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ABSTRACT

Single-Cell Multi-OMICs and Functional Immune Profiling Reveal Increased Innateness and
Interferon-Driven Pathways in Behget’s Disease Skin and Blood

Saba Khoshbakht
Doctor of Philosophy in Cellular and Molecular Medicine 15/01/2025

Behget’s Disease (BD) is a chronic, multi-system inflammatory disorder with both autoimmune
and autoinflammatory features, arising in genetically predisposed individuals exposed to
environmental triggers. While prior studies have largely focused on immune dysfunctions in
peripheral blood, including increased Th17, Thl, and cytotoxic CD8+ T cells. Innate immune
cells, including natural killer (NK) cells and y6 T cells have also been implicated in BD
pathophysiology. Despite these advances, a significant gap remains in understanding the
immune landscape of BD, particularly in affected skin tissues, one of the cardinal sites of
disease pathogenesis. To date, no comprehensive study has integrated single-cell, molecular,
and functional analyses to characterize immune dysregulation in both the blood and skin of BD
patients.

To address this gap, we performed single-cell RNA sequencing (scRNAseq), TCR sequencing,
flow cytometry, and functional analyses on BD skin tissue and PBMCs, comparing them with
healthy controls.

Our scRNAseq and flow cytometry analyses revealed significant enrichment of plasmacytoid
dendritic cells (pDCs), mucosal-associated invariant T (MAIT) cells, NK cells, ILC3s, and
memory B cells in BD skin lesions. These populations were associated with robust type |
immune responses and heightened expression of cytotoxic molecules, including granzyme B,
granzyme K, and perforin. Effector memory CD4+ and CD8+ T cells exhibited a cytotoxic and
inflammatory profile, characterized by increased production of IFN-y, GZMK, and CCLS,
while pathway analysis indicated significant activation of the JAK-STAT signaling pathway.
Additionally, myeloid cells demonstrated upregulation of inflammasome-related genes linked
to enhanced toll-like receptor signaling, as revealed by scRNAseq.

Functional studies showed increased IFN-y and TNF-a expression in Th, Tc, and MAIT cells
in BD skin, contrasting with their decreased expression in blood Th cells.

Overall, our findings reveal that innate immune cells and innate T lymphocytes, in conjunction
with an activated Th1/Tcl pathway, play a central role in BD pathogenesis. This study
highlights the intricate immune dysregulation underlying BD, offering insights into potential
therapeutic targets for this complex disease.

Key words: Behget’s Disease (BD), Skin Tissue Immune Landscape, Single-cell RNA
Sequencing (scRNAseq), Flow cytometry, Plasmacytoid Dendritic Cells (pDCs), JAK-STAT
Pathway Activation, Skin Lesion Pathophysiology, Type I immune response



OZETCE

Tek Hiicreli Multi-OMIK ve Fonksiyonel Bagisiklik Profilleme, Behget Hastalig1 Deri
ve Kaninda Artmis Dogal Bagisiklig1 ve Interferonla Iliskili Yollar1 Ortaya
Koymaktadir

Saba Khoshbakht
Hiicresel ve Molekiiler Tip, Doktora
15/01/2025

Behcget Hastaligi (BH), genetik yatkinligi olan bireylerde g¢evresel tetikleyicilere maruz
kalma sonucu ortaya c¢ikan, otoimmiin ve otoenflamatuar Ozelliklere sahip kronik,
multisistemik bir enflamatuar hastaliktir. Onceki ¢alismalar, Th17, Thl ve sitotoksik CD8+
T hiicrelerinin artist gibi periferik kanda gozlenen bagisiklik disfonksiyonlarina
odaklanmistir. Ayrica, dogal dldiirticii (NK) hiicreler ve yd T hiicreleri gibi dogustan gelen
bagisiklik hiicrelerinin de BH patofizyolojisinde rol oynadigi bildirilmistir. Ancak, BH'nin
ozellikle deri dokusu gibi hastaligin temel patogenez bolgelerindeki bagisiklik manzarasini
anlamaya yonelik 6nemli bir eksiklik bulunmaktadir. Simdiye kadar, BD hastalarinin kan
ve deri dokularindaki bagisiklik disfonksiyonlarini tek hiicre, molekiiler ve fonksiyonel
analizlerle kapsaml1 bir sekilde inceleyen bir ¢alisma yapilmamistir.

Bu eksikligi gidermek amaciyla, Behget hastalarinin deri dokusu ve periferik kan
mononiikleer hiicrelerinde (PBMC) tek hiicre RNA dizilimi (scRNAseq), TCR dizilimi,
akim sitometrisi ve fonksiyonel analizler ger¢eklestirilmis ve saglikli kontrollerle (HC)
karsilastirilmistir.

Tek hiicre RNA dizilimi ve akim sitometrisi analizlerimiz, Behget deri lezyonlarinda
plazmasitoid dendritik hiicreler (pDC), mukozaya 6zgii invariyan T (MAIT) hiicreleri, NK
hiicreleri, ILC3'ler ve hafiza B hiicrelerinin anlamli sekilde zenginlestigini ortaya
koymustur. Bu hiicre popiilasyonlari, giiclii tip 1 bagisiklik yanitlar1 ve granzyme B,
granzyme K ve perforin gibi sitotoksik molekiillerin artan ekspresyonuyla
iliskilendirilmistir. Efektér hafiza CD4+ ve CD8+ T hiicreleri, artmis IFN-y, GZMK ve
CCLS5 iiretimi ile sitotoksik ve enflamatuar bir profil sergilemis, yolak analizleri ise JAK-
STAT sinyal yolunun anlamli aktivasyonunu gostermistir. Ayrica, sCRNAseq analizleri,
miyeloid hiicrelerde inflamatuvar sinyalle iligkilendirilen inflamozomla iliskili genlerin
yukar1 regiilasyonunu ve gelismis toll-like reseptor sinyalini ortaya koymustur.
Fonksiyonel ¢aligsmalar, Behget deri dokusunda Th, Tc ve MAIT hiicrelerinde artan IFN-y
ve TNF-a ekspresyonunu, buna karsin kan Th hiicrelerinde azalan ekspresyonu gostermistir.
Sonug olarak, bulgularimiz, dogustan gelen bagisiklik hiicreleri ve dogustan gelen T
lenfositlerinin, aktif bir Th1/Tcl yolak ile birlikte, BH patogenezinde merkezi bir rol
oynadigimi ortaya koymaktadir. Bu calisma, BH’nin altinda yatan karmagsik bagisiklik
disfonksiyonlarini vurgulamakta ve bu kompleks hastalik i¢in potansiyel terapotik hedeflere
yonelik 6nemli bilgiler sunmaktadir.
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CHAPTER 1

INTRODUCTION

1.1 Behcet’s Disease

Behcet's disease (BD) is a multi-system, chronic inflammatory condition, initially documented
in 1937 by Dr. Hulusi Behget a Turkish dermatologist (1). It predominantly impacts individuals
in their 30s and 40s, with a similar incidence rate across genders, although severe complications
are more prevalent in men (2). As individuals grow older, the disease tends to become less
active after severe recurrent episodes in younger individuals and represents a notable economic
burden on society. While BD is classified as a rare disease in Western countries, affecting 1-
10 people per 100,000, it is more prevalent in regions like Turkey, with a prevalence of 0.4-4
cases per 1000 individuals, as well as Japan and the Middle East (3, 4).

At present, BD is diagnosed based on clinical symptoms, as no specific laboratory test exists
for its confirmation. According to the guidelines established by The International Study Group
in 1990, a BD diagnosis requires the presence of oral ulcers and two of the following: eye
inflammation, genital ulcers, other skin lesions, and a positive skin pathergy test (SPT) (4).
While mucocutaneous symptoms are commonly the initial signs (5), patients can also
experience vasculitis and systemic manifestations, leading to significant health challenges (3,
6). Vascular complications, including both arterial and venous involvement, are a hallmark of
Behcget's disease. Patients may endure arterial aneurysms, intracardiac thromboses, and
recurrent deep vein thromboses (6). Colchicine is typically prescribed for mucocutaneous
symptoms, while immunosuppressive or immunomodulatory therapies are used for treatment-
resistant cases or systemic symptoms (3, 6). Nevertheless, some individuals may not respond

well to current therapies for controlling repeated episodes.

BD presents as a complex disorder characterized by a combination of autoinflammatory and
autoimmune features, occurring in individuals carrying genetic susceptibility when
encountering environmental triggers (7, 8). Genetic factors are critical in BD’s development,
evident through substantial familial clustering, with sibling risk ratios ranging from 11.4 to

52.5 in different regions of Turkey (9, 10). A recent Korean large-scale study, which analyzed
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over 21 million people from 12 million families, also reported a significantly increased
susceptibility to BD in first-degree relatives, particularly twins, with susceptibility escalating

by 165 times (11).

A critical genetic factor linked to susceptibility to BD is the HLA class I allele HLA-B*51.
Other studies have also identified gene variants in non-HLA genes, such as interleukin-10 (IL-
10), the endoplasmic reticulum aminopeptidase enzyme (ERAP1), and IL-23 receptor/IL-12
receptor beta-2 (IL23R/IL-12RB2), as contributing to the development of BD (4). For
individuals those genetically predisposed, environmental factors like microbial agents or
endogenous self-antigens such as heat shock proteins are believed to trigger autoimmune
responses, resulting in inflammatory status and disease characteristics of BD (3, 12).
Deviations in immune responses instigate a cascade of cytokine activation, leading to changes

in cytokine levels that attract inflammatory cells to tissues, causing tissue damage (12).

1.2 Genetic susceptibility
1.2.1 HLA-B*51 Association

Extensive research has concentrated on genetic factors and their involvement in BD,
with the HLA-B*51 allele recognized as the predominant contributing aspects for the
condition. Additionally, the distribution of this gene in populations worldwide aligns

with the prevalence of BD (13, 14).

In Silk Road countries, approximately 20-25% of the overall public and 50-80% of
individuals with BD possess the HLA-B51 allele. While, in the USA and northern
Europe, the prevalence of the HLA-BS51 allele is lower, ranging from 2—8% in the
population to around 15% in BD patients (15, 16). Turkey exhibits a notable prevalence
of the HLA-B51 allele among BD patients, with rates between 50% and 70%, while
approximately 25% of the general population in Turkey carries this allele (17-22). The
presence of HLA-B51 significantly elevates the likelihood for the development of the
BD by nearly 6-10 times, with carriers having a risk ratio of 5.90 (20, 21, 23).
Investigations have been conducted on the clinical subtypes of BD and their association
with HLA-B*51. Variations in findings have been observed, likely attributable to the

diverse ethnic compositions of the study cohorts. Nevertheless, there is a propensity
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towards an increased prevalence of vasculitis, ocular manifestations, neurological
complications, and more severe disease in HLA-B51 carriers (18, 24-30). Kirino et al.
(31) have identified a recent evolution in BD, characterized by a reduction in the

complete-type BD cases and the frequency of HLA-B51 positivity.

The HLA-B51 gene is believed to impact the peptidome linked to Behget's disease,
which might uncover certain microbial or self-antigens that could initiate an
autoimmune reaction (12). Yet, the exact mechanisms through which HLA-BS51

contribute to the pathogenesis of BD remain unclear.

To date, over 19,000 HLA class I alleles have been documented, though just four have
been strongly associated with specific diseases, collectively categorized as major
histocompatibility complex (MHC) class I-opathy or MHC-I-related disorders. For
instance, HLA-B*51 is linked to BD, HLA-B27 with the spondyloarthritis group, HLA-
C06:02 with psoriasis, and HLA-A29:02 with birdshot chorioretinopathy. These
associations highlight the crucial role of the HLA system in immune responses and its

influence on predisposition to the disease (32-35).

The repertoire of peptides displayed by HLA molecules is influenced by various
factors, such as the specific HLA molecule, the structure of the peptide-binding region,
the pathways involved in peptide processing, and the machinery for antigen processing,
as depicted in Figure 1.1 (36). These peptides may originate from self-antigens, foreign
sources, or viral proteins. Consequently, HLA molecules are essential for immune
surveillance, activation, and regulation, as they present peptides to T cells, enabling

their recognition and activation or supporting immune tolerance (34).
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Figure 1.1. The process of antigen presentation by HLA class I to CD8+ T cells.

HLA class I molecules are characterized by anchor residues that are highly rigid and
stable, which are essential for the presentation of peptides. Typically, these peptides are
8 to 10 amino acids long, and their specific amino acid sequence pattern shaped by the
unique structure of HLA anchor residues. While T cell receptors (TCRs) demonstrate

poly-specific reactivity towards antigens displayed on HLA molecules, they can
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specifically identify matching HLA-peptide combinations based on particular amino
acid sequences. The interaction between HLA anchor residues and TCR contact points
collectively influences these sequences. It is noteworthy that positions within the
peptide sequence beyond the anchors allow for flexibility and variation (37). HLA
allele genetic polymorphisms have a vital role in creating a wide range of repertoire of

peptides, resulting in the production of unique peptidomes (38).

1.2.2 HLA-B*51 and ERAP1 Epistasis

Genome-wide association studies (GWAS) have underscored ERAPI as a pivotal
genetic component in BD, alongside HLA-I (39, 40). In BD, there is a specific epistatic
relationship between HLA-B51 and ERAP1, rendering certain ERAP1 variants a risk
factor solely when the HLLA-B51 allele is present. These polymorphisms of ERAP1 can
influence enzyme activity and antigen presentation, thereby modifying the HLA-I
peptidome and binding affinity (12, 13, 25). The ERAP2 and ERAP1 enzymes play a
role in trimming peptide fragments to optimize HLA class I presentation, thereby
affecting antigenicity (33, 41). ERAP1/2 polymorphisms are closely tied to HLA-I-
related conditions such as AS, birdshot chorioretinopathy, psoriasis, and BD (41).
There are ten main variations of ERAP1, known as Hap1-10. Hap10 is particularly
related with a higher risk of BD because of its diminished activity resulting in longer
peptides (42-44). In a study by Cavers et al. (44) it was illustrated that the ERAPI-
Hap10 allotype in conjunction with HLA-B*51 causes a transition of CTLs from a
naive state to an activated state. This transition is likely to trigger the migration of CD8+

T cells to inflamed regions.

The ERAP1-Hapl0 variant, which is related to a heightened vulnerability to BD,
demonstrates a strong correlation with HLA-B51. Individuals homozygous for Hap10
and carrying HLA-B51 exhibit a 10.96-fold increased risk of BD, whereas those
without HLA-B51 do not experience any alteration in risk (43). The diminished
enzymatic activity of HaplO results in prolonged peptide trimming, particularly
affecting proteins bound to HLA-B51 (44). Guasp et al. (45) performed a comparative
assessment of the alterations of Hap10 in the Ala-2 and Pro-2 sub-peptidomes of HLA-
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B51, leading to a higher ratio of Ala-2/Pro-2 and the generation of low-affinity HLA-
B51 peptides. This modification impacts the functionality of and natural killer (NK)
cells (33, 45). This change affects the activity of CTLs and NK cells, as low-affinity
peptides can stimulate T cell responses, while poor peptide-MHC-I recognition by KIRs
heightens NK cell cytotoxicity (45, 46).

In studies on the impact of ERAP1 in BD immune reaction, mice with BD induced by
herpes simplex virus (HSV), featuring partial ERAP1 expression (ERAPI1
heterozygotes, +/—), it was observed that reduced ERAP1 expression augmented the
IL-17 and IFN-y production by CD4+ T cells in BD mice (47). Furthermore, an
independent study reported that ERAP1—/— mice had reduced peripheral regulatory T
cells, vital for preventing autoreactive immune activity against self-antigens (48).
Consequently, diminished ERAPI activity disrupts the equilibrium between Th1/Th17
and Treg cells in BD. These results highlight the complex relationship between ERAP1
and HLA-B*51 and their important influence on the antigen presentation process,
providing insight into the genetic determinants that contribute to the development of

BD.

1.2.3 The Repertoire of HLA-B*51 and Peptide-binding

In a research conducted by Gebreselassie et al. (49), the investigation into the
significance of the peptidome in relation to BD was undertaken. The investigation
specifically examined the peptides linked to six distinct HLA-I alleles: HLA-AQ3,
HLA-A31, HLA-B18, HLA-B51, HLA-CwOl, and HLA-CwO07. The results
demonstrated that HLA-B18 displays the highest affinity for binding peptides among
the alleles studied, whereas HLA-B51 exhibits binding to a larger pool of peptides with
minimal affinity. High-affinity self-peptides bound to HLA aid in promoting tolerance,
whereas low-affinity peptides generally don’t trigger an immune response. On the other
hand, peptides with medium affinity could present a challenge as they are less effective
in fostering tolerance while eliciting an immune response. Thus, the reduced binding
affinity of peptides by HLA-B5101 might increase susceptibility to specific

autoimmune responses (49).
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Further investigation into the low- binding affinity of HLA-B51 and its possible role in
BD revealed that just HLA-B5101, not HLA-B5201, is associated with BD, suggesting
a crucial role of peptide presentation. The two variants have only two residue
differences at positions 63 (Asp63Glu) and 67 (Phe67Ser) within the B pocket of the
peptide-binding groove, leading to distinct peptidomes (50, 51). Structural analysis of
peptide-binding by HLA-B alleles, HLA-B51 and HLA-BS52, utilizing peptides
YAYDGKDYI, LPRSTVINI, and IPYQDLPHL, showed that peptides bound to HLA-
B51 exhibited higher fluctuation, resulting in less selective and looser binding in

comparison with HLA-B*52 (51).

Examination of the positions of polymorphic amino acids within HLA-B concluded
that positions 67, 97, 116, and 152 have an individual and distinct impact on the BD
development risk (52). The antigen-binding groove of the MHC-I structure in the HLA-
B protein contains these important residues, directly interacting with six of the nine
peptide residues. Among these, positions 67 and 116 serve as anchor points,
significantly affecting peptide specificity within the antigen-binding groove by
engaging with P2 and P9 peptide positions, respectively (53). The interaction between
HLA-B molecules and the receptors KIR3DL1 and KIR3DS1, which are crucial for
modulating NK cell and CD8+ CTL activation, is mediated by these positions (54).
Notably, residue 67 is one of the two points where HLA-B51 varies from the closely
related HLA-B52; however, this particular variation does not appear to affect the risk

of developing BD.

