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Abstract

Inflammatory arthritides (IAs), including rheumatoid arthritis (RA) and psoriatic arthritis (PsA),
comprise a heterogeneous group of chronic inflammatory disorders, characterized by the persistent
over-activation of the immune system. Despite the limited knowledge of the complex mechanisms
involved in the pathogenesis of IAs, it has been recognized that immune dysregulation and leukocyte
trafficking play a central role. Therefore, characterizing the immune landscape in the peripheral blood
of IA patients may give valuable information about the underlying pathogenetic processes. The aim
of the present study was to define the heterogeneity of circulating leukocytes at the single-cell level
in patients with IAs and investigate the expression of adhesion and migration-associated proteins,

typically found on cells of mesenchymal origin (mesenchymal markers).

We obtained 270 pul of peripheral blood from 37 patients with active inflammatory arthritis (PsA, n=
16; seropositive RA, n= 12; seronegative RA, n=9), and 13 healthy controls (HC). A panel of 30 metal-
conjugated antibodies against classical immune cell surface markers was used for staining, expanded
by the addition of antibodies against 5 mesenchymal-associated molecules, namely, cadherin-11
(CDH11), CD34, podoplanin (PDPN), CD90/Thy-1, and Notch3. Samples were analyzed using a 3™

generation mass cytometer, Helios.

The immunophenotyping analysis identified 50 immune cell types and subpopulations. Focusing on
the under-studied PsA, we observed significantly increased frequencies of total granulocytes,
neutrophils, total CD4* T cells, Th17, activated CD8* T cells, total B cells, as well as innate lymphoid
cells (ILCs), and mucosal-associated invariant/ natural killer T cells (MAIT/iNKT) cells, in the blood of
PsA patients compared to HC. On the contrary, the frequency of total lymphocytes, yo6 T cells,
dendritic cells (DCs), basophils, and eosinophils, as well as terminal effector (TE) and senescent T cells,
was significantly decreased, respectively. The peripheral immunophenotype of PsA patients was
distinct to the one of seropositive RA patients, yet it was found to be similar to the one of seronegative

RA patients.

The expression of the 5 mesenchymal markers was detected on approximately 1-5% of single
circulating hematopoietic (CD457) cells, with the highest percentages observed in eosinophils. The
analysis revealed increased percentages of CD34* basophils, monocytes, natural killer (NK) cells, CD4*

T cells, DCs, as well as ILCs, in the blood of patients compared to HC, as well as of CD90* monocytes,



NK, and CD8* T cells, respectively. No significant differences were observed for CDH11*, PDPN*, and

Notch3* cells in the different immune populations.

The results of the present study support that PsA lies at the crossroad between autoinflammation
and autoimmunity, indicating that possible immuno-pathogenetic similarities may be shared between
PsA and seronegative RA. Furthermore, it was shown that circulating leukocytes express
mesenchymal-associated molecules under both physiological and pathological conditions, probably

facilitating their trafficking from the bloodstream to joints and vice-versa in patients with IA.
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1. Introduction

1.1. Inflammatory arthritis (l1A)

Inflammatory arthritides (IAs), including rheumatoid arthritis (RA) and psoriatic arthritis (PsA),
comprise a heterogeneous group of chronic immune-mediated disorders in terms of phenotypic
expression and pathogenetic mechanisms, yet they have in common the presence of persistent joint
inflammation caused by an overactive immune system.! |As not only are a severe burden to patients,
causing pain, disability and general impairment of their quality of life, but they also have a dramatic
socio-economic impact. A better understanding of the pathogenesis of these diseases has led to the
development of highly effective therapies that inhibit structural damage to the joint and improve the
patient's prognosis. The development of biologic therapies has revolutionized the treatment
approach and outcomes in the field of IA. Still, less than half of patients fail to respond to therapies
targeting leukocytes or their secreting molecules, indicating the existence of additional pathogenetic
pathways, apart from the involvement of the immune system.?? The limited knowledge of the
pathogenesis and the complex mechanisms involved in the induction and maintenance of
inflammation in IA has impeded the development of reliable predictive biomarkers. In addition, there
are no reliable criteria for guiding the selection of specific treatment strategies for each patient,
highlighting the need for the development of alternative taxonomies based on pathogenesis,* moving

towards a more personalized approach.

1.1.1. Rheumatoid arthritis (RA) and its pathogenesis

RA is a chronic, inflammatory autoimmune disease with a prevalence rate ranging from 0,5 to 1% of
the population, differing between ethnicities, with women being two to three times more likely to
develop RA compared to men.> RA predominantly affects the joints and is associated with
autoantibodies against immunoglobulin G and citrullinated proteins.® The clinical manifestations of
RA include typically symmetrical joint swelling, redness, and arthralgia, with morning stiffness and
severe motion impairment in the involved joints.” Several risk factors are involved in the development
of RA, with genetics playing a pivotal role and environmental factors, including smoking and dust

inhalation, triggering the disease in the case of genetically susceptible individuals.®
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The pathophysiology of RA involves a complex interplay between multiple cell types, including
leukocyte populations, synovial fibroblasts, chondrocytes, and osteoclasts.” Although immunological
events can also occur outside the joint, the synovium plays a central role in RA.> Synovitis occurs when
leukocytes migrate to the synovial compartment and accumulate. Researchers have discovered
infiltrates of cells of both adaptive and innate immunity, such as T cells, B cells, macrophages,
monocytes, neutrophils, and plasma cells.®° Cell migration is enabled by increased expression of
adhesion molecules and chemokines by the synovial endothelium and local activation of fibroblast-
like synoviocytes.'® Moreover, the architecture of the synovium is reorganized as the intimal lining of
the synovium gets expanded followed by the activation of macrophage-like synoviocytes that start
secreting proinflammatory cytokines, such as interleukin (IL)- 1, IL-6, and tumor necrosis factor
(TNF).> Given the presence of autoantibodies and the genetic base of RA, adaptive immunity is
expected to play a central role in the pathogenesis of the disease. The synovium in RA contains
abundant dendritic cells (DC), both myeloid (mDCs) and plasmacytoid (pDCs), that express cytokines,
such as IL-12, IL-15, IL-18, and IL-23, and costimulatory molecules that are essential for T cell
activation and antigen presentation. Type 1 (Th1) and type 17 (Th17) helper T cells are found to be
implicated in the disease by promoting inflammation, whereas regulatory T cells (Treg) found in the
synovium appear to lose their functionality.>!! Apart from T cells, humoral adaptive immunity is also
integral to the pathogenesis of RA, as B cells are responsible not only for producing autoantibodies
but also for autoantigen presentation and cytokine release.'? Central role in the regulation of B cell
responses plays a specialized subtype of CD4* T cells, T follicular helper (Tfh) cells. Tfth cells provide
crucial help to B cells, as they are able to migrate toward B cell follicles, leading to the generation of
long-lived antibody-secreting plasma cells and the production of high-affinity antibodies.’® Regarding
the role of innate immunity, a variety of innate effector cells are found to play a role in RA, including
neutrophils, natural killer (NK) cells, and macrophages, with the latter being central effectors of
synovitis through the production of proinflammatory cytokines, reactive oxygen species, and matrix-

degrading enzymes.'*
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Figure 1. The immunopathogenesis of seropositive rheumatoid arthritis'®

Depending on the presence of autoantibodies, RA can be further subdivided into seropositive
(positive for either rheumatoid factor [RF] or anti-citrullinated peptides [ACPA]) and seronegative
(negative for both RF and ACPA) RA.'® Seronegative RA is considered a separate entity, with distinct
disease course, radiographic progression, as well as imaging characteristics compared to seropositive
RA.Y” However, its pathogenetic mechanisms remain poorly understood.* Due to the limited number
of conducted studies focusing on seronegative RA, the influence of seronegative status on the clinical

trajectory of the disease and the selection of the appropriate treatment strategy remains

controversial.18
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In contrast to seropositive RA, which exhibits a clear adaptive immune-driven self-reactive
component, the role of innate immunity is more prominent in seronegative RA. Recent single-cell
data suggest that the immunopathology of synovitis in seronegative RA is greatly driven by synovial
stromal and myeloid cells, with minor involvement of adaptive immune cells.'® Innate immune
dysregulation is characterized by increased secretion of chemokines and metalloproteinases by DCs
and macrophages, with the latter adopting a pro-inflammatory M1 phenotype.'® Interestingly,
aberrant T cell responses are a common feature of both RA phenotypes, irrespective of autoantibody

status, mainly concerning Treg and Tfh.

1.1.2. Psoriatic arthritis (PsA) and its pathogenesis

PsA is the most common subset of peripheral spondyloarthritis (pSpA), affecting approximately 0.5-
0.8% of the general population and 20% of patients with skin psoriasis, with an equal prevalence
between men and women.?® PsA involves diverse clinical manifestations, including peripheral and
axial arthritis, enthesitis, dactylitis, skin and nail damage, as well as extra-musculoskeletal symptoms,
such as intestinal inflammation and anterior uveitis.?2! Common comorbidities include cardiovascular
disease and depression.?? Among the risk factors that have been suggested to be implicated in the
development of PsA are genetics, immunological and environmental factors, including physical

trauma, obesity, and smoking.?3

The key pathological features of PsA include synovial angiogenesis and influx of immune cells
promoting inflammation.?? Infiltrating immune cells, including DCs, macrophages, innate lymphoid
cells (ILCs), mucosal-associated invariant T (MAIT) cells, NK cells, and mast cells, can interact with
various synovial resident cells, including chondrocytes, osteoblasts, osteoclasts, and fibroblasts, by
producing proinflammatory mediators.?! Regarding adaptive immunity, lymphocytes are the most
frequent immune infiltrates. Although PsA was originally considered to be a Thl-mediated disease,
the role of the IL-23/-17 axis has been recognized over the last years.?* Although IL-17 was initially
thought to be produced solely from Th17 cells, recent studies have highlighted the important role of
rare cells subpopulations like MAIT, ILC3, and y6 T cells, which seem to produce IL-17 irrespective of
IL-23, and their frequency and characteristics may differ between the different clinical expressions of
PsA.2>26 On the other hand, the role of B cells in the pathogenesis of PsA remains unclear.?® Apart

from acquired immunity, innate immunity also is a critical player in the pathogenesis of PsA. Within
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DCs, the ratio of myeloid to plasmacytoid DCs is found to be increased in the synovial fluid in PsA
patients.?” DCs, by secreting IL-12 and IL-23, orchestrate the differentiation of Th1l and Th17 T cells,
respectively, which are known to play an active role in PsA. As in RA, macrophages are also central
players in the pathogenesis of PsA, through both the production of large amounts of matrix
metalloproteinases and proinflammatory cytokines, and also antigen-presentation.?® Furthermore,
ILCs, which are implicated in the development of psoriatic skin lesions, are found to be enriched in
the synovial fluid in PsA, with ILC3, which are major producers of IL-17 and IL-22, outnumbering
ILC2.%28 It is thus clear that cells from both facets of the immune system are involved in the
pathogenesis of the disease, indicating that PsA lies at the crossroad between autoimmunity and

autoinflammation.2%30
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1.2. Expression of mesenchymal markers on immune cells

1.2.1. Mesenchymal cells

The term “mesenchymal cells” refers to a diverse category of stromal cells, predominantly responsible
for the synthesis of connective tissue.3! Derived from the mesoderm, mesenchymal cells or stromal
cells have the capacity to differentiate into osteoblasts, chondrocytes, myocytes, adipocytes, and
fibroblasts, depending on the type of the terminally differentiated tissue.3? Mesenchymal cells have
the ability to migrate within tissues and can play a significant role in various physiological and
pathological processes such as embryonic development, wound healing, tissue repair, and immune
response.33 Due to the expression of specific surface molecules, mesenchymal cells acquire properties
of adhesion, migration, and interaction with other cells and the extracellular matrix. These molecules

include and/or interact with integrins, selectins, and cadherins.

In IA, the role of mesenchymal-originated resident cells of the synovium, termed fibroblast-like
synoviocytes (FLS), has been highly recognized in the pathogenesis of the disease, promoting
inflammation, hyperplasia, and joint destruction.3* Interestingly, these cells comprise a
heterogeneous population, as different subsets have been identified, depending on their location and
state of differentiation.3>” Recently, seven fibroblast subsets with distinct surface protein
phenotypes were identified within the RA synovium, based on the expression of CD90 (Thy-1), CD34,
and cadherin-11 (CDH11): CD34CDH11*CD90*, CD34°CDH11*CD90, CD34'CDH11CD90°, CD34
CDH11-CD90*, CD34*CDH11*CD90*, CD34*CDH11*CD90", and CD34*CDH11°CD90*.3¢ Notably, CD90*
fibroblasts, located in the sublining layer of the synovial membrane, undergo major expansion in RA
and their presence is linked to disease activity.3¢3® Notch3 signaling has been shown to promote
sublining fibroblast differentiation and pathologic expansion, thus being an important marker when
studying FLS.3® Despite being highly recognized for their expression on the surface of fibroblasts, the
five aforementioned markers have not been studied in hematopoietic cells. Given that immunocyte
trafficking is involved in the pathogenesis of |As, investigating the expression of these adhesion and
migration-promoting molecules on the surface of circulating immune cells could possibly lead to new
insights into the pathogenetic mechanisms governing these diseases. The biological properties and

known role of these molecules in leukocyte functions are discussed below.

15



1.2.2. Cadherin-11

CDH11 is a type Il cadherin which mediates cell-to-cell interactions, through homotypic binding by a
zipper-like mechanism. It is mainly expressed on mesenchymal cells and its role is essential for tissue
migration and organization during embryogenesis.3® CDH11 interactions have also been implicated in
migration, invasion, epithelial-to-mesenchymal transition, and wound healing, playing a pivotal role
in several fibrotic and inflammatory disorders.*® Cadherins interact with each other through their
extracellular domains, which consist of five repeat sequences, in a Ca?*-dependent way.*! Strong
CDH11-mediated adhesion is achieved by anchoring the intracellular portion of the molecule to the

actin cytoskeleton via catenins.*?

Although the role of CDH11 in IA, by regulating the synovial architecture, enhancing the invasive
phenotype of synovial fibroblasts and promoting the formation of pannus, has been highly
recognized,3® the contribution of its expression on immune cells remains unknown. Interestingly,
CDH11 expression in RA synovial samples has been correlated with tissue inflammation and cellular
infiltration.*® In regards to immunocytes, CDH11 expression has been mainly reported on resident
macrophages, with the understanding of its role in these cells being incomplete.*® Notably, a recent
study suggested that loss of CDH11 in an atherosclerotic model resulted in altered immune response
in circulating leukocytes, decreasing myeloid cell populations and increasing T cell populations,
suggesting possible impaired myeloid migration.?® However, this requires further investigation in
order to draw conclusions about the effect of CDH11 on myeloid and lymphocyte phenotypes and

their migratory potential.

1.2.3. CD34

CD34 is a type | single-pass transmembrane phosphorylated glycoprotein (sialomucin), mainly
expressed on early hematopoietic and vascular-associated progenitor cells, mediating cell-cell
adhesion.* CD34 structure includes an extracellular, a transmembrane, and a cytoplasmic region. The
extracellular region of CD34 participates in cell recognition and adhesion, and the cytoplasmic region
determines its ability to mediate migration and aggregation. The characteristics of the molecular
structure of CD34 suggest its potential role in inflammatory responses, since the sialylation site of the

extracellular region of CD34 can act as a ligand for a variety of selectins.*
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Although CD34 has been widely used as a marker to identify and isolate hematopoietic stem cells, its
exact functional role has remained remarkably elusive.** CD34 has been extensively studied in cell
adhesion, inflammatory cell chemotaxis, cell proliferation and differentiation, and enhancement of
the inflammatory response.***> Notably, its expression has been linked to leukocyte recruitment to
inflamed tissues, as it has been shown to interact with both selectins and integrins.** Interaction of
L-selectin, expressed on leukocytes, and P-/E- selectin, expressed on endothelial cells, with their
ligands is essential for leukocyte rolling during trafficking and migration. On the other hand, when
immune cells are in contact with endothelial cells during the process of trafficking, the large amount
of negative charge carried by CD34 on the surface of the immunocytes enhances the adhesive ability
of integrins as it promotes the distribution of integrins on their basal region, thus improving the
contact of leukocytes with endothelial cells.** Moreover, other transmembrane sialomucins like CD34
have been shown to increase chemokine signaling in a ligand-independent manner, by enhancing the
binding of chemokines to their respective receptors on leukocytes, thus facilitating chemotactic

signaling.%®4” The mechanism underlying this process remains to be clarified.

