEH MOZIENH Y TECTHUPY-
eMOT0 ITpernapara , Mbl IPOBeJIY KIIMHUYEeCKOe UCCIIeIoBaHUe, OIIMCAaHHOe
B mIaBe 6. B 9TOM maBe 6bUIM M3y4YeHbI 3bdeKThl OMUHAHAHA (OMN) U
UMUKBUMOZA (IMQ) Ha BOCIIAJIUTENbHbIE PEAKIUU B KOXKE 16 3IO0POBBIX
YYaCTHUKOB. OMN — 3TO CUHTETUYECKUI KaTeTUIUANH C aHTUMUKPOOHBI-
MU CBOMICTBAMMU, CXOKHUMMU C LL-37, KOTOPBIN YCUJINBAET UHTEPPEPOHOBBIE
OTBeTBL. KaTenuIMAuHbI, BKIo4as LL-37, SBJIAIOTCS BaJKHBIMU aHTHUMU-
KPOBGHBIMU MENTUIaMU B UMMYHUTETE KOKU U 60PIOTCI C pasIUuyHbIMU
raToreHaMu. LL-37 TaKKe MOIYINPYeT UMMYHHbIE DEaKIU U YCUIMBAET
TIPOAYKLIUIO IFN, MHAYIIMPOBAHHYIO JTUTaHAaMU TLR3, TAKUMU KaK 11omva:C,
B RepatuHoIuTax. OJHAKO B UHBUTPO-UCCIIEIOBaHUIX ITIOKA3aHO, UTO STOT
3bPeKT TakKe OTHOCUTCS K JIMTAHZy TLR7, TAKUM Kak IMQ. Kak U B I1aBe
3, IpUMeHeHYe IMQ BBI3BIBAJIO YMEPEHHbBIE BOCIIAJIUTENIBHBIE PEAKIINH,
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XapaKTepU3yIoIIKecs MOBbINIEHUEM SpUTEMBI M KPOBOO6PAIIeHUs, C TUKOM
yepes 24 u 48 yacoB. KoMbrHalMsg IMQ ¥ OMN elile 60JIblile YCUIUIa 3TH
dusnoNoTUYECKYE peaKIWH, a TaKKe KIETOYHYI0 PeaKinio, 0CO6EHHO
IIpU CaMOM BBICOKOM KOHIIEHTpaluU 1%. BbIJIO OYeBUIHOE YBeIUYeHUe
MaKpo¢$aroB/MOHOIIUTOB, IEHIPUTHBIX KJIIETOK U T-XeJITIePHbIX KIIETOK, HO
3TOT 3G deKT 6BUT OTPaHUYEH B COOTBETCTBYIOLIEHN ITUTOKUMHOBOM PEAKITUNL..
JleyeHue IMQ IIOBBICUJIO YPOBHU MPHK IL-6, IL-10, MX-A U IFN-y, IIpU 3TOM
OMN I10Ka3aJl TeHZEHIINIO K YCUJIEHUIO STUX LIUTOKWHOBBIX OTBETOB. B Ipe-
OBIAyIIeM UCCIIeL0BaHUM, B KOTOPOM 2,5% OMN HaHOCHJIU Ha MIallieHTOB
C QaHOTEHUTAJIBHBIMU 60POIaBKAMU U BHICOKO TPAIMEHTHBIMU TJIOCKUMU
KJIETOUHBIMU WHTPASIUTEIMAIbHBIMY TTOPYKEHUAMY, He 6bIIO Ipoe-
MOHCTPUPOBAHO KINHNWYECKOU 3QPeKTUBHOCTU. ITO yKa3bIBaeT Ha TO, YTO
KOM6UHMPOBaHHAs TepaIysa IMQ ¥ OMN MOSKET GbITh [TOJIE3HOM JIJIF JIEUeHUS
KOYXKHBIX 3a6071eBaHN, BbI3BaHHbBIX BITU (HPV).