1.2.4 Other HLA Class I Alleles

Studies have revealed significant links between BD and particular HLA class I alleles
beyond HLA-B51. Ombrello et al. (52) showed that HLA-B15 and HLA-B27
independently increase BD risk, while HLA-B49 shows a protective effect.
Furthermore, analysis using stepwise logistic regression on both the full dataset and the
HLA-B51-negative subset revealed that HLA-AO3 provides a substantial protection
against BD, with HLA-B15, HLA-B27, and HLA-A26 as risk factors. Al-Okaily et al.
(55) observed higher rates of HLA-A31 and HLA-A26, as well as a reduction of HLA-
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B15, in Saudi Arabia BD patients. A Japanese research identified a modest association
between HLA-B3901 and HLA-A2602 with BD among patients lacking the HLA-B51
allele (22). Kang et al. (56) found higher frequencies of HLA-A26:01, HLA-A02:07,
and HLA-A30:04, and lower incidences of HLA-A33:03, in BD patients. Another study
involving BD patients from Germany and Turkey unveiled a notable association of
HLA-Bw4-801 and HLA-A26 within the subgroup of patients without the HLA-B51
allele (57). In the UK population, HLA-A26, HLA-BO0S8, and A25 are proposed as risk
alleles, while HLA-B58 and HLA-A*33 is revealed to confer a protective effect (58).

Even though substantial research has focused on the implications of HLA-B51 in
pathophysiology of BD, it is imperative to note that a significant number of Behget's
patients do not exhibit this allele. Therefore, antigen presentation plays a crucial role
across individuals with diverse HLA class I alleles. Significantly, HLA-A26 has been
identified as a risk factor in numerous studies across varied ethnic groups. Thorough
examination of the polymorphic amino acid residues in HLA-A has unveiled substantial
and independent connection between 97 and 161 of HLA-A residues and BD (52).
These residues are situated in the MHC-I antigen-binding groove, corresponding to

risk-associated positions recognized in HLA-B*51.

1.2.5 KIR3D Receptor Polymorphisms

The presence of KIR haplotypes has been linked to HLA class-I-related disorders like
birdshot chorioretinopathy, psoriasis, and ankylosing spondylitis. Killer-cell
immunoglobulin-like receptors (KIR), located on chromosome 19q13.4, are a diverse
group of molecules allowing NK cells to engage with HLA class I molecules.
Activating KIR genotypes have been linked to decreased risk of infections but enhanced
susceptibility to autoimmune diseases. On the other hand, inhibitory KIR genotypes are
associated with lower risk of inflammatory diseases. The interplay of KIR on NK cells
and HLA class I molecules demonstrates genetic epistasis, as both receptor and ligand

presence are crucial for functionality (59).

The data concerning the correlation between KIR3D receptors and BD present some

discrepancies. In a comprehensive study encompassing 1710 healthy controls and 1799
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BD patients from Turkey, alongside HLA-B51 information, no notable link was
detected between the inhibitory KIR3DL1 or activating KIR3DS1 alleles and the
susceptibility to BD. Interestingly, within the subgroup of individuals with ocular
manifestations of the disease, a higher prevalence of KIR3DS1 alleles was observed,
regardless of HLA-B51 status (60). A flow cytometry based study also reported that
KIR3DL1+ NK cells and T cells, were not statistically different in the PBMC of BD
patients with respect to healthy individuals (61).

While a study examining the KIR3DL1/S1 alleles revealed that having KIR3DL1/S1
alleles with diminished expression along with KIR3DS1, significantly increased the
likelihood of manifesting BD. Conversely, having IR3DL1/S1 variants exhibiting high
expression together with null-expressing KIR3DL1 variants, decreased the probability

of disease occurrence (58).

1.2.6 Gene Loci Related to I1L23/Th17 Pathways

The IL23R-IL12RB2 locus plays a pivotal role in the IL-12/IL-23 receptor, which
supports Th17 cell differentiation and mediates IL-12 signaling. Prior genome-wide
association studies in patients with BD revealed two key single nucleotide
polymorphisms (SNPs) within this gene: rs1495965 and rs924080 (62). Moreover,
another research supporting the involvement of IL-23R in BD demonstrated that
missense variants of this gene, resulting in decreased responses to IL-23, confer
protection against BD. Interestingly, these variants also have protective effect against
various other diseases, like Crohn’s disease (CD), ankylosing spondylitis (AS),
psoriasis, and inflammatory bowel disease (IBD) (14, 62).
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1.2.7 Gene Loci Related to Innate Immunity

Innate immunity-related BD susceptibility loci mentioned in previous studies include,

but are not limited to, MEFV, MICA, FUT2, TLR, TNFAIP3, STAT4, IL10 and CD40.

Mutations in the MEFV gene are believed to lead to Familial Mediterranean Fever
(FMF), a genetic autoinflammatory disease predominantly found in the Mediterranean
region, possibly suggesting a selective advantage. Previous studies have indicated that
genetic variants associated with FMF may contribute to susceptibility to BD (63, 64).
In their study, Kirino et al. (65) utilized deep sequencing of GWAS data to explore the
involvement of MEFV gene variants in BD, finding that the p.Met694Val (M694V)
mutation, a common FMF variant linked to sever inflammation, was significantly
associated with BD in Turkish patients even when present in a heterozygous form (odds
ratio: 2.65-2.73), but not among Japanese patients. The M694V mutation has also been
recognized as a susceptibility factor for IBD, severe hidradenitis suppurativa (HS), and
AS in the Turkish demographic (66). The impact of MEFV gene variants on disease
manifestation was further bolstered by a study that identified MEFV mutations in
70.6% of neuro-BD cases with more pronounced white matter involvement,
underscoring the mutation’s role in inflammatory diseases (67). The available research
indicates that MEFV variants linked to FMF are gain-of-function variants, leading to
heightened sensitivity to bacterial components. For example, mice with the M694V
mutation exhibit increased caspase-1 activity, causing excessive interleukin-13

production following lipopolysaccharide stimulation (68).

The MHC class I polypeptide-related sequence A (MICA) gene, situated between the
TNF and MHC-B genes on chromosome 6, is associated with BD. Variations within
the MICA gene have been detected in some BD patients. MICA interacts with CD314
(NKG2D), which activates the NK receptor expressed on various immune cells like
ILCs, cytotoxic T cells, NKT cells, and NK cells. This interaction can trigger an
immune response, that may lead to tissue damage. A study by Zhang et al., through
meta-analysis (69) established MICA-A6 allele as a contributing factor for BD, while
the MICA-A4, AS, AS.1, and A9 alleles may have protective effects against BD
development (35, 69).
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The fucosyltransferase 2 (FUT2) gene, known for its role in intestinal mucosal
immunity, has been linked to BD (70, 71). Xavier et al. (70) identified the link between
the FUT2 gene and BD in GWAS, with findings strengthened by a meta-analysis
incorporating their data alongside a Turkish GWAS involving Iranian patients. Their
research also indicated that FUT?2 is an independent genetic risk factor for BD separate
from the HLA-B gene, and they did not find any evidence of epistasis (70). The FUT2
gene encodes a protein essential for synthesizing and releasing the H antigen—
precursor to the ABO blood antigens—into body fluids and intestinal mucosa. Due to
genetic diversity, about 80% of people possess a functional FUT?2 allele, displaying a
"secretor” phenotype, while the remaining 20% are "non-secretors" (72). The non-
secretor phenotype, linked to BD, has also been associated with CD, rheumatic fever,
and type 1 diabetes, while being linked to reduced susceptibility to infections from
pathogens like Norwalk virus, Campylobacter jejuni, and Helicobacter pylori (70).
According to the Human Microbiome Project, the FUT2 phenotype affects the diversity
and levels of Bifidobacterium within the microbiome, with non-secretors showing
decreased Bifidobacterium longum (73). While more research is needed to fully
comprehend the FUT2 gene’s influence on gastrointestinal microbial flora, some
research inducate that FUT2 serves as a link between environmental and genetic factors

(70, 71).

The TLR gene family offers additional insights into immune responses to bacterial
infections in BD (71). Of this gene family, TLR4 shows the strongest association with
BD. Variations in the TLR4 gene have been connected to an increased chance of
developing inflammatory conditions, such as ulcerative colitis, theumatoid arthritis
(RA), and CD (74). Studies involving Japanese patients have demonstrated the
association between TLR4 and BD (75). Moreover, research on Korean patients
showed that the TAGCGGTAA haplotype was significantly more prevalent among
HLA-B*51+ BD patients compared to healthy individuals (74). Kirino et al. (65) noted
that two TLR4 variations, specifically p.Asp299Gly (D299G) and p.Thr399Ile (T399I),
provided protection against BD, despite these variants are also linked to an heightened
risk of CD due to reduced immune responsiveness. Moreover, studies conducted on the

Han Chinese population have identified a link between the TLR2 gene and BD. In
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particular, two specific TLR2 genotypes— rs3804099 and rs2289318—were observed

to be more widespread in patients with ocular BD than in healthy subjects (76).

The tumor necrosis factor alpha-inducible protein 3 (TNFAIP3) gene, responsible for
encoding the A20 enzyme, has been identified in relation to BD and a similar
autoinflammatory syndrome called haploinsufficiency of A20 (HA20) (77-79).
TNFAIP3 plays a crucial role in regulating inflammatory responses triggered by TNF,
TLR, or NOD2-induced NF-«B signaling (80, 81). Variations in TNFAIP3 have also
been linked to autoimmune disorders like RA (82), systemic lupus erythematosus
(SLE) (83), psoriasis (84), and multiple sclerosis (MS) (85). In Han Chinese BD
patients, specific SNPs in TNFAIP3, such as rs7753873, rs10499194, and rs9494885,
have been identified as increasing BD risk (78). HA20, characterized by A20
haploinsufficiency due to nonfunctional TNFAIP3 variants, presents with symptoms
resembling BD, including oral and genital ulcers, gastrointestinal issues, and arthritis
(77). HA20 is more common in women (male-to-female ratio of 1:2), typically develops
in childhood around the age of 5.5, and often involves recurrent high fever during flare-
ups. Despite being rare, HA20 is globally distributed and shows a lower association

with the HLA-B*51 antigen compared to BD (86).

The signal transducer and activator of transcription-4 (STAT4) is linked to an increased
susceptibility to various autoimmune conditions, like RA, primary Sjogren’s syndrome,
and SLE (13, 87). In a GWAS conducted on Turkish individuals, STAT4 was found to
have a connection with BD (39). Another SNP, rs897200 risk allele A, identified in
GWAS on Han Chinese BD patients, was associated with more severe BD symptoms,
such as elevated production of interleukin 17 (IL-17), increased STAT4 expression, and

more pronounced clinical manifestations (88).

Other genetic loci connected to BD susceptibility have been uncovered in GWAS on
BD patients. Among these genes is the IL-10 gene, a cytokine that is typically
diminished in the blood of individuals with BD. In research conducted in Iran and
Turkey, the IL-10 SNP rs1518111 was connected with BD, with the risk allele A
(identified in Turkish GWAs) leading to a 35% decrease in IL-10 expression in
monocytes (16, 36, 55, 89). Furthermore, the CD40 gene displayed two associated
SNPs, rs1883832 and rs4810485. These SNPs showed a susceptibility effect in TT
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genotypes and a safeguarding effect in GT genotypes for rs4810485 (37, 55).
Predisposition to BD is influenced by a range of genetic regions and environmental
interactions, highlighting the need for further research for developing prospective

treatments and precise diagnostic approaches.

1.3 Antigens in Behcet’s Disease

The theory linking HLA class 1 to disease indicates that enhanced antigenicity of peptides
presented by HLA-B*51 may prompt CD8+ T cells to recognize self-proteins, thereby
initiating the disease process. This hypothesis is supported by demonstration of enhanced CTLs
in the aqueous humor of the eye, along with oligoclonal and clonal expansions of these cells in
the BD patients’ peripheral blood (90, 91). One study reported that 67% of individuals with
clinically active BD exhibited oligoclonal expansions of both CD8+ and CD4+ T cells, with a
CD8+ T cell clone containing the Vb5.1 chain identified in five out of nine patients (91).
Additionally, another study found that 57% of patients' PBMCs contained one or more CD8+
or CD4+ T cell clones. Long-term follow-up revealed that all active BD patients possessed a

distinct clone of T cells linked to the disease (90).

Peptides generated from a protein within cells that resemble a peptide found in a harmful
bacterium can activate CD8+ T cells, potentially contributing to the development of BD.
Although the specific self-peptides involved in BD onset have not been identified yet, studies
have primarily examined environmental antigens linked to BD autoimmunity, such as viral
antigens (e.g., Epstein-Barr virus, hepatitis, HSV1, and cytomegalovirus) and bacterial
peptides (e.g. Helicobacter pylori, Mycobacterium tuberculosis, and Streptococcus sanguinis)
(92, 93). The 50% similarity between human 60-kDa heat shock protein (HSP-60) and HSP-
65 in Mycobacterium tuberculosis and Streptococcus sanguinis implies a possible mechanism
for initiation of BD (92, 94, 95). The shared features between human and bacterial HSP could
lead to self-reactive T-cell activation and autoimmune responses (95, 96). BD patients often
have antibodies against HSP-65 that cross-react with oral epithelium antigens. Specific
Mycobacterium HSP-65 epitopes (amino acids 111-125, 154-172, 219-233, and 311-326) can
stimulate T and B cell responses (94, 97-100). In BD patients, T cells activated with a peptide
mix from the 65-kDa HSP revealed four main immunogenic regions (111-125, 154-172, 311-
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325, and 219-233) (101). These Mycobacterium tuberculosis HSP regions induced yoT cell

activation and expansion in 76% of patients, without an increase in af CD8+ T cells (102).

Recent research conducted in Turkey identified autoantibodies against neurofilament-M, an
intracellular protein, in the sera of BD patients. The peptide structure of this protein showed
similarity with three immunogenic regions (amino acids 111-126, 213-232, and 304-363) of
M. tuberculosis HSP and (161-176, 304-363, and 340-359) of S. sanguinis HSP. Moreover,
BD patient blood displayed immune responses to the self-antigen neurofilament medium,
which shares amino acid sequences (111-126, 213-232, 304-363) with Mycobacterium HSP-
65 (94, 97-100). Sera containing autoantibodies against neurofilament-M reacted to bacterial
HSP (99). Other studies have indicated the presence of autoreactive CD8+ T cells in BD
patients when stimulated with the S. sanguinis HSP and MICA peptide (95, 100, 103).

Research indicates that BD patients often present disrupted oral flora and compromised oral
health, with the severity of the disease being linked to the plaque index. Antibiotics can be
beneficial in managing disease recurrence (3, 97, 104). In studies focusing on S. sanguinis

produced these results:

(1) BD patients show an enhanced prevalence of S. sanguinis in their oral flora than healthy

individuals.

(2) BD patients demonstrate increased sensitivity to antigens from S. sanguinis.

(3) Gnotobiotic animal models infected with S. sanguinis exhibited symptoms resembling BD.
(4) y3T cells from BD patients respond to antigens from this bacterium.

HSV1 is a virus that has been widely investigated in relation to BD. Remarkably, HSV1 DNA
has been detected both in BD lesions of the oral and genital areas and in blood samples of BD
patients, who show increased levels of HSV1 antibodies than healthy people. Intriguingly,
animal models exposed to HSV1 developed symptoms resembling BD (47, 97, 105).
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1.4 Different Immune Cells in Behcet’s Disease

Both the adaptive and innate immune systems play significant roles in the onset of BD (Figure
1.2). Adaptive immunity activation in BD may be triggered by innate immunity through
PAMPs from tissues in contact with the external environment, or DAMPs produced by stressed
tissues. In the adaptive immune response, there are increased Th17, Thl, and cytotoxic CD8+
T cells, along with a decrease in regulatory T cells (Tregs) (12, 106, 107). Besides, cell types
such as yo-T cells, neutrophils, and NK cells contribute to the BD pathophysiology (108). This

part will explore the different immune cells implicated in BD development.
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Figure 1.2. Graphic overview of pathogenesis in BD. This diagram illustrates how genetic
factors and specific triggering antigens can initiate an immune response when self-peptides,
resembling environmental antigens, are presented to CD8+ T cells. This process is more
enhanced by the production of IL-23. As a result of immune dysregulation, various immune
cells, including Th17, Tc17, NK, and NKT cells, secrete a range of cytokines. Key cytokines
such as IL-17, IFNY, TNFa, and IL-8 are central to activating neutrophils, leading to reactive
oxygen species production and neutrophil extracellular trap formation. Ultimately contributing

to tissue damage.
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14.1 Cytotoxic T lymphocytes (CTLs)

HLA-B51 contributes significantly to the genetic risk of developing BD, particularly
involved in the display of peptides to CTLs, which are crucial in the disease's development.
Evidence supporting this includes enhanced CTLs found in the aqueous humor (109) and
clonal expansions of these cells in the BD patients’ peripheral blood (90, 91). These cells
produce cytokines such as IL-17, GM-CSF, IL-8, which enhance activation of neutrophils
and facilitate the interplay between the adaptive and innate immune systems in BD
pathogenesis (35). In patients with active BD who carry the HLA-BS51 allele, CD8+ T cell
levels in blood are higher than in healthy controls and inactive BD patients (110). Another
research group investigated the levels of NKT cells and CTLs in the aqueous humor and
PBMC of 17 patients with BD uveitis, 7 patients with Vogt—Koyanagi—Harada syndrome,
13 patients with idiopathic intermediate uveitis, and 18 patients with idiopathic recurrent
acute anterior uveitis. Generally, in uveitis patients, the percentage of CD4+ T cells and the
CD4+/CD8+ cell ratio were higher in the aqueous humor than in PBMC. However, in BD
patients, CTLs were elevated in the aqueous humor, leading to a reversed ratio (109).
Research also indicates that IL-17-secreting T cells in BD skin lesions are mainly CD8+,
not CD4+ cells (106). Additionally, Okubo et al. used weighted gene co-expression
network analysis from transcription data of peripheral blood immune cells to show that in
HLA-B51+ BD patients, IL-17-associated genes are enhanced in CD8+ memory cells,

which could reflect the expanded Tc17 number or function in this disease (111).