1.2.4. Podoplanin

PDPN is a mucin-type transmembrane glycoprotein, whose sequence is well conserved across
species.*® The structure of PDPN comprises a highly-glycosylated extracellular domain, a hydrophobic
transmembrane domain, and a short cytoplasmic tail.*> PDPN seems to play a crucial role in the
regulation of organ development, lymphangiogenesis, cell motility, tumorigenesis, and metastasis,

however its precise function in many tissues remains to be elucidated.*

PDPN has been reported to bind to the C-type lectin receptor CLEC-2, which is highly expressed by
platelets and immune cells, including monocytes, DCs, NK cells, and granulocytes, being its only
known endogenous ligand.’® Regarding platelets, PDPN-CLEC-2 interaction has been shown to
mediate platelet aggregation and activation, a process critical for the maintenance of normal
lymphatic vessels.*® Other ligands of PDPN include CCL21, galectin-8, CD44, ezrin and moesin.>?
Notably, recent evidence indicates that PDPN expression in immune cells participates in the
regulation of inflammation during different inflammation-related diseases.’* PDPN has been reported
to be expressed on effector T cell subsets that infiltrate target tissues during autoimmune

inflammation.>?>3 Interestingly, PDPN expression is shown to be upregulated by several pro-
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inflammatory cytokines, including 1L-22, IL-6, IFN-y, TGF-B, IL-1B, and TNF-a, with the signaling
pathways involved remaining largely unknown.*® Expression of PDPN has been also reported on
macrophages, affecting their polarization towards the M2 phenotype, as well as their mobility,
regulating their recruitment to the sites of inflammation.>! Furthermore, excessive expression of
PDPN has been associated with epithelial-mesenchymal transition, cell migration, and increased
tissue invasion, in several forms of aggressive cancer, and has been also linked to an amplified invasive

capacity and migratory potential of activated FLS in RA.>1,54-56

1.2.5. CD90/Thy-1

Thy-1 (Thymocyte differentiation antigen 1), also known as CD90, is a glycosylphosphatidylinositol
(GPI)-anchored glycoprotein typically expressed on the surface of neurons, thymocytes, subsets of
fibroblasts, endothelial cells, mesangial cells and some hematopoietic and mesenchymal stem cells,
whose biological role seems to be species- and tissue-dependent.>” CD90 is comprised of an integrin
binding site and a heparin binding domain, through which it binds to integrins and syndecan-4 (SDC4)

receptors, respectively, regulating cellular contraction, adhesion, and migration.>®

CD90 is mostly known for its role as an integrin ligand or receptor, mediating cell-cell and cell-matrix
contacts.”® It can act in trans by binding to other receptors, thereby regulating signaling in both cells,
but also interact with molecules within the membrane of the same cell (cis), regulating protein
function and signaling.>® Both interaction types have shown distinctive roles, even when it comes to
the same integrin, suggesting that CD90 acts as a dual-functional integrin regulator.® In trans-binding,
CD90 functions as a generic ligand for the integrins, promoting cell-cell adhesion and integrin outside-
in signaling. On the contrary, the cis-interaction between CD90 and integrins further stabilizes them
in their inactive, bent conformation, thus suppressing their spontaneous ligand-independent switch

into their active conformation, which is thermodynamically favored.®

CD90-mediated interactions may facilitate leukocyte recruitment to the sites of inflammation.
Increased expression of CD90 by activated endothelial cells mediates leukocyte adhesion through
integrin interaction, thus slowing down their rolling and eventually facilitating their extravasation and
migration to injured or inflamed tissues.?* An equivalent interaction may be accomplished through
the potential CD90 expression on the surface of immunocytes with integrins of the activated

endothelium.®? Moreover, it has been reported that CD90-binding to neutrophils triggers the
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secretion of metalloproteinases and CXCLS8, therefore facilitating their transport to the affected

tissue.>®

CD90-mediated signaling has been also implicated in T cell activation and development.®? It has been
speculated that under physiological conditions, CD90-ligand interaction, in combination with
appropriate costimulatory signals, may result in enhanced antigen-independent T cell response.®
Notably, studies suggest that CD90 might function as a weak TCR-derived activating signal,

preferentially promoting Th17 differentiation and secretion of IL-17.546°

1.2.6. Notch3

Notch3 is one of four mammalian Notch proteins, which act as signaling receptors implicated in
developmental patterning, as well as cell fate decisions during adulthood.®® Notch activity is regulated
by proteolytic processing of the membrane-bound form leading to the release of the active
intracellular region of the receptor into the cytoplasm, after binding with membrane ligands of the
Delta or Serrate/lagged families.®” The released intracellular fragment travels then to the nucleus,
where it induces gene transcription.®® However, there is evidence of alternative routes of activation,

independently of ligand-binding, which can occur in both physiological and pathological contexts.56:68

Notch3 has been highly associated with vascular development and remodeling, as well as mediating
endothelial mechanotransduction, with its adult roles further including neuronal differentiation and
skeletal muscle repair.6® Notch3 mutations, altered expression or dysregulation of its activity have
been linked to several human diseases, including pulmonary hypertension, cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), and T cell acute
lymphoblastic leukemia (T-ALL).%® Interestingly, when it comes to IA, endothelium-derived Notch3
signaling has been shown to be contributing to mural cell and sublining fibroblast differentiation,
regulating their positional and functional identity, thus being a critical factor for the development of

inflammation within the synovium.3>
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1.3. Mass cytometry: a valuable tool for cell profiling in rheumatic diseases

Pathological cells, responsible for leading to the dysregulation of immune responses in inflammatory
rheumatic diseases, may constitute only a small fraction of the immune system. Single-cell
technologies have contributed to uncovering the heterogeneity of cells, enabling the elucidation of
the role of specific immune cells in the development and progression of these diseases, giving
valuable insights into their complex underlying pathogenetic mechanisms.®® In order to gain insights
into the heterogeneity of immune cells and the disrupted protein regulation associated with immune-
mediated diseases, quantitative assessments of protein levels in single cells may provide essential

biological information.®°

Mass cytometry (Cytometry by Time-Of-Flight, CyTOF), is an advanced technology that allows the
simultaneous detection of more than 50 different parameters in single-cell resolution, thus being a
valuable weapon in the quiver of clinical doctors and researchers to discover new cells and
biomarkers, valuable for diagnosis and response to treatment of various diseases.’®. Advantages of
this advanced technology include the minimal spectral overlap and compensation requirements, as
well as the large dynamic range.”* Moreover, the high-dimensional power of CyTOF enables the
identification of rare cell populations, and even the discovery of previously unrecognized cell

signatures.’®

Mass cytometry has been widely used to perform immunophenotyping, as well as functional
characterization of the cells involved in their pathogenesis of IAs, with most studies focusing, though,
on inflamed tissue samples or peripheral blood mononuclear cells (PBMCs). Leite Pereira et al.,
analyzing PBMCs with CyTOF technology, characterized the immunological profile of patients with RA.
They identified two potential new blood subpopulations of neutrophils (CD11b'°"CD16"&") and T cells
(CD11a"&" Granzyme BM&"), which could be involved in RA pathology.”> However, the exact role of
these subpopulations has not been studied yet. Furthermore, Koppejan and co-workers, analyzing
PBMCs from early untreated RA patients using mass cytometry, tried to identify differences in
immune cell subsets between anti-citrullinated protein antibodies (ACPA)-positive and ACPA-negative
RA patients.”® Despite finding no differences in major immune lineages, they identified a reduced
population of innate cells with an activated basophil-like phenotype in ACPA-negative patients, with
the possible role of these cells in the immune response associated with RA still remaining unclear.”3

Fonseka et al., using the mixed-effects modeling of associations of single cells (MASC) strategy in
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mass cytometry data, investigated the CD4* T cell compartment in the blood of RA patients and
described the expansion of an effector memory phenotype, associated with the disease.”*
Interestingly, CyTOF has not been extensively used in the case of PsA. Yager et al., using ex-vivo mass
cytometry, investigated the immune landscape in fixed blood samples from patients with PsA and
described reduced frequencies of pDCs and MAIT cells compared to healthy subjects.”> Moreover,
Macaubas and colleagues evaluated the frequency of 16 immune cell populations in fixed blood from
patients with PsA, along with the levels of the activated forms of STAT3, comparing active and inactive
disease state.”® The study revealed elevated levels of pSTAT3 in T cell subsets and classical monocytes

in active patients, indicating an effector phenotype of these cells.”®

Investigating the phenotype and mechanisms of each cell subtype in inflammatory rheumatic
disorders permits a deeper insight into these complex syndromes, which is essential for
understanding their pathogenesis. The use of mass cytometry may facilitate the discovery of cell
signatures in the periphery concerning both RA and PsA and reveal new cell subsets specific to these

diseases and ideal for therapeutic targeting.

1.4. Aim of the study

This research aims at defining the heterogeneity of circulating immune cells in patients with |As,
focusing mainly on the under-studied PsA, as well as at investigating the expression of mesenchymal-
associated markers on the surface of hematopoietic cells, employing the high-dimensional power of

mass cytometry.
For this purpose, peripheral blood was used in order to:

1. Characterize the heterogeneity of the circulating immunocyte pool by performing single-cell deep
immunophenotyping
2. Investigate the presence and levels of rare circulating hematopoietic cells expressing CDH11,

PDPN, CD90/Thy-1, CD34, and Notch3 (from now on referred to as “mesenchymal markers”)

21



2. Materials and Methods

2.1. Patient Cohort

2.1.1. Recruitment criteria and ethical approval

The study was conducted in a cohort of 16 patients with active PsA (CASPAR criteria) and 21 patients
with active RA (RA 2010 criteria), of whom 12 had seropositive RA (positive for RF and/or ACPA) and
9 seronegative RA. Patients were enrolled from the Rheumatology Unit, First Department of
Propaedeutic and Internal Medicine, Athens University Medical School, Greece. Moderate/high
disease activity for PsA (active PsA) was defined as DAPSA> 14 and/or ASDAS> 1.2 (for those having
axial disease confirmed by X-rays or magnetic resonance), and for RA (active RA) as DAS28> 3.2.
Patients who had received rituximab or had neoplasm (solid or hematological) or received
chemotherapy in the last 6 months, as well as those who had been vaccinated within the previous 2
weeks, were excluded. In addition, 13 healthy individuals of similar age and sex were recruited to
serve as healthy controls (HC). The study complied with the Ethical Principles for Medical Research
Involving Human Subjects according to the World Medical Association Declaration of Helsinki and the
Oviedo Convention, and was approved by the local Ethics and Scientific Committees of the University
Hospitals of the National and Kapodistrian University of Athens (No.314/2021). All patients were
treated in the context of standard clinical practice and according to national and international

guidelines. All individuals signed informed consent form.

2.1.2. Sample collection

1 ml of peripheral blood from patients and healthy controls were obtained and stored in
ethylenediaminetetraacetic acid (EDTA) tubes. No other intervention was performed, and clinical data

were collected from the patient's file, as recorded during their regular visit to the Rheumatology Unit.

2.2. Mass cytometry

2.2.1. Principle of method

Mass cytometry is a powerful tool for performing high-dimensional multi-parameter single-cell
assays, especially in the field of immunology. This advanced technology was first introduced in 2009

by Bandura et al.”” Mass cytometry is also termed cytometry by Time-Of-Flight (CyTOF®), revealing
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its origin, as it is the fusion of two well-known experimental platforms: flow cytometry and time-of-
flight mass spectrometry (TOF-MS).”” The motivation behind this fusion was to increase the number
of cellular parameters that could be measured simultaneously, taking also advantage of the high

resolution and sensitivity of analysis of TOF-MS.””/78

In contrast to conventional flow cytometry, which utilizes fluorophores as reporters, mass cytometry
uses probes coupled to unique non-biologically available, stable, heavy-metal isotopes, thus solving
the significant problem of fluorophore emission spectra overlap. The ability of the TOF detector to
discriminate isotopes of different atomic weights with high accuracy enables significantly more

cellular features (more than 50) to be assayed at the same time.”®

In mass cytometry, discrimination of live single cells is a critical step of the analysis and it is achieved
by the use of specialized reagents, containing natural-abundance isotopes of metals like cisplatin,
rhodium or iridium.”® Cisplatin binds covalently to cellular proteins and labels cells with compromised
cell membranes to a much greater extent than live cells. However, it cannot be used in the case of
samples derived from patients treated with cancer chemotherapeutics. Intercalator-Rh and -Ir are
cationic nucleic acid intercalators which work as live cell membrane-impermeable dyes. Depending
on the order of staining, these compounds can be used either for the discrimination of dead cells
from live cells (if cells are stained prior to fixation) or the discrimination of single nucleated cells from

doublets (if staining is performed after fixation).

The journey of a single cell during a mass cytometry experiment is depicted in Figure 3. Cells are first
incubated with a cocktail of metal-conjugated antibodies against proteins of interest. Stained cells
then pass in a single-cell suspension into the nebulizer, where each cell is enclosed in one droplet.
Individual cells are subsequently introduced into the mass cytometer, passing through argon plasma
(inductively coupled plasma; ICP). In there, covalent bonds are broken to produce free atoms, which
then become charged. This process converts each cell into a cloud containing ions of the elements
that were initially present intracellularly or on the surface of that cell. The resulting ion cloud is passed
through a high-pass optic (quadrupole) which removes low-mass ions (<75 Da), which correspond to
common biologic elements, thus enriching for heavy-metal reporter ions. Next, the remaining ions
are separated by their mass-to-charge (m/z) ratio in the time-of-flight chamber. Upon encountering
the detector, the ion counts are amplified and converted into electrical signals. Ultimately, a data
matrix is generated in which every column represents a distinct isotope measured and each row
represents a single mass scan of the detector.”%787°
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2.2.2. Materials

The equipment used in the experiments is listed in Table 1.

Table 1. Equipment

Element A

Equipment

Company

Helios™ mass cytometer

Standard BioTools

2-20 pl, 20-100 pl, 50-200 pl, 200-1000 pul pipettes

Gilson

Vortex-Mixer VM-10

Witeg

Centrifuge 5810/5810 R

Eppendorf
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The consumables used in the experiments are listed in Table 2.

Table 2. Consumables

Consumables

Company

50 ml conical centrifuge tubes

15 ml conical centrifuge tubes

10, 20, 200, 1000 pl pipette tips

1.5 ml microcentrifuge tubes

1 ml Norm-Ject latex-free syringes

0.1 um syringe filters

5 ml Corning polypropylene round-bottom tubes
Corning polystyrene round-bottom tubes with 35 um
cell-strainer cap

The reagents used in the experiments are listed in Table 3.

Table 3. Reagents

Reagents

Falcon

Falcon

Gilson

SPL Life Sciences

HSW Norm-Ject

GE Healthcare Life Sciences
Falcon

Falcon

Company

Cell-ID™ Intercalator-Ir - 125 uM

Maxpar Cell Staining Buffer

Maxpar Fix and Perm Buffer

Maxpar Phosphate Saline Buffer

Maxpar Cell Acquisition Solution Plus
Maxpar Water

Maxpar Perm-S Buffer

EQ™ Four Element Calibration Beads
Tuning Solution

Pierce™ 16% Formaldehyde (w/v), Methanol-free
BD FACS™ Lysing Solution 10X Concentrate
Heparin sodium salt - 10kU/ml

2.2.3. Antibody panel

Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Standard BioTools
Thermo Scientific
BD Biosciences
Apollo Scientific

Whole blood was stained for surface markers using the Standard BioTools Maxpar Direct Immune

Profiling Assay (MDIPA) panel (201334), which contains 30 metal-conjugated antibodies. In addition

to the antibodies, the dry antibody cocktail also includes rhodium (103Rh) for the discrimination of

live/dead cells. In order to investigate the expression of the mesenchymal-associated markers CDH11,
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CD34, CD90/Thy-1, PDPN, and Notch3, the MDIPA panel was expanded by the addition of these 5

anti-human monoclonal antibodies. All antibodies were purchased from Standard BioTools Inc., San

Francisco, CA, USA, and are listed in Tables 4 and 5.

Table 4. The antibodies included in the MDIPA panel (Catalogue number: 201334)

Metal Target Clone
89Y CD45 HI30
141Pr CD196/CCR6 GO34E3

143Nd CD123/IL-3R 6H6
144Nd CD19 HIB19
145Nd CD4 RPA-T4
146Nd CD8a RPA-T8
147Sm CD11c Bul5
148Nd CD16 3G8
149Sm CD45R0O UCHL1
150Nd CD45RA HI100
151Eu CD161 HP-3G10
152Sm CD194/CCR4 L291H4
153Eu CD25 BC96
154Sm CD27 0323
155Gd CD57 HCD57
156Gd CD183/CXCR3 GO25H7
158Gd CD185/CXCR5 1252D4
160Gd CD28 CD28.2
161Dy CD38 HB-7
163Dy CD56/NCAM NCAM16.2
164Dy TCRgd B1
166Er CD294 BM16
167Er CD197/CCR7 GO043H7
168Er CD14 63D3
170Er CD3 UCHT1
171Yb CD20 2H7
172Yb CD66b G10F5
173Yb HLA-DR LN3
174Yb IgD IA6-2
176Yb CD127/IL-7Ra A019D5
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Table 5. The additional antibodies used in the analysis

Metal Target Clone Catalogue Number
159Thb CD90/Thy-1 5E10 31590078
165Ho Notch3 MHN3-21 31650068
110Cd CD34 581 custom
142Nd Podoplanin NC-08 custom
169Tm Cadherin-11 16G5 custom

2.2.4. Experimental procedure

1 ml of whole blood was incubated with heparin (at a final concentration of 100 U/ml) for 20 min at
room temperature (RT). 270 ul of heparin-blocked blood were then incubated into the dry antibody
pellet tube for 30 min at RT, followed by red blood cell lysis using 250 pl of Cal-Lyse lysing solution
(BD FACS™ Lysing Solution 10X Concentrate — diluted 1:10 in Maxpar Water) for 10 min at RT in the
dark. After incubating with 3 ml of Maxpar Water for 10 min at RT in the dark, the tube was
centrifuged at 300 x g for 5 min and the supernatant was carefully aspirated. Cells were washed 3
times using 3 ml of Maxpar Cell Staining Buffer (CSB). Next, cells were fixed and permeabilized by
adding 1 ml of 1.6% formaldehyde solution in Maxpar Phosphate Saline Buffer (PBS). After incubating
for 10 min at RT, the tube was centrifuged at 800 x g for 5 min and the supernatant was carefully
aspirated. Finally, cells were stained with 125 nM Cell-ID Intercalator-Ir in Maxpar Fix and Perm Buffer

and incubated at 4°C overnight.

A 3™ generation Helios mass cytometer (Figure 4) was used for sample acquisition. The machine was
first tuned with Tuning Solution and a bead sensitivity test was performed using EQ Four Element
Calibration Beads, according to Standard BioTools protocol. Prior to acquisition, samples were washed
twice with 1 ml of Maxpar CSB and twice with 1 ml of Cell Acquisition Solution (CAS) and then
resuspended in CAS containing 0.1X EQ Four Element Calibration Beads. Using the CyTOF Software
version 7.0.8493 and the Maxpar Direct Immune Profiling Assay Template, a minimum of 500,000
events were acquired per file, at a flow rate of 500 cells/sec. The generated FCS files were normalized
using the CyTOF software and then and then Maxpar Pathsetter 3.0 (Standard BioTools Inc.) and
Cytobank (Beckman Coulter Life Sciences, Indianapolis, IN, USA) were used for further processing and

analysis.
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Figure 4. The Helios mass cytometer

2.3. CyTOF data analysis

Using the default Immune Profiling Assay of Maxpar Pathsetter 3.0, which uses probability state
modeling (PSM),®° 37 immune cell populations and subtypes were described. Moreover, using

Cytobank, 13 additional subpopulations were identified by biaxial manual gating.

Prior to the phenotypic characterization of the composition of the acquired samples, a cleanup
strategy was applied in order to remove any aggregates, debris, normalization beads, doublets, and
dead cells. The gating strategy for these initial pre-processing stages (data cleanup) is shown in Figure
5. First, beads were removed by selecting the low-intensity events in the *°Ce_Bead vs Time biaxial
dot plot. Then, by consecutively plotting residual, center, offset, width, and event_length vs time, the
largest band of events was selected. By plotting the 1°Rh channel vs time and selecting the largest
band of events, dead cells were removed. Finally, nucleated cells were isolated by selecting again the

largest band of events in the 1Ir vs time, and the %3Ir vs time plot, sequentially.
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Live single cells were then used for phenotypic characterization using biaxial plot gating. The

phenotypes of the identified cell subpopulations are listed in Table 6 and their gating strategy is

shown in Appendix A.

Table 6. The phenoty

pes of the 50 identified immune cell populations

A/A | Immune population Phenotype
1 | Granulocytes Neutrophils + Basophils + Eosinophils + CD66b™ Neutrophils
2 | Neutrophils CD45'°CD66b*CD294-CD16*
3 | Eosinophils CD45°CD66b*CD294*CD16
4 | Basophils CD45*CD66b"CD19°CD20CD3 CD56'HLA-DR'CD11¢'D123*CD294*
5 | CD66b  Neutrophils CD45°CD66b"CD3°CD19°CD56'HLA-DR'CD123"
6 | Monocytes CD45*CD66b"CD19°CD20CD3CD56'CD11c*HLA-DR*
7 | Classical monocytes CD14MCD38* Monocytes
8 | Transitional monocytes CD14"CD38'°- Monocytes
9 | Non-classical monocytes | CD14°CD38 Monocytes
10 | NKcells CD45*CD66b"CD19°CD20'CD3'CD14°CD45RA*CD123°CD56*
11 | Early NK cells CD57  NK cells
12 | Late NKcells CD57* NK cells
13 | Lymphocytes CD3* T cells + B cells + NK cells
14 | CD3* T cells CDS8* T cells + CD4* T cells + y6 T cells + MAIT/iNKT CD4 cells
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15

16
17
18
19
20
21
22
23

24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

CD8* T cells

Naive CD8* T cells
CM CD8* T cells
EM CD8* T cells
TE CD8* T cells

CD27°CD28 CD8*T cells

Tsen
Tsen-Temra
Activated CD8* T cells

CD127* activated CD8* T

cells

CD45RA* activated CD8* T

cells

CD4* T cells

Naive CD4* T cells
CM CD4* T cells

EM CD4* T cells

TE CD4* T cells
Tregs

Th1l-like cells
Th2-like cells
Th17-like cells

Tfh cells

B cells

Naive B cells
Memory B cells
IgD* Memory B cells
IgD” Memory B cells
ABCs

Plasmablasts

DCs

mDCs

pDCs

vo T cells
MAIT/iNKT CD4" cells
ILCs

ILC2

ILC3

CD45*CD66b"CD19°CD20°CD14'CD11c CD3*TCRyS CD4-
CD8*CD161'""

CCR7"CD45RO CD45RA* CD8* T cells
CCR7"CD45RO*CD45RA CD8* T cells

CCR7'°/-CD27* CD8* T cells

CCR7'°/-CD27- CD8* T cells

CD27°CD28 CD8* T cells

CD57*CD27°CD28 CD8* T cells
CD45RA*CD57*CD27°CD28 CD8* T cells

CD27*CD28* CD8* T cells

CD127*CD27*CD28* CD8* T cells

CD45RA*CD27*CD28* CD8* T cells

CD45*CD66b"CD19°CD20CD14°CD11cCD3*TCRyS6 CD4*CD8"
CCR7"MCD45R0OCD45RA* CD4* T cells
CCR7"MCD45R0O*CD45RA" CD4* T cells
CCR7'°-CD45RO*CD45RACD27* CD4* T cells
CCR7'°-CD45RO*CD45RACD27- CD4* T cells
CCR4*CD45R0O*CD45RACD25MCD127'%- CD4* T cells
CXCR5°CCR4°CD45RO*CD45RA CXCR3*CCR6™ CD4* T cells
CXCR5CCR4*CD45RACXCR3°CCR6™ CD4* T cells
CXCR5°CCR4*CD45RACXCR3"CCR6" CD4* T cells
CXCR5*CD57* CD4* T cells

CD45*CD66b CD56'CD14°CD19*CD3"

CD27 Bcells

CD27* B cells

CD27*IgD* B cells

CD27*IgD" B cells

CD11c*CXCR5 B cells

CD27+CD38*CD20 B cells

mDCs + pDCs

CD45*CD66b"CD19°CD20°CD3'CD14'HLA-DR*CD123°:CD11c*CD38*

CD45*CD66b"CD19°CD20CD3CD14'HLA-DR*CD123*CD11c
CD45*CD66b"CD19°CD20'CD14°CD11cCD3*CD4 CD8 TCRyS6*

CD45*CD66b'CD19°CD20°CD14°CD11¢c'CD3*CD4CD28*CD161M"

CD45*CD3°CD19CD56'CD14CD16'CD11cCD127*
CD161*CD123 TCRgd CD294"ILCs
CD161*CD123 TCRgdCD294 ILCs
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NK: natural killer cells; CM: central memory; EM: effector memory; TE: terminal effector; Tsen: senescent T
cells; Temra: effector memory T cells re-expressing CD45RA; Tregs: regulatory T cells; Th: T helper cells; Tfh
cells: T follicular helper cells; ABCs: age-associated B cells; DCs: dendritic cells; mDCs: myeloid dendritic cells;
pDCs: plasmacytoid dendritic cells; MAIT: mucosal-associated invariant T cells; iNKT: invariant natural killer T

cells; ILCs: innate lymphoid cells

For visualization of the high-dimensional data on two dimensions, the dimensionality reduction
algorithm viSNE (t-distributed stochastic neighbor embedding—based visualization)®! was performed
by Cytobank, based on the expression of 22 phenotypic surface markers (CD11c/CD123/
CD127/CD14/CD16/CD161/CD19/CD20/CD25/CD27/CD28/CD294/CD3/CD38/CD4/CD45/CD8a/CD5
6/CD66b/TCRgd/HLA-DR/IgD). For this purpose, 15000 randomly selected cells were analyzed from
each sample, with theta set to 0.5, a perplexity of 30 and maximum number of iterations equal to

3000.

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad Software, San Diego,
CA, USA). Normal distribution was assessed by the D'Agostino-Pearson test. Comparisons of the
percentages of the different cell populations between the different groups at baseline were
performed using an unpaired t-test or Mann-Whitney U test. Statistical significance was considered

at p-value < 0.05 and for two-sided tests.
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3. Results

3.1. Participants’ demographics

The patient cohort comprised 16 patients (12 female) with active PsA (mean Disease Activity Index
for Psoriatic Arthritis [DAPSA] = 16.86 + 1.32), 12 patients (11 female) with active seropositive RA
(mean Disease Activity Score-28 [DAS28] = 5.06 + 0.31), as well as 9 patients (9 female) with active
seronegative RA (mean DAS28 4.70 + 0.15). The median ages of HC, and patients with PsA,
seropositive and seronegative RA were 51, 49, 56.5, and 52, respectively. Approximately one-fourth
to one-third of patients were treatment-naive, while the rest had received conventional and/or
biologic disease modifying antirheumatic drugs (DMARDs). Demographics, clinical and laboratory

characteristics of the participants enrolled in the study are presented in Table 7.
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Table 7. Participants’ demographics and clinical-laboratory characteristics

HC PsA Seropositive RA | Seronegative RA
Characteristics
(n=13) (n=16) (n=12) (n=9)

Age (years), median (range) 51 (38-60) 49 (19-63) 56.5 (33-65) 52 (23-77)
Gender (female), n (%) 9 (69%) 12 (75%) 11 (92%) 9 (100%)
Smoking (current), n (%) 4 (31%) 3 (19%) 3 (25%) 4 (44%)
Treatment

Naive, n (%) - 5(31%) 3 (25%) 3(33%)

csDMARDs-experienced, n (%) - 4 (25%) 6 (50%) 5 (56%)

bDMARDs-experienced, n (%) - 7 (44%) 3 (25%) 1(11%)
CRP (mg/I), mean + SEM - 8.31+1.93 30.92+£21.73 6.69 + 1.55
ESR (mm/h), mean + SEM - 25.56+4.08 37.83+7.11 32.00+7.28
Disease activity score, DAPSA DAS28 DAS28
mean = SEM ] 16.86+1.32 5.06£0.31 4.70+0.15
RF, n (%) - - 12 (100%) -

Anti-CCP, n (%)

Axial involvement, n (%)
Enthesitis, n (%)
Dactylitis, n (%)

BSA (= 3), n (%)

- 10 (83%)
8 (50%) -
4 (25%) -
1(6%) -
7 (44%) -

RA: rheumatoid arthritis; PsA: psoriatic arthritis; HC: healthy controls; csDMARDs: conventional synthetic

disease modifying antirheumatic drugs; bDMARDs: biologic disease modifying antirheumatic drugs; RF:

rheumatoid factor, anti-CCP: anti-cyclic citrullinated peptide; DAPSA: Disease Activity Index for Psoriatic

Arthritis; DAS28: Disease Activity Score-28

3.2. Immunophenotyping of the peripheral blood in patients with active PsA using mass

cytometry

Given that RA has been extensively studied, especially in terms of the description of circulating cells

in the blood of patients using cytometric and sequencing technologies, a greater focus was given to

the phenotypic characterization of the peripheral immune landscape in patients with PsA.
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The composition of the immunocyte pool in the peripheral blood of patients was determined using
the extended MDIPA panel. To obtain a comprehensive view of the CyTOF immune profiling, a two-
dimensional map of the data was generated, using ViSNE. The algorithm clusters the single-cell events
into populations according to the expression of the phenotypic markers used in the analysis (Figures
6-8). It is evident that the composition of leukocytes is distinct between patients with active PsA and

HC.

CD45
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1Eosinophils

=
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Figure 6. Representative viSNE plot for a HC. Each dot represents a cell and is colored according to
CD45 intensity on a spectrum heat scale (red= high intensity; blue=low intensity). Arcsine-
transformed color scales report the raw values of the marker's intensity. The major immune
populations are gated and labeled. (HC: healthy control; MAIT: mucosal-associated invariant T cells;
iNKT: invariant natural killer T cells)
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Figure 7. Representative viSNE plot for a PsA patient. Each dot represents a cell and is colored
according to CD45 intensity on a spectrum heat scale (red= high intensity; blue=low intensity).
Arcsine-transformed color scales report the raw values of the marker's intensity. The major immune
populations are gated and labeled. (PsA: psoriatic arthritis; MAIT: mucosal-associated invariant T cells;
iNKT: invariant natural killer T cells)
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Figure 8. Representative ViSNE plots for a HC (A) and PsA patient (B). CD3, CD4, CD8a, CD19, CD14,
CD66b, CD294 and CD56/NCAM are plotted separately in the 2-dimensional space. Each dot
represents a cell and is colored according to the marker’s intensity on a spectrum heat scale (red=
high intensity; blue=low intensity). Arcsine-transformed color scales report the raw values of the
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marker's intensity. The major immune populations are gated and labeled. (HC: healthy control; PsA:
psoriatic arthritis)

It is evident that the composition of leukocytes is distinct between patients with active PsA and HC.

3.2.1. Comparison of the composition of innate and adaptive immunity between PsA patients and

healthy controls (HC)

Using probability state modeling through Pathsetter and manual gating strategies through Cytobank,
a total of 50 immune cell populations and subtypes were identified. The defined phenotypes describe
cell subpopulations of both the innate (neutrophils, eosinophils, basophils, monocytes and NK cells),
and the adaptive compartment (af T cells and B cells), as well as cells participating in both facets of

the immune system, also termed “bridging” cells (y6 T cells, MAIT/iNKT, ILCs, and DCs).

3.2.1.1. Differences in major cell populations

Regarding the major circulating immune cell populations, the analysis revealed differences in the
frequencies of cells of both innate and adaptive immunity, as well as in those being in the interface
between the two, when comparing PsA patients to HC. Comparisons of all cell subpopulation
frequencies, including those which did not reach the level of statistical significance, are presented in

Table 8.
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Table 8. Percentages of the major circulating cell types of innate and adaptive immunity, gated in
their parental population, in patients with active PsA and HC. P values were determined by unpaired
t-test or Mann—Whitney U test.

Types of circulating Mean + SEM p value
immune cells (%) PsA (n= 16) HC (n=13) PsA vs HC
Cells involved in innate immunity
Total granulocytes (gated in intact cells) 71.76 £ 2.66 61.05+1.84 0.004**
Neutrophils (gated in granulocytes) 97.34+0.43 94.90 £ 0.46 <0.001***
Basophils (gated in granulocytes) 0.36 £ 0.07 0.72£0.09 0.003**
Eosinophils (gated in granulocytes) 1.47 +£0.24 3.33+0.46 <0.001***
CD66b™ Neutrophils (gated in granulocytes) 0.82+£0.29 1.04 £0.32 0.442
Monocytes (gated in intact cells) 4.08 +£0.69 4.80+0.78 0.497
NK cells (gated in lymphocytes) 11.76+1.50 | 14.14+2.00 0.342
Cells involved in adaptive immunity
Total lymphocytes (gated in intact cells) 18.87 £ 2.11 28.02 +1.64 0.003**
CD3* T cells (gated in lymphocytes) 75.01+1.79 75.60+2.42 0.812
CD8* T cells (gated in CD3* T cells) 21.07+1.87 | 27.00+2.24 0.051
CD4* T cells (gated in CD3* T cells) 70.47 +£2.24 62.15+3.33 0.041*
B cells (gated in lymphocytes) 13.23 +1.05 10.26 + 1.63 0.025*
Cells involved in both innate and adaptive immunity
DCs (gated in intact cells) 0.13+0.01 0.17 £0.02 0.048*
vO T cells (gated in CD3* T cells) 4.69 +0.60 8.60 £ 1.40 0.002*
MAIT and NKT CD4" cells (gated in CD3* T
3.77+£0.72 2.26+0.92 0.035*
cells)
ILCs (gated in Lin™ cells) 9.28+1.10 6.39+£0.69 0.015*

n: number of patients; HC: healthy control; PsA: psoriatic arthritis; NK: natural killer cells; DCs: dendritic cells;

MAIT: mucosal-associated invariant T cells; iNKT: invariant natural killer T cells; ILCs: innate lymphoid cells; *,

p< 0.050; **, p< 0.010; ***, p< 0.001
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As it can be observed, in the case of innate immunity, the analysis revealed elevated percentages of
circulating total granulocytes (71.76% * 2.66) in PsA patients compared to HC (61.05% + 1.84; p=
0.004). Within the granulocytic compartment, neutrophils were more frequent in PsA patients
(97.34% £ 0.43), in contrast to eosinophils (1.47% + 0.24) and basophils (0.36% + 0.07) that were more
frequent in HC (94.90% * 0.46; p< 0.001, 3.33% * 0.46; p< 0.001, and 0.72% * 0.09; p= 0.003,

respectively). No significant differences were observed for total monocytes and natural killer cells.

When adaptive immunity was investigated, decreased percentages of total lymphocytes (18.87% +
2.11) in PsA patients compared to HC (28.02% + 1.64; p= 0.003). However, within the lymphocytic
compartment, CD4* T cells (70.47% £ 2.24) and B cells (13.23% £ 1.05) were more frequent in patients
compared to HC (62.15% + 3.33; p=0.041, and 10.26% * 1.63; p= 0.025). No significant changes were

reported for total CD8* T cells.

Interestingly, differential frequencies were observed in all of the examined cell populations that
bridge innate and adaptive immunity, between patients with active PsA and HC. The analysis showed
that circulating MAIT/iNKT CD4" cells (3.77% + 0.72) and ILCs (9.28% * 1.10) were more frequent in
the blood of PsA patients compared to those obtained from HC (2.26% + 0.92; p= 0.035, and 6.39% *
0.69; p=0.015, respectively). In contrast, the percentages of y& T cells (4.69% * 0.60) and DCs (0.13%
+ 0.01) in PsA patients were decreased (HC: 8.60% + 1.40; p= 0.002, and 0.17% + 0.02; p= 0.048,

respectively).

3.2.1.2. Differences in cell subpopulations of adaptive immunity

To obtain a deeper understanding of the specific subtypes of cells that may be involved in the
pathogenesis of PsA, the frequencies of cell subpopulations within each major cell type were

analyzed.

Comparisons of all cell subpopulation frequencies within the CD8* T cell compartment, including

those which did not reach the level of statistical significance, are presented in Table 9.
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Table 9. Percentages of CD8" T cell subtypes, gated in their parental population, in patients with
active PsA and HC. P values were determined by unpaired t-test or Mann—Whitney U test.

Mean + SEM p value
CD8* T cell subtypes (%)

PsA (n=16) HC (n=13) PsA vs HC
Naive CD8* T cells (gated in CD8* T cells) 48.16 £5.80 | 34.09+5.30 0.091
CM CD8* T cells (gated in CD8* T cells) 6.07 +1.07 3.60+0.77 0.110
EM CD8* T cells (gated in CD8* T cells) 28.03+3.32 | 25.81+3.98 0.475
TE CD8* T cells (gated in CD8* T cells) 17.74 £ 3.24 36.50 + 5.58 0.005**
CD27°CD28 cells (gated in CD8* T cells) 14.62 +3.34 32.96 +5.38 0.010**
Tsen cells (gated in CD27°CD28CD8* T cells) 67.59+5.40 | 81.05+3.13 0.032*
Tsen-Temra cells (gated in CD27°CD28CD8* T

51.31+5.55 67.37 £4.08 0.034*
cells)
Activated CD8*T cells (gated in CD8* T cells) 70.33+3.99 | 52.61+5.55 0.013*
CD127* activated CD8* T cells (gated in

87.59+1.20 86.46 £ 2.10 0.518
activated CD8* T cells)
CD45RA* activated CD8* T cells (gated in

61.46 £ 5.51 64.92 + 4.25 0.635

activated CD8* T cells)

n: number of patients; HC: healthy control; PsA: psoriatic arthritis; CM: central memory; EM: effector memory;
TE: terminal effector; Tsen: senescent T cells; Temra: effector memory T cells re-expressing CD45RA; *, p<

0.050; **, p< 0.010

As it is shown above, the frequency of TE CD8* T cells (17.74% + 3.24) and CD27-CD28 CD8* T cells
(14.62% + 3.34), was reduced in the blood of PsA patients compared to HC (36.50% + 5.58; p=0.005,
and 32.96% + 5.38; p=0.010, respectively), whereas activated CD8* T cells (70.33% * 3.99) were more
frequent (HC: 52.61% * 5.55; p= 0.013). In a more detailed analysis of CD27'CD28 CD8* T cells, we
found that the percentages of senescent CD8* T cells (Tsen) (67.59% + 5.40) and Tsen-terminally
differentiated effector memory T cells re-expressing CD45RA cells (Tsen-Temra) (51.31% + 5.55) were
lower in the blood of PsA patients compared to HC (81.05% * 3.13; p=0.032, and 67.37% + 4.08; p=

0.034, respectively).

Next, the CD4* T cell compartment was examined. Comparisons of all cell subpopulation frequencies,

including those which did not reach the level of statistical significance, are presented in Table 10.
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Table 10. Percentages of CD4* T cell subtypes, gated in their parental population, in patients with
active PsA and HC. P values were determined by unpaired t-test or Mann—Whitney U test.

Mean + SEM p value
CD4* T cell subtypes (%)
PsA (n=16) HC (n=13) PsA vs HC

Naive CD4* T cells (gated in CD4* T cells) 36.01+3.91 36.95+2.97 0.856
CM CD4* T cells (gated in CD4* T cells) 20.12+£2.12 16.33+1.49 0.173
EM CD4* T cells (gated in CD4* T cells) 32.53+2.47 25.42 +2.90 0.072
TE CD4* T cells (gated in CD4* T cells) 11.34 +2.05 21.30+2.68 0.002**
Tregs (gated in CD4* T cells) 1.86 +0.20 1.82 £0.21 0.872
Th1-like cells (gated in CD4* T cells) 12.79+1.53 16.35+1.69 0.131
Th2-like cells (gated in CD4* T cells) 7.12+0,99 8.76 +1,19 0.329
Th17-like cells (gated in CD4* T cells) 5.06 £0.69 3.46 £0.55 0.044*
Tfh cells (gated in CD4* T cells) 0.87 £0.47 0.39+0.04 0.812

n: number of patients; HC: healthy control; PsA: psoriatic arthritis; CM: central memory; EM: effector memory;

TE: terminal effector; Tregs: regulatory T cells; Th: T helper cells; Tfh: T follicular helper cells; *, p< 0.050; **,

p<0.010

As it can be observed, the percentage of TE CD4* T cells (11.34% + 2.05) was lower in PsA patients,

whereas Th17-like cells (5.06% * 0,69) were higher compared to HC (21.30% * 2.68; p= 0.002, and

3.46% + 0.55; p=0.044, respectively).

Finally, in the case of B cells, no significant differences were observed in the distribution of their

subpopulations, as it is shown in Table 11.
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Table 11. Percentages of B cell subtypes, gated in their parental population, in patients with active

PsA and HC. P values were determined by unpaired t-test or Mann—Whitney U test.

Mean + SEM p value
B cell subtypes (%)
PsA (n=16) HC (n=13) PsA vs HC
Naive B cells (gated in B cells) 74.88+298 @ 68.80+6.43 0.846
Memory B cells (gated in B cells) 20.77+2.32 | 29.02+6.62 0.714
IgD* Memory B cells (gated in B cells) 5.77+£1.51 10.05+5.79 0.779
IgD” Memory B cells (gated in B cells) 18.02+2.84 18.71 £ 3.55 0.914
ABCs (gated in B cells) 2.93+0.72 1.85+0.36 0.773
Plasmablasts (gated in B cells) 435+2.73 2.18 +0.63 0.417

n: number of patients; HC: healthy control; PsA: psoriatic arthritis; NK: natural killer cells; ABCs: age-associated

B cells

3.2.1.3. Differences in cell subpopulations of innate immunity and bridging subtypes

Unlike the lymphocytic compartment, when examining the frequencies of cell subpopulations

participating in innate immunity, no significant differences were observed in the distribution of

monocytic, NK, DC, and ILC subtypes, between patients with active PsA and HC (Table 12).
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Table 12. Percentages of circulating monocytic, NK, DC, and ILC cell subtypes in patients with PsA
and HC. P values were determined by unpaired t-test or Mann—Whitney U test.

+
Immune cell subtypes (%) Mean + SEM p value
PsA (n=16) HC (n=13) PsA vs HC
Monocytes
Classical monocytes (gated in
78.74+£4.13 74.84 £ 2.05 0.110
monocytes)
Transitional monocytes (gated in
7.33+0.59 8.94£0.51 0.055
monocytes)
Non-classical monocytes (gated in
13.94+3.74 16.22+1.72 0.101
monocytes)
NK cells
Early NK cells (gated in NK cells) 59.31+3.05 55.41+4.51 0.467
Late NK cells (gated in NK cells) 40.69 + 3.05 4459 +4.51 0.467
DCs
pDCs (gated in DCs) 55.74 + 4.81 58.19+4.24 0.711
mDCs (gated in DCs) 44.27 +4.81 41.81+4.24 0.711
ILCs
ILC2 (gated in ILCs) 11.02 £ 2.97 10.22 +1.89 0.619
ILC3 (gated in ILCs) 19.54 + 2.50 23.77 £2.99 0.283

n: number of patients; HC: healthy control; PsA: psoriatic arthritis; NK: natural killer cells; ABCs: age -associated

B cells; DCs: dendritic cells; pDCs: plasmacytoid dendritic cells; mDCs: myeloid dendritic cells

3.2.2. Comparison of the composition of innate and adaptive immunity between patients with active

PsA, active seropositive RA, and active seronegative RA

Given the distinct features of seropositive and seronegative RA, along with evidence of different
underlying pathogenetic mechanisms, we decided to examine these two disease entities separately.
Mass cytometry has been already used for the comparative blood immunophenotyping of

seropositive and seronegative RA,8% thus we aimed at comparing these disease groups directly to PsA.
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Comparisons of all cell subpopulation frequencies, including those which did not reach the level of

statistical significance, are presented in Table 13.

Table 13. Percentages of circulating immune cell subtypes in patients with PsA, seropositive RA,
and seronegative RA. P values were determined by unpaired t-test or Mann—Whitney U test

Mean * SEM p value
Types and subtypes of circulating Seropositive | Seronegative PsA vs PsA vs
PsA
immune cells (%) RA RA Seropositive | Seronegative
(n=16)
(n=12) (n=9) RA RA
Cells involved in innate immunity

Granulocytes (gated inintact cells) | 71.76 £ 2.66  69.85+3.06  69.44 + 2.47 0.642 0.568
Neutrophils (gated in

97.34£0.43 | 96.01 £0.88 | 96.03 £ 0.82 0.174 0.133
granulocytes)
Basophils (gated in granulocytes) = 0.36+0.07 @ 0.72+£0.12 0.50+£0.13 0.012% 0.300
Eosinophils (gated in

1.47+0.24 | 2.37+0.89 2.57+0.76 0.918 0.103
granulocytes)
CD66b" Neutrophils (gated in

0.82+0.29 | 0.90+0.29 0.90+0.31 0.559 0.729
granulocytes)
Monocytes (gated in intact cells) 4.08+0.69 @ 3.94+0.85 4.33+0.79 0.892 0.822
Classical monocytes (gated in

7874 +4.13 | 77.67+4.41 | 79.92%6.11 0.732 0.718
monocytes)
Transitional monocytes (gated in

7.33+0.59 | 8.61+1.20 7.23+1.02 0.802 0.931
monocytes)
Non-classical monocytes (gated in

13.94+3.74 | 13.72+3.37 | 12.85+5.16 0.837 0.760
monocytes)
NK cells (gated in lymphocytes) 11.76 £1.50 | 13.96+2.60 | 12.05+2.10 0.664 0.910
Early NK cells (gated in NK cells) 59.31+3.05 | 53.19+5.68 | 53.01+6.40 0.320 0.324
Late NK cells (gated in NK cells) 40.69+£3.05 | 46.81+5.68  46.99+6.40 0.320 0.324
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Cells involved in adaptive immunity

Lymphocytes (gated in intact cells)
CD3* T cells (gated in
lymphocytes)

CD8* T cells (gated in CD3* T cells)
Naive CD8* T cells (gated in CD8* T
cells)

CM CD8* T cells (gated in CD8* T
cells)

EM CD8* T cells (gated in CD8" T
cells)

TE CD8* T cells (gated in CD8* T
cells)

CD27°CD28 cells (gated in CD8* T
cells)

Tsen cells (gated in CD27CD28
CD8* T cells)

Tsen-Temra cells (gated in CD27
CD28CD8* T cells)

Activated CD8* T cells (gated in
CD8* T cells)

CD127* activated CD8* T cells
(gated in activated CD8* T cells)
CDA5RA* activated CD8* T cells
(gated in activated CD8* T cells)
CDA4* T cells (gated in CD3* T cells)
Naive CD4* T cells (gated in CD4* T
cells)

CM CD4* T cells (gated in CD4* T

cells)

18.87 £ 2.11

75,01+1,79

21.07 £1.87

48.16 £ 5.80

6.07 £1.07

28.03 +3.32

17.74 £ 3.24

14.62 +3.34

67.59+5.40

51.31+5.55

70.33+3.99

87.59+1.20

61.46 +5.51

70.47 £ 2.24

36.01+3.91

20.12 +2.12

19.18 £ 2.37

77.26 £ 2.56

23.43+2.85

24.47 +4.27

4.63 £0.90

25.19+3.36

45.71 + 6.44

39.69+6.19

79.95 £ 4.07

69.01 +5.22

4494 +5.53

85.98 +1.97

52.90 + 3.97

69.52 + 3.60

31.93+2.97

18.35+1.32
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19.35+2.03

75.20 £ 2.46

20.65 £ 3.00

36.40+6.81

7.40 £2.07

29.12 £ 5.37

27.08 £6.33

24.92 +5.60

78.36 £3.12

66.29 +4.40

60.18 +5.09

85.02 +4.30

52.90+6.49

70.76 £ 3.16

34.35+2.87

19.85+2.84

0.923

0.463

0.477

0.005**

0.334

0.560

<0.001***

0.001***

0.082

0.053

<0.001***

0.471

0.249

0.815

0.439

0.520

0.881

0.951

0.902

0.218

0.998

0.857

0.157

0.169

0.171

0.079

0.135

0.487

0.342

0.940

0.772

0.941



EM CD4* T cells (gated in CD4* T

32.53+2.47 29.70+297  33.79%2.28 0.469 0.739
cells)
TE CD4* T cells (gated in CD4* T

11,34+2,05 | 20,03+4,40  12,01+1,17 0.032* 0.234
cells)
Treg (gated in CD4* T cells) 1.86+0.20 | 2.61+0.43 2.37+0.40 0.098 0.216
Th1-like (gated in CD4* T cells) 12.79+1.53 | 13.32+2.01 | 14.04+1.82 0.833 0.615
Th2-like (gated in CD4* T cells) 7.12+0.99 | 10.73+1.44 | 8.30+0.87 0.042* 0.434
Th17-like (gated in CD4* T cells) 5.06+0.69 5.25+0.68 @ 4.53+0.86 0.450 0.687
Tfh cells (gated in CD4+ T cells) 0.87+0.47 | 0.74+0.33 0.54 +0.08 0.837 0.395
B cells (gated in lymphocytes) 13.23+1.05 | 8.78+1.17 | 12.75+1.81 0.009** 0.808
Naive B cells (gated in B cells) 74.88+298 | 78.08+4.25 | 71.87+5.70 0.530 0.609
Memory B cells (gated in B cells) 20.77+2.32 | 16.81+£3.17 | 25.22£6.15 0.310 0.427
IgD* Memory B cells (gated in B

577+151  2.51x0.61 4.45+1.73 0.082 0.419
cells)
IgD” Memory B cells (gated in B

18.02+2.84 | 14.99+2.96 | 19.16 +4.37 0.450 0.803
cells)
ABCs (gated in B cells) 293+0.72 | 3.72+1.54 1.63+0.54 0.397 0.388
Plasmablasts (gated in B cells) 435+2.73 | 5.11+2.33 2.91+1.57 0.174 0.846

Cells involved in both innate and adaptive immunity

DCs (gated in intact cells) 0.13+0.01  0.09%0.02 0.14 £ 0.03 0.076 0.832
pDCs (gated in DCs) 55.74 +4.81 | 54.28 +8.75 | 59.60 +9.04 0.878 0.681
mDCs (gated in DCs) 44,27 +4.81 | 45.72 +8.75 | 40.40 £9.04 0.878 0.681
v6 T cells (gated in CD3* T cells) 469+0.60 5.48+0.96 4,56 +0.92 0.537 0.718
MAIT/iNKT CD4 cells (gated in

3.77+0.72  158+0.61 @ 4.02+1.22 0.011* 0.999
CD3* T cells)
ILCs (gated in Lin™ cells) 9.28+1.10 | 7.65+2.81 | 10.47%2.19 0.013* 0.934
ILC2 (gated in ILCs) 11.02+2.97 | 8.61+£3.28 8.11+2.82 0.568 0.496
ILC3 (gated in ILCs) 19.54+2.50 | 12.01+2.24 | 11.98+2.41 0.053 0.059

n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid arthritis; NK: natural killer cells; CM: central

memory; EM: effector memory; TE: terminal effector; Tsen: senescent T cells; Temra: effector memory T cells

re-expressing CD45RA; Tregs: regulatory T cells; Th: T helper cells; Tfh: T follicular helper cells; ABCs: age-
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associated B cells; DCs: dendritic cells; pDCs: plasmacytoid dendritic cells; mDCs: myeloid dendritic cells; MAIT:
mucosal-associated invariant T cells; iNKT: invariant natural killer T cells; ILCs: innate lymphoid cells; *, p<

0.050; **, p< 0.010; ***, p< 0.001

As it can be observed from the table above, regarding cells involved in innate immunity, the analysis
identified reduced percentages of basophils in PsA (0.36% + 0,07) compared to seropositive RA (0.72%
+ 0.12; p= 0.012). Subpopulations of adaptive immunity also displayed a differentiation between
these two groups. B cells (13.23% + 1.05), naive CD8* T cells (48.16% * 5.80) and activated CD8* T
cells (70.33% + 3.99) were significantly more frequent in patients with PsA compared to seropositive
RA (8.78% + 1.17; p=0.009, 24.47% + 4.27; p= 0.005, and 44.94% + 5.53; p< 0.001, respectively). On
the other hand, the percentages of TE CD8* T cells (17.74% + 3.24), CD27°CD28 CD8* T cells (14.62%
+3.34), TE CD4* T cells (11.34% % 2.05), and Th2-like cells (7.12% + 0.99) were lower in PsA compared
to seropositive RA (45.71% + 6.44; p< 0.001, 39.69% * 6.19; p= 0.001, 20.03% * 4.40; p= 0.032, and
10.73% * 1.44; p= 0.042, respectively). In addition, MAIT/iNKT CD4 cells (3.77% * 0.72, PsA), as well
as ILCs (9.28% + 1.10) were more frequent in the blood of patients with PsA compared to those with

seropositive RA (1.58% + 0.61; p=0.011, and 7.65% + 2.81; p= 0.013, respectively).

In striking contrast, no significant differences in the immunocyte composition of the peripheral blood

of PsA and seronegative RA patients were seen at the single-cell level.

The above findings are depicted in Figures 9-18.
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Figure 9. Percentages of basophils in patients with PsA, seropositive (RF and/or antiCCP), and
seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16; red
dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid
arthritis; *, p< 0.050)
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Figure 10. Percentages of naive CD8"* T cells in patients with PsA, seropositive (RF and/or antiCCP)
and seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16;
red dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid
arthritis; **, p< 0.010)

48



— ns —

100~ — %%k —
p= 0.0003
2 2 807 )
8 o ° [ ]
-
+ + 60 [ 3
0 0 [
0 O ®
[
w £ 40+ ® [ J
E s °® [ J -
5 2 L4 ° S
£5 2 mEs . vl
[ o * ¢ * [ J
0 ® [ J ) [ J [ ]
1 I I
PsA Seropositive RA Seronegative RA
n=16 n=12 n=9

Figure 11. Percentages of TE CD8" T cells in patients with PsA, seropositive (RF and/or antiCCP), and
seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16; red
dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid
arthritis; TE: terminal effector; ***, p< 0.001)
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Figure 12. Percentages of CD27-CD28" CD8* T cells in patients with PsA, seropositive (RF and/or
antiCCP), and seronegative RA. Each point corresponds to an individual patient (black dots= PsA
patients, n=16; red dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9).
Groups were compared using Mann—-Whitney U test. (n: number of patients; PsA: psoriatic arthritis;
RA: rheumatoid arthritis; **, p<0.010)
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Figure 13. Percentages of activated CD8* T cells in patients with PsA, seropositive (RF and/or
antiCCP), and seronegative RA. Each point corresponds to an individual patient (black dots= PsA
patients, n=16; red dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9).
Groups were compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA:
rheumatoid arthritis; ***, p< 0.001)
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Figure 14. Percentages of TE CD4"* T cells in patients with PsA, seropositive (RF and/or antiCCP), and
seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16; red
dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid
arthritis; TE: terminal effector; *, p< 0.050)
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Figure 15. Percentages of Th2-like CD4* T cells in patients with PsA, seropositive (RF and/or
antiCCP), and seronegative RA. Each point corresponds to an individual patient (black dots= PsA
patients, n=16; red dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9).
Groups were compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA:
rheumatoid arthritis; Th: helper T cells; *, p< 0.050)
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Figure 16. Percentages of B cells in patients with PsA, seropositive (RF and/or antiCCP), and
seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16; red
dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
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compared using an unpaired t-test. (n: number of patients; PsA: psoriatic arthritis; RA: rheumatoid
arthritis; **, p< 0.010)
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Figure 17. Percentages of MAIT/iNKT cells in patients with PsA, seropositive (RF and/or antiCCP),
and seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16;
red dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using an unpaired t-test or Mann—Whitney U test. (n: number of patients; PsA: psoriatic
arthritis; RA: rheumatoid arthritis; MAIT: mucosal-associated invariant T cells; iNKT: invariant natural
killer T cells; *, p< 0.050)
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Figure 18. Percentages of ILCs in patients with PsA, seropositive (RF and/or antiCCP), and
seronegative RA. Each point corresponds to an individual patient (black dots= PsA patients, n=16; red
dots= seropositive RA patients, n=12; blue dots= seronegative RA patients, n=9). Groups were
compared using Mann—-Whitney U test. (n: number of patients; PsA: psoriatic arthritis; RA:
rheumatoid arthritis; ILCs: innate lymphoid cells T cells; *, p< 0.050)
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3.3. Investigation of the expression of mesenchymal markers on the surface of immune

cells

Next, we investigated the presence of circulating hematopoietic cells expressing CDH11, CD34, PDPN,
CD90, and/or Notch3. To obtain a first view of the expression patterns of these markers, the previously

generated ViSNE plots were plotted based on the intensity values for each marker (Figures 19-20).

HC

Cadherin-11 CD34 Podoplanin

Neutrophils

tSNE2

tSNE1 tSNE1 tSNE1

ISNE2
tSNE2

tSNE1

Figure 19. Representative viSNE plot for a HC. Cadherin-11, CD34, podoplanin, CD90, and Notch3 are
plotted separately in the 2-dimensional space. Each dot represents a cell and is colored according to
each marker’s intensity on a spectrum heat scale (red= high intensity; blue=low intensity). Arcsine-
transformed color scales report the raw values of the marker's intensity. The major immune
populations are gated and the first plot shows the corresponding gate labels. (HC: healthy control;
MAIT: mucosal-associated invariant T cells; iNKT: invariant natural killer T cells)
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Figure 20. Representative ViSNE plot for a patient with IA (specifically PsA). Cadherin-11, CD34,
podoplanin, CD90 and Notch3 are plotted separately in the 2-dimensional space. Each dot represents
acell and is colored according to each marker’s intensity on a spectrum heat scale (red= high intensity;
blue=low intensity). Arcsine-transformed color scales report the raw values of the marker's intensity.
The major immune populations are gated and the first plot shows the corresponding gate labels. (PsA:
psoriatic arthritis; MAIT: mucosal-associated invariant T cells; iNKT: invariant natural killer T cells)

It is evident that the examined mesenchymal markers can be detected in the different circulating

immune populations, both in patients and in HC.
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3.3.1. Comparison of the percentages of hematopoietic cells expressing mesenchymal markers

between patients and HC

The presence of CD45* hematopoietic cells expressing at least one of the five mesenchymal markers
was quantitively assessed and the percentages of these rare cells were then compared between HC
and the whole patient cohort. One HC was excluded from the analysis, for being an outlier. The

frequencies (%) of all mesenchymal marker* hematopoietic cells are presented in Table 14.

Table 14. Percentages of circulating hematopoietic cells expressing mesenchymal markers in
patients with active IA and HC. The asterisks denote statistical significance as determined by Mann—
Whitney U test.

CD45* cells expressing Mean + SEM
mesenchymal markers A HC
p value
(%) (n=37) (n=12)

CDH11* 4.13+1.12 3.04 £0.55 0.455
CD34* 5.55+1.65 1.95+0.36 0.973
PDPN* 3.15+0.55 3.77 £0.40 0.046*
CD90* 1.44+0.18 1.75+0.25 0.244
Notch3* 0.95+0.12 0.86 £0.10 0.771

n: number of patients; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *, p< 0.050

As it can be observed, approximately 3-5% of circulating hematopoietic cells expressed CDH11, CD34,
and/or PDPN, whereas the percentage of CD45*-expressing CD90 and/or Notch3 is about 1-1.5%. No
significant differences were detected between the two groups, except for PDPN* cells, whose
frequency was decreased in the blood of IA patients (3.15% * 0.54) compared to HC (3.77% * 0.40;
p= 0.046).

These findings are depicted in Figure 21.
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Figure 21. Percentages of CD45* cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the
right y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *, p< 0.050)

Furthermore, the IA patients were trichotomized into patients with PsA, seropositive RA, and
seronegative RA. The frequencies (%) of all hematopoietic cells positive for mesenchymal markers,

per disease group, are presented in Table 15.
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Table 15. Percentages of circulating hematopoietic cells expressing mesenchymal markers in HC and
patients with PsA, seropositive RA, and seronegative RA. The asterisks denote statistical significance
as determined by unpaired t-test or Mann—Whitney U test.

CD45" cells expressing

Mean = SEM

Seropositive

Seronegative

mesenchymal markers HC PsA
RA RA
(%) (n=12) (n=16)
(n=12) (n=9)
CDH11* 3.04+0.55 4.82+2.23 5.07+1.75 1.64 £0.30
CD34* 195+0.36 @ 7.38+2.76 2.37+0.81 6.55 + 4.60
PDPN* 3.77+0.40 @ 4.00+1.12 3.05+0.69 | 1.79+0.31**
CD90* 1.75+0.25 @ 1.60+0.31 1.50+0.32 1.09+£0.21
Notch3* 0.86+0.10 1.12+0.22 0.75+0.12 0.90+£0.23

n: number of patients; HC: healthy controls; PsA: psoriatic arthritis; RA: rheumatoid arthritis; CDH11: cadherin-

11; PDPN: podoplanin; **HC vs Seronegative RA, p< 0.01

Similarly, no significant differences were observed between the four groups, except for PDPN* cells,

whose frequency was significantly decreased in the blood of seronegative RA patients (1.79% + 0.31)

compared to HC (3.77% + 0.40; p= 0.002).

These findings are depicted in Figure 22.
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Figure 22. Percentages of CD45" cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in HC and
patients with PsA, seropositive RA, and seronegative RA. Each point corresponds to an individual
patient (green shapes= HC, n=12; black shapes= PsA patients, n=16; red shapes= seropositive RA
patients, n=12; blue shapes= seronegative RA patients, n=9). The left y-axis corresponds to the first
three plots (CDH11, CD34, PDPN), and the right y-axis to the last two plots (CD90, Notch3). Groups
were compared using an unpaired t-test or Mann-Whitney U test. (HC: healthy controls; PsA: psoriatic
arthritis; RA: rheumatoid arthritis; CDH11: cadherin-11; PDPN: podoplanin; **, p< 0.010)
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3.3.2. Abundancies of cells expressing mesenchymal markers within each major immune cell type

Given that the role of the examined mesenchymal markers may be context- and cell type-dependent,
their presence was investigated in each of the major immunocyte populations. In order to gain a
deeper insight into the possible role and implication of these rare subsets of cells that express
mesenchymal markers to the pathogenesis of 1As, their frequencies were measured and plotted, for

HC (Figure 23) and IA patients (Figure 24).

Percentages of immunocytes expressing mesenchymal markers in HC

80
BN CDH11*
70 BN CD34"
(| +
60 PDPN
{ = cpoot
50 Bl Notch3*
X 40
30 }
20
10
0= = — ii@ ) — — -t EEE B EE— m“
\9 \& \&2 NG N N 5 \2 9 \2 A =)
& & & & & N cﬁ@ & & & '\\é{- Ny
qx)& b‘/\ Q \)&\o N 'bo S e{_ A \?§
2 o
o oY ¥ <« Q Q R ) X\

Figure 23. Percentages of cells expressing mesenchymal markers per immunocyte population, in
the blood of HC. Each bar depicts the mean percentage (+ SEM) of CDH11* (purple bars), CD34*
(turquoise bars), PDPN* (orange bars), CD90* (yellow bars), and Notch3* (red bars) cells in CD8* T cells,
CD4* T cells, B cells, neutrophils, eosinophils, basophils, monocytes, NK cells, DCs, y& T cells,
MAIT/iNKT cells, and ILCs. (HC: healthy controls; CDH11: cadherin-11; PDPN: podoplanin; NK: natural
killer cells; DCs: dendritic cells; MAIT: musical-associated invariant T cells; iNKT: invariant T cells; ILCs:
innate lymphoid cells)
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Percentages of immunocytes expressing mesenchymal markers in active IA patients
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Figure 24. Percentages of cells expressing mesenchymal markers per immunocyte population, in
the blood of patients with active IA. Each bar depicts the mean percentage (+ SEM) of CDH11* (purple
bars), CD34"* (turquoise bars), PDPN* (orange bars), CD90* (yellow bars), and Notch3* (red bars) cells
in CD8* T cells, CD4* T cells, B cells, neutrophils, eosinophils, basophils, monocytes, NK cells, DCs, y6
T cells, MAIT/iNKT cells, and ILCs. (IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin;
NK: natural killer cells; DCs: dendritic cells; MAIT: musical-associated invariant T cells; iNKT: invariant
T cells; ILCs: innate lymphoid cells)

From the graphs above, it is evident that the expression of the five mesenchymal markers was diverse
and specific to each immune cell type. Eosinophils expressed all the markers in high percentages (20-
75%), whereas basophils had elevated percentages of CD90* cells (15%). ILCs also expressed
mesenchymal markers at quite elevated percentages (3-10%), compared to the rest of the immune
cell populations. Moreover, it was observed that in most cell types, the frequency of cells expressing
CDH11, CD34, and PDPN, was higher than CD90* and Notch3* cells. In contrast, as far eosinophils are
concerned, CDH11 and CD90 were expressed in higher percentages than the other markers; in
basophils, the highest percentages were observed for CD90* cells; and in ILCs the frequency of

CDH11*, CD34* and CD90* cells was higher than the one of PDPN* and Notch3* cells. The described
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profile of mesenchymal marker expression by the different circulating cell types was similar in HC and

IA patients.

3.3.3. Comparison of the percentages of major immune cell types expressing mesenchymal markers

between patients and HC

Next, in order to detect possible differences between IA patients and HC, the percentages of cells
expressing mesenchymal markers within each major immunocyte population were compared

between the two groups.

3.3.3.1. Differences in cell populations of adaptive immunity

In the case of the adaptive immunity compartments, the expression of mesenchymal markers was
examined in total CD8* and CD4* T cells, as well as B cells. Comparisons of all analyzed frequencies
concerning the aforementioned immunocyte populations, including those which did not reach the

level of statistical significance, are presented in Table 16.
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Table 16. Percentages of circulating T and B cells expressing mesenchymal markers in patients with
active IA and HC. The asterisks denote statistical significance, determined by Mann—Whitney U test.

n: number of patients; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *, p< 0.050; ***, p<

0.001

Cells expressing mesenchymal Mean * SEM p value
markers (%) IA (n=37) HC (n=12) IA vs HC
CD8* T cells
CDH11* 1.13+0.50 0.38£0.22 0.918
CD34* 1.64 £ 0.66 0.12 £ 0.06 0.201
PDPN* 0.45+0.10 0.34+0.17 0.192
CD90" 0.039 +0.005 | 0.010 £0.003  0.0007***
Notch3* 0.23+0.03 0.17 £ 0.05 0.475
CD4* T cells
CDH11* 1.86+1.11 0.42 £0.23 0.828
CD34* 1.62 £0.69 0.10+0.06 0.049*
PDPN* 0.16 £ 0.03 0.14 +0.07 0.256
Ccboot 0.18 £0.03 0.09 £ 0.02 0.175
Notch3* 0.27 £0.04 0.22 £ 0.05 0.510
B cells
CDH11* 1.92+1.21 0.53+0.24 0.995
CD34* 5.69 +2.04 0.83+0.27 0.208
PDPN* 2.12 +0.30 1.54+0.44 0.351
Ccboot 0.05+0.01 0.02 £0.01 0.070
Notch3* 0.14 £0.03 0.13+0.06 0.570
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The analysis revealed elevated percentages of CD90* CD8* T cells in the blood of IA patients (0.039%
+ 0.005) compared to HC (0.010% * 0.003; p= 0.0007). Moreover, there was an increase in the
percentages of CD34* cells in CD4* T cells (1.62% + 0.69, IA, vs 0.10% * 0.06, HC; p= 0.049). No
significant differences were detected in B cells expressing mesenchymal markers. Despite comprising
a very small percentage of cells, CD90* cells in all populations of acquired immunity were more

frequent in 1A patients, without reaching statistical significance as shown in Figures 25-27.
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Figure 25. Percentages of CD8" T cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes
= |A patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the
right y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; ***, p<
0.001)
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Figure 26. Percentages of CD4* T cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with 1A and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). The left y-axis corresponds to the first two plots (CDH11, CD34), and the right y-
axis to the last three plots (PDPN, CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; ***, p<
0.001)
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Figure 27. Percentages of B cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients with
IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes= IA
patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the right
y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test. (HC:
healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin)
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3.3.3.2. Differences in cell subpopulations of innate immunity and bridging subtypes

Next, the granulocytic compartment was examined. Comparisons of all analyzed frequencies

concerning neutrophils, eosinophils, and basophils, including those which did not reach the level of

statistical significance, are presented in Table 17.

Table 17. Percentages of circulating granulocytes expressing mesenchymal markers in patients with
active IA and HC. The asterisks denote statistical significance, determined by unpaired t-test or

Mann—-Whitney U test.

Cells expressing mesenchymal Mean + SEM p value
markers (%) IA (n=37) HC (n=12) IA vs HC
Neutrophils
CDH11* 3.07+1.18 0.97 £ 0.35 0.671
CD34* 5.86 + 2.05 1.55 +0.58 0.417
PDPN* 3.42+0.73 4.28 +0.75 0.079
CD90* 0.33+£0.14 0.05 +0.02 0.054
Notch3* 0.66 + 0.08 0.41 £0.08 0.444
Eosinophils
CDH11* 72.06+2.75 | 75.06+3.83 0.575
CD34* 38.46+3.32 | 35.32+5.17 0.633
PDPN* 34.87+3.72 | 32.57+4.98 0.749
CD90* 57.23+3.09 = 55.97 +3.70 0.830
Notch3* 22.09+2.41 | 18.60+2.01 0.432
Basophils
CDH11* 0.89 +0.43 0.41+0.23 0.806
CD34" 1.52 £ 0.60 0.10 + 0.07 0.046*
PDPN* 0.52 +0.13 0.40 £0.19 0.617
CD90* 15.33+2.34 | 15.12+4.08 0.828
Notch3* 0.34 £0.05 0.28 +0.07 0.642

n: number of patients; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *, p< 0.050
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As it can be seen, high percentages of eosinophils expressing mesenchymal markers were reported,
without differing, though, between IA patients and HC. On the contrary, elevated percentages of
basophils expressing CD34 were observed in the blood of IA patients (1.52% + 0.60) compared to HC
(0.10% £ 0.07; p= 0.046). No differences were detected when examining neutrophils. These findings

are also shown in Figures 28-30.
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Figure 28. Percentages of neutrophils expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the
right y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin)
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Figure 29. Percentages of eosinophils expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). Groups were compared using an unpaired t-test. (HC: healthy controls; IA:
inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin)
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Figure 30. Percentages of basophils expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). Groups were compared using Mann-Whitney U test. (HC: healthy controls; IA:
inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *: p< 0.050)
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Then, we investigated the expression of mesenchymal cells on monocytes and NK cells. Comparisons
of all analyzed frequencies, including those which did not reach the level of statistical significance,

are presented in Table 18.

Table 18. Percentages of circulating monocytes and NK cells expressing mesenchymal markers in
patients with active IA and HC. The asterisks denote statistical significance, determined by Mann—
Whitney U test.

Cells expressing mesenchymal Mean + SEM p value
markers (%) IA (n=37) HC (n=12) IA vs HC
Monocytes
CDH11* 2.04+0.53 1.21+£0.36 0.705
CD34" 1.16 +0.33 0.10 £ 0.04 0.001**
PDPN* 0.20 £ 0.03 0.14 £0.03 0.303
CD90* 0.45 +0.08 0.20 +0.05 0.045*
Notch3* 0.56 +0.09 0.35 +0.06 0.376
NK cells
CDH11* 0.82 £0.39 0.41+0.23 0.279
CD34" 1.36 £ 0.53 0.07 £ 0.02 0.048*
PDPN* 0.55+0.11 0.48 £+0.16 0.770
CD90* 0.025 +0.005 | 0.004 + 0.002 0.011*
Notch3* 0.15 £ 0.02 0.13 +0.05 0.313

n: number of patients; IA: inflammatory arthritis; NK: natural killer cells; CDH11: cadherin-11; PDPN:
podoplanin; *, p< 0.050; **, p< 0.010

As shown in the table above, elevated percentages of CD34*(1.16% + 0.33) and CD90* (0.45% + 0.08)
cells are reported in the blood of IA patients compared to HC (0.10% + 0.04; p= 0.001, and 0.20% +
0.05; p= 0.045, respectively). Similar findings were reported for NK cells (CD34*: 1.36% + 0.53, IA, vs
0.07% £ 0.02, HC; p= 0.048, and CD90: 0.025% + 0.005, 1A, vs 0.004% + 0.002, HC; p= 0.011). These

findings are also shown in Figures 31-32.
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Figure 31. Percentages of monocytes expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with 1A and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). Groups were compared using Mann-Whitney U test. (HC: healthy controls; IA:
inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin; *, p< 0.050; **, p< 0.010)
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Figure 32. Percentages of NK cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the
right y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; NK: natural killer cells; CDH11: cadherin-11; PDPN:
podoplanin; *, p< 0.050)

Lastly, regarding cells that may be involved in both facets of the immune system, their frequencies

are presented in Table 19, including all comparisons performed.
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Table 19. Percentages of circulating DCs, y6 T cells, MAIT/iNKT cells, and ILCs expressing
mesenchymal markers in patients with active IA and HC. The asterisks denote statistical significance,

determined by unpaired t-test or Mann—Whitney U test.

Cells expressing mesenchymal Mean + SEM p value
markers (%) IA (n=37) HC (n=12) IA vs HC
DCs
CDH11* 1.03 + 0.45 0.49 £0.26 0.410
CD34" 1.19 £0.35 0.08 + 0.04 0.007**
PDPN* 0.73+0.10 0.49 + 0.09 0.351
CD90* 0.99 +0.14 0.55 +0.06 0.135
Notch3* 0.30+0.04 0.19+£0.05 0.170
vo T cells
CDH11* 2.34+1.40 0.46 +0.25 0.437
CD34* 1.02£0.34 0.08 + 0.03 0.119
PDPN* 0.41+0.10 0.44 +0.18 0.809
CD90* 0.10 +0.03 0.02+0.01 0.239
Notch3* 0.32 £0.05 0.24 £0.06 0.360
MAIT/iNKT cells
CDH11* 1.03 £0.51 0.45 + 0.24 0.642
CD34" 0.68 £ 0.33 0.06 + 0.04 0.160
PDPN* 0.06 + 0.02 0.03 £0.02 0.788
CD90* 0.58 +0.19 0.54 +0.20 0.738
Notch3* 0.29 £ 0.05 0.33 £0.08 0.686
ILCs
CDH11* 9.99 +1.62 8.25+3.21 0.263
CD34" 12.57 £2.19 4,99 +1.98 0.010*
PDPN* 3.07 £0.70 2.30+0.78 0.867
CD90* 8.69 +1.41 6.63%2.12 0.314
Notch3* 2.75+0.43 4.05 +1.94 0.617

n: number of patients; IA: inflammatory arthritis; NK: natural killer cells; DCs: dendritic cells; MAIT: mucosal-
associated invariant T cells; iNKT: invariant natural killer T cells; ILCs: innate lymphoid cells; CDH11: cadherin-

11; PDPN: podoplanin; *, p< 0.050
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By examining the table above, it can be observed that the percentages of CD34* DCs (1.19% + 0.35)
and CD34*ILCs (12.57% * 2.19) were increased in the blood of IA patients compared to HC (0.08% +
0.04; p=0.007, and 4.99% * 1.98; p= 0.010, respectively). No significant differences were detected in
y8 T cells and MAIT/iNKT cells expressing mesenchymal markers. These findings are also graphically

depicted in Figures 33-36.
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Figure 33. Percentages of DCs expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients with
IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes= IA
patients, n=37). Groups were compared using Mann-Whitney U test. (HC: healthy controls; IA:
inflammatory arthritis; DCs: dendritic cells; CDH11: cadherin-11; PDPN: podoplanin; **, p< 0.010)
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Figure 34. Percentages of y6 T cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients
with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes=
IA patients, n=37). The left y-axis corresponds to the first three plots (CDH11, CD34, PDPN), and the
right y-axis to the last two plots (CD90, Notch3). Groups were compared using Mann-Whitney U test.
(HC: healthy controls; IA: inflammatory arthritis; CDH11: cadherin-11; PDPN: podoplanin)
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Figure 35. Percentages of MAIT/iNKT cells expressing CDH11, CD34, PDPN, CD90, and Notch3 in
patients with IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12;
red shapes= IA patients, n=37). Groups were compared using an unpaired t-test or Mann-Whitney U
test. (HC: healthy controls; IA: inflammatory arthritis; MAIT: mucosal-associated invariant T cells;
iNKT: invariant natural killer T cells; CDH11: cadherin-11; PDPN: podoplanin)
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Figure 36. Percentages of ILCs expressing CDH11, CD34, PDPN, CD90, and Notch3 in patients with
IA and HC. Each point corresponds to an individual patient (black shapes= HC, n=12; red shapes= IA
patients, n=37). Groups were compared using Mann-Whitney U test. (HC: healthy controls; IA
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Overall, it can be noted that statistically significant differences were detected mainly for CD34*and
CD90* populations, whose percentages were found to be augmented in the blood of patients with

active IA compared to HC, in all of the cases.

73



4. Discussion

In the present study, the high-dimensional power of mass cytometry was employed to study the
composition of the peripheral leukocyte pool, at a single-cell level, in IA patients and HC, and to
investigate the presence of rare cell subsets expressing mesenchymal-associated markers. The
immune landscape of the peripheral blood of patients with active PsA was compared to the one of
HC, as well as to seropositive and seronegative RA patients. In all four groups, the presence, as well

as the frequencies of CDH11*, CD34*, PDPN*, CD90", and Notch3* circulating cells were investigated.

4.1. The power of single-cell mass cytometry

CyTOF has pioneered the multi-parametric single-cell technologies for protein analysis. This advanced
technology enabled the simultaneous analysis of 35 cell surface markers, at a single cell level, on
whole blood. Using a non-interventional method and only 270 ul of blood, we were able to deeply
characterize the immunophenotype of our samples. By staining fresh blood directly, we ensured the
integrity of epitopes, which may be altered by fixation and freezing methods, without excluding the
granulocytic compartment, as in the case of PBMCs. Exploiting the power of high-parameter single-
cell analysis, we examined the phenotypic composition of the peripheral immunocyte pool of PsA, at
a previously unattainable depth. Moreover, we were able to detect rare events as well as populations

that have not been described before, with high accuracy, despite using a limited amount of sample.

4.2. Peripheral blood immunophenotyping in PsA patients

The composition of the peripheral immunocyte pool of patients with active PsA was found to be
altered compared to HC, with the observed differences concerning cells of both innate and adaptive
immunity (Tables 8-10). These findings support the classification of PsA as a mixed-pattern disease,

indicating that both facets of the immune system are involved in the pathogenesis of the disease.?3

Furthermore, frequencies of subpopulations that act as a bridge between innate and acquired
immunity, and which are increasingly recognized to play a significant role in the pathogenesis of PsA
and other forms of SpA, were found to differ significantly. Specifically, MAIT/iNKT cells, as well as ILCs,

were more frequent in the blood of patients compared to HC (Table 8). Of note, these cells are
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thought to be an additional source of IL-17A,84%> confirming also earlier reports conducted by flow
cytometry,®® and their role has been increasingly recognized in the pathogenesis of PsA. ILCs and
especially the ILC3 subtype has been found to be enriched in the synovial fluid of PsA patients,
producing more IL-17, compared to that obtained from individuals with RA.8” Similarly, the percentage
of IL-17-producing MAIT cells is increased in the synovial fluid of PsA patients compared to that of
individuals with RA or osteoarthritis.® Another source of IL-17A - possibly independent of 1L-238990-
are the y& T cells, which in our and other cohorts are found to be decreased compared to HC (Table
8).869192 The meaning of this finding is not entirely clear so far, although it can be speculated that
these cells might migrate or are resident in other tissues. The hypothesis of y&6 T migration is in
agreement with a study showing increased numbers of these cells in synovial fluid versus paired
peripheral blood samples in patients with SpA.?3 Furthermore, decreased y& T cells might also explain
the high percentages of neutrophils in the peripheral blood of these patients. As it has been shown
in mice models, y6 T cells deficiency prevents the accumulation of neutrophils in target tissues,

downregulating the homing receptor CXCR2.%4

Regarding adaptive immunity, a reduction in the frequencies of effector/effector memory and
senescent T cells was observed in the blood of PsA patients compared to HC (Tables 9-10). Although
the role of senescent T cells has not been elucidated in PsA, studies in other forms of inflammatory
diseases, like RA, have shown that these cells may contribute to synovial inflammation.®®
Furthermore, the observed decreased percentages of the circulating effector/effector memory T cells
might be due to their migratory potential towards the site of inflammation. This is in line with the
findings of a previous study by Diani et al., showing a decrease in the circulating percentage of these
cells, with a preferential migration toward PsA synovial fluid.®® Additionally, in agreement with other
flow cytometry-based studies,®”"*® Th17 cells were found to be increased in individuals with PsA,
compared to HC (Table 10). As for the granulocytic compartment, decreased percentages of basophils
and eosinophils were observed in PsA patients (Table 8), however, there is no clear evidence about

their role in the disease.8299-101
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4.3. Differences in the circulating immunocyte composition between PsA, seropositive and

seronegative RA patients

The landscape in the field of differences between seropositive and seronegative RA is still elusive.!®
Although disease course, radiographic progression, as well as imaging characteristics, might be
different,*17.192 |ittle is known about the pathogenesis of seronegative RA. Notably emerging evidence
supports that different immune mechanisms underlie the pathogenesis of seropositive and
seronegative RA.193194 One could also note that in most of the approval studies of bDMARDs in RA,
seropositive patients are over-represented (collectively, approximately >70-80% of the patients

enrolled), indicating that seronegative RA is often neglected.

Given that seropositive and seronegative RA have been comparatively examined before using mass
cytometry,®? the study focused on directly comparing PsA to seropositive and seronegative RA
patients. In the case of seropositive RA patients, differences were observed mainly concerning the T
cell compartment (Figures 10-15), as well as basophils (Figure 9), B cells (Figure 16), MAIT/iNKT CD4
cells (Figure 17), and ILCs (Figure 18). Interestingly, when we compared the immunocyte composition
of peripheral blood in PsA and seronegative RA patients, no significant differences were found
between the two groups (Table 13), indicating a level of similarity between these two diseases. It is
clear, though, that seronegative RA and PsA are two different forms of inflammatory arthritis. Besides,
there is some preliminary evidence that there are differences at a tissue level.1®10>106 However, it
could be proposed that these two inflammatory diseases might share pathogenetic mechanisms of
both innate and acquired immunity.23 Thus, the findings of the present study might support the
classification of both PsA and seronegative RA as mixed-pattern diseases, lying between
autoinflammation and autoimmunity, in contrast to seropositive RA, in which mechanisms of adaptive

immunity prevail. Nevertheless, this requires further investigation.

4.4. Expression of mesenchymal markers on hematopoietic cells

The present study investigates, for the first time, the expression of molecules typically found on
mesenchymal cells, including synovial fibroblasts, on the surface of circulating hematopoietic cells,

both under physiological and inflammatory conditions.
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When looking at all CD45* cells, it was observed that approximately 1-5% of circulating hematopoietic
cells expressed CDH11, CD34, PDPN, CD90, and/or Notch3 on their surface (Figure 21). No significant
differences in the frequencies of cells expressing the examined markers were found between patients
and HC (Table 14), indicating that these small subsets of cells can be found in the circulation under
normal conditions and their abundancies are not extremely altered in IA. A small, yet significant,
decrease was reported for PDPN* hematopoietic cells in the case of patients (Table 14). Studies have
shown that the expression of PDPN is upregulated when stimulated by pro-inflammatory cytokines,
and it has also been reported that this protein is expressed on effector T cell subsets that infiltrate
target tissues during autoimmune inflammation.>?>3°¢ Moreover, over-expression of PDPN is
associated with epithelial-mesenchymal transition, cell migration and increased tissue invasion, in
several forms of aggressive cancer, and has been also linked to an enhanced invasive profile of FLS in
the inflamed RA synovium.>>4-56 Therefore, it could be hypothesized that the observed reduction in
the frequency of PDPN* circulating immune cells may be due to their migration to the inflamed joint.
However, this cannot be supported solely by the results of the present study, and further experiments

must be performed in order to understand the meaning of our observations.

When examining each immunocyte population separately, most differences that were found
significant between IA patients and HC concerned the frequency of CD34" cells (Figures 26, 30-32, 34,
36). Previous studies have reported the expression of this molecule only on eosinophils, and not on
any other type of mature leukocytes.** It should be noted that, in our analysis, eosinophils are found
to express this molecule at an approximately 10-fold frequency compared to the rest of the
immunocytes (Figure 23,24). Interestingly, although eosinophils normally lose CD34 during terminal
differentiation, during inflammatory responses, such as allergic asthma, mature eosinophils that
derive from CD34* progenitor cells that quickly expand in the bone marrow, are found to maintain
CD34 expression and exhibit enhanced proliferative capacity.!%”1%8 This may be in line with the
concept of “emergency hematopoiesis”. During excessive inflammatory immune responses, immune
effector cells are in high demand and are rapidly consumed at sites of inflammation.0%19 Although
adaptive immune cells have high proliferative potential, innate immune cells need to be replenished
from bone marrow (BM) hematopoietic stem cells.1® Therefore, under severe inflammation the
hematopoietic system rapidly adapts to this increased demand for immunocytes by switching from
steady-state blood cell production to emergency myelopoiesis.!*! Although this information about

CD34* eosinophils in asthma cannot be utilized to draw conclusions regarding other leukocyte
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subtypes, it may be possible that CD34 expression is maintained in other mature immunocytes too,
especially under inflammatory conditions, during emergency hematopoiesis. Our analysis revealed
increased percentages of CD34* basophils, monocytes, NK cells, CD4* T cells, DCs, as well as ILCs, in
the blood of patients compared to HC (Figures 26, 30-32, 34, 36). This may be linked to the potential
role of CD34 in leukocyte recruitment to inflamed tissues. CD34 has been shown to interact with
selectins.* While L-selectin is expressed on leukocytes, P- and E- selectin are expressed on vascular
endothelia, and their interaction with their ligands is crucial for leukocyte rolling during trafficking
and migration. Moreover, integrins can also act as ligands to CD34. Notably, when immune cells are
in contact with endothelial cells during the process of trafficking, CD34 on the surface of the
immunocytes promotes the distribution of integrins on their basal region through the negative charge
carried by its extracellular region, thus improving the contact of leukocytes with endothelial cells.**
Taken all together, through its interaction with selectins and/or integrins, CD34 expression may
facilitate immunocyte rolling, adhesion, and extravasation towards inflamed sites (in our case towards
the inflamed synovium).*> Thus, increased frequencies of CD34* circulating immune cells in IA
patients may be indicative of enhanced leukocyte rolling and migrative potential of these cells to the

joints. However, this needs further investigation.

Apart from CD34" cells, increased frequencies of circulating CD90-expressing cells in monocytes, NK,
and CD8* T cells were observed in the blood of IA patients (Figures 25, 31-32). Although, among
immunocytes, CD90 expression has been mainly studied in lymphocytes, there is growing evidence
of its potential role in leukocyte migration, cell adhesion, and inflammation.®® In the context of T cell
activation, studies suggest that CD90 might function as a weak TCR-derived activating signal,
preferentially promoting Th17 development and IL-17A production.®4%> Moreover, it has been
reported that CD90 is expressed by a subset of CD4* and CD8* human T cells which displayed a
Th17/Tc17 phenotype, respectively.!'? Interestingly, these CD90* T cells were able to produce higher
levels of IL-17A, I1L-22, CCL20 and IFN-y compared to CD90" T cells.}*2 However, the role of these T cell
subsets in physiologic and pathologic situations still remains unclear. CD90, though, is primarily
recognized for its role as an integrin ligand or receptor, mediating cell-cell and cell-matrix
interactions.’3 CD90 is capable of mediating integrin-related signaling through both trans- and cis-
interaction with integrins.®® Given that integrin interaction with its ligands is essential for leukocyte
adhesion on the endothelial surface, in order to slow down the rolling process and eventually

extravasate to the site of inflammation,®! it may be possible that CD90 expressed on the surface of
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immunocytes interacts with integrins of the activated endothelium, facilitating leukocyte migration.®?

Notably, integrin expression by endothelial cells is enhanced during angiogenesis, a process involved
in the pathogenesis of 1A.23%1% Thus, increased frequencies of CD90* circulating immune cells in IA
patients may be linked to enhanced leukocyte recruitment in the inflamed joints. Furthermore, as in
the case of CD34, CD90 can be also utilized as a marker of hematopoietic stem cells and the increased
109,110

circulation of CD90* immunocytes in IA may be indicative of emergency hematopoiesis too.

However, the aforementioned hypotheses remain to be further investigated.

As for CDH11 and Notch3, although percentages of circulating immune cells expressing these
molecules did not differ between HC and A patients, their presence in the peripheral blood is a rather
interesting finding. CDH11 has been implicated in a wide range of cellular processes, including
migration, invasion, and epithelial-to-mesenchymal transition.3®!%> Cadherin-11 mRNA transcripts
have been identified in the peripheral blood, reflecting viable cells in patients with RA, being
positively correlated with established disease and the presence of polyarthritis.1'® However, not much
is known about the contribution of CDH11 to immune cells and pathological inflammation. Regarding
Notch3, Notch-signaling has been shown to be implicated in a broad spectrum of functions, from cell
proliferation and differentiation to apoptosis.?’ Its expression has been reported in circulating
lymphocytes and neutrophils.6”117.118 Moreover, endothelium-derived Notch3 signaling has been
associated with the CD90* inflammatory phenotype of sublining fibroblasts in RA,3 driving their
positional identity towards blood vessels, potentially facilitating their migration.'1>12° However, the
role of CDH11 and Notch3 in circulating leukocytes, in both physiological and pathological conditions,

has not been elucidated and demands further investigation.

4.5. Conclusion and future work

This study aimed at phenotypically characterizing the immune landscape in the peripheral blood of
patients with IA, investigating at the same time the existence of hematopoietic cells expressing
adhesion and migration-associated markers typically found on mesenchymal cells, and especially on

synovial fibroblasts.

The deep immunophenotyping of whole blood gives important insights into the differential
immunocyte composition of the peripheral blood between PsA and HC, as well as seropositive and
seronegative RA. The results suggest that PsA lies at the crossroad between autoinflammation and
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autoimmunity, as the composition of both facets of the immune system is altered compared to HC,
and they also support the existence of possible pathogenetic similarities between PsA and
seronegative RA. Our findings can form the basis for further research, focusing on specific
subpopulations of interest and trying to elucidate their role in the pathogenesis of IA. This requires
further experiments which will examine the functional state of these cells and possibly their migratory
capacity. By expanding our CyTOF panel, adding antibodies targeting activation or exhaustion-related
molecules, we may be able to characterize the functional profile of the circulating cells and compare
it between healthy and inflammatory conditions. Furthermore, by measuring the abundance of
chemokines in the blood and associating this information with the expression of their respective
receptors on the surface of circulating immunocytes, we may gain insights about the migratory

behavior of specific cell types that were found to be reduced in patients’ blood compared to HC.

The results of this research demonstrate for the first time the systemic presence of circulating
hematopoietic cells expressing mesenchymal-associated molecules, in both patients and healthy
controls. The meaning of our findings is not clear, and further investigations should be done in order
to understand the role of these cells, in both HC and IA patients. Especially in the case of PDPN*,
CD34* and CD90* cells, whose frequency was differentiated between groups, further analysis may
reveal differences in the characteristics (phenotypic and/or functional) of these immune cells
depending on the expression or absence of these markers on their surface. This information may shed
light on the migratory potential of these rare subsets. The increased frequencies of CD34* and CD90*
immunocytes may also be related to emergency hematopoiesis, a process which could be activated
during the persistent joint inflammation. However, this concept has not been studied yet in IA.
Moreover, investigating the presence of these cells within the synovium, using imaging techniques,

may give valuable insights regarding their potential pathogenetic role in IA.

Overall, the findings of the present study may open further opportunities for future research, focusing
on understanding the mechanisms underlying IA pathogenesis, as well as on developing novel

biomarkers and therapeutic approaches.

80



References

1.

10.

11.

12.

Ramiro, S. et al. Combination therapy for pain management in inflammatory arthritis
(rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, other spondyloarthritis).

Cochrane Database Syst Rev (2011) doi:10.1002/14651858.CD008886.PUB2.

Marsh, L. J., Kemble, S., Reis Nisa, P.,, Singh, R. & Croft, A. P. Fibroblast pathology in
inflammatory joint disease. Immunological Reviews vol. 302 163-183 Preprint at

https://doi.org/10.1111/imr.12986 (2021).

Sundanum, S, Orr, C. & Veale, D. Targeted Therapies in Psoriatic Arthritis—An Update. Int J Mol
Sci 24, 6384 (2023).

Gravallese, E. M. & Firestein, G. S. Rheumatoid Arthritis - Common Origins, Divergent

Mechanisms. N Engl J Med 388, 529-542 (2023).
Smolen, J. S. et al. Rheumatoid arthritis. Nat Rev Dis Primers 4, 1-23 (2018).

Scherer, H. U., Haupl, T. & Burmester, G. R. The etiology of rheumatoid arthritis. J Autoimmun
110, 102400 (2020).

Guo, Q. et al. Rheumatoid arthritis: pathological mechanisms and modern pharmacologic

therapies. Bone Research 6, 1-14 (2018).

O’Neil, L. J. & Kaplan, M. J. Neutrophils in Rheumatoid Arthritis: Breaking Immune Tolerance
and Fueling Disease. Trends Mol Med 25, 215-227 (2019).

Rao, D. A. et al. Pathologically expanded peripheral T helper cell subset drives B cells in

rheumatoid arthritis. Nature 542, 110-114 (2017).

Mclnnes, |. B. & Schett, G. The pathogenesis of rheumatoid arthritis. N Engl/ J Med 365, 2205—
2219 (2011).

Behrens, F. et al. Imbalance in distribution of functional autologous regulatory T cells in

rheumatoid arthritis. Ann Rheum Dis 66, 1151-1156 (2007).

Edwards, J. C. W. et al. Efficacy of B-cell-targeted therapy with rituximab in patients with
rheumatoid arthritis. N Engl J Med 350, 2572—-2581 (2004).

81



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lu, J., Wu, J,, Xia, X., Peng, H. & Wang, S. Follicular helper T cells: potential therapeutic targets
in rheumatoid arthritis. Cell Mol Life Sci 78, 5095-5106 (2021).

Haringman, J. J. et al. Synovial tissue macrophages: a sensitive biomarker for response to

treatment in patients with rheumatoid arthritis. Ann Rheum Dis 64, 834—838 (2005).

Malmstrom, V., Catrina, A. |. & Klareskog, L. The immunopathogenesis of seropositive

rheumatoid arthritis: from triggering to targeting. Nat Rev Immunol 17, 60-75 (2017).

Li, K., Wang, M., Zhao, L, Liu, Y. & Zhang, X. ACPA-negative rheumatoid arthritis: From immune
mechanisms to clinical translation. EBioMedicine 83, 104233 (2022).

Carbonell-Bobadilla, N. et al. Patients with seronegative rheumatoid arthritis have a different
phenotype than seropositive patients: A clinical and ultrasound study. Front Med (Lausanne)

9, (2022).

Ajeganova, S. & Huizinga, T. W. J. Seronegative and seropositive RA: Alike but different? Nature
Reviews Rheumatology vol. 11 8-9 Preprint at https://doi.org/10.1038/nrrheum.2014.194
(2015).

Wu, X. et al. Single-cell sequencing of immune cells from anticitrullinated peptide antibody

positive and negative rheumatoid arthritis. Nature Communications 2021 12:1 12, 1-15 (2021).

Alinaghi, F. et al. Prevalence of psoriatic arthritis in patients with psoriasis: A systematic review
and meta-analysis of observational and clinical studies. J Am Acad Dermatol 80, 251-265.e19

(2019).

Bravo, A. & Kavanaugh, A. Bedside to bench: defining the immunopathogenesis of psoriatic

arthritis. Nat Rev Rheumatol 15, 645-656 (2019).

Panagiotopoulos, A. & Fragoulis, G. E. Comorbidities in Psoriatic Arthritis: A Narrative Review.

Clin Ther (2023) doi:10.1016/J.CLINTHERA.2023.01.006.
Veale, D. J. & Fearon, U. The pathogenesis of psoriatic arthritis. Lancet 391, 2273-2284 (2018).

Qu, N. et al. Pivotal roles of T-helper 17-related cytokines, IL-17, IL-22, and IL-23, in

inflammatory diseases. Clin Dev Immunol 2013, (2013).

82



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

McGonagle, D. G., Mclnnes, I. B., Kirkham, B. W., Sherlock, J. & Moots, R. The role of IL-17A in
axial spondyloarthritis and psoriatic arthritis: recent advances and controversies. Ann Rheum

Dis 78, 1167-1178 (2019).

Fragoulis, G. E., Siebert, S. & Mcinnes, |. B. Therapeutic Targeting of IL-17 and IL-23 Cytokines
in Immune-Mediated Diseases. Annu Rev Med 67, 337-353 (2016).

Jongbloed, S. L. et al. Enumeration and phenotypical analysis of distinct dendritic cell subsets

in psoriatic arthritis and rheumatoid arthritis. Arthritis Res Ther 8, R15 (2006).

Soare, A. et al. Cutting Edge: Homeostasis of Innate Lymphoid Cells Is Imbalanced in Psoriatic

Arthritis. Journal of immunology 200, 1249-1254 (2018).

Scrivo, R. et al. The Conundrum of Psoriatic Arthritis: a Pathogenetic and Clinical Pattern at the
Midpoint of Autoinflammation and Autoimmunity. Clin Rev Allergy Immunol (2022)
doi:10.1007/512016-021-08914-W.

Lories, R. J. & De Vlam, K. Is psoriatic arthritis a result of abnormalities in acquired or innate

immunity? Curr Rheumatol Rep 14, 375-382 (2012).

Ligresti, G. et al. Mesenchymal cells in the Lung: Evolving concepts and their role in fibrosis.

Gene 859, 147142 (2023).

Spees, J. L., Hwa Lee, R. & Gregory, C. A. Mechanisms of mesenchymal stem/stromal cell

function. (2016) doi:10.1186/s13287-016-0363-7.

Huang, Y., Hong, W. & Wei, X. The molecular mechanisms and therapeutic strategies of EMT in
tumor progression and metastasis. Journal of Hematology & Oncology 2022 15:1 15, 1-27
(2022).

Meyer, L. H., Franssen, L. & Pap, T. The role of mesenchymal cells in the pathophysiology of
inflammatory arthritis. Best Pract Res Clin Rheumatol 20, 969-981 (2006).

Wei, K. et al. Notch signalling drives synovial fibroblast identity and arthritis pathology. Nature
582, 259-264 (2020).

Mizoguchi, F. et al. Functionally distinct disease-associated fibroblast subsets in rheumatoid

arthritis. Nat Commun 9, (2018).

83



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Buckley, C. D., Ospelt, C., Gay, S. & Midwood, K. S. Location, location, location: how the tissue

microenvironment affects inflammation in RA. Nat Rev Rheumatol 17, 195-212 (2021).

Croft, A. P. et al. Distinct fibroblast subsets drive inflammation and damage in arthritis. Nature

2019 570:7760 570, 246-251 (2019).

Sfikakis, P. P., Vlachogiannis, N. |. & Christopoulos, P. F. Cadherin-11 as a therapeutic target in

chronic, inflammatory rheumatic diseases. Clinical Imnmunology 176, 107-113 (2017).

Johnson, C. L., Riley, L., Bersi, M., Linton, M. F. & Merryman, W. D. Impaired macrophage
trafficking and increased helper T-cell recruitment with loss of cadherin-11 in atherosclerotic

immune response. Am J Physiol Heart Circ Physiol 321, H756-H769 (2021).

Kiener, H. P. & Karonitsch, T. The synovium as a privileged site in rheumatoid arthritis: cadherin-
11 as a dominant player in synovial pathology. Best Pract Res Clin Rheumatol 25, 767777
(2011).

Kyung Chang, S., Gu, Z. & Brenner, M. B. Fibroblast-like synoviocytes in inflammatory arthritis

pathology: the emerging role of cadherin-11. Immunol Rev 233, 256266 (2010).

Vandooren, B. et al. Tumor necrosis factor alpha drives cadherin 11 expression in rheumatoid

inflammation. Arthritis Rheum 58, 3051-3062 (2008).

Nielsen, J. S. & McNagny, K. M. Novel functions of the CD34 family. J Cell Sci 121, 3683—-3692
(2008).

Li, Z. et al. Role of CD34 in inflammatory bowel disease. Front Physiol 14, 498 (2023).

Veerman, K. M. et al. Interaction of the selectin ligand PSGL-1 with chemokines CCL21 and
CCL19 facilitates efficient homing of T cells to secondary lymphoid organs. Nat Immunol 8, 532—
539 (2007).

Forde, S. et al. Endolyn (CD164) modulates the CXCL12-mediated migration of umbilical cord
blood CD133+ cells. Blood 109, 1825-1833 (2007).

Astarita, J. L., Acton, S. E. & Turley, S. J. Podoplanin: emerging functions in development, the

immune system, and cancer. Front Immunol 3, (2012).

84



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Quintanilla, M., Montero-Montero, L., Renart, J. & Martin-Villar, E. Podoplanin in Inflammation

and Cancer. International Journal of Molecular Sciences 2019, Vol. 20, Page 707 20, 707 (2019).

Suzuki-Inoue, K., Osada, M. & Ozaki, Y. Physiologic and pathophysiologic roles of interaction
between C-type lectin-like receptor 2 and podoplanin: partners from in utero to adulthood.

Journal of Thrombosis and Haemostasis 15, 219-229 (2017).

Zhang, Z. et al. The Role of Podoplanin in the Immune System and Inflammation. J Inflamm Res

15, 3561-3572 (2022).

Peters, A. et al. Podoplanin negatively regulates CD4+ effector T cell responses. J Clin Invest

125, 129-140 (2015).

Miyamoto, Y. et al. Podoplanin is an inflammatory protein upregulated in Th17 cells in SKG

arthritic joints. Mol Immunol 54, 199-207 (2013).

Wicki, A. et al. Tumor invasion in the absence of epithelial-mesenchymal transition:

podoplanin-mediated remodeling of the actin cytoskeleton. Cancer Cell 9, 261-272 (2006).

Wicki, A. & Christofori, G. The potential role of podoplanin in tumour invasion. BrJ Cancer 96,

1(2007).

Ekwall, A. K. H. et al. The tumour-associated glycoprotein podoplanin is expressed in fibroblast-
like synoviocytes of the hyperplastic synovial lining layer in rheumatoid arthritis. Arthritis Res

Ther 13, 1-12 (2011).

Bradley, J. E., Ramirez, G. & Hagood, J. S. Roles and Regulation of Thy-1, a Context-Dependent
Modulator of Cell Phenotype. Biofactors 35, 258 (2009).

Leyton, L. et al. Thy-1/CD90 a Bidirectional and Lateral Signaling Scaffold. Front Cell Dev Biol 7,
(2019).

Herrera-Molina, R. et al. Thy-1-Interacting Molecules and Cellular Signaling in Cis and Trans. Int

Rev Cell Mol Biol 305, 163-216 (2013).

Hu, P, Leyton, L., Hagood, J. S. & Barker, T. H. Thy-1-Integrin Interactions in cis and Trans
Mediate Distinctive Signaling. Front Cell Dev Biol 10, (2022).

85



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Muller, W. A. Leukocyte-Endothelial Cell Interactions in the Inflammatory Response. Laboratory

Investigation 2002 82:5 82, 521-534 (2002).

Short, S. M., Talbott, G. A. & Juliano, R. L. Integrin-mediated Signaling Events in Human
Endothelial Cells. Mol Biol Cell 9, 1969 (1998).

Barker, T. H. & Hagood, J. S. Getting a grip on Thy-1 signaling. Biochim Biophys Acta 1793, 921—
923 (2009).

Furlong, S., Coombs, M. R. P.,, Ghassemi-Rad, J. & Hoskin, D. W. Thy-1 (CD90) Signaling
Preferentially Promotes RORyt Expression and a Th17 Response. Front Cell Dev Biol 6, (2018).

Conrad, D. M., Furlong, S. J., Doucette, C. D., Boudreau, R. T. M. & Hoskin, D. W. Role of mitogen-
activated protein kinases in Thy-1-induced T-lymphocyte activation. Cell Signal 21, 1298-1307
(2009).

Hosseini-Alghaderi, S. & Baron, M. Notch3 in Development, Health and Disease. Biomolecules

2020, Vol. 10, Page 485 10, 485 (2020).

di Maio, G. et al. Human peripheral blood lymphocytes and fibroblasts as Notch3 expression

models. J Cell Physiol 227, 1771-1775 (2012).

Steinbuck, M. P. & Winandy, S. A review of Notch processing with new insights into ligand-

independent notch signaling in T-cells. Front Immunol 9, 1230 (2018).

Cheung, P., Khatri, P, Utz, P. J. & Kuo, A. J. Single-cell technologies — studying rheumatic
diseases one cell at a time. Nature Reviews Rheumatology vol. 15 340-354 Preprint at

https://doi.org/10.1038/s41584-019-0220-z (2019).
lyer, A., Hamers, A. A. J. & Pillai, A. B. CyTOF® for the Masses. Front Immunol 13, 1636 (2022).
Brodin, P. The biology of the cell —insights from mass cytometry. FEBS J 286, 1514-1522 (2019).

Leite Pereira, A. et al. Characterization of Phenotypes and Functional Activities of Leukocytes

From Rheumatoid Arthritis Patients by Mass Cytometry. Front Immunol 10, 2384 (2019).

Koppejan, H. et al. Immunoprofiling of early, untreated rheumatoid arthritis using mass
cytometry reveals an activated basophil subset inversely linked to ACPA status. Arthritis Res

Ther 23, 1-11 (2021).

86



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Fonseka, C. Y. et al. Mixed-effects association of single cells identifies an expanded effector

CD4+ T cell subset in rheumatoid arthritis. Sci Transl Med 10, (2018).

Yager, N. et al. Ex vivo mass cytometry analysis reveals a profound myeloid proinflammatory

signature in psoriatic arthritis synovial fluid. Ann Rheum Dis 80, 1559-1567 (2021).

Macaubas, C. et al. High Dimensional Analyses of Circulating Immune Cells in Psoriatic Arthritis

Detects Elevated Phosphorylated STAT3. Front Immunol 12, (2022).

Bandura, D. R. et al. Mass cytometry: technique for real time single cell multitarget
immunoassay based on inductively coupled plasma time-of-flight mass spectrometry. Anal

Chem 81, 6813-6822 (2009).

Spitzer, M. H. & Nolan, G. P. Mass Cytometry: Single Cells, Many Features. Cell 165, 780-791
(2016).

Ornatsky, O. et al. Highly multiparametric analysis by mass cytometry. J Immunol Methods 361,
1-20 (2010).

Bagwell, C. B. et al. Probability state modeling theory. Cytometry Part A 87, 646—660 (2015).

Amir, E. A. D. et al. viSNE enables visualization of high dimensional single-cell data and reveals

phenotypic heterogeneity of leukemia. Nat Biotechnol 31, 545-552 (2013).

Koppejan, H. et al. Immunoprofiling of early, untreated rheumatoid arthritis using mass
cytometry reveals an activated basophil subset inversely linked to ACPA status. Arthritis Res

Ther 23, (2021).

McGonagle, D. & McDermott, M. F. A Proposed Classification of the Immunological Diseases.

PLoS Med 3, €297 (2006).

Fragoulis, G. E., Siebert, S. & Mcinnes, |. B. Therapeutic Targeting of IL-17 and IL-23 Cytokines
in Immune-Mediated Diseases. Annu Rev Med 67, 337-353 (2016).

Toussirot, E. & Saas, P. MAIT cells: potent major cellular players in the IL-17 pathway of
spondyloarthritis? RMD Open 4, (2018).

Spadaro, A. et al. Natural killer cells and T cells in synovial fluid and in peripheral blood of

patients with psoriatic arthritis. Clin Exp Rheumatol 22, 389-394 (2004).

87



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Leijten, E. F. A. et al. Enrichment of Activated Group 3 Innate Lymphoid Cells in Psoriatic
Arthritis Synovial Fluid. Arthritis and Rheumatology 67, 2673-2678 (2015).

Raychaudhuri, S. K., Abria, C., Mitra, A. & Raychaudhuri, S. P. Functional significance of MAIT
cells in psoriatic arthritis. Cytokine 125, (2020).

Lee, J. S. et al. Interleukin-23-Independent IL-17 Production Regulates Intestinal Epithelial
Permeability. Immunity 43, 727-738 (2015).

McGonagle, D. G., Mclnnes, I. B., Kirkham, B. W., Sherlock, J. & Moots, R. The role of IL-17A in
axial spondyloarthritis and psoriatic arthritis: recent advances and controversies. Ann Rheum

Dis 78, 1167-1178 (2019).

Liu, M. F. et al. Distribution of double-negative (CD4- CD8-, DN) T subsets in blood and synovial
fluid from patients with rheumatoid arthritis. Clin Rheumatol 18, 227-231 (1999).

Smith, M. D. et al. T gamma delta cells and their subsets in blood and synovial tissue from

rheumatoid arthritis patients. Scand J Immunol 32, 585-593 (1990).

Venken, K. et al. RORyt inhibition selectively targets IL-17 producing iNKT and y&-T cells
enriched in Spondyloarthritis patients. Nat Commun 10, (2019).

Nguyen, C. T. et al. Peripheral y6 T Cells Regulate Neutrophil Expansion and Recruitment in
Experimental Psoriatic Arthritis. Arthritis Rheumatol 74, 1524-1534 (2022).

Lu, Y. et al. T-cell senescence: A crucial player in autoimmune diseases. Clinical Immunology

248, 109202 (2023).

Diani, M. et al. Increased frequency of activated CD8+ T cell effectors in patients with psoriatic

arthritis. Scientific Reports 2019 9:1 9, 1-10 (2019).

Benham, H. et al. Th17 and Th22 cells in psoriatic arthritis and psoriasis. Arthritis Res Ther 15,

(2013).

Raychaudhuri, S. P.,, Raychaudhuri, S. K. & Genovese, M. C. IL-17 receptor and its functional
significance in psoriatic arthritis. Mol Cell Biochem 359, 419-429 (2012).

Tang, P. et al. Role of basophils in rheumatoid arthritis (Review). Exp Ther Med 9, 1567-1571
(2015).

88



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Andreev, D. et al. Regulatory eosinophils induce the resolution of experimental arthritis and

appear in remission state of human rheumatoid arthritis. Ann Rheum Dis 80, 451-468 (2021).

Hallgren, R., Bjelle, A. & Venge, P. Eosinophil cationic protein in inflammatory synovial effusions

as evidence of eosinophil involvement. Ann Rheum Dis 43, 556—-562 (1984).

Nordberg, L. B. et al. Comparing the disease course of patients with seronegative and
seropositive rheumatoid arthritis fulfilling the 2010 ACR/EULAR classification criteria in a treat-
to-target setting: 2-year data from the ARCTIC trial. RMD Open 4, e000752 (2018).

Wu, X. et al. Single-cell sequencing of immune cells from anticitrullinated peptide antibody

positive and negative rheumatoid arthritis. Nature Communications 2021 12:1 12, 1-15 (2021).

Molendijk, M., Hazes, J. M. W. & Lubberts, E. From patients with arthralgia, pre-RA and recently
diagnosed RA: What is the current status of understanding RA pathogenesis? RMD Open vol. 4
Preprint at https://doi.org/10.1136/rmdopen-2016-000256 (2018).

Al-Mossawi, M. H. et al. Unique transcriptome signatures and GM-CSF expression in
lymphocytes from patients with spondyloarthritis. Nature Communications 2017 8:1 8, 1-11
(2017).

Alivernini, S. et al. Differential synovial tissue biomarkers among psoriatic arthritis and
rheumatoid factor/anti-citrulline antibody-negative rheumatoid arthritis. Arthritis Res Ther 21,

1-11 (2019).

Stirling, R. G., Van Rensen, E. L. J., Barnes, P. J. & Chung, K. F. Interleukin-5 Induces CD34+
Eosinophil Progenitor Mobilization and Eosinophil CCR3 Expression in Asthma. Am J Respir Crit
Care Med 164, 1403-1409 (2012).

Radinger, M. et al. Local proliferation and mobilization of CCR3+ CD34+ eosinophil-lineage-

committed cells in the lung. Immunology 132, 144 (2011).

Takizawa, H., Boettcher, S. & Manz, M. G. Demand-adapted regulation of early hematopoiesis

in infection and inflammation. Blood 119, 2991-3002 (2012).

King, K. Y. & Goodell, M. A. Inflammatory modulation of HSCs: viewing the HSC as a foundation

for the immune response. Nature Reviews Immunology 2011 11:10 11, 685-692 (2011).

89



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Buechler, M. B., Teal, T. H., Elkon, K. B. & Hamerman, J. A. Type | IFN drives emergency
myelopoiesis and peripheral myeloid expansion during chronic Toll-like receptor 7 signaling. J

Immunol 190, 886 (2013).

Guillot-Delost, M. et al. Human CD90 identifies Th17/Tc17 T cell subsets that are depleted in
HIV-infected patients. J Immunol 188, 981-991 (2012).

Rege, T. A. & Hagood, J. S. Thy-1 as a regulator of cell-cell and cell-matrix interactions in axon
regeneration, apoptosis, adhesion, migration, cancer, and fibrosis. Federation of American

Societies for Experimental Biology 20, 1045—-1054 (2006).

Elshabrawy, H. A. et al. The pathogenic role of angiogenesis in rheumatoid arthritis.

Angiogenesis 18, 433-448 (2015).

Simonneau, L., Kitagawa, M., Suzuki, S. & Thiery, J. P. Cadherin 11 expression marks the
mesenchymal phenotype: towards new functions for cadherins? Cell Adhes Commun 3, 115—

130 (1995).

Sfikakis, P. P. et al. Cadherin-11 mRNA transcripts are frequently found in rheumatoid arthritis
peripheral blood and correlate with established polyarthritis. Clinical Immunology 155, 33—-41
(2014).

Li, M. et al. Genetic polymorphisms and transcription profiles associated with intracranial

aneurysm: a key role for NOTCH3. Aging (Albany NY) 11, 5173 (2019).

Radtke, F., Wilson, A., Mancini, S. J. C. & MacDonald, H. R. Notch regulation of lymphocyte
development and function. Nature Immunology 2004 5:3 5, 247-253 (2004).

Chu, C.-Q. Fibroblasts in Rheumatoid Arthritis. New England Journal of Medicine 383, 1679—
1681 (2020).

Orange, D. E. et al. RNA ldentification of PRIME Cells Predicting Rheumatoid Arthritis Flares.
New England Journal of Medicine 383, 218-228 (2020).

90



Appendix A

Gating strategy for neutrophils, and eosinophils

02 CD45loCD66b+

Cleanup_DNA2 __ (Granulocytes)
EE 92.44%| § E Eosinophils
D 3
© o T 4—0.10
= 3 wi
0 ] & 3
33 &3
O 7 0 3
1 S
>3 iy i
3 3 E e Neutrophils
[BLLL BRRALL BRLLLL B | 2 LIBLLL BURLLL |

-
~

2Yb_CD66b [Yb172Di]
02 CD45l0CD66b+

-

48Nd_CD16 [Nd1480l]

Gating strategy for CD66b™ neutrophils

Cleanup_DNA2 _63CD4510CD66b- ° 64 CD3-CD19- ®65 CD56-HLA-DR-
E g E % E7'5.52‘9& % E N .
2 S e 8 < CD66b™ Neutrophils
= Z 3 R R z
g 1 o ] O O ] 72.49%
a -E 00525 -ZIE: -Z| 3
(&} o I o 3 o 4 ..
> 'cl .“-.- - 8 3 B I' .
o Z h’i : OI:; 0, s

- L 'g_ Illllll T IIIIIIl T IIIIII‘ >‘ :’\ IlIIIl| T lllllll T lIlIII!
172Yb_CD66b [Yb172Di] 170Er_CD3 [Er170Di] §3YD_HLA-DR [Yb173Di] @1 CD123_IL-3R [Nd143I

63 CD45loCD66b- 64 CD3-CD19- 65 CD56-HLA-DR- 66 CD123- (CD66-

Neutrophils)
Gating strategy for basophils
01CD45+CD66b-
(Lymphocytes, DCs, 10CD19-CD20- (non- 11 CD3-CD56- (non-T,
Cleanup_DNA2 _ Monocytes) B) non-NK) 57 HLA-DR-CD11c-

EE 7.51% é E g 3 E % 3
2 T = 3 = ] < Z 73 70.90%
z? 23 @ 3 ; z 1 x 3
w 3 = 1 Ehmd [
é ! g_- : 8 3 i 45.48% —) 3 j E #

I o O 7 1] . 3 ] ‘ i
53 g': g : o 3 § iz Basophils

LB UL B R | g LUBLLL L Rl i | =7 . <>'; M m < ;lm (UL B R |

172Yb_CDB6b [Yb172Di] T71Yb_CD20 [Yb171D]] iDy_CDS6_NCAM [Dy163L 1$78m_CD11c [Sm147Di] gﬁea CD294 [Er166Di]

01CD45+CD66b- 10 CD19-CD20- (non- 11CD3-CD56- (non-T, 57 HLA-DR-CD11c- 58 CD123+CD294+

B) non-NK) (Basophils)

91



Gating strategy for monocytes and their subtypes
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Gating strategy for total innate lymphoid cells (ILCs), ILC2, and ILC3
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Gating strategy for total af T cells, CD8* T cells and CD4* T cells
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Gating strategy for senescent and activated CD8* T cells
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Gating strategy for naive, central memory (CM), effector memory (EM), and terminal effector (TE)
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Gating strategy for regulatory CD4* T cells (Treg)
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Gating strategy for follicular helper CD4* T cells (Tfh)
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Gating strategy for Th1-like, Th2-like, and Th17-like CD4* T cells
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Gating strategy for plasmablasts, naive and memory B cells
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Gating strategy for IgD* and IgD- memory B cells
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Gating strategy for age-associated B cells (ABCs)
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