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1. INTRODUCTION 

 

1.1. Clinical presentation, diagnosis and evaluation of psoriasis severity 

 

 Psoriasis is a highly variable disease, both in terms of clinical presentation and severity. 

There are five distinct clinical phenotypes: plaque, guttate, erythrodermic, pustular, and 

inverse/flexural psoriasis. Plaque psoriasis, also known as psoriasis vulgaris, is the most 

prevalent form of the condition, accounting for approximately 85–90% of psoriasis cases (1–

4).  

 Psoriasis vulgaris is characterised by well-defined erythematous plaques covered with 

silvery-white scales (Figure 1), typically symmetrically distributed on predilection sites such 

as the elbows, knees, forearms, shins, trunk and scalp (1,3,5). The detachment of scales may 

lead to tiny spots of bleeding, referred to as the “Auspitz sign”, although this sign is not specific 

to psoriasis (2,5). The diagnosis of psoriasis vulgaris is generally based on clinical findings, 

which are confirmed by histological examination of a skin biopsy (1,5,6).   

 Several scoring systems are used to assess disease severity, with the Psoriasis Area 

Severity Index (PASI) introduced in 1978 being the most widely validated tool (7). The PASI 

score is calculated by dividing the body into four regions (head (h), upper limbs (u), trunk (t), 

and lower limbs(l)) and assessing the severity of erythema (E), induration (I), and 

desquamation (D) in each region, as well as the percentage of area affected. Severity is scored 

on a scale from 0 to 4 (0 = none; 4 = very severe), and area involvement is scored on a scale of 

1 to 6 (1 = less than 10 %; 2 = 10–29 %; 3 = 30–49 %; 4 = 50–69 %; 5 = 70–89 %; and 6 = 

greater than 90 %). The PASI score is calculated using the formula: PASI = 0.1(Eh + Ih + 

Dh)Ah + 0.2 (Eu + Iu + Du)Au + 0.3 (Et + It + Dt)At + 0.4 (El + Il + Dl)Al, with a maximum 

possible score of 72 (5,8,9).   

 The impact of skin disease on quality of life is most commonly assessed using the 

Dermatology Life Quality Index (DLQI), a self-assessment questionnaire that evaluates 

symptoms, daily activities, work, social life, and the burden of treatment (10). Each question 

is graded on a scale from 0 to 3 (0 = not relevant, 3 = very relevant), with scores ranging from 

0 to 30. A DLQI score above 10 indicates a significant impairment in quality of life (8,9).  

 Psoriasis varies greatly in morphology and distribution, from a few localised plaques to 

involvement of almost the entire body surface (11). The disease may be chronic and stable, or 

rapidly progressive, affecting large areas of the body and often triggering comorbidities. This 
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wide heterogeneity among patients remains puzzling, and underlines the need to further 

investigate the genetic, environmental and immunological factors contributing to this 

phenomenon.  

 

Figure 1. Psoriatic plaques on elbows and hands. Author’s work. 

 

 

1.2. Epidemiology and burden of psoriasis  

 

1.2.1. Epidemiology and demographics 

 

 The worldwide prevalence of psoriasis is 2–3%, affecting over 125 million people of 

all age groups, ethnicities, and geographical regions (5,12). However, its prevalence varies 

significantly between populations, with higher rates in Western populations (American, 

Canadian, and European), compared to those of African and Asian descent (13,14). This 

variation most likely reflects the interaction between environmental factors and genetic 

predispositions. 

 Psoriasis can develop at any age, even in childhood, although the prevalence in children 

remains lower, at less than 1% (15). Interestingly, several studies suggest that about one third 

of cases begin in childhood (16). Psoriasis is most prevalent in adults aged 50–69 years (12), 

with several studies identifying a bimodal onset pattern. Early-onset psoriasis typically 

develops before the age of 40, most commonly between 15 and 30 years, while late-onset 

psoriasis presents after 40, with peak incidence between 50 and 60 years (3,7,8). This bimodal 
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distribution has been used to classify psoriasis into two subtypes: Type I, characterised by early 

onset, a positive family history, and a connection to the HLA-C*06:02 allele; and Type II, or 

late-onset psoriasis, which lacks a family history and is not linked to HLA-C*06:02 (19).  

 Although it is generally considered that psoriasis occurs with similar frequency in both 

sexes, several studies indicate a higher incidence in men (11,12,20). There are also indications 

that men exhibit more severe forms of the disease (21–23), as they are more likely to get 

systemic biologic therapy (24). Despite these findings, research on gender differences in 

psoriasis remains limited and the evidence is not yet conclusive. 