Inflammatory cytokines and cytotoxic substances from immunosenescent cells may cause
chronic inflammation. Investigations are currently being conducted into their role in SLE,
RA, and type 1 diabetes. In this context, 39 BD patients (19 active and 20 inactive) were
compared to 15 disease-control patients with recurrent aphthous ulcers and 15 healthy
controls for senescent CTLs, helper T cells, and B cells. Only senescent CTLs in the active
BD group increased statistically compared to the disease control (p=0.001) and the healthy
control (p=0.005), with mean percentages of 39.0% (95% CI 32.4-45.5%) for active BD,
31.6% for inactive BD, 21.7% for disease control, and 24.4% for healthy control (112).

These data imply that immunosenescent CD8+ T cells may contribute to active BD
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pathophysiology and may be a therapeutic target. However, more research is needed to

validate these findings and clarify the role of immunosenescence in BD.

1.4.2 T Helper 1 Cells

T helper 1 (Thl) cells are crucial in the development of BD, with studies showing that
patients with active BD exhibit increased Th1 cell counts and higher levels of associated
cytokines like IFN-y, compared to those with inactive BD and healthy individuals. In
conditions involving non-infectious ocular inflammation, like BD, sarcoidosis, and Vogt—
Koyanagi—Harada (VKH) syndrome, Thl cell infiltration is also notably elevated (113).
Additionally, Ye et al. (114) underscored the role of decreased B and T lymphocyte
attenuator (BTLA) in BD, as this decrease intensifies Thl and Th17 cell activity,
exacerbating BD-related ocular inflammation. Investigating this pathway could provide
potential therapeutic avenues for BD uveitis. Interestingly, VKH syndrome, the second
leading cause of uveitis, does not seem affected by BTLA reduction. Additionally, Th1-
associated cytokine mRNA expression is notably increased in the mucocutaneous lesions

of BD patients (113-115).

143 T Helper 17 Cells

Th17 cells are of great interest due to their involvement in numerous inflammatory and
autoimmune diseases, including IBD, RA, MS, and psoriasis (116). In mouse models, the
development of Th17 cells from naive T cells is mainly regulated by IL-6 and transforming
growth factor-f (TGF-B). Additionally, cytokines like IL-1 and TNF-a further promote
Th17 cell differentiation in their presence. Interestingly, TGF-3, which usually suppresses
most T cell responses and enhances regulatory T cell (Treg) formation, paradoxically
enhances Th17 cell development (117). Research by Xu et al. (118), demonstrated that Treg
cells can convert into inflammatory Th17 cells when exposed to IL-6, losing their
suppressive function and potentially intensifying Th17-driven inflammation. This intricate
interaction highlights the vital role of Th17 cells in the etiology of immune-mediated

diseases.
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Various research has presented different viewpoints on the impact of TGF-f in Th17 cell
differentiation. Some studies suggest that TGF-p is essential for Th17 cell differentiation,
particularly when utilizing naive T cells from cord blood. The TGF-B concentration is
crucial, as lower levels promote Th17 differentiation, while higher levels favor Treg
differentiation. On the other hand, conflicting studies propose that although TGF-f is
necessary for Th17 cell differentiation in mice, it inhibits Th17 cell generation in humans.
This discrepancy complicates the translation of knowledge from murine models to human
clinical contexts (116, 118-122). Additional research is required to elucidate the complex

effects of TGF- on Th17 cell differentiation and its implications in various diseases.

Thl cells were originally thought to be the primary mediators of BD; however, extensive
research has shown a heightened number of Th17 cells in BD patients, indicating their
involvement in BD etiology (123-125). BD patients display elevated levels of both Th17
and Thl cells, alongside a significant rise in Th17-related cytokines, such as IL-22 and
TNF-a. Moreover, the transcription factor retinoic acid-related orphan receptor y (RORyt),
crucial for Th17 cell differentiation, is elevated in BD patients (115, 123, 126). In
conclusion, Th17 cells play a pivotal role within the immune response framework of BD,
enhancing our understanding of the disease's cause and showing promise for advancing

future treatment options.

144 Natural Killer T Cells

NKT cells release cytokines such as IL-10, IFN-y, IL-4, TNF, and IL-17 when they are
activated. Various cytokines are produced based on criteria such as the subtype of NKT
cells, the strength of the signaling, and the type of antigen-presenting cells (APCs).
Deficiencies in NKT cells are important indicators for several diseases and are undergoing

research for potential therapeutic and preventative interventions (127-130).

In individuals with BD involving ocular symptoms, there is a rise in the NKT cell numbers,
particularly the CD56+CD8+ NKT subset in the aqueous humor (109). Nevertheless,
findings on NKT cell levels in the BD patients peripheral blood vary, with some
investigations reporting an enhancement, while others show a decline (131). In BD patients

with neurological symptoms, higher levels of IFN-y-expressing NKT cells are observed in
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the cerebrospinal fluid (CSF) during active disease phases, with these levels dropping as
patients enter remission. This phase also correlates with a decrease in NKT cell activity in

the blood (132).

14.5 Gamma-Delta (y6) T Cells

v6-T cells, which differ from typical aff T cells, usually do not express CD8 or CD4 markers
and do not depend on MHC class I or II molecules for recognizing antigens (133). These
cells expand significantly in the blood during infections. In mouse models, yd T cells have
been identified as the main producers of IL-17, a key pro-inflammatory cytokine essential

in diseases like BD, especially during the early stages.

There are two main subgroups of yd T cells that produce IL-17. The first group is natural
Tyo17 cells, which are found in the bloodstream and become active when exposed to
infections. These cells release IL.-17 and other cytokines as part of their immune response.
The second group is induced yd T17 cells, which rapidly multiply upon infection without
needing clonal expansion. Despite this different approach, they are essential in fighting off
pathogens. This ability of yd T cells to release IL-17 in two distinct ways demonstrates their
flexibility in regulating the immune system. Additionally, y6 T cells possess a distinctive
capability to act as professional APCs. Several studies have shown their effectiveness in
stimulating other immune cells, such as CD4+ and CD8+ T cells, in lymph nodes (134-
137).

The proportions of yd T cells are considerably different in active BD patients in contrast to
HCs and those with inactive BD (110). These unique T cells release high levels of
cytokines, which amplify neutrophil activity and stimulate Th1 and Th17 cell responses
(138). Within the framework of BD, the noteworthy elevation of the VyoVe2 T cell
phenotype in patients is particularly intriguing. These cells contribute to inflammation by
producing cytokines like IL.-17 and cytotoxic molecules such as granzyme A, both of which

are implicated in BD’s pathogenesis (139, 140).

The connection between BD and yd T cells was first identified in the early 1990s, with
studies documenting elevated levels of these cells in the BD patients’ PBMCs (141, 142).
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Upon activation, these cells release IFN-y and TNFa (143). Notably, yo T cells play a
crucial role in modulating the adaptive immune reaction by producing cytokines like IFN-
v and IL-4, which can affect the balance of immune response towards Th1, Th2, and Th17
CD4+ T cell profiles. In a recent research, Abbasova (144) evaluated IL-17, IL-22, IFN-y,
and CD107a in yo T cells from PBMC after stimulating them with PMA-ionomycin and
reposted increase in only IFN-y production in BD compared to healthy y6 T cells.

Additionally, yo T cells are known to interact efficiently with neutrophils and monocytes
following exposure to bacterial antigens during acute infections. Their functional
adaptability allows them to play a crucial role in conditions like BD, which affects multiple
body systems. There is conflicting evidence regarding these cells’ role in the disease. An
boost in Yo T cell numbers has been detected in various studies (141-143, 145), whereas
other studies have not observed a substantial rise in this cell subset in the PBMCs of BD

patients (135, 146, 147).

1.4.6 Regulatory T (Treg) Cells

Tregs are a subset of T cells known for expressing the forkhead box protein P3 (FoxP3),
and they have a crucial function in preserving immune equilibrium and averting
autoimmune reactions (148-151). It is clear that any dysfunction or decrease in the number
of these Tregs can contribute to autoimmune conditions, as demonstrated by diseases such

as SLE, MS, myasthenia gravis, and RA (148).

Research on Tregs in BD has yielded contradictory results. A reduction in Treg cell
numbers has been suggested by some studies in BD patients, potentially linked to higher
IL-21 levels, which correlates with disease activity (107). In contrast, another study
examining BD patients with neurological involvement found an elevation in Treg levels in
cerebrospinal fluid compared to those with non-inflammatory neurological conditions.
However, these Tregs seemed to lose their ability to control T helper responses, implying
a potential decrease in their functionality. Additionally, in inflammatory settings with IL-2
and IL-1P presence, these cells were observed transitioning into Th17 cells (152). The

ambiguous role of Treg cells in BD, where their numbers may vary under different
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circumstances while their effectiveness diminishes, underscores the intricate immune

mechanisms involved in this condition.

1.4.7 Natural Killer Cells

Natural killer cells (NK cells) are a crucial element of the innate immune system. They
communicate with HLA class I molecules, that act as ligands for their KIR receptors. In
various autoimmune conditions like MS, SLE, RA, and Sjogren’s syndrome, NK cell

numbers and functionality are often diminished. NK cells are classified into two primary

types:

1) CD56™&"CD16 NK cells, mainly located in lymph nodes, are specialized in cytokine
secretion.

2) CD56%™CDI16+ NK cells, mainly found in the blood and areas of inflammation,
primarily perform cytotoxic actions using proteins such as granzyme and perforin,

although they release fewer cytokines than the former group (153, 154).

In BD, a decrease in the number of NK cells in the blood is similarly noted, potentially due
to their relocation to sites of inflammation. Remarkably, within the NK cell subset, there is
arise in CD56™E"NK cells, recognized for their production of cytokines, particularly IFN-

v (155, 156).

NK cells can be classified into five groups depending on the cytokines they produce: NK-
reg, NK-1, NK-2, NK-17, and NK-22. Each category is linked to the secretion of certain
cytokines like IL-10, Thl, Th2, IL-17, and IL-22, respectively. Research in people with
BD shows an increased percentage of NK-1 cells and reduced percentages of NK-2, NK-
17, and NK-reg cells. Research has revealed a significant change in the NK-1/NK-2 ratio
during the active versus remission periods of BD, with NK-1 driving a Thl response in

active disease and NK-2 promoting a Th2 response during remission (108, 157, 158).
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14.8 Neutrophils

Individuals with BD often show enhanced neutrophil activity and increased neutrophil
count, which has been confirmed by multiple studies. Furthermore, active patients with
BD have raised levels of G-CSF, which contributes to increased neutrophil apoptosis (159).
Furthermore, multiple studies have found a heightened neutrophil-to-lymphocyte ratio in
patients with BD, emphasizing its possible usage as a marker for BD and the severity of
the disease (160, 161). Le Joncour et al. (162) displayed increased levels of neutrophil
extracellular traps (NETs) and related markers such as myeloperoxidase and cell-free DNA
in individuals with BD, suggesting their involvement in the disease's etiology. NETs were
detected in papulopustular BD lesions (106). Neutrophils concentrate prominently in all
sorts of BD lesions, including those that impact on the mucocutaneous areas, skin, and
eyes. Hyperactive neutrophils in patients with BD cause tissue damage mediated by

reactive oxygen species (163).

149 Dendritic cells (DCs)

Dendritic cells (DCs) are integral to the immune system, playing a critical role as antigen-
presenting cells that mediate the connection between innate and adaptive immunity. These
cells are broadly classified into conventional DCs (further divided into ¢cDC1 and ¢cDC2
subsets), plasmacytoid DCs (pDCs), inflammatory DCs, and Langerhans cells (164). Each
subset has unique surface markers, developmental origins, and functional roles. Among
them, pDCs are a distinct population that specializes in recognizing viral and bacterial
pathogens as well as endogenous DNA through Toll-like receptors (TLR7 and TLR9)
(165). Although pDCs are not typically present in the skin under physiological conditions,
they migrate from the bloodstream to sites of skin injury, where they produce substantial
amounts of type I interferons, particularly IFN-a. This response contributes to
inflammation and tissue damage, and the involvement of pDCs has been documented in
various autoimmune conditions, such as psoriasis, SLE, and lichen planus, as well as in
cutaneous malignancies. High expression of the CD123 marker is a key feature for

identifying these cells (166).
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In BD, pDCs appear to contribute to immune dysregulation. Elevated IFN-a production by
pDCs has been observed in BD patients. Unstimulated PBMCs from BD patients exhibit a
significantly higher percentage of IFN-o+ pDCs in comparison to healthy controls (HCs)
and patients with ankylosing spondylitis (AS). This disparity disappears upon stimulation,
but the mean fluorescence intensity (MFI) of IFN-a+ pDCs remains significantly higher in
BD patients (167). Notably, serum IFN-a levels are consistently elevated in BD, whereas
IFN-B levels are lower than those seen in HCs or AS patients, further emphasizing a skewed

type I interferon response (168).

Aberrations in DC function are further implicated in the Th1/Th17 polarization
characteristic of BD. In BD lesions, CD11c+ DCs express IL-23A, which supports the
activation of Tcl7 cells. These Tcl7 cells are predominantly localized in perivascular
regions of the dermis and subcutaneous tissue, rather than the epidermis, as seen in
psoriasis. This distinct localization pattern underscores the specific role of DCs in driving
the inflammatory environment in BD (106). Additionally, epigenetic modifications in
dendritic cells contribute to immune dysregulation in BD. Reduced expression of interferon
regulatory factor 8 (IRF8), an important transcription factor in DC differentiation and
function, has been reported in monocyte-derived dendritic cells (moDCs) from patients
with active ocular BD. Treatment with 5-Aza-2'-deoxycytidine (DAC) restores IRF8
expression and normalizes DC function, providing insights into potential therapeutic
targets (169). Moreover, the interplay between CXCL16 expression and IFN-a production
has been explored in BD. Although the percentage and MFI of pDCs expressing CXCL16
do not differ significantly among BD patients and controls, serum levels of CXCL16 and
IFN-a are elevated in BD. A positive correlation has been identified between pDCs
expressing CD123+CXCL16+ and IFN-a levels in BD, suggesting a potential link between

these molecules in disease pathogenesis (170).
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1.4.10 B cells

In BD, alterations in the composition and function of B lymphocyte subsets have been
documented. Notably, a study comparing BD patients with healthy controls (HC) revealed
an augmented presence of activated and memory B cell subsets in BD patients, although
no significant change was observed in the total B cell count (171). In a separate study
conducted by Suzuki et al, B lymphocyte functionality was assessed in 23 Behcet's disease
patients across various disease stages. Patients with active disease displayed heightened
numbers of spontaneously secreting immunoglobulin-secreting cells compared to those
with inactive disease. Additionally, B cells from active BD patients exhibited reduced
responsiveness to the T cell-independent B cell mitogen, Staphylococcus aureus Cowan 1,
whereas nearly all BD patients showed unresponsiveness to the T cell-dependent
polyclonal activator, pokeweed mitogen. These findings underscore the potential
involvement of B cell abnormalities, some correlating with disease activity, in the
pathogenesis of BD (172). Additionally, B cells were found in active mucosal ulcers (173),
and it was demonstrated that the removal of B cells was useful in reducing the severity of
the ocular condition (174). Furthermore, investigations by Hetta et al depicted a notable
reduction in both total and regulatory B cell counts in BD patients in comparison with HC
counterparts. Regulatory B cells (Bregs), particularly, displayed upregulation in cases
associated with genital ulcers or vascular manifestations. Importantly, Bregs, rather than
total B lymphocytes, exhibited correlations with Behget’s Syndrome Activity Score
(BSAS) and erythrocyte sedimentation rate (ESR), indicating potential involvement in
disease activity. Conversely, neither total B lymphocytes nor Bregs showed significant
associations with C-reactive protein (CRP) levels, sexual function, or depression scores.
Noteworthy, among administered medications, low-dose aspirin intake correlated with

notably elevated proportions of B-regs (175).

Traditionally, B cells were presumed absent in the skin, with research on the skin immune
system primarily focusing on other leukocyte populations. However, recent revelations
indicate the presence of B cells in healthy human and mammalian skin, suggesting putative
roles in host defense, microbial community regulation, and wound healing. In various
autoimmune conditions with cutaneous manifestations, the involvement of B cells and

antibodies was traditionally considered systemic, with autoantibodies originating in
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lymphoid tissues and disseminating into the skin to induce pathology. New evidence,
however, underscores the role of B cells as key players within the immune infiltrates in
autoimmune and inflammatory skin conditions. Elevated B cell counts have been observed
in lesional skin relative to control samples across various inflammatory conditions,
including psoriasis, pemphigus, lupus profundus, systemic sclerosis, Sjogren’s syndrome,
discoid lupus erythematosus, atopic dermatitis, IgG4-related skin diseases, and allergic
contact dermatitis. This augmentation in skin-infiltrating B cells suggests their potential
role in cutaneous inflammation, a notion supported by the effectiveness of systemic B cell

depletion using rituximab in several of these diseases (176).

1.5 Single-cell RNA sequencing

Single-cell RNA sequencing (scRNA-seq) is a robust methodology utilized in the realm of
immunology research. This technique enables the examination of gene expression at the
individual cell level, facilitating a deeper understanding of immune cell heterogeneity and
functionality. Traditional cell-based assays predominantly focus on measuring the average
response of a cell population, assuming this average response is representative of each
individual cell. However, this approach may overlook crucial information about small yet
potentially significant subpopulations. The presence of genetic and environmental variability
among different cell types, results in distinct behaviors and implications in pathological
conditions, rendering conventional analyses inadequate (177). Consequently, the development
of novel technologies for isolating individual cells from complex samples and investigating
their genomes and proteomes has the potential to shed light on genome variability and gene
expression mechanisms. It is widely acknowledged that single-cell analyses have far-reaching

implications across various disciplines, including biomedical research and life sciences (178).