KpUTHYECKadA OLleHKA MOJZeJIM BOCIaJIeHU ,
MHAYLHUPOBAHHOTO IMQ

ECTbh IV TPAHCIAILMOHHBIN PAa3pPbIB? @ B BCTYIUIEHHE 3TOM IUC-
ceprauuy 6plIa OIMCAHA BOCIAIUTENbHAS UMMYHHAsI peakiysa Ha IMQ Y
MBIIIEeN. DTU Pe3yJIbTaThl XapaKTEPU3YIOTCA KIIMHUYECKUMU TPU3HAKAMY,
TAaKUMU KaK yTOJIIIEHNE KOXKY, SPUTEMA U IIETyIIIeHUE, KOTOPbIE TOSBIIAIOTCS
yepes 2-3 OHS II0CJIe IPUMEeHeHUs IMQ. V JTIofel HabJIiauch CXOXKUE, HO
6oJiee orpaHUYEHHbBIE KITMHUYECKUE PE3YJIBTaThl, TAKUE KaK YBeTUYeHUE
KpOBOOOpaIleH!s B KOKe, SpUTEMA U YTOJIIIEHWE SMTUIepMUca uepes 2-3
[IH{ TIOCJIe IIpYMeHeHUs IMQ.

V MbllIel BO3[eNCTBYe IMQ aKTUBUPYeT HeUTPOQUIIbI U IIPUBJIEKAET UX, a
TaK>Ke YBeJIMUMUBAET KOJIMYECTBO IIDC U v T-KIIETOK. TO TAK)Ke IIOATBEPIKIa-
€TCsI TTOBBIIIEeHHBIMU YPOBHAMU LIUTOKUHOB TNF, IL-1B U IL-6, B COYE€TaHUU
C BPeMEeHHBIM YBeJIMYeHUEM IL-23, IL-17A, IL-17F U IL-22, YTO YKa3bIBAET
Ha y4acTve alaliTUBHOIO0 UMMYHHOTO OTBeTa U HAIIOMWHAET IICOPUa30-
MTOZI0OHEBIE ITOPayKEHMUS. B COOTBETCTBUM C IPEOKIMHUYECKUMU TAHHBIMU
y TIofiet HabrogaeTcss HOUIBTPALA MOHOLIUTOB/MaKpodaros, NK-KJIETOK,
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DC, T-XemnmepHbIX KIeTOK U [IUTOTOKCUYeCKUX T-KIIeTOK. Ha ypoBHe LIUTO-
KUHOB HabJTI0JaeTCsI IBHAS CUTHAJIbHAS aKTUBALIMS IRF, UYTO BEIPAJKAETCS B
TIOBBIIIIeHUY MX-A, IFN-y 1 [P-10. TeM He MeHee, OBLIN BBIABIIEHBI pasnuyug
MEX]y BULAMU Ha KJIETOYHOM U IIUTOKUHOBOM YPOBHAX (PUCYHOK 2). X0OTs
6bUTM 3aUKCHPOBAHBI ITOBBIMIEHHEIE YPOBHU IL-6 U TNF, UX SKCIIPECCUS
6bUTa HIDKE, UeM y IFN, UTO YKa3bIBAET Ha TO, YTO IMQ B 60JIBLIEN CTETIEHU
CIIY’KUT MOZEJIbIO CTUMYIALIY IRF, YeM NF-kB.

BTOpBIM BasKHBIM pasiindueM MeXIY MOZEbIo IMQ Y MBIIIeN U J0fenl
SIBJISIETCS OTCYTCTBUE IL-8 11 HEUTPOUIIOB Y 3MOPOBLIX JTIofiel. HenTpodus!,
KOTOpbIe ABJISIOTCS TIePBOM JIMHUEM 3aIUThI , 6BICTPO MIPUBJIEKAIOTCS K
MecCTaM BoclayieHUd. M3HayaIbHO CYUTAJIOCH, YTO MOMEHT [JI1 U3SMEePeHUd
HeUTPOMIIOB B MOZENTM IMQ MOJKET BBITh YIIIIEH U3-32 KOPOTKOTO BpEMEHU
WX KU3HY, C [IpeAIiosaraeMbeIM BpeMeHeM [To1ypaciiazia 13-19 4acoB. OfHaKO
pasnuyre B HeUTPOPUIBHOM OTBETE MEK/IY MbIIIaMU U JIIOJIbMU CBA32HO C
OTCYTCTBLEM 3KCIIPECCUY TLR3 1 OTPaHWYEHHOM KCIIpeccrel TLR7 y UeJio-
BeuecKux HeuTpoduioB. OHY, OLHAKO, pearupyloT Ha JINTaHAbl TLR4, TaKUe
KaK LPS, YTO BBI3BIBAET 60JIe€ IIPAMYIO U KJIACCUYECKYIO BOCITAIUTEIBHYIO
peaxr1uio, KoTopas AooaHIeT 3GGeKThI IMQ.