 

1.2.2. Comorbidities  

 

 In addition to its visible impact on the skin, psoriasis is frequently associated with 

various comorbidities (25,26), with psoriatic arthritis being one of the most common, affecting 

10–30% of patients. Although it often emerges after the onset of psoriatic skin lesions, in some 

cases, it may precede the manifestation of cutaneous symptoms (27,28). Psoriasis patients are 

also at higher risk of developing cardiovascular conditions, such as hypertension, 

atherosclerosis, and myocardial infarction, particularly in severe and prolonged disease (29). 

In addition, severely affected patients are more susceptible to autoimmune diseases, such as 

rheumatoid arthritis, systemic lupus erythematosus and inflammatory bowel disease (30).  

 While psoriasis alone typically has no impact on survival, severe disease forms are 

linked to increased risk of mortality and a reduced life expectancy, primarily due to associated 

comorbidities (17,20,31). Beyond physical symptoms, psoriasis imposes emotional and social 

challenges that can greatly diminish patient’s quality of life. The chronic nature and discomfort 

of the disease also contribute to a higher incidence of psychiatric disorders, with over 5% of 

patients experiencing depression and suicidal thoughts (12,17). The treatment of psoriasis, 

especially in severe cases, leads in significant healthcare costs, both for direct psoriasis 

treatment and ongoing care of related comorbidities (32–34). Overall, psoriasis places a 

considerable burden on both physical and mental well-being, complicating long-term 

management. 
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1.3. Genetic and environmental factors in psoriasis pathogenesis 

 

 Psoriasis is a multifactorial disease with a complex aetiology, driven by the interplay 

between genetic predisposition and environmental factors. Although its precise causes are not 

fully understood, it is generally believed that psoriasis manifests in genetically susceptible 

individuals after exposure to certain external factors.  

1.3.1. Genetic factors in psoriasis pathogenesis 

 

 Heritability plays a significant role in psoriasis susceptibility, with genetic factors 

estimated to account for 70–90% of the risk (35,36). Studies show a higher prevalence of 

psoriasis within families (37) and a 2-3 times greater risk of developing psoriasis among 

monozygotic twins compared to dizygotic twins (4,5,35,38). In addition, up to 71% of 

childhood psoriasis cases have a positive family history, which further emphasises the genetic 

influence (35,36).  

 In early genetic studies of psoriasis, linkage analyses were performed in families with 

a history of the disease, leading to the identification of nine psoriasis-associated loci (PSORS1 

to PSORS9) (36,41,42). Among these, PSORS1 emerged as the most significant, with genome-

wide linkage studies consistently showing that the HLA-C*06:02 is the primary susceptibility 

marker, contributing up to 50% to the disease heritability (4,18,41). Over 60% of patients carry 

this allele, which is linked to early onset, severe disease, and susceptibility to streptococcal 

infections (43,44). Other key genes associated with psoriasis are central to both adaptive and 

innate immunity. These include genes associated with antigen presentation (ERAP1, ERAP2, 

MICA), NF-κB signalling (TNFAIP3, TNIP1, TRAF3IP2, CARD14), the type 1 interferon 

pathway (RNF113, IFIH1), T cell development and polarisation (RUNX1, RUNX3, STAT3, 

TAGAP, IL4, IL13), and the IL-23–Th17 axis (IL23R, IL12B and TYK2, JAK2) (3,5,18). 

 Despite the identification of over 80 genes associated with psoriasis, these account for 

only 30% of heritability. In addition, the incomplete concordance of psoriasis in monozygotic 

twins and the lack of a clear inheritance pattern suggests that remaining heritability may be due 

to cumulative impact of numerous minor genetic variations and environmental influences 

(5,13,35,42,45).   
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1.3.2. Environmental factors triggering psoriasis 

 

 External and internal triggers play a crucial role in the initiation and exacerbation of 

psoriasis. Factors such as infections, microbiome dysbiosis, physical trauma, medication, 

smoking, stress, and alcohol might significantly influence gene-environment interaction that 

contribute to disease onset, and can also provoke or worsen psoriasis symptoms (12,18).   

 The link between Streptococcus pyogenes infections and psoriasis, particularly guttate 

psoriasis, is well documented. Several studies have shown that throat infections often precede 

psoriasis onset or worsen its symptoms (44,46), with some patients experiencing significant 

improvement after tonsillectomy (44,47–49). Moreover, the discovery of identical T cell clones 

in both the tonsils and psoriatic plaques suggests that the cross-reactivity between the tonsil 

and skin immune response may be mediated by molecular mimicry (50,51). 

 Microbiome dysbiosis is also increasingly recognized in psoriasis pathogenesis. 