Early on, researchers employed low-throughput single-cell analysis techniques, like single-cell
PCR, fluorescence in situ hybridization (FISH), and immunofluorescence to detect specific
molecular markers in individual cells (179, 180). Although these methods could measure a
limited number of parameters per cell, the introduction of high-throughput genomic
technologies, such as DNA and RNA sequencing, has transformed the field. Nevertheless,

genomic studies typically rely on analyzing collective averages derived from pooling
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thousands to millions of cells, thereby hindering comprehensive genome-wide assessments of
cell-to-cell variability. Consequently, the emergence of single-cell sequencing was deemed
essential in research, earning it the distinction of being named the "method of the year" by

Nature Methods in 2013.

ScRNA-seq is a potent methodology employed for evaluating transcriptomics at the individual
cell level. While high-throughput RNA sequencing has become a crucial tool for profiling gene
expression at the mRNA level (181), scRNA sequencing has demonstrated its advantages (such
as the capability of identification of rare cell populations and mutations in individual cells, and
antigen-specific T-cell or B-cell receptors) and gained popularity within the life sciences
domain (182). Nonetheless, the inherent challenge of scRNA sequencing lies in the limited
RNA content present in individual cells. Recent advancements in scRNA sequencing
technology have significantly enhanced its capabilities, enabling a broader spectrum of
researchers to leverage this sophisticated tool in diverse fields of study, including embryonic
development, cancer biology, and immunology (183-185). Although the utilization of sScRNA
sequencing in dermatology research remains relatively limited, its potential as a promising

method for uncovering insights beyond the reach of conventional approaches is undeniable.

Even though extensive research has explored the immune dysfunctions in peripheral blood of
BD patients, high-throughput analyses of skin tissue, a common site of BD pathology, remain
limited. In this study, we address this gap by performing single-cell RNA-seq analysis and flow
cytometry on BD skin tissue and PBMCs. By integrating single-cell data from PBMCs and
skin samples, we further elucidated the specific immune cell subtypes infiltrating BD skin
lesions. Furthermore, we demonstrate differential gene expressions, activated pathways, and T

cell clonality in immune cells present in BD skin lesions.
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1.6 Objectives

Objective 1: To have a comprehensive understanding of the immune cell types in Behcet’s

disease skin lesions using flow cytometry and scRNA-seq.

Objective 2: To detect the key molecular pathways involved in Behcet’s disease pathogenesis

by using scRNA-seq.

Objective 3: To determine the presence and frequency of common and rare T cell clones in

different BD patients and to determine the sequence of paired TCR o/p chains by scRNA-seq.

Single-cell RNA sequencing, immune profiling, and clonality analysis have not been
performed in BD before. By analyzing patient-derived lesional skin tissue, our project will
make it possible to delineate the contribution of local inflammatory pathways and adaptive

immune systems to Behcet’s disease pathogenesis.
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CHAPTER 2

MATERIAL AND METHODS

2.1. Sample collection

Peripheral blood and skin tissue samples were obtained from active BD patients, who were not
using any immunosuppressive drugs, were diagnosed according to the criteria specified by the
International Study Group for Behcet’s Disease, and agreed to participate in this study.

Samples were collected from 3 centers:

1) Koc¢ University Hospital, Dermatology and Plastic Surgery
2) Istanbul Basaksehir Cam and Sakura Hospital, Behget’s disease outpatient clinic
(Rheumatology & Dermatology)

3) Ankara University, Department of Dermatology and Venereology

Skin samples of BD patients: After sterilization and local anesthesia, a 4 mm biopsy sample
was taken from the lesional zone using a punch technique. The tissues were preserved in
MACS® Tissue Storage Solution (130-100-008, Miltenyi Biotec, Germany) while being
transported to the laboratory. Skin samples were used directly for tissue dissociation and cell

suspension preparation before freezing.

Skin samples for healthy control group: Skin samples for healthy control (HC) were collected
via surgical excision using a scalpel from individuals undergoing cosmetic procedures at Kog

University Hospital. These samples were cut into 150-170 mg pieces for tissue dissociation.

2.2. Sample processing

Isolation of PBMC:s: Peripheral blood samples (15 ml) were obtained from 41 active Behget’s
disease patients using BD Vacutainer tubes containing K2EDTA. Each blood sample was
mixed with PBS in a 1:1 ratio and carefully layered over an equal volume of density gradient
medium (Lymphoprep, 1.077 g/ml; Axis-Shield, Norway). The mixture then underwent

centrifugation at 500 x g for 30 minutes at ambient temperature, with the brakes turned off.
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Afterwards, the PBMC layer was carefully isolated, washed with an equivalent volume of PBS
containing 1% BSA, and centrifuged again at the same speed for 5 minutes. The resulting cell
pellet was washed, resuspended, and preserved at -80 °C in a cryoprotective solution composed
of 10% DMSO and 90% FBS. After 72 hours of initial freezing, for long-term preservation,

the cryovials were stored in liquid nitrogen.

Processing of Skin Samples: Skin tissue samples were washed with PBS, and visible
subcutaneous fat was removed. The tissues were then dissociated using both enzymatic and
mechanical methods, following the protocol of the Whole Skin Dissociation Kit (130-101-540,
Miltenyi Biotec, Germany). Specifically, 435 uL of Buffer L was combined with 12.5 uL of
Enzyme P in a gentleMACS C tube (130-093-237, Miltenyi Biotec, Germany). To this mixture,
50 puL of Enzyme D and 2.5 pL of Enzyme A were added. The tissue samples were combined
with the enzyme mixture and incubated at 37 °C. To refine the protocol, incubation times of 1,
3, and 16 hours were tested using healthy skin samples. Considering that Enzyme P enhances
cell yield but might degrade certain immunological epitopes, comparisons of samples

processed with and without this enzyme were also performed.

Following enzymatic treatment, 500 uL of cold DMEM (Gibco, USA) was added to each tube,
and the samples were subjected to mechanical dissociation using the gentleMACS Octo
Dissociator (Miltenyi Biotec, Germany), following the “h_skin 01" program. The resulting
cell suspensions were briefly centrifuged and passed through a 70 um cell straine (83.3945.070,
Sarstedt, Germany) using 4 ml of DMEM for washing. The filtered cells were then centrifuged
at 350 x g for 10 minutes, and the pellet was resuspended in 1 ml of PBS. Live cell counts were

determined using the trypan blue exclusion method.

Based on the cell viability count, between one-quarter to half of the total cells (approximately
10° cells) were immediately stained and analyzed by flow cytometry, while the remaining cells
were cryopreserved in 1-2 aliquots for later analyses, including single-cell RNA sequencing.
Aliquots containing approximately 10° to 3 x 10° skin cells were stored in 1 ml of a solution

comprising fetal bovine serum and 10% DMSO.
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2.3. Flow Cytometry Immune phenotyping

The final antibody panel (Panel 1) for HC and BD skin samples and paired PBMC BD samples
is shown in Table 1. In the next steps, PBMC samples from BD patients and healthy individuals
were used for analysis of different cell types using 2 more panels demonstrated in Table 2

(Panle2) and 3 (Panel 3).

Both skin and PBMC samples underwent multicolor staining for surface and intracellular
markers. Approximately 10° cells per sample were prepared for flow cytometry. Cell
suspensions in PBS were centrifuged at 500 x g for 5 minutes, after which the supernatant was
discarded, and the cells were resuspended in 100 pL of PBS. To assess cell viability, 1 uL of
Zombie NIR fixable viability dye was applied, and the mixture maintained on ice in the dark
for 10 minutes. Following this step, 2 mL of FACS buffer (PBS with 1% BSA) was added, and
the tubes were then centrifuged with the same conditions. The supernatant was carefully
discarded, and cocktail of surface antibodies were added to the resuspended cells, followed by

a 20-minute incubation in the dark and subsequent washing with FACS buffer.

Then, fixation and permeabilization was performed with 20 minutes incubation of cells in 500
uL of Fixation Buffer (BioLegend, USA; 420801), centrifugation, and washing with 1x
Intracellular Staining Permeabilization Wash Buffer (BioLegend, USA; 421002).
Subsequently, the fixed cells were treated with intracellular antibody cocktails for 20 minutes
at an ambient temperature. After this step, another washing step with permeabilization buffer,

and the final pellet was resuspended in FACS buffer.

Flow cytometry data acquisition was performed using an Attune NxT flow cytometer
(Invitrogen) or a FACS Aria III cell sorter (BD Biosciences, USA). Data analysis was
performed using FlowJo software, version 10.10.0 (BD Biosciences, USA), and statistical
evaluations of the results were conducted by GraphPad Prism, version 10 (GraphPad Software,

USA).
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Table 1. Antibody Panel 1

Target antigen

CD20

CD45

CD69

Granzyme K

CD3
CD158e1(KIR3DL1,NKB1)
CD158b(KIR2DL2/1.3,NKAT?2)
CD158f(KIR2DLS)
KIR2DL1/KIR2DS5
KIR3DL2/CD158k

CD4

Granzyme B

CD56

CDS8

CD14

CD19

Zombie NIR

Fluorochrome

BV421
Brv605
BV711
FITC
PE-Cy5
PE

PE

PE

PE

PE

PE-Dazzle 594

PE-Cy7
APC

Alexa Fluor 700

APC-Cy7
APC-Cy7

Clone
2H7
HI30
FN50
GM26E7
HIT3a
DX9
DX27
UP-R1
143211
539304
OKT4
QAI16A02
5.1H11
SK1
HCD14
HIB19

Catalog
302330
304042
310944
370508
300310
312708
312606
341304
FAB1844P
FAB2878P
317448
372214
362504
344724
325620
302218
423106
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Brand
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
R&D
R&D
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
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Table 2. Antibody Panel 2

Target antigen
CD3

CD4

CD8

CD56

TCR yo

TCR Va7.2
CD159¢ (NKG2C)
Granzyme K
Granzyme B
CD161

CDh14

Zombie NIR
CCR?7 (CD197)

CD45RO

Fluorochrome
PE-Cy5

PE Dazzle 594
AF 700

APC

BV 510

BV 785

PE

FITC

PE-Cy7

BV 421

APC Cy7

BV605

BV650

Clone
HIT3a
OKT4
SK1
5.1H11
B1

3C10
S19005E
GM26E7
QA16A02
HP-3G10

63D3

GO043H7

UCHLI1

Catalog
300310
317448
344724
362504
331220
351721
375003
370508
372213
339913
367108
423106
353223

304231
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Brand

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
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Table 3. Antibody Panel 3

Target antigen
CD11c
CD14

CD16

HLA DR
Granzyme B
CD123
CDh19

CD3

CD56

CD27

Zombie Aqua

Fluorochrome
PE
BV605
BV421
AF488
PE-Cy5
PE-Cy7
APC
AF700
APC-Cy7
BV650

Clone
S-HCL-3
MS5E2
3G8
1.243
QA16A02
S18016F
HIB19
UCHT1
HCD56
L128

Catalog
333149
301834
302038
307620
372225
396712
302212
300424
318332
563228

Brand
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

BD Horizon

Biolegend

35
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Figure 2.1. A schematic depiction of the experimental workflow. Starting with skin biopsy
collection followed by two-step enzymatic and mechanical tissue dissociation via the Whole
Skin Dissociation Kit. A portion of these cells were stained for flow cytometry analysis, and

the rest of the cells were stored using cryopreservation for later sScRNA-seq analysis.

2.4. Flow Cytometry Functional Analysis

The functional studies for skin and PBMC samples were performed as follows, and the
antibody panels for PBMC and skin samples are mentioned in Table 4 and Table 5 and 6,
respectively. The samples were thawed and seeded on a 96 U bottom well plate. Then anti-
human CDI107a antibody and Cell Activation Cocktail (without Brefeldin A) (423301,
Biolegend, USA) in 100 pl of RPMI was administered to stimulate the cells. The plate was
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kept at 37°C with 5% CO: for 1 hour. Afterward, 0.1 ul Brefeldin A was mixed in each well,
and the plate was incubated for an additional 3 hours under the same conditions. Following
stimulation, the plate was centrifuged at 500 g for 5 minutes at normal room temperature, and
the supernatant was discarded. The cells were processed using standard protocols for surface
immunophenotyping and intracellular staining in 96-well U-bottom plates. Finally, the samples

were analyzed using flow cytometry.

Table 4. Antibody panel for functional analysis of PBMC samples.

Target Antigen Fluorochrome
CD3 FITC
CD8 APC
CD107a BV605
TCR 76 PED 594
CD56 PECy5
IL17a AF700
CD161 BV421
IFN y PE

TCR Va7.2 BV785
CD4 BV510
TNFa PECy7

CD14, CD19, Zombie APC Cy7
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Table 5. Antibody panel 1 for functional analysis of Skin samples.

Target Antigen
CD3

CD4

CD45

TCR yo
CD56
IL17a
CD161
IFNY
TCR Va7.2
CD8

TNFa

CD14, CD19, Zombie

Fluorochrome
FITC
APC
BV605
PED 594
PECy5
AF700
BV421
PE
BV785
BV510
PECy7

APC Cy7

38
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Table 6. Antibody panel 2 for functional analysis of Skin samples.

Target Antigen Fluorochrome
CD3 FITC

CD56 APC
CD107a BV605

CD4 PED 594
GM-CSF PerCP/Cy 5.5
CD8 AF700
CD161 BV421
IFNY PE

TCR Va7.2 BV785

TCR 76 BV510

CD45 PECy7
CD14, CD19, Zombie APC Cy7

2.5. Single-cell RNA Sequencing (scRNA-seq)

Sample Preparation: To optimize experimental costs and minimize batch-to-batch variability,
a pooling strategy was employed, combining 2—4 samples for analysis. Cryopreserved cell
suspensions were first thawed, and stained with Zombie NIR viability dye in PBS, followed by
staining with anti-human CD45 PE-Cy5 in FACS buffer. Subsequently, CD45+ live cells were
isolated from both skin and blood samples in parallel using Cytoflex SRT (Beckman Coulter)
and FACS Aria III (BD Biosciences, USA) cell sorters. During the sorting process, key
parameters were carefully maintained to ensure optimal cell viability and purity. A 100 um
nozzle was used, with a pressure setting of 20 psi. The sample chamber was kept at 4 °C, and
a low sorting speed was employed. Specifically, the target sorting speed was limited to fewer
than 1500 events per second, with the speed adjusted between levels 1 and 3 as needed to

maintain this event rate and ensure high-quality results.
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The Chromium Single Cell 5' Reagent Kit user guide recommends an optimal cell
concentration ranging from 700 to 1200 cells per microliter for Gel Bead-in-Emulsion (GEM)
generation. However, the cell sorting process frequently yields concentrations lower than that.
This situation necessitates the concentration of the cell suspension after cell sorting. For that
purpose, we undertook an extra step of centrifuging cells for 5 minutes at 850 g. After careful
aspiration of the supernatant, the cells were resuspended in 40-50 ul of PBS, and count the
cells again. Once the optimum cell concentration according to the Chromium Controller system
and Chromium Next GEM Single Cell 5’ Reagent Kits V2 (Dual Index, 10X Genomics, USA)

guide was achieved, the protocol was started.

Library preparation and sequencing: Chromium Controller and the Chromium Next GEM
Single Cell 5° Reagent Kits V2 (Dual Index, 10X Genomics, USA) were used for library

preparation. The overall protocol steps and timing is demonstrated in Figure 2.2.
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Protocol Steps & Timing
Steps Timing Stop & Store

Cell Preparation and Labeling -1-Zh

Dependent on cell type and laheling protocol used

Step 1 - GEM Generation & Barcoding

3h M PrepareReaction Mix 20 min
1.2 Load Chromium Next GEM Chip K 10 min
13 Run the Chromium Controller or X/iX 18 min
1.4 Transfer GEMs 3 min
15 GEM-RTIncubation 55 min @) 4°CS72h or -20°C £1 week
Step 2 - Post GEM RT Cleanup & cDNA Amplification
21 Post GEM-RT Cleanup — Dynabead 45 min
2.2 cDNA Amplification 50 min ° 4°C $72 hor-20°C 51 week
23  cDNACleanup TSmin @ 4°Cs72hor -20°C Sk weeks
2.4  cDNA Quantification & QC 50 min

&h “After cONA Amplification & QC. for VID)J Amplification anc
For § Gene Expression Library Construction proceed directly

Dl Library Construction proceed to steps 3-4.
tep 5.

Step 3-V(D)J Amplification from cDNA

a1 VID)J Amplification 1

32 Post VD) Amplification 1 Double Sided Size Selection — SPRiselect
33 V(DL Amplification 2 @ 4csmzn

34 Post V(D)) Amplification 2 Double Sided Size Selection— SPRIselect 30 min ° 4°C <72 hor -20°C 51 week
35  Post V(DI Amplification QC & Quantification 50 min

@ wc<n
@ 4°Cs72hor -20°C 1 week

Step 4 — V(D)J Library Construction

41  Fragmentation, End Repair & A-tailing 45 min

4.2  Adaptor Ligation 25 min

43 Post Ligation Cleanup — SPRIselect 20 min
Bhplus* 44  Sample Index PCR somin @ 4°C<72h

45 Post Sample Index PCR Cleanup — SPRiselect 20 min . 4°C 872 hor -20°C long-term
eESwmmisel 46 PostLibrary Construction QC 50 min

sz Step 5 - 5' Gene Expression (GEX) Library Construction

5. GEX Fragmentation, End Repair & A-tailing 45 min
5.2 GEX Post Fragmentation, End Repair & A-tailing Double Sided 30 min
Size Selection — SPRiselect

5.3 GEX Adaptor Ligation 25 min

5.4 GEX Post Ligation Cleanup — SPRIselect 20 min

55  GEXSample Index PCR womin @ aecerzn

5.6  GEX PostSample Index PCR Double Sided Cleanup — SPRIselect 30min @@ &°C<72 hor -20°C long-term
5.7 GEX Post Library Construction QC 50 min

Figure 2.2. Chromium Next GEM Single Cell 5° Reagent Kits V2 (Dual Index) protocol steps and

timing.

Step 1 involves the generation and barcoding of GEMs using the Chromium Next GEM Chip
K (depicted in Figure 2A). In this process, a master mix comprising cells, RT Reagent B, Poly-
dT RT Primer, Reducing Agent B, and RT enzyme C was loaded into row 1, barcoded Single
Cell VDJ 5' Gel Beads into row 2, and partitioning oil into row 3. Subsequently, the gasket was
sealed, and the chip was placed in the Chromium Controller (illustrated in Figure 2B) for Gel
Beads-in-emulsion (GEMs) formation. To ensure single-cell resolution, cells were introduced
at a limiting dilution, resulting in the majority of generated GEMs (approximately 90-99%)
being devoid of cells, while the remainder primarily contained a single cell. After generating
GEMs, the Gel Beads dissolved, releasing oligonucleotides into the lysed cells. The
oligonucleotides were combined with the cell lysate and a master mix containing reverse

transcription (RT) reagents and poly(dT) RT primers. Incubation of the GEMs facilitated the
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synthesis of full-length cDNA tagged with 10x Barcodes, derived from the polyadenylated
mRNA of the cells.

Figure 2.3. Workflow for GEM Generation Using the Chromium Next GEM Chip. Chromium
Next GEM Chip K was utilized to generate GEMs. A master mix containing cells, Reverse
Transcription (RT) Reagent B, poly-dT RT primer, Reducing Agent B, and RT enzyme C was
loaded into Row 1 of the chip. Barcoded Single Cell V(D)J 5' Gel Beads were loaded into Row
2, while partitioning oil was added to Row 3. After loading, a gasket was attached to the chip,

which was then placed in the Chromium Controller for GEM generation.

Step 2 involves the cleanup and amplification of cDNA post-GEM-RT. After the GEM-RT
reaction mixtures are retrieved, GEMs are broken and pooled. Silane magnetic beads are
employed for the purification of 10x Barcoded first-strand cDNA from the resulting post-
GEM-RT reaction mixture, eliminating residual biochemical reagents and primers.
Subsequently, 10x Barcoded, full-length cDNA undergoes PCR amplification using primers
targeting the common 5' and 3' ends introduced during GEM-RT. This amplification yields a

sufficient quantity of material, enabling the construction of multiple libraries from the same
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cells, such as both T cell libraries (as outlined in steps 3 and 4) and 5' Gene Expression libraries
(as detailed in step 5). Quality control (QC) and quantification procedures were conducted

using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA).

In Step 3, cDNA amplification is carried out to amplify full-length V(D)J segments (10x
Barcoded) from poly-adenylated mRNA. This involves PCR amplification using primers
specific to the TCR constant regions. The amplification process includes two steps, and
following each PCR, double-sided size selection is performed using SPRIselect (Beckman
Coulter, USA). Quality control (QC) and quantification were performed using the Agilent 2100

Bioanalyzer.

Moving on to Step 4, V(D)J library construction involves enzymatic fragmentation and size
selection to generate variable-length fragments spanning the V(D)J segments of the amplified
TCR transcripts. This is done prior to library construction. Through End Repair, A-tailing,
Adaptor Ligation, and Sample Index PCR, P35, P7, i5, and 17 sample indexes, along with an
[llumina R2 sequence (read 2 primer sequence), are added. The final libraries feature PS and
P7 priming sites necessary for Illumina sequencing. Quantification, QC, and determination of

average fragment size were conducted using the Agilent 2100 Bioanalyzer.

In Step 5, the construction of the 5' Gene Expression (GEX) Library is initiated by utilizing
amplified full-length cDNA obtained from poly-adenylated mRNA. To optimize the cDNA
amplicon size before 5' gene expression library construction, enzymatic fragmentation and size
selection are employed. The addition of P5, P7, 15, and 17 sample indexes, along with the
[lumina R2 sequence (read 2 primer sequence), is accomplished through End Repair, A-
tailing, Adaptor Ligation, and Sample Index PCR. The final libraries are equipped with the P5
and P7 priming sites essential for Illumina sequencers. Quantification, quality control (QC),
and determination of the average fragment size were carried out using the Agilent 2100

Bioanalyzer.

Finally, paired-end sequencing was conducted using the Illumina NovaSeq 6000 platform. For
5’ gene expression analysis and TCR sequencing, the recommended reading depth of a

minimum of 20,000 and 5,000 per cell were used, respectively.
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Figure 2.4. Overview of the Steps for Single-Cell Analysis. The workflow includes the thawing of
cryopreserved cells, followed by sorting CD45+ live cells using FACS. Cell counting is
performed using the trypan blue exclusion method. Subsequently, Gel Beads-in-Emulsion

(GEM) are generated, followed by library preparation, sequencing, and data analysis.
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2.6. Bioinformatics Analysis

The overall workflow of bioinformatics analysis used for scRNA-seq is demonstrated in Figure

2.5.

Alignment/Demultiplexing Downstream Analyses

GEX e Quality Control Cell Type Annotation
library library
\ I Normalization/Scaling Cell-Level Analyses
Cell Ranger
multi pipeline
Feature Selection Gene-Level Analyses
Souporcell on GEX BAM
files PCA TCR-Based Analyses
Assigning souporcell Batch Correction
clusters to the donors
UMAP/t-SNE
Creating AnnData
object from count
matrix and souporcell
metadata

Figure 2.5. Bioinformatic analysis workflow.

2.6.1. Alignment and demultiplexing

The raw FASTQ files were aligned to the GRCh38 reference genome using the Cell
Ranger multi pipeline (v7.1.0) from the official 10X Genomics platform. To
demultiplex the pooled samples, the souporcell tool was utilized (186). This tool
processes BAM files generated by Cell Ranger and uses SNPs observed in scRNA-seq
reads to differentiate data emerging from individual donors. This labeling-free
computational approach, freely available and efficient, Performed on a high-
performance computing cluster utilizing the Singularity image provided by the
Souporcell ~ developers.  The  processing  was  performed  with  the
"souporcell_pipeline.py" script, utilizing the same reference transcriptome as the initial

alignment.



Chapter 2: MATERIAL AND METHODS

46

After demultiplexing with souporcell, cluster identification relied on two main criteria:
1) Matching genotypes observed in PBMC and skin samples from the same donor
across separate reactions, and 2) determining the sex of the donor. Identification of
matching PBMC and skin samples was achieved through the "shared_samples.py"
module in the souporcell toolkit. The sex of each cluster was inferred by examining the

expression of specific Y chromosome-associated genes (187).

2.6.2. Preprocessing and cell annotation

Following alignment and demultiplexing, the resulting count matrices were conducted
using the Scanpy toolkit . Cells expressing fewer than 200 genes or genes detected in
fewer than three cells, were filtered out. Additionally, cells with more than 4000
expressed genes were eliminated from further analysis to eliminate potential artifacts.
To identify doublets, those flagged as cross-genotype doublets by souporcell were

removed, and expression-based doublets were detected using the Scrublet tool.

Normalization of the data was performed by scaling counts to 10,000 per cell, followed
by a log(x+1) transformation. Highly variable genes were then selected utilizing the
“sc.pp.highly variable genes” function in Scanpy. A principal component analysis
(PCA) was conducted on the scaled expression matrix derived from these highly
variable genes. To address technical variations such as donor-specific differences and
sequencing depth—while retaining biologically relevant signals like cell-type
distinctions and disease-related effects—BBKNN's ridge regression approach was

employed (188, 189).

Following preprocessing, datasets from different pools were integrated using the
Harmony algorithm (190). The harmony-corrected principal components were then
used to construct a neighborhood graph and generate UMAP embedding for

downstream analysis.
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2.6.3. Downstream Analysis

Differential Gene Expression (DGE) Analysis: DGE analysis was conducted using
the Wilcoxon rank-sum test with Benjamini-Hochberg correction for multiple testing,
as implemented in Scanpy (191). This ensured robust identification of differentially

expressed genes across conditions or clusters.

Pathway and Functional Analysis: To identify enriched biological pathways and
functional processes, functional enrichment analysis was performed using the
decoupleR package (192) (Python implementation, version 1.6.0). This enabled the
detection of significant pathways and insights into the biological mechanisms

underlying the observed transcriptional changes.

Cell Type Abundance Analysis: Differences in cell type abundance between
conditions were assessed using the single-cell Compositional Data Analysis (scCODA)
method (193). This approach allowed for rigorous statistical evaluation of

compositional changes in cell populations.

Clonality Analysis: Clonality analysis was conducted using the Scirpy package (194).
Filtered contig annotations generated by CellRanger are provided to clonality analysis

pipeline.
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2.7. Statistical Analysis

A repeated measures one-way ANOVA was employed to evaluate differences across
various incubation times. To examine the impact of enzyme P and compare paired skin and
PBMC samples from BD patients, a paired t-test was conducted. For comparisons between
healthy controls (HC) and BD samples, an unpaired t-test was utilized. All statistical
analyses were carried out using GraphPad Prism (version 8, GraphPad Software, USA),

and a significance threshold of P < 0.05 was applied.
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CHAPTER 3
RESULTS

3. 1 Optimization of Skin Sample Processing

The healthy skin samples were initially dissociated through a three-hour incubation with
enzymes A and D, excluding enzyme P, followed by immediate analysis post-staining using
flow cytometry. Our gating strategy and the utilization of fluorescence-minus-one (FMO)
controls for dimly expressed markers are depicted in Figures 3.1 and 3.2, respectively.
Employing the antibody panel outlined in this investigation enabled the prompt
identification of various T cell subsets, encompassing CD4+ T THLs, CD8+ CTLs, and
CD69+ resident memory T cells (TRMs), alongside NK cells. Furthermore, the assessment

revealed the presence of intracellular granzyme K and granzyme B expression.
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Figure 3.1. Representative gating strategy of the flow cytometry analysis. The panel used here
was designed to study T cells and NK cells, therefore Zombie NIR, CD14 and CD19 were
present together in the APC-Cy7 dump channel. All cells are initially gated via forward scatter
(FSC) versus side scatter (SSC). Next, doublets were excluded using FSC-A versus FSC-H
parameters. The Zombi NIR-positive dead cells, CD19+ B cells, and CD14+ monocytes that
are in the dump channel were excluded. Then, CD45+ leukocytes were gated. After that, CD3+
T cells, and CD56+ NK cells were gated. From T cell population, distinct subtypes including
CD69+ T cells (TRMs), CD8+ CTLs and CD4+ THLs were gated. Finally, from the CTLs

population, Granzyme K+ and Granzyme B+ cells were gated.
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Figure 3.2. Fluorescence minus one (FMO) control for CD69, granzyme K, and granzyme

B antibodies.

3.1.1. The Influence of Enzymatic Incubation Duration and Enzyme P

Prolonged incubation led to a notable rise in the retrieval of viable cells, as indicated
by trypan blue exclusion (Figure 3.4A). A 1-hour incubation produced live cell counts
ranging from 5.5 x 10* to 1.22 x 10°, which were inadequate for downstream
applications. Extending the incubation to 3 hours improved yields to between 7.5 x 10*
and 1.5 x 10°, while a 16-hour incubation further enhanced viability, yielding 1.15 x
10° to 2.5 x 107 live cells. Additionally, a higher percentage of CD45+ leukocytes was

observed after 16 hours compared to 3 hours.

The proportions of T cells, NK cells, THLs, CTLs, double-negative cells, and TRMs
remained stable across all incubation conditions (Figure 3.4A). However, a notable

reduction in granzyme B+ CD8+ T cells was evident after 16 hours compared to 1 hour

A
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(median values: 24.8, range 14.5-30.3 vs. 13.8, range 11.6-24.0; p=0.027). In contrast,

the proportion of granzyme K-expressing CD8+ T cells showed no significant change.

Regarding mean fluorescence intensity (MFI), markers such as CD§, CD3, CD69,
CD56, and granzyme K display consistent levels across incubation times. However,
CD4 expression demonstrated a marked decrease with extended incubation (1h vs. 16h:
median MFI 33,169, range 13,566-45,794 vs. 6,387, range 4,494-12,979; p=0.0077;
3h vs. 16h: 21,511, range 9,628-28,753 vs. 6,387, range 4,494-12,979; p=0.0071).
Similarly, granzyme B MFI decreased significantly with prolonged enzymatic

treatment (1h vs. 16h, p=0.042).
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Figure 3.3. Flow cytometry plots illustrating the impact of enzymatic treatment on various cell
populations under different conditions: 1-hour, 3-hour, and 16-hour incubation durations, as
well as 3-hour treatment with enzyme P. Results show a significant reduction in TRM (E) and
CTL (F) populations after enzyme P treatment, possibly resulting from the enzymatic

breakdown of CD69 and CD8 antigens



Chapter 3: RESULTS

>

% P=0.0018 P=0.0083
3 o 100- — 100 I'—i
£ 3000004 S . 0
3 [ e I 3
€ 3 801 80
£ 8 3
3 & 2000004 * 6o 2a e+
R =) w9
Suw Q ag
o @ 40 oo 401
$ 2 1000004 a o
2@ a
Jc O g4 $ 204
i e £
2 3 s Y E—
i
—r—r — T
) 1h 3h 16h th 3h 16h 1h 3h 16h
® P
2 O
3 100 E 100 100+
' : %
T 8o g 804 801
=9 <9 o ?
Zo 60 23 g 22 g
35 g ©8
] = o
% 40 30 E-
zg SF 40 g 40
o 204 é 204 20
®
2 $
g th 3h 16h g ' %
= < 1h  3h 16h 1th  3h 16h
1004 100- 1004
804 80 . 80
& = — 3
2= 60 ] o ol
e =< 2w g e
T a EF + 404
£ og 4 M
= & X
=< 5
20— 20 20+
2 T T T T T T
1h 3h 16h th 3h 16h th 3h 16h
P=0.0077
15000 800000 500009 ——
\ e
oot 40000 \\
T 10000 = - \
S £ £ 30000+
2 & 400000 3
a 8 20000
O 5000 o 9
280000 | 10000
T —TT — T
1h 3h 16h 1h 3h 16h 1h 3h 16h
8000 15000 P=0.042
250007 p———
6000 20000
z & 10000 2
w -
§ o § £ 15000
@
3] © 5000 & 10000 3
2000 %
5000
— T — T
1h 3h 16h 1h 3h 16h | T ST
Sh: e 3h 19 1h 3h 16h

100 Framge

CD45+ %
&
T

(in live CD19-CD14- cells)
g 8
; A

»N
S
1

o
I

2 100+
3 80
52
o=
;E 604
o
e
g'c 4
zE
a 204
3
8
o
th 3h 16h
P=0.027
100 H——
80-
ES
«
.-ﬂ 60
o
& 401
I

60000

CD8 MFI
g %
8 8

0
1h  3h 16h

. V.
1h  3h 16h

- X
1h  3h 16h

55

Figure 3.4. Effects of different enzymatic incubation durations (1 hour, 3 hours, 16 hours) on

cell percentages (A) and MFI (B). A) Trypan blue exclusion analysis showed that cell yield

improved with longer incubation times, reflecting an increase in viable cell counts. The

proportion of viable CD14-CD19- leukocytes did not vary significantly in different incubation

periods. However, CD45- cell percentages declined, resulting in a notable increase in CD45+

cells after 16 hours compared to 3 hours. Lymphocyte subtype percentages were largely

consistent, a reduction in Granzyme B+ CTLs after 16 hours of incubation compared to 1 hour.

B) MFI values for CD8, CD3, CD69, CD56, and GrK remained consistent across all incubation

times. However, both CD4 and GrB MFI levels significantly decreased after 16 hours of

enzymatic treatment.
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In our study, we also examined the enzyme P’s effects in the 3-hour incubation group
(Figure 3.5). Without enzyme P, the live cell count was in the range of 7.5 x 10*to 1.5
% 10°, while the inclusion of enzyme P resulted in a notable increase to 8.5 x 10* to 1.85
x 10°. Enzyme P did not significantly affect the percentages of T cells, THLs, GrB+
CTLs, or GrK+ CTLs. However, a significant decline in the percentage of CTLs
(p=0.005) and TRM cells (p=0.044) was seen when enzyme P was present.
Additionally, NK cell percentages decreased significantly (5.03, 1.90-6.48 vs 1.25,
0.82-4.33; p=0.026) after enzyme P treatment. Consistent with expectations, there was
a notable reduction in the MFI of CD8 (p=0.0009), CD56 (p=0.039), and CD69

(p=0.038) in the enzyme P-treated group in comparison to the untreated group.
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Figure 3.5. The effects of enzyme P on cell percentages (A) and MFI values (B) are

presented. A) The inclusion of enzyme P resulted in an increase in overall cell yield,

although the percentage of TRMs, NK cells, and CTLs showed a significant reduction.

B) Enzyme P treatment led to a marked decrease in the MFI of CD8, CD56, and CD69.
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Based on the outcomes of these investigations, an enzymatic incubation for 3 hours
without enzyme P was selected for the lesional skin analysis to facilitate concurrent

flow cytometry and scRNAseq analyses.

3.1.2. The Effect of Cryopreservation on Dissociated Skin Cells

Sample multiplexing is a valuable strategy for mitigating technical batch effects and
reducing cost in sScCRNAseq. Nevertheless, the implementation of multiplexing with
freshly isolated cells presents challenges, particularly in achieving coordinated sample
collection from multiple sources. Freezing of isolated cell suspensions for long-term
storage emerges as a viable approach to overcoming this logistical challenge. In our
investigation, the dissociated skin cells were preserved in liquid nitrogen for later cell
sorting and scRNAseq analysis. This method enabled a comparative assessment of the
viability of CD45+ cells in freshly isolated and thawed samples. Our results
demonstrate that the proportion of live CD45+ cells exceeded 85% in both freshly
isolated and thawed skin cells, without statistically significant disparity observed

between the two cohorts (Figure 3.6).
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Figure 3.6. Freezing and thawing did not have a statistically significant effect on the

percentage of live CD45+CD14-CD19- leukocytes, as compared to using freshly

isolated cells. Statistical analysis

test.

was done with Wilcoxon matched pairs signed rank

3. 2 Results of Single-cell RNA Sequencing and TCR Sequencing Analysis

3.2.1. Novel Label-Free Sample Multiplexing Design and Demultiplexing

Process

Current methods for multiplexing samples in scRNAseq analysis typically involve

the use of sample barcoding

kits. We aimed to analyze matched cutaneous and

blood samples were collected from various individuals across several batches using

scRNAseq. To accomplish this, we devised a new approach for sample multiplexing

utilizing a recently introduced label-free demultiplexing algorithm known as

'souporcell'. This approach relies on unique SNP patterns to distinguish between

genetically distinct individuals (186). Our method improves upon the original

strategy by enabling the simultaneous analysis of two or more samples without

requiring extra tissue barcoding procedures (195).
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Initially, two samples can be combined using a simple setup, closely resembling the
method described in the original study (186). Here, PBMCs and skin cells from the
same individual are allocated in two distinct tubes, with an unrelated sample added
to each tube (these unrelated samples are not paired). The four samples are then
analyzed through scRNAseq in two separate reactions. Souporcell is used to
demultiplex the samples, allowing for the identification of paired samples from the
same individual based on their shared SNP profiles. Since the paired samples'
identities are known, it is possible to annotate these clusters accordingly. Once the
identity of one sample in each pair is confirmed, the others are easily identified.
Using this strategy, nine pairs of PBMC and skin samples can be processed in just
nine reactions rather than 18, effectively reducing the number of required reactions

by half.

Our second step combines two types of genetic information: the shared SNP profile
of paired samples and the sex of the donor (Figure 3.14). As in the first approach,
PBMC and skin samples from each individual are separated into two reactions, with
two unrelated samples added per tube, making three samples per tube. Importantly,
the unrelated samples must come from individuals of different sexes. After
conducting scRNAseq, demultiplexing using Souporcell enables the identification
of matched pairs with identical SNP profiles. The sex of the remaining two samples
is then determined using Y chromosome gene expression as an indicator of male
sex. This information allows for the accurate identification of the remaining
samples. By using this setup, nine pairs of skin and PBMC samples can be analyzed

in six reactions instead of 18. Table 7 shows the samples used in each reaction.
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Figure 3.7. Label-Free demultiplexing Strategy for Sample Identification in Single-Cell RNA

Sequencing. Diagram illustrating the label-free triplet pooling method. Initially, paired PBMCs

(S3a) and dissociated skin samples (S3b) from the same individual are separated into two

distinct tubes. To each tube, two additional genetically unrelated samples—one male (square)

and one female (circle)—are added, resulting

in a total of three samples per tube. After

performing single-cell RNA sequencing (scRNA-seq) and demultiplexing with Souporcell,

clusters sharing identical single nucleotide polymorphism (SNP) profiles across both reactions

are identified and assigned to their corresponding samples. Next, the expression of Y

chromosome genes is analyzed to determine the sex of the remaining two samples in each tube.

Using this information, the identities of all remaining clusters are accurately resolved. "S"

denotes sample, and different colors represent distinct individuals.
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Table 7. Overview of Single-Cell RNA Sequencing Reactions. The table summarizes the

experimental setup for scRNA-seq, including the multiplexing status, donor samples involved

in each reaction, and their corresponding souporcell clusters. F= Female, M= Male

Sample 1 HCI18(F) 0=HC18
Sample 2 No Skin BD9(F) 0=BD9
0=HC13
Sample 3 Yes (2 donors) Skin HC13(F) + BD17(F)
1=BD17
0=BD5
1=BD9
Sample 4 Yes (4 donors) PBMC BD5(M) + BD(F) + BD17(F) +
SR 2=549
3=BD17
0=BD13
Sample 5 Yes (3 donors) PBMC BD12(F) + BD13(F) + BD14(M) 1=BD14
2=BD12
0=BD5
Sample 6 Yes (3 donors) Skin HC8(F) + BD5(M) + BD13(F) 1=HC8
2=BD13
0=BD22
Sample 7 Yes (3 donors) PBMC BD4(M) + BD7(F) + BD22(M) 1=BD4
2=BD7
0=HC21
Sample 8 Yes (3 donors) Skin BD4(M) + BD20(F) + HC21(F) 1=BD20
2=BD4
0=BD21
Sample 9 Yes (3 donors) PBMC BD3(M) + BD21(F) + BD25(F)

1=BD25
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Sample 12
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2=BD3

0=BD7

Yes (3 donors)  Skin BD3(M) + BD7(F) + BD21(F) 1=BD3
2=BD21
0=BD18

Yes (4 donorsy  SKin+ BD14(M) + BDIS(F) + BD25(F) +  1=BD27
PBMC  BD27(F) 2-BD25
3=BD14

0=BD27

Skin + BD22(M) + BD27(F) + HC26(F) +  1=BD22

Yes (4 donors) PBMC BD20(F) 2=HC26

3=BD20

3.2.2. Quality Control of scRNASeq Data

We analyzed a total of 17,587 skin cells and 27,242 PBMCs from BD patients
(n=12), and 8,412 skin cells from healthy controls (n=5). For PBMCs from HCs,
we utilized publicly available data from a previously published study by
Dominguez Conde et al. (196) and analyzed 17,174 cells from this group. Quality
control metrics, shown in Figure 3.16, evaluated library size, the number of detected
genes per cell, and mitochondrial gene percentages, identifying cells to retain or
filter out. Scatter plots depict these metrics for all samples collectively and for
individual samples, ensuring that low-quality or doublet cells were excluded from
further analysis. Figure 3.17 summarizes cell counts and quality distributions across
samples, with bar plots illustrating cell counts and mean detected genes per cell,
along with filtering status. Density plots further show the distributions of detected
genes and total counts per cell, providing a comprehensive overview of data quality.

Additionally, Table 8 presents the mean and median values for the number of
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detected genes and total counts per cell, supporting the evaluation of sequencing
quality. After applying batch correction, as shown in Figure 3.15, the samples were
evenly distributed, confirming that batch effects did not influence the analysis
outcomes. Together, these metrics demonstrate the robustness of the dataset and

ensure the reliability of downstream analyses.

HC BD

donor donor

He it 2
Hiche

g s
W

Nt 5

Figure 3.8. Visualization of sample distribution following batch correction. The plot shows
the even distribution of samples from different groups, confirming the successful elimination

of batch effects and ensuring unbiased analysis results.
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Figure 3.9. Quality control metrics for the scRNAseq data. (A) Scatter plots illustrating the
total library size (total counts) versus the number of detected genes per cell. Dot colors indicate
whether a cell is retained or excluded. Cells were filtered out based on criteria such as being
identified as doublets (detected by Souporcell or Scrublet) or failing standard quality control
thresholds, including the number of detected genes, total library size, and percentage of
mitochondrial gene expression. The upper left plot represents data from all samples, while the
remaining plots correspond to individual samples (BD1-12 and HC1-5, from left to right). (B)
Scatter plots showing the total library size versus the number of detected genes per cell, with

dot colors reflecting the percentage of mitochondrial gene expression.

Table 8. The mean and median values for the number of detected genes and the total counts

per cell.
Sample Number of Genes per cell Number of Genes per cell Total counts per cell Total counts per cell
(mean) (median) (mean) (median)
BD1 1237.744831 1131 4120.70166 3441
BD2 1896.001876 1745 5272.220215 3971
BD3 1309.604116 1241 3343.737305 2711
BD4 1497.464935 1390 4496.964844 3972
BD5 1463.356455 1384.5 4670.245605 4197
BD6 1503.392898 1422 4370.128418 3642
BD7 1397.815385 1308.5 4031.67041 3216
BDS8 1242.095561 1083 3094.102295 2387
BD9 1443.541436 1303 4730.83252 3329
BD10 1589.849971 1546.5 4056.471436 3309.5
BD11 1997.863953 1865 6614.453125 5740
BD12 1534.097345 1432 4454271484 3292
HC1 1115.627997 994 3392.648926 2626
HC2 856.2671756 799 2194.703613 1885.5
HC3 1428.763906 1357 4612.018555 4033
HC4 1107.182273 1079.5 2940.197266 2863.5

HCS 906.8408834 814 2461.49707 1939.5
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Figure 3.10. Overview of Cell Counts and Quality Metrics. (A) Bar plot displaying

the cell counts for each sample, with color coding representing the mean number of

detected genes per cell. (B) Bar plot similar to (A), but with color coding indicating

whether cells were retained or filtered out during preprocessing. (C) Density plots

illustrating the distribution of the number of detected genes per cell. (D) Density plots

showing the distribution of total counts per cell.

Clustering and annotation of cell types were performed with the automated

CellTypist method (196). Figure 3.18 shows a UMAPSs presenting major cell types

and their subsets, in skin cells from HC (Figure 3.18 A and B, respectively), and
BD (Figure 3.18 C and D, respectively). In addition, Figure 3.19 shows UMAPs

presenting major cell types and their subsets, in PBMCs from HC (Figure 3.19 A

and B, respectively), and BD (Figure 3.19 C and D, respectively).



Chapter 3: RESULTS

A HC skin cells

® B cells

e DC

e ILC

® Macrophages
® Mast cells

® Tcells

@ pDC

C BD skin cells

e Bcells

e DC

e ILC

® Macrophages
© Mast cells

® Tcells

© pDC

HC skin cells

® CD16+ NK cells

® CD16- NK cells

@ CRTAM+ gamma-delta T cells
@ DC1

® DC2

®ILC3

@ Intermediate macrophages

© MAIT cells

® Mast cells

® CD16+ NK cells

® CD16- NK cells

® CRTAM+ gamma-delta T cells
e DC1

@ DC2

®ILC3

@ Intermediate macrophages

@ MAIT cells

® Mast cells

68

Memory B cells
Migratory DCs
NK cells

© Regulatory T cells

» Tcm/Naive helper T cells

» Tem/Effector helper T cells
Tem/Terra cytotoxic T cells
Tem/Trm cytotoxic T cells
pbDC

Memory B cells
Migratory DCs
NK cells

» Regulatory T cells
Tem/Naive helper T cells

» Tem/Effector helper T cells
Tem/Termnra cytotoxic T cells
Tem/Trm cytotoxic T cells
pDC

Figure 3.11. UMAP plots displaying the clustering and annotation of major cell types and their

subsets in skin cells. (A) Major cell types identified in skin cells from healthy controls (HC).

(B) Subsets of cell types in skin cells from HC. (C) Major cell types identified in skin cells

from Behget’s disease (BD) patients. (D) Subsets of cell types in skin cells from BD patients.

Cell type annotation was performed using the automated CellTypist tool.
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Figure 3.12. UMAP plots displaying the clustering and annotation of major cell types and their
subsets in PBMCs. (A) Major cell types identified in PBMCs from healthy controls (HC). (B)
Subsets of cell types in PBMCs from HC. (C) Major cell types identified in PBMCs from
Behget’s disease (BD) patients. (D) Subsets of cell types in PBMCs from BD patients. Cell

type annotation was performed using the automated CellTypist tool.

3.2.3. Differential Abundance Analysis of Immune Cells in Skin and Blood

Differential abundance of immune cells between BD and HC skin cells were
statistically analyzed with the scCoda algorhytm. We found that memory B cells,
NK cells, CD16- NK cells, ILC3 cells, MAIT cells, and pDCs are increased in BD
lesions compared to HC skin (Figure 3.20 A). Also, differential abundance test
between BD PBMCs and the HC PBMCs showed an increased number of naive B
cells and MAIT cells in BD PBMC (Figure 3.20 B).
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Figure 3.13. Differential abundance analysis of cell populations in Behget’s disease (BD)
and healthy controls (HC). (A) Increased abundance of memory B cells, NK cells, MAIT

from publicly available datasets.
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3.2.4. Analysis of Upregulated Genes in BD Lesions

The pseudobulk analysis of BD and HC skin cells was conducted using the Wilcoxon
rank-sum test with Benjamini-Hochberg correction for multiple testing, and some
selected differentially expressed genes, over-expressed in BD lesions are demonstrated
in Table 9. Furthermore, a volcano plot (Figure 3.21) visually represents these
differentially expressed genes. Functional enrichment analysis was conducted to
determine the biological pathways enriched in skin lesions of BD. The results indicated

significant activation of the JAK-STAT pathway (Figure 3.22).

Table 9. Selected differentially expressed genes over-expressed in Behget’s disease

(BD) skin lesions compared to healthy controls (HC).

log2FoldChange pvalue padj
GZMB 3.67 7.78E-11 1.45E-08
C1QB 3.67 1.52E-03 S.81E-03
MEFV 3.66 1.72E-04 1.86E-03
CXCL10 335 3.61E-03 1.83E-02
CXCL9 3.10 7.35E-03 3.14E-02
IFI25 2.73 5.48E-06 1.26E-04
PRF1 2.53 1.00E-07 5.56E-06
CR1 2.44 6.21E-03 2.78E-02
IFI20 2.43 1.12E-04 1.32E-03
IL12B 2.23 2.87E-01
IL12RB2 2.12 4.78E-06 1.15E-04
IL1B 1.97 8.41E-03 3.48E-02
GZMA, 1.92 2.13E-04 2.12E-03
STAT1 1.0 5.35E-04 4.34E-03
NLRP3 1.88 4.13E-03 2.04E-02

TLR7 2.27 0.0035 0.01817
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Figure 3.14. Volcano plot showing the differentially expressed genes in BD skin lesions

compared to HC skin cells, as identified through pseudobulk analysis.
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Figure 3.15. Functional enrichment analysis of skin lesions in BD. Enriched biological

pathways were identified, revealing significant activation of the JAK-STAT pathway in
Behcet's disease skin lesions.
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In addition, to demonstrate the cellular distribution of some genes of interest, their expression
in BD and HC skin UMAPs are depicted in Figures 3.16-3.23. In Figure 3.16, the expression
of IL3RA, a marker confirming the pDC cluster, was evaluated alongside TYROBP, VAMPS,
and PLD4 to investigate the functional heterogeneity of pDCs in BD and HC skin cells. The
analysis revealed a prominent pDC cluster in BD skin cells, characterized by the expression of
these genes. Notably, this cluster displayed two distinct subsets, with one subset showing
increased expression of activation-associated genes (TYROBP, VAMPS, and PLD4),
suggesting the presence of activated pDCs in BD lesions. In contrast, almost no pDCs were
detected in HC skin samples, consistent with the results of the differential abundance analysis,

which demonstrated a significant increase in pDCs in BD skin compared to HC.

Figure 3.17 depicts the upregulation of type I interferon response (IFN-a) genes, including
IFIT2 and ISG20, in BD skin lesions. This highlights a robust activation of type I interferon
pathways, potentially contributing to the pro-inflammatory environment in BD skin. Figure
3.18 illustrates the upregulation of inflammasome-related genes, including NLRP3, MEFV,
PYCARD, and IL1B, in macrophages of BD skin lesions. These findings suggest enhanced
inflammasome activation, likely driving IL-1B-mediated inflammation in BD pathogenesis. In
Figure 3.19, complement-related genes, including CD14, CI1QA, C1QB, and C1QC, were
found to be upregulated in macrophages of BD skin lesions. This indicates complement

pathway activation, which may contribute to immune cell recruitment and tissue damage in

BD.

Figure 3.20 demonstrates the upregulation of the IL12A-IL12RB2-STAT4 pathway in BD
skin lesions, with increased expression of IL12RB2, STAT4, and JAK2. These findings are
consistent with an amplified Thl immune response and highlight the role of this pathway in
promoting inflammation in BD. Figure 3.21 shows the upregulation of type II interferon
response (IFN-y)-related genes, including STAT1, EOMES, IFI6, and CXCLI10, in BD skin
lesions. This indicates an activated IFN-y-driven inflammatory response, which likely
contributes to the cytotoxic and pro-inflammatory phenotype observed in BD lesions. In Figure
3.22, STAT1 downstream molecules, including MX1, ISG15, IFITM1, and IFI6, were found
to be significantly upregulated in BD skin lesions. This further underscores the involvement of

STATI in mediating interferon-driven immune dysregulation in BD.
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Finally, Figure 3.23 illustrates the expression levels of cytotoxic molecules, including
granzyme K (GZMK), granzyme A (GZMA), granzyme B (GZMB), and perforin (PRF1). The
results indicate that their expression is elevated in BD lesions compared to HC skin, consistent

with the enhanced cytotoxic and inflammatory activity of effector cells in BD.

Overall, these findings reveal the complex immune dysregulation in BD skin lesions, involving
both innate and adaptive immune responses, and provide further insights into potential

therapeutic targets for this chronic inflammatory disorder.
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Figure 3.16. UMAP visualization of gene expression highlighting the pDC cluster and its
activation state in skin cells from BD and HC. IL3RA expression confirming the presence of
the pDC cluster, primarily observed in BD skin. Expression of TYROBP, VAMPS, and
PLD4 showing functional heterogeneity within the pDC cluster in BD skin, with one subset

demonstrating activation.
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Figure 3.17. Upregulation of type I interferon response (IFN-a) genes in BD skin lesions.
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Figure 3.18. Inflammasome Upregulation in Skin Macrophages of BD lesions.
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Figure 3.19. Complement Upregulation in Macrophages in BD skin cells.
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Figure 3.20. Upregulation of IL12A-IL12RB-STAT4 Pathway in BD skin.
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Figure 3.21. Upregulation of type II IFN response (IFN-y) related genes in BD skin lesions
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Figure 3.23. Elevated expression of cytotoxic molecules in BD skin lesions. The graphs depict

the expression levels of granzyme K (GZMK), granzyme A (GZMA), granzyme B (GZMB),

and perforin (PRF1) in skin lesions of BD compared to HC skin, demonstrating significantly

higher expression in BD lesions.
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3.2.5. TCR Sequencing Analysis of Clonality in BD Skin Lesions
To assess the clonality of T cells in BD lesions and HC skin cells, we analyzed the
clonal distribution of T cell populations from TCR sequencing data. In Figure 3.26,
the overall clonality of skin cells from both BD patients and HC individuals is
depicted. The pie chart reveals that BD skin cells were not clonally expanded
compared to HC skin cells. Clonality profiles for individual HC and BD subjects
are also depicted, illustrating the distinct patterns of T cell clonal expansion in each

case.
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Figure 3.24. Clonality analysis of T cells in BD lesions and HC skin cells. Pie chart showing
the overall clonality of skin cells in BD and HC. BD skin cells exhibit a lower level of clonal
expansion compared to HC skin cells. Clonality profiles for individual HC individuals and BD

patients.
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3. 3 Flow Cytometry Analysis of Behget’s Disease Skin Lesions and Healthy Skin

Samples

After dissociation of skin samples, flow cytometry analysis was done freshly as described
above. For flow cytometry analysis, skin samples from 24 healthy controls and 22 Behcet’s
disease patients were used. The BD skin lesions used contained 9 Papulopustular Eruptions
(PPE), 8 Erythema Nodosum-like lesions (EN), 3 Genital Ulcers (GU), and 2 Positive
Pathergy Test (PPT). B cells, T cells, NK cells, T helper and cytotoxic T cells, CD69+
resident memory T cells, granzyme K and granzyme B expressing T cell subsets were
analyzed. Our gating strategy for flow cytometry analysis of Panel 1, is demonstrated in
Figure 3.7. The cell types in our analysis and their corresponding Flow cytometry markers
are demonstrated in Table 10. The results of cell percentages were compared with
the Mann-Whitney U test and the results (Figure 3.8) demonstrated a statistically
significant elevation in B cells (p=0.0059), NK cells (P<0.001), THLs (p=0.0041) and
Granzyme K+ CTLs (p=0.037) in BD skin samples. Also, a reduction with statistical
significance was observed in T cells (p=0.0001), CTLs (p=0.003), and CD69+ resident
memory T cells (p<0.0001) in BD skin compared to healthy controls.
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Figure 3.25. Representative gating strategy of the flow cytometry analysis.
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Table 10. Cell Types and Their Corresponding Flow Cytometry Markers

Total B cells CD14-CD19+

Memory B cells CD14-CD19+CD27+

Naive B cells CD14-CD19+CD27-

Total T cells CD14-CD19-CD3+

CTLs CD14-CD19-CD3+CD8+

THLs CD14-CD19-CD3+CD4+

Naive CD14-CD19-CD3+ CD45RO-CCR7+
Central Memory CD14-CD19-CD3+CD45RO+CCR7+
Effector Memory CD14-CD19-CD3+ CD45RO+CCR7-
MAIT CD14-CD19-CD3+ CD161+TCR Va7.2+
vo T cells CD14-CD19-CD3+ TCR v+

Total NK cells CD3-CD14-CD19-CD56+
CD56bright CD3-CD14-CD19-CD56bright
CD56dim CD3-CD14-CD19-CD56dim

Total Monocytes CD14+

Classical CD14++CD16-
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Figure 3.26. Flow cytometry analysis results comparing immune cells in Behcet’s disease
skin lesions and healthy control skin samples. Statistically significant increase in the
percentage of B cells (p=0.0059), NK cells (p<0.0001), helper T cells (p=0.0041), and
Granzyme K+ cytotoxic T cells (p=0.037) was found in BD skin versus healthy control
skin. Also, a reduction with statistical significance was observed in the percentage of T

cells (p=0.0001), cytotoxic T cells (p=0.003), and resident memory T cells (p<0.0001).
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For 9 BD skin samples, their paired blood samples were also analyzed and statistically
compared with the paired t-test (Figure 3.9), showing a higher ratio of granzyme K+ CTLs
(p=0.0197) in skin compared to PBMC.
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Figure 3.27. Flow cytometry analysis results of paired comparison of immune cells in BD
skin lesions and PBMC. The results compared with paired t-test, showed a higher
percentage of granzyme K+ cytotoxic T cells in the skin lesions compared to PBMC. In

comparison, the B cell percentage was higher in the PBMC.
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3. 4 Flow Cytometry Analysis of PBMC from Patients with Behcet’s Disease and
Healthy Controls

In addition, 15 Behcet’s disease patient PBMC samples were compared to 15 age-matched
healthy control PBMCs for a more detailed immunphenotyping including MAIT cells,
gamma-delta T cells, memory T cell subtypes, memory B cells, monocyte subtypes,
plasmacytoid and myeloid dendritic cells. The results demonstrated in Figure 3.10, revealed
that BD patient PBMC had a lower percentage of effector memory T cells (p=0.0059) and
THLs (p=0.0299), and enhanced percentage of CTLs (p=0.0268) and naive T cells
(0.0191), with other cell type percentages unchanged in comparison to HC. Moreover,
comparing granzyme B (GrB) and granzyme K (GrK) expression in different cell types
showed that BD PBMC had higher percentages of GrB+ cytotoxic T cells (p=0.046), GrB+
THLs (p=0.0082), GrB+ yd T cells (p=0.0409), and GrB+ MAIT cells (p=0.003); with
lower percentage of GrK+ cytotoxic T cells (p=0.0188) compared to HC. Also, there is a
trend of decreased MAIT cells percentage (p=0.062) and GrK+ THLs (p=0.0559) in BD
PBMC compared to HC.
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Figure 3.28. Flow cytometry Analysis of Behcet’s disease versus healthy control PBMC

samples.
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3. 5 Functional Analysis of PBMC and Skin Immune Cells with Flow Cytometry

Immune cell stimulation with PMA/Ionomycin was performed on PBMC samples of 16
BD patients and 16 healthy controls, and the results are illustrated in Figure 3.11. The
results showed declined percentages of IFNy+ (p=0.0012) and TNFa+ (p=0.0034) helper
T cells, CD107a+ (p=0.0041) and IFNy+ (p=0.0009) NK cells in stimulated BD PBMC in
comparison with healthy controls. In addition, there is a trend of decreased percentage of
[FNy+ vy T cells (p=0.0659), IFNy+ MAIT (p=0.1), [IFNy+ CTLs (p=0.0846) in BD PBMC
compared to HC.
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In addition, we performed functional studies on BD and HC skin samples, and the results
are demonstrated in Figure 3.12. The findings demonstrated that there were higher IFNy+
CTLs (p=0.0071), IFNy+ THLs (p=0.0071), TNFa+ THLs (p=0.0071), IFNy+ MAIT
(p=0.0002), TNFo+ MAIT (p=0.0311), and CD107a+ NK cells (p=0.0352) in BD skin
compared to HC.
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Our analysis compared immune cell distribution and functional characteristics across
different BD lesion types, including erythema nodosum-like lesions (EN), papulopustular
eruptions (PPE), genital ulcers (GU), and positive pathergy tests (PPT). The results showed
no statistically significant differences in the immune cell composition or functional
characteristics among these lesion types, indicating a shared immunological profile

underlying BD skin lesions regardless of clinical presentation (Figure 3.13).
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Figure 3.31. Immune cell distribution and functional characteristics across different BD lesion
types. The comparison includes erythema nodosum-like lesions (EN), papulopustular eruptions
(PPE), genital ulcers (GU), and positive pathergy tests (PPT). No statistically significant
differences were observed in immune cell composition or functional characteristics among the

lesion types.



Chapter 4: DISCUSSION

CHAPTER 4

DISCUSSION

99



Chapter 4: DISCUSSION

100

CHAPTER 4

DISCUSSION

4.1. Protocol Optimization

Single cell analysis of skin immune cells is challenging because of the collagen-rich nature
of skin and combined analysis of RNA and protein data is rarely done in the literature.
Therefore, we first completed protocol optimization and the result of this improved

protocol is now published (195).

The quantity of tissue needed for analysis is a key factor to consider. Our results are
consistent with previous studies suggesting that a 6 mm punch biopsy is ideal for collecting
enough skin cells from healthy tissue for scRNAseq analysis (197, 198). Saluzzo et al.
previously demonstrated that a 6 mm punch biopsy yields 1-2 x 10° cells after a 3-hour
incubation with enzyme P. In our research, a 3-hour digestion without enzyme P produced
an average of 1.125 x 10° cells, which aligns with Saluzzo et al. We suggest using two 6
mm biopsies for healthy skin when both flow cytometry and scRNAseq are intended. For
BD skin lesions, a 4 mm punch biopsy provided an average of 4.6 x 10° cells, notably more

than healthy skin, which is adequate for both experiments.

Another key factor for single-cell studies is deciding between the use of fresh or
cryopreserved cells. A study carried out in the past few years employed scRNAseq on
freshly isolated cells from 4 mm punch biopsies taken from psoriasis and atopic dermatitis
patients (187). Although fresh samples might appear to be the optimal choice, coordinating
all steps across various patients presents significant challenges. We used frozen cells, which
provided benefits like increased experimental flexibility, easier sample multiplexing, and
minimized technical batch effects, and as a result a reduction in scRNAseq costs.
Importantly, we found no significant difference in CD45+ lymphocyte viability between
fresh and cryopreserved cells, consistent with earlier research on pig skin cells preserved
in 90% FBS + 10% DMSO, which reported no impact on gene expression, aggregation, or
cell viability through scRNAseq analysis (197).
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Generating high-quality GEMs is crucial for scRNAseq utilizing the 10X Chromium
system and requires cells of good quality and proper concentration. The quality demands
for scRNAseq are more stringent than those for flow cytometry and ensuring cell quality
after FACS sorting can be difficult. Previous studies noted that mitigating the time between
sorting and GEM generation is critical (198). In our approach, we combined 2-3 samples
per reaction and used two sorting devices concomitantly to minimize post-sorting time. If
the post-sort cell concentration is too low, Saluzzo et al. recommend to use a volume
reduction device (198), though not all labs have access to this. We suggest centrifuging
cells at 850 g for 5 minutes, and resuspend them in lower volume, and recounting them

afterward.

Although enzyme P has been used to boost cell yield in previous protocols, we advise
against its use in protein-based methods like flow cytometry or CITE-Seq since it cleaves
surface markers such as CD8, CD56, and CD69. Notably, CD45 remains unaffected,

allowing successful sorting of CD45+ cells even with enzyme P use.

The length of incubating with enzymes is another key factor for single-cell studies. We
investigated different incubation times and observed that 1-hour, 3-hour, and 16-hour
digestions demonstrated almost the same results in flow cytometry. While, longer
incubations led to decreased granzyme B-expressing cytotoxic T cells and lower CD4
expression on T cells. Given that granzyme B is an effector molecule in cytotoxic
lymphocytes, a 3-hour incubation strikes a well-balanced approach between cell yield and

preservation of effector cells. Longer incubation times should be avoided when possible.

A method for rapid flow cytometry with 4 mm punch biopsies, using collagenase IV and
DNase I, has been described in a published protocol by Polakova et al. (199). Their method
yielded 12,000 CD45+ cells per 4 mm biopsy after digestion for 30 minutes. The
distribution of primary immune cell types such as B cells, T cells, NK cells, and ILCs was
similar across their method and the whole skin dissociation kit (including enzyme P).
Moreover, shorter digestion times were shown to better preserve chemokine receptor

staining.

Sample multiplexing is a crucial technique for improving experimental efficiency,

minimizing technical batch effects, and considerably cutting the expenses of scRNAseq. A
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range of demultiplexing methods have been outlined in previous studies, for example
utilizing oligonucleotide-labeled hashtag antibodies to assign unique identifiers to cells
(200). Saluzzo et al. employed hashtag antibodies for sample demultiplexing in their
scRNAseq protocol for human skin (198). However, in comparison with our label-free
approach, this method introduces extra steps and additional expenses as a result of the use

of antibodies, cDNA library preparation, and sequencing.

Another method, demuxlet, relies on SNPs from a genotype reference acquired from a
whole-genome or exome sequencing and has been considered a gold standard for
demultiplexing (201). The souporcell algorithm was developed in recent times for sample
demultiplexing using scRNAseq data without the necessity of a genotype reference or any
external labels (186). Souporcell outperforms demuxlet in comparative analysis studies,
making it a promising tool for scRNAseq research. Given these advantages, we chose

souporcell as the foundation of our multiplexing strategy.

While souporcell can effectively separate multiplexed samples, the main difficulty is
accurately assigning each sample to its proper donor. The initial souporcell publication
suggested addressing this issue by including a donor-specific sample in multiple
experiments, where donor presence or absence is encoded as a bit (0 or 1), and samples are
matched to their respective donors based on this method (186). Here, we refined this
strategy By allocating matched PBMC and skin samples from the same donor into separate
experimental reactions, creating a straightforward way to determine donor identity.
Additionally, we enhanced this approach by adding genetic sex data as an extra step of
encoding. This two-layer method allowed us to successfully demultiplex and identify
donors, while also lowering the number of reactions and overall expenses of the

experiments by two-thirds.
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4.2. Immune Profiling of Behcet’s disease with scRNAseq

scRNA-seq analysis revealed a significant increase in pDCs, MAIT cells, NK cells, ILC3,
in addition to B cells compared to healthy skin. In addition to immune cell infiltration, the
expression of cytotoxic molecules such as GZMB, GZMA, GZMK, and perforin was
notably elevated in BD lesions. CD4+ and CD8+ Tem cells exhibited a heightened
cytotoxic profile, with increased production of IFN-y, GZMK, and CCL5. These results
indicate a immune response mediated by Th1/Tcl cells and innate lymphocytes (MAIT
cells, NK cells and ILC3) in BD skin lesions. This was accompanied by significant
activation of the JAK-STAT pathway, further underscoring the strong type I and type 1I

interferons in BD.

Our flow cytometry findings corroborated and expanded the scRNA-seq results. CTL
percentage increased in the blood but decreased in the skin, whereas THL percentage were
reduced in the blood but enriched in the skin, suggesting preferential infiltration of THLs
into BD lesions. While the overall percentage of MAIT cells was not found to be different
by flow cytometry between BD and HC in either the skin or blood, functional analyses
revealed distinct patterns. IFN-y+ MAIT cell percentage decreased in BD blood but
elevated in BD skin, along with increased TNF-o+ MAIT cells in the skin. Similarly, GrB+
CTL percentage was higher in BD blood, whereas GrK+ and IFN-y+ CTL percentage were
lower in the blood but elevated in BD skin indicating that GrK+ cells preferentially migrate
to skin from blood. Among THLs, GrB+ THL percentage was again increased in BD blood,
but IFN-y+ and TNF-a+ THLs were reduced; conversely, these cytokine-producing THLs
were enriched in BD skin, indicating that IFN-y+ and TNF-a+ THLs migrate to BD skin
lesions from blood. Our findings also showed that effector memory T cell percentage is
decreased in BD blood, along with the increase in naive T cells, reflecting the migration of
effector memory T cells to the skin. Lastly, CD107a+ NK cells, indicative of degranulation,
were lower in BD blood but significantly higher in BD skin compared to HC. Overall, these
results show that activated GzK+ T cells carrying a memory Thl/Tcl phenotype
preferentially locate to BD skin lesions, in addition to activated MAIT cells and NK cells.

Our findings build upon and extend previous reports on the immune dysregulation in BD.
For the first time in the literature, we showed an increase in pDCs in BD skin. A similar

situation has been highlighted in psoriasis by Nestle et al, demonstrating an enrichment of
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pDCs in psoriatic plaque and uninvolved skin from psoriasis patients compared to normal
skin, while a decrease was seen in the percentage of these cells in the psoriasis patients’
blood (202). Plasmacytoid dendritic cells are normally very low in healthy skin, but their
infiltration and increase have been reported in different inflammatory skin diseases like
lichen planus (203), psoriasis (202), and acute graft-versus-host disease (GVHD) (204).
These cells are known to be the major source of type I interferons, which regulate T cell
immune response by memory Thl polarization, CTLs cytotoxic activity, and IFN-Y
production. They also promote NK cells cytotoxicity and IFN-Y production and help in the
differentiation of B cells to plasma cells (205). Also, previous studies of BD patients
revealed an increase in IFN-a in the serum of BD patients, with a lower number of pDCs
in the PBMC (168) or unchanged cell percentage (170). Our data suggests that pDCs
contribute to BD pathogenesis in skin lesions by amplifying type I interferon responses and

activating the downstream cytotoxic pathways.

Additionally, our scRNAseq analysis showed that CXCLI10 was one of the major
chemokines that are enhanced in BD skin lesions. This is consistent with findings by Di
Domizio et al. (206), who demonstrated that commensal skin microbiota in wounds triggers
neutrophil activation to express CXCL10, leading to pDC recruitment and type I interferon
production, which in turn accelerates skin inflammation and wound repair. While this study
highlights the role of CXCL10 in normal skin healing processes, the heightened CXCL10
expression we observed in BD lesions may suggest a dysregulated inflammatory response
that amplifies pDC recruitment and type I interferon production in BD skin. Moreover, Lee
et al (207) reported elevated serum CXCL10 levels in BD patients, correlating with disease
activity, and an increased presence of CXCR3-positive mononuclear cells in BD lesions.
This aligns with our findings and suggests a significant contribution of the
CXCL10/CXCR3 axis to BD pathogenesis, potentially driving T cell recruitment to

inflamed tissue.

Additionally, Ambrose et al. (208) described dysfunctional post-transcriptional regulation
of CXCL10 in BD monocytes, resulting in excessive CXCL10 protein production in
response to IFN-y. This abnormality was more pronounced in patients with high disease
activity and certain clinical manifestations, such as ocular and neurological involvement.

These findings support the idea that overexpression of CXCL10 in BD could exacerbate
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mononuclear cell recruitment and the inflammatory response in skin lesions, potentially
contributing to the exaggerated immune activation seen in BD. Together, these studies
underscore the importance of CXCL10 in BD pathogenesis and further support our

observations of heightened pDC-driven type I interferon responses in BD skin lesions.

Our data suggests a prominent cytotoxic activity of immune response in BD skin lesions,
demonstrated by the heightened NK cell percentage and enhanced expression of cytotoxic
molecules like granzyme K (GZMK), granzyme A (GZMA), granzyme B (GZMB), and
perforin (PRF1). These findings are consistent with previous studies showing an enhanced
population of NK cells in BD skin lesions (106), and PBMC compared to healthy controls
(142). Accardo-Palumbo et al reported that active BD patients exhibited a significant
increase in granzyme A in their serum in comparison with healthy individuals and inactive
BD patients (140), also perforin, IFN-Y, and granzyme A release was significantly higher
enhanced in active BD patients in contrast to healthy individuals in cultured PBMC with
Dimethylallyl pyrophosphate and interleukin-2 (209). In our data, CTLs in lesional skin in
addition to having high expression of cytotoxic molecules like GZMA, GZMB, GZMK,
perforin, and IFN-Y'; expression of chemokines like CCL4 and CCLS5 is enhanced, which
would potentially increase immune cell recruitment to the site of inflammation. These
findings align with genetic studies identifying a gain-of-function polymorphism in
IFNGR1 that significantly increases IFNGR1 expression in stimulated monocytes,
suggesting a genetic predisposition for heightened IFN-y-mediated immune responses in
BD (210). In a study by Zhan et al, they mentioned CCL4 as a potential diagnostic
biomarker for predicting vascular involvement and inflammation status in BD, as their
results revealed an elevation in the fraction of CTLs, NK cells, M1 macrophages, and active
mast cells in patients with higher expression of CCL4 (211). This cytotoxic and
inflammatory activity can establish a feedback loop, perpetuating tissue damage and
sustaining the immune response in the lesions. Further supporting this concept, study by
Kulaber et al. (212) have shown that BD patients exhibit higher IFN-y and IL-12 production
in response to microbial peptides like BES-1 and antigens such as IPP. These findings
highlight a pro-inflammatory cytokine milieu, which could amplify cytotoxic activity and
contribute to the chronic inflammation seen in BD lesions. Consistent with these findings,

our differential gene expression (DGE) analysis revealed that the expression of IL12B and
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IL12RB2 was significantly higher in BD skin lesions compared to HC skin, further

supporting the role of the IL-12/IL-12 receptor axis in driving inflammation in BD.

Additionally, genetic studies provide further insights into the inflammatory pathways
involved in BD. For instance, a GWAS by Remmers et al. (14) while confirming the well-
known association of BD with HLA-B*51, also identified additional independent
associations at the IL10 and IL23R-IL12RB2 loci. Similarly, Mizuki et al. (62) conducted
a GWAS in a Japanese cohort, identifying two susceptibility loci associated with BD:
IL23R-IL12RB2 (rs12119179) and IL10 (rs1554286). Meta-analyses with Turkish and
Korean cohorts further confirmed these associations, implicating interleukin and
interleukin receptor genes central to immune response pathways. These findings
collectively underscore the interplay between genetic predisposition and the pro-

inflammatory cytokine environment in BD.

The importance of IL-12 in immune responses is underscored by several studies. Guia et
al. (213) demonstrated that human NK cells require in vivo priming with IL-12/23 to
achieve their full spectrum of functional reactivity, including IFN-y production and
cytotoxicity. Patients with IL12RB1 or IL12p40 mutations show diminished NK cell
functionality, including reduced IFN-y production and decreased CD56+ effector memory
T cells, emphasizing the critical role of the IL-12/23 axis in maintaining immune cell
activation and reactivity. Further, IL-12, primarily produced by dendritic cells and
macrophages, plays a central role in promoting Th1 polarization and IFN-y production by
CD4+ T cells, as well as enhancing NK cell-mediated cytotoxicity (214, 215). IL-12 has
also been implicated in generating memory-like NK cells and augmenting macrophage-NK
cell cross-talk, leading to the production of nitric oxide and the upregulation of co-
stimulatory molecules like CD86 (216). These mechanisms highlight the cytokine’s broad
impact on both innate and adaptive immune responses, which may contribute to the chronic

inflammation seen in BD.

IL-12 also plays a crucial role in activating MAIT cells, which express semi-invariant
Va7.2-Ja33/12/20 (TRAV1-2-TRAJ33/12/20) T cell receptors specific for microbial
riboflavin metabolites presented by MR1. Interestingly, MAIT cells can also be activated
independently of their TCR by cytokines such as IL-12 and IL-18, linking IL-12 to the

activation of key effector cells involved in inflammation (217). Ussher et al. (218)
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demonstrated that CD161(++) CD8(+) T cells, which include MAIT cells, are the primary
T cell population responding to IL-12 and IL-18 stimulation, producing IFN-y. This
response is not limited to MAIT cells but also includes other CD161(++) T cells, whether
Va7.2(+) or Va7.2(-), thus expanding the role of IL-12 beyond microbial riboflavin
sensing. Additionally, bacteria and TLR agonists can indirectly trigger IFN-y production
via IL-12 and IL-18, suggesting that these T cells may respond to viral infections and other
inflammatory stimuli, further highlighting the broader role of IL-12 in activating

inflammatory T cell responses.

Henry et al. (219) demonstrated that IL-12 augments naive CD8+ T cell activation by
promoting chemokine production (e.g., CCL1 and CCL17), which facilitates prolonged
cognate interactions between CD8+ T cells and dendritic cells. This mechanism enhances
IFN-y production and promotes effective T cell priming. Similarly, Xiao et al. (220)
showed that IL-12 programs early memory development in CD8+ T cells during infections,

resulting in central memory cells capable of strong expansion upon rechallenge.

Together, these findings underline the pivotal role of the IL-12/IL-12 receptor axis in
orchestrating immune responses through the activation of NK cells, Thl cells, and CD8+
T cells. The increased expression of IL12B and IL12RB2 in BD skin lesions suggests that
this cytokine axis may contribute to the amplification of pro-inflammatory signals and
sustained tissue damage observed in the disease. Future studies targeting IL-12 signaling

pathways could offer valuable insights into potential therapeutic strategies for BD.

This pronounced cytotoxic profile suggesting type I immune response is further supported
by the significant activation of the JAK-STAT pathway observed in BD skin lesions in
pseudobulk pathway analysis. The implications of the JAK-STAT pathway have been
reported in different autoimmune diseases like psoriasis, IBD, and RA; and several JAK
inhibitors are in various clinical trial phases for the treatment of these diseases (221). There
have been only a few studies in BD, and in accordance with our findings, Tulunay et al,
reported enhanced expression of JAK1 and activated JAK/STAT signaling in monocytes
and THLs in the PBMC of BD patients in comparison with healthy individuals (222). Also,
Puccetti et al found enrichment of JAK/STAT, type I IFN, and TLR signaling pathways of
BD patients (223). There has been a pilot study on the efficacy and safety of usage of
tofacitinib, a JAK1/3 inhibitor, for the treatment of refractory BD (224). They enrolled 13
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patients with active BD despite combination of glucocorticoids, and multiple
immunosuppressant and biologic medications. All patients received 5 mg tofacitinib twice
a day, plus low or medium dose of glucocorticoid and unchanged or decreased
immunosuppressants. They reported improved clinical outcome for 8 patients, which was
defined as resolved BD manifestations without new onset BD-related findings. To get a bit
more in the details after a median of 8§ months follow-up, patients with vascular/cardiac
(n=5) and articular (n=2) involvement achieved remission both in clinical and radiological
findings and significant decreased C-reactive protein and erythrocyte sedimentation rate;
while in patients with gastrointestinal involvement (n=6) only one patient showed resolved
intestinal ulcerations but it remained in the other five individuals (224). As the JAK-STAT
signaling pathway is involved in cytokine response, its activation in BD may reflect the
enhanced IFN-Y and type I interferon response observed in our study. By promoting the
transcription of genes involved in immune cell activation and survival, the JAK/STAT
pathway contributes to the chronic nature of BD. Given the success of JAK inhibitors in
treating other autoimmune diseases, these medications could have the potential to modulate

the immune response in BD.

The role of MAIT cells in BD is another intriguing finding in our study. These cells,
typically involved in mucosal immunity, are increased in BD skin lesions. Previous studies
using flow cytometry no significant variation was noted in MAIT cell population in PBMC
of BD patients (225), and a scRNA-seq study revealed no significant enrichment in genes
associated with MAITs, namely Va2/Va7/VS2/Vf13, in the aqueous humour of BD uveitis
patients (226). A recent study by Chang et al performed scRNA-seq from 2 skin lesions
and 4 PBMC of BD patients and observed a significant number of MAIT cells in their data
(227). Recent single-cell transcriptomic and epigenetic study from PBMC of BD patients
revealed a significant number of MAIT cells showing activation in NF-kB, TNF, and
VEGFA-VEGFR?2 signaling pathways (228). In our study, MAIT cells in BD skin lesions
exhibit high GrB expression and produce enhanced levels of IFN-y and TNF-o upon
activation compared to healthy skin. These findings suggest that MAIT cells may
contribute to the pro-inflammatory environment and tissue damage characteristics of BD

skin lesions, potentially playing a key role in the pathogenesis of the disease. Also, based
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on this information MAIT-1 cells, rather than MAIT-17 cells, are activated in BD skin

lesions.

Our study demonstrates a notable enrichment of memory B cells in BD skin lesions
compared to healthy skin, as revealed by scRNAseq data. Additionally, flow cytometry
analysis further supports this finding by showing an increased percentage of B cells in BD
skin. Previous studies showed an increase in memory and activated B cells in the blood of
BD patients (171), enhanced B cells with spontaneous secretion of immunoglobulins and
decreased B cell response to T cell-dependent mitogens or T cell-dependent polyclonal
activator (172), and increased B cells in active mucosal ulcers shown with
immunohistochemistry (173). In addition, a recent single-cell transcriptomic and epigenetic
study from PBMC of BD patients and healthy controls identified 4 subsets of B cells
including naive B cells, memory B cells, double negative B cells, and plasma B cells. Also,
the transcription data revealed high expression of HLA-DQB1 (molecule related to antigen
processing and presenting), IRF1 and IFITM?2 (genes stimulated by interferon), IL2RG,
JUNB (of AP-1 family genes), MAPK signaling, and NF-KB signaling in all B cell groups
of BD. In addition, by overlapping differentially accessible chromatin regions and
differentially expressed genes (DEGs), the results demonstrated high expression of CD69
(an activation marker) in double negative B cells, and high expression of CD83 (antigen
presenting and activation marker) in memory and naive B cells. These findings indicate a
heightened activation state of B cells in BD patients (228). B cells have been reported as a
treatment target with a case report of a BD patient with retinal vasculitis resistant to
azathioprine and prednisolone, who was successfully treated with rituximab, a monoclonal
anti-CD20 antibody, and the remission was sustained during 24 months of follow-up (229).
This study was followed by a pilot study to evaluate the efficacy of rituximab in BD retinal
vasculitis resistant to cytotoxic medications. Having 20 patients randomized to two groups
of the rituximab group (RG) or cytotoxic combination therapy group (CCTG), the results
showed significant improvement of total adjusted disease activity and posterior uveitis in
RG group, but not CCTG (174). The involvement of the B cell compartment in BD skin
lesions is further supported in our results by the differential expression of immunoglobulin
genes, including IGHV3-30, IGHG2, and IGHGI1. Importantly, the increased expression of
TLR10 (1og2FC = 4.42) in B cells suggests an enhanced pathogen-sensing capability,
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contributing to active humoral immune responses. These findings underline the augmented
pattern recognition capacity of B cells in BD, further supporting their potential as
therapeutic targets. The accumulation of B cells in BD skin lesions may contribute to
chronic inflammation by antigen presentation, antibody, and cytokine production. These
findings collectively indicate that B cells in BD not only contribute to inflammation
through antigen presentation and cytokine production but also play a significant role in
complement activation, Fc receptor signaling, and enhanced pathogen sensing. These
multifaceted functions suggest an active involvement of B cells in linking innate and
adaptive immunity, reinforcing their contribution to BD pathogenesis. The precise role of
B cells in BD skin lesions needs further investigation, as understanding their function could

reveal new therapeutic targets.

Further supporting this heightened immune activation in BD lesions, we observed the
upregulation of C1QB (log2FC = 3.67), a key initiator of the classical complement
pathway. This finding suggests antibody-mediated complement activation, likely driven by
antibodies produced by plasma cells. Additionally, genes related to Fc receptor signaling
were differentially expressed, including FCER1G (log2FC = 1.69), the common signaling
chain; FCGR1A (1og2FC = 2.70), a high-affinity IgG receptor; and FCGR1B (log2FC =
2.90). These findings highlight enhanced antibody-dependent responses, which bridge
innate and adaptive immunity, as well as the activation of phagocytic programs in BD skin
lesions. This suggests a coordinated interaction between antibodies produced by B cells
and macrophages, which are key producers of complement proteins. The classical
complement pathway and Fc receptor signaling may play a significant role in propagating

inflammation and tissue damage in BD lesions.

TCR sequencing results showed that T cell clonality is not increased in BD skin lesions.
This finding provides significant insights into the pathogenesis of BD. It has been widely
accepted that BD is an auto-inflammatory disease with a possible autoimmune component,
supported by its association with HLA-B51. Our study shows that T cells that are causing
BD skin lesions are not clonally expanded. Paired with our findings showing that innate
lympohcytes (NK cells), innate T cells (MAIT and ILC3) and Th1/Tcl and cytotoxic
pathways are the major players in the formation of BD skin lesions, it is possible to say that

BD is a disease with increased innate lymphocytic activation, without clonal expansion of
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T cells. However, it should be kept in mind that pathogenesis of other BD lesions in other
sites such as uveitis can have different characteristics and should be investigated in future

studies.

Interestingly, our findings differ from studies that demonstrated increased T cell clonality
in peripheral blood from BD patients. For example, Zou et al. (230) observed higher T cell
clonality and reduced repertoire diversity in the peripheral blood of BD patients compared
to healthy controls, with a significant clustering of TCR-3 sequences indicative of antigen-
driven clonal expansion. The study highlighted distinct TCR clusters potentially
recognizing shared antigens, suggesting antigen-driven T cell responses in BD pathology.
Similarly, Direskeneli et al. (91) reported oligoclonal T cell expansions in the CD4+ and
CD8+ compartments of BD patients' peripheral blood, indicating antigen-driven T cell

proliferation.

The discrepancy between our findings and those of Zou et al. and Direskeneli et al. may
reflect tissue-specific differences in T cell activity and clonality. While clonal T cell
expansion is evident in the peripheral blood of BD patients, it may not translate to the skin,
where innate immune cells and non-clonal T cell populations may dominate the
inflammatory response. Alternatively, our data suggest that the mechanisms driving
inflammation in BD skin lesions may be distinct from those in the systemic circulation,
potentially shaped by local tissue-specific factors such as the cytokine milieu, resident

immune cell populations, or antigen presentation pathways.

It is also important to consider the differences in methodology. Zou et al. and Direskeneli
et al. focused on peripheral blood using bulk TCR sequencing and flow cytometry,
respectively, whereas our study utilized single-cell RNA sequencing (scRNA-seq) of skin
lesions, providing a localized view of the immune landscape. These differences underscore
the need for more comprehensive studies integrating data from multiple tissues and
employing advanced spatial and single-cell technologies to better understand the immune

dynamics in BD.

In summary, our results show that the immune pathology of BD skin lesions is driven by
an interplay of pDC-derived IFN-a production, heightened cytotoxic activity from NK and
CTLs, and increased Th1/Tc1 type response including non-conventional T cells like MAIT
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cells, all contributing to an inflammatory environment sustained by the JAK-STAT
signaling pathway. These findings not only demonstrate the mechanism of BD
pathogenesis but also suggest various targets for new therapeutic strategies to control the

chronic inflammation and tissue damage in this disease.

While our findings give new insights of immune landscape of BD lesions, several
limitations should be noted. First, our study focused on acute inflammatory lesions and a
single time point analysis, which may not fully show the immune changes in chronic or
resolved lesions over time or in response to treatment. Second, our study did not investigate
the functional consequences of the JAK-STAT pathway activation or the production of
cytotoxic molecules in BD lesions. Future research can explore the functional role of these
molecules in BD pathogenesis and assess if inhibition of their activity could improve
clinical outcomes and decrease inflammation. Third, the sample size for each lesion type
(EN, PPE, GU, and PPT) was limited, which precluded a comprehensive analysis of
differences in the immune response across various skin lesions. Another limitation was the
lack of B cell receptor (BCR) sequencing, which could provide a deeper insight into B cell
clonal expansion and antigen specificity in BD. Finally, our findings may be limited in their
generalizability due to the relatively small sample size. A larger and multi-center study
with a more diverse population can validate the results and ensure the representation of a

broader BD patient population.
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CHAPTER 5

Conclusion

In conclusion, our study provides a comprehensive analysis of the immune cell composite and
molecular pathways involved in BD skin lesions, highlighting significant differences between
healthy and BD skin. The enrichment of pDCs, MAIT cells, NK cells, and B cells, coupled
with the activation of the JAK-STAT pathway, shows the complexity of immune dysregulation
in BD. In our findings of immune response in BD skin, pDCs appear to play a central role,
producing IFN-a, which activates NK cells, CTLs (Tc1), and Th1 cells. This type I interferon
response drives these cells to enhanced cytotoxic activity, contributing to tissue damage
through increased production of granzyme A, granzyme B, granzyme K, and perforin,
particularly in CD8+ effector memory T cells. Simultaneously, the JAK-STAT pathway
activation enhances the inflammatory profile by promoting cytokine signaling, amplifying
IFN-Y production by T cells. B cells likely contribute to antigen-presenting to T cells and
sustain the inflammatory state by producing antibodies. Together this network of pDCs, T cells,
MAIT cells, and B cells form an immune map of a robust inflammatory response in BD, with
each cell type and pathway potentiating the others to maintain a chronic inflammatory state.
These findings highlight potential therapeutic targets, including JAK-STAT pathway, which

could be explored to develop novel treatments for BD.

Additionally, our study did not observe increased clonal expansion of T cells in BD skin
lesions, suggesting that the immune response is more reliant on innate immune activation rather
than adaptive T cell-mediated inflammation. This lack of T cell clonality aligns with our
broader finding of heightened innate lymphocytic activation in BD lesions. This finding
provides further insights into the pathogenesis of BD, where immune responses seem to be
driven by innate immune cells, including MAIT cells and NK cells, rather than clonal T cell

expansions.

Based on our findings, several future research directions emerge. First, further research is
needed on the role of MAIT cells, that could offer a promising treatment option for BD patients.

Second, functional studies focusing on the JAK-STAT pathway and cytotoxic molecules in BD
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lesions, exploring the downstream effects of this pathway and their role in inflammation and
tissue damage are crucial. Also, exploring the efficacy of JAK inhibitors in modulating the
immune responses in BD and clinical trials assessing the safety and efficacy if JAK inhibitors
in BD could provide a novel treatment for this disease. Third, using BCR sequencing in future
studies could provide more insight into B cell clonal expansion and antigen specificity, and
uncover new therapeutic targets and biomarkers related to B cell activity. Finally, longitudinal
studies are needed to examine immune cell dynamics throughout the different stages of BD,
which would provide valuable information about the role of specific immune cell populations

in disease progression.
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