HaKoHell, pa3nuyys B KJIETOUHBIX U IUTOKUHOBBIX IIPOUIISX B OTBET
Ha IMQ MesKy MBIIIaMU U JII0AbMU TaKyKe BIUAIOT Ha pelIeBAHTHOCTDb 3TOU
Mogienu A1 3a601eBaHUM. B TpeIKITMHUYECKUX UCCTIEA0BAHUAX IMQ YaCTO
HICITONIB3YETCA KaK MOJIENb TICOPUA30Io06HOT0 BOCIalIeHNs, YUUThIBAS
y4acThe OCH IL-23/IL-17A/IL-22, B TO BpeMsI KaK KCIIPECCUS STUX LIUTOKH -
HOB y JIIOZIe} OrpaHUYeHa. B KIIMHUYeCKUX UCCIeOBaHUAX IMQ V TIofen
HabJoaeTCsa CUIbHAS aKTUBAIMA IFN-OTBETa, YTO BeZeT K 060ralieHnio
nnyTy JAK-STAT. 5Ty pesynbsTarhl, BMeCTe C TMCTOIaTOJIOrNYeCKMU U3Me-
HEHUAMH, YKa3bIBAIOT Ha TO, UTO MOJEJNb IMQ ¥ JIIOAEHN MOKET OBITh 60oj1ee
penpe3eHTaTUBHOM [IJI1 KpaCHOM BOJTYaHKY, UeM JJId IIcoprasa.

VcTonb30BaHMe TOYHBIX METOIOB @ B 06J1aCTV KITMHUMETPUY Bpadr
06BIYHO OLIEHUBAIOT [TOPAKEHHYIO KOXKY I10 TAKUM XapaKTePHUCTUKAM, KaK
SpUTEMa U OTeK. VICCITeIOBATEIT YaCTo MIbITAIOTCA MHTErPHUPOBATh HEKOTOPhIE
6rioMapKephl ¥ KOHEYHBIE TOUKY, HO OHU 06BIYHO [TPEIOCTaBIISIOT TOJIBKO
OMHOMEPHYI0 WHGOPMAIUI. B KIMHUYECKUX HCCIEHOBAHUAX MOKHO
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TOJIyYUTh MHOTOMEPHOE, 60Jiee Ty60K0e MOHUMaHMe MPOLIECCOB B KOXKe,
HCIIOJIB3YS MYJIBTUMOZAIBHBIN [TOX0, KaK OITHUCAHO BO BBEIEHUM K JAHHOU
mvicceprauni. OMOPHBIE 3JIEMEHTBI 3TOTO TIOAX0/IA BKIIIOUAIOT CIIEAYIoLIee
(PucyHOK 1):