Psoriatic skin often shows reduced microbial diversity, with increased colonisation by species 

such as C. simulans, C. kroppenstedtii, S. aureus and S. pyogenes, along with a decrease in 

Lactobacilus. However, the inconsistent findings of several studies highlight the need for 

further research to clarify the role of microbiota in the development of psoriasis (52–54). 

 Physical trauma, such as tattoos or surgical cuts, can induce psoriatic lesions on 

previously unaffected skin, known as the Koebner phenomenon (55). Other stimuli, including 

radiotherapy, UV exposure, and even mild skin irritation, have also been reported to induce 

new lesions (47).   

 Lastly, smoking has been shown to influence psoriasis severity, especially in terms of 

comorbidities. Moreover, the interaction between HLA-C*06:02 and cigarette smoking or 

stress have been identified as potential factors in the development of the disease (13,56).  

 

1.4. Histopathology of psoriatic plaques 

 

 The skin is composed of three main layers: the epidermis, the dermis and the 

hypodermis. The epidermis consists mainly of keratinocytes and is divided into five layers: the 

stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneum, 

listed from the deepest to most superficial. Beneath the epidermis, the dermis provides a 

structural support through collagen fibres and hosts various immune cells, including dermal 

dendritic cells, αβ T cells, γδ T cells, natural killer cells, B cells, mast cells, and macrophages. 

The deepest layer, the hypodermis, is primarily made up of subcutaneous adipose tissue and 
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supportive stromal cells (57).   

 Psoriatic lesions display distinctive histopathological changes, including a significant 

thickening of the epidermis caused by increased keratinocyte proliferation and altered 

differentiation, resembling “regenerative maturation”. Hallmark features include 

hyperkeratosis (thickening of the stratum corneum resulting in scales formation), acanthosis 

(thickening of the stratum spinosum), and parakeratosis (retention of cell nuclei in the cornified 

layer), often with a thin or absent granular layer. Additional characteristics include elongated 

rete ridges, dilated dermal capillaries, and abnormal stacking of corneocytes, impairing the skin 

barrier. Neutrophil clusters in the stratum corneum form Munro’s microabscesses, while 

immune cell infiltration, primarily composed of T cells, is prominent in both dermis and 

epidermis (8,23,25,55–57).  

 

1.5. Immunopathogenesis of psoriasis 

 

 Psoriasis was initially considered a keratinocyte disorder until research in the 1970s 

revealed the crucial role of immune cells. By the 1990s, the focus shifted to T cells, with Th1 

and Th17 cells being identified as key drivers of inflammation through cytokines such as TNF-

α, IFN-γ, IL-17, and IL-23 (61). Recently, several candidate autoantigens identification has 

opened new avenues, although their exact role in disease pathogenesis remain under 

investigation (62–65). At the same time, significant progress has been made in the development 

of biological therapies targeting key cytokine pathways involved in disease progression 

(57,63,64). Moreover, the recirculation of pathogenic T cells and the release of pro-

inflammatory cytokines from inflamed lesions contribute to systemic inflammation, leading to 

the recognition of psoriasis as a systemic disease with distinct cutaneous and systemic aspects 

(2,68,69).  

 

1.5.1. Cellular and molecular interactions driving psoriatic plaque formation 

 

 Psoriatic plaque formation involves a complex network of interactions between resident 

and infiltrating cells, including T cells, dendritic cells, NK cells, macrophages, keratinocytes, 

and endothelial cells. This crosstalk is driven by the persistent production of pro-inflammatory 

cytokines, sustaining chronic inflammation and contributing to the disease pathology. 

 Dendritic cells are thought to initiate psoriatic inflammation by responding to signals 

from stressed keratinocytes, which release antimicrobial peptides, especially LL-37, a key 
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mediator in plaque development (70,71). LL-37 binds to self-DNA/RNA fragments, forming 

immunostimulatory complexes that activate plasmacytoid dendritic cells (pDCs), which are 

usually not present in healthy skin but infiltrate early psoriatic lesions (63). Following 

activation, pDCs secrete large amounts of type I interferons (IFN-α and IFN-β) (72), which 

activate other immune cells, such as myeloid dendritic cells (mDCs). These mDCs produce 

proinflammatory cytokines like TNF-α, IL-23, and IL-12, which influence naïve T cells 

differentiation. In addition, dendritic cells may also directly activate T lymphocytes by 

presenting autoantigens (63).   

 Among dendritic cell-derived cytokines, IL-12 promotes Th1 differentiation, leading to 

IFN-γ production. IFN-γ amplifies the inflammatory cascade by