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Abstract of thesis and outline




The primary aim of this thesis is to investigate how pathogenic autoreactive T cell
responses manifest in systemic sclerosis (SSc) and other connective tissue diseases
(CTDs) such as Sjogren’s syndrome (SjS). By elucidating the underlying mechanisms
of these immune responses, this work seeks to advance the understanding of
disease pathophysiology and inform the development of targeted T cell therapies
with improved specificity, reduced side effects, and broader applicability to
diverse SSc and CTD patient populations. To achieve this, a comprehensive toolkit
that integrates advanced imaging, single-cell multiomic technologies, in silico
approaches, and functional assays was developed to detect and analyze adaptive
immune responses driving SSc and other related CTDs such as SjS.

Chapter 2 reviews current knowledge on the pathophysiology of SSc, with a
particular focus on the heterogeneous nature of the disease and the critical roles of
adaptive immune responses, especially T cell-mediated mechanisms, in its clinical
manifestations. This review also evaluates the therapies that have been tested,
their molecular targets, and their potential efficacy in clinical trials. By identifying
unmet clinical needs, this narrative review aims to guide research towards novel
disease hallmarks, specifically within adaptive immune responses, for which limited
effective therapies are currently available.

In Chapter 3, we performed single-cell transcriptomic and proteomic analyses in
the affected skin, lungs and blood samples from 4 SSc patient cohorts (a total of
165 SSc patients vs. 80 healthy individuals) to analyze disease-relevant differences
in the phenotype and regulation of T cell responses in SSc affected tissues. We
further investigated the potential therapeutic effects of T cell costimulatory
modulation through functional assays and in a severely affected SSc patient treated
under compassionate use with a novel anti-CD3/CD7 immunotoxin therapy that
selectively depletes activated T cells.

In Chapter 4, we developed an advanced 3D fibrogel contraction in vitro model to
investigate T cell-mediated skin pathology in SSc, focusing on key hallmarks such
as fibrosis and stiffness. This model provides a platform to unravel the molecular
mechanisms through which T cells contribute to pro-fibrotic disease manifestations.
Additionally, it enables high-throughput testing of preclinical efficacy for existing
and novel therapeutic approaches targeting both T cell- and fibroblast-driven
disease pathways.

Chapter 5 of this thesis focuses on examining the involvement of T cells in
disease pathogenesis of a subgroup of severely affected SSc patients with severe
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vasculopathy (presence of pulmonary arterial hypertension). In this chapter, we
apply multi-color flow cytometry to identify whether and which peripheral T cell
subsets associate with vascular severity in SSc. Analysis is performed in a well-
stratified cohort of SSc patients with or without presence of pulmonary arterial
hypertension (PAH) and age- and sex- matched healthy controls and patients
with non-autoimmune PAH and examines whether expansion of certain T cell
populations in SSc PAH patients may be used as a biomarker to assist early diagnosis
of this life-threatening complication.

In Chapter 6, the focus shifts from blood and affected tissues to lymph nodes
aiming to investigate whether pathogenic T cell responses in SSc tissues are
orchestrated by locoregional lymph nodes. In this chapter, on top of general
T cell responses, specific focus on the phenotype and function of nuclear-antigen
specific T cells is given. To address this, we employ positron emission tomography-
computed tomography (PET-CT) imaging, single-cell multiomics, and ex vivo
antigen stimulation assays for a first-of-its-kind analysis of autoreactive (nuclear
antigen-specific) T cell responses in matched lymph nodes, blood, and skin
biopsies from SSc patients. Parallel analyses in patients with SjS are included to
identify overlapping and distinct immune responses to nuclear antigens in SSc
compared to other CTDs like SjS. This chapter further explores the role of a novel
SSc-specific lymph node TRAIL+ CD4+ T cell cluster in shaping antigen-presenting
cell (APC)-mediated B cell pathology in systemic autoimmunity through a series of
functional assays.

Finally, Chapter 7 provides a summary of the studies presented in this thesis,
discusses their findings in the context of current literature, and offers perspectives
for future research directions.
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Rheumatic autoimmune connective tissue diseases:
clinical manifestations, immune mechanisms, and
therapeutic challenges

Rheumatic diseases encompass a diverse group of disorders characterized by
inflammation, autoimmunity, and musculoskeletal involvement, often leading
to chronic pain, disability, and systemic complications. Among these, systemic
autoimmune CTDs represent a subset that primarily affects connective tissues
and internal organs through immune-mediated mechanisms. These disorders
include systemic lupus erythematosus (SLE), SSc, SjS, and polymyositis, each
exhibiting unique but overlapping clinical manifestations. SLE is characterized by
a relapsing-remitting course with multi-organ involvement, including arthritis,
nephritis, and neuropsychiatric symptoms, driven by immune complex deposition
and widespread inflammation [1]. SSc primarily presents with progressive fibrosis
affecting the skin and internal organs, accompanied by vascular dysfunction
and life-threatening complications such as pulmonary arterial hypertension [2].
SjS predominantly targets exocrine glands, causing severe dry mouth and eyes, with
systemic features ranging from arthritis to interstitial lung disease [3]. Polymyositis,
a form of inflammatory myopathy, manifests as proximal muscle weakness due
to immune-mediated fiber destruction. The disease course varies from mild to
severe, with complications such as pulmonary fibrosis, cardiovascular involvement,
and increased malignancy risk [4]. Prognosis depends on organ involvement,
with SSc and severe lupus nephritis carrying higher morbidity and mortality.
Treatment strategies focus on immunosuppression, including corticosteroids,
disease-modifying antirheumatic drugs (DMARDs), and targeted biologic therapies,
aimed at modulating autoreactive immune responses and preventing irreversible
organ damage [5].

CTDs affect up to 3% of the global population with SjS, SLE and SSc accounting for
0.5-3%, 0.9-1% and 0.2%, respectively [6]. CTDs represent a significant global health
burden due to their chronic nature, complex pathophysiology, and substantial impact
on patients’ quality of life. These conditions are characterized by autoimmune-
mediated damage to connective tissues in the absence of an inciting infectious
pathogen, leading to diverse manifestations such as fibrosis, multi-organ dysfunction,
and systemic inflammation. They are classified as autoimmune because they involve
the presence of autoantibodies (e.g. antinuclear antibodies) [7, 8] and are driven by
autoreactive T cell and B cell responses in affected and locoregional lymphoreticular
tissues due to failure of immune tolerance towards self-antigens [9, 10].
These immune cells interact in various ways to induce specific disease features [11].
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Translational research reveals variability in the adaptive immune cell responses
involved across different CTDs [12, 13]. Certain T cell and B cell subsets have been
implicated in clinical symptoms characterizing SSc, SjS, and SLE. While each CTD
exhibits distinct organ damage—e.g., skin and lungs in SSc, salivary glands in SjS—
common to all CTDs is the loss of self-tolerance, where self-reactive T cells escape
immune regulation and become activated, often through APCs. These biological
processes and the role of certain T cell subsets are discussed in detail in coming
sections of this introduction.

The heterogeneity and overlapping features of CTDs complicate diagnosis and
treatment, leading to delayed interventions and progressive disease. The often-
subtle initial complaints, such as Raynaud’s phenomenon—characterized by
episodes of reduced blood flow to the fingers and toes triggered by cold or
stress, causing color changes, pain, or numbness—and sicca symptoms, which
involve dryness of the eyes and mouth due to reduced glandular secretion, further
contribute to diagnostic challenges as these early manifestations are frequently
overlooked or misattributed to other conditions. Additionally, the lack of precise
diagnostic tests hinders early detection, making it difficult to initiate timely
treatment. Despite advances in understanding their underlying mechanisms,
effective therapies remain limited, with many treatments primarily targeting
symptoms rather than addressing the root cause. While there have been significant
advancements in treatments for more prevalent autoimmune diseases such as
rheumatoid arthritis, an unmet need exists for less common systemic autoimmune
diseases [14]. This is partly due to their low prevalence and variability in affected
tissues and immune mechanisms among patients, making disease activity hard to
measure and complicating the assessment of treatment effects. Current imaging
modalities and functional assays have limited sensitivity and specificity in detecting
and analyzing autoreactive immune cells, which hampers diagnosis, monitoring of
disease activity and the development of targeted therapies aimed at these cells.

This clinical and diagnostic gap underscores the need for continued research to
better characterize how autoreactive immune responses develop both systemically
and at the level of individual affected tissues. Such efforts are essential to improve
our understanding of disease pathophysiology, to identify leads for tests for early
diagnosis of disease onset and complications and to identify novel therapeutic
targets. Ultimately, this will enhance outcomes for individuals suffering from these
debilitating diseases.
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Systemic sclerosis, Scleroderma

SSc, also known as scleroderma, is a rare rheumatic autoimmune CTD that affects
approximately 2 out of 10,000 individuals worldwide [15]. SSc, similarly to other
autoimmune diseases is more prevalent in women (>80%) compared to men [16].
The disease can develop at any age, but patients are typically diagnosed
between the ages of 40 and 50. SSc is characterized by inflammation, progressive
microvascular damage and generalized fibrosis in the skin and visceral organs that
is caused by aberrant synthesis of extracellular matrix. SSc presents a wide range
of clinical manifestations, from symptoms like Raynaud's phenomenon and fatigue
to more severe complications such as pulmonary arterial hypertension and lung
fibrosis [17].

This thesis is centered around SSc because it exhibits one of the highest morbidity
and mortality rates among systemic autoimmune CTDs [18]. Additionally, our
research center has a strong clinical and experimental focus on SSc, including
the largest national cohort and participation in the European Scleroderma
Trials and Research (EUSTAR) group, a leading international network dedicated
to advancing research, clinical care, and treatment development for SSc. While
immunosuppressive therapy achieves disease remission in a proportion of patients,
not all patients respond to treatment. Beyond the disease itself, this can lead to loss
of work productivity and limitations in social activities. Even those who do respond
require lifelong treatment with expensive therapies, creating a significant financial
burden on patients and society [19].

Systemic sclerosis: disease subtypes and stages

The clinical presentation of SSc is highly heterogeneous, ranging from limited skin
involvement to widespread skin thickening accompanied by severe internal organ
damage. Early clinical manifestations include vasculopathy marked by Raynaud's
phenomenon and puffy fingers (Figure 1), sometimes accompanied by nonspecific
signs such as gastrointestinal reflux, joint pain, and fatigue, which may precede
more definitive manifestations by several years [17]. Early disease processes
(<3 years after diagnosis) are thought to be molecularly characterized by a highly
inflammatory phase. In part of the patients with long standing/late disease
inflammation regresses, while in others the inflammatory and profibrotic processes
evolve and spread to internal organs and tissues [20].
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Skin thickening is a hallmark of the disease and allows for classification into
two clinical subsets: limited cutaneous systemic sclerosis (IcSSc) and diffuse
cutaneous systemic sclerosis (dcSSc). In 1cSSc (approximately 2/3 of patients), skin
involvement is restricted to the face and areas distal to the elbows and knees, while
dcSSc (approximately 1/3 of patients) features more widespread skin thickening,
including proximal regions. Diffuse cutaneous SSc is more commonly associated
with severe organ complications, such as heart, lung, and kidney involvement.
Furthermore, these subsets also differ in their autoantibody profiles, which often
provide additional insights into disease classification and prognosis [21].

Figure 1. Schematic representation of common SSc clinical symptoms.

Pathogenesis of systemic sclerosis: mechanisms of vasculopathy,
autoimmunity, and fibrosis

Similar to most other inflammatory diseases the precise etiopathogenesis of SSc is
unknown, but its development is multifactorial, involving genetic predisposition,
environmental triggers, epigenetics, ischemia-reperfusion stress, and viral
infections [22-29]. However, none of these factors have been identified as the
central cause. Vasculopathy, fibrosis and autoimmune inflammation are the main
disease hallmarks in SSc pathophysiology (Figure 2). Although significant debate
persists within the SSc community regarding the sequence of these events, it
is widely accepted that disease is only sustained when the immune system,
vascular endothelium, and connective tissue repair system are concurrently
dysregulated [30].
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To begin, vasculopathy is key in SSc pathogenesis because approximately 95% of
patients experience Raynaud’s phenomenon (RP) early on. RP results from vascular
abnormalities, particularly affecting endothelial cells. Endothelial cell dysfunction
initiates autocrine and paracrine activation of immune and stromal cells, driven by
autoantibody-induced autoimmunity. Scleroderma-specific autoantibodies (anti-
scl70, anti-centromere, anti-RNA polymerase, Th/To) activate endothelial cells,
increasing inflammatory and fibrotic responses, such as IL-6, collagen, a-SMA, and
TGF-f production [31].

Regarding the involvement of the immune system in SSc two general etiologic
scenarios are considered (Figure 3). First, an occult viral infection or exposure
to environmental particles might cause chronic activation of innate immune
mechanisms and directly induce SSc pathologic features [32-34]. Tissue
infiltration by B and T cells might be a secondary response to viral antigens or an
immunoregulatory phenomenon. Second and more likely because of a large and
increasing body of evidence, SSc might be an autoimmune disease. In brief, SSc is
genetically associated with certain MHC class Il alleles and the B cell genes BANKT1
and BLK [35]. Furthermore, SSc is associated with pathologic signs of aberrant T and
B cell responses and specific autoantibodies that exert direct pathologic effects
on SSc related cells, such as fibroblasts and endothelial cells [36, 37]. Finally, SSc is
responsive to myeloablation with autologous stem cell transplantation (ASCT) and
B and T cell directed drugs [38-41]. Following the second scenario of SSc etiology,
hereafter these pathologic features in relation to SSc main disease hallmarks are
described in greater detail.

The adaptive immune system plays a key role, with B cells and plasma cells generating
SSc-specific autoantibodies, driving autoimmunity and inflammation [42, 43].
Autoreactive T cells are also major players in SSc pathogenesis, with Th1 cells initiating
inflammation and Th2-associated cytokines such as interleukin 4 and other
fibroproliferative cytokines that drive fibrosis in skin and internal organs [44]. The
innate immune system is also involved. Mast cells, natural killer cells, dendritic
cells, neutrophils, and monocytes/macrophages promote inflammation and
fibrosis. Monocyte/macrophage plasticity enables progression from inflammation
to fibrosis. Dendritic cells and Th1 cells produce type | interferons, enhancing
inflammatory responses. Neutrophils contribute through reactive oxygen species
(ROS) production, infiltrating tissues in the skin and lungs.



General introduction and outline |

Figure 2. SSc etiopathogenesis and disease progression.

Figure 3. Scenarios of the involvement of the immune system in SSc disease pathophysiology.

Fibroblasts are central effector cells in SSc fibrosis. Upon activation, they
transdifferentiate into myofibroblasts, producing extracellular matrix (ECM)
components like a-SMA. Early disease fibroblasts release inflammatory cytokines
(e.g., IL-6), chemokines (CXCL8-11), and fibrotic proteins (e.g., CTGF). As fibrosis
progresses, hypoxia and stress trigger fibroblasts to produce profibrotic cytokines
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(e.g., TGF-B) and resist apoptosis. Additionally, epithelial and endothelial cells can
undergo epithelial/endothelial-mesenchymal transition (EMT), adopt fibroblast-
like properties, further contributing to fibrosis.

In summary, SSc pathogenesis involves vascular dysfunction, immune activation,
and fibroblast-driven fibrosis. Autoimmunity, mediated by innate and adaptive
immune responses, leads to endothelial activation and fibrotic changes, creating
a self-sustaining inflammatory-fibrotic cycle. Immune cells, endothelial cells and
fibroblasts interact via soluble mediators or by forming complex networks and that
establishes additional interactions with various cell types, notably keratinocytes,
pericytes, platelets, and adipocytes (Figure 4). The pathophysiology of SSc and the
contribution of the immune cells involved is discussed in greater detail in chapter 2
of this thesis.

Figure 4. Pathogenesis of SSc: Complex Interactions Among Immune Cells, Endothelial Cells,
and Fibroblasts.
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Autoantigens and autoantibodies in systemic sclerosis: triggers,
immune responses, and clinical implications

SSc has been associated with various environmental stimuli that may induce
autoimmunity. These stimuli range from infections such as retroviruses and
cytomegalovirus (CMV), to exposure to environmental toxins like silica, organic
solvents, paint, industrial solvents, toxic oil, bleomycin and other drugs [45]. A
particularly intriguing observation is the increased persistence of fetal cells and
micro chimerism in women with SSc, suggesting a possible link between pregnancy
and the development of autoimmunity in this disease [46]. These environmental
exposures likely contribute to the formation of autoantigens that trigger the
autoimmune response in SSc. Retroviruses and CMV are thought to induce
autoantigen formation through molecular mimicry or by subverting antiviral
immune responses [32, 33, 37], highlighting the complex relationship between
infection and autoimmunity.

Furthermore, non-infectious stimuli, such as environmental toxins, may induce
oxidative stress, other forms of cellular damage, or cell death. These processes are
well documented in SSc, with increased levels of particles released from stressed
or damaged tissues, such as hyaluronan, high mobility group box 1, S1T00A8/9, and
nucleosomes, which contribute to the inflammatory environment [47]. Notably,
bleomycin, a drug that induces oxidative stress, chromosome breaks, and apoptosis
in fibroblasts, endothelial cells, and immunocytes, triggers a pro-fibrotic response
in SSc [48]. Moreover, metals ingested in the context of ischemia-reperfusion injury
have been shown to generate unique protein fragments containing SSc-associated
autoantigens [49], further underscoring the role of environmental factors in the
formation of autoantigens.

Connecting these findings, the stimuli discussed above have been shown to cause
fibroblasts from SSc patients to undergo significant alterations in centromeric DNA,
leading to DNA damage and chromosomal instability. These nuclear abnormalities
can activate the cGAS-STING pathway, which is implicated in the production of pro-
inflammatory cytokines, contributing to the autoimmune response seen in SSc [50].
This mechanism provides a direct link between environmental triggers and the
activation of the immune system.

One of the earliest clinical manifestations of SSc is an exaggerated or late-onset
Raynaud’s phenomenon, characterized by abnormal thermal regulation of blood
flow in the digital arteries. The pathogenesis of Raynaud’s phenomenon has been
attributed to endothelial damage, increased vasoconstriction, and reduced blood
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flow [51]. As oxidative stress is a major trigger for endothelial injury in SSc, it is often
observed in the affected skin and lungs, with early pathological features, such as
apoptosis, occurring in endothelial and perivascular cells [52]. This damage results
in a perivascular infiltrate of macrophages, T cells, and B cells, further amplifying the
autoimmune response. Apoptosis also leads to the extrusion of microparticles, which
contain potential nuclear autoantigens like DNA topoisomerase | and centromere
protein B, alongside immunostimulatory damage-associated particles [53, 54].
These microparticles may serve as potent stimuli for the induction of autoreactive
cells, thus perpetuating the disease cycle. In conclusion, environmental stimuli,
including infections and toxins contribute to the formation of autoantigens that drive
autoimmune responses in SSc. These factors, combined with genetic predisposition,
lead to endothelial damage and immune dysregulation, which are central to the
disease's progression. Understanding these interactions is crucial for developing
targeted diagnostic and therapeutic strategies for SSc.

As environmental stimuli and genetic factors contribute to the formation
of autoantigens in SSc, these self-antigens are presented to autoreactive
T cells, leading to the production of autoantibodies by autoreactive plasma
cells. A central role for autoreactive T cell-mediated autoantibody production
is supported by the positive associations between genetic predisposition to
SSc and specific HLA class Il alleles (e.g. HLA-DRB1/DPB1/DQB1) and disease
severity [23, 55-57]. Most patients with SSc produce class-switched serum IgG
antinuclear antibodies targeting various ribonucleoprotein and DNA-associated
complexes, such as topoisomerase | (Scl-70), centromere proteins (CENP-A and
CENP-B),Th/To,andRNApolymerasesl/IlI[58].0therautoantibodiesdirectedagainst
cell surface antigens, such as against intercellular adhesion molecule 1 (ICAM-1),
endothelin-1 type A receptor (ETAR), angiotensin Il type 1 receptor (ATTR),
platelet derived growth factor (PDGF) receptor, CD22 and against endothelial
cells (proteins unknown), co-occur with other autoantibodies and also occur in
other CTDs [59].

Detection of more than one antinuclear autoantibodies in SSc patients is rare and
between patients with different autoantibody profiles remarkably different clinical
manifestations can be observed. For instance, anti-centromere is positive in 16-
40% of patients and has been associated with limited cutaneous scleroderma and
presence of digital ulcers. In addition, 20-40 % of the patients are sera positive
for Scl-70 which is associated with diffuse cutaneous SSc and more severe organ
involvement. Anti-RNA polymerase is present in 5-30% and is often predictive of
patients at risk of renal crisis but less risk of pulmonary involvement [60]. Although
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the presence of autoantibodies in SSc is prevalent and disease-specific, it is yet
unknown whether they are pathogenic or epiphenomena.

T cells are important players in SSc disease pathogenesis

T cells play a pivotal role in the pathogenesis of systemic sclerosis (SSc), contributing
to inflammation, vascular damage, and fibrosis through distinct functional subsets.
The balance and activity of CD4+ af T helper cells (Th1, Th2, Th17, Tfh and Tph)
or T regulatory cells (Tregs), and cytotoxic CD8+ T cells (CTLs) are central to SSc
pathology, with each subset exerting unique and often contrasting effects.

Th1 cells, characterized by their IL-12 induced production of interferon-gamma
(IFN-y), exhibit a dual role in SSc. IFN-y suppresses collagen synthesis and promotes
ECM breakdown by inducing matrix metalloproteinases (MMPs), which have
antifibrotic effects [61]. However, conflicting evidence from animal models suggests
Th1-like responses may also play a role in inflammation-driven skin fibrosis [62].
One possible explanation for these opposing effects may be that Th1 cells exert
stage-dependent functions in SSc. In early disease, IFN-y may help limit fibrosis by
reducing collagen deposition and enhancing ECM degradation. However, in later
stages, persistent Th1 cytokine activity, including elevated IL-12 levels, may sustain
chronic inflammation, promote macrophage activation toward a pro-inflammatory
M1 phenotype, and indirectly contribute to fibrosis through prolonged immune
activation and oxidative stress [63, 64]. Notably, Th1 responses appear diminished
in lesional skin compared to systemic Th2 activity [65-67], reflecting a complex
interplay between these T helper subsets.

Th2 cells are thought to be major drivers of fibrosis in SSc through the production
of pro-fibrotic cytokines IL-4, IL-5, and IL-13. These cytokines activate fibroblasts,
promoting excessive ECM deposition and collagen production, hallmark features of
SSc pathology [68, 69]. Elevated levels of Th2 cytokines, particularly IL-4 and IL-13,
have been detected in SSc skin lesions, correlating strongly with disease severity
and the extent of fibrosis [70]. CD30, a marker of Th2 activation, has also been found
in higher concentrations in SSc serum and skin tissues, further reinforcing the role
of Th2 skewing in disease pathogenesis [71]. The dominance of Th2 responses over
Th1 has long been associated with the fibrotic process in SSc.

Th17 cells have gained increasing attention as key players in SSc, bridging innate
and adaptive immune responses. These cells produce cytokines such as IL-17, IL-21,
and IL-22, which promote inflammation, activation of endothelial cells and
fibroblasts, ultimately contributing to both vascular dysfunction and fibrosis [72].
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Elevated Th17 frequencies have been observed in both peripheral blood and
affected tissues of SSc patients, with IL-17 levels correlating with disease activity
and severity, as measured by skin scores and organ involvement [73]. IL-17 induces
the recruitment of monocytes and amplifies pro-inflammatory pathways, which are
critical in early SSc pathology. Furthermore, IL-17 synergizes with IL-9, linking Th17
and Th9 responses in tissue damage. This interaction amplifies fibroblast activation
and extracellular matrix deposition, promoting excessive collagen production and
fibrosis. Additionally, IL-9 enhances mast cell survival and degranulation, leading to
the release of proteases and pro-inflammatory mediators that exacerbate vascular
injury and tissue remodeling in SSc [74, 75].

T follicular helper (Tfh) cells and T peripheral helper (Tph) cells are additional
T helper subsets that are thought to contribute to SSc by driving B cell activation
and autoantibody production [76]. Tfh cells, which are localized in germinal
centers of secondary lymphoid organs, produce IL-21 and IL-17 and promote
B cell maturation and antibody class switching and production of autoantibodies
contributing to SSc pathology [77]. Elevated levels of circulating Tfh cells correlate
with disease severity and fibrosis [78], while Tfh-like cells infiltrating lesional skin
exacerbate local inflammation and skin fibrosis [79]. In contrast, Tph cells, localized
in inflamed peripheral tissues, share functional similarities with Tfh cells but secrete
CXCL13 and IL-21 to stimulate B cells locally [76]. Elevated CXCL13 production in
lesional skin [80] and serum [81] correlates with disease severity, suggesting a role
for Tph cells in perivascular inflammation and vascular dysfunction, particularly in
early disease stages.

Conversely, T regulatory cells (Tregs), which are essential for maintaining immune
tolerance and controlling inflammation [82], are often reduced or functionally
impaired in SSc patients [83-85]. Reduced Treg activity exacerbates the Th17/Treg
imbalance, which has been closely associated with increased inflammation and
fibrosis [86]. While some studies report elevated Treg frequencies [87] in early
SSc, others observe reduced Treg numbers [88] or impaired suppressive function
in advanced stages, indicating dynamic changes in Treg behavior during disease
progression. Notably, a skewed Th17/Treg ratio has been implicated as a potential
biomarker for disease severity, progression, and activity [86].

CytotoxicT cells (CTLs), particularly CD8+T cells, are also thought to contribute to SSc
pathology, with evidence suggesting their involvement in endothelial damage and
inflammation. In early dcSSc), CD8+ T cells infiltrate lesional skin and induce apoptosis
of endothelial cells, which may trigger vascular damage and initiate fibrosis [89].
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Additionally, CD8+ T cells have been shown to secrete IL-4 and IL-13, cytokines
traditionally associated with Th2 responses, thus contributing to fibrosis alongside
their cytotoxic functions [90, 91]. Interestingly, CD4+ cytotoxic T lymphocytes (CD4
CTLs) have also been identified as key contributors to SSc, particularly in vascular
dysfunction, due to their perforin- and granzyme-mediated cytotoxic effects on
endothelial cells [92].

Together, these T cell subsets exhibit intricate and overlapping roles in SSc pathology.
Th2, Th17, Tfh, and Tph cells predominantly promote fibrosis, inflammation, and
autoimmunity, while Tregs attempt to suppress these responses, often inadequately.
Th1 cells appear to have stage-specific roles, with potential antifibrotic effects
in later disease phases. CTLs, on the other hand, play a significant role in vascular
injury and tissue damage, particularly in early disease. The interplay between these
subsets not only highlights the complexity of immune dysregulation in SSc but also
suggests their potential as biomarkers for disease diagnosis, activity monitoring, and
therapeutic targets.

Moreover, non-conventional y8 T cells and CD4, CD8 double positive T cells [93, 94],
although present in lower numbers in SSc affected tissues and blood circulation,
have been shown to produce high levels of IL-4, suggesting they may combine helper
and cytotoxic functions and as such possibly contribute to neo-epitope formation
and recognition [94].

Despite the significant insights gained from studies on T cell subsets in SSc,
important knowledge gaps remain. First, much of the current understanding is
derived from analyses of peripheral blood, with relatively fewer studies examining
affected tissues and none exploring T cell responses within patients' lymph nodes.
This represents a critical gap, as antigen-specific and potentially autoreactive
T cell responses are primarily initiated and regulated within locoregional lymph
nodes. Second, it remains unclear whether the observed T cell responses are truly
antigen-specific and autoreactive or are instead bystander responses arising from
a generalized inflammatory environment. Addressing these gaps is essential for
unraveling the mechanisms driving T cell-mediated immune dysregulation in SSc
and for identifying precise therapeutic targets.

Autoreactive T cells and antigen-specificimmunotherapies in SSc

Autoimmune diseases, including SSc, arise from a breakdown of immune tolerance,
where immune responses against self-antigens become pathogenic, resulting
in localized or systemic inflammation. Examples of localized antigen-specific
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inflammation include Graves’ disease [95] and type 1 diabetes [96], diseases
affecting a single organ (thyroid and pancreas respectively). Autoimmunity can
also present as a systemic condition, driven by immune responses to ubiquitous
autoantigens like DNA topoisomerase | (Scl70), which is associated with severe
dcSSc. [97]. The immune system maintains self-tolerance through mechanisms that
delete or suppress autoreactive T cells, with regulatory T (Treg) cells playing a central
role. However, such regulatory mechanisms are defective in SSc [98] and other
CTDs [99], resulting in autoimmunity and inflammation. As previously discussed,
recent research highlights specific T cell subsets and their cytokines as contributors
to SSc pathogenesis by influencing autoimmunity, inflammation, and fibrosis,
however, the antigen specificity of infiltrating T cells remains unknown. Antigen-
specificity of infiltrating T cells towards nuclear and cytosolic antigens has been
determined in RA [100, 101] synovium and SLE kidneys and urine samples [102],
showing their enrichment in severely affected patients and their involvement
in disease progression. Autoreactive T cells are also found in healthy individuals,
where they play a role in promoting tolerance. This presents a significant challenge
in developing antigen-specific therapies for autoimmune diseases. Consequently,
these therapies must be designed to target autoreactive lymphocytes that drive
disease while sparing those that contribute to health. Achieving this requires
a thorough understanding of the specificity and pathogenic characteristics of
autoreactive lymphocytes, distinguishing them from those crucial for maintaining
health. Antigen-specific approaches have demonstrated success in animal models
of autoimmunity and show promise in phase | and Il clinical trials of localized
autoimmune diseases such as type 1 diabetes and multiple sclerosis, with larger
trials currently underway using various methods to achieve antigen-specific
tolerance [103]. However, in systemic autoimmunity [104-107] challenges persist,
including identifying the antigens targeted by the autoimmune response, tailoring
treatments to the specific immune pathology of each disease, avoiding off-target
effects or the promotion of autoimmunity, and ensuring that these therapies are
accessible and provide lasting results.

DNA topoisomerase | specific CD4+ T cells have been detected in blood circulation
of Scl70 seropositive only SSc patients and their frequency was correlated with
interstitial lung disease [108]. However, further research is needed to explore the
presence and function of these cells in tissues affected by SSc and in draining
lymph nodes to better understand their role within the affected tissues. In this
context, it is essential to distinguish between the pathogenic and regulatory roles
of autoreactive T cells in SSc, as this differentiation will inform the development of
novel therapeutic approaches aimed at either eliminating or tolerizing these cells.
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Autoreactive immune responses in SjS compared to SSc

Loss of tolerance to self-antigens is not exclusive to SSc but is a fundamental
process in the pathogenesis of all CTDs. While the specific autoantigens involved
vary between CTDs, some are shared across multiple conditions. Each CTD affects
different tissues, and the degree of immune cell involvement in these tissues also
varies. It remains unclear whether the differences in disease manifestations and
immune responses are directly attributable to the distinct autoantigens involved
in each condition. However, evidence from experimental animal models of CTDs
supports this hypothesis. For instance, in addition to SSc, SjS also involves reactivity
to nuclear antigens (NAgs), yet the two diseases exhibit markedly different
clinical presentations and immune responses within affected tissues. Therefore,
a comparative study of antinuclear antigen responses in these two CTDs could
provide valuable insights into how specific autoantigen responses drive disease-
specific immune mechanisms.

The vast majority of patients with SjS show autoreactivity against the nuclear
antigens Ro60 and La. Detection of these autoantibodies in SjS patients’ serum
assists diagnosis and, similarly to seropositivity for Scl70 in SSc, is associated with
severe and progressive disease. While at the cellular level, cytotoxic T cells and NK
cells are known to play a prominent role in the tissue pathology of SSc, particularly
in the skin and lungs [92], in SjS-affected salivary glands, there is a more pronounced
involvement of B-helper CD4+ T cells [109] and autoreactive B cells [110].

Recent research has highlighted the role of distinct cell death pathways, molecular
mimicry, oxidative stress and epitope spreading in the autoimmune mechanisms
underlying SjS and SSc. In both diseases, cell death processes lead to the release
of intracellular antigens and subsequent activation of the immune system. In SjS,
the apoptosis of epithelial cells of the salivary glands and their defective clearance
leads to activation of autoreactive T cells and B cells [111]. In SSc, necroptosis
and pyroptosis are the predominant forms of cell death and lead to the release
of damage-associated molecular patterns that contribute to fibrosis, vasculopathy
and enhanced immune activation [112, 113].

These processes are thought to contribute to the development of autoimmunity
through mechanisms such as cross-reactivity between self-antigens and
microbial components, and the progressive diversification of immune responses
over time [114]. To begin with, molecular mimicry seems to play an important
role in both SjS and SSc. In SjS, it has been proposed that the autoantigen Ro60, a
ribonucleoprotein, might share structural similarities with antigens present in gut
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bacteria. This mimicry could trigger an immune response against Ro60, leading to
the autoimmune damage seen in SjS [115]. Similarly, molecular mimicry is also
implicated in SSc, where interactions between host immune cells and microbial
antigens may drive disease pathology. Studies suggest that HLA and autoantibodies
are critical factors in defining SSc subtypes and determining the risk of the disease
in different ethnic populations. This underscores the potential role of microbial
antigen mimicry in initiating immune responses in genetically predisposed
individuals [116]. In SjS, oxidative stress has been implicated in the dysregulation
of immune tolerance. Specifically, oxidative stress in keratinocytes may cause the
translocation of Ro60 from intracellular compartments to the cell surface, where
it becomes accessible for presentation to T cells. This process could trigger the
activation of autoreactive T cells, further contributing to the development of
SjS by promoting immune responses against self-antigens [117]. Oxidative stress
is also believed to contribute to the autoimmune aspect of scleroderma, as
demonstrated in a mouse study where oxidation of DNA topoisomerase | induced
autoimmunity, promoting the production of anti-topoisomerase | antibodies,
increased fibroblast proliferation, enhanced type | collagen mRNA synthesis, and
elevated H,O, production by endothelial cells [118].

Finally, epitope spreading, a process in which the immune system progressively
targets additional self-peptides beyond the initial antigen, plays a crucial role in
the diversification of the autoimmune response in SjS, but not as prominently in
SSc [119]. In SjS, epitope spreading often occurs, where patients display two
dominant HLA class Il polymorphisms that respond to multiple self-peptides. This
differs from the situation in SSc, where a single HLA class Il polymorphism is more
frequently associated with the response to a single peptide [120]. This suggests
that in SjS, the immune system may become increasingly dysregulated over time,
progressively targeting a wider array of self-antigens, while in SSc, the response
remains more narrowly focused. However, whether reactivity towards distinct
nuclear antigens is involved in the observed divergent adaptive immune responses
in patients’ affected tissues is still elusive.

To better understand the differences in how antigen-specific T cells are involved
or regulated in SSc versus SjS, it is essential to conduct detailed phenotypic and
functional analyses of the affected tissues in patients. In this context, studying
antigen-specific T cell responses not only in the affected tissues but also in the
locoregional lymph nodes is crucial. These lymph nodes contain follicular dendritic
cells, which play a key role in antigen presentation and the activation or regulation
of T cells. Additionally, protective immune responses against pathogens are
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initiated and propagated in inflamed lymph nodes. Given the evidence supporting
molecular mimicry in the initiation of autoimmune responses, examining these
responses in locoregional lymph nodes becomes particularly valuable.

Unmet clinical need

SSc exhibits a broad spectrum of clinical manifestations and disease stages. The
lack of well-established biomarkers to predict disease progression and treatment
response poses significant challenges to early diagnosis and the prevention
of severe complications in later stages. To date, there is no disease-modifying
treatment available for SSc and there is no universally agreed-upon treatment
protocol. Existing treatments for SSc, such as methotrexate, cyclophosphamide
and mycophenolate, primarily focus on managing inflammatory processes and
slowing disease progression (detailed review of the efficacy of current therapies is
provided in Chapter 2). However, their efficacy is often limited, and they may not
adequately target the underlying cause of disease in SSc, which is loss of immune
self-tolerance [121-124].

Only ASCT [125] and most recently anti-CD19 CAR-T cell therapy [126] can cause
long-term disease remission. These therapies eliminate also the autoreactive
immune cells and that shows the involvement of adaptive immunity in SSc.
However, both approaches are highly invasive, accompanied by high mortality rates
and are applicable only to a small subset of SSc patients—specifically, those with
severe and progressive disease who possess sufficient overall health to tolerate
the procedure. In addition, even though lymphocyte depletion shows promise,
these therapies lack antigen specificity and lead to significant immunosuppression,
including diminished vaccine responses and increased risk of infections. Therefore,
novel specific treatments need to be developed and tested in trials to better
treat SSc with the ultimate goal of specific targeting of autoreactive responses to
achieve durable disease remission by maintaining a protective immune response.

To better understand why treatments work or fail and to assist the development
program of novel treatments, it would be of great benefit to have tools to analyze
cellular mechanisms central to SSc pathogenesis, such as failure of immune self-
tolerance by auto-reactive T and B cells. Identifying and characterizing antigen-
specific immune responses has been challenging due to the low frequency of
these cells and unavailability of adequate biopsies from patient affected tissues
and draining lymph nodes. However, recent technological advances including
activation induced marker assays, HLA tetramers and single-cell RNA sequencing
allow researchers to identify potentially pathogenic T cells and validate their
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specificity. Further development and successful application of these tools will
facilitate the pressing need for the development of novel therapies that specifically
target the autoreactive immune responses driving key disease hallmarks in SSc.
The development of such targeted treatments has the potential to enhance patient
outcomes, achieve long-term disease remission with fewer side effects, and, most
importantly, offer broader applicability across a wider SSc patient population.

Aim and outline of the thesis

The primary aim of this thesis is to elucidate how pathogenic autoreactive
T cell responses manifest in SSc and other CTDs such as SjS. By elucidating the
underlying mechanisms of these immune responses, this work seeks to advance
the understanding of disease pathophysiology and inform the development
of targeted T cell therapies with improved specificity, reduced side effects, and
broader applicability to diverse SSc and CTD patient populations. To achieve this, we
developed a comprehensive toolkit that integrates advanced PET imaging, single-
cell multiomic technologies, in silico approaches, multiplex immunohistochemistry
and functional in vitro assays to detect, spatially localize and analyze adaptive
immune responses driving SSc and other related CTD pathology within patients’
active lymph nodes and affected tissues.

In Chapter 2, the current knowledge on the pathophysiology of SSc is reviewed,
with a particular focus on the heterogeneous nature of the disease and the critical
roles of adaptive immune responses, especially T cell-mediated mechanisms,
in its clinical manifestations. This review also evaluates the therapies that have
been tested, their molecular targets, and their potential efficacy in clinical trials.
By identifying unmet clinical needs, this narrative review aims to guide research
towards novel disease hallmarks, specifically within adaptive immune responses,
for which no effective therapies are currently available.

In Chapter 3, we performed single-cell transcriptomic and proteomic analyses in
the affected skin, lungs and blood samples from 4 SSc patient cohorts (a total of
165 SSc vs 80 healthy individuals) to analyze disease-relevant differences in the
phenotype and regulation of T cell responses in SSc affected tissues. We further
investigated the potential therapeutic effects of T cell costimulatory modulation
through functional assays and in a severely affected SSc patient treated under
compassionate use with a novel anti-CD3/CD7 immunotoxin therapy that
selectively depletes activated T cells.
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In Chapter 4, we developed an advanced 3D hydrogel contraction in vitro model to
investigate T cell-mediated skin pathology in SSc, focusing on key hallmarks such
as fibrosis and stiffness. This model provides a platform to unravel the molecular
mechanisms through which T cells contribute to pro-fibrotic disease manifestations.
Additionally, it enables high-throughput testing of preclinical efficacy for existing
and novel therapeutic approaches targeting both T cell- and fibroblast-driven
disease pathways.

Chapter 5 of this thesis focuses on examining the involvement of T cells in
disease pathogenesis of a subgroup of severely affected SSc patients with severe
vasculopathy (presence of pulmonary arterial hypertension). In this chapter, we
apply multi-color flow cytometry to identify whether and which peripheral T cell
subsets associate with vascular severity in SSc. Analysis is performed in a well
stratified cohort of SSc patients with or without presence of PAH and age and sex
matched healthy controls and patients with non-autoimmune PAH and examines
whether expansion of certain T cell populations in SSc PAH patients may be used as
a biomarker to assist early diagnosis of this life-threatening complication.

In Chapter 6, the focus shifts from blood and affected tissues to lymph nodes to
investigate whether pathogenic T cell responses in SSc tissues are orchestrated
by locoregional lymph nodes. In this chapter on top of general T cell responses,
specific focus on the phenotype and function of nuclear-antigen specific T cells
is given. To address this, we employ PET-CT imaging, single-cell multiomics, and
ex vivo antigen stimulation assays for a first-of-its-kind analysis of autoreactive
(nuclear antigen-specific) T cell responses in matched lymph nodes, blood, and
skin biopsies from SSc patients. Parallel analyses in patients with SjS are included
to identify overlapping and distinct immune responses to nuclear antigens in SSc
compared to other CTDs like SjS. This chapter further explores the role of a novel
SSc-specific lymph node T cell cluster in shaping APC-mediated B cell pathology in
systemic autoimmunity through a series of functional assays.

Finally, Chapter 7 provides a summary of the studies presented in this thesis,
discusses their findings in the context of current literature, and offers perspectives
for future research directions.
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Abstract

Systemic sclerosis (SSc) is a severe autoimmune, rheumatic disease, characterized
by excessive fibrosis of the skin and visceral organs. SSc is accompanied by high
morbidity and mortality rates, and unfortunately, few disease-modifying therapies
are currently available. Inflammation, vasculopathy, and fibrosis are the key
hallmarks of SSc pathology. In this narrative review, we ex-amine the relationship
between inflammation and fibrosis and provide an overview of the efficacy of
current and novel treatment options in diminishing SSc-related fibrosis based on
selected clinical trials. To do this, we first discuss inflammatory pathways of both the
innate and acquired immune systems that are associated with SSc pathophysiology.
Secondly, we review evidence supporting the use of first-line therapies in SSc
patients. In addition, T cell-, B cell-, and cytokine-specific treatments that have
been utilized in SSc are explored. Finally, the potential effectiveness of tyrosine
kinase inhibitors and other novel therapeutic approaches in reducing fibrosis
is highlighted.

Keywords
systemic sclerosis; immune cells; anti-inflammatory; therapy; fibrosis
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Introduction

Systemic sclerosis (SSc) is a severe rheumatic, autoimmune disease which affects up
to 20 people per 100,000 and women up to nine times more often than men [1-3].
Inflammation, vasculopathy, and fibrosis are the key hallmarks of SSc. Patients suffer
from fibrotic skin lesions, and as the disease progresses, the function of internal
organs, including the heart, lungs, gastrointestinal tract, and kidneys deteriorate due
to fibrosis. The disease has a high morbidity and greatly negatively affects the quality
of life and life expectancy of patients.

Although the pathophysiology of SSc has not been elucidated yet, the immune system
has been hypothesized as an important driver of the disease (Figure 1). SSc patients
exhibit disease-specific autoantibodies, and a typical cytokine profile in their blood
indicating immune cell activation. This profile is characterized by increased T helper 2
(Th2) and decreased T helper 1 (Th1) cytokines [4,5]. Furthermore, in skin biopsies of
early disease patients, perivascular accumulation of immune cells, such as CD4+ and
CD8+ cytotoxic T cells (CTLs), can be observed [6]. This immune activation can cause
(or is maybe a response to) capillary damage, which leads to capillary breakdown,
adherence of platelets, and activation of pro-fibrotic pathways. Additionally, vascular
injury causes damage and apoptosis of endothelial cells. The release of internal
damage-associated molecular patterns (DAMPs) increases microvascular permeability
which causes additional recruitment of immune cells to the endothelium and
therefore increased immune cell activation and inflammation [7].

Activation of theimmune system is also linked to fibrosis. For example, Th2 cytokines,
such as interleukin (IL)-4 and -13, can activate myofibroblasts [8]. Myofibroblasts
are a strongly pro-fibrotic cell type which produces large amounts of extracellular
matrix (ECM) molecules and matrix-strengthening enzymes. Furthermore, these
cells also excrete growth factors and cytokines that worsen inflammation [9].
IL-4, IL-6, and transforming growth factor (TGF)-f3 are the predominant fibrogenic
cytokines that cause subendothelial accumulation of fibrous tissue, leading to
aberrant vascular remodeling [10]. In turn, this aberrant vascular remodeling makes
the capillaries more prone to damage, fueling an immune response.

The important role of the immune system in the pathogenesis of SSc is further
supported by the fact that autologous hematopoietic stem cell transplantation
(ASCT) can induce long-term disease remission in patients with SSc. However, ASCT
is accompanied by a high mortality rate (~10%) and is only administered in the
most severe cases of SSc [11]. Currently, there is no specific and effective disease-
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modifying treatment available, which, regarding the severity of the disease, results
in an unmet medical need. Presently, mainly broad-spectrum immunosuppressive
and anti-inflammatory drugs, developed for other autoimmune diseases, are used
to treat SSc. In this narrative review, we discuss the effectiveness of the currently
used and/or investigated agents in diminishing skin and lung fibrosis in scleroderma
patients. For this, we first provide an overview of the main pathogenic pathways
that are implicated in the disease. Secondly, drugs targeting these pathways are
assessed for their treatment efficacy based on results from selected clinical trials. To
write this review, the databases PubMed and clinicaltrials.gov were used to search
for publications up to November 2021. Combinations of Medical Subject Headings
(MeSH) terms referring to SSc (“Systemic sclerosis” OR “Scleroderma, Systemic”) and
drugs of interest, e.g., “methotrexate”, were included in the search strategy.

The Role of Inmune Cells in SSc-Related Inflammation and Fibrosis
A large body of evidence suggests that both the innate and the adaptive immune
system are involved in the fibrogenesis of SSc.

Figure 1. Simplified schematic representation of the complex interplay between inflammation,
vasculopathy, and fibrosis in SSc. Abbreviations: Th1 = T helper type 1 cells; DAMPs = damage-
associated molecular patterns; T =T lymphocyte; B = B lymphocyte; M® = macrophage.



Therapeutic Options for Systemic Sclerosis |

The Role of Innate Immunity in SSc

The innate immune system mediates the immediate defensive response against
pathogens and chemical or mechanical damage. An increased number of
macrophages, mast cells, type 2 innate-like lymphoid cells, eosinophils, and
plasmacytoid dendritic cells have been identified in SSc tissues [12]. The induction
of excessive numbers of myofibroblasts that are observed in SSc is partly mediated
by the previously mentioned innate immune cells. Other innate immune cell types
such as platelets, neutrophils, and natural killer cells have also been found to be
dysregulated in SSc pathology. However, only a few studies highlighting their role
in SSc have been published. Thus, in this review, we focus on the cells of the innate
immune system that are well characterized in SSc.

Macrophages

Macrophages are effector phagocytotic cells specialized in eliminating pathogens.
These cells play an essential role in homeostatic manifestations related to
the disposal of internal waste products and tissue repair. Monocyte-derived
macrophages can be found in the blood circulation under inflammatory conditions
but are prevalent in all human tissues as tissue-resident macrophages. However,
macrophages exhibit a highly heterogeneous phenotype that is regulated by
their microenvironment. Under the influence of certain inflammatory mediators,
macrophages can be polarized in vitro towards a classically activated (M1)
inflammatory phenotype or an alternatively activated (M2) tissue repair phenotype.
M2 macrophages are often characterized by the secretion of large amounts of IL-10,
TGF-B, and other pro-fibrotic cytokines such as IL-4, IL-6, and IL-13 that play an
essential role in wound healing and tissue repair (Figure 2). These cytokines are
also known to induce fibrosis by activating myofibroblasts [13]. On the other hand,
in states of chronic tissue repair, M2 macrophages can also exhibit anti-fibrotic
functions that lower the progression of fibrosis by suppressing local T helper cell
responses and decreasing the production of ECM by (myo) fibroblasts [14,15].
Furthermore, to a certain extent, M1 and M2 phenotypes are artificial in vitro cell
states. In vivo, different types of anti-inflammatory and anti-fibrotic macrophages
have been reported in the process of wound healing, repair, and fibrosis [16].

In SSc, transcriptomic and immunohistochemistry studies identified a prominent
pro-fibrotic M2 macrophage signature in patients’ skin and lung lesions that was
correlated with an increased skin score and disease severity [17-19]. In addition, a
dominant M2 monocyte signature has also been observed in SSc blood [20]. This
notion suggests a role of M2 macrophages in the immunopathogenesis of SSc.
The importance of macrophages in regulating fibrosis is further supported
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by the observation that mice lacking macrophages (with the use of liposomal
chlodronate) exhibit reduced bleomycin-induced lung fibrosis [21]. In skin lesions,
M2 macrophages are characterized by overexpression of the scavenger receptor
CD163 or CD204 [22]. The number of CD163+ or CD204+ cells was found to be
significantly expanded in SSc compared to healthy skin [23]. Strikingly, these
activated macrophages were localized not only in the perivascular areas, but
also between thickened collagen fibers. This indicates a potential role of tissue-
infiltrating macrophages in the development of fibrosis [24]. However, it is
worth mentioning that bone marrow-derived mesenchymal progenitors such as
monocytes and fibrocytes may also be implicated in SSc-related fibrosis. These cells
are able to migrate from the circulation to affected tissues such as the lungs, where
they differentiate into activated (myo)fibroblasts [25]. Of note, it has been reported
that fibrocytes were only detected in patients with connective tissue disorders
(including SSc) and not in healthy donors [26]. In SSc, the frequency of circulating
fibrocytes was positively correlated with an increased dermal thickness [27].
Furthermore, in a very recent single-cell RNA sequencing (sc-RNA seq) study, highly
proliferating macrophages were only found in SSc and not healthy skin and were
correlated with increased skin fibrosis [28]. All in all, the role of macrophages in
fibrotic activation in SSc is prominent, but the signalling pathways characterizing
their aberrant activation remain poorly understood. In addition, their role as
regulators of the disease, in combination with deciphering a potential role of anti-
fibrotic macrophages in SSc, warrants further research. Unraveling the pathogenic
mechanisms by which macrophages mediate fibrosis will likely contribute to
targeted therapies that reduce fibrosis and ameliorate inflammation in SSc and
other connective tissue disorders. To this end, future therapeutic options should
opt to reduce the activation/number of activated pro-fibrotic and pro-inflammatory
macrophages while boosting the activity of the anti-inflammatory and anti-
fibrotic ones.

Eosinophils and Mast Cells

As we discussed previously, serum levels of the cytokines IL-4, IL-10, and IL-13 are
elevated in SSc patients and are correlated with increased fibrosis and disease
severity. Meanwhile, IL-4 and IL-13 play an essential role in eosinophil-mediated
inflammation, suggesting a potential role of eosinophils in SSc pathology [29,30].
Eosinophils are granulocytes derived from the myeloid stem cells that are part of
the innate immune system. Elevated levels of eosinophils have been described in
SSc and other diseases of the connective tissue [31]. In the peripheral blood of early
untreated SSc patients, eosinophil counts were higher compared to patients with
other major collagen diseases such as dermatomyositis, Sjogren’s syndrome, and
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systemic lupus erythematosus. Furthermore, eosinophil counts were significantly
correlated with severe interstitial lung disease (ILD) and an increased skin thickness
in patients with SSc, but not in patients with other collagen diseases [32]. In
addition, the presence of skin ulcers in SSc has been associated with elevated
counts of peripheral blood eosinophils [33]. Collectively, these results implicate
eosinophils in the pathogenesis of SSc including the hallmarks of inflammation
and vascular dysfunction. However, studies exploring the exact mechanism of
inflammation or ulcer formation are lacking.

Another cell type of the innate immune system derived from myeloid stem cells
is mast cells. Mast cells have been detected in SSc tissues and can exhibit pro-
fibrotic manifestations. Elevated infiltration of mast cells has been found in various
SSc tissues including the skin and salivary glands [34-36]. Mast cell infiltration
has been correlated with more severe disease phenotypes. Except for their well-
established role in immediate inflammatory and allergic reactions, these cells are
also implicated in cardiac, renal, and pulmonary fibrosis. Mast cells have been
linked to fibrosis by their ability to produce pro-fibrotic cytokines such as IL-4,
IL-6, IL-13, tumor necrosis factor alpha (TNF-a), platelet-derived growth factor
(PDGF), and TGF-$ [37]. This way, mast cells stimulate the production and activity of
myofibroblasts (Figure 2).

Serotonin is another molecule that is produced by mast cells. Serotonin can directly
increase ECM deposition in primary skin fibroblasts in a TGFB-dependent manner [38].
In addition, mast cells produce tryptase, a serine proteinase which triggers
fibroblast proliferation and collagen production [39]. It was also demonstrated
that fibroblast proliferation in patients’ lungs can be caused by mast cell-related
histamine release [40]. More specifically, human primary lung fibroblasts that were
cultured in the presence of physiologically relevant concentrations of histamine
exhibited increased cell proliferation that was mediated through an H2 histamine
receptor on the fibroblasts. Interestingly, the observed fibroblast proliferation
was inhibited by an H2 antagonist, empowering the role of histamine release in
fibroblast proliferation. Of note, mast cell depletion with phototherapy ameliorates
SSc fibrosis in vivo [41]. Thus, targeting mast cells in systemic sclerosis might be
an effective treatment approach. We believe that exploring the immunopathogenic
role of eosinophils and mast cells with the currently available novel arsenal of
biomolecular techniques will unveil new innate pathogenic pathways that could
pave the way for novel treatment approaches.
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New Players: Innate Lymphoid Cells and Plasmacytoid Dendritic Cells
Among the family of innate immune cells, a highly interesting tissue-resident cell
type that was recently shown to be involved in SSc is innate lymphoid cells (ILCs).
These cells are derived from common lymphoid progenitors such as adaptive
immune cells, but they lack rearranged antigen receptors. Therefore, ILCs do not
exhibit antigen-specific responses but are characterized by a functional diversity
similar to that of T lymphocytes. These cells have been categorized into distinct
subtypes based on their cytokine and transcriptome profile. One of these subtypes
is ILC2, which is identified by the expression of the transcription factor GATA-3. As
with Th2 cells, ILC2s predominantly produce IL-4, IL-5, and IL-13 [42].

Intriguingly, locally accumulating ILC2s have emerged as a pivotal source of pro-
fibrotic cytokines in inflammatory and fibrotic diseases [43]. Studies using the
carbon tetrachloride (CCl4)-induced liver fibrosis mouse model showed that
ILC2s mediate liver fibrosis by producing the pro-fibrotic cytokine IL-13 [44]. This
observation suggests that ILC2s may stimulate the activation of fibroblasts and
thus increase tissue fibrosis. Indeed, ILC2 counts are significantly increased in both
the skin and peripheral blood from patients with SSc compared to healthy controls,
and their numbers are correlated with an increased skin thickness [45,46]. This
notion is further supported by studies that have shown an elevated expression of
the ILC2 cytokines IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) in both
the serum and skin of patients with SSc [46-48]. From a mechanistic point of view,
TGF-B and IL-10 are two cytokines that have been implicated in ILC2-mediated
skin fibrosis in SSc. Elevated TGF-f3 enhanced the in vitro pro-fibrotic function of
ILC2s by increasing the activation of myofibroblasts and downregulating the levels
of IL-10. Downregulation of IL-10 increased the production of collagen by dermal
fibroblasts. In the same study, TGF-f inhibition combined with IL-10 administration
prevented fibrotic manifestations in a mouse model recapitulating SSc [49].
Although there is a limited number of studies associating ILC2s in the pathogenesis
of SSc, we believe that findings implicating TGF-B in their potential fibrotic
mechanism might be promising in utilizing alternative therapeutic strategies that
are based on TGF-3 blocking.

Plasmacytoid dendritic cells (pDCs) are innate immune cells that secrete large
amounts of interferon (IFN) and mediate Toll-like receptor (TLR)-induced
inflammation in autoimmunity. pDCs have been recently detected in the sclerotic
skin of patients with SSc. These cells were found to be chronically activated and
characterized by an elevated expression of chemokine (C-X-C motif) ligand 4
(CXCL4) and IFN-a in a TLR8-dependent manner [28,50]. CXCL4 has been identified
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as a biomarker that is associated with severe disease and lung fibrosis in SSc [51].
pDCs have also been detected in bronchoalveolar lavage fluids of patients with
SSc, and their levels were correlated with increased lung fibrosis [52]. Compared
to patients with idiopathic pulmonary fibrosis (IPF), SSc-ILD-infiltrating pDCs
exhibited a stronger IFN and stress response gene signature, suggesting that these
cells demonstrate disease-specific mechanisms in SSc [53]. Recent research has
provided mounting evidence suggesting that SSc is an IFN-driven disease [54].
Indeed, an elevated expression of type 1 IFN signalling (IFN-q, IRF5, IRF7, IRF8) and
its inducible genes (IL-6, STAT1, STAT3) have been illustrated in tissue biopsies, the
peripheral blood, and serum of SSc patients and was correlated with disease severity
[55]. In the blood circulation, on the other hand, numbers of pDCs were decreased
in SSc patients compared to healthy controls, probably due to their accumulation
in the fibrotic skin [56]. Additionally, pDCs are well known for their prevalent
antigen-presenting role. As we discussed, SSc is characterized by autoimmunity,
and the presence of multiple antinuclear antibodies has been reported in
patients’ serum. DNA topoisomerase | (topol) is the most prevalent autoantibody
in SSc and is correlated with increased disease severity and mortality [57].
Mice administered with topol-loaded pDCs exhibited robust autoantibody
production accompanied by long-term lung and skin fibrosis [58]. Furthermore,
pDC depletion in the bleomycin mouse model attenuates skin and lung fibrosis
and improves clinical scores. Interestingly, numbers of B and T lymphocytes were
also reduced in mouse lungs, demonstrating an important role of pDCs in ongoing
innate and adaptive immune abnormalities [50,52].

The Role of Adaptive Immunity in SSc

Activation of the innate immune system in SSc is essential in activating the adaptive
immune response by presentation of antigens with parallel expression of danger-
indicating molecules. This activation is mediated either by cell-cell interactions, or
by the release of soluble mediators [59]. We will now briefly discuss the role of T
and B lymphocytes in SSc pathogenesis (Table 1), to better explain the possible
treatment options.
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Figure 2. An overview of the main pathogenic mechanisms by which T cells, B cells, macrophages,
mast cells, and plasmacytoid dendritic cells may contribute to (pro-)fibrotic manifestations in SSc
immunopathology. Abbreviations: MO = macrophages; B = B lymphocyte; CD8 = cytotoxic T cell;
CD4 =T helper cell; pDC = plasmacytoid dendritic cell; TGF-3 = transforming growth factor-3; BAFF =
B cell activating factor; APRIL = A proliferation-inducing ligand; PDGF = platelet-derived growth factor;
ECM = extracellular matrix.

T Lymphocytes

The role of T helper lymphocytes is well characterized in SSc pathology. Th1, Th2,
and Th17 subtypes have been paid the most attention. However, it should be
noted that these subtype classifications have been derived from in vitro studies. In
vivo, these subsets have been implicated in various types of pathogens. In chronic
inflammatory diseases, they have been shown to exhibit a certain extent of plasticity
and multifunctionality. In Th2-associated pathologies (including SSc), additional
T cell subtypes such as Th9 and Th22 cells have also been characterized. However,
their specific importance still remains to be determined. Studies implicating
T helper cell subsets in SSc pathogenesis have mostly utilized older conventional
research techniques such as immunohistochemistry in SSc skin and flow cytometry
in patients’ blood. Elevated production of the Th2-associated cytokines IL-4, IL-13,
and IL-10 and the Th17 signature cytokine IL-17 have been demonstrated in SSc
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tissues and the blood circulation [4,60-63] (Figure 2). These studies suggested that
SSc is driven by Th2- and Th17-type mechanisms. Elevated IL-4 levels have been
associated with increased collagen production in fibroblasts and higher production
of TGF-f. TGF-f directly triggers collagen production and ECM deposition but also
inhibits the expression of matrix metalloproteinases [64]. An increased level of IL-17
is implicated in fibrosis and SSc-like manifestations [65]. IL-17 not only increases
the proliferation of fibroblasts but also promotes the expression of TNF-a and IL-1
from macrophages which, in turn, triggers collagen, IL-6, and PDGF production
from fibroblasts. In addition, IL-17 triggers the endothelial cell production of
IL-1, IL-6, intracellular adhesion molecule 1 (ICAM-1), and vascular cell adhesion
molecule 1 (VCAM-1) [66] (Figure 3). These adhesion molecules further interact
with circulating leukocytes and facilitate their migration to and accumulation at
the fibrotic sites [67]. In addition to elevated Th2 and Th17 cytokines, SSc patients
exhibit a reduced expression of the anti-fibrotic Th1 cytokine IFN-y, and this further
suggests a decreased anti-fibrotic capacity [63]. A T helper cell subset which
could play a protective role in SSc pathology is regulatory T cells (Tregs). Tregs
maintain immunological self-tolerance, and their depletion has been associated
with spontaneous autoimmunity. A plethora of animal studies and a few clinical
studies have shown a potentially beneficial effect of Treg administration in various
autoimmune diseases [68]. In SSc, the majority of the published literature illustrates
a decreased frequency and functional ability of circulating Tregs. However, data on
the frequency of tissue-resident Tregs are scarce and contradictory [69]. Overall,
the mechanisms of circulating and tissue-resident T helper cell subsets that drive
fibrosis are not precisely determined. It is to be proven if mechanisms such as T cell
tolerance, anergy, and exhaustion are protective or deleterious in fibrogenesis.

Novel techniques such as single-cell RNA sequencing and confocal immuno-
fluorescence microscopy have provided us with essential tools to gain a deep
understanding of the phenotype and function of tissue-infiltrating T cells.
Utilization of these newly available techniques reveals the heterogeneity of T cell
responses and opens avenues for detecting patient-specific T cell subsets. For
example, quantitative analyses of skin-resident cells showed that early diffuse
cutaneous systemic sclerosis (dcSSc) skin was predominantly infiltrated by
granzyme A-producing CD8+ and CD4+ CTLs. Th1, Th2, and Th17 cells were also
detected but in much lower amounts. This study unveiled that CD4 T cells in SSc
may directly induce cell death, a function that deviates from their conventional role
in promoting effector immune responses from other lymphocytes. CD4+ and CD8+
CTLs exhibited the ability to drive fibrosis and contribute to vasculopathy (Figure 3)
via the secretion of pro-inflammatory cytokines such as IL-13 and/or by inducing
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cytotoxicity-mediated apoptosis of stromal cells, leading to exuberant tissue
remodeling [6]. The importance of CTLs in SSc pathogenesis is further supported by
another recent study identifying the genome-wide expression of cytotoxic genes in
SSc skin such as perforin and granzymes B, K, and H. Of note, the observed cytotoxic
gene signature was positively correlated with skin thickness [70,71]. Furthermore, a
prominent infiltration of IL-13-producing CD8+ CTLs was observed in skin biopsies
early in SSc pathogenesis (<3 years), implicating a potentially important role of CTLs
in the disease onset [72] (Figure 2). This notion is further supported by earlier studies
that paid attention to the role of the CTL-mediated apoptosis induced by granzyme
B in the initiation of systemic autoimmunity. The unique fragments generated by
granzyme B degranulation represent an exclusive source of autoantigens, and
these self-protein fragments are recognized by autoantibodies in a subset of
SSc patients [73].

Another example of a recently identified CD4+ T cell subset in SSc pathology
is follicular helper T (Tfh) cells. Tfh cells are specialized in providing help to
B cells in lymph nodes by stimulating proliferation, class switching, and somatic
hypermutation. These cells have not only been found in lymph nodes but have
also recently been detected in the blood circulation where they are referred
to as T peripheral helper (Tph) cells [74]. A key cytokine in Tph function is IL-21.
Strikingly, in SSc patients, elevated counts of Tph cells have been shown to promote
plasmablast differentiation through an IL-21-mediated pathway [75]. Furthermore,
increased infiltration of inducible T cell co-stimulator (ICOS)+ Tfh-like cells has
been observed in the skin of SSc patients. The presence of these cells in the skin of
sclerodermous graft-versus-host disease mice was strongly linked to increased skin
fibrosis. Interestingly, both the depletion of ICOS+ (including Tph depletion) cells
and neutralization of IL-21 exhibited a significant reduction in skin fibrosis. Tfh cells
activate fibroblasts in vitro. Co-culture of Tfh and fibroblasts resulted in increased
expression of a-smooth muscle actin (a-SMA) on the activated myofibroblasts [76].
a-SMA is a key marker of activated myofibroblasts, and its expression is linked to a
fibrotic phenotype. The importance of skin-resident Tfh-like cells in the pathology
of SSc is also supported by an sc-RNAseq study that unraveled the heterogeneity
of T cell responses in patients’ skin biopsies. In this study, a distinct CXCL13+
Tfh-like subset that secretes factors promoting B cell responses and autoantibody
production was only found in SSc-inflamed tissue [77]. In light of these new
findings, developing drug strategies to target the newly described pathogenic
T cell subsets is expected to set the milestones for potential personalized therapy
in SSc.
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B Lymphocytes

B lymphocytes are the second major component of our adaptive immune response.
Mounting evidence suggests that B cell homeostasis in the blood of SSc patients is
aberrant. Autoantibody production caused by loss of self-tolerance is an important
hallmark in SSc pathogenesis. Autoantibodies such as anti-DNA topoisomerase |,
anti-centromere, and anti-RNA polymerase antibodies have been detected in the
sera of more than 95% of scleroderma patients [78].

The prominent infiltration of B cells in SSc tissues including the skin and
lungs suggests their involvement in the disease pathogenesis [79]. Similar to
T cells, earlier studies revealed their presence in sclerotic skin by utilizing mainly
immunohistochemistry techniques. In a recent sc-RNAseq study, a prominent
B cell gene signature was detected in the skin of 69% of early dSSc patients [80].
In a different study, B cell infiltration was associated with skin progression in early
diffuse disease. In this study, infiltration of plasma cells was also evident in the
sclerotic skin [81]. Thus, B cell skin infiltration seems to be linked to skin progression
early in the disease onset and in patients with dcSSc. However, the robustness of
this correlation needs to be validated in a larger cohort of patients.

More specifically, B cells in SSc are characterized by elevated numbers of IL-6-
producing effector B cells (Beffs) and decreased numbers of IL-10-producing
regulatory B cells (Bregs). Because Bregs suppress and Beffs enhance the immune
response through the production of cytokines, this change might impact the
inflammatory process. Of note, in SSc, elevated IL-6 and reduced IL-10 levels
have been detected in serum/plasma, which is possibly explained by this B cell
imbalance. A possible cause for this change might be the altered presence of the
cytokines B cell activating factor (BAFF) and A proliferation-inducing ligand (APRIL)
in SSc blood [82]. BAFF and APRIL are potent activators of B cells. These cytokines
stimulate the production of effector B cells and suppress the generation of
regulatory B cells. Elevated serum levels of BAFF and APRIL have been documented
in SSc and are correlated with skin thickening, disease severity, and increased IL-6
production by Beffs [83] (Figure 2). Interestingly, it has been demonstrated that
BAFF inhibition decreased skin fibrosis in a murine model of SSc [84].

Importantly, not only the numbers of Beffs but also the phenotype of these cells
is altered in SSc. To elaborate, SSc patients are characterized by an increased naive
(CD19+CD27-) and a reduced activated memory B (CD19+CD27+) cell phenotype
that is accompanied by overexpressed pro-apoptotic and activation markers such
as CD95, CD86, and human leukocyte antigen-DR isotype (HLA-DR) [4,85-88]. In
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Figure 3. A simplified schematic illustration of the pathogenic mechanisms by which T cells, B cells, and
macrophages may be involved in the vascular abnormalities that characterize SSc immunopathology.
Abbreviations: ICAM-1 = intercellular adhesion molecule 1; VCAM-1 = vascular cell adhesion molecule
1; EndoMT = endothelial-to-mesenchymal transition; GZMB = granzyme B; NOS = nitric oxide synthase;
DAMPs = damage-associated molecular patterns; MO = macrophages; B = B lymphocyte; CD4=T
helper cell; CD8 = cytotoxic T cell; TGF-B = transforming growth factor-p.

addition, the cell surface phenotype of B cells is also changed in SSc. Significant
overexpression of CD19 on the surface of B cells has been illustrated in SSc patients
and was correlated with SSc-ILD [89,90]. However, in a recent study exploring
lymphocyte subset aberrations between early dcSSc patients and healthy donors,
the frequency of CD19+ B cells in the peripheral blood was similar [4]. CD19 is a
positive B cell regulator that activates B cells through their B cell receptor (BCR)
signalling. B cell hyperactivation through CD19-BCR signalling may be associated
with the prevalent autoantibody production in SSc. Data from transgenic mouse
models show that CD19-deficient mice have decreased serum autoantibodies,
while overexpression of CD19 causes increased serum autoantibody production
[91,92]. In addition, humans with homozygous mutations in the CD19 gene suffer
from an antibody deficiency syndrome that impairs the response of mature B cells
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in antigen stimulation [93]. In conclusion, in addition to B cells which have been

documented to stimulate fibrosis with the release of cytokines, intriguingly,

autoantibodies with direct pro-fibrotic effects and autoantibodies against the PDGF

receptor have also been documented in SSc [94]. These autoantibodies seem to
induce fibrosis by facilitating the conversion of the fibroblast to the myofibroblast

phenotype [95] (Figure 2).

Table 1. Function of the primary cell types implicated in SSc pathogenesis both in the blood circulation

and at the site of fibrosis.

Cell Type

Function

Endothelial cell

Monocyte/Macrophage

Eosinophil

Mast cell

Innate lymphoid cell

Plasmacytoid dendritic cell

T lymphocyte

B lymphocyte

Platelet adhesion activates fibrotic pathways. Increased
microvascular permeability causes leukocyte adhesion to
the endothelium, leading to increased inflammation [7].

A prominent M2 macrophage signature increases levels
of pro-fibrotic cytokines such as IL-4, IL-6, and IL-13 and
correlates with elevated tissue fibrosis [17-20].

Elevated eosinophil counts in the peripheral blood are associated
with severe lung disease and presence of skin ulcers [31-33].

Release of cytokines and growth factors such as IL-4, IL-6, IL-13, TNF-a,
PDGF, and TGF-f3 activates myofibroblasts to produce collagen [37].
Tryptase and histamine release triggers fibroblast proliferation [38,39].

Increased production of the ILC2 cytokines IL-25, IL-
33, and TSLP in serum and skin mediates fibrosis
in a TGF-B-dependent manner [43-49].

Elevated numbers of CXCL4+- and IFN-a-producing
pDCs in skin and lungs are involved in increased fibrotic
manifestations mediated by TLR8 activation [28,50,52].

Skin is predominantly infiltrated by CD4+ and CD8+ cytotoxic T cells
that produce pro-fibrotic cytokines and cause apoptosis to epithelial
cells [6,72]. Increased IL-21-producing Tph cells promote plasmablast
differentiation and increase activation of myofibroblasts [75,77]. In
the peripheral blood, SSc patients are characterized by increased
Th2 and Th17 numbers compared to healthy donors [4,60,63].

Elevated BAFF and APRIL are correlated with skin thickening
[81,83]. Increased IL-6-producing Beffs increase inflammation,
while decreased IL-10-producing Bregs exhibit a reduced
capacity for immunosuppression [82]. In SSc peripheral blood,
an increase in naive and a decrease in activated memory B
cells is observed compared to healthy controls [4,85,87,91].




56

| Chapter 2

SSc First-Line Anti-Inflammatory Treatment

Now that we have discussed the role of immune cells in SSc, we will address the
efficacy of treatment approaches. According to current recommendations from the
European League against Rheumatism (EULAR), methotrexate (MTX) is considered
as a first-line treatment in early dcSSc [96]. Other therapeutic strategies include
administration of synthetic corticosteroids or low-dose (2 mg/kg) administration
of cyclophosphamide (CYC) for 1 year, continued by conservation therapy with
mycophenolate mofetil (MMF) [97], or first-line therapy with MMF. These therapies
represent the broad-spectrum anti-inflammatory drugs (Table 2) that have been
extensively used in SSc, and thus we will start discussing them first.

Synthetic Corticosteroids

To begin with, synthetic corticosteroids (CS) such as prednisolone, hydrocortisone,
methylprednisolone, and dexamethasone are the oldest anti-inflammatory and
immunosuppressive agents that have been extensively used in scleroderma and
other rheumatic diseases. These compounds modulate the activation of all immune
cells including macrophages and T and B lymphocytes but also affect the function
of fibroblasts and endothelial cells. They still remain a cornerstone in the treatment
of SSc as, due to their strong immunosuppressive and anti-inflammatory properties,
they are able to halt inflammatory, vascular, and fibrotic manifestations (all key
hallmarks of SSc pathogenesis) [98]. Retrospective case—control studies have shown
that CS may improve muscle and jointinflammation and severe skin fibrosis [99-101],
but to our knowledge, there is still no well-controlled, double-blind, placebo-
controlled study to justify these indications. On the other hand, a high dose of
prednisolone has been associated with an increased risk of scleroderma renal
crisis [102-104]. This is a very severe and life-threatening complication and thus,
in SSc, doses of prednisolone >10-15 mg are avoided. Administration of
corticosteroids as monotherapy is not recommended. The addition of steroid-
sparing agents such as MMF in the treatment scheme reduces doses of steroids
along with their side effects and steroid requirements. In clinical practice, the
use of CS in SSc is limited and restricted to the more inflammatory than pro-
fibrotic manifestations such as arthritis and myositis. It is worth mentioning that
CS still represent the mainstay of treatment for SSc patients with primary heart
disease manifestations.

Methotrexate

MTX was developed as a cytotoxic folic acid analogue that inhibits purine and
pyrimidine synthesis when administered at a high dosage. This means that it blocks
cell proliferation, including that of immune cells. It was initially used to treat cancer
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and, at much lower dosages, rheumatoid arthritis (RA) [105]. Its extended use in
RA suggests an important anti-inflammatory role. The exact mechanism of action
at the dosage that is used for RA and SSc is not fully understood yet, but several
mechanisms have been postulated to contribute to its anti-inflammatory function.
It seems that MTX does not directly induce apoptosis of T cells and fibroblasts but
rather increases their sensitivity to apoptosis by modulating cell survival signalling
pathways. In contrast, MTX directly depletes monocytes in vitro by inducing their
apoptosis [106]. Two small-scale randomized control trials (RCTs) in early dcSSC
patients have evaluated the use of 15 mg MTX per week for 6 months [107,108]. The
total skin score (TSS) was used as the primary endpoint to evaluate skin fibrosis. In
both studies, a small but not statistically significant improvement in skin fibrosis
was observed. Interestingly, continuation of the therapy up to 1 year showed a
statistically significant improvement in the primary endpoints. Based on these
observations, the EULAR [96] supported the use of MTX in skin manifestations in
early dcSSC. However, a follow-up study [107] did not confirm the initial promising
results in the long run. Taken together, data evaluating the effectiveness of MTX in
reducing skin fibrosis are contradictory, and thus treatment guidelines supporting
the use of MTX are mostly based on the positive experience of expert physicians
with MTX.

Cyclophosphamide

CYC is another cytotoxic agent that targets fast-dividing cells such as tumor cells
and proliferative T and B cells. Its use in autoimmune diseases is attributed to
inhibition of regulatory and helper T cell proliferation, leading to their suppression.
Suppression of helper and regulatory T cells leads to declined gene expression
of pro-inflammatory cytokines, such as interleukin-2, and attenuated production
of the fibrogenic TGF-f and the immunoregulatory IL-10, respectively [109,110].
In addition, lymphocyte depletion can decrease the production of antibodies
(including autoantibodies) [111]. These observations suggest a potential role of
CYC in diminishing fibrosis in patients with SSc-ILD. In the scleroderma lung study
(SLC), 158 patients with SSc-ILD received 2 mg/kg of CYC or placebo orally for
12 months. The primary endpoint was the absolute difference in predicted forced
vital capacity (FVC) which is a prediction of the patient’s lung function. Secondary
endpoints included measurement of skin thickening with the modified Rodman
skin thickness score (mRSS) and monitoring of lung function with high-resolution
computed tomography (CT) scans. It was observed that the CYC group exhibited
reduced skin fibrosis and thoracic fibrosis after the 12-month treatment compared
to baseline (p=0.014) [112,113]. Allin all, CYC showed a measurable but small effect
on improving the lung function of SSc patients. However, the use of CYC is limited

57




58

| Chapter 2

due to severe toxicity notifications including leucopenia and thrombocytopenia.
Thus, according to EULAR [96], the usage of CYC is only recommended in patients
with progressive ILD.

Mycophenolate Mofetil

Another broad-spectrum agent that has been used in SSc treatment is MMF. MMF
causes selective depletion of guanosine nucleotides in T and B lymphocytes. It
inhibits their proliferation and therefore suppresses immune-associated responses
and antibody formation [114]. Indeed, SSc patients receiving MMF exhibit decreased
numbers of T helper cells (implicated in various SSc pathogenic manifestations)
compared to patients with no immunosuppressive treatment [115]. Strikingly,
MMF treatment inhibits the infiltration of myeloid cells including tissue-resident
macrophages in the skin of patients with SSc. Furthermore, treatment with MMF
is strongly associated with a reduced inflammatory gene signature in the sclerotic
skin [116]. Although MMF has been traditionally regarded as a lymphocyte-
targeting drug, in vitro and clinical evidence shows its anti-fibrotic capacity by
decreasing the proliferation of human fibroblasts [117]. The results from the
Scleroderma Lung Study | and Il suggest the efficacy of MMF in SSc patients with
severe lung fibrosis. More specifically, treatment with 3 gr/day of MMF for 2 years
resulted in a significantly improved percentage of predicted FVC and mRSS [118].
The effect of MMF has also been evaluated on patients with mild SSc-ILD (FVC >
70% predicted). In this double-blind, placebo-controlled, randomized clinical
trial [119], MMF was well tolerated while exhibiting an observed but not statistically
significant improvement in FVC and mRSS scores. In the Scleroderma Lung Study,
previous results of MMF were compared with results from oral CYC administration
(2.0 mg/kg per day), followed by placebo administration for 1 more year. The
adjusted percentage of the predicted FVC after 24 months improved by 2.19 with
MMF and 2.88 with CYC. However, no statistically significant differences among the
two treatment groups were observed, and thus the superiority of MMF compared to
CYC is not justified. In the European Scleroderma Observational Study (ESOS), MMF
was further compared with MTX, CYC, or “no immunosuppressant” [1]. This was a
multicenter, prospective, observational cohort of 326 patients with early dcSSc
(up to 3 years of onset of skin thickening) with a 24-month duration. After
12 months of treatment, a statistically significant reduction in mRSS was observed
in all groups compared to baseline measurements. To sum up, results from
clinical trials regarding the anti-fibrotic efficacy of MMF are also conflicting, and
there are no signs revealing its superiority to MTX and CYC. Similar to MTX, the
recommendation for first-line MMF treatment in patients with SSc-associated ILD
has been based on positive clinical experience with the drug, and its beneficial
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safety profile [120]. The use of MMF in improving lung fibrosis of SSc-ILD has also
been supported by a large number of small retrospective cohort studies [121-125].

Autologous Hematopoietic Stem Cell Transplantation

ASCT has been utilized in treating autoimmune disorders resistant to conventional
immunosuppressive therapy for more than 20 years now [126]. ASCT is the only
potential disease-modifying treatment in SSc, and it has been proposed for patients
with early and rapidly progressive dcSSc who have a high mortality prognosis, butin
whom advanced organ involvement has not started yet [127]. Autologous stem cell
transplantation begins with the isolation of the patient’s CD34+ cells. Then, B and
T cells are depleted using a high dose of cyclophosphamide and anti-thymocyte
globulin. The last step includes the transplantation of the patient’s stem cells that
were isolated, resulting in the repopulation of the lymphocytes [128]. According to
clinical data, ASCT shows promising results in improving mortality rates, reducing
skin thickness, and enhancing lung function [129,130]. Two randomized clinical
trials evaluating the safety and efficacy of ASCT in SSc have been completed thus
far. First, in the Cyclophosphamide or Transplantation (SCOT) trial (NCT00860548),
it was observed that myeloablative CD34+-selected ASCT was more effective in
diminishing skin fibrosis than CYC administration alone. However, the mortality
rates of the participants during the first year after the transplantation were as high
as 10%. Treatment-related deaths as well as cancer and infection were the causes of
death in these participants. Among them, infection was the leading cause, due to
the suppression of the immune system. Furthermore, the possibility of relapsing was
also prevalent. Secondly, in the Autologous Stem Cell Transplantation International
Scleroderma (ASTIS) study [131], ASCT was compared with CYC pulse therapy in 156
rapidly progressive diffuse SSc patients. In the first year, eight patients from the ASCT
group compared to none in the CYC group died. However, parameters such as long-
term event-free survival, overall survival, mRSS score, and FVC were significantly
improved in the ASCT-treated patients. The increased mortality rates counteract
transplantation’s benefit, putting experts in a difficult judging position [132].
However, to date, no disease-modifying anti-rheumatic drug has been shown to
effectively reduce patients’ morbidity in the long term. ASCT, on the other hand, has
shown a remarkable reversal of skin fibrosis accompanied by improved lung and
internal organ function. In view of the outcomes of the previously described RCTs,
the new EULAR recommendations [96] suggest that experts consider ASCT for the
treatment of rapidly progressive SSc patients at risk of organ failure. It is believed
that treatment-related mortality can be reduced by a more careful exclusion of
patients with compromised heart function and by applying ASCT in earlier stages
of the disease, enabling selected patients to benefit from this treatment. There
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are currently four ongoing clinical trials evaluating the effectiveness and safety
of ASCT in SSc (NCT01895244, NCT01413100, NCT04464434, NCT03630211). The
results from these studies are expected to shed light on the safety and efficacy of
autologous ASCT in a better stratified SSc patient population.

Evaluation of Cell-Specific Anti-Inflammatory Treatment

On the road towards personalized therapy in SSc, specific elimination of pathogenic
innate or adaptive immune cell populations could be promising in alleviating
fibrosis and reducing the morbidity of the side effects of broad immunosuppression.
Of note, there are no clinical trials evaluating drugs depleting innate immune cell
populations. On the other hand, several trials (Table 3) have evaluated the efficacy
of B and T cell-depletive therapies in SSc, and thus we begin with addressing
treatments targeting these cells first [133].

B Cell-Specific Treatment
To begin with B cell-specific treatment, rituximab (RTX), belimumab, and inebilizumab
are the three representative monoclonal antibodies that have been used.

Rituximab

Rituximab is a chimeric anti-CD20 monoclonal antibody that binds to both
immature and mature B lymphocytes expressing CD20 on their surface (including
the pathogenic Beffs) and eliminates them (Figure 4). Of note, RTX does not
consistently succeed in depleting B cells in tissues [134,135], and antibody-
producing plasma cells are not targeted by RTX, since they lack the CD20 surface
antigen [136]. Indeed, in a small, randomized, double-bind, placebo-controlled trial,
treatment with RTX was not associated with reduced fibrosis but caused significant
depletion of naive and memory B cells in the peripheral blood and scleroderma-
associated dermal lesions [137]. As expected from RTX's mode of action, various
plasma cells and autoantibody titters did not show a statistically significant
change after treatment. The potential anti-fibrotic effect of RTX is supported by
histopathological observations suggesting a reduced dermal hyalinized collagen
content and myofibroblast count [138]. As we discussed, IL-6 is a cytokine largely
produced by activated B cells that shows pro-fibrotic capacity. In a small, open-
label study where RTX significantly improved patients’ skin scores, it was observed
that patients had elevated basal levels of IL-6 in biopsies from their skin lesions.
IL-6 levels decreased from 3.7 5.3 pg/mL at baseline to 0.6 0.9 pg/mL (p = 0.02)
six months post-treatment. Furthermore, after treatment 7/9 patients exhibited a
complete depletion of B cells in skin lesions. Thus, interestingly, the RTX-associated
skin thickness was correlated with B cell depletion and IL-6 reduction in patients’
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skin [139]. This observation further empowers the mechanism and role of RTX in
skin fibrosis.

The potential efficacy of treating SSc patients with RTX has been extensively
evaluated by Daoussis and colleagues. In an open-label, randomized, 1-year
study, weekly administration of RTX (375 mg/m2) for 4 weeks at baseline and
after 6 months on top of each patient’s standard treatment compared to standard
treatment alone was assessed. Patients that received RTX showed a significantly
increased median percentage of FVC accompanied by a further improvement in the
diffusing capacity for carbon monoxide (DLCO). Furthermore, skin improvement
was also evident when evaluated both clinically and histologically [140]. In a
more recent (2017) multicenter, open-label study, the same group of researchers
compared administration of 4 infusions of RTX at a dose of 375 mg/m2 once weekly
every 6 months with controls receiving traditional therapies (MTX, azathioprine,
MMEF). In a 4-year follow-up, the RTX group showed a reduced mRSS score of 14.72
10.52 compared to 17.78 9.48 in the control group (p = 0.31). Patients enrolled
in this study exhibited a significant improvement in FVC and stabilization of
pulmonary function tests (PFTs) [141]. In the latest open-label, randomized, head-
to-head clinical trial, 60 anti-scl70-positive early dcSSc patients randomly received
either monthly pulses of CYC (500 mg/m2) or 1 g of RTX at 0 and 15 days. In the
RTX group, there was a significant improvement in the percentage of FVC, while
patients receiving CYC experienced deterioration of their lung function. Both
groups exhibited a similar improvement in skin scores, but the safety profile of RTX
was better [142].

Furthermore, B cell depletion may be an efficient and well-tolerated adjuvant
treatment for SSc-associated pulmonary arterial hypertension (SSc-PAH). In a
multicenter, double-blind, randomized, placebo-controlled, proof-of-concept trial,
57 SSc patients on standard medical therapy received two doses of either 1 gr RTX
or placebo in a 2-week interval [143]. To evaluate the effect on PAH, the change
in the 6 min walk distance (6MWD) was the primary outcome. Twenty-four weeks
after treatment, patients in the RTX arm exhibited an estimated change of 23.6 +
8.8 m compared to 0.4 = 9.7 m in the control arm (p = 0.03). The beneficial results
of RTX in diminishing skin fibrosis have also been demonstrated in a number of
case or pilot studies [144-148]. Most of these studies, however, were open label,
often lacked a control group, and included heterogeneous patient populations and
concurrent treatments. Interestingly, the fact that RTX shows positive results in
reducing skin fibrosis and alleviating PAH and ILD, together with being more potent
than traditional medications and well tolerated in all studies, suggests a promising
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role in scleroderma medication options. However, a phase lll randomized control
study will be required to verify its safety and efficacy in patients.

Figure 4. Schematic representation of the mechanism of action of synthetic corticosteroids (CS),
mycophenolate mofetil, cyclophosphamide, inebilizumab, rituximab, belimumab, abatacept,
nintedanib, tocilizumab, tofacitinib, fresolimumab, metelimumab, and pirfenidone in reducing fibrosis
in SSc. Abbreviations: ECM = extracellular matrix; TGF-B = transforming growth factor-3.

Inebilizumab and Belimumab

Since depletion of CD20+ B cells does not consistently deplete B cells in tissues
and does not eliminate plasma cells, developing monoclonal antibodies that target
the bone marrow-resident pro- and pre-B cell co-receptor CD19 might be a more
effective B cell-depletive approach (Figure 4). The efficacy of a humanized anti-
CD19 monoclonal antibody, inebilizumab (MEDI-551), in reducing SSc fibrosis was
assessed in a phase | randomized, double-blind, placebo-controlled study [149].
This therapy effectively depleted both B cells and plasma cells in the skin and
blood of SSc patients in a dose-dependent manner. Furthermore, an improved
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skin score was observed in all patients, suggesting a role of inebilizumab in halting
skin fibrosis. Strikingly, patients with an elevated plasma cell signature at inclusion
showed greater improvement in mRSS compared to the patients that had normal or
lower plasma cell counts [150].

Belimumab is another human monoclonal antibody targeting the soluble BAFF
cytokine, a member of the tumor necrosis factor ligand superfamily that was a
breakthrough in the treatment of systemic lupus erythematosus (Figure 4). This
monoclonal antibody prevents the binding of BAFF to receptors on B cells and
inhibits the survival of B cells, including the autoreactive ones. It further decreases
the differentiation of B cells into immunoglobulin-producing plasma cells [151].
In a randomized, double-blind, placebo-controlled, pilot trial, 20 patients with
dcSSc recently treated with MMF (1 gr twice a day) were administered 10 mg/kg of
belimumab i.v.,, or placebo. Belimumab administration improved the mRSS score
from 27 to 18 (p = 0.039), while the improvement in the placebo group was from 28
to 21 (p = 0.023). Patients with improved mRSS exhibited a significant reduction in
both B cell and pro-fibrotic gene expression. However, the results of this small pilot
study were not statistically significant, and larger trials should be conducted in order
to make treatment recommendations [152]. A study evaluating the combination
therapy of belimumab and RTX in SSc is currently pending (NCT03844061).

T Cell-Specific Treatment

The elevated infiltration of cytotoxic T cells in SSc-affected skin and lungs, along with
the increased Th2 pro-fibrotic cytokine levels in the serum of SSc patients, suggests
that targeting T cells could be a promising treatment option in SSc. T cell-specific
treatment has shown encouraging results in other inflammatory diseases such as
RA [153]. The biologicals that have been used either directly affect T cell activity
by reducing their number, or they indirectly interact with cytokines expressed by
T cells. Abatacept is the main representative of the former category, and it causes
T cell deactivation by blocking CD28 (Figure 4), a molecule that is essential for T cell
activation mediated by antigen-presenting cells (APCs) [154]. CD28 knockout mice
exhibited decreased fibrosis in comparison with the wild type in bleomycin-induced
fibrosis [155].In 2015, the efficacy of abatacept in attenuating fibrosis was examined
in a placebo-controlled RCT that included 10 patients with dcSSc [156]. Five out of
seven patients that received abatacept showed a >30% decrease in mRSS, while this
improvement was shown in one out of the three controls. Interestingly, patients
with decreased mRSS also showed reduced CD28 gene expression along with
decreased expression of genes associated with T cell proliferation. This empowers
the proposed mechanism of abatacept’s action. Recently, a phase Il, multicenter,
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double-blind, randomized, placebo-controlled trial assessed the safety and
efficacy of subcutaneous administration of abatacept in 88 dcSSc patients [157].
The results failed to show a statistically significant improvement in mRSS (primary
outcome) in the abatacept arm, but secondary outcomes reflecting patients’
disability and quality of life were significantly improved in favor of the abatacept
group. Of note, patients were stratified into inflammatory, normal-like, and
fibroproliferative subgroups based on molecular gene expression data of their skin
biopsies. Patients with an inflammatory intrinsic gene expression showed a larger
decrease in mRSS compared to the other groups. Interestingly, the improvement
in the skin score was associated with decreased gene expression of immune
pathways including cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and
CD28 (targets of abatacept). These results are novel regarding the potentially
targeted mechanism of action of abatacept as an inflammation immunomodaulator.
Furthermore, abatacept exhibits a good safety profile and seems to decrease joint
involvement and related disability [158,159]. Based on these studies, abatacept
seems to be effective in treating scleroderma-associated joint inflammation, but
studies with a larger number of participants (phase lll) are required to evaluate its
anti-fibrotic effect.

Targeting Cytokine Production

An alternative option to T cell treatment may be targeting cytokines and growth
factors (Table 4), such as IL-6, IL-1, IL-2, and TGF-f, that are produced by multiple
pathological cell types in SSc. Tocilizumab (TCZ) is a monoclonal antibody that
inhibits IL-6 signalling, by blocking the IL-6 receptor (Figure 4), and is effective in
treating patients with juvenile idiopathic arthritis and RA [160,161]. Multiple studies
have evaluated the use of TCZ in systemic sclerosis as well. Among these studies,
there is one open-label, phase I, randomized controlled study (faSScinate) [162]
that evaluated the efficacy and safety of a 24-week treatment with TCZ in reducing
fibrosis. The observed difference of 2.70 units in MRSS was not statistically
significant (p = 0.0579). However, the interesting findings of this study arise
from a probable correlation between decreased IL-6 levels and TGF- function.
More specifically, researchers cultured fibroblasts from patients’ skin biopsies at
baseline and 24 weeks after treatment and showed that the IL-6 reduction was
correlated with decreased TGF-B-related gene expression, suggesting a role of TCZ
in reducing fibrosis [163]. The European Scleroderma Trials and Research (EUSTAR)
observational study also evaluated the use of TCZ in SSc-associated joint and muscle
inflammation, compared to abatacept. Similar to abatacept, the reduction of 3 units
in mRSS between baseline and post-treatment was not significant (p = 0.109), but
a significant improvement in joint function was observed [158]. A number of case
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series have shown similar results [164-168]. Post hoc analysis of the results from the
faSScinate study [162] showed that considerably fewer patients treated with TCZ
compared to placebo exhibited a decline in their lung function. These participants
were also characterized by a reduced expression of pro-fibrotic genes, suggesting
that TCZ treatment may be associated with preserved lung function. These
promising results, together with the unmet medical need for effective fibrosis-
reducing treatment, supported the exploration of TCZ in a phase lll clinical trial
(focuSSed) [169]. In this very recent randomized, double-blind, placebo-controlled,
multicenter trial, 210 dcSSc patients were administered subcutaneous TCZ (162 mg)
or placebo weekly for 48 weeks. The reduction in mRSS at the endpoint compared
to baseline levels was —6.14 for TCZ and —4.41 for placebo, with the adjusted
difference of —1.73 not being able to show statistically significant results
(p=0.10). Interestingly, the change in the FVC percentage predicted at week 48 was
in favor of the TCZ arm, expressed as a difference in the least squares mean of 4.2
(p = 0.0002). These results further support the protective role of TCZ in preserving
lung function. This was later investigated by stratifying the same patients according
to the level of lung involvement [170]. Lung involvement was evaluated by serial
spirometry, high-resolution chest CT, and quantitative interstitial lung disease
(QILD) and fibrosis scores. Strikingly, TCZ was effective in stabilizing and thus
preventing the progression of early SSc-ILD in all patient groups, irrespective of
the severity of lung involvement. These results likely highlight the importance of
targeting the immunoinflammatory, early fibrotic stage of SSc pathology. Taking
everything together, TCZ does not seem to significantly improve skin fibrosis, but
it seems to serve as a safe treatment option to preserve patients’ lung function.
Thus, TCZ has now been approved by the US Food and Drug Administration (FDA)
to treat SSc-ILD.

Based on the elevated levels of IL-1 and IL-2 and their role in inflammation and
fibrosis in SSc, the potential effect of the monoclonal antibodies rilonacept and
basiliximab in tackling SSc-associated fibrosis has been examined lately. Rilonacept
is an anti-inflammatory treatment that has been approved by the FDA as a therapy
for cryopyrin-associated periodic syndromes [171]. Its potential use in SSc depends
on the fact that it blocks IL-1B signalling by binding with IL-1 and preventing its
reaction with cell surface receptors, therefore reducing IL-1-triggered inflammation.
Theresultsfromadouble-blind, placebo-controlled, randomized trial did not support
this hypothesis, as no changes were observed in mRSS between treatment and
placebo. In addition, the researchers measured IL-1-regulated gene expression from
explants obtained from patients’ skin, and similarly, no difference was found [172].
Regarding IL-2 expression, basiliximab is an anti-CD25 monoclonal antibody that
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inhibits the IL-2 receptor and is used for the treatment of kidney allograft rejection
as it inhibits the activation and proliferation of T cells [173]. The selective inhibition
of IL-2 cytokines seems promising in counteracting the Th2 predominance in
SSc lesions, but is this associated with reduced fibrosis? The results from a case
study in which a patient with early dcSSC was treated with a combination of CYC,
prednisolone, and basiliximab showed a decrease in mRSS from 24 at baseline to 19
six months post-treatment [174]. The same research group, 4 years later, conducted
a small-scale open-label study including 10 patients with dcSSC [175]. The median
mRSS was reduced from 26/51 to 11/51 at week 68 (p = 0.015). Furthermore, the
median predicted FVC between baseline and 44 weeks after treatment increased
from 82.1% to 88.4%. The observed trend towards an improvement in skin disease
cannot be attributed to basiliximab alone as the patients also received other
immunosuppressive treatments and there was no control group to compare with.
Therefore, whether basiliximab can attenuate fibrosis is still unclear.

Another important inflammatory and pro-fibrotic mediator in SSc is TGF-f.
Currently, drugs targeting the TGF-f3 pathway are under investigation mainly for
diseases such as cancer. In SSc, the possible efficacy in reducing fibrosis by blocking
TGF-f has been examined with the use of the monoclonal antibodies fresolimumab
and metelimumab (Figure 4). In a small-scale, open-label, single-center study,
fresolimumab, a high-affinity TGF-B-inactivating monoclonal antibody, reduced
TGF-B-dependent gene expression in skin biopsies. Furthermore, fresolimumab
administration was accompanied by an average reduction of 8 units in mRSS at
11 weeks post-treatment [176]. On the other hand, metelimumab’s administration
did not show similar encouraging effects. The effect of metelimumab has been
examined in a randomized, double-blind, placebo-controlled trial in 45 patients
with early (<18 months) dcSSc. All patients experienced an improvement in mRSS,
but this improvement was not statistically significant (p = 0.49). Furthermore, the
drug’s administration was related to increased morbidity. A large number of severe
adverse effects were reported, with skin ulceration and worsening of breathlessness
being the most prominent [177]. With the results provided, TGF-f targeting exhibits
conflicting results. Currently, several other compounds that target this pathway
are under investigation. Those that target TGF-$ signalling by inhibiting integrin
expression have, thus far, shown promising results in reducing fibrosis in animal
models [178].

Pirfenidone is a small molecule agent that interferes with TGF-f3 signalling and has
potential interest in attenuating SSc-associated fibrosis. Pirfenidone is a pyridine
derivative that is widely used in IPF, as it reduces fibroblast proliferation and
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TGF-B-induced collagen production in primary skin fibroblasts [179] (Figure 4).
However, the molecular target of pirfenidone remains unknown. Of note, only one
open-label, phase Il study (LOTUSS) has evaluated the safety and tolerability of
pirfenidone in patients with SSc-ILD. The results of this study did not confirm the
IPF observed beneficial effect of pirfenidone in the treatment of ILD in scleroderma
patients, as there was no difference in the predicted FVC between baseline and
post-treatment [180]. This inability to improve clinical primary outcomes is also
reflected molecularly, since serum levels of TNF-a and TGF- did not significantly
differ between treated and untreated patients. These outcomes are in line with the
neutral effect on lung function reported by retrospective case studies of SSc patients
with ILD that were treated with pirfenidone [181,182]. Given the documented
efficacy of pirfenidone in IPF and the overlapping pathogenic manifestations
between IPF and SSc-ILD, further investigation of the potential anti-fibrotic effect
of pirfenidone in patients with SSc-ILD is needed. In this regard, two phase Il and
one phase lll, multicenter, double-blind, randomized, placebo-controlled trials that
are evaluating the efficacy of pirfenidone in diminishing skin fibrosis in SSc-ILD are
currently recruiting and may reinforce the potential anti-fibrotic role of pirfenidone
in the near future (NCT03068234, NCT03221257, NCT03856853).

Emerging Therapies with Tyrosine Kinase Inhibitors

Tyrosine kinases are enzymes that use adenosine triphosphate (ATP) to transfer a
phosphate group to intracellular proteins. Phosphorylation of proteins by kinases
is vital for signal transduction and regulation of cell proliferation, differentiation,
migration, and development. The pathological activation of tyrosine kinases (TKs)
is crucial in multiple disease processes such as carcinogenesis, vascular remodeling,
and fibrogenesis [183,184]. Furthermore, in inflammatory lesions, tyrosine kinases are
also activated through over-production of growth factors and/or cytokines from the
tissues [185]. Several current studies suggest that inhibiting tyrosine kinases may lead
to effective anti-inflammatory therapy. Of note, targeting TK activity is feasible with
monoclonal antibodies designed to target the extracellular domains of the receptors,
or with small molecules that enter the cytoplasm and bind to intracellular catalytic
domains of both receptor and non-receptor TKs [186] (Table 5).
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Indolinone-Derived Small Molecule Tyrosine Kinase Inhibitors
Imatinib mesylate is the principal compound among the small molecule TKinhibitors
and was approved by the FDA in 2001 for the treatment of chronic myelogenous
leukemia, to block the Ab1 kinase activity [187]. Its use in SSc has been examined
due to its ability to inhibit the PDGF receptor and TGF-( signalling pathways [188].
Several case studies [188-192] have examined the efficacy and tolerability of
imatinib in scleroderma patients. Moderate improvement in skin scores and
predicted FVC has been reported, along with a large number of adverse effects.
From a mechanistic point of view, imatinib successfully depleted patients’ pDCs,
immune cells that play an important role in the disease’s pathogenesis [192,193].
Of note, treatment with imatinib exhibited a reduced amount of pathogenic
IL-4-producing T cells in bronchoalveolar lavage of SSc patients, which was
accompanied by elevated numbers of total T helper cells. Based on this observation,
it could be suggested that imatinib’s anti-fibrotic capacity could be mediated via
shifting the Th2 response to a non-type 2 T helper phenotype [190]. In an open-
label, multicenter study, 16 out of 27 patients with early dcSSc completed a
six-month imatinib administration. The mean decrease in mRSS was 21% compared
to baseline; however, five patients exhibited severe adverse effects including
generalized edema, erosive gastritis, anemia, upper respiratory tract infection,
neutropenia, and neutropenic infection [193]. Therefore, based on the moderate
improvement and the severe adverse effects that were observed, the use of the
imatinib’s analog nilotinib was proposed.

Nilotinib has the same mechanism of action as imatinib, but it is 20-30-fold more
potent and has a more favorable toxicity profile [194]. The use of nilotinib in SSc has
been tested in an open-label, single-arm, phase Il trial that included 10 scleroderma
patients. In this trial, nilotinib was well tolerated by the majority of the participants
(7/10), with only a few cases of increased edema and mild QTc prolongation being
reported. Furthermore, it was observed to be promising in reducing mRSS scores
in patients with early and active disease (reduction of 16%, p = 0.02, and 23%,
p =0.01, at 6- and 12-months post-treatment, respectively) [195]. Furthermore, data
from skin gene expression profiling showed that patients responding to treatment
were characterized by elevated TGF-f signalling. Interestingly, the expression of
TGF-f signalling genes was significantly reduced after these patients were treated
with nilotinib. This observation empowers the mechanism of action of nilotinib
and supports its potential anti-fibrotic effect. However, the progression into phase
Il trials will help to validate its efficacy in reducing fibrosis and determine its
limitations concerning potential side effects.
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The last indolinone-derived small molecule inhibitor that will be discussed is
nintedanib. Nintedanib inhibits a plethora of molecules implicated in fibroblast
activation such as PDGF receptor, fibroblast growth factor receptor (FGFR), and
vascular endothelial growth factor receptor (VEGFR) (Figure 4). In vitro and animal
data support the anti-fibrotic effect of nintedanib in inhibiting crucial pathways in
the initiation and progression of lung fibrosis. For instance, nintedanib inhibits the
secretion of the pro-fibrotic cytokines IL-4, IL-5, and IL-13 in the peripheral blood
of SSc patients. In addition, its anti-fibrotic effect is partly mediated by preventing
the polarization towards the pro-fibrotic M2 macrophages [196]. Nintedanib may
also exert its anti-fibrotic efficacy by restraining the migration and differentiation
of fibroblasts and fibrocytes. Interestingly, in vitro data have shown that nintedanib
downregulates the transition of fibrocytes towards myofibroblasts, and thus the
pro-fibrotic effect of the latter is reduced [197,198]. Nintedanib has received FDA
approval for the treatment of IPF. Since IPF shares pathogenic commonalities
with SSc-ILD, the use of nintedanib to reduce lung fibrosis in patients with
SSc-ILD has been recently evaluated in the SENSCIS trial [199]. This trial included
576 patients with SSc-ILD that were randomly assigned (1:1 ratio) to receive
150 mg of nintedanib two times daily or placebo for 52 weeks. Deterioration of lung
function in the nintedanib arm was significantly lower compared to the control
group. More specifically, the adjusted annual rate of decline in FVC was —52.4 mL
in patients treated with nintedanib compared to —93.3 mL in the placebo group
(p = 0.04). Based on the results of this study, in 2019, nintedanib was the first FDA-
approved treatment for patients with SSc-ILD [200]. It is worth mentioning that no
significant clinical benefit was observed in skin fibrosis measured by mRSS over a
1-year period. To our knowledge, no clinical data verifying the in vitro and in vivo
anti-fibrotic mechanisms have been published to date. An open-label, extension
trial, assessing the long-term safety and efficacy of nintedanib in 444 SSc-ILD
patients, is ongoing and expected to provide data on prolonged nintedanib therapy
and its exact mechanism of action in SSc patients (NCT03313180).

Tofacitinib

Except for the Ab1 and PDGF tyrosine kinases, the inhibition of Janus kinases (JAK)
is another potential treatment with anti-inflammatory properties. Recent data
provide evidence that the JAK/STAT signalling pathway is highly activated in SSc
skin biopsies [201]. Tofacitinib is a small molecule JAK inhibitor, with a structure
similar to ATP, and has been used in the treatment of RA. Regarding its mechanism
of action, it enters the cell with passive diffusion and binds to the ATP site of the
JAK1 and JAK3 receptors. As a result, it inhibits the phosphorylation and activation
of signal transducer and activator of transcription proteins (STATS), which leads to
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the downregulation of IL-6 expression [202] (Figure 4). In view of this mechanism,
the use of tofacitinib in SSc might be of interest. The results from an observational
study suggest tofacitinib as a potential treatment in reducing skin thickening of
patients with refractory dcSSc [203]. More specifically, tofacitinib-treated patients
showed a significantly shorter response time compared to the conventional
immunosuppressive group, with a mean change of —=3.7 (p = 0.001) in mRSS already
1-month post-treatment. After 6 months of treatment, the mean change in mRSS
was even greater between the two groups (—10.0 tofacitinib vs. —4.1 conventional
immunosuppressants, p = 0.026). Similarly, in another pilot study, patients treated
with tofacitinib showed a significantly higherimprovement in skin fibrosis compared
to patients treated with MTX [204]. These results indicate that tofacitinib might be
even more effective in reducing fibrosis than conventional immunosuppressants,
further showing a quicker and higher response rate. The tolerability and efficacy
of tofacitinib have been recently evaluated in a small clinical phase I/Il trial in 15
SSc patients. According to the preliminary results, tofacitinib is well tolerated and
shows a trend towards improving fibrosis (NCT03274076). Further evaluation of
tofacitinib in dcSSc seems warranted.

Table 5. Clinical trials evaluating the efficacy of tyrosine kinase inhibitors in SSc treatment.

Drug Target Type of Trial(s) Duration Patients Results
(Months)
Imatinib Inhibits PDGFR  Multicenter, 6 27 dcSSc Mean decrease
mesylate and TGF-B open-label in MRSS was 21%
signalling RCT [193] compared to
baseline (p < 0.001)
Nilotinib Same as Open-label, 8 10 early Promising
imatinib, but single-arm dcSSc reduction of 23%
20-30-fold trial [195] in mRSS 12 months
more potent post-treatment
(p=0.01)
Nintedanib  Inhibits Double-blind 13 576 SSc-ILD  Adjusted annual
PDGFR, FGFR, RCT (SENSCIS) rate of decline
and VEGFR [199] in FVC =524 mL
signalling compared to —93.3

mL in the placebo
group (p=0.04)

Tofacitinib Inhibits JAK/ Double- 6 15 dcSSc Preliminary
STAT signalling  blind RCT data show a
(NCT03274076) trend towards

improved fibrosis
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Conclusions and Future Perspectives

SSc is a disabling, chronic, autoimmune disease accompanied by high mortality
and morbidity rates. In this review, we examined the potential effects of anti-
inflammatory and immunosuppressive treatments in attenuating fibrosis. To do
this, we evaluated the first-line, generalized as well as cell- and cytokine-specific
anti-inflammatory and anti-fibrotic treatments, including the main therapies that
have been used or are currently being tested in clinical trials.

To begin, among the broad-spectrum treatments, MTX has been well tolerated, but
its efficacy in reducing fibrosis is still controversial. Although CYC's use seems efficient
in reducing fibrosis, its high toxicity limits its use, and it has now been replaced with
MMF. MMF is well tolerated, but its use has not been fully examined. On the other
hand, cellular targeting of inflammation with molecules that reduce the number of
B or T cells, such as rituximab, belimumab, and abatacept, has exhibited a potential
effect in diminishing fibrosis compared to broad-spectrum immunosuppressants.
Furthermore, the cytokine signalling-specific antibodies rilonacept, basiliximab,
fresolimumab, and metelimumab show a trend towards reducing fibrosis, but the
lack of large phase lll trials limits their potential addition to SSc treatment guidelines.
Among the TK inhibitors, nintedanib and tofacitinib are two promising therapies
in halting SSc-related fibrosis. Based on encouraging outcomes from large phase
Ill RCTs, tocilizumab and nintedanib have been FDA approved for the treatment of
SSc-ILD. On the positive side, ASCT shows increased event-free and improved overall
survival rates, but its use is limited to younger patients with early dcSSc that fulfill a
list of very strict inclusion criteria. Careful patient selection is vital in reducing the
relatively high mortality rates that accompany ASCT.

In conclusion, we are in a new era of a multitude of clinical trials with drugs targeting
specific pathogenic cells and biological pathways related to SSc. Several anti-
inflammatory treatments have been used or tested in SSc patients, but only a mild
to moderate improvement in reducing fibrosis has been demonstrated. However,
the level of published evidence on the effectiveness of each tested drug varies
greatly among case series and observational studies, and only a few RCTs have
been conducted [205]. Thus, conclusions and comparisons between the efficacy of
different drugs should be handled with caution. The anti-inflammatory approaches
described show a trend towards reducing fibrosis, but the effect is moderate
and, in many cases, controversial. The lack of complete understanding of the
pathophysiology and the rare frequency of the disease are two obvious arguments
that support this conclusion. Furthermore, SScis a very complex and heterogeneous
disease, and the traditional classification of the patients into the limited or diffuse
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form based on the severity of skin involvement is an oversimplification. Lately,
multiple studies have utilized intrinsic gene expression analyses to classify SSc
patients into four categories: the inflammatory, fibroproliferative, limited, and
normal-like subsets [206]. It is currently not certain if these categories are reflective
of stable disease states that differ between patients. Other studies suggest that
they concern different stages of the SSc disease process [80]. Various disease
manifestations of SSc, such as ILD, pulmonary hypertension, and gastrointestinal
disease, develop with a time course that differs from that of the skin manifestations.
The underlying maladaptive innate and adaptive immune responses likely differ
between these pathologies. Taken together, we believe that in-depth insight and
measurement tools of the pathological processes may yield markers to determine
the biological processes driving specific disease manifestations. Such markers will
help to determine the best treatment approach in individual cases.

Furthermore, targeted drug selection is expected to show more remarkable results
in the anti-inflammatory therapies that have been mentioned. Additionally, to
understand if new drugs are effective, there is also a need for a better understanding
of the pathological processes driving disease features. The use of novel and
advanced molecular tools such as single-cell RNA sequencing is constantly
advancing our knowledge about novel pathogenic cytokines, antibodies, and
genes implicated in the pathogenesis of SSc. This knowledge will facilitate more
personalized treatments. For example, scleroderma patients that exhibit high
amounts of the Th2 cytokines IL-4 and IL-13 early after diagnosis, or those with
prominent ILD, could be treated with immunotoxins or monoclonal antibodies that
have been designed to block the IL-4 or IL-13 pathway and have shown promising
results in anti-tumor, IPF, and asthma treatment. Another suggestion for future
studies would be to evaluate the outcome of combined biological therapies.
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Abstract

Objectives. Cytotoxic T cells and NK cells are central effector cells in cancer and
infections. Their effector response is regulated by activating and inhibitory
receptors. The regulation of these cells in systemic autoimmune diseases such as
systemic sclerosis (SSc) is less defined.

Methods. We conducted ex vivo analysis of affected skin and blood samples from
4 SSc patient cohorts (a total of 165 SSc vs. 80 healthy individuals) using single-
cell transcriptomics, flow cytometry and multiplex immunofluorescence staining.
We further analyzed the effects of co-stimulatory modulation in functional assays,
and in a severely affected SSc patient who was treated on compassionate use with
a novel anti-CD3/CD7 bispecific immunotoxin treatment.

Results. Here, we show that SSc affected skin contains proliferating, cytotoxic
T cells and NK cells. These cells selectively express the co-stimulatory molecule CD7
in association with cytotoxic, pro-inflammatory and pro-fibrotic genes, especially
in recent-onset and severe disease. We demonstrate that CD7 regulates the
cytolytic activity of T cells and NK cells and that selective depletion of CD7" cells
prevents cytotoxic cell-induced fibroblast contraction and inhibits their pro-fibrotic
phenotype. Finally, anti-CD3/CD7 directed depletive treatment eliminated CD7*
skin cells and stabilized disease manifestations in a severely affected SSc patient.

Conclusion. Together the findings imply co-stimulatory molecules as key regulators
of cytotoxicity-driven pathology in systemic autoimmune disease, yielding CD7 as
a novel target for selective depletion of pathogenic cells.

Keywords
Cytotoxic lymphocytes, skin, CD7, immunotherapy
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WHAT IS ALREADY KNOWN ON THIS TOPIC

1.

Cytotoxic immune cells are prevalent in systemic sclerosis (SSc) affected
skin and their presence is involved in endothelial cell dysfunction and
fibroblast activation.

Autologous stem cell transplantation (ASCT) can achieve long-term remission
in severe cases of SSc, but it is a high risk procedure applicable only to a
limited amount (10%) of patients.

WHAT THIS STUDY ADDS

3.

SSc skin cytotoxicity-driven pathology is regulated by activated T cells and
NK cells that upregulate the co-stimulatory receptor CD7 in association with a
pro-inflammatory and pro-fibrotic gene signature, particularly in recent-onset
and severe disease.

Selective elimination of CD7* T cells and NK cells with a novel bi-specific
anti-CD3/CD7 immunotoxin prevented cytotoxic cell-induced myofibroblast
contraction and activation and stabilized disease progress in a severely
affected SSc patient that was treated on compassionate use.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY

5.

Our results highlight the key role of co-stimulatory receptors in regulating
cytotoxicity induced pathology in systemic autoimmunity, rendering a
promising therapeutic strategy for mitigating tissue inflammation and fibrosis
in connective tissue disorders such as SSc.
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Introduction

Systemic sclerosis (SSc) is a systemic autoimmune disease that is characterized
by vasculopathy, inflammation and progressive fibrosis of skin and internal
organs (1). Autoimmunity in SSc is directed against nuclear autoantigens, which
can be aberrantly presented by endothelial cells and fibroblasts due to hypoxic
stress and serve as antigenic targets (2). This is exemplified by the development
of a dysregulated Raynaud’s phenomenon as the first and principal disease
manifestation. T lymphocytes have been detected in SSc-affected tissues and
multiple studies have suggested their potential involvement in the observed
fibrosis and vasculopathy through the production of cytokines such as interleukin
(IL)-4, 1L-13, and IL-17 (3). Unexpectedly, a recent study showed a prominent role for
cytotoxic T cells in mediating SSc skin pathology (4). Furthermore, an epigenetic
study implicated natural killer (NK) and CD8* T cells in SSc pathogenesis (5).

In chronic inflammatory conditions, T cell activation is restricted to prevent
unwarranted inflammatory side-effects. Activation of antigen-specific CD4* T cells
is regulated by professional antigen-presenting cells via major histocompatibility
complex (MHC) class ll-controlled processes. Regulatory mechanisms are less
defined for cytotoxic T cells and NK cells because these depend on non-MHC class
Il receptors and these are expressed ubiquitously in inflamed tissue. In chronic
infections and malignancies, activation of cytotoxic T cells and NK cells has been
shown to be regulated by an interplay between co-stimulatory and inhibitory
receptors (6). Animal models indicate that similar mechanisms may operate in
cytotoxic autoimmunity (7). Still, the exact role of T cells in SSc pathogenesis is yet
to be defined. On the one hand, genetic studies have proven that human leukocyte
antigen genes (HLAs) corresponding to MHC class Il confer susceptibility to SSc (8).
On the other hand, treatment with the T cell directed drug cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) immunoglobulin (abatacept) has shown limited
clinical efficacy (9).

Here, we hypothesize that co-stimulatory receptors, independent of CTLA-4,
regulate cytotoxic cell-driven pathologic processes in SSc. Furthermore, we
hypothesize that these processes can be alleviated by therapeutic targeting of
such receptors. We conducted analyses of affected skin and blood at the single
cell, protein and spatial level in 4 separate SSc patient cohorts. Furthermore, we
analyzed the effects of co-stimulatory modulation in ex vivo functional assays, and
in a severely affected SSc patient who was treated on compassionate use with a
novel combination of anti-CD3/CD7 immunotoxins (CD3/CD7-IT).
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Methods

Detailed methods are provided in online supplemental methods.

Results

SSc skin contains increased numbers of activated cytotoxic T and NK
cells with a cytotoxic, pro-inflammatory and pro-fibrotic signature

T and NK cell subsets may upregulate co-stimulatory receptors to direct the
autoimmune inflammatory process in SSc. To gain a comprehensive profiling of skin

infiltrating lymphocytes, we analyzed T and NK cell clusters (n=5,061 cells) from a

scRNAseq dataset of affected skin of 97 SSc patients compared to healthy skin from

56 individuals, as part of a larger dataset that was published recently (GSE195452) (10)

(Supp. Figure 1). To enhance confidence, we comparatively analyzed another

single-cell RNA transcriptome dataset containing 2,126 cells from 9 healthy and

12 SSc skin biopsies (GSE138669) (11) (Supp. Figure 2).

First, we analyzed T cells and NK cells in skin single-cell datasets based on differential
gene expression of known lineage-specific genes (GSE195452, GSE138669). Among
the transcriptionally distinct cell subtypes that were detected (Supp. Figure 1A, 2A),
the following three were significantly expanded (g< 0.05 for all comparisons) in
SSc compared to healthy skin in both datasets: proliferating T cells, CD8* cytotoxic
T cells, and NK cells (Figure 1A, B). We verified the presence of these T and NK cell
subsets at the protein level in SSc affected skin in an additional cohort of 24 SSc
patients (Figure 1C). In addition, increased infiltration of cytotoxic CD8* T cells
and CD56" NK cells was further apparent in biopsies from the affected compared
to matched non-affected skin in 71% and 83% of SSc patients respectively (n=24,
p=0.06 and p< 0.001 respectively) (Figure 1D, E). In the affected SSc skin, cytotoxic
T cells and NK cells were primarily present in perivascular areas while a smaller
amount of these cells was infiltrated around blood vessels of the non-affected
skin (Figure 1D).

Next, we analyzed the potential function of these enriched cell populations in SSc
skin. For this, we used gene set enrichment analyses based on each cluster with
Wiki pathways as reference dataset. Both the skin cytotoxic T and NK cell clusters
from each sc-dataset were not only associated with cell cytolytic pathways but were
also the only clusters from SSc skin that were specifically enriched for gene sets
related to lung fibrosis, pro-inflammatory and pro-fibrotic manifestations relative
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Figure 1. Increased frequency of pro-fibrotic cytotoxic T and NK cells in SSc skin. A Frequencies of
T and NK cell clusters in the skin of (n= 56) Healthy Donors (HD) compared to (n=97) patients with
systemic sclerosis (SSc) (GSE195452). B Frequencies of T and NK cell clusters in the skin of (n=9) HD
compared to (n=12) patients with SSc (GSE138669). Abbreviations: tissue-resident memory T cells
(Trm), cytotoxic T cells (CTLs), regulatory T cells (Tregs), hypofunctional tissue resident T cells (Thprm),
naive/central memory (Tncm), proliferating T cells (Tprolif), NK cells (NK), quiescent tissue- resident
T cells (Tgcm). For both panels A and B, values are represented as variation in cell counts (in %) and
statistics were performed with Wilcox-Test, corrected for multiple comparisons. Only the adjusted
p-values (q) of the statistically significant comparisons are shown, *q<0.05, **q<0.01. C Representative
multicolor immunofluorescence composite image of T helper CD3*CD8" (red), cytotoxic CD8* (cyan),
regulatory FOXP3* (green) T cells and CD56*CD3" (yellow) NK cells in SSc affected skin. Abbreviations:
hair follicle (HF), epidermis (E), blood vessel (BV). Scale 50 um. D Immunofluorescence composite
images of infiltrated cytotoxic CD8* (cyan) T cells and CD56*CD3" (yellow) NK cells of the non-affected
versus the affected skin from a representative SSc patient with early diffuse disease. E Percentages (%)
of cytotoxic T (CD3*CD8*) and NK cells (CD56*CD3") in matched non-affected versus affected SSc skin
(n=24 SSc patients). Values are represented as % of CD8* or CD56* cells compared to all cells (DAPI*)
present in each biopsy (excluding the rich in keratinocytes epidermis layer). Statistics were performed
with non-parametric Wilconxon test, ***p<0.001. F (left) Gene set enrichment analysis of skin T
and NK cell clusters with Wiki pathways as reference dataset. Examples of top pathways (p <0.001)
represented by NK and CTL clusters are shown. Statistics were performed with Kolmogorov-Smirnov
test. (right) Comparison of the enrichment scores of the “Overview of proinflammatory and profibrotic
mediators” (q=0.025) and “Lung fibrosis” (g=0.0002) pathways in HD (green) versus SSc (red) skin T
and NK cell clusters (here for GSE195452, Supp. Figure 2C for GSE138669). G (left) UMAP displaying 5
transcriptionally different CD8* T cell clusters in skin of (n=56) HD and (n=97) SSc, n=977 cells. Based
on the top differentially expressed genes, clusters were annotated as naive (T naive), Granzyme K*
(GZMK?), Granzyme B* (GZMB"), exhausted (Texh) and proliferating (Tprolif). (right) Cell frequency of
CD8* T cell clusters between HD and SSc. H Percentage of Granzyme B (GZMB) expressing CD8* T cells
in peripheral blood of (n=15) HD and (n=30) SSc. Values are represented as % of total live peripheral
blood mononuclear cells, *p<0.05.

to healthy skin (Figure 1F, Supp. Figure 2C). These pathways included pro-fibrotic
genes such as TGFBI1, XCL1, OSM, CCL4, IL4, IL17, FGF and PDGF (for a complete
overview see Supp. Figure 3). This indicates that cytotoxic cells are not only involved
in cytotoxicity but also in directing pro-fibrotic pathophysiological processes.

In recent studies in chronic inflammatory conditions, CD8* T cells were shown to
mainly exert a cytokine mediated function instead of their conventional cytotoxic
effects with an important role of granzyme K (12). Therefore, we performed a
focused analysis of CD8* T cells. In skin, at the sc-RNAseq level, the following
CD8* sub-clusters were formed: naive, proliferating, skin resident exhausted like,
granzyme K (GZMK*) and granzyme B (GZMB*) positive effector cells. Of these,
only the subset of CD8 effector GZMB* cells were significantly enriched in SSc
skin (Figure 1G, Supp. Figure 1D). Flow cytometry analysis in blood also showed
increased (2-fold) presence of CD8*GZMB* cells in SSc compared to healthy donors
(Figure 1H).
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Expanded CD8+ T and NK cells in the affected skin and lungs of
systemic sclerosis patients are characterized by upregulation of

the CD7 co-stimulatory molecule

The activity of cytotoxic T cells and NK cells is closely regulated by an interplay
between activating and inhibitory cell surface receptors. In chronic infection and
malignancies, T and NK cell cytotoxic functions have been shown to be restricted
by inhibitory receptors (13-15). Therefore, we compared expression of known T
and NK cell activating and inhibitory receptors between immune cells of healthy
and SSc skin. Of the inhibitory receptors, LAG3 was expressed in a proportion of
CD8*GZMB* T cells in SSc skin. The expression of TIGIT, CTLA4 and HAVCR2 (TIM-3)
did not show any significant difference between healthy and SSc skin while PDCD1
(PD-1) was only expressed in a few naive/central memory CD8* T cells together
with FOXP3 (Supp. Figure 1E). Of the activating receptors, CD69 and CD7 were
upregulated in CD8*GZMB* T cells whilst SSc NK cells exhibited elevated expression
of CD7, TNFRSF9 (CD137) and CD28. In the cluster of proliferating SSc T cells, CD40LG
was downregulated and CD28 expression was decreased in SSc versus healthy skin
(Figure 2A). Of these, CD7 was expressed by almost all the cells in these clusters and
also showed the strongest upregulation in patients compared to controls (q<0.001)
(Figure 2A, B). In a further attempt to identify differences in cytotoxic T and NK cell
activation between healthy and SSc individuals, we used an alternative unbiased
approach based on the FindConservedMarker function implemented in Seurat. (to
find features that are conserved between the groups, i.e- healthy donors and SSc).
This approach confirmed enrichment of cytotoxic genes and CD7 in cytotoxic T cells
and NK cells of SSc patients compared to healthy controls. No other activating
or inhibitory receptors were enriched in SSc in this analysis (Figure 2C). These
observations suggest that CD7 co-stimulation may be involved in SSc skin T and NK
cell activation.

To validate these results at the protein level, we performed CD7 and CD3
immunohistochemistry in SSc skin tissue. The total amount of CD3* T cells was
higher even though statistically non-significant in the affected SSc skin (mean
number of CD3*T cells: 15.8 affected versus 6.1 in non-affected) (Supp. Figure 4A, B).
Strikingly, an increased infiltration of CD7* cells was specifically found in the
perivascular areas (Supp Figure 4C) of affected compared to the non-affected
SSc skin (Figure 2D). Furthermore, in SSc skin, CD7 was found to be co-expressed
with CD8 and CD56 positive cells, while no expression on CD3*CD8 cells could be
observed (Figure 2E).
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Recently, an increased presence of tissue resident cytotoxic T and NK cells was also
described in SSc lungs (16). Thus, we next evaluated CD7 expression in SSc lung
tissue compared to healthy. In accordance with our data in skin, CD7 was selectively
expressed in lung cytotoxic T cells and NK cells and its expression in SSc CD8* T cells
and CD56* NK cells was significantly higher (2-fold increase) compared to healthy
counterparts (Figure 2F). In conclusion, CD7 is a co-stimulatory receptor that is
significantly upregulated in disease related cytotoxic immune cell populations in

both the affected skin and lungs of patients with SSc.

CD7 co-stimulation is involved in T and NK cell cytotoxic and pro-
fibrotic processes

CD7 is selectively expressed in skin T cells and NK cells (Supp. Figure 4D). This
receptor is upregulated after TCR ligation and activated by its ligand, SECTM1 (17).
SECTM1 is a transmembrane protein produced by thymic epithelial cells and fibroblasts
and induced by IFN-y in professional antigen-presenting cells. CD7 activation by
SECTM1 has been shown to augment CD4* and CD8* T cell effector functions (18). To
gain insight on the function of CD7 in SSc, we analyzed expression of SECTM1 in skin
stromal and immune cells. In our dataset, SECTMT as expected was primarily detected in
skin myeloid cells including monocytes, macrophages and dendritic cells. Furthermore,
SECTM1 was also expressed by cells in the fibroblast cluster characterized by increased
expression of PTGDS (Figure 3A). Interestingly, it was previously reported that this
fibroblast subtype is marked by high expression of MHC class | genes compared to
other skin fibroblast subsets, suggesting that the SECTM1-CD7 axis may be important
in T and NK cell activation (Supp. Figure 5A). Notably, T cell and NK cell CD7 expression
was positively correlated with IFNG, while expression of its receptor (IFNGR1) positively
correlated with SECTM1 in fibroblasts and antigen presenting cells (Supp. Figure 5B, C).
This suggests an IFN-y driven SECTM1-CD7 axis in SSc skin.

From a clinical perspective, SSc is a heterogeneous disease with various disease
subtypes and phases. Thus, we next analyzed CD7 gene expression in subgrouping
of SSc patients with limited (ISSc) versus diffuse (dSSc) cutaneous and early
(< 3 years from first non-Raynaud symptom) versus late disease. We found that
CD7 was significantly upregulated in early diffuse SSc compared to late
disease (Figure 3B) and CD7 expression was further associated with patients
exhibiting increased skin score (p=0.03) (Figure 3C). CD7 skin expression was not
associated with the presence of interstitial lung disease (ILD). Furthermore, CD7
expression was similar between treatment naive and patients that were receiving
immunosuppressive medication, suggesting that currently used therapeutic
approaches do not seem to directly target this activation axis (Figure 3D).
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Figure 2. CD7 upregulation associates with activation of cytotoxic T and NK cells in SSc affected skin
and lungs. A 2-D dot plots comparing the gene expression of selected activating and inhibitory co-
stimulatory receptors in Tprolif, CD8*GZMB* and NK clusters between HD and SSc (circle size shows
the percentage of cells expressing each gene and color intensity depicts average expression while
numbers indicate average of normalized counts). B (top) UMAPs representing positive (red) and
negative (grey) gene expression of CD7 among CD8* T cells (left) and CD56* NK cells (right). (bottom)
Intensity of CD7 normalized gene expression between HD and SSc among CD8*T cells (left) and CD56*
NK cells (right). C Scatter plot with gene expression values highlighting genes that are specifically
enriched in skin T and NK cells of patients with SSc compared to HD. D Representative photos of
CD7 immunohistochemistry (IHC) staining of the affected and non-affected skin biopsies from a SSc
patient, accompanied by quantification of CD7 IHC scores (n=20). Non-parametric sign test, *p<0.05.
E Immunofluorescence microscopy showing co-expression of CD7 with CD8* T and CD56* NK cells in
early dSSc skin. A representative experiment is depicted in scale of 100 pm. F (left) UMAP displaying T
and NK cells from control (healthy) (n=6) and SSc (n=7) lung tissues from patients with interstitial lung
disease (GSE128169). (middle) Density plots showing gene expression density of CD7, NCAM1 (CD56),
CD4 and CD8A. (Right) CD7 gene expression counts (normalized) between control and SSc lung T and
NK cells (each dot represents the average CD7 expression per donor).

To further explore the function of CD7* T cells, we analyzed the response to
activation of cells purified from blood. In SSc blood, a larger fraction of CD8*CD7*
cells were detected compared to healthy individuals (18% of total CD3* cells in SSc
vs 12% in HD) (Figure 3E). The CD7*CD8* T cells from SSc patients upon short (t=4
hours) stimulation with phorbol myristate acetate (PMA) and ionomycin produced
significantly more granzyme B (MFI: 40000 in SSc vs 34000 in HD). In addition, SSc
CD8*CD7* T cells were also characterized by increased co-expression of the pro-
fibrotic cytokines IL-4 and IL-13 (among CD8" T cells: 2.5% IL-13* and 40% IL-4%)
compared to CD8*CD7* cells of healthy controls (among CD8* T cells: 1% IL-13*
and 30% IL-4*) (Figure 3F). Taken together, these data indicate that CD8*T and NK
cells that exhibit cytotoxic and pro-fibrotic properties in SSc, are characterized by
increased CD7 expression.

To test the involvement of CD7 in T and NK cell cytotoxicity, we co-cultured
healthy peripheral blood mononuclear cells (PBMCs) (n=6) with K562 cancer
cells and evaluated T and NK cell cytolytic activity by measuring the release of
lactate dehydrogenase (LDH) from the damaged target cells. Interestingly, while
blockage of the CD7 receptor did not affect the cell viability of T and NK cells, it was
accompanied by significant reduction in their cytolytic capacity towards K562 cells
(Figure 3G). This observation suggests that CD7 co-stimulation is important for an
efficient cytotoxic response.

In addition, we observed above that SSc skin cytotoxic T and NK cells showed
disease-related enrichment of pathways associated with lung fibrosis and pro-
inflammatory/pro-fibrotic manifestations. To explore the potential involvement
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Figure 3. CD7 co-stimulation plays an essential role in T and NK cell cytotoxic and pro-fibrotic
manifestations. A SECTM1 log normalized gene expression among skin immune and stromal cell
subsets (GSE195452). Annotations of the depicted cell clusters were retrieved from Gur et al. (10).
B Subgroup analysis of CD7 normalized gene expression among healthy individuals (HD), and systemic
sclerosis (SSc) patients with early versus late limited cutaneous SSc (ISSc) or diffuse cutaneous (dSSc)
disease. Early disease was defined as <3 years from initial diagnosis. One-way ANOVA with Tukey’s
multiple comparisons test, *p<0.05, ***p<0.001 C (left) Scatter plot showing correlation of CD7
normalized gene expression with skin score. Each circle represents a single SSc patient. Spearman
r=0.34, p=0.07. (right) Normalized CD7 gene expression between SSc patients with low versus
high skin scores. The distinction between low and high skin score was as described previously (10).
D Normalized CD7 gene expression between SSc patients that were treatment naive or treated with
immunosuppressive medication and between SSc patients with or without the presence of interstitial
lung disease (ILD). E Percentage of CD8*CD7* and CD8*CD7 T cells in peripheral blood of (n=15)
HD and (n=30) SSc. Values are represented as % of total CD3* T cells, *p<0.05. F Expression (Mean
Fluorescence Intensity) of Granzyme B (GZMB) and percentage of IL-4*/IL-13* cells between HDs and
SSc CD8*CD7* T cells. Expression levels of GZMB are presented as mean fluorescence intensity (MFI)
and values of IL-4%/IL-13* cells are represented as percentage of positive cells among the CD8*CD7*
T cell compartment. Student’s t-test, *p<0.05. G Cytolytic activity of T and NK cells in a co-culture with
K562 target cells was quantified by measuring Lactate dehydrogenase (LDH) release of the target cells.
T cells and NK cells were stimulated with anti-CD3/CD28 and IL-2/IL-15 respectively and anti-CD7 was
added to block CD7 co-stimulation. Unstim refers to control cells that were not stimulated. Statistical
comparisons between groups were performed with ordinary one-way ANOVA with Tukey’s multiple
comparisons test *p<0.05, **p<0.01, **p<0.001. H Pair-wise correlation plots between CD7 and XCL1,
TGB1, OSM, MMP9 gene expression within the NK or cytotoxic T cell (CTLs) clusters in SSc affected
skin (GSE195452).

of CD7 in the observed pro-fibrotic manifestations of the cytotoxic skin cells,
we obtained and merged the gene lists associated with those pathways and
performed pairwise correlations with CD7 (Supp Figure 3). Notably, CD7 gene
expression in SSc affected skin was positively correlated with expression of pro-
fibrotic mediators such as XCL1 (19, 20) and CCL3 (21, 22) in cytotoxic lymphocytes
(CTLs) and TGFBT (23, 24) and OSM (25, 26) in NK cells (Figure 3H). From these
observations, it is suggested that CD7 co-stimulation regulates both T and NK cell
mediated cytotoxicity and fibrosis.

In vitro elimination of the expanded and activated CD7+ T and

NK cell subsets by targeted immunotoxin treatment halts

fibroblast contraction

The selective upregulation of CD7 expression in cytotoxic T and NK cells in SSc
skin can serve as target for therapeutic modulation but also for selective depletion
of these cells. For this, we utilized a combination of anti-CD3/CD7 immunotoxins
(CD3/CD7-IT) developed to target alloreactive activated T cells and NK cells in graft
versus host disease (GvHD) (27). In cultured PBMCs isolated from patients’ blood, a
significant killing efficacy (>85% cells eliminated) of CD3/CD7-IT was only observed
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Figure 4. Targeted immunotoxin mediated depletion of activated CD7* T and NK cells prevents
fibroblast contraction and decreases myofibroblast phenotype. A Flow cytometric quantification of
CD3/CD7-IT-induced cell death exhibiting absolute cell counts (cells/pl) of CD2* T and CD56* NK cells in
PBMCs isolated from (n=>5) SSc patients. B Percentage of normalized cell viability of CD3* T and CD56*
NK cells isolated from SSc (n=3) PBMCs. C Flow cytometric quantification of CD3/CD7-IT-induced cell
death illustrating absolute cell counts (cells/pl) of CD8*GZMB* T and CD56*GZMB* NK cells in PBMCs
isolated from (n=5) SSc patients. D Flow cytometric quantification of CD3/CD7-IT-induced cell death
towards CD8* T and CD56* NK cells in ex vivo skin explants (n=4). Paired t-test, *p<0.05, **p<0.01.
E Schematic representation of our in vitro hydrogel collagen contraction assay in the developed 3D
model with co-cultured primary skin fibroblasts and PBMCs. The level of contraction was quantified
compared to no-cells control and plotted graphically on the right (n=3). Bars are mean +SD. An image
of a representative experiment is depicted on the bottom of this panel. F The percentage of pro-
apoptotic cytotoxic T (CD8*7-AAD Annexin V*) and NK (CD56*7-AAD Annexin V*) cells in the depicted
conditions was measured with flow cytometry of the enzymatically digested collagen plugs (n=5).
G IgG or CD3.CD7-IT treated PBMCS were co-cultured with primary dermal fibroblasts in the developed
3D hydrogel collagen co-culture model and fibroblasts were analyzed for expression of genes
reflective of a myofibroblast phenotype. Values represent relative gene expression (-ACt) as measured
with qPCR. GAPDH and RPS27A were used as reference genes. Data represents mean + SEM. Statistical
comparisons between three or more groups were performed with ordinary one-way ANOVA with
Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001. Abbreviations: Phytohemagglutinin
(PHA), Immunotoxin (IT), Peripheral blood mononuclear cells (PBMCs).

towards the activated T cells and NK cells (Figure 4A). The combination of CD3 and
CD7 immunotoxins had an additive effect on the killing efficacy towards T cells,
while NK cells (CD3-CD56+CD7+) as expected were predominantly targeted by the
CD7-IT (Figure 4B). Of note, treatment with CD3/CD7-IT also effectively depleted the
potentially pathogenic CD8*GZMB* T cells and CD56*GZMB* NK cells (Figure 4C).
IL-2 production was 9-fold decreased upon treatment (Supp. Figure 6A),
supporting that anti-CD3/CD7-IT treatment selectively depleted the activated
T cells and NK cells. The surviving CD8* T cells in the CD3/CD7-IT treated condition
exhibited a clear alteration in their memory/maturation status: decreased CD8
effector and increased memory and naive phenotype, showing killing specificity
towards effector cells (Supp. Figure 6B). Additionally, upon post-treatment
stimulation with PHA, the CD8+ T cells that survived treatment showed diminished
cell proliferation (decreased % CD8*Ki-67* cells) and production of cytotoxic (GZMB)
and pro-fibrotic molecules (IL-4) compared to their non-treated counterparts
(Supp. Figure 6C). Importantly, treatment with anti-CD3/CD7-IT had no effect on
the number nor on the cell viability of CD19* B cells and CD14* M2 monocytes/
macrophages (Supp. Figure 6D, E). Next, we used ex vivo whole skin cultures
and showed that upon treatment with anti-CD3/CD7-IT, both numbers of CD8*
T cells and CD56* NK cells were significantly reduced compared to the untreated
condition (Figure 4D).
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As we achieved specific elimination of the potentially pathogenic CD7* T cells and
NK cells, we next evaluated whether this depletion exhibits therapeutic relevance.
Fibrosis accompanied by skin tightening is the main disease hallmark of SSc, so we
developed a novel 3D collagen fibroblast: immune cell co-culture hydrogel model
that enables to study fibroblast contractility (Figure 4E). In this model, spontaneous
fibroblast contraction happened in the presence of allogeneic PBMCs and the
level of contraction was significantly larger in the presence of PHA-activated
PBMCs. PHA upregulates CD3 and CD7 expression on T cells and CD7 on NK cells
(Supp. Figure 6F, G), so this model mimics the effector functions of the potentially
pathogenic immune cell subsets on fibroblasts in vitro. Fibroblasts that were co-
cultured with sorted CD7* T cells and NK cells exhibited increased contractility and
a higher expression of IL-6, collagen type 1 and alpha smooth muscle actin (a-SMA)
compared to fibroblasts co-cultured with CD7- cells (Supp Figure 7). Next, we pre-
treated PHA-activated PBMCs with 0.33 nM a-CD3/CD7 antibodies or CD3/CD7-IT
and showed that only upon immunotoxin treatment, fibroblast contraction was
significantly reduced compared to PHA activated PBMCs (Figure 4E). Under these
conditions (24 hrs of co-culture), the percentage of necrotic CD8* or CD56* cells was
not (yet) significantly affected (Supp. Figure 6H). However, we observed a sharp
increase in apoptotic CD8" and CD56" cells (Figure 4F). Interestingly, fibroblasts
that were co-cultured with CD3/CD7-IT treated PBMCs exhibited a decreased
gene expression of COLTAT, FNT and ACTA2 (Figure 4G), indicating a lowered pro-
fibrotic phenotype.

Administration of bispecific CD3/CD7-IT treatment in the first
patient with SSc effectively eliminates pathogenic CD7+ cells in
blood and skin

A 34-year-old male patient with severe diffuse cutaneous SSc showed disease
progression following autologous hematopoietic stem cell transplantation (ASCT)
that did not respond to treatment with mycophenolate mofetil, prednisone and
rituximab. The patient had developed severely invalidating diffuse skin fibrosis (a
modified Rodnan skin score of 27), joint contractures, high inflammation
parameters with ESR 49 mm/Hour (< 15mm/Hour) and CRP 78 mg/L and joint
contractures. He was bedridden with a very poor prognosis and was therefore
treated with CD3/CD7-IT as last resort. Treatment resulted in a depletion of
circulating and skin-resident T cells and NK cells, and a normalization of C-reactive
protein (CRP) levels from 131 mg/L to 27 mg/L after four weeks, which CRP levels
then further decreased to normal after 5 months. His functional status stabilized,
with an observed increase in quality of life, yet with a persistent invalidation due to
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severe skin-tightening and joint contractures that proved irreversible. The patient
died 1.5 years after CD3/CD7-IT treatment from disease complications.

Figure 5. Treatment with a-CD3/CD7-IT depletes cytotoxic T and NK cells in an early dSSc patient’s
blood and skin. Percentage of A CD3*T and CD56" NK cells B CD4* T and CD8* T cells C CD8*Perforin* T
and CD56*Perforin® NK cells in SSc patient’s peripheral blood before and after treatment with a-CD3/
CD7-IT. Values are represented as % of total live peripheral blood mononuclear cells (PBMCs). B (right)
Ratio of CD4*/CD8* T cells before and after treatment. D Representative immunofluorescent images
and E quantification of lymphocyte subsets in the patient’s affected skin before versus after treatment.

Biologic responses to CD3/CD7-IT treatment were measured with flow cytometry
in patient’s blood and multiplex immunofluorescent staining in skin pre- and
post- drug administration. Consistent with the expected in vitro effect, treatment
with CD3/CD7-IT directed a profound elimination of circulating T cells and NK
cells. Already one week after administration, the amount of circulating T cells and
NK cells was reduced by 86% and 77% respectively (Figure 5A). CD8" T cells were
preferentially targeted by CD3/CD7-IT compared to CD4* T cells. More specifically,
the percentage of CD8* T cells exhibits a 37-fold decrease while CD4* T cells show an
8-fold reduction. (Figure 5B). We further explored the killing efficacy of CD3/CD7-IT
towards effector cytotoxic T cell and NK cell populations. Effector cytotoxic T cells
were characterized as CD8*Perforin* and NK cells as CD56*Perforin®. Interestingly,
both CD8*Perforin® and CD56*Perforin* cell populations were completely depleted
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(100%) in this patient’s blood (Figure 5C). The therapeutic effectiveness towards
skin-resident T and NK cells was then evaluated with multipleximmunofluorescence
staining of skin biopsies before and after treatment. Post-treatment, skin biopsies
showed a remarkable reduction in immune cell infiltration (Figure 5D). More
specifically, absolute cell counts of CD3* T cells, CD8" T cells and CD56* NK cells
were all considerably reduced post treatment. Importantly, the numbers of
CD3*FOXP3* regulatory T cells and CD20* B cells were not affected (Figure 5E).
While the treatment outcome was considered positive and clinically meaningful,
we expect even greater benefit when CD3/CD7-IT is applied earlier in the course of
the disease, when the inflammatory component is more prominent and the fibrotic
process not yet irreversible.

Discussion

Here, we show that SSc affected skin contains increased numbers of proliferating
T cells, cytotoxic T cells and NK cells. These cells exhibit a cytotoxic, pro-inflammatory
and pro-fibrotic gene signature. When focusing on their co-stimulatory and
inhibitory molecule expression, these cells express the co-stimulatory molecule
CD7 in association with pro-inflammatory and pro-fibrotic genes, especially in
recent-onset and severe disease. Furthermore, we show that CD7 regulates cytolytic
activity of cytotoxic T cells and NK cells and that selective depletion of CD7* cells
prevents cytotoxic cell induced fibroblast contraction by halting their pro-fibrotic
phenotype. Finally, CD3/CD7 directed depletive treatment depleted CD7* cells and
stabilized disease manifestations in a severely affected SSc patient.

The role of T cells in mediating the pathology of SSc has been a subject of
controversy. The importance of the immune system, however, is highlighted by
recent observations indicating that in treatment with ASCT, long-term remission of
SSc disease manifestations can be achieved (27). CD4* T cells have been considered
as main effector cells since genetic studies indicated that some MHC class Il
polymorphisms confer a risk of acquiring SSc (5, 8, 28). Recently, however, MHC
class Il polymorphisms were shown to confer not so much risk on SSc incidence as
on the development of disease related autoantibodies that precede development
of clinical disease in a proportion of cases (29). Because of its’ fibrotic clinical
manifestations, SSc has been considered a T helper type 2 (Th2) mediated disease
(30, 31). However, epigenetic studies revealed gene transcription in cytotoxic T cells
and NK cells in SSc patients with disease risk loci (5). Also, SSc skin was found to
be predominantly infiltrated by cytotoxic T cells, in proximity to pre-apoptotic
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endothelial cells (4). Another recent study associated increased infiltration of IFN-y
producing effector T cells and NK cells in SSc skin to fibrotic activation of fibroblast
subsets (10). Our study confirms these data, and our functional analyses suggest
that SSc skin disease is driven by T cells and NK cells that produce cytotoxic proteins
such as granzyme B and perforin, induce fibroblast contractility and myofibroblastic
phenotype, and produce well described pro-fibrotic mediators such as TGFBI,
XCL1, CCL3 and OSM. This suggests that increased cytotoxicity in SSc skin may be
associated with induction of the fibrotic pathology of the disease.

Our study addresses the question how the cytotoxic immune response in SSc
is regulated. Cytotoxic T cells and NK cells are central effector cells in cancer
and infections. Their effector response is tightly regulated by the expression of
activating and inhibitory surface receptors (32). Here we find that cytotoxic cells
in SSc consistently express high levels of CD7. Of interest, IFN-y, a key cytokine in
cytotoxic immune responses, is the main inducer of SECTM1, the ligand of CD7 (18).
This suggests that SECTM1-CD7 interaction is part of an IFN-y driven feedback loop
that enhances cytotoxic responses in SSc skin.

The other side of the coin is that in chronic viral infection and cancer cytotoxic cells
develop reduced and altered effector functions due to a process termed exhaustion.
Exhaustion involves increased expression of inhibitory receptors such as PD-1,
LAG-3, TIM-3 and CTLA-4 (33). The extent of exhaustion varies from dysfunction to
anergy or clonal deletion and is determined by factors such as antigen abundance
and TCR affinity. The mechanisms in autoimmunity are less certain. In a model
of autoimmunity activation of autoreactive CD8" cytotoxic T cells was restrained
by LAG-3 (7). T cell exhaustion in patients with systemic autoimmune disease
has mainly been investigated and described in peripheral blood samples and
not in tissues where autoantigen presentation occurs (34, 35). We found that in
SSc skin compared to healthy skin a subset of cytotoxic T cells expressed LAG3,
suggesting a restrained phenotype. Only a few cytotoxic T cells expressed PD-1
in conjunction with FOXP3, suggesting they are regulatory T cells. Taken together,
cytotoxic lymphocytes in SSc skin are characterized by an activating rather than an
exhausted profile.

This study reconfirms the importance of autoimmunity in driving SSc pathology.
This is clinically relevant since ASCT can cure the disease but is a high-risk
procedure and only applicable to a very restricted group (<10%) of SSc patients
(27). Other currently used broad immunosuppressive treatments do not cure the
disease and can only slow down fibrosis to a limited extent. Selective targeting



112 | Chapter 3

of activated lymphocytes may represent a more selective and safer treatment
for SSc. Thus, we utilized a novel combination of anti-CD3/CD7-IT that has been
developed to deplete activated alloreactive T cells and NK cells for the treatment
of GvHD (36). We gave proof of concept that treatment with a-CD3/CD7-IT, can
selectively deplete the activated cytotoxic T cells and NK cells in blood and SSc
affected skin. Because of its depletive nature, anti-CD3/CD7-IT is administered as
single treatment and that furthers support its favorable safety profile. In line with
this notion, CD7 targeting therapeutic approaches have shown clinical efficacy and
safety in kidney transplantation patients (36, 37). Previously, we showed that anti-
CD3/CD7 immunotoxin treatment was well tolerated and increased survival rates in
patients with acute GvHD. Similarly to ASCT, a significant increase in the diversity
of T cell repertoires that entailed new polyclonal T cell populations was observed,
suggesting the efficacy of our treatment approach in rebalancing the immune
composition (36).

Our study comes along with some limitations. First, the analyzed sc-RNA seq
datasets lack T cell receptor (TCR) sequencing and this hampers the investigation
of (auto)antigen-specific T cell responses. In future studies, it is of importance to
examine whether the cytotoxic T cells are clonally expanded and autoreactive
or bystander-activated cells. Secondly, our results suggest that prevention of
fibroblast contraction is mediated by CD7* cytotoxic lymphocytes. However,
additional research is needed to investigate if autoantibodies and other immune
cell subsets such as macrophages contribute to this process. Finally, the safety and
clinical efficacy of the CD3/CD7-IT for treatment of SSc needs to be investigated in a
well-designed and prospective study. Given the large SSc heterogeneity, and since
CD7 upregulation was profound in patients with early diffuse disease, our results
suggest that this SSc subpopulation is expected to benefit from such a therapeutic
approach in particular.

In conclusion, we found that CD7 activation regulates cellular cytotoxicity-driven
pathologic processes in SSc. Together the findings imply co-stimulatory molecules
as key regulators of cytotoxicity-driven pathology in systemic autoimmune disease,
yielding a flag for selective depletion of pathogenic cells.
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Online supplemental methods

Study design

The objective of this study was to delineate the role of co-stimulatory receptors
in regulating cytotoxic cell driven pathologic processes in the affected skin of
patients with systemic sclerosis (SSc) and examine whether therapeutic targeting
of such receptors halts SSc pathology. To address these questions, we performed
single-cell RNA sequencing analysis of two separate SSc cohorts (total of n= 109
SSc and n= 65 healthy individuals) containing skin cells from SSc and healthy
individuals and used multiplex immunohistochemistry for spatial imaging (n=24)
and multi-color flow cytometry for protein level confirmation. We further analyzed
the effects of costimulatory modulation in functional assays using (i) stimulation/
inhibition of primary lymphocytes from SSc individuals with recombinant proteins,
(i) blocking antibodies in co-cultures of lymphocytes with K562 target cells and (iii)
in a fibroblast/immune cell co-culture collagen contraction assay that serves as a
disease-relevant in-vitro model to mimic SSc tight and hard skin. Treatment efficacy
of a novel combination of bispecific anti-CD3/CD7 targeting immunotoxin was
evaluated (i) in lymphocytes from SSc individuals’ blood, (ii) ex vivo skin cultures
and (iii) in a severely affected SSc patient who was treated on compassionate
use with a novel anti-CD3/7 immunotoxin (CD3/CD7-IT) treatment. Functional
experiments were performed with multiple biological and technical replicates as
mentioned in each figure’s legend and in each assay’s methods description.

Patient and public involvement

This research incorporated the active participation of patients in its design and
execution. Two patient research partners were proactively involved in the design
of primary research questions and methods of patient recruitment by structured
interviews and regular, interactive discussions. Patient research partners were
trained in the context of STAP (“Key To Active Participation”), an initiative of the
department of rheumatic diseases of the Radboud University Medical Centre
(Nijmegen, the Netherlands) to establish a patient panel within the hospital setting
to provide support for rheumatology research (38). The involvement of patients
and their families in disseminating the results of this study in patient organizations
played a central role in motivating community engagement both during and after
the study.

Patients
Our study was approved by the local research ethics committee of Radboud
University Medical Center, the Netherlands (study numbers: NL57997.091.16,
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NL67672.091.18). All procedures regarding patient participation followed the
Declaration of Helsinki principles were performed in accordance with the relevant
Dutch legislation regarding reviewal by an accredited research ethics committee,
with the file number 2021-8193. All patients (aged >18) that donated whole blood
and skin biopsies, were diagnosed with established systemic sclerosis disease
according to the ACR 1980 preliminary classification criteria(39). SSc patients
with overlapping syndromes were not included in our study. Blood samples from
age and sex matched healthy volunteers were collected from Sanquin bloodbank
(project number: NVT 0397-02) from individuals that consented on donating
blood for medical research. All patients agreed to participate in the study before
blood withdrawal or skin biopsy acquisition. For analyses were we examined
the relationship between CD7 normalized mean gene expression and selected
patient clinical characteristics, SSc patients’ clinical data were received as part of a
previous publication(10).

Immunotoxins

The anti-CD3/CD7 combination of immunotoxins (CD3/CD7-IT) as referred to in this
article contains a 1:1 mixture (w/w) of the murine monoclonal antibodies SPV-T3a
(anti-CD3) and WTT1 (anti-CD7) that are both conjugated to recombinant ricin toxin
A as has been previously described (36, 40).

Peripheral blood mononuclear cell (PBMC) isolation,
cryopreservation and culture

PBMCs were isolated from patients’ (h=30) and healthy donors’ (n=15) peripheral
blood by Ficoll Pacque PLUS density centrifugation and cultured in complete RPMI
medium 1640+ GlutaMAXTM (Gibco, ref 72400-021) supplemented with 100 IU/ml
penicillin, 100 mg/ml streptomycin, 100 mg/L sodium pyruvate and 10% human
pooled serum. PBMCs that were not processed immediately were cryopreserved
and stored in liquid nitrogen until further use. To generate phytohemagglutinin
(PHA)-activated T cells, PBMCs were first seeded in 96-well-u bottom plates (Greiner)
at a cell density of 100,000 cells per well and then stimulated with 5 ug/ml PHA
(Roche, cat# 11082132001) for 24 hours at 37 °C, 5% CO2. To evaluate production of
cytokines, prior to flow cytometric staining, PBMCs were stimulated for 4 hours at
37 °C, 5% CO2, with 12.5 ng/ml phorbol myristate acetate (Sigma), and 500 ng/ml
ionomycin (Merck) in the presence of 5 ug/ml brefeldin A (Merck).

Collection and cell culture of primary fibroblasts
Half piece of 4 mm diameter skin biopsies was placed in 24 well plates containing
2 ml DMEM Glutamax medium (Gibco, Waltham, MA, USA) that was supplemented
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with 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L sodium pyruvate and
20% fetal calf serum. Plates were incubated in regular culture conditions (5% CO2,
37 °C, 95% humidity) for 2 weeks in which primary skin fibroblasts spontaneously
grew out Medium was refreshed every 3-4 days. After outgrowth, primary fibroblasts
were cultured in DMEM Glutamax medium (Gibco) that was supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L sodium pyruvate and 10%
fetal calf serum and used in experiments after passage 5.

Isolation, culture and cell viability of T cells, B cells and NK cells from
SSc peripheral blood

Cryopreserved PBMCs from patients with systemic sclerosis were thawed and
washed as previously described to isolate specific immune cell populations.
CD3+ T cells were isolated with a magnetic negative selection according to the
manufacturer’s instructions (MojoSort pan CD3* T cell isolation kit; Cat# 480021).
CD19* B cells were also isolated with negative selection using the MojoSort TM
Human Pan B cell Isolation Kit (cat# 480082). Isolation of untouched CD56* NK
cells from SSc PBMCs was performed by using NK isolation kit (Miltenyi Biotec,
cat# 130-092-657), according to manufacturer’s protocol. After isolation, enriched
CD3* T cell, CD19* B cell and CD56* NK cell fractions exhibited more than 95%
purity as evaluated by flow cytometry staining for CD3, CD19, CD56 markers.
The isolated immune cell populations were cultured with XVIVO™ 15 medium
(Lonza, cat# 04-418Q) at a density of 50,000 cells/well in 96-well u bottom plates
(Greiner). To evaluate cell viability of the cells after different stimulation (24 hours)
and treatment conditions (48 hours), the CellTiter-Glo® 2.0 Cell Viability Assay
(Promega) was used as per manufacturer’s instructions. Cells were also treated with
5 mM cycloheximide (Sigma, cat# 01810-1G) as positive control. Luminescence was
measured with the use of CLARIOstar Plus (BMG LABTECH). For every experimental
condition, 4 technical replicates were used and the average of them was used in
further analysis. Experimental values were corrected for medium luminescence and
were normalized to the control unstimulated and untreated conditions.

Monocytes isolation and differentiation to M2 macrophages

CD14* monocytes were isolated from PBMCs with positive selection kit (Miltenyi
Biotec, cat# 130-050-201) according to manufacturer’s instructions. Monocytes
were then seeded in 6-well plates at a cell density of 1 million cells per well at a
volume of 2 ml in XVIVOTM 15 medium that was supplemented with 100 IU/ml
penicillin, 100 mg/ml streptomycin and 2% human pooled serum. Differentiation
towards M2-like macrophages was stimulated by adding 20 ng/ml rhM-CSF (R&D
Systems, cat# 216-MC) and 10 ng/ml rhiL-4 (Biolegend, cat# 500815). The duration
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of culture was 7 days and medium with cytokines was refreshed at day 3. Cell
viability of M2-like macrophages was evaluated with CellTiter-Glo® 2.0 Cell Viability
Assay (Promega) as previously described.

Immunohistochemistry

Immunohistochemical analysis was performed on formalin fixed paraffin
embedded (FFPE) skin biopsies of 20 patients with systemic sclerosis. Skin biopsies
were obtained from both an affected and non-affected area of the forearm as
diagnosed by an expert clinician via surgical excision with a 6-mm @ punch biopsy.
In all cutaneous specimens staining for CD3 was used as a marker to evaluate T cell
infiltration and CD7 to assess infiltration of activated T lymphocytes and NK cells.
For the CD3 staining, slides were deparaffinized with xylol wash and rehydrated
with ethanol. Antigen was retrieved in 10 mM sodium citrate buffer (pH 6.0) room
temperature (RT). Blocking of the peroxidase activity was conducted by incubation
with 3% H202 in or 30 min. Then, sections were incubated with the primary mouse
CD3 anti-human monoclonal antibody (1:200 dilution in PBS containing 1% BSA;
Clone F7.2.38; Dako; Cat# M7254) overnight at RT. Next, tissues were incubated
with secondary antibody (BrightVision Poly-HRP, Immunologic DPVO55HRP) for
60 minutes at RT. 3'3'-diaminobenzene was used to visualize antibodies (bright
DAB, Immunologic). Nuclei in all slides were counterstained with hematoxylin
and mounted with a cover slip (Permount, Thermo-Fischer, Waltham, MA, USA).
CD7 was immunohistochemically evaluated with the use of the Omnis automatic
immunostainer (DAKO) according to manufacturer’s standard procedures. In brief,
FFPE tissues were deparaffinized, rehydrated and subjected to heat-mediated
antigen retrieval (30 min at 97° C). Followingly, endogenous peroxidase was blocked
and the primary mouse CD7 anti-human monoclonal antibody (ready to use, diluted
in Envision Flex Antibody Diluent, clone CBC.37, DAKO; Cat# GA64361-2) was added
for 20 min at RT. Secondary antibody (Envision Flex HRP, DAKO) was then applied
for 20 min at RT. Antibody complex was developed with Envision Flex Substrate
Working solution (DAKO) and nuclei were counterstained with hematoxylin. Human
synovial/tonsil specimens were used as positive controls and skin sections without
the primary antibodies as negative controls. Cellular infiltrates were examined
through the whole surface of all sections (n=4) mounted per donor and condition
and imaged with CaseViewer (v2.3.0.99276). CD3 positive cells were counted
by 2 independent observers in four randomly selected fields and total number
of positive cells was plotted as mean + SD. CD7 positive staining was assessed
using an arbitrary 0-4 semiquantitative scoring system of positively stained areas.
This scoring was performed blindly by 2 independent observers. Expression of
collagen type 1 (Goat Anti-Type | Collagen-UNLB, Southern Biotech, cat# 1310-01)
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in fibroblasts was also evaluated. Staining was performed similarly to CD3 marker
with the exception that incubation with a secondary rabbit biotinylated anti-goat
IgG antibody (Vector Laboratories, PK-6101) was performed for 30 minutes at room
temperature. Values illustrated in the graphs represent mean + SD.

Multiplex immunohistochemistry staining and imaging of SSc skin
For multiplex immunofluorescent staining, 5 um thick sections from matched

affected and non-affected skin of 24 SSc patients were included. Slides were
stained by an automated platform with the use of Opal 7-color Automation IHC kit
(NEL801001KT; PerkinElmer) on the BOND RX IHC & ISH Research platform (Leica
Biosystems) as it has been previously described (41). Incubation with primary
and secondary antibodies was for 1 hour and 30 min respectively at RT. For the
detection of skin lymphocyte cell populations the following antibodies were used;
anti-CD56 (Cell Marque, 156R-94, clone MRQ-42) with Opal620, anti-CD8 (Dako,
M7103, clone C8/144B, 1:200) with Opal690, anti-CD7 (Dako, GA64361-2, clone
CBC.37, 1:30) with Opal480, anti-CD3 (Thermo Fisher, RM-9107, clone RM-9107,
1:200) with Opal520, anti-FOXP3 (eBioscience Affymetrix, 14-4777, clone 236A/
E7, 1:100) with Opal570 and anti-CD20 (ThermoFisher, MS-340, clone L26, 1:600)
with Opal570. Slides were stained with DAPI for 5 minutes, washed and mounted
with Fluoromount-G (SouthernBiotech, 0100-01). Slides were then scanned by the
Automated Quantitative Pathology Imaging System (Vectra V.3.0.4, PerkinElmer)
with using an overview of 4x magnification. Annotation of multispectral images of
skin tissue was performed with Phenochart (V.1.0.9, PerkinElmer) and scanned at
20x magnification. Spectral unmixing of the Opal fluorophores was done by InForm
software (V.2.4.2, PerkinElmer) and the multichannel images were then digitally
merged. For quantitative analysis, digital scans containing whole skin biopsies (n=3
sections per biopsy per donor and condition) were quantified by QuPath-0.4.4 (42).

Single-cell RNA sequencing analysis

The single-cell count matrix (Cell by Gene) was obtained from two publicly available
datasets, namely GSE195452, GSE138669 and GSE128169. Preprocessing of the
data was performed using Seurat (version 4.3.0) (40). Quality control measures were
implemented by filtering out cells with a high content of mitochondrial genes (>5%)
and cells with gene counts per cell values below 200 or above 2000. Subsequently,
CD3+ and/or CD7+ cells were sorted, resulting in the recovery of 2126 and 5061
high-quality cells from both datasets, respectively. Later, the CD8* subset of cells
was sorted from these cells for separate analyses.
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For primary dimension reduction, non-negative matrix factorization was employed,
followed by the application of UMAP: Uniform Manifold Approximation and
Projection (43, 44) with Louvain clustering, as previously described by Singh
et al. (45). The FindAllMarkers function of Seurat was then utilized to identify
differentially expressed genes (DEGs) within each cluster, which were subsequently
annotated based on the characteristics of these DEGs. An R package pheatmap
(Kolde, R. (2019). pheatmap: Pretty Heatmaps (R package version 1.0.12)) was used
to visualize the DEGs across the cell types/groups.

To assess DEGs between healthy and diseased individuals, the FindConservedMarker
function of Seurat was employed. Additionally, the Wilcox-Test (46) was applied to
test for differences in cell frequencies between healthy individuals and those with
systemic sclerosis (SSc).

Single-Sample Gene Set Enrichment and Correlation analyses

To gain insights into the functional characteristics of each cell type, we performed
single-sample gene set enrichment analysis (ssGSEA) using the escape R package
(47) with WikiPathways from MsigDB (48) as the reference gene set collection.

An R function called geom_tile from ggplot2 package (Wickham, H. (2016). ggplot2:
Elegant Graphics for Data Analysis (2nd ed.). Springer) was used to visualize the
pathways across different cell types/groups. The difference in the distribution of
Normalized Enrichment Scores (NES) between control and SSc group was tested
using Kolmogorov-Smirnov test (49). To capture pathways associated with fibrosis
and inflammation, we retrieved the gene list related to these processes and further
augmented it by including CD7.

Performing correlations at the single-cell level can be noisy and biased by technical
factors. Hence, we constructed a meta-cell object (from previously described
Seurat object) comprising CD3/CD7* cells, by employing the WGCNA R package
(50). This object contains framework weighted gene co-expression to identify
modules of highly correlated genes. Subsequently, from this meta-cell object was
used to obtain pairwise correlations and p-values were computed using the Hmisc
function from the Hmisc R package (Harrell Jr., F. E., & with contributions from
Charles Dupont and many others (2020). Hmisc: Harrell Miscellaneous (R package
version 4.8.0). An R package ComplexHeatmap (Gu, Z. (2016). ComplexHeatmap:
Making Complex Heatmaps in R (R package version 2.10.0)) was used to visualize
the correlations.
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Flow cytometry analysis

Per donor, 1 x 106 PBMCs were first labeled with ViaKrome 808 fixable viability
dye (1.5:1000 in PBS) for 30 min at 4 °C to exclude dead cells and then stained for
20 minutes at RT with fluorescently labeled extracellular antibodies (supplemental
table 1). For intracellular stainings (supplemental table 2), cells were fixed with
permeabilized using the Cyto-Fast™ Fix/Perm Buffer Set (Biolegend) according
to manufacturer’s guidelines. To facilitate detection of intracellular cytokines,

cells were pre-stimulated with 12.5 ng/ml phorbol 12-myristate 13-acetate (PMA)
(Sigma), 500ng/ml lonomycin (Merck) and 5 pg/ml brefeldin A (Merck) before
staining. Samples were acquired on a Beckman Coulter Cytoflex LX 21-color flow
cytometer immediately after staining.

Multi-parameter flow cytometric quantification of CD3/CD7-IT-
induced cell death

To evaluate the killing efficacy of CD3/CD7-IT towards activated T and NK cells
in vitro, we developed a model in which a 24-hour PHA (Roche) stimulation
of PBMCs was used to mimic disease related T cell activation. PHA stimulation
was accompanied by elevated surface expression of CD3 (2-fold increase in MFI)
and CD7 (3-fold increase in MFI) antigens on cytotoxic CD8+GZMB+ T cells and
CD7 (2-fold increase in MFI) on CD56+GZMB+ NK cells (Supp. Figure 6A, B). Non-
activated or PHA-activated (5 pg/ml) PBMCs were cultured for 24 hours at 37° C,
5% CO, before treated with CD3/CD7-immunotoxin (IT) for 48 hours. Based on
previous studies, the in vitro clinically therapeutic concentration was between
1-5 nM. We titrated drug concentration (0-10 nM) based on its killing efficacy
towards primary T cells, and we chose the lowest concentration exerting maximum
killing efficacy. Concentration of the drug that was used in in-vitro experiments
was 0.33 nM. Post treatment, cells were collected in 15 ml conical tubes, washed
with PBS and processed for flow cytometric staining. Staining protocol for live/
dead, extracellular and intracellular markers followed as was previously described.
CD2 was used to identify and characterize T cell populations, instead of CD3, due
to possible modulation of the CD3 antigen from the CD3/CD7-IT treatment. To
enable quantification of absolute cell counts, a fixed amount of counting beads
(Precision Count BeadsTM, Biolegend, cat# 424902) was added in each sample prior
to acquisition. Samples were acquired on a Beckman Coulter Cytoflex LX 21-color
flow cytometer immediately after staining.

Ex vivo skin culture
Full thickness 6 mm diameter skin punch biopsies were obtained from the
abdomen of 4 healthy individuals that underwent plastic surgery. All patients
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signed informed consent that their surgical leftover material will be used for
research purposes. From each skin tissue, 4-6 punch biopsies were received and cut
in half. To account for a potentially inequal infiltration of immune cells between skin
biopsies, all skin pieces were pooled together and then distributed equally in the
different experimental conditions. The skin tissue was cultured in 24-well plates in
1 ml of RPMI medium 1640 with 100 IU/ml rhIL-2 (Thermo Fischer, cat# 16-7027-85),
5 ug/ml PHA (Roche), growth supplements and antibiotics. Twenty-four hours later,
samples were treated with 0.33 nM a-CD3/CD7-IT. After 48 hours, the skin pieces
of each condition were used to obtain single-cell suspensions containing skin
infiltrating lymphocytes for functional assays. Protocol that was used combines
mechanical and enzymatic dissociation of the skin tissue and has been extensively
described by He et al. (51).

Apoptosis assay

To distinguish early apoptotic cells from non-apoptotic and cells in late apoptosis/
necrosis, cells werefirst stained extracellularly with monoclonal antibodies of interest
for 20 minutes at RT. Cells were then washed twice with cold PBS and resuspended
in 100 pl of a buffer containing 5 pl 7-AAD (eBioscience, cat# 00-6993-50),
5 pl Annexin V:FITC labeled (BD Pharmigen) and 0.15 ul CaCl2 (1 M) in PBS. Samples
were incubated in the dark at RT for 10 minutes and were acquired by flow
cytometry (Gallios) immediately after staining. Cells being 7-AAD+AnnexinV+ are
referred to as late apoptotic/necrotic cells while cells being 7-AAD-AnnexinV+ as
early apoptotic. Live cells are negative for both 7-AAD and AnnexinV.

Cytokine measurements

Quantification of human cytokines and chemokines in culture supernatants were
measured by Luminex. The Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad,
cat# M500KCAFQY) was used following the manufacturer’s instructions. Samples
were analyzed with BioPlex Manager 4 software (Bio-Rad Laboratories, Hercules,
CA, USA).

LDH cytotoxicity assay

To assess cytotoxic capacity of cytotoxic T and NK cells, Lactate dehydrogenase
(LDH) was measured in PBMC and K562 cell co-culture supernatants using a
LDH-cytox kit according to manufacturer’s protocol (Biolegend #426401). PBMCs
and K562 cells were seeded into 96-well plates (F-bottom) in a 10:1 ratio, using
triplicate wells. To augment cytotoxic function of CD8+ T cells and NK cells, PBMCs
were stimulated overnight with 1 pg/ml anti-CD3/CD28 (Biolegend, cat# 317326,
302913) or 500 IU/ml IL-2 (Thermo Fischer, cat# 16-7027-85), 10 ng/ml IL-15 (Gibco,
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PHC9154) respectively. To evaluate the involvement of CD7 receptor in T and NK
cell cytotoxicity 330 nM of anti-CD7 (WT1) blocking antibody was used. Percentage
of cytotoxic capacity was calculated according to the formula: %cytotoxicity=
(experimental value-low control value)/(high control value-low control value)
x 100. Low and high control values correspond to LDH levels of K562 cells alone
without or after addition of lysis solution respectively.

Fibroblast and immune cell in vitro co-culture collagen

contraction assay

Primary healthy human fibroblasts were detached with trypsin and were then
brought to a cell density of 2 x 106 cells/ml. PBMCs from 5 healthy individuals
were thawed and washed as previously described and stimulated/treated with the
different experimental conditions mentioned in the results section. Cell suspension
containing a mixture of PBMCs and fibroblasts in a 5:1 ratio was then prepared. To
create the 3D collagen hydrogels, for every plug, 20 pl Minimal Essential Medium
(Sigma-Aldrich, Saint Louis, CA, USA), 10 uL sodium bicarbonate (Gibco, Waltham,
MA, USA), 150 pL soluble collagen (PureCol, type 1 collagen) and 90 pL cell
suspension were sequentially mixed in a different tube and the respective order.
After the suspension was delicately homogenized, 250 ul was added per well of
48-well plates. Thereafter, 750 ul of complete RPMI medium was added and the
plugs were incubated under standard conditions for 24 or 48 hours. Spontaneous
fibroblast contraction was macroscopically evaluated by scanning plates on a
standard office flat-bed scanner. To quantify the area of contraction, generated
images were analyzed with Fiji Imagel. To further study the phenotype and
function of this model’s lymphocytes and fibroblasts, after macroscopic evaluation,
the collagen plugs were enzymatically digested with a mixture of collagenase D,
Dispase and DNase in plain RPMI medium supplemented with 100 U/ml penicillin,
100 mg/ml streptomycin for 1 hour at 37 °C on a roller. Reaction was stopped
with the addition of complete RPMI medium containing 10% HPS and single-
cell suspensions were then washed twice with PBS and used for flow cytometry
analysis. To co-culture fibroblasts with CD7* or CD7- T and NK cells (Supp. Figure 7)
these cells were FACS sorted from PBMCs and seeded in the 3D collagen hydrogels.

RNA isolation and quantitative real-time PCR

RNA isolation was performed with the use of 500 pl of TRIzol (Sigma-Aldrich),
according to the manufacturer’s guidelines. After isolation, RNA concentration
was quantified with a Nanodrop photospectrometer (Thermo Scientific, Waltham,
MA, USA) and any genomic DNA was removed using DNAse I. Next, a maximum of
1 ug of RNA was reverse-transcribed into cDNA in a single step reverse transcriptase
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PCR at 37°C with the use of oligo dT primer and 200U M-MLV Reverse transcriptase (All
Life Technologies) using a thermocycler. Gene expression in this cDNA was measured
using 0.25 mM of validated primers (Biolegio, Nijmegen, the Netherlands: see supp.
table 3) and SYBR green master mix (Applied Biosystems, Waltham, MA, USA) in a
quantitative real-time polymerase chain reaction (qPCR). The relative gene expression
(-ACt) was calculated based on the average of the following reference genes: GAPDH
and RPS27A.

Statistics

Data visualization of the results and comparisons for statistical significance between
experimental groups were performed with R Studio (version 4.1.3) and the Prism
software (Graphpad 9.0.0, San Diego, CA, USA). The exact statistical tests performed in
every analysis/experiment are indicated in the figure legends.
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Supplementary Figures

Supplementary Figure 1. Annotation of skin T and NK cell clusters from single cell RNA sequencing
dataset GSE195452. A Unsupervised Uniform Manifold Approximation and Projection (UMAP) to
visualize clustering of 5,061 cells detects 8 transcriptionally distinct cell clusters: tissue-resident
memory T cells (Trm), cytotoxic T cells (CTLs), regulatory T cells (Tregs), hypofunctional tissue
resident T cells (Thprm), naive/central memory (Tncm), proliferating T cells (Tprolif) and NK cells (NK)
and a cluster containing a mixture of MAIT, INKT CD8* T and y&T cells (T mix). B UMAP showing the
cells belonging to healthy individuals (control) or patients (SSc) C Heatmap illustrating the top 5
differentially expressed genes in each distinguished cell cluster: Trm (CD69, ZFP36L2, CXCR4, IL7R), CTLs
(GZMK, IFNG, CCL5, CCL4, CD8A), Tregs (CD4, FOXP3, CTLA4, IL2RA), Thprm (NR4A1, CD69, CXCR4, DUSP1),
Tnem (TCF7, SELL, IL7R), Tprolif (MKI67), NK (NKG7, FCGR3A, FGFBP2, KLRD1, GZMB, PRF1) and Tmix (CD8A,
CCL5, TRGC2, NKG7, GZMB, PRF1, FCGR3A, FGFBP2, KLRD1). D Heatmap demonstrating the top 10
upregulated genes in each of the 5 different clusters of isolated CD8* T cells; naive (Tn): IL7R, Granzyme
K* (GZK*): GZMK, IFNG, CCL4, Granzyme B* (GZB*): PRF1, GNLY, NKG7, GZMB, GZMZ, GZMH, exhausted
(Tex): NR4A2, NR4A3, and proliferating (Tprolif): LASP1, TMPO, ANP32B. E UMAP representing positive
(red) and negative (grey) gene expression of PDCD1 (PD-1) among CD8* T cell clusters.
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Supplementary Figure 2. Single cell RNA sequencing analysis of dataset GSE138669.
A Unsupervised Uniform Manifold Approximation and Projection (UMAP) clustering of 2,126 cells
determines 7 transcriptionally distinct cell clusters: quiescent tissue resident T cells (Tgcm), cytotoxic
T cells (CTLs), regulatory T cells (Tregs), hypofunctional tissue resident T cells (Thprm), naive/central
memory (Tncm), proliferating T cells (Tprolif) and NK cells (NK). UMAP displaying the cells belonging to
healthy individuals (control) or patients (SSc) is depicted on the top of this panel. B Heatmap of the top
10 differentially expressed genes in each distinguished cell cluster: Tqcm (CD69, IL7R, TCF7, SELL, ANXAT),
CTLs (CD8A, GZMK, GZMA,), Tregs (CD4, CD27, CTLA4, IL2RA), Thprm (NR4A1, DUSP1), Tncm (TCF7, IL7R),
Tprolif (MKI67), NK (NKG7, FCGR3A, KLRD1, PRF1). C (left) Gene set enrichment analysis with Wiki pathways
as reference dataset. Examples of top pathways (p <1e-10) represented by NK and CTL clusters are
shown. Statistics were performed with Kolmogorov-Smirnov (KS) test.(right) Comparison of the
enrichment scores of the overview of proinflammatory and profibrotic (q=0.68) and lung fibrosis
(gq=6e"°) pathways in HD versus SSc skin T and NK cell clusters (here for GSE138669, Fig 1 for GSE195452).
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Supplementary Figure 3. Pairwise correlations of CD7 with pro-fibrotic genes. The Wiki gene
pathways lung fibrosis and pro-inflammatory and pro-fibrotic manifestations were merged and
potential correlation of CD7 gene expression with the included genes was evaluated separately for
the cluster of A cytotoxic T cells (CTLs) and B NK cells. Statistical significance for every comparison was
corrected for multiple comparisons and is presented as adjusted p value, *p<0.05, **p<0.01.
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Supplementary figure 4. CD3 and CD7 immunohistochemistry in SSc affected versus non-affected
skin of patients with systemic sclerosis. CD7 gene expression in skin immune and stromal cells is also
depicted. A Representative images of CD3 immunohistochemistry (IHC) staining of the affected and
non-affected skin biopsies from one SSc patient. Scale is 100 pm. B Quantification of CD3* T cells in the
affected vs non lesion SSc skin (n=20). Bars are mean +SD. Non-parametric Wilconxon test, p=0.19.
C In SSc affected skin large infiltration of CD7* cells is found in perivascular areas while in matched
non-affected skin, a smaller number of CD7* cells is present around blood vessels. Scale is 100 um.
Here, representative images of one SSc patient with early diffuse disease are depicted. D 2-D dot plot
comparing CD7 gene expression in skin immune and stromal cells. Cell cluster annotations were
retrieved from metadata information as have been described in the single-cell RNA sequencing
dataset GSE195452. Circle size shows the percentage of cells expressing CD7 and color intensity
depicts average expression. Numbers indicate average of normalized counts.
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Supplementary Figure 5. SECTM1-CD7 axis in activation of cytotoxic T and NK cells in SSc affected
skin. A Schematic model for the proposed involvement of SECTM1-CD7 axis in cytotoxic T cell and
NK cell activation (Created with BioRender.com). In SSc affected skin, CD7 and IFNG is predominantly
expressed in cytotoxic T and NK cells while its receptor IFNGR and SECTM1 in antigen presenting cells
(APCs) and stromal cells (mainly fibroblasts). This suggests a cytokine-mediated positive feedback
loop in the communication between CD7* cytotoxic immune cells and SECTM1 producing APCs
and fibroblasts, with IFN-y being a key cytokine. B 2-D dot plots comparing expression levels of
selected genes in skin immune (myeloid and lymphoid) and stromal cell populations. Cell cluster
annotations were retrieved from metadata information as have been described in the single-cell
RNA sequencing dataset GSE195452. Circle size shows the percentage of cells expressing each gene
and color intensity depicts average expression. Numbers indicate average of normalized counts.
C Pair-wise correlation plots in SSc affected skin (GSE195452) show a positive correlation between
CD7/IFNG and SECTM1/IFNGR1. Abbreviations; TCR: T cell receptor, NKR: NK cell receptor, MHC: major
histocompatibility complex, APC: antigen-presenting cell.
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Supplementary Figure 6. CD3/CD7-IT specifically eliminates only the activated cytotoxic T and NK
cells in vitro. A Concentration of IL-2 (pg/ml) was measured in cell supernatant of cells with or without
treatment with a-CD3/CD7-IT B Pie charts illustrating the proportion of effector (CD8*CD45RA*CD27)),
memory (CD8*CD45RACD27) and naive (CD8*CD45RA*CD27*) cells among the CD8* T cell population
in the depicted stimulation and treatment culture conditions (percentages in the pie charts are
mean values of n=6 SSc patients). C Response to TCR mediated (PHA) restimulation of cells treated
with a-CD3/CD7-IT was evaluated by intracellular flow cytometry. Values are represented as fold
change of the re-stimulated compared to the values before stimulation. D (Bottom) Comparison
of absolute counts (cells/pl) of CD19* B cells after in-vitro treatment with CD3/CD7-IT compared to
non-treated peripheral blood mononuclear cells (n=6). (top) Representative flow cytometry plots of
one experiment. E Normalized cell viability, of M2 macrophages and CD19* B cells that were isolated
from SSc patients’ blood for the depicted different culture/treatment conditions. Cycloheximide was
used a positive control. F Flow cytometric histograms of one representative experiment exhibiting
elevated expression of CD3 and CD7 in CD8*GZMB* cells and CD7 in CD56*GZMB* NK cells upon
stimulation with phytohemagglutinin (PHA) that is further quantified in G. CD3 and CD7 expression
is presented as mean fluorescence intensity (MFI). Statistics were performed with Student’s t-test,
**p<0.01, ****p<0.0001 H The percentage of necrotic cytotoxic T (CD8*7-AAD*Annexin V*) and NK
(CD56*7-AAD*Annexin V*) cells in the depicted conditions was measured with flow cytometry of the
enzymatically digested collagen plugs (n=5).
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Supplementary Figure 7. Fibroblasts co-cultured with CD7* T cells and NK cells exhibit increased
contractility that is accompanied by an elevated myofibroblast-like phenotype. A Schematic
representation of the experimental design in the developed 3D in-vitro collagen contraction
fibroblast: immune cell co-culture model. B Flow cytometry gating strategy that was used to sort CD7*
versus CD7-T cell and NK cell populations from healthy peripheral blood (n=3). First, we gated on the
lymphoid cell population based on cell size (FSC) and granularity (SSC). Followingly, we excluded
dead cells based on 7-AAD* staining and we then sorted CD19°CD14" lymphoid cells that were either
positive or negative for CD7 expression. C The level of fibroblast contraction was quantified compared
to no-cells control and plotted graphically (n=3). Bars are mean +SD. An image of a representative
experiment is depicted on the right part of this panel. D (left) Representative images of Collagen type 1
immunohistochemistry of the collagen plugs that contained only fibroblasts or fibroblasts co-cultured
with CD7* T cells and NK cells. (right) Quantification of Collagen type 1 positive fibroblasts in control
versus fibroblasts that were co-cultured with either CD7- or CD7* cells (n=3). Bars are mean +SD.
E The percentage of CD45a-SMA*IL-6* fibroblasts in the depicted conditions was measured with flow
cytometry of the enzymatically digested collagen plugs (n=3). F Expression levels (mean fluorescence
intensity-MFI) of a-SMA in CD45a-SMA* fibroblasts in the depicted conditions was measured with flow
cytometry of the enzymatically digested collagen plugs (n=3). (right) Flow cytometry histograms of
one representative experiment exhibiting increased expression of a-SMA in fibroblasts co-cultured



134 | Chapter 3

with CD7* compared to CD7 T cells and NK cells is shown. G CD7* versus CD7" T and NK cells (n=3)
were co-cultured with primary dermal fibroblasts in the developed 3D hydrogel collagen co-culture
model and fibroblasts were analyzed for expression of genes reflective of a myofibroblast phenotype
such as COLTAT and ACTA2. Values represent relative gene expression (-ACt) as measured with qPCR.
GAPDH and RPS27A were used as reference genes. Data represents mean = SEM.

Supplementary materials

Supplementary Table 1. List of antibodies used for cell surface staining.

Antigen Clone Dilution Fluorochrome Supplier

CD4 RPA-T4 1:100 PerCP/Cy5.5 Biolegend

cD3 UCHT1 1:100 Alexa700 Biolegend

CD8a RPA-T8 1:100 BV510 Biolegend

Cb7 M-T701 1:20 BUV737 BD Biosciences
CD56 N901 1:50 APC Beckman-Coulter
cD19 HIB19 1:25 BV605 Biolegend

CD2 S5.2 1:100 BUV737 BD Biosciences

Supplementary Table 2. List of antibodies used for intracellular staining.

Antigen Clone Dilution Fluorochrome Supplier

Granzyme B GB11 1:15 FITC Biolegend

Perforin Dg9 1:15 FITC ThermoFischer

IL-4 MP4-25D2 1:20 PE/Dazzle594 Biolegend

IL-13 JES10-5A2 1:20 PE/Cy7 Biolegend

Ki-67 B56 1:50 Alexa Fluor 647 BD Biosciences

a-SMA 1A4 1:20 Alexa Fluor 700 R&D systems

IL-6 MQ2-13A5 1:20 Pacific Blue Biolegend
Supplementary Table 3. List of primer sequences used.

Gene Forward primer 5’-3’ Forward primer 5’-3’

GAPDH ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC

RPS27A TGGCTGTCCTGAAATATTATAAGGT CCCCAGCACCACATTCATCA

COL1AT AGATCGAGAACATCCGGAG AGTACTCTCCACTCTTCCAG

ACTA2 CTGACCCTGAAGTACCCGATA GAGTGGTGCCAGATCTTTTCC

FNTEDA TTCAGACTGCAGTAACCAACAT GGTCACCCTGTACCTGGAAAC

PLOD2 AAGACTCCCCTACTCCGGAAA AGCAGTGGATAATAGCCTTCCAA

FAP GCTTTGAAAAATATCCAGCTGCC ACCACCATACACTTGAATTAGCA

COL3A1 CCTGGAATCTGTGAATCATGCC TGCGAGTCCTCCTACTGCTA

CD?7 activation regulates cytotoxicity-driven pathology
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Highlights

Allogeneic mismatching in 3D collagen contraction assays reveals a novel model
to study immune-driven tissue contraction.
CD8* T cells induce stronger myofibroblast-mediated collagen contraction than
CD4*T cells, independent of cytotoxicity.

- Myofibroblast activation is regulated by distinct JAK/STAT3 and TGFf signalling
pathways in CD4* and CD8* T cell contexts.
Dual inhibition of JAK/STAT3 and TGF3 pathways synergistically halts immune-
mediated myofibroblast contraction and activation.

Summary

Fibrosis, a leading cause of morbidity and mortality in rheumatic connective tissue
diseases, is marked by CD8+ T cell and pro-fibrotic myofibroblast infiltration,
though the role of CD8+ T cells in myofibroblast activity remains unexplored. To
address this, we developed a 3D cell culture model of immunity-driven fibrosis
by combining the classic mixed lymphocyte reaction and a 3D myofibroblast
contractility model. Upon co-culture with either sorted CD4+ or CD8+ T cells, CD8+
T cells more strongly induced myofibroblast contraction and activation than CD4+
T cells. This was not associated with cytotoxicity but with increased IL-6 production
by CD8+ T cells compared to CD4+ T cells and STAT3/TGFpB-induced signalling
in myofibroblasts. Use of either the JAK/STAT3-inhibitor tofacitinib or the TGF(
receptor inhibitor SB-505124 blocked the activated myofibroblast phenotype, and
combined use of both inhibitors had an additive effect on myofibroblast activation
and contraction. Our findings reveal a previously underappreciated non-canonical
role of CD8+ T cells in fibrosis, providing new lights into the mechanisms of the
human immune system.
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Introduction

Fibrosis is characterized by an excessive accumulation of extracellular matrix (ECM)
and increased tissue stiffness, leading to loss of tissue architecture and function.
Generally, fibrosis is poorly reversible, making it a key complication in various
diseases, including (rheumatic) autoimmune diseases such as systemic sclerosis
(SSc) (1). Fibrosis has been estimated to be responsible for up to 45% of all deaths
in the industrialized world (2). In SSc, fibrosis affects the skin and internal organs
such as lungs, gastrointestinal tract and heart leading to a high morbidity and
increased mortality (3).

A key cell type in fibrosis is the myofibroblast. This specialized type of fibroblast
contributes to fibrosis in multiple ways. For example, myofibroblasts produce large
amounts of ECM molecules such as collagen type 1 and fibronectin and make the
ECM harder to degrade via expression of collagen crosslinking enzymes and tissue
inhibitors of metalloproteinases. Importantly, the defining feature of myofibroblasts
is their so-called stress fibers. These fibers, made of alpha smooth muscle actin
(ACTA2) and (often) non muscle myosin type 2 (NMMII), give the cell contractile
properties. Because myofibroblasts are tightly anchored to their environment
via cell-cell adherence junctions and cell-matrix focal adhesion junctions, they
can contract their environment, leading to tissue stiffness. Notably, increased
tissue stiffness precedes matrix deposition in e.g. liver fibrosis (4), indicating that
processes increasing tissue stiffness are a crucial initiating step in fibrosis and
perpetuating the fibrotic response.

Formation and activation of myofibroblasts can be triggered by the immune
system. Cytokines such as TGF3, IL-4, IL-6 and IL-13 have been described to induce
and activate this cell type (5). Various immune cells, such as CD4+ T helper cells,
can make these cytokines. Compared to the role of T helper cells in SSc, the role
of cytotoxic T cells in myofibroblast formation and activation is less established;
typically, these cells are associated with target cell lysis e.g. in anti-viral responses.

We and others recently showed increased numbers of cytotoxic CD8+ T cells in SSc skin
and blood compared to healthy controls, especially in early disease processes (6-8).
Remarkably, only a small number of CD4+ T helper cells was present in SSc skin,
and their presence was similar to that of healthy skin. These observations suggest
that CD8+ T cells may exhibit a more pronounced role in connective tissue disease
(CTD) fibrosis pathogenesis compared to CD4+ T cells than is currently appreciated.
This is intriguing given that HLA class Il alleles—typically associated with CD4*
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T cell responses—are the strongest genetic risk factors for SSc, while HLA class
| associations in GWAS studies are less studied (9, 10). This idea is supported by
recent observations of distinct subsets of CD8+ T cells with non-canonical functions
divergent from cytotoxicity (11). Such CD8+ T cell subsets have been described
to produce T helper cytokines or exhibit regulatory functions (12). Additionally,
cytotoxicity-related mechanisms have also been suggested to drive myofibroblast
activation via DAMP production resulting from lysis of endothelial cells (13).
The question of whether non-canonical CD8+ T cell functions are involved in
myofibroblast activation and contraction in CTD, as opposed to cytotoxicity-related
processes or CD4+ T helper functions, remains unanswered.

To address this question, we investigated the role of CD4+ versus CD8+ T cells in
myofibroblastactivation and contraction. For this, we developed a three-dimensional
(3D) collagen hydrogel co-culture model comprising primary skin myofibroblasts
and alloreactive immune cells. This novel model expands upon classical mixed
lymphocyte reaction assays, which have been widely used to evaluate the efficacy
and immunogenicity of compounds in vitro and are considered a physiologically
relevant approach for studying T cell activation and function. (14). We modified this
classical model by incorporating a 3D collagen environment and myofibroblasts
to simulate T cell activation, function, and interactions within a fibrotic-like
microenvironment, similar to that of the skin. We found that immune cell-mediated
myofibroblast contraction and activation was predominantly attributed to cytokine
producing CD8+ T cells rather than CD4+ T cells. This process could be halted by
inhibiting either JAK/STAT3 or TGFp signalling. Importantly, combined inhibition
showed an additive effect and completely blocked myofibroblast activation and
contraction. These data indicate a greater involvement of CD8+ T cells compared
to CD4+T cells in myofibroblast activation, suggesting that therapeutic approaches
targeting both CD8+ T cell cytokine production and myofibroblast activation might
be beneficial in mitigating immune cell mediated tissue fibrosis.

Results

Co-culture of myofibroblasts with immune cells induces
myofibroblast activation and spontaneous contraction

To gain insight into how the interaction between immune cells and myofibroblasts
may lead to tissue fibrosis in CTD, we set out to establish a humanized in vitro 3D
model to study immune cell mediated myofibroblast activation and contraction. In
this model, primary human skin myofibroblasts were co-cultured with allogeneic
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Figure 1. The co-culture of myofibroblasts with immune cells triggers their activation and leads to
spontaneous myofibroblast contraction. (A) Schematic illustration of the developed 3D collagen
hydrogel contraction model, incorporating co-cultured primary skin myofibroblasts and PBMCs.
(B) Representative image exhibiting macroscopic evaluation of myofibroblast contraction in absence
or presence of PBMCs. (C) The extent of contraction is quantified relative to the no-cell control and is
graphically illustrated for one representative donor over the course of time. (D) Time required until
85% of myofibroblast contraction is reached for each PBMC donor (n=14). (E) Myofibroblasts from
collagen hydrogels in absence or presence of PBMCs (n=6 per group) were FACs sorted as the CD45-
CD90+FAP+ cell population and analyzed with qPCR for gene expression of markers reflective of
(E) ECM production, (F) myofibroblast activation, (G) cytokine production and antigen-presentation
capacity. GAPDH, TBP and RPS27A were used as reference genes. (H) Representative images of Collagen
Type I, aSMA, PDPN, FAP and PLOD2 immunohistochemistry from collagen hydrogels containing either
myofibroblasts alone or myofibroblasts co-cultured with PBMCs. Scale is 50 um. The percentage of
(I) CD45-HLA-A,B,C+ myofibroblasts and HLA-A,B,C mean fluorescence intensity (MFI) (J) CD45-HLA-
DR+ myofibroblasts and HLA-DR MFI in the depicted conditions was measured with flow cytometry
of the enzymatically digested hydrogels (n=3 myofibroblast only, n=10 myofibroblast + PBMCs).
Statistics were performed with two-way ANOVA corrected with Sidak’s multiple comparisons test for
panels E-G and two-way ANOVA corrected with Tukey’s post hoc test for panels I-J. In the panels above,
each dot represents one donor.

peripheral blood mononuclear cells (PBMCs) in a collagen type 1 hydrogel
(schematic representation of the modelisillustrated in Figure 1A). Alloreactivity was
used to mimic autoreactive immunity in SSc because both are characterized by T cell
responses against fibroblast antigens. Co-culturing of PBMCs with myofibroblasts
at a 5:1 ratio induced spontaneous hydrogel contraction (Figure 1B, C),
resulting in an average of approximately 85% within 72 hours (Figure 1D). In
contrast, myofibroblasts cultured alone showed no contraction (Figure 1B, C). The
amount and speed of contraction depended on the PBMCs: myofibroblasts ratio
(Supplemental Figure 1). In addition, we tested multiple primary skin myofibroblast
strains with similar effects (Supplemental Figure 2).

To better understand immune cell-mediated myofibroblast contraction, we
further evaluated the effects of co-culture on myofibroblast biology at both the
mRNA and protein levels. For mRNA expression, myofibroblasts were FACS sorted
from enzymatically digested hydrogels based on CD457, CD90* and fibroblast
activation protein (FAP)* (Supplemental Figure 3 for the sorting strategy). At the
mRNA level, co-culture did not affect the expression of ECM genes such as collagen
type | or fibronectin, which are typically upregulated in pathological conditions
involving excessive tissue fibrosis, such as SSc. (Figure 1E). On the other hand,
we observed increased gene and protein expression of the collagen crosslinking
enzyme PLOD2 (Figure 1F, H), which has been associated with pathological
fibrosis (16). Co-culture also enhanced myofibroblast antigen presentation, as it
induced the gene expression of HLA-ABC (i.e. MHC class 1) and gene and protein
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expression of HLA-DRB (i.e. MHC class Il) (Figure 1G). This suggests that co-culture
increases myofibroblast antigen presentation capacity, a pathological process
also observed in the context of SSc (17). In addition, co-culture clearly induced
IL6 and podoplanin (PDPN) expression, two genes associated with pathologically
activated myofibroblasts in e.g. rheumatoid arthritis (Figure 1G) (18-20). At the
protein level, co-culture notably increased FAP and PDPN expression, as analysed
by immunohistochemistry (IHC) (Figure TH). Additionally, the elevated presence
of HLA-DR* myofibroblasts was verified at the protein level with flow cytometry
(Figure 11, J). Collectively, the developed in vitro model demonstrates that co-
culturing skin myofibroblasts with PBMCs induces myofibroblast activation,
contraction, and a phenotype with pathological features, highlighting immune-
mediated alterations in myofibroblasts.

Co-culture of immune cells with myofibroblasts induces T cell
activation, cytotoxicity and cytokine production

To examine the influence of myofibroblasts on the co-cultured immune cells, we
performed multi-color flow cytometry on the single cells isolated after digestion of
the collagen hydrogels at multiple timepoints (24, 48, 72 hours). Since our model
was based on allogeneic mismatch, we evaluated the effect of the co-culture
on both CD4* T cell and CD8* T cell activation. To assess this, we measured T cell
activation markers (CD25, CD69, CD134) after 16 hours of co-culture and compared
them to immune cells cultured in the collagen hydrogel without myofibroblasts.
CD25 and CD69 were significantly induced in both T cell subtypes, while no
difference in CD134 (OX40) expression was observed (Figure 2A). The largest effect
on T cell activation was attributed to CD69 up-regulation, suggesting that T cells
acquire a tissue-resident activation profile. Since cytokine production is a result of
T cell activation, we examined the kinetics of T cell activation over extended culture
periods by measuring IL-2 and IFNy expression for up to three days of co-culture.
Initially, approximately 10% of T cells were positive for these cytokines, but the
proportion of IL-2 and IFNy-expressing CD4+ and CD8+ T cells increased over time,
reaching up to 80% at 72 hours (Figure 2B, C). Additionally, while the percentage
of CD8+GZMB+/GZMK+ T cells did not change during this co-culture time-frame
(Supplemental figure 4), CD8+ T cells showed a time dependent elevation of
granzyme B expression that fits with their increased activation status (Figure 2D).
In conclusion, myofibroblast activation, contraction, and pathogenic phenotype
are accompanied by the induction of effector functions in both CD4+ and CD8+
activated T cells. Thus, our model extends beyond myofibroblast activation.
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Figure 2. Co-culturing immune cells with myofibroblasts promotes T cell activation, granzyme
expression, and cytokine production. (A) The expression of the activation markers CD25, CD69, CD134
on both CD4+ and CD8+ T cells was measured with flow cytometry of enzymatically digested
myofibroblast and PBMC (n=5) hydrogels after 16 hours of co-culture. Values are represented as fold
change compared to PBMCs cultured alone and statistics were performed with two-way ANOVA
corrected with Tukey’s post hoc test. Asterisks refer to both CD4+ and CD8+ T cell fold change
statistical significance compared to PBMCs alone condition. Flow cytometric quantification of the
percentage of IL-2 and IFNy positive CD8+ T cells (B) and CD4+ T cells (C) after 24, 48 and 72 hours of
co-culture (n=3). (D) Mean fluorescence intensity of the expression of granzyme K (GZMK) and
granzyme B (GZMB) in CD8+ T cells after 24, 48 and 72 hours of co-culture (n=3). Statistics for panels
B-D were performed with two-way ANOVA corrected with Tukey’s post hoc test. In the panels above,
each dot represents one donor.

Myofibroblast contraction induced by immune cells is not driven by
cytotoxic mechanisms

Given that elevated myofibroblast contraction was linked to T cell activation, we
next investigated whether this could be attributed to increased T cell cytotoxicity
towards myofibroblasts as target cells. To determine if the enhanced contraction
was associated with cell death or cell death-related fragments (which can trigger
myofibroblast activation), we quantified myofibroblast cell death using flow
cytometry and IHC. First, we assessed myofibroblast viability using a fixable
viability dye in flow cytometric staining of single cells from the digested hydrogels.
The presence of PBMCs did not negatively affect myofibroblast viability (Figure 3A).
On IHC, a limited number of apoptotic cells expressing active caspase 3 were
observed, and only a few cells showed an increased amount of double-stranded
DNA breaks (yH2AX) when comparing myofibroblasts cultured alone to those
co-cultured with PBMCs (Figure 3B). Further investigation using 7AAD and
Annexin-V flow cytometric staining to measure early and late apoptosis, as well as
necrosis of myofibroblasts, revealed only a small percentage (<5%) of dead or pre-
apoptotic myofibroblasts in both short-term (24 hours) and long-term (72 hours)
cultures (Figure 3C-F). Collectively, our data suggest that immune cell-mediated
myofibroblast cell death is minimal and does not appear to be the primary
mechanism driving myofibroblast activation and contraction.
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Figure 3. Immune cell-induced myofibroblast contraction is not dependent on cytotoxic
mechanisms. (A) Percentage of relative myofibroblast viability in absence or presence of PBMCs,
measured by flow cytometric viability staining. (B) Representative images of yH2AX and active
caspase-3 immunohistochemistry from collagen hydrogels containing either myofibroblasts alone or
myofibroblasts co-cultured with PBMCs. Scale is 50 um. (C) Representative flow cytometry plots
illustrating myofibroblast 7-AAD/ Annexin V staining at 24 and 72 hours of co-culture. Flow cytometry
overlay histograms of one representative experiment comparing mean fluorescence intensity of
(D) Annexin V and (E) 7-AAD staining between myofibroblast and myofibroblast+ PBMC conditions at
72 hrs. (F) Percentage of 7-AAD+/ AnnexinV+ CD45- myofibroblasts at 24 and 72 hours of cell culture
alone or in presence of PBMCs (n=3). A condition with myofibroblasts treated with cyclosporin A (CsA)
was used as positive control. In the panel A, each dot represents one donor.

Cytokine producing CD8+ T cells drive myofibroblast contraction

Recent data suggests a prevalent presence of CD8+ cytotoxic compared to CD4+
T helper cells in the affected tissues (skin, lungs, synovium) of patients with
autoimmune mediated CTD (6, 7, 21). Therefore, we analyzed whether CD8+
T cells and CD4+ T cells were differentially linked to the observed myofibroblast
contraction. To address this, we sorted CD3+ T cells, CD4+ T cells and CD8+ T cells
through negative magnetic beads selection from healthy blood and co-cultured
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them in the same cell concentration separately with myofibroblasts. All T cell
populations induced myofibroblast contraction, and of note, CD8+ T cells induced
significantly higher contraction compared to CD4+ T cells (Figure 4A). To further
evaluate whether TCR signalling is required for the observed contraction, we
used an anti-CD8 blocking antibody. Blocking the CD8 receptor resulted in a 25%
decrease in myofibroblast contraction but did not completely inhibit it (Figure 4B),
suggesting that mechanisms downstream of TCR activation are not the only way
CD8+ T cells activate myofibroblasts. By transferring the supernatant from the
myofibroblast: immune cell co-culture, we were able to trigger hydrogel contraction
when added to new, unexposed hydrogel mono-cultured myofibroblasts. This

suggests that soluble mediators, such as cytokines, are involved (Supplemental
Figure 5). The supernatant was screened for a large panel of cytokines, detecting
IL-6, IL-8 and IFNy, while IL-1B, IL-2, IL-4, IL-5, IL-17, IL-12, IL-13, IL-10, IL-15, and IL-17
were undetectable.

Given that supernatant transfer induced myofibroblast contraction in the absence
of immune cells and in light of the recently described T helper cytokine production
by CD8+ T cells (12), we compared the expression of T helper cytokines (i.e., IL-4,
IL-13, IL-6, and IFNy) between CD4+ and CD8+ T cells to better understand their
potential involvement in our model. We found that IL-4 was produced by both T cell
subtypes, while IL-13 was only produced by CD4+ T cells (Figure 4C). In contrast to
previous research on the pro-fibrotic role of these cytokines in SSc and other CTDs,
it seems unlikely that they are the main drivers of the CD8+ T cell effects in this
model. However, both the expression (Figure 4D) and production (Figure 4E) of the
pro-inflammatory cytokine IL-6 were significantly elevated in CD8+ compared to
CD4+T cells, suggesting a potential role in the enhanced myofibroblast contraction.

STAT3 is a prominent intracellular mediator of IL-6 signalling. Therefore, we next
used a luciferase construct to measure activity of this transcription factor: i.e. sis-
induced element (SIE) driven luciferase expression. Co-culture of PBMCs with
these reporter cells resulted in clear SIE-driven luciferase expression. Interestingly,
we observed an oscillating SIE-driven luciferase expression reflecting a dynamic
regulation over time (Figure 4F). We then sought to evaluate whether the elevated
SIE response was attributed to cytokine production from PBMCs and CD8+ T cells.
To do this, we pre-incubated whole PBMCs or isolated CD8+ T cells with the Golgi
inhibitor BFA to block their cytokine production and then co-cultured them with
myofibroblasts carrying the SIE luciferase construct. Cytokine blockade in both
PBMCs and CD8+ T cells fully inhibited SIE activity (Figure 4G, H), showing that
the elevated SIE-driven myofibroblast activity was likely mediated by secreted
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factors that among other activate STAT3 signalling. This hypothesis was confirmed
by measuring cytokine levels such as IL-6 in the supernatant of these cultures,
where pre-treatment of CD8+ T cells with BFA completely blocked IL-6 production
(Figure 4I). Furthermore, blocking cytokine production in CD8+ T cell also halted
myofibroblast gene expression of PDPN, IL-6 and HLA-DR (Figure 4J). In conclusion,
the increased myofibroblast activation and contraction observed in our model
is a dynamic process that requires interaction between cells and cytokines, and
it appears to be predominantly driven by CD8+ T cells in a STAT3 signalling-
dependent manner.

Co-culture mediated myofibroblast activation is dependent on JAK/
STAT and TGFf signalling

To further unravel the molecular mechanisms underlying STAT3 CD8+ T cell- and
other well-known pro-fibrotic mechanisms such as TGFf3- mediated myofibroblast
contraction, we next evaluated myofibroblast expression of key downstream
TGFB and JAK/STAT signalling molecules (pSMAD2 and pSTAT3, respectively)
72 hours after their co-culture with PBMCs. Both SMAD2 and STAT3 phosphorylation
were highly activated in the presence of immune cells (Figure 5A). Interestingly,
the expression of these markers was reciprocal, suggesting distinct myofibroblast
mechanisms and functions.

To assess the potential reversibility of these processes, we treated PBMC:
myofibroblast hydrogels with the JAK/STAT inhibitor tofacitinib and the TGF-B1
receptor (ALK4/5/7) inhibitor SB-505124 to evaluate their effects on myofibroblast
contraction. Neither inhibitor negatively affected myofibroblast or immune cell
viability (Supplemental Figure 6), but both significantly reduced myofibroblast
contraction. Furthermore, the combination of both inhibitors exhibited an additive
effect, almost completely preventing myofibroblast activation (Figure 5B, C). The
involvement of JAK/STAT3 signalling was further verified by the efficacy of the JAK/
STAT-specific inhibitor stattic in significantly halting myofibroblast contraction
(Figure 5D). All mentioned inhibitors were similarly effective in halting CD8+ T cell
mediated myofibroblast contraction (Figure 5E). Gene expression analyses following
immune-stromal co-culture revealed TGFB transcripts in fibroblasts, monocytes/
macrophages, and lymphocytes, with marked upregulation in T cells (Supplemental
Figure 7A, B). Functional assays using a TGFf3-responsive luciferase reporter further
confirmed that co-culture supernatants activate the pathway in a TGFB-dependent
manner (Supplemental Figure 7C). These results suggest that TGFP and JAK/STAT
signalling play key roles in mediating the elevated myofibroblast activation.
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Figure 4. Myofibroblast contraction is driven by cytokine-secreting CD8+ T cells. (A) Level of myofibroblast
contraction after co-culture with PBMCs or sorted CD3+/CD4+/CD8+ T cells (n=4) at time of maximum
contraction. (B) Level of myofibroblast contraction after co-culture with CD8+ T cells in presence/absence
of anti-CD8 monoclonal antibody or isotype control (n=3). Expression of IL-4 and IL-13 (C) and IL-6 (D) on
CD4+ and CD8+ T cells was measured with intracellular flow cytometry of digested hydrogels containing
PBMCs and myofibroblasts (n=5) at time of maximum contraction. (E) Production of IL-6 in the co-culture
supernatant of myofibroblasts that were co-cultured with either CD4+ or CD8+ T cells. (F) SIE response of
primary myofibroblast cell line was evaluated with the luciferase reporter assay after cells were incubated
with supernatant from hydrogels containing myofibroblasts and PBMCs (n=3) that was collected at the
depicted time points. Fold change of SIE activity in primary myofibroblast cell line incubated with
supernatant from hydrogels containing myofibroblasts and (G) PBMCs or (H) CD8+ T cells that were co-
cultured for 24 hours. In depicted experimental conditions BFA was added to block release of cytokines.
(I) Total IL-6 levels of co-cultures after 24 hours. (J) Primary skin myofibroblasts were cultured for 24 hours
with cell culture supernatants obtained from myofibroblast hydrogels containing PBMCs, CD4+ T cells, or
CD8+T cells in absence or presence of BFA. Myofibroblast relative gene expression of PDPN, IL-6 and HLA-
DR was measured with gPCR and values are represented as -ACt. Statistics for panels A-B were performed
with one-way repeated measures ANOVA, for panel C two-way repeated measures ANOVA with Tukey’s
post hoc test, for panels D-E, H paired t-test, for panel F, | one-way repeated measures ANOVA and for panel
J two-way ANOVA with Tukey'’s post hoc test. In the panels above, each dot represents one donor. PBMCs;
Peripheral Blood Mononuclear Cells, SIE; Sis-Inducible Element, BFA; Brefeldin A, PDPN; Podoplanin.



150 | Chapter 4



Novel 3D hydrogel model shows that CD8+ T cells drive myofibroblast activation | 151

Figure 5. CD8+ T cell mediated myofibroblast activation is dependent on JAK/STAT and TGFf3
signalling. (A) Representative images of pSMAD2 and pSTAT3 immunohistochemistry from collagen
hydrogels containing either myofibroblasts alone or myofibroblasts co-cultured with PBMCs. Scale
is 50 um. (B) Level of myofibroblast contraction in myofibroblast: PBMCs hydrogels (n=5) that were
treated with SB-505124 inhibitor, tofacitinib or a combination of the inhibitors (n=>5). Graph represents
meanSD myofibroblast contraction over time and the individual values at time of maximum
contraction are depicted in panel (C). (D) Percentage of inhibition on myofibroblast contraction in
PBMC:myofibroblast co-cultures treated with stattic (n=3). (E) CD8+ T:myofibroblast co-cultures
were treated with the indicated inhibitors and the level of inhibition in myofibroblast contraction
is indicated. (F) Percentage of inhibition in myofibroblast contraction after 42 hours treatment with
the indicated inhibitors (n=5). Values are meanSD. In this experiment inhibitors were added at the
beginning (t=0) or after 16 or 40 hours of culture. (G) Relative gene expression (-AACt) of selected
genes in sorted CD90+FAP+ myofibroblasts from PBMC/myofibroblast hydrogels that were treated
with tofacitinib or SB-505124. From the same hydrogels, digested cells were subjected to flow
cytometry staining to evaluate the effect of the inhibitors towards expression of (H) GZMB (I) IL-6 and
() IFNy in both CD4+ and CD8+ T cells. Results are represented as fold change compared to control
condition (n=5). Regarding statistics, for panels C, E one-way repeated measures ANOVA, for D paired
t-test, for G two-way ANOVA corrected with Sidak’s multiple comparisons test and for H-J two-way
ANOVA with Tukey’s post hoc test were used. In the panels above, each dot represents one donor.
PBMCs; Peripheral Blood Mononuclear Cells.

To further investigate the kinetics of myofibroblast contraction inhibition by these
inhibitors, we introduced them into the co-culture either at baseline or 16 and 40
hours after initiation. The addition of the inhibitors at 16 hours still showed an
effect; however, when added after 40 hours, no effect was observed (Figure 5F).
Since cytokines like IL-6 and TGF(3 can have direct effect towards myofibroblasts,
we incubated hydrogel myofibroblast monocultures with increasing doses of
IL-6 and TGFB and witnessed that spontaneous contraction only happened after
7 days (Supplemental Figure 8), a time point not relevant to our model where
immune cell mediated contraction happens within a maximum of three days, These
observations suggest that the underlying molecular mechanisms of immune cell
mediated myofibroblast contraction occur early in the model and are not reversible
with later intervention.

In addition to the (kinetic) effect of the inhibition on myofibroblast contraction, we
were also interested in its potential effect towards other myofibroblast functions
such as ECM production, antigen presentation and activation. To address this, we
analyzed the gene expression of FACs sorted CD45-CD90+FAP+ myofibroblasts
that were treated or untreated with the aforementioned inhibitors. SB-505124
effectively halted pro-fibrotic myofibroblast phenotype by decreasing the
expression of ECM and activation genes such as COL1AT, COL3A1, PDPN and FAP,
while tofacitinib showed a significant reduction of myofibroblast IL-6 and HLA-DRB
expression (Figure 5G).
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Both inhibitors may also directly or indirectly affect immune cell function. Thus, we
finally analyzed the effects of these inhibitors on CD8+ T cells and CD4+ T cells.
The inhibitors did not significant affect CD4+ T cell cytokine production (IL-6 and
IFNy) (Figure 51, J). Of note, tofacitinib, but not SB-505124, inhibited CD8+ T cell
cytotoxic mediators, as indicated by reduced GZMB expression (Figure 5H). These
findings further support the notion that CD8+ T cell, but not CD4+ T cell, cytokine
production is driving myofibroblast activation. Interestingly, both tofacitinib and
SB-505124 significantly reduced IL-6 production, but not IL-4, IL-13, or IFNy, in
CD8+ T cells (Figure 5I). In conclusion, these results suggest that myofibroblast
activation depends on non-canonical cytokine producing CD8+ T cells, rather than
exhibiting direct cytotoxicity, and that this activation can be reversed by targeting
distinct immune cell and myofibroblast molecular pathways. Targeting both
pathways shows an additive effect in halting T cell effector functions, myofibroblast
activation, and contraction.

Discussion

Collagen contraction assays serve as models for tissue contraction, utilizing the
observation that collagen hydrogels populated with cells undergo predictable
and consistent contraction over time (22). In this study, we expanded upon
current models by introducing allogeneic mismatching to mimic the interaction
between auto-reactive immune cells and myofibroblasts, aiming to investigate
how adaptive immune cells drive tissue contraction. Strikingly, CD8+ T cells were
more effective at inducing myofibroblast contraction than CD4+ T cells, and this
effect does not appear to be driven by cytotoxic mechanisms. Further analysis
revealed that myofibroblast activation was dependent on JAK/STAT3 and TGF(
signalling pathways, which function differently in CD4+ and CD8+ T cells. Notably,
simultaneously targeting these pathways had an additive effect in halting hydrogel
contraction, likely by inhibiting both T cell and myofibroblast activation.

We developed a novel 3D hydrogel co-culture model that induces spontaneous
myofibroblast contraction through allogeneic immune cells. This model builds
upon the classic mixed lymphocyte reaction model and a 3D myofibroblast
contractility model. Our findings show that this model recapitulates key features of
pathogenic myofibroblasts, including tissue contraction, expression of cross-linking
enzymes, and activation and antigen-presentation. Co-culture strongly increased
expression of activation markers such as FAP, PDPN, HLA type 2 and IL-6—markers
of a myofibroblast phenotype associated with chronic inflammation, as seen
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in conditions like rheumatoid arthritis, and indicative of immune crosstalk (23).
However, no significant changes were observed in ECM molecules (e.g. COLTAT).
This may reflect a shift toward an immunomodulatory phenotype, as evidenced
by the upregulation of HLA-A, HLA-DR, and IL6, rather than a matrix-remodeling
phenotype. This functional plasticity of myofibroblasts, shaped by cytokine
cues such as interferon gamma, has been described in recent single-cell studies
and highlights the dynamic interplay between immune signalling and fibroblast
behavior in fibrotic environments (24). Future studies with extended culture times
could further refine the model, providing deeper insights into immune cell-induced
myofibroblast ECM production and deposition.

Mixed lymphocyte T cell alloreactivity depends on direct recognition of
mismatched MHC class | or Il molecules and/or of (allo)peptides presented by
these MHC molecules (25). In mixed lymphocyte cultures, as well as, in vivo,
approximately 5-10% of the T cell pool becomes activated in a highly polyclonal
manner (14, 26) with a similar response for CD4+ and CD8+ T cell populations (27).
In our experiments, expression of the classical T cell activation markers (28) CD25
(IL2R) and CD69 was strongly induced in both CD4+ and CD8+ populations after
24 hours of co-culture, but expression of CD134 (OX40) was not. However, kinetics
of OX40 expression are slower than that of CD25 and CD69 and typically peak
after 48 hours (28). Based on IL-2 and IFNy expression, we observed activation of
5-10% of CD4+ and CD8+ T cells similar as reported before, but these numbers
further increased up to 40-80% after 72 hours. Possibly, cytokine-driven bystander
activation (29) is involved in this further activation as we did not observe profound
T cell proliferation in the time frame of our experiments. Taken together, our model
recapitulated the features of a bona fide alloreactive response.

Despite similar activation levels of CD4+ T cells and CD8+ T cells, we observed
stronger induction of hydrogel contraction by CD8+ T cells. This contraction is
myofibroblast-dependent, as adding only PBMCs (or CD8+ T cells) (data not shown)
to the hydrogels, or selectively deleting myofibroblasts, does not induce contraction
(30). Thus, the more potent contraction indicates differential immune cell-mediated
activation of myofibroblasts. Recently, distinct subsets of CD8+ T cells with non-
canonical functions, that divert from cytotoxic killing effect, have been described
such as producing T helper cytokines or exhibiting regulatory functions (12).
Canonical functions of CD8+ T cells typically involve direct cytotoxic activity
against infected or malignant cells, whereas non-canonical functions include roles
in immune regulation and cytokine production (31). Strikingly, no significant CD8+
T cell-mediated cytotoxicity was observed; myofibroblast viability was higher in
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co-culture, and 7AAD/Annexin V staining revealed minimal apoptosis or necrosis
in myofibroblasts. Additionally, activation of cleaved caspase-3 and detection of
double-stranded DNA breaks (yH2AX) did not indicate apoptosis (32). This suggests
that cytotoxicity mechanisms are unlikely to play a role in regulating contraction,
and it is more likely that the interaction between CD8+ T cells and myofibroblasts
involves non-canonical functions.

Non-canonical CD8+T cells are known to express T helper cytokines such as IL-4, IL-13,
IL-6, and IFNy. In our experiments, we found a similar percentage of CD4+ and CD8+
T cells expressing IL-4, but significantly more CD4+ T cells expressed IL-13. In contrast,
a higher proportion of CD8+ T cells expressed IL-6, and overall IL-6 levels were
elevated in CD8+ T cell: myofibroblast co-cultures. These findings, combined with
the strong inhibitory effect of tofacitinib, suggest that IL-6 may serve as an effector
molecule mediating the effects of non-canonical CD8+ T cells on myofibroblast
activation and contraction. Additionally, the transfer of the contractile phenotype
to naive myofibroblasts through supernatant transfer supports the involvement
of soluble mediators. This hypothesis is further supported by the observation that
BFA, an inhibitor that blocks the trafficking of cytokines and growth factors from
the endoplasmic reticulum to the Golgi apparatus in T cells, reduces myofibroblast
activation at the gene expression level.

Mixed lymphocyte reaction (MLR) assays are essential in pre-clinical drug development
for immunotherapies targeting cancer, inflammatory and transplantation-related
diseases. These assays evaluate the safety and efficacy of targeting interactions
between T cells and professional antigen-presenting cells (APCs) in an immunological
context (33). To better understand immune-driven processes like fibrosis, it is
essential to study T cell interactions with stromal cells, as these interactions are key to
the orchestration of tissue adaptation. Therefore, our developed model offers added
translational value compared to traditional MLR assays in studying the complex
interactions between immune cells and stromal cells. These interactions are relevant
in various pathological contexts, such as the pancreatic tumour microenvironment,
graft-versus-host disease, and CTD pathology. SSc, a prototypic autoimmune CTD,
is characterized by excessive myofibroblast activation and contraction in the skin
and other affected organs. Notably, SSc is marked by a prominent influx of CD8+
T cells into the skin, especially in the early stages of the disease (34). However, it is
yet poorly understood how these cells contribute to the excessive myofibroblast
activation. Our work demonstrates that these cells might be directly involved in
driving myofibroblast contraction. Further research into the detailed phenotype of
these CD8+T cells in SSc is needed to support this claim.
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While CD4+ T cells did activate fibroblasts, their impact was less significant, likely
due to differences in signalling interactions or effector functions. In many CTD-
affected tissues (including SSc-affected skin), a significantly higher infiltration of
CD8+ T cells rather than CD4+ T cells, particularly in early disease stages, has been
observed (21, 34, 35). Cytokine-producing CD8+ T cells are likely key drivers of
fibrosis, contributing to tissue destruction. Importantly, our findings are consistent
with emerging evidence that CD8+ T cells can adopt cytokine-producing roles
similar to CD4+ T helper subsets in certain pathological contexts (11). Possibly,
this could be a consequence of myofibroblast signalling or T cell-ECM interaction,
as cancer associated myofibroblasts have been shown to suppress CD8+ T cell
cytotoxicity (36), which has also been suggested for tumor ECM stiffness (37).

The myofibroblast-immune cell crosstalk was directly or indirectly driven by STAT3
signalling as the JAK/STAT3 inhibitor tofacitinib strongly reduced gene and protein
expression of both HLA type 2 (HLA-DR) and IL-6. In addition, TGFB signalling,
via TGFBR1, strongly affected myofibroblast activity and gene expression. Both
pathways are strongly associated with fibrotic diseases including SSc (5). Notably,
a clear additive effect of inhibiting TGFB and JAK/STAT3 signalling was observed
on tissue contraction. Inhibiting these pathways had differential effects between
CD4+ and CD8+ T cells. In CD8+ T cells, tofacitinib and SB-505124 had opposite
effects on GZMB production, but in co-inhibition, tofacitinib was dominant in
suppressing its expression. In CD4+ T cells, no such effect on GZMB expression
was observed. Instead, IL-6 expression was modulated by these inhibitors in CD8+
T cells, in contrast to CD4+ T cells. These observations underscore the heterogeneity
of lymphocyte responses within a signalling network. Furthermore, our findings
provide mechanistic evidence on the limited efficacy of anti-IL.-6 monotherapy in
CTDs such as scleroderma (38, 39) and suggest that combining anti-IL6 treatment
with an anti-fibrotic agent such as SB-505124 might exhibit increased efficacy in
halting tissue fibrosis in CTDs. A better understanding of such differential responses
will contribute to the development of more effective treatments.

Limitations of the Study

While the developed 3D collagen hydrogel model provides new opportunities for
translational research and high throughput drug screening, it comes along with
certain limitations. Given that our model is based on MHC-driven T cell activation,
we cannot exclude the possibility that the TCR-MHC interaction strength may be
higher than that observed in autoimmune T cells. Since TCR signalling strength
plays a critical role in determining T cell effector versus exhausted responses, our
model may be biased toward the activation of certain T cell subsets. Although the
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use of allogeneic PBMCs may elicit a broader T cell response than typically seen
in autoimmunity, potentially resembling aspects of chronic graft-versus-host
disease, we believe the resulting insights remain relevant for understanding T cell-
mediated mechanisms contributing to scleroderma-like pathology. Incorporation
of PBMC immunophenotyping prior to co-culture with myofibroblasts in future
studies is expected to better dissect donor-specific immune contributions to
matrix remodelling. Ideally, autologous autoimmune cells should be used to
validate our findings. Additionally, we did not analyse the full immune landscape,
as we did not include the investigation of monocyte/macrophage phenotype and
activity, despite the fact that these cell types are known to play a significant role
in orchestrating fibrosis in various conditions (40). This cell type probably explains
why tissue contraction was most strongly induced with PBMCs, even compared to
CD8+T cells alone. Furthermore, our model is based on skin-derived myofibroblasts
and healthy donor PBMCs, which may not fully reflect the complex cellular and
molecular landscape of systemic rheumatic diseases. Future studies should aim
to evaluate key findings using patient-derived cells to further unravel disease-
specific pathology.

Conclusion

In conclusion, this study provides valuable insights into the mechanisms by
which CD8+ T cells can induce myofibroblast activation and contraction, primarily
through cytokine-driven activation rather than cytotoxic mechanisms. The TGFf
and JAK/STAT3 pathways were identified as critical regulators of this process, with
dual inhibition demonstrating an additive effect in reducing contraction. These
findings contribute to our understanding of the mechanisms underlying tissue
fibrosis in systemic connective tissue diseases (CTDs). Moreover, they highlight
the importance of targeting both immune and stromal cells in the treatment of
fibrotic diseases.
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STAR Methods

Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Collagen type 1 (COL1AT) Merck Cat#ABT257
Rabbit polyclonal Anti-alpha smooth muscle Actin Abcam Cat#ab5694
Purified anti-Podoplanin (Clone D2-40) Biolegend Cat#916605
Rabbit monoclonal anti-Fibroblast Abcam Cat#ab207178
activation protein, alpha

Rabbit Phospho-SMAD?2 (Ser465/467)/ Cell Signalling Cat#3108
SMAD3 (Ser423/425)

Rabbit Phospho-Stat3 (Tyr705) (D3A7) XP Cell Signalling Cat#9145
Rabbit polyclonal Cleaved caspase-3 (Asp175) Cell Signalling Cat#9661
Rabbit polyclonal Phospho-Histone Cell Signalling Cat#9718
H2A X (Ser139) (20E3)

PerCP/Cyanine5.5 anti-human CD4 (Clone RPA-T4) Biolegend Cat#300530
APC/Cyanine7 anti-human CD3 (Clone UCHT1) Biolegend Cat#300425
Brilliant Violet 510™ anti-human CD8a (Clone RPA-T8) Biolegend Cat#301048
Brilliant Violet 510™ anti-human CD45 (Clone HI30) Biolegend Cat#304036
PE/Cyanine7 anti-human CD25 (Clone M-A251) Biolegend Cat#356108
FITC anti-human CD134 (OX40) (Clone ACT35) Biolegend Cat#350006
APC anti-human HLA-DR (Clone L243) Biolegend Cat#307609
APC anti-human HLA-A, B, C (Clone W6/32) Biolegend Cat#311409
APC anti-human CD90 (Thy-1) (Clone 5E10) eBioscience Cat#17-0909-42
APC anti-human Fibroblast Activation R&D Systems Cat#FAB3715A-025
Protein alpha (Clone BLR150J)

Alexa Fluor700 anti-human CD69 (Clone FN50) Biolegend Cat#310922
PE anti-human IL-2 (Clone MQ1-17H12) eBioscience Cat#12-7029-42
PE/Dazzle594 anti-human IL-4 (Clone MP4-25D2) Biolegend Cat#500832
Alexa Fluor 700 anti-human IFN-y (Clone B27) Biolegend Cat#506516
Pacific Blue anti-human IL-6 (Clone MQ2-13A5) Biolegend Cat#501114
PE/Cy7 anti-human IL-13 (Clone JES10-5A2) Biolegend Cat#501914
APC/Fire750 anti-human Granzyme Biolegend Cat#372210

B (Clone QA16A02)

FITC anti-human Granzyme K (Clone GM26E7) Biolegend Cat#370508
Biological samples

Human skin biopsies Radboud University ~ Study number:

Medical Center

NL57997.091.16




Novel 3D hydrogel model shows that CD8+ T cells drive myofibroblast activation | 159

REAGENT or RESOURCE SOURCE IDENTIFIER
Healthy human peripheral blood Sanquin Blood Bank, NA
the Netherlands
Chemicals, peptides, and recombinant proteins
Tofacitinib LC Laboratories Cat#T-1377
SB-505124 Sigma-Aldrich Cat#HY-10431
Brefeldin-A Merck Cat#B7651
Collagenase D Roche Cat#COLLD-RO
DNase | Roche Cat#10104159001
Oligonucleotides
Primers for GAPDH, RPS27a, TBP, COL1A1, Merck www.sigmaaldrich.
COL3A1,FN1, FNTEDA, PLOD2, FAP, ACTA2, PDPN, com/NL/en/search/
IL6, HLA-ABC, HLA-DR, TGFB1, see Table S4 order-primers?focus=
products&page=1&pe
rpage=30&sort=relev
ance&term=order%20
primers&type=product
Software and algorithms
Image) U.S. National https://imagej.net/

Institutes of
Health, Bethesda,
Maryland, USA

i/, 1997-2018

Kaluza Analysis Software, Version 2.1.3 Beckman Coulter www.mybeckman.
nl/flow-cytometry/

software/kaluza

Isolation and culture of primary skin myofibroblasts

Primary skin dermal myofibroblasts were isolated from 4 mm diameter skin biopsies
of the forearm. Written informed consent was provided prior to the procedure
(study number: NL57997.091.16). Biopsies were subsequently placed in a 24 wells
plate with 2 ml DMEM Glutamax medium (Gibco, Waltham, MA, USA) supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L pyruvate, and 20%
fetal calf serum (FCS) in standard culture conditions (37 °C, 5% CO,, 95% humidity)
for 2 weeks to allow spontaneous outgrowth of primary myofibroblasts. Medium
was partly refreshed every 3-4 days. Primary myofibroblasts were cultured on
plastic in T175 flasks in DMEM Glutamax medium (Gibco) supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L pyruvate, and 10%
FCS. Medium was partly refreshed every 3-4 days. Myofibroblasts were used in
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experiments after passage 6. To validate our findings, Human Dermal Myofibroblasts
(HDF) purchased from the American Type Culture Collection (PCS-201-012) were
included as a reference strain.

Isolation and culture of peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy
coats (obtained from Sanquin, The Netherlands, (project number: NVT 0397-02) by
Ficoll Pacque PLUS density centrifugation according to manufacturer’s guidelines.
Cells were cultured in RPMI medium 1640 + GlutaMAX™ (Gibco) supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L pyruvate, and 10%
Human Processed Serum (HPS). To aid detection of cytokines with flow cytometry,
Brefeldin A (BFA) (5 pg/ml) (Sigma-Aldrich) was added in the culture medium for 3
hours prior to enzymatic digestion (37 °C, 5% CO,).

CD3+ T cells, CD4+ T cells and CD8+ T cells were isolated from PBMCs via negative
selection with magnetic-activated cell sorting (MACS) kits (Biolegend: 480022,
480010, 480012) according to manufacturer’s guidelines. Following isolation, the
enriched fractions of CD3+ T cells, CD4+ T cells, and CD8+ T cells displayed purity
levels exceeding 95%, assessed through flow cytometry staining targeting CD3,
CD4, and CD8 antigens.

Myofibroblast and immune cell 3D co-culture hydrogel

contraction model

To obtain a single cell suspension, myofibroblasts were washed twice with
saline and detached from the culture flask with trypsin/EDTA at 37 °C. After
detachment, trypsin was inactivated by adding 10 ml DMEM medium with 10%
FCS. Cryopreserved PBMCs were thawed and washed twice with RPMI medium
containing 10% HPS.

Next, the cells were seeded into the collagen hydrogel. Every hydrogel consisted of
20 pl Minimum Essential Medium Eagle (Sigma-Aldrich), 10 ul Sodium Bicarbonate
7.5% solution (Gibco), 150 pl Type 1 Bovine Collagen Solution (Advanced BioMatrix)
(3.1 mg/ml), and 90 pl cell suspension. The cells in the hydrogel consisted of either
180 000 myofibroblasts alone, 1*10° PBMCs alone, or 180 000 myofibroblasts with
different cell concentrations of PBMCs/ CD3+ T/CD4+ T/CD8+ T cells. After the
collagen-cell mixture was adequately homogenized, 250 pl of mixture was pipetted
per well in a 48 wells plate. The hydrogels solidified for 2 hours in the incubator
at 37 °C and 5% CO,. After solidification, 750 ul RPMI medium 1640 + GlutaMAX™
(Gibco) supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/L
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pyruvate, and 10% HPS was gently pipetted at the side of the wells. For all conditions
in every experiment at least three technical replicates were used. Contraction was
macroscopically evaluated by scanning the plates on a standard office flat-bed
scanner with 600 dpi resolution. The size of the hydrogels was measured using Fiji
software and was calculated as follows:

Area of hydrogel

Contraction = ( ) * 100%

Area of uncontracted hydrogel

Pharmaceutical compounds
Tofacitinib (1 uM) (LC Laboratories), SB-505124 (5 uM) (Sigma-Aldrich) were added
to the hydrogels by adding the compounds to the medium that was added after

solidification of the hydrogels. In the experiments where we wanted to block
cytokine production of immune cells, BFA (5 ug/ml) (Merck) was added to isolated
immune cells (PBMCs, CD3+ T cells, CD4+ T cells or CD8+ T cells) for 4 hours before
being washed away and cells were used for hydrogel co-cultures.

Enzymatic digestion of hydrogels

To obtain a single cell suspension of the myofibroblasts and PBMCs from the
hydrogels in order to study phenotype and gene expression levels of cell
populations of interest, hydrogels were enzymatically digested for 1 hour on a
roller at 37 °C in 500 pl digestion mix containing collagenase D (Roche) (200 U/ml)
and DNase | (Roche) (0.1 mg/ml) that were dissolved in PBS. Digestion enzymes
were inactivated by adding 50 ul FCS. Hydrogels were then mechanically disrupted
by careful pipetting up and down and subsequently spun down for 5 minutes at
300 x g. The supernatant was removed and the cells used for further processing.

Immunohistochemistry

Collagen hydrogels were formalin-fixed, paraffin-embedded (FFPE), and sectioned
into 5.0 um thick slices before being stained with hematoxylin and eosin (HE). For
immunohistochemistry, the FFPE tissue sections underwent deparaffinization using
xylene and rehydration with ethanol. Antigen retrieval was performed either in
10 mM sodium citrate buffer (pH 6.0) at room temperature or by heating the slides
at 97°C for 10 minutes. Endogenous peroxidase activity was blocked with 3% H,O,
in PBS. Primary antibodies (detailed in Supplementary Table 1) and corresponding
secondary antibodies (BrightVision Poly-HRP, Immunologic DPVO55HRP, or Envision
Flex HRP, DAKO) were applied, followed by labeling with 3,3’-diaminobenzidine
(bright DAB, Immunologic or DAKO). The sections were then counterstained
with hematoxylin.
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Antibody staining and flow cytometry

Approximately 1 x10° cells per condition, were washed twice with PBS in a 96 well
v-bottom and incubated with (1.5: 1000 PBS) Viakrome808 (Beckman Coulter)
viability dye for 30 minutes at 4 °C in the dark. After washing, the extracellular
staining was performed by adding 30 pl staining buffer (PBS+1% BSA) buffer with
extracellular antibodies for 20 minutes at room temperature protected from light.
In case of intracellular staining, cells were fixed with 50 pl Cyto-Fast Fix/Perm
solution (Biolegend) for 20 minutes at room temperature. Subsequently, cells were
washed twice with 10X Cyto-Fast Perm/Wash Buffer (Biolegend) before stained with
intracellular antibodies for 20 minutes at room temperature in the dark. Eventually
cells were washed twice and acquired in a Beckman Coulter Cytoflex LX 21-color
flow cytometer. Flow cytometry data were analyzed using Kaluza software version
2.1.3 (Beckman Coulter). A list of all extracellular and intracellular antibodies used is
provided (Supplementary table 2, 3).

For fluorescently activated cell sorting (FACs), cells from digested hydrogels
were first filtered through a 70 pm cell strainer (Falcon) and the extracellular
staining was performed as previously described while the viability dye efluor780
(eBioscience) was used (1:1000 in PBS). An overview of the gating strategy that
was used to sort immune and stromal cell populations of interest is displayed in
(Supplementary figure 3). Sorted cells were collected in 200 pl RPMI medium
supplemented with 10% HPS, 100 mg/L pyruvate, and 1% Penicillin/Streptomycin.
After centrifugation, the cell pellet was resuspended in 350 ul RLT buffer from the
RNeasy Mini Kit (Qiagen) with 2-Mercaptoethanol (1:100) and stored at -20 °C until
further processing.

RNA isolation and quantitative real-time PCR

RNA isolation was performed with the RNeasy Mini Kit (Qiagen) according to the
manufacturer's manual. RNA concentrations were measured with a nanodrop
photo-spectrometer. Amplification grade DNase 1 (Sigma-Aldrich) was incubated
for 15 minutes on room temperature in 10X reaction buffer (Sigma-Aldrich). The
reaction stopped with Stop Solution For DNase 1 Kit (Sigma-Aldrich) for 15 minutes
and by incubation of the samples at 65 °C for 10 minutes subsequently. cDNA was
produced with a single step RT-gPCR by the following procedure: Samples were
incubated for 5 minutes at 25 °C, for 60 minutes at 39 °C, and for 5 minutes at
95 °C subsequently in a thermocycler. Produced cDNA was diluted 10x with water.
To perform gqPCR, samples with 5 pl SYBR Green Master Mix (Applied biosystems),
2 ul 1 uM forward and reverse primer solution, and 3 pul cDNA sample were incubated
for 10 minutes at 95 °C, then 40 cycli followed including 15 seconds at 95 °C and
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60 seconds at 60 °C. After the reaction a melt curve was included in the protocol
to verify target specificity. Reference genes used were: GAPDH, RPS27a, and TBP.
Sequences of forward and reverse primers are provided (Supplementary table 4).
All primers were first validated for their efficacy. -AC, values were calculated with
the following formula:

—AC; = Average Cr of 3 reference genes — Crvalue of gene of interest

Reporter Luciferase Assay

Sis-inducible element (SIE) activity was evaluated in reporter constructs cloned
in the same primary dermal myofibroblasts and were obtained from Neefjes et
al, 2021 (15). Reporter myofibroblasts were also used at a density of 200.000 cells
per hydrogel. Recombinant IL-6 (Peprotech: 100-21C-2UG) (10 ng/ml) was used as
positive control. After 24 h coculture, hydrogels were collected and centrifuged,
after which 150 pl Assay Buffer with 50x substrate from the Nano-Glo Luciferase
Assay kit (Promega) was added to the pellet. Luciferase was measured with a
Clariostar (BMG Labtech). Emission was measured at 590 nm.

Apoptosis assay

To differentiate between early apoptotic cells, non-apoptotic cells or cells in late
apoptosis/necrosis, single-cell suspensions from digested hydrogels were initially
labeled extracellularly with specific monoclonal antibodies for 20 minutes at room
temperature. Subsequently, the cells underwent two cold PBS washes and were
suspended in 100 pl PBS containing 5 pl 7-AAD (eBioscience, cat# 00-6993-50), 5 pl
AnnexinV:FITC labeled (BD Pharmigen), and 0.15 pl CaCl2 (1 M) in PBS. Following a
10-minute incubation in darkness at room temperature, the samples were promptly
analyzed via flow cytometry (Cytoflex LX 13, BD) after staining. Cells positive for
both 7-AAD and AnnexinV are designated as late apoptotic/necrotic, whereas those
positive only for AnnexinV and negative for 7-AAD are considered early apoptotic.
Live cells exhibit negativity for both 7-AAD and AnnexinV.

Cytokine measurements

Human cytokines present in culture supernatants were quantified using Luminex.
The Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad, cat# M500KCAFOY) was
employed according to the manufacturer's guidelines. Analysis of the samples was
conducted utilizing BioPlex Manager 4 software (Bio-Rad Laboratories, Hercules,
CA, USA).
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Statistical analysis

Statistical analyses were performed with GraphPad Prism version 10.0.3. Pairwise
comparisons were analyzed with independent student’s t test. For comparison of
two groups a two-sided paired T test was utilized and for comparison of two or more
groups a one-way or two-way (repeated measures) ANOVA was performed. P values
below 0.05 were considered to be significant. For multiple comparisons, p values
were adjusted for multiple testing with Tukey’s or Dunnett’s multiple comparison
test. Specific statistical tests performed are mentioned in every figure’s legend.
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Supplemental Figures
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Supplemental figure 1. Contraction of hydrogels based on time and PBMC: myofibroblast ratio.
Primary skin myofibroblasts were co-cultured with varying amounts of PBMCs in collagen type 1
hydrogels. The extent of hydrogel contraction was measured at specific time points as indicated.
PBMCs; Peripheral Blood Mononuclear Cells.

Supplemental figure 2. PBMC-myofibroblast co-culture induced hydrogel contraction in different
myofibroblast strains. Four strains of primary skin myofibroblasts show strong contraction after 72 h of
co-cultured with PBMCs in collagen type 1 hydrogels. This includes a primary normal dermal
myofibroblasts (HDF) obtained from ATCC. PBMCs; Peripheral Blood Mononuclear Cells, HDF; Human
Dermal Myofibroblasts, ATCC; American Type Culture Collection.
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Supplemental figure 3. FACs gating strategy for sorting Myofibroblast and T cells for RNA analysis.
Myofibroblasts were defined as CD45", and CD90*, FAP*. FACs; Fluorescence-Activated Cell sorting.

Supplemental figure 4. PBMC-myofibroblast co-culture does not affect the percentage of
CD8+GZMB+ nor CD8+GZMK+ T cells. (A) Flow cytometry plots from one representative donor exhibit
expression of GZMB and GZMK in CD8+ T cells co-cultured with myofibroblasts for 24, 48 and 72 hours.
(B) Graphic quantification of the percentage of CD8+GZMB+ and CD8+GZMK+ T cells from n=3 donors
at 24, 48 and 72 hours of co-culture. PBMCs; Peripheral Blood Mononuclear Cells, GZMK; Granzyme K,
GZMB; Granzyme B.
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Supplemental figure 5. Co-culture supernatant transfer promotes hydrogel contraction in
myofibroblast monoculture. Myofibroblasts and PBMCs were co-cultured for 72 hours, after which the
supernatant was collected and centrifuged twice at 300 x g. This processed supernatant (20% v/v) was
then added to the medium of fresh hydrogels containing only myofibroblasts. As a control, medium
that had not been exposed to co-cultures (10% HPS) was used. The supernatant-induced contraction
of myofibroblast monocultures was observed 1-2 days later compared to when immune cells are
present. PBMCs; Peripheral Blood Mononuclear Cells, HPS; Human Pooled Serum.

Supplemental figure 6. No significant decrease in myofibroblast nor PBMC viability is observed with
the inhibitors’ treatment. Relative viability of myofibroblasts (A) and PBMCs (B) after 72-hour treatment
with Tofacitinib (0.5 uM), SB505124 (5 uM) or the combination of both compared to vehicle control.
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Supplemental figure 7. TGF(3 signalling plays an essential role in immune-cell mediated myofibroblast
contraction and activation. A) Schematic representation of the sorting strategy that was used to
isolate fibroblasts (CD45-CD14-), monocytes/macrophages (CD45+CD14+) and CD45+CD14- immune
cells (containing lymphocytes of which the largest amount is T cells) for RNA isolation 24 hours after
co-culture. B) Basal gene expression (left) and induction of gene expression (right) of TGFB1, TGFB3
and IL6 in the sorted myofibroblasts, monocytes/macrophages and lymphocytes. Values are
represented as relative gene expression (-ACt) Ill) RLU luciferase values of SBE expression in SBE
reporter cells that were cultured with the designated supernatants and were treated with isotype
(control) or anti-TGFB123 antibody for 1 hour at 37 degrees Celcius.
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Supplemental figure 8. Spontaneous contraction of myofibroblast monoculture hydrogels under the
influence of TGFB and IL6. Primary skin myofibroblasts were cultured in collagen hydrogels for 1 week
and contraction was measured at day 5 and day 7. At day 5, no spontaneous contraction is observed

in the controls yet, whereas at day 7 this can be observed. TGFf clearly enhanced contraction, but IL-6
alone did not.
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Supplementary materials

Supplementary Table 1. List of antibodies used for immunohistochemistry.

Antigen Clone Supplier Identifier
Pro-collagen type 1 A1/COLTA1 Merck ABT257
alpha-smooth muscle actin polyclonal Abcam ab5694
Podoplanin D2-40 Biolegend 916605
Myofibroblast activation protein Monoclonal Abcam ab207178
Phospho-SMAD?2 (Ser465/467) 138D4 CellSignalling #3108
Phospho-Stat3 (Tyr705) D3A7 CellSignalling 9145S
Cleaved caspase-3 (Asp175) Polyclonal CellSignalling 9661S
YH2AX Polyclonal CellSignalling 9718S

Supplementary Table 2. List of antibodies used for cell surface flow cytometry staining.

Antigen Clone Fluorochrome Supplier Identifier
CD4 RPA-T4 PerCP/Cy5.5 Biolegend 300530
cD3 UCHT1 Alexa Fluor700 Biolegend 300425
CD8a RPA-T8 BV510 Biolegend 301048
CD45 HI30 BV510 Biolegend 304036
CD25 M-A251 PE/Cy7 Biolegend 356108
CD134 (OX40) ACT35 FITC Biolegend 350006
HLA-DR L243 APC Biolegend 307609
HLA-A,B,C W6/32 APC Biolegend 311409
CD90 (Thy-1) 5E10 APC eBioscience 17-0909
FAP BLR150)J APC R&D Systems FAB3715A-025
CD69 FN50 Alexa Fluor700 Biolegend 310922

Supplementary Table 3. List of antibodies used for intracellular flow cytometry staining.

Antigen Clone Fluorochrome Supplier Identifier
IL-2 MQ1-17H12 PE eBioscience 12-7029-71
IL-4 MP4-25D2 PE/Dazzle594 Biolegend 500832
IFN-y B27 Alexa Fluor 700 Biolegend 506516
IL-6 MQ2-13A5 Pacific Blue Biolegend 501114
IL-13 JES10-5A2 PE/Cy7 Biolegend 501914
Granzyme B QA16A02 APC/Fire750 Biolegend 372210

Granzyme K GM26E7 FITC Biolegend 370508




Supplementary Table 4. List of primers used for qPCR.
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Gene FWD (5'a 3') REV (5'a 3')

GAPDH ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC
RPS27a TGGCTGTCCTGAAATATTATAAGGT CCCCAGCACCACATTCATCA

TBP GCTTCGGAGAGTTCTGGGATTG GCAGCAAACCGCTTGGGATTA
COL1A1 AGATCGAGAACATCCGGAG AGTACTCTCCACTCTTCCAG
COL3A1 CCTGGAATCTGTGAATCATGCC TGCGAGTCCTCCTACTGCTA

FNT CCCAGTCCACAGCTATTCCT TTCATTGGTCCGGTCTTCTC
FNTEDA TTCAGACTGCAGTAACCAACAT GGTCACCCTGTACCTGGAAAC
PLOD2 AAGACTCCCCTACTCCGGAAA AGCAGTGGATAATAGCCTTCCAA
FAP GCTTTGAAAAATATCCAGCTGCC ACCACCATACACTTGAATTAGCA
ACTA2 CTGACCCTGAAGTACCCGATA GAGTGGTGCCAGATCTTTTCC
PDPN GGTGCAATCATCGTTGTGGTTA TTCAGCTCTTTAGGGCGAGTAC
L6 AGCCCACCGGGAACGA GGACCGAAGGCGCTTGT
HLA-ABC TACCTGGAGAACGGGAAGGA GTGGCCTCATGGTCAGAGA
HLA-DR CCCTGCAGCACCACAAC GGAACCACCTGACTTCAATGC
TGFB1 GAGGTCACCCGCGTGCTA TGCTTGAACTTGTCATAGATTTCGTT
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Abstract

Background/Objectives. Systemic sclerosis (SSc) is characterized by multiple
clinical manifestations. Vasculopathy is a main disease hallmark and ranges
in severity from an exacerbated Raynaud phenomenon to pulmonary arterial
hypertension (PAH). The potential involvement of immune system in SSc associated
vascular abnormalities is not clear. Here, we set out to study SSc-related immune
parameters and determine if and which peripheral T cell subsets associate with
vascular severity in SSc patients.

Methods. Peripheral blood and clinical data were collected from 30 SSc patients,
5 patients with idiopathic pulmonary arterial hypertension (IPAH) and 15 age and sex-
matched healthy donors (HD). In this cross-sectional cohort SSc patients with PAH
(n=15) were matched for their age, sex and medication with SSc patients with no signs
of PAH (n=15). Lymphocyte subsets were quantified by multi-colour flow cytometry.

Results. SSc patients exhibited elevated percentages of T peripheral helper
cells (Tph), CD4*GZMB* T cells and decreased levels of Th1 cells compared to
HD. Increased presence of both CD4* and CD8* exhausted-like (CD28) T cells,
characterized by raised cytokine and cytotoxic signature, was also observed in
SSc compared to HD blood. Furthermore, IL-4 expressing CD4*CD8* T cells were
significantly increased in SSc peripheral blood. Interestingly, the presence of PAH
in SSc was accompanied by a distinct T helper profile, characterized by raised
percentages of Th17 and Tph cells.

Conclusion. SSc patients with severe vasculopathy (presence of PAH) exhibited
a distinct pro-inflammatory and auto-antibody T cell profile, suggesting for a
potential role of autoimmune inflammation in SSc vascular complications.

Keywords
Systemic sclerosis, vasculopathy, pulmonary arterial hypertension,
T lymphocytes, biomarkers

Rheumatology key messages

1.  CD4+ and CD8+ exhausted-like T cells (CD28-) are elevated in SSc peripheral
blood and exhibit increased cytokine and cytotoxic signature.

2. Presence of pulmonary arterial hypertension in SSc individuals is characterized by
a distinct pro-inflammatory T helper phenotype: elevated Th17 and T peripheral
helper cells.
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Introduction

Systemic sclerosis (SSc) is a rare autoimmune connective tissue disease and has
the highest morbidity and mortality of all rheumatic diseases (1, 2). Hallmark
characteristics of this disease are autoimmune inflammation, vasculopathy
and fibrosis of skin and internal organs with a variable degree of severity. The
vasculopathy is marked by gradual vascular impairment, affecting both small
and large blood vessels. Peripheral vascular disease is universal in individuals
diagnosed with SSc and prototypically occurs as the initial symptom of the disease,
manifesting as a new or exaggerated Raynaud’s phenomenon with microscopic
nailfold capillary malformation. In severe cases vasoconstriction results in digital
ulcers, which can also develop later in the disease course. In a subset of patients,
central vasculopathy may be responsible for cardiac dysfunction and pulmonary

arterial hypertension (PAH) typically later in the disease course (3).

The most severe vascular disease in SSc is pulmonary arterial hypertension (PAH),a
devastating and progressive complication of SSc, which is among the leading
causes of death (4). To date, there is no curative treatment available. Despite
progress in the treatment of PAH, the quality of life is severely declined and survival
of SSc-PAH patients remains poor (5). Moreover, vasoactive therapy is known to be
less effective in SSc-PAH compared to the idiopathic form of PAH, whereas both
share clinical and hemodynamic similarities (6, 7).

Current knowledge indicates that in connective-tissue diseases such as SSc,
inflammatory processes contribute to vasculopathy. Recently we and others
showed that cytotoxic T cells are present in perivascular infiltrates of affected skin
in SSc and cause endothelial cell damage (8-10), especially early in the disease
course. Other studies indicate that T cells may also mediate progression of PAH,
especially by instigating changes in the pulmonary vasculature (11, 12). The
vascular remodelling that characterizes SSc-PAH consists of intimal thickening of
pulmonary arterioles and capillaries which is caused by intimal cell proliferation
and deposition of extracellular matrix. Histologic analyses of pulmonary tissue
from SSc-PAH patients have shown inflammatory cell infiltrates, such as of T and B
lymphocytes and macrophages, in peri-vascular cell areas, and to a lesser extent in
plexiform lesions (13-15). Possibly, these immune cells contribute to the (abnormal)
vascular remodelling process and dysfunction. However, to date, the potential
involvement of immune cells in manifestations of severe vascular dysfunction in
SScis poorly understood.
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Various studies (16-19) report on the aberrations of different T cell cytotoxic
(CTL) and T helper (Th) subsets that are linked with inflammatory and/or fibrotic
manifestations of patients with SSc. However, the SSc associated immune cell
subsets vary between disease components and between studies. Here we
hypothesize that the relative contribution of distinct T cell subsets may differ
according to SSc-associated vascular severity. To address that question, we
performed in depth T lymphocyte immunophenotyping in a cross-sectional cohort
(20) focused on the inclusion of SSc patients with or without the presence of PAH
that were carefully matched for their age, sex, ethnicity and medication use.

Materials and Methods

Here, we set out to examine if and which peripheral T cell populations may associate
with distinct vascular severity in patients with SSc. To answer this question,
we utilized a multi-color 17-antigen flow cytometry panel (the detected T cell
populations along with the extracellular and intracellular antigens that were used
for their identification are presented in supplementary tables 1, 2, 3) to explore
the relative contribution of multiple peripheral blood T cell subsets in distinct
clinical manifestations of SSc. For a complete overview of the patient and healthy
controls characteristics and the experimental methods, see online supplementary
methods and materials. Ethics approval for the study was granted in accordance
with the Dutch Code of Conduct for Health Research, the Dutch Code of Conduct
for Responsible Use, the Dutch Personal Data Protection Act, and the Medical
Treatment Agreement Act. The study, conducted at Radboudumc in Nijmegen, The
Netherlands, was assigned File Number CMO: 2017-3979.

Results

Clinical and demographic features

Patients and healthy donors (HD) included in our study were of similar age, sex,
and race distribution (p values not statistically significant). Approximately 80% of
the SSc patients and controls were female with an age range from 57 to 76 years
and disease duration from a minimum of 2.4 to a maximum of 19.9 years. Patients
with idiopathic pulmonary arterial hypertension (IPAH) were all Caucasian females
of similar age range. A complete overview of the baseline patient characteristics
including demographics, laboratory values, clinical features, autoantibody and
medication status is depicted in Table 1 and Supplementary table 4. SSc patients
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Table 1. Clinical characteristics of subjects included in the cross-sectional cohort study.

Baseline characteristics SScN=30 IPAHN=5 HDN=15 P value
Age in years, mean (SD) 67.6 (9.6) 63.0 (9.4) 63.2(6.2) 0.46
Female, n (%) 25(83) 5(100) 12 (80) 0.95
Caucasian, n (%) 30(100) 5(100) 15 (100) 1.00
SSc duration in 10.1 (8.1)

years, mean (SD)

LcSSc, n, (%) 24 (80)

Clinical SSc features

PAH, n (%) 15 (50) 5(100)

ILD, n (%) 12 (40) 0

Raynaud's 29 (97) 0

Phenomenon, n (%)

Digital Ulcers, n (%) 11/29 (38) 0

Telangiectasias, n (%) 12/24 (50) 0

mRSS, mean (SD) 4.1(5)

NYHA class, n (%)

1.1 13 (43) 0

2.1 6(20) 5(100)

3.0 8(27) 0

Y 3(10) 0

Laboratory results, mean (SD)

MDRD/GFR (ml/min/1.73m? 63.4(16.2) 722 (14.4)

Creatinine (umol/L) 86.6 (23.4) 78.2 (23.5)

Urate (umol/L)) 0.35(0.12) 0.36 (0.13)

Nt-proBNP (pg/ml) 794 (1253) 96.6 (42)

ANA positive, n (%) 26 (87) 2 (40)

ENA positive, n (%) 19/24 (79) 0

SSc: systemic sclerosis. IPAH: idiopathic pulmonary arterial hypertension. HD: healthy donors.
S.D.: standard deviation. PAH: pulmonary arterial hypertension. ILD: Interstitial lung disease.
mRSS: modified Rodnan skin score. NYHA: New York Heart Association. MDRD: Modification of Diet
in Renal Disease. GFR: Glomerular Filtration Rate. Nt-proBNP: aminoterminal pro B-type natriuretic
peptide. ANA: Antinuclear Antibody. ENA: extractable nuclear antigen. Statistics were performed with
ordinary one-way ANOVA with Tukey’s multiple comparisons test.
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were clinically classified into either limited (80%) or diffuse cutaneous (20%) SSc
according to the subclassification criteria of Leroy (21). All patients experienced
symptoms of Raynaud’s phenomenon, 40% of the patients had interstitial lung
disease (ILD) on HRCT-scan despite preserved vital capacity (mean 92.5%, see
Supplementary table 4) and 50% of the patients were diagnosed with SSc-
associated pulmonary arterial hypertension (PAH) (Supplementary table 5). SSc
patients without PAH enrolled in this cross-sectional cohort were matched for their
age, sex, ethnic background and medication with SSc patients with PAH and HD.

Deep flow cytometric quantification reveals differential presence of
T cell subsets in blood of SSc patients compared to healthy donors

To determine potential differences between SSc and healthy peripheral blood T cell
composition, we used multi-color flow cytometry. First, we analyzed general T cell
characteristics between patients and healthy donors, starting with T cell numbers
(for the gating strategy see Supplementary Figure 1). No differences were observed
in overall and CD4* T cell or CD8* T cell subset percentages between SSc patients
and HD. Furthermore, there was no significant effect of immunosuppressive
or other medication in the percentage of these T cell populations. Of note, SSc
patients exhibited an elevated expression of the CD4*CD8* population in their CD3*
compartment (3.1% SSc vs 1.3% HCs, p= 0.0021) (Figure 1A). Next, we explored
the composition of the T helper sub-groups in SSc patients versus healthy donors
(Figure 1B, Supplementary Figure 2A-C). No differences were observed in the
presence of Th2,Th9,Th17 and Th1-Th17 subsets in patients versus HD. However, the
Th1 (CD4*CCR6'CXCR3*) compartment was significantly decreased in SSc patients
compared to controls (SSc: 2.1% vs HD: 3.0% of live cells, p= 0.038). This is in line
with previous reports describing a reduced ratio of Th1 versus Th2 cells (22, 23).
Hereafter we analyzed the presence of a T helper subset important for B cell
function; the peripheral helper cells (Tph). These cells are known for regulating
B cell class switching, maturation and antibody production (24). Tph cells,
characterized as CD4*PD-1"9"COSM" T cells that produce the T follicular/peripheral
helper signature cytokine IL-21, were detected in both healthy and SSc blood, but
the percentage of Tph in patients was twice as high as in healthy donors (SSc: 1.6%
vs HD: 0.8 % of live cells, p=0.013) (Figure 1B).

Followingly, we explored CD8* T cell function deeper by characterizing
their maturation status. We observed a trend towards decreased CD8 naive
(CD8*CD45RA*CD27*) and increased effector (CD8*CD45RA*CD27) and central
memory (CD8*CD45RACD27+) T cells in SSc, however, none of these comparisons
were statistically significant (Figure 1C, Supplementary Figure 3A).
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Figure 1. SSc patients are characterized by enriched presence of CD4+CD8+ T cells and Tph cells and
decreased percentage of Th1 cells compared to age and sex matched HD. Percentages of circulating
T cell subsets were detected with multi color flow cytometry in the peripheral blood of SSc patients
(n=30) compared to HD (n=15). (A) No differences in percentages of CD3+, CD4+, CD8+ T cells
between SSc and HD were observed. However elevated percentage of CD4+CD8+ T cells was evident
in SSc blood. Values are presented as percentage (%) of total live cells (B) Quantification of Th1, Th2,
Th9,Th17,Th1-17 cell frequencies. Percentage of Th1 cells is greatly reduced in SSc patients while % of
T peripheral helper (Tph) cells shows an elevated presence in SSc blood. Values are presented as % of
total live cells. (C) No significant differences in percentages of naive (CD8+CD45RA+CD27+), effector
(CD8+CD45RA+CD27-) and central memory (CD8+CD45RA-CD27+) cytotoxic T cell populations
were observed in SSc versus HD. Values are presented as percentage (%) of total live CD8+ T cells.
(D) Comparison of percentage (%) of CD8+GZMB+ T cells (left) and CD4+GZMB+ T cells (right)
between SSc patients and healthy donors. Values are presented as percentage (%) of total live cells.
(E) Comparison of percentages of CD4+IL-4+, CD4+IL-13+, CD8+IL-4+, CD8+IL-13+T cells between HD
and SSc exhibits a prominent cytotoxic T cell pro-fibrotic signature in SSc blood. Values are presented
as percentage (%) of total live cells. (F) A significantly higher fraction of CD4+CD8+ T cells from SSc
patients are also positive for IL.-4 compared to the same cell type in HD. Statistical comparisons
between groups were performed either with Student’s t-test for normally distributed data or with
Mann-Whitney U test for non-normally distributed data. In all cases values were corrected for multiple
comparisons, * p<0.05, ** p<0.01.
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Figure 2. SSc patients exhibit a prevalent pro-fibrotic and cytotoxic T cell phenotype. Percentages of
circulating T cell subsets were detected with multi color flow cytometry in the peripheral blood of SSc
patients (n=30) compared to HD (n=15). Expression of granzyme B (GZMB), IL-4, IL-13 was measured
with intracellular staining after cells were stimulated with PMA, lonomycin and BFA for 4 hours at
37° C. (A) Comparison of percentage (%) of CD8+GZMB+ T cells (left) and CD4+GZMB+ T cells (right)
between SSc patients and healthy donors. Values are presented as percentage (%) of total live cells.
(B-C) Comparison of percentages of CD4+IL-4+, CD4+IL-13+, CD8+IL-4+, CD8+IL-13+ T cells between
HD and SSc exhibits a prominent cytotoxic T cell pro-fibrotic signature in SSc blood. Values are
presented as percentage (%) of total live cells. (D) A significantly higher fraction of CD4+CD8+ T cells
from SSc patients are also positive for IL-4 compared to the same cell type in HD. (E) Classification
of SSc and HD peripheral blood CD3+ T cells based on hierarchical clustering of the protein markers
CD3, CD4, CD8, CCR4, CD28, CCR6, CXCR3, CD45RA, CD27, PD-1, ICOS, IL-4, IL-13, IL-21 and GZMB was
used to detect cell populations of comparable marker expression and their abundance utilizing the
CITRUS tool provided by Cytobank. 5,000 events were sampled per individual donor. The size of each
node depicts the cell frequency. Prediction analysis for microarrays (PAM) clustering was performed to
detect cell clusters contributing to SSc patients (red clusters) compared to HD (blue clusters). Citrus
hierarchical “clustering trees” exhibiting the relationships of the detected nodes are also shown for
selected markers and the color scales illustrates intensity of expression of each depicted marker per
cluster and the size of each node shows the event frequency. Statistical comparisons between groups
were performed either with Student’s t-test for normally distributed data or with Mann-Whitney U
test for non-normally distributed data. In all cases values were corrected for multiple comparisons,
* p<0.05, ** p<0.01.

SScindividuals exhibit an elevated pro-fibrotic and cytotoxic

T cell phenotype

Since we and others previously exhibited a prevalent cytotoxicimmune cell response
in the affected skin of patients with early SSc (8-10), we next examined whether
such a cytotoxic signature is also evident in patients’ blood circulation. There was
no significant difference in percentage of GZMB* CD8* T cells in circulation between
SSc and HD (Figure 2A). Considering that recent literature suggests for a potential
role of CD4* cytotoxic T cells in promoting vascular dysfunction in skin of patients
with early and diffuse SSc (8), we explored presence of this subset in peripheral
blood. Indeed, cytotoxic CD4* GZMB* T cells (Supplementary Figure 3D, 4)
could be readily detected in SSc patients, but were hardly distinguishable in healthy
donors (SSc: 1.68 vs HD: 0.54 % of live cells, p=0.05) (Figure 2A).

Furthermore, accumulating evidence supports the pro-fibrotic role of the cytokines
IL-4 and IL-13 in connective tissue diseases (25). As expected, expression of both
IL-4 and IL-13 was significantly up-regulated in the CD4* compartment of patients
with SSc, revealing a prominent pro-fibrotic response (SSc: 6.63% CD4*IL-4*, 1.50%
CD4*IL-13* vs HD: 1.94% CDA4*IL-4*, 0.85% CD4*IL-13* of live cells, p= 0.002 and
0.007 respectively) (Figure 2B, Supplementary Figure 5). Interestingly, CD8* T cells
from SSc patients also exhibited an elevated expression of pro-fibrotic cytokines
such as IL-4 and IL-13, suggesting their potential involvement in disease-related
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Figure 3. Increased presence of exhausted T cells in early SSc may facilitate key disease manifestations,
such as cytotoxicity mediated tissue destruction, fibrosis and auto-antibody production.
(A) CD8+CD28- T cells are expanded in SSc patients compared to HD. Values are presented as % of
total live PBMCs. Representative flow cytometry plots of one HD and one SSc patient to identify
CD8+CD28- T cells are illustrated. (B) Exhausted-like CD8+CD28- T cells show increased Granzyme B
(GZMB) positivity in comparison to their effector CD8+CD28+ counterpart. Values are expressed as %
of cells that are GZMB+ within CD8+CD28- and CD8+CD28+ T cell populations. (C) CD8+CD28- T cells
from SSc patients exhibit significantly more GZMB+, IL-21+ and IL-4+ cells compared to the same cell
type in HD. Values are presented as % of GZMB+/IL-21+/IL-4+ cells among the total CD8+CD28- T cells.
(D) SSc patients are characterized by an elevated percentage of CD4+CD28- T cells compared to HD.
Values are presented as % of total live PBMCs. (right) Representative flow cytometry plots of one HD
and one SSc patient to identify CD4+CD28- T cells are also depicted. (E) Exhausted-like CD4+CD28-
T cells show increased GZMB positivity in comparison to their effector CD4+CD28+ counterpart. Values
are expressed as % of cells that are GZMB+ within CD4+CD28- and CD4+CD28+ T cell populations.
(F) CD4+CD28- T cells from SSc patients exhibit significantly more GZMB+, IL-21+ and IL-4+ cells
compared to the same cell type in HD. Values are presented as % of GZMB+/IL-21+/IL-4+ cells among
the total CD4+CD28- T cells. Statistical comparisons between groups were performed either with
Student’s t-test for normally distributed data or with Mann-Whitney U test for non-normally distributed
data. In all cases values were corrected for multiple comparisons, * p<0.05, ** p<0.01, ***p<0.001.

manifestations such as fibrosis (Figure 2C, Supplementary Figure 5). In addition,
we previously observed an increased presence of CD4*CD8* T cells in SSc blood.
The functional and phenotypical properties of these double positive cells are
still poorly understood. Of note and in accordance with earlier studies in SSc
skin (26), this double positive population expressed significantly higher levels
of the pro-fibrotic cytokine IL-4 in SSc compared to HD (18.7% SSc vs 12.9% HCs,
p=0.033) (Figure 2D).

To further investigate phenotypic features of the different T cell populations, we
utilized the CITRUS tool on the Cytobank platform (27), employing unsupervised
clustering based on similar descriptive features such as marker expression,
correlating with assigned sample types (SSc versus HD and IPAH). The top four
clusters with the highest stratification for predicting SSc disease (Figure 2E,
Supplementary Figure 6) were characterized by elevated expression of CDS8,
PD-1, IL-4, IL-21 and GZMB (Figure 2E, Supplementary Figure 7). Collectively and in
line with our supervised analysis, these results illustrate that SSc circulating T cells
exhibit an increased pro-fibrotic (IL-4), cytotoxic (GZMB) and peripheral helper
(IL-21) signature.
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SSc blood is characterized by an increased exhausted-like

T cell signature that is accompanied by an elevated cytokine

and cytotoxic phenotype

Often, in patients with cancer and chronic inflammation, the early elevated
cytotoxic T cell responses are attributed to exposure to certain (auto)-antigens
and the inflammatory microenvironment. Antigen-specific T cell activation is a
critical regulator of their effector functions. A key determinant of T cell activity is
exhaustion (28). Long-term exposure to persistent antigen stimulation is usually
associated with T cell anergy/exhaustion. T cell exhaustion is observed in many
rheumatic diseases including rheumatoid arthritis and is often correlated with
disease manifestations (29). Therefore, we next looked at T cell exhaustion in our
dataset. Exhausted/ anergic T cells are characterized by loss of the co-stimulatory
molecule CD28. In our cohort, the percentage of CD8*CD28 T cells (Figure 3A,
Supplementary Figure 3B) was expanded in SSc patients compared to HD (7.92%
in SSc vs 4.88% in HD, % of total live cells, p=0.06). It has been shown that in
rheumatoid arthritis, T cell exhaustion leads to atypical cytotoxic properties (30).
Indeed, in SSc blood, CD8"CD28 T cells showed on average a 6-fold higher GZMB
expression compared to their CD28* counterpart (Figure 3B). In line with this
observation, our unsupervised analysis after dimensionality reduction and cell
clustering with the CITRUS algorithm, we found that among the distinct CD8* T cell
clusters there was a clear distinction between clusters that were either GZMB*CD28 or
GZMB CD28*(SupplementaryFigure8).Inaddition,in SScCD8+*CD28 Tcells,anelevated
% of GZMB, IL-4 and IL-21 positive cells was detected compared to HD (Figure 3C).
This observation points out a potential role of exhausted T cells in facilitating SSc
disease processes related to cytotoxicity, fibrosis and auto-antibody production.

Furthermore, in patients with SSc increased percentage of exhausted-like CD4*
T cells (CD4*CD28") compared to HD was also observed. (6.03% in SSc vs 4.38% in HD,
% of total live cells, p= 0.032) (Figure 3D). Similarly to the anergic cytotoxic T cells,
in CD4*CD28 T cells an elevated GZMB expression was observed in comparison to
CD4*CD28" T cells (Figure 3E). In addition, more CD4*CD28 T cells of SSc patients
were positive for GZMB, IL-21 and IL-4 than those of healthy donors (Figure 3F). In
conclusion, both CD4* and CD8* T cells were expanded in SSc blood and exhibited
an increased cytotoxic and cytokine expressing profile compared to HD.

Presence of PAH in SScindividuals is associated with a distinct T
helper profile: increased frequency of Th17 and Tph cells

Since several T cell subsets were found to be expanded in SSc blood, we further
combined these data with clinical features of the included patients to understand
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how such immunological differences may be related to distinct SSc clinical patterns
(such as PAH) and disease severity. First, subgroup analysis showed that SSc
individuals with active disease (patients that exhibited elevated skin score (mRSS)
or developed a new organ complication that was attributed to SSc over a 6-month
period before inclusion in our study) exhibited elevated numbers of CD4* T cells
(Figure 4A), suggesting that T helper responses may be associated with disease
severity. Furthermore, in our patient cohort half of the SSc patients were diagnosed
with PAH (SSc-PAH), while the rest were not (SSc-noPAH). These two patient groups
were carefully matched for their sex, age and underlying medication and further
compared with age and sex matched healthy controls (n=15) and also with patients
with IPAH (n=5). We aimed to detect T cell subsets that were specifically related to
patients with or without PAH, that could serve as candidate biomarkers. Strikingly,
percentages of Th17 (CD4*CCR6'CXCR3'CCR4*) and Tph (PD-1+ICOS+IL-21+)
cells were specifically up-regulated in SSc-PAH patients (Figure 4B). This reveals

a distinct pro-inflammatory/peripheral T helper phenotype associated with the
presence of PAH in SSc patients. Of note, no differences in CD8* T cell subsets were
found. Patients with IPAH, did not show elevated percentages of Th17 nor Tph
cells. On the other hand, Th2 cells characterized as CD4*CCR6'CXCR3 CCR4* were
significantly expanded in patients with IPAH, while the rest comparing groups
shared similar percentages (Supplementary Figure 9). In conclusion, CD4 T cell
inflammatory responses (Th17, Tph) are evident in SSc patients with prevalent
vascular disease (PAH), suggesting for a potential role of autoimmune inflammation
in SSc-associated vascular dysfunction.

Figure 4. Presence of PAH in SSc is accompanied by a distinct T helper profile. (A) Comparison
of percentages (%) of CD4* T cells in patients with active versus not active disease shows elevated
percentages of CD4* T helper cells in patients with progressive disease. Patients with active disease
exhibited elevated skin score (mRSS) or developed a new organ complication that was attributed to
SSc over a 6-month period before inclusion in our study. (B) Comparison of percentages (%) of T cell
subsets in SSc patients with and without the presence of PAH shows elevated percentages of Th17 and
Tph cells in patients with SSc-associated PAH. Statistical comparisons between groups were performed
with two-way ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001.



188 | Chapter 5

Discussion

Immune dysregulation seems to play an important role in SSc pathogenesis. Recent
observations suggest a prevalent T cell cytotoxic signature in the affected skin of
patients with early diffuse SSc (8, 10). However, the potential involvement of T cell
abnormalities in relation to prolonged SSc disease duration, severity and vascular
complications such as PAH remains elusive. In the present study, we performed an
in-depth flow cytometric analysis in SSc peripheral blood to explore the potential
involvement of specific T cell subpopulations in SSc pathology and its distinct clinical
manifestations such as PAH.

In accordance with previous studies (31, 32), we confirmed expansion of IL-4/IL-13
expressing CD4* and CD8* T cell populations in SSc blood circulation. For the first
time, in SSc peripheral blood, we detected a CD4 and CD8 double positive population
that may contribute to SSc pathology by producing excessive amounts of pro-fibrotic
cytokines such as IL-4. Such a population has been previously described as exhibiting
a very high IL-4 production in SSc lesional skin (26). Strikingly, a GZMB* CD4* cytotoxic
T cell population was almost exclusively present in SSc individuals but was hardly
detectable in healthy blood.

T cell exhaustion was prevalent in SSc blood for both T helper and cytotoxic cells.
T cell dysfunction is increased with aging, cancer and chronic viral infections and
the function of these cells can range from effector to immunosuppressive (33). In
immune mediated inflammatory diseases such as systemic erythematosus lupus,
type | diabetes mellitus and ANCA-associated vasculitis their presence is often
associated with improved disease prognosis (34-36). Our analysis showed that
exhausted T cells in SSc blood had elevated cytotoxic and cytokine producing
phenotype compared to those present in healthy blood. This suggests that SSc blood
contains “dysfunctional” T cells that are functionally active probably due to chronic
auto-antigen presentation. Such a phenotype has been described before for the
exhausted CD4* T cell compartment in SSc blood (37). Of note, in our study we also
observed elevated percentages of cytotoxic (CD8*) exhausted-like T cells in patients
with SSc. Our data suggests that exhausted CD8* T cells are functionally adapted and
may potentially exacerbate tissue destruction rather than being anergic. However, a
closer examination of their functional role and their potential association with better
or worse disease progression in further longitudinal analyses is needed.

Currently, PAH is one of the most severe complications of SSc that usually develops in
later disease stages and although treatment options have proven to improve quality
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of life and survival, it remains one of the main causes of death in SSc. The pathogenesis
of SSc-PAH is still poorly understood and the intricate pathological characteristics of
SSc make it challenging to address the role of the immune and vascular systems in
the development of SSc-PAH. Here, we identified a prominent T helper phenotype
in SSc PAH patients that is addressed by elevated numbers of circulating Th17 and
Tph cells and thus suggests a potential role of T helper autoimmune inflammation in
SSc vascular complications. Expansion of Th17 cells in SSc blood has been previously
described (22, 38, 39), however, we are the first to report increased presence of
these cells in SSc-PAH. Apart from their central role in SSc related fibrosis (40), IL-
17 producing cells were shown to be involved in SSc vasculopathy through the
recruitment of inflammatory cells to vascular endothelial cells leading to small
vessel vasculopathy and fibrosis due to a faulty repair response. Possibly a similar
mechanism occurs in the pulmonary arteries leading to its thickening and decreased
lumen (18, 41).

We also observed increased T peripheral helper cells in SSc-PAH. This T cell subtype
lacks CXCR5 expression but has a transcriptionally similar phenotype with T
follicular helper cells that produce IL-21 and play an essential role in stimulating
B cell differentiation to immunoglobulin secreting plasma cells. Interestingly, we
recently identified IL-21 as one of the key cytokines defining SSc subtypes in a
cohort of 346 patients (42). Importantly, in previous studies, (auto)- antibodies have
been linked to risk of the development of PAH and this could be partially explained
by the observed elevated Tph numbers in these patients (43-45). Increased numbers
of circulating T follicular helper cells that promote plasmablast differentiation
in an IL-21 dependent manner have also been reported in SSc-PAH patients (46).
Taken together, these findings support the role of the immune system in SSc-PAH
development. This is in line with current views on PAH pathophysiology (47).

This study has several strengths and limitations. First, most of the included patients
received medication, including immunomodulatory and PAH modifying drugs.
Such medication may affect T cell populations and skew the data. To address this
point, we compared SSc patients with or without the presence of PAH that were
matched for their medication use. Secondly, immune aging and sex ratio is often
an important confounding factor in immunological studies. To account for this, we
took special care to age and sex match the healthy volunteers included in our study
with the enrolled SSc patients. Importantly, in this study we used cryopreserved
PBMCs of the enrolled subjects and that enabled us to refrain from potential batch
effects since all samples were processed, stained and acquired for flow cytometry
at the same day. Finally, the lack of in vitro functional assays due to limited amount
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of cells from each donor is hampering a more in-depth investigation of the
mechanisms behind the pathogenic role of Th17 and Tph expansion in SSc-PAH. In
this regard, examining presence and function of these cells in the affected tissue
would be essential in determining their potential pathogenicity.

To conclude, our results shed light on the SScimmune pathogenesis by determining
several T cell aberrations in the peripheral blood of SSc patients compared to
carefully age and sex matched healthy individuals. Of note, patients with PAH
exhibited a distinct expansion of the pro-inflammatory Th17 and auto-antibody
related Tph subsets, highlighting a potential role of autoimmune inflammation in
SSc vascular complications. Our findings suggest the potential use of therapeutic
approaches that target inflammation in the treatment course of PAH in SSc.
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Supplementary Figures

Supplementary Figure S1. Gating strategy for the detection of T helper (CD4*) T cells and cytotoxic
(CD8*) T cells. In this figure FACs plots from one representative healthy donor sample are illustrated.
(a) First debris is excluded and lymphocytes are selected based on their size and granularity when
plotting cells for their forward and side scatter area (FSC-A and SSC-A respectively). Then, only the
single cells are included for further analysis by plotting (b) their forward scatter area vs height and (c)
side scatter area vs height. (d) FSC-A and fixable viability dye (FVD) emission are used to gate for the
viable cells: FVD. (e) Pan (CD3*) T cells are selected based on positive emission of the CD3 antibody
when cells are plotted for FSC-A vs CD3. (f) CD3* T cells are finally plotted for the emission of the
antibodies CD4 and CD8 and cytotoxic T cells are gated as CD4'CD8* and T helper cells as CD4*CD8".
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Supplementary Figure S2. Gating strategy for the detection of CD4* T helper 1 (Th1), 2 (Th2),
17 (Th17), 9 (Th9) and T peripheral helper (Tph), exhausted and pro-fibrotic lymphocyte populations.
(A) CD4* T lymphocytes can differentiate into various effector subpopulations including Th1, Th2, Th9,
Th1/17 and Th17 subsets. Importantly, these subsets can be distinguished based on their chemokine
receptor profile. Thus, to characterize the different T helper subsets, we used different combinations
of the chemokine receptors CCR6, CCR4 and CXCR3 as has been described in literature (1-3). Live cells
gated as shown in supplementary figure 1 are plotted for their CD4 vs CCR6 emission. Th1 cells are
then gated as CD4*CCR6'CXCR3*CCR4" and Th2 cells as CD4*CCR6'CXCR3'CCR4*. Th17 cells are gated
as CD4*CCR6'CXCR3-CCR4* and Th1-Th17 cells as CD4*CCR6*CXCR3*CCR4-. (B) T helper (CD4) cells
are plotted for ICOS vs PD-1 emission and the population CD4*PD-1*ICOS* is then plotted for FSC vs
IL-21 and Tph cells are gated as CD4*PD-1*ICOS*IL-21*. (C) Th9 cells are gated as CD4*CXCR3*CCR6*.
(D) Exhausted T helper cells are gated as CD3*CD4+CD28-. (E) Pro-fibrotic T helper cell populations are
characterized as either CD4*IL-4* or CD4*IL-13".
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Supplementary Figure S3. Gating strategy for the detection of CD8* T cell sub-populations. (A) Live
CD8*CD4 T cells are gated for their CD45RA vs CD27 emission and CD8* T cells are characterized as
naive (CD54RA*CD27+), memory (CD45RACD27*) and effector memory (CD45RA*CD27). (B) Exhausted
cytotoxic T cells are detected as CD3*CD8CD28". (C) Cytotoxic pro-fibrotic T cells are recognized as
CD8*IL-4* or CD8*IL-13". (D) Cytotoxic CD4*/CD8* T cells are characterized as CD3*CD4*CD8 GZMB* and
CD3*CD4 CD8*GZMB* respectively.
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Supplementary Figure S4. Increased presence of GZMB expressing CD4* T cells in SSc compared
to HD. Representative flow cytometry plots exhibiting expression of Granzyme B (GZMB) in (A) CD8*
T cells and (B) CD4* T cells in SSc and healthy (HD) blood.
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Supplementary Figure S5. T helper and cytotoxic T cells from SSc patients show increased pro-
fibrotic cytokine expression compared to HD. Representative flow cytometry plots showing expression
of the cytokines (A) IL-13 and (B) IL-4 in CD4* T helper (up) and cytotoxic CD8* T (down) cells in healthy
donors and in patients with systemic sclerosis.
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Supplementary Figure S6. Unsupervised clustering analysis identifies T cell populations with similar
characteristics that are enriched either in SSc patients or HD. (A-B) Classification of SSc, IPAH patients’
and HD peripheral blood CD3* T cells based on hierarchical clustering of the protein markers CD3,
CD4, CD8, CCR4, CD28, CCR6, CXCR3, CD45RA, CD27, PD-1, ICOS, IL-4, IL-13, IL-21 and GZMB was used
to detect cell populations of comparable marker expression and their abundance utilizing the CITRUS
tool provided by Cytobank. 5,000 events were sampled per each individual donor. The size of each
node depicts the cell frequency. On the right (B) the cluster frequency relative to total events per
sample is illustrated showing clusters that are enriched in either SSc patients or HD. (C) Prediction
analysis for microarrays (PAM) clustering was performed to detect cell clusters contributing to SSc
patients. Here, the graph showing the model error rate of this analysis is illustrated.



200 | Chapter 5

Supplementary Figure S7. Unsupervised CITRUS hierarchical clustering analysis reveals enriched
expression of CD8, GZMB, IL-4 and IL-21 in patients with SSc. Citrus hierarchical “clustering trees”
exhibiting the relationships of the detected nodes. The color scales illustrates the intensity of
expression of each depicted marker per cluster and the size of each node shows the event frequency.
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Supplementary Figure S8. CD8+CD28-GZMB+ T cells and CD8+CD28+GZMB- T cells represent
distinct CD8+ cytotoxic T lymphocyte clusters. (A) Marker expression of CD3, CD8, CD28 and GZMB
in the combined t-distributed Stochastic Neighbor Embedding (t-SNE) plots of all SSc patients. T-SNE
analyses were performed using the Cytobank platform (1). For this analysis, automated compensation
was applied before gating in every sample. (B) Plots showing the expression of CD8, CD28 and GZMB in
clustering results from HD and SSc concatenated FCS files. For this analysis, clustering was performed
by Citrus from Cytobank. Clusters highlighted with different dashed lines represent cells that are either
CD8+CD28+GZMB- or CD8+CD28-GZMB+. (C) Representative flow cytometry plots from 3 SSc patients
exhibiting populations of CD8+CD28+GZMB+ and CD8+CD28-GZMB+ T cells.
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Supplementary Figure S9. Comparison of the frequencies of T helper subsets in SSc patients with
or without PAH, healthy donors (HD) and patients with idiopathic PAH (IPAH). Patients with IPAH
exhibit a predominant Th2 profile in their circulation compared to patients with SSc and HD. Values are
represented as % of live cells. For the statistics, a two-way ANOVA with Tukey’s multiple comparisons
correction test was performed for each T helper subset within the four depicted groups, *p<0.05,
**p<0.01. Only the statistically significant comparisons are illustrated in the graph.
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Supplementary Data S1
Supplementary methods

Patient enrollment and clinical phenotyping

In this cross-sectional cohort study, peripheral blood samples were obtained from
consecutive SSc-PAH patients and idiopathic pulmonary arterial hypertension
(IPAH) patients treated at the pulmonary hypertension expert center of the
Radboud University Nijmegen Medical Centre who previously consented to the use
of their clinical parameters and blood for scientific study (protocol NL66117.091.18).
Samples from selected age and sex matched SSc patients without pulmonary
arterial hypertension (PAH), treated at the outpatient department of Rheumatic
Diseases, Radboudumc, Nijmegen between 22-03-2021 and 15-07-2021 were also

included. Peripheral blood samples from healthy donors, age and sex matched,
were acquired from Sanquin bloodbank (Project number NVT 0397-02). All patients
consented to study participation before blood donation. This study complied with
the Declaration of Helsinki and was carried out in accordance with the applicable
Dutch legislation concerning reviewal by an accredited research ethics committee,
file number 2021-8193.

Inclusion criteria
Patients eligible to participate in the study fulfilled the following criteria:

Fulfilment of the ACR/EULAR classification criteria for SSc (1),
. Age = 18 years,
3. SSc-PAH and IPAH patients (WHO group 1) diagnosed by right heart
catheterization, according to the ESC/ERS 2015 guidelines (2).

SSc patients with overlapping syndromes or with forms of pulmonary hypertension
other than IPAH/SSc-PAH were excluded from our sample collection.

Clinical and demographic data were prospectively collected, including age, sex,
Rodnan skin score, laboratory values including creatinine, urate and Nt-proBNP,
New York Heart Association functional class (NYHA), six-minute walking distance
(6MWD), pulmonary function test results and co-medication use at inclusion. In
addition, data concerning medication, pulmonary function and Rodnan skin score
were retrospectively collected up to 6 months before inclusion.
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The included SSc patients without PAH were matched for their age, sex, disease
duration and SSc subtype to enable exploration of potential differences in
peripheral blood T lymphocytes.

Peripheral blood mononuclear cell (PBMC) isolation and culture

PBMCs were isolated from whole blood with the use of Ficoll Pacque PLUS density
gradient (GE Healthcare) as per the manufacturer’s instructions. Harvested PBMCs
were washed three times with PBS + 1.5% ACD-A and cryopreserved at a density of
10 to 20 x 10° cells/ml. On the day of the experiment, PBMCs were rapidly thawed
in warm (37 °C) complete (containing 10% of human pooled serum) culture RPMI
medium and washed. Next, 5 x 10° cells from each subject were plated on 96-well-u
bottom plates (Greiner) and stimulated with 12.5 ng/ml phorbol myristate acetate
(PMA) and 500 ng/ml ionomycin in the presence of 5 ug/ml brefeldin A for 4 hours
at 37 °C, 5% CO.,,.

Flow cytometry: preparation and staining of cells

To comprehensively characterize and compare the T lymphocyte immunome
of SSc patients, we developed a 17-color flow cytometric immunophenotyping
panel, consisting of both surface and intracellular markers. This panel allowed
us to identify key T helper and cytotoxic T cell subsets (Supplementary table 1).
Cells were first treated with 100 pl of ViaKkrome 808 fixable viability dye (1.5 : 1000
in PBS) for 30 min on ice, before they were labeled with cell surface antibodies.
Staining for cell surface molecules (Supplementary table 2) was performed for
20 minutes at room temperature (RT). For intracellular staining, Cyto-Fast™
Fix/Perm Buffer Set (Biolegend) was used for fixation and permeabilization of the
cells as per manufacture’s protocol. Cells were then labeled for 20 minutes at RT
with intracellular antibodies (Supplementary table 3).

Flow cytometry analysis

Samples were analyzed on a Beckman Coulter Cytoflex LX 21-color flow cytometer,
immediately after staining. All samples were stained and acquired the same day to
reduce batch effect variation. Compensation was optimized using single stainings
in UltraComp eBeads™ (Thermo Fischer, cat #: 01-2222-41). Flow data were analyzed
using Kaluza (v2.1.2) software. The gating strategy that was utilized is illustrated in
Supplementary figure 1. The gaiting strategies of the different T helper and cytotoxic
populations are depicted in Supplementary figures 2 and 3.
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ViSNE analysis

ViSNE analyses were performed with using the web-based analysis software
Cytobank (http://cytobank.org/) (3). Each individual file was first gated on live CD3+
T cells. Subsampling of events was conducted according to the visNE algorithm,
with an analysis of 14,060 events per sample. CD3, CD4, CD8, CCR4, CD28, CCR6,
CXCR3, CD45RA, CD27, PD-1, ICOS, IL-4, IL-13, IL-21 and GZMB were utilized to
generate the t-SNE axes of the illustrated viSNE maps. The levels of each protein
marker were normalized based on the maximum value observed for the respective
channel within each donor.

CITRUS clustering

In the context of unsupervised analysis, manually gated CD3+ T lymphocytes were
initially isolated using the Beckman Coulter plug-in of the Kaluza (v2.1.2) software.
Subsequently, these extracted cells underwent further processing through the
web-based analysis platform Cytobank (http://cytobank.org/) (3). The individual
files were then grouped and categorized as SSc, HD and IPAH. Unsupervised
clustering of lymphocyte and T cell frequencies was conducted using the CITRUS
tool, with clustering based on abundance, setting a minimum cluster size of 2% of
total cells and a false discovery rate of 1%. Cells were clustered based on the level
of expression of the protein cell surface and intracellular markers described in the
methods section “viSNE analysis”. In the Citrus “cluster tree” the clustering hierarchy
is illustrated and the nodes of the “cluster tree” were scaled based on cell frequency
in each respective cluster. Clustering was evaluated using prediction analysis for
microarrays (PAM). This predictive model aimed to identify features contributing
to SSc specific immunophenotyping differences compared to HD and patients
with IPAH.

Statistical analysis

Statistical significance comparisons between experimental groups were performed
with GraphPad 9.0.0. For comparisons between SSc patients and healthy donors
the Student’s t-test corrected for multiple comparisons was performed for data that
were normally distributed (for corrected for multiple comparisons data adjusted
p values is reported). When dealing with non-normally distributed data, the Mann-
Whitney U test corrected for multiple comparisons was performed. Normality in
data distribution was evaluated using the Kolmegorov-Smirnov test. For statistical
comparisons between the different subject groups (SSc-PAH, SSc-NoPAH, IPAH, HD)
two-way ANOVA with Tukey’s multiple comparisons test was performed.
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Adjusted p values less than 0.05 were considered as statistically significant and are
indicated in graphs with asterisks (p<0.05 *, p<0.01 ** p< 0.001 ***). Results are
expressed as mean + standard deviation. The specific statistical tests conducted for
each analysis are mentioned in each figure’s legend.

Supplementary materials

Supplementary Table S1. Definition of T cell subsets.

T cell subtype Detection markers
CD4+ Th1 CCR6'CXCR3*CCR4
Th2 CCR6'CXCR3 CCR4*
Th17 CCR6*CXCR3CCR4*
T peripheral helper PD-1*1COS*IL-21*
Exhausted CD28
Cytotoxic GZMB*
Pro-fibrotic IL-4+/IL-13*
CD8* Naive CD27+CD45RA*
Memory CD27+CD45RA
Effector memory CD27 CD45RA*
Cytotoxic GZMB*
Exhausted CD28
Pro-fibrotic IL-4*/1L-13*

Supplementary Table S2. List of antibodies used for cell surface staining.

Antigen Clone Dilution Fluorochrome Supplier
CD4 RPA-T4 1:100 PerCP/Cy5.5 Biolegend
CXCR3 G025H7 1:20 APC Biolegend
cD3 UCHT1 1:100 Alexa700 Biolegend
cD27 0323 1:10 APC/Cy7 Biolegend
PD-1 EH12.2H7 1:20 BV421 Biolegend
CD8a RPA-T8 1:100 BV510 Biolegend
CCR4 L291H4 1:20 BV605 Biolegend
ICOS C398.4A 1:100 BV711 Biolegend
CCR6 GO34E3 1:20 BV785 Biolegend
CD28 CD28.2 1:20 BUV395 BD Biosciences

CD45RA HI100 1:40 BUV496 BD Biosciences
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Supplementary Table S3. List of antibodies used for intracellular staining.

Antigen Clone Dilution Fluorochrome Supplier

Granzyme B GB11 1:15 FITC Biolegend
IL-21 eBIO3A3-N2 1:12.5 PE Biolegend
IL-4 MP4-25D2 1:20 PE/Dazzle594 Biolegend
IL-13 JES10-5A2 1:20 PE/Cy7 Biolegend

Supplementary Table S4. Additional baseline patient characteristics.

Baseline characteristics SScN=30 IPAHN=5 HDN=15
Autoantibody profiling (rest)

ACA 15 (50) 0

ATA 3(10) 0

ARA 2(6.7) 0

Other 8(26.7) 0

Unknown 4(13.3) 2 (40)
Pulmonary Function, mean (SD)

1.VC % predicted 92.5(22.4) 104.6(22.6)
2. DLCO % predicted 51.4(15.1) 72.8(19.3)
3.6MWT (m) 409.4 (115.9) 4476 (42.3)
Medication use, n(%)

4. Immunosuppression 16 (53.3) 0

5. Diuretics 13 (43) 3 (60)

6. Urate lowering Therapy 2(6.7) 0

7. Nifedipine 8(27) 0

8. PAH medication 17 (56) 5(100)

SSc: systemic sclerosis. IPAH: idiopathic pulmonary arterial hypertension. ACA: Anticentromere
antibodies. ATA: Anti-topoisomerase antibodies. ARA: .Anti-reticulin antibodies. HD: healthy donors.
S.D.: standard deviation. VC: Vital Capacity. DLCO: Diffusing Lung Capacity for carbon monoxide.
6MWT: 6-Minute Walk Test. PAH: Pulmonary Arterial Hypertension.
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Supplementary Table S5. Clinical characteristics of patients with or without the presence of
pulmonary arterial hypertension.

Baseline characteristics SSc-PAH SSc-NPAH  IPAH HD P value
N=15 N=15 N=5 N=15

Age in years, mean (SD) 67.7 (10.4) 67.5(8.9) 63.0(9.4) 63.2(6.2) 0.46

Female, n (%) 12 (80) 13(86.7) 5(100) 12 (80) 0.72

Caucasian, n (%) 15 (100) 15 (100) 5(100) 15(100)  1.00

SSc duration in years, mean (SD) 9.5(7.1) 10.7 (9.2) 0.73

LcSSc, n, (%) 12 (80) 12 (80) 1.00

Clinical SSc features

ILD, n (%) 6 (40) 6 (40) 0
Raynaud's Phenomenon, n (%) 15 (100) 14 (93.3) 0

Digital Ulcers, n (%) 3/14 (20) 8/15(53.3) 0
Telangiectasias, n (%) 8/9(53.3) 4/15(26.7) O

mRSS, mean (SD) 4.0 (4.4) 413 (5.6)

NYHA class, n (%)

9.1 0 13(86.7) 0

10.11 4(26.7) 2(13.3) 5(100)
11.10 8(53.3) 0 0

12.IV 3(20) 0 0
Laboratory results, mean (SD)

MDRD/GFR (mI/min/1.73m? 59.6(17.2) 67.3(15.2) 72.2(14.4)
Creatinine (umol/L) 93.5(27.1) 79.7 (19.6) 78.2 (23.5)
Urate (umol/L)) 0.39(0.16) 0.30(0.07)  0.36(0.13)
natron (pg/ml) 1419(2301) 170 (206) 96.6 (42)
ANA positive, n (%) 12 (80) 14 (93.3) 2 (40)
ENA positive, n (%) 8/11 11/13 0

ACA positive, n (%) 6 (40) 9 (60) 0

ATA positive, n (%) 1(6.7) 2(13.3) 0

ARA positive, n (%) 1(6.7) 1(6.7) 0

Other, n (%) 4(26.7) 4(26.7) 0
Unknown, n (%) 3(20) 1(6.6) 2 (40)
Pulmonary Function, mean (SD)

13. VC % predicted 87.9 (22.5) 97.1(22.2) 104.6(22.6)
14. DLCO % predicted 36.2(12.5) 66.6(17.7)  72.8(19.3)

15. 6MWT (m) 368.71(104) 450(127.8) 447.6 (42.3)
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Supplementary Table S5. Continued

Baseline characteristics SSc-PAH SSc-NPAH  IPAH HD P value
N=15 N=15 N=5 N=15

Medication use, n(%)

16. Immunosuppression 8(53.3) 8(53.3) 0

17. Diuretics 10 (66.7) 3(20) 3(60)
18. Urate lowering Therapy 1(6.7) 1(6.7) 0

19. Nifedipine 1(6.7) 7 (46.7) 0

20 . PH medication 14 (93.3) 3(20) 5(100)

SSc-PAH: systemic sclerosis combined with pulmonary arterial hypertension. SSc-NPAH: systemic
sclerosis with no pulmonary arterial hypertension. IPAH: idiopathic pulmonary arterial hypertension..
HD: healthy donors. S.D.: standard deviation. PAH: pulmonary arterial hypertension. ILD: Interstitial
lung disease. mRSS: modified Rodnan skin score. NYHA: New York Heart Association. MDRD:
Modification of Diet in Renal Disease. GFR: Glomerular Filtration Rate. Nt-proBNP: aminoterminal
pro B-type natriuretic peptide. ANA: Antinuclear Antibody. ENA: extractable nuclear antigen. ACA:
Anticentromere antibodies. ATA: Anti-topoisomerase antibodies. ARA: . Anti-reticulin antibodies. HD:
healthy donors. S.D.: standard deviation. VC: Vital Capacity. DLCO: Diffusing Lung Capacity for carbon
monoxide. 6MWT: 6-Minute Walk Test.
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Abstract

Recognition of nuclear antigens (NAgs) by CD4+ T cells is a key driver of systemic
autoimmunity in connective tissue diseases (CTDs), but the infiltration and
activation of CD4+ T cells in affected tissues widely differs. Studies in experimental
animal models suggest that differences arise because immune responses targeting
specific NAgs vary between CTDs; however, these models do not fully capture the
complete spectrum of CTD. The comprehensive understanding of NAg-specific
CD4+T cell responses in human CTD remains elusive due to their rarity, challenging
localization in lymphoid and diseased tissues, and the absence of imaging tools
to detect autoreactive immune activity. To address this, we combined [18F]-
labeled thymidine PET imaging, multi-omics and T cell activation assays to biopsy,
identify and compare NAg-specific T cells in immunologically active lymph nodes
(LNs) and affected tissues of patients with immunologically divergent CTDs. In
Sjogren’s syndrome, active LNs and affected tissue contained NAg-specific effector
CD4+ T cells, including B-helper T cells. In systemic sclerosis, active LNs contained
CD4+TRAIL+ with interferon stimulated gene signature (ISG) T cells, while LNs and
affected tissue lacked NAg-specific effector CD4+T cells. Functional assays indicated
that TRAIL+ CD4+ T cells suppressed the proliferation of CD4+ effector T cells and
reduced the activation of antigen-presenting cells to restrict the generation of
effector T cells, autoreactive plasma cells, and autoantibodies within reactive LNs.
Taken together, this study provides improved understanding of the autoreactive
response that drives pathology from locoregional LNs in autoimmune CTDs.
Applying this knowledge will aid in the design and testing of novel tolerogenic
therapies for autoimmune CTDs.
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Introduction

Autoimmune connective tissue diseases (CTDs) are debilitating diseases
accompanied by a poor quality of life and severe health deterioration (1). They are
characterized by a fluctuating disease course, systemic and local inflammatory
responses, and organ- and connective tissue-specific symptoms (2). Although the
etiology of these diseases remains poorly understood, loss of tolerance due to self-
antigen recognition by autoreactive CD4+ T-cells, is considered to play a central
role (3). This is supported by genetic studies confirming that polymorphisms in the
HLA region confer the highest risk for development of CTDs. In addition, CTDs are
characterized by circulating autoantibodies against nuclear antigens, and HLA class
Il alleles are associated with their development (4, 5).

In contrast, recent immunopathogenic and multi-omics studies, that we and
others performed, indicate that the infiltration and activation of CD4+ T-cells vary
significantly across CTD affected tissues. Sjogren’s syndrome (SjS) and systemic
sclerosis (SSc) represent two CTDs at the opposite ends of this immunological
spectrum. SjS is primarily characterized by chronic inflammation of salivary and
lacrimal glands. These tissues exhibit a dense periductal infiltrate of effector CD4+
T-cell helper subsets (6, 7) and autoreactive B-cells (8). SSc on the other hand, is
characterized by vasculopathy, autoimmune inflammation and fibrosis, leading to
excessive extracellular matrix deposition in skin and internal organs such as heart,
lungs and kidneys. In contrast with SjS, this involves a sparse perivascular immune
cell infiltrate without an overt increase in CD4+ T-cells (9-11).

Hypothetically, these differences occur because the underlying immune responses
targeting distinct nuclear antigens (NAgs) vary between different CTDs (12-14). The
mechanisms driving NAg-directed immune responses have been primarily studied
in experimental animal models of systemic autoimmunity (14, 15). In these models,
aberrant activation of professional antigen-presenting cells (APCs) disrupts self-
tolerance by presenting NAgs to CD4+ T-cells within lymphoid tissues (16, 17). This
presentation initiates CD4+ T-cell activation against specific NAg epitopes, but the
nature and strength of this activation differ depending on factors such as TCR-MHC
affinity, antigen persistence and timing of exposure (18-20). Such variations lead
to either weak extrafollicular or strong follicular NAg-directed humoral immune
responses, dependent on the model (21). B-cell follicles within lymph nodes (LNs)
are critical sites where APCs orchestrate interactions between CD4+ T-cells and
B-cells, facilitating the development of adaptive immune responses. In contrast,
extrafollicular regions support B-cell responses that occur with minimal or no CD4+
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T-cell help (22). Importantly, requlatory T-cell subsets exert tolerogenic mechanisms
to prevent autoreactive CD4+ T-cell activation in both follicular and extrafollicular
sites (23). Consequently, the location and robustness of NAg-directed humoral
responses in various models are at least partly determined by the efficiency with
which regulatory T-cells suppress effector CD4+ T-cell activation within these
distinct regions (24, 25).

In human CTD, the full spectrum of the NAg-directed immune response—including
priming, activation, and regulation of NAg-specific CD4+ T-cells in LNs, circulation,
and affected tissues—remains unexplored. This is primarily due to the challenge
of localizing autoantigen-specific CD4+ T-cells, which are present in low numbers
and reside in hard-to-access locoregional lymph nodes and disease-affected
tissues. Additionally, there is a lack of imaging techniques capable of detecting and
localizing the activity of autoreactive immune cells. As a result, NAg-specific CD4+
T-cells have primarily been detected in blood circulation, limiting understanding of
their generation in LNs and their role in organ destruction (26, 27). Advancements

in imaging, such as positron emission tomography (PET), allow sensitive
visualization and quantification of biomolecular processes simultaneously at the
whole-body scale. ['®F]-labeled 3'-fluoro-3'-deoxy-thymidine (['®F] FLT) detects
thymidine incorporation during DNA synthesis phases of cell proliferation (28) and
has been used to visualize active LNs in clinical settings of both acute and chronic
inflammation (29, 30).

Here, we hypothesized that the differences in CD4+ T-cell infiltration and activation
in affected tissues of patients with SSc and SjS result from variations in the activation
and regulation of NAg-specific CD4+ T-cell-mediated humoral immune responses
originating in locoregional LNs. We used ['®F] FLT PET imaging to identify lymph
nodes containing proliferating lymphocytes. Followingly, we applied multimodal
single-cell RNA sequencing combined with multiplex immunohistochemistry and
functional assays to define the properties of NAg-specific CD4+ T-cell responses in
blood, LNs and affected tissues.

We demonstrate that in SjS patients, FLT-positive LNs are marked by a higher
presence of NAg-specific effector CD4+ T-cells that provide B-cell help. In contrast,
CD4+ NAg-specific T-cells in active lymph nodes of SSc patients predominantly
occurred as regulatory T-cells and as a novel, naive-like CD4+ TRAIL+ with interferon
stimulated gene signature (ISG) T-cell population. CD4+ TRAIL+ ISG T-cells displayed
an immunoregulatory role by restricting APC-mediated activation and suppressing
proliferation of CD4+ effector T cells leading to reduced formation of autoreactive
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plasma cells. This coincided with little infiltration and activation of NAg-specific
CD4+ effector T-cells in SSc affected tissues, compared to extensive infiltration
of these cells in SjS affected tissues. Together, our findings provide evidence of
disease-specific differences in activation and regulation of NAg-specific humoral
immunity within active LNs of patients with CTD, potentially explaining differences
in CD4+ T-cell infiltration and activation in affected tissues. This has significant
implications for the development of targeted and tolerogenic therapies.

Results

['®F] FLT PET scans distinguish active and quiescent lymph nodes

in CTDs

To understand if the extent of CD4+ T-cell infiltration and activation in CTD-affected
tissues is related to the immune response targeting distinct NAgs, we undertook a
multimodal single-cell approach to characterize NAg-specific CD4+ T-cell responses
in the blood, affected tissues and locoregional LNs of patients with CTD. We
selected treatment-naive patients with SSc and SjS who had clinically active disease
and were sero-positive for the NAgs anti-Scl70 and anti-Ro60/La (Figure 1A, B and
Supplemental Table 1). Anti-Scl70 and anti-Ro60/La anti-nuclear antibodies are
associated with a severe disease course in SSc and SjS, respectively. We performed
[18F] FLT PET scans to identify affected tissues and active LNs in their vicinity.
LNs showing increased [18F] FLT PET uptake were considered as “positive” while
those with no or low uptake were classified as “negative” (Figure 1C). This imaging
strategy guided the selective sampling of ultrasound-guided biopsies from positive
and negative LNs. In patients with SjS, cervical LNs were biopsied (Figure 1D), while
in patients with SSc, LNs from affected arms or legs were collected (Supplemental
Figure 1 and Supplemental Table 1). In addition, biopsies of affected tissues were
obtained from the same patients (salivary gland [SG] for SjS and skin for SSc).

Immunohistochemical analysis confirmed our earlier findings that salivary glands
affected by SjS contained a large CD4+ T-cell infiltrate, whereas skin affected by
SSc exhibited only a sparse CD4+ T-cell infiltrate (Supplemental Figure 2A).
To confirm that FLT-PET guidance successfully identified LNs with proliferating
lymphocytes, we analyzed lymphocyte retrieval from cell suspensions and
examined immunohistochemical markers in tissue biopsies. In FLT-positive LNs
(n=4 SSc and n=4 SjS), a higher number of total cells per biopsy and a higher
fraction of lymphocytes were observed compared to FLT-negative LNs (n=2 SSc
and n=2 §jS) (median yield 340,000 cells versus 105,162 cells respectively, with 66%
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versus 40% lymphocytes) (Figure 1E). There was no difference in the total number
of cells in FLT-positive LNs between SSc and SjS patients (Figure 1E). The number
of proliferating cells, as assessed by Ki-67 immunohistochemistry, was also higher
in FLT-positive compared to FLT-negative LNs (48% of Ki-67+ cells compared to
14%) and did not differ between SSc and SjS patients (Figure 1F). To determine
whether cell proliferation was driven by APC-mediated T-cell and B-cell activation,
we analyzed the presence of an adaptive immune response, by assessing CD21
expression, a marker for mature B-cells and follicular dendritic cells (FDCs) and by
T-cell and B-cell clonality analysis. FLT-positive LNs contained an elevated number
of CD21+ mature B-cells/FDCs in comparison to FLT-negative LNs (Figure 1G).
Additionally, gene expression analysis revealed increased levels of MKI67 and the
follicular markers CXCR5, BCL6 and CD38 in FLT-positive LNs (Figure 1H). Finally,
clonality analysis demonstrated that FLT-positive LNs contained more expanded
T- and B-cell clones compared to FLT-negative LNs (Figure 1I). In summary, these
findings indicate a more active adaptive immune response in FLT-positive LNs
(active LNs) in both SSc and SjS.

Active lymph nodes of patients with SjS contain lymphocyte clusters
and T helper cells providing B-cell help, and these occur

less frequently in SSc

To further understand whether the differences in CD4+ T-cell infiltration observed
in SjS and SSc affected tissues were linked to variations in the activation and
regulation of NAg-directed immune responses within active LNs, we analyzed
the type and interaction of adaptive immune cell subsets in active LNs, affected
SG and skin. We first undertook a qualitative approach, using a semi-quantitative
score to assess the level of T/B-cell clustering within APC rich lymphocyte areas,
identified by the markers CD3, CD79A/CD20 and CD1c/CD21. In SjS affected SG
we observed large and germinal center (GC)-like organized aggregates of APCs,
T-cells and B-cells. In contrast, SSc affected skin contained small aggregates of
APCs and T-cells, and no B-cells (Supplemental Figure 2B). Similar to SjS affected
SG, active LNs of SjS patients contained large and GC-like organized aggregates of
APCs, T-cells and B-cells. In contrast, in SSc active LNs T-cells, B-cells and APCs were
dispersed throughout the biopsy (Figure 2A, B). These findings were confirmed by
multiplex immunofluorescence staining (Figure 2C, D).

Since CD4+ T-cells orchestrate adaptive immune responses, providing essential
help for B-cells to mature, class-switch and produce (auto)antibodies, we
investigated whether differences in their presence and activation could explain the
distinct structural organization between active LNs of SjS and SSc. To address this,
we analyzed the T-cell populations of the same LNs using single-cell multi-omic
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Figure 1. ['8F] FLT PET scans allow identification of active lymph nodes containing clonally expanded
T-cells and B-cells. (A) Overview of the experimental approach. Blood, lymph node (LN) and affected
tissue (skin or salivary gland) samples from patients with SSc and SjS were isolated and processed
for single-cell multimodal profiling (transcriptomics, proteomics, TCR/BCR sequencing). (B) UMAP
displaying all cells recovered from SSc and SjS patients’ tissues, blood and ex vivo NAg-specific T-cells.
Each subpopulation is illustrated with a different color. (C) SUV__ values between FLT-positive and
FLT-negative LNs. (D) Representative ['®F] FLT PET/CT scan from the cervical area of a patient with
SjS (n=4) exhibit with arrows detection, among the salivary gland draining lymph nodes, of a FLT-
positive and a FLT-negative LN based on high or low ['®F] FLT signal, represented with SUV__ ~and
SUV__ values (g/ml). (E) Absolute cell counts and % of CD45+ lymphocytes among all cells of each
biopsy comparing FLT-positive versus FLT-negative LNs and FLT-positive LNs of patients with SjS versus
SSc. Representative images of KI-67 (F) and CD21 (G) immunohistochemistry staining of FLT-negative
and FLT-positive LN of a patient with SjS, accompanied by quantification of KI-67+ or CD21+ cells
(n=4 FLT-negative, 4 FLT-positive SSc, 4 FLT-positive SjS LNs). (H) 2D dot plots comparing the gene
expression of the depicted genes between FLT-positive and FLT-negative LNs. (I) Comparison of the
proportion of clonally expanded T-cells and B-cells between FLT-negative/positive LNs. Each symbol
and each horizontal line in (C), (E), (F), (G) represents one donor and mean value respectively. Statistical
differences: two-tailed unpaired t test with significance set at *p<0.05.

analysis. We performed unsupervised whole transcriptome clustering of isolated

T-cells, focusing on CD4+ T-cell populations (Figure 3A). CD4+ T-cell clusters
were identified based on differentially expressed genes (DEGs), differentially
expressed proteins (DEPs), canonical subset markers, and joint density of multiple
features (Figure 3B, C and Supplemental Figure 3A, B). This analysis identified
eight distinct CD4+ T-cell clusters: naive, central memory (CM), regulatory (Tregs),
TRAIL+ interferon-stimulated genes (TRAIL+ CD4 ISG), CD4 helper (a mix of Th2
and Th17 cells), activated (CD4 activ), T-cell helper providing B-cell help (a mix of
extrafollicular helper and follicular helper T-cells [Tfh/ef]) and a small cluster of
unknown (CD4 uk) identity. Compared to non-active LNs, SjS active LNs contained a
significantly lower amount of naive CD4+ T-cells and a higher percentage of effector
CD4+ T-cells, including increased T-helper, T-fh/ef, CD4+ activ and TRAIL+ CD4+
ISG T-cells (Figure 3D). In contrast, SSc active LNs did not significantly differ in the
amount of naive T-cells compared to the quiescent ones, and CD4+ T- cells mainly
consisted of regulatory T-cells and TRAIL+ CD4+ ISG T-cells (Figure 3D). Finally, we
analyzed the expanded TCR clones in each CD4+ T-cell cluster. T-helper cells and
Tfh/ef exhibited the highest proportion of expanded T-cell clones, and their clonal
expansion was more pronounced in SjS than in SSc (Figure 3E). Collectively, these
results indicate that active LNs in both diseases show signs of an active memory
CD4+ T-cell response. Only SjS active LNs harbor a B-cell helper T-cell response,
consistent with the observed histological APC/B/T-cell interaction clusters in SjS. In
contrast, SSc active LNs are characterized by an expanded TRAIL+ CD4+ ISG T-cell
population, without an increased Treg/Teff ratio (Supplemental Figure 3C), which
suggests that the TRAIL+ T-cells may exert a regulatory function that counteracts a
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CD4+ T-cell effector response, or that these concern effector CD4+ T-cells that are
activated via an alternative pathway.

Figure 2. APC-T-B-cell interaction in SSc lymph nodes is limited compared to more organized and
robustin SjS. (A) IHC stainings of representative SjS and SSc active LNs (n=12) for CD21, CD79A and CD3.
Scale bars are 100 pm. (B) Semi-quantitative IHC score (values range from 0-4) for the quantification of
the level of APC-T-B-cell clustering (n=6 SjS, n=7 SSc). (C) Representative Immunofluorescent images
and (D) quantification of the number of B-cell islands multiplied by total B-cells per biopsy in SjS
(n=5) and SSc (n=6) patients’ active LNs. The following markers were used for the immunofluorescent
staining; CD20 (purple), CD3 (red), CD56 (yellow), FOXP3 (green), CD8 (cyan). Each symbol and each
horizontal line in (B), (D) represents one donor and mean value respectively. Statistical differences:
two-tailed unpaired t test with significance set at *p<0.05.
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Figure 3. Single-cell analysis of active LNs reveals a more evident B helper CD4+ T-cell response in SjS
compared to SSc. (A) UMAP plot of CD3+ T-cell subsets from patients’ FLT negative and positive LNs.
(B) Heatmap illustrating the top differentially expressed genes in each distinguished T-cell cluster.
(C) Heatmap exhibiting the top differentially expressed proteins for each transcriptionally distinct
T-cell cluster. (D) Frequencies of CD4+ T-cell clusters in the FLT negative (n=4) compared to FLT positive
LNs of patients with SjS (n=4) and SSc (n=4). Values are presented as the percentage variation in cell
counts. Statistical analysis was conducted using the Wilcoxon test, with correction for multiple
comparisons, *q<0.05, **q<0.01, ***q<0.001. (E) Distribution (proportion) of clonally expanded T-cells
based on clonotype size for each CD4+ T-cell cluster. For the clusters of TRAIL+CD4 ISG, CD4 Helper,
CD4 activ and Tfh/ef clonal distribution between SjS and SSc is also illustrated to the right.
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SjS blood features a more robust NAg-specific CD4+ T-cell response,
displaying signs of B-cell help, compared to SSc NAg-specific CD4+
T-cell responses

To understand the NAg-specificity of the observed T-cell responses, we analyzed
CD4+ T-cells specific to the NAgs Ro60/La in SjS and Scl70 in SSc patients. Over
the past decades, AIM assays have been used for high throughput detection of
antigen-specific T-cells, primarily in the context of infectious diseases (31), and
more recently for autoimmune diseases (32-34). Here, we validated the antigen-
specificity of this assay for SjS and SSc NAgs, using HLA tetramers, MHC Il blocking,
APC and metabolism experiments (Supplemental Figure 4, 5, 6 and methods
for detailed description). Importantly, we also analyzed single-cell RNA and TCR
sequencing of sorted AIM+ NAg-specific T-cells along with paired affected tissues
and LNs, to validate that the AIM-assay enriched for memory antigen-specific T-cell
clones shared between blood, LNs and affected tissues (Figure 5A, B).

Subsequently, we applied this assay to detect antigen-specific T-cells in the blood of
SSc (n=45) and SjS (n=38) patients and healthy controls (n=30) (Figure 4A, B). In SjS
blood, we observed a significantly larger amount (on average 20 times higher) of
Ro60/La-specific T-cells compared to Scl70-specific T-cells in SSc blood (Figure 4C).
Furthermore, Ro60/La-specific T-cells in SjS patients exhibited an elevated CD4+/
CD8+ T-cell ratio compared to Scl70-specific T-cells in SSc (Figure 4E). Finally, Ro60/
La-specific CD4+ T-cells in SjS exhibited elevated expression of the B-cell help
markers CD40L, IL21 and were enriched for a CXCR5+PD-1+1COS+ Tfh phenotype
(Figure 4F, G). Ro60/La-specific T-cells were also detected in higher numbers in
healthy controls compared to Scl70-specific T-cells, but these were predominantly
naive compared to predominantly memory in SjS (Figure 4D). Taken together,
circulating NAg-specific CD4+ T-cells are more prevalent and show more signs of
B-cell help in SjS compared to SSc.

NAg-specific CD4+ T-cells in SjS active lymph nodes, affected tissues
and blood display robust effector functions, whereas in SSc, they
display regulatory functions

To extend the analysis of the activation and regulation of NAg-specific CD4+
T-cells beyond patients' blood to include affected tissues in SjS and SSc patients,
we performed an integrated analysis using single-cell RNA sequencing and TCR
sequencing of T-cell clones shared between AlM-enriched NAg-specific T-cells
from blood, active LNs, and affected tissues. The AIM assay has been applied to
various conditions, but the extent to which circulating AIM+ antigen-specific T-cells
form migrating parts of tissue-resident T-cell clones has not yet been analyzed. To
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Figure 4. Circulating NAg-specific CD4+ T-cells exhibit elevated B-cell help activation in SjS compared
to SSc. (A) Experimental workflow for the detection and characterization of NAg-specific T-cells in
patients with SjS and SSc and healthy donors (HCs). (B) Representative flow cytometry plots exhibiting
the detection of NAg-specific CD4+ T-cells identified as CD4+CD25+CD134+ after 16 hours of
incubation of PBMCs with or without antigen (w/0) NAgs (Scl70 in 45 SSc patients, Ro60/La in 37 SjS).
(C) Frequencies of NAg-specific T-cells in HCs (n=30), and patients with SjS (n=37) and SSc (n=45).
(D) Percentage of memory (CD45RA-) CD4+ T-cells within NAg-specific CD4+CD25+CD134+ T-cells in
HCs (n=6) and SjS patients (n=17). (E) Ratio of CD4+/CD8+ NAg-specific T-cells between SjS (n=37) and
SSc (n=45). Violin plots representing the proportion of NAg-specific T-cells expressing (F) CD40L and
IL-21 in NAg-specific CD4+ T cells (detected with the AIM assay as CD4+CD25+CD134+) were measured
with flow cytometry on patients PBMCs that were stimulated with NAgs (Scl70 in SSc, Ro60/La in SjS); SjS
(n=6/4) and SSc (n=6/4) and (G) CXCR5+PD-1+ICOS+ (Tfh) NAg-specific T cells; SjS (n=20) vs SSc (n=9).
Each symbol and each horizontal line in (C) represent one donor and mean value respectively. Statistical
differences: two-tailed unpaired t test with significance set at *p<0.05, **p<0.01, ****p<0.0001.

investigate this, we performed single-cell transcriptomics on FACs-sorted NAg-
specific T-cells enriched from the blood of patients (n=5 SSc and n=4 SjS) using
the AIM assay. This was paired with single-cell transcriptomics of blood, LN, and
affected tissue T-cells from the same patients (Figure 5A). Overall, we found that
18% (2,300/13,000 cells) of AlM-enriched NAg-specific T-cells were part of clones
that were also detected in tissue biopsies. When compared to blood T-cells, AIM
enriched NAg-specific T-cell clones exhibited higher clonal expansion and the
number of expanded AIM enriched NAg-specific T-cell clones that were also
detected in LN (SjS; 104, SSc; 38) and affected tissue biopsies (SjS SG; 42, SSc skin; 3)
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was also larger compared to the number of shared expanded clones between
T-cells in blood and LNs (SjS; 14, SSc; 8), and between T-cells in blood and affected
tissues (SjS SG; 10, SSc skin; 1) (Figure 5B). Almost all NAg-specific CD4+ T-cells were
memory cells (SjS; 99%, SSc; 99%) compared to ~48% memory T-cells in peripheral
blood (SjS; 44%, SSc; 51%) (Figure 5C). Similarly, all NAg-specific CD4+ T-cell clones
detected in LNs/affected tissues were memory T-cells, compared to 41% of all
T-cells in LN being memory T-cells (SjS; 41%, SSc; 41%) and 82% in affected tissues
(SjS SG; 72%, SSc skin; 91%) (Figure 5D). Together, this indicates that our approach
was successful in enriching for tissue expanded memory T-cell clones.

To examine if the difference in CD4+ T-cell infiltration in affected tissues of SjS and
SSc is mirrored by differences in the distribution, activation and regulation of NAg-
directed CD4+ T-cells, we examined NAg-specific CD4+ T-cells in tissues, active LNs
and blood. NAg-specific CD4+ T-cells were highly present in SjS SG, but none were
found in SSc affected skin. Similarly, NAg-specific CD4+ T-cells were more abundant
in SjS blood and active LNs, compared to NAg-specific CD4+ T-cells in SSc blood
and LNs (Figure 5C). In SjS, the affected SG, active LNs and blood contained a
large fraction of effector NAg-specific CD4+ T-cells, that displayed a diverse CD4
helper phenotype that included Tfh, Tef, Th2, and Th17 cells (Figure 5E, F, and
Supplemental Figure 7). In contrast, NAg-specific CD4+ T-cell clones in SSc LNs
and blood predominantly exhibited a central memory (CM), TRAIL+ ISG, and Treg
phenotype (Figure 5F). The Tregs in SSc partly expressed markers of follicular Tregs
(FOXP3 and BCL6) and partly of extrafollicular Tregs (FOXP3 and PRDM1). Finally,
the ratio of NAg-specific CD4+ Tregs versus effector CD4+ T-cells was higher in SSc
compared to SjS. Collectively, our findings show that in SjS patients, NAg-specific
CD4+ T-cell responses are shared between blood, LNs and affected tissues, and
mediate relatively robust follicular and extrafollicular humoral effector responses.
In contrast, SSc is characterized by NAg-specific CD4+ T-cells exerting a regulatory,
and TRAIL+ ISG directed response, coinciding with the generation of a weak CD4+
T-cell effector response and fewer NAg-specific CD4+ T-cells that migrate to blood
and affected tissues.

A distinct T helper subtype of CD4+ TRAIL+ ISG T-cells is uniquely
present in the extrafollicular areas of patients’ active lymph nodes
Hypothetically, the absence of NAg-specific CD4+ effector T-cell subsets in SSc
active LNs and affected skin is caused by counter-regulation by regulatory T-cells
in active LNs. However, we only observed limited differences in NAg-specific Treg
numbers in active LNs of SjS and SSc patients (Figure 3D, 5F). Of interest, our
single-cell multimodal analysis did identify TRAIL+ CD4+ ISG T-cells that were
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uniquely present in the active LNs of SSc and SjS patients. This cluster was relatively
enriched in NAg-specific CD4+ T-cells in SSc patients (Figure 3D, 5F). Therefore,
we questioned whether this subset exerted immunoregulatory or non-canonical
effector functions. We capitalized on the presence of these cells in both diseases,
which allowed us to analyze the inhibition of their effect in the context of a
relatively robust (SjS) versus a relatively weak (SSc) effector humoral response.

Figure 5. NAg-specific CD4+ T-cells in SjS active lymph nodes and SGs exhibit robust effector
functions, whereas in SSc LNs, they display regulatory phenotypes. (A) Experimental workflow
exhibiting the method used to detect and characterize NAg-specific T-cells in patients’ active LNs
(n=4 SSc, n=4 SjS), skin (n=2) and salivary glands (n=3). (B) Morisita overlap quantification of the
number of matching T-cell lineages among different tissues and between blood enriched NAg-specific
T-cells and T-cells in tissues. (C, D) Tissue distribution of naive CD4+ NAg-specific T-cells and naive
CD4+ T-cells among patients’ blood and tissues. (E) UMAP of NAg-specific CD3+ T-cells in patients’
active LNs and affected tissues accompanied by (F) Cell frequency of NAg-specific CD4+
subpopulations between SjS and SSc.
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Figure 6. CD4+ TRAIL+ ISG T-cells render a distinct naive-like T helper subtype that is uniquely
present in extrafollicular sites of patients’ reactive LNs. 2D dot plots comparing gene expression of
selected genes (A) per cluster (B) between blood, active LNs, affected tissues and NAg-specific T-cells.
(€) Multicolor immunofluorescence staining of the depicted markers to visualize the spatial mapping
of CD4+ TRAIL+ T-cells within reactive LNs. Scale bars are 100 um. 2D dot plots comparing (D) gene
and (E) protein expression of selected CD4+ T helper markers between CD4+ T-cell clusters. (F) Single-
cell developmental trajectories of LN CD4+ T-cell clusters. (G) Cord diagram showing the TCR clonal
overlap between the LN CD4+ T-cell clusters. (H) Proportion of clonal lineages by clonal size within each
cluster of NAg-specific CD4+ T-cells. (I) Proportion of NAg-specific CD4+CD25+CD134+ T-cells (n=4)
expressing TRAIL after 16-hour incubation with Ro60/La antigens. (J) Flow cytometric quantification
of GATA3, RORGT, TBET and FOXP3 expression between TRAIL- and TRAIL+ CD4+ T-cells (n=4/6).
(K) Graphical representation of cell-cell edges (interactions) of TRAIL+ ISG CD4+ T cells with the rest
CD4+ T-cell clusters, exhibiting high likelihood and specificity of interaction of TRAIL+ ISG CD4+
T cells with CD4 effector cells (thick blue line). (L) Overlay histogram flow cytometry plots illustrating
proliferation of CD4 effector responsive cells (Tresp) that were cultured alone or in the presence of
either regulatory T-cells (Tregs) or TRAIL+ CD4+ T-cells at indicated ratios (Treg/TRAIL+ CD4+ T: Tresp).
Proliferation was measured with CFSE fluorescence emission and quantified as the fold change of the
decrease in Tresp proliferation for all included donors (n=8) in (M). Each symbol and each horizontal
line in (1), J) and (M) represent one donor and mean value respectively. Statistical differences: in
(1) ordinary one-way ANOVA, in (J) two-tailed paired t-test, *p<0.05, **p<0.01, ****p<0.0001.

To gain more insight into the identity of TRAIL+ CD4+ ISG T-cells, we analyzed their
transcriptome, proteome and tissue localization using single-cell RNA sequencing,
CITE-seq and multiplex immunofluorescence. For functional validation, we
performed in vitro assays. TRAIL+ CD4+ T-cells have been studied for their dual
roles in inducing cell death and regulating immune responses via binding of TRAIL
to its receptors DR4 and DR5. CD4+ T-cells with ISG expression have been identified
in single-cell analyses across various conditions, including viral infections, lupus,
and rheumatoid arthritis (35-39). Here, the detected CD4+TRAIL+ISG T-cells were
characterized by the expression of the death receptor TRAIL (TNFSF10) and a
prominent type | ISG signature, including MX1, IFIH1, OASL, and IFITs (Figure 6A,
Supplemental Figure 3B). Additionally, CD4+TRAIL+ ISG T-cells expressed type 1
interferon receptors (IFNAR1/2) and intracellular double stranded RNA receptors
(DDX58, DHX58 and IFIH1) but did not express genes that mediate detection of
intracellular DNA (cGAS or STING) (Supplemental Figure 3B). Gene expression
analysis verified higher ISG intensity in LN and AIM enriched NAg-specific CD4+
T-cells compared to blood-derived T-cells (Figure 6B), supporting their antigen-
specific activation within LNs influenced by type 1 interferon and/or dsRNA. We
confirmed this responsiveness by culturing CD4+ T-cells in-vitro for 24 hours in the
presence of IFNa or synthetic dsRNA analogs, which induced a robust upregulation
of the ISG signature (Supplemental Figure 8).



228 | Chapter 6

Regarding their maturation stage, these cells exhibited a naive-like phenotype (high
SELL, CCR7; moderate CD27, IL7R) without markers of cytotoxicity, T-cell activation/
exhaustion or follicular localization (low CXCR5, BCL6) (Figure 6A, Supplemental
Figure 3B). This indicates a relatively quiescent extrafollicular state. Localization
studies confirmed these cells occupy extrafollicular zones in active LNs, adjacent to
germinal center-like structures in SjS or scattered near DR4+ APCs in SSc (Figure 6C,
Supplemental Figure 9). The TRAIL+ CD4+ ISG T-cell cluster in patients’ LNs was
transcriptionally and phenotypically distinct from Th1, Th2, Th17, Tfh, and Treg
subsets, lacking apparent gene expression of TBX21, GATA3, RORC, BCL6 and FOXP3
(Figure 6D) and protein expression of CXCR3 (CD183), CXCR5 (CD185), CCR4 (CD194)
and CCR6 (CD196) compared to the CD4 effector and Treg clusters (Figure 6E).

Pseudo-time analysis of CD4+ T-cell differentiation positioned TRAIL+ CD4+ ISG T-cells
along a distinct trajectory, separate from helper and regulatory T-cells, originating
from naive CD4+ T-cells (Figure 6F, Supplemental Figure 10A-C). TCR clonal overlap
analysis showed minimal overlap with helper subsets and no overlap with Tregs,
supporting their unique identity (Figure 6G). Differential dynamic gene expression
analysis highlighted type | IFN-stimulation responsive genes (STAT1, MX1, ISG15),
T-cell activation markers (CD69), and TCR signaling genes (LY6E) as key contributors
to the transition of CD4+ naive T-cells to the TRAIL+ ISG phenotype (Supplemental
Figure 10D). In line with an antigen-specific induction, among tissue NAg-specific
CD4+ T-cell clusters, TRAIL+ CD4+ ISG T-cells exhibited the largest clonal expansion
compared to other CD4+ T-cell subsets (Figure 6H). In summary, CD4+TRAIL+ I1SG
T-cells exhibit characteristics of a uniquely expanded CD4+ T-cell subset with distinct
extrafollicular lymph node localization.

TRAIL+ CD4+ ISG T-cells +are antigen-specific and can be induced in
vitro from naive T-cells by type 1 IFN and TCR stimulation

To better understand if TRAIL+ CD4+ ISG T-cells have a unique ontogeny we analyzed
their induction in vitro. In the blood of patients, TRAIL expression was restricted to
antigen-pulsed NAg-specific CD4+ T-cells and was absent after MHC class Il blocking,
confirming an antigen specific nature (Figure 6l). To study their induction, we
stimulated and cultured naive CD4+ T-cells, from both healthy controls and patients,
with anti-CD3/CD28 in the presence of IL-2 (ThO) and IFNa (ISG T) to mimic type |
interferon signaling. Neutralizing antibodies against IFNy, IL-4, and IL-17 were added
in the ISG T condition to prevent skewing towards classical Th1, Th2, or Th17 subsets.
After five days, in the ISG T condition compared to ThO condition, approximately 45%
of the cells (n=4) displayed elevated expression of TRAIL (Supplemental Figure 11A)
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and significant induction of an ISG signature (MX1, IFIH1, DDX58) (Supplemental
Figure 11B) was observed in all donors (Supplemental Figure 11C).

TRAIL+ CD4+ ISG T-cells exhibit a unique immunoregulatory
phenotype in autoreactive LNs

To study the potential effector functions of these cells, we analyzed the expression
of CD4+ T-cell master transcription factors and effector molecules in the blood
of healthy donors. Flow cytometry showed that TRAIL+ CD4+ T-cells, in contrast
to TRAIL-CD4+ T-cells, lacked GATA3, RORGT, and T-BET expression. Interestingly,
TRAIL+ CD4+ T-cells expressed FOXP3 as the solitary CD4+ T helper master
transcription factor, although the abundance of FOXP3 expression was 10 times
lower than in TRAIL- CD4+ T-cells (T-cell population including Tregs) (Figure 6J).
When cultured in vitro in the presence of anti-CD3/CD28 and IFNa, compared
to other effector T-cell subsets, CD4+TRAIL+ ISG T-cells displayed reduced IFNy
production and increased expression of IL-10 and TRAIL (Supplemental Figure 11B).
Cell-chat analysis of our scRNAseq T-cell dataset showed that TRAIL+ CD4+ T-cells
exhibited a robust interaction with CD4+ effector T cells (Figure 6K). To investigate a

potential immunoregulatory role, we compared the suppressive capacity of TRAIL+
CDA4+ T-cells and conventional Tregs and we found that TRAIL+CD4+ T-cells directly
suppress CD4+ effector T cell proliferation to a similar extent as conventional Tregs
(Figure 6L, M).

To gain insight on function of TRAIL+ CD4+ T-cells in physiological settings we
merged our scRNAseq T-cell dataset with a public dataset of T-cells from tonsils.
Notably, both the frequency of TRAIL*CD4* T cells and the intensity of their
ISG signature are elevated in lymph nodes compared to tonsils (22% vs 1.2%)
(Supplemental Figure 12A-D). In SSc reactive lymph nodes, TRAIL+ CD4+ T-cells
were significantly clonally expanded compared to SjS reactive LNs and tonsils
(Supplemental Figure 12E). Furthermore, lymph node TRAIL+ CD4+ ISG T-cells
expressed genes linked to immunoregulatory pathways (Supplemental Figure 12F, G),
whereas in tonsils, their gene profile was more infection-related—underscoring
their distinct expansion and distinct functional role in autoreactive lymph nodes.
Together with their in vivo enrichment in active LNs and autoreactive features, this
suggests that TRAIL+ CD4+ ISG+ T-cells may exert an immunoregulatory role in
autoimmune CTDs within patients’ reactive lymph nodes.



230 | Chapter 6



Interferon-responsive autoreactive CD4+ T cells restrict systemic autoimmunity via TRAIL | 231

Figure 7. NAg-specific CD4+ TRAIL+ ISG T-cells restrict plasma cell formation by suppressing
APC mediated autoreactive humoral responses. (A) Expression of TRAIL and TRAILR1 in blood/
LN immune cells. (B) Normalized cell viability of CD14+ monocytes incubated with soluble TRAIL.
(C) Proportion of SjS (n=6) and SSc (n=6) NAg-specific T-cells expressing TRAIL and FASL.
(D) Percentage of CD86+ CD14+ monocytes under stimulation (24 hours) of SjS and SSc PBMCs
(n=4 each group). (E) Schematic representation of the in vitro mechanistic experiments unraveling
the potential role of NAg-specific CD4+ TRAIL+ T-cells towards modulating APC/T/B cell interactions.
(F) Proportion of CD4+ memory T-cells expressing IL-4, IFNy, IL-17. (G) Representative plots (n=10)
illustrating in vitro generation of plasma cells that are further quantified in (H) as fold change
increase on % of CD19+CD27+CD20*CD38+ plasma cells/all live cells. (I) Flow cytometry plots of one
representative experiment (n=4) showing detection of La-specific plasma cells in the absence/presence
of TRAIL/TRAILR blockade. (J) Percentage of La-specific plasma cells among live plasma cells (n=4).
(K) Quantification of autoantibody (anti-La/Ro60/5cl70) production in cell culture supernatants (n=6
per condition). (L) Quantification of soluble TRAIL in serum of SSc patients with (n=33) and without
PAH (n=41). (M) Spearman correlation of soluble TRAIL with the clinical parameters N-terminal
prohormone of brain natriuretic peptide (NTproBNP) and New York heart association functional
class (NYHA). Statistics: in (A) two-tailed unpaired t test with significance set at *p<0.05; (C) RM one-
way ANOVA, with Dunnett’s multiple comparisons test, *p<0.05; in (D), (H), (J), (K) ordinary one-way
ANOVA, with Tukey’s multiple comparisons test, *p<0.05, ***p<0.001; in (F) non-parametric Kruskal-
Wallis test, ¥p<0.05; in (L) two-tailed Mann-Whitney U test, ****p<0.0001 and each dot represents one
donor (n=33 SSc patients with PAH and n=41 SSc patients without PAH).

APC dependent NAg-specific CD4+ T-cell mediated plasma cell
generation is restricted by the TRAIL-DR4 axis

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) has been
found to regulate immune responses through its death receptors, DR4 and DR5,
and decoy receptors, DcR1 and DcR2 (40). In most studies, TRAIL induces apoptosis
via DR4/5. However, target cells can be rescued from TRAIL-induced apoptosis by
concurrentsignaling mechanisms, such as CD40-CD40L, or by expressing DcR1/2 (41).
It is less clear if TRAIL can also exert non-killing immunoregulatory effects. To
better understand the role of TRAIL+ CD4+ ISG T-cells in SjS and SSc affected tissue
pathology, we analyzed expression of TRAIL and its receptor DR4 on T-cells and other
immune cell populations. In blood and LN, TRAIL was predominantly expressed
by CD4+ T-cells, as well as by B-cells and monocytes, while its receptor DR4, was
widely expressed on professional APCs (Figure 7A). These patterns suggested that
TRAIL+ CD4+ T-cells might primarily interact directly with APCs. Supporting this
hypothesis, TRAIL+ T-cells were not observed in affected tissues, but selectively
found in patients’ active LNs, in close proximity to DR4+ APCs, indicating potential
cell-cell interactions (Supplemental Figure 9). Incubation of primary monocytes
with soluble TRAIL reduced their viability by approximately 20% (Figure 7B),
suggesting they are at least partially sensitive to TRAIL-DR4 mediated cell death.
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As mentioned above, the presence of CD4+ TRAIL+ ISG T-cells was relatively
increased in SSc blood and active LNs compared to SjS. Consistent with this, we
observed elevated TRAIL expression in NAg-specific CD4+ T-cells in blood from
SSc patients, while the expression of the death receptor ligand FASL did not
differ (Figure 7C). In contrast, CD40L expression was increased in SjS NAg-specific
CD4+ T-cells (Figure 4F). Along with a stronger follicular and extrafollicular T-cell
response in SjS and the lack of follicular structures in SSc compared to SjS, these
observations suggest that TRAIL+ CD4+ ISG T-cells might counteract CD40-CD40L-
mediated GC-like interactions.

To validate such a potential involvement of the TRAIL-DR4 axis in NAg directed
immune responses, NAg-stimulated PBMCs were cultured with or without TRAIL/
DR4 blockade. TRAIL inhibition resulted in enhanced monocyte activation, marked
by elevated CD86 expression (Figure 7D), confirming that TRAIL directly suppresses
APC activation. Further co-culture experiments (Figure 7E) demonstrated
that TRAIL blockade increased the number of NAg-specific IL-4, IL-17 and IFNy
producing T-cells (Figure 7F). Finally, TRAIL/TRAIL receptor blockade significantly
increased NAg-specific plasma cell formation (Figure 7G, H) and anti-nuclear
antibody production (Figure 71, J, K). The induction of autoreactive T-cell and B-cell
responses was less pronounced in SSc compared to SjS, likely because of a relative
lack of effector cells in SSc. These findings suggest that TRAIL may play a regulatory
role in autoimmune CTD by suppressing APC activation and limiting generation of
effector CD4+ T-cells and autoreactive plasma cells.

Clinically, serum levels of soluble TRAIL were significantly reduced in SSc patients
with a disease course complicated by the development of severe vascular
involvement, manifesting as pulmonary arterial hypertension (PAH), compared
to those with less severe disease (Figure 7L). Additionally, systemic TRAIL
concentration was negatively correlated with clinical parameters reflective of
disease severity such as N-terminal prohormone of brain natriuretic peptide
(NTproBNP) and New York heart association functional class (NYHA) (Figure 7M).
Collectively, these findings suggest a protective role for TRAIL by restricting
autoreactive T-cell and B-cell mediated disease severity.

Discussion

Antigen-specific CD4+ T-cell responses are propagated from affected tissues and
locoregional active LNs. They orchestrate infection resolution and cancer targeting (42),
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but are considered to cause autoimmune pathology in CTDs (43). The efficacy of
autologous stem cell transplantation and anti-CD19 CAR T-cell therapy in treating
autoimmune CTDs highlights the need to eliminate autoreactive responses (44, 45).
However, poor understanding of mechanisms of immunological disease activity in
CTDs hinder the development of safer, more personalized tolerogenic therapies.
Here, we demonstrate that the contrast between limited CD4+ T-cell infiltration
with fibrosis in SSc and extensive CD4+ T-cell infiltration with tissue destruction in
SjS coincides with differences in autoreactive CD4+ T-cell activation and regulation
within active LNs.

Phenotypic and functional characterization of autoreactive responses in affected
tissues and active LNs has been challenging due to difficulties in isolating these
rare cell populations. Therefore, autoreactive T-cells have been extensively studied
in patients’ blood limiting insights on the systemic and local function of these cells.
Here, ['®F] FLT PET scans were used to detect active locoregional LNs and affected
tissues, potentially enriched for autoreactive T-cells. We found that the ['®F] FLT-

positive LNs contained a higher number of proliferating immune cells compared
to the ['®F] FLT-negative ones, with enhanced formation of GC-like structures and
clonal expansion of T-cells and B-cells. These findings align with previous studies
in patients with melanoma and head and neck carcinomas (30, 46) suggesting that
['®F] FLT PET scan may effectively sample active LNs enriched with disease-involved
proliferating (likely autoreactive) immune cells.

Combining [18F] FLT-PET scans with multiplex immunohistochemistry, single-
cell RNA sequencing, and NAg-specific T-cell activation assays, we found that SjS
patients exhibit robust APC, B-cell, and T-cell interactions forming germinal center-
like structures in active LNs, resulting in broad autoreactive T-cell responses and
extensive APC/CD4+ T-cell/B-cell aggregates in inflamed SGs. In contrast, SSc
shows limited APC/T/B-cell interactions, partly due to extrafollicular NAg-specific
CD4+ TRAIL+ ISG T-cells with immunoregulatory functions that restrict proliferation
of effector CD4+ T-cells, generation of antibody-producing plasma cells, APC
activation, and effector CD4+ T-cell-mediated B-cell help. This observation was
further reflected in the elevated frequency of both follicular and extrafollicular T-cell
subsets providing B-cell help in SjS compared to SSc. This noticeable observation
may be explained by the strength of the innate immune response, which can
trigger abnormal presentation of autoantigens, or by the inherent properties of the
autoantigens themselves (47)—particularly Ro/SSA and La/SSB, which are highly
immunogenic (48) and widely expressed in epithelial tissues. These factors may
collectively drive persistent B-cell activation and promote the formation of tertiary
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lymphoid structures (49). Additionally, SSc patients displayed a modestly increased
NAg-specific CD4+ Treg/effector cell ratio in active LNs and blood, consistent
with previous findings of elevated Tregs in SSc blood with uncertain suppressive
function (50, 51). These results align with studies in NOD mice showing that
reqgulatory T-cell activity influences follicular versus extrafollicular humoral
responses (23, 52) and with our earlier findings of increased skin-infiltrating CD8+
T-cells but not CD4+ T-cells in 135 SSc patients (9).

In contrast to the longstanding belief that autoreactive CD4+ T-cells primarily
drive tissue damage in autoimmunity, our findings reveal distinct pathogenic
and protective NAg-specific CD4+ T-cell responses across CTDs. In SjS, expanded
NAg-specific CD4+ T-cells providing B-cell help at follicular and extrafollicular sites
promote germinal center-like structures and produce high-affinity, autoreactive
antibodies that drive tissue inflammation (53). However, such CD4+ T-cells were
absent in SSc. Instead, we identified a novel TRAIL+ CD4+ ISG T-cell subset in
SSc active LNs that likely contributes to prevention of autoimmune exacerbation
by inhibiting APC activation, suppressing activation and proliferation of CD4+
effector cells and restricting antibody-producing plasma cells, possibly to
counteract regulation of epitope spreading and affinity maturation. This finding is
consistent with observations in SjS, where a broad range of antibody specificities
is present (54), whereas in SSc, antibody diversity and titers are more limited (55).
Additionally, our earlier findings indicate that tissue fibrosis in SSc is driven by pro-
fibrotic cytokine-producing cytotoxic T cells and NK cells, not pathogenic CD4+
T cells, raising the question of how pathogenic CD8+ T cells evade regulation by
conventional Tregs or CD4+ TRAIL+ ISG T cells. Possibly, like professional regulatory
T cells (56, 57), this novel regulatory CD4+ TRAIL+ T cell subset may have a
preferential effect towards restricting autoreactive effector CD4+ rather than CD8+
T cell responses. To our knowledge, the differential effect of TRAIL on CD4+ and
CD8+ effector T cells has not been adequately examined, but it has been shown
that TRAIL inhibits formation of effector Th17 cells (58). In line with this hypothesis,
CD4+CD25+ Tregs can suppress the function of CD4 effector T cells by upregulating
TRAIL in a TRAIL/DR5 but not FAS/FASL dependent manner (59).

TRAIL is a type Il transmembrane protein belonging to the TNF superfamily, closely
resembling the FAS ligand. TRAIL triggers cell apoptosis by binding to its death
receptors (DR4/DR5), which activates apoptosis signaling via the caspase cascade.
However, primary immune cells are often resistant to TRAIL-induced death (60). The
functional role of TRAIL, beyond its potential to kill cancer cells, is not well defined.
CD4+ TRAIL+ T-cells have been primarily analyzed in peripheral blood and affected
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tissues with vasculopathy and atherosclerosis, where they were found to contribute
to disease activity by killing vascular smooth muscle cells (35-37). In these studies,
no ISG gene signature in CD4+TRAIL+ T-cells was reported. In contrast, the unique
and novel T-cell subset that we observed and termed CD4+ TRAIL+ ISG T-cells
was primarily detected in the active LNs of SSc patients and rarely in the blood or
affected tissues of patients with SSc and SjS. This subset was characterized by the
combined expression of the death receptor TRAIL and a type I IFN gene signature
specific to this cluster of cells. This novel CD4+ TRAIL+ ISG T-cell subset exhibits a
naive-like memory phenotype with features of autoreactivity, relative quiescence,
and antigen specificity. Of interest, CD4+ ISG T-cells exhibiting antigen specificity
and TCR expansion were recently described in patients with systemic lupus
erythematosus (61). The ISG response program in these T-cells may have evolved
as a regulatory mechanism to counteract proinflammatory autoreactive responses
triggered by stromal tissue damage or viral infections that exploit APCs. As such,
these cells may serve as a protective brake to control NAg-specific humoral immune
responses associated with tissue damage.

SSc may feature a relative increase in these cells because of a low immunogenic
autoantigen response, e.g. lacking CD40L stimulating signals, or because of a more
anti-viral-like immune response. In previous work, we observed predominant
activation of CD8+ T-cells and NK cells in patients with early and diffuse SSc, while in
patients with late disease, complicated by PAH, we observed increased CD4+ helper
T-cells in their peripheral blood (62). In our current study, we find that the latter
correlates with decreased levels of soluble TRAIL in these patients. This likely suggests
that a severe disease course in a subset of SSc patients may result, among other
mechanisms, from the escape from a CD4+ TRAIL+ ISG T-cell regulatory response.
Although, our current results do not fully prove the extent to which CD4+ TRAIL+
ISG T-cells influence the autoreactive response, their transcriptional and functional
profiles provide new insights into T-cell-mediated autoimmunity, warranting further
investigation into their role and therapeutic potential in animal models or in patients
undergoing targeted treatment. Of note, a protective role of soluble TRAIL has been
documented in animal models of other autoimmune diseases such as rheumatoid
arthritis (38) diabetes type 1 (39) and autoimmune encephalomyelitis (58), but the
source of secreted TRAIL and potential role of the described immunoregulatory
CD4+ T-cell subset was not unveiled. Together, our findings provide evidence of
disease-specific differences in activation and regulation of NAg-specific humoral
immunity within active LNs of patients with CTD, related to differences in CD4+ T-cell
infiltration and activation in affected tissues. This has significant implications for the
development of targeted and tolerogenic therapies.
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Limitations of the study

Our study comes along with some limitations. First, the study cohort of matched
blood, LN and affected tissue biopsies consisted of patients with early, severe and
progressive disease, limiting within patients’ correlations between CD4+TRAIL+
ISG T-cells and clinical status. Secondly, although the AIM assay is commonly
used to identify antigen-reactive CD4" T cells, it has inherent limitations. Despite
our validation efforts, including HLA-DR blocking, cytokine profiling, tetramer
specificity and TCR analysis, which amongst others showed a large overlap between
AIM reactive T-cells and tetramer positive T-cells, we cannot fully exclude the
possibility of bystander activation, which may lead to some overestimation of
antigen-specific T-cell responses. Furthermore, we did not investigate whether
TRAIL blockade affects B-cell differentiation directly or indirectly. In oncological
studies, it was shown that soluble TRAIL selectively induced apoptosis of germinal
center-derived B-cell lymphomas (41). Future studies are needed to address this. In
fact, a selective direct and/or indirect effect towards follicular and not extrafollicular
B-cells may explain why in patients with SSc, where no clear GC-like formation in
their active LNs was observed, anti-scl70 autoantibodies can still be detected.

Finally, several open questions remain; Why are NAg-specific CD4+ TRAIL+ ISG
T-cells highly present in SSc active LNs but not in SjS? Is this regulated by the
type of autoantigen (Ro/La bind RNA, while ScI70 binds DNA) or at the antigen-
presentation level? Can we use these findings to design novel therapeutic
approaches to tackle systemic autoimmune diseases, such as including adjuvants
in tolerogenic vaccines that may divert the differentiation of antigen-specific T-cells
towards an immunoregulatory TRAIL+ CD4+ ISG phenotype? Such novel therapies
might benefit a broader spectrum of autoimmune diseases, including well-known
B-cell mediated diseases such as lupus, rheumatoid arthritis, and multiple sclerosis.

Methods

Sex as a biological variable: Our study examined both male and female patients and
similar findings are reported for both sexes.

Study design: The objective of this study was to examine the role of NAg-specific
CD4+ T-cells in disrupting immune tolerance in CTDs. To address this question, we
chose SSc and SjS as reference diseases because they are both immune responsive
to NAgs but exhibit distinct clinical manifestations. First, we set out to conduct
an in-depth characterization of NAg-specific T-cell responses in blood, LNs and
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affected tissues of patients with SSc versus SjS. For this, we performed 3'-fluoro-
3’-deoxy-thymidine ['®F] FLT PET scans, to identify active LNs likely containing
autoreactive T-cells. Ultrasound-guided biopsies were subsequently performed
to obtain PET-positive and PET-negative LN samples. In addition, affected tissues
(salivary gland or skin, for SjS and SSc respectively) from the same patients were
also sampled. To obtain antigen-specific T-cells, ex vivo antigen-dependent T-cell
stimulation assays were combined with paired blood, LN and affected tissue multi-
modal single-cell techniques (transcriptome, proteome, and TCR/BCR sequencing)
to identify Ro60/La- and Scl70- specific CD4+ T-cells in patients with SjS and SSc
respectively. Flow cytometry and multiplex immunofluorescence staining were
used for validation and detailed analysis of spatial localization of the autoreactive
cells. Finally, the functional role of NAg-specific T-cells and B-cells was evaluated
with dedicated in-vitro co-culture assays.

Study participants: All SSc and SjS patients (aged >18) that donated whole blood
(n=45 SSc and n=37 SjS) and/or LN (n=4 each disease), salivary gland (parotid) (n=3
SjS), skin (forearm) (n=2 SSc) biopsies, were diagnosed with established disease

according to the ACR EULAR 2014 classification criteria (63) and European American
consensus group classification criteria (64) respectively. SSc and SjS patients with
overlapping syndromes were excluded from the study. SjS patients seropositive
for anti-Ro60 and/or anti-La antibodies were included, while all SSc patients
were seropositive for anti-Scl70 (anti-topoisomerase ). Diagnosis of early diffuse
cutaneous SSc was performed according to the VEDOSS criteria (65) and presence
of anti-Scl70 antibodies, a disease duration (from first non-Raynaud symptom) of
< 3years and progressive disease in the past year, as defined by either 1. an increase
in mean Rodnan skin score (mRSS) > 10 points / > 25%, or 2. a decrease in forced
vital lung capacity > 10%, because of an increase in interstitial lung disease. From
all patients that donated tissue biopsies, paired peripheral blood mononuclear cells
(PBMCs) were also available. Clinical characteristics for all patients are provided in
Supplemental Table 1. Blood samples from healthy volunteers (n=30) were collected
from Sanquin blood bank, Nijmegen, the Netherlands (project number: NVT 0397-02)
from individuals that consented to donating blood for medical research.

PET/CT acquisition and analysis: All patients were instructed to drink 1 L of water
before imaging and received 10 mg furosemide intravenously to stimulate urinary
tracer excretion. An integrated PET-CT scanner (Biograph mCT, Siemens, Knoxville,
TN, USA) was used for data acquisition. Emission images were acquired one hour
after intravenous injection of 250+10% MBq of ['®F] FLT (Cyclotron B.V., VU Medical
Centre, Amsterdam, The Netherlands). The images were corrected for attenuation
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using low-dose CT and reconstructed using the ordered-subsets expectation
maximization (OSEM) algorithm, following EANM guidelines [DOI 10.1007/s00259-
014-2961-x]. Low-dose CT scan was used for anatomical correlation.

The PET/CT image sets were assessed by a certified nuclear medicine physician
for the presence or absence of ['®F] FLT uptake in LNs. Three-dimensional regions
of interest were placed manually over every LN by using a CE-marked viewing
software Agfa Enterprise on multiple slices. Maximum and mean standardized
SUV ) were derived for LNs of interest. LNs were annotated

max’ mean

uptake values (SUV
as negative when uptake of the tracer was not higher compared to the surrounding
connective tissue and positive for uptake that was higher than the cutoff defined in
preceding studies (29, 30).

Sample preparation: PBMCs were isolated from whole blood by using Ficoll-Paque
PLUS (Sigma Aldrich, GE17-1440-03) density centrifugation and were cryopreserved
as previously described (62) and stored in liquid nitrogen until future use. After
thawing and washing, PBMCs where cultured in complete RPMI 1640 medium with
GlutaMAX™ (Gibco, ref 72400-021), supplemented with 100 1U/ml penicillin, 100
mg/ml streptomycin, 100 mg/L sodium pyruvate, and 10% human pooled serum
(HPS). LN biopsies (three-five 1.25 mm biopsies from each donor) obtained with
the use of HistoCore autobiopsy system (cat # HC18100) were rinsed in complete
RPMI medium in 6-well plates and with the help of a syringe staple passed through
a 70 um cell strainer to obtain single-cell suspensions. After washing with PBS,
red blood cells were lysed using ice-cold erythrocyte lysis buffer (155 mM NH,Cl,
12 mM KHCO3, 0.1 mM EDTA in PBS) for 2 minutes at room temperature. For salivary
gland and skin tissue disaggregation, tissue fragments were minced with a scalpel
and enzymatically digested by using 0.1 mg/ml DNAse | (DN-25, Merck, Darmstadt,
Germany) and 0.1 mg/ml Liberase TM (5401127001, Roche, Vienna, Austria) in
plain RPMI 1640 for 60 minutes at 37 °C on a roller bank. For skin, 3-mm punch
biopsies’ mechanical dissociation was additionally used before and after enzymatic
dissociation using a gentle MACs dissociator (program h_skin_01). The digested
fragments were passed through a 70 um cell strainer to obtain a single-cell solution
and washed with complete RPMI medium.

Sample preparation for single-cell RNA sequencing: For single-cell RNA sequencing
experiments utilizing tissue biopsies and PBMCs, single-cell suspensions were
washed twice with PBS before they were stained with Fc block (10 minutes at 4 °C;
BD Biosciences, cat 564219), and then with CITE-seq antibody cocktail. For CITE-seq,
cells were stained with the TotalSeq™-C Human Universal Cocktail, V1.0 (Biolegend,
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cat#399905) according to the manufacturer’s instructions. Then, viable single-cell
suspensions were FACs sorted (Supplemental Figure 11A) in a BD FACSMelody™
Cell Sorter in cooled sorting tubes (4 °C) and immediately processed according
to manufacturer’s guidelines (10x Genomics) for Chromium Single Cell Immune
Profiling using Chromium Next GEM Single-cell 5’ Reagent Kits (v.2) and the
recommended reagents, supplies and equipment. Sorted cells were loaded into the
10x chromium cell controller at a density of 1200 cells/ul to optimally capture up to
10,000 cells per sample. Quality control of the generated libraries was performed
using the Qubit Tx dsDNA HS assay kit (Invitrogen) and the Bioanalyzer (Agilent).
The sequencing of the barcoded cDNAs was performed on the Nextseq500
(Hlumina) using paired end reads. The average sequencing depth was at least
higher than 70K raw reads per cell.

Multimodal single-cell RNA sequencing analysis: Raw data were prepared for analysis
using the Cell Ranger (v.7.2.0; 10x genomics) and FASTQ reads were aligned from
gene expression (GEX), ADT/HTO and V(D)J sequencing libraries to the prebuilt

GRCh38 human transcriptome. TRA and TRB sequences were annotated using the
Cell Ranger VDJ function from 10x Genomics. Preprocessing of the raw data and
subsequent analysis was performed in R (version 4.4.0) using the Seurat (5.1.0)
package (66). Quality control measures of the count matrix were applied to filter
out T-cells with a mitochondrial gene content exceeding 5% and cells with too low
or too high feature counts per cell (customized for each dataset). Following this,
CD3+ T-cells were computationally isolated and sorted for separate analyses based
on unsupervised clustering and expression of CD3E/D/G. CD4+ T-cell clustering
was then performed based on gene expression of CD4 measured by Seurat and
CD4+ T-cell clusters were identified based on each cluster’s differentially expressed
genes (DEGs) and differentially expressed proteins (DEPs; a CITE-seq panel of
137 antibodies was used). Cell type annotation was further validated based on the
expression (gene and protein) of canonical subset markers and with the use of joint
density (32) to identify co-expressed genes relevant to certain T helper clusters. To
ensure high purity and exclude CD4, CD8 double positive T-cells, we afterwards
filtered out T-cells that had CD8A normalized mRNA expression levels greater than
1 (padj < 0.01 and log2FC >0.5).

For primary dimensionality reduction, non-negative matrix factorization (NMF) was
utilized, followed by Uniform Manifold Approximation and Projection (UMAP) and
Louvain clustering using top 40 NMF components, as described by Singh et al. (67).
Counts of the CITE-seq antibodies were normalized with the use of the centered
log ratio transformed (CLR) counts. To identify DEGs and differentially DEPs within
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each transcriptionally distinct cluster, the FindAllMarkers function (with logistic
regression; LR as testing method) in Seurat was employed. These DEGs and DEPs
were annotated based on their characteristics, and the R package pheatmap
(Kolde, R. (2019). pheatmap: Pretty Heatmaps (R package version 1.0.12) was used
to visualize them across multiple cell types. Top DEGs and DEPs per cluster were
statistically defined using LR test and the Benjamini-Hochberg method to adjust for
multiple testing.

Integration of T-cell receptor clonotype analysis with single-cell RNA sequencing data:
T-cell receptors (TCR)s were annotated using the Cell Ranger VDJ pipeline. The
scRepertoire R package (v1.153) was utilized to identify and analyze TCR clonotypes
based on TCR alpha and beta chains as well as CDR3 sequences. Clonotype data
were integrated with Seurat to generate gene expression and cluster information
using the combineExpression function. Cells sharing the same paired TCRa3 genes
were annotated as belonging to the same clonal lineage. To visualize shared clones
across clusters or tissues and to determine expanded TCR clonotypes in paired
blood, LNs and affected tissue biopsies, a chord diagram was generated using the
getCirclize function from the R package circlize. Heatmaps were created using the
ComplexHeatmap R package (v2.13.153,55). Additionally, shared expanded TCR
clonotypes in paired blood, LNs and affected tissue biopsies were visualized using
the circlize R package. All scripts used for analysis of the bioinformatic data of this
manuscript can be found here; https://github.com/PrashINRA/TRAIL_Manuscript.

Analysis of tissue NAg-specific TCR clonotypes paired with single-cell RNA sequencing
data: To analyze TCR clonotypes shared between blood, LNs and affected tissues,
we used paired single-cell RNA and TCR sequencing in all three compartments
of SjS and SSc patients (blood, LNs, affected tissues). T-cells that had at least one
annotated a and one annotated 8 chain in the TCR data were classified as matching
if a cell in the paired tissue/blood data exhibited the exact same a and 3 chain
composition. Only T-cells with at least one annotated a and one B chain were
included in analyses comparing matching blood, LN and affected tissue cells. Two
cells were considered part of the same T-cell clone if they shared both the exact
same a and {3 chains, as determined by the amino acid sequence. If cells possessed
multiple a and B chains, they were deemed matching only if all detected a and
B chains were identical. This strict definition was applied to ensure that each pair
of cells within the same clone exhibited complete similarity in their detected TCR
chains, indicating with high probability that they originated from the same T-cell
clone. TCR data was also used to quantify clonal expansion by counting the number
of cells in each clonotype. Detection and characterization of NAg-specific T-cells in
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the LNs and affected tissues were achieved through single-cell RNA sequencing,
CITE-seq, and TCR sequencing across blood, LNs and affected tissues. TCR
sequences derived from ex vivo blood NAg-specific T-cells, that were FACs sorted
and subjected to single-cell RNA sequencing analysis, served as unique identifiers,
akin to molecular barcodes, enabling the mapping of identical TCR sequences
across blood, LNs, and affected tissues.

Flow cytometry and intracellular staining: 0.5-1 x 10° PBMCs/single-cell suspensions
were first labeled with ViaKrome 808 fixable viability dye (1.5:1000 in PBS) for
30 minutes at 4 °C to exclude dead cells, followed by staining with fluorescently
labeled extracellular antibodies (Supplemental Table 2) for 20 minutes at room
temperature. For intracellular antibody staining (Supplemental Table 3), cells were
fixed and permeabilized using the Cyto-Fast™ Fix/Perm Buffer Set (Biolegend)
according to the manufacturer’s guidelines. To facilitate detection of intracellular
cytokines, cells were pre-stimulated with 12.5 ng/ml phorbol 12-myristate
13-acetate (PMA) (Sigma), 500 ng/ml ionomycin (Merck), and 5 pg/ml brefeldin A

(Merck) before staining. Samples were acquired on a Beckman Coulter Cytoflex LX
21-color flow cytometer immediately after staining.

To detect antigen-specific T-cells and B-cells with the use of fluorescent tetramers
(Supplemental Table 4) the flow cytometric protocol was as described earlier with
the addition that after cell viability staining, cells were incubated with designated
fluorescent tetramers at room temperature in the dark for 30 minutes before the
staining for extracellular markers was performed. Tetramers to detect Ro60-specific
T-cells were obtained through the NIH Tetramer Core Facility (contract number
75N93020D00005). Streptavidin labeled tetramers to detect autoreactive La-
specific B-cells were kindly provided by Dr. Mathijs Broeren.

Activation induced marker assay: An activation induced marker (AIM) assay was
used on top of antigen tetramer staining because it is a high throughput assay
that can be applied to a larger number of patients without the need to determine
their human leukocyte antigen (HLA) type. The AIM assay allowed identification of
both foreign and auto-antigen specific T-cells with high sensitivity based on each
different antigen stimulation (Supplemental Figure 4A).

Cryopreserved PBMCs were thawed and resuspended in RPMI 1640 with 10%
HPS medium and seeded in 96-well u bottom plates with 250,000 cells per well
(4-plo per condition). PBMCs were cultured for 16 hours at 37 °C and 5% CO, in
the presence of negative control (DMSO vehicle), positive control (1 pg/ml)
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Staphylococcal enterotoxin B (SEB) (Sigma) and recombinant human proteins.
Experimental replicates (quadruplicates) were conducted for all conditions. The
human recombinant proteins comprised influenza A HIN1 nucleoprotein (NP, Sino
Biological, 11675-V08B) at 2 pg/ml and La/SS-B ribonucleoprotein (La, Prospec,
PRO-327), 60 kDa SS-A/Ro ribonucleoprotein (Ro60, Prospec, PRO-329), DNA
topoisomerase 1 (Scl70, Prospec, ENZ-306) all at a concentration of 1 ug/ml. After
a 16-hour incubation, cells were washed with PBS and used for flow cytometry
staining. The gates for AIM+ T-cells were drawn based on increased expression of
the early T-cell activation markers CD25/CD134 (OX40) as response to (auto)antigen
stimulation (representative plots and gating strategy are provided in Figure 4B
and Supplemental Figure 13B). In experiments where the AIM assay was combined
with intracellular staining, after the 16-hour incubation, 5 pg/ml Brefeldin A
(Merck) was added, and cells were cultured for additional 4 hours to facilitate
detection of intracellular proteins. To block the interaction of HLA class Il complex
and CD4+ T-cells, 1T pg/ml of purified anti-human HLA-DR, DP, DQ (clone; Tu39,
Biolegend, 361702) antibody was added simultaneously with antigen stimulation.
Blocking of HLA class ll-mediated antigen presentation with anti-HLA class I
antibodies prevented NAg-induced T-cell activation (Supplemental Figure 4C). This
suggests that CD4+ T-cell activation in response to anti-nuclear antigens is MHC
Il dependent. Of note, CD4+ AIM+ T-cells (NAg-specific) were more metabolically
active in terms of protein translation compared to CD4+ AIM- T-cells as it was
exemplified by elevated puromycin incorporation in AIM+ (NAg-specific) CD4+
T-cells (Supplemental Figure 4D). To further characterize the involvement of APCs
in NAg-specific T-cell responses, patients’ PBMCs were depleted by certain APC
populations (CD19+ B-cells, CD14+ monocytes and panDCs) and T-cell activation
after antigen stimulation was evaluated (Supplemental Figure 4E). Depletion of
every APC population decreased T-cell response showing that all APCs in PBMCs are
contributing to antigen presentation. Depletion of B-cells completely prevented the
detection of CD4+CD40L+ T-cells, showing that in this assay B-cells also contribute
as APCs through the CD40-CD40L axis (Supplemental Figure 4F).

AIM+ T-cells that were specific to the NAgs La, Ro60 and Scl70 were isolated using
FACS (see for gating strategy Supplemental Figure 13B) and processed for single-cell
RNA/TCR sequencing to analyze NAg-specific responses and generate NAg-specific
TCR repertoire libraries. Single-cell RNA sequencing data analysis of NAg stimulated
T-cells was performed with the same workflow that was previously described.

Flow cytometric quantification of puromycin incorporation: To quantify energy
metabolism (protein translation) at the single-cell level, as previously described
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(68), PBMCs were plated and cultured according to the AIM assay protocol, with
the only modification being the exclusion of pyruvate from the medium. All
conditions were tested in experimental triplicates. After 16 hours of stimulation
with Ro60/La or Scl70 antigens, wells were treated with 10 pg/ml puromycin
(Merck) for 15 minutes. After puromycin treatment, cells were washed with cold
PBS and stained with ViaKrome 808 fixable cell viability fluorescent dye. This was
followed by staining with primary conjugated antibodies against surface markers
for 20 minutes at room temperature in FACS buffer (PBS + 1% BSA). Afterwards, cells
were washed, fixed, and permeabilized using FOXP3 fixation and permeabilization
buffer (ThermoFisher eBioscience) according to the manufacturer’s instructions.
Intracellular staining of anti-puromycin monoclonal antibody conjugated with
Alexa Fluor 647 (Biolegend, cat#381507) was diluted in the permeabilization buffer
and cells were incubated for 1 hour at 4°C. Samples were acquired on a Beckman
Coulter Cytoflex LX 21-color flow cytometer immediately after staining.

Immunohistological analysis: LN, salivary gland and skin biopsies were formalin
fixed, paraffin embedded (FFPE), sectioned (5.0 um thickness) and subsequently
stained with hematoxylin and eosin (HE). For immunohistochemistry, the FFPE
tissue sections were deparaffinized with xylol and rehydrated with ethanol.
Antigen retrieval was performed in a 10 mM sodium citrate buffer (pH 6.0) in
water either at room temperature or by heating the slides for 30 minutes at 97°
C. Blocking of endogenous peroxidase was conducted with the use of 3% H,O,
in PBS. Primary (Supplemental Table 5) and appropriate secondary (BrightVision
Poly-HRP, Immunologic DPVO55HRP or Envision Flex HRP, DAKO) antibody
labeling was performed with 3’3’-diaminobenzene (bright DAB, Immunologic or
DAKO) reagent and sections were counterstained with hematoxylin. For multiplex
immunofluorescent staining, slides were stained using an automated platform with
the Opal 7-color Automation IHC kit (NEL801001KT; PerkinElmer) on the BOND RX
IHC & ISH Research platform (Leica Biosystems), following previously described
protocols (9). We refer to Supplemental Table 6 for a full list of the antibodies that
were used. Slides were then scanned using the Automated Quantitative Pathology
Imaging System (Vectra V.3.0.4, PerkinElmer) at 4x magnification for an overview.
Multispectral images of tissue biopsies were annotated with Phenochart (V.1.0.9,
PerkinElmer) and scanned at 20x magnification. Spectral unmixing of the Opal
fluorophores was performed using InForm software (V.2.4.2, PerkinElmer), and the
multichannel images were digitally merged. For quantitative analysis, digital scans
of whole tissue biopsies (three sections per biopsy per donor) were quantified
using QuPath-0.4.4 (69).
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Co-culture suppression assays: The suppressive capacity of FACs sorted (see
Supplemental Figure 11D for the gating strategy) CD4+CD25highTRAIL- Tregs
and CD4+TRAIL+CD25- T-cells was assessed using co-culture suppression assays.
Tregs and TRAIL+ CD4+ T cells were sorted from fresh blood PBMCs after CD4+
T-cell enrichment was performed with a MojoSort™ Human CD4 T Cell Isolation Kit
(Biolegend, cat#480010) according to manufacturer’s instructions and followingly
co-cultured with CFSE-labeled CD4*CD25 TRAIL- responderT cells (Tresp) at varying
ratios, in the presence of anti-CD3/anti-CD28 mAb-coated beads (ThermoFischer,
cat#11131D), bead-to-cell ratio 1:5, for 3 days. Tresp proliferation was quantified by
CFSE dilution, as previously described (70).

B-cell help immunoassay: To evaluate B-cell help function of NAg-specific memory
CD4+ T-cells, we utilized a sensitive immunoassay, developed by Ansari et al.
(71). In this assay, CD19+ B-cells, CD4+CD45RO+ memory T-cells and CD14+
monocytes were FACS sorted (Supplemental Figure 13C) from SSc and SjS
patients’ blood and co-cultured at 1:1:0.5 ratio with or without stimulation with
recombinant human La, Ro60, Scl70 for 8 days at 37 °C and 5% CO2. Generation
of (autoreactive) plasma cells was assessed with flow cytometry and plasma cells
were gated as CD19+CD27+CD38++CD20low (Supplemental Figure 14). For
detection of La-specific B-cells, La-APC/BV421 tetramers were used in the flow
cytometric extracellular staining. To block TRAIL-TRAIL Receptor pathway signaling,
recombinant human anti-TRAIL (Biolegend, 308202) and anti-TRAILR1/CD261 (DR4;
Biolegend, 307201) antibodies were used at 10 pg/ml.

Quantification of anti-nuclear autoantibodies: To measure Ro60, La and Scl70-specific
IgG antibodies in the co-culture supernatants of the B-cell help immunoassay
experiments, an EliA Symphony assay (Thermo Fisher Scientific, Inc.,, Waltham,
MA) was used as previously described (72). The analyses were conducted using
an immunoassay analyzer (ImmunoCAP 250, Thermo Fisher Scientific, Inc.). Values
are presented in kU/ml and were corrected based on the number of live B-cells
per sample.

RNA isolation and quantitative real-time polymerase chain reaction: RNA isolation
was carried out using RNAeasy (Qiagen) following the manufacturer’s instructions.
The RNA concentration was then measured with a Nanodrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA), and any genomic DNA was removed
using DNase I. Up to 1 pg of RNA was reverse-transcribed into cDNA in a single-
step reverse transcription PCR at 39°C using an oligo dT primer and 200U M-MLV
reverse transcriptase (All Life Technologies) in a thermocycler. Gene expression
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in the resulting cDNA was measured using 0.2 mM validated primers (Biolegio,
Nijmegen, the Netherlands; see Supplemental Table 7) and SYBR Green master mix
(Applied Biosystems, Waltham, MA, USA) in a quantitative real-time polymerase
chain reaction (qPCR). Relative gene expression (-ACt) was calculated based on the
average expression of three reference genes: GAPDH, TBP and RPS27A.

Computational analysis of flow cytometry data: For dimensionality reduction of
flow cytometry data, viSNE analyses were conducted using the web-based analysis
software Cytobank (http://cytobank.org/) (73). Initially, each file was gated on live
CD3+ T-cells and then on certain T-cell populations of interest for each analysis.
Subsampling followed the visNE algorithm, analyzing 14,060 events per sample.
The t-SNE axes of the viSNE maps were generated using the markers CD3, CD4, CD8,
CCR4, CD25, CD69, CXCR5, CD28, CCR4, CCR6, CXCR3, CD45RA, CD27, PD-1, ICOS,
CD154. The levels of each protein marker were normalized to the maximum value
observed for the respective channel within each sample. For unsupervised analysis,
T lymphocyte populations of interest were manually gated and isolated using the
Beckman Coulter plug-in of Kaluza (v2.1.2) software. The files were categorized into
comparison groups based on patient origin and T-cell population. Unsupervised
clustering of lymphocyte and T-cell frequencies was performed with the CITRUS
tool, using abundance-based clustering, a minimum cluster size of 2% of total cells,
and a false discovery rate of 1%. Clustering was based on the expression levels of
cell surface and intracellular markers from the viSNE analysis. The Citrus "cluster
tree" illustrated the clustering hierarchy, with nodes scaled according to cell
frequency in each cluster. Clustering was evaluated using prediction analysis for
microarrays (PAM) to identify features that distinguish certain T-cell clusters with
each other and/or certain T-cell clusters between patients with SjS and SSc.

To investigate patterns in marker expression profiles, principal component analysis
(PCA) was performed on pseudo bulk flow cytometry data. Marker expression
data were standardized prior to analysis using the prcomp function in R. PCA was
conducted to compare marker expression profiles across experimental conditions.
The resulting PCA scores were visualized using ggplot2, where donors were
represented as individual points. With this analysis we observed that T-cells specific
to different (auto)antigens (e.g. Scl70, Ro60/La, HIN1 Flu) detected with the AIM
assay as CD4+CD25+CD134+ exhibited distinct T helper phenotypes (Supplemental
Figure 4B), attributed to the distinct nature of each antigen stimulation.

Statistical analysis: Data visualization and statistical comparisons between
experimental groups were carried out using R Studio (version 4.1.3) and Prism
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software (GraphPad 9.0.0, San Diego, CA, USA). Data are presented as means *
SEM. Two-tailed unpaired Student’s T-tests were used for comparisons between
two groups, while one-way or two-way ANOVA with Tukey’s multiple comparisons
test or non-parametric Kruskal Wallis test was applied for comparisons among
multiple groups. Spearman’s correlation was used to analyze relationships between
two variables that were not normally distributed. P values less than 0.05 were
considered significant. To compare significance in cell frequency of single-cell RNA
sequencing clusters the Wilcoxon test, corrected for multiple comparisons, was
used. The specific statistical tests used for each analysis or experiment are detailed
in the figure legends.

Study approval: This study was approved by the local research ethics committee
of Radboud University Medical Center, the Netherlands (study number(s): NL
67672.091.18) and all participants provided signed informed consent according to
the principles of the Declaration of Helsinki. All patient related procedures were
executed in accordance with the relevant Dutch legislation and reviewed by an
accredited research ethics committee.

Materials availability: This study did not generate new unique reagents.

Data and code availability: The datasets and scripts used in this manuscript can be
found here; https://github.com/PrashINRA/TRAIL_Manuscript. This study did not
generate any unique code.
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Supplementary Figures

Supplementary Figure 1. Representative image of ['®F] FLT PET/CT scan of a patient with SSc (n=4) n
exhibiting with arrows detection, among the affected skin draining lymph nodes, of a FLT-positive

(inguinal right) and a FLT-negative (axillar left) LN based on high or low ['®F] FLT signal represented
with SUV__and SUV__ values (g/ml).

Supplementary Figure 2. Affected CTD of patients with SjS (salivary glands-SGs) exhibit higher
infiltration of CD4+ T cell clusters compared to SSc affected skin. (A) Semi-quantitative score of CD4+
T-cell infiltration within affected SjS salivary glands (SGs) (n=7) and SSc affected skin (n=20).
(B) Representative multiplex immunofluorescence stainings (n=7/20) exhibiting robust interaction
between T-/B- cells withing APC rich areas in SjS SGs but not as prominent in SSc affected skin. Scale
bars are 100 um.
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Supplementary Figure 3. Additional single-cell RNA and CITE-seq analyses that facilitated annotation
of CD4+ T-cell subsets in patients’ active and non-active lymph nodes. (A) 2D Joint Density plots of
selected markers reflective of Tph, TRAIL+ ISG, Tfh, Treg, Th17, Th1, Th2 specific gene signatures.
(B) 2D dot plots showing the percentage and level of gene expression of selected type I IFN signaling,
maturation, cytotoxic and activating/inhibitory receptor genes between T-cell clusters identified in
active and non-active lymph nodes. (C) Cell ratio of Tregs/CD4 effector T cells between negative and
positive LNs of patients with SjS and SSc.
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Supplementary Figure 4. NAg-specific circulating T-cells are expanded in SjS and SSc patients in an
MHCII-dependent manner. (A) Frequencies of detected CD4+CD25+CD134+ T-cells (AIM+) in SjS
patients’ PBMCs (n=4) that were stimulated for 16 hrs with NAgs (Ro60/La) , Flu HINT nucleoprotein
(NP H1N1) antigens, staphylococcus enterotoxin B (SEB) and anti-CD3/CD28 monoclonal antibodies
(moAb) as positive controls. (B) Pseudo-bulk principal component analysis (PCA) comparing the flow
cytometric phenotype of NAg SjS, NAg SSc, NP HINT SjS and NP H1N1 SSc T-cell responses based on
the expression of 15 T-cell extracellular markers (for PC1, 40.1% variance explained; for PC2, 28.92%
variance explained) shows clear separation between H1N1 NP, NAg SSc and NAg SjS determining
distinct phenotypes for each foreign or self Ag-specific T-cell response. (C) Normalized decrease in %
of CD4+AIM+ (CD4+CD25+CD134+) response under Scl70 or Ro60/La stimulation and blockage or not
of MHC Il interactions with anti-HLA-DR/DQ/DP moAb. (D) Overlay flow cytometry histograms of one
representative experiment (n=2) comparing expression of anti-Puromycin (translation level) between
CD4+ AIM- T-cells (CD4+CD25+CD134+) and CD4+ AIM+ T-cells (CD4+CD25-CD134-) accompanied by
graphic quantification of anti-Puromycin MFI. (E) Frequencies of AIM+ (CD4+CD25+CD134+) T-cells in
(n=3 SjS and 4 HCs) PBMCs that were further depleted from CD19+ B-cells, CD14+ monocytes or
panDCs and stimulated with SEB and SjS NAgs (Ro60/La) antigens. (F) Density plots generated by
Cytobank that contain pooled CD4+ T-cells from (n=4) SjS and illustrate expression of CD134, CD154
and CD25 in whole PBMCs and PBMCs depleted from B-cells or DCs. Statistics: in (A) RM one-way
ANOVA, with Dunnett’s multiple comparisons test, *p<0.05, **p<0.01; in (C) two-tailed paired t-test,
¥*¥¥p<0.0001; in (E) ordinary one-way ANOVA, with Tukey’s multiple comparisons test,
*p<0.05, ***p<0.001.
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Supplementary Figure 5. The NAgs La and Scl70 are endocytosed by CD11c+ antigen-presenting
cells of La+ SjS patients and Scl70+ SSc patients. Flow cytometric plots of the endocytosis of
fluorescently labeled Scl70 and La proteins by CD11c+ cells in (A) SSc and (B) SjS PBMCs exhibiting
that antigen-presenting cells uptake both autoantigens in a dose-dependent manner. PBMCs were
incubated with increasing concentrations, ranging from 0-20 ug/ml, of Scl70-PE and La-FITC proteins.
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Supplementary Figure 6. Detection of NAg-specific T-cells with the AIM assay overlaps with detection
of NAg-specific T-cells with tetramers. In 4 SjS patients with suitable HLA background, we performed
AIM assay with the whole Ro60 antigen and combined with Ro60 (3 different peptides pooled)
tetramer staining and found that the detection overlap between T-cell activation and tetramer staining
was 60%. Furthermore, enrichment for antigen-specific T-cells with the AIM assay also enhanced
detection of autoreactive T-cells with tetramers and a similar percentage of Ag-specific T-cells were
detected between AIM assay and tetramer staining (Supp. figure 5C). Collectively, these findings
determine the validity of AIM assay to detect autoreactive T-cells that are pulsed by monocytes, DCs
and B-cells, including T follicular helper like (elevated CD40L). (A) Flow cytometry plots illustrate the
detection of Ro60-specific CD4+ T-cells with the use of Ro60 tetramers conjugated with APC in
4 patients with SjS that are Ro60 seropositive. Results are compared with CLIP tetramers that were also
conjugated with APC as negative controls. (B) Flow cytometric density plots of one representative
experiment with PBMCs from SjS patient where tetramer staining in combination with the AIM assay
was performed. An enriched number of Ro60-specific T-cells is detected at similar levels (C) with AIM
assay markers and tetramer staining after 16-hour incubation of PBMCs with recombinant Ro60
protein. The overlap between AIM+ and tetramer+ cells is about 60%.
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Supplementary Figure 7. Single-cell RNA sequencing of SjS and SSc patients’ blood and tissue NAg-
specific T-cells. Complementary graphs for figures 4 and 5. (A) UMAP to visualize the transcriptionally
distinct T-cell clusters from tissue NAg-specific T-cells. (B) Heatmap illustrates the top 8 differentially
expressed genes in each identified cell cluster of the tissue NAg-specific T-cells dataset.

Supplementary Figure 8. CD4+ T-cells respond directly to poly IC by upregulating an ISG gene
signature. CD4+ T-cells from healthy peripheral blood were MACs sorted and cultured for 24 hours
with IFNa, HW (high molecular weight) and LW (low molecular weight) Poly IC. Relative gene
expression (—dCt) of the type | IFN signaling genes DDX58, IFIH, TNFSF10 and MX1 was measured
by qPCR.
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Supplementary Figure 9. Multiplex IF stainings for the spatial localization of TRAIL+ T-cells.
(A) Immunofluorescence microscopy showing expression of CD20, CD1¢, CD3, TRAIL, DR4 and co-
expression of CD3 with TRAIL in LN SjS (n=6), LN SSc (n=7), healthy SG (n=2), SjS SG (n=7), non-affected
and affected SSc skin (n=20). A representative experiment is depicted in scale of 100 um.
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Supplementary Figure 10. Focused subcluster single-cell RNA sequencing analysis of CD4+ T-cells to
perform trajectory analysis. (A) UMAP of the transcriptionally distinct CD4+ T-cell clusters in patients’
lymph nodes; CD4 naive, CD4 naive/CM, TRAIL+ CD4 ISG, T uk (unknown), Tregs, Tef/fh. (B) Heatmap
illustrates the top 10 differentially expressed genes in each identified cell cluster of CD4+ LN T-cells.
(C) 2D Joint Density plots of selected markers reflective of Naive, Treg, Th1, Th2, Th17, Tef, Tth, IFN
Type 1 specific gene signatures. (D) Differential dynamic genes (DYG) contributing to the clustering of
each distinct CD4+ T-cell cluster.
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Supplementary Figure 11. (A) Overlay histograms of one experiment illustrating expression of TRAIL
in baseline, ThO and ISG differentiated T-cells. (B) Relative gene expression (—dCt) of the depicted
genes measured with qPCR on ThO or ISG differentiated T-cells (n=4). (C) Relative gene expression
(-ddct) of the depicted genes comparing ISG T/ThO differentiated cells from healthy controls (HC) and
patients with SSc and SjS (n=6 per group). (D) Gating strategy that was used to sort TRAIL+ T cells
(CD4+CD25-TRAIL-), Tregs (CD4+CD25++TRAIL-) and Tresp(onsive) cells (CD4+CD25-TRAIL-) for the
CD4 effector proliferation suppression assay. Statistics for panel B were performed with ordinary one-
way ANOVA with Tukey’s multiple comparisons test, *p<0.05.
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Supplementary Figure 12. CD4+TRAIL+ ISG T cells exhibit unique expansion and immunoregulatory
functional role within autoreactive lymph nodes. For this analysis our single-cell RNAseq data from
lymph node (LN) T cells of patients with SjS and SSc, were merged with single-cell RNAseq data of
tonsils T-cells extracted from the atlas of human cells in the human tonsil [1] by Massoni-Badosa et al.
(A) UMAP depicting the cell types present in the merged object of lymph node and tonsil T cells.
(B) UMAP projection illustrating the presence and intensity of gene signature expression of TRAIL+
ISG CD4+ T cells. These cells were defined as expressing CD4, TNFSF10 and MX1 genes. (C) Bar graphs
showing the frequency of TRAIL+ ISG CD4+ T cells between SSc/SjS reactive LNs and tonsils. (D) Violin
plot comparing the intensity of ISG signature expression between LN and tonsil T-cells. (E) Bar graphs
showing the percentage of expanded clones of TRAIL+ ISG CD4+ T cells between SSc/SjS reactive LNs
and tonsils. (F-G) Gene ontology (GO) enrichment analysis based on the differentially expressed genes
of TRAIL+ ISG CD4+ T cells in lymph node (top) versus tonsils (bottom).
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Supplementary Figure 13. Gating strategies exhibiting fluorescently activated cell sorting (FACs) of
(A) Viable lymph node lymphocytes that were subsequently processed for 10x single-cell RNA
sequencing. (B) Viable AIM+ CD4+ T-cells and CD8+ T-cells that were subsequently processed for 10x
single-cell RNA sequencing. (C) B-cells, monocytes and memory T-cells that were subsequently co-
cultured in vitro for the B-cell help immunoassay.
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Supplementary Figure 14. Gating strategy for the identification of plasma cells related to results from
the in vitro B-cell help assay that are illustrated in Figure 7.
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Supplementary Table 2. List of antibodies used for cell surface staining.

Antigen Clone Fluorochrome Supplier Identifier

CD4 RPA-T4 PerCP/Cy5.5 Biolegend 300530

CD3 UCHT1 Alexa700 Biolegend 300425

CD8a RPA-T8 BV510 Biolegend 301048

CD14 M5E2 BV785 Biolegend 301839

CD56 N901 APC Beckman-Coulter 318309

CcD19 HIB19 BV605 Biolegend 302243

CD11c B-ly6 BUV395 BD Biosciences 563787

CD45 HI30 BV510 Biolegend 304036

CD25 M-A251 PE/Cy7 Biolegend 356108

CD134 (OX40)  ACT35 FITC Biolegend 350006

CD154 5C8 PE Miltenyi Biotec 130-113-607

CD45RA HI100 BUV496 BD Biosciences 750258

CD253 (TRAIL)  RIK-2 PE Biolegend 308206

FASL DX2 BV421 Biolegend 305623

CD20 BOE9 ECD BD Biosciences IM3607U

CD38 HB-7 PE/Cy7 Biolegend 356608

CcD27 0323 APC/Cy7 Biolegend 302816

CD86 IT2.2 PerCP/Cy5.5 Biolegend 305420

HLA-DR L243 APC Biolegend 307609
Supplementary Table 3. List of antibodies used for intracellular staining.

Antigen Clone Fluorochrome Supplier Identifier

IL-21 mgalx21 PE Invitrogen 12-7213-83

IL.-4 MP4-25D2 PE/Dazzle594 Biolegend 500832

IFN-y B27 Alexa Fluor 700 Biolegend 506516

Ki-67 ki-67 Alexa Fluor 488 Biolegend 350532

IL-17A BL168 BV421 Biolegend 512322

GATA-3 16E10A23 Alexa Fluor 488 Biolegend 653807

ROR gamma (t) AFKJS-9 PE ThermoFischer 12-6988-82

T-bet 4B10 Alexa Fluor 647 Biolegend 644803

FOXP3 PCH101 PE ThermoFischer 12-4776-42

Puromycin 2A4 Alexa Fluor 647 Biolegend 381507
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Supplementary Table 5. List of antibodies used for immunohistochemistry.

Antigen Clone Dilution Supplier
CD21 1F8 Ready to use Dako
cD3 Poly CD3 Ready to use Dako
CD79%a JCB117 Ready to use Dako

Supplementary Table 6. List of antibodies used for multiplex immunofluorescent staining.

Antigen Clone Dilution Fluorochrome Supplier

CD3 SP7 1:200 OPAL570 Invitrogen (#MA1-90582)
CD20 L26 1:300 OPAL480 Fischer Scientific (12651067)
CD1c (BDCA1) 2F4 1:150 OPAL520 Fischer Scientific (15766056)
CD253 (TRAIL) 1:1250 OPAL620 ThermoFischer (PA5-95476)
CD261 (DR4) 1:800 OPAL690 ThermoFischer (PA5-84201)

Supplementary Table 7. List of primer sequences used.

Gene Forward primer 5’-3’ Reverse primer 5’-3’

GAPDH ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC

RPS27A TGGCTGTCCTGAAATATTATAAGGT CCCCAGCACCACATTCATCA

MX1 CTCCGACACGAGTTCCACAA ACTCAAAATTTTATGGCCTTCTTGA
IFIH1 CACTCTGGTGGACAAGCTTCT GCAGCAGCAATCCGGTTTC

DDX58 TTCATGTCCACCTTCAGAAGTGT TCATAGCAGGCAAAGCAAGCT
IFNG

IL-10 AGGGCACCCAGTCTGAGAAC GTCCAGCTGATCCTTCATTTGAAAG

TNFSF10 CCGTCAGCTCGTTAGAAAGATGAT CCCAGTTATGTGAGCTGCTACT
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SSc is a complex rheumatic CTD characterized by vasculopathy, autoimmune
inflammation, and fibrosis of the skin and visceral organs. It involves a loss of
self-tolerance to nuclear antigens; however, unlike other nuclear antigen reactive
CTDs such as SjS, SSc exhibits distinct immunopathological processes within
disease-affected tissues. Both the initiation and progression of SSc are critically
influenced by (auto)immune responses. However, its significant heterogeneity in
manifestations, onset, and progression presents challenges for research and clinical
management. Despite significant efforts, safe and universally applicable treatments
(other than ASCT and potentially anti-CD19 CART cell therapy) that can modify the
disease, as well as reliable biomarkers to predict and monitor the progression of SSc,
have not yet been developed. This is mainly due to the incomplete understanding
of the disease's underlying mechanisms and initiating factors.

This thesis explores the role of (autoreactive) T cell responses in driving the
pathological processes of vasculopathy, fibrosis, and autoantibody-mediated
tissue destruction in SSc and other CTDs such as Sjogren’s syndrome. Key findings
and their implications are summarized below, followed by an in-depth discussion
of future therapeutic directions, aimed at translating laboratory insights into
clinical applications.

Chapter 2 -Importance of the immune system in SSc
and lack of safe and targeted curative treatments

Summary

The immune system is central to SSc pathogenesis, driving inflammation,
vasculopathy, and fibrosis. T cells have a central role in orchestrating the strength,
direction, specificity, location and duration of adaptive immune responses. Thus,
due to their plasticity and functional diversity, T cells are pivotal in linking early
inflammatory events to fibrotic and other pathogenic responses. Pro-fibrotic CD4+
and CD8+ T cells producing cytokines such as IL-4 and IL-13 have been detected
in SSc-affected tissues and are thought to contribute to the observed fibrosis via
extensive myofibroblast-mediated extracellular matrix deposition. Apart from
the involvement of the pro-fibrotic Th2 cells, other T helper subsets such as Th17
and Tph and Tregs have been implicated in certain disease processes, though
findings are often controversial and thus inconclusive. The role of cytotoxic
T cells in SSc pathogenesis has not been adequately examined. Recent research
has demonstrated an increased presence of cytotoxic T cells, rather than T helper
cells, in SSc-affected skin, with their function linked to vascular damage through
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the induction of endothelial cell apoptosis (1). While most studies have focused
on examining T cell composition in patients’ blood, some have investigated SSc-
affected tissues, providing valuable insights into the role of tissue-resident T cells
in underlying disease processes. However, no study has comprehensively analyzed
the regulation of (autoreactive) T cell responses simultaneously across blood, active
lymph nodes, and affected tissues. Given the systemic nature of SSc, such an analysis
is expected to significantly advance our understanding of disease pathogenesis.

Discussion points

Chapter 2 reviews the contributions of immune cells, including T cells, to SSc
pathophysiology and evaluates current and emerging therapies targeting these
cells. While immunosuppressive, anti-inflammatory, and anti-fibrotic treatments
generally show limited efficacy in reducing fibrosis, certain advanced therapies,
such as ASCT, have demonstrated significant effectiveness, achieving long-term
remission in many patients. However, the ASCT process is associated with relatively
high mortality rates, limiting its broader adoption despite its efficacy. Furthermore,
anti-CD19 CAR T cell therapy, although still in its early stages and applied only
in isolated cases, has shown promising results; however, its effects on reversing
skin fibrosis appear to be limited. In both cases, disease remission results from

elimination of the autoreactive immune cells and this highlights the importance
of the immune system in SSc disease pathology. Both approaches face additional
challenges, including high costs, severe side effects, and restricted applicability to
the broader SSc patient population. Therefore, there is an urgent need to develop
new therapies that can target autoreactive immune cells more specifically than
ASCT and anti-CD19 CAR T. This is expected to reduce treatment-related side-
effects and most importantly to be applicable to a larger amount of patients.

Future perspectives

Advancing tools to identify and specifically target pathogenic (autoreactive) T cells
could provide alternatives with fewer side effects, potentially obviating the need
for intensive treatments like ASCT and CAR T cell therapy. However, effectively
targeting pathogenic immune cells requires a better understanding of both local
and systemic autoreactive immune responses and their regulatory mechanisms.
Despite decades of research shedding light SSc disease mechanisms, several
questions remain unanswered:

1. How are effector T cell responses regulated by co-stimulatory receptors within
affected tissues?
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2. AretheT cells identified as pathogenic truly autoreactive and directly involved
in underlying disease processes, or are they bystander T cells arising from a
generalized inflammatory response?

3. Considering the systemic nature of SSc, how are effector T cell responses in
affected tissues orchestrated by locoregional lymph nodes?

4., How do these T cell responses compare to the distinct autoreactive
responses observed in other CTDs, and are they linked to the unique clinical
manifestations of SSc?

Chapter 3 - CD7 as a marker to selectively eliminate
pathogenic T and NK Cells in SSc-affected skin

According to the reviewed literature of chapter 2, adaptive immune responses
play a central role in SSc pathology. Thus, in this chapter we set out to investigate
disease-associated differences in the phenotype and regulation of T cells in SSc-
affected tissues. To address this, we performed ex vivo analysis on affected
skin, lung and blood samples from four cohorts of SSc patients (comprising
165 SSc patients and 80 healthy individuals) using single-cell transcriptomics, flow
cytometry, and multiplex immunofluorescence staining. Additionally, we examined
the effects of costimulatory modulation in functional assays and in a severely
affected SSc patient who received compassionate use treatment with a novel anti-
CD3/CD7 immunotoxin.

Summary

Chapter 3 identifies elevated CD7 co-stimulation as a marker of pathogenic
T and NK cells in SSc-affected skin and lungs, offering a potential new avenue
to therapeutically address immune-mediated affected tissue pathology. In this
chapter, we demonstrate that SSc-affected skin exhibits an increased presence of
proliferating T cells, cytotoxic T cells, and NK cells. These cells are characterized
by a cytotoxic, proinflammatory, and profibrotic gene signature. Analyzing their
costimulatory and inhibitory molecule expression revealed that these cytotoxic
immune cells express the costimulatory molecule CD7, which is associated with
proinflammatory and profibrotic genes such as CCL3, TGFB1, OSM, particularly
in cases of recent-onset and severe disease. Additionally, we show that CD7 co-
stimulation is involved in the effector and potentially pathogenic functions of
cytotoxic T cells and NK cells, and that selective depletion of CD7+ activated T and
NK cells inhibits immune cell-induced fibroblast contraction. Finally, a CD3/CD7-
targeted depletive treatment successfully eliminated circulating and affected tissue
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CD7+ T cells and NK cells and stabilized disease manifestations in a patient with
severe dcSSc.

Discussion points

The findings of chapter 3 imply that costimulatory molecules like CD7 are key
regulators of effector cytotoxic immune cell-driven tissue pathology in SSc,
positioning CD7 as a novel target for therapeutic intervention.

The role of cytotoxic T cells and NK cells in SSc pathology has been a topic
of controversy. For decades, research has primarily focused on understanding
the pathogenic roles of T helper cells as the main effector cells in SSc and other
systemic rheumatic autoimmune diseases (2). This emphasis has been driven
largely by the genetic associations between MHC class Il polymorphisms and the
risk of developing systemic autoimmunity, including SSc (3, 4). However, recent
findings from two large genome-wide association studies (GWAS) in SSc have
identified risk associations involving MHC class | polymorphisms, suggesting
their role in the development of SSc (5, 6). Traditionally, CD8+ T cells have been
recognized as crucial defenders against viral infections and tumors. Yet, emerging

evidence from studies in autoimmune diseases such as type 1 diabetes, multiple
sclerosis, and Crohn’s disease indicates that CD8+ T cells can cause autoimmunity
by mistakenly recognizing self-antigens and inducing apoptosis in healthy cells,
leading to tissue damage and inflammation (7).

This growing body of evidence, coupled with recent rheumatology studies highlighting
the pathogenic role of cytotoxic T cells in systemic connective tissue disorders—
including rheumatoid arthritis (8-10), systemic lupus erythematosus (11, 12)
and Sjogren’s syndrome (13-15), —underscores the importance of investigating
the involvement of cytotoxic T cells in SSc. Our focused analysis of the presence
and function of T helper and cytotoxic T cells in SSc-affected skin and lungs from
four independent SSc patient cohorts revealed a significantly larger presence of
cytotoxic T cells with pro-fibrotic signature compared to T helper cells in affected
tissues. This finding suggests that cytotoxic T cells are at least as important as if not
more important than T helper cells in SSc pathology. Our results align with other
recent studies that also emphasize the prominent role of cytotoxic rather than
T helper cells in driving SSc-related skin (1, 16) and lung (17) pathology.

Our functional analyses indicate that cytotoxic T cells and NK cells play a dual role
in mediating SSc skin pathology. Specifically, CD7+ cytotoxic T cells and NK cells
express both cytotoxic and pro-fibrotic genes and are located in the vicinity of
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endothelial cells in SSc-affected skin biopsies. Functionally, CD7 co-stimulation is
essential for CD8+ T cells and NK cells to exert their cytolytic activity against K562
cells, a human leukemia cell line commonly used in cytotoxicity assays due to its
low expression of MHC class | molecules. Conversely, co-culture of CD7+ cells,
compared to CD7- cells, with primary skin myofibroblasts resulted in enhanced
myofibroblast activation and contraction without compromising cell viability.
Furthermore, the selective elimination of CD7+ cells from PBMC: myofibroblast
co-cultures effectively inhibited immune cell-mediated myofibroblast contraction.
These findings suggest that CD7+ cytotoxic T cells and NK cells may contribute
to vascular abnormalities through the release of cytotoxic molecules, such as
granzyme B and perforin, which may damage endothelial cells. Simultaneously,
their secretion of pro-fibrotic cytokines, including TGFB, CCL3, and OSM, appears
to promote myofibroblast formation and activation, a key feature of fibrosis.
Supporting our findings, cytotoxic T cells have been detected in close proximity to
pro-apoptotic endothelial cells (1) and identified as a primary source of other pro-
fibrotic cytokines, such as IL-13 (18).

CD8+ T cells display significant heterogeneity and plasticity in their maturation and
effector functions, which are tightly regulated by the interplay between activating
and inhibitory receptors. In chronic viral infections and cancer, cytotoxic cells often
exhibit diminished and altered effector functions through a process known as
exhaustion. This state is characterized by the upregulation of inhibitory receptors
such as PD-1, LAG-3, TIM-3, and CTLA-4 (19). In autoimmune CTDs, the mechanisms
underlying CD8+ T cell function are less well defined. Research in this context has
predominantly focused on circulating cells rather than affected tissue-resident
populations, hampering the understanding of their specific roles and contributions
to disease pathology. In autoimmune diseases like type 1 diabetes (T1D), multiple
sclerosis (MS)/experimental autoimmune encephalomyelitis (EAE), and vitiligo,
tissue-resident CD8+ T cells have been extensively studied and are known to play a
pivotal role in driving disease initiation and progression (20-22).

Interestingly, while maintaining effector functions, some autoreactive CD8+ T cells
exhibit features of exhaustion, which may serve a protective role. Exhaustion reflects
a hyporesponsive state, and in conditions like T1D and SLE, an increased presence
of exhausted CD8+ T cells has been associated with slower disease progression and
better prognosis (23, 24). In SSc-affected skin and lungs, CD8+ T cells and NK cells
did not exhibit signs of exhaustion. Instead, these cells were highly activated, with
a notable disease-specific upregulation of CD7 co-stimulation. This upregulation
appears to regulate the activation and effector phenotypes of both cytotoxic
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T cells and NK cells. These findings differ from observations in other autoimmune
diseases, potentially due to differences in autoantigen persistence and tissue
regeneration. Unlike T1D, which targets non-regenerative pancreatic beta cells,
SSc affects multiple organs, including regenerative tissues like the endothelium.
This regenerative capacity may lead to recurrent antigen presentation, driving
persistent or flaring immune responses, whereas the static nature of beta cells in
T1D results in more stable autoantigen presentation (25-27).

The findings presented in this chapter highlight the therapeutic potential of
targeting CD7 to mitigate immune cell-mediated skin and lung pathology in
systemic sclerosis (SSc). The selective expression of CD7 on pathogenic cytotoxic
T cells and NK cells, but not on tissue-resident T cells in healthy skin nor on
other immune cells in SSc-affected/healthy skin, suggests that CD7 represents a
promising therapeutic target. This specificity could enable the depletion of harmful
cells while sparing other immune cells, potentially minimizing the side effects often
associated with broader immunosuppressive therapies. Supporting this hypothesis,
steroid-refractory acute graft-versus-host disease (GvHD) patients treated with
anti-CD3/CD7 targeting immunotoxins did not exhibit signs of severe side effects

such as cytokine release syndrome (28) that is often observed in patients treated
with other depletive therapies such as CART cells (29).

Moreover, our study underscores the importance of understanding T cell activation
in disease pathogenesis and designing novel therapies that target T cell co-
stimulation via mechanisms distinct from those previously attempted, such as
blocking the CTLA-4/CD28 co-stimulatory axis with abatacept. Abatacept, although
explored as a therapeutic option, has shown limited efficacy in SSc (30). In our
analysis on expression of activating and inhibitory receptors in SSc affected skin
T cells, there were no significant differences in CTLA-4 gene expression between
healthy individuals and patients with SSc, which may account for the lack of success
with abatacept. In contrast, we found that CD7 co-stimulation exhibited the most
significant up-regulation in SSc affected tissue T cells, suggesting that CD7 rather
than CD28 co-stimulation might be more relevant in SSc tissue pathology.

Targeting the CD7/SECTM1 axis may offer an alternative and potentially more
effective approach for addressing SSc-related fibrosis. A key advantage of this
strategy is the specific upregulation of CD7 in proliferating and highly activated
pathogenic T and NK cells, while naive T and NK cells and other immune cells such
as B cell and macrophages remain unaffected because they do not express CD7.
This allows for precise targeting and a reduction in adverse effects, placing CD7-
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targeting as an attractive therapeutic approach that is accompanied by reduced

patient burden.

The clinical implications of depleting CD7+ cells in SSc are further supported by

our case study, which demonstrated disease stabilization following the depletion

of CD7+ cells using a combination of anti-CD3/CD7 immunotoxins. This case

underscores the potential clinical benefits of this therapeutic approach. However,

further clinical trials are essential to evaluate the efficacy, safety, and long-term

outcomes of CD7-targeted therapies in a broader SSc patient population.

Future Perspectives

1.

Development of CD7-Targeted Therapies

Advancing therapeutic strategies specifically targeting CD7 or its receptor
SECTM1—such as immunotoxins, monoclonal antibodies, or cell-based
approaches (e.g., anti-CD7 CAR T cells)—represents a promising avenue for
treating early and diffuse cutaneous SSc. Elucidating the signalling pathways
and interactions mediated by CD7 will enhance understanding of disease
mechanisms and help identify additional therapeutic targets. Preclinical
studies and clinical trials should aim to optimize the efficacy of these therapies
in targeting tissue-resident pathogenic T and NK cells while minimizing
potential adverse effects.

Biomarker Potential of CD7

The selective upregulation of CD7 on pathogenic T cells and NK cells
highlights its potential as a biomarker for disease activity and progression in
SSc. Specifically, CD7 expression could be utilized to identify SSc patients with
early and severe disease manifestations, who are at risk of poor prognosis.
Early identification and intervention are critical for improving outcomes in
this subpopulation.

Notably, this thesis does not address whether CD7 activation in cytotoxic
immune cells, observed during early disease stages, contributes to disease
initiation or merely reflects generalized immune activation associated with
early SSc. To clarify this, future research should include longitudinal studies
of well-defined SSc patient cohorts, particularly those meeting the Very Early
Diagnosis of Systemic Sclerosis criteria (VEDOSS) (31) that are presenting with
puffy fingers for less than 3 years and specific-antibodies but without signs of
SSc-associated progressive symptoms. Among this patient group often within
a year, half of the patients exhibit progressive SSc disease complications.
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Determining CD7 overexpression and the presence of activated cytotoxic
immune cells in patients’ affected tissues is expected to shed light on whether
CD7 expression in cytotoxic immune cells may be associated with progression
to SSc and thus being involved in SSc severe disease initiation.

Additionally, the development of diagnostic tools to detect and quantify
CD7+ cells or CD7 gene expression could improve patient stratification and
therapeutic monitoring. Such tools could also have applications beyond
CD7-depletion therapies, such as evaluating the effectiveness of treatments
like anti-CD19 CAR T cell therapy in mitigating cytotoxic immune-mediated
pathology in SSc.

3. Exploration of CD7 in Other Autoimmune Diseases
Investigating the role of CD7 in other autoimmune conditions may uncover
shared pathogenic mechanisms and expand the therapeutic potential of CD7-
targeted approaches beyond SSc. For example, in diseases like rheumatoid
arthritis (RA) and Sjogren’s syndrome (SjS), activated cytotoxic T cells play a
significant role in driving tissue damage in the synovium and salivary glands,
respectively (8, 13, 14, 32). Although in these studies CD7-costimulation was
not studied, based on our results, it is plausible to speculate that activated T
and NK cells in the RA synovium and SjS salivary glands also exhibit elevated

CD7 expression, and their targeted depletion could prove beneficial in
alleviating disease progression.

In conclusion, targeting CD7 presents a promising strategy for selectively
depleting pathogenic cytotoxic T cells and NK cells in systemic sclerosis, potentially
mitigating disease progression and improving patient outcomes. Further research
is warranted to fully elucidate the therapeutic potential of CD7 inhibition in SSc
and other autoimmune diseases.

Chapter 4: Developing a novel 3D hydrogel
myofibroblast contraction model to unravel cytotoxic
T cell-mediated skin pathology in SSc and other CTDs

Summary

In Chapter 3, we identified a previously underappreciated pathogenic role of
cytotoxic CD8+ T cells, rather than CD4+ T cells, in promoting tissue pathology in
SSc. Beyond their canonical functions, such as potentially targeting skin endothelial
cells through the release of cytotoxic molecules, these cells also demonstrated non-
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canonical functions by contributing to tissue fibrosis. To gain deeper insights into
the underlying mechanisms, Chapter 4 focuses on investigating the interactions
between adaptive immune cells (particularly T cells) and myofibroblasts. This is
achieved by developing 3D hydrogel models to elucidate how these interactions
drive tissue contraction and stiffness—hallmarks of fibrotic diseases like SSc.
Using allogeneic mismatching to model autoreactive immune responses, our
findings reveal that CD8+ T cells are more effective than CD4+ T cells in inducing
myofibroblast-mediated hydrogel contraction. Surprisingly, this effect is not
attributable to cytotoxic mechanisms but instead depends on cytokine-driven
pathways, particularly JAK/STAT3 and TGFf signalling. Targeting these pathways
demonstrates an additive effect in mitigating myofibroblast contraction by
inhibiting both immune cell and myofibroblast activation. These insights shed light
on the role of non-canonical CD8+ T cells in driving fibrosis and highlight novel
therapeutic strategies to halt cytotoxic T cell-induced pro-fibrotic manifestations in
fibrotic diseases such as SSc.

Discussion Points

The findings of this chapter provide critical insights into the mechanisms by which
non-canonical CD8+ T cells contribute to fibrosis, emphasizing their non-cytotoxic,
cytokine-mediated activation of myofibroblasts. This challenges the conventional
view of CD8+ T cells as primarily cytotoxic effectors in autoimmune and fibrotic
contexts. Myofibroblast-mediated tissue contraction is a major pathological
feature in (SSc) fibrosis, perpetuating a mechanical feedback loop that reinforces
myofibroblast activation and tissue remodeling (33). Our experiments demonstrate
that the co-culture of CD8+ T cells with myofibroblasts strongly induces hydrogel
contraction. Remarkably, this contraction occurs independently of classical
cytotoxic mechanisms such as apoptosis or necrosis, as evidenced by the absence
of markers like caspase-3 activation and yH2AX. Instead, the effect appears to be
mediated by soluble factors, as supernatant transfer from co-cultures replicated the
contractile phenotype in unexposed mono-cultured myofibroblasts.

Recent studies (34) exploring the phenotype and functional role of tissue resident
CD8+ cytotoxic T cell populations in CTDs have determined a clear distinction
between CD8+GZMB+T cells and CD8+GZMK+ T cells. Classic cytotoxic CD8+ T cells
express GZMB and perforin and kill target cells, while the novel population of CD8+
T cells predominantly expressing GZMK were found to be the core CD8+ T cell
population in affected tissues of patients with RA (35) and other CTDs (no data on
SSc) where their functional role was not classically cytotoxic but they contributed
in the induction of inflammatory cytokine production by nearby cells. In chapter 3,
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we demonstrated elevated presence of CD8+GZMB+ T cells and not CD8+GZMK+
T cells in SSc-affected skin, suggesting that SSc CD8+ T cell pathology may deviate
from the other CTDs. We found that CD8+GZMB+ T cells in SSc were infiltrated
in close proximity to blood vessels and did not only produce cytotoxic molecules
but also pro-fibrotic cytokines. Functional experiments of this chapter validate
these findings as 3D hydrogel co-culture of immune cells with myofibroblasts led
to elevated expression of GZMB but not GZMK in CD8+ T cells. In contrast to our
findings, cross-talk between myofibroblasts and CD8+GZMK+ T cells has been
described in the context of CTD (36), cancer (37), allergy (38), and GvHD (39). This
interaction is mediated in vivo by chemokines released by (myo)fibroblasts and
chemokine receptors expressed on CD8+GZMK+ T cells. It is possible that the
release and expression of such mediators are impaired in the current model due to
in vitro culture conditions. Alternatively, GZMK upregulation may require a longer
co-culture duration compared to GZMB, or the cytokines produced by the co-
culture may preferentially drive CD8+ T cell differentiation toward the GZMB subset
rather than the GZMK subset. Furthermore, CD8+GZMB+ T cells did not show
evident signs of cytotoxicity towards myofibroblasts suggesting that the same
CD8+GZMB+T cells may be involved in SSc vasculopathy by GZMB-mediated killing
of endothelial cells (1) but also in SSc pro-fibrotic disease manifestations with the

release of pro-fibrotic cytokines such as IL-6, TGF(3 and OSM.

In the developed co-culture model of this chapter, allogeneic mismatching was
used to model T cell auto-reactivity due to the rarity of autoreactive T cells in SSc
patients, such as less than 0.5% of CD4+ T cells responding to topoisomerase-1
in anti-topoisomerase-positive patients (40). This approach also reflects
sclerodermatous skin manifestations seen in chronic GVHD, and conditions like
morphea, lichen, or eosinophilic fasciitis (41) that involve both CD4+ and CD8+
T cells (42). Allogeneic activation of T cells typically depends on direct recognition
of mismatched MHC molecules or peptides presented by them (43). Typically,
T cells are activated in a polyclonal response, with CD4+ and CD8+ populations
showing similar activation and contribution of naive versus effector phenotype (44,
45). Here, we indeed observed comparable CD4+ T cell and CD8+ T cell activation
levels at 24 hours, with activation increasing to 40-80% by 72 hours. This escalation
may involve cytokine-driven bystander activation, as significant T cell proliferation
was not detected within this timeframe (46). Although our model relies on MHC-
driven T cell activation, we cannot rule out that the intensity of this activation
may exceed that of autoimmune T cells. Thymic selection relies on the affinity of
interactions between T cell receptor-peptide major histocompatibility complex
glycoprotein (TCR-pMHC). Moderate-affinity TCR-pMHC interactions facilitate
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the development of functional T cells through positive selection and within this
process a number of self-reactive T cells escape central tolerance. Conversely, high-
affinity (strong binding) TCR-pMHC interactions typically induce apoptosis in self-
reactive thymocytes through negative selection. In an alloreactive response, T cells
recognize foreign MHC molecules (with or without peptide) and TCR affinity is
higher because TCRs are not negatively selected against foreign MHC molecules.
That may lead to stronger activation compared to autoreactive T cells (47). Given
this critical role of TCR-MHC signalling strength in shaping T cell responses, our
model might overestimate the activation strength of autoreactive T cells.

Despite similar levels of activation in CD4+ and CD8+ T cells, as indicated by the
upregulation of markers like CD25 and CD69, CD8+ T cells were more effective
in driving myofibroblast-mediated contraction. This effect correlates with their
cytokine profile, particularly elevated IL-6 production, rather than cytotoxicity.
While CD4+ T cells contributed to myofibroblast activation (48), their role was
less pronounced, possibly reflecting differences in their signalling interactions or
effector functions. Notably, these findings may be supported by the low presence of
effector CD4+ T cells and the large infiltration of pro-fibrotic CD8+ T cells observed
in SSc skin, particularly in early disease stages. These observations align with
emerging evidence (35) that CD8+ T cells can adopt cytokine-producing roles in
certain pathological contexts, similar to CD4+ T helper subsets. This cytokine-driven
activation may be influenced by myofibroblast signalling or interactions with the
extracellular matrix (ECM) (49), as seen in cancer-associated fibroblast models (50).

The 3D co-culture activated both immune cells and myofibroblasts, with
myofibroblasts showing elevated HLA type 2 and IL-6 expression, indicating an
immunomodulatory phenotype driven by STAT3 signalling, as tofacitinib (a JAK/
STAT3 inhibitor) significantly reduced these genes. TGFP signalling regulated
fibroblast activation protein (FAP) and matrix molecules (COL1, COL3), while the
activation marker PDPN responded to both tofacitinib and TGFB inhibition. This
3D coculture model is particularly effective in studying the interplay between
immune and myofibroblast pathology, offering a dynamic and physiologically
relevant platform to investigate these processes. Unlike traditional 2D co-culture
models, the 3D environment better replicates the structural and mechanical
properties of native tissue, facilitating the study of cell-matrix interactions,
spatial organization, and mechanical signalling. The ECM's molecular, physical,
and mechanical properties regulate immune cell mobility, survival, and function.
Conversely, the immune system maintains ECM health and repairs it after injury.
Dysregulation in this partnership contributes to disease pathology (51). These
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features make our 3D hydrogel model representative of in vivo conditions, enabling
deeper insights into the cellular and molecular mechanisms driving fibrotic and
autoimmune pathologies.

Our data highlights the pivotal role of JAK/STAT3 and TGFp signalling in driving
tissue contraction. Both pathways are well-established (52, 53) contributors to
fibrotic diseases, including SSc. CD8+ T cells in our model produced higher levels
of IL-6, a known STAT3 activator, compared to CD4+ T cells. Inhibition of these
pathways, using tofacitinib (JAK/STAT3 inhibitor) and SB-505124 (TGF[ receptor
inhibitor), reduced tissue contraction and myofibroblast activation, demonstrating
an additive effect when combined. These findings underscore the complex
signalling interplay between immune cells and myofibroblasts in SSc fibrosis and
further exhibit the value of the developed in vitro model in unraveling immune
cell-mediated myofibroblast activation pathways.

Finally, in Chapter 3, we have demonstrated that pathogenic CD7+ CD8+ T cells
were particularly elevated in SSc patients with early and severe disease (diffuse
cutaneous), indicating that CD8+ T cell-mediated inflammation is likely a hallmark
of early SSc pathogenesis. The hydrogel model developed in this chapter effectively

mimics SSc skin pathology and further underscores the central role of CD8+
T cells in early disease processes. Specifically, we found that early interactions
(within 24 hours) between CD8+ T cells and myofibroblasts were critical in driving
myofibroblast activation, and this activation was only reversible through immediate
or early intervention (within 24 hours) using the targeted inhibitors described. After
myofibroblast contraction was established, the used inhibitors could not reverse
contraction. In this case myofibroblast contraction may be reversed by killing the
highly activated and contractile myofibroblasts with other therapies such as FAP-
directed photodynamic therapy (54). Collectively, these findings highlight the
urgency of addressing autoimmune inflammation in the early stages of SSc to
prevent irreversible fibrosis.

Future Perspectives
1. Combined Targeting of Cytokine Signalling Pathways
Applying therapeutic strategies to inhibit JAK/STAT3 and TGF{ signalling
in both T cells and myofibroblasts offers a promising avenue for treating
immune-mediated fibrosis by dual targeting of immune and stromal cells.
Combination therapies targeting these pathways could effectively mitigate
tissue contraction and myofibroblast activation.
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2.

Investigating Soluble Mediators

Furthermore, identifying the specific soluble mediators responsible for
myofibroblast activation in CD8+ T cell co-cultures, such as IL-6 and TGF{3, will
provide insights into their mechanistic roles and therapeutic potential. Here,
we observed that production of these soluble mediators was dependent on
cell-cell interactions, thus future therapies halting the physical interaction
between cytotoxic T cells and myofibroblasts could also be another approach
to halt tissue fibrosis.

Exploring T Cell-Myofibroblast Interactions in ECM Contexts

Investigating how ECM stiffness and composition and myofibroblast signalling
modulate T cell functions could uncover novel mechanisms underlying
immune cell-mediated fibrosis. Recently, reduced expression of inhibitory
collagen receptors such as LAIR-1 in tissue immune cells have been linked
to elevated skin fibrosis in mouse models of SSc (55). Increased presence of
functional LAIR-1 could be a future approach to treat the dysregulated ECM in
SSc and other fibrotic diseases.

Expanding the Inmune Landscape

While our study focuses on T cells and myofibroblasts, other immune cells,
such as macrophages, are known to orchestrate fibrosis. Future studies should
include a broader immune landscape to capture the full spectrum of immune-
fibroblast crosstalk. Apart from cytotoxic T cells and innate immune cells, it is
of interest to explore the potential pro-fibrotic role of innate lymphoid cells
and natural killer cells.

Conclusion
This chapter underscores the central role of CD8+ T cells in myofibroblast-mediated

tissue contraction and fibrosis. Their cytokine-driven activation of myofibroblasts,

mediated by JAK/STAT3 and TGF( signalling, presents novel therapeutic targets for

fibrotic diseases like SSc. By advancing our understanding of immune-myofibroblast

crosstalk, these findings pave the way for more effective and targeted treatments.

Chapter 5: Systemic Sclerosis-related Pulmonary
Arterial Hypertension is characterized by distinct
T helper response

Summary
In the previous chapters, we demonstrated that non-canonical CD8+ T cell-

mediated autoimmune inflammation is evident in the early stages of SSc. Our
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findings suggest that patients with early and severe disease may derive the greatest
benefit from therapeutic interventions targeting these cells and the pathways they
activate. However, SSc is a highly heterogeneous disease and is challenging to
treat, with many patients developing severe organ and/or tissue involvement later
in the disease course.

Chapter 5 of this thesis focuses on the potential involvement of the immune
system in SSc-associated vascular abnormalities, which are frequently observed
in later stages of the disease. In particular, this chapter explores the relationship
between peripheral T cell subsets and severe vascular disease, with an emphasis
on pulmonary arterial hypertension (PAH). PAH is a life-threatening vascular
complication affecting approximately 12% of SSc patients, typically in advanced
disease stages and accounts for 50% of SSc mortality rates (56). Using in-depth
flow cytometric analysis, this study examines circulating T cells in a well-stratified
cohort of SSc patients with more longstanding disease, with and without PAH,
alongside age- and sex-matched healthy controls and patients with idiopathic non-
autoimmune PAH (IPAH).

Our results reveal that SSc patients exhibited distinct T cell profiles, characterized
by elevated frequencies of peripheral helper T (Tph) cells, CD4+GZMB+ T cells,
and IL-4-expressing CD4+CD8+ T cells, alongside decreased levels of Th1 cells
compared to healthy donors. Additionally, both CD4+CD28- and CD8+CD28-T cells
were significantly enriched in SSc patients, displaying heightened cytokine and
cytotoxic signatures. These findings underscore a dysregulated immune response
in SSc. Importantly, the presence of PAH in SSc patients was associated with a
unique T helper cell profile, marked by increased frequencies of Th17 and Tph cells.
Together, these results suggest a potential link between specific T cell subsets
and SSc-associated vascular complications, highlighting the role of autoimmune
inflammation in the progression of severe vasculopathy. This chapter emphasizes
the need for further investigation into these immune parameters to elucidate their
contributions to disease pathology and to identify novel therapeutic targets for
managing SSc-related vascular abnormalities.

Discussion Points

Consistent with prior studies (18, 57), in chapter 5 we confirmed an expansion of
IL-4/IL-13 and granzyme B-expressing CD4+ and CD8+ T cells in SSc compared to
healthy blood. This finding reinforces the role of pro-fibrotic type-2 T cells and
cytotoxic T cells in the systemic manifestations of SSc.
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In Chapter 3, we observed that in SSc-affected skin of patients with early and severe
disease pathogenic T cells with both cytotoxic and pro-fibrotic effector functions
were predominantly CD8+ rather than CD4+. However, in SSc peripheral blood
(chapter 5) in a cohort of patients with more long-standing disease, both CD4+ and
CD8+ T cells appear to exhibit these pathogenic characteristics. This discrepancy
could potentially be explained by an initial response of CD8+ T cells, rather than
CD4+ T cells, to nuclear antigens (e.g. DNA topoisomerase |, Scl70) present in SSc-
affected tissues. In a proportion of patients, the clinical manifestations remain
unchanged after the initial phase. This benign disease course may hypothetically
result from endogenous tolerogenic mechanisms, such as the shielding of
autoantigens by tissue fibrosis. In contrast, patients with a disease course
complicated by severe vasculopathy may continue to generate autoantigens. The
abundance, type, or location of these autoantigens could trigger adaptive immune
processes, including CD4+ T cell activation and epitope spreading. This may, in turn,
initiate a broader systemic response involving CD4+ T cells at later stages of the
disease. Similar immune responses in the differential contribution of CD8+ versus
CD4+T cells are observed in the clearance of viral infections (58). Immune response
to viral infections involves an initial activation of CD8+ T cells that eliminate
infected cells. This is followed by a systemic CD4+ T cell response that supports and
enhances the immune response, by promoting B cell activation.

In Chapter 3, we demonstrated that cytotoxic autoimmune inflammation is
predominantly evident in patients with early (< 3 years from first non-Raynaud
symptom) and diffuse cutaneous SSc. Only a small proportion of the SSc patient
cohort in this study (7 out of 30 patients) were in the early stages of the disease.
This is potentially a confounding factor since the low number of patients with early
SSc in this cohort does not allow to confidently address T cell subtype differences
between patients with early or late disease stages. In fact, exploratory analysis
(Figure 1) exhibited an elevated presence of CD8+ T cells in blood of patients with
early SSc, while CD4+T cells were enriched in patients with late and more established
disease (> 3 years from first non-Raynaud symptoms). These observations suggest
that the relative contribution of effector T helper and cytotoxic T cells may change
during a severe disease course; early disease processes in SSc (both locally
and systemically) are driven by CD8+ T cells, while CD4+ T cells are likely more
involved in severe and late onset disease manifestations such as PAH.
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Figure 1. Percentage of circulating CD4+ T cells and CD8+ T cells in healthy donors (HD) and patients
with early or late SSc.

Furthermore, in the blood circulation of SSc patients, we observed an expansion
of both CD4+ and CD8+ exhausted-like T cell populations, characterized by the
lack of expression of the co-stimulatory receptor CD28. These cells likely represent
exhausted or hyporesponsive T cells resulting from chronic and recurrent activation
triggered by persistent autoantigens (59). This finding has been previously reported
in SSc (60) and other CTDs, such as RA (61-64) and SjS (65). What makes our
findings particularly intriguing is that CD28- T cells in SSc blood exhibited elevated

pro-fibrotic and cytotoxic functions compared to their CD28+ counterparts and
that was particularly the case in SSc compared to healthy blood. This demonstrates
that these T cells are not dysfunctional but remain functionally active. Similar
observations have been made in SjS peripheral blood, where CD8+CD28- T cells
displayed increased cytotoxicity and pro-inflammatory functions compared to their
CD28+ counterparts (66). These results suggest that SSc blood circulation contains
an increased proportion of CD28-‘exhausted’T cells. However, rather than being
anergic, these cells appear functionally adapted in a manner that may exacerbate
tissue destruction. Since these cells lack CD28 co-stimulation, TCR;pMHC binding
is unlikely to drive their expansion in SSc. Instead, it has been documented that
CD8+CD28- T cells may expand in response to cytokines secreted by other innate
and adaptive immune cells (67). Expansion of CD28 null T cells has been also
linked to aging and viral infections e.g. with cytomegalovirus (CMV). In our cohort,
patients and healthy controls were age matched making it unlikely that such
differences are attributed to age. Unfortunately, were unable to retract information
on CMV infection status of the included subjects, however, research from other
autoimmune diseases such as SLE has shown that CMV can be not only a trigger
but may also exacerbate an already aberrant expansion of these cells (68). This
finding, together with analyses presented on chapter 3, may reinforce the limited
effectiveness of targeting CD28 co-stimulation with abatacept in SSc (69), as CD28
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co-stimulation does not appear to be necessary for T cells to exert their pathogenic
effector functions. Of note, nearly all (in average 90.8%) of CD8+CD28- T cells in SSc
blood express CD7 and can be effectively eliminated in vitro by anti-CD3/CD7-IT
treatment (Figure 2), suggesting that this aberrant T cell population would be also
targeted in vivo with CD7-directed therapies such as the one described in chapter 3.

Figure 2. (A, B) Nearly all CD8+CD28-T cells express CD7. (C) CD8+CD28-T cells are eliminated in vitro
by incubation of PHA-activated PBMCs with anti-CD3/CD7-IT treatment for 24 hrs.

By now, the implication of T cells in SSc-related inflammatory and pro-fibrotic
manifestations is well established. However, the potential involvement of T cells in
SSc vascular complications, such as PAH has not yet been explored. In Chapter 5
of this thesis, we present, for the first time, evidence that SSc patients with PAH
exhibit a distinct T helper cell profile compared to those without PAH. Specifically,
these patients show an elevated presence of T peripheral helper (Tph) and Th17
cells in their blood circulation. Of note, patients with idiopathic PAH (IPAH)
did not differ significantly in percentage of Th17 and Tph cells compared to SSc
patients, but they exhibited a unique Th2 enriched phenotype in their blood
circulation. These findings suggest a potential involvement of distinct T helper-driven
immune responses in the vascular complications of SSc. In SSc-PAH patients’ serum
elevated levels of the Th17 signature cytokine IL-17 have been observed (70, 71)
reinforcing their involvement in disease although Th17 cells are not the only cells
producing this cytokine. The increased presence of Th17 cells likely reflects the
recruitment of inflammatory cells to the pulmonary arteries, contributing to their
sustained vasoconstriction and vascular remodeling (72). This hypothesis is supported
by studies showing that injection of Th17 but no other T helper cells inimmunodeficient
mice was accompanied by microvascular PAH-like complications (73). Elevated Th17
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polarization in PAH has been found to be mediated by disease modified monocyte
derived dendritic cells (74). However, the potential mechanism of Th17-mediated
vascular dysfunction in terms of the effect these cells have on primary endothelial
cells in patients’ affected tissues remains unclear. A definitive answer to this
question is hampered by the inability of sampling and performing functional
experiments with immune and stromal cells that reside in the pulmonary artery of
SSc-PAH patients.

In addition to elevated Th17 cells, patients with SSc-PAH also exhibited increased
percentages of Tph cells. This is a novel finding that has not been described
before, and it suggests that humoral inflammation may be involved in SSc-PAH.
This is because the main functional role of Tph cells is to help B cell maturation,
class-switching and auto-antibody production. Furthermore, the presence of
autoantibodies has been previously linked to development of SSc-related PAH
compared to other forms of PAH (75, 76). Given that Tph cells play a central role
in instructing B cells to produce antibodies, their enrichment in SSc-PAH may
provide a mechanistic explanation for the elevated auto-antibody presence in SSc-
PAH patients. However, it is still elusive whether these Tph cells are autoreactive or

bystander. In these regards, examining the potential TCR specificity of these cells
towards certain SSc autoantigens such as DNA topoisomerase | with tetramers or
in vitro T cell activation assays may shed light to this question. This knowledge not
only enhances our understanding of PAH pathogenesis in SSc but also identifies
potentially novel therapeutic targets to halt or reverse the disease process.

Identifying T cell populations that correlate with PAH could lead to the
development of novel biomarkers that assist in the early detection of this very
severe and often fatal complication of SSc (77). Early diagnosis of PAH in SSc
patients is critical for improving prognosis, as current diagnostic methods often
detect PAH at more advanced stages (78). Early screening for PAH in patients with
SSc identified a novel eight-protein biomarker panel that has the potential to
assist in the detection of PAH (79). However, defining such biomarkers presents
significant challenges often pertaining to large patient heterogeneity overlapping
clinical features between SSc-PAH and other SSc-related disease complications.
To address these challenges, we conducted analysis in a well-defined patient
cohort with equal numbers of patients with or without PAH that did not exhibit
other significantly different clinical parameters such as for example limited or
cutaneous form of the disease or enriched presence for certain auto-antibody
profiles. Detection of specific T cell subsets involved in SSc-PAH is expected to lead
to the identification of more precise soluble biomarkers based on T cell profiles,
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improving early diagnosis of PAH in SSc patients. Unlike general inflammatory
or autoantibody markers, which often reflect systemic immune activation or an
indirect response, specific T cell subsets may perform better in early diagnosis
of SSc-PAH and its severe complications. This direct involvement increases the
likelihood that changes in these T cells will closely correlate with PAH development
and progression, suggesting that T cell biomarkers may offer higher specificity
and sensitivity for PAH. In the field of oncology, lymphocyte subsets and soluble
T cell released biomarkers such as TRAIL and CD40L were proved more suitable
in predicting disease progression compared to traditional systemic inflammatory
biomarkers (80-82). Although these findings hold promise, validating T cell subsets
as biomarkers will require robust, multicenter studies with diverse SSc cohorts.
Addressing variability in disease presentation and comorbidities will be crucial to
ensure the reproducibility and clinical applicability of our findings.

Finally, our findings indicate the potential for incorporating inflammation-targeted
therapeutic approaches into the treatment strategy for PAH in SSc. PAH-specific
medications currently in use such as prostacyclin, endothelin receptor antagonists
and phosphodiesterase inhibitors are largely derived from studies on IPAH due to
the smaller population of patients with SSc-PAH. Although SSc-PAH and idiopathic
PAH share clinical and hemodynamic similarities, vasoactive therapy is known to
be less effective in treating SSc-PAH (74, 83). This is likely due to the increased
importance of autoimmune inflammation in causing or worsening PAH in SSc.
However, the exact involvement of these T cell subsets in SSc-PAH pathology
remains to be defined.

Future Perspectives

1. Validation of distinct T helper cell responses as Biomarkers: Future studies
should aim to validate the identified T cell subsets as reliable biomarkers for
PAH in larger, independent cohorts. This validation is crucial for assessing their
clinical utility and their potential to enhance the early diagnosis of PAH in SSc
patients. Additionally, investigating the infiltration of these T cell populations
within the pulmonary vasculature of SSc-PAH patients, as well as exploring
their potential correlation with circulating levels, is anticipated to strengthen
their credibility as biomarkers. These efforts will contribute to a more robust
understanding of their role in disease pathogenesis and their application in
clinical practice.

2. Functional Studies of expanded T Cell populations: Further research is
essential to elucidate the functional roles of the expanded T cell populations
in SSc-PAH. Understanding how these cells may contribute to vascular damage
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will provide critical insights into their involvement in disease progression
and may reveal novel therapeutic targets. Investigating this, in vitro co-
culture studies of sorted Th17 and Tph cells with human endothelial cells or
vascular organoids are proposed as an initial step to assess their effects on
endothelial cell function in comparison to other T cell subsets. Subsequently,
animal models of PAH in SSc are expected to offer valuable opportunities to
explore the mechanisms through which T cells contribute to microvascular
dysfunction in greater detail. For instance, pharmacologic or genetic depletion
of Th17 and Tph cells in the Fra-2 (Fos-related antigen-2) transgenic mouse
model of systemic sclerosis is hypothesized to mitigate vascular remodeling
in this model (84). These studies will provide a deeper understanding of the
pathogenic role of T cells and inform the development of targeted therapies.
Further research is needed to understand the functional roles of the expanded
T cell populations in SSc with PAH. Investigating how these cells contribute
to vascular damage will provide deeper insights into their involvement in
disease progression and potentially uncover new therapeutic targets.

Therapeutic Targeting of pro-inflammatory T Cells: PAH-specific
medications currently rely heavily on data extrapolated from IPAH studies,
primarily due to the limited number of patients with SSc-PAH. If specific

T cell subsets are confirmed to play a central role in PAH development,
strategies aimed at modulating these immune cells could be explored as
potential therapeutic approaches. Immune modulation, through targeted
therapies or immune checkpoint inhibitors, could help reduce vascular
inflammation and prevent further damage. Notably, a multicenter, double-
blind, randomized, placebo-controlled trial investigated the safety and
efficacy of B cell depletion with rituximab for the treatment of SSc-PAH. The
study found that low levels of soluble lymphocyte derived biomarkers were
sensitive and specific predictors of a favorable response to rituximab (85).
These findings suggest that assessing lymphocyte phenotypes and/or their
soluble mediators could help identify patients who are more likely to benefit
from certain immunotherapies. For example, in our patient cohort SSc-PAH
patients with the highest levels of Tph cells, cells providing B cell help, are
expected to benefit greatly from a B cell directed immunotherapy such as
rituximab. Looking ahead, there is considerable potential for future drug trials
specifically tailored to the SSc-PAH population, aiming to address the efficacy
of targeting pro-inflammatory T cells to improve poor survival outcomes of
SSc-PAH patients and their reduced responsiveness to current treatments.
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Conclusion

In conclusion, this chapter demonstrates that T cell profiling in SSc patients with PAH
offers valuable insights into the immunopathogenesis of vascular complications.
The identification of T cell subsets associated with PAH severity has the potential to
provide novel biomarkers for early diagnosis, improving patient outcomes. Further
research into the functional roles of these T cells and their potential as therapeutic
targets could pave the way for more effective treatment strategies for patients with
severe vasculopathy in SSc.

Chapter 6: A novel nuclear antigen-specific TRAIL+
CD4+ T cell subset with type 1 interferon stimulated
gene signature regulates autoimmune responses in
the active lymph nodes of patients with CTDs

In the previous chapters, we explored the pathogenic role of T cells in the blood
and affected tissues of SSc patients, identifying specific cytotoxic and helper
T cell subsets involved in the early and late stages of the disease. Similar patterns,
implicating distinct CD4+ T cell and CD8+ T cell subsets in relation to different
disease stages, pathological disease subsets and symptoms, have also been
observed in other connective tissue diseases (CTDs) such as SjS (86). However,
a critical question remains: are these pathogenic T cell subsets autoreactive—
targeting specific autoantigens such as for example Scl70 in SSc or Ro60/La in
SjS—and directly driving autoimmune processes, or do they constitute a pathogen
reactive response, e.g. against virally infected cells, or arise as a byproduct of
tissue inflammation mediated by innate immune mechanisms, e.g. elicited by DNA
damage from environmental pollutants?

Antigen-specific T cell responses from affected tissues and locoregional active
lymph nodes play a central role in regulating humoral immunity against pathogens,
cancer, and autoantigens, promoting infection resolution and cancer targeting but
also contributing to tissue destruction in autoimmunity (87). The effectiveness of
autologous stem cell transplantation and anti-CD19 CAR T cell therapy highlights
the importance of eliminating autoreactive immune responses in treating
autoimmune CTDs (88, 89), however the mechanisms underlying CTD tissue
antigen-specific T cell responses remain poorly understood.

To address this, Chapter 6 of this thesis shifts focus from the affected tissues to the
lymph nodes (LNs) because the latter play a central role in propagating antigen-
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specific T cell responses. By studying locoregional LNs, we aim to determine whether
distinct T cell-mediated tissue pathologies seen across CTDs are orchestrated by
autoreactive T cell responses withing active locoregional LNs. Importantly, these
analyses were conducted not only in patients with SSc but also included SjS
patients as a comparator group. SjS, another CTD characterized by reactivity to
nuclear antigens, presents distinct pathological features of the affected exocrine
glands, i.e. an extensive infiltrate of activated CD4+ T cells and B cells, and thereby
provides a valuable contrast to SSc.

Summary

The characterization of autoreactive responses, particularly their phenotype and
function within affected tissues and active lymph nodes, has been challenging
due to technical difficulties in identifying and isolating these rare cell populations.
To overcome this difficulty, in chapter 6, we developed a toolkit that combines
18-Fluorodeoxyglucose (FLT) positron emission tomography (PET) imaging,
multiplex immunohistochemistry, single-cell RNA sequencing, and autoantigen
T cell activation assays to detect, biopsy and analyze autoreactive T cell responses
in patients’ blood, LNs and affected tissues.

In the active lymph nodes of SjS patients, the autoreactive immune response to
NAgs involved a strong interaction between APCs, B cells, and T cells, resulting
in a broad CD4+ T cell and B cell-driven autoreactive response that explains the
extensive APC/CD4+ T cell/B cell aggregates seen in inflamed SGs. In contrast, SSc
displayed limited APC/T/B cell interactions in response to NAgs, largely due to
the dominance of extrafollicular NAg-specific CD4+ TRAIL+ interferon-stimulated
gene (ISG) signature T cells. These cells exhibited an immunoregulatory function
by restricting plasma cell generation, reducing APC activation, and diminishing
the effector CD4+ T cell-mediated B cell help response. Notably, these TRAIL+
CD4+ T cells were absent in non-reactive LNs and affected tissues of SSc patients,
emphasizing their association with antigen-specific immune responses particularly
withing inflamed LNs.

In SSc, the TRAIL+ CD4+ T cell subset was enriched, potentially contributing to
the restricted APC-CD4+ T cell-B cell interactions and reduced antibody-mediated
immune responses observed compared to the robust follicular and extrafollicular
responses in SjS. Decreased soluble TRAIL levels in SSc cases with severe vascular
complications underscored their potential role in moderating disease severity in
SSc patients. These findings pave the way for designing novel (antigen-specific)
immunotherapies that enhance TRAIL expression in autoreactive T cells to balance
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immune activation and suppression by reducing autoantibody-mediated damage
without compromising immune defense.

Discussion points

The findings in this chapter highlight distinct immune mechanisms in regulating
antinuclear antigen-specific responses in SjS and SSc LNs, underscoring the
dual role of nuclear antigen-specific CD4+ T cells in either enhancing or restricting
systemic autoimmunity. Contrary to the longstanding belief that autoreactive CD4+
T cells primarily drive tissue damage and autoimmunity, our findings reveal a clear
distinction between pathogenic and protective nuclear antigen-specific CD4+
T cell responses across different CTDs. In SjS, NAg-specific CD4+ T cells providing
B cell help, enriched at follicular, extrafollicular, and affected tissue sites, exhibited
significant TCR expansion and played a key role in germinal center-like structure
formation, promoting high-affinity autoreactive antibody production and driving
tissue inflammation, corresponding to the wide autoantibody repertoire typically
observed in SjS (90). In contrast, these cells, as well as Th2 pro-fibrotic T cells that
have been widely suggested to be involved in SSc fibrosis, were absent in SSc.
Instead, we identified a novel TRAIL+ ISG CD4+ T cell subset in active LNs of SSc
patients, which appears to suppress APC activation thereby reducing the expansion
of autoreactive CD4+ effector T cells and limiting plasma cell differentiation in
active LNs. These results suggest that CD4+TRAIL+ ISG T cells may prevent further
autoimmune exacerbation by counteracting mechanisms like epitope spreading
and affinity maturation, which could potentially explain the reduced antibody
diversity and titers observed in SSc (91). The enriched presence of these cells in SSc
active LNs and blood likely contributes to the milder antibody-mediated pathology
in SSc compared to SjS (92-94).

TRAIL, a type Il transmembrane protein of the TNF superfamily, closely resembles
the Fas ligand and induces apoptosis by binding to death receptors (DR4/DR5),
activating the caspase cascade. However, primary immune cells are generally
resistant to TRAIL-induced apoptosis. Beyond its known role in cancer cell death,
the broader function of TRAIL remains unclear. CD4+ TRAIL+ T cells have primarily
been studied in peripheral blood and affected tissues in vasculopathy and
atherosclerosis, where they contribute to disease activity by killing vascular smooth
muscle cells, but no ISG gene signature has been reported in these cells. In contrast,
we identified a novel subset of CD4+ TRAIL+ ISGT cells, predominantly found in the
active lymph nodes of SSc and SjS patients, but rarely in blood or affected tissues.
This subset uniquely co-expressed the death receptor TRAIL and a type | IFN gene
signature, exhibiting a naive-like phenotype with features of autoreactivity, relative
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quiescence, and antigen specificity. Notably, antigen-specific CD4+ ISG T cells
with TCR expansion were recently identified in systemic lupus erythematosus (95).
The ISG response in these cells may have evolved as a regulatory mechanism
to counteract proinflammatory autoreactive responses triggered by stromal
tissue damage or viral infections that exploit APCs. As such, these cells may act
as a protective brake on ANAg-specific humoral immune responses linked to
tissue damage. The relative increase of these cells in SSc could result from a low-
immunogenic autoantigen response, potentially due to the absence of CD40L
stimulation, or from a more antiviral-like immune response.

A protective role of TRAIL+CD4+ T cells towards robust adaptive immune
response was further suggested by their spatial localization within active LNs.
With the use of multiplex immunohistochemistry these cells were localized within
lymph node T cell zones surrounding GC-like structures, potentially present to
safe-guard an active humoral immune response. In SSc patients, where no GC-like
structures were observed, these cells were dispersed throughout the tissue and
in close proximity to DR4+APCs. Given that no effector NAg-specific CD4+ T cell
were detected in SSc active LNs and affected skin, it is plausible to suggest that the

differential regulation of NAg-specific TRAIL+CD4+ T cells in locoregional LNs of SjS
compared to SSc contributes to the contrasting infiltration patterns of CD4+ T cells
and B cells in SjS salivary glands versus SSc skin. In line with this hypothesis, recent
single-cell RNA sequencing studies have showed a very limited infiltration of B cells
in SSc skin (16). Also, in our study in Chapter 3, we found no increase in CD4+ T cells
in SSc skin compared to healthy skin.

In fact, in chapter 3 we showed that fibrosis in skin and lungs is driven by cytotoxic
CD8+ T cells and NK cells producing pro-fibrotic cytokines, independent of
plasma cell formation. Additionally, compared to SjS salivary glands, SSc-affected
tissues and blood exhibited a dominant presence of antigen-reactive CD8+ T cells
compared to CD4+ T cells, indicating that SSc skin vasculopathy and fibrosis is
potentially driven by CD8+ autoreactive T cells. The significantly lower presence of
autoreactive CD4+ compared to CD8+ effector T cells in SSc skin could be at least
partially explained by our mechanistic in vitro data, exhibiting that blocking of
the TRAIL-DR4 axis is involved in elevated generation of CD4 effector T cells. Still,
in these experiments the effect of blocking this immunoregulatory axis towards
generation of autoreactive effector CD8+ T cells was not examined. Nonetheless,
like professional regulatory T cells (96, 97), this novel regulatory CD4+ TRAIL+ T cell
subset may have a preferential effect towards restricting autoreactive effector
CD4+ rather than CD8+ T cell responses. To our knowledge, the differential effect of
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TRAIL on CD4+ and CD8+ effector T cells has not been adequately examined, but it
has been shown that TRAIL inhibits formation of effector Th17 cells (98). In line with
this hypothesis, CD4+CD25+ Tregs can suppress the function of CD4 effector T cells
by upregulating TRAIL in a TRAIL/DR5 but not FAS/FASL dependent manner (99).

Clinically, we found a negative correlation between systemic soluble TRAIL levels
and SSc clinical parameters reflective of severe vascular complications such as
N-terminal prohormone of brain natriuretic peptide and New York heart association
functional class. The correlation between reduced TRAIL levels and disease severity
in SSc patients, particularly in cases with pulmonary arterial hypertension (PAH),
provides further evidence that supports a protective role of this novel T cell
subset and highlights the potential of TRAIL+ T cells as biomarkers of disease
activity and progression in SSc and other systemic CTDs. This hypothesis may be
further supported by the elevated presence of T helper cells providing B cell help
in SSc-PAH patients that we observed in the previous chapter. Likely low release
of TRAIL reflects reduced presence of TRAIL+ CD4+ T cells in these patients, and
this could be involved in the elevated B cell help CD4+ T cell profile in these
patients’ blood. Taken together, these findings suggest that in this subset of SSc
patients, a severe disease course may result from the evasion of a CD4+ TRAIL+
ISG T cell regulatory response that leads to a stronger adaptive immune response
and is possibly attributed to the prevalent tissue damage in these patients or to
differential upregulation of surface receptors like CD40 in APCs. Likely, CD40
upregulation counteracts TRAIL expression leading to generation of effector
CD4+CD40L+T cells, B cell activation and epitope spreading.

Nonetheless, such a protective role of TRAIL+ T cells still needs to be established
in larger SSc patient cohorts. It is also to be examined whether TRAIL+CD4+ T cells
exhibit similar regulatory functions in other CTDs such as RA and SLE. This is
expected to potentially assist in the development of a therapeutic approach that
can halt auto-antibody mediated pathology in more autoimmune diseases. Studies
on animal models of RA (100, 101) and MS (98) have exhibited a protective role of
TRAIL towards restricting disease symptoms, but whether the source of TRAIL was
attributed to T cells or other immune cells remains elusive.

Future Perspectives

1. Validation of TRAIL+ CD4+ T Cell Function:
The unique ISG signature and antigen specificity of the TRAIL+CD4+ T cells
offer potential biomarkers for disease stratification. To confirm this, large
multicenter studies are required to validate the negative correlation between
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serum levels of TRAIL and severe vascular disease complications. Furthermore,
the role of TRAIL+ CD4+ T cells as regulatory mediators in systemic
autoimmunity needs to be confirmed with mechanistic experiments in
relevant animal models. For example, a specific knock down of TRAIL in CD4+
T cells in topoisomerase I-induced mouse model of SSc or the NOD mouse
model is hypothesized to lead to increased fibrosis and elevated antibody
production and salivary gland tissue damage respectively. Comparative
studies of patients affected by other autoimmune and non-autoimmune
conditions where TRAIL+ T cells have been implicated, such as myocardial
infarction and vasculitis, could provide valuable insights into shared and
disease-specific mechanisms of immune regulation.

Additionally, emergent single-cell technologies, such as high-resolution
spatial transcriptomics, single-cell phosphoproteomics, and single-cell
metabolomics, could provide deeper insights into the functional states and
signalling dynamics of TRAIL+ CD4+ T cells in disease progression. Moreover,
inducible CRISPR-Cas9-mediated knockdown of TRAIL in ex vivo assays
using patient-derived lymph node biopsies, cultured PBMCs, or humanized
SCID mouse models could further elucidate its immunoregulatory role and

therapeutic potential in systemic autoimmunity.

Therapeutic Implications:

Antigen-specific therapies offer the potential to target harmful autoreactive
lymphocytes, such as autoreactive follicular T cells and plasma cells, while
maintaining protective immune responses. Targeting the TRAIL-DR4 axis
could provide novel strategies to modulate autoreactive immune responses
in systemic autoimmunity. Our findings suggest that promoting TRAIL
expression in autoreactive CD4+ T cells could form the basis for novel
tolerogenic vaccine strategies. These vaccines could incorporate antigens
relevant to SSc autoimmunity, such as topoisomerase-1, alongside adjuvants
that selectively enhance TRAIL signalling. Alternatively, overexpressing
immunodominant TCR sequences of CD4+TRAIL+ T cells could be another
alternative to increase function of these cells. Such approaches may reduce
systemic autoantibody production and associated pathology in CTDs.
Additionally, novel immune checkpoint modulators targeting TRAIL pathways
could promote TRAIL+ T cell differentiation to restore immune balance. While
advancements have addressed challenges in similar approaches for cancer,
key therapeutic hurdles remain, including minimizing off-target effects and
identifying the optimal stage of disease for intervention.
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Additionally, identification of the pathways mediating CD8+ T cell activation
within active LNs and CTD affected tissues is vital in halting disease pathology
in CTDs such as SSc, where tissue destruction seems to be primarily driven
by cytotoxic immune cells. Incorporating adjuvants that inhibit dendritic cell-
mediated CD8+ T cell activation may be necessary in tolerogenic vaccines. For
instance, studies have demonstrated that vitamin D can modulate dendritic
cell function, leading to reduced activation of CD8+ T cells (102).

Furthermore, analyses of this chapter did not only reveal TCR sequences
with immunoregulatory role, but we also determined TCR sequences of
pathogenic follicular and effector CD4+ T cells that were enriched in LN
and salivary glands of patients with SjS. Building on the success of anti-
CD19 CAR T cell therapy in systemic autoimmunity, designing CAR T cells
to target pathogenic and immunodominant TCR sequences could offer a
future therapeutic approach to selectively deplete pathogenic T cells while
preserving B cells. Given the variability of such TCR sequences across different
patients, however, developing a universal CAR T cell therapy targeting
pathogenic TCRs presents significant challenges in terms of feasibility and
cost. Instead, an alternative approach could involve engineering regulatory
T cells (Tregs) with synthetic TCRs designed to modulate autoimmune
responses in a more targeted manner. This strategy could provide a more
tailored and regulatory mechanism to restore immune tolerance without the
broad immunosuppressive effects associated with B cell depletion, thereby
preserving immune function, reducing infection susceptibility, and improving
vaccine responses in patients.

3. Broadening Applications to Other Autoimmune Diseases:
Investigating the role of TRAIL+ T cells in other autoimmune conditions such
as systemic lupus erythematosus and rheumatoid arthritis could uncover
shared regulatory pathways and extend therapeutic potential.

Conclusion

This chapter highlights the discovery of CD4+ TRAIL+ T cells as a regulatory
subset uniquely associated with reactive LNs in SSc and SjS. These cells play
a pivotal role in moderating antigen-specific immune responses, with a more
pronounced regulatory function observed in SSc. The findings underscore the
importance of TRAIL+ T cells in shaping disease outcomes and suggest their
potential as therapeutic targets for mitigating autoimmune-mediated pathology.
Further research is warranted to explore the mechanisms of driving TRAIL+ T cell
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differentiation and to harness their regulatory capabilities for therapeutic benefit in
systemic autoimmune diseases.

Overall conclusions and final considerations

The main objective of this thesis was to elucidate the role of autoreactive
T cell responses in the pathology of SSc and other CTDs. Despite their potential
involvement, the functional role of autoreactive T cells in active LNs and CTD-
affected tissues remains poorly understood due to the challenges associated
with detecting these rare cell populations. To address this gap, we developed an
innovative toolkit that integrates advanced PET imaging of immunologically active
tissues with single-cell multiomic technologies, multiplex immunohistochemistry,
and functional in vitro assays to characterize autoreactive T cell responses in tissue.

The work presented in this thesis is the first to elucidate the distinct roles of nuclear
antigen autoreactive T cells in immunologically divergent CTDs, such as SSc and S;jS.
These roles are linked to specific disease manifestations and significantly advance
our understanding of the extent and level of involvement of different pathogenic

T cell subsets in various CTDs, as well as in different disease stages in patients with
SSc. In contrast to well-known B cell-driven CTDs like SjS, the disease pathology
in SSc is primarily driven by autoreactive CD8+ T cells, rather than by effector
CD4+ T cell-B cell interactions. This distinction is attributed to the differential
orchestration of effector versus regulatory ANAg-specific responses originating
from locoregional lymph nodes.

These findings prompt a relevant discussion on the long-standing debate regarding
whether SSc is a CTD primarily driven by autoimmune responses. While the
presence of disease-specific autoantibodies supports the involvement of humoral
immune abnormalities, SSc also presents with significant vasculopathy and fibrosis,
raising the question of whether autoimmunity is the primary driver or a secondary
consequence of endothelial and fibroblast dysfunction. The findings of this thesis
clarify this question and contribute to the ongoing debate, demonstrating that
autoimmune inflammatory manifestations are prevalent in early disease stages
of patients with severe disease. Furthermore, we exhibited distinct involvement
of cytotoxic versus helper T cells in distinct disease stages and patient subtypes,
which report on novel biomarkers of disease severity and progression. However,
whether autoreactive responses play a role in disease initiation remains unexplored.
To address this, we will utilize our developed toolkit in a unique patient cohort
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from our hospital, comprising individuals with very early vascular symptoms who
may or may not progress to SSc (NCT03059979). Notably, half of these patients
developed SSc with autoimmune and fibrotic features, providing an opportunity to
investigate whether the autoreactive T cells and pathogenic processes identified in
this thesis contribute to the transition from very early vascular dysfunction to fully
progressed SSc.

Although this thesis highlights the role of the adaptive immune system in both
early and late manifestations of SSc, it remains unclear whether targeting a single
cell compartment, such as immune abnormalities driven by autoreactive T cells, is
sufficient for effective treatment. Given the complex nature of SSc—characterized
by immune activation, endothelial dysfunction, and fibrosis—this is unlikely.
This notion is reinforced by the failure of current immune-modulating therapies,
including the most effective strategies such as ASCT and anti-CD19 CAR T cells,
to fully reverse fibrosis or restore vascular integrity. Our findings suggest that a
combination of immune-targeting therapies and antifibrotic agents may vyield
better outcomes. However, the high toxicity profile of antifibrotic agents remains
a significant challenge. Alternatively, specific elimination of the pathogenic
autoreactive T cells in very early SSc disease stages, where fibrosis and vascular
dysfunction is not yet established might be effective in preventing disease
progression. According to this hypothesis and based on the promising results
described in this thesis, we are currently running a proof-of-concept clinical trial
of treating early SSc patients with anti-CD3/CD7 IT to assess whether depletion of
the pathogenic cytotoxic immune cells in early disease stages can cause long-term
disease remission.
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Summary of thesis (Nederlandse samenvatting)

Samenvatting van de bevindingen van het proefschrift en

klinische implicaties

Systemische sclerose (SSc) is een complexe reumatische bindweefselziekte die wordt
gekenmerkt door vasculopathie, ontstekingen en fibrose van de huid en viscerale
organen. Bij deze ziekte verliest het immuunsysteem van de patiént tolerantie
voor anti-nucleaire en andere auto-antigenen. Daarnaast vertoont SSc specifieke
immunopathologische processen in aangetaste weefsels. Dit is in tegenstelling tot
andere bindweefselziektes waarbij anti-nucleaire antigeenreactiviteit ook een rol
speelt, zoals bij het syndroom van Sjogren (SjS). Zowel het ontstaan als de progressie
van SSc worden sterk bepaald door (auto)immuunreacties. De heterogeniteit
in (klinische) manifestaties, ontstaan en verloop van de ziekte vormt echter
een uitdaging voor onderzoek en medische zorg. Ondanks grote inspanningen
zijn er nog geen veilige en universeel toepasbare behandelingen ontwikkeld,
met uitzondering van autologe stamceltransplantatie (ASCT) en mogelijk anti-
CD19 CAR T-celtherapie. Tevens ontbreken er betrouwbare biomarkers voor het
voorspellen en volgen van de ziekteprogressie. Dit is voornamelijk te wijten aan
het onvolledige begrip van de onderliggende pathofysiologische mechanismen en
initiérende factoren van de ziekte.

Dit proefschrift onderzoekt de rol van (autoreactieve) T-celresponsen bij
pathologische processen als vasculopathie, fibrose en autoantilichaam-gemedieerde
weefselafbraak in SSc en andere bindweefselziektes (SjS). Hieronder worden de
belangrijkste bevindingen en hun implicaties samengevat. Daarna volgt er een
diepgaande discussie over potentiéle toekomstige therapeutische strategieén, die
zich focust op de vertaling van laboratoriuminzichten naar klinische toepassingen.

Hoofdstuk 2 benadrukt de cruciale rol van het immuunsysteem bij SSc en het
ontbreken van veilige, gerichte en curatieve behandelingen. T cellen sturen
ontsteking, vasculopathie en fibrose en dragen bij aan zowel het verloop van
vroege immuunreacties tot ziekteprogressie. Pro-fibrotische CD4+ en CD8+ T cellen
die IL-4 en IL-13 produceren, dragen bij aan fibrose via myofibroblast-gemedieerde
extracellulaire matrixafzetting. Andere T-cel-subtypes, waaronder Th17, Tph en
Tregs, zijn ook betrokken bij ziekteprocessen, maar de bevindingen hierover
zijn tegenstrijdig. Cytotoxische T cellen zijn in SSc-aangetaste huidweefsels
aangetroffen en induceren vasculaire schade via apoptose van endotheelcellen.
Hoewel onderzoek zich heeft gericht op de T-celsamenstelling in bloed en weefsels,
ontbreekt er een uitgebreide analyse van de regulatie van (autoreactieve) T cellen
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in bloed, lymfeklieren en aangetaste weefsels. Dit kennishiaat belemmert de
ontwikkeling van gerichte therapieén. Huidige behandelingen, zoals ASCT, kunnen
remissie bewerkstelligen maar kennen hoge mortaliteitsrisico's. Anti-CD19 CAR
T-celtherapie toont veelbelovende resultaten, maar deze therapie slaagt er niet in
om fibrose om te keren. Beide behandelingen onderstrepen de centrale rol van het
immuunsysteem bij SSc, maar de hoge kosten, ernstige bijwerkingen en beperkte
toepasbaarheid benadrukken de dringende behoefte aan gerichtere therapieén.
Het verbeteren van methoden om pathogeneT cellen te identificeren en doelgericht
te behandelen, kan veiligere alternatieven bieden en de afhankelijkheid van
intensieve behandelingen verminderen. Echter, cruciale vragen over T-celregulatie,
autoreactiviteit en hun rol in de ziektepathologie vereisen verder onderzoek.

In hoofdstuk 3wordt verhoogde CD7-co-stimulatie als een marker van pathogene
T- en NK-cellen in SSc-aangetaste huid en longen aangetoond, wat de rol van
deze cellen in immuungemedieerde weefselpathologie benadrukt. Deze cellen
vertonen een cytotoxisch, pro-inflammatoir en pro-fibrotisch genexpressieprofiel,
met name in vroege en ernstige stadia van SSc. CD7-co-stimulatie is betrokken
bij hun effectorfuncties en gerichte depletie van CD7+ cellen verminderde
fibroblastcontractie en stabiliseerde zelfs de ziekte bij een patiént met ernstige
diffuse cutane SSc. Deze bevindingen suggereren dat CD7-gerichte therapieén
een nieuwe aanpak zouden kunnen zijn om immuun gemedieerde weefselschade
bij SSc te verminderen, met mogelijke voordelen voor patiénten met vroege en
ernstige ziekte.

In hoofdstuk 4 is het onderzoek naar cytotoxische T cellen vervolgt en dit onderzoek
toont aan dat niet-canonieke CD8+ T cellen, in tegenstelling tot CD4+ T cellen, de
primaire drijvers van fibrose in SSc zijn. Deze cellen activeren myofibroblasten en
induceren contractie via cytokine-gemedieerde mechanismen, met name via JAK/
STAT3- en TGFf-signaleringspaden, en niet door directe cytotoxiciteit. Gerichte
remming van deze signaleringspaden had een additief effect in het verminderen
van fibrose door zowel immuuncel- als myofibroblastactivatie te onderdrukken.
Deze bevindingen benadrukken de potentie van therapeutische interventies die
gericht zijn op het blokkeren van cytokine-gemedieerde CD8+ T-celactivatie als
een strategie om fibrose in SSc te remmen en ziekteprogressie tegen te gaan.

Hoofdstuk 5 beschrijft de immuundisregulatie geassocieerd met SSc-
gerelateerde pulmonale arteriéle hypertensie (PAH), een ernstige vasculaire
complicatie. Patiénten met SSc-PAH vertonen specifieke T-celprofielen, waaronder
verhoogde Tph- en Th17-cellen. Dit immuunprofiel onderstreept de rol van auto-
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immuunontsteking bij de ontwikkeling van PAH en suggereert een mogelijke
link tussen specifieke T-cel-subsets en vasculaire complicaties. Klinisch gezien
benadrukken deze bevindingen de noodzaak van immuungerichte benaderingen
om PAH bij SSc-patiénten effectiever te diagnosticeren en te behandelen.

Hoofdstuk 6 richt zich op antigeen specifieke T-celresponsen in de actieve
lymfeklieren van patiénten met SSc en SjS. Dit hoofdstuk onthult dat SjS wordt
gekenmerkt door sterke interacties tussen APC-CD4+ T cellen en B cellen die
auto-immuniteit aansturen, terwijl SSc wordt gekenmerkt door een unieke
TRAIL+ CD4+ T-cel-subset met een interferon-gestimuleerd genexpressieprofiel.
Deze subset reguleert immuunresponsen door overmatige plasmacelvorming en
autoantilichaam productie te beperken. Opmerkelijk is dat gereduceerde TRAIL-
waarden correleren met ernstige vasculaire complicaties, wat de beschermende rol
van TRAIL benadrukt. Deze bevindingen suggereren dat het versterken van TRAIL-
expressieinautoreactieveT cellen kan dienen als een nieuweimmuuntherapeutische
strategie om de balans tussen immuun activatie en -onderdrukking te herstellen en
autoantilichaam-gemedieerde schade te verminderen.

Algemene conclusies en slotbeschouwingen

Het hoofddoel van dit proefschrift was om de rol van autoreactieve T-celresponsen
bij de pathologie van systemische sclerose (SSc) en andere bindweefselziekten te
ontrafelen. Ondanks hun veronderstelde betrokkenheid blijft de functionele rol
van autoreactieve T cellen in actieve lymfeklieren en aangetaste weefsels slecht
begrepen. Dit komt voornamelijk vanwege de uitdagingen bij het detecteren van
deze zeldzame celpopulaties. Om dit gebrek aan wetenschappelijke kennis te
verhelpen, hebben we een innovatieve toolkit ontwikkeld die geavanceerde PET-
imaging van immunologisch actieve weefsels integreert met single-cell multiomics
technologieén, multiplex immunhistochemie en functionele in-vitro-assays om
autoreactieve T-celresponsen in weefsels te karakteriseren.

Het onderzoek in dit proefschrift is het eerste dat de verschillende rollen van
nucleaire antigeen (NAg) autoreactieve T cellen in immunologisch uiteenlopende
bindweefselziektes zoals SSc en SjS in kaart brengt. Deze rollen zijn gekoppeld
aan specifieke ziekteverschijnselen en kennis hiervan draagt bij aan ons begrip
van de mate en de betrokkenheid van verschillende pathogene T-celsubsets
in diverse bindweefselziektes en in verschillende ziektefasen bij patiénten met
SSc. In tegenstelling tot B-celgemedieerde bindweefselziektes zoals SjS, wordt
de ziektepathologie in SSc voornamelijk aangedreven door autoreactieve CD8+
T cellen, in plaats van door effector-CD4+ T-cel-B-cel interacties. Dit verschil wordt
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toegeschreven aan de verschillende wijze van organisatie en regulatie van effector-
versus regulatoire NAg-specifieke responsen in locoregionale lymfeklieren.

Bovenstaande bevindingen stimuleren het langlopende debat of SSc primair wordt
aangedreven door auto-immuunresponsen. Hoewel de aanwezigheid van ziekte-
specifieke autoantilichamen de betrokkenheid van humorale immuunafwijkingen
ondersteunt, presenteert SSc zich ook met significante vasculopathie en
fibrose. Dit roept de vraag op of auto-immuniteit de primaire drijvende kracht
is, of slechts een secundair gevolg van endotheel- en fibroblastdysfunctie. De
bevindingen uit dit proefschrift dragen bij aan het voortdurende debat door
aan te tonen dat auto-immuunontstekingsverschijnselen optreden in de vroege
ziektefasen van patiénten. Daarnaast hebben we een duidelijke betrokkenheid
van cytotoxische versus helper-T cellen aangetoond in verschillende ziektefasen
en patiéntensubtypen, wat bijdraagt aan de identificatie van nieuwe biomarkers
voor ziekte-ernst en progressie. Echter, de vraag of autoreactieve responsen een
rol spelen in de initiatie van de ziekte blijft onbeantwoord. Om dit te onderzoeken,
zullen we onze ontwikkelde toolkit toepassen op een unieke patiéntencohort uit
het Radboudumc, bestaande uit individuen met zeer vroege vasculaire symptomen
die mogelijk wel of niet later progressie naar SSc vertonen (NCT03059979).
Opmerkelijk is dat de helft van deze patiénten uiteindelijk SSc met auto-immuun
en fibrotische kenmerken ontwikkelde, wat ons de kans biedt om te onderzoeken
of de in dit proefschrift geidentificeerde autoreactieve T cellen en pathogene
processen bijdragen aan de transitie van zeer vroege vasculaire dysfunctie naar
volledig ontwikkelde SSc.

Hoewel de bevindingen in dit proefschrift de rol van het adaptieve immuunsysteem
impliceert in zowel vroege als late manifestaties van SSc, blijft het onduidelijk
of het gericht aanpakken van een enkele celcompartiment, zoals de door
autoreactieve T cellen gedreven immuunafwijkingen, voldoende is voor een
effectieve behandeling. Gezien de complexe aard van SSc—gekenmerkt door
immuunactivatie, endotheliale disfunctie en fibrose—Ilijkt dit onwaarschijnlijk. Deze
gedachtegang wordt ondersteund door het falen van huidige immuunmodulerende
therapieén, inclusief de meest effectieve strategieén zoals ASCT en anti-CD19
CAR-T cellen, om fibrose volledig om te keren of vasculaire integriteit te herstellen.
Onze bevindingen suggereren dat een combinatie van immuungerichte therapieén
en antifibrotische middelen betere resultaten kan opleveren. Echter, het hoge
toxiciteitsprofiel van antifibrotische middelen blijft een grote uitdaging. Als
alternatief kan de specifieke eliminatie van pathogene autoreactieve T cellen in
zeer vroege stadia van SSc, waarin fibrose en vasculaire disfunctie nog niet zijn
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vastgesteld, effectief zijn in het voorkomen van ziekteprogressie. Op basis van
deze hypothese en de veelbelovende resultaten beschreven in dit proefschrift,
voeren we momenteel een “proof-of-concept” klinische studie uit waarbij vroege
SSc-patiénten worden behandeld met anti-CD3/CD7 immunotoxines (IT) om te
beoordelen of depletie van pathogene cytotoxische immuuncellen in vroege
ziektefasen kan leiden tot langdurige ziekte-remissie.



| 315




316 | Appendix

Research Data Management Plan

Ethics and privacy

This thesis is based on research involving human participants (on both newly
obtained data and analysis of previously published data), conducted in compliance
with applicable national and international laws, regulations, guidelines, ethical
codes, and Radboudumc policy. A designated Medical Ethics Review Committee
has granted approval to perform these studies, and each specific file number is
mentioned in the methods section of each chapter. As instructed by the Dutch law,
data collection from electronic patient files was carried out by personnel with a
treatment relationship with the patient (clinicians) with the participant's consent.
All participants provided informed consent for the collection and processing of
their data for this research project.

Data collection and storage

In vitro culture data for chapters 3-6 were obtained from laboratory experiments
that involved anonymous human materials from either healthy individuals
or patients. For chapters 3, 5 and 6, clinical data were extracted from patient
files included in electronic health records through EPIC application. Raw data
from laboratory systems and measurements along with processed data and
documentation are archived in our department’s server and are only accessible by
project members working at Radboudumc.

Data sharing according to the FAIR principles

All studies included in this thesis are published open access. The single-cell RNA
sequencing data that were generated in chapter 6 are publicly available for reuse
through the data repository of the NCBI Gene Expression Omnibus (GEO). Data
was made reproducible by including elaborate documentation of the research
protocols, methods and scripts that were used.
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Abbreviation Full term

2D Two-dimensional

3D Three-dimensional

6MWD 6 min walk distance

7-AAD 7-aminoactinomycin D

ACA Anticentromere antibodies

ACR American college of rheumatology
ACTA2 Actin alpha 2

AIM Activation-induced marker assay
ALK4/5/7 Activin receptor-like kinase 4/5/7
ANA Antinuclear antibodies

ANAg Antinuclear antigen

ANCA Antineutrophil cytoplasmic antibodies
ANOVA Analysis of variance

ANP32B Acidic nuclear phosphoprotein 32 family member B
ant-Scl70 Anti-scleroderma-70

ANXA1 Annexin A1l

APC Antigen presenting cell

APRIL A proliferation-inducing ligand

ARA Anti-reticulin antibodies

ASCT Autologous stem cell transplantation
AT1R Angiotensin Il type 1 receptor

ATA Anti-topoisomerase antibodies

ATCC American type culture collection

ATP Adenosine triphosphate

BAFF B cell activating factor

BANK1 B cell scaffold protein with ankyrin repeats 1
BCL6 B cell lymphoma 6

BCR B cell receptor

Beffs B effector cells

BFA Brefeldin A

BLK B lymphoid tyrosine kinase

Bregs B regulatory cells

CAR Chimeric antigen receptor

Cas9 CRISPR-associated protein 9
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CCL3 Chemokine (C-C motif) ligand 3
CCl4 Carbontetrachloride

CcCL4 C-C motif chemokine ligand 4
CcCL4 Chemokine (C-C motif) ligand 4
CCL5 Chemokine (C-C motif) ligand 5
CCR4 C-C chemokine receptor type 4
CCR6 C-C chemokine receptor type 6
CCR7 C-C chemokine receptor type 7
CD11c Cluster of differentiation 11c
CD137 Cluster of differentiation 137
CcD14 Cluster of differentiation 14
CD154 Cluster of differentiation 154
CcD163 Cluster of differentiation 163
CcD19 Cluster of differentiation 19
CD1c Cluster of differentiation 1c
CD2 Cluster of differentiation 2
CD20 Cluster of differentiation 20
CD20 Cluster of differentiation 20
CD204 Cluster of differentiation 204
CD21 Cluster of differentiation 21
CD22 Cluster of differentiation 22
CD25 Cluster of differentiation 25
CD25 Cluster of differentiation 25
CD261 Tumor necrosis factor receptor superfamily member 10B
CcD27 Cluster of differentiation 27
CD28 Cluster of differentiation 28
CD3 Cluster of differentiation 3
CD30 Cluster of differentiation 30
CD34 Cluster of differentiation 34
CD38 Cluster of differentiation 38
CD4 Cluster of differentiation 4
CD40 Cluster of differentiation 40
CD40L CDA40 ligand

CD45 Cluster of differentiation 45
CD45RA Cluster of differentiation 45RA
CD56 Cluster of differentiation 56
CD69 Cluster of differentiation 69

CD69 Cluster of differentiation 69
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CcD7 Cluster of differentiation 7

CD79A Cluster of differentiation 79A

CD8 Cluster of differentiation 8

CD86 Cluster of differentiation 86

CD90 Cluster of differentiation 90

CD95 Cluster of differentiation 95

cDNA Complementary DNA

CDR3 Complementarity-determining region 3
CENP-A Centromere protein A

CENP-B Centromere protein B

cGAS Cyclic GMP-AMP synthase

CITE-seq Cellular indexing of transcriptomes and epitopes by sequencing
CLIP Class ll-associated invariant chain peptide
CLR Centered log ratio

[@\% Cytomegalovirus

COL1A1 Collagen type | alpha 1 chain

COL3A1 Collagen type Ill alpha 1 chain

CRISPR Clustered regularly interspaced short palindromic repeats
CRP C-reactive protein

cs Corticosteroids

cT Computed tomography

CTDs Connective tissue diseases

CTGF Connective tissue growth factor

CTLA-4 Cytotoxic T lymphocyte-associated protein 4
CTLs Cytotoxic T cells

CXCL11 Chemokine (C-C motif) ligand 9

CXCL13 Chemokine (C-C motif) ligand 13

CXCL4 Chemokine (C-C motif) ligand 4

CXCL8 Chemokine (C-C motif) ligand 8

CXCR3 C-X-C motif chemokine receptor 3

CXCR4 C-X-C motif chemokine receptor 4

CXCR5 C-X-C motif chemokine receptor 5

CYC Cyclophosphamide

DAMPs Damage-associated molecular patterns
DcR1 Decoy receptor 1

DcR2 Decoy receptor 2

dcSSc Diffuse cutaneous systemic sclerosis

DDX58 DEAD box polypeptide 58
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DEPs
DHX58
DLCO
DMARDs
DMEM
DMSO
DNA
DR4
DR5
dsRNA
DUSP1
DYG
EAE
EANM
ECM
EMT
ENA
ESC/ERS
ETAR
EULAR
EUSTAR
FACS
FAP

FAS
FASL
FASTQ
FCGR3A
FCS
FDA
FDC
FFPE
FGFBP2
FGFR
FLT

FN1
FOXP3
Fra-2

Differentially expressed genes
Differentially expressed proteins
DExH-box helicase 58

Diffusing capacity for carbon monoxide
Disease-modifying antirheumatic drugs
Dulbecco’s modified eagle medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Death receptor 5

Double-stranded RNA

Dual specificity phosphatase 1

Differential dynamic genes

Experimental autoimmune encephalomyelitis
European association of nuclear medicine
Extracellular matrix
Epithelial/endothelial-mesenchymal transition
Extractable nuclear antigen

European society of cardiology/European respiratory society
Endothelin-1 type A receptor

European League against Rheumatism
European scleroderma trials and research
Fluorescence-activated cell sorting

Fibroblast activation protein

First apoptosis signal

Fas ligand

Text-based format for storing nucleotide sequences
Fc fragment of IgG receptor llla

Fetal calf serum

Food and Drug Administration

Follicular dendritic cell

Formalin-fixed paraffin-embedded

Fibroblast growth factor binding protein 2
Fibroblast growth factor receptor
18F-fluorothymidine

Fibronectin 1

Forkhead box P3

Fos-related antigen 2
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FSC Forward scatter

FVC Forced vital capacity

FVD Fixable viability dye

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GATA-3 GATA binding protein 3

GC Germinal center

GEO Gene expression omnibus

GFR Glomerular filtration rate

GNLY Granulysin

GvHD Graft-versus-host disease

GWAS Genome-wide association study

GZMA Granzyme A

GZMB Granzyme B

GZMB Granzyme B

GZMH Granzyme H

GZMK Granzyme K

GZMK Granzyme K

GZMZ Granzyme Z

H,0, Hydrogen Peroxide

HAVCR2 Hepatitis A virus cellular receptor 2

HC Healthy control

HD Healthy donor

HDF Human dermal fibroblasts

HE Hematoxylin and eosin

HLA Human leykocyte antigen

HLA-ABC Human leukocyte antigen A, B, C
HLA-DPB1 Human leykocyte antigen-DP beta chain 1
HLA-DQB1 Human leykocyte antigen-DQ beta chain 1
HLA-DR Human leukocyte antigen-DR isotype
HLA-DRB1 Human leykocyte antigen-DR beta chain 1
HPS Human pooled serum

HRCT High-resolution computed tomography
ICAM-1 Adhesion molecule 1

1COS Inducible T cell co-stimulator

IFIH1 Interferon induced with helicase C domain 1
IFITs Interferon-induced proteins with tetratricopeptide repeats
IFNAR1/2 Interferon alpha/beta receptor 1 and 2

IFNGR Interferon gamma receptor



IFN-a
IFN-y
19G
IHC
IL-1
IL-10
IL-12
IL-13
IL-15
IL-17
IL-1B
IL-2
IL-21
IL-22
IL-25
IL2RA
IL-33
IL-4
IL-6
IL-6
IL7R
IL-9
ILCs
ILD
INKT
IPAH
IPF
IRF5
IRF7
IRF8
ISG
ISG15

JAK
KLRD1
LAG3
LAIR-1
LASP1

Interferon-alpha
Interferon-gamma
Immunoglobulin G
Immunohistochemistry
Interleukin 1

Interleukin 10

Interleukin 12

Interleukin 5

Interleukin 15

Interleukin 17

Interleukin 1 beta

Interleukin 2

Interleukin 21

Interleukin 22

Interleukin 25

Interleukin 2 receptor alpha chain
Interleukin 33

Interleukin 4

Interleukin 6

Interleukin 13

Interleukin 7 receptor
Interleukin 9

innate lymphoid cells
Interstitial lung disease
Invariant natural killer T cells
Idiopathic pulmonary arterial hypertension
Idiopathic pulmonary fibrosis
Interferon regulatory factor 5
Interferon regulatory factor 7
Interferon regulatory factor 8
Interferon-stimulated gene
Interferon-stimulated gene 15
Immunotoxin

Janus kinases

Killer cell lectin like receptor D1
Lymphocyte activation gene 3
Leukocyte-associated immunoglobulin-like receptor 1

LIM and SH3 protein 1
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IcSSc
LDH
LN

LR test
LY6E
MACS
MAIT
MDA-5
MDRD
MeSH
MHC
MKI67
MLR
MMF
MMP9
MMPs
moAb
mRNA
mRSS
MS
MTX
MX1
NAg
NCAM1
NES
NIH
NK
NKG7
NMF
NMMII
NOD
NOS
NP H1N1
NR4A1
NR4A2
NR4A3
Nt-proBNP
NYHA

Limited cutaneous systemic sclerosis

Lactate dehydrogenase

Lymph node

Likelihood ratio test

Lymphocyte antigen 6 family member E
Magnetic-activated cell sorting
Mucosal-associated invariant T cells

Melanoma differentiation-associated protein 5
Modification of Diet in Renal Disease

Medical Subject Headings

Major histocompatibility complex

Marker of proliferation Ki-67

Mixed lymphocyte reaction

Mycophenolate mofetil

Matrix metallopeptidase 9

Matrix metalloproteinases

Monoclonal antibody

messenger RNA

Modified Rodman skin thickness score

Multiple sclerosis

Methotrexate

MX dynamin like GTPase 1

Nuclear Antigen

Neural cell adhesion molecule 1

Normalized enrichment score

National institutes of health

Natural killer

Natural killer cell granule protein 7
Non-negative matrix factorization

Non muscle myosin type 2

Non-obese diabetic mice

Nitric oxide synthase

Nucleoprotein of influenza A virus HIN1 subtype
Nuclear receptor subfamily 4 group A member 1
Nuclear receptor subfamily 4 group A member 2
Nuclear receptor subfamily 4 group A member 3
N-terminal pro b-type natriuretic peptide

New york heart association
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OASL 2'-5'-oligoadenylate synthetase like
OSEM Ordered subset expectation maximization
OosmMm Oncostatin M

OX40 Cluster of differentiation 134

PAH Pulmonary arterial hypertension

PAM Prediction analysis for microarrays
PBMCs Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PCA Principal component analysis

PD-1 Programmed death-1

PDCD1 Programmed cell death protein 1

pDCs Plasmacytoid dendritic cells

PDGF Platelet derived growth factor

PDPN Podoplanin

PET Positron emission tomography

PFTs Pulmonary function tests

PHA Phytohemagglutinin

PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2
PMA Phorbol 12-myristate 13-acetate

poly IC Polyinosinic-polycytidylic acid

Poly-HRP Polymer-conjugated horseradish peroxidase
PRDM1 PR domain zinc finger protein 1

PRF1 Perforin 1

pSTAT3 phosphorylated STAT3

PTGDS Prostaglandin D2 synthase

QILD Quantitative interstitial lung disease
gPCR Quantitative polymerase chain reaction
RA Rheumatoid arthritis

RCT Randomized control trials

RIG-1 Retinoic acid-inducible gene |

RNA Ribonucleic acid

RORC RAR-related orphan receptor C

ROS Reactive oxygen species

RP Raynaud’s phenomenon

RPMI Roswell park memorial institute medium
RPS27A Ribosomal protein S27a

RT Room temperature

RTX Rituximab
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SCID
SCoT
SD

SEB
SECTM1
SELL
SG

SIE

SjS

SLC
SLE
SMAD2
SPV-T3a
SSc
SSC
ssGSEA
STAP
STAT1
STAT3
STING
SUV
T1D
TBET
TBP
TBX21
TCF7
TCR
TCZ
Tef
Texh
Tfh
TGFB1
TGF-B
Th/To
Th1
Th17
Th2
Tho

Severe combined immunodeficiency
Cyclophosphamide or transplantation trial
Standard deviation

Staphylococcal enterotoxin B

Secreted and transmembrane 1

Selectin L

Salivary gland

Serum-induced expression

Sjogren’s syndrome

Scleroderma lung study

Systemic lupus erythematosus

SMAD family member 2

Sample processing variable T3a

Systemic sclerosis

Side scatter

Single-sample gene set enrichment analysis
Key to active participation

Signal transducer and activator of transcription 1
Signal transducer and activator of transcription 3
Stimulator of interferon genes
Standardized uptake value

Type 1 diabetes

T-box transcription factor TBX21

TATA-box binding protein

T-box transcription factor 21

Transcription factor 7

T cell receptor

Tocilizumab

Extrafollicular T cells

Exhausted T cells

T follicular helper

Transforming growth factor beta 1
Transforming growth factor-beta
Thymus/thymocyte

T helper type 1

T helper type 17

T helper type 2

T helper type 9



Thprm
TIGIT
TIM-3
TKs

TLR
TMPO
Thcm
TNFRSF9
TNFSF10
TNF-a
Tph
Tprolif
Tgcm
TRAIL
Tregs
TRGC2
Trm
TSLP
t-SNE
TSS
UMAP
us

USA

VC
VCAM-1
VDJ
VEDOSS
VEGFR
ViSNE
WHO
WT1
XCL1
ZFP36L2
a-SMA
YH2AX
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Hypofunctional tissue resident T cells

T cell immunoreceptor with Ig and ITIM domains

T cell immunoglobulin and mucin-domain containing-3
Tyrosine kinases

Toll-like receptor

Thymopoietin

Naive/central memory T cells

Tumor necrosis factor receptor superfamily member 9
Tumor necrosis factor ligand superfamily member 10
Tumor necrosis factor alpha

T peripheral helper

Proliferating T cells

Quiescent tissue-resident T cells

Tumor necrosis factor-related apoptosis-inducing ligand
T regulatory cells

T cell receptor gamma constant 2

Tissue-resident memory T cells

Thymic stromal lymphopoietin

T-distributed stochastic neighbor embedding

Total skin score

Uniform manifold approximation and projection
United states

United States of America

Vital capacity

Vascular cell adhesion molecule 1

Variable, diversity, and joining gene segments

Very early diagnosis of systemic sclerosis

Vascular endothelial growth factor receptor
Visualization of t-SNE

World health organization

Wilms tumor 1

Chemokine (C motif) ligand 1

Zinc finger protein 36 like 2

Smooth muscle actin-alpha

Phosphorylated H2A histone family member X
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Curriculum vitae

Education and Professional Experience

After earning my PharmD from Aristotle University of Thessaloniki in 2016, | moved
to the Netherlands in 2017. There, | received scholarship and completed a MSc
in Biomedical Sciences at Radboud University Medical Center with "Excellent"
distinction in 2019, focusing on the role of TGF-f in regulatory T cell autoimmunity.
| then served as a voluntary research assistant in Experimental Rheumatology at
Radboudumc, investigating myeloid cells' role in autoimmune T cell suppression. In
October 2020 | was offered a PhD position in the interface between Rheumatology
and Medical Immunology at Radboudumc, where | have to date supervised six MSc
theses and mentored four PhD students.

Research Focus

During my PhD, | developed an innovative pipeline that combines PET-CT imaging,
ultrasound-guided biopsies, in vitro co-culture models, and single-cell analyses to
detect and target autoimmune reactive B- and T cells in systemic autoimmunity.
| actively shared this expertise with lab members and colleagues, significantly
improving research design and execution within our department. The recognition
of the developed toolkit’s utility led to invitation to teach these techniques at
labs outside the Netherlands, further expanding its impact and fostering new
international collaborations.

In a recent study published in the top rheumatology journal Annals of the
Rheumatic diseases (IF 27), | identified the CD7 receptor as a specific marker
for pathogenic immune cells in systemic sclerosis tissues (chapter 3). It was
demonstrated that CD7-targeted therapeutic depletion with a novel drug could
halt disease progression. This research, which involved collaboration with Prof. Ido
Amit’s group at the Weizmann Institute, earned me the Best Basic Science Award
at the 2023 EULAR meeting and was orally presented at six conferences. Based on
these promising results, we received a patent and we have since launched a spin-
off company to perform a proof-of-concept clinical trial, funded by Radboudumc
Holding and a Dutch investment syndicate, to assess the therapeutic potential of
the CD7-targeting compound in systemic sclerosis.

Collaborations and Recognitions

Recently, | collaborated with Prof. Georg Schett’s team at Friedrich Alexander
University of Erlangen, Germany, which pioneered anti-CD19 CAR T therapy for
lupus erythematosus. We are currently investigating the molecular mechanisms
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of this treatment using the toolkit | developed during my PhD. My PhD research,
titled “Towards Curative Treatment for Rheumatic Systemic Autoimmune Diseases:
Detection and Elimination of Pathogenic Immune Cells,” earned the 2023 NVLE
(Dutch Patient Organization for rheumatology research) Award for the most
promising young investigator in systemic sclerosis research in the Netherlands. My
work has garnered significant attention from academic and social media platforms,
enabling me to advocate for systemic autoimmunity patients and receive valuable
feedback from those who see hope in my research.

Outlook

The development of a novel co-culture 3D model (chapter 4) to study adaptive
immune-stromal cell interactions led to a Reuma Nederland grant (Human
Measurement Model) in collaboration with Professor Linde Meyaard, Utrecht
University. Within this research line, we aim to further improve the current model
to reflect all three disease hallmarks of systemic sclerosis; also vascular dysfunction
on top of the autoimmunity and fibrosis that are already modeled. Final goal is to
standardize the model to be used for high throughput drug screening.

I am planning to write a Rubicon grant to visit Professor Cornelia Weyand's lab at
Stanford University and the Mayo Clinic to gain expertise on CD4+TRAIL+ T cells.
This collaboration will build on my findings from Chapter 6 and further explore the
metabolic role of these cells in regulating systemic rheumatic disease, with the goal
of bringing this knowledge and the novel techniques back to the Netherlands.
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