KIMHUYEeCKYE OLeHRU

Pesymbrarhl, CO06IIaeMble MalueHTy

3

4

5 Busyanusanua

6 BuodusuyecKue U3MepeHus

7 MoJeKynapHble aHAJIU3bI 6MOTIOTUYECKIX 06PA3LIOB, TAKUX KaK 6MOTICUN
U JKUJIKOCTBD U3 ITy3bIpent

8 KiieTouHble [T0Ka3aTelu

B m1aBax JaHHOU AMCCEPTAIIMY TTOAPO6HO PACCMaTPUBAIOTCS Pa3IMYHbIE
KOMOWHAIIMY 3THX 3JIEMEHTOB, a TaK)Ke UX IIpuUMeHeHue. Kpome Toro,
TaKWe METOHbl BU3yayin3aluu U 6ModU3MUYecKue WU3MepeHUs, KaK Jia-
3epHas CIIeKI-KOHTpacTHasa BU3yaslus3alivs, 6pUIM paHee WUCCIIeI0BaHbI
B JpyTUX KIWHUYECKUX MUCIBITAHUAX C IIpUMeHEeHNeM TaKUX MOJeJel,
Kak LPS 1 KLH, 1 IToKa3aIu CBOIO IIPUTOAHOCTD AJIs 06heKTUBHOM KOJIU-
YECTBEHHOM OIIEHKU SPUTEMBI U KOKHOTO KpoBoo6palieHus. XOTS 3TU
OLIEHKM B OCHOBHOM HaIlpaBJIeHbl Ha XapaKTEPUCTUKY [TOBEPXHOCTHBIX
KOXXKHBIX DeaKLUH, CYIIeCTBYIOT TaK’Ke HeMHBA3UBHbIE METOMbl, KOTOphIe
TI03BOJISIIOT IIPOBOAUTD IIPSIMble U3MEpeHUs SMUAepMaIbHON Mopdoio-
MY Ha DIy6UHY 1-2 MM. ONITUYecKas KorepeHTHas ToMorpadus, 06bIYHO
UCIIONb3yeMas B KIIMHUYECKUX UCCIIeIOBAHUAX C ITalleHTaMU, [I03BOJIAeT
BBIBUTD KPYITHbIE TUCTOJIOTMYECKYe CTPYKTYPHI, HO el He XBaTaeT BBICOKOU
pa3pelailey CIIoCOOHOCTH AJI OTIpeieJIeHU MHIUBUAYaJIbHbBIX KJIETOU-
HbIX U3MEHEHU 1 BBIABIEHUS CITelPUIecKrx 6eJIKOB B sIuepmuce. TeM
He MeHee, OITUYecKas KorepeHTHas ToMorpadus 6bi1a UCITONIb30BaHa B
5TOU JUCCEPTALMU [JiS KOJIMYEeCTBEHHOU OLIEHKY TOJIIIMHEI SIIUIEpMUCA.
TO MMOAYEePKUBAET BO3MOKHOCTh 3aMeHbl TPAIUILIMOHHBIX 6MOIICHI 3TOM
TEXHUKOU B UCCIIeIOBAHUSIX, CBI3aHHBIX C KOXKHBIMU peaKIUAMU. MeTOIbI,
TIpUMeHEeHHbIe B JaHHON OUCCEPTAlWH, OTKPBIBAIOT MHOT0O6EIIA0IINe
BO3MOKHOCTU [JI1 XapaKTePUCTUKU BOCITQJIMTENIBHOM peaKLUU II0cie
MIpUMeHeHus IMQ. Byyliye ncciejoBaHus TOJIKHbI 6bITh HalIpaBIeHbl Ha
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COYeTaHME PA3JIMYHBIX PE3YJIbTaTOB 1 BU3YaJIM3allvIO JaHHbBIX IJI4 JIy4dIlIero
IIOHMMaHUuA (bYHKLH/II/I KJIETOK U, CJIEA0BATEJIbHO, MEXaHK3Ma MJIM ITAaTOJIOTHHN
KOHKPETHOI'O 3a60J1eBaHUI.

[Ipo6IeMbl U IepPCIIeKTUBEI @ IMQ OKa3ajcs LIeHHBIM IIperiapaToM
IUIS MOJEeJIMPOBAaHUS BOCIAJIEHUS, B TIEPBYI0 OYepenb Ui aKTUBaLU
MHTepPEPOHHOIO OTBETA. B pasIUyHbIX UCCIEN0BAHUAX OH IeMOHCTPUPYET
CTabVIbHBIM UMMYHHBIN OTBET, HECMOTpsI Ha HabroJaeMble BapUaliuy
B KJIETOYHBIX DPEaKIUIX Y OTAEIbHBIX ITaleHTOB. OLHAKO OJHOU U3
OrpaHWYEeHNH IMQ SBJISETCI ero Tornudeckas dopma. HecMOTps Ha To, 4To
BCE YYACTHUKU IOJIyYaloT OLUHAKOBYIO IO3Y, IOIIOUIEHME IIperapara
yepe3 KOXKY HENOCTATOYHO OXapaKTepHU30BaHO MEXIY pPasIMYHbIMU
WICTIBITYeMBIMU, UTO, C YYETOM YIYUIIEHHON PEAKIUK TI0CTIe UCTIOIb30BaAHMS
METO/Ia JIEHTBI, MOKET YaCTUYHO 06BICHATh BAPUATUBHOCTH Pe3y/IbTaTa WIIH
pearuu?(TOCMOTPU YTO JIyYIIle TIOAXOAUT). MOKHO TIPEIIIONOKUTD, UTO
TOMMYECKOe TTPUMEHEHYe IMQ MOKET U He 6bITh ONITUMAaJIBHON GOPMOU
I TaHHOM Mojenu. PaHee ITOMBITKY aKTUBHUPOBATb U MOOUIN30BATh
IeHIPUTHBIE KJIETKY Yepe3 MHTpaJepMajbHOoe BBeleHMe auranma TLR7
Ha SKC-BUBO KOXX€ He YBEHUYAJIUCh YCIIEXOM, B TO BPEMSA KaK TOIMMUYECKOE
BBeJleHre IMQ 0Ka3aj10Ch 3GPpeKTUBHBIM. 1711 YTOUHEHUS MOZENN BayKHO
OTIpeNeINTh BapUaTUBHOCTh IO3WMPOBKU. B ONHOM M3 HCCIIEIOBAHUMH,
MPOBeIeHHBIX BUH/ 1 cOaBTOpaMH, 6blja [IpeicTaBIeHa METOOJIOT Y, TIPU
KOTOPOU UCII0Ih30BaIaCh MaCcC- CIIEKTPOMETPHS C JIa3ePHOM mecopbiveri/
VMOHM3alIMeN B MaTpHIIe I U3MepeHUI KOHIIEHTPAIY 6MMUpaIU3Ura B
KOKHBIX 6HOTICHAX TIOCIIE TOMMMYECKOM 06paboTKuU. TOT Ke TIOAXO., MOSKHO
6110 6bI aIAIITUPOBATH /151 OLIEHKU papMaKOKUHETUYECKUX CBONCTB IMQ
B MOJIEJIN KOXKU.

XoTa Mofiesib IMQ 6bLTa ITPOTECTUPOBaHa B JAHHOM UCCIIEIyeMOM IIpe-
rapaTe , HalpaBJIeHHBIM Ha UX CIIEHUPUUECKYI0 CUTHAJIBHYIO KaCKamy,
MHTEPECHO TAK)Ke MCCIIeN0BaTh aJlbTepHATUBHbBIE 061aCTY IIPUMEHEHMS,
e IMQ MOXXeT 6bITh 3GPEKTUBHO UCITOIb30BaH.

PesyJIETaThl, OMTMCAHHbBIE B TAHHOM AUCCEPTALINHY, TTIOKA3bIBAIOT HE TOJIb-
KO YCITEIIHBIY [TePEHOC OT JXUBOTHBIX K YeJIOBEKY, HO U KOHCUCTEHTHOCTb
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MEeXIy UCCIeNOBaHUAMU, YTO IIPeArIoiaraeT, YTo MOZelIb IMQ BOCIIPO-
W3BOJMMA Y 3[I0POBBIX JIIOJIeH, XOTA ellle He IIPOBOAMIIOCH OQUILIMATIbHOE
HccnefoBaHue C MMOBTOPHBIMU TeCTaMU. CIIeAyIOIINI MIar B TPAHCIALNN
6yZeT HalpaB/ieH Ha TAILMEHTOB. HelaBHO GbUIO HAYATO KIIMHUYECKOE
HCCIefoBaHte, KOTOPOe COCPe0TOUYEHO Ha epeHoce IMQ Ha ITallIeHTOB C
KOXHBIM KPaCHBIM BOJTYaHOM.

KpoMe Toro, HeIaBHO 6bUIO yeNIeHO 60JIbllle BHUMAHUS IPOSICHEHUIO
pONIM aroHWTOB TLR U KX IIOTEHLIMAJA KaK aZbIOBAHTOB ITpU pa3paboTKe
BaKUWH. IMQ IPUMEHSJICS TOIIUYECKU KaK KOKHBIM afbIOBAHT U ITOKa3ajl
yiIydllleHre peaklUUy Ha WUHTpaZepMalibHble BaKLUWHbI IIPDOTUB IPUIIIA.
HemaBHUI ITpUMep KacaeTCs OLEHKU CUHTETUYEeCKUX JIMTAHAOB TLR7/8
KoMITaHKel Inimmune Corp., KOTOpble BBOIWJIKNCH B OPraHU3M COBMECTHO
C BaKILIMHON IPOTUB SARS-COV-2, YTO IIPUBOAWIIO K YCUIIEHUIO T-KIIETOYHBIX
PeaKLUN Y MOBbIIIeHNs TUTPOB HEUTPAJIU3YIOIIKX aHTUTEJ], 4TO YKa3bIBAET
Ha BO3MOXKHOCTB 60J1ee 3¢ GeKTHBHON BAaKLIMHBL YUUTBIBAsA 3TH MHOroobe-
IIAIOIIYE PE3YIIBTAThI, 3TU MOJIEKYJIBI B HACTOsIIIIee BpeMs 6YAyT OlleHeHbI B
KJINHUYeCKUX HCClefoBaHuaX dpasel L.

[TomMyMoO MX IIOTeHIKasia KaK aJbIOBAHTOB, CUHTETUYECKUE JIUIaH-
Ibl TLR7/8 Tarkke IIPUBJIIEKIN 3HAYUTENIBHBIN UHTEpeC B OHKOJIOTHU.
VIMMYHOCTUMYJIUPYIOIIYIe MOJIEKYIIbI, HAllpaBJIeHHble Ha TLR 7/8, MOTYT
aKTUBHPOBATh KaK BPOXKIEHHbIE, TAK 1 aJallTUBHbIe UMMYHHbIE OTBETHI
IIyTeM MPOAYKLIMU LIUTOKMHOB M aKTUBALIUM LIMTOTOKCUYECKUX KJIETOK.
CuuTaeTCs, YTO Yepes3 3TOT UMMYHHBIN OTBET «XOJIOAHbBIE» OITyXOJIU MOLYT
OBITE ITPEBPAIIEHEI B «TOPSYLE», KOTOPBIe 6YAYT 60ree 3G deKTUBHO pearu-
POBaTh Ha MHTMOUTOPBI UMMYHHBIX KOHTPOJIBHBIX TOUeK. TAaKUM 06pa3oM,
3T arOHUTBHI TLR PACCMATPHBAIOTCS KAK MHOT000EIIaolie KAHANIATSI [IJIs
HOBBIX MOHOTEPAIINI WIN KOMOMHUPOBAHHBIX Tepanuil. X0TsI HEKOTOphIe
WICCIIeIOBAHUS MIPEJTIONaraioT, YTO aKTUBALINA TLR MOXKET GbITh ITOJIE3HOM
TIpY JIEYEHUH OITyXOJIel, pyTre UCCile0BaHN YKa3bIBaIOT, YTO CUTHAaJIM3a-
11 Yepes3 TLR MOJKET CII0COH6CTBOBATH POCTY OITyXoJIelt. [IoTHOe TOHUMAaHYe
DOJIV TLR B pa3/IMUHbIX TUIIAX OITyX0JIEBBIX KJIETOK OCTaeTCsI 3HAUUTENIEHOMN
Ipob1eMoH, TpebyIoIel TPOBeIEeHNSI MaCIITAOHBIX KIIMHIUYECKUX UCCIIe-
JIOBaHUY. YYUTHIBAS MHOTOOOEIIAIONINEe CUTHAJIBI, TIONyYEeHHBIE B XOIe
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IIpeaBapUTEJIbHBIX aHAJIM30B HEKOTOPBIX KIMHUYECKUX PICC]IeILOBaHHfI,
OXXUgaeTcsa 6oibIIe JAHHBIX OT ITPOAO0IKAIINIXCA I/ICCJ'IE,EI;OBB.HI/II;I arOHUTOB
TLR, KOTOpbBIE pa3pa6aTbIBaIOTC$[ IJId JIe9YeHUA COJIMOHBIX Ol'[y’XOJ'[efI.

3aKJIlIOUeHHe

[laHHasg [AuCCepTalys CIIOCOOCTBYET BHEAPEHMIO MOJeJlel UCIIBITa-
HUU Ha pAaHHUX 3Tarnax paspaboTKU JIeKapCTB s 3$eKTUBHOTO
MIPOBEJIeHNsT KIIMHUYECKUX HWCCIENOBAHUM U YIIPOLIEHUsS [IPUHATHS
CBOEBPEMEHHBIX PEIIEHUI O IPOJOJIKEHNN UM OCTAHOBKe Pa3paboTKU.
VCTIonp30BaHNeE aTOHMCTOB TLR7 B KAUECTBE areHTa- UCIBITAHMUSA YCIIEIIHO
MIEPEBENEHO C JKUBOTHBIX MOZIEJIeN Ha JIIOZEH, IIPU STOM 6bUTH BBISBIIEHBI
CXOJICTBA U PA3/INYUS MEKY BUaMU. OTBET Ha UMUKUMOZ, OB TIIATETIEHO
OXapaKTePU30BaH C UCII0JIb30BaHUEM HHTETPHPOBAHHOTO ITOX0Za MHOTO-
MOZaJIbHBIX 61IOMapKeEPOB. Mofiesb 6b11a YCITELTHO pa3paboTaHa C IIOMOIIBI0
CUCTEMATUYECKOTO TMOAXOAa K ONTUMHU3aLMU MOHeny, 6eHIMapKUHTa C
MIPOTUBOBOCIIAJIUTEIBHBIM CPEICTBOM U MCIIONIb30BaHa B UCCIIEI0BAHUY JI0-
Ka3aTeNIbCTBa MExaHM3Ma IJIs IEMOHCTPALXY in vivo papMaKoIornyecKoro
JIEeVICTBYS HOBOTO JIEKAPCTBa. B 3TOM IUCCEPTAIIU MBI CO3LaJIU CTPYKTYPY
WICCTIeOBAHUMH, KOTOPbIE MOTYT GBITh IIPOBELEHBI NTEPeZ, KOMMEPUYECKUM
MIPUMEHEHNEM HOBOM MOJENY UCIIBITAHUMN. VICIIONb30BaHYE PAa3IMUHBIX
TOTIOJTHUTENIBHBIX [TOJXOJIOB JaeT BCECTOPOHHEE MTPeZCTaBIIeHIe, YTO MT0-
3BOJIIET GBICTPEE TIPUHUMATH PellleHUs O MTePexoie Ha CIIeAyIONUH 3Tam
WY TIPEKAEBPEMEHHOM ITPEKPAIIEHUY Pa3paboTKU IIPOAYKTA. C IIOMOLIBI0
TAKOTO [TOJIX0ZA MbI HaJleeMCs Tpeobpa3oBaTh TPaAULIMOHHYIO Tapagurmy
pa3paboTKY JIEKAPCTB, YIIPOCTHUB IIPOLIECCHI KITMHUYECKUX UCCIIeOBAHUH,
YTO IIPUBEJIET K [TOBBIIIEHNIO0 5)OEKTUBHOCTH U CHIKEHUIO O6IINX 3aTPaT.

LOST IN TRANSLATION: THE TOLL-LIKE RECEPTOR 7 INDUCED PHARMACOLOGICAL CHALLENGE MODEL OF THE SKIN

PHCYHOK 1 MynbTUMOZAIBHBIN [IOAXO0 K XapaKTepUCTUKe 3ddeKTa JIeKapCTBEHHBIX
cpencTs. «JlepMa-1BeToK» co3maH F. van Meurs 1 aJaliTUPOBaH C IIOMOIIb0 BioRender.com
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PUCYHOK 2 Pa3nuuud B BOCITaJIUTEJIBHOM pPearuuu Ha IMQ y MBIIIEN U

JIIOOeu.
Murine IMQ model
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