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GENERAL INTRODUCTION

THE INTERFACE BETWEEN TISSUE AND IMMUNITY

Systemic inflammation as well as tissue-specific inflammation are hallmarks of systemic
autoimmune diseases, including Juvenile Dermatomyositis. This thesis explores local and
systemic profiles of inflammation, adaptation and regulation at the interface between tissue
and immunity. Figure 1 shows how the chapters in this thesis are connected. In autoimmune
diseases, tissue inflammation is caused by infiltration of autoreactive immune cells, among
which T cells, into affected tissues, which leads to damage and impaired function of the
tissue/organ. However, T cells are not only found in tissues during autoimmune diseases.
They have been found to have crucial physiological roles in the maintenance of immune
homeostasis in tissues. Moreover, functional adaptation and specialization of T cell
subsets to specific tissue sites is key for immune regulation in these tissues, to prevent
erroneous T cell activation. One important example of a physiological situation in which T
cell adaptation and regulation is required, is pregnancy. During pregnancy, the maternal
immune system, which has evolved to recognize foreign antigens, has to tolerate a semi-
allogeneic fetus. Next to adaptation and regulation of immune cells, endothelial cells play
an important role in tissue immune homeostasis. Endothelial cells make up the interface
between tissues and circulating immune cells as they line blood vessels and control the
passage of immune cells from blood into tissues. Like T cells, endothelial cells are very
responsive to their (tissue) microenvironments and adapt their function and phenotype
accordingly. During autoimmune inflammation, endothelial cells become actively engaged
and mediate the passage of autoreactive T cells into tissues, thereby contributing to the
disease pathogenesis. However, endothelial cells can also become damaged by the chronic
inflammatory process, resulting in endothelial dysfunction which is observed in many
systemic autoimmune diseases, including juvenile dermatomyositis. Endothelial dysfunction
is also a hallmark of the pregnancy disorder preeclampsia. Signs of systemic inflammation,
tissue inflammation and endothelial dysfunction can be picked up in the circulation as
cytokines, chemokines and other mediators that are produced by activated immune and
non-immune cells. (The combination of) these molecules reflect the site, magnitude and
type of inflammation or endothelial dysfunction and can serve as biomarkers for specific
diseases, disease processes or clinical outcomes and may thereby have potential for
clinical application which can contribute to the improvement of patient care.
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Figure 1. Interrelation of chapters in this thesis

The immune system

The immune system has evolved to defend its host against invasion by pathogens such as
bacteria, viruses and fungi. It recognizes and responds to foreign antigens as an interactive
network of cells, humoral factors, lymphoid organs and non-lymphoid tissues. The immune
system can be divided into two main parts: the innate and adaptive system. The innate
system mounts rapid but aspecific responses against pathogens, to control expansion and
prevent overgrowth in an early phase. The advantage of the innate response is that it is
rapid and broadly effective. However, it is aspecific and not capable of building up memory
for a previously encountered antigen. The adaptive immune system, on the other hand,
is highly specific and capable of building up memory, but takes several days to weeks
to mount an effective response. It can be subdivided into a cellular and humoral branch.
The cellular branch consists of B cells and T cells. The specificity of T cells and B cells is
mediated by their receptor, which recognizes only selective antigens. To prevent erroneous
specificity for antigens expressed by host cells (i.e. auto-antigens), young T cells and B cells
undergo a strict selection process during their development before being released into the
circulation. B cells produce antibodies which recognize their antigens. These antibodies
make up the humoral part of the adaptive immune system. T cells directly recognize their
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target through the T cell receptor. T cells can be subdivided into different subsets. The most
important distinction is made between cytotoxic T cells (CD8" T cells) and T helper (Th) cells
(CD4" T cells). CD8* T cells can directly kill bacteria or virus-infected cells by releasing toxic
components or employing membrane-bound ‘death signals. CD4" T cells comprise Th
cells, providing help to CD8" T cells, Th2 cells facilitating B cell responses, and Th17 cells,
which are pathogenic cells especially involved in immune responses against fungi. After
a pathogen has been successfully eliminated, a long-lived pool of memory T cells is left
behind which is capable of a more rapid response during a future encounter with the same
pathogen. Next to defending the body against external pathogens, the adaptive immune
system also has an important role in the recognition and eradication of unhealthy or even
cancerous cells, thereby contributing to tissue homeostasis. An effective immune system
is therefore also important for the prevention of tumor development! Interferons, which
are soluble proteins that can effectively control viral replication, are an important example
of innate immune mediators. Next to being crucial for defense against viruses, interferons
have been identified as important players in the immunopathogenesis of autoimmune
diseases. Interferons are divided into type 1 (interferon a and () and type 2 (interferon ).
Transcriptional responses of immune and non-immune cells to interferons, the “interferon
signature”, can be used as a readout for the interferon activity of the immune system and is
therefore relevant as an activity measure of interferon-driven autoimmune diseases.

T cells in tissues

Since pathogens are most often encountered in the external environment, barrier tissues
such as the skin, lung, and intestines, are equipped with a special population of T cells
residing in and surveilling these tissues. These tissue-resident memory T cells (TRM, both
CD8"and CD4") are characterized by a special phenotypic and transcriptional profile, poised
to mount a rapid and effective response against any pathogen that attempts invasion.
CD69, a surface molecule which was previously only known as an early activation marker
on T cells, is now recognized as one of the key molecules distinguishing resident T cells
from transiently-bypassing T cells in tissues.?® Increasing evidence suggests that TRM are
not only present in barrier tissues, but also reside in other (human) tissues.*® From studies in
mice, which have paved the way into this research area in the past decade, it has become
evident that TRM adapt their functional profiles to their specific tissue microenvironments.?°
Human studies on TRM are still scarce due to the challenge of acquiring human tissue
samples, but essential differences between murine and human TRM programs have
already been identified.®’ This highlights that results from murine studies on TRM may not
be entirely translatable to the human situation, and that investigation of human TRM will be
crucial to understand human immune regulation in non-lymphoid tissues. One of the key
questions that has been only partly addressed so far, is which events or signals induce the
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specific phenotype and functional profile of tissue-resident memory cells that enables them
to reside ‘silently’ in tissues for a prolonged period, but to respond rapidly and effectively
when necessary.

Control of the immune response by regulatory T cells

As the most important function of the immune response is to kill pathogens, it is equipped
with many agents that are directly toxic to cells. These agents may not only be detrimental
to the targeted pathogens, but can also cause collateral damage to surrounding healthy
cells — especially in densely ‘populated’ tissues. It is therefore of utmost importance that
immune responses are tightly regulated, and that effective eradication of a pathogen is
balanced with as little as possible collateral damage. One of the mechanisms limiting
collateral damage, is a physiological resolution of the immune response once a pathogen
has been successfully eliminated. The immune system subsequently goes back into a
resting — but surveilling — state. Many different mechanisms are at play to effect this control
of the immune response. T cell responses, which are especially damaging as they have
evolved to directly and efficiently kill bacteria or virus-infected cells, are controlled by a
specialized subset of CD4" T cells called regulatory T cells (Tregs). Tregs are identified by
the specific transcription factor forkhead box P3 (FOXP3) and employ multiple suppressive
mechanisms to regulate T cell responses, including inhibitory receptors and soluble
mediators.® Tregs are also important in the prevention of unwanted immune responses. An
important example is pregnancy, in which the semi-allogeneic fetus has to be tolerated by
the maternal immune system, instead of being recognized and treated as foreign.®°

Breaching the immunologic balance: from immunodeficiency to
autoimmunity

When the tight immune balance is disturbed, two possible scenarios can ensue™ A
weak immune system renders the host in an immunocompromised (or in severe cases,
immunodeficient) state, which puts the host at risk for a severe or even lethal infection.
Immunodeficiency can be caused by a genetic condition or can be acquired, e.g. by infection
with the human immunodeficiency virus. A mild, transient immunocompromised state due
to tight regulation of the immune response is also present during pregnancy to prevent an
immune response against the fetus!? Moreover, immunodeficiency increases the risk for
cancer growth due to reduced immune surveillance. On the other end of the spectrum is
an immune system mounting too strong, too long or erroneous immune responses. When
an immune response is not effectively controlled after a pathogen is eliminated, it can
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become chronic, causing collateral damage to healthy tissues. Chronic inflammation plays
an important role in the pathogenesis of autoimmune diseases.

Autoimmune diseases: systemic and local inflammation

Autoimmune reactions occur when an immune response is erroneously directed at
antigens displayed by cells of the host itself (auto-antigens), which leads to specific
immune responses against healthy tissues. To date, it is still elusive which triggers are
responsible for the development of such misdirected immune reactions, but both genetic
predisposition and environmental factors are thought to play a role. Chronic autoimmune
reactions are called autoimmune diseases. Autoimmune diseases can be either localized
(i.,e. immune system targeting only one cell type, tissue or organ) or systemic (targeting
multiple cell types, organs and/or tissues). An example of a localized autoimmune disease
is localized scleroderma, which causes inflammation and scarring of the skin, but rarely
causes signs of systemic inflammation™ Examples of systemic autoimmune diseases,
with a clear systemic inflammatory component, are eosinophilic fasciitis (affecting the
fascia and skin) and dermatomyositis (affecting predominantly muscles and skin). These
autoimmune diseases are characterized by infiltration of activated immune cells (among
which T cells) into affected tissues, causing inflammation and subsequent tissue damage,
which leads to loss of function of the affected tissue or organ* To date, the interplay
between the systemic and local (tissue) components of autoimmune diseases is still not well
understood. Autoimmune diseases are treated with immunosuppressive medication, such
as prednisone, methotrexate and/or disease-modifying anti-rheumatic drugs (DMARDs) or
biologicals, to restore the immunological balance. However, these drugs are not curative,
as they do not cure the (still unknown) cause of autoimmune diseases, but rather suppress
excessive inflammation. Immunosuppressive medication is therefore often required for
prolonged periods of time, as inflammation may flare up again when immunosuppression
is tapered down or stopped. Although some of the tissue damage inflicted by inflammation
can be reversed upon effective treatment and physiological recovery, scarring (fibrosis)
occurring due to prolonged inflammation may not always be reversible. Accumulating
tissue damage in combination with medication side effects may therefore affect long-term
functional outcomes of patients.

Juvenile dermatomyositis — An autoimmune disease with local and
systemic inflammation

Juvenile dermatomyositis (JDM) is a rare autoimmune disease occurring in children, with an
incidence of 2-4/million/year® JDM is characterized by inflammation of skeletal muscles and
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skin, leading to muscle weakness and a typical skin rash. Dermatomyositis is not unique to
children and can also occur in adults. Other types of myositis, such as non-specific myositis
or myositis in the context of another systemic immune disease have also been described in
children and adults. JDM itis a heterogenic disease and patients can present with, or develop
a spectrum of symptoms, also including involvement of vital organs such as the lungs, heart,
brain and intestines.!®*® Although the pathogenesis is still largely unknown, environmental
and genetic factors may predispose to the disease®¥22 The autoimmune process is
characterized by a type | interferon signature and by infiltration ofimmune cells such as CD4*
T cells and macrophages into skin and muscle tissue.?*=2¢ The resulting inflammation and
scarring negatively affects muscle function in the short and long term*?” Clinical disease
activity is currently defined by a combination of clinical scores for muscle weakness and skin
symptoms, and laboratory measurement of muscle enzymes.® The clinical heterogeneity
of JDM has been linked to the presence of myositis-specific autoantibodies, which may
distinguish distinct clinical phenotypes and are prognostic for the disease course and need
for second-line therapy.?®2° Current treatment guidelines recommend immunosuppression
for at least two years, tapering steroids over the first year and withdrawing treatment if a
patients has been off steroids and in remission on methotrexate (or alternative DMARD)
for a minimum of 1 year.*° However, for some patients this standardized regimen may not
be optimal. Approximately 50% of patients do not respond to initial treatment or present
with disease flares during follow-up, resulting in additional tissue damage and impaired
physical recovery.®= In the other half of patients, some could likely benefit from shorter
treatment duration, taking into account that overtreatment with steroids can result in serious
side effects in children, such as Cushing’s syndrome, osteoporosis and growth delay.343¢
As opposed to standardized treatment regimens, personalized treatment strategies aim
at aligning the medication choice and dosing with the specific needs of a patient, and
therefore represent a promising alternative to the conventional treatment strategy. However,
two major clinical challenges in the care for patients with JDM have so far hampered the
development of personalized treatment strategies: 1) the identification of patient subgroups
in need of more intensive therapy or specific drug choices at diagnosis, and 2) objective
assessment of disease activity during clinical follow-up. Moreover, although patients with
autoimmune diseases are regularly monitored during clinical follow-up, disease flares are
difficult to predict. This unpredictability represents a major burden for patients.®” Prediction
of disease flares is therefore a third window of opportunity to personalize treatments in
JDM. In chapter 2, an extensive review on these challenges is provided, in which the quest
for biomarkers as potential tools to monitor disease activity and disease severity in JDM is
discussed.
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The quest for biomarkers in (systemic) autoimmune diseases

Due to the generalized nature of systemic autoimmune diseases, signs of inflammation
can often be picked up in the circulation. Active immune cells in the blood and/or
tissues generate a large amount of soluble mediators (either directly toxic, or needed for
communication with other cells), which can be measured in the circulation as a readout of
the immune responses. Such mediators can be reflective of the type, location (i.e. tissue)
and/or magnitude of the immune response, and some can thereby serve as biomarkers
for specific immune processes or clinical outcomes. The use of circulating biomarkers
measured in serum or plasma has a high potential for clinical application because of
the minimally-invasive and time-efficient procedure, especially compared to some of the
alternative diagnostic methods such as imaging methods or sampling of tissue biopsies.
As in different autoimmune diseases different types of inflammation play a role, and
different tissues can be affected, diseases may have their own disease-specific biomarker
signatures, which can be used for diagnostic purposes. Autoimmune diseases are currently
classified based on their clinical symptom profiles, but the discovery of new biomarkers, and
especially disease-specific biomarker profiles, may provide new insights that could lead to
novel molecular classification strategies rather than clinical classification of autoimmune
diseases. For example, the wide spectrum of interferon-associated autoimmune diseases
may harbour molecular disease subsets beyond the currently recognized disease entities,
each with their own molecular profile. Biomarkers can also be predictive of a certain
outcome, e.g. response to treatment or disease flare (prognostic biomarkers). These can
aid in the stratification of patients for specific treatment strategies and preventive treatment.
Lastly, biomarkers may represent the disease activity at a specific point in time by reflecting
inflammatory processes in the circulation and/or tissues. Even low levels or (subclinical)
inflammation could potentially be reflected in biomarker levels. This may be relevant
since unrecognized, local inflammation leading to tissue damage and subsequent organ
dysfunction may have serious consequences for short-term and long-term outcomes. In
conclusion, specific biomarkers may have the potential of facilitating personalized treatment
strategies, as they can serve as minimally-invasive monitoring tools for patient stratification
and during clinical follow-up.

Endothelial function in homeostasis and (autoimmune)
inflammation

The lining of blood vessels is composed of endothelial cells. The layer of endothelial cells
formsthe interface between blood and tissues and connects the two immune compartments.
Since endothelial cells are in direct contact with blood on the one side and tissues on the
other side, they are capable of receiving (and responding to) signals from both.* Endothelial
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cells act as gatekeepers between the vessel lumen and surrounding tissue, controlling the
passage of macromolecules and the transit of leukocytes into and out of the bloodstream.
Under homeostatic conditions, the endothelial lining undergoes constant remodeling,
which is dynamically modulated by a balance between pro-angiogenic and anti-angiogenic
(angiostatic) signals.3® Vascular remodeling is also a crucial process during pregnancy. To
ensure sufficient blood supply to the growing and developing fetus, early during pregnancy
arteries in the uterine wall located at the placental bed undergo extensive remodeling into
‘spiral arteries’. These tightly coiled arteries show a 5-10 fold dilation, allowing for high
volume blood flow to the placenta c.qg. fetus.*®

During inflammation due to an infection, endothelial cells become actively engaged by
the soluble mediators that activated immune on non-immune cells produce. In response
to these cytokines and chemokines, endothelial cells start to produce additional cytokines
and chemokines that can serve as chemoattracts for lymphocytes. Moreover, they start to
express surface molecules that facilitate binding of lymphocytes and their migration into
tissues to eliminate the invading pathogen. During this physiological inflammatory response,
endothelial cells thus act as facilitators of immune responses in tissues to eliminate
invading pathogens.* However, during chronic inflammation as seen in autoimmune
diseases, endothelial activation may enforce a detrimental positive feedback loop of
tissue inflammation due to their role in lymphocyte chemoattraction and production of pro-
inflammatory mediators.* Thus far, it is only partly understood whether and how endothelial
cells actively influence the phenotype and/or function of lymphocytes transmigrating from
blood into the tissues.

Endothelial dysfunction in autoimmune diseases and preeclampsia

Endothelial cells are not only actively engaged during inflammation, but can also become
collaterally (or even targeted) damaged. In many systemic autoimmune diseases including
dermatomyositis, a loss of capillaries and/or endothelial dysfunction is observed in the
affected tissues.*>* This vasculopathy is thought to result from deposition of complement,
immune complexes and anti-endothelial antibodies, but a disturbed balance between
angiostatic and angiogenic factors may also play a role. #4445 The degree of vasculopathy
correlates with the expression of interferon-inducible angiostatic chemokines,®® indicating
that vascular injury may be related to the interferon signature! In JDM, the severity of
vasculopathy in the muscle is even directly linked to a more severe clinical presentation
and outcome of patients.®® This suggests that local vasculopathic changes can reflect
systemic vasculopathy and the resulting clinical symptoms.

A classic example of a condition with disrupted endothelial homeostasis with severe
consequences, is preeclampsia.®’ Preeclampsia is a hypertensive disorder occurring
during pregnancy which poses a severe health threat to both mother and child. The
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pathophysiologic hallmark of preeclampsia is impaired spiral artery remodeling at the
placental bed, whichleads to a chain of events resulting in hypertension, proteinuria and end-
organ dysfunction in the mother, and in many cases restricted growth of the fetus. Although
the exact pathogenesis is still elusive, a profound dysbalance of circulating angiostatic and
angiogenic molecules has been found in these patients.®” Lastly, endothelial dysfunction
has an important implication for long-term outcome: it is associated with an increased risk of
cardiovascular disease in patients with preeclampsia or systemic autoimmune diseases, as
also specifically demonstrated in (juvenile) dermatomyositis.>®-%'" In conclusion, endothelial
cells are crucial players in the pathogenesis and morbidity of systemic autoimmune diseases
and preeclampsia. Monitoring of endothelial (dys)function with validated biomarkers may
therefore be a novel but clinically relevant strategy to improve long-term clinical outcome
of patients with autoimmune diseases or preeclampsia.

Taken together, this thesis explores the interplay between endothelial cells and (T-cell
mediated) chronic inflammation, to identify and validate biomarkers with a potential
for clinical application in juvenile dermatomyositis, and create novel insights into T cell
regulation at the maternal-fetal interface.

SCOPE AND OUTLINE OF THE THESIS

The scope of this thesis is to connect the human immune compartments in the circulation
and tissues with their interface, the endothelium, in chronic inflammation and pregnancy,
with the aim of providing novel insights that may be translated into a clinical application.
Part | focuses on the identification and validation of biomarkers facilitating precision
medicine in Juvenile Dermatomyositis. In Chapter 2 the state-of-the-art on biomarker-
guided monitoring of disease activity in JDM is reviewed, and challenges and opportunities
for personalized treatment strategies are discussed. In Chapter 3 two previously identified
biomarkers for disease activity in JDM®? are validated in two large, international cross-
sectional cohorts and their potential for prediction of flares is investigated in a prospective
cohort. In addition, a technical innovation with biomarker measurements in dried blood
spots is explored. In Chapter 4 biomarkers associated with endothelial dysfunction and
inflammation are examined for their potential to predict response to treatment in patients
with JDM in two independent cohorts of treatment-naive patients. In Chapter 5 autoimmune
disease-specific profiles of biomarkers for endothelial dysfunction and inflammation are
investigated and their implications for cardiovascular risk are discussed.

Part Il focuses on the adaptation of immune cells and endothelial cells to their
microenvironments, with the maternal-fetal interface as central tissue site. In Chapter 6
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endothelial activation and dysfunction in preeclampsia is investigated by systemic biomarker
profiling and transcriptomic profiling of endothelial cells from the maternal-fetal interface.
In Chapter 7 the specialized function and site-specific tissue adaptation of human tissue-
resident regulatory T cells to the maternal-fetal interface is assessed by transcriptomic
profiling. In Chapter 8 the role of endothelial cells in initiating the functional program of
tissue-resident TRM cells is investigated.
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CHAPTER 2

ABSTRACT

Juvenile Dermatomyositis (JDM) is a systemic immune-mediated disease of childhood,
characterized by muscle weakness, and a typical skin rash. Other organ systems and
tissues such as the lungs, heart, and intestines can be involved, but may be under-
evaluated. The inflammatory process in JDM is characterized by an interferon signature
and infiltration of immune cells such as T cells and plasmacytoid dendritic cells into the
affected tissues. Vasculopathy due to loss and dysfunction of endothelial cells as a result of
the inflammation is thought to underlie the symptoms in most organs and tissues. JDM is a
heterogeneous disease, and several disease phenotypes, each with a varying combination
of affected tissues and organs, are linked to the presence of myositis autoantibodies.
These autoantibodies have therefore been extensively studied as biomarkers for the
disease phenotype and its associated prognosis. Next to identifying the JDM phenotype,
monitoring of disease activity and disease-inflicted damage not only in muscle and skin, but
also in other organs and tissues, is an important part of clinical follow-up, as these are key
determinants for the long-term outcomes of patients. Various monitoring tools are currently
available, among which clinical assessment, histopathological investigation of muscle and
skin biopsies, and laboratory testing of blood for specific biomarkers. These investigations
also give novel insights into the underlying immunological processes that drive inflammation
in JDM and suggest a strong link between the interferon signature and vasculopathy. New
tools are being developed in the quest for minimally invasive, but sensitive and specific
diagnostic methods that correlate well with clinical symptoms or reflect local, low-grade
inflammation. In this review we will discuss the types of (extra)muscular tissue inflammation
in JDM and their relation to vasculopathic changes, critically assess the available diagnostic
methods including myositis autoantibodies and newly identified biomarkers, and reflect on
the immunopathogenic implications of identified markers.
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INTRODUCTION

Juvenile Dermatomyositis (JDM) is a systemic immune-mediated disease of childhood. It is
the most common idiopathic inflammatory myopathy in children, with an incidence of 2—4/
million/year! Although the exact etiology is still elusive, both genetic and environmental
factors are thought to play a role in the development of the disease.?® JDM is characterized
by inflammation of skeletal muscles and skin, leading to muscle weakness and a typical
skin rash of the face and hands (heliotrope rash and Gottron’s papules, respectively), which
are also used as classification criteria.®’ Next to the muscle and skin, other organs can
be affected. Vital organ involvement, especially of the lungs, is still the major cause of
death in JDM patients.®® Although rare, cardiac involvement and microangiopathy of the
intestine, brain and kidneys have been described® Thus, rather than being confined to
specific tissues, JDM is a truly systemic disease, which can affect multiple organ systems.
Before the introduction of corticosteroids as a treatment option, mortality and morbidity
among JDM patients were high, and long-term outcomes were not the primary focus. Since
then, mortality rates have dropped from over 30% to 2-3%." With increasing survival, long-
term outcomes become an important concern of patients and physicians, as patients’ quality
of life and societal participation depend on it. Long-term outcomes are likely dependent on
various factors such as disease severity and activity, response to treatment and medication
side effects which together determine the cumulative organ and tissue damage.
Especially low-grade inflammation and extramuscular manifestations of the disease
are difficult to investigate in routine clinical care and may therefore be overlooked.
Unrecognized, local inflammation leading to tissue damage and subsequent organ
dysfunction may have serious consequences for short-term and long-term outcomes. So
far, reliable assessment of disease activity and the type and extent of tissue involvement
has been rather challenging. Current clinical tools for assessment of disease activity require
active collaboration of patients, which can be difficult for young, unwell children. Detecting
low-grade inflammation or differentiating clinically between various causes of muscle
impairment is even more challenging. Hence, there is a great need for minimally invasive,
objective and reliable diagnostic tools for the assessment and monitoring of (low-grade)
disease activity and related organ involvement. Optimally, such tools could guide clinical
decision making, facilitate individually tailored treatment regimens, and reduce the risk of
over- and under-treatment.

In this review we will discuss the types of (extra)muscular tissue involvement that have been
described in JDM and their relation to vasculopathic changes, critically assess the available
diagnostic and monitoring tools and reflect on the immunopathogenic implications of
identified markers.
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SIGNS OF SYSTEMIC DISEASE ACTIVITY IN JDM BASED ON
AFFECTED TISSUES AND ORGANS

JDM patients can present with a spectrum of symptoms. Most, but not all patients, have the
classic combination of muscle involvement and typical skin rashes. Approximately 1-5% of
JDM patients present with amyopathic JDM, but it was estimated that 26% of these patients
will eventually progress to classical JDM, which can occur up to years after onset.? This
indicates that the phenotype can evolve over the course of the disease, possibly also
dependent on treatment. True amyopathic JDM however is very rare and mild muscle
involvement may be present but missed.® Amyopathic JDM generally has a relatively mild
disease course with fewer systemic manifestations, less required immunosuppressive
treatment and a good prognosis.?*®

(Sub)Cutaneous and Other Extramuscular Symptoms

Cutaneous symptoms can range from the pathognomonic heliotrope rash and Gottron’s
papules, to photosensitive rashes such as malar and truncal erythema, and severe
complications such as skin ulceration and dystrophic calcinosis. Calcinosis occurs in
12—47% of patients and can occur in the skin and in subcutaneous, myofascial, or muscle
tissue. Most often it is a long-term complication and its presence has been associated with
delayed diagnosis and more severe disease with poorer functional outcomes. Effective
treatment of calcinosis is still challenging, but aggressive high-dose immunosuppression or,
in very severe cases, autologous stem cell transplantation have been shown to be able to
reverse calcinosis, suggesting that chronic (low-grade) inflammation may be accountable
for calcifications.®=2° Cutaneous and oral ulceration affects up to 30% of patients and is
thought to result from occlusive endartheropathy of the small vessels!®?' Lipodystrophy
affects 8-14%of JDM patients and is often associated with hormonal and metabolic
changes.©222¢ We suspect that patients with lipodystrophy may therefore have an increased
risk of cardiovascular events in the long-term. Limb edema and arthritis are also common,
occurring in 11-32 and 23-58% of patients, respectively.

Next to the skin and musculoskeletal system, other organ systems can be involved, of which
the lung is the most frequently affected. Up to 75% of children with JDM develop respiratory
involvement, which may result from a complication of respiratory muscle weakness or
immunosuppressive therapy, or from interstitial lung disease (ILD).2>2¢ ILD occurs in 8—19% of
juvenile myositis patients and has been described as the major cause of death in JDM.?7¢
Cardiac involvement may be present subclinically more often than recognized, as even in
JDM patients without clinical cardiac dysfunction abnormal ECG and echocardiographic
findings are relatively common.®~2% Conduction abnormalities and myocarditis have been
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reported, and systolic and diastolic dysfunction was found after long-term follow-up.3*-%"
Cardiac complications are thought to result from myocarditis and coronary artery disease
as well as involvement of the small vessels of the myocardium.® Involvement of the gut
or neural system are rare complications of JDM and are also thought to result from an
underlying small vessel angiopathy or vasculitis.*** Intestinal consequences of the small
vessel angiopathy include ulceration, perforation, hemorrhage, pneumatosis intestinalis
and malabsorption.*?=%*

Vasculopathy

The pathologic changes underlying symptoms and tissue damage in the skin, muscles,
and vital organs have a common factor: in all the affected tissues typical vasculopathic
changes are observed, which include loss of capillaries (capillary dropout), perivascular
inflammation, and (occlusive) small vessel angiopathy.?*° In a recently reported French JDM
cohort of 116 patients, vasculopathy-related complications were the main cause of admission
to the intensive care unit, illustrating the severity and relevance of vascular involvement in
JDM.%® These complications include life-threatening disorders like systemic capillary leak
syndrome, recently also described in 3 patients with JDM.#

Deposition of complement, immune complexes and antiendothelial antibodies is thought
to play an important role in endothelial damage and subsequent capillary dropout.*-54
Clinically, the severity of vasculopathy and the disease phenotype have also been linked. The
presence of prominent vascular injury in muscle biopsies identified a subgroup of patients
with more severe clinical presentation and outcomes, including profound muscle weakness,
limb edema and gastrointestinal involvement.®® This suggests that local vasculopathic
changes can reflect systemic vasculopathy and the resulting clinical symptoms. Nailfold
capillaroscopy, a commonly and easily used indicator of disease activity in clinical practice,
is also based on this principle. The pathologic changes observed in nailfold capillaries,
such as capillary dropout, branching and dilatation, likely reflect the systemic blood vessel
abnormalities. Loss of end row nailfold capillaries is significantly associated with clinical
disease activity scores for muscle and skin and can thus be used as a marker of skin and
muscle activity. Nailfold capillaroscopy is especially suited as a non-invasive tool to follow
up changes in disease activity over time in patients.>-°

Taken together, JDM is a truly systemic disease in which not only the muscles and skin
are affected, but also vital organs can be involved. The presence of typical vasculopathic
changes in the various affected tissues points toward a central role for systemic endothelial
dysfunction in the pathogenesis of JDM.
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MONITORING OF DISEASE ACTIVITY AND TISSUE
INVOLVEMENT

During clinical follow-up, monitoring of disease activity is crucial to determine the rate of
medication tapering or to assess the requirement for intensification of immunosuppressive
therapy. Next to clinical evaluation, various tools have been investigated for monitoring
of disease activity, among which autoantibodies and other circulating biomarkers, and
histopathologic evaluation of muscle biopsies, as well as several imaging techniques.

Clinical Assessment

The primary and most important evaluation of disease activity involves clinical assessment
by experienced clinicians and health care professionals. Over the past years, several
scoring tools have been devised for internationally standardized evaluation of disease
activity.®® The most commonly used tools are now the childhood myositis assessment scale
(CMAS), manual muscle testing of 8 muscle groups (MMT-8), physician’s and patient’s global
assessment on a visual analog scale (PGA), cutaneous assessment tool (CAT), cutaneous
dermatomyositis disease area and severity index (CDASI), disease activity score (DAS),
myositis disease activity assessment tool (MDAAT) and childhood health assessment
questionnaire (CHAQ).*%° Combined scoring systems are currently being developed.”® The
Pediatric Rheumatology International Trials Organization (PRINTO) has composed criteria for
defining clinically inactive disease.”! A recent re-evaluation of these PRINTO criteria showed
that skin disease may be underestimated as a factor in the assessment of disease activity.”?
Clinical measures of disease activity, however, have limited capacity to detect low-grade
inflammation in the tissues which does not cause overt symptoms, but may still contribute to
tissue damage in the long term. Moreover, it is challenging to differentiate between various
underlying causes of symptoms by clinical assessment. For example, muscle weakness
may result from an ongoing inflammatory process, from medication side effects (e.g. steroid
myopathy), muscle damage or effects of immobility. Biological assessment of the affected
tissues and organs can therefore be helpful or even necessary to aid clinical decision-
making concerning medication dose and additional interventions.
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Biomarkers for Disease Course, Activity, and Tissue Involvement

Laboratory investigation of blood is a minimally invasive and time-efficient procedure,
especially compared to muscle biopsy and some of the imaging methods. It is therefore
particularly suited as a method for serial sampling during clinical follow-up. Laboratory
investigation can be used for measurement of autoantibodies and for biomarkers related to
disease activity and specific (extraymuscular symptoms.

Autoantibodies

Antibodies found in myositis include myositis-specific autoantibodies (MSA), relatively
specific to myositis, and myositis-associated antibodies (MAA), which are observed both
in myositis and other connective tissue diseases.® In the past years, different disease
phenotypes have been linked to the presence of autoantibodies and particularly myositis-
specific autoantibodies® The frequencies of autoantibodies in juvenile patients differ
substantially from adult DM patients.”® Anti-TIF1 (p155/140) and anti-NXP2 (p140 or MJ) are the
most commonly identified autoantibodies in Caucasian JDM patients (20—35 and 16—23%,
respectively).?87>-7® Anti-TIF1 is associated with skin ulceration, photosensitive skin rashes,
lipodystrophy, and edema,?’>7® whereas anti-NXP2 is associated with a severe disease
course with more profound muscle involvement, calcinosis, gastrointestinal ulceration, joint
contractures, and dysphonia/®’”798 A recently identified myositis specific autoantibody
which is especially frequent in the Asian JDM population, is anti-MDA5 (CADM-140).5" It is
found in 33% of Asian JDM patients, compared to 7% of Caucasian patients.®®? Patients with
anti-MDAD have a higher risk of developing ILD than patients without these antibodies. This
anti-MDADbS conferred risk is seen in both Asian and Caucasian JDM cohorts, although the
risk difference appears to be more pronounced in Asian cohorts.®8 Common symptoms
in Caucasian patients with anti-MDAS antibodies include oral and cutaneous ulceration,
arthritis, and milder muscle disease with fewer histologic abnormalities and a higher
remission rate off medication after 2 years of follow-up./5828485 | ess frequently identified
autoantibodies in the juvenile population include anti-Mi2 (4-10%) and antiamino- acyl-
tRNA synthetase antibodies such as anti-Jo-1 (1-3%) and anti-SAE (<1%). Anti-SRP and anti-
HMG-CoA-reductase (Anti-HMGCR) autoantibodies, both accounting for <3% of juvenile
myositis patients, are associated with a necrotizing type of myopathy with severe muscle
Weakne55.73’76’86’87

It remains unclear whether each MSA reflects a distinct pathologic process, influencing the
type and severity of disease phenotype and tissue involvement. Notably, autoantibodies
against Jo-1, TIF1, SRP, and Mi-2 are not only informative at disease onset, but their levels
have been found to correlate with disease activity during follow-up in the context of rituximab
treatment.®® This highlights that perhaps autoantibodies should be measured during or soon
after the first clinic visit as their levels may decline and become undetectable in remission.
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A last and different (not myositis-specific) category of autoantibodies identified in JDM
comprises autoantibodies against components of endothelial cells, which are thought
to contribute to capillary loss. These anti-endothelial cell autoantibodies (AECA) were
detected in 76% of JDM patients, as opposed to 30% of control patients.*® Twenty-two
candidate target autoantigens for AECA were identified in JDM plasma, 17 of which were
proteins associated with antigen processing and protein trafficking.®® Identification of
autoantibody targets may provide novel insights into the auto-immune process and self-
antigens involved in JDM.

Biomarkers for Systemic Inflammation and Muscle Disease Activity

Reliable assessment of disease activity during follow-up can be aided by laboratory
markers that represent systemic and/or local inflammation. Especially for detection of low-
grade inflammation and for differentiation between various causes of muscle weakness,
laboratory investigation can be a helpful or even necessary tool.

So far, reliable and validated laboratory markers for disease activity and tissue involvement
in JDM are still lacking. A large number of proteins in plasma, serum, and urine as well as
circulating immune cell subsets have been investigated as potential biomarkers for (tissue-
specific) disease activity in patients with JDM (Tables 1 and 2). In theory, every biological
parameter that can be measured, could serve as a biomarker. To be suited for use in clinical
practice however, a biomarker has to meet additional criteria, such as being reliable, robust,
relatively stable and easy to measure. In the following paragraphs we highlight all biological
markers that have been associated with disease activity in JDM, regardless of their suitability
for use in clinical practice, as some of these identified markers may still contribute to the
understanding of the immunopathogenesis of JDM. However, it is important to note that
due to the rarity of the disease, many of these studies were carried out in small cohorts
of <30 patients (as outlined in Tables 1 and 2). Insights based on such small numbers have
limitations in a heterogeneous disease like JDM. Therefore, validation of identified markers
in larger cohorts is crucial before implementation into clinical practice.

Currently used laboratory markers

The markers that are currently used in clinical practice, AST, ALT, LDH, aldolase and in
particular creatine kinase activity (CK), do not correlate as well with disease activity in
JDM as in DM*5727 At diagnosis, any one muscle enzyme was only elevated in 80—-86%
of patients with JDM and CK was found to be elevated in only 61-64% of patients.?528 |n
almost 20% of patients the most abnormal measurement of CK was not elevated above
normal values.?® Low muscle enzymes at first presentation may be associated with delayed
diagnosis?®
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CHAPTER 2

During follow-up, CK may underestimate disease activity due to suppressed release
by corticosteroids, circulating inhibitors of CK activity, or loss of muscle mass.?"°-32 On
the other hand, CK and aldolase can be elevated in steroid myopathy and are therefore
not reliable as markers for disease activity requiring more potent immunosuppression.3
However, according to recent consensus guidelines, these muscle enzymes are still
regarded as an important monitoring tool*4'%

Markers related to the interferon signature

An important group of investigated biomarkers is related to the type 1 interferon (IFN)
signature, which has been demonstrated in the peripheral blood and muscle biopsies of
JDM patients.®*3” Activated plasmacytoid dendritic cells (pDC) are generally thought to be
the main producers of the type 11FNs (IFNa and IFNR) in JDM. This notion may be challenged
by a recent study measuring circulating IFNa with a highly sensitive assay and investigating
the cellular source of IFNa in several systemic inflammatory diseases. JDM patients had
higher levels of circulating IFNa than patients with systemic lupus erythematosus (SLE), but
lower levels than patients with monogenic interferonopathies. However, neither isolated
circulating pDC nor other circulating immune cell subsets from JDM patients expressed
more IFNa than cells from healthy controls, suggesting that a non-circulating cellular source
may be responsible for IFNa production in JDM.28

Due to the lack of available methods to measure circulating IFNa and IFNB until recently,
the type 1 IFN signature, consisting of genes upregulated in response to IFNa or IFN(
stimulation, was used as a surrogate marker of type 1 IFN levels. The type 1 IFN signature
in whole blood of three mixed DM and JDM cohorts correlated weakly to moderately with
global disease activity [spearmanr (r) = 0.33-0.44] and muscle activity (r, = 0.44-0.47), while
single IFN signature related serum chemokines MCP-1, IP-10 (CXCL10) and ITAC (CXCL) had
moderate to strong correlations with global (r_ = 0.42-0.66), muscle (r_ = 0.44-0.50), and
extraskeletal disease activity (r_ = 0.42-0.55).">" MxA expression in PBMC, also used as a
surrogate for the IFN signature, had a very strong correlation with muscle disease activity
of JDM patients (r_= 0.80) at disease onset, but not with skin disease activity.*® IFNa activity
measured by a functional reporter assay was also higher in JDM patients than controls.®°
Recently, IP-10, TNF receptor 2 (TNFR2) and galectin-9 were found to strongly correlate with
global disease activity (r= 0.60— 0.75) in two studies by Enders et al.®>** |P-10, together with
MCP-1 and eotaxin, was also higher in 54 JDM patients a median of 17 years after disease
onset than matched healthy controls.®> TNFR2 correlated with CK in a mixed IIM cohort (r_
= 0.55)."® Galectin-9 was recently identified as a biomarker for the IFN signature in SLE and
anti-phospholipid syndrome.®® IP-10, TNFR2 and galectin-9 are promising biomarkers for
disease activity, as they can potently discriminate between active disease and remission
even during treatment.®%* After stem cell transplantation and concomitant eradication of
circulating immune cells, their levels stayed high over several months, which suggests that
these proteins are not primarily produced by circulating immune cells, but rather by non-
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circulating immune or tissue cells, just as IFNa.®®°* I[P-10 and galectin-9 are currently being
validated as biomarkers for disease activity in two large international JDM cohorts.

One of the best investigated biomarkers so far in JDM is neopterin, a catabolic product of
guanosine triphosphate, which was previously shown to be a marker of immune activation
that can be induced by stimulation with IFNy.° In the first study identifying serum neopterin
as a biomarker for JDM, neopterin levels correlated strongly with muscle strength impairment
in 15 JDM patients (r_ = 0.68).°° Elevated serum neopterin levels at diagnosis compared
to remission were confirmed in an independent cohort.®® In a juvenile myositis validation
cohort, plasma neopterin (n = 13), and quinolonic acid (n = 24), however, did not correlate
with myositis disease activity measures.®” Urine neopterin (n = 45) moderately correlated
with global (r_ = 0.42), muscle (r_ = 0.50-0.62) and skin activity (r_= 0.49), and edema on MRI
(r, = 0.55). Urine quinolonic acid also correlated with global and muscle activity and edema
on MRI (r_= 0.45-0.61).%” Despite these efforts of validation, neopterin has not been widely
implemented into clinical practice as a biomarker for disease activity in JDM.

Other inflammatory mediators

Next to type 1 IFN-related markers, other inflammatory mediators have been studied as
biomarkers for JDM. The innate TLR4 ligand myeloid related protein 8/14 (MRP8/14 or
S100A8/9), originally found to be elevated in patients with systemic-onset juvenile idiopathic
arthritis (JIA), correlated moderately to strongly with global and muscle disease activity in a
large cohort of 56 JDM patients (r_= 0.55-0.65)"*® Another marker adopted from studies
in JIA, the soluble IL-2 receptor, was elevated at disease onset compared to remission.?5'#2
Serum/plasma levels of the more conventional proinflammatory cytokines IL-6, IL-8, and
TNFa also moderately correlated with global (r, = 0.19-0.46) and muscle disease activity
(r. = 0.35-0.52) in three mixed JDM and DM cohorts™” Remarkably, CRP levels did not
increase during disease flares.®® BAFF and especially its antagonistic non-cleavable form
ABAFF, both important for survival and maturation of B cells, moderately correlated with
global, muscle and extraskeletal VAS (r, = 0.27-0.54), and CK (r_ = 0.37) in two mixed [IM
cohorts 209

Markers related to vasculopathy and cardiovascular risk

Due to the vasculopathic component of JDM, markers related to endothelial activation and
dysfunction were explored for their association with disease activity. Von Willebrand factor
(VWF) was increased during most periods of active disease in a prospective cohort study, but
did not reliably predict disease flares in another study.°'°¢ s|CAM-1, a marker of endothelial
activation, was higher during active disease than remission in a combined cohort of juvenile
patients with various systemic autoimmune diseases. VCAM-1, sICAM-3, and L-selectin did
not correlate with disease activity, although expression of MiRNA-10a in JDM muscle, which
is negatively associated with VCAM-1 expression, showed a correlative trend with muscle
and global DAS [Pearson r (r ) = -0.45]12312410 C3d and fibrinopeptide A, which are related to
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vasculopathic changes, were higher in JDM patients with active disease than in remission.”®®
Endothelial progenitor cell numbers did not differ between JDM patients and controls and
did not correlate with disease activity."

In view of the increased cardiovascular risk in JDM patients, the lipid profile has been
investigated in relation to disease activity.” Serum HDL negatively correlated with muscle
activity (r, = -0.54), but not global or skin activity” Triglyceride levels correlated strongly
with global disease activity assessed by DAS (r, = 0.61) and LDL was higher in patients with
a higher disease activity™ Gene expression of the adipokine resistin in PBMC was also
upregulated in JDM patients compared to controls and moderately correlated with global
and muscle disease activity (r, = 0.51 and r_= 0.50, respectively)™ These results indicate
that the cardiovascular risk profile is more pronounced in JDM patients with active disease.

Circulating immune cell subsets as biomarkers for disease activity

Among the circulating immune cell subsets, T cells and B cells have been studied most
extensively in relation to disease activity in JDM. In two mixed cohorts of JDM and DM
patients, the frequency of T cells, and especially CD8* and IFNy-producing T cells, was
decreased during active disease, while the frequency of B cells and IL-4 producing CD4" T
cells was increased compared to remission.?"?2 This may suggest a shifted balance toward
a T helper 2 (Th2) type immune response. In cohorts with only JDM patients, total B cell
numbers were also increased compared to controls and changes in B cell frequencies
accompanied changes in disease activity (r_ = 0.47)/°9'° Within the B cell compartment,
numbers and frequencies of circulating immature transitional B cells correlated strongly
with global disease activity (r, = 0.69-0.71). Compared to healthy pediatric controls, these
specialized B cells were highly proliferative, had a prominent IFN signature and produced
less of their regulatory signature cytokine IL-10/°¢ Plasmablast frequencies were also
increased during active disease compared to remission.

Several T cell subsets have been studied in JDM. In 26 new onset JDM patients the blood
gene expression of Th17-related genes, such as RORC and IL-17F, Thi-related genes,
including STAT4, and Th2-related genes, including GATA3 and STAT6, was studied in
relation to disease activity. RORC, IL-17F, STAT4, and GATAS3 positively correlated with
muscle activity and RORC and STAT4 correlated with global activity. This would suggest
that the immune response is not specifically skewed toward a certain T helper response.
However, at baseline, JDM patients had higher gene expression of Th17 related cytokines
IL-23, IL- 17F, IL-6, and IL-21 than DM patients, indicating that the Th17 pathway may play a
more prominent role in the pathogenesis of JDM than DM. Changes in BCL6, a transcription
factor for follicular helper T cells, correlated negatively with a change in extramuscular
activity!°® Within CXCR5" follicular helper T cells, the Th1 subset was decreased in active
JDM compared to remission and controls, and Th2 and Th17 subsets were increased in
JDM compared to controls!®? Regulatory T cell frequencies in muscle biopsies did not
correlate with muscle activity, but suppressive activity of circulating Tregs may be impaired

46



SYSTEMIC AND TISSUE INFLAMMATION IN JUVENILE DERMATOMYOSITIS

during active disease** Finally, global disease activity correlated moderately with the
activation status of circulating T cells assessed by CD69 expression (r_ = 0.43), but not with
CD25 and HLA-DR expression.?®% The expansion and functional alteration of particular B
cell and CD4* T cell subsets, coinciding with changes in disease activity, hints toward the
involvement of these cell subsets in the pathogenesis of JDM.

In conclusion, many circulating, either soluble or cellular, markers have been studied for
their relation with muscle and global disease activity. Correlations with disease activity
were only moderate for most markers, and some of these molecules are relatively unstable
in blood samples or complicated to measure, rendering them unsuited for use in clinical
practice. The highest correlations with disease activity were found for markers related to
the IFN signature, the lipid profile, for MRP8/14, and immature transitional B cells. However,
most of these biomarkers were identified in small patient cohorts and except for neopterin,
so far none have been reproduced or thoroughly validated in independent and large
JDM cohorts. Neopterin was investigated in a validation cohort, but its correlation with
disease activity could only be confirmed in urine, not in plasma. Galectin-9 and IP-10 are
currently being validated in two international cohorts and are promising biomarkers for
implementation in clinical practice due to their high sensitivity and stability in serum.

Biomarkers for Extramuscular Disease Activity

Next to markers for global and muscle disease activity, biomarkers for involvement of
specific tissues and organs have been investigated. Four studies by Kobayashi et al. have
focused on biomarkers for ILD, and specifically the rapid progressive (RP-ILD) and chronic
ILD type, in a Japanese JDM cohort. Not only the presence, but also the level of anti-MDAS
was a sensitive and specific marker for ILD, with the highest levels found in patients with
RP-ILD 83144 |n addition, BAFF, APRIL, KL-6, and IL-18 levels were higher in patients with
RP-ILD compared to chronic ILD and JDM patients without ILDM> KL-6 was prognostic for
ILD, as it stayed high in patients with persistent damage on HRCT** Biomarkers for cardiac
involvement were tested in a Norwegian JDM cohort, a median of 17 years after diagnosis.
Eotaxin and MCP-1 were elevated in patients with cardiac dysfunction and correlated
moderately to strongly with systolic and diastolic dysfunction especially in patients with
persistently active disease (r, = 0.45-0.65) In the same cohort, a reduced heart rate
variability, which is an indicator of cardiac disease, correlated moderately with ESR, hsCRP,
and also MCP-1and eotaxin levels (r_= 0.29-0.47)* Next to the autoantibody NXP2, which is
prognostic for the development of calcinosis, phosphorylated matrix Gla protein was shown
to be higher in patients with calcinosis than without calcinosis’®*® Reduced osteocalcin
levels were found to be predictive of reduced bone mass, even before start of steroids.*
The presence of the TNFa-308A allele is associated with a more severe disease in JDM.
However, apparent associations with this allele are likely to reflect the association with
ancestral haplotype 8.1 due to linkage disequilibrium and should be interpreted with this in
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mind.®° Patients with this genotype are reported to show prolonged symptoms requiring
>36 months of immunosuppressive therapy, a higher incidence of pathologic calcifications,
increased production of TNFa by peripheral blood mononuclear cells in vitro and JDM
muscle fibers in vivo, a higher IFNa activity and a higher rate of complications arising from
occlusion of capillaries. Vascular occlusion has been linked to higher levels of the anti-
angiogenic thrombospondin-1.9015-154

In summary, a number of potential biomarkers for extramuscular disease activity have been
identified, and especially for ILD and cardiac dysfunction the biomarkers seem promising.
Validation in independent cohorts will have to confirm their potential as biomarkers for
these extramuscular symptoms.

Histopathology of Muscle and Skin Biopsies

The diagnostic criteria for JODM by Peter and Bohan encompass histopathological findings
consistent with DM: “necrosis of myofibers, phagocytosis, regeneration with basophils, large
vesicular sarcolemmal nuclei, and prominent nucleoli, atrophy in a perifascicular distribution,
variation in fiber size and an inflammatory exudate, often perivascular”®>%¢ For a long time,
muscle biopsies were therefore taken as part of routine diagnostic workup. However, with
evolving diagnostic options and more specialized trained pediatric rheumatologists muscle
biopsies are currently not always considered a necessity for diagnosis.*®

One of the main problems hindering standardized evaluation of muscle biopsies was the
lack of an internationally agreed upon scoring tool. An international consensus group of
pediatric rheumatologists and pathologists developed such a tool, which encompasses
4 histopathological scoring domains: inflammatory, vascular, muscle fiber and connective
tissue changes.® The scoring tool has now been validated in an independent cohort
consisting of 55 patients and was found to correlate with clinical measures of disease
activity, including CMAS, PGA, and MMT-8 (r_ = 0.40-0.62).*> Muscle biopsy scores may
also have prognostic potential: in combination with MSA group, these scores were found to
predict the risk of remaining on treatment over time, based on analysis of muscle biopsies
from 101 JDM patients.s®

The most common findings in muscle biopsy specimens in JDM compared to healthy
individuals or patients with non-inflammatory muscle diseases, are profound upregulation
of MHC | expression on muscle fibers, increased expression of integrins and complement
and membrane attack complex deposition on capillaries and perimysial large vessels, a
type 1IFN signature and immune cell infiltrates consisting mostly of mature pDC, memory
CD4* T cells, and B cells (Figure 1).4852159-169 The |FN signature, measured by expression of
MxA, correlated with muscle disease activity.®® In skin biopsies similar features are found,
with the additional presence of diffuse mast cell infiltration.®*
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Several studies have suggested associations between histopathological findings in muscle
biopsies and disease duration before the biopsy or disease severity at a later time point.
Biopsy specimens taken after a short duration of untreated disease (<2 months), showed
higher expression of VCAM-1 (which correlated with higher serum soluble VCAM-1) and
expression of genes involved in stress response and protein turnover, whereas biopsies
taken after more than 2 months of untreated disease had more pDC infiltration, higher
expression of genes involved in the immune response and vascular remodeling and more
apoptosis-related markers!””® Thus, it should be taken into account that histological
findings can depend on the disease duration before the biopsy. In addition, these findings
may indicate that endothelial activation is an early feature of JDM, which precedes immune
cell infiltration and vasculopathy. The degree of vasculopathy and vascular injury (as
defined by marked capillary dropout, increased direct immunofluorescent arterial staining
and lymphocytic vasculitis, amongst others) was associated with a more severe and chronic
disease, with severe or persistent weakness, low remission rates at 12 months requiring
additional treatment, subcutaneous edema, and chronic ulcerative disease of the skin
and gastrointestinal tract.?'5'%® The degree of vasculopathy was also correlated with the
expression of angiostatic chemokines MIG, IP-10 and ITAC®’ This indicates that the degree
of vascular injury may be one of the most important factors determining long-term disease
outcomes and that it is related to the IFN signature.

Not only the type of immune cell infiltration, but also the organization of immune cells in
the muscle is of significance in JDM. Organization of immune infiltrates in lymphocytic
aggregates or lymphoid follicle—like structures with dendritic cells and T cells, as compared
to diffuse infiltrates, was associated with a more severe disease course and less response
to treatment.”* MHC | expression, one of the most prominent and early histological features
in JDM, did not correlate with clinical features of the disease 960175

The importance of thorough and standardized assessment of tissue involvement is
underlined by the fact that even in cases with amyopathic DM, with normal EMG and MRI
findings, the muscle biopsy can show focal endomysial lymphocyte and macrophage
aggregates and 90% positivity for HLA class | in the sarcolemma.”® Unrecognized, low-
grade muscle inflammation may be undertreated, resulting in a larger risk of long term
damage. However, muscle biopsy is not routinely performed for children with JDM in all
centers and therefore in future, biomarkers which are measureable in blood and correlate
with biopsy features would represent a major advance.
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Figure 1. Histopathological features and biomarkers in JDM.

JDM is characterized by vasculopathic changes in the tissues, with loss and dysfunction of endothelial cells,
leading to capillary dropout and subsequent atrophy of muscle fibers. The exact chain of events leading to
loss of blood vessels and muscle fibers is not known, but it is thought that both overexpression of MHC-|
(and MHC-Il) on myocytes and endothelial damage are early events in the cascade.*®”° They result in the
first attraction of immune cells to the tissue, probably by a stress response of the myocytes and endothelial
cells, leading to a first production of chemoattractants. The immune cell infiltrates, which can be organized in
lymphoid structures, consist mostly of CD4* and CD8" memory T cells, B cells, mature plasmacytoid dendritic
cells (pDC) and monocytes. CD4* and CD8" T cells are considered responsible for direct killing of muscle
cells. pDC are considered the main producers of type | interferons (IFNs), which explains the IFN-I signature
that is found in the muscles of JDM patients. Some typical IFN-inducible chemokines, CXCL9 (MIG), CXCL10
(IP-10), and CXCLM1 (ITAC), are known for their angiostatic properties. The receptor for these cytokines,
CXCR3, is upregulated on endothelial cells in JDM muscle, which may be one of the factors contributing to
endothelial dysfunction.® Other factors include anti-endothelial circulating antibodies (AECA), complement
and membrane attack complex (MAC) deposition on endothelial cells. Endothelial cells in muscle also
express high levels of ICAM-1 and VCAM-1, which further enables extravasation of immune cells into the
tissues and promotes a positive feedback loop resulting in further tissue damage. Not only immune cells in
the tissues, but also circulating immune cells show a type | IFN signature and increased IFNa activity. Various
circulating markers reflecting immune activation and endothelial activation or distress are increased during
active disease in JDM and can potentially be used as biomarkers for disease activity.
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IMMUNOPATHOGENIC IMPLICATIONS: INTERFERONS AND
VASCULOPATHY

From the biological research conducted in JDM so far, it has become clear that IFNs and
their signature play an important role in the immunopathogenesis of JDM (Figure 1). The
IFN signature is detectable in muscle fibers, myogenic precursor cells, endothelial cells,
skin and several circulating cell subsets of patients with JDM and could point toward a
viral etiology.t91%61%7 Although it has never been demonstrated definitively, several studies
suggest that infections may be more common before onset of JDM.”-®% Not only are IFNs
potent drivers of (auto)inflammation, they may also be anti-angiogenic factors that could
directly or indirectly contribute to endothelial damage and loss in JDM: directly by inhibiting
angiogenesis and disrupting the vascular network organization and indirectly by inducing
several other angiostatic factors such as galectin-9, IP-10, and ITAC.F®-%¢ |n addition,
type 1 IFNs inhibit the generation of myotubes and induce atrophy-associated genes in
differentiated myotubes. Human skeletal muscle cells can also produce large quantities of
IP-10 upon stimulation with IFNy and TNFa.'®6%”

Rather than being produced by circulating immune cells, IFNs are probably mainly produced
within inflamed tissues. Satellite cells, active myogenic cells and endothelial cells in JDM
muscle strongly express IFNB.®” The notion that non-circulating cells within tissues are
responsible for IFN production also fits observations by Rodero et al®*® In particular within
muscle of JDM patients the dysbalance between angiogenic and angiostatic factors can
contribute to endothelial loss*”® Endothelial cells in JDM muscle downregulate genes
related to vessel development, cell adhesion and migration, which are essential for
angiogenesis.®” Downregulation of these genes is likely a key event in the development
of vasculopathy. Next to being a target of the inflammation, the endothelium may also play
an active role in the inflammatory process. In biopsies from JDM patients endothelial cells
express inflammatory features, such as high levels of adhesion molecules ICAM-1and VCAM-
1, and produce cytokines and chemokines.® These can facilitate the attraction and invasion
of immune cells into tissues, thereby supporting the inflammatory process and subsequent
damage. IP-10 and ITAC were the most highly upregulated genes in endothelial cells from
JDM muscle and correlated with the degree of vasculopathy.*”®” Endothelium-derived IP-10
can even stabilize the interaction between T cells and endothelial cells, thereby possibly
contributing to the chronicity of T cell infiltration®® Recently, a new function has been
ascribed to endothelial cells as “semi-professional” antigen presenting cells, which act as
sentinels for antigens, and possibly self-antigens, in tissues and facilitate T cell trafficking
into these tissues!*¥" The high expression of MHC molecules on endothelial cells in JDM
muscle may support the notion that this process is involved in JDM.%%75 Although the exact
mechanisms of interaction between immune cells and endothelial cells in JDM are still
elusive, they may be more elaborate than so far recognized.
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CONCLUSIONS AND FUTURE PERSPECTIVES FOR
BIOMARKER RESEARCH

JDM is a multisystem disease. Not only the skin and skeletal muscles are affected, but also
other organ systems and tissues such as the lungs, heart and intestines are frequently
(subclinically) involved and may be under-evaluated. Vasculopathy due to loss and
dysfunction of endothelial cells as a result of the inflammatory process is thought to underlie
the symptoms in most of these organs and tissues. Monitoring of disease activity and
damage in all of these affected tissues is important during clinical follow-up, as these are key
determinants for the long-term outcomes of patients. Tools for monitoring of tissue activity
and damage include histopathological investigation of biopsies, and laboratory testing of
blood for specific biomarkers as well as several imaging methods. Each of these methods
has their strengths and weaknesses and can be of value for specific diagnostic questions
at disease onset or during follow-up, as outlined in the consensus-based recommendations
for the management of JDM>92 There is still a need for minimally invasive, but at the same
time sensitive and specific diagnostic methods that correlate well with clinical symptoms or
reflect low-grade, local inflammation. Tissue-specific biomarkers can therefore be of great
value as a monitoring tool.

To be able to identify sensitive, robust and reliable biomarkers or develop monitoring tools,
it is of key importance to set up well-defined and large prospective patient cohorts, with
a thorough longitudinal collection of a standardized clinical dataset assessing disease
activity and organ involvement, paired with collection of patient material®®> Such a dataset
is required to ensure a strict definition of active and inactive disease [e.g., as proposed by
Almeida et al’?]. An important consideration for a successful biomarker study is the timing of
data and sample collection: depending on the purpose of the biomarker, time points before
start of immunosuppressive treatment, before each adjustment of medication, during flares,
at paired time points during active and inactive disease or even at regular intervals of max
3—4 months may be crucial to reliably investigate the potency of a biomarker.

Next to the “classical” statistical approach, comparing patients with active disease
and patients in remission (cross-sectionally or in paired samples), new computational
approaches providing analysis methods that can integrate longitudinal data from multiple
patients and multiple (bio)markers or scoring tools should be considered. These methods
take into account the fluctuating nature of a relapsing-remitting disease such as JDM and
are therefore better suited to test the reliability of a tool that will be used for longitudinal
follow-up in clinical practice*4%%

To achieve implementation of a marker or tool into clinical practice, both clinical and technical
validation in independent cohorts is of utmost importance. Only few markers prove to be
stable, reliable and easy to measure, which are key features for a marker or tool to be
suited for implementation into clinical practice. Also the invasiveness of the method should
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be taken into account. Ideally, a period of experimental implementation can demonstrate
the added value and feasibility of a marker or tool in clinical practice. To achieve all this in
a large group of JDM patients to ensure sufficient statistical power, international networks
with well-established collaborations are fundamental.

Eventually, monitoring of disease activity with a reliable tool can be used to guide treatment
and thereby facilitate precision medicine, with high dose therapy when indicated but also
preventing overtreatment. This may reduce both the duration of active disease and thereby
the disease-inflicted damage, and medication side effects, which will benefit the long-term
outcomes on various domains, such as muscle weakness, organ damage, cardiopulmonary
fitness, and quality of life. Next to facilitating personalized treatment strategies, newly
identified biomarkers may also provide insights into the immunopathogenesis of JDM and
provide new treatment targets. For instance, new treatment strategies targeting the IFN
signature, such as anti-IFN antibodies (sifalimumab) or JAK-inhibition (ruxolitinib) have been
shown to reduce the IFN signature in blood and muscle of adult dermatomyositis patients,
and may therefore be promising new strategies for patients with JDM85196197 Several studies
discussed in this review suggest a strong link between the IFN signature and vasculopathy;
and vasculopathy has been related to disease severity. Targeting the IFN signature may
thus benefit vascularization in JDM and thereby improve outcomes.
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CHAPTER 3

ABSTRACT

Objective: Objective evaluation of disease activity is challenging in patients with juvenile
dermatomyositis (DM) due to a lack of reliable biomarkers, but it is crucial to avoid both
under- and overtreatment of patients. Recently, we identified 2 proteins, galectin-9 and
CXCL10, whose levels are highly correlated with the extent of juvenile DM disease activity.
This study was undertaken to validate galectin-9 and CXCL10 as biomarkers for disease
activity in juvenile DM, and to assess their disease specificity and potency in predicting the
occurrence of flares.

Methods: Levels of galectin-9 and CXCL10 were measured by multiplex immunoassay in
serum samples from 125 unique patients with juvenile DM in 3 international cross-sectional
cohorts and a local longitudinal cohort. The disease specificity of both proteins was
examined in 50 adult patients with DM or nonspecific myositis (NSM) and 61 patients with
other systemic autoimmune diseases.

Results: Both cross-sectionally and longitudinally, galectin-9 and CXCL10 outperformed the
currently used laboratory marker, creatine kinase (CK), in distinguishing between juvenile
DM patients with active disease and those in remission (area under the receiver operating
characteristic curve [AUC] 0.86-0.90 for galectin-9 and CXCL10; AUC 0.66-0.68 for
CK). The sensitivity and specificity for active disease in juvenile DM was 0.84 and 0.92,
respectively, for galectin-9 and 0.87 and 1.00, respectively, for CXCL10. In 10 patients with
juvenile DM who experienced a flare and were prospectively followed up, continuously
elevated or rising biomarker levels suggested an imminent flare up to several months
before the onset of symptoms, even in the absence of elevated CK levels. Galectin-9 and
CXCL10 distinguished between active disease and remission in adult patients with DM or
NSM (P=0.0126 for galectin-9 and P < 0.0001 for CXCL10) and were suited for measurement
in minimally invasive dried blood spots (healthy controls versus juvenile DM, P =0.0040 for
galectin-9 and P < 0.0001 for CXCL10).

Conclusion: In this study, galectin-9 and CXCL10 were validated as sensitive and reliable
biomarkers for disease activity in juvenile DM. Implementation of these biomarkers into
clinical practice as tools to monitor disease activity and guide treatment might facilitate
personalized treatment strategies.
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INTRODUCTION

Juvenile dermatomyositis (DM) is a rare, chronic systemic immune-mediated disease
with a high disease burden. In children with juvenile DM, the disease is characterized
by inflammation of the skeletal muscles and skin, leading to muscle weakness and a
pathognomonic skin rash. Vital organs such as the lung and heart can also be involved.
Although the pathogenesis is still largely unknown, environmental and genetic factors may
predispose children to the disease.”® The autoimmune process is characterized by a type |
interferon signature and by infiltration of immune cells such as plasmacytoid dendritic cells,
B cells, CD4' T cells, and macrophages into the skin and muscle tissue.®™°

Children with juvenile DM are at risk of both under- and overtreatment due to a lack of
reliable biomarkers that could be used to gauge the extent of disease activity. Current
treatment guidelines recommend immunosuppression for at least 2 years, tapering
steroids over the first year, and withdrawing treatment if a patient has been taken off
steroids and has achieved disease remission with methotrexate (or an alternative disease-
modifying antirheumatic drug) for a minimum of 1 year®"? However, for some patients, this
standardized regimen may not be optimal. Approximately 50% of patients do not respond
to initial treatment or present with disease flares during follow-up, resulting in additional
tissue damage and impaired physical recovery*™ Of the other 50% of patients, some
could likely benefit from a shorter treatment duration, taking into account that overtreatment
with steroids can result in serious side effects in children, such as Cushing’s syndrome,
osteoporosis, and growth delay.*"®

To determine the rate of medication tapering and to avoid both under-and overtreatment,
objective measurement of disease activity and subclinical inflammation is crucial. However,
validated and reliable biomarkers for disease activity in juvenile DM are lacking.® Disease
activity is currently assessed by a combination of muscle enzyme testing and clinical
evaluation;'®29-22 the latter depends on the experience of the health care professional and
the patient’s collaboration. Muscle enzymes, including serum creatine kinase (CK) activity,
have been shown to correlate only moderately with disease activity in juvenile DM, and the
erythrocyte sedimentation rate and C-reactive protein level are rarely elevated in patients
with juvenile DM.23-2® Lack of objective tools or biomarkers to monitor the response to
therapy also hampers clinical trial design. Thus, there is an unmet need for an objective and
reliable measure of disease activity.

Recently, in a cross-sectional cohort of patients with juvenile DM, we demonstrated that
3 proteins, galectin-9, CXCL10, and tumor necrosis factor receptor type Il, can distinguish
between juvenile DM patients with active disease and those in remission, with galectin-9
and CXCL10 being the most discriminative markers.?%? CXCL10 and galectin-9 can
be produced by a variety of cells, both immune and nonimmune, upon stimulation with
interferons.?82° CXCL10 has been recognized as a biomarker in several human autoimmune

71



CHAPTER 3

diseases, including myositis,?®**® whereas galectin-9 has been investigated mainly as a
biomarker in cancer and viral infections.?¢2* Reports on the role of galectin-9 in autoimmunity
are conflicting, suggesting either an attenuating or an aggravating effect on autoimmune
manifestations in experimental models.?*¢ Its role in human autoimmune diseases has yet
to be elucidated.

We aimed to validate galectin-9 and CXCL10 as biomarkers for active disease in patients with
juvenile DM, to examine their disease specificity in adult patients with DM, adult patients with
nonspecific myositis (NSM), and patients with other systemic autoimmune diseases, to assess
their potency in predicting flares, and to test the applicability of the biomarkers in minimally
invasive dried blood spots, in order to aid broad implementation into clinical practice.

PATIENTS AND METHODS

Cohorts

In total, 125 unique patients with juvenile DM from 3 independent cross-sectional
international cohorts and 1 Dutch prospective cohort participated in the present study, with
inclusion between May 2001and May 2017. Two large cohorts from Utrecht, The Netherlands
and London, UK were used for validation of the biomarkers; a third smaller cohort from
Singapore was used to assess international generalizability. An overview of all cohorts is
shown in Table 1. The internal validation cohort (IVC) from Utrecht does not overlap with the
previously reported discovery cohort.?® For specific questions, including disease specificity,
longitudinal follow-up, and measurements in dried blood spots, a combination of blood
samples from the IVC and blood samples from new patients was used.

Participants

Patients with juvenile DM were included if they met the Bohan and Peter criteria for
definite or probable juvenile DM.*3¢ The Childhood Myositis Assessment Scale (CMAS;
scale 0-52),*° Manual Muscle Testing of 8 muscle groups (MMT-8; scale 0-80),*° and
physician’s global assessment of disease activity (PhGA; scale 0—10) were recorded as
clinical measures of muscle and global disease activity. In addition, cutaneous assessment
tool (CAT) scores measuring the severity of skin disease (scale 0-116)*" were recorded in
Dutch and Singaporean patients. Disease remission was defined according to the updated
criteria for clinically inactive disease and, in the case of missing data, was defined by clinical
description.*?
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Table 1. Overview of the juvenile DM cohorts

Abbreviation City, country  No. of No. of No. of active
patients samples disease-remission
paired samples

International validation cohorts

External validation cohort  EVC London, UK 61 79 16

Internal validation cohort IVC; JDM NL Utrecht, The 47; 47 83; 58 26; 1
Netherlands

Asian cohort JDM Sing Singapore 12 13 -

Analysis-specific subcohorts from Utrecht

Systemic autoimmune Utrecht, The 14 16 2
disease cohort Netherlands
Longitudinal cohort Utrecht, The 28 286

Netherlands

Dried blood spot cohort Utrecht, The 7 10
Netherlands

Data are listed as follows: for the London external validation cohort (EVC), see Figure 1, Supplementary Table
1, and Supplementary Figure 1; for the Utrecht internal validation cohort (IVC), see Figure 1, Supplementary
Table 2, and Supplementary Figure 1; for the Juvenile Dermatomyositis The Netherlands (JDM NL) and
Juvenile Dermatomyositis Singapore (JDM Sing) cohorts, see Figure 2 and Supplementary Table 4; for the
systemic autoimmune disease cohort, see Figure 2 and Supplementary Table 5; for the longitudinal cohort,
see Figure 3, Supplementary Table 6, and Supplementary Figure 2; for the dried blood spot cohort, see
Figure 4 and Supplementary Table 7.

All other patients were considered to have active disease. Flares were defined as the
combination of the following 3 items: a previous response to treatment with the decision to
start tapering steroids, worsening of at least 1 of 3 clinical scores (CMAS, PhGA, and CAT)
by >2 points, and the decision to start new immunosuppressive treatment or increase the
current dose.

Adult patients with DM and those with NSM were classified according to the European
Neuromuscular Centre criteria.*® Myositis was confirmed by biopsy unless typical skin
manifestations of DM were present. Patients with cancer-associated myositis were excluded.
Disease activity was determined by combined evaluation of muscle strength with the
Medical Research Council Muscle Scale,* skin symptoms, and muscle enzyme levels. To
determine the disease specificity of the biomarkers, different disease controls were added
in the study, including pediatric and adult patients with systemic lupus erythematosus (SLE),
pediatric patients with localized scleroderma, adult patients with eosinophilic fasciitis (EF),
and pediatric and adult patients with hereditary proximal spinal muscular atrophy (SMA).
All controls had either systemic inflammation, inflammation of the skin or muscles, or a
noninflammatory neuromuscular disorder.
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Patients with SLE fulfilled the American College of Rheumatology classification criteria for
SLE.** Active disease was defined as an SLE Disease Activity Index score of >4 of 105.%
Patients with localized scleroderma were diagnosed based on the typical clinical picture,
with active disease being defined as a modified Localized Scleroderma Skin Severity
Index (MLoSSi) score of >5 of 162.#” Patients with EF were diagnosed based on the clinical
picture and histopathologic evaluation of skin biopsy specimens containing the fascia. As
the mLoSSi may stay high in these patients due to the presence of extensive, irreversible
sclerosis despite a reduction of inflammation, active disease was defined as a PhGA score of
>5 (on 100-mm visual analog scale).*” Patients with hereditary proximal SMA, a progressive,
noninflammatory neuromuscular disorder, were diagnosed by genetic confirmation of a
homozygous loss of function of the survival motor neuron 1 gene;*® these patients served
as disease controls. Adult healthy volunteers were included as healthy controls.

Ethics approval

The study was approved by the institutional ethics committees of the involved centers
(UMC Utrecht [approval nos. METC 15-191 and 12-466], UK [approval no. MREC1/3/22], CHUV
Lausanne, CHU Strasbourg, SingHealth centralized IRB, AMC Amsterdam) and conducted
according to the Declaration of Helsinki. Written informed consent was obtained prior to
inclusion in the study, both from patients and from parents or legal representatives when
the patient was younger than 12 years old.

Blood samples

Blood was collected in serum tubes in accordance with the local study protocol (all
participating centers). At the UMC Utrecht, blood samples were collected in sodium-heparin
tubes in addition to serum tubes. All samples were spun down and aliquoted within 4 hours
after collection, and subsequently stored at =80°C until analyzed.

Measurement in dried blood spots

Dried blood spots were made by application of 50 ul sodium-heparin full blood to each spot
on Whatman 903 filter paper within 4 hours after the blood sample was obtained. Spotted
filter papers were dried for 2 days at room temperature to mimic mail delivery times, and
subsequently stored with desiccant in individual air-tight polyethylene bags at —=80°C under
constant monitoring of humidity levels until analyzed. Two circles of 3.0 mm in diameter
(containing ~3 ul of whole blood each) were punched from the central part of 1 spot and
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eluted in 100 pl buffer (phosphate buffered saline containing 5 ml/liter Tween 20, 10 g/liter
bovine serum albumin, and Complete protease inhibitor cocktail with EDTA [1 tablet per 25
ml buffer; Roche]) in 96-well plates. Plates were sealed and placed overnight at 4°C on a
microshaker (600 revolutions per minute) and were spun down at 2,100g for 2 minutes. The
analysis was performed on the obtained eluate.

Biomarker analysis

Galectin-9 and CXCL10 were measured in 50 pl of serum, plasma, or eluate by multiplex
assay (XMAP; Luminex). CXCL10 was measured in undiluted material. Galectin-9 was
measured in 10x diluted plasma or serum, except in the serum/plasma samples paired
with dried blood spots (in which case galectin-9 was measured undiluted from the eluate
and serum/plasma). The multiplex immunoassay was performed as described previously.*
Heterophilic immunoglobulins were preabsorbed from all samples with HeteroBlock
(Omega Biologicals). Acquisition was performed with a Bio-Rad FIexMAP3D in combination
with xPONENT software version 4.2 (Luminex). Data analysis was performed with Bioplex
Manager version 6.1.1 (Bio-Rad).

Between measurement of the internal and external validation cohorts in 2015, the
recombinant protein for galectin-9 was replaced, which affected the standard curve.
Therefore absolute values between these cohorts may not be comparable. Since 2015, the
interassay variability has been negligible.’° All biomarker analyses were performed at the
UMC Utrecht, thereby minimizing intercenter variation. Treating physicians were blinded
with regard to biomarker levels, and technicians performing the multiplex assay were
blinded with regard to clinical data.

Statistical analysis

Basic descriptive statistics were used to describe the patient population. Statistical analyses
were performed using either GraphPad Prism version 7.0 or SPSS Statistics version 21 (IBM).
Correlations were assessed using Spearman’s rank correlation coefficients. For comparisons
between 2 groups, the Mann-Whitney U test (unpaired analysis) or Wilcoxon’s matched-pairs
signed rank test (paired analysis) was used. For comparisons between multiple groups,
nonparametric variants of analysis of variance (ANOVA) with post hoc correction for multiple
testing were used (Dunn’s post hoc test for Kruskal-Wallis, and Sidak’s or Tukey’s post hoc
test for 2-way ANOVA, as appropriate). Multiplicity-adjusted P values less than 0.05 were
considered significant.

To assess diagnostic accuracy, area under the receiver operating characteristic (ROC)
curves (AUCs) were constructed. Cutoff values for the diagnostic accuracy of galectin-9

75



CHAPTER 3

and CXCL10 were determined based on the maximal Youden’s Index, with a sensitivity of
at least 80%.

RESULTS

Cross-sectional validation of galectin-9 and CXCL10

To validate the biomarker potential of galectin-9 and CXCL10, we measured the proteins in
blood samples from patients with juvenile DM from 2 independent validation cohorts: an
external validation cohort (EVC) from London and an internal validation cohort (IVC) from
Utrecht. The clinical characteristics of these cohorts are shown in Supplementary Tables 1
and 2. As observed in the previously reported discovery cohort,?® the levels of galectin-9
and CXCL10 were significantly higher in patients with active disease compared to patients
in remission (P < 0.0001) (results in Supplementary Figures 1A and B). The levels were
highest at the time of diagnosis (before treatment), decreased steadily under treatment,
and were comparably low in remission regardless of whether the patient was receiving or
not receiving medication while in remission (Figures 1A and B). The wide range of biomarker
levels in the group of juvenile DM patients with active disease who were on treatment
corresponded to a wide range of clinical disease activity scores within this group (CMAS
scores ranging 3—44 in the EVC and 10-52 in the IVC; PhGA scores ranging 2—-8 in the
EVC and 1-9 in the IVC). Based on the levels of both galectin-9 and CXCL10, we were
able to differentiate patients with active disease while receiving medication from patients
in remission while receiving medication (Figures 1A and B), which is clinically important to
assess the response to treatment. Paired analysis within individual patients, in which we
compared samples from a period of active disease and from a period of remission in each
patient, showed decreasing biomarker levels in response to therapy and confirmed the
high discriminative power of both proteins (each P = 0.0078 in the EVC and P = 0.0002 in
the IVC) (Figures 1C and D).

To further assess the discriminative power of galectin-9 and CXCL10 for distinguishing
between a status of active disease and a status of remission in juvenile DM, we examined
the AUCs in the 2 separate cohorts. In comparing active disease and remission in patients
regardless of their treatment status, the levels of galectin-9 and CXCL10 had AUCs of 0.894
and 0.863, respectively, in the EVC and 0.877 and 0.902, respectively, in the IVC (Figures
1E and F, and Supplementary Table 3). To take into account the effect of treatment, we also
assessed the AUC for differentiating active disease from disease remission in patients who
were taking medication. During treatment, the levels of galectin-9 and CXCL10 had AUCs
of 0.844 and 0.776, respectively, in the EVC and 0.860 and 0.840, respectively, in the IVC
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Figure 1. Cross-sectional validation of galectin-9 and CXCL10 as biomarkers for disease activity in juvenile
dermatomyositis (DM) in 2 independent validation cohorts.

A and B, Measurement of galectin-9 and CXCL10 by multiplex immunoassay in serum from patients with active
disease before start of treatment (group A), active disease while receiving medication (group AM), in remission
while receiving medication (group RM), and in remission while not receiving medication (group R), in the external
validation cohort (EVC) (n =12 group A, n =27 group AM, n = 28 group RM, n =12 group R) (A) and the internal
validation cohort (IVC) (n = 25 group A, n = 30 group AM, n =16 group RM, n =12 group R) (B). In group AM, 3
samples from 1 patient (from different time points at least 3 months apart) and 2 samples from 6 patients (from
different time points 2—11 months apart) were included. Data are shown as box plots. Each box represents the
interquartile range. Lines inside the boxes represent the median (log scale). Lines outside the boxes represent
the 10th and 90th percentiles. Symbols represent individual patients. Multiplicity-adjusted P values were
determined by Kruskal-Wallis test with Dunnett’s post hoc test. C and D, Measurement of galectin-9 and CXCL10
in paired samples from individual patients (regardless of treatment status) during active disease and remission,
from the EVC (median time between samples 23 months) (C) and IVC (median time between samples 12 months)
(D). P values were determined by Wilcoxon’s matched-pairs signed rank test. E and F, Area under the receiver
operating characteristic (ROC) curves (AUCs) for diagnostic accuracy of galectin-9, CXCL10, and creatine kinase
(CK) in patients (regardless of treatment status) from the EVC (E) and IVC (F). Only patients with complete data
for the specific ROC curve were included. G and H, Spearman’s rank correlations of galectin-9, CXCL10, and
CK levels with Childhood Myositis Assessment Scale (CMAS) scores in the EVC (n =79) (G) and IVC (n = 61) (H).

77



CHAPTER 3

(Supplementary Figures 1C and D and Supplementary Table 3). Moreover, galectin-9 and
CXCL10 performed better than the current standard laboratory marker, CK, in both cohorts
(AUCs for CK, 0.682 in the EVC and 0.662 in the IVC).

To calculate the optimal cutoff value for distinguishing active disease from disease remission,
we analyzed the ROC curves in the IVC, as blood samples from this cohort were assessed
according to the most recently optimized and standardized protocol of the multiplex
immunoassay.*® Based on the coordinates of this ROC curve, we determined the cutoff values
for discriminating active disease from remission, yielding a cutoff value of 19,396 pg/ml for
galectin-9 and 805 pg/ml for CXCL10, with a high sensitivity (0.84 for galectin-9 and 0.87 for
CXCL10) and a high negative predictive value (0.83 for galectin-9 and 0.87 for CXCL10) (Table
2); these values ensured a low risk of ongoing inflammation in the case of a test result that
was below the cutoff. The specificity of the galectin-9 and CXCL10 cutoff levels was 0.92 and
1.00, respectively, and the positive predictive value was 0.93 and 1.00, respectively.
Consistent with the previously reported discovery cohort,?® the levels of galectin-9 and
CXCL10 correlated strongly with 3 clinical scores of global or muscle disease activity: the
PhGA, the CMAS, and the MMT-8. The correlation coefficients for association with either of
the biomarkers, which ranged between 0.67 and 0.81 (P < 0.0001), were notably higher than
those for CK (r, = 0.32-0.51, P < 0.07) (Figures 1G and H, and Supplementary Figures 1E-G)
Thus, these results in 2 independent validation cohorts validate galectin-9 and CXCL10
as strong biomarkers for disease activity in patients with juvenile DM, outperforming the
currently used laboratory marker CK.

To assess the international generalizability of galectin-9 and CXCL10, we tested the
biomarkers in a small cohort of patients with juvenile DM from a different geographic
region (i.e., Singapore). Observations in this cohort confirmed the discriminative potential
of galectin-9 and CXCL10 between active disease and remission, and their levels were
comparable to those seen in the IVC (P =0.0006 for galectin-9 and P =0.0025 for CXCL10)
(Figures 2A and B).

Table 2. Sensitivity, specificity, NPV, and PPV of the determined cutoff values for diagnostic accuracy of
galectin-9 and CXCL10 in the juvenile dermatomyositis internal validation cohort

Cutoff value, pg/ml Sensitivity Specificity NPV PPV
Galectin-9 19,396 0.839 0.923 0.828 0.929
CXCL10 805 0.871 1 0.867 1

Cutoff values for galectin-9 and CXCL10 were determined based on the maximal Youden’s Index with a
sensitivity of >0.80, in order to ensure a low risk of ongoing active inflammation with a biomarker value
below the set cutoff. Only 1 sample per patient per category (active disease or in remission) was included
in the analysis (i.e., the cohort designated “JDM NL” [Juvenile Dermatomyositis The Netherlands], as shown
in Figure 2 and Supplementary Table 5). NPV = negative predictive value; PPV = positive predictive value.
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Disease specificity of galectin-9 and CXCL10

We next investigated the disease specificity of galectin-9 and CXCL10 and explored the
applicability of each as a biomarker in adult patients with DM or NSM and patients with other
systemic autoimmune diseases. The biomarkers were first measured in a cohort of adult
patients with DM (n = 36), patients with NSM (n = 14), and patients with EF (n =18), as well as
43 disease control patients with SMA, a genetic neuromuscular disorder without systemic
inflammation, and 22 healthy controls (the characteristics of these subjects are listed in
Supplementary Table 4). The levels of both galectin-9 and CXCL10 were elevated in adult
patients with active DM (P <0.0001), patients with NSM (P < 0.0003), and patients with EF
(P < 0.05) as compared to healthy controls. Both biomarkers distinguished between active
disease and remission in the adult DM cohort (P = 0.0126 and P < 0.0001 for galectin-9 and
CXCL10, respectively), and CXCL10 was also discriminative for disease activity in patients
with NSM (P = 0.0139) and those with EF (P = 0.0497) (Figures 2A and B). As expected, the
biomarkers were not elevated in control patients with SMA.

A second cohort consisted of pediatric and adult patients with 2 other systemic immune-
mediated diseases: localized scleroderma (n = 15) and SLE (n = 36) (the characteristics of
these patients are listed in Supplementary Table 5). In patients with localized scleroderma
and those with SLE, the 2 biomarkers did not distinguish significantly between active
disease and remission, but galectin-9 levels in patients with SLE were elevated compared
to healthy controls (P = 0.0105) (Figures 2C and D).

Thus, these results demonstrate that galectin-9 And CXCL10 are applicable as biomarkers
for disease activity in both pediatric and adult patients with myositis.

Prospective analysis and flare prediction

To determine the prognostic value of galectin-9 and CXCL10 during clinical follow-up in
patients with juvenile DM, we measured the biomarkers in a prospective cohort of 28
patients, with a median follow-up time of 2.8 years per patient (the characteristics of these
patients are listed in Supplementary Table 6). First, we established the biomarker dynamics
after diagnosis in 15 patients who reached sustained remission within the first months of
treatment and did not have a flare later. The biomarker levels quickly declined after the start
of treatment, reached levels below the previously determined cutoff value within several
months, and remained low in remission (the “No flare” group, shown in Figures 3A and B).
The biomarker dynamics in patients with a flare after the first year (the “Flare >12 months”
group; n = 7) were similar to those in patients without flares (Figures 3C and D). However,
patients who experienced a disease flare in the first year after the start of treatment (the
“Flare <12 months” group; n = 6) had significantly higher biomarker levels at diagnosis than
did patients with later flares (P = 0.0254 for galectin-9 and P = 0.0265 for CXCL10) (Figures
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Figure 2. Biomarker potential of galectin-9 and CXCL10 in adult inflammatory myopathies and systemic

autoimmune diseases with skin involvement.

A and B, Galectin-9 (A) and CXCL10 (B) were measured in serum samples from patients with juvenile
dermatomyositis from The Netherlands (JDM NL) (the internal validation cohort [IVC]) and Singapore
validation cohort (JDM Sing), adult patients with DM, adult patients with nonspecific myositis (NSM), adult
patients with eosinophilic fasciitis (EF), a mixed cohort of adult and juvenile patients with hereditary proximal
spinal muscular atrophy (SMA), and adult healthy controls (HC). C and D, Galectin-9 (C) and CXCL10 (D) were
measured in serum samples from the Dutch juvenile DM cohort, juvenile patients with localized scleroderma
(LoS), a mixed cohort of juvenile and adult patients with systemic lupus erythematosus (SLE), and adult
healthy controls. In A-D, patients were stratified into 2 groups based on disease activity (active [A] or in

remission [R] regardless of treatment status).
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(Figure 2 continued)

Only 1sample per patient per activity group was included in the analysis; therefore, the numbers of patients
in the IVC differ from those in Figure 1. Data are shown as box plots. Each box represents the interquartile
range. Lines inside the boxes represent the median (log scale). Lines outside the boxes represent the 10th
and 90th percentiles. Symbols represent individual patients. Multiplicity-adjusted P values above boxes
are for comparison between active disease and remission, by 2-way analysis of variance with Sidak’s post
hoc test for multiple comparisons. Multiplicity-adjusted P values below boxes are for comparison between
each disease group and healthy controls, by Kruskal-Wallis test with Dunnett’'s post hoc test for multiple
comparisons. P values >0.999 are not shown.

3C and D). In addition, these patients who experienced a flare at <12 months had elevated
biomarker levels over the entire first year (Figures 3C—E). In contrast to the 2 biomarkers,
CK activity normalized in 5 of 6 patients (Figure 3E).

To assess the predictive value of the biomarkers for flares after the first year, we analyzed 4
patients for whom longitudinal samples were available within 7 months before a flare (Figure
3F and Supplementary Figure 2). In patients 1and 2, raised levels of galectin-9 and CXCL10
(even while remaining below the cutoff level) were observed from up to 7 months prior to
the flare, with levels that were above the cutoff value up to 6 months prior to the flare for
galectin-9 and up to 3 months prior to the flare for CXCL10. These biomarker fluctuations
were observed even before clinical symptoms of a flare became apparent. In patients 3
and 4, persistently borderline cutoff values were observed for galectin-9 and CXCL10 in the
12 months prior to occurrence of a flare, and biomarkers were elevated above the cutoff
during the flare. In contrast, CK levels did not increase prior to or during a flare in patient
4, and did not demonstrate an increase until the occurrence of a flare in patients 2 and 3.
Only in patient 1 did the CK level steadily increase by 3 months prior to a flare. It was also
observed that galectin-9 and CXCL10 levels stayed high during continued disease activity
after the start of the flare in patients receiving medication, while in 3 of 4 individuals, the CK
level decreased to within normal limits by the first time point following the start of the clinical
flare, despite continued disease activity.

Thus, these results suggest that persistently high or rising galectin-9 and CXCL10 levels
above their cutoff values may be indicative of ongoing (sub)clinical inflammation or an
imminent flare, even with a lack of clinical symptoms or elevated CK levels.
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Figure 3. Galectin-9 and CXCL10 serum levels from longitudinal follow-up of patients with juvenile
dermatomyositis (DM) in a prospective cohort.

A and B, Dynamics of galectin-9 (A) and CXCL10 (B) serum levels up to 6 years after juvenile DM diagnosis in
15 patients without flares. The first sample was obtained a maximum of 6 months after treatment start. Both
patients with and those without intensification of therapy within the first 3 months were included. Each point
contains between 3 and 13 samples, pooled over the time span around the data point. The median interval
between 2 samples from a patient was 3.6 months. Per patient, 4—14 samples (median 9) were included.
Values are the mean+SD (linear scale). C and D, Galectin-9 (C) and CXCL10 (D) serum levels in longitudinal
samples from juvenile DM patients with a flare within the first year (<12m) (n = 6), after the first year (>12m)
(n =7), or without flares (n = 15) (same patients as in A and B). Only patients with a first sample obtained
a maximum of 6 months after treatment start were included. Left, Longitudinal data (mean+SD) within the
first year. Multiplicity-adjusted P values, by 2-way analysis of variance (ANOVA) with Tukey’s post hoc test,
were for flare <12 months versus no flare (top) or flare <12 months versus flare >12 months (bottom) Middle,
Galectin-9 and CXCL10 levels at diagnosis, before treatment start. Data are shown as box plots. Boxes
represent the interquartile range, lines inside the boxes show the median, and lines outside the boxes show
the 10th and 90th percentiles. Symbols represent individual patients. All P values, by 2-way ANOVA with
Tukey’s post hoc test, were corrected. Right, Total area under the receiver operating characteristic curves
(AUCs) for each group, calculated by the trapezoidal method. Values are the mean and 95% confidence
interval. P values were determined by one-way ANOVA with Tukey’s post hoc test. E, Galectin-9, CXCL10,
and creatine kinase (CK) serum levels in 6 individuals with a flare within the first year after treatment start.
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(Figure 3 continued)

In A—F, Gray shading indicates the previously determined cutoffs for galectin-9 and CXCL10 (19,396 pg/ml
and 805 pg/ml, respectively) and the standard cutoff for CK (150 IU/liter). F, Levels of galectin-9, CXCL10,
and CK measured longitudinally in an individual with a disease flare after the first year. Broken horizontal
lines indicate the previously determined cutoffs for galectin-9, CXCL10, and CK. Biomarker levels are shown
on a log scale. Shading in the rows for prednisone (Pred) and methotrexate (MTX) represent the relative
medication dose (in mg/kg/day for prednisone; in mg/m2/week for MTX). Dark gray shading = high dose;
lighter gray shading = low dose. Dx = diagnosis; CMAS = Childhood Myositis Assessment Scale; PhGA =
physician’s global assessment; CAT = cutaneous assessment tool.

Levels of galectin-9 and CXCL10 in dried blood spots

To facilitate minimally invasive (at-home) biomarker assessment and broad clinical
applicability with centralization of diagnostic cores, we assessed galectin-9 and CXCL10
measurements in dried blood spots and paired plasma and serum samples (the patients’
characteristics are shown in Supplementary Table 7). Correlation between the biomarker
levels in the circulation and biomarker levels in dried blood spots was higher for CXCL10
(r, = 0.93 in plasma and r_= 0.96 in serum) than for galectin-9 (r, = 0.62 in plasma and
r,= 0.58 in serum) (Figures 4A and B).
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Figure 4. Measurement of galectin-9 and CXCL10 levels in dried blood spots (DBS) as compared to paired
plasma and serum samples from patients with active juvenile dermatomyositis (DM).

A and B, Correlations between biomarker levels in the plasma (A) and serum (B) and in DBS (on a double log
scale) were assessed using Spearman’s correlation coefficients. C, Paired representation of the biomarker
levels in the plasma, serum, and DBS from healthy controls (HC), patients with active juvenile DM pre-
treatment (JDM A), and patients with active juvenile DM while receiving medication (JDM AM) are shown. D,
Biomarker levels in DBS were compared between healthy controls and patients with active juvenile DM. P
values were determined by Mann-Whitney U test.
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Galectin-9 and CXCL10 levels were similar in the plasma and serum (Figure 4C). Both
galectin-9 and CXCL10, as measured in dried blood spots, were capable of discriminating
between patients with active juvenile DM and healthy controls (P = 0.0040 and P < 0.0001,
respectively) (Figure 4D), with the healthy control subjects having biomarker levels that were
similar to those in patients with juvenile DM in remission (Figure 2). Thus, measurements of
both galectin-9 and CXCL10 in dried blood spots are suitable as biomarkers for juvenile DM
disease activity.

DISCUSSION

In this study, galectin-9 and CXCL10 were validated as strong, reliable, and sensitive
biomarkers for disease activity in juvenile DM, and both were identified as promising
biomarkers both in adult patients with DM and in adult patients with NSM. The levels of
galectin-9 and CXCL10 strongly distinguished between juvenile DM patients with active
disease and juvenile DM patients in remission, even when the patient was receiving
immunosuppressive treatment. Furthermore, we showed that galectin-9 and CXCL10 were
relatively specific for autoinflammatory myopathies in adult and pediatric patients, as their
levels were not as highly increased or did not differentiate between active disease and
remission in other autoimmune diseases such as localized scleroderma and SLE. Both
cross-sectionally and longitudinally, galectin-9 and CXCL10 outperformed CK, which is
commonly used as a laboratory marker for disease activity and is one of the current criteria
for determining clinically inactive disease in juvenile DM.#>%' Continuously elevated or rising
biomarker levels, as determined in a prospective patient cohort, may be indicative of an
imminent disease flare up to several months before clinical symptoms, even in the absence
of elevated CK levels. The biomarkers may therefore be promising to use in longitudinal
follow-up of patients for monitoring of disease activity.

Furthermore, our results showed that galectin-9 and CXCL10 can be reliably measured in
the plasma, serum, and minimally invasive dried blood spots from patients with juvenile DM.
It has recently been shown that capillary concentrations of CXCL10 correlate with venous
concentrations; for galectin-9, this has not yet been established.>? The moderate correlation
between circulating levels of galectin-9 and levels of galectin-9 in dried blood spots could
be attributed to either liberation of intracellularly stored galectin-9 and/or release from its
carrier proteins upon elution and dilution.

This study has several strengths. Although many biomarkers are being identified for a
variety of diseases, only a few have been implemented into clinical practice, due to a lack
of reproducibility and diagnostic accuracy. However, the levels of galectin-9 and CXCL10
have a high discriminative power and strong, reproducible correlation with disease activity.
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Thanks to a large international collaborative effort, and despite the rarity of the disease,
we have been able to extensively validate galectin-9 and CXCL10 as biomarkers in a
large number of patients with juvenile DM from 3 independent cross-sectional cohorts.
The additional analyses in a prospective cohort of patients with juvenile DM with a long
follow-up time added important information on the value of galectin-9 and CXCL10 in
clinical follow-up. In addition to the clinical validation in this study, the biomarkers have
undergone a technical validation at the diagnostic department of the UMC Utrecht, which
has demonstrated the stability of the biomarkers and reproducibility of the measurements.
In addition, we have explored a minimally invasive diagnostic method of measuring the
biomarkers in dried blood spots.

The findings of this study need to be interpreted carefully, taking into account the
observational nature of the data and the use of a combination of clinical scores and CK
levels (the Paediatric Rheumatology International Trials Organisation criteria for clinically
inactive disease in juvenile DM) as the gold standard for assessment of disease activity in
juvenile DM.*25" Importantly, measurement of galectin-9 and CXCL10 levels can complement,
but not replace, clinical assessment by experienced health care professionals. However,
both biomarkers outperformed the currently used marker, CK, a finding that underscores
the gains that can be achieved by introducing the new biomarkers into clinical practice.

A recent study using the SOMAscan assay also identified both galectin-9 and CXCL10
among the top up-regulated proteins in juvenile DM, correlating with disease activity as
assessed by the PhGA.5® CXCL10 levels were previously shown to correlate with disease
activity in juvenile DM,26:30-325% and CXCL10 is well known to be an interferon-inducible
chemokine that can be elevated in other types of myositis and autoimmune diseases.?9*
In our study, galectin-9 was a specific biomarker for inflammatory myopathies. In patients
with juvenile DM, high circulating interferon-a levels have been found, and in one group of
patients with juvenile DM, more than 75% of patients had a positive interferon signature.5>%¢
Circulating galectin-9 and CXCL10 levels could therefore be a direct reflection of active,
interferon-driven inflammation, which is supported by a recent study in which galectin-9
was demonstrated to be a marker for the interferon signature in SLE and antiphospholipid
syndrome.®’

Since the levels of these biomarkers are known to correlate with the extent of disease
activity in various types of tissue, local tissue cells are the main candidate producers of
the proteins. Indeed, galectin-9 can be detected not only in the circulation, but also locally
within inflamed muscle and skin, where it is mainly present in activated tissue macrophages
and capillary endothelial cells (data not shown). A similar expression pattern, in tissue
mononuclear cells and endothelial cells, was previously demonstrated for CXCL10.58%° Local
biomarker production within the inflamed tissue is consistent with our previous observation
that the biomarker levels slowly decline after stem cell transplantation, as tissue-infiltrating
immune cells (and endothelial cells) are likely to be less affected by immune-ablative
preconditioning than are circulating immune cells.?’
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Implementation of galectin-9 and CXCL10 into clinical practice, as tools to monitor disease
activity and guide treatment, might enable personalized treatment strategies for patients
with juvenile DM. It is an advantage that both biomarkers performed equally well in our
study, suggesting that diagnostic centers can decide to use their biomarker of choice
depending on its availability and feasibility. Biomarker levels below the set cutoff value
reflect the absence of disease activity, which could allow tapering of immunosuppressive
medication. Rising or persistently high levels might be indicative of an insufficient response
to therapy and/or an imminent flare, even in the absence of clinical symptoms or elevated
CK levels, possibly reflecting subclinical inflammation. Elevated biomarker levels might
therefore indicate the need for intensification of treatment or slower tapering of steroids.
With this envisioned personalized treatment strategy, we could respond to important patient-
reported needs: a recently conducted patient survey by Cure JM, a US patient organization
for juvenile myositis, has shown that “predictors for disease flares” and “new treatments,
less side effects” are 2 of the top 3 research priorities chosen by patients.®°

Galectin-9 and CXCL10 may also provide an objective outcome measure for response to
therapy in future clinical trials that would be assessing novel therapeutics. Our study has
shown that galectin-9 and CXCL10 levels in dried blood spots correlate with venous levels
and could differentiate patients with active juvenile DM from healthy controls. Longitudinal
assessment of these biomarkers via dried blood spots, which requires further study, has
potential for high utility in the future, since dried blood spots can be sampled at home by
simple capillary finger-prick. Since protein levels in dried blood spots remain remarkably
stable overtime, even at room temperature,®'%2 samples of dried blood spots can be sentto a
diagnostic center through regular mail. This enables at-home diagnostics and centralization
of diagnostic cores for both clinical care and multicenter studies. It also ensures maximum
accessibility of the biomarker measurements for non-expert medical centers, which can
also facilitate care in rural areas.

Galectin-9 and CXCL10 measurements could add important information to the complex
differential diagnosis of muscle symptoms during follow-up, and might aid in discriminating
between steroid-induced myopathy, noninflammatory muscle pain, and muscle inflammation,
all of which require different treatment strategies. In these complicated cases, in particular,
the biomarkers may also help abrogate the need for invasive diagnostic muscle biopsy
or costly magnetic resonance imaging scans, which can sometimes require sedation in
young children. This specific potential use of these biomarkers will have to be further
investigated in additional prospective studies. In addition, future prospective studies will
have to point out 1) whether one biomarker may be superior to the other in answering
specific clinical questions concerning juvenile DM, 2) whether the biomarkers are able to
detect mild disease activity, 3) whether the biomarkers also have prognostic value in adult
patients with myositis, and 4) whether biomarker-guided disease management will improve
the outcomes in patients with juvenile DM.
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In conclusion, galectin-9 and CXCL10 were identified and extensively validated as strong,
reliable, and sensitive biomarkers for disease activity in juvenile DM. Measurement of these
biomarkers might facilitate personalized treatment strategies for patients with juvenile DM,
by providing a diagnostic monitoring tool to guide treatment.

87



CHAPTER 3

REFERENCES

88

Feldman BM, Rider LG, Reed AM, et al. Juvenile Dermatomyositis and Other Idiopathic Inflammatory
Myopathies of Childhood. Lancet (London, England) 2008, 371 (9631), 2201-2212.

Meyer A, Meyer N, Schaeffer M, et al. Incidence and Prevalence of Inflammatory Myopathies: A
Systematic Review. Rheumatology (Oxford). 2015, 54 (1), 50-63.

Pachman LM, Lipton R, Ramsey-Goldman R, et al. History of Infection before the Onset of Juvenile
Dermatomyositis: Results from the National Institute of Arthritis and Musculoskeletal and Skin Diseases
Research Registry. Arthritis Rheum. 2005, 53 (2), 166-172.

Shah M, Targoff IN, Rice MM, et al. Brief Report: Ultraviolet Radiation Exposure Is Associated with Clinical
and Autoantibody Phenotypes in Juvenile Myositis. Arthritis Rheum. 2013, 65 (7), 1934—1941.

Vegosen LJ, Weinberg CR, O’'Hanlon TP, et al. Seasonal Birth Patterns in Myositis Subgroups Suggest
an Etiologic Role of Early Environmental Exposures. Arthritis Rheum. 2007, 56 (8), 2719-2728.

Lopez De Padilla CM, Vallejo AN, Lacomis D, et al. Extranodal Lymphoid Microstructures in Inflamed Muscle
and Disease Severity of New-Onset Juvenile Dermatomyositis. Arthritis Rheum. 2009, 60 (4), 1160-1172.
Wedderburn LR, Varsani H, Li CKC, et al. International Consensus on a Proposed Score System for
Muscle Biopsy Evaluation in Patients with Juvenile Dermatomyositis: A Tool for Potential Use in Clinical
Trials. Arthritis Rheum. 2007, 57 (7), 1192-1201.

Vercoulen Y, Bellutti Enders F, Meerding J, et al. Increased Presence of FOXP3+ Regulatory T Cells in
Inflamed Muscle of Patients with Active Juvenile Dermatomyositis Compared to Peripheral Blood. PLoS
One 2014, 9 (8), €105353.

Shrestha S, Wershil B, Sarwark JF, et al. Lesional and Nonlesional Skin from Patients with Untreated
Juvenile Dermatomyositis Displays Increased Numbers of Mast Cells and Mature Plasmacytoid Dendritic
Cells. Arthritis Rheum. 2010, 62 (9), 2813-2822.

Enders FB, Bader-Meunier B, Baildam E, et al. Consensus-Based Recommendations for the Management
of Juvenile Dermatomyositis. Ann. Rheum. Dis. 2017, 76 (2), 329-340.

Huber AM, Giannini EH, Bowyer SL, et al. Protocols for the Initial Treatment of Moderately Severe
Juvenile Dermatomyositis: Results of a Children’s Arthritis and Rheumatology Research Alliance
Consensus Conference. Arthritis Care Res. (Hoboken). 2010, 62 (2), 219-225.

Huber AM, Robinson AB, Reed AM, et al. Consensus Treatments for Moderate Juvenile Dermatomyositis:
Beyond the First Two Months. Results of the Second Childhood Arthritis and Rheumatology Research
Alliance Consensus Conference. Arthritis Care Res. (Hoboken). 2012, 64 (4), 546—-553.

Huber AM, Lang B, LeBlanc CM, et al. Medium- and Long-Term Functional Outcomes in a Multicenter
Cohort of Children with Juvenile Dermatomyositis. Arthritis Rheum. 2000, 43 (3), 541-549.

Gowdie PJ, Allen RC, Kornberg AJ, et al. Clinical Features and Disease Course of Patients with Juvenile
Dermatomyositis. Int. J. Rheum. Dis. 2013, 16 (5), 561-567.

Ravelli A, Trail L, Ferrari C, et al. Long-Term Outcome and Prognostic Factors of Juvenile Dermatomyositis:
A Multinational, Multicenter Study of 490 Patients. Arthritis Care Res. (Hoboken). 2010, 62 (1), 63—-72.
Ravelli A, Lattanzi B, Consolaro A, et al. Glucocorticoids in Paediatric Rheumatology. Clin. Exp. Rheumatol.
2011, 29 (5 Suppl 68), S148-52.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

GALECTIN-9 AND CXCL10 AS BIOMARKERS FOR DISEASE ACTIVITY IN JUVENILE DERMATOMYOSITIS

Santiago RA, Silva CAA, Caparbo VF, et al. Bone Mineral Apparent Density in Juvenile Dermatomyositis:
The Role of Lean Body Mass and Glucocorticoid Use. Scand. J. Rheumatol. 2008, 37 (1), 40—47.

Shiff NJ, Brant R, Guzman J, et al. Glucocorticoid-Related Changes in Body Mass Index among Children
and Adolescents with Rheumatic Diseases. Arthritis Care Res. (Hoboken). 2013, 65 (1), 113-121.
Wienke J, Deakin CT, Wedderburn LR, et al. Systemic and Tissue Inflammation in Juvenile
Dermatomyositis: From Pathogenesis to the Quest for Monitoring Tools. Front. Immunol. 2018, 9, 2951.
Rider LG, Aggarwal R, Pistorio A, etal. 2016 American College of Rheumatology/European League Against
Rheumatism Criteria for Minimal, Moderate, and Major Clinical Response in Juvenile Dermatomyositis:
An International Myositis Assessment and Clinical Studies Group/Paediatric Rheumatology Inter. Arthritis
Rheumatol. (Hoboken, N.J,) 2017, 69 (5), 911-923.

Ruperto N, Ravelli A, Pistorio A, et al. The Provisional Paediatric Rheumatology International Trials
Organisation/American College of Rheumatology/European League Against Rheumatism Disease
Activity Core Set for the Evaluation of Response to Therapy in Juvenile Dermatomyositis: A Prospective
va. Arthritis Rheum. 2008, 59 (1), 4—13.

Rider LG, Werth VP, Huber AM, et al. Measures of Adult and Juvenile Dermatomyositis, Polymyositis,
and Inclusion Body Myositis: Physician and Patient/Parent Global Activity, Manual Muscle Testing (MMT),
Health Assessment Questionnaire (HAQ)/Childhood Health Assessment Questionnaire (C-HAQ),.
Arthritis care {&} Res. 201, 63 Supp! 1, S118-57.

Guzman J, Petty RE, Malleson PN. Monitoring Disease Activity in Juvenile Dermatomyositis: The Role of
von Willebrand Factor and Muscle Enzymes. J. Rheumatol. 1994, 21(4), 739-743.

Rider LG. Assessment of Disease Activity and Its Sequelae in Children and Adults with Myositis. Curr.
Opin. Rheumatol. 1996, 8 (6), 495-506.

McCann LJ, Juggins AD, Maillard SM, et al. The Juvenile Dermatomyositis National Registry and
Repository (UK and lIreland)--Clinical Characteristics of Children Recruited within the First 5 Yr.
Rheumatology (Oxford). 2006, 45 (10), 1255-1260.

Bellutti Enders F, van Wijk F, Scholman R, et al. Correlation of CXCL10, Tumor Necrosis Factor Receptor
Type Il, and Galectin 9 with Disease Activity in Juvenile Dermatomyositis. Arthritis Rheumatol. (Hoboken,
N.J) 2014, 66 (8), 2281-2289.

Enders FB, Delemarre EM, Kuemmerle-Deschner J, et al. Autologous Stem Cell Transplantation Leads
to a Change in Proinflammatory Plasma Cytokine Profile of Patients with Juvenile Dermatomyositis
Correlating with Disease Activity. Annals of the rheumatic diseases. England January 2015, pp 315-317.
Merani S, Chen W, Elahi S. The Bitter Side of Sweet: The Role of Galectin-9 in Immunopathogenesis of
Viral Infections. Rev. Med. Virol. 2015, 25 (3), 175-186.

Antonelli A, Ferrari SM, Giuggioli D, et al. Chemokine (C-X-C Motif) Ligand (CXCL)10 in Autoimmune
Diseases. Autoimmun. Rev. 2014, 13 (3), 272—-280.

Reed AM, Peterson E, Bilgic H, et al. Changes in Novel Biomarkers of Disease Activity in Juvenile and Adult
Dermatomyositis Are Sensitive Biomarkers of Disease Course. Arthritis Rheum. 2012, 64 (12), 4078—-4086.
Bilgic H, Ytterberg SR, Amin S, et al. Interleukin-6 and Type | Interferon-Regulated Genes and
Chemokines Mark Disease Activity in Dermatomyositis. Arthritis Rheum. 2009, 60 (11), 3436—-3446.

89



CHAPTER 3

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

90

Baechler EC, Bauer JW, Slattery CA, et al. An Interferon Signature in the Peripheral Blood of
Dermatomyositis Patients Is Associated with Disease Activity. Mol. Med. 2007, 13 (1-2), 59-68.

Huard C, Gulla SV, Bennett D V, et al. Correlation of Cutaneous Disease Activity with Type 1 Interferon
Gene Signature and Interferon Beta in Dermatomyositis. Br. J. Dermatol. 2016.

Thijssen VL, Heusschen R, Caers J, et al. Galectin Expression in Cancer Diagnosis and Prognosis: A
Systematic Review. Biochim. Biophys. Acta 2015, 1855 (2), 235-247.

Panda SK, Facchinetti V, Voynova E, et al. Galectin-9 Inhibits TLR7-Mediated Autoimmunity in Murine
Lupus Models. J. Clin. Invest. 2018, 128 (5), 1873—1887.

Zeggar S, Watanabe KS, Teshigawara S, et al. Lgals9 Deficiency Attenuates Nephritis and Arthritis in
Pristane-Induced Lupus Model of BALB/c Mice. Arthritis Rheumatol. (Hoboken, N.J.) 2018.

Bohan A, Peter JB. Polymyositis and Dermatomyositis (First of Two Parts). N. Engl. J. Med. 1975, 292 (7),
344-347.

Bohan A, Peter JB. Polymyositis and Dermatomyositis (Second of Two Parts). N. Engl. J. Med. 1975, 292
(8), 403-407.

Rider LG, Feldman BM, Perez MD, et al. Development of Validated Disease Activity and Damage
Indices for the Juvenile Idiopathic Inflammatory Myopathies: I. Physician, Parent, and Patient Global
Assessments. Juvenile Dermatomyositis Disease Activity Collaborative Study Group. Arthritis Rheum.
1997, 40 (11), 1976-1983.

Rider LG, Koziol D, Giannini EH, et al. Validation of Manual Muscle Testing and a Subset of Eight Muscles
for Adult and Juvenile Idiopathic Inflammatory Myopathies. Arthritis Care Res. (Hoboken). 2010, 62 (4),
465-472.

Huber AM, Dugan EM, Lachenbruch PA, et al. The Cutaneous Assessment Tool: Development and
Reliability in Juvenile Idiopathic Inflammatory Myopathy. Rheumatology (Oxford). 2007, 46 (10), 1606—
1e1.

Almeida B, Campanilho-Marques R, Arnold K, et al. Analysis of Published Criteria for Clinically Inactive
Disease in a Large Juvenile Dermatomyositis Cohort Shows That Skin Disease Is Underestimated.
Arthritis Rheumatol. (Hoboken, N.J,) 2015, 67 (9), 2495-2502.

Hoogendijk JE, Amato AA, Lecky BR, et al. 119th ENMC International Workshop: Trial Design in Adult
Idiopathic Inflammatory Myopathies, with the Exception of Inclusion Body Myositis, 10-12 October 2003,
Naarden, The Netherlands. Neuromuscular disorders : NMD. England May 2004, pp 337-345.
Medical Research Council. Aids to the Examination of the Peripheral Nervous System, Memorandum
No. 45, Her Majesty’s Stationery Office.; London, 1981.

Hochberg MC. Updating the American College of Rheumatology Revised Criteria for the Classification
of Systemic Lupus Erythematosus. Arthritis and rheumatism. United States September 1997, p 1725.
Yee C-S, Farewell VT, Isenberg DA, et al. The Use of Systemic Lupus Erythematosus Disease Activity
Index-2000 to Define Active Disease and Minimal Clinically Meaningful Change Based on Data from a
Large Cohort of Systemic Lupus Erythematosus Patients. Rheumatology (Oxford). 2011, 50 (5), 982—-988.
Arkachaisri T, Vilaiyuk S, Li S, et al. The Localized Scleroderma Skin Severity Index and Physician Global
Assessment of Disease Activity: A Work in Progress toward Development of Localized Scleroderma
Outcome Measures. J. Rheumatol. 2009, 36 (12), 2819-2829.



48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

GALECTIN-9 AND CXCL10 AS BIOMARKERS FOR DISEASE ACTIVITY IN JUVENILE DERMATOMYOSITIS

Lunn MR, Wang CH. Spinal Muscular Atrophy. Lancet (London, England) 2008, 371 (9630), 2120-2133.

de Jager W, Prakken BJ, Bijlsma JWJ, et al. Improved Multiplex Immunoassay Performance in Human
Plasma and Synovial Fluid Following Removal of Interfering Heterophilic Antibodies. J. Immunol.
Methods 2005, 300 (1-2), 124-135.

Scholman RC, Giovannone B, Hiddingh S, et al. Effect of Anticoagulants on 162 Circulating Immune
Related Proteins in Healthy Subjects. Cytokine 2017.

Lazarevic D, Pistorio A, Palmisani E, et al. The PRINTO Criteria for Clinically Inactive Disease in Juvenile
Dermatomyositis. Ann. Rheum. Dis. 2013, 72 (5), 686—693.

Neesgaard B, Ruhwald M, Krarup HB, et al. Determination of Anti-HCV and Quantification of HCV-RNA
and IP-10 from Dried Blood Spots Sent by Regular Mail. PLoS One 2018, 13 (7), e0201629.

Kim H, Biancotto A, Cheung F, et al. Novel Serum Broad-Based Proteomic Discovery Analysis Identifies
Proteins and Pathways Dysregulated in Juvenile Dermatomyositis (JDM) Myositis Autoantibody Groups.
Arthritis Rheumatol. (Hoboken, N.J.) 2017, 69 (Supplement S10), 26-27.

Sanner H, Schwartz T, Flato B, et al. Increased Levels of Eotaxin and MCP-1in Juvenile Dermatomyositis
Median 16.8 Years after Disease Onset; Associations with Disease Activity, Duration and Organ Damage.
PLOS One 2014, 9 (3), €92171.

Rice GI, Melki |, Fremond M-L, et al. Assessment of Type | Interferon Signaling in Pediatric Inflammatory
Disease. J. Clin. Immunol. 2017, 37 (2), 123-132.

Rodero MP, Decalf J, Bondet V, et al. Detection of Interferon Alpha Protein Reveals Differential Levels
and Cellular Sources in Disease. J. Exp. Med. 2017, 214 (5), 1547-1555.

Van den Hoogen LL, Van Roon JAG, Mertens JS, et al. Galectin-9 Is an Easy to Measure Biomarker
for the Interferon Signature in Systemic Lupus Erythematosus and Antiphospholipid Syndrome. Ann.
Rheum. Dis. 2018, 77 (12), 1810-1814.

Fall N, Bove KE, Stringer K, et al. Association between Lack of Angiogenic Response in Muscle
Tissue and High Expression of Angiostatic ELR-Negative CXC Chemokines in Patients with Juvenile
Dermatomyositis: Possible Link to Vasculopathy. Arthritis Rheum. 2005, 52 (10), 3175-3180.

Limongi F. The CXCR3 Chemokines in Inflammatory Myopathies. Clin. Ter. 2015, 166 (1), e56-61.

Dave (Cure JM Foundation) M. Patient Perspectives on Juvenile Myositis Research Priorities http://www.
curejm.org/medical_professionals/pdfs/2017-05-04 JM-Research-Priorities.pdf (accessed May 31, 2018).
McDade TW, Williams S, Snodgrass JJ. What a Drop Can Do: Dried Blood Spots as a Minimally Invasive
Method for Integrating Biomarkers into Population-Based Research. Demography 2007, 44 (4), 899-925.
De Jesus VR, Zhang XK, Keutzer J, et al. Development and Evaluation of Quality Control Dried Blood Spot
Materials in Newborn Screening for Lysosomal Storage Disorders. Clin. Chem. 2009, 55 (1), 158—164.

91



CHAPTER 3

SUPPLEMENTARY MATERIAL

A B
External validation cohort External validation cohort Internal validation cohort 1000, 'Mternal validation cohort
<0.0001 <0.0001 <0.0001 <0.0001
10000
Z z £ Z
E) < 1000 =) =
g 2 s L
£ 2 £ 2
H g F g
® 100 ©
8 © 3 ©
AAM R/IRM
Cc D
g g
2 3
G %
2 2
H 5
] B
|
02 — Galectin-9 (AUC: 0.844) 021 1 — Galectin-9 (AUC: 0.776)
++ CXCL10 (AUC: 0.860) ] ++ CXCL10 (AUC: 0.840)
N -- CK (AUC: 0.650) J -- CK (AUC: 0.434)
02 04 06 08 10 02 04 06 08 10
1 - Specificity 1 - Specificity
E
1, = 0.696, p<0.0001 10000 .= 0.726, p<0.0001 100000 1, = 0.434, p=0.0001 m
° oo [3
: LY . g
° ®o ° =]
= 100000-| E o o = L° o ° 10000 3 . o
E ° e ° E 10004 3 %, o ° °
2 . %o %0 3 g *? : 2 . .
2 0 ° = ° 3 o® 2 1000 o
< 2
z . 9g0 o °0 3 Joo 9 S % o o °
2 ° ° ° £ 100 000 °
] g ° © o 100 008
B o g o ° 55 N o
B o€ °° 8 L, =
100001 € 10l © 10 2
I —— —_———
o 2 4 6 8 10 2 4 & 8 10 o 2 4 6 8 10
PGA PGA PGA
F
,= 0,692, p<0.0001 100004 ,=-0.772, p<0.0001 100000 = -0.366, p=0.0035 m
5 ° (=3
%o . . £
3 ° %4 ° ° =
= 1000004 o © — o %0 10000 o 2
E oo ° 3 ° ° o =
£ E 10004 ° 0 0 S -
g o ¢ H °o & g o
° o ° 3z o8 8 2 1000 °°
£ o ° o © 5 x °
8 °© 2 4004 ° [} 0o
£ o x g0
s o 8 H 100
oo o ° o oo o
°© 8 o ° (=]
8 ° g
10000 104 ° 10 S
0 20 40 6 80 0 20 4 6 80 0 20 40 60 80
MMT-8 MMT-8 MMT-8
G
1, = 0.731, p<0.0001 100001 , = 0.806, p<0.0001 100000+ ,= 0.508, p<0.0001 5
®
° . &
~ 100000- o g 8 0
2 g o = o, 8 o o 100004 o =3
£ 5o ° E o ° 8
2 g > o o oo © 5 o o o °
- ° £ 10004 ° 3 000 3
? o © s o o 2 4 R o
£ R 2 o o ° < o o .
3 § et oo 3 5, S PR B
K] 8 0° o, o 3 H ° B =
3 s ° S o 100] B 8 o o
oo ° 8 g 0o 8 © e
10000 8 1004 °© o o0 g
° 101 =%
o 2 4 & 8 10 o 2 4 & 8 10 o 2 4 6 &8 10
PGA PGA PGA

Supplementary figure 1. Cross-sectional validation of galectin-9 and CXCL10 as biomarkers for disease
activity in JDM in two independent validation cohorts.

(A&B) Galectin-9 and CXCL10 levels were measured in serum samples from JDM patients by multiplex
immunoassay. Patients were stratified into two groups based on disease activity, regardless of medication.
Medians and interquartile ranges are shown, on a log scale. Mann-Whitney U test. (A) External validation
cohort (EVC) (A/AM: n=39, R/RM: n=40).

92



GALECTIN-9 AND CXCL10 AS BIOMARKERS FOR DISEASE ACTIVITY IN JUVENILE DERMATOMYOSITIS

(Supplementary figure 1 continued)

(B) Internal validation cohort (IVC) (A/AM: n=55, R/RM: n=28). (C&D) ROC curves of galectin-9, CXCL10, and CK
in the EVC (C) and IVC (D). Only patients with a complete dataset for the specific ROC curve were included
in the analysis. ROC curves for patients on medication. Statistic details of the ROC curve analysis are shown
in supplementary table 3. (E&F) Correlation of galectin-9, CXCL10 and CK with the PGA (E) and MMT-8 (F) in
the EVC. Spearman rank correlation, n=79. (G) Correlation of galectin-9, CXCL10 and CK with the PGA in the
IVC. Spearman rank correlation, n=67. A = active pre-treatment; AM = active on medication; RM = remission
on medication; R = remission off medication; r = Spearman r; PGA = physician’s global assessment; MMT-8 =
manual muscle testing scores of 8 muscle groups. Patient characteristics are shown in table 1and 2.
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Supplementary figure 2. Galectin-9, CXCL10, CK in individual patients with disease flares after the first year.
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(Supplementary figure 2 continued)

Galectin-9 and CXCL10 were measured in longitudinal samples from 3 patients with JDM with a disease
flare after the first year. Each panel represents one patient. Dotted lines indicate the previously determined
cutoff values for galectin-9 and CXCL10 (19396 pg/mL and 805 pg/mL, respectively). Gray shading
indicates the cutoff for CK (150 IU/L). Time is in months. CK = creatine kinase, IU = international units, Dx
= diagnosis, CMAS = childhood myositis assessment scale, PGA = Physician’s global assessment, CAT =
cutaneous assessment tool, Pred = prednisone (mg/kg/day), MP = methylprednisolone (Pulse= 3x 20 mg/kg/
day), MTX = methotrexate (mg/m2/week), IVIG = intravenous immunologlobulins (Pulse= 2 g/kg per month),
Tacro =Tacrolimus, MMF = mycophenolate mofetil, Cyclophos = Cyclophosphamide (Pulse= 750 mg/m2 per
month).Patient characteristics are shown in supplementary table 7.
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Supplementary table 1. Patient characteristics of cross-sectional external validation cohort from London.

External validation cohort (EVC) from London, United Kingdom

At diagnosis Active on  Remission on Remission off
medication medication medication
A AM RM R
(n=12) (n=27) (n=28) (n=12)
Age at diagnosis, years 5 (2-15) 6 (2-12) 7 (2-14) 6 (1-13)
Age at sampling, years 5 (3-15) 8 (3-16) 10 (5-16) 12 (6-17)
Sex, % female 66.7 59.3 67.9 75.0
Diagnosis to sampling, months 0 (0-1) 17 (0-107) 34 (7-105) 72 (42-127)
Disease activity
CMAS (0-52) 7 (1-28) 39 (3-44) 52 (48-52) 52 (50-52)
NR=2
PGA (0-10) 7(3-9) 4 (2-8) 0 (0-0) 0 (0-0)
NR=1
MMT-8 score (0-80) 35 (18-56) 65 (25-78) 80 (78-80) 80 (78-80)
NR=3 NR=11
Autoantibodies
% of patients ANA positive 58 63 46 42
% of patients MSA positive 88 93 77 67
NR=4 NR=2
Medication, % of patients
Oral steroids - 73 7 -
IV steroids - 36 - -
Methotrexate - 85 93 -
Ciclosporin - 8 - -
Azathioprine - 4 14 -
Cyclophosphamide 8 25 - -
Hydroxychloroquine - 8 4 -
IV immunoglobulins 8 4 4 -
Etanercept - - 4 -
Infliximab - 13 4 -
None 92 - - 100

(Continued)
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Supplementary table 1. Patient characteristics of cross-sectional external validation cohort from London.

External validation cohort (EVC) from London, United Kingdom

At diagnosis Active on  Remission on Remission off
medication medication medication
A AM RM R
(n=12) (n=27) (n=28) (n=12)
Muscle enzymes
CK, IU/liter 442 (49-19078) 126 (20-23444) 78 (45-147) 87 (48-145)
NR=2 NR=3
AST, IU/liter 153 (60-246) 57 (27-876) 49 (26-65) 41(38-43)
NR=10 NR=20 NR=21 NR=10
ALT, IU/liter 85 (25-340) 35 (10-482) 23 (6-125) 19 (6-39)
NR=1 NR=4
LDH, IU/liter | 1410 (686-4676) 793 (404-5478) 590 (405-829) 589 (392-832)
NR=1 NR=4 NR=1 NR=1
Inflammation markers
CRP, mgl/liter 5 (5-9) 7 (1-10) 4(3-63) 5 (3-7)
NR=2 NR=9 NR=5
ESR, mm/hour 36 (5-124) 13 (1-80) 6 (2-40) 5 (2-26)
NR=1 NR=1 NR=1

Patients were stratified into four groups based on disease activity and use of medication: active pre-treatment
("A"), active on medication (“AM”), remission on medication (‘RM”), remission off medication (“R”). Unless
indicated otherwise, values represent median (range). The CMAS and MMT-8 were used to assess muscle
strength. ANA were detected by indirect immunofluorescence on Hep-2 cells. All patients in remission had
all clinical data available (PGA, CK, CMAS and MMT8). The missing data in the A/AM groups did not affect
their classification due to redundancy of de data (CMAS and MMT8). 1 patient in the “A” group had started
treatment less than 1 week before sampling and was therefore still included in the pre-treatment group. In the
“R” group the median time between stopping immunosuppressive medication and sampling was 12.4 months,
with a range of 0.9-93.9 months. NR=not recorded, CMAS =childhood myositis assessment scale, PGA =
physician’s global assessment, MMT-8 = manual muscle testing of 8 muscle groups, ANA = anti-nuclear
antibodies, MSA = myositis-specific antibodies, 1V = intravenous, CK = creatine kinase, AST = aspartate
aminotransferase, ALT = alanine aminotransferase, LDH = lactate dehydrogenase, CRP = C-reactive protein,
ESR = erythrocyte sedimentation rate, U= international units
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Supplementary table 2. Patient characteristics of cross-sectional internal validation cohort.

Internal validation cohort (IVC) from Utrecht, Netherlands

Active on Remission on Remission off
At diagnosis medication medication medication
A AM RM R
(n=25) (n=30) (n=16) (n=12)
Age at diagnosis, years 5 (2-16) 6 (2-18) 8 (3-16) 7 (3-14)
Age at sampling, years 5 (2-16) 7 (2-18) 9 (4-19) 14 (8-25)
Sex, % female 52.0 63.3 56.3 50.0
Diagnosis to sampling, months 0 (0-10) 3(0-80) 18 (3-113) 93 (37-197)
Disease activity
CMAS (0-52) 21(1-52) 41(10-52) 52 (48-52) 52 (48-52)
NR=9 NR=9 NR=3 NR=1
PGA (0-10) 7(2-9) 2 (1-9) 0 (0-0) 0 (0-0)
NR=6 NR=10 NR=3 NR=1
Autoantibodies
% of patients ANA positive 52 52 44 44
% of patients MSA positive 22 18 8 50
NR=7 NR=8 NR=3 NR=10
Medication, % of patients
Oral steroids - 93 44 -
Methotrexate - 80 56 -
Cyclophosphamide - 10 - -
Hydroxychloroquine - 10 6 -
IV immunoglobulins - n - -
Mycophenolate mofetil - 7 13 -
Tacolimus - 3 13 -
None 100 - - 100
Muscle enzymes
CK, IU/liter 813 (61-23908) 83 (19-5292) 12 (47-146) M (45-293)
NR=1
AST, IU/liter 186 (30-1343) 34 (9-734) 29 (19-40) 24 (11-42)
NR=1
ALT, IU/liter 63 (12-366) 25 (11-1242) 14 (8-28) 18 (8-24)
NR=1
LDH, IU/liter | 658 (314-1541) 281 (179-818) 246 (160-347) 205 (151-261)
NR=3 NR=8 NR=2

(Continued)
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Supplementary table 2. Patient characteristics of cross-sectional internal validation cohort.

Internal validation cohort (IVC) from Utrecht, Netherlands

Active on Remission on Remission off

At diagnosis medication medication medication
A AM RM R
(n=25) (n=30) (n=16) (n=12)
Inflammation markers
CRP, mg/liter 1(0-28) 1(0-8) 1(0-6) 1(1-9)
NR=2 NR=3 NR=3 NR=3
ESR, mm/hour 16 (2-85) 6 (2-24) 6 (2-26) 6 (2-15)
NR=3 NR=4 NR=1 NR=1

Patients were stratified into four groups based on disease activity and use of medication: active pre-treatment
("A"), active on medication ("“AM”), remission on medication (“RM”), remission off medication (“R”). Unless
indicated otherwise, values represent: median (range). The CMAS was used to assess muscle strength. ANA
were detected by indirect immunofluorescence on Hep-2 cells. 8 out of 55 active patients had a CMAS>47,
but were nonetheless defined as active based on active skin disease and/or active arthritis, rendering an
elevated PGA. 3 of these patients also had an elevated CK despite a normal CMAS. All patients in remission
were sure to be in remission even with missing data: 1 patient did not have a CMAS available but a clinical
description of normal muscle strength. 2 patients did not have a PGA available, but both had a CMAS of 52,
no skin symptoms and low muscle enzymes. All patients “at diagnosis” were considered active, also because
diagnoses of JDM were certain due to available clinical follow-up data. In the “AM” group 10 patients had
missing PGA, 6 of which had evident muscle weakness (by CMAS or clinical description), with or without skin
symptoms. The remaining 4 patients in this group had evident skin symptoms (CAT or clinical description).
In the “R” group the median time between stopping immunosuppressive medication and sampling was 39.8
months, with a range of 4.7-106.3 months. NR=not recorded, CMAS = childhood myositis assessment scale,
PGA = physician’s global assessment, ANA = anti-nuclear antibodies, MSA = myositis-specific antibodies, IV =
intravenous, CK = creatine kinase, AST = aspartate aminotransferase, ALT = alanine aminotransferase, LDH
= lactate dehydrogenase, CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, IU= international
units.
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Supplementary table 6. Patient characteristics of longitudinal cohort.

JDM

Utrecht, NL

No flare Flare <12 months Flare >12 months
(n=15) (n=6) (n=7)
Age at diagnosis, years 6 (3-15) 9 (2-12) 8 (3-15)
Sex, % female 46.7 66.7 42.9
Diagnosis to sampling, months 0(0-3) 0 (0-0) 0 (0-9)
Onset of disease to flare, months - 4 (3-10) 30 (13-53)
Follow-up time, years 2 (1-9) 1(1-10) 3(1-6)
Disease activity at diagnosis

CMAS (0-52) 28 (1-37) 14 (6-14) 34 (18-47)
NR=3 NR=1
PGA (0-10) 4(2-9) 6 (5-7) 5(3-7)

NR=2
JDM skin symptoms (% of patients) 100 100 100

Muscle enzymes at diagnosis

CK, IU/liter 510 (78-4687) 683 (114-6038) 193 (98-7334)

AST, IU/liter 121 (35-1482) 267 (63-940) 57 (24-400)
NR=1

ALT, IU/liter 76 (14-1242) 99 (31-320) 29 (16-77)
NR=1

LDH, IU/liter 678 (316-958) 754 (564-1292) 428 (323-1028)
NR=1

Inflammation markers at diagnosis

CRP, mg/liter 2 (0-28) 2 (1-4) 2 (17)
NR=3

ESR, mm/hour 15 (2-121) 28 (9-45) 10 (5-40)
NR=3

Patients were stratified into three groups based on the timing of a disease flare: Patients without flares (“no
flare”, n=15), patients with a flare within the first year after diagnosis (“<12 months”, n=6) and patients with a
flare after the first year (“>12 months”, n=7). Of the 7 patients with a flare after the first year, 4 patients had
a sample available at diagnosis. These 4 are shown | more detail in figure 3 and supplementary figure 2.
CMAS =childhood myositis assessment scale, PGA = physician’s global assessment, CK = creatine kinase,
AST = aspartate aminotransferase, ALT = alanine aminotransferase, LDH = lactate dehydrogenase, CRP =
C-reactive protein, ESR = erythrocyte sedimentation rate, U = international units.
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Supplementary table 7. Patient characteristics of dried blood spot cohort.

JDM HC

Utrecht, NL Utrecht, NL

Active disease

A/AM
(n=10) (n=12)
Age at diagnosis, years 4 (3-6) -
Age at sampling, years 4 (3-6) 34 (21-61)
Sex, % female 50.0 66.7
Diagnosis to sampling, months 0 (0-5) -
Disease activity
CMAS (0-52) 34 (1-42) -
JDM skin symptoms (% of patients) 75 -
Medication, % of patients
Oral steroids 50 -
Methotrexate 50 -
Hydroxychloroquine 10 -
None 50 100
Muscle enzymes
CK, IU/liter 99 (47-7334) -
AST, [U/liter 38 (22-400) -
ALT, IU/liter 25 (12-121) -
LDH, IU/liter 370 (284-1028) -
Inflammation markers
CRP, mgl/liter 1(1-205) -
ESR, mm/hour 12 (2-85) -

Only JDM patients with active disease were included in this cohort, and compared to adult healthy controls.
HC= healthy adult control, JDM = juvenile dermatomyositis, NR=not recorded, CMAS = childhood myositis
assessment scale, CK = creatine kinase, AST = aspartate aminotransferase, ALT = alanine aminotransferase,
LDH = lactate dehydrogenase, CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, IU =
international units.
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CHAPTER 4

ABSTRACT

Objectives: In juvenile dermatomyositis (JDM), a heterogeneous systemic immune-
mediated vasculopathy, we aim to 1) identify inflammation/endothelial dysfunction-related
biomarker profiles reflecting disease severity at diagnosis; 2) establish if biomarker profiles
can predict response to treatment.

Methods: 39 markers related to endothelial activation, dysfunction and inflammation were
measured in treatment-naive JDM patient serum from two independent cohorts (n=30/n=29)
by multiplex technology. Data were analyzed by unsupervised hierarchical clustering, non-
parametric tests with correction for multiple testing and Kaplan-Meier and cox-proportional-
hazards-model for analysis of time until drug-free remission. Myositis-specific antibodies
were measured by immunoprecipitation or line blot.

Results: Severe vasculopathy was associated with low ICAM-1 and high endoglin levels.
Unsupervised clustering of the discovery cohort with all markers vyielded two distinct
patient clusters: the smaller cluster, with high levels of CXCL13, CCL19, galectin-9, CXCL10,
TNFR2 and galectin-1 (amongst others), had higher muscle and global disease activity. In
the validation cohort, correlations of galectin-9, CXCL10, TNFR2 and galectin-1 with global
disease activity were confirmed. Stratification of patients by these 4 markers identified
those with more severe symptoms, requiring more intense treatment in the first 3 months.
Anti-NXP2 positive patients were more likely to be in this ‘at risk’ subgroup. High galectin-9,
CXCL10, and TNFR2 at diagnosis were predictive of a longer disease course until drug-free
remission.

Conclusion: This study confirms the heterogeneity of new-onset JDM using serum
biomarkers. Patients with a suboptimal response to treatment present with high levels of
galectin-9, CXCL10, TNFR2 and galectin-1. These patients may benefit from more intensive
monitoring and/or treatment.
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ENDOTHELIAL AND INFLAMMATORY BIOMARKER PROFILING IN JDM IS PROGNOSTIC FOR RESPONSE TO TREATMENT

INTRODUCTION

Juvenile Dermatomyositis (JDM) is a rare systemic immune-mediated disease with an
incidence of 2-4/million/year! JDM is a heterogeneous disease; patients can develop a
spectrum of symptoms, ranging from the typical proximal skeletal muscle weakness and
pathognomonic skin rash, to involvement of vital organs such as the lungs, heart, brain
and intestines.? The clinical heterogeneity of JDM has been linked to myositis-specific
autoantibodies, which may distinguish distinct clinical phenotypes and are prognostic for
the disease course and need for second-line therapy.® Despite this heterogeneity, current
treatment guidelines are not yet adapted to subgroup-specific needs.* Stratification of
patients, e.g. into high-risk or low-risk groups, may facilitate the development of personalized
monitoring and treatment strategies.

Next to inflammation of muscles and skin, vasculopathy is an important hallmark of JDM.>¢
It is characterized by loss of capillaries, morphologic changes to endothelium, endothelial
activation and small vessel angiopathy.>® Complement, immune complexes and anti-
endothelial antibodies are involved in its pathogenesis, but a disturbed balance between
angiostatic and angiogenic factors also plays a role®™ The degree of vasculopathy
correlates with the expression of interferon-inducible angiostatic chemokines,? indicating
that vascular injury may be related to the interferon signature.® This interferon signature has
been identified in serum and many cell types from patients with JDM, including endothelial
cells>®

The degree of vasculopathy is clinically relevant: pathologic changes in nailfold capillaries
are associated with clinical disease activity® and prominent vascular injury in muscle
biopsies has been related to severe clinical presentation and outcomes.2%?'Recently, Gitiaux
et al. identified a subgroup of JDM patients with severe disease, based on trajectories of
clinical parameters during follow-up.?° These patients were characterized by severe muscle
weakness, frequent limb edema and gastrointestinal involvement, higher myopathological
scores (e.g. capillary dropout) and low remission rates.?° Most of these manifestation could
be related to vasculopathy.?®

Here we used a minimally invasive biomarker-based approach to identify JDM patients with
a severe disease course already at diagnosis, in a discovery and independent validation
cohort. The biomarker panel included previously described and novel markers related
to endothelial activation, endothelial dysfunction, and (interferon-driven) inflammation.>®
Specifically, we investigated whether biomarker profiles were linked to vasculopathy,
disease severity and myositis-specific antibodies and whether they predict response to
induction therapy and time required to attain drug-free remission.
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CHAPTER 4

METHODS

Participants

59 patients meeting the Bohan and Peter criteria for definite or probable JDM 2223 from
Chicago, United States (discovery cohort, n=30), Utrecht, Netherlands and Singapore
(validation cohort, n=25+4) were included before start of treatment, between March
2004 and June 2018. The childhood myositis scale (CMAS; 0-52; 0-49 for age 4-5 2* was
recorded in both cohorts as a measure of muscle disease activity. Disease activity scores
for muscle (DAS-M; 0-11), skin (DAS-S, 0-9) and global disease activity (DAS-T; 0-20) were
recorded in the discovery cohort,?® and the physician’s global assessment (PGA; 0-10 )
and cutaneous assessment tool (CAT; 0-116 /) in the validation cohort. Intensification of
treatment was defined as addition of new immunosuppressive medication or increased
dose of previous medication. Time to drug-free remission (DFR) was defined as the
time in months between the date of start of immunosuppressive treatment and date of
withdrawal of all immunosuppressive drugs. End row loops (ERL) were assessed by nailfold
capillaroscopy.?® Myositis-specific antibodies (MSA) and anti-RNP antibodies were measured
by immunoprecipitation in the discovery cohort and by line blot in the validation cohort.
This study was approved by the institutional ethics committees of the involved centers:
UMC Utrecht (METC#15-191), SingHealth centralized IRB (CIRB 2014/083/E), Lurie Children’s
hospital Chicago (IRB#2001-11715 and IRB#2008-13457) and conducted according to the
Declaration of Helsinki. Age-appropriate written informed consent was obtained prior to
inclusion in the study.

Patient material and biomarker analysis

Serum was spun down and stored at -80°C within four hours after collection. 39 markers
related to endothelial activation, dysfunction and inflammation (supplementary table 1)
were simultaneously measured in 50 uL of serum by multiplex technology, as described
previously (xMAP; Luminex).?

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0, SPSS Statistics 21 (IBM) or
R3.51 (CRAN). Values below detection limit were imputed as 0.5x lowest measured value.
For Spearman rank correlations (r), imputed values were excluded. Cutoff values for ROC
curves were based on the Youden’s index. For comparisons between two groups, the
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Mann-Whitney U test was used for continuous variables and the Fisher's exact test for
categorical variables, with correction for multiple testing by false discovery rate (FDR) as
indicated where applicable. P<0.05 or FDR<0.05 were considered statistically significant as
indicated. For unsupervised clustering by principal component analysis (PCA) and heatmap
analysis with hierarchical clustering (Euclidian/Ward), data were mean-centered and scaled
per marker. Five markers with >30% of values below detection limit were excluded from
clustering analyses (PAI-1, fibronectin, OSM, E-sel, TM). For time until drug-free remission,
the Kaplan-Meier estimator (dichotomized by median) and cox-proportional-hazards-model
with log-transformed data were used with log-rank test.

RESULTS

Patient characteristics

The median age in the discovery and validation cohort was 5.1 and 7.0 years (table 1). The
majority of patients were female, with a higher frequency in the discovery cohort (86.7%
vs. 62.1%, p=0.039), and Caucasian (76-77%). The duration of untreated disease was higher
in the discovery cohort (5.9 vs. 3.2 months, p=0.020), and treatment intensification was
needed in 57% of patients compared to 26% in the validation cohort (p=0.018). Muscle
disease activity was similar in both cohorts (median CMAS 33). LDH was higher in the
validation cohort (p=0.010). MSA were more frequently detected in the discovery cohort
(17% MSA negative by immunoprecipitation compared to 55% MSA negative by line blot
in the validation cohort). Anti-TIFly antibodies were more frequent in the discovery cohort
(57% vs 14%), while the frequencies of anti-MDAS and anti-NXP2 antibodies were similar (7%
and 10/17%).
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Table 1. Baseline characteristics of patients from discovery and validation cohort.

Discovery cohort  Val

idation cohort

Chicago, USA

Netherlands +

Singapore
(n=30) (n=25 + n=4) P value
Age at sampling (years), median (IQR) 51(4.8) 7(8.3) 0192
Sex, % female 867 621 0.039
Ethnicity (%Caucasian/Hispanic/Afro-American/Asian) 77/20/3/0 76/0/10/14 0.012
Duration of untreated disease (months), median (IQR) 5.9 (11.2) 3.2(77) 0.020
Intensification of treatment in first 3 months, % 57 26 0.018
Disease activity at diagnosis
CMAS (0-52; 0-49 for age 4-5), median (IQR) 33(21) 33(26) 0.334
NR=1 NR=4
PGA (0-10), median (IQR) - 6 (4) n/a
NR=4
DAS Total (0-20), median (IQR) 12 (4) - n/a
DAS Muscle (0-11), median (IQR) 6 (4) - n/a
DAS Skin (0-9), median (IQR) 5(1) - n/a
CAT (0-116), median (IQR) - 5 (8) n/a
Muscle enzymes at diagnosis
CK (IUfliter), median (IQR) 131 (592) 510 (4219)  0.053
LDH (IU/liter), median (IQR) 364 (190) 497 (479) 0.010
NR=1 NR=4
AST (IU/liter), median (IQR) 46 (45) 65 (266) on8
NR=2
ALT (IU/liter), median (IQR) 26 (26) 45 (89) 0158
NR=1

(Continued)
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Table 1. Baseline characteristics of patients from discovery and validation cohort.

Discovery cohort | Validation cohort

Myositis-specific antibodies (%)

Negative 20 55.2 0.006
MDAS 6.7 6.8 1.000
Mi-2 indeterminate | 6.7 - n/a
NXP2 total | 10.0 171 0.472
NXP2 positive | 10.0 10.3
NXP2 weakly positive | - 6.8
SAET - 6.9 n/a
TIF1y total | 56.6 137 0.001
TIFly only | 40 137
TIFly + Mi-2 ind | 3.3 -
TIFly + Mi-2 13.3 -

For continuous variables, medians and interquartile ranges (IQR) are shown. For categorical variables,
frequencies are shown (%). P values for continuous variables were calculated by Mann-Whitney U test. P
values for categorical variables were calculated by Fisher’'s exact test (2 categories) or Chi squared test (>2
categories). Myositis-specific antibodies were measured by immunoprecipitation in the discovery cohort
and by line blot in the validation cohort at Sanquin (Amsterdam, NL). NR = Not reported, DAS = disease
activity scale, CMAS = Childhood myositis assessment scale, PGA = physician’s global assessment, CAT =
cutaneous assessment tool, CK = creatine kinase activity, LDH = lactate dehydrogenase, AST = aspartate

aminotransferase, ALT = alanine aminotransferase.
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CHAPTER 4

Biomarker profiles are related to muscle disease activity

To investigate the heterogeneity of biomarker profiles in treatment-naive JDM patients, we
performed unsupervised hierarchical clustering in the discovery cohort, which split into two
distinct clusters of 8 and 22 patients. The smaller cluster (#1) stood out due to significantly
higher levels of CXCL13, CCL19, Gal-9, TNFR2, Gal-1, CXCL10, CXCL9, IL-18, YKL-40, CCL2,
CCL4, VEGF, E-sel, ICAM-1 and CCL18 and lower levels of fetuin than the larger cluster
(#2) (figure 1A-B, supplementary table 2). To assess whether distinct biomarker profiles
corresponded to clinical profiles, we compared disease characteristics between the clusters
(figure 1C and supplementary table 3). Total disease activity (DAS-T), was significantly higher
in cluster 1 than 2 (p=0.0265), due to significantly higher muscle disease activity (DAS-M
p=0.0486 and CMAS p=0.0110; figure 1C). Skin disease activity and creatine kinase activity
(CK) were comparable, but cluster 1 had higher lactate dehydrogenase (LDH, p=0.0285).
Multidimensional PCA identified muscle disease activity as an important factor explaining
biomarker profile variance, and confirmed that patients with the highest DAS-M spatially
overlapped with cluster 1 (figure 1D). ERL scores were similar between the clusters. 12 of the
16 differentially expressed biomarkers between the clusters correlated with DAS-T, DAS-M
or CMAS: CXCL13, CCL19, Gal-9, TNFR2, Gal-1, CXCL10, CXCL9, IL-18, YKL-40, CCL2, CCL4
and ICAM-1 (Ir I=0.35-0.67, p<0.05; table 2). High levels of these markers may therefore
identify a subgroup of patients with more severe disease.

Figure 1. Heterogeneity in biomarker profiles corresponds with differences in clinical disease activity.

A panel of biomarkers for endothelial dysfunction and inflammation (supplementary table 1) was measured in
serum of 30 treatment-naive JDM patients (discovery cohort) by multiplex assay. (A) Unsupervised hierarchical
clustering of 30 patients in discovery cohort by values of 34 mean-centered and scaled markers by Euclidian
distance and Wards’ method yields two distinct patient clusters (#1/#2). Numbers represent unique patient
identifiers (not ranked). (B) Levels of the six most significantly different markers between cluster 1 (n=8) and
cluster 2 (n=22) based on Mann-Whitney U test with correction for multiple testing by FDR. Medians and FDR
are indicated. (C) Clinical scores for global (DAS-T), skin (DAS-S) and muscle (DAS-M and CMAS) disease
activity and muscle enzymes (CK and LDH) compared between the two clusters. P values of Mann-Whitney U
test are shown. (D) Principal component analysis (PCA) based on 34 mean-centered markers shows patients
stratified by cluster (left panel), DAS-S (middle panel) and DAS-M (right panel). Colors in middle and right
panel represent categories of DAS-S and DAS-M. Closed circles represent individual patients, open circles
represent cluster centers. DAS = disease activity scale, DAS-T = DAS total, DAS-S = DAS skin, DAS-M = DAS
muscle, CMAS = Childhood myositis assessment scale, PGA = physician’s global assessment, CPK = creatine
phosphokinase activity, LDH = lactate dehydrogenase, PC = principal component
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Figure 1. Heterogeneity in biomarker profiles corresponds with differences in clinical disease activity.
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Table 2. Spearman rank correlations of biomarkers with clinical scores for disease activity.

Discovery cohort Validation cohort
DAS-T DAS-M CMAS PGA CMAS
(n=30) (n=30) (n=29) (n=25) (n=25)
CXCL13 0.538* 0.539* -0.476* NS NS
CCL19 0.541* 0.553* -0.497* NS NS
Gal-9 0.519** 0.496** -0.428* 0.403* NS
TNFR2 0.518* 0.489* -0.377* 0.439* NS
Gal-1 0.471%* 0.495* NS 0.486* NS
CXCL10 0.505** 0.458* -0.397* 0.445* NS
CXCL9 0.432* NS NS NS NS
IL-18 0.503** 0.415* -0.490* NS NS
YKL-40 0.465* 0.524* -0.667"* NS NS
CCL2 0.557** 0.566** -0.532* NS NS
CcCL4 0.388" NS -0.396* NS NS
VEGF NS NS NS NS NS
E-sel NS NS NS NS NS
ICAM-1 NS NS -0.515** NS NS
Fetuin NS NS NS NS NS
CCL18 NS NS NS NS NS

Biomarkers with significantly different levels between cluster 1 and 2 are shown. For biomarkers with out of
range values (CXCL9 and E-sel), these imputed values were excluded from the analysis to prevent skewing
of data. DAS = Disease activity scale, DAS-T = Total DAS, DAS-M = Muscle DAS, CMAS = Childhood myositis
assessment score, PGA = Physician’s global assessment. ***P<0.0001, **P<0.001, *P<0.01, *P<0.05, NS =
not significant.

Association of biomarker profiles with vasculopathy

We next assessed which markers showed a direct correlation to ERL scores (n=29,
discovery cohort). ERL scores correlated negatively with endoglin (r,=-0.67, p<0.0001), TSP-1
and VEGF, and positively with ICAM-1 (Ir I=0.42-0.47, p<0.05; figure 2A). Patients with ERL<4,
indicating severe vasculopathy, had significantly higher endoglin and lower ICAM-1 than
patients with ERL>4 (p=0.0120/p=0.0079; figure 2B). For endoglin, the area under the curve
(AUC) in a receiver operating curve (ROC) identifying patients with low as opposed to high
ERL was 0.771 (p=0.0129). The optimal cutoff value at 2286 pg/mL yielded a sensitivity of
85.7% and specificity of 73.3% for patients with low ERL. For ICAM-1, the AUC was 0.786
(p=0.0088) and the cutoff at 386425 pg/mL yielded a sensitivity of 85.7% and specificity
of 80%. Combination of the two markers in a prediction model improved the AUC to 0.833
(P=0.0023), but did not yield a higher sensitivity (79%) or specificity (80%) than ICAM-1 alone.
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The presence of low levels of ICAM-1 may thus be suitable to identify patients with severe
vasculopathy.
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Figure 2. Correlation of biomarkers with end row loop scores.

A panel of biomarkers for endothelial dysfunction and inflammation (supplementary table 1) was measured in
serum of 30 treatment-naive JDM patients (discovery cohort) by multiplex assay. End row loop scores were
assessed by nailfold capillaroscopy. (A) Spearman rank correlations (r) between serum biomarker levels
measured by multiplex immunoassay and ERL scores assessed by nailfold capillaroscopy in 29 JDM patients
of the discovery cohort. (B) Patients stratified into two groups by low (<4) and higher (>4) ERL score. P values
for Mann-Whitney U test are indicated. ERL = end row loops.
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Validation of biomarker and clinical profiles in independent cohort

To validate the association between biomarker profiles and clinical disease, the same
biomarker panel was measured in an independent validation cohort (n=29). The 16 markers
identifying patients with severe (muscle) disease activity in the discovery cohort, were again
assessed for correlations with clinical disease activity. 4 markers correlated significantly with
clinical disease activity in both cohorts: Gal-9, TNFR2, Gal-1 and CXCL10 (r=0.40-0.52 with
DAS-T/PGA, table 2 and figure 3A-D). Reciprocal analysis of the two cohorts by the same
criteria, i.e. ) clustering of the validation cohort by all markers, 2) selection of markers identifying
a more severely affected subgroup and 3) subsequent correlation with clinical disease
parameters, yielded the same four markers. Next, we examined whether these markers
would be able and sufficient to identify severely affected patients. Hierarchical clustering of
the two cohorts with these 4 markers yielded 2 distinct patient clusters in each cohort (n=9/
n=21in discovery cohort and n=6/n=23 in validation cohort ; figure 3E-F and supplementary
table 4). Indeed, in both cohorts the smaller subgroup of patients with high levels of all Gal-9,
TNFR2, Gal-1 and CXCL10 (cluster 1 (D=discovery/\V=validation)) had significantly higher total
and muscle disease activity than cluster 2: cluster 1D had higher DAS-T (p=0.0078), higher
DAS-M (p=0.0181) and lower CMAS (p=0.0148) than cluster 2D and cluster 1V had higher PGA
(p=0.0013) and lower CMAS (p=0.0053) than cluster 2V (figure 3G-H and supplementary table
4). Skin disease activity did not differ in the discovery cohort, but was significantly higher in
cluster 1V than cluster 2V (CAT, p=0.0131). In both cohorts, LDH was higher in cluster 1than 2.
Thus, the combination of high Gal-9, TNFR2, Gal-1 and CXCL10 may be sufficient to identify
a subgroup of patients with severe global and muscle disease. To assess the potency of
each individual marker for identifying severely affected patients, patients were stratified into
severe (>75" percentile of PGA/DAS-T/DAS-M or <25" percentile of CMAS) and non-severe
(muscle or global) disease, and the AUC in ROC curves were determined for each marker.
TNFR2 had the highest AUC for severe muscle (AUC=0.80) and global (AUC=0.73) disease,
with a sensitivity of 80% and 69% and specificity of 82% and 76% at a cutoff of 3010 pg/mL
(supplementary table 5). Due to the high correlations between the markers (r=0.76-0.95) a
combined model was not constructed. In conclusion, Gal-9, TNFR2, Gal-1 and CXCL10 can
identify severely affected patients at diagnosis, with TNFR2 being the best indicator.

Figure 3. Gal-9, CXCL10, TNFR2 and Gal-1 as biomarkers for stratification of patients with severe JDM.

A panel of biomarkers for endothelial dysfunction and inflammation (supplementary table 1) was measured in
serum of 59 treatment-naive JDM patients by multiplex assay. (A-D) Spearman rank correlations (r) of Gal-9 (A),
TNFR2 (B), CXCL10 (C) and Gal-1(D) with global disease activity: DAS-T in discovery cohort (left panels) and PGA
in validation cohort (right panels). ***P<0.0001, **P<0.001, **P<0.01, *P<0.05. (E-F) Unsupervised hierarchical
clustering of discovery cohort (E) and validation cohort (F) by expression of Gal-9, TNFR2, CXCL10 and Gal-1.
Numbers represent unique patient identifiers (not ranked). (G-H) Clinical measures of disease activity in cluster
1and 2 from figures E and F in discovery cohort (G) and validation cohort (H). P values of Mann-Whitney U test
are indicated. DAS = disease activity scale, DAS-T = DAS total, DAS-S = DAS skin, DAS-M = DAS muscle, CMAS
= Childhood myositis assessment scale, PGA = physician’s global assessment, CPK = creatine phosphokinase
activity, LDH = lactate dehydrogenase. Clusters: 1/2“D” = Discovery cohort, 1/2“\V/"=Validation cohort.
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Figure 3. Gal-9, CXCL10, TNFR2 and Gal-1 as biomarkers for stratification of patients with severe JDM.
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Association of biomarker profiles with myositis-specific
autoantibodies

As MSA serotypes were previously linked to disease phenotypes, including (muscle)
disease severity,>® we compared MSA frequencies between the biomarker-based clusters.
The cohorts were combined into one to yield sufficient patients per MSA category.
Clustering by Gal-9, CXCL10, TNFR2 and Gal-1 expression produced two clusters (1C and
2C, C="combined cohorts”, figure 4A). Patients with anti-NXP2 antibodies were significantly
more frequentin cluster 1C than cluster 2C (p=0.0236, figure 4A-B). Moreover, 2 of the 3 anti-
NXP2 positive patients in cluster 2C were weakly positive, possibly indicating these could
have been false positive measurements. If so, this would further increase the difference
between anti-NXP2 frequencies in cluster 1C and 2C. The frequencies of MSA negative
anti-TIF1y positive patients were comparable. Patient numbers for anti-SAE1 and anti-MDAS
were too small to statistically compare the clusters, but it was notable that all 4 patients
with anti-MDAbS autoantibodies were in cluster 2C. In conclusion, MSA serotypes were not
directly linked to the biomarker-based patient clusters, but anti-NXP2 positive patients were
more likely to be in the severe cluster with high biomarker levels.

Figure 4. Gal-9, CXCL10, TNFR2 and Gal-1as biomarkers for patient stratification and prognosis of response
to therapy.

A panel of biomarkers for endothelial dysfunction and inflammation (supplementary table 1) was measured
in serum of 59 treatment-naive JDM patients by multiplex assay. (A) Unsupervised hierarchical clustering of
59 patients in discovery and validation cohort combined, by expression of Gal-9, CXCL10, TNFR2 and Gal-
1. Color bar represents different MSA serotypes, as indicated in the heatmap legend. Numbers represent
unique patient identifiers (not ranked). (B) Cumulative frequencies of MSA serotypes in cluster 1C and 2C
(C="combined cohorts”). P values of Chi squared test with MSA negative, anti-TIF1y, and anti-NXP2 positive
patients are indicated. ns = not significant. (C) Cumulative frequencies of patients needing intensification
of treatment within the first 3 months in cluster 1C and 2C. P values of Fisher’s exact test is indicated. (D)
Differentiating capacity of gal-9, CXCL10, TNFR2 and Gal-1for patients requiring intensification of treatment in
the combined cohort, discovery cohort and validation cohort. P values of Mann Whitney U test are indicated.
(E) Cumulative frequencies of patients with 1) time to DFR>4 years, 2) time to DFR<4 years, 3) less than <4
years of follow-up time still on medication and 4) unknown medication use and time to DFR in clusters 1C and
2C. (F) Kaplan Meier curves of months from diagnosis (Dx) until remission off immunosuppressive treatment.
Patients were stratified by median values of Gal-9, CXCL10, TNFR2 and Gal-1 (into high/low, n=29/30). P
values of log-rank test are indicated. MSA = myositis-specific antibodies, Disc = Discovery cohort, Val =
Validation cohort, DFR = drug-free remission, FU = follow-up.
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Figure 4. Gal-9, CXCL10, TNFR2 and Gal-1 as biomarkers for patient stratification and prognosis of response
to therapy.
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Prognostic value of biomarkers for suboptimal response to initial
treatment

Next, we assessed whether high levels of Gal-9, CXCL10, TNFR2 and/or Gal-1 could
be prognostic for a suboptimal response to initial treatment. The frequency at which
intensification of treatment was required within the first 3 months was significantly higher in
cluster 1C than 2C, suggesting that indeed high biomarker levels may identify a risk group
(64.7% vs. 341% of patients, p=0.0324; figure 4C). Although the combination of biomarkers
could identify these ‘at risk’ patients, the single biomarkers only showed a trend towards
being higher in patients needing intensification in the combined cohort (CXCL10: p=0.0530,
Gal-1: p=0.1097, Gal-9: p=0.1783, TNFR2: p= 0.1133; figure 4D). In the validation cohort, Gal-
1 and TNFR2 potently identified patients needing intensification (Gal-1 p=0.0057, TNFR2
p=0.0328; figure 4D). Thus, the combination of the 4 markers Gal-9, CXCL10, TNFR2 and
Gal-1 can identify patients at risk for a suboptimal response to induction therapy, with Gal-1
and TNFR2 possibly being the most potent.

Prognostic value of biomarkers for time to drug-free remission

Finally, we examined whether patients with high Gal-9, CXCL10, TNFR2 and/or Gal-1
at diagnosis would need a longer time to attain drug-free remission (DFR). 24 out of 59
patients had attained DFR at the time of analysis (median follow-up time of 4.0 years). Of
the 10 patients in cluster 1C with a known time until DFR or more than 4 years of follow-up,
8 (80%) were still on medication after 4 years, whereas this was the case for only 7 out of 17
(41%) in cluster 2C (p<0.05; figure 4E). Kaplan-Meier survival analysis with dichotomization
of the single biomarkers into “high” and “low” by median values showed that patients with
high CXCL10, Gal-9, or TNFR2 at diagnosis needed significantly longer to attain DFR than
patients with low biomarker levels (p<0.05; figure 4F), although the Kaplan-Meier curves
showed cross-overs indicating that confounding factors may play a role. In cox-proportional-
hazards-model, high biomarker levels showed a trend towards conferring a higher risk of
‘not getting off treatment’ compared to low levels (Gal-9: Hazard ratio (HR)=0.32, p=0.06;
TNFR2: HR=0.24, p=0.08; CXCL10: HR=0.39, p=0.; Gal-1: HR=0.41, p=0.1). Patients with ERL
scores<4, indicating severe vasculopathy, also showed a trend towards needing longer
to attain DFR (Kaplan-Meier log-rank p=0.069). Taken together, patients with high Gal-9,
CXCL10 or TNFR2 at diagnosis may be at risk for a longer disease course.
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DISCUSSION

Here, we have shown that patients with juvenile dermatomyositis are heterogeneous not
only in their clinical presentation, but also in their biomarker profiles at diagnosis. In two
independent cohorts we have identified a subgroup of patients, constituting approximately
one third of patients, characterized by high levels of Gal-9, CXCL10, TNFR2 and Gal-1, higher
muscle and global disease activity, at risk of requiring intensification of initial treatment and
a longer time to reach drug-free remission. These biomarkers can thus identify a severely
affected subgroup at diagnosis, and may be prognostic for the disease course. Patients
with anti-NXP2 antibodies were more likely to be in this severe subgroup.

Our results are in line with the findings by Gitiaux et al., identifying approximately one third
of patients as severely affected.?’ To our surprise, in our study the severe subgroup did not
have more severe vasculopathy by ERL scores, and vasculopathy-associated biomarkers
endoglin, ICAM-1, TSP-1and VEGF did not aid in the identification of this subgroup. However,
the correlation of VEGF and endoglin with vasculopathy is consistent with a recent
publication showing that both proteins are upregulated in lesions with active capillary
injury in JDM muscle.” Endoglin and VEGF were also previously found to be expressed in
dermatomyositis muscle. 3% Soluble endoglin has more widely been described as an anti-
angiogenic molecule and marker for vasculopathy.®2 TSP-1 was previously suggested to be
an anti-angiogenic regulator®® with a vasculopathic role in patients with JDM (in particular
patients with the TNF-308A allele).** We found a positive association between ICAM-1levels
and ERL scores. Since endothelial activation is one of the hallmarks of JDM-associated
vasculopathy,® and soluble ICAM-1 levels correlate with endothelial surface ICAM-1
expression,*® we could only speculate that lower soluble ICAM-1 may be found in patients
with severe vasculopathy due to systemic loss of endothelial cells, leading to a lower total
production of soluble ICAM-1.

Two ofthe 4identified severity markers, Gal-9 and CXCL10, are known IFN-related proteins.®’*®
The correlation between severe muscle disease activity and high levels of IFN-related
markers or interferon signature (in blood and biopsies) has been previously demonstrated at
disease onset"3%49 and during follow-up" in patients with JDM. A higher interferon signature
was also associated with a longer time to reach clinically inactive disease.*® Gal-9, CXCL10
and TNFR2 specifically correlate with muscle disease activity during follow-up in JDM, and
Gal-9 and CXCL10 have recently been validated as biomarkers for disease activity in JDM.®4
Moreover, patients experiencing a disease flare within the first year after start of treatment,
had higher levels of Gal-9 and CXCL10 at diagnosis.” TNFR2 levels were found to be high
in adult DM patients with a high type | interferon score, and neutralization of the interferon
signature by an anti-interferon-a monoclonal antibody resulted in decreased levels of
TNFR2, suggesting that TNFR2 may also be related to interferon-driven inflammation.*?
The increased expression of circulating interferon-inducible proteins in severely affected
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patients further supports the pathogenic role for interferons in JDM immunopathology. Gal-
1 has not been previously linked to dermatomyositis, but degeneration of injured muscles
induces high expression of Gal-1 and its expression may increase muscle regeneration in
experimental models.**# In addition, Gal-1is an antiviral effector molecule expressed by
endothelial cells and a negative regulator of both T cell recruitment to the endothelium
and transendothelial migration.*>=#’ In line with our results, the anti-NXP2 antibody serotype
was previously associated with more severe muscle disease, whereas anti-MDAD positive
patients were less likely to be weak.® In contrast with previous publications, we did not
observe high levels of interferon-related markers in patients with anti-MDAS antibodies.*
JDM is a very rare disease, which hampers the collection of large samples numbers for
study purposes. A unique strength of our study is that we were able to perform biomarker
profiling in two large, independent cohorts of treatment-naive patients. We could thereby
analyze the unmodified disease signatures in different patients without possible treatment-
effects on biomarker profiles. Although the cohorts showed some differences in baseline
characteristics (e.g. duration of untreated disease, MSA, requirement of intensification,
ethnicity), we were able to validate our findings, showing that Gal-9, TNFR2, Gal-1 and
CXCL10 are robust markers for the identification of a severe subgroup of patients.

Further validation in a large prospective cohort will allow for the construction of prediction
models for the need for intensification of treatment and time to drug-free remission. We
speculate that patients in the ‘at risk’ group could benefit from more intensive monitoring
during induction-treatment in order to detect suboptimal response to therapy in an early
phase. This early detection would promote a swift intensification of treatment. Future
studies will have to point out whether more aggressive or targeted initial treatment (e.g.
JAK-inhibition or anti-interferon antibodies) could also be an option in these patients.**%°
Considering the longer time to remission, it may be useful to discuss expectations of
treatment length and the possible effect on cumulative medication dose with patients and
parents, as these may have implications for the long-term outcomes.

In conclusion, this study underlines the clinical and serological heterogeneity of JDM and
provides easy-to-measure serum biomarkers Gal-9, TNFR2, CXCL10 and Gal-1 that may
be used to identify severely affected patients with a suboptimal response to standard
immunosuppressive treatment.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. List of measured biomarkers and abbreviations.

Abbreviation/name

Biomarker

Ang-1 Angiopoeitin-1

Ang-2 Angiopoeitin-2

Tie-2 Angiopoietin-1 receptor

Cbha Complement 5a

CCL2 Monocyte chemoattractant protein-1

CCL4 Macrophage inflammatory protein 13, MIP-13
CCL17 Thymus- and activation-regulated chemokine, TARC
CCL18 Pulmonary and activation-regulated chemokine, PARC
CCL19 Macrophage inflammatory protein 33, MIP-33
CCL22 Macrophage-derived chemokine, MDC

CCL27 Cutaneous T-cell attracting chemokine, C-TACK
CXCL9 Monokine induced by gamma interferon, MIG
CXCL10 Interferon gamma-induced protein, IP-10
CXCL13 B-Lymphocyte chemoattractant, BLC

Endoglin Endoglin

E-sel E-selectin

Fetuin Fetuin

Fibronectin Fibronectin

Gal-1 Galectin-1

Gal-3 Galectin-3

Gal-9 Galectin-9

IL-18 Interleukin 18

OSM Oncostatin M

OSF-2 Periostin

PIGF Placental growth factor

PAI-1 Plasminogen activator inhibitor

PDGF-BB Platelet-derived growth factor BB
(Continued)
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Supplementary table 1. List of measured biomarkers and abbreviations.

Abbreviation/name Biomarker

P-sel P-selectin

SAA-1 Serum amyloid Al

ICAM-1 Intercellular adhesion molecule 1

SVEGFR1 Soluble VEGF receptor 1

SPARC Secreted protein acidic and rich in cysteine
VCAM-1 Vascular cell adhesion protein 1

™ Thrombomodulin

TSP-1 Thrombospondin-1

TNFR2 Tumor necrosis factor receptor 2

TWEAK Tumor necrosis factor-related weak inducer of apoptosis
VEGF Vascular endothelial growth factor

YKL-40 Chitinase-3-like protein 1

Biomarkers measured by multiplex assay in treatment-naive patient serum.
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Supplementary table 2. Biomarker levels in the two clusters identified by biomarker-based unsupervised
hierarchical clustering of patients in the discovery cohort.

Marker Cluster 1 (n=8) Cluster 2 (n=22) P value FDR
CXCL13 642.3 (348.9) 88.2 (74.9) <0.0001 <0.0001
CCL19 710.7 (110) 235.3(163.9) <0.0001 <0.0001
Gal-9 33756.5 (9924.) 102351 (11469.7) <0.0001 <0.0001
TNFR2 5506.4 (1914.7) 1917.9 (1448.3) <0.0001 <0.0001
Gal-1 372514 (14729.8) 160397 (14347.9) <0.0001 <0.0001
CXCL10 4404.6 (650.) 1680.2 (1197.2) <0.0001 <0.0001
CXCL9 11981 (651.1) 38.3(71.5) <0.0001 0.0002
IL-18 756.7 (625.9) 207 (227.3) <0.0001 0.0002
YKL-40 155315 (392327.4) 42406 (38300.) 0.0002 0.0009
CCL2 29876 (2442.6) 500.9 (532.) 0.001 0.0043
CCL4 2774 (1471) 172 (98.4) 0.0025 0.0089
VEGF 291.6 (234) 79.9 (95) 0.0052 0.0168
E-sel 25% out of range 81.8% out of range 0.0057 0.0170
ICAM-1 4759827 (190565.7) 367525.4 (80448.) 0.0072 0.0201
Fetuin 206615000 (52602500) 267685000 (62940000) 0.0080 0.0209
CCL18 133588 (263212.8) 629237 (41849.8) 0.0134 0.0328
Cha 1168921 (108459) 80599.8 (80283.4) 0.0446 01024
Gal-3 383651 (30138.) 21183.4 (10616.2) 0.0516 01m8
SAA-T 1966200 (2699225) 169318.6 (265189.3) 0.0564 0Mns7
VCAM-1 5869650 (3292400) 4415050 (1871150) 0.0710 01384
SVEGFR1 17151 (1061.5) 808.4 (1617.8) 0.0775 01439
P-sel 253756.5 (140506.5) 392762.2 (281097.2) 0.0871 01541
PIGF 15.7 (15.8) 8.2 (273 0.0915 01541
Fibronectin 87.5% out of range 591% out of range 0.1051 01541
CCL27 1886 (1031.5) 1303.5 (703.5) 01067 01541
Endoglin 2711 (1166.) 2285.8 (1490.8) 01067 01541
ccL17 334.6 (229.) 204.8 (160.8) 01067 01541
Ang-2 4774.3 (3604.7) 2916.7 (2144) 0176 01638
(Continued)
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Supplementary table 2. Biomarker levels in the two clusters identified by biomarker-based unsupervised

hierarchical clustering of patients in the discovery cohort.

Marker Cluster 1 (n=8) Cluster 2 (n=22) P value FDR
CCL22 1358.4 (493.8) 1603.5 (844.7) 01555 0.2091
OSF-2 8265.5 (844) 7696.4 (2065.3) 01852 0.2331
TWEAK 103441 (2735.2) 9266.9 (3951.9) 01852 0.2331
™ 75% out of range 591% out of range 0.2658 0.3239
TSP-1 207455000 (191505000) 282175000 (290085500) 0.3363 0.3974
OSM 0% out of range 50% out of range 0.3484 0.3996
PAI-1 62.5% out of range 50% out of range 0.4601 0.5127
PDGF-BB 10080.2 (6533) 1339.8 (5876.5) 0.6291 0.6816
Tie-2 3735.2 (794) 37417 (948.4) 0.6559 0.6914
Ang-1 40905.4 (31268.4) 371477 (17758.6) 0.6960 0.7143
SPARC 415727 (81332.3) 31450 (118798.8) 0.7937 0.7937

Median values with interquartile ranges are shown. For markers with more than 30% of values below the
detection limit, frequencies of out of range values are indicated. P values for Mann-Whitney U test before (P

value) and after correction for multiple testing by false discovery rate (FDR) are shown.
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Supplementary table 3. Clinical characteristics of patients from two clusters in discovery cohort identified
by unsupervised hierarchical clustering of 34 markers.

Cluster 1 Cluster 2
(n=8) (n=22) P value
Age at sampling (years), median (IQR) 8.2 (10) 42 (4.2) 0.0395
Sex, % female 875 86.4 >0.9999
Duration of untreated disease (months), median (IQR) 9.4 (27) 5.8 (5.9) 0.5042
Intensification of treatment in first 3 months, % 50.0 591 0.6976
Time until remission off medication (years), median (IQR) 65.1(24.4) 475 (26.5) 0.08
Disease activity at diagnosis
CMAS (0-52; 0-49 for age 4-5), median (IQR) 18.5 (21.5) 38 (18.5) 0.01
NR=1
DAS Total (0-20), median (IQR) 13(2.8) 10.8 (4.5)| 0.0265
DAS Muscle (0-11), median (IQR) 7(2.9) 5(5.3) 0.0486
DAS Skin (0-9), median (IQR) 5 (1) 5(2) 0.9125
ERL (normal >7) , median (IQR) 4.6 (1.4) 41(2.3) 0.7934
NR=1
Muscle enzymes at diagnosis
CK (IU/liter), median (IQR) 249 (1666) 123.5(3273)  0.2524
LDH (IU/liter), median (IQR) 462 (555) 3105 (159)  0.0285
NR=1
AST (IU/liter), median (IQR) 52.5 (137.3) 44 (33) 0.3996
ALT (IU/liter), median (IQR) 31(97.8) 26 (28.5) 0.3674
NR=1

For continuous variables, medians and interquartile ranges (IQR) are shown. For categorical variables,
frequencies are shown (%). P values for continuous variables were calculated by Mann-Whitney U test. P
values for categorical variables were calculated by Fisher’s exact test. NR = Not reported, CMAS = Childhood
myositis assessment scale, DAS = disease activity scale, ERL = end row loops, CK = creatine kinase activity,
LDH = lactate dehydrogenase, AST = aspartate aminotransferase, ALT = alanine aminotransferase.

137



CHAPTER 4

(ponunuoD)

- - - ZWws 0 (ca ey mmv\/\m.v (4O1) unpaw ‘(£zlewWiou) T3
LEL00 G s (€8 gl - - - (o)) unipaw (9LL-0) 1vD

E=8N =8N
€000 zes (91 zs - - - (o) uoipaw “(01-0) vOd
- - - 66180 GDs G1s (4O uoipaw (6-0) UMS SVA
- - - 1810°0 (tv)s (28 (o)) uoipsw “(11-0) S1PSNIA SYA

=8N
€5000 (6l) G (Ge) g 8100 (02) 8¢ (l2) 9z (4O1) uoipsw ‘(G- 96e 104 64-0 :2G-0) SYIND
- - - 84000 (§v) ol € el (o) uoipsw (0z-0) [e10L SVA
sisoubelp 1e AjAnoe aseasiq

¥8€00 zs8l £99 80690 €S 199 9% ‘SyUOW € 1S11) Ul USR] JO UONRDIISUSIL|
LIETO (L8 oe (Lv) el €€ES0 (o 6's (88l g (§O1) unipaw ‘(Syuow) aseasip pajeaiun jo uoneing
L5790 TS9 005 6666°0< LG8 688 3IDWS) % XOS
6960 ('6) 6'9 (9) 8z 77100 ey relze (4O1) unipaw ‘(sieah) Buydwes je 86y
anjead (€z=u) (9=u) anjea d (ze=u) (6=u)

AT 1918n1D Al 123sn[D az 1asnio ai 18snip

}10yod uonepijep

Hoyod A1anodsiq

'S1I0Y0D UONEpIeA

pue AIoA02SIp oY) Ul siaxiew ¢ Jo Bupaisn|d [edjydielaly pasiaadnsun Ag paiiiuap sialsnid wodl siusned Jo soisuaideleyd [eajuld f ajqel Alejusawsalddng

138



ENDOTHELIAL AND INFLAMMATORY BIOMARKER PROFILING IN JDM IS PROGNOSTIC FOR RESPONSE TO TREATMENT

"9SDIBJSUDIOUIID SUIUDID = [T ‘©SDISJSUDNOUIUD SIDUDASD = | Sy ‘9SpusboipAysp 810100) = HJT AurioD
9SDUIY SUIDBID = ¥ ‘SAOO] MOJ PUS = T |00] JUSWSSSSSD SNOSUDIND = [/ QWBWSSSSSD [DGOYB S,unidISAYd = O ‘9IS JUBWSSSSSD SIISOAW POOYPIIYD = SYIND
‘9ID2S ANAIIOD SDBSIP = S/ ‘POMOdaI JON = §N '1S91 10BX3 S I9Usid AQ pale|ndjed alam Sa|gelieA [e2110681ed 10) SaNnjeA 4 1581 N ASUllyp-ULB AQ paie|ndjed aiam
S9|gelLIBA SNONUNUOD 10) SBN[BA d (%) umoys aie saipuanbaly ‘sajqeliea [eo1oba1ed 104 "'umoys ale (¥O|) sebuel ajienbisiul pue sueipaw ‘SajgelieA SNONUIIUOD 104

=N
89100 (rQ) ze (5'881) 5091 60£00 (L) e (£91) 8¢ (§OI) unipaw “(IRUYN) 11V

Z=4N
8000 (ol 19 (z¥99) 5 vov £¥SE0 (6'82) ¥ (5€z2) 85 (4O ubjpaw “(1BU/NI) LSV

p=4N =N
6€10°0 (vLE) veY (8z€5) 888 76000 (#S1) so€ (Lev) 2ov (HO1) ubipaw “WdK/NI1) HA
Gzc00 (lv2) 86T (Golzel) 602S LEWWO (gole) 601 (veel) sLe (HO1) ubipaw “(d3KU/NIN) WD

sisoubelp je sawAzus a|dsny

anjeA d (gz=u) (9=u) anjeA d (zz=u) (6=u)

AZ J21sn[D AL 121sn[D az sasnp ai 19snio

}10yod uonepijep

Hoyod A1anodsiq

'S1I0Y0D UONEpIeA

pue AIoA02SIp oY) Ul siaxiew ¢ Jo Bupaisn|d [edjydielaly pasiaadnsun Ag paiiiuap sialsnid wodl siusned Jo soisuaideleyd [eajuld f ajqel Alejusawsalddng

139



CHAPTER 4

JUBLISSOSSD
1DGOIB S,UDIDISAYL = YO d ‘©I0IS JUBWSSISSD SINISOAW POOYPIIYD = SYND ‘S 919SNIN = W-SYJ SV IDI0L = [-SYd @NibA A2Ipaid aASod = Add ‘@njpA aanIpald
SANDBAU = AN ‘OAIND By} JSPUN DAID = DNY ‘DAIND BUIDISAO JoAI281 = DO "9SRISIP [2C0|5 10 9]ISNW S19ASS-UOU SARY 0} PRISPISUOD 919M SYIAD 4O ajnuadiad Gz
a1 9A0ge pue N-SVA 10 1-SVA ‘VOd 4O onusoiad ,G/ aUl MOJad Siuanied "9SeasIp [2qo|B 219A8s 9ARY 01 PaISPISUOD S1oM 3100s aAdadsal oyl Jo ajnuadiad ,G/ aul
aA0ge [-SYA 10 YOd UlM Siudlied '9SRaSIP 9|0SNW 19A3S SARY 0} PRISPISUOD 919M HOY0D Jo ajiuadiad G/ ayl 9A0ge San(eA |A-Syd 10 Hoyod oy} Jo ajpuadlad Gz
Byl Mojaq sanjeA SYIAD Yim siuaned :Buimolios se ajuadiad G/ oYy Ag 9seasip [eqolB pue oSNl 919A8S-UOU 10 919A8S UM Ssiuafed olul Paliielis a1om sjualied

9g0 880 590 690 Jw/bd 9gziz 85100 1220 12qo|9
8Y'0 160 040 080 Ju/bd 9gziz 90000 1610 aPSNIN 1-les
Sv'0 060 9,0 690 Jw/Bd 0L0g 9100 1£L0 12go|9
090 z60 780 080 Ju/Bd oL0g 50000 z080 SRR TYdNL
oro (80 vL0 790 Jw/bd 52z €€200 L0L0 12go|9
050 /80 L0 190 Jw/bd 5z e 6000 [2L0 SRR 0L19XD
€70 680 vL0 690 Jw/6d /8961 5100 zero 12goI9
z50 680 L0 €10 Juw/6d /8961 60000 88/0 SRR 61eo
Add AdN Ayoypads Auanisusg anjea yoino 20y anjead 204 2NV 9seasIp 219A3S 1oxsewolg

140

‘siayiewolq o|buls Ag sisoubelp 1B aseas|p [eqo|b pue 9|2SNW 819A8S JO UONRDIIIUSPI 10} SoAIND Bunelado Janiooay °g a|ge) Atejusawsajddng



ENDOTHELIAL AND INFLAMMATORY BIOMARKER PROFILING IN JDM IS PROGNOSTIC FOR RESPONSE TO TREATMENT

141






Distinctive biomarker
profiles of endothelial
activation and dysfunction
in treatment-naive rare
systemic autoimmune
diseases: implications

for cardiovascular risk

Judith Wienke, Jorre S. Mertens, Samuel Garcia, Johan Lim,
Camiel A. Wijngaarde, Joo Guan Yeo, Alain Meyer, Lucas L. van
den Hoogen, Janneke Tekstra, Jessica E. Hoogendijk, Henny
G. Otten, Ruth D.E. Fritsch-Stork, Wilco de Jager, Anneke J.
van der Kooi, W. Ludo van der Pol, Thaschawee Arkachaisri,
Timothy R.D.J. Radstake, Annet van Royen-Kerkhof* and
Femke van Wijk PhD*

Dutch juvenile myositis consortium*
*These authors contributed equally
#Sylvia S.M. Kamphuis, Esther PA.H. Hoppenreijs, Wineke

Armbrust, J. Merlijn van den Berg, Petra C.E. Hissink Muller

Submitted



CHAPTER 5

ABSTRACT

Background: Vasculopathy is an important hallmark of systemic chronic inflammatory
connective tissue diseases (CICTD), and is associated with increased cardiovascular risk.
We investigated disease-specific biomarker profiles associated with endothelial dysfunction,
angiogenic homeostasis and (tissue) inflammation, and their relation to disease activity in
rare CICTD.

Methods: 38 serum proteins associated with endothelial (dys)function and inflammation
were measured by multiplex-immunoassay in treatment-naive patients with localized
scleroderma (LoS, 30), eosinophilic fasciitis (EF, 8), or (juvenile) dermatomyositis (34), 119
(follow-up) samples during treatment, and 65 controls. Data were analyzed by unsupervised
clustering, Spearman correlations, non-parametric t-test and ANOVA.

Results: The systemic CICTD EF and dermatomyositis had distinct biomarker profiles, with
‘signature’ markers galectin-9 (dermatomyositis) and CCL18, fetuin, fibronectin, CXCLY,
CCL4, galectin-1, and TSP-1(EF). In LoS, CCL18, CXCL9, and CXCL10 were subtly increased.
Furthermore, dermatomyositis and EF shared upregulation of markers related to interferon
(CXCL10, CCL2), endothelial activation (VCAM-1), inhibition of angiogenesis (angiopoietin-2,
SVEGFR-1) and inflammation/leukocyte chemo-attraction (CCL19, CXCL13, IL-18, YKL-40),
as well as disturbance of the Angiopoietin-Tie receptor system and VEGF-VEGFR system.
These profiles were related to disease activity, and largely normalized during treatment.
However, a subgroup of CICTD patients showed continued elevation of galectin-9, CXCL10,
IL-18, TNFR2, CXCL13, YKL-40 and/or VCAM-1 during clinically inactive disease, possibly
indicating subclinical interferon-driven inflammation and/or endothelial dysfunction.
Conclusions: CICTD-specific biomarker profiles revealed an anti-angiogenic, interferon-
driven environment during active disease, with incomplete normalization under treatment.
This warrants further investigation into monitoring of vascular biomarkers during clinical
follow-up, or targeted interventions to minimize cardiovascular risk in the long-term.
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INTRODUCTION

Vasculopathy is an important hallmark of many chronic inflammatory connective tissue
diseases (CICTD) affecting the skin. The vasculopathic component is well documented in
(juvenile) dermatomyositis ((J)DM), systemic lupus erythematosus (SLE) and scleroderma/
systemic sclerosis (SSc)-° Increasing evidence suggests that vasculopathic changes can
also be present, although to a lesser extent, in rare scleroderma-spectrum disorders such
as localized scleroderma (LoS), eosinophilic fasciitis (EF) and mixed connective tissue
disease (MCTD).*" Endothelial dysfunction has important clinical implications in CICTD: it is
associated with severe complications such as skin ulceration, renal, cardiac, and pulmonary
involvement!? Moreover, especially in systemic CICTD vasculopathy contributes to
morbidity and mortality through accelerated atherosclerosis, leading to an increased risk of
cardiovascular events*"* |n LoS, a more localized CICTD with little systemic inflammation,
the risk of cardiovascular disease is not increased!® For patients with EF, a disease
characterized by severe systemic inflammation, long-term implications for cardiovascular
risk are still unknown, but may be considerable.

Although multiple pathophysiologic events play a role in the development of vasculopathic
changes, chronic immune activation has emerged as an important contributing factor'®
Deposition of complement and immune complexes and direct immune cell-mediated
endothelial injury can cause endothelial loss!” Moreover, serum factors in CICTD can
directly affect endothelial function: patient sera can induce adhesion molecule expression
on cultured endothelial cells, while reducing angiogenesis, normal capillary morphogenesis,
endothelial proliferation, migration and tube formation®=2° Anti-endothelial antibodies
present in these sera®' and a disturbed balance between angiogenic and angiostatic stimuli
may contribute to vasculopathic changes.???® Especially interferon-driven inflammation
has been linked to the development of vasculopathic changes through direct and indirect
angiostatic effects.?*-?® Notably, overexpression of type | interferons (IFN) is observed
in many CICTD.2%? A classic example of an angiogenic system that may be disturbed
during inflammation is the Angiopoietin-Tie receptor system.282° The vascular endothelial
growth factor (VEGF) system may also be affected in inflammation, and elevated VEGF is
considered a biomarker for disturbed angiogenesis.®**' Finally, soluble adhesion molecules
(e.g. ICAM-1and VCAM-1) are considered reliable and representative markers for endothelial
activation 23332

Thus, in many IFN-driven CICTD vasculopathy may play an important role in the disease
pathology. However, it is yet unclear whether disturbances of circulating factors associated
with endothelial dysfunction or activation show overlapping or distinct patterns between
diseases, and whether they are related to disease activity. Here, we investigated
disease-specific biomarker profiles associated with endothelial dysfunction, angiogenic
homeostasis and (tissue) inflammation in a unique set of treatment-naive patients with rare
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systemic and localized CICTD involving skin and/or muscles (LoS, EF, (dermato)myositis and
mixed connective tissue disease) as well as healthy controls and neuromuscular control
patients. We relate these biomarker profiles to disease activity and persistent low-grade
inflammation, which may have implications for the long-term cardiovascular risk.

METHODS

Participants

Patients with (juvenile) dermatomyositis ((J)DM), mixed connective tissue disease with
myositis (MCTD), localized scleroderma (LoS), eosinophilic fasciitis (EF), as well as healthy
controls (HC) and neuromuscular control patients with hereditary proximal spinal muscular
atrophy (SMA, a progressive, non-inflammatory neuromuscular disorder with a suspected
vasculopathic component due to impaired endocytosis),* were recruited between January
2006 and June 2017 in tertiary referral centres in the Netherlands, Singapore, and France.
This study was approved by the institutional ethics committees of the involved centres
(UMC Utrecht (NL47875.041.14, NL13046.091.06), AMC Amsterdam, SingHealth centralized
IRB (CIRB2014/083/E), CHU Strasbourg) and conducted according to the Declaration of
Helsinki. Age-appropriate written informed consent was obtained prior to study inclusion.

Disease classification and disease activity criteria

Patients with JDM were included if they met the Bohan and Peter criteria for definite or
probable JDM.3*% As clinical measures of muscle and global disease activity, the childhood
myositis scale (CMAS; 0-52) and physician’s global assessment (PGA; 0-10) were recorded.
Clinically inactive disease was defined according to the updated criteria for JDM;*% all
other patients were considered active. Adult patients with dermatomyositis were classified
according to the ENMC criteria.*® Myositis was confirmed by biopsy unless typical skin
manifestations of dermatomyositis were present. Patients with cancer-associated myositis
were excluded. Disease activity was determined by combined evaluation of muscle strength
with the medical research council scale, skin symptoms and muscle enzymes. Patients with
myositis and presence of anti-RNP antibodies were classified as mixed connective tissue
disease.*® Patients with localized scleroderma were diagnosed based on the typical clinical
picture. Treatment-naive patients were considered active. In follow-up samples, inactive
disease was defined as a modified LoS Skin Severity Index (mLoSSi) < 5 out of 162.4°
Adult patients with eosinophilic fasciitis were diagnosed based on the clinical picture and
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histopathological evaluation of skin biopsies containing the fascia. As the mLoSSi may stay
high in these patients due to extensive irreversible sclerosis despite improved inflammatory
symptoms, inactive disease was defined as a PGA for activity < 5 out of 100.%° Paediatric and
adult patients with hereditary proximal spinal muscular atrophy served as disease controls.
Confirmation of a homozygous loss of function of the survival motor neuron 1 gene was
obtained in all SMA patients.*" Adult healthy volunteers were included as healthy controls.

Biomarker analysis

Blood was collected in serum tubes, according to the local study protocol. All samples were
spun down within four hours after collection and stored at -80°C until analysis. 38 analytes
were measured in 50 pL of serum by multiplex technology in all samples simultaneously,
as described previously (xMAP; Luminex, “%): Angiopoietin-1 (Ang-1), angiopoeitin-2 (Ang-2),
angiopoietin-1 receptor (Tie-2), CXCL13, CCL2, CCL4, CCL17, CCL18, CCL19, CCL22, CCL27,
CXCL9, CXCL10, CXCL12, Endoglin, E-selectin (E-sel), Fetuin, Fibronectin, galectin-1 (Gal-1),
galectin-3 (Gal-3), galectin-9 (Gal-9), interleukin 18 (IL-18), oncostatin M (OSM), periostin (OSF-2),
placental growth factor (PIGF), plasminogen activator inhibitor (PAI-1), platelet-derived growth
factor BB (PDGF-BB), P-selectin (P-sel), serum amyloid A1 (SAA-1), SPARC, soluble ICAM-1(ICAM-
1), soluble VCAM-1 (VCAM-1), soluble VEGF receptor 1 or Fit-1 (SVEGFRI1), thrombomodulin (TM),
thrombospondin-1 (TSP-1), TNF receptor-2 (TNFR2), TWEAK, vascular endothelial growth
factor (VEGF), and YKL-40. Tie-1 was measured separately by ELISA assay (R&D, DY5907).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0, SPSS Statistics 21 (IBM) and
R 3.51 (CRAN). Multiplex values below the detection limit were imputed as 0.5x lowest
measured value. For correlations, assessed by Spearman rank, imputed values were
excluded. To correct for multiple testing, Kruskal-Wallis tests with Dunn’s posthoc test were
performed for each disease separately, stratified by activity (i.e. treatment-naive, active on
medication, inactive and HC). Multiplicity adjusted p values of these tests are reported in the
tables and legends. For comparison between SMA and HC, the Mann-Whitney U test was
used with correction for multiple testing by false discovery rate (FDR). For paired analyses,
the Wilcoxon matched-pairs signed rank test with FDR correction was used. Multiplicity
adjusted P values or FDR less than 0.05 were considered statistically significant as indicated
in the figure legends. For unsupervised clustering by principal component analysis (PCA)
and heatmap analysis with hierarchical clustering by 1-Pearson correlation with average
linkage, data were mean-centered and scaled per analyte. Analytes with more than 30%
of measured values below the detection limit were excluded from the clustering analyses
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(OSM and CXCL9). K-means clustering was performed based on median analyte expression
within the groups.

RESULTS

Patient characteristics

We included 146 unique CICTD patients with (J)DM (72), MCTD with myositis (1), LoS (55)
or EF (18), 43 control patients with SMA and 22 HC (table 1 and 2). Among CICTD patients,
72 samples were taken before start of treatment and 119 during treatment and/or inactive
disease. The age at sampling differed significantly between the treatment-naive disease
groups (p<0.0001), as most myositis patients were juvenile, whereas the majority of other
patients were adults. The gender distribution was similar between groups. As expected,
patients with EF had significantly higher VAS disease activity and mLoSSI scores than
patients with LoS (p=0.0017 and p=0.0031). Muscle enzymes were highest in the myositis
group.
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CHAPTER 5

Unsupervised clustering reveals distinct biomarker profiles in
treatment-naive myositis, EF and LoS

A panel of 38 markers for endothelial (dys)function and inflammation was measured in
serum of treatment-naive patients and controls by multiplex immunoassay. Unsupervised
principal component analysis (PCA) showed that patients with (J)DM, EF and LoS clustered
separately based on their biomarker profiles (figure 1A), with (JJDM and EF patients being
most distinct from HC. One patient with MCTD-associated myositis clustered close to the (J)
DM cluster, suggesting a similar biomarker profile despite the distinct disease background.
Patients with LoS and SMA had biomarker profiles similar to HC, indicating low/absent
systemic inflammation. 30 proteins were differentially expressed between at least one
disease and HC (FDR<0.05; supplementary table 1). Seven of these were increased in all
three CICTD: Gal-9, CXCL10, TNFR2, IL-18, CXCL13, CCL19, and VCAM-1 (figure 1B). (J)DM
and EF additionally shared upregulation of Ang-2, CCL2, ICAM-1, YKL-40 and sVEGFRI.
CXCL9 and CCL18 were significantly increased in LoS and EF. Random forest analysis
showed that Gal-9, CCL18 and CXCL10 were the most important analytes to distinguish the
CICTD from HC and each other (figure 1C). To identify disease-specific analytes signatures,
we performed K-means clustering, which revealed 7 analyte clusters (supplementary figure
1). Analyte cluster 1, with the highest expression in (J)DM, contained Gal-9, CCL2, PIGF, and
SVEGFRI1 (figure 1D). Cluster 2 and 3, with similarly elevated levels in (JJDM and EF, consisted
of CXCL10, VCAM-1, Ang-2, TNFR2, CCL19, OSF-2, IL-18, CXCL13, VEGF, and YKL-40 (figure
1E-F). Analytes in cluster 4, CCL18, Fetuin, CXCL9, CCL4, ICAM-1, and Gal-1, were specifically
high in EF (figure 1G). Clusters 5-7 showed mixed expression patterns across groups, with
high Gal-3 in (J)DM, high fibronectin and TSP-1in EF and low SPARC in (J)DM and EF.

These results suggest that patients with LoS, a localized CICTD, have a limited systemic
biomarker signature, whereas patients with the systemic CICTD (J)DM and EF have clear and
distinct, but also overlapping biomarker profiles. In both diseases, IFN-related and chemo-
attractant proteins (CXCL10, TNFR2, IL-18, CXCL13, CCL19, CCL2, YKL-40), endothelial
activation markers (ICAM-1, VCAM-1) and the anti-angiogenic Ang-2 and sVEGFR1 were
highly expressed, whereas Gal-9 and CCL18, amongst others, were more disease-specific.

Figure 1. Unsupervised clustering reveals distinct biomarker profiles in treatment-naive myositis, EF and LoS.

(A) Principal component analysis of treatment-naive patients with different CICTD and controls based on
34 mean-centered analytes. Open circles represent cluster centres. (B) Venn diagram of analytes that
were significantly upregulated compared to controls (p<0.05), per disease group. (C) Analyte importance
in Random Forest analysis of CICTD and HC. (E-G) Dot plots of individual biomarker values across all
groups, ordered per analyte cluster as shown in supplementary figure 1 (D=cluster 1, E=cluster 2, F=cluster 3,
G=cluster 4). Bars represent medians. P value of Kruskal-Wallis test are indicated. Red = (J)DM, orange = EF,
purple = SMA, blue =LoS, black = HC. HC = healthy controls (n=22), LoS = Localized scleroderma (n=30), EF =
eosinophilic fasciitis (n=8), Myos = myositis, (J)DM = (juvenile) dermatomyositis (n=33), SMA = spinal muscular
atrophy (n=43).
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Figure 1. Unsupervised clustering reveals distinct biomarker profiles in treatment-naive myositis, EF and LoS.
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CHAPTER 5

Relation of biomarker profiles with disease activity

To assess whether the biomarker profiles were related to disease activity and would
normalize during treatment, we analyzed HC and CICTD patients before start of treatment
(treatment naive, “TN”), during active disease on medication ("AM”) and during clinically
inactive disease by PCA. The biomarker profiles were most distinct from HC before treatment
and became more similar to HC during treatment and subsequent inactive disease (figure
2A, B and C), suggesting that the biomarker profiles are highly associated with disease
activity. In LoS, these differences were small, again indicating that the systemic effects
are limited in this rather localized disease. To investigate which of the biomarkers were
most related to disease activity, we performed three separate analyses in each CICTD: we
analyzed differential biomarker expression 1) between treatment-naive and inactive disease
and 2) between longitudinal paired samples taken during active disease and after follow-
up, and 3) assessed correlations with clinical measures of disease activity. Results of these
separate analyses are shown in supplementary table 2, 3 and 4 and summarized in the
Venn diagrams in figure 2D. In (J)DM, 13 markers were related to disease activity in all three
analyses: Gal-9, CXCL10, TNFR2, CCL2, ICAM-1, VCAM-1, OSF-2, YKL-40, sVEGFR1, CCL27,
CCL19, Ang-2, and Gal-1 (figure 2D). In EF, 8 markers were related to disease activity in
all analyses, showing considerable overlap with the biomarkers in (JJDM: CCL18, TNFR2,
CCL2, ICAM-1, OSF-2, CCL19, Gal-1, and Tie-1. In LoS, only CCL18 was identified in all three
analyses. The heatmaps in figure 2E and paired samples in figure 2F-H (EF, (JJDM and
LoS, respectively) show the considerable reduction of these core biomarkers from active
to inactive disease.

In conclusion, many of the disease-specific analytes, including vasculopathy-associated
markers, are related to disease activity and decrease to near-normal levels during treatment.

Figure 2. Relation of biomarker profiles with disease activity in CICTD diseases.

(A-C) Principal component analysis of patients with (JJDM (A), EF (B) and LoS (B) before treatment (“TN”, red),
with active disease on medication ("AM”, orange), with inactive disease (“Inact”, green) and healthy controls
(“HC”, grey). Open circles represent cluster centres. (D) Venn diagrams of significant analytes from 3 analyses
per disease group: differential biomarker expression 1) between treatment-naive patients and patients with
inactive disease and 2) between longitudinal paired samples taken during active disease and after follow-
up, and 3) correlations with clinical measures of disease activity. (E) Heatmap of (J)DM and EF patients with
different disease states based on normalized expression of core activity-related analytes from figure 2D.
(F-H) Analyte levels in active and paired follow-up samples in EF (F, n=5), (J)DM (G, n=24) and LoS (H, n=10). (J)
DM = (juvenile) dermatomyositis, EF = eosinophilic fasciitis, LoS = localized scleroderma.
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Figure 2. Relation of biomarker profiles with disease activity in CICTD diseases.
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CHAPTER 5

Homeostasis of angiogenic systems

To identify disturbances in the angiogenic homeostasis, we focused on the two important
angiogenesis-regulating Ang-Tie and VEGF-PIGF-VEGFR systems. Under homeostatic
conditions, the activation of the Tie-1/Tie-2 receptor complex by its ligand Ang-1is key
for endothelial proliferation and survival. Under inflammatory conditions however, this
interaction is antagonized on multiple levels by 1) cleavage of Tie-1, destabilizing the
receptor complex, 2) induction of the antagonistic alternative Tie receptor ligand Ang-2,
and 3) release of the soluble decoy receptor Tie-2. These inflammation-induced changes
can compromise vascular integrity (figure 3A).2%2% In active (JJDM and EF, Ang-2 levels
were more than twofold increased compared to inactive disease, whereas Ang-1 levels
were not significantly changed (figure 3B and C). The Ang-2/Ang-1 ratio, representing the
balance of angiostatic over angiogenic signals, was significantly elevated in active (J)DM
(p<0.0001), however unaffected in EF and LoS (figure 3D). Soluble, cleaved Tie-1 was higher
during active than inactive disease (p<0.05; figure 3B and C), especially in (J)DM and EF.
These results indicate that in active (J)DM, and to a lesser extent in EF, homeostatic Ang-
Tie signaling is compromised. The Ang-2/Ang-1 balance in these disease is shifted towards
an anti-angiogenic environment, which is further aggravated by destabilization of the Tie-
receptor complex (figure 3A-B).282°

In the VEGF system, the VEGF receptor ligands VEGF and PIGF induce pro-angiogenic
signaling, which may be antagonized by the soluble decoy receptor sVEGFR1. sVEGFRI1
was significantly increased during active (JJDM and EF compared to controls (p<0.01; figure
3B&C). VEGF was increased during active EF (p=0.0323) and PIGF was increased during
active (J)DM (p<0.0001). These disturbances normalized during inactive disease (figure 3B).
In LoS, none of these components were affected. Taken together, in active (JJDM and EF the
Ang-Tie system is shifted towards an anti-angiogenic balance and the VEGF-PIGF-VEGFR
system is disturbed.

Figure 3. Homeostasis of angiogenic systems.

(A) Schematic representation of angiogenic disturbances in active (J)DM and EF. Under homeostatic
conditions, angiopoietin (Ang)-1 binds to its cell-surface receptor Tie-2 on endothelial cells, which induces
heterodimerization of Tie-2 with its cell-bound co-receptor Tie-1, forming a stable signaling complex leading
to endothelial cell proliferation and survival. In homeostasis, Ang-2 also acts as a Tie-2 agonist. However,
under inflammatory conditions, the ectodomain of Tie-1is cleaved, resulting in and destabilization of the
Tie-2/Tie-1 complex and reduced signaling. Moreover, Tie-1 cleavage inhibits Ang-2 agonist activity, thus
converting its role into a Tie-2 antagonist, reducing endothelial proliferation and survival. Simultaneously,
levels of Ang-2 are increased, whereas Ang-1and surface Tie-2 are decreased in inflammation. Lastly, soluble
Tie-2 can be released during inflammation, acting as a decoy receptor for the angiopoietins. Eventually, the
combination of these changes lead to loss of vascular integrity in inflammation.?4?° (B) Fold change (“FC”)
of median biomarker values in treatment-naive patients compared to inactive disease (left panel, p values
from supplementary table 2) or healthy controls (right panel, p values from supplementary table 1). Multiplicity
adjusted P values of Kruskal-Wallis test are indicated. (C) Tukey boxplots of analytes before start of treatment
(“TN”), during active disease on medication (“AM”) or inactive disease (“Inact”) and in healthy controls (*HC”).
P values of Kruskal-Wallis test are indicated.
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(Figure 3 continued)

As Tie-1 was measured on different ELISA plates for different diseases, values can only be compared within
diseases but not to HC. (D) Dot plots of Ang-2/Ang-1 ratio in treatment-naive patients. P values of Kruskal-
Wallis test with Dunn’ post hoc test are indicated. Dotted line indicates cutoff for normal values set at mean+2
standard deviations of HC. HC = healthy controls, (JJDM = (juvenile) dermatomyositis, EF = eosinophilic
fasciitis, LoS = localized scleroderma. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
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Figure 3. Homeostasis of angiogenic systems.
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CHAPTER 5

Biomarker normalization during inactive disease

In (J)DM and EF, biomarker profiles of patients with inactive disease were more similar to HC
than of patients with active disease (figure 2A-B). To examine whether biomarker profiles
of patients completely normalized during clinically inactive disease, we compared clinically
inactive patients to HC by PCA. Patients with inactive disease were still distinct from HC
(figure 4A). We observed remarkably elevated levels of the 12 analytes shared between (J)
DM and EF in figure 1B: Gal-9, CXCL10, IL-18, TNFR2, CXCL13, CCL19, and VCAM-1 were still
elevated in a subgroup (of up to 59%) of patients in both diseases (figure 4B). Ang-2 was
rather decreased (figure 4B). In addition, patients with inactive (J)DM had significantly lower
CCL27, Fetuin and P-sel than HC (supplementary table 5). 50% of patients with inactive
EF had increased fibronectin, and overall Gal-3 and SPARC were lower than in HC. This
indicates that (a subgroup of) patients with clinically inactive CICTD can still have abnormal
levels of markers indicating interferon-driven inflammation, leukocyte chemo-attraction,
endothelial activation or angiogenic disturbance, possibly indicating continued subclinical
inflammation and/or endothelial dysfunction. The observed differences were not due to
medication effects, since we did not find differences between inactive patients on and off
treatment (data not shown).

DISCUSSION

Vasculopathy is an important hallmark of many CICTD affecting the skin. It is associated with
chronic inflammation and can lead to severe complications, including an increased risk of
cardiovascular eventsM?™ To date, it is unknown how biomarker profiles associated with
vasculopathy compare between different CICTD. Here, we are the first to show that different
interferon-associated, treatment-naive CICTD can be separated based on their biomarker
signatures related to both inflammation and endothelial dysfunction/activation. (JJOM and EF,
characterized by systemic inflammation, showed clear systemic biomarker signatures, with
disease-specific markers such as Gal-9 and CCL18. In LoS, a more localized disease with little
systemic inflammation, subtle biomarker changes were observed as well. Markers shared
among diseases were related to interferon (CXCL10, CCL2), endothelial activation (VCAM-
1), inhibition of angiogenesis (angiopoeitin-2, sVEGFR1) or inflammation/leukocyte chemo-
attraction (CCL19, OSF-2, CXCL13,IL-18,and YKL-40). Remarkably, a subgroup of CICTD patients
showed continued biomarker disturbances during clinically inactive disease, indicating that
an anti-angiogenic interferon-dominated environment and endothelial activation may linger
subclinically and possibly affect long-term outcome and cardiovascular risk.
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*P<0.001, ***P<0.0001. (J)DM= (Juvenile) dermatomyositis, EF = eosionphilic fasciitis.
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Elevated levels of IFN-inducible chemokines CXCL10, CXCL9, and CCL2, which serve
as potent chemo-attractants promoting leukocyte recruitment to inflamed tissues, were
present in the three different CICTD, supporting previous studies.**=# We found higher
circulating levels in (J)DM and EF compared to LoS, reflecting the compartmentalization
of the diseases. These chemokines can be produced within DM muscle and LoS skin,
and their overexpression in DM muscle correlates with the severity of vasculopathy, such
as loss of capillaries.®3444849 Type | interferons can directly exert an angiostatic effect on
endothelial cells,*® or indirectly via induction of e.g. CXCL9, and CXCL10. “®5" Moreover,
the type | IFN signature has been associated with endothelial (progenitor cell) dysfunction
and a higher risk of cardiovascular events in SLE, SSc and DM.24-26:52-54 Gal-9 and CXCL10
have been recently validated as biomarkers for (J)DM and in the current study high levels
of Gal-9 were found to be (J)DM specific.#® Although the effects of Gal-9 on endothelial
cells are largely context-dependent, at higher concentrations direct angiostatic effects
have been demonstrated.®® Thus, the observed presence of interferon-related biomarkers
during active and even inactive disease, may indicate that an anti-angiogenic environment
is present in patients with CICTD for a prolonged period.

Also IL-18, one of the core cytokines upregulated in all three CICTD, has been shown
to induce endothelial progenitor cell dysfunction in SLE,*® correlates with intima media
thickness and severity of coronary atherosclerosis in the general population,®”®® and is
predictive of cardiovascular mortality.5%°

In line with previous observations, soluble adhesion molecules (ICAM-1 and VCAM-1)
were increased in active (and inactive) DM, EF and to a lesser extent in LoS,*"%* reflecting
increased surface expression on endothelial cells as described in DM muscle and skin of SSc
patients.5*¢5-¢7 Elevated adhesion molecule expression may enhance leukocyte migration
into tissues, perpetuating and/or aggravating local (chronic) inflammation. Increased serum
ICAM-1 and/or VCAM-1 are related to coronary artery calcification, and manifest or future
cardiovascular disease and cardiovascular mortality in SLE,%8¢® and an increased risk of
clinical cardiovascular disease and atherosclerosis in the general population’® These
observations imply that prolonged overexpression of soluble adhesion molecules in CICTD
patients may reflect an increased cardiovascular risk in the long term.

We observed that the Angiopoietin-Tie receptor system was disturbed in active (J)DM and
EF, with high anti-angiogenic Ang-2, disrupting homeostatic Ang/Tie signaling. Also others
have found high Ang-2 in (J)DM, which decreased during treatment’””2 In SSc, similarly
increased Ang-2 levels were described,”*’* being highest in patients with advanced capillary
damage.?”®

Levels of VEGF, PIGF and sVEGFR1 were increased during active (JJDM and EF, which
normalized during treatment. High levels of sVEGFR1 are disruptive for angiogenesis.’®
High serum VEGF, normalizing during treatment, was previously reported in DM, LoS, SLE
and MCTD. 308877-81 Although high levels of the pro-angiogenic molecule VEGF may seem
beneficial for angiogenesis, higher VEGF levels have been associated with more severe
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vasculopathy: increased VEGF correlated with higher intima media thickness in SLE”®, with
lower capillary density in SSc,®2 and with pulmonary arterial hypertension, acrosclerosis
and myositis in MCTD.® In (J)DM, increased VEGF expression in inflamed muscle and
vasculitic lesions correlated with the degree of angiopathy.8%8'8 Similarly, high PIGF was
related to the development of digital ulcers in SSc.®* Taken together, this suggests that in
CICTD vasculature is either unresponsive to increased VEGF or PIGF, that VEGF or PIGF
upregulation may be an insufficient compensatory mechanism, or that vascular morphology
becomes disturbed due to prolonged overexpression 22488586

Together our results suggest that the identified biomarker profiles reflect on multiple levels
a systemic environment of disturbed endothelial function associated with vasculopathy
and increased current and/or future cardiovascular risk, especially in CICTD with systemic
inflammation. This may have important implications for EF, as in these patients an increased
risk of cardiovascular events has not been investigated but may be considerable. In LoS,
the more localized nature with little systemic disturbances may translate into the absence
of an increased cardiovascular risk.®

This study has several strengths. Most importantly, samples were taken before start of
treatment to capture disease-specific biomarker signatures free of medication effects. All
markers and samples were measured simultaneously, enabling us to study their interrelation
in the relevant angiopoietic systems. We were able to include relatively large numbers of
treatment-naive patients, considering the rarity of the diseases, although for some (e.g. EF)
the numbers were still small. Moreover, we collected (paired) follow-up samples to study
the development of biomarker profiles during treatment and inactive disease. It would be
interesting to follow-up the relationship between prolonged elevation of interferon- and
vasculopathy-related markers during clinically inactive disease and the cardiovascular risk
profile, especially in patients with EF for which these implications are still unkown. The
results of this study have to be interpreted keeping in mind the observational nature of the
cohort, with differing sample numbers between diseases, and unmatched controls. Based
on these biomarker data in serum, we can only speculate whether these biomarker profiles
are similarly represented in the tissues, as within affected tissues, biomarker concentrations
may significantly differ from circulating concentrations.

We observed inflammatory and anti-angiogenic biomarker disturbances not only in
treatment-naive patients with (JJDM and EF, but also during treatment and, less pronounced,
during clinically inactive disease. This suggests that even with well-controlled symptoms,
these biomarkers may reflect subclinical inflammation or (mild) endothelial dysfunction. If so,
there may be a window of opportunity to support future treat-to-target treatment strategies
with biomarker profiling, to achieve not only clinical, but also ‘molecular remission’. Such
a definition could be useful in long-term clinical follow-up of both inflammatory and
vasculopathic disease aspects. Moreover, it may warrant the consideration of a targeted
treatment to reduce the anti-angiogenic component in CICTD. For instance, vitamin D has
been proposed to restore myeloid angiogenic cell function by reducing the expression
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of CXCL10.#” Direct targeting of the anti-angiogenic interferon signature by JAK-inhibition
or anti-IFN monoclonal antibodies could also be considered./?® Although endothelial
dysfunction can be reduced by control of inflammation,®® conventional and more general
immunosuppressive therapy which is currently used, often combining prednisone,
methotrexate, hydroxychloroquine or other DMARDs, may not sufficiently target the anti-
angiogenic IFN signature. Other considerations to reduce vasculopathy and concurrent
cardiovascular risk in patients with CICTD may be to ‘hit hard’ at onset of disease, reducing
the duration of active disease as the serum evidence of endothelial dysfunction is most
pronounced in this period. Future studies will have to point out whether a treat-to-target
approach for the vasculopathic component of CICTD may be beneficial in the long term,
by monitoring endothelial dysfunction with established biomarkers for vasculopathy, also
in patients with clinically inactive disease.®° Lastly, we identified several new biomarkers
which highly correlate with clinical disease activity in (JJDM, LoS or EF, including Ang-2,
ICAM-1, Gal-1, TNFR2, CCL2, CCL19, OSF-2 and CCL18.°" These may potentially serve as
novel monitoring tools for disease activity in clinical follow-up.

In conclusion, we have identified disease-specific biomarker profiles in CICTD, which
demonstrated an interferon-driven anti-angiogenic environment conducive to leukocyte
recruitment to inflamed tissues. These biomarker profiles were related to disease activity,
but did not completely normalize during clinically inactive disease. These findings warrant
future studies into monitoring of biomarkers for inflammation and endothelial dysfunction
during clinical follow-up of patients, possibly supporting a treat-to target approach to
minimize cardiovascular risk in the long term.
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SUPPLEMENTARY MATERIAL
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Supplementary figure 1. K-means clustering of analytes by median analyte expression per group.

Biomarkers were mean-centered and scaled. Each dot represents the median expression of an analyte per
disease; bars represent median normalized expression values of analytes in each cluster per disease. Red =
myositis, orange = EF, purple = SMA, blue = LoS , black = HC. HC = healthy controls (n=22), LoS = Localized
scleroderma (n=30), EF = eosinophilic fasciitis (n=8), (JJDM = (juvenile) dermatomyositis (n=33), SMA = spinal
muscular atrophy (n=43).
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Supplementary table 1. Differential expression of analytes between each disease group and healthy

controls.
P value compared to HC
Analyte (J)DM EF LoS SMA
CXCL10 <0.0001 <0.0001 0.0001 0.3196
TNFR2 <0.0001 <0.0001 0.0002 0.7558
Gal-9 <0.0001 <0.0001 0.0007 0.9059
VCAM-1 <0.0001 <0.0001 0.0030 0.8295
CCL19 <0.0001 <0.0001 0.0030 0.0516
CXCL13 <0.0001 0.0001 0.0006 0.0727
IL-18 <0.0001 0.0010 0.0083 0.4079
Ang-2 0.0007 0.0149 0.0428* 0.7558
YKL-40 0.0141 0.0026 01459 0.6596
ICAM-1 0.0052 0.0002 0.0543 0.7558
CCL2 <0.0001 0.0133 0.5175 0.7558
sVEGFR1 <0.0001 0.0062 0.3192 0.7558
OSF-2 <0.0001 0.0050 0.0879 0.3892
TSP-1 <0.0001* 0.0365 0.0568 0.0516
SPARC 0.0016* 0.0199* 0.3092 0.4079
PIGF <0.0001 01679 0.2791 0.9668
Gal-3 0.0239 0.2354 0.8355 0.6596
P-sel 0.0245* 0.3491 0.2995 0.6596
Gal-1 0.0814 0.0003 0.2541 0.4079
Fibronectin 01886 0.0013 0.6384 0.8005
Fetuin 01651 0.0098 0.3742 0.0716
VEGF 0.2044 0.0323 0.2092 0.7558
CCL4 0.3165 0.0432 0.4540 0.9059
CCL18 0.3206 0.0000 0.0003 0.9653
CXCL9 0.4302 0.0007 0.0225 0.4079
CCL17 0.3725 0.0209 0.2930 0.0374
(Continued)
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Supplementary table 1. Differential expression of analytes between each disease group and healthy

controls.
P value compared to HC

Analyte (J)DM EF LoS SMA
™ 0.2921 0.0519 0.3189 0.0355*
CCL22 0.0255 0.4353 0.4746 0.0106
Endoglin 0.4112 0.4735 0.4241 0.0355*
CCL27 0.2501 0.3198 0.0439* 0.0010*
E-sel 0.0942 0.2714 0.4931 0.9059
Ang-1 01565 0.2456 01483 0.0716
PDGF-BB 0.2091 0.3170 0.0868 0.8295
Tie-2 0.4878 01184 0.2505 0.8005
PAI-1 01862 0.3705 1.0000 0.8067
OSM 0.9740 0.4797 0.3397 0.6596
TWEAK 0.3653 0.5325 0.2693 0.9059

Multiplicity-adjusted p values from Kruskall-Wallis test with Dunn’s post hoc test per disease group as
described in methods ((J)DM, EF, LoS) or Mann-Whitney U test with correction for multiple testing by false
discovery rate (SMA). *Lower in disease than in healthy controls. (JJDM = (juvenile) dermatomyositis, EF =
eosinophilic fasciitis, LoS = localized scleroderma, SMA = spinal muscular atrophy.
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Supplementary table 5. Differential expression of analytes between autoimmune disease patients with

inactive disease and healthy controls.

(JJDM EF
Analyte P value Analyte P value
TSP-1 <0.0001* | Fibronectin 0.0035
CXCL13 0.0001 ' Gal-3 0.0080*
CCL27 0.0013* = SPARC 0.0204*
Ang-2 0.0028* | YKL-40 0.0305
Fetuin 0.0049*  Ang-2 0.0309*
IL-18 0.0092 = CXCL10 0.0399
P-sel 0.0234*  Gal-9 0.0463
Gal-9 0.0240 ' VCAM-1 0.0633
CCL22 0.0347 | Endoglin 0.0746
SPARC 0.0537  CCL18 0.0876
CccL17 0.0541 | TNFR2 0.1066
PAI-1 0.0549  IL-18 01247
PIGF 0.0554  E-sel 01387
Fibronectin 0.0572 | P-sel 01585
E-sel 0.0601 | Fetuin 01805
YKL-40 0.0846  sVEGFR1 01887
Gal-1 0.0868 ' VEGF 0.2134
TNFR2 0.0896 = CXCL13 0.2206
SVEGFR1 01248 CCL27 0.2244
PDGF-BB 01475 | CCL22 0.2496
Ang-1 01681 | CCL4 0.2806
VCAM-1 01827 CCL2 0.2836
Endoglin 0.2182 | Ang-1 0.2971
CCL19 0.2209 OSF-2 0.3135
ICAM-1 0.2261 | PIGF 0.3162
CXCL10 0.2275 | ICAM-1 0.3187
CCL2 0.2355 | Tie-2 0.3499
™ 0.2632  CCL19 0.3636
(Continued)
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Supplementary table 5. Differential expression of analytes between autoimmune disease patients with
inactive disease and healthy controls.

(J)DM EF
Analyte P value Analyte P value
VEGF 03013 | T™ 0.3778
Tie-2 0.3405 CcCL17 0.3879
CXCL9 0.3507 TSP 0.4110
Gal-3 0.3650 | CXCL9 0.4134
TWEAK 0.3690 @ PAI-1 0.4440
CCL18 0.4077  PDGF-BB 0.4676
OSF-2 0.4316 = Gal-1 0.4744
CCL4 0.4746 | OSM 0.6125
OsSM 0.5409 | TWEAK 0.9324

Multiplicity-adjusted p values from Kruskall-Wallis test with Dunn’s post hoc test per disease group as
described in methods. *Lower in disease than in healthy controls. (JJDM = (juvenile) dermatomyositis, EF =
eosinophilic fasciitis.
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CHAPTER 6

ABSTRACT

Aims: Preeclampsia is a complex disorder of pregnancy presenting as hypertension and
proteinuria as a result of extensive systemic endothelial dysfunction, and poor development
of the spiral arteries underlying the placenta. However, functional characteristics of
endothelial cells (ECs) within the human placental bed are unknown. Here, we determined
transcriptional profiles of human placental bed ECs in women with severe preeclampsia,
compared to ECs from women with normal pregnancy outcome, in addition to a
comprehensive biomarker panel of systemic of inflammation, endothelial cell function and
activation markers.

Methods & results: Biopsy samples were obtained from the uterus at the site of the placental
bed of five women with severe preeclampsia with fetal growth restriction and four controls
with uneventful pregnancies undergoing Caesarean section. CD31'CD146" ECs were
isolated by enzymatic digestion followed by flow cytometry-assisted cell sorting and RNA-
sequencing using a CEL-Seq2 preparation protocol. Data were analyzed by unsupervised
principal component analysis and hierarchical clustering, gene set enrichment (GSEA)
and standardized pathway analysis. In addition, circulating markers of endothelial function
and systemic inflammation were measured in women with preeclampsia and fetal growth
restriction (N=20) and controls (N=20) by multiplex immunoassay. Transcriptional profiling
showed differentially expressed genes in placental bed ECs (FDR <0.05), with upregulation
of prostaglandin D2 synthase, olfactomedin 1 and interleukin-3 receptor subunit alpha, and
downregulation of serine peptidase inhibitor kazal type 5 and sestrin 3 in preeclampsia.
Pathway analysis of upregulated genes identified enhanced activity of pathways associated
with vasoconstriction, platelet activation and the innate immune response in preeclampsia-
derived placental bed ECs. In addition, GSEA showed a significant enrichment of genes
upregulated in human umbilical vein endothelial cells (HUVECS) treated with PE plasma,
and genes downregulated in HUVEC stimulated with VEGF or PIGF compared to their
unstimulated counterparts, suggestive of a VEGF- and PIGF deprived state in preeclampsia
ECs. Unsupervised clustering of subjects by endothelium-related circulating markers
identified separate profiles for healthy pregnancy and preeclampsia, in particular for those
women with low platelets and elevated liver enzymes. Analytes most contributing to this
were sFLT-1, endoglin, PIGF, leptin, SAA-1 and sICAM-1.

Conclusions: Transcriptional profiling of human placental bed ECs and profiling of circulating
markers reveals involvement of endothelial cell immune activation in women who have
preeclampsia with defective remodeling of spiral arteries.
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INTRODUCTION

Preeclampsia is a serious multisystem vascular disorder characterized by new-onset
hypertension and proteinuria, as well as vascular impairment of many organ systems e.g. the
liver, kidneys, and brain, that affects about 1-5% of women in the second half of pregnancy.
Endothelial cell dysfunction is generally acknowledged as its key pathophysiological
feature! Severe, or early onset, preeclampsia is often associated with fetal growth restriction
(FGR) as a result of insufficient placental function due to underdevelopment of the maternal
arteries supporting placental growth.>® Women who experience preeclampsia are at an
increased risk of arterial disease, including atherosclerosis, ischemic heart disease and
stroke later in life, and preeclampsia is now considered as one of the strongest sex-
specific risk factors for major cardiovascular events in women of a young age.*® The cause
of preeclampsia and the sequence of events leading to the disease is unclear. However,
impaired physiological transformation of the uterine vascular bed underlying the placenta
(i.e. the placental bed), known as spiral artery remodeling, is thought to be the essential first
stage preceding the symptomatic phase of generalized endothelial dysfunction in most
cases.® Spiral artery remodeling is necessary for adequate blood flow to the developing
placenta and fetus, and is histologically characterized by reorganization of vascular wall
components including ECs, smooth muscle cells and the elastic lamina and new formation
of a fibrinous layer within the vessel wall. It has been suggested that intramural invasion and
EC replacement in response to migration of extravillous trophoblasts into the placental bed
is a key mechanism for successful remodeling of spiral arteries.” In preeclampsia and FGR,
spiral artery remodeling is often impaired or absent, leading to altered blood flow to the
placenta. In spiral arteries with defective remodeling, histological signs of loss of EC function
have been observed, e.g. thrombotic lesions and infiltration of foam cells and lipid deposits
into the intimal and medial layer termed ‘acute atherosis’®™ It has been hypothesized that
these processes at the maternal-fetal interface and the generalized maternal endothelial
dysfunction and subsequent hypertension of preeclampsia are linked and result from
the release of inflammatory and antiangiogenic factors into the maternal circulation.?
Similar to other arterial disorders, e.g. during the early stages of atherosclerosis, women
with preeclampsia consistently show increased activation of the systemic inflammatory
response both during pregnancy and in the non-pregnant state, including elevated
levels of C-reactive protein (CRP), interleukin (IL)-6 and IL-8* In addition, endothelial cell
activation is suggested by elevated levels of several endothelial and vascular cell activation
molecules, i.e. E-selectin and sVCAM-1* Specific to preeclampsia are high levels of the anti-
angiogenic factors sFLT-1 and endoglin and low levels of the pro-angiogenic agent PIGF,
which are released in abundance by the placenta, and are thought to contribute to impaired
EC function by sustaining an anti-angiogenic environment.®>® Additionally, the complex
homeostatic balance of vascular tone, which is normally maintained by the endothelium,
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is disturbed, leading to dysregulated and elevated blood pressure®” ECs exposed to
serum from women with preeclampsia show signs of dysfunction in vitro, indicating the
presence of circulating factors involved in systemic endothelial dysfunction.® Furthermore,
women with preeclampsia have an increased risk of future cardiovascular disease, in
particular for atherosclerosis, implying that a vulnerable maternal vascular constitution may
contribute to both disorders by an increased susceptibility to EC dysfunction independent
of pregnancy.*"2°

Due to the practical and technical challenge of getting access to tissue from the human
placental bed and isolating tissue-specific ECs from human tissue for reliable transcriptomic
analysis, little is known about the functional changes of ECs at the maternal-fetal interface
during preeclampsia. Here, we applied flow cytometry assisted cell sorting of ECs for RNA-
sequencing to investigate preeclampsia-induced changes in the transcriptomic profile of
ECs within the human placental bed. We applied cluster and pathway analyses to identify
functional changes in ECs associated with abnormal spiral artery remodeling typical of
preeclampsia and FGR, in addition to circulating markers representative of systemic
inflammation and endothelial activation by multiplex immunoassay.

METHODS

Patient selection and definitions

This study was part of the Spiral Artery Remodeling (SPAR) study. SPAR is a prospective
multicenter study investigating spiral artery remodeling and pathology in women with and
without preeclampsia and/or fetal growth restriction (FGR). Detailed description of the
study design and sampling protocol was previously published! In short, all women with
a clinical indication for a Caesarean section for either preeclampsia or FGR, or both, were
asked to participate in the study. In addition, women who delivered by primary elective
Caesarean section after an uneventful pregnancy and without any major underlying
pathology were enrolled as controls. We defined preeclampsia according to the most
recent definition of the International Society for the Study of Hypertension in Pregnancy,
as new-onset hypertension (>140/90mmHg) after 20 weeks of gestation in combination
with significant proteinuria (>~300mg/24h or protein/creatinine ratio >0.3 mg/mg), maternal
organ dysfunction (i.e. renal insufficiency, liver involvement, neurological or hematological
complications) or the presence of FGR.?' Preeclampsia complicated by HELLP syndrome,
which is considered a more severe form of the same condition, was defined according to
the presence of two or more of the following criteria: hemolysis (defined as serum lactate
dehydrogenase (LDH) >600 U/L and/or haptoglobin 0.3 g/L), elevated liver enzymes (serum
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aspartate aminotransferase (AST) >50 U/L and/or serum alanine aminotransferase (ALT) >50
U/L), and a low platelet count (<100x109/L).>2 FGR was defined as an ultrasonographical
estimated fetal weight or abdominal circumference below the tenth percentile or a reduction
in the standardized growth curves of >20 percentiles.? Placental insufficiency had to be the
suspected cause of preeclampsia and FGR, and cases with confirmed chromosomal and/
or congenital abnormalities were excluded. Further details and definitions used in the study
can be found in our previous publication."

For this study we chose to include women with severe disease on the basis of early-
onset, i.e. onset and delivery of preeclampsia before 34 completed weeks of gestation,
and the presence of FGR as confirmation of the placental origin of the disease. For EC
transcriptomics we included only primiparous women, N=5 with preeclampsia, and N=4
women with healthy pregnancies. For the multiplex immunoassay, we included 20 patients
with severe preeclampsia and FGR with histologically confirmed spiral artery pathology, and
20 healthy women with uneventful pregnancies with histologically confirmed normal spiral
artery remodeling as controls. All patients were delivered by elective Caesarean sections,
without any signs of labour, e.g. contractions or rupture of membranes. All patients provided
written informed consent prior to participation. This study was reviewed and approved by
the Institutional Ethical Review Board of the University Medical Center Utrecht, protocol
reference number: 16-198 and was prospectively monitored for any adverse events.

Placental bed biopsies

After delivery of the neonate and the placenta, as per routine procedures, the placental bed
was manually located and two biopsies of the central placental bed from the inner uterine
myometrial wall were obtained according to a pre-specified protocol published previously."
In addition to the placental bed site, biopsies were taken from the incision site when the
placenta was not situated on this part of the uterine wall.

Isolation of placental bed ECs

The biopsy samples were collected in medium consisting of RPMI 1640 (Gibco)
supplemented with Penicillin/Streptomycin (Gibco), L-glutamine (Gibco) and 10% fetal calf
serum (FCS, Biowest) and minced into pieces of 1 mm? in PBS (Gibco). The biopsies were
enzymatically digested with 1 mg/mL collagenase IV (Sigma) in medium for 60 minutes at
37°C in a tube shaker under constant agitation at 120 rpm. To dissolve the remaining biopsy
pieces after digestion and remove any remaining lumps, the biopsies were pipetted up
and down multiple times and poured over a 100 um Cell Strainer (BD Falcon). Cells were
subsequently washed in staining buffer consisting of cold PBS supplemented with 2% FCS
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and 0.1% sodium-azide (Severn Biotech Ltd.) and filtered through a 70 um cell strainer.
For FACS sorting, the cells were incubated with surface antibodies against CD45, CD31
(PECAM-1), CD146 (MCAM), CD54 (ICAM-1), CD144 (VE-cadherin), CD105 (Endoglin), and
CD309 (VEGFR2) (Supplementary Table 1) for 20 minutes in staining buffer at 4°C, washed
in the same buffer and filtered through a 50 um cell strainer (Filcon, BD). 2000 cells of the
CD45CD31"CD146" cell population were sorted into eppendorfs containing 125 uL PBS on
one of the two available FACSAria™ Il or Ill machines (BD). After sorting, 375 uL Trizol LS
(Thermo Fisher Scientific) was added to each vial and vials were stored at -80°C until RNA
isolation.

RNA isolation

For RNA isolation, vials were thawed at room temperature and 100 uL chloroform was
added to each vial. The vials were shaken well and spun down at 12000g for 15 minutes at
4°C. The aqueous phase was transferred into a new tube and RNA was mixed with 1 ul of
GlycoBlue (Invitrogen) and precipitated with 250 pL isopropanolol. Cells were incubated at
-20°C for one hour and subsequently spun down at 12000g for 10 minutes. The supernatant
was carefully discarded and the RNA pellet was washed twice with 375 uL 75% ethanol.
Vials were stored at -80°C until library preparation.

Whole transcriptome sequencing and data analysis

Low input RNA sequencing libraries from biological sorted cell population replicates were
prepared using the Cel- Seq2 Sample Preparation Protocol? and sequenced as 2 x 75bp
paired-end on a NextSeq 500 (Utrecht Sequencing Facility). The reads were demultiplexed
and aligned to human cDNA reference using the BWA (0.713).2° Multiple reads mapping to
the same gene with the same unique molecular identifier (UMI, 6bp long) were counted as
a single read. RNA sequencing data were normalized per million reads and differentially
expressed genes were identified using the DESeq2 package in R 3.4.3 (CRAN). Genes
with padj<0.05 were considered differentially expressed. For principal component analysis
(PCA), the 1000 most variable genes were used and data were mean-centered per gene.
For pathway analysis with Toppgene Suite, genes with nominal pvalue <0.05 were used.?®

GSEA

For GSEA, we screened published datasets in the GEO NCBI database repository containing
expression profiling data on human ECs, for datasets related to angiogenesis, pregnancy,

196



TRANSCRIPTOMIC PROFILING REVEALS INFLAMMATORY ACTIVATION OF ENDOTHELIUM IN PREECLAMPSIA

endothelial activation, stimulation with hormones or inflammatory mediators, shear stress,
hypoxia, growth patterning and other factors considered relevant in preeclampsia. Gene
sets of 50-500 genes were created from published gene sets based on differentially
expressed genes with P<0.05. GSEA was performed by 1000 random permutations of the
phenotypic subgroups to establish a null distribution of enrichment score against which
a (normalized) enrichment score and nominal pvalues were calculated.?” Gene sets with
p<0.05 were considered statistically significant.

Multiplex immunoassay

Blood was collected in serum tubes within 4 hours before Caesarean section and spun down
at 4000g at 4°C. Serum was stored at -80°C until analysis. The multiplex immunoassay for
67 analytes was performed as described previously, measuring all analytes simultaneously
in 50 pL of serum (XMAP; Luminex).?®¢ Heterophilic immunoglobulins were pre-absorbed
from all samples with HeteroBlock (Omega Biologicals). Acquisition was performed with a
Bio-Rad FlexMAP 3D in combination with xXPONENT software version 4.2 (Luminex). Data
analysis was performed with Bioplex Manager 6.1.1 (Bio-Rad).

Data analysis multiplex immunoassay

Multiplex data were analyzed using GraphPad Prism 7.0, SPSS Statistics 24 (IBM) and R
3.4.3 (CRAN). Out of range values on the lower end were imputed as 0.5x lowest measured
value; out of range values on the upper end were imputed as 2x highest measured value.
Analytes with more than 35% of measured values below the lower or above the upper limit
of detection were excluded from the analyses (Granzyme B, Galectin-7, TRANCE-sRANKL,
MIF, TNFa, IL-4, IL-1RA). For comparisons between two groups, the Mann-Whitney U test
was used, with correction for multiple testing of all 60 analytes by Bonferroni or FDR as
indicated where applicable. For principal component analysis (PCA) and heatmap analysis,
data were mean-centered per analyte. Unsupervised hierarchical clustering was performed
by Ward’s method with Euclidian distance. Random forest analysis was performed via http://
www.metaboanalyst.ca/ with standard settings. Correlations were assessed by spearman
rank correlation. Adjusted p-values <0.05 were considered significant.
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RESULTS

Baseline characteristics

Maternal and pregnancy baseline characteristics for both the EC transcriptomics and the
multiplex immunoassay are presented in Supplementary Table 2 and 3. Two patients with
preeclampsia were excluded from the biomarker analyses due to cross-reactivity with the
multiplex beads, which can lead to false-positive results. One additional preeclampsia case
was excluded when histopathology did not confirm defective spiral artery remodeling.
Baseline characteristics for both analyses were very similar. Women with preeclampsia
were less often of white European descent and were more often obese, with both factors
being known risk factors for the disorder. As expected, preeclampsia was associated with
nulliparity, lower gestational age and birth weight.

Placental bed endothelial cell transcriptomics

CD31"CD146"* ECs isolated from placental bed biopsies and sorted through flow cytometry-
assisted cell sorting, were subsequently successfully prepared for RNA-sequencing by
Cel-Seq2 protocol. High expression of key endothelial genes such as Van Willebrand
Factor, PECAM1 (CD31), MCAM (CD146) endoglin, claudin-5, CCL14, Tiel, CD34, and CTGF
in addition to expression of 65 out of 72 endothelial-specific genes identified by Chi et al.
confirmed endothelial cell identity (Supplementary Figure 1A).2° In addition, the maternal
origin of ECs was confirmed by high expression of the female-specific XIST gene and
absent expression of the male-specific SRY gene in all samples. In addition to overlapping
gene expression signatures which were found between patients with preeclampsia and
healthy pregnancies, we identified five individual differentially expressed genes (Figure 1A),
including three significantly upregulated genes and two downregulated genes associated
with preeclampsia (padj<0.05; Figure 1B). Upregulated genes were prostaglandin D2
synthase (PTGDS), olfactomedin 1 (OFLM1) and IL-3 receptor subunit alpha (IL3RA).
Downregulated genes were serine peptidase inhibitor Kazal type 5 (SPINK5) and sestrin
3 (SESN3). Three additional up- and three downregulated genes were identified with
padj<0.10 (Figure 1B), including nestin. Heatmap analysis comparing expression of the
differentially expressed genes in preeclampsia with healthy pregnant controls is shown in
Figure 1C. In order to perform pathway analysis of upregulated genes in preeclampsia we
lowered the significance threshold (to a nominal p-value <0.05) to study potentially enriched
pathways involved in preeclampsia pathogenesis, and identified 6 significantly enriched
pathways (Figure 1D) related to both innate immune activation and platelet activation
within the transcriptional profile of the placental bed ECs. Comparison of EC transcriptional
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profiles at two sites within the uterus, i.e. the incision and the placental bed site, between
preeclampsia and healthy pregnancy, revealed partially overlapping gene signatures of
upregulated and downregulated genes, including PTGDS and SPINK5 (Supplementary
Figure 1B and 1C). Subsequent GSEA analysis showed significant enrichment of genes
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Figure 1. Transcriptomic profiling of spiral artery endothelial cells from the placental bed, comparing
preeclampsia with FGR and healthy pregnancy.

2000 CD45-CD31+CD146+ endothelial cells were isolated from each biopsy by flow cytometry assisted cell
sorting and RNA was sequenced by CEL-seq2 protocol. (A) Principal component analysis of preeclampsia
cases and healthy controls using the 1000 genes with the highest variance (purple = preeclampsia, green
= healthy controls). Genes were mean-centered. (B) Volcano plot showing differentially expressed genes
with a padj<0.05 (blue) and padj<0.1 (black). (C) Heatmap of differentially expressed genes with a padj<0.1.
Genes were mean-centered and hierarchically clustered by Ward’s method and Euclidian distance. (D)
Pathway analysis in ToppGene Suite on the 617 upregulated genes in preeclampsia compared to healthy
pregnancy with a nominal p- value<0.05. Numbers indicate the number of overlapping upregulated genes in
endothelial cells from preeclampsia samples, compared to the total known genes in the indicated pathway.
Abbreviations: PE, preeclampsia (in this study early onset, in combination with fetal growth restriction); HC,
healthy pregnancy; SPINK5, serine peptidase inhibitor Kazal type 5; SESN3,sestrin 3, KIT, KIT proto-oncogene
receptor tyrosine kinase; SMAD1, Mothers against decapentaplegic homolog 1; PTGDS, prostaglandin D2
synthase; OLFM1, olfactomedin 1; IL3RA, interleukin 3 receptor subunit alpha; NES, nestin; ORAI1, Calcium
release-activated calcium channel protein 1; CKB, creatine kinase B.
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upregulated in human umbilical vein endothelial cells (HUVECS) treated with plasma from
patients with preeclampsia (figure 2A), indicating that circulating factors may partly induce
the transcriptional phenotype observed in placental bed ECs from preeclamptic patients. In
addition, GSEA showed significant enrichment of genes downregulated in HUVEC stimulated
with VEGF or PIGF compared to their unstimulated counterparts, suggesting a VEGF- and
PIGF deprived state in ECs of women with preeclampsia (figure 2B, 2C and 2D). Taken
together, this analysis points towards significant enrichment of EC transcriptional changes
which may be partly due to circulating factors involved in the pathogenesis of preeclampsia.
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Figure 2. Gene set enrichment analysis (GSEA) showing significant enrichment of genes in published
endothelial cell datasets.

GSEA were run for all published datasets with endothelial cells (ECs) stimulated with factors relevant in
preeclampsia. (#1) GSEA with our preeclampsia cases showed significant enrichment for upregulated genes
in HUVECS treated with PE plasma, and genes downregulated in HUVECs stimulated with VEGF (#2,3) or
PIGF (#4).
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Markers of systemic inflammation and EC activation

As the findings of GSEA analysis indicated that the presence or absence of circulating
factors, known to be involved in preeclampsia, may have pathophysiological effects
on EC transcriptomics, we performed biomarker profiling to further elucidate systemic
disturbances of relevant proteins. To determine endothelial-related effects in preeclampsia
we measured markers associated with inflammation, endothelial activation and endothelial
dysfunction during the active disease state of preeclampsia patients compared with
women with healthy pregnancy outcomes. Baseline characteristics are summarized in
Supplementary Table 3. Using a comprehensive panel, we observed clear and distinct
biomarker signatures associated with preeclampsia compared with normal pregnancy by
principal component analysis (Figure 3A), with a similar separation of groups observed
using unsupervised hierarchical clustering, with the exception of five individuals (Figure
3B). No clinical, histological or laboratory parameters could be identified to explain these
exceptions, which merits further investigation. Analytes most contributing to separation of
the two groups were identified as sFLT-1, endoglin and PIGF by random forest analysis,
with an out-of-bag (OOB) error of 0.0 (Figure 3C). Accordingly, the sFLT-1/PIGF ratio was
significantly increased in preeclampsia (Supplementary Figure 2), further confirming the
preeclampsia phenotype. In addition to the sFIt-1/PIGF ratio, which is an established marker
in preeclampsia, we also identified differences in leptin, and the acute phase reactant SAA-1
as highly discriminative factors, supporting the hypothesis that preeclampsia is associated
with a pro-inflammatory phenotype (Figure 3D). This was further confirmed by increased
levels of individual pro-inflammatory proteins IL-6, TNF-R1, and CCL4 in preeclampsia,
as compared to normal pregnant controls (Supplementary Table 4). Levels of endothelial
activation markers sICAM-1 and E-selectin were also significantly higher in preeclampsia
patients, further confirming the presence of systemic endothelial activation (Figure 3D,
Supplementary Table 4).

To further explore heterogeneity within preeclampsia, unbiased analysis within the case
group was performed. PCA and hierarchical clustering separated the case group into
two clusters (Figure 4A and B). Strikingly, review of clinical and biochemical parameters
revealed the presence of the clinically recognized severe preeclampsia phenotype of
HELLP syndrome, in 6 out of 7 cases clustering separately. Analytes most contributing to
this separation of preeclampsia with and without HELLP were identified as Ang-1, PDGF-
BB, RPB4 and Apelin by random forest analysis with an OOB error of 0.294 (Figure 4C).
All of these analytes were lower in patients with HELLP syndrome, which is likely due to
the decreased platelet count in these women (data not shown). In addition, sFLT-1, SAA-1,
adipsin, chemerin, and clusterin were higher in women with preeclampsia complicated by
HELLP syndrome, although this effect was less obvious after adjustment for multiple testing
(Supplementary Table 5).
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Figure 3. Systemic biomarker profiling of markers related to inflammation, endothelial activation and
endothelial dysfunction, comparing preeclampsia with FGR and healthy pregnancy.
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(Figure 3 continued)

Biomarkers were analyzed in serum by multiplex immunoassay. (A) Principal component analysis of
preeclampsia cases and healthy controls using all 60 markers (purple = preeclampsia, green = healthy
controls). Analytes were mean-centered. (B) Heatmap with hierarchical clustering of all 60 markers. Markers
were mean-centered and patients were clustered by Ward’s method with Euclidian distance. (C) Random
Forest analysis with 1000 trees yielding an out-of-bag error of 0.00 and showing the analytes most important
for separation of preeclampsia and healthy groups. Analytes were mean-centered. (D) Scatter dot plots of
sFLT-1, PIGF, Endoglin, Leptin, SAA-1, and sICAM-1. Line represents median; FDR with correction for multiple
testing of 60 analytes is indicated. Mann-Whitney U test. Abbreviations: PE, preeclampsia (in this study
early onset, in combination with fetal growth restriction); HC, healthy pregnancy; Multiplex Immunoassay
abbreviations may be found in the Supplementary Tables.

DISCUSSION

In this study we used state of the art techniques to isolate ECs from the human placental bed
to allow for transcriptomic profiling, comparing pregnancies complicated by preeclampsia
with healthy pregnant controls. To our knowledge, our data provide the first transcriptomic
analysis of human ECs isolated from this highly specialized vascular bed lying within the
uterus at the maternal-fetal interface. We identified at least 5 differentially expressed
genes (PTGDS, OLFM1, IL3RA, SPINK5 and SESN3) and pathways related to innate immune
activation and platelet activation associated with preeclampsia. For two of these, PTGDS
and SPINKS, differential expression was confirmed both at the site of the uterus underlying
the placenta, as well as at a second biopsy site elsewhere in the uterus, suggesting that
some of the transcriptional changes observed in ECs from preeclampsia are confined to
the placental bed while others are present in the entire uterus. While overall transcriptomic
profiling showed similarities between the two groups for individual genes, the pathway
analysis identified distinct signatures associated with the disease. Consistent with other
studies, EC activation and inflammation observed in the placental bed, could be found in
the profiles of several key circulating markers of endothelial activation including the well-
known markers sFLT-1, endoglin and PIGF, as well as markers of inflammation including
SAA-1and leptin, further confirming the preeclampsia phenotype.

Our study provides proof-of-concept data that ECs derived from the placental bed in women
with confirmed pathology of the spiral arteries underlying the placenta, indeed show signs
of altered gene expression similar to endothelial activation and inflammation observed in
other vascular beds. Although these findings need to be followed up in additional experi-
ments, some of the differentially expressed genes have been associated with preeclampsia
in previous studies, and may be considered as plausible candidates for involvement in the
pathophysiology of the disease, as summarized below.
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Figure 4. Systemic biomarker profiling of markers related to inflammation, endothelial activation and
endothelial dysfunction within preeclampsia and a subgroup with HELLP syndrome.
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(Figure 4 continued)

Biomarkers were analyzed in serum by multiplex immunoassay. (A) Principal component analysis of
preeclampsia cases with and without HELLP using all 60 markers (purple = preeclampsia without HELLP,
yellow = preeclampsia with HELLP). Analytes were mean-centered. (B) Heatmap with hierarchical clustering
of all 60 markers. Markers were mean-centered and patients were clustered by Ward’s method with Euclidian
distance. (C) Random Forest analysis with 1000 trees yielding an out-of-bag error of 0.294 and showing
the analytes most important for separation of preeclampsia with and without HELLP syndrome. Analytes
were mean-centered. (D) Scatter dot plots of Ang-1, RBP4, PDGF-BB, and apelin. Line represents median;
nominal p value without correction for multiple testing is indicated. Mann-Whitney U test. Abbreviations: PE,
preeclampsia (in this study early onset, in combination with fetal growth restriction, without HELLP); HELLP,
hemolysis, elevated liver enzymes, low platelets syndrome; Multiplex Immunoassay abbreviations may be
found in the Supplementary Tables.

PTGDS, upregulated in preeclampsia, catalyzes the conversion of prostaglandin H2 to
prostaglandin D2 (PGD2) and is important for inhibition of platelet aggregation, relaxation
and contraction of smooth muscle and reduction of vascular permeability.*°*' ECs are known
to produce PTGDS under shear stress, which is likely present in the case of insufficient
remodeling and high blood pressure in preeclampsia.®*=* PGD2 may be involved in
inflammation through recruitment of T helper (Th) type 2 cells.®® Although many studies show
increased Th1 type and decreased Th2 type immunity in preeclampsia, at least as many
reports demonstrate the opposite®> PTGDS upregulation has been associated with uterine
contraction and spontaneous preterm birth, which may be linked to preeclampsia due to
belief of some that spontaneous preterm birth serves as an internal rescue mechanism
aiming to protect both mother and baby from damaging effects of prolonged preeclamptic
and growth restricted pregnancy.®**-4 Studies on olfactomedin 1 (Olfm-1) in the context
of reproduction are limited. Human recombinant OIfm-1 suppresses the attachment of
spheroids onto endometrial cells and downregulation of Olfm-1 during the receptive period
may favor embryo attachment for successful implantation.*? IL-3RA is a receptor for IL-3. IL-3
was shown to mediate positive signals for embryo implantation and to promote placental
development and fetal growth.®® IL-3RA receptor expression on EC increases migration
of dendritic cells into tissues, which may regulate the Th1/Th2 balance within the decidua
to maintain a Th2-dominant state, which is essential for maintenance of pregnancy.*-6
A pathologic implication of high IL3-RA expression in reproduction has not been reported.
Nestin (NES), a type VI intermediate filament protein known to participate in remodeling of
the cell, was borderline upregulated in preeclampsia. In animal models, NES upregulation
characterizes vascular remodeling secondary to hypertension. In comparison to multiple
other reproductive tissues, NES is most strongly expressed by ECs of newly vascularized
tissues.#*¢ In humans, urinary NES levels are significantly increased in preeclampsia
patients and positively correlate with proteinuria, which is a key feature of the preeclampsia
phenotype.*® The SPINK5 gene, downregulated in ECs from preeclamptic patients, codes
for the protein LEKT1, a serine protease inhibitor. Polymorphisms in SPINK5 have been
associated with hypersensitivity of the immune system, especially in skin (atopy).*® Other
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members of the SPINK family (i.e. SPINK1) have been shown to be highly up-regulated in
decidua of recurrent pregnancy loss and to be predictive of preeclampsia, but no evidence
is available for similar functions of SPINK5.%° Finally, Sestrin 3, which was downregulated in
preeclampsia in our study, reduces the levels of intracellular reactive oxygen species and
is stress-induced.” It is required for normal regulation of blood glucose, insulin resistance,
plays a role in lipid storage in obesity and is associated with increasing severity of coronary
artery disease.5>® SESN3 has not previously been investigated in reproduction.

Pathway analysis of the genes enriched in ECs from preeclampsia identified 6 upregulated
pathways, involving the innate immune system and platelet activation. GSEA indicated that
disturbances in circulating factors, especially related to angiogenesis, may contribute to the
transcriptional changes observed in EC from preeclamptic patients. Systemic biomarker
profiling by multiplex immunoassay confirmed immune activation and a disturbed balance
between angiogenic and angiostatic factors in preeclampsia, which was most pronounced
in patients with low platelets and elevated liver enzymes. These results indicate that
inflammation and disturbed angiogenic signaling is not only present locally, in EC from the
placental bed, but also systemically. Our findings are suggestive of the fact that this anti-
angiogenic state plays a role in the generalized endothelial dysfunction key to preeclampsia,
as well as contributes to the disturbed EC function at the placental bed, which may explain
the increased susceptibility to endothelial cell erosion and lack of endothelial repair
observed in defective spiral artery remodeling.®

Strengths of our study include the use of transcriptomics to investigate ECs from the human
placental bed in patients with pregnancy complicated by severe preeclampsia and controls.
This can only be performed on fresh tissue with 24/7 availability of dedicated clinicians and
laboratory staff, as well as the use of state-of-the-art techniques for isolating very pure
ECs from the placental bed with histologically confirmed defective spiral artery remodeling.
Additionally, we confirmed the preeclampsia phenotype by extensive biomarker profiling
to identify associated systemic markers of inflammation, endothelial dysfunction and
soluble angiogenic factors. Limitations of this study include the limited availability of biopsy
samples per group, which did not allow us to extensively confirm our findings in additional
experiments e.g. immunohistochemistry or at the protein level. In addition, pregnancies
of women with severe preeclampsia generally lead to delivery at an earlier gestational
age than in women with planned Caesarean sections in the control group. In theory, the
alterations in EC function attributed to preeclampsia may partly be influenced by this
difference in gestational age. However, many of the markers we found to be discriminatory,
confirmed the preeclampsia phenotype both at the EC, as well as at the systemic level.

In conclusion, we identified several candidate genes which were differentially expressed
in endothelial cells from the placental bed that have a role in inflammatory response,
vascular function and endothelial dysfunction, in addition to the known signs of generalized
endothelial and inflammatory activation in preeclampsia. Our results underline the
importance of maintaining vascular integrity by appropriate adaptation of ECs to the
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challenges of pregnancy, and contribute to the understanding of the impact of endothelial
health on pregnancy outcome, as well as the similarities in the pathophysiology between
preeclampsia and later-life arterial disease.
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SUPPLEMENTARY MATERIAL

A B
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OLFM1 0.0004 0.1369
IL3RA 0.0072 0.4639
Down in PE

SPINK5 <0.0001 0.0340
SESN3 0.0028 0.3265

Supplementary Figure 1. Endothelial identity and overlap of upregulated and downregulated genes in
placental bed with incision site.

(A) Overlap between 72 endothelium-specific genes published by Chi et al. and all genes with 90th percentile
of normalized expression >2 in endothelial cells from the placental bed (irrespective of preeclampsia or
healthy controls).?° (B) Overlap between upregulated and downregulated genes in preeclampsia compared
to healthy pregnancies in placental bed and incision site, with a nominal p-value <0.05. (C) Pvalue and padj of
differential gene expression between preeclampsia and healthy controls at the incision site, for significantly
differentially expressed genes with a padj<0.05 in placental bed. Abbreviations: PE, preeclampsia (in this
study early onset, in combination with fetal growth restriction); HC, healthy pregnancy; PTGDS, prostaglandin
D2 synthase; OLFM1, olfactomedin 1; IL3RA, interleukin 3 receptor subunit alpha; SPINKS5, serine peptidase
inhibitor Kazal type 5; SESN3,sestrin 3.
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Supplementary Figure 2. Ratio between serum sFLT-1 and PIGF in preeclampsia and healthy pregnancy.
Scatter dot plots of sFLT-1/PIGF ratio.

Line represents median; nominal p-value without correction for multiple testing is indicated and calculated
by Mann-Whitney U test. Abbreviations: PE, preeclampsia (in this study early onset, in combination with
fetal growth restriction); HC, healthy pregnancy; sFLT-1, soluble fms-like tyrosine kinase-1; sICAM, soluble
Intercellular Adhesion Molecule; PIGF, Placental growth factor.

Supplementary Table 1. Antibodies used for flow cytometry assisted cell sorting.

CD marker Name Fluorochrome  Company Catalog no. Clone
CD31 PECAM-1 FITC BD 555445 WM59
CD144 VE-Cadherin PE BD 561714 55-7H1
CD146 MCAM PerCP-Cy5.5 Biolegend 342014 SHM-57
CD309 VEGFR2 Pe-Cy7 Biologend 359912 7D4-6
CD54 ICAM-1 APC BD 559771 HA58
CD105 Endoglin eFluor450 eBioscience 48-1057-42  SN6
CD45 Leukocyte common antigen  Pacific Orange  Life technologies MHCD4530 HI30

Abbreviations: CD, cluster of differentiation; PECAM-1, Platelet-endothelial cell adhesion molecule-1; VE-
Cadherin, vascular endothelial cadherin; MCAM, melanoma cell adhesion molecule; VEGFR2, Vascular
endothelial growth factor receptor 2; ICAM-1, Intercellular Adhesion Molecule 1; FITC, Fluorescein
isothiocyanate; PE, Phycoerythrin, PerCP-Cy5.5, Peridinin-chlorophyll proteins- Cyanine5.5; Pe-Cy7,
Phycoerythrin-cyanine 7; APC, Allophycocyanin.
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Supplementary Table 2. Baseline characteristics for nulliparous women with preeclampsia and healthy
pregnancy included for endothelial cell transcriptional profile comparison.

Healthy control Preeclampsia

n=4 n=5 p-value
General characteristics
Age (years) 35.3(5.3) 28.2(7) 0145
White European (%) 4 (100%) 2 (40.0%) 0.058
BMI (kg/m?) 26.6 (5.5) 281(5.6) 0.699
Obesity (%) 2 (50.0%) 2 (40.0%) 0.764
Smoking (%) 0 (0.0%) 0 (0.0%) n/a
General and obstetric history
Pre-existent hypertension (%) 0 (0.0%) 0 (0.0%) n/a
Pre-existent kidney disease (%) 0 (0.0%) 0 (0.0%) n/a
Pre-existent Diabetes (%) 0 (0.0%) 0 (0.0%) n/a
Nulliparity (%) 4 (100.0%) 5 (100.0%) n/a
Pregnancy characteristics
Early onset (%) n/a 5 (100%) n/a
FGR (%) n/a 5 (100%) n/a
HELLP (%) n/a 2 (40%) n/a
GDM with insulin use (%) 0 (0.0%) 0 (0.0%) n/a
HPP (%) 1(25%) 1(20%) 0.858
Maternal characteristics
Systolic blood pressure (mmHg) 122 (10) 162 (22) 0.010
Diastolic blood pressure (mmHg) 76 (8) 101(9) 0.003
Antihypertensive treatment oral (%) 0 (0.0%) 4 (80.0%) 0.016
Antihypertensive treatment iv (%) 0 (0.0%) 1(20.0%) 0.343
Antepartum MgSO4 iv (%) 0 (0.0%) 4 (80.0%) 0.016
Antepartum CCS (%) 0 (0.0%) 5 (100%) 0.003
Neonatal characteristics
GA at delivery (days) 277 (7) 216 (16) <0.001
Birthweight (grams) 3529 (525) 1135 (338) <0.001
Birthweight <3 percentile (%) 0 (0.0%) 4 (80.0%) <0.001
Fetal sex, male (%) 2 (50%) 3(60%) 0.764

Values are presented as means (standard deviations) or as numbers (%). P-values were calculated by the x?
test for continuous variables and Fisher’s exact test for categorical variables. Abbreviations: BMI, Body Mass
Index; Obesity was defined as an BMI >30kg/m2; FGR, fetal growth restriction; HELLP, Hemolysis Elevated
Liver enzymes Low Platelets syndrome; GDM, gestational diabetes mellitus, HPP, hemorrhage post-partum,
defined as blood loss >1000mL; iv, intravenous; MgSO4, magnesiumsulphate; CCS, corticosteroid treatment;
GA, gestational age (days); n/a; not applicable.
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Supplementary Table 4. Individual marker comparison by multiplex immunoassay between preeclampsia
and healthy pregnancy.

Healthy controls Preeclampsia Corrected
Marker n=20 n=17 Nominal p* p-valuet  FDRf%
SFLT-1 13021(9818) 36593 (10929) <0.001 <0.001 0.000
Endoglin 5322 (2499) 11854 (3664) <0.001 <0.001 0.000
SAA- 611653 (698678) 3370800 (8368350) <0.001 0.001 0.000
PIGF 154 (175) 6 (15) <0.001 0.001 0.000
sICAM 298010 (74524) 424138 (170489) <0.001 0.012  0.002
Leptin 16590 (24017) 45833 (21860) <0.001 0.015 0.003
Fibronectin 3940350 (85956650) 264720000 (252699500) <0.001 0.026  0.004
YKL-40 49269 (31248) 80929 (103123) 0.001 0.043 0.005
TNF-R1 5112 (1609) 6921(2129) 0.001 0.082 0.009
HGF 713 (527) 122 (713) 0.002 0.092 0.009
PAI-1 260281 (169489) 445399 (774301) 0.002 0.096 0.009
Chemerin 21215 (9372) 29814 (14405) 0.002 0125  0.010
sIL-2R 215 (421) 645 (583) 0.002 0148 0.01
CCL4 78 (32) 12 (39) 0.004 0.227 0.016
TIMP-1 221695 (50772) 277035 (103473) 0.006 0365 0.024
IL-6 6(7) 13 (1) 0.007 0.401 0.025
E-selectin 37510 (22478) 63530 (38702) 0.010 0.575 0.032
OPN 31031(9983) 46889 (31280) 0.010 0.575 0.032
CXCL10 316 (196) 439 (180) 0.019 1137 0.060
PDGF-BB 5304 (2909) 8074 (6557) 0.021 1232 0.062
Gal-9 22030 (6233) 26245 (15174) 0.022 1336 0.064
Adipsin 536 (359) 853 (680) 0.026 1562 0.071
IL-10 3(6) 6(9) 0.037 2209 0.096
GP130 42194 (6669) 44972 (7236) 0.046 2753 on4
FABP-4 25018 (12684) 20040 (9522) 0.048 2.856 0114
sIL-6R 25297 (11062) 32534 (11260) 0.051 3.066 ons
sPD-1 441(299) 316 (129) 0.059 3.529 0131
Gal-1 22035 (5283) 25366 (9627) 0100 5989 0.214
(Continued)
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Supplementary Table 4. Individual marker comparison by multiplex immunoassay between preeclampsia
and healthy pregnancy.

Healthy controls Preeclampsia Corrected
Marker n=20 n=17 Nominal p* p-valuet  FDRf%
sVCAM 2641450 (593475) 3175200 (1198850) 0106 6.376  0.220
LAP 4290 (2123) 5201(1938) (OXi[S) 6.986 0.232
TNF-R2 1371(422) 1546 (860) 0120 7207 0.232
Ang-2 2494 (2018) 4489 (6135) 0170 10.215  0.319
VEGF 7 (6) 8(5) 0185 11.091 0335
RBP4 47079500 (6995250) 49048000 (7432500) 0190 1.402 0.335
Gal-3 15908 (10207) 20M5 (14824) 0.235 14.077  0.402
Thrombomodulin 2575 (1384) 2951 (2346) 0.247 14.808  0.411
IL-8 21(37) 28 (16) 0.259 15569  0.421
TWEAK 4314 (1083) 4715 (2219) 0.273 16.355  0.429
SPARC 1804650 (3669059) 681058 (2634289) 0.286 17166 0.429
Fetuin 255200000 250070000 (73740000) 0.286 17167  0.429
(108872500)
Apelin 1824 (1317) 2122 (1143) 0322 19315 0.471
Adiponectin 90217000 (45889250) 110140000 (61881500) 0.345 20.687 0.493
MMP-1 92106 (85164) 75686 (42535) 0.361 21.634 0.503
LAG-3 854 (482) 756 (434) 0.41 24632 0547
Clusterin 197982 (41166) 180935 (60490) 0.41 24635 0.547
sCD163 8483 (6436) 10977 (5644) 0.428 25688 0558
MMP-7 2865 (4093) 2013 (3626) 0.465 27871  0.581
THBS-1 126100000 77871000 (154575000) 0.465 27871 0.581
(125142500)

Ang-1 52821(16822) 47937 (33180) 0.522 31.330 0.639
LIP-2 230467 (449878) 260186 (133947) 0.626 37549 0747
DPP-IV 1065650 (579388) 1139300(648400) 0.648 38.854 0747
MMP-9 31766000 (31350250) 33745000 (27716000) 0.648 38.854 0747
Tie-2 2026 (1417) 1701 (618) 0703 42193 0796
LAIR-1 1331 (517) 1512 (594) 0784 47032  0.871
Cyst C 646181(434890) 724342 (596285) 0.807 48.443  0.881
(Continued)
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Supplementary Table 4. Individual marker comparison by multiplex immunoassay between preeclampsia
and healthy pregnancy.

Healthy controls Preeclampsia Corrected
Marker n=20 n=17 Nominal p* p-valuet  FDRf%
IL-1b 5(5) 5(3) 0.855 51.293 0.900
P-selectin 304331(269833) 287851 (240170) 0.855 51.295 0.900
IL-18 162 (203) 168 (279) 0.903 54178 0934
TRAIL 84 (127) 88 (122) 0.951 57.045 0.964
sCD14 2418500 (1386475) 2267000 (2090233) 0.964 57812  0.964

Values are median concentrations (pg/ml) with interquartile ranges, p-value was calculated with Mann-
Whitney-U tests. *Analytes with more than 35% of measured values below the lower or above the upper limit
of detection. *P-value adjusted for multiple testing by Bonferroni. ¥P-value adjusted for multiple testing by
False Discovery Rate (FDR).

Abbreviations: FDR, false discovery rate; sFLT-1, soluble fms-like tyrosine kinase-1; SAA-1, serum amyloid
Al; PIGF, placental growth factor; sICAM, soluble Intercellular Adhesion Molecule; YKL-40, human cartilage
glycoprotein 39; TNR-R1, tumor necrosis factor-receptor 1, HGF, hepatocyte growth factor; PAI-1, plasminogen
activator inhibitor-1; sIL-2R, soluble interleukin-2 receptor; TIMP-1, Tissue Inhibitor of Metalloproteinase 1;
IL-6, interleukin 6; OPN, osteopontin; PDGF-BB, Platelet-derived growth factor subunit B; Gal-9, galectin 9;
IL-10, interleukin 10; GP130, glycoprotein 130; FABP-4, Fatty acid-binding protein 4; sIL-6R, soluble interleukin
6 receptor; sPD-1, soluble programmed cell death protein 1, Gal-1, galectin 1; sVCAM, soluble Vascular
cell adhesion protein; LAP, leucine-amino-peptidase; TNF-R2, tumor necrosis factor receptor 2; Ang-2,
Angiopoietin 2; VEGF, vascular endothelial cell growth factor; RBP4, Retinol binding protein 4; Gal-3, galectin
3; IL-8, interleukin 8; TWEAK, TNF (tumor necrosis factor)-related weak inducer of apoptosis; SPARC, secreted
protein acidic and rich in cysteine; MMP-1, matrix metalloprotease 1; LAG-3, Lymphocyte-activation gene 3;
sCD-163, soluble cluster of differentiation 163; MMP-7, matrix metalloprotease 7; THBS-1, Thrombospondin
1; Ang-1, Angiopoietin 1; LIP-2, Lipase 2; DPP-IV, Dipeptidyl peptidase-4; MMP-9, matrix metalloprotease
9; Tie-2, Tyrosine kinase with immunoglobulin-like and EGF-like domains 2; LAIR-1, Leukocyte-associated
immunoglobulin-like receptor 1; Cyst C, Cystatin C; IL-1b, interleukin 1 beta; IL-18, interleukin 18; TRAIL, Tumor
necrosis factor-related apoptosis-inducing ligand; sCD14, soluble cluster of differentiation 14.
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Supplementary Table 5. Individual marker comparison by multiplex immunoassay between women with
preeclampsia with or without HELLP syndrome.

Preeclampsia

Preeclampsia

with HELLP syndrome Corrected
Marker n=9 n=8 Nominal p* p-valuet FDR%
Ang-1 64475 (30089) 32536 (15733) 0.001 0.064 0.064
RBP4 51902000 (4672000) 44490500 (11239000) 0.003 0171 0.086
Apelin 2613 (1764) 1747 (1054) 0.005 0.316 0105
PDGF-BB 10789 (2871) 5552 (3771) 0.009 0.560 0124
sFLT-1 29677 M717) 40018 (6668) 0.012 0.741 0124
P-selectin 361210 (678401) 199624 (212380) 0.012 0741 0124
LIP-2 308570 (235993) 216820 (68172) 0.016 0.969 0138
SAA-1 2152800 (1799600) 10419500 (16176975) 0.021 1.255 0144
Adipsin 609 (652) 992 (148) 0.024 1.419 0144
Clusterin 173716 (31083) 205257 (83254) 0.027 1.613 0144
MMP-9 38172000 (18494500) 15480500 (27122425) 0.027 1.613 0144
PAI-1 329237 (602442) 702866 (873613) 0.034 2.056 0144
IL-10 5(7) 10 (19) 0.043 2.598 0144
LAG-3 693 (284) 955 (343) 0.043 2.598 0144
IL-8 26 (9) 36 (22) 0.043 2.598 0144
Endoglin 10456 (3512) 13188 (2584) 0.043 2.598 0144
Chemerin 24906 (14321) 35253 (8072) 0.043 2.598 0144
THBS-1 181170000 61244500 (92863250) 0.043 2.598 0144
(222636500)
E-selectin 41700(35183) 74198 (42960) 0.054 3.258 0171
GP130 43643(1485) 48886 (7553) 0.068 4.050 0193
sICAM 357172 (195616) 466600 (181756) 0.068 4.050 0193
Gal-1 22128 (8862) 29001 (10229) 0.083 4.996 0.217
Ang-2 2365 (4026) 5696 (7261) 0.083 4.996 0.217
TNF-R1 5749 (1907) 7199 (2544) 0.102 6113 0.235
TNF-R2 1412 (650) 1910 (923) 0102 6113 0.235
LAP 5420 (2165) 4558 (1746) 0.102 6113 0.235
Leptin 51168 (18453) 39824 (22068) 012 6.728 0.249
(Continued)
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Supplementary Table 5. Individual marker comparison by multiplex immunoassay between women with
preeclampsia with or without HELLP syndrome.

Preeclampsia

Preeclampsia

with HELLP syndrome Corrected
Marker n=9 n=8 Nominal p* p-valuet FDR%
Fibronectin 210150000 329035000 0123 7364 0.263
(218089825) (329784250)
TWEAK 5407 (2120) 4317 (735) 0149 8.935 0.298
Tie-2 1699 (697) 2150 (1207) 0149 8.935 0.298
Thrombomodulin 2526 (2500) 3394 (2003) 0178 10.676 0.334
DPP-IV 1073200 (626920) 1258550 (512500) 0178 10.676 0.334
MMP-1 76927 (45814) 67427 (64107) 0.211 12658  0.384
Fetuin 251270000 213730000 (79657500) 0.290 17.390 0.497
(57415000)
TIMP-1 251428 (88968) 281139 (75567) 0.290 17.390 0.497
FABP-4 22066 (11863) 19132 (6272) 0.336 20155 0.530
sVCAM 3028100 (939800) 3379500 (1542825) 0.336 20155 0.530
Adiponectin 91688000 (57801500) 121705000 (66442500) 0.336 20155 0.530
OPN 44073 (18272) 52769 (47517) 0.386 23189  0.580
MMP-7 1999 (2219) 2894 (5488) 0.386 23189  0.580
SPARC 1433700 (2914207) 622578 (1582056) 0.441 26.485 0.646
IL-6 13 (10) 15 (1) 0.501 30.035 0.698
HGF 944 (854) 189 (612) 0.501 30.035 0.698
Gal-3 2015 (13396) 23106 (23100) 0.630 37.826 0.824
sCD14 2543500 (2219787) 2167300 (2068225) 0.630 37.826 0.824
IL-1b 5 (4) 5 (5) 0.665 39.889 0.824
VEGF 8 (4) 6 (6) 0.700 41.998 0.824
IL-18 168 (250) 185 (327) 0.700 42.019 0.824
sIL-2R 645 (642) 717 (574) 0.700 42.019 0.824
CystC 724342 (916234) 727035 (514915) 0.700 42.019 0.824
Gal-9 23763 (16392) 27282 (14181) 0.700 42.019 0.824
CCL4 105 (39) 14 (72) 0.773 46.370 0.875
sPD-1 326 (176) 302 (54) 0.773 46.370 0.875
(Continued)
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Supplementary Table 5. Individual marker comparison by multiplex immunoassay between women with
preeclampsia with or without HELLP syndrome.

Preeclampsia Preeclampsia
with HELLP syndrome Corrected
Marker n=9 n=8 Nominal p* p-valuet FDR%
CXCL10 418 (164) 440 (410) 0.847 50.843 0.924
sCD163 8599 (4445) 11659 (8178) 0.847 50.843 0.924
PIGF 6(14) 4 (16) 0.883 52.963 0.946
sIL-6R 32534(13135) 32003 (10516) 0.923 55398  0.955
LAIR-1 1512 (557) 1482 (693) 0.923 55.401 0.955
TRAIL 88 (101) 65 (154) 0.961 57.683 0.978
YKL-40 80929 (74124) 105167 (126816) 1.000 60.000 1.000

Values are median concentrations (pg/ml) with interquartile ranges, P-value was calculated with Mann-
Whitney-U tests. fP-value adjusted for multiple testing by Bonferroni. ¥P-value adjusted for multiple testing
by False Discovery Rate (FDR).

Abbreviations: HELLP, hemolysis, elevated liverenzymen, low platelets; FDR, false discovery rate; Ang-1,
Angiopoietin 1; RBP4, Retinol binding protein 4; PDGF-BB, Platelet-derived growth factor subunit B; sFLT-1,
soluble fms-like tyrosine kinase-1; LIP-2, Lipase 2; SAA-1, serum amyloid A1, MMP-9, matrix metalloprotease
9; PAI-1, plasminogen activator inhibitor-1; IL-10, interleukin 10; LAG-3, Lymphocyte-activation gene 3; IL-8,
interleukin 8; THBS-1, Thrombospondin 1; GP130, glycoprotein 130; sICAM, soluble Intercellular Adhesion
Molecule; Gal-1, galectin 1, Ang-2, Angiopoietin 2; TNR-R1, tumor necrosis factor-receptor 1; TNF-R2, tumor
necrosis factor receptor 2; LAP, leucine-amino-peptidase; TWEAK, TNF (tumor necrosis factor)-related
weak inducer of apoptosis; Tie-2, Tyrosine kinase with immunoglobulin-like and EGF-like domains 2; DPP-
IV, Dipeptidyl peptidase-4; TIMP-1, MMP-1, matrix metalloprotease 1; Tissue Inhibitor of Metalloproteinase
1; FABP-4, Fatty acid-binding protein 4; sVCAM, soluble Vascular cell adhesion protein; OPN, osteopontin;
MMP-7, matrix metalloprotease 7; SPARC, secreted protein acidic and rich in cysteine; IL-6, interleukin 6;
HGF, hepatocyte growth factor; Gal-3, galectin 3; sCD14, soluble cluster of differentiation 14, IL-1b, interleukin 1
beta; VEGF, vascular endothelial cell growth factor; IL-18, interleukin 18; sIL-2R, soluble interleukin-2 receptor;
Cyst C, Cystatin C; Gal-9, galectin 9; sPD-1, soluble programmed cell death protein 1; sCD-163, soluble cluster
of differentiation 163; PIGF, placental growth factor; sIL-6R, soluble interleukin 6 receptor; LAIR-1, Leukocyte-
associated immunoglobulin-like receptor 1; TRAIL, Tumor necrosis factor-related apoptosis-inducing ligand;
YKL-40, human cartilage glycoprotein 39.
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CHAPTER 7

ABSTRACT

Objectives: Regulatory T cells (Tregs) in tissues show functional adaptation to their
local microenvironment. Here, we investigate the transcriptional adaptation of human
uterine Tregs (uTregs) to the peculiar environment of the maternal-fetal interface during
pregnancy, where Tregs have a crucial role in maintaining immune tolerance against the
semi-allogeneic fetus.

Methods: Placental bed biopsy samples were obtained from women with uncomplicated
pregnancies undergoing primary Caesarean section. Biopsies were enzymatically digested
and CD3'CD4'CD25"CD127 uTregs, blood Tregs (bTregs) and CD4" non-Tregs (Tconv) from
both compartments were isolated by flow cytometry-assisted cell sorting for transcriptomic
profiling.

Results: uTregs showed enhanced expression of Treg signature markers compared to
bTregs, including FOXP3, CTLA4 and TIGIT. The uTreg core signature, defined by genes
specifically upregulated or downregulated in uTreg compared to blreg and uTconv, was
indicative of late-stage effector Treg differentiation and chronic activation with high
expression of immune checkpoints TACI, GITR, TNFR2, OX-40, CD30, 4-1BB, molecules
associated with suppressive capacity (CTLA4, ENTPD1, HAVCR2, IL10, IL2RA, LAG3, LAYN,
LGALS1, PDCD1, TOX2), Treg activation (HLA-DR, CD80, LRRC32), and transcription factors
MAF, PRDM1, BATF, and VDR, as well as downregulated SATBI. uTregs at the maternal-fetal
interface mirrored uTconv Th1 polarization, with high expression of T-bet and CXCR3. uTregs
further had high expression of residency marker CD69 and showed functional adaptation
to their microenvironment with transcriptional characteristics of tissue-resident memory
T cells, and increased expression of several cytokine and chemokine receptors (CCR1,
CXCR6, CCR5, IL-1 receptor family) indicating high responsiveness to environmental cues.
Moreover, their core signature was specifically shared with the specialized transcriptional
profile of tumor-infiltrating Tregs. Remarkably, this highly differentiated effector profile similar
to tumor-infiltrating Tregs was more pronounced at the maternal-fetal interface compared to
a distant uterine tissue site.

Conclusion: uTregs at the maternal-fetal interface specifically acquire a highly differentiated
effector Treg profile similar to tumor-infiltrating Tregs, which is more pronounced even
compared to a distant uterine tissue site. This introduces the novel concept of site-specific
transcriptional adaptation of human Tregs within one organ.
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INTRODUCTION

In the past decade, T cells have been identified in a spectrum of human and murine non-
lymphoid tissues!'? T cells residing in tissues for prolonged periods are thought to serve
as first-line responders to infections. '? These tissue-resident memory T cells (TRM) do
not recirculate and are characterized by expression of signature molecules such CD69,
which prevents their tissue egress!*® TRM adapt to their tissue environments by acquiring
a specialized functional phenotype that depends on micro-environmental cues.®® Also
regulatory T cells (Tregs), which are critical gatekeepers of immune homeostasis," have been
recently identified in various murine and human tissues.?™" Like TRM, Tregs can become
resident and adapt to their microenvironment 241518-20 Tissye-resident Tregs gain a polarized
phenotype compared to circulating Tregs, with functional specialization depending on the
tissue or organ, which is controlled on a transcriptional level 21462122 Although increasing
evidence in mice supports this functional adaptation of Tregs to non-lymphoid tissue
environments,?® studies investigating tissue adaptation of human Treg are still scarce. Only
recently, the first transcriptional profiles of Tregs in healthy human tissues were published.*®
A human tissue environment in which transcriptional adaptation of Tregs has gained
interest due to the important therapeutic implications, is the tumor environment.?* Tumor-
infiltrating Tregs (TITR) have been shown to display a unique and specialized transcriptional
signature,?® which is associated with activation and functional specialization of Tregs at these
sites, including increased suppressive capacity.?>?’ In tissues, and especially in tumors,
Tregs undergo differentiation reminiscent of effector Tregs. Effector Tregs are a subset of
Tregs with potent suppressive capacity, which are characterized by expression of CD45R0O,
and increased CD25, CTLA-4, and HLA-DR.25%" Furthermore, effector Tregs (in tissues and
tumors) express high levels of immune checkpoint molecules OX-40, 4-1BB, GITR, CD30,
TIGIT, ICOS and transcription factors such as PRDM1 (blimp-1) and BATF.2225-2731-34 Effector
Tregs can mirror effector T helper (Th) cell polarization, by acquiring coexpression of FOXP3
with chemokine receptors and transcription factors associated with Th1 (CXCR3, T-bet), Th2
(GATA3, IRF4) or Th17 (RORC, STAT3) differentiation.?2*>3¢, This specific polarization has
been associated with an enhanced suppressive efficacy towards the matching T effector
response 3'35-3239-45 Since most of these insights have been generated in mice, it is still
largely unknown whether these principles also apply to human tissue Tregs. As recently
highlighted by Sharma et al.,*® one of the most interesting, but yet elusive tissue sites for
Treg function in humans is the maternal-fetal interface.

Pregnancy is a mystifying biological process when viewed from an immunological
perspective, as it poses a unique challenge to the maternal immune system.4 While
peripheral immunity against pathogens needs to remain intact*’, the semi-allogeneic
fetus and placenta, which may harbor foreign paternal antigens, have to be tolerized. This
suggests that the maternal immune response is delicately balanced during pregnancy,
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requiring tight regulation especially of the local immune response at the maternal-fetal
interface, while maintaining systemic immune responses.*#%0 The requirement for local
regulation of the maternal immune response is underlined by the fact that human decidual
T cells can recognize and actively respond to fetal cord blood cells.® Accordingly, maternal
Tregs have been shown to be indispensable for successful embryo implantation and
pregnancy outcome in murine pregnancy, as they contribute to maternal-fetal tolerance on
multiple levels.*”5253 Specifically, depletion of maternal Tregs caused pregnancy loss due to
immunological rejection of the fetus.>*** In humans, maternal Tregs have been shown to be
abundantly present in the gravid uterus,>*%2 and normal human pregnancy is characterized
by increased numbers of Tregs in the periphery and at the maternal—fetal interface.56616364
In patients with preeclampsia, a severe hypertensive disorder of pregnancy, and patients
with recurrent miscarriages, Treg numbers are reduced both at the maternal-fetal interface
and in the periphery,375-7% which implies that also in humans local presence of Tregs in the
pregnant uterus is required for successful pregnancy outcome. However, most previous
studies investigating the maternal, uterine immune system in humans have been limited by
the practical challenge of acquiring exclusively maternal material and have therefore made
use of decidua derived from the post-partum placenta, which can be contaminated by fetal
immune cells. Moreover, the functional and transcriptomic profile of human Tregs from the
maternal-fetal interface and its relation to Tregs from other human tissues remains to be
elucidated.

We hypothesize that resident Tregs in the gravid human uterus acquire a specialized
functional profile to effectively regulate the local maternal immune response. Here, we
investigated functional adaptation and specialization of highly purified human, exclusively
maternal, resident uterine Tregs in myometrial biopsies from the maternal-fetal interface. We
performed transcriptomic profiling and functional in vitro assays, as well as flow cytometry to
study their phenotypic heterogeneity on protein level in single cell resolution. Furthermore,
to identify tissue (site)-specific functional adaptation, we compared these Tregs to uterine
Tregs from a distant uterine control site and maternal peripheral blood Tregs, in addition to
the tissue- and site-matched resident CD4* non-Treg T cells. Lastly, we compared the specific
profile of functional adaptation of uTregs to known Treg signatures from other human and
murine tissue sites, including tumors. In short, we identified a functional profile representing
late-stage effector Treg differentiation, chronic activation, and Thl-like polarization, in
uterine Tregs from the maternal-fetal interface, which revealed a remarkable overlap with
tumor-infiltrating Treg signatures. Moreover, this functional adaptation represented not only
local adaptation to the uterine tissue environment, but was specifically pronounced at the
maternal-fetal interface, implying tissue site-specific adaptation within the uterus.
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METHODS

Participants and biopsies

This study is part of the Spiral Artery Remodeling (SPAR) cohort study. Detailed description
of the study set-up and protocol was previously published.”” We included 20 women who
delivered by primary elective Caesarean section, i.e. without contractions or rupture of
membranes, after an uneventful pregnancy and without any major underlying pathology, five
of which were included for transcriptomics of T cell populations, 4 for suppression assays,
and 11 for flow cytometry. The baseline characteristics are provided in supplementary table
1. All patients received study information and signed informed consent prior to participation.
This study was reviewed and approved by the local Institutional Ethical Review Board of the
University Medical Center Utrecht (16-198). One tube of sodium-heparin blood was taken
before Caesarean section. After delivery of the neonate and placenta the placental bed
was manually located and two biopsies of the central placental bed from the inner uterine
myometrial wall were obtained as previously described.” Additionally, biopsies were taken
from the incision site when the placenta was not situated on this part of the uterine wall.

Lymphocyte isolation

Peripheral blood mononuclear cells (PBMC) were isolated from blood diluted 1:1 with basic
medium (RPMI 1640 (Gibco) with Penicillin/Streptomycin (Gibco), L-glutamine (Gibco)), by
ficoll-density centrifugation (GE Healthcare-Biosciences, AB). PBMC were washed in basic
medium with 2% fetal calf serum (FCS, Biowest) and PBS or staining buffer consisting of
cold PBS supplemented with 2% FCS and 0.1% sodium-azide (Severn Biotech Ltd.). The
biopsy samples were collected in basic medium supplemented with 10% FCS and minced
into pieces of 1 mm?in PBS (Gibco). The biopsies were enzymatically digested with 1 mg/mL
collagenase IV (Sigma) in medium for 60 minutes at 37°C in a tube shaker under constant
agitation at 120 rpm. To dissolve the remaining biopsy pieces after digestion and remove
any remaining lumps, the biopsies were pipetted up and down multiple times and poured
over a 100 um Cell Strainer (BD Falcon). Cells were subsequently washed in staining buffer
and filtered through a 70 um cell strainer and prepared for flow cytometry or flow-cytometry
assisted cell sorting.
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Flow cytometry

For flow cytometric experiments without restimulation, PBMC and uterine cells were first
incubated in Fixable viability dye eFluor506 (eBioscience) 1:300 in PBS for 20 min at
4°C, and washed in PBS. For surface staining cells were incubated with the antibodies
shown in supplementary table 2 for 20 minutes in staining buffer at 4°C, and subsequently
washed in the same buffer. Cells were permeabilized with 1 part fixation/permeabilization
concentrate and 3 parts fixation/permeabilization diluent (eBioscience) for 30 minutes at
4°C and subsequently incubated overnight with intracellular antibodies (supplementary
table 2) in 10x diluted Permeabilization buffer (Perm, eBioscience) 4°C. The next day, cells
were washed with Perm and measured on the LSR Fortessa (BD). For intracellular cytokine
measurement, PBMC and uterine cells were first incubated with surface staining, washed,
and then restimulated with 20 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 pg/ml
ionomycin for 4 hours with addition of Monensin (Golgistop, BD Bioscience) during the
last 3.5 hours at 37°C. Afterwards, cells were stained with the viability dye, permeabilized,
intracellularly stained and measured as described above.

Cell sorting

Cells were incubated with surface antibodies (supplementary table 2) for 20 minutes
in staining buffer at 4°C, washed in the same buffer and filtered through a 50 pm cell
strainer (Filcon, BD). For suppression assays, cells of the CD3'CD4'CD25'CD127 cell
population (Tregs) and CD3*CD4*CD25  cell population (Tconv) were directly sorted into
tubes with 500uL FCS on a FACSAria™ Il (BD). For RNA sequencing, 2000 cells of the
CD3'CD4'CD25'CD127 cell population (Tregs) and CD3'CD4'CD25 CD45RA (CD69* from
biopsies, CD69 from blood) cell population (Tconv) were sorted into Eppendorfs containing
125 pL PBS. After sorting, 375 pL Trizol LS (Thermo Fisher Scientific) was added to each vial
and vials were stored at -80°C until RNA isolation.

Suppression assays and cytokine measurement

After sorting, peripheral blood and uterine Tregs and Tconv were washed in PBS and
resuspended in basic medium with 10% human AB serum (Sanquin). Previously isolated and
frozen healthy donor (HC) PBMC were labelled with 2uM CellTrace Violet (ThermoFisher)
as described previously.? Treg or Tconv populations were added to 15.000 HC PBMC at
different ratios and cells were co-incubated for 4 days at 37°C. Supernatants were collected
for cytokine measurement by multiplex assay before cells were stained with surface
antibodies for CD3, CD4 and CD8 as described above and measured on a FACS Canto (BD).
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Whole transcriptome sequencing

For RNA isolation, the vials were thawed at room temperature and 100 pL chloroform was
added to each vial. The vials were shaken well and spun down at 12000xg for 15 minutes
at 4°C. The aqueous phase was transferred into a new tube and RNA was mixed with 1ul of
GlycoBlue (Invitrogen) and precipitated with 250 pL isopropanol. Cells were incubated at
-20°C for one hour and subsequently spun down at 12000xg for 10 minutes. The supernatant
was carefully discarded and the RNA pellet was washed twice with 375 pL 75% ethanol.
Vials were stored at -80°C until library preparation. Low input RNA sequencing libraries
from biological sorted cell population replicates were prepared using the Cel-Seq2 Sample
Preparation Protocol 7 and sequenced as 2 x 75bp paired-end on a NextSeq 500 (Utrecht
Sequencing Facility). The reads were demultiplexed and aligned to human cDNA reference
using the BWA (0.713)/* Multiple reads mapping to the same gene with the same unique
molecular identifier (UMI, 6bp long) were counted as a single read.

Data analysis

RNA sequencing data were normalized per million reads and differentially expressed genes
were identified using the DESeq2 package in R 3.5.1(CRAN), with correction for donor batch.
Genes with adjusted p value (padj)<0.05 were considered differentially expressed. Principal
componentanalysis (PCA) was performed in DESeq2 based on gene expression of all genes.
Pathway enrichment analysis was conducted in Toppgene Suite publicly available online
portal and pathways with Bonferroni-corrected p-values<0.05 were considered statistically
significant’”® For heatmap analysis, gene expression was mean-centered and scaled per
gene and hierarchical clustering was performed with Ward’s method and Euclidian distance.
Gene set enrichment analysis (GSEA’®) was conducted by 1000 random permutations of
the phenotypic subgroups to establish a null distribution of enrichment score against which
a normalized enrichment score and FDR-corrected g values were calculated. Gene sets
were either obtained from provided data in publications or by analyzing raw data using
GEO2R (NCBI tool).”” An overview of used signatures is provided in supplementary table 3.
For flow cytometric data, median fluorescent intensities (MFI) and percentages of positive
cells were analyzed in FlowJo (LLC). For graphic representation, data were analyzed in
GraphPad Prism (GraphPad Software). To assess significance between groups, Two-way
ANOVA with Tukey post hoc test was used and p values<0.05 were considered statistically
significant.
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Figure 1. Tregs at the maternal-fetal interface are bona fide Tregs.
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RESULTS

Uterine Tregs are bona fide suppressive Tregs

The frequency of CD25"FOXP3*regulatory T cells (Tregs) within the CD4* T cell population
was similar between blood and uterine tissue and ranged from 2.5 to 13.5% (supplementary
figure 1A). For transcriptomic analysis, the CD3'CD4'CD25"CD127- population (Tregs) and
CD3"CD4'CD25CD45RA memory T cells (Tconv) were FACS sorted from peripheral blood
and myometrial biopsies from 5 women with uncomplicated pregnancies undergoing
Caesarean section. In myometrium, Tconv were selected for CD69 positivity. The sorting
strategy is shown in supplementary figure 1B. Confirming the maternal origin of the
sorted cells, the female-specific gene XIST was highly expressed in all samples, whereas
transcripts of the male-specific gene SRY were undetectable in all samples, including
pregnancies with male offspring (supplementary figure 1C). Principal component analysis
(PCA) of transcriptomic profiles showed that uterine Tregs (uTregs) from the maternal-fetal
interface are clearly distinct from blood-derived Tregs (bTregs), and that also uterine T conv
(uTconv) and blood-derived Tconv (bTconv) clearly cluster apart (figure 1A). Notably, PC1,
mounting the difference between the cell sources, accounted for >60% of the variance,
whereas PC2, explaining variance between Treg and Tconv populations, accounted for
only 11% of the variance. To assess whether the sorted population of uTregs were bona
fide Tregs, we analyzed enrichment of a published core Treg gene signature’® in uTregs
compared to uTconv and blregs by gene set enrichment analysis (GSEA). Expression of
Treg core signature genes was not only enriched compared to uTconv, but, remarkably,
also more pronounced in uTregs than in blregs, indicating that uTregs are bona fide Tregs
with enhanced expression of Treg core signature genes (figure 1B-C). Indeed, expression
of many Treg markers from the published Treg signature’ was higher in uTreg than bTreg
(figure 1D). Expression of the Treg-identifying molecules FOXP3 and CTLA-4 was confirmed
to be higherin uTregs than bTregs on protein level (figure 1E-G). Also TIGIT, a key checkpoint

(Figure 1 continued)

(A) Principal component analysis of bTregs, bTcony, uTregs and uTconv. (B+C) Gene set enrichment analysis
(GSEA) with published Treg signature gene set 78 comparing uTreg and uTconv (B) and uTreg and blreg (C).
NES = normalized enrichment score. (D) Heatmap of genes in leading edge of GSEA analysis comparing
enrichment of published Treg signature genes in uTregs and bTregs. Expression values were mean-centered
and scaled per gene. (E) Gating strategy of bTregs, uTregs and uTconv. (F) Expression of CTLA-4 in uTregs. (G)
Ex vivo protein expression of core Treg molecules FOXP3, CTLA4, and CD25 measured by flow cytometry.
(H) Ex vivo protein expression of Treg signature molecule TIGIT measured by flow cytometry. () GSEA of
TIGIT+ Treg signature’® (J) Suppression assay assessing cytokine production of anti-CD3 stimulated (or
unstimulated) healthy CD4" T cells in the supernatant by multiplex immunoassay after 4 days of coculture with
healthy donor blregs, maternal bTregs, or uTregs at a 1:8, 1:4 and 1:2 ratio. MFI = median fluorescent intensity.
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Figure 2. The uTreg core signature.
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molecule associated with specialized suppressive function,/® was highly expressed in
uTregs, with the majority uTregs being positive for TIGIT (figure 1H). Consistently, GSEA
showed significant enrichment of a previously identified TIGIT' Treg signature (figure 11).7°
Suppression assays, although technically challenging due to low cell numbers, confirmed
the suppressive potential of uTregs on proliferation and cytokine production of healthy
donor peripheral blood-derived CD4* T cells (Figure 1J and supplementary figure 1D-E). 2
out of 4 uTreg donors showed particularly high suppressive capacity of uTregs on cytokine
production of IL-2, IL-10, IFNy and TNFa, already at a 1:8 (Treg:Tconv) ratio, compared to
bTregs. These results confirm that the sorted uTregs are bona fide functional Tregs, with
enhanced expression of Treg signature genes.

The uTreg signature is indicative of an activated and effector Treg
profile

To investigate the functional adaptation of uTregs to the specific environment of the
maternal-fetal interface, we determined both their functional differentiation and (T helper)
polarization, both of which may be influenced by the tissue environment271€3380-82 Tqg
identify the uTreg-specific transcriptional signature, we assessed their differential gene
expression with both bTregs and uTconv. A large number of genes were differentially
expressed between uTregs and blregs (figure 2A). Differential gene expression analysis
showed significant upregulation of 2062 genes and downregulation of 2075 genes in
uTregs compared to bTregs (padj<0.05). To isolate the uTreg specific signature, we also
compared gene expression between uTreg and uTcony, yielding 469 upregulated and 104
downregulated genes in uTreg compared to uTcony, including the Treg-identifying genes
FOXP3, IL2RA, CTLA4, TIGIT and IKZF2 (padj<0.05; figure 2B) To pinpoint uTreg-specific
genes, we overlapped their differentially expressed genes with bTreg and uTconv (figure
2C). This resulted in 242 genes specifically upregulated (231 after removal of duplicate
genes) and 23 genes specifically downregulated in uTreg compared to both bTreg and
uTconv (supplementary table 4). Among the 23 downregulated genes were ITGAG, IL7R,

(Figure 2 continued)

(A+B) Volcanoplot of differential gene expression between uTregs and blregs (A) or uTregs and uTconv
(B) (C) Venn diagrams yielding genes specifically upregulated (padj<0.05, upper panel) or downregulated
(padj<0.05, lower panel) in uTreg compared to blreg and uTconv. (D) Pathway analysis (ToppGene pathways)
of 242 genes specifically upregulated in uTregs. P-values<0.05 after Bonferroni correction were considered
significant. (E) Heatmap showing gene expression of genes in top 5 pathways and selected downregulated
genes in the uTreg core signature, related to Treg activation or effector differentiation (upper panel), (cytokine)
signaling (middle panel; including downregulated CCR7 and IL7R) and transcription factors (lower panel).
Expression values were mean-centered and scaled per gene. (F). Protein expression of GITR (TNFRSF18),
OX-40 (TNFRSF4), 4-1BB (TNFRSF9), PD-1 (PDCD1), HLA-DR and ICOS. Padj of Two-way ANOVA with Tukey
post hoc test. MFI = median fluorescent intensity; NS = Not significant. .
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CCR7, TTC39C, PLACS, ATF7IP2, ABLIM1, MGAT4A, PRKCB, GIMAPs as well as transcription
factors TCF7, LEF1, and SATBI, indicating late-stage differentiation of Tregs.®*®* Pathway
analysis of the 231 upregulated genes yielded cytokine signaling, TNF receptor signaling,
and glycolysis as important upregulated pathways (figure 2D). Selected genes from the top 5
pathways included molecules related to Treg activation and effector differentiation, such as
immune checkpoints of the TNF receptor superfamily (TNFRSF13B (TACI), TNFRSF18 (GITR),
TNFRSFIB (TNFR2), TNFRSF4 (OX-40), TNFRSF8 (CD30), TNFRSF9 (4-1BB)) and HLA-DR,
CD80, and LRRC32. Also molecules associated with suppressive capacity (CTLA4, ENTPD1,
HAVCR2, IL10, IL2RA, LAG3, LAYN, LGALS1, PDCD1,and TOX2) were highly expressed in uTregs
(figure 2E).22% Furthermore, cytokine receptors of the IL-1 and IL-2 family (IL1R1, IL1R2, ILTRAP,
ILIRN, IL2RA, IL2RB) and specific chemokine receptors (CCR1, CXCR6) showed increased
and specific expression in uTregs (figure 2E). Transcription factors that were specifically
upregulated in uTregs included BATF, CEBPB, ETS2, ETV7, HESY, IKZF4, MAF, NFIL3, PRDM,
VDR, and ZBTB32 among others (figure 2E). This transcriptomic profile, and especially high
expression of BATF, PRDM1, and immune checkpoint molecules, reflects previously identified
crucial signatures of effector Treg differentiation and function, especially in tissues 2%323385-87
We confirmed upregulation of the important immune checkpoints associated with effector
Treg differentiation/chronic stimulation GITR, OX-40, 4-1BB, and PD-1, HLA-DR, and ICOS in
uTregs on protein level, which again showed their specifically high levels in uTregs even
compared to uTconv (figure 2F). Since increased expression of many of these genes pointed
towards an activated phenotype, we confirmed this by demonstrating significant enrichment
of published gene sets generated by activating Treg in vitro with TCR stimulation or cytokine
stimulation, in uTregs (supplementary figure 2, supplementary table 3).28-92 Taken together,
these findings indicate that uTreg at the maternal-fetal interface have a highly differentiated
transcriptional signature suggestive of a specialized function with high suppressive capacity
and high responsiveness to environmental cues, which is reflective of late-stage effector
differentiation and chronic activation.

uTregs have a tissue-resident phenotype and share transcriptional
specialization with uTconv

To examine whether uTregs at the maternal-fetal interface represent a resident population
or rather transiently infiltrating cells, we assessed the expression of tissue-residency related
markers and gene signatures. uTregs had a significantly higher gene and protein expression
of key residency molecule CD69 than bTregs and blcony, similar to uTconv (figure 3A-B).
Expression analysis and GSEA with published human TRM signatures showed a pattern of
upregulated and downregulated genes as previously described in CD4" (and CD8") TRM
from the lung and skin (figure 3B-C),*™>% confirming the tissue-resident profile in uTregs
as compared to blregs. To further assess the tissue-specific adaptation of T cells at the
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Figure 3. Tregs at the maternal-fetal interface have a tissue-resident profile.

(A) Gene and protein expression of CD69 in sorted T cell populations. MFI =

median fluorescent intensity.

Two-way ANOVA with Tukey post hoc test. (B) Heatmap of published human core tissue-resident gene
expression* in uTreg compared to bTreg. Expression values were mean-centered and scaled per gene. (C)
Gene set enrichment analysis (GSEA) with published genes identifying human lung CD4" and CD8" TRM
compared to blood memory cells; left panel®®) and genes upregulated in skin CD4* TRM compared to blood
CD4"' T cells (right panel®), in uTregs vs bTregs. NES = normalized enrichment score. (D) Venn diagrams of
upregulated and downregulated genes (padj<0.05) shared between Tregs and CD4* Tconv from the maternal-
fetal interface, compared to their blood-derived counterparts. (E) Pathway analysis (ToppGene pathways) of
the 1074 shared upregulated genes in uTreg and uTconv. P-values<0.05 after Bonferroni correction were

considered significant.
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maternal-fetal interface, we overlapped the genes that were significantly upregulated or
downregulated in uTregs and uTconv compared to their counterparts from blood. The Venn
diagrams in figure 3D show that a large proportion of upregulated and downregulated
genes was shared between uTregs and uTconv (1074 up and 1408 down), which suggests
that the specific tissue environment at the maternal-interface accounts for a significant
part of their adapted transcriptional profile. Pathway analysis demonstrated that shared
upregulated genes were involved in cytokine signaling (figure 3E). Downregulated pathways
were reflective of ribosomal processes involved in RNA translation (supplementary figure
3). Taken together, uTregs have a TRM signature which reflects a shared adaptation to the
tissue environment of the maternal-fetal interface between uTregs and uTconv.

uTregs mirror uTconv Th1 polarization with a predominance of
T-bet'CXCR3" Tregs

Effector Tregs can acquire different T helper phenotypes with coexpression of FOXP3
and lineage-defining transcription factors T-bet (TBX21, Th1), GATA3 (Th2), RORyt (RORC,
Th17), as well as lineage-associated cytokine and chemokine receptors.*® We investigated
whether uTregs and ulTconv underwent a, possibly shared, T helper polarization. uTregs
showed significantly increased expression of Thi-related TBX21 compared to bTreg, which
mirrored the increased expression of TBX21 in uTconv compared to blconv (figure 4A).
Th2-related GATA3 and Th17-related RORC were not significantly differentially expressed
between uTreg and bTreg (and uTconv and bTconv), although RORC showed a trend towards
downregulation, which was confirmed on protein level (Figure 4A-B). Increased expression
of T-bet was also confirmed on protein level, with a 6-87% (median 22%) of uTregs showing
positivity for T-bet (figure 4C-D). Also the Thl-related cytokine receptor IL18R1 was increased
in both uTregs and uTconv compared to their counterparts in blood on gene and protein level
(figure 4E). Investigation of chemokine receptor expression, which is related both T helper
polarization and tissue-specific homing,***® showed that chemokine receptors related to
naive Tregs and lymphoid tissue environments CCR7 and CXCR5 were downregulated in
uTregs compared to blregs, on gene and protein level (figure 4F-G). Chemokine receptors
upregulated in uTregs included CCR2, CCR5, CXCR3, CXCR4, CCR1, and CXCR6 (figure 4F
and H), which largely mirrored expression by uTconv. CCR1 and CXCR6 were particularly
upregulated in uTregs, both previously identified as part of the conserved murine tissue
Treg signature.?’ The Thi-associated CXCR3**° and Th1/inflammation-associated CCR5,%-%°
had significantly higher gene and protein expression in uTregs and uTconv compared to
their counterparts from blood (figure 4F and H). Although the variable percentage of T-bet”
Tregs suggests heterogeneity in uTreg subspecialization, virtually all uTregs (and uTconv)
were positive for CXCR3 (84-100%, median 93%), and the majority expressed CCR5 (22-
83%, median 62%) (figure 4l). Consistent with these findings, a previously published gene
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Figure 4. uTreg and uTconv polarization at the maternal-fetal interface.

(A) Gene expression of lineage-defining transcription factors TBX21 (T-bet), GATA3 (GATA-3), and RORC
(RORVY). P values from differential gene expression analysis. (B-D) Protein expression of RORVyt (B) and T-bet
(C+D). MFI = median fluorescent intensity. P values of two-way ANOVA with Tukey posthoc test. (E) Gene
and protein expression of IL18R1 (IL-18R1). (F) Heatmap showing gene expression of chemokine receptors.
Expression values were mean-centered and scaled per gene. DE = differentially expressed. (G-I) Protein
expression of chemokine receptors downregulated (G) and upregulated (H+l) in uTregs. P values of two-way
ANOVA with Tukey posthoc test. (J) Gene set enrichment analysis with published gene set of CXCR3'T-bet”
Tregs from the pancreas of prediabetic mice,*” comparing uTregs and bTregs. NES = normalized enrichment

score.
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Figure 5. uTregs have a functional profile similar to tumor-infiltrating Tregs.
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signature of T-bet"*CXCR3* Tregs from the pancreas of prediabetic mice was highly enriched
in uTregs compared to bTregs (figure 4J).> In conclusion, uTregs at the maternal-fetal interface
show Th1 polarization mirroring uTcony, with high expression of Thi-related markers T-bet
and CXCR3. Furthermore, uTregs express an array of chemokine receptors, some of which
uTreg-specific and others shared with uTconv, with which they can integrate a variety of
locally produced signals. uTreg and uTconv cells may therefore rely on both unique and
shared cues to guide their migration to and retention at the uterine maternal-fetal interface.

The core uTreg signature from the maternal-fetal interface overlaps
with tumor-infiltrating Treg signatures

uTregs at the maternal-fetal interface displayed profiles of effector Treg differentiation/
chronic activation and Th1 polarization. We wondered whether these highly differentiated
uTregs from the maternal-fetal interface would resemble Tregs from other human and murine
tissue sites or would show a uniquely adapted profile. Well-studied murine tissue Treg
populations include Tregs from visceral adipose tissue (VAT), muscle, and intestines 2132180100
Each population has been shown to display a tissue-specific phenotype with expression of
certain 1) transcription factors, 2) chemokine receptors and 3) preference towards a T helper
(Th) lineage differentiation when compared to spleen Tregs.2372180 Next to these tissue-
specific signatures, a murine PAN-tissue signature, shared by VAT, muscle and intestinal
Tregs, was identified.?

(Figure 5 continued)

(A) Gene set enrichment analysis with a published murine PAN-tissue gene signature,?’ comparing uTregs
and bTregs. (B) Venn diagram showing the numbers of genes upregulated in uTregs compared to bTregs
(padj<0.05) (and genes in the uTreg core signature in parentheses), which are represented in tissue-specific
and tissue-shared published murine gene signatures.?’ VAT = Visceral adipose tissue Tregs. (C) Heatmap
showing the expression of the 59 genes that were part of the murine PAN-tissue signature and upregulated
in uTregs compared to bTregs (padj<0.05).?' Expression values were mean-centered and scaled per gene.
(D) The number of genes shared between the uTreg core signature and published human TITR signatures or
healthy tissue Treg signatures. *1525192-97 Numbers behind bars indicate the number of shared genes out of
the total number of genes in the specific signature. (E) The genes that were most often shared between the
uTreg core signature and human TITR signatures (shared in >3/7 signatures). (E) The genes that were most
often shared between the uTreg core signature and human healthy tissue Treg signatures (shared in >1/3
signatures). (G) Gene set enrichment analysis (GSEA) with published TITR-specific signatures in uTregs vs
bTregs.?>192-97 NES = normalized enrichment score. (H) Heatmap showing expression of genes in the leading
edge of >2/7 GSEA analyses from (G), which were not represented in the uTreg core signature. Expression
values were mean-centered and scaled per gene. (I) GSEA with published gene signatures specific to Tregs
from tumor-tissue compared to the healthy tissue counterpart in uTregs vs bTregs.?®%’ (J) Venn diagrams
showing shared genes between uTregs and genes specifically upregulated in Tregs from tumor-tissue
compared to the healthy tissue counterpart.251%
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GSEA in figure 5A shows that the shared murine PAN-tissue Treg signature was also
strongly enriched in uTregs, again highlighting its generalized expression in tissue Tregs,
apparently even conserved across species. Overlaying significantly upregulated genes
in uTreg (versus bTreg) with the murine tissue-specific or tissue-shared Treg signatures,”
yielded a large amount of shared genes between uTregs and murine VAT-, colon- and
muscle-derived Tregs (figure 5B, numbers in each field represent overlap of the specific
field with significantly upregulated genes in uTreg). 59 genes were shared among all 3
murine tissues and uTregs, including IL1RL1 (receptor for IL-33, ST2), AREG, IL10, IRF4, GZMB,
TNFRSF9, BHLHE40, NR4A1, NR4A3, and CCR2, many of which have been described as
crucial regulators for effector and/or tissue Treg function (figure 5C).2:324085-87101 19 of the 59
genes were even part of the uTreg-specific core signature as defined in figure 2 (CCR1, CXCRE6,
ELL2, FGL2, GEM, IL10, LAPTM4B, SNX9, TNFRSF8, NFIL3, NR4A3, and PRDMI). This indicates
that uTreg display features of tissue adaptation, which are highly conserved across tissues and
species.

In the human setting, the investigation of tissue-derived Tregs, especially from healthy
tissues, has proven challenging, and only limited data are available. To assess how the uTreg
tissue profile compares to other human Treg tissue profiles, we analyzed enrichment of the
three previously published gene sets of significantly upregulated genes in skin, colon and
lung Treg compared to blood Treg (supplementary table 3)M' All three of these signatures
were significantly enriched in uTregs compared to bTregs, indicating that the tissue profile
of uTregs shows similarities with human Tregs from various tissue sites (supplementary
figure 4). Human Tregs infiltrating the unique tissue-environment of tumors (TITR) have been
studied slightly more extensively. Comparison of genes significantly upregulated in uTregs
versus blregs with seven recently published gene signatures of TITR infiltrating a variety
of human tumors (supplementary table 3),2°192797 yielded a remarkable overlap with each
of the TITR signatures with up to 65% shared with uTregs (supplementary table 5). Of the
41 genes that were shared among >4 of the 7 TITR signatures (supplementary table 6), a
notable 31 were also part of the 231 genes in the uTreg core signature. Figure 5D shows the
genes that were shared between the uTreg core signature and each of the TITR signatures
and healthy tissue-derived Treg signatures. Remarkably, 94 (40.7%) of the 231 core uTreg
genes were overlapping with specifically upregulated genes from HCC-infiltrating Tregs,°®
55 with the unique TITR signature identified by De Simone et al,?® 49 with breast cancer TITR
genes,? and 40 with OX-40* Treg from cirrhotic/tumor liver tissue (figure 5D).°¢ Importantly,
the 231 uTreg core signature genes showed less overlap with healthy tissue-derived
Treg specific signatures from human healthy colon, lung and skin. The genes that were
most often shared between uTregs and TITR were IL1R2 (7/7), TNFRSF1B, CTSC, DPYSL2,
LAPTM4B (6/7), TNFRSF4, TNFRSF18, LAYN, IL2RA, ENTPD1, NCF4, SDC4 and CRADD (5/7)
(figure 5E), whereas with healthy tissue-Treg signatures PDGFA was most often shared (3/3)
(figure 5F). GSEA showed that also many of the non-overlapping genes from the published
TITR signatures were significantly enriched in uTreg compared to blreg (figure 5G). Genes
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in the leading edge of >3/7 tumor-specific GSEA analyses that were highly expressed
in uTregs compared to blregs, but not part of the uTreg core (mostly because their high
expression was shared with uTconv), are shown in figure 5H. These included CREB3L2
(6/7) EBI3, GCNT1, ICOS (5/7), ACTA2, ARHGEF12, BCL2L1, CCND2, PRDX3, SLAMF1 (4/7),
CXCR3, CD7, CAECAMI1, CD79B, and MICAL2 (3/7), amongst others. Remarkably, genes
specifically upregulated in breast cancer-infiltrating Tregs compared to Tregs from normal
breast parenchyma and significantly upregulated in colon cancer Tregs compared to
healthy colon Tregs showed a particularly high enrichment in ulregs, suggesting that
uTregs are not just similar to Tregs from breast or colon tissue, but specifically to the highly
differentiated/activated Tregs from the tumor environment (figure 5I).25"7 By overlapping
these cancer-versus-healthy tissue Treg signatures with significantly upregulated genes in
uTregs (versus bTregs), we identified 12 ‘cancer-specific’ genes expressed by uTregs (figure
5J): CD8O, IL1R2, LAYN, MYO7A, TNFRSF4, TNS3, TRAF3, VDR, DUSP4, HSPATA, HSPA1B,
and IFI6. The first 8 of these were also part of the ulreg-specific core signature, again
highlighting the specificity c.g. importance of receptors IL1R2, LAYN, TNFRSF4, CD80 and
transcription factor VDR for human Tregs in a tumor(-like) microenvironment. Also tumor-
specific downregulated genes were shared with the uTreg core signature: CCR7, PLACS,
and TCF7. In conclusion, these results indicate that uTreg from the maternal-fetal interface
have a transcriptional core signature which is shared specifically with the specialized
transcriptional profile of tumor-infiltrating Tregs.

Uterine Tregs show site-specific adaptation

Next we wondered whether uTreg would be merely adapted to the microenvironment
in uterine tissue, or specifically adapted to the tissue site at the maternal-interface. To
investigate this site-specific adaption within one tissue, we compared uTregs from the
maternal-fetal interface, i.e. placental bed (*°uTregs), to uTregs from a distant uterine site,
i.e. the incision site made during Caesarean section ("uTregs). Confirmation of Treg identity
and TRM signature for "uTregs are shown in supplementary figure 5A-F. The differentially
expressed genes between ™uTregs and bTregs were similar to those between P°uTregs
and blregs (figure 6A). Also PCA showed that gene expression profiles of *°uTregs and
"uTregs were rather similar, compared to bTregs (figure 6B). However, direct comparison
of P’uTregs and ™uTregs revealed a substantial difference between the two populations
(figure 6B-C). First, protein expression of the core Treg transcription factor FOXP3 was lower
in "uTregs than PPuTregs, comparable to bTegs (figure 6D). This was not due to ™uTreg
contamination with bTregs, as expression of CD69 was similar between P°uTregs and
n°yTregs (supplementary figure 5D). Protein expression of other core Treg genes CTLA4
and TIGIT was also lower in ™uTregs than PPuTregs (figure 6D). This indicates that PPuTregs,
derived from the maternal-fetal interface, have a more pronounced expression of Treg
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(Figure 6 continued)

(A) Venn diagrams of genes upregulated (left panel) and downregulated (right panel) in both "uTregs and
PuTregs compared to blregs. (B) PCA of bTregs, P°uTregs and ™uTregs. (C) PCA of PuTregs and "uTregs. (D)
Protein expression of FOXP3, CTLA-4, and TIGIT. Padj of Two-way ANOVA with Tukey post hoc test for protein.
Left upper p-value: blood vs placental bed; right upper p-value: placental bed vs incision site; lower p-value:
blood vs incision site. MFI = median fluorescent intensity; NS = Not significant. (E) Volcanoplot of differentially
expressed genes between PPuTregs and "uTregs. (F) Heatmap with previously highlighted genes in this
manuscript which were differentially expressed between P°uTregs and ™uTregs. Expression values were
mean-centered and scaled per gene. (G+H) Protein expression of PD-1(G) and OX-40 (H). Pad] of Two-way
ANOVA with Tukey post hoc test for protein. Left upper p-value: blood vs placental bed; right upper p-value:
placental bed vs incision site; lower p-value: blood vs incision site. MFI = median fluorescent intensity; NS =
Not significant. (I) Gene set enrichment analysis (GSEA) with published TITR -specific signatures in P°uTregs
vs "uTregs.?192-197 NES = normalized enrichment score. (J) GSEA with published gene signatures specific to
Tregs from tumor-tissue compared to the healthy tissue counterpart in P°uTregs vs "uTregs.?*'’ (K) Protein
expression of CCR8, ICOS and GITR. Padj of Two-way ANOVA with Tukey post hoc test for protein. Left upper
p-value: blood vs placental bed; right upper p-value: placental bed vs incision site; lower p-value: blood
vs incision site. MFI = median fluorescent intensity; NS = Not significant. ****P<0.0001, **P<0.001, **P<0.01,
*P<0.05.

signature markers, suggesting enhanced activation/differentiation in comparison with their
uterine counterparts from the incision site. Differential gene expression analysis revealed
576 upregulated and 126 downregulated genes in P°uTregs versus "uTregs (figure 6E). The
heatmap in figure 6F shows a selection of previously highlighted genes in this manuscript
that proved to be differentially expressed between PPuTregs and ™uTregs. These results
suggest that Tregs cannot only adapt to the microenvironment within a certain tissue, but
will specifically adapt to the environmental cues at a specific tissue site. Pathway analysis
showed that upregulated genes P°uTregs versus ™uTregs were related to PD-1 signaling,
cytokine signaling, TCR signaling, and T helper cell differentiation (supplementary figure
5@G). Indeed, PD-1was higher expressed in P°uTregs and ™uTregs on gene and protein level
(figure 6F-G), and GSEA showed enrichment of a TCR-activated Treg signature in P°uTregs
compared to "uTregs (supplementary figure 5H). Furthermore, PPuTreg-specific core genes
associated with effector Treg differentiation including TNFRSF4 (OX-40 protein, figure 6H)
and transcription factors BATF, MAF, PRDM1, and VDR, among others, were significantly
higher expressed in PPuTreg than in ™uTreg (figure 6F), again suggesting that "uTreg show
more pronounced differentiation towards an effector Treg phenotype. Since F°uTregs
appeared to be especially differentiated at the maternal-fetal interface, we assessed
whether the TITR-like profile of PPuTregs was also more pronounced than in "uTregs.
Remarkably, 5 out of 7 tested published TITR signatures were significantly enriched in
PouTregs compared to ™uTregs (P<0.05; figure 6l). More specifically, GSEA with signatures
differentiating between TITR and their counterparts from a matched healthy tissue site,
showed significant enrichment in P°uTregs compared to ™uTregs (figure 6J). CCR8 and
ICOS, which were present in in 6 out of 7 TITR signatures, as well as TNFRSF18 (GITR),
were significantly higher expressed in P°uTregs than in "“uTregs and bTregs on protein level
(figure 6K). CCR8 has been shown to be highly enriched in tumor Treg cells and associated
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with a poor prognosis in several cancers.?>?58 Thus, P°uTregs at the maternal-fetal interface
specifically acquire a highly differentiated effector profile similar to tumor-infiltrating Tregs,
which is more pronounced even compared to a uterine tissue site distant from the maternal-
fetal interface.

DISCUSSION

Here, we demonstrate for the first time that human uterine Tregs have a highly differentiated
transcriptional profile, which is specifically enriched at the maternal-fetal interface and is
reminiscent of the specialized and highly effective profile of tumor-infiltrating Tregs. With
these findings we answer a long-standing question on how Tregs are functionally specialized
at the maternal-fetal interface to modulate local effector T cell responses, preventing an
allo-reaction against the fetus. Moreover, we introduce the novel concept of site-specific
adaptation of Tregs within one organ or tissue. This again substantiates the notion that
Tregs are capable of adapting their transcriptional program driven by micro-environmental
CUGS.Q'WG'QW’QZ

We have demonstrated that uTregs at the maternal-fetal interface display a highly activated
and late-stage differentiated effector profile (as suggested by expression of BATF and
PRDM1, and downregulation of SATB1)3234838486 with increased expression of molecules
associated with enhanced suppressive capacity (CTLA4, ENTPD1, HAVCR2, IL10, LGALSY,
TIGIT) and abundant expression of TNFR superfamily members ((TNFRSF13B (TACI),
TNFRSF18 (GITR), TNFRSFIB (TNFR2), TNFRSF4 (OX-40), TNFRSF8 (CD30), TNFRSF9
(4-1BB)). Also others have found that non-lymphoid-tissue Tregs display an activated
phenotype compared to lymphoid-organ and circulating Tregs,*®8° and both BATF and
the TNFRSF-NF-kB signaling axis have been described as crucial in the survival of Tregs
and maintenance of a stable effector Treg phenotype, especially in tissues 2832338586108 |
is now recognized that Tregs adapt to their tissue environments, with common adaptations
across many tissues, such as increased expression of IL10, ILIRLT (encoding ST2, an IL-
33 receptor subunit), AREG (encoding amphiregulin), CTLA4, TIGIT, BATF and IRF4, and
a low expression of LEF1 and TCF7 compared to lymphoid tissue Tregs, but, importantly,
also tissue-specific signatures 2672 These tissue-specific transcriptomic profiles counter
the notion that tissue Tregs merely have a more activated, effector or memory state than
lymphoid-organ Tregs. Rather, they have a specialized adapted program, likely matching
the specific requirements of a certain tissue site 0772110910

Although site-specific distribution of T cell composition and maturation in the human
intestinal tract has been previously reported," to our knowledge, the concept of site-specific
transcriptional adaptation of Tregs within one tissue or organ is novel, taking into account
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that tumors represent a completely altered tissue and not a different site within the same
organ. We show that uTregs display features suggestive of a high responsiveness to micro-
environmental cues, such as a range of TNF receptor superfamily members and chemokine
receptors. With such a matrix of options to detect signals from the microenvironment, Tregs
are likely able to adjust not only to the tissue or organ of their residence, but even to specific
sites within that tissue, based on the cues provided by surrounding cells. Most likely, the
implantation of the placenta, i.e. the multitude of signals produced by myometrium-invading
trophoblast”? are the primary cues effectuating micro-environmental changes at the
maternal-fetal interface. It has been shown that trophoblast attracts Tregs to the maternal-
fetal interface by production of hCG and CXCL16, the ligand for CXCR6."3"™ Moreover, in
vitro co-culture of HLA-G" extravillous trophoblast with CD4" T cells increased Treg numbers
and the FOXP3 expression level"™" indicating that Tregs may also be locally induced or
expanded by trophoblast. Thus, it is likely that signals produced by invading trophoblast
at the maternal-fetal interface account for at least some of the site-specific transcriptional
adaptations in uTregs.

The T helper response at the maternal-fetal interface has been previously suggested to be
skewed away from a pro-inflammatory Th1 response, to prevent a pathogenic alloreaction
against the fetus, resulting in a Th2 dominant response during the second trimester.
However, during the third trimester, a pro-inflammatory Th1 response was described to
be essential for initiation of labor.(reviewed in*€) In line with this, our findings indicate that
the T helper response in the uterus at term is dominated by Th1 polarization, but that it is
very well-controlled. The highly differentiated population of uTregs at the maternal-fetal
interface appears to be specifically equipped to effectively suppress Th1 responses. Most
importantly, although we observed heterogeneity of T-bet protein expression in uTreg,
CXCR3 expression was remarkably homogeneous, with 84-100% of uTregs being CXCR3".
CXCR3 (and T-bet) expressing Tregs have been shown to be especially adept to suppress
Th1 responses.?>3745% Furthermore, the majority of uTregs expressed TIGIT, OX-40 and/or
CCRS. Tregs expressing TIGIT have been described to preferentially inhibit Th1 and Th17
responses,’® a subpopulation of OX-40 expressing Tregs are thought to differentiate into
Thi-suppressing Tregs,” and also CCR5 expression on Tregs has been associated with
more effective suppression of Th1 responses.®’” Thus, the necessary pro-inflammatory Thi1
response at the maternal-fetal interface at term appears to be controlled by specifically
differentiated and Thi-polarized Tregs. So far, Thi-like Tregs have been described mainly in
inflammatory environments, such as infections, autoimmune diseases and transplantation
reactions,*91"8-120 \whereas tissue-resident Tregs have been mostly characterized as being
Th2-skewed (VAT, muscle)”?' or Th17 skewed (intestines).®® DiSpirito et al. however recently
also identified a subset of T-bet expressing Tregs in muscle and colon,? indicating that they
can be present also in steady-state tissues.

We are the first to study exclusively maternal, myometrial tissue-resident Tregs from the
maternal-fetal interface. Although Tregs at the human maternal-fetal interface have been
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studied previously, investigations had to resort to the use of more easily accessible
decidua, due to the difficulty of acquiring human myometrium. Since decidual tissue is of
fetal origin, it may not only be contaminated with fetal immune cells, but it also does not
allow for studying the unique, and specifically maternal, uterine environment underlying the
placenta, in which the complex process of spiral artery remodeling takes place. The only
publications that we know of investigating FOXP3 expression in actual human placental
bed biopsies demonstrated that the percentage of FOXP3* T cells was significantly
decreased in patients with pre-eclampsia, and FOXP3 mRNA expression was reduced in
endometrial biopsies of infertile women, highlighting the importance of functional Tregs
for a healthy pregnancy.’”?' From human decidual data, it is known that the frequency of
clonally expanded populations of effector Treg cells is increased in decidua of 3 trimester
cases compared to 1 trimester cases.?? Decidual Tregs were found to display a more
pronounced suppressive phenotype than in blood, with increased expression of FOXP3,
CTLA-4, CD25, HLA-DR, ICOS, GITR, and OX-40, which recapitulates our findings.585963123
Very recently, three types of functional regulatory T cells were identified at the human
maternal-fetal interface, of which the CD25"FOXP3* population matches the here studied
population.™ Decidual CD25"FOXP3* Tregs effectively suppressed CD4" and CD8' T cell
proliferation and IFNy and TNFa production. Transcripts identified by gPCR array as specific
for this subset were IL2RA, FOXP3, TIGIT, CD39, LRRC32, ST2, BATF, and CCRS, as well as
increased expression of CCR5, IL10, and GITR compared to blood Tregs,"™ which confirms
our findings of an activated Treg phenotype at the maternal-fetal interface. A previously
published study investigating chemokine receptor expression of CXCR3, CCR4 and CCR6
in decidual Tregs by flow cytometry, showed that CCR6'CXCR3" Th1 cells were increased,
CCR6'CCR4" Th17 cells were nearly absent, whereas CCR4" Th2 frequencies were similar
in blood and decidua,®® which is also in line with our findings. Remarkably, in murine gravid
uterus, CCR5 expression on Tregs was related to suppressive capacity: CCR5" effector
Tregs were more suppressive compared to their CCR5™ counterparts.?* Furthermore, also
in human TITR CCR5 was highly expressed, even specifically compared to the healthy
colon-derived Tregs, and also here CCR5 expression on Tregs correlated with an increased
suppressive capacity??'?® Taken together, this indicates that the here identified activated
phenotype of myometrial uTregs has overlapping characteristics with decidual Tregs.

We observed that uTregs from the maternal-fetal interface are highly responsive to their
micro-environment. They display a peculiar differentiated effector phenotype similar to
TITR, defined by high gene expression of IL1IR2, LAYN, CD80, VDR, and TNFRSF4, amongst
others, with specific enrichment of TITR signatures compared to Treg signatures from
matched, unaffected tissue sites. This observation may be explained by recent insights on
the similarity of the immune environment at the maternal-fetal interface and tumors.*® Both the
receptivity of the myometrium towards implantation of the blastocyst and the invasiveness
of the trophoblast show striking similarities with implantation of tumor metastases in healthy
tissues?6'?” Tumor cells can modulate their immune environment into an anti-inflammatory
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milieu and have been shown to recruit and/or induce suppressor cells among which
high numbers of suppressive Tregs.?®'?° Just as in tumors, a tolerogenic mode of antigen
presentation with indirect allorecognition of low levels of antigens predominates at the
maternal-fetal interface® Also others have reported striking similarities between the early
Treg responses to embryo and tumor implantation.>* And not only Tregs, but also neutrophils
in decidua basalis have been shown to be similar to tumor-associated neutrophils These
findings imply that the micro-environment at the maternal-fetal interface may be a unique
mammalian tissue site that under challenged, but physiological conditions resembles a
tumor micro-environment. The tumor environment represents an actively remodeling tissue
site distinct from a steady-state tissue, with low-grade inflammation, and newly infiltrating/
invading cells. These dynamic characteristics are shared with the maternal-fetal interface
and may account for the unique transcriptional adaptation of Tregs.

Although we observed global changes in gene expression patterns in ulregs, flow
cytometry revealed an expression gradient of many markers across the ulreg population,
suggesting that uTregs consist of a heterogenic population with different stages of
differentiation and possibly sub-specialization. Single cell sequencing techniques and mass
cytometry are indeed starting to reveal the heterogeneity of Treg populations in tissues and
tumors 16:27104105132-134 Tra g heterogeneity may even contribute to their suppressive potential:
IL-35 (encoded by EBI3) and IL-10 expressing heterogeneic Treg subpopulations in the
tumor micro-environment have been recently shown to induce CD8" Tconv exhaustion.®®
Considering the striking similarities between uTreg and TITR and the high expression of IL-
35 and IL-10 in uTregs, this could also be a potential mechanism employed by uTregs at the
maternal-fetal interface, which is in line with a recent report showing partial CD8" effector
dysfunction in the human decidua.®®

A unique strength of our study is that we were able to study a highly specific and pure
maternal Treg cell subset isolated by FACS sorting from human tissue biopsies, of which we
compared the transcriptomic profiles by state of the art low-input CEL-Seq protocol, not only
to their counterpart in blood, but also to a tissue and site-specific Treg control population
and matched Tconv. Moreover, we have validated our key findings on protein level in single
cell resolution by flow cytometry. This revealed that some of the differences found on RNA
level were even more pronounced on protein level. As we were only able to study T cells
from biopsies acquired in term pregnancies, due to the practical limitation of delivery of the
infant and placenta, it would be interesting to investigate term-dependent changes in uTreg
profiles in future studies. It should be taken into account that protocols for tissue digestion
may induce transcriptional changes.™ However, many of the uTreg specific genes identified
here, were previously found not to be affected in human lung-derived Tregs by a tissue
digestion protocol which was similar to but harsher than the isolation method used here
Our findings have important implications. TITR are currently under heavy investigation as
targets in cancer immunotherapy. However, we demonstrate that signatures identified in
TITR are not as unique as previously assumed, and that they may be shared by Tregs with
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specialized functions in other human tissues that may still be unknown. On the other hand,
our results may lead to new targets for cancer immunotherapy, since profiling of Tregs in
a variety of tissues under physiological, but not necessarily steady-state conditions, may
help to identify truly TITR-specific expression patterns. Moreover, increased understanding
of immunoregulatory mechanisms at the maternal-fetal interface during healthy pregnancy
gives not only unique insights into human immunobiology of pregnancy, but also aids to
elucidate the pathological changes in Tregs in pregnancy disorders such as preeclampsia,
fetal growth restriction or recurrent miscarriage, as many studies have pointed towards a role
for Treg defects of deficiency in these disorders 65-67113122138139 | astly, functional adaptation
of human Tregs to different tissues and specific tissue sites is still largely unexplored. The
receptivity of Tregs to their environmental stimuli and subsequent sub-specialization may
be exploited for therapeutic purposes.

In conclusion, we have shown that human Tregs show functional adaptation with tumor-
infiltrating-like features specifically at the maternal-fetal interface, which introduces the
novel concept of tissue site-specific transcriptional adaptation of human Tregs.
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Supplementary figure 1. uTregs derived from the maternal-fetal interface are bona fide maternal Tregs.

(A) Ex vivo frequency of CD25+FOXP3+ cells among CD4+ T cells from blood, maternal-fetal interface (pbU)
and incision site (incU). (B) Sorting strategy for uTregs and uTconv in the uterus. (C) Expression of female-
specific gene XIST in all sorted T cell subsets. (D+E) Suppresssion assay assessing proliferation of healthy
CD4+ T cells by CTV dilution assay, after 4 days of coculture with healthy donor bTregs, maternal bTregs, or
uTregs at a 1:8, 1:4 and 1:2 ratio (n=4).
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Long-term TCR stimulation Short-term TCR stimulation Short-term TCR + IL-2 stimulation
(Sadlon et al., 2010) (Beyer et al., 2009) (He et al., 2012)
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Supplementary figure 2. Enrichment of gene signatures of in vitro activated Tregs.

Gene set enrichment analysis with genes upregulated in Tregs stimulated in vitro with TCR stimulation, IL-2
or TNFa, comparing uTregs and bTregs. #-°? NES = normalized enrichment score.
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Supplementary figure 3. Downregulated pathways shared among uTregs and uTconv

Pathway analysis (ToppGene Suite) of downregulated pathways shared among uTreg and uTconv.
P-values<0.05 after Bonferroni correction were considered significant.
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(Li et al., 2016) (Niedzielska et al., 2018) (Niedzielska et al., 2018)
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Supplementary figure 4. uTregs from the maternal-fetal interface share similarities were human Tregs from
healthy tissue sites.

Gene set enrichment analysis with published genes which are significantly upregulated in tissue Tregs from
healthy skin®®, colon™ or lung™ compared to blood Tregs, in uTregs versus blregs.
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Supplementary figure 5. uTregs from the incision site are bona fide Tregs and have a tissue-resident profile.

(A) GSEA with published Treg signature gene set comparing "uTreg and "uTconv.’® (B+C) Suppresssion
assay assessing proliferation of anti-CD3 stimulated (or unstimulated) healthy CD4" T cells by CTV dilution
assay (C) and cytokine production in the supernatant by multiplex immunoassay (B), after 4 days of coculture
with healthy donor blregs, maternal blregs, or uTregs at a 1:8, 1:4 and 1:2 ratio. (D) Gene expression of
CD69. (E) Heatmap with published human core tissue-resident genes* in ™uTregs vs bTregs (F). Gene set
enrichment analysis (GSEA) with published genes identifying human lung CD4" and CD8" TRM compared to
blood memory cells; left panel®®) and genes upregulated in skin CD4* TRM compared to blood CD4* T cells
(right panel®), in "™uTregs vs bTregs. NES = normalized enrichment score. (G) Pathway analysis (ToppGene
Suite) with 576 genes upregulated in *°uTregs vs "uTregs. P-values<0.05 after Bonferroni correction were
considered significant. (H) GSEA with gene set of upregulated genes in in vitro stimulated Tregs.®? NES =
normalized enrichment score.
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Supplementary table 1. Clinical characteristics of 20 human subjects undergoing caesarian section

Maternal characteristics

Age (years), mean (st.dev) 34 (2.3)
White ethnicity, n (%) 19 (95%)
Gravida (n), mean (st.dev) 2.3(1.0)
Para (n), mean (st.dev) 1.0 (0.7)
Nulliparous, n (%) 4 (20%)
Pregravid BMI (kg/m?), mean (st.dev) 24.4 (5.2)
Neonatal characteristics

Gestation age at birth (days), mean (st.dev) 275 (5)
Birthweight (grams), mean (st.dev) 3535 (480)
Birthweight (percentile), mean (st.dev) 60 (30)
FGR (birthweight <p10), n (%) 0 (0%)
LGA (birthweight >p95), n (%) 2 (10%)
Male sex, n (%) 6 (30%)
Apgar at 5 min post partum, mean (st.dev) 8.7(0.8)
Apgar at 10 min post partum, mean (st.dev) 9.6 (0.9)

Supplementary table 2. Antibodies used for sorting and flow cytometric analysis

Cell sorting

Antibody Fluorochrome  Clone Dilution (x) ~ Catalog no Company

CD69 FITC FN50 25 130-113-523 Miltenyi

CCR7 PE 3D12 25 12-1979-42 eBioscience

CD4 PerCP-Cy5.5 RPA-T4 200 2102650 Sony Biotechnology
CD25 PE-Cy7 M-A251 25 557741 BD

CD127 AF647 HCD127 50 2356590 Sony Biotechnology
CD14 APC-Cy7 MphiP9 200 557831 BD

CD56? PE-CF594 B159 562289 BD

CD45RA PacBlue HI100 200 2120590 Sony Biotechnology
CD3 BV510 OKT3 200 317332 Biolegend

CD45RA BV HI30 400 304050 Biolegend
(Continued)
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Supplementary table 2. Antibodies used for sorting and flow cytometric analysis

Flow cytometry

Surface antibody
CCR5

CCR8

CD134 (OX-40)
CD137 (4-1BB)
CD14

CD25

CD3

CD4

CD56

CD69

CXCR3
CXCR5

GITR

HLA-DR

ICOS

IL18R1

PD-1

TIGIT
Intracellular antibody
CTLA-4
FOXP3

Kie7

RORVvt

T-bet

eBioscience™ Fixable
Viability Dye

Fluorochrome
FITC

PE
PerCP-Cy5.5
APC

V500

BV711
APC-eF780
PE-Cy5
BV510
PE-Cy7
BV605
PerCP-Cy5.5
FITC
PerCP-Cy5.5
APC

FITC

APC
PerCP-eF710
Fluorochrome
PE
eFluor450
AF647

APC
PE-CF594

efluor506

Clone

2D7/CCR5

L263G8

Ber-ACT35

4B41

M5E2

2A3

UCHT1

RPA-T4

HCD56

FN50

GO25H7

TG2/CXCR5

#110416

1243

ISA3

Ha4

MIH4

MBSA43

Clone

BNI3

PCH101

B56

AFKJS-9

04-46

Dilution (x)
25
100
50
50
100
50
400
50
50
50
12.5
200
25
100
25
12.5
12.5
50
Dilution (x)
12.5
50
200
200
25

300

Catalog no
555992
360603
350010
550890
561391
563159
47-0038-42
555348
2191700
557745
2368640
TG2/CXCR5
FAB689F
307630
17-9948-42
N-7183-42
558694
46-9200-42
Catalog no
555853
48-4776-42
558615
17-6988-82
562467

65-0866-14

Company

BD

Biolegend
Biolegend

BD

BD

BD
eBioscience
BD

Sony Biotechnology
BD

Sony Biotechnology
AntibodyChain
R&D
Biolegend
eBioscience
eBioscience
BD
eBioscience
Company

BD
eBioscience
BD
eBioscience
BD

ThermoFisher
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Supplementary table 6. Genes most often shared between 7 tumor-infiltrating Treg signatures

Name # Signatures shared  DE P*uTreg vs bTreg?  DE P°uTreg vs "Treg?  In uTreg core?
IL1IR2 7 Yes No Yes
TNFRSF1B 6 Yes Yes Yes
CTSsC 6 Yes Yes Yes
LAPTM4B 6 Yes No Yes
DPYSL2 6 Yes No Yes
CREB3L2 6 Yes No No
ICOS 6 Yes No No
CCR8 6 No No No
CSF2RB 6 No No No
GLRX 6 No No No
MAGEH!1 6 No No No
ENTPD1 5 Yes Yes Yes
IL2RA 5 Yes Yes Yes
NCF4 5 Yes Yes Yes
SDC4 5 Yes Yes Yes
TNFRSF4 5 Yes Yes Yes
CRADD 5 Yes No Yes
LAYN 5 Yes No Yes
TNFRSF18 5 Yes No Yes
BCL2L1 5 Yes Yes No
GCNT1 5 Yes No No
TIGIT 5 No Yes No
EBI3 5 No No No
F5 5 No No No
FOXP3 5 No No No
GBP2 5 No No No
IKZF2 5 No No No
IL12RB2 5 No No No
TBCID8 5 No No No
ACP5 4 Yes Yes Yes
BATF 4 Yes Yes Yes
ERI 4 Yes Yes Yes
NAMPT 4 Yes Yes Yes
PTTGI 4 Yes Yes Yes
TFRC 4 Yes Yes Yes
(Continued)
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Supplementary table 6. Genes most often shared between 7 tumor-infiltrating Treg signatures

Name # Signatures shared  DE P*uTreg vs bTreg?  DE P°uTreg vs "Treg?  In uTreg core?
TPP1 4 Yes Yes Yes
VDR 4 Yes Yes Yes
CD80 4 Yes No Yes
COL9A2 4 Yes No Yes
IKZF4 4 Yes No Yes
IL1R1 4 Yes No Yes
KAT2B 4 Yes No Yes
LTA 4 Yes No Yes
PTP4A3 4 Yes No Yes
TNFRSF9 4 Yes No Yes
ZBED2 4 Yes No Yes
MRPS6 4 Yes Yes No
SLAMF1 4 Yes Yes No
ARHGEF12 4 Yes No No
CCND2 4 Yes No No
CD7 4 Yes No No
CD79B 4 Yes No No
HTATIP2 4 No Yes No
CARD16 4 No Yes No
SIRPG 4 No Yes No
DFNB31 4 No No No
DUSP16 4 No No No
FCRL3 4 No No No
FLVCR2 4 No No No
GBP5 4 No No No
MYO5C 4 No No No
SYNGR2 4 No No No
TMPRSS6 4 No No No
UGP2 4 No No No
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CHAPTER 8

ABSTRACT

Objectives: Endothelial cells are obligate interaction partners for T cells trafficking into
tissues during inflammation. It is still elusive whether and how noncognate interactions
between activated endothelial cells and T cells influence T cell function.

Methods: Human microvascular endothelial cells (EC) or human umbilical vein endothelial
cells (HUVEC) were stimulated for 3 days with TNFa and/or IFNy. Bulk or subsets of T cells
were FAC-sorted and cocultured with activated EC forup to 7 days. EC and T cell phenotypes
were assessed by flow cytometry. T cell proliferation was measured by CellTrace Violet
dilution assay. Soluble mediators in cultured medium of EC were analyzed by multiplex
immunoassay.

Results: TNFa and/or IFNy stimulated EC expressed increased levels of adhesion molecules
ICAM-1and VCAM-1, and MHC-I and MHC-Il molecules but negligible levels of costimulatory
molecules CD80 and CD86. Coculture of T cells with activated, but not resting, EC induced
CD69 expression without activation (CD25, Ki67) or proliferation. The dynamic of CD69
expression induced by EC was distinct from that induced by cognate antigen recognition,
with rapid induction and rather stable expression up to 7 days of coculture. These effects
could be recapitulated with HUVEC. CD69 induction by activated EC was higher in
memory than naive CD4"and CD8' T cells, and most pronounced in CD8" effector memory
T cells. Early CD69 induction was mostly mediated by IL-15, whereas later effects were
also mediated by interactions with ICAM-1 and/or VCAM-1. Cognate antigen recognition
was not involved, and transmigration did not further enhance CD69 expression by T cells.
CD69'T cells displayed a phenotype associated with tissue-residency, with higher levels of
CD49a, CD103, CXCR®6, PD-1and CD57 than their CD69 counterparts, and downregulation
of CD62L and SIPR1. EC-induced CD69" T cells were poised for high production of pro-
inflammatory cytokines TNFa and IFNy and showed increased expression of T helper 1
transcription factor T-bet.

Conclusion: Activated EC can induce a specialized phenotype in T cells with sustained
CD69 expression, increased cytokine response and a marker profile reminiscent of tissue-
resident memory T cells. Interaction with activated EC during transmigration into inflamed
tissues may be a first event priming T cells for tissue-residency.
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INTRODUCTION

Endothelial cells (EC) play a crucial role in the homeostasis of immune responses. During
tissue inflammation, caused by infection or inflammatory diseases, EC become actively
engaged in response to pro-inflammatory cytokines! Especially the T cell-derived cytokines
IFNy and TNFa are important cues for EC. They can induce the expression of costimulatory
molecules?* and adhesion molecules (VCAM-1, ICAM-1) on EC and increase the secretion of
leukocyte chemo-attractants!®® By elevated expression of chemo-attractant and adhesion
molecules, activated EC recruit leukocytes, among which T cells, to the inflamed tissue
sites and facilitate their transmigration from the circulation into the tissue. This process is
crucial to the surveillance and effector functions of the immune system, such as eradication
of invading pathogens, but can also contribute to the immunopathogenesis of immune-
mediated inflammatory diseases.

Transmigration of immune cells across the endothelium is a complex and slow process,
which is regulated at different stages. First, the migratory capacity of T cells is primed by
antigen recognition in lymph nodes, where T cells become activated by antigen-presenting
cells’=® Typical markers of T cell activation include CD25,° ICOS,"Ki67,° and CD69, an early
marker upregulated within hours after stimulation and associated with subsequent T cell
proliferation.®?® These antigen-experienced T cells are recruited to sites of inflammation
through the chemo-attractants released by activated EC and tissue cells. T cells are captured
from the circulation by interactions of integrins expressed by T cells upon activation, and
both selectins and integrins like ICAM-1and VCAM-1on EC* Subsequently, T cells adhere
to EC and migrate through the endothelial layer into the tissue.?'® Since the process of
transmigration involves prolonged, close interaction between T cells and EC, it is likely
that this process might induce functional changes in transiting T cells that prepare them for
the tissue environment. However, the exact changes induced by noncognate interactions
between EC and T cells are still elusive.

T cells can either transiently pass through tissues to perform their effector function and
subsequently re-enter circulation, or they can become resident and stay in tissues for
prolonged periods, to respond quickly to (re-) infection with a previously encountered
pathogen. These tissue-resident memory T cells (TRM), which were identified as a subset
of effector memory T cells residing in tissues without recirculation, have gained interest
over the past decade due to their specialized characteristics and clinical relevance for
vaccines and cancer immunotherapies.?°-?2 TRM are characterized by high and sustained
expression of CD69,2228 which prevents tissue egress by sequestering sphingosine 1
phosphate receptor 1 (S1PR1) from the cellular surface.?®3° In activated T cells, short-term
expression of CD69 is suggested to temporarily limit egress from lymph nodes, while
constitutive expression, as found in TRM, enables long-term tissue-residency.®" Also in
inflammatory diseases, tissue-infiltrating T cells show increased expression of CD69%2-3* and
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TRM have been implicated in the chronicity of immune-mediated inflammatory diseases.®®
TRMs are poised to rapidly respond to pathogens by secretion of cytokines like IFNy, and
have a decreased turnover rate compared to circulating memory cells.?#3'3¢ Furthermore,
CD49a, CD103, CXCR6, CD57 and PD-1 were described as core markers for TRM, as their
expression patterns best discriminate between CD69" and CD69 cells in different types
of tissues.2*¥=3° Despite the huge efforts made in elucidating human TRM phenotype and
function, key events in induction of the TRM program are still poorly understood. Also the
potential role of the endothelium in the activation of T cells migrating to inflamed tissue sites
is still under discussion.®

We hypothesized that the transmigration through activated endothelium into inflamed
tissues may prime T cells for tissue-residency and initialize the specialized phenotype
of TRM. Here, we used an in vitro coculture system of cytokine-activated EC and highly
purified T cell populations to investigate the effect of EC on T cell activation and phenotype
and elucidate the involved mechanisms.

METHODS

Endothelial cell culture

The human dermal microvascular endothelium cell line (HMEC-1, ATCC) was cultured in
MCDB-131 medium (Life Technologies), supplemented with 10 mM L-glutamine (Gibco), 10 ng/
ml epidermal growth factor (EGF) (Invitrogen), 1 ug/ml hydrocortisone (Sigma), 1% Penicillin
Streptomycin (p/s, Gibco) and 10% fetal calf serum (FCS) (Biowest). Medium was refreshed
every 3-4 days and cells were suspended at confluence, using 0.05% Trypsin (Gibco). All
cell cultures and incubations in this study were performed in a 5% CO2 incubator at 37°C.
For phenotyping, 250.000 HMEC-1 cells were stimulated with 10 ng/ml tumor necrosis factor
a (TNFa, Miltenyi) and/or 10 ng/ml interferon y (IFNy, eBioscience) for three days in 12-wells
plates, to form a confluent layer of stimulated endothelial cells. HMEC-1 were detached
using 0.25 mL trypsin 0.5% EDTA (Life Technologies) and stained with surface antibodies
for flow cytometric analysis (see below).

Lymphocyte isolation
Peripheral Blood Mononuclear Cells (PBMCs) were isolated from fresh healthy donor

blood by Ficoll-Paque™ PLUS (GE Healthcare) density centrifugation. PBMCs were frozen
at -80°C in RPMI 1640 (Gibco) + 1% p/s + 1% L-glutamine (basic medium) supplemented
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with 20% FCS and 10% DMSO (Honeywell), until use. CD3* bulk T cells, CD3" memory
(CD3'CD45RO'CD45RAY) or naive (CD3"'CD45RO CD45RA" T cells, CD8" memory subsets
(CD3'CD8'CD45RACCR7"(CD27")) and HLA-DR*CD14-CD11c* conventional dendritic cells
(cDc) were obtained by fluorescence-activated cell sorting (FACS) of thawed PBMCs in
MACS buffer (phosphate buffered saline (PBS, Gibco) + 2 mM EDTA (VWR chemicals) + 2%
FCS). The four CD8* memory T cell subsets were defined as central memory (CM, CD45RA
CCR7Y), terminally differentiated CD45RA" effector memory (TEMRA, CD45RA'CCR7) and
two subsets of effector memory (EM, CD27* and CD27, both CD45RA CCR7). Cells were
sorted using a FACSAria™ lll cell sorter. For proliferation assays, T cells were labelled with 2
uM celltrace violet (CTV, Life Technologies) and proliferation was assessed by CTV dilution
assay by flow cytometry.

Endothelial cell-T cell coculture

HMEC-1 cells were first grown in culture medium (basic medium +10% FCS) in round-bottom
96-well plates (12.500 cells/well) overnight. HMEC-1 cells were then stimulated with 10
ng/ml TNFa and/or 10 ng/ml IFNy for three days. After three days, TNFa and IFNy were
washed away with PBS and 50.000 sorted T cells were added per well, either with or
without blocking antibodies. In control conditions, T cells were cultured in the absence of
EC (negative control), in the presence of resting EC (negative control) in the presence of
1 ug/mL soluble anti-CD3 or anti-CD3/CD28 human T-activator Dynabeads™ (1:50, Gibco)
and/or 10.000 cDCs (positive controls) as indicated in the figure legends. Samples were
incubated for different time periods up to 7 days as indicated in the figure legends and
protein expression levels were analyzed using flow cytometry (see below). Monoclonal
antibodies blocking interleukin (IL)-15, transforming growth factor B (TGF-f3), ICAM-1, and
VCAM-1 were added to the coculture in different concentrations as indicated. Monoclonal
antibody blocking HLA-ABC was added to the coculture in a concentration of 35 pg/mL.
Details on blocking antibodies are provided in supplementary table 1. To assess the effects
of HMEC-1 cultured medium on T cells, supernatant of cultured HMEC-1 was transferred
to T cells and diluted 1:1 with culture medium. Protein levels of IL-15, TGF-[3, soluble ICAM-
1 and soluble VCAM-1 were analyzed in undiluted HMEC-1 supernatants by multiplex
immunoassay.

Transmigration assay
HMEC-1 cells were grown in the upper wells of 24-wells Transwell® cell culture chambers,

with a Polycarbonate Membrane with 5.0um pores (Costar). Upper wells contained 200
ul culture medium, while lower wells contained 800 ul, to prevent hydrostatic gradients.

301



CHAPTER 8

Endothelial cells were stimulated with TNFa and IFNy as described above. To induce a
chemotactic gradient, lower wells contained culture medium with 10% FCS and 0.44 ng/ml
interferon-inducible protein 10 (IP-10, Peprotech), while upper wells contained CD3* memory
cells (250.000 cells/well) in medium without FCS and IP-10. After one day of incubation,
CD69 expression levels of migrated and non-migrated cells were measured using flow
cytometry. The HMEC-1 cell layer was tested for integrity using a trypan-blue-albumin
complex diffusion assay. In short, 800 pl Hanks’ balanced salt solution (HBSS, Gibco) was
added to the lower wells and 200 pl of a 10 ml HBSS mixture containing 900ul Trypan
Blue (Sigma) and 80mg BSA (Sigma) was added to the upper well. Wells were incubated
for 5 minutes, at room temperature with continuous shaking, and dye leakage to the lower
compartment was assessed with the naked eye, as described previously.*°

Flow cytometry

Viability of all cells was assessed with fixable viability dye eF506 (eBioscience™), by
30 minute staining at 4°C in PBS. Flow cytometry stainings were prepared by adding
fluorochrome-conjugated antibodies to (PBS, Sigma) with 2% FCS and either 0,1% NaN,
(Severn Biotech Ltd.) or 2 mM EDTA. In addition, 2% normal mouse serum (Fitzgerald) was
added to inhibit aspecific antibody-binding by Fcy receptors. Before surface staining, cells
were rinsed twice. Cells were incubated for 20 minutes at 4 °C with the surface antibody
staining and then rinsed twice again. For intracellular and intranuclear staining, cells were
fixated and permeabilized with 1:3 Fixation/Permeabilization concentrate and Fixation/
Permeabilization diluent (Invitrogen) for 30 minutes at 4°C. Intracellular staining was
performed in permeabilization buffer (Invitrogen), at 4°C and for 25 minutes. Expression
levels of secreted cytokines were intracellularly measured after four hours of restimulation
with 20 ng/ml Phorbol 12-myristate 13-acelate (PMA, Sigma) and 1 ug/ml ionomycin (Sigma)
in basic medium supplemented with 10% AB serum (Sanquin) in the presence of 1:1500
diluted GolgiStop (BD bioscience). Cells were subsequently rested for 90 minutes at 37°C.
For optimal measurement of CD69 in PMA/ionomycin stimulated samples, CD69, CD3,
CD4 and CD8 were stained prior to stimulation. Viability and intracellular stainings were
performed after stimulation, as described above. Median fluorescent intensities (MFI) per
sample were measured in FACS buffer using the flow cytometer BD FACSCanto™ Il. Flow
cytometry data were analyzed with FlowJo™ V10 software (FlowJo, LLC). GraphPad Prism
7.02 (GraphPad Software Inc) was used for graphic display of the results.
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RESULTS

Activated EC induce T cell CD69 expression, but not proliferation

To study the effect of the activation state of EC on T cell function, HMEC-1 (from now on
referred to as EC) were stimulated with IFNy and/or TNFa for 3 days. EC stimulated with
IFNy and TNFa expressed high levels of adhesion molecules ICAM-1 and VCAM-1, HLA-DR,
HLA-ABC and CD40, but negligible levels of CD80 and CD86 (supplementary figure 1). Total
CD3" T cells co-incubated with stimulated, but not resting EC, showed increased expression
of early activation marker CD69 (figure 1A and B). Additional activation of T cells by T cell
receptor (TCR) stimulation with soluble anti-CD3 did not further increase CD69 expression
as induced by activated EC. The combination of the cytokines TNFa and IFNy in the absence
of EC did not induce CD69 expression in T cells, indicating that the effect was mediated by
EC. Although co-incubation with activated EC induced CD69 expression, which is usually
associated with subsequent proliferation,*'2” we did not observe T cell proliferation (figure
1C). A control condition with T cells co-incubated with conventional dendritic cells (cDC)
showed that the proliferative capacity of these T cells was intact. Expression of two other
markers associated with T cell proliferation, Ki67 and CD25,° was also low (figure 1D). This
indicates that activated EC induce CD69 expression in T cells, without inducing proliferation
or conventional activation. In all follow-up experiments, T cells in coculture with EC were not
stimulated with anti-CD3.

Activated EC induce a T cell CD69 expression dynamic distinct from
conventional TCR stimulation

To investigate the dynamics of this unusual activation-independent CD69 expression
induced by EC, we assessed its expression over time in CD4" and CD8' T cells. As a control
for conventional TCR stimulation-induced CD69 expression, T cells were stimulated with
anti-CD3/anti-CD28 beads. EC-induced CD69 expression was rapid, showing an increase
already after 2.5 hours, which peaked at 18 hours and maintained a subsequently slightly
lower, but rather stable expression up to 7 days of coculture (figure 2A). Bead-induced
CD69 expression showed a slower increase, with a peak at 18-42 hours and a sharp
decline afterwards. This indicates that activated EC can induce rapid and sustained CD69
expression in T cells, a dynamic distinct from CD69 expression induced by TCR stimulation.
Again, in contrast to bead-stimulated T cells, EC-stimulated T cells did not proliferate (figure
2B). Whereas the expression pattern of CD69 was similar in CD4" and CD8" T cells, the
peak fluorescent intensity of CD69 induced by EC was higher in CD8" T cells. Remarkably,
in CD8" T cells EC induced an even higher fluorescent intensity of CD69 than beads.
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Figure 1. Activated EC induce CD69 expression in T cells, without proliferation or activation.

EC were left unstimulated or stimulated with TNFa and IFNy for 3 days before addition of FACS sorted CD3*
T cells to the coculture, in the presence or absence of soluble anti-CD3 stimulation. Conventional dendritic
cells (cDC) were added as a positive control to induce T cell proliferation. CD69 expression was analyzed by
flow cytometry after 4 days of coculture by percentage of positive cells (A) and median fluorescent intensity
(MFI) (B). Proliferation was assessed by CellTrace Violet (CTV) dilution assay (C). (D) Expression of CD25 and
Ki67 after 4 days of coculture with activated EC or anti-CD3/CD28 beads. N=3, mean+SEM.

To assess whether the capability to induce CD69 was specific to human microvascular EC
or would be a general feature of EC, we repeated these experiments with human umbilical
vein EC (HUVEC). The dynamic of CD69 expression induced by HMEC-1 (up to now called
EC) and HUVEC was essentially identical, indicating that this is a global endothelial effect
(supplementary figure 2). Taken together, activated EC induce sustained CD69 expression
(without proliferation) in T cells, with a dynamic distinct from CD69 expression induced by
TCR stimulation.
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Figure 2. Activated EC induce sustained CD69 expression on T cells.

EC were left unstimulated (resting) or stimulated with 10 ng/mL TNFa and IFNy for 3 days (activated) before
addition of FACS sorted CD3* T cells to the coculture. CD69 expression and proliferation were assessed at
various time points of the coculture. As a positive control, T cells were cultured with anti-CD3/CD28 beads.
(A) Percentage of CD69" cells within CD4" and CD8* T cells. (B) Median fluorescent intensity (MFI) of CD69

expression on T cells. (C) Percentage of proliferated T cells assessed by CellTrace Violet dilution assay. N=3,
mean+SEM.

EC-induced CD69 expression is most pronounced in effector
memory CD8"' T cells

To assess which T cell subsets were most responsive to CD69 induction, FAC-sorted
naive (CD45RA'CD45R0O) and memory (CD45RACD45R0O") CD3" T cells were separately
cocultured with EC. Both CD4*" and CD8" memory T cells showed higher CD69 expression
than their naive counterparts, and CD8" memory T cells in particular had the highest and
most stable expression of CD69 over time (figure 3A). To identify which subpopulation(s)
of CD8" memory T cells were responsive to CD69 induction, we sorted 4 different subsets
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of CD8" T cells: central memory (CM, CD45RA CCR7"), terminally differentiated CD45RA"
effector memory (TEMRA, CD45RA'CCR7) and two subsets of effector memory (EM, CD27*
and CD27, both CD45RA'CCR7) CD8" T cells. After coculture with activated EC, the two
CD27 effector memory subsets, and especially the CD27" subset which is associated
with increased effector function,* showed the highest and most stable CD69 expression
(figure 3B). These results indicate that CD8" effector memory T cells are most responsive to
induction and maintenance of CD69 expression by activated EC.
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Figure 3. EC-induced CD69 expression is most pronounced in effector memory CD8* T cells.

EC were stimulated with 10 ng/mL TNFa and IFNy for 3 days before addition of FACS sorted naive CD3* or
memory CD3" T cells to the coculture. CD69 expression was assessed at various time points of the coculture
by flow cytometry. (A) Percentage of CD69* cells (left panel) and median fluorescent intensity (MFI) of CD69
expression on naive and memory CD4* and CD8" T cells (right panel). N=4, mean+SEM. (B) Percentage of
CD69" cells (left panel) and median fluorescent intensity (MFI) of CD69 expression (right panel) on sorted
CD8" memory T cell subsets after coculture with activated EC. TEMRA = terminally differentiated CD45RA"
effector memory T cells (CD45RA'CCR7), CM = central memory T cells (CD45RA'CCR7Y), EM = effector
memory T cells (CD45RACCR7). N=6, mean+SEM.
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EC-induced CD69 expression is partly mediated by synergistic
action of IL-15, ICAM-1 and VCAM-1

To elucidate the mechanism behind the EC-mediated induction of CD69, we separated
effects mediated by cell-contact and soluble factors by culturing T cells in the direct presence
of EC or their cultured medium. EC culture supernatants induced a rapid, but lower CD69
expression on CD8" T cells than direct coculture with EC (figure 4A). Supernatant-induced
CD69 expression was also less stable, possibly due to consumption of the soluble factors.
This indicated that soluble factors likely contributed to, but were not solely responsible for
CD69 induction, thereby attributing an important role to direct cell-contact.

EC showed differential upregulation of adhesion and costimulatory molecules in response
to stimulation with IFNy and TNFa (supplementary figure 1). To identify candidate molecules
which could mediate CD69 induction by cell-contact or in solution, we analyzed the
differential effect of IFNy and/or TNFa stimulated EC on CD69 expression by T cells. Both
direct coculture and supernatant of TNFa-stimulated EC induced higher levels of CD69
than IFNy-stimulated EC (figure 4B), indicating that molecules upregulated by EC upon
TNFa stimulation contributed most to CD69 induction. EC stimulated with both cytokines
effected only slightly more CD69 expression than EC stimulated with only TNFa, which
suggested that the IFNy-mediated effect was small. Expression of ICAM-1 and VCAM-1 on
EC was most dependent on TNFa stimulation, thereby mirroring the identified pattern of
CD69 induction, which rendered them plausible candidate molecules. Soluble levels of
ICAM-1and VCAM-1 as measured in culture supernatants of activated EC were also induced
by TNFa stimulation (figure 4C). Low expression of co-stimulatory molecules CD80 and
CD86, and MHC molecules, was most dependent on IFNy stimulation and therefore less
likely involved in CD69 induction (supplementary figure 1).

Two soluble factors, IL-15 and TGF-3, have been previously shown to increase CD69
expression on T cells.*>* In culture supernatant of activated EC IL-15 levels were similarly
induced by IFNy and TNFa stimulation, whereas TGF-B appeared to be constitutively
produced and downregulated by IFNy stimulation (figure 4D). Although these patterns did
not match the preferential pattern of CD69 induction by TNFa-stimulated EC, we empirically
blocked their actions in memory T cell-EC cocultures, as well as that of ICAM-1 and VCAM-
1. Blockade of IL-15, ICAM-1 and VCAM-1 resulted in a dose-dependent reduction of CD69
expression, indicating that these factors are likely involved in EC-mediated CD69 induction
(figure 4E). Early during culture after 18 hours, blockade of IL-15 reduced CD69-induction
on T cells by up to 40-45% (figure 4E-F). Blockade of ICAM-1 also caused a small reduction
in CD69 expression, whereas blockade of TGF-3 and VCAM-1 had no effect. Combined
blockade showed that IL-15 contributed most to early induction of CD69 expression on T
cells, with a possible small additional role for ICAM-1 (figure 4F). After 4 days of coculture,
the effects of IL-15 blockade were comparable, but blockade of TGF-B showed variable
effects, rather increasing than decreasing CD69 expression. Combined blockade of these
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two cytokines had an effect similar to blockade of IL-15 alone. Blockade of ICAM-1 caused a
small reduction in CD69 expression, whereas blockade of VCAM-1 had no effect. However,
combined blockade of ICAM-1 and VCAM-1 showed a synergistic effect after 4 days of
coculture, reducing CD69 expression by up to 50%. The combined action of blockade
of all 4 molecules caused a further reduction of CD69 expression to up to 65% on day 4.
This indicates that likely a multitude of signals provided by activated EC induces CD69
expression in T cells, and that it is partly mediated by the synergistic action of IL-15, ICAM-1
and VCAM-1. We observed similar effects in CD4' T cells, suggesting that they respond to
similar signals provided by EC (supplementary figure 3).
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Figure 4. EC-induced CD69 expression on CD8" T cells is partly mediated by synergistic action of IL-15,
ICAM-1 and VCAM-1.
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(Figure 4 continued)

(A+B) EC were left unstimulated (resting) or stimulated with 10 ng/mL TNFa and/or IFNy for 3 days (activated)
before addition of FACS sorted CD3" T cells to the coculture or EC cultured medium. CD69 expression and
proliferation were assessed at various time points of the coculture. (A) Percentage of CD69" cells (left panel)
and median fluorescent intensity (MFI) of CD69 within CD8" T cells after coculture with TNFa+IFNy-stimulated
EC, their cultured medium (sup), or TNFa+IFNy alone. N=3, mean+SEM. (B) Percentage of CD69" cells (left
panel) and median fluorescent intensity (MFIl) of CD69 within CD8* T cells after coculture with TNFa and/
or IFNy-stimulated EC or their cultured medium (sup). N=3, mean+SEM. (C+D) Levels of soluble ICAM-1 and
VCAM-1(C) and IL-15 and TGF-$3 (D) measured in cultured medium of resting or TNFa and/or IFNy-stimulated
EC after 3 days, by multiplex immunoassay. N=3, mean+SEM. (E+F) Coculture of TNFa+IFNy stimulated
EC with FACS sorted memory CD3" T cells in the presence of increasing concentrations of monoclonal
antibodies blocking IL-15, TGF-B, ICAM-1 and/or VCAM-1. (E) The percentage of CD69 expressing cells was
measured by flow cytometry after 18 hours and normalized to the percentage of CD69* cells in the condition
with isotype control (set to 100). N=3, median. (F) The percentage of CD69 expressing cells and median
fluorescent intensity (MFI) of CD69 was measured by flow cytometry after 18 and 92 hours and normalized
to the condition with isotype control (set to 100). N=4, median. (G) Coculture of TNFa+IFNy stimulated EC
with FAC-sorted memory CD3" T cells in the presence 35 pug/mL monoclonal antibody blocking HLA-ABC or
isotype control. The percentage of CD69 expressing cells and median fluorescent intensity (MFI) of CD69
was measured by flow cytometry after 18 and 92 hours. N=4.

Lastly, to test whether cognate antigen recognition contributed to CD69 expression, we
cocultured CD8' T cells and EC in the presence of an MHC-I blocking antibody. Blockade
of MHC-I-TCR interactions did not reduce, but rather increased CD69 expression. This
indicates that MHC-I-TCR interaction is not required for CD69 induction and that most
observed effects are mediated by noncognate interactions with EC. This was further
supported by the superior effect of TNFa-stimulated EC over IFNy-stimulated EC, even
though IFNy more potently induced MHC expression.

T cell — EC interaction as a priming signal for tissue-residency

Since both soluble and contact-dependent signals appeared to contribute to induction of
CD69 by activated EC, this process may be relevant in vivo for T cells transmigrating into
tissues. In vivo, T cells are attracted into tissues upon infection or inflammation, under which
conditions endothelial cells will have an activated phenotype similar to the here induced
phenotype! We hypothesized that the unusual activation-independent CD69 expression
induced by interaction with activated EC may represent one of the first signs of T cells
adopting a specialized program that primes them for prolonged residency in tissues. To
investigate this hypothesis, we analyzed the co-expression of TRM-associated markers with
CD69. As previously shown, after 4 days of coculture expression levels of activation markers
CD25 and Ki67, but also ICOS and CTLA-4, were significantly lower in EC-stimulated than in
bead-activated T cells and not increased compared to T cells cultured without EC (Figure
5A), again indicating that CD69 expression in these cells does not represent conventional
activation. Memory/effector marker CD38 showed an intermediate increase in response
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Figure 5. Expression of molecules associated with activation and/or tissue-residency on T cells upon
stimulation with activated EC

(A-F) Coculture of TNFa+IFNy resting or stimulated EC or anti-CD3/CD28 beads with FACS sorted memory
CD3" T cells. Expression of activation markers (A) and effector/memory markers (B) was assessed by flow
cytometry after 4 days of coculture. Expression of markers associated with tissue-residency (C-D), cytokines
(E) and transcription factors (F) was assessed by flow cytometry after 7 days of coculture. Cytokine expression
was measured intracellularly after restimulation. N=5, boxplots with median. (G) T cells were seeded on top of
a confluent layer of resting or activated EC in a transwell system.
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(Figure 5 continued)

CD69 expression of migrated T cells (“M”, in lower chamber) and non-migrated T cells (‘NM”, in upper
chamber) was assessed by flow cytometry after 18 hours. N=4, median. Cond = condition, T =T cells only
(CD69), ECr = resting EC (CD697), ECa = activated EC (CD69 and CD69%), B = anti-CD3/CD28 beads (CD69
and CD69")

to co-culture with EC, especially in CD69* T cells, compared to CD69 and bead-activated
cells (Figure 5B). Expression levels of CD62L were specifically downregulated in CD69*
compared to CD69 cells, indicating specialization towards an effector phenotype.
Markers associated with tissue-residency were assessed after 7 days of coculture. S1PR1
was upregulated in CD69 cells in response to co-culture with EC, but downregulated in
CD69" cells, as also described for TRM (Figure 5C). Remarkably, the TRM-associated marker
CD49a (ITGAM1) showed specific upregulation in CD69* cells cocultured with EC, but not
beads, both in CD4" and CD8" T cells (Figure 5D). Expression of other TRM-related markers
CD103 (ITGAE), CXCR6, CD57, CX3CR1and PD-1were all slightly higher in CD69* compared
to CD6E9 T cells cocultured with EC, but lower than in T cells stimulated with beads.
Intracellular cytokine expression was assessed after 7 days of coculture and restimulation.
T cells cocultured with activated EC were poised for production of pro-inflammatory
cytokines TNFa and IFNy (Figure 5E). We observed high expression of TNFa specifically
in CD4'CD69" cells cocultured with EC, which was even higher than in bead-stimulated
CD4" T cells, and expressed in 80-100% of CD4" cells. IFNy expression was higher in
CD69* than CD6E9 negative cells, and comparable between EC-stimulated and bead-
stimulated T cells. IL-17 expression was increased in CD69* cells compared to CD69 cells,
whereas IL-2 expression was induced by EC and beads irrespective of CD69 expression.
Absence of granzyme B expression indicated that the high cytokine response of CD69" T
cells cocultured with EC was likely not reflective of direct cytoxicity towards EC. Increased
expression of Thi-related transcription factor T-bet in 25-60% of CD4'CD69" and 45-95%
of CD8*CD69" was consistent with increased IFNy-production in CD69* cells (Figure 5F).
Taken together, CD69" T cells induced by activated EC do not appear to be activated, but
rather express TRM-associated markers at higher levels than their CD69 counterparts, and
specialize into Thi-like effector memory T cells with an increased pro-inflammatory cytokine
response upon stimulation.

Lastly, we investigated whether transmigration, an inevitable process during T cell
extravasation that could represent one of the cues for CD69 induction, would induce CD69
expression. Transmigration through endothelium, as opposed to mere interaction with
endothelium, is accompanied by vast cytoskeletal rearrangements in T cells, which could
also induce intracellular signaling.*® Transmigration of memory CD4* and CD8* cells through
a layer of stimulated EC did not further enhance CD69 expression. In two experiments,
CD69 expression levels were unchanged, while in the remaining experiments CD69 levels
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were even slightly decreased after migration (Figure 5G). Thus, close interaction with EC
rather than transmigration appears to induce CD69 expression.

DISCUSSION

In this study, we have demonstrated that activated endothelial cells can induce sustained
CD69 expression on T cells in the absence of TCR stimulation, without inducing proliferation
or activation. The dynamic of this sustained CD69 expression was clearly distinct from TCR-
dependent (anti-CD3/anti-CD28)-induced T cell activation.*® The EC-mediated induction
of CD69 expression was partly dependent on IL-15, VCAM-1 and ICAM-1. Moreover, EC-
induced CD69' T cells expressed multiple markers that are associated with tissue-residency
in T cells. Therefore close interaction with endothelial cells during transmigration, appears
to be one of the first cues priming tissue-infiltrating T cells for tissue-residency. In TRM,
high and sustained expression of CDE9 prevents tissue egress by sequestering S1PR1 from
the cellular surface.?®3° Our observations are consistent with the described “activated yet
resting” functional phenotype of TRM,* which are also characterized by sustained CD69
expression and an increased cytokine response.

[t has been shown previously that interaction with endothelial cells, and especially
transmigration,*®-52 caninfluence T cell function, and even induce proliferation.**-52 However,
a thorough literature search to compare our findings of sustained CD69 expression and
low-level activation with studies using similar experimental contexts, revealed that almost
all studies investigating endothelial-T cell interactions stimulate T cells by providing TCR
stimulation during the coculture. This may have influenced the observed T cell behaviour.
Especially if T cell isolation methods could not account for a high purity of T cells, this may
have led to some contamination with antigen-presenting cells, which can induce T cell
proliferation in the presence of TCR-stimulation. In our study, these effects were excluded
by the absence of TCR-stimulation and a very high purity of FACS sorted T cells.

To our knowledge, the only three studies determining T cell phenotypes after endothelial
coculture without providing TCR stimulation were published by Sancho et al,, lannone et al.
and Berg et al.#253%* All three studies confirmed our findings of increased CD69 expression
without CD25 induction by cytokine-activated EC. Sancho et al. also described induction
of IFNy production (but not IL-2 or TNFa), without proliferation, and the preferential CD69
expression in CD8" memory T cells. Both Sancho et al. and Berg et al. showed that CD69
expression was dependent on LFA-1/ICAM-1 interaction, and Sancho demonstrated that it
was enhanced in the presence of IL-15. IL-15 is known to activate naive and memory T
cells by induction of CD69, followed by proliferation, but was later also shown to be a
crucial factor for TRM development.2955-57 Similar to our results, Berg et al. showed that
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migration did not further enhance CD69 expression, indicating that the mere interaction
with EC is sufficient for CD69 induction, whereas Sancho et al. found that transmigrated T
cells showed higher CD69 expression than non-migrated cells.*25

EC-induced CD69 expression on T cells was previously interpreted as a sign of activation,
despite the absence of proliferation and CD25 expression.

Based on the combined results from previous studies and our study, including
downregulation of S1PR1 which limits egress from tissues, we would now conclude that
EC-stimulated T cells display, at best, non-conventional features of activation. We would
like to propose an alternative hypothesis in which interaction of effector memory T cells
with activated endothelial cells primes T cells for tissue-residency. This is also in line with
follow-up experiments by Berg et al. showing that EC-T cell interaction enhances T cell
responsiveness to antigenic challenge and increases T cell motility, features required for
and conducive to TRM fate. In addition, transmigration has been shown to increase T cell
survival in an ICAM-1 dependent manner, which could partly prepare them for the longevity
of TRM in tissues 235859

Although TRM phenotypes and functions in healthy human tissues are extensively described,
the process of TRM induction remains a major outstanding question in the field.24253%
The relevance to study this fundamental process was underlined by the finding that TRM
induction is a new and promising vaccine-strategy in murine models, which induces long-
lasting and cross-strain protection against viral infection.?®?' During and after transmigration,
TRM in vivo are exposed to a wealth of tissue derived signals for long periods of time. The
absence of a tissue environment in the in vitro assays in this study may explain why we did
not observe enhanced expression of CD69 in migrated compared to non-migrated cells.
Also induction of (high levels of) some of the markers associated with tissue-residency may
require tissue-specific signals that were not provided in our experimental setting.

The importance of specific microenvironmental tissue-derived signals in TRM development
was emphasized by studies investigating TRM from different sites within one tissue. For
example, dermis-derived CD4* TRMs lack expression of CD103, while epidermis-derived
CD4" TRMs express CD103.5° As tissue environments give specific cues to differentially
regulate functional and phenotypical characteristics, TRM may represent a very plastic T cell
population, and both CD4* and CD8* TRMs may have the ability to up- and downregulate
all described TRM markers depending on the microenvironmental cues present at their
specific tissue site 3% The context of the tissue environment may therefore support a
two-step model for development of TRM: first, interaction with or transmigration through
endothelium primes T cells for increased receptivity towards environmental signals
and increased migratory capacity, inducing an “activated yet resting” state and CD69
upregulation preventing tissue egress. Second, microenvironmental signals from the
tissue environment further shape, support and consolidate the specific TRM profile that is
‘required’ at a certain tissue site. This hypothesis for TRM development is consistent with
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a previously suggested model of T cell trafficking, which also emphasizes a role for the
endothelium in shaping T cell function.®?

A microenvironmental state which heavily shapes endothelial and immune cell phenotype
and function is inflammation. Endothelial cells respond to pro-inflammatory cytokines
by upregulating their surface expression of adhesion and costimulatory molecules, and
secretion of chemotactic factors. This leads to a physiological enhanced recruitment of T
cellstotheinflamed tissue sites, to fight potential invading pathogens, but can also contribute
to the immunopathogenesis of immune-mediated inflammatory diseases. Recruitment and
infiltration of activated T cells can cause a positive feedback loop of inflammation, in which
endothelial cells are continuously activated by T cell-derived cytokines TNFa and IFNy,
and activated T cells keep being recruited. This may ultimately lead to a state of chronic
inflammation as observed in autoimmune diseases. Interestingly, in some autoimmune
diseases the majority of T cells are non-specifically recruited bystander T cells and not
antigen-specific T cells.®® Our findings indicate that these cells may be recruited and primed
by non-cognate interactions with activated endothelial cells.

The inflammatory response exhibited by endothelial cells likely contributes to the outcomes
of T cell-endothelial interactions. For example, in chronically inflamed tissues with a Th1
response, endothelial cells produce CXCL10% and increase expression of adhesion
molecules like E-selectin,®® which favours recruitment of more Th1 cells, sustaining a positive
feedback loop of Th1influx.®® It is therefore not only of interest to study T cell-endothelial
interactions to elucidate the biological steps during TRM development for use in vaccination
strategies, but also to gain insights into the role of endothelial-T cell interactions in chronic
inflammatory diseases, which may provide novel therapeutic targets.

In our in vitro experimental setting with allogeneic EC, we cannot rule out that direct
allorecognition of EC by T cells may have accounted for some of the observed effects 4967
although direct allorecognition accounting for CD69 expression is unlikely due to the lack of
induction of CD25 expression, proliferation and the absence of effect of the MHC-1blockade,
as also observed by Sancho et al.*? To be able to conclude with more certainty that soluble
factors only partly account for CD69 induction by activated EC, a follow-up experiment
should be to compare direct cocultures of EC and T cells with transwell-cocultures. This will
reduce the effects of consumption of soluble factors and give a more balanced comparison
of the two conditions. Since we observed the effects of endothelial cells on T cell phenotype
and function only in an artificial in vitro system, it would be important to further investigate
the hypothesis concerning priming for tissue-residency in more detail in vitro, as well as
in vivo, to also take into account the effect of a tissue environment. Important differences
in endothelial traits between mice and man will however pose a challenge to translating
findings from experimental models to the human situation.® Transcriptional profiling of EC-
induced CD69" T cells may give insights into whether the changes in gene expression
induced by activated EC are similar to those observed in ex vivo profiled TRM. Important
to note, although extensive phenotypic profiles have been determined for TRM, none of
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the protein and gene expression profiles are exclusively found in and identified for all
TRM. Therefore, the lack of recirculation remains the only criterion that can prove tissue-
residency at this point.2°

In conclusion, we have constructed an in vitro system using activated EC, with which we
were able to recapitulate some of the peculiar phenotypical and functional characteristics
of TRM, including sustained expression of CD69 and markers associated with tissue-
residency, and an “activated yet resting” state poised for rapid cytokine production. These
findings support our hypothesis that interaction with EC may be one of the first events
priming transmigrating T cells for the specific functional requirements of tissue-residency.
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Supplementary figure 1. Expression of adhesion molecules, MHC molecules and costimulatory molecules

on EC in response to stimulation with TNFa and/or IFNy.

EC were incubated with 10 ng/mL TNFa and/or IFNy for 3 days and expression was analyzed by flow

cytometry. N=4;, mean + SEM.
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Supplementary figure 2. Dynamic of CD69 induction on T cells by HMEC-1 and HUVEC.

HMEC-1 and HUVEC were left unstimulated (resting) or stimulated with 10 ng/mL TNFa and IFNy for 3 days
before addition of FACS sorted CD3" T cells to the coculture. CD69 expression on CD8"and CD4' T cells was
analyzed by flow cytometry at different time points. (A) Percentage of CD69"* cells among T cells. (B) Median
fluorescent intensity (MFI) of CD69 expression on T cells. N=4, mean+SEM.
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Supplementary figure 3. EC-induced CD69 expression on CD4* T cells is partly mediated by synergistic
action of IL-15, ICAM-1 and VCAM-1.

(A+B) EC were left unstimulated (resting) or stimulated with 10 ng/mL TNFa and/or IFNy for 3 days (activated)
before addition of FACS sorted CD3" T cells to the coculture or EC cultured medium. CD69 expression
and proliferation were assessed at various time points of the coculture. (A) Percentage of CD69" cells (left
panel) and median fluorescent intensity (MFI, right panel) of CD69 within CD4"* T cells after coculture with
TNFa+IFNy-stimulated EC, their cultured medium (sup=supernatant), or TNFa+IFNy alone. N=3, mean+SEM.
(B) Percentage of CD69* cells (left panel) and median fluorescent intensity (MFI, right panel) of CD69 within
CD4' T cells after coculture with TNFa and/or IFNy-stimulated EC or their cultured medium (sup).
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(Supplementary Figure 3 continued)

N=3, mean+SEM. (C+D) Coculture of TNFa+IFNy stimulated EC with FACS sorted memory CD3" T cells in
the presence of increasing concentrations of monoclonal antibodies blocking IL-15, TGF-3, ICAM-1 and/or
VCAM. (C) The percentage of CD69 expressing cells was measured by flow cytometry after 18 hours and
normalized to the percentage of CD69" cells in the condition with isotype control (set to 100). N=3, median.
(D) The percentage of CD69 expressing cells and median fluorescent intensity (MFI) of CD69 was measured
by flow cytometry after 18 and 92 hours and normalized to the condition with isotype control (set to 100).
N=4, median.

Supplementary table 1. Blocking antibodies used in the coculture experiments.

Antigen Company Clone Source

IL-15 eBioscience™ ct2nu Mouse anti-human
TGF-8 Biolegend 19D8 Mouse anti-human
VCAM-1 R&D systems BBIG-V1 Mouse anti-human
ICAM-1 Biolegend HCD54 Mouse anti-human
lgG1 k Isotype control eBioscience™ P3.6.2.81 Mouse anti-human
HLA-ABC Bioceros BV W6/32 Mouse anti-human
lgG2a k Isotype control eBioscience™ eBM2a Mouse anti-human
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TOWARDS PRECISION MEDICINE IN JUVENILE
DERMATOMYOSITIS

Juvenile dermatomyositis, a chronic inflammatory disease in children, is characterized by
interferon-driven inflammation of muscles and skin leading to muscle weakness and a typical
skin rash. Patients are currently treated according to a standardized treatment regimen
consisting of immunosuppressive medication (mostly prednisone and methotrexate) for a
duration of at least two years. However, not all patients respond well to this standardized
regimen, which indicates that there is room for improvement in the treatment of patients
with JDM. In this thesis, we aimed to explore the potential of biomarker-based diagnostic
strategies to facilitate precision medicine, i.e. personalized treatment strategies, in patients
with JDM.

The first, and currently most important application for biomarker-based strategies is
monitoring of disease activity during clinical follow-up. As reviewed in chapter 2, objective
assessment in patients with JDM is currently challenging due to suboptimal tools for clinical
assessment and a lack of validated and reliable biomarkers. In chapter 3, we have validated
two previously identified biomarkers for disease activity in JDM, galectin-9 and CXCL10, in
three independent international cohorts. In chapter 4, we have identified galectin-1 and
TNFR2, next to galectin-9 and CXCL10 as promising biomarkers for response to treatment of
JDM patients. In chapter 5, we identified autoimmune disease-specific biomarker profiles
of endothelial dysfunction and inflammation, which were still detectable during clinically
inactive disease in a subgroup of patients, indicating that these patients may still have had
subclinical inflammation.

Biomarker guided monitoring of disease activity

As previously outlined by Macleod et al. (Lancet series ‘Increasing value and reducing
waste, 2014) “few identified biomarkers have been confirmed by subsequent research
and few have entered routine clinical practice”. Thus, although many biomarkers are being
identified for a variety of diseases, only few are implemented into clinical practice due to a
lack of reproducibility and diagnostic accuracy. In chapter 3 we have shown that galectin-9
and CXCL10 are robust biomarkers, yielding reproducible results and having a high
diagnostic accuracy. This suggest that both biomarkers could be promising candidates for
clinical implementation. The goal of this implementation is to use galectin-9 and CXCL10 as
tools to guide therapy: biomarker levels below the set cut-off reflect the absence of disease
activity, which could allow tapering of immunosuppressive medication. Rising or persistently
high levels might be indicative of an insufficient response to therapy and/or an imminent
flare, even in the absence of clinical symptoms. Elevated biomarker levels may therefore
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indicate the need for intensification of treatment or slower tapering of steroids. In this way,
medication dosing can be adjusted to specific needs of a patient: reduction of over- and
under-treatment can reduce medication side effects and disease flares and can thereby
improve outcomes. With this personalized treatment strategy we respond to important
patient-reported needs: a recently conducted patient survey by CureJM, the North-
American patient organization for juvenile myositis, has shown that “predictors for disease
flares” and “new treatments, less side effects” were two of the top-three research priorities
chosen by patients.? Finally, galectin-9 and CXCL10 may also provide an objective outcome
measure for response to therapy in future clinical trials assessing novel therapeutics.

Experimental implementation of biomarkers

An important question to be answered before implementation as monitoring tools is
whether galectin-9 and CXCL10 are capable of adding information to the currently used
‘monitoring tool set’ in the clinic, such as clinical assessment and/or laboratory evaluation of
other blood parameters. To this end, we set up a 2-year period for experimental diagnostic
measurements with the aim of technically optimizing routine measurements of galectin-9
and CXCL10 at the diagnostic department, and establishing the added clinical value of the
biomarkers. The technical validation has rendered stable measurements with an inter-assay
variability of <15%, which is well within diagnostic standards (figure 1A). During these two
years the biomarkers were measured routinely at the diagnostic department in over 200
samples from more than 50 patients with JDM in clinical follow-up. Although we have not
analyzed the final results of their added value yet, we have already observed individual
cases in which the biomarkers started to rise up to 3-6 months before clinical symptoms
of a flare became apparent (figure 1B), which confirms the potential for flare prediction as
presented in chapter 3. If confirmed in larger patient numbers in a prospective follow-
up study, for which we have recently received funding, the future implication could be to
already increase medication dosing or slow down tapering of steroids when biomarker
levels start to increase or reach the cut-off value. This could prevent a disease flare and the
ensuing tissue damage and delay in physical recovery.

The path towards precision medicine

With the 2-year experimental implementation period ending on the 1% of July 2019, we will
have successfully validated and implemented galectin-9 and CXCL10 measurements into
routine diagnostic care for patients with JDM in the Netherlands. One of our next aims will
be international implementation of the biomarkers. The optimal follow-up step would be
to perform a clinical study comparing disease outcome parameters of patients receiving
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conventional monitoring and the standardized treatment regimen, with patients receiving
biomarker-guided monitoring and personalized treatment. Important outcomes to record
would be the cumulative medication dose, rate and severity of medication side effects, the
frequency and severity of flares, the frequency and type of second-line therapies needed
and long-term physical and societal outcome including cardiorespiratory fitness, fatigue,
and school/work participation. The rarity of the disease however, makes such a clinical study
a challenging next step requiring a large international collaboration with strict adherence
to study protocols. An alternative, which we would propose to employ in any case, is to
keep collecting information on the performance and added value of the biomarkers in a
large group of, hopefully also international, patients, and connect this with other layers of
information on disease activity acquired by clinical assessment including patient-reported
outcomes such as pain and fatigue, imaging, biopsy scoring, cardiopulmonary function
tests and other laboratory investigations. This may also give insights into specific questions
such as whether one biomarker may be superior in answering specific clinical questions
concerning JDM (e.g. skin vs muscle involvement), and whether the biomarkers are able to
detect mild or even subclinical disease activity. In this way, it may be possible to conclude
whether biomarker-guided disease management will improve outcomes of patients
with JDM. As suggested in chapter 5, some biomarkers may indeed reflect subclinical
inflammation during clinically inactive disease. Subclinical inflammation could still cause
further damage to tissues, impairing long-term outcomes. 2 The path towards precision
medicine may therefore also include the definition of not only clinical remission, but also
‘molecular remission’, to limit prolonged subclinical inflammation and the associated
damage and increased cardiovascular risk.
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Figure 1. Experimental implementation of biomarker measurements.

(A) Galectin-9 and CXCL10 were measured in one serum sample from a treatment-naive JDM patient at 14
sequential time points 1week apart to assess the inter-assay variability of the multiplex assay. (B) Experimental
diagnostic measurements of galectin-9 and CXCL10 in a patient experiencing a flare (indicated with *). Dotted
lines represent cut-off values for active disease.
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Molecular classification of autoimmune diseases

Biomarker profiling in systemic autoimmune diseases may not only aid in the identification
of biomarkers for use as monitoring tools. As already demonstrated by the distinct clinical
phenotypes associated with different myositis-specific autoantibodies in idiopathic
inflammatory myopathies,*® serological or even molecular (as opposed to clinical)
stratification of diseases may lead to improved classification of disease entities. As in
anti-MDAGL" positive patients, such molecular subgroups may even present with a wide
spectrum of clinical symptoms that would clinically not be recognized as one disease entity.®
However, shared disease processes leading to these serological/molecular similarities,
may also respond to similar, targeted treatments. Identification of disease entity-specific
biomarkers or pathways may therefore not only provide clues towards the pathogenesis
of the disease, but may also identify subgroups of patients who respond well to specific
treatments, which opens new options for molecular subgroup-specific patient trials. Thus,
molecular classification of patients may lead to identification of disease entities which
transcend clinical disease groups, and may be more relevant for targeting of the biological
processes underlying autoimmune diseases.

Dried blood spots

In chapter 3, we have started a technical innovation by testing the biomarker measurements
in dried blood spots, which could enable at-home diagnostics. Due to the promising pilot
data, we have now extended our analysis to >100 samples (figure 2) Analyses in these
samples confirm our results from chapter 3, showing that CXCL10 is a very promising
marker to be measured in dried blood spots and the correlation of CXCL10 in DBS and
plasma is superior to the correlation of galectin-9 (figure 2A). Remarkably, CXCL10 levels
in DBS mirror the levels measured in plasma closely (although the absolute values differ),
and result in the same conclusions with respect to the cut-off values, i.e. disease activity
(figure 2B). Thus, CXCL10 has a high potential as biomarker in dried blood spots, which are
minimally invasive monitoring tools that could enable at-home diagnostics. The next step
will be to confirm the correlation between biomarker (especially CXCL10) levels in capillary
dried blood spots with plasma levels, as all dried blood spots measurements were done
with venous blood so far.

Measurements in dried blood spots can also have implications for accessibility of clinical
care for patients living further away from tertiary care centres or even in rural areas, as
dried blood spots can be sent by regular mail. They can thereby also play a role in the
centralization of diagnostic core centres. CXCL10 measurements in dried blood spots may
be an interesting application for adult patients with dermatomyositis and adult/juvenile
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patients with other interferon-driven autoimmune diseases as well, since CXCL10 has been
shown to be widely implicated in interferon-associated autoimmune diseases.’
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Figure 2. CXCL10 measurements in dried blood spots.

(A) Spearman rank correlation of CXCL10 (left) and galectin-9 (right) values in dried blood spots and plasma.
(B). CXCL10 values in plasma and dried blood spots measured in one JDM patient over time.

Biomarker guided prediction of response to treatment

Another clinical application of galectin-9 and CXCL10 (and galectin-1 and TNFR2) that we
have addressed in Chapter 4 is prediction of response to therapy. High levels of these
markers identify a group of patients who require intensification of therapy more often
and need a longer time to attain clinical remission off medication. This may suggest that
these patients could benefit from more intensive monitoring during initial treatment in
order to detect suboptimal response to therapy in an early phase. This early detection
would promote a swift intensification of treatment. However, perhaps an even better,
additional option could be to consider targeted treatment of these patients with different
immunosuppressive drugs. Galectin-9 and CXCL10 are typical interferon-inducible proteins,
which implies they reflect the magnitude of interferon-driven inflammation, as also suggested
by a recent publication.® High levels of these proteins may thus identify patients with high
interferon signatures, who could possibly benefit from first-line treatment with drugs directly
targeting the interferon signature (e.g. JAK-inhibitors or anti-interferon antibodies),%°
instead of conventional immunosuppression with prednisone and methotrexate to which
they apparently respond sub-optimally. Two recently conducted pilot studies with JAK
inhibitor Baricitinib among 4 refractory patients with JDM, and one study treating a severe
patient with Ruxolitinib showed promising results for JAK inhibition in JDM."-® The interest in
blockade of type | interferons as a new treatment strategy in dermatomyositis is highlighted
by multiple recently started clinical trials investigating JAK inhibition (Tofacitinib) or other
means of interferon blockade (PF-06823859, an interferon-31 blocker, and IFNa-Kinoid, a
vaccine that induces autoantibodies against IFNa). "
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GALECTIN-9 AND CXCL10: CAUSE OR CONSEQUENCE IN
JDM?

Chapter 3, 4 and 5 indicate that galectin-9 and CXCL10 are clearly implicated in the disease
process of JDM. Galectin-9 and CXCL10 are reflective of disease activity (Chapter 3), their
levels can identify patients with a more severe phenotype that respond sub-optimally
to treatment (Chapter 4), and especially galectin-9 seems quite disease-specific for
dermatomyositis (Chapter 3 and 5). This raises the question whether galectin-9 and
CXCL10 are actively contributing to the disease pathology (‘cause”), or are rather innocent
bystanders only reflecting the underlying pathologic process (“consequence”).

Galectin-9 and CXCL10 as a consequence of the disease process of
JDM and its relation with the IFN-signature

Galectin-9 and CXCL10 expression can be induced in multiple immune and non-immune
cell types by stimulation with interferons,”® which could defend their role as bystanders
and rather appoint the interferons (or process/cell responsible for interferon production)
as culprit. Indeed, in a recent study measuring circulating IFNa with a highly sensitive
assay, JDM patients had even higher levels of circulating IFNa than patients with the typical
interferon-driven autoimmune disease SLE!® Concordantly, an interferon signature has
been identified in serum and many cell types from patients with JDM, including endothelial
cells, which highlights that the effects of interferon stimulation are sensed throughout the
body*-?7 It was also observed that neither isolated circulating plasmacytoid dendritic cells
— which are generally thought to be the main producers of the type 1 1FNs (IFNa and IFN()
in JDM — nor other circulating immune cell subsets from JDM patients expressed more IFNa
than cells from healthy controls, suggesting that a non-circulating cellular source may be
responsible for IFNa production in JDM® This is in line with our observation that after stem
cell transplantation and concomitant eradication of circulating immune cells, galectin-9 and
CXCL10 levels stayed high over several months, which suggests that these proteins are
not primarily produced by circulating immune cells, but rather by non-circulating immune
or tissue cells!®?® To examine galectin-9 production in inflamed tissues, we performed
immunohistochemic stainings on paraffin-embedded muscle and skin biopsies from
patients with active disease and controls with non-inflammatory muscle diseases, such as
Duchenne’s muscular dystrophy. We observed that galectin-9 production was evident in
tissue-infiltrating macrophages and capillary endothelium, both in skin and muscle of JDM
patients, whereas galectin-9 staining was entirely absent in the control biopsies (figure 3). A
similar expression pattern, in tissue mononuclear cells and endothelial cells, was previously
demonstrated for CXCL10.2'29
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Figure 3. Immunohistochemical staining of galectin-9 in muscle and skin biopsies of patients with JDM.

Positive control gut tissue and negative control muscle biopsy of a patient with a non-inflammatory muscular
disorder (NIMD). Brown staining = galectin-9; Black arrows indicate tissue macrophages; Dotted arrows
indicate capillary endothelium.

To assess the stimuli that may induce galectin-9 and CXCL10 expression in endothelial cells,
we incubated human microvascular endothelial cells with different stimuli, among which the
three interferons (IFNa, IFNB and IFNy). Galectin-9 production was most potently induced
by stimulation with IFNB and the combination of TNFa and IFNy (Figure 4). Interestingly,
although galectin-9 and CXCL10 levels show a very high correlation in JDM patients,
CXCL10 showed a slightly different pattern with the highest induction by IFNy with or
without TNFa. This may indicate that more than one interferon contributes to the production
of the biomarkers in JDM, which is in line with a recent study describing both type | and
type Il interferon signatures, as well as TNFa expression in muscle biopsies from treatment-
naive JDM patients.*® In conclusion, it is very likely that galectin-9 and CXCL10 production
by macrophages and endothelial cells in inflamed muscle and skin (but perhaps also by
circulating immune cells) is induced by interferons, which are abundantly present in JDM.
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Figure 4. Galectin-9 and CXCL10 production by human microvascular endothelial cells.

HMECs were incubated with the indicated stimuli for 3 days. Galectin-9 and CXCL10 were measured in
culture supernatant by multiplex assay.

Galectin-9 and CXCL10 as contributors to disease pathogenesis of
JDM

The possible pathological roles of galectin-9 and CXCL10 could either concern immune
functions or vasculopathy. CXCL10 is well-known for its potent function as a chemoattractant,
promoting leukocyte recruitment to inflamed tissues.®' Especially Th1 cells are responsive
to CXCL10 mediated chemo-attraction through high expression of its receptor CXCR3. By
attracting IFNy-producing Th1 cells to inflamed tissues, CXCL10 plays a role in a positive
feedback loop, since IFNy is a strong inducer of CXCL10 production by tissue cells/?
Moreover, CXCL10 has angiostatic properties?'*2 and overexpression of CXCL10 in DM
muscle correlates with the severity of vasculopathy.?' Although the effects of galectin-9
on endothelial cells are largely context-dependent, at higher concentrations and for some
splicing variants direct angiostatic effects have been demonstrated.®-2®

Increased levels of galectin-9 have been described not only in autoimmune diseases,®3®
but also in many infectious diseases.®’~3® Galectin-9 was shown to be an antiviral effector
molecule that can inhibit infection with human cytomegalovirus.®® At the same time, an
immunoregulatory role has been attributed to galectin-9 based on its immunomodulatory
effects on T cells. Galectin-9 can limit Th1 responses by inducing apoptosis in IFNy-
producing Th1 cells through interaction with its receptor TIM-3 in vitro and in vivo.*
Galectin-9 also inhibits Th17 differentiation.*> Th2 cells are resistant to galectin-9 induced
death®® and galectin-9 even aids in the amplification of Th2 responses induced by IgD.*
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Next to limiting Th1 responses and increasing Th2 responses, galectin-9 has been shown
to induce regulatory T cells (Tregs) from naive T cells*> and increase their stability and
function.®>#¢ In line with these results, implying an immunoregulatory role for galectin-9,
galectin-9 has been shown to suppress B cell receptor signaling*“® and induce tolerogenic
macrophage programming and polarization to an M2 phenotype.*®%° Investigations in
experimental models even showed that intraperitoneal galectin-9 injection in lupus-prone
MRL/Ipr and NZB/W F1 mice ameliorated the disease phenotype.®"? Lastly, the galectin-9/
TIM-3 axis has been implicated in maternal-fetal tolerance, with increased circulating
galectin-9 levels during pregnancy, which was highest in women carrying male fetuses.®
Taken together, these functions imply an immunoregulatory role for galectin-9. However,
challenging its immunoregulatory role in vivo, galectin-9 deficiency has been recently found
to protect against pristane-induced lupus in mice.®* Although this study has been received
as ‘perplexing’ by the scientific community,®® also galectin-9 deficient mice with respiratory
tularemia infection exhibited improved lung pathology, reduced cell death and reduced
leukocyte infiltration compared to their galectin-9 proficient counterparts.®® These findings
suggest that galectin-9 may also play a role in the induction or maintenance of inflammation
under specific conditions. Other studies substantiating a role of galectin-9 in T cell activation
or stability showed that galectin-9 is critical for mucosal adaptive immunity, especially
Th17 cells,%” and that low concentrations of galectin-9 can induce T cell expansion, Tht
differentiation, and activation.>®%° Moreover, galectin-9 binding is crucial for 4-1BB signaling,
a costimulatory receptor on T cells which is highly expressed in autoimmune diseases.5-52
Taken together, the conflicting results on the immunoregulatory function of galectin-9 in
vivo and in vitro may suggest a highly dynamic, context-dependent role for galectin-9,
which is probably dependent on the galectin-9 mode of expression (gene or protein),
splicing variant and concentration, presence of specific immune cell populations, or mouse
model used.55%-%5 Also, differences between mice and man may account for some of the
observed differences, which warrants further investigations into the immunoregulatory or
immunopathogenic role of galectin-9 in human inflammatory diseases.

THE INTERPLAY BETWEEN ENDOTHELIUM AND (T CELL)
IMMUNITY

In this thesis we have discussed different examples of interactions between endothelial
cells and the immune system. In JDM, endothelial cells are activated and contribute to the
inflammatory process, but are also lost due to damage inflicted by an activated immune
system (chapter 2, 4 and 5). During active disease, patients with JDM have a dysbalance
between circulating angiogenic and angiostatic factors (chapter 4 and 5), and prolonged

335



CHAPTER 9

inflammation may contribute to increased long-term cardiovascular risk (discussed in
chapter 5). In preeclampsia, we identified immune-activation related pathways in endothelial
cells from the maternal-fetal interface, and many circulating markers reflective of immune
activation and angiogenic dysbalance, suggesting that immune activation may be one of the
mechanisms contributing to the observed endothelial dysfunction (chapter 6). In chapter 8,
we have demonstrated that activated endothelial cells can influence the T cell phenotype,
inducing sustained CD69 expression and possibly priming T cells for tissue-residency.

Mutual regulation of endothelial cell and T cell function

These examples of endothelial-immune interaction suggest a mutual crosstalk between
the vascular and immune systems, which was indeed demonstrated previously in cancer.®®
In the tumor microenvironment, abnormal vasculature with suboptimal blood flow is often
observed, which hampers the penetration of drugs, such as immune checkpoint inhibitors,
into the tumor. Tian et al. showed that destabilisation of tumor vessels (by loss of pericytes,
the cells surrounding the endothelial vessel wall) also causes a specific defect in T cell
infiltration, but not in infiltration of other leukocytes. The other way around, CD4* (but
not CD8") T cell depletion, and specifically depletion of activated Th1 cells, resulted in a
loss of pericyte coverage, i.e. vessel destabilisation and increased vessel permeability.
Specifically, vessel normalization was shown to depend on activated Th1 cells and further
improved by immune checkpoint blockade, which induces T cell activation. These effects
were only observed in tumors and during wound healing, but not in steady-state tissues.
Some parallels may be drawn between these interactions in tumor environments and
chapters in this thesis. In JDM and preeclampsia, which are both disorders characterized
by local inflammation in tissues, abnormal vessel (re)generation is thought to play an
important role in the disease pathogenesis (chapter 2, 4, 5 and 6). In JDM and at the
maternal-fetal interface, activated CD4* T cell infiltrates are present in the local tissues,
and at the maternal-fetal interface they are polarized towards a Th1 profile (chapter 2
and 7). More specifically, we have shown that Tregs at the maternal-fetal interface have
functional profiles similar to tumor-infiltrating Tregs (chapter 7), possibly indicating that
this micro-environment is similar to the tumor micro-environment. Some of the principles
of endothelial-T cell interaction in the tumor environment may therefore also apply to
the maternal-fetal interface. One could for example speculate that signals provided by
activated Th1 cells localized in the vicinity of vessels at the maternal-fetal interface may play
a role in successful remodeling of spiral arteries. Tian et al. also showed that stimulation of
endothelial cells with Thil-derived stimuli IFNy and CD40L induced expression of adhesion
molecules and chemoattractant chemokines CXCL9, CXCL10 and CXCL11 by endothelial
cells, which enforced a positive feedback loop of T cell recruitment and infiltration. The
authors concluded that activated Th1 cells regulate multiple pathways necessary for vessel

336



GENERAL DISCUSSION

normalization in the tumor microenvironment (and wound healing). This study therefore
supports a mutual regulation of endothelial cells and T cells under inflammatory conditions
as found in the tumor microenvironment and during wound healing.®® In JDM, during active
disease, i.e. inflammation, levels of interferons and specifically CXCL10 are increased, and
endothelial cells express high level of adhesion molecules. As in tumor environments, the
combination of these features may enforce a positive feedback loop of T cell recruitment
and infiltration in inflamed muscle in JDM (chapter 2, 3, 4 and 5). Moreover, activated
endothelial cells can shape the phenotype of these transiting T cells and may prepare
them for prolonged residency in inflamed muscle tissue (chapter 8). These processes may
therefore contribute to the chronicity of inflammation in JDM. Thus, both at the maternal-
fetal interface and in JDM, a close interaction between and perhaps even mutual regulation
of endothelial cells and T cells may be of importance.

Inflammation shaping the endothelium

As already suggested by Tian et al.,%¢ endothelial cells are shaped by their microenvironment.
Not only do endothelial cells display different phenotypes depending on their tissue site,
which are thought to be induced by signals provided by the local microenvironment, they
also respond to additional micro-environmental cues such as pro-inflammatory cytokines,
by adjusting their expression of surface molecules and secreted factors, and changing
their angiogenic behaviour?-%® The T cell-derived cytokines IFNy and TNFa are important
cues for endothelial cells. They have been shown the upregulate the expression of
costimulatory molecules’®”? and induce the expression of adhesion molecules (VCAM-1,
ICAM-1) on endothelial cells.®*37* Moreover, inflammatory cytokines, but especially IFNy,
can increase MHC-I and -Il expression on endothelial cells, which are already constitutively
expressed.?’® These inflammatory changes in endothelial cells, induced by cues from
the microenvironment such as IFNy, with increased expression of adhesion molecules,
costimulatory receptors and MHC molecules, are all observed in JDM (chapter 2) and to a
lesser extent in preeclampsia (chapter 6)76-%°

On the other hand, T cell-derived cytokines can inhibit angiogenesis: TGF3, IFNy and
TNFa negatively regulate endothelial cell growth in vitro and in vivo.*®”® Also the interferon-
inducible chemokines CXCL9, CXCL10 and CXCL11 exert direct antiangiogenic properties
via their receptor CXCR3.2? Other angiostatic effects of inflammation are disturbance of
the essential Angiopoietin-Tie receptor axis and VEGF-VEGFR system, by induction of
angiostatic Ang-2 and sVEGFR1, respectively.®8 Thus, endothelial phenotype and function
is heavily shaped by micro-environmental, and especially inflammatory cues. The angiostatic
effects of inflammation-induced soluble factors likely contribute to the vasculopathic
component observed in many autoimmune diseases such as JDM (chapter 2, 4 and 5),
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including microvascular changes in skin and muscle, and possibly the defective spiral artery
remodeling in preeclampsia (chapter 6).

Endothelium shaping T cell responses

Since endothelial cells are obligate interaction partners for trafficking immune cells, they
can serve as a critical checkpoint for adjusting or controlling immune reactions in tissues,
e.g. by tuning the activation and differentiation of transmigrating immune cells (chapter 8).
The phenotypical and functional heterogeneity exhibited by endothelial cells in response
to their local microenvironment, be it the specific tissue of their residence or inflammatory
changes, likely contributes to the outcomes of these endothelial-immune cell interactions.
Endothelial cells secrete cytokines that regulate and control the recruitment and
transmigration of T cells.®* The expression of MHC molecules facilitates another important
function of endothelial cells: their ability to present and cross-present auto- and allo-antigens
in vitro and in vivo.t5°° Through this function endothelial cells can recruit antigen-specific
T cells.®9* Especially Treg recruitment to sites of inflammation is favored by their ability
to recognize auto-antigens presented by endothelial cells.®® Also the antigen presenting
function of endothelial cells is tuned by the microenvironment, such as inflammation,”* and
diapedesis across inflamed endothelium has been shown to have broadly pro-inflammatory
or “priming” effects on immune cells (chapter 8 and®®). The expression level of MHC-I on
endothelial tissues, which is notably high in JDM,/®’” has a direct impact on the migration
efficiency of autoreactive T cells in vivo.”” The interaction between autoreactive T cells
with activated, antigen-presenting endothelium, may thus initiate and/or perpetuate the
autoimmune reaction in JDM (chapter 2). Since human decidual T cells have been shown to
recognize and actively respond to fetal cells, °® antigen-dependent recruitment of T cells by
endothelial cells (presenting fetal antigens) may also play a role in T(reg) cell infiltration at the
maternal-fetal interface (chapter 7). Due to absence of costimulatory molecules CD80 and
CD86, endothelial cells cannot prime naive T cells, but as they are equipped with a range
of costimulatory molecules, they can stimulate antigen-experienced T cells.®* Interaction
with endothelial cells has been shown to induce activation, proliferation and secretion of
pro-inflammatory cytokines in memory T cells, in vitro and in vivo.”+99-01194-106 |nteraction with
endothelium can even mediate T cell differentiation and/or skew a certain T helper response:
under inflammatory conditions in the presence of IFNy, microvascular endothelial cells
mediate selective expansion of Tregs and Th17 cells.”” In chronically inflamed tissues with
a Thlresponse, endothelial cells produce CXCL10™® and increase expression of adhesion
molecules like E-selectin,®® which favors recruitment of more Th1 cells, sustaining a positive
feedback loop of Th1influx."® This may also be a relevant process in JDM, where CXCL10
levels are high and expression of adhesion molecules on endothelial cells is increased
(chapter 2, 3, 4, and 5). In a Th2 dominant chronic inflammatory environment, endothelial
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cells respond by producing chemokines such as CCL26 and express adhesion molecules
such as VCAM-1, which favor recruitment Th2 cells" The specific expression patterns of co-
stimulatory/co-inhibitory molecules found on endothelium are thought to strongly influence
the above processes.” Thus, the end result of the interaction between endothelial cells
and T cells depends on the integration of micro-environmental signals including cytokines,
the presence of costimulatory molecules and the avidity of TCR-MHC-peptide complex
interaction, and will subsequently determine the nature of the T cell response in tissues.

Implications for the maternal-fetal interface

At the maternal-fetal interface, interactions between endothelial cells and their surrounding
cells/signals are crucial for the successful development of spiral arteries, which ensure
sufficient blood supply to the developing fetus.™ The importance of successful spiral artery
remodeling is illustrated by the severe consequences of defective remodeling, resulting in
pregnancy disorders such as preeclampsia and fetal growth restriction.™ Although the exact
cues required for adequate spiral artery remodeling are still elusive, a dysbalance between
angiogenic and angiostatic mediators is thought to play a role (chapter 6).""™ Moreover,
during preeclampsia signs of inflammation are evident both locally at the maternal-fetal
interface, and systemically (chapter 6). Inflammation-induced changes in endothelial
function may therefore also play a role in defective spiral artery remodeling. Treg presence
at the maternal-fetal interface may represent one of the mechanisms for local regulation of
inflammatory responses (chapter 7). As shown in chapter 7, these Tregs are specifically
differentiated and adapted to effectively suppress local T effector responses. Paradoxically
however, despite the requirement of a tolerogenic environment, low-grade inflammation
may also be physiologically necessary during some stages of pregnancy, for instance to
induce labor™ Thus, adequate adaptation of endothelial cells and immune cells to the
microenvironment at the maternal-fetal interface likely requires a dynamic, pregnancy
stage-specific regulation of inflammation and angiogenesis.

TISSUE-RESIDENT T(REG) CELL DIFFERENTIATION AND
ADAPTATION

Tissue-resident memory T cells (TRM) have been identified in many tissues and organs,
in mice and man."” Their main role is surveillance of tissues to protect the host against
invading pathogens, but additional roles related to tissue homeostasis are starting to
emerge™2" Moreover, TRM may play active roles in chronic inflammation as seen in
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autoimmune diseases!?? Tissue-resident Tregs have also been identified in a variety of
tissues and are thoughtto be crucial for local immune homeostasis.?*-'?¢ Although the unique
properties of TRM have gained increasing attention in the past decade, the specificity of
their (transcriptional) program and functional properties are still elusive. There are some
common features, which have been identified in TRM from different tissue sites in mice and
man,?"29-32 byt also tissue-specific features have been identified 2312427291303 Qne of the
main questions yet to be answered is how these common and tissue-specific characteristics
of TRM are induced and maintained, and whether this is dependent on tissue-specific cues.
Especially the influence of the local micro-environment on the transcriptional and functional
profile of TRM and tissue-resident Tregs is still largely unexplored.

The context of the tissue micro-environment in TRM differentiation

In chapter 7 we demonstrate that tissue-resident Tregs at the maternal-fetal interface acquire
a specialized functional profile reminiscent of tumor-infiltrating Tregs, that is specifically
adapted not only to the uterine environment, but to the tissue-site at the maternal-fetal
interface.

It has been established that a range of signals or features can be required for the successful
generation and/or maintenance of TRM, including TGF@ (skin, lung, gut, brain ™+ |L-2
(lung™19) IL-15 (skin, lung, liver345B94h 1| .33 (gut™), IFNy (lung™?), TNFa (gut™) or a
combination of cytokines,®” CXCR3 ligands (gut™®), and 4-1BB/4-1BBL (lung™*. Interestingly,
CD4" IFNy producing T cells may even prepare the tissue microenvironment for the entry of
CD8* TRM by inducing the production of CXCR3 ligands, as demonstrated in vaginal tissues
and lung. In this model, the subsequent differentiation into TRM is aided by tissue-derived
factors such as TGFRM215%4¢ Although continuous TCR stimulation is essential for induction
and maintenance of tissue-resident Tregs,” this may not be the case for conventional CD4*
and CD8" TRM =729

The context of the tissue environment may therefore support a stepwise model for
development of TRM: first, endothelial cells and T cells are activated by an (inflammatory)
trigger (figure 5). Subsequently, interaction with or transmigration through endothelium
primes T cells for increased receptivity towards environmental signals and increased
migratory capacity, inducing an “activated yet resting” state and sustained CD69 expression,
as demonstrated in chapter 8. CD69 is considered an important feature for the identification
of human tissue-resident memory T cells,”*" also due to its role CD69 in limiting tissue
egress by sequestering sphingosine 1 phosphate receptor 1 from the cellular surface 84
Lastly, micro-environmental signals from the tissue environment may further shape, support
and consolidate the specific TRM profile at a certain tissue site (chapter 7). This hypothesis
for TRM development is consistent with a previously suggested model of T cell trafficking,
which also emphasizes a role for the endothelium in shaping T cell function.®?
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Figure 5. Potential stepwise TRM differentiation of CD4* T cells.

Stages of differentiation and/or adaptation of tissue-infiltrating T cells

Although CD69 is an important molecule regulating T cell maintenance in tissues, not all T
cells in tissues express CD69. One theory is that the CD69" cells have recently arrived and
are transitioning into CD69* T cells®* In this sense, also within tissues the differentiation
into stable TRM may be a stepwise process, as previously suggested.?”24147150 On the other
hand, CD69 cells could represent T cells which transiently pass through tissues and re-
enter the circulation, without undergoing the full differentiation into TRM.

Also at the maternal-fetal interface we observed that most, but not all, Tregs (and Tconv)
expressed CD69, with a range in the expression intensity (chapter 7). This suggests that
also within the tissue Treg population, CD69 is not uniformly expressed. One of the control
populations analyzed in this study, i.e. CD69 Tconv from the uterus, could shed light on the
differentiation and/or migration stage of CD69" T cells in tissues. Comparing gene expression
of blood-derived circulating CD4* T cells, CD69"* tissue-resident cells, and CD69 tissue-
derived T cells by principal component analysis showed that the transcriptional profile of
both CD69 and CD69" tissue T cells was clearly distinct from blood-derived T cells (figure
6A). Moreover, the transcriptional profile of CD69 CD4* T cells appeared to be intermediate
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between that of blood-derived and CD69" tissue cells. Although this does not exclude the
possibility that CD69 are transient bypassers which adapt their transcriptional profile to
the tissue environment before re-entering circulating, this could suggest that CD69 tissue
CD4" cells are in the process of differentiating into CD69" TRM. To assess which genes
could play a role in such a step-wise differentiation, we overlayed the genes that were 1)
significantly upregulated in CD69 tissue cells compared to CD69 blood CD4" T cells and
2) significantly upregulated in CD69" compared to CD69 tissue CD4* T cells, implying a
stepwise upregulation from blood, to CD69 tissue T cells to CD69" tissue T cells. The
same approach was employed to identify genes that were downregulated in a stepwise
manner. The analysis yielded 105 gradually upregulated and 45 gradually downregulated
genes (figure 6B). The heatmap, which also includes the same populations from a uterine
control site, as well as regulatory T cells (Tregs) shows that based on these genes, CD69
CD4* T cells from tissue cluster closer to blood-derived T cells than TRM. Tregs from tissue
cluster close to the CD69" fraction, which would imply that they have also undergone full
differentiation into TRM. Further investigations will have to point out whether some of these
genes are indeed involved in a stepwise differentiation of circulating T cells into TRM.
This may lead to the identification of key transcriptional regulators of tissue-residency in
human T(reg) cells and may provide insights into the developmental cues and programs
that underlie stable tissue-residency.

CONCLUSION

In conclusion, tissues are highly dynamic immune environments, in which local cues provide
essential signals for the generation, maintenance and regulation of endothelial cells, T cells
and their interactions. In inflammation these tissue microenvironments are changed by pro-
inflammatory signals, which induce and sustain feedback loops of disturbed endothelial
function and T cell homing and activation, further contributing to the inflammatory process
which can lead to chronic inflammation. Stopping this feedback loop with targeted
treatments is therefore of utmost importance to restore tissue and immune homeostasis in
chronic inflammatory diseases.
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Figure 6. Differentiation stage of CD69 CD4' T cells in tissues.

A) Principal component analysis of transcriptional profile of blood- and tissue-derived CD69 and CD69*
CD4" T cells. B) Heatmap of genes displaying step-wise upregulation or downregulation from blood, to
CD69 tissue CD4' T cells to CD69"* tissue CD4" T cells, as well as Tregs from both compartments.
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Dit proefschrift verkent lokale en systemische profielen van inflammatie, adaptatie en
regulatie op het grensvlak tussen weefsels en immuniteit. In de samenvatting hieronder
zullen deze begrippen toegelicht worden en de inhoud van het proefschrift in het kort
besproken worden.

Ontsteking

Het afweersysteem is verantwoordelijk voor het beschermen van het lichaam tegen
infectieziekten veroorzaakt door onder andere bacterién en virussen. Wanneer een bacterie
of virus het lichaam binnendringt, wordt het afweersysteem geactiveerd, wat resulteert in
een ontsteking (inflammatie). Ontsteking is de natuurlijke reactie van het afweersysteem
om een infectie te bestrijden. Tijdens een ontsteking komt er een scala aan signaalstoffen
vrij (cytokines en chemokines). Deze signaalstoffen worden zowel door de cellen van
het afweersysteem, als door de omliggende weefselcellen op de plek van de ontsteking
gemaakt. De hoeveelheid en soort signaalstoffen die gemaakt wordt hangt af van het type
ontsteking en de intensiteit ervan. Daarmee kan de concentratie en specifieke combinatie
van signaalstoffen die wordt aangetroffen ter plaatse van de ontsteking of in het bloed, als
informatiebron (biomarker) over de ontsteking dienen.

Een celtype dat een belangrijk onderdeel vormt van het afweersysteem zijn T cellen. T
cellen hebben de capaciteit om lichaamsvreemde entiteiten, zoals bacterién en virussen,
te herkennen en te doden. T cellen komen zowel in het bloed als in weefsels voor. Zij
zijn in staat hun gedrag en functie aan te passen aan de specifieke locatie waar ze zich
bevinden (adaptatie). Om vanuit het bloed de weefsels te bereiken, moeten T cellen de
wand van de bloedvaten passeren. Deze bloedvatwand, die het grensvlak markeert tussen
het deel van het afweersysteem dat zich in het bloed bevindt (systemisch) en het deel
dat zich in de weefsels bevindt (lokaal), bestaat uit een speciaal soort cellen genaamd
endotheelcellen. Als grenswachters tussen bloed en weefsel vervullen endotheelcellen
een belangrijke functie, vooral tijdens ontsteking, omdat ze de passage van T cellen van
bloed naar weefsels actief reguleren. Bovendien zijn endotheelcellen, net als T cellen, in
staat zich aan te passen aan hun omgeving.

Ontsteking is een nuttig, maar ook gevaarlijk proces. Het ontstekingsproces is erop
gericht om een eventuele indringer schade te berokkenen. Tijdens een ontsteking
kunnen daardoor echter ook omliggende lichaamseigen weefselcellen beschadigd
worden. Om deze randschade zoveel mogelijk te beperken, maar tegelijkertijd een
infectie effectief te bestrijden, wordt het ontstekingsproces nauw in balans gehouden
door ontstekingsremmende signaalstoffen en cellen (regulatie). Op deze manier wordt ook
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voorkomen dat ontsteking langdurig blijft bestaan (chronische ontsteking). Een voorbeeld
van ontstekingsremmende cellen zijn regulatoire T cellen. Zij behoren tot de familie van
de T cellen en hebben als belangrijkste taak om andere T cellen te remmen wanneer hun
reactie disproportioneel is in verhouding tot de infectie, of voltooid is nadat de infectie is
bestreden.

De strekking van dit proefschrift is om de twee compartimenten van het afweersysteem,
te weten in het bloed (systemisch) en in de weefsels (lokaal), te verbinden. Hierin wordt
ook de functie van de endotheelcellaag betrokken die het grensvlak vormt tussen bloed
en weefsels. Deze verbinding wordt besproken binnen twee verschillende contextuele
situaties van het menselijke lichaam: enerzijds tijdens chronische ontsteking zoals wordt
gezien in auto-immuunziekten, en anderzijds tijdens de zwangerschap. Het doel van dit
proefschrift is om nieuwe inzichten te creéren die kunnen bijdragen aan een vertaling van
onderzoeksresultaten naar een klinische toepassing.

Biomarkers voor therapie op maat in auto-immuunziekten

Wanneer het afweersysteem niet goed gereguleerd is, ontsteking de overhand
krijgt en chronisch wordt, kan er sprake zijn van een auto-immuunziekte. Bij een auto-
immuunziekte ontstaat de ontsteking doordat het afweersysteem lichaamseigen weefsels
aanvalt. Afhankelijk van de soort auto-immuunziekte kunnen er in verschillende weefsels
ontstekingen ontstaan.

Bij juveniele dermatomyositis (JDM), een zeldzame auto-immuunziekte die optreedt op de
kinderleeftijd, ontstaat er chronische ontsteking in de spieren en de huid, met ernstige
gevolgen zoals spierzwakte en beschadiging van de huid. Naast ontsteking van de spieren
en de huid, is een verstoorde functie van endotheelcellen (endotheeldysfunctie) een
belangrijk kenmerk van JDM. Patiénten met JDM worden langdurig behandeld met zware
afweer-onderdrukkende medicijnen, die in de meeste patiénten de ontsteking effectief
dempen, maar ernstige bijwerkingen kunnen veroorzaken. De ziekte vertoont vaak
een wispelturig beloop, met perioden van actieve ontsteking (opviamming) afgewisseld
door perioden van rustige ziekte (remissie). Een belangrijk probleem voor patiénten en
behandelend artsen is dat er op dit moment geen objectieve meetinstrumenten bestaan
om de activiteit van de ziekte betrouwbaar vast te stellen. Om een zo goed mogelijk beeld
te krijgen van de ziekte-activiteit, wordt nu een aantal metingen gecombineerd — zoals
spierkrachtsmetingen en laboratoriumbepalingen van het bloed — echter geeft geen van
deze metingen de activiteit altijd juist weer. Dit heeft tot gevolg dat het lastig is voor artsen
om in te schatten hoeveel medicatie er precies nodig is. Patiénten lopen daardoor het
risico op overbehandeling (met ernstige bijwerkingen) of onderbehandeling (met ziekte-
opvlammingen). Een ander probleem is dat de huidige (standaard) behandeling niet bij alle
patiénten even goed aanslaat. Er is op dit moment nog geen methode beschikbaar om te
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voorspellen welke patiénten goed of minder goed op de behandeling zullen reageren. Er
is er dus binnen verschillende aspecten van de behandeling van patiénten met JDM ruimte
om de behandeling beter af te stemmen op de individuele behoeften van een patiént
(therapie op maat).

In deel 1van dit proefschrift onderzochten wij strategie€n om therapie op maat te faciliteren
voor patiénten met JDM. We maakten hierbij gebruik van biomarkers, signaalstoffen
afkomstig van de ontsteking, die gemeten kunnen worden in het bloed van patiénten en
zowel de aard als de intensiteit van de ontsteking kunnen weerspiegelen. Hoofdstuk 2
geeft een overzicht van de huidige stand van de literatuur op het gebied van biomarker-
geleide controles van ziekte-activiteit in JDM. De uitdagingen en kansen voor therapie op
maat met behulp van biomarkermetingen worden besproken.

Onze groep heeft in een eerder onderzoeksproject twee biomarkers geidentificeerd,
genaamd CXCL10 en galectine-9, die de ziekte-activiteit in JDM kunnen weergeven: hoe
hoger de waarden van de biomarkers in het bloed, des te actiever de ziekte (en des te meer
medicatie patiénten nodig hebben). In hoofdstuk 3 onderzochten we de betrouwbaarheid
van deze twee biomarkers door ze te meten in twee nieuwe, onafhankelijke, grote,
internationale patiéntengroepen (validatie). De validatie toonde aan dat beide biomarkers
een betrouwbare maat vormen voor de ziekte-activiteit. Daarnaast onderzochten we of
het mogelijk zou zijn om met deze biomarkers opvlamming van de ziekte te voorspellen
voordat patiénten last kregen van spierzwakte of huidproblemen. Het doel hiervan was om
in de toekomst te kunnen anticiperen op een dreigende opvlamming door de behandeling
alvast te intensiveren. Op die manier zou de daadwerkelijke opvlamming voorkomen
kunnen worden om de schade te beperken. We onderzochten de voorspellende waarde
van de biomarkers in een groep van patiénten die over de tijd (jaren) werden gevolgd
en lieten in een aantal patiénten veelbelovende resultaten zien. Tenslotte verkenden we
een technische vernieuwing van de biomarkermetingen, middels via vingerprik verkregen
bloeddruppels op een papieren kaartje (dried blood spots). We toonden aan dat de
biomarkermetingen in de dried blood spots even goed werken als biomarkermetingen via
de reguliere bloedafname. Het voordeel van de dried blood spots is dat de vingerprik
weinig invasief is, en dat patiénten de kaartjes thuis kunnen maken en via de post kunnen
opsturen naar het ziekenhuis. Bij een goede biomarkerwaarde (corresponderend met
rustige ziekte) zou een controlebezoek uitgesteld kunnen worden. Bovendien zouden de
dried blood spots ziektecontroles mogelijk kunnen maken in landen of gebieden waar
patiénten op grote afstand van het ziekenhuis leven. De biomarkermetingen van CXCL10 en
galectine-9 zijn in Utrecht inmiddels geimplementeerd in de diagnostiek, en zijn daarmee
als standaard zorg beschikbaar voor alle patiénten met JDM in Nederland.

In hoofdstuk 4 onderzochten we of de combinatie van bepaalde biomarkers
(biomarkerprofiel) voorspellend kan zijn voor het effect van de behandeling in individuele
patiénten met JDM. Omdat naast ontsteking endotheeldysfunctie een belangrijk ziekte-
aspect is van JDM, richtten we ons op biomarkers die in eerder onderzoek gerelateerd
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waren aan ontsteking en/of endotheeldysfunctie. De biomarkerprofielen werden in
twee onafhankelijke patiéntengroepen gemeten, voor aanvang van behandeling. We
vonden dat hoge waarden van de twee bekende biomarkers CXCL10 en galectine-9, in
combinatie met twee nieuwe biomarkers, TNFR2 en galectine-1, een groep van patiénten
identificeerden die 1) voor aanvang van behandeling een ernstig ziektebeeld had (ernstige
spierzwakte en huidverschijnselen), 2) vaker aanvullende medicatie benodigde naast de
standaardbehandeling om de ontsteking succesvol te onderdrukken, 3) vaak een langere
behandelduur nodig had (langere tijd van aanvang van behandeling tot stoppen van alle
medicatie). Hiermee toonden we aan dat hoge waarden van deze vier biomarkers bij
ziektebegin voorspellend zouden kunnen zijn voor een ernstiger ziektebeloop met minder
goede effecten van de behandeling. Als deze resultaten bevestigd kunnen worden in een
grotere patiéntengroep, zou dit in de toekomst kunnen helpen om deze ‘risicopatiénten’bij
ziektebegin te identificeren en het behandelingsbeleid voor hen aan te passen.
Verschillende auto-immuunziekten worden gekenmerkt door verschillende soorten
ontsteking, en verschillende betrokken weefsels. Niet alleen in JDM, maar ook in sommige
andere auto-immuunziekten speelt endotheeldysfunctie een belangrijke rol. Bij patiénten met
auto-immuunziekten waarbij meerdere weefsels of organen betrokken zijn (systemische auto-
immuunziekten) is de endotheeldysfunctie in de regel meer uitgesproken dan bij patiénten
met auto-immuunziekten van een enkel weefsel of orgaan (lokale auto-immuunziekten).
Uit eerder onderzoek is bekend dat langdurige endotheeldysfunctie een risicofactor is
voor het ontwikkelen van hart- en vaatziekten. Vooral bij patiénten met systemische auto-
immuunziekten is dit verhoogde risico op hart- en vaatziekten dan ook aangetoond.

In hoofdstuk 5 onderzochten we biomarkerprofielen gerelateerd aan endotheel(dys)functie
en ontsteking in patiénten met verschillende auto-immuunziekten. We lieten zien dat in het
bloed van patiénten met auto-immuunziekten de balans tussen signaalstoffen verstoord is
ten opzichte van gezonde personen: sommige signaalstoffen die belangrijk zijn voor een
goede functie van het endotheel waren verminderd aanwezig, terwijl andere signaalstoffen
waarvan een verstorende functie op het endotheel bekend is, verhoogd aanwezig bleken.
Daarnaast waren bij de meeste patiénten verhoogde waarden van biomarkers voor
ontsteking aanwezig. We vonden dat verschillende auto-immuunziekten ziekte-specifieke
biomarkerprofielen hebben. Deze profielen bleken onder andere afhankelijk van de locatie
van de ontsteking (lokaal versus systemisch). De ziekte-specifieke biomarkerprofielen
lieten ook een relatie zien met de activiteit van de ziekte: hoe actiever de ziekte, des
te uitgesprokener het biomarkerprofiel. Bovendien bleken er in een aanzienlijk deel
van de patiénten zonder symptomen of klachten (klinisch inactieve ziekte) nog steeds
verhoogde biomarkerwaarden aanwezig, wat suggereert dat deze patiénten ondanks
behandeling een niet zichtbare (subklinische) ontsteking en endotheeldysfunctie haddden.
Deze suboptimale onderdrukking van ontsteking en endotheeldysfunctie zou het reeds
verhoogde risico op hart- en vaatziekten nog verder kunnen vergroten.
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De bevindingen in dit hoofdstuk zouden in de toekomst kunnen bijdragen aan een betere
controle van ontsteking en endotheeldysfunctie bij patiénten met auto-immuunziekten, om
z0 het lange-termijn risico op hart- en vaatziekten te verkleinen.

Immuniteit op het grensvlak tussen weefsels en bloed

in deel 2 van dit proefschrift bestudeerden wij hoe afweercellen en endotheelcellen zich
aanpassen aan hun directe weefselomgeving, onder andere tijdens de zwangerschap op
het grensvlak tussen moeder en kind in de baarmoeder.

Een zwangerschap stelt een unieke uitdaging aan het lichaam van een vrouw. Om de groei
van het kind te faciliteren, vinden er grote veranderingen plaats in baarmoeder. Een van
de belangrijkste aanpassingen is een bijzondere vormverandering in de bloedvaten van
de baarmoeder (spiraalarterién), die ervoor zorgt dat grote hoeveelheden voedingsstoffen
via het bloed kunnen worden uitgewisseld met het groeiende kind. Een ernstige
complicatie die kan optreden tijdens de zwangerschap is zwangerschapsvergiftiging (pre-
eclampsie). Hoewel het precieze mechanisme dat ten grondslag ligt aan pre-eclampsie
nog niet is achterhaald, lijkt er een belangrijke rol te zijn voor een verstoorde functie van
endotheelcellen (endotheeldysfunctie) in de bloedvaten van de baarmoeder. Een van de
gevolgen is dat de vorming van de spiraalarterién is verstoord bij pre-eclampsie, wat kan
leiden tot ernstige gezondheidsproblemen bij zowel moeder als kind.

In hoofdstuk 6 hebben wij de endotheeldysfunctie tijdens zwangerschapsvergiftiging
onderzocht. Om dit te bestuderen werden tijdens de keizersnede stukjes weefsel uit
de baarmoeder van vrouwen met pre-eclampsie en vrouwen met ongecompliceerde
zwangerschappen afgenomen. Vervolgens werden de endotheelcellen uit deze
weefselstukjes aan een diepgaande analyse onderworpen die alle facetten van hun
functie en gedrag belichtte. We vonden dat de endotheelcellen zich gedroegen alsof
ze belangrijke signaalstoffen tekort kwamen. Om dit te bevestigen onderzochten we de
biomarkerprofielen van signaalstoffen gerelateerd aan endotheelfunctie en ontsteking in
het bloed van vrouwen met pre-eclampsie. Dit bevestigde een tekort aan signaalstoffen
die cruciaal zijn voor een goede functie van het endotheel. De bevindingen in dit hoofdstuk
tonen aan dat in het bloed van vrouwen met pre-eclampsie signaalstoffen ontbreken die
belangrijk zijn voor de functie van het endotheel. Bovendien ‘voelen’ de endotheelcellen
in de baarmoeder dit tekort, wat deels zou kunnen verklaren waarom de vorming van de
spiraalarterién verstoord is tijdens pre-eclampsie.

Niet alleen endotheelcellen, maar ook het afweersysteem heeft een bijzondere rol tijdens
de zwangerschap. Cellen van het afweersysteem, en specifiek T cellen, herkennen niet
alleen virussen en bacterién, maar in principe alle ‘lichaamsvreemde’ entiteiten. Tijdens
de zwangerschap draagt de vrouw een kind dat voor de helft uit genetisch materiaal
van de vader bestaat. In theorie zou het afweersysteem de cellen van het kind daardoor
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als lichaamsvreemd kunnen herkennen (vergelijkbaar met de afstotingsreactie van een
donororgaan na transplantatie). Gewoonlijk verloopt een zwangerschap echter zonder een
dergelijke reactie. De zwangerschap is in dit opzicht dus een immunologisch mysterie.

In hoofdstuk 7 onderzochten wij een van de mogelijke verklaringen hoe een afweerreactie
tegen hetkind tijdens de zwangerschap voorkomen kan worden. Een verklaring zou kunnen
zijn dat het afweersysteem, en met name de functie van T cellen, tijdens de zwangerschap
heel nauw gereguleerd is. Regulatoire T cellen vervullen een belangrijke rol in het remmen
van T cellen en zouden daarom een cruciale rol kunnen spelen in het voorkomen van een
afweerreactie tegen het kind. In dit hoofdstuk toonden wij aan dat regulatoire T cellen in de
baarmoeder hun functie specifiek aanpassen aan hun weefselomgeving in de nabijheid van
de moederkoek en het kind. Precies op het grensvilak tussen moeder en kind, daar waar
de moederkoek is aangehecht, zijn regulatoire T cellen actiever dan op andere plekken in
de zwangere baarmoeder, en veel actiever dan in het bloed. Regulatoire T cellen passen
dus hun functie specifiek aan aan hun weefselomgeving en zijn bijzonder effectief in het
remmen van T cellen op het grensvlak tussen moeder en kind, daar waar dit het meest
noodzakelijk is. De bevindingen in dit hoofdstuk geven een mogelijke verklaring voor het
ontbreken van een afweerreactie tegen het kind tijdens een gezonde zwangerschap. In de
toekomst zou deze kennis gebruikt kunnen worden om te achterhalen of in gecompliceerde
zwangerschappen, zoals zwangerschappen waarin het kind niet voldoende groeit, een
verminderde functie van regulatoire T cellen een rol speelt.

Inmiddels is bekend is dat T cellen in diverse weefsels in het lichaam voorkomen. Niet alleen
regulatoire T cellen, maar ook andere T cellen in weefsels laten een bijzonder uiterlijk en
gedrag zien. Tot zover is het nog niet bekend hoe en op welk moment T cellen in weefsels
deze eigenschappen gaan vertonen. Een van de mogelijkheden is dat T cellen deze
eigenschappen verkrijgen op het moment dat ze de bloedbaan verlaten en de weefsels
betreden. Op dat moment zijn ze in nauw contact met de bloedvatwand bestaande uit
endotheelcellen, die ze moeten passeren om de weefsels te bereiken.

In hoofdstuk 8 onderzochten wij of endotheelcellen een rol spelen in het aanzetten van de
weefselspecifieke eigenschappen van T cellen. Een van de typische eigenschappen die
T cellen in weefsels onderscheidt van T cellen in de bloedbaan, is de aanwezigheid van
het CD69 molecuul op hun opperviakte. Wij vonden dat de interactie met endotheelcellen
inderdaad presentatie van CD69 teweegbrengt. Naast het verkrijgen van CD69, vertoonden
T cellen die in aanraking waren geweest met endotheelcellen ook een aantal andere
uiterlijke en functionele kenmerken die geassocieerd zijn met T cellen in weefsels. Omdat
deze experimenten buiten een levend lichaam zijn uitgevoerd, is het niet mogelijk om met
zekerheid aan te tonen dat T cellen na interactie met endotheelcellen echte weefsel-T
cellen worden. De bevindingen in dit hoofdstuk suggereren echt wel dat endotheelcellen
het uiterlijk en gedrag van T cellen kunnen beinvioeden, op een manier die lijkt op de
kenmerken van T cellen in weefsels. Deze resultaten kunnen van waarde zijn voor onder
andere auto-immuunziekten, waarbij kwaadaardige T cellen de weefsels betreden en daar
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een ontsteking veroorzaken. Een beter begrip van de mechanismen die het gedrag van
T cellen in weefsels bepalen kan in de toekomst aangrijpingspunten bieden voor nieuwe
behandelingen van auto-immuunziekten.

CONCLUSIE

In dit proefschrift hebben we lokale en systemische profielen van inflammatie, adaptatie en
regulatie op het grensvlak tussen weefsels en immuniteit verkend. Specifiek hebben wijj
verschillende aspecten van de wisselwerking tussen (T-cel afhankelijke) chronische inflammatie
en endotheelcellen onderzocht. De belangrijkste bevindingen van dit proefschrift zijn:

- De validatie en implementatie van galectine-9 en CXCL10 als biomarkers voor de
ziekte-activiteit van JDM
- De identificatie van biomarkerprofielen die:
o In JDM gerelateerd zijn aan ziekte-ernst en de respons op therapie kunnen
voorspellen
o0 Specifiek zijn voor auto-immuunziekten en gerelateerd zijn aan ziekte-activiteit
en het risico op hart- en vaatziekten
o Inpreeclampsie mogelijk bijdragen aanof eenuiting zijn van endotheeldysfunctie
in de baarmoeder
- Het inzicht dat regulatoire T cellen hun gedrag aanpassen aan hun specifieke
weefselomgeving, en bijzonder actief zijn op het grensviak tussen moeder en kind in
de baarmoeder, hetgeen kan bijdragen aan de regulatie van de afweerreactie tijdens
de zwangerschap
- Hetinzicht dat T cellen in weefsels hun bijzondere uiterlijk en gedrag (deels) zouden
kunnen verkrijgen door nauwe interactie met endotheelcellen tijdens het uittreden uit
de bloedbaan naar weefsels.
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De betrokkenheid van velen om mij heen, zowel op het werk als daarbuiten, heeft de
totstandkoming van dit proefschrift mogelijk gemaakt. Daarom hier een woord van dank
aan iedereen die er in de afgelopen jaren voor me is geweest en heeft bijgedragen!

Femke en Annet, ik had me geen betere begeleiding kunnen wensen. Heel erg bedankt
voor al het vertrouwen dat jullie in me hebben gehad en de enorme vrijheid die jullie me
hebben gegeven om mijn eigen pad te ontdekken. Ik heb me altijd door jullie gehoord,
gesteund en gewaardeerd gevoeld, inhoudelijk maar ook persoonlijk. Femke, met het
plezier, de gedrevenheid maar ook ontspannenheid waarmee je de uitdagingen van de
wetenschap lijkt te trotseren ben je een inspiratie voor me. Als ik even door de bomen het
bos niet meer zag wist jij weer overzicht te creéren. Je vooruitstrevende blik en passie voor
het doorgronden van nieuwe concepten zijn aanstekelijk. [k bewonder je kracht waarmee
je je inzet voor de positie van vrouwen in de wetenschap. Dankjewel voor je persoonlijke
en geduldige begeleiding. Annet, jouw toewijding en visie op patiéntenzorg zijn een
belangrijke drijffveer voor me geweest. Ik bewonder de tomeloze energie, gedrevenheid
en het plezier waarmee je patiéntenzorg, onderwijs, onderzoek (en een leven buiten werkl)
combineert. Het vertrouwen dat ouders en patiénten in jou hebben, is onmisbaar geweest
voor het JDM onderzoek. Bedankt voor je toewijding en betrokkenheid bij onze projecten,
maar vooral ook bij mij en mijn persoonlijke ontwikkeling. Je warme aanwezigheid heeft
veel voor me betekend.

Berent, dankjewel voor de kans die je me geboden hebt om eerst in jouw lab, en later
onder supervisie van Femke en Annet, in aanraking te komen met translationeel onderzoek
en mijn passie ervoor te ontdekken. Ik waardeer het dat je me niet alleen als onderzoeker,
maar ook als mens hebt geprobeerd iets mee te geven. Dank voor je vertrouwen en steun
op afstand.

Sytze, zonder jou als begeleider van mijn masterstage was ik niet geweest waar ik nu
ben. Ook al hebben onze paden elkaar in de afgelopen jaren wat minder gekruist dan
voorheen, ik ben je nog steeds dankbaar dat je me de kans hebt gegeven om deel uit te
maken van deze groep en me de vrijheid hebt geboden om mijn eigen richting te kiezen.

Marianne en Ruth, dankjulliewel voor jullie enthousiasme en betrokkenheid in de afgelopen

jaren als mijn AlO-begeleidingscommissie. Met jullie open maar kritische blik heb ik altijd
het gevoel gehad een veilig vangnet te hebben in het geval dat nodig zou zijn.

365



ADDENDUM

Bas, Dr. van Rijn, dankjewel voor het fantastische idee waarmee je bij ons kwam aankloppen,
en het vertrouwen in ons en onze gezamenlijke projecten! Het is een mooie achtbaanrit
geweest, waarin ik jouw visie en gedrevenheid altijd enorm heb gewaardeerd. Ik ben bljj
dat we de sprong in de diepten van de reproductieve immunologie hebben gewaagd!

Beste Stefan, dankjewel voor je persoonlijke betrokkenheid bij mijn beslommeringen
over carrierepaden, en al je hulp en inzet om de implementatie van onze biomarkers
in de diagnostiek te realiseren. Beste diagnostiek-team, Henny, Karin, Lisette, Loes,
Omar, en anderen, dankjulliewel voor jullie geduld en doorzettingsvermogen om de
biomarkermetingen te optimaliseren voor gebruik in de klinische praktijk!

Jeroen en Pien, heel veel dank voor jullie eindeloze geduld en zowel morele als technische
steun in de wispelturige uurtjes van de Aria’s. Wilco, Mariska, Mariélle, Ben, Zorica,
Stephanie, dank voor jullie hulp bij de luminex en biobank!

Kristin, dankjewel voor je steun in het onderwijs en voor de kansen die je me hebt geboden.

Beste kinderreumatologen binnen en buiten het WKZ, Bas, Ellen, Esther, Joost, Marc,
Merlijn, Nico, Petra, Sylvia en Wineke, beste Annette, dankjulliewel voor jullie enorme
ad-hoc inzet om ondanks de drukte van de kliniek tijd te maken om patiénten in onze
biomarkerstudie te includeren, en ze te vervolgen. Dankjulliewel dat ik altijd weer bij jullie
mocht aankloppen met vragen. Zonder jullie was de JDM biomarkerstudie niet mogelijk
geweest!

Beste leden van het Myositis Netwerk Nederland, in het bijzonder Anneke, Anke,
Christiaan, Ger, Johan, Joost, Marianne, Saskia, dank voor de vele gezellige uren tijdens
congressen in Washington en Berlijn en onze inspirerende etentjes (Johan, volgende keer
Koreaans bij jou toch?), voor de mooie samenwerkingen die daaruit zijn voortgevloeid en
voor jullie enorme enthousiasme en inzet om een verschil te maken voor patiénten met
myositis.

Dear co-authors and collaborators, thank you for your contributions and efforts to make our
projects into a success!

De Bas Stichting, en in het bijzonder Annita en Rob, dank voor jullie vertrouwen in ons
JDM team. Zonder jullie tomeloze energie en morele en financiéle steun hadden we nooit
zo ver kunnen komen. Dankzij jullie hulp is ons JDM biomarker project uitgegroeid tot een
langlopende onderzoekslijn, die hopelijk in de toekomst nog veel prachtige resultaten gaat
brengen en de zorg voor patiénten met JDM blijft verbeteren.
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Marco en Kiki, dankjulliewel voor de mooie samenwerking, jullie bevlogenheid om ook
vermoeidheid en vermoeibaarheid als onderwerpen onder de aandacht te brengen in
JDM, en voor jullie rol in het “JDM team” in het WKZ.

Dear (ex-)roomies, Ale, Feli, Genoveva, Nienke, (part 1), Andrea, Doron, Ellen, Jorre, José,
Jingwen, Lotte, Weiyang, (part 2 and 4) and Janneke and Lucas (part 3), thank you all
for sharing the highs and lows of my PhD with me, the spontaneous moments of relief or
frustration, always accompanied by lots of coffee and tea (Nienke, your green thermos is
still going strong!). Ale, thank you for being such an inspiring example as a strong woman
in science, and for the unforgettable experience of joining a true ltalian wedding! Feli,
danke flr deine Freundschaft, die superschonen Wochenenden in Lausanne, und die tolle
Zusammenarbeit Uber diese ganzen Jahre. Ohne dich héatte es das JDM Biomarkerprojekt
nicht gegeben! Jorre, voor de fijne samenwerking, je heerlijke sarcasme en de gedeelde
smart over ethische commissies en monitors. Nienke, roomie en congresmattie! Dankjewel
voor alle mooie herinneringen in de afgelopen jaren, inclusief de nodige feestjes (op
congressen en daarbuiten), stadstour in Belgrado, sneeuwbalgevechtin Lausanne, badhuis-
chillen in Boedapest en nog veel meer! © Lotte, buurvrouw, voor al je gezelligheid en alle
beslommeringen over artsen in de wetenschap en het (on)nut van ethische bureaucratie.
Lucas en Janneke, dank voor jullie gezelligheid, gedeelde voogdij over de droppot en
(door mij verwaarloosde) plant, en de nodige deur-dicht-bijpraatmomenten.

Dear present and past Van Wijk group members, Ale, Arjan, Barbara, Eelco, Eveline, Feli,
Gerdien, José, Laura, Lek, Lisanne, Marlot, Roos, Theo, Yvonne, thank you for all the great
times and all your help and moral as well as practical support during these years. You have
taught me that Femke’s group is like Hotel California (you can check out, but you can never
leave), in the best possible way. | think it says a lot that all of you/us are still connected and
dedicated to helping each other out where possible even after starting new jobs all over
the world, and | certainly hope we can keep that spirit alive in the future. Lieve Marlot,
dankjewel dat je het nooit hebt opgegeven! Ik waardeer het enorm dat je — ondanks alles
— altijd rond lunchtijd je hoofd om de deur bent blijven steken. Dankjewel voor alle keren
dat je me in het lab uit de brand hebt geholpen, voor je aanstekelijke lach en voor je
onmisbare aanwezigheid die de Femke-groep tot een groep maakt. Lieve Lisanne, wat
heb ik een enorme bewondering voor jouw motivatie, volharding en scherpe analytische
blik. Dankjewel voor de fijne spontane momenten waarin we even ons hart konden luchten.
Lieve Eelco, Mr. Brand, ik ben onder de indruk van je gedrevenheid en hoe je moeiteloos
work and play lijkt te combineren, met altijd tijd en oog voor anderen. Ik vind het een eer
dat ik op de valreep nog jouw tweede thuis in het AZU heb mogen leren kennen, inclusief
de beruchte rode bank! José, dankjewel voor de gezellige gesprekken en voor je enorme
hulp bij de iDisco. Dear Lek, thank you for having my back in the JDM project! | really
appreciate your enthusiasm and admire your dedication. | hope you will keep enjoying
your time here in the lab and in the Netherlands. Gerdien, dankjewel voor alle Treg tips
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en de nodige koffiemomenten. Yvonne, dankjewel voor de leuke koffiemomenten en dat
je altijd bereid bent tot een helpende gedachte of hand! Theo, dankjewel voor je goede
carriere-adviezen, en dat ik een poosje op jouw fijne thuis mag passen. Lieve Arjan, ik heb
je stralende aanwezigheid het afgelopen jaar gemist in het WKZ en in Sterk! Dankjewel
voor alle heerlijke biermomenten (op SF-avonden, in de klimhal, tijdens het bakken voor
de cake-om-de-week, op whatsapp), en dat je er voor me was tijdens het klim-akkefietje in
Minster. Gelukkig heeft Kerstin ons onder haar hoede genomen met de Bloemstraat-BBQs
en blijven de bier- en koffiemomenten gewoon bestaan ©

Lieve Lau, wat een mooie turbulente jaartjes hebben we gedeeld in ons prachtige
iISPAR project, met ‘hours of boredom, minutes of thrill, and seconds of terror’ achter
de sorter. Dankjewel dat ik altijd op je kon rekening als mijn partner in crime, voor de
fantastische samenwerking en de fijne gesprekken. Ik bewonder je enorme daadkracht en
doorzettingsvermogen, en je motiverende woorden als ik er doorheen zat. Ik had me geen
betere uterusbuddy kunnen wensen, op naar die volgende fles bubbels!

Beste Fjodor, Eva en Leone, dankjulliewel voor al jullie enthousiasme, bijdragen en inzet
tijdens jullie stages bij mij! Ik heb er enorm van genoten om met jullie samen te werken en
ben heel trots dat ik een stukje van jullie opleiding heb mogen meemaken. leder van jullie
heeft een unieke stempel gedrukt op de projecten met jullie eigen ideéen en kwaliteiten.
Zonder jullie inbreng waren de projecten nooit geworden tot wat ze nu zijn, waarvoor mijn
grote dank!

Dear Prakken/Loosdregt/Vastert/Boes/Gin-Tonic/other LTI group members, Bas, Jenny,
Jorg, Fran, Janneke, Kamil, Lot, Lucas, Luuk, Noor, Rianne, Samu, Willie, thank you
for all the good times! Lieve Fran, van chillen (euhh hard studeren) op het dek van de
Van Kinsbergen boot tot zeilklaar maken van jullie eigen boot, wat een ontwikkelingen!
Dankjewel voor vele mooie momenten door de jaren heen. Lieve Noor, congresroomie!
De gezellige snapshots van je bruiloft zijn nog steeds trotse versiering boven mijn bureau
en zullen ook op mijn volgende werkplek weer een ereplaatsje krijgen. Dankjewel voor
de fijne en waardevolle bijkletsmomenten waarin ik het gevoel had dat ik alles met je kon
delen, de beste tour naar de leukste inside-plekjes in Liverpool, inclusief de onvergetelijke
karaokebar, en natuurlijk de murder mystery! Luuk and Samu, thank you for the nice
collaboration! Rianne, ik zal nooit ons Londen-avontuur vergeten, wat een ‘belevenis’ was
dat! Dankjewel voor alle mooie avonden met sing-stars, gin-tonics, bridgen en andere
borrels, en al je hulp in de afgelopen jaren! Willie, dankjewel voor de mooie op-de-valreep
gesprekken op random avonden als we eigenlijk allebei allang op het punten stonden om
naar huis te gaan.

368



DANKWOORD

Lieve Lot, van werkgroepbuddies tot WKZ-buddies, en over een paar jaar het Spel-Wienke
lab! Volgens mij zijn we goed on track, de Goldstrike was gewoon een voorbode van wat
er nog komen gaat ;) Dankjewel voor de mooie vriendschap door de jaren heen. Je bent
een inspiratie voor me met de manier waarop jij met volle overtuiging en heel veel plezier
nieuwe uitdagingen en avonturen aangaat. Dankjewel voor het introduceren van gin-tonic
avonden, de bridge club, wandelweekenden en nog zoveel meer!

Lieve I&l band, Erik en de Hakkers, McTBCL of band met de wijzigende naam, Dani, Do,
Erik, Kevin, Michiel, Pieter-Jan, Shamir en Tjomme, dankjulliewel voor de heerlijke uurtjes
in DB’s en de mooie optredens!

Lieve salsamaatjes, door de fijne dansavonden en gesprekken met jullie ga ik me vanzelf
altijd weer blij voelen, ook als de dag of de week wat minder was. Dankjulliewel voor alle
soepele en gekke dansjes door de jaren heen, afgetopt met speciaalbiertjes! Jasper, dank
voor de open bier- en fietsgesprekken en de pretentieloze gitaarsessies die we precies
vaak genoeg plannen. Lieve Auke, onze semi-autistische bieb/café-werkdagen waren de
hoogtepunten van mijn werkweken het afgelopen half jaar, en dat kwam zeker niet alleen
door de hoeveelheid taartjes die we hebben getest! Zowel op als naast de dansvloer ben
je een fantastisch maatje, dankjewel dat ik altijd over alles met je kan praten!

Lieve Murmelvrienden, Hedwig, Jort, Mirjam, Remco, ik vind het heel bijzonder dat we na
al die jaren nog steeds betrokken zijn in elkaars levens en hoop dat dat nog heel lang zo
blijft. Dankjulliewel voor jullie langdurige vriendschap!

Lieve eetclub-vriendinnen, Ellen, Esther, Jarka en Merel, wat hebben we door de
jaren heen veel gedeeld met elkaar: fantastische cocktails, maaltijden, witte-chocolade-
kardamom-dadel-cheesecake en bergen lief en leed. Dankjulliewel voor de mooie (maal)
tijden, en op naar de volgende ronde!

Lieve SSL-buddies, Bé, Bjorn, Fre, GJ, Jules, Makoto, Lars, Rob, Stéphanie, dankjulliewel
voor alle culinaire hoogstandjes, inzichten in het leven binnen en buiten de wetenschap
en vooral de gesprekken over heeeeeeel andere zaken tijdens onze fantastische avonden
en weekenden samen. Ik vind het enorm bijzonder dat we ondanks de wisselende, en
tegenwoordig toenemende fysieke afstanden (Jules, zucht...), elkaar toch zo regelmatig
blijven zien, en dat het zo dichtbij blijft voelen. Ik hoop dat we ondanks het verzuimen van
de Canada-editie de SSL Down Under kunnen realiseren, en dat onze jaarlijkse spontane
weekenden een langdurige traditie worden.

Lieve Fre, van de Ardennen tot Nicaragua, Zeeland tot Indonesié en Mexico tot Patagonié,
onze prachtige reizen waren altijd de hoogtepunten van mijn jaar waar ik naartoe kon
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leven. Niet alleen vanwege al het moois dat we samen hebben gezien en meegemaakt,
maar ook om de tijd die we samen konden doorbrengen om onze levens te overdenken
en weer met fris zelfinzicht, relativeringsvermogen, moed en plezier aan de slag te gaan.

Lieve Lieke en Astrid, wat had ik zonder jullie gemoeten! In al die jaren zijn jullie er
geweest om thuis de blije momenten te delen, maar ook om me door de moeilijke uurtjes
en frustraties heen te slepen, met altijd een luisterend oor paraat. [k had me geen betere
huisgenootjes kunnen wensen!

Lieve Harrie (voor buitenstaanders Henriette), van Aegee-band tot tweelingzussen in
Guatemala en Portugal (en nu zelfs in Nederland). Onze fijne wandeldagen waarin we onze
levens op de mooiste plekken buiten weer even op een rijtje zetten voelen altijd als een
mini-vakantie. Dankjewel voor je luisterend oor en mooie vriendschap, dat Pieterpad komt
nog wel aan de beurt!

Lieve Kerstin, ik vind het ontzettend fijn dat we elkaar in de afgelopen jaren zoveel beter
hebben leren kennen, je bent een fantastische vrouw en vriendin. [k bewonder jouw plezier,
innerlijke rust, kracht en goed gedoseerde onafhankelijkheid waarmee je de uitdagingen
van het leven en de wetenschap aangaat. Dankjewel voor alle heerlijke ontspannen uren
binnen en buiten de klimhal, onze mooie gesprekken betekenen veel voor me.

Lieve Merel, lief vriendinnetje. Dankjewel voor je onmisbare en onvoorwaardelijke
vriendschap door de jaren heen; altijd heb je aan mijn zijde gestaan, nu ook letterlijk bij
mijn verdediging. Je inspireert me met je energie, passie voor het leven, veerkracht en
liefdevolle luisterend oor. Ik kan niet in woorden vatten hoeveel je voor me betekent,
dankjewel dat je er altijd voor me bent!

Lieber Papa, auch wenn wir uns nicht immer einig waren Uber meinen Lebenspfad,
bin ich froh daB du dich jetzt auch freust Uber was ich erreicht habe. Ich bewundere
deine Lebensfreude und Energie und ich hoffe daB du auch weiterhin hinter meinen
Entscheidungen stehen kannst. Liebe Petra, danke flr deine warme Anwesenheit in all
diesen Jahren und alle schonen Momente die du und Papa mit eurer Unternehmungslust
verwirklicht.

Lieve Marc, dankjewel dat je er altijd, onvoorwaardelijk voor me bent geweest. Jouw
liefdevolle steun in de keuzes die ik heb gemaakt betekent heel veel voor me. Dankjewel
dat je in me gelooft en dat je me hebt geleerd mijn zegeningen te tellen, maar ook op de
eerste rang staat om mij aan te moedigen als ik daaraan voorbij wil streven. Samen met
Mama ben jij mijn thuis.
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Liebe Mama, ohne dich ware ich nicht wer ich jetzt bin. Du warst schon immer mein groRes
Vorbild, und wirst das auch immer bleiben. Du inspirierst mich mit der Art wie du im Leben
stehst und der grenzenlosen Energie mit der du jede neue Herausforderung angehst.
Danke dass du immer an mich glaubst und mir die Kraft und Freiheit gibst genau das zu tun
was mich gltcklich macht. Hab dich ganz doll lieb!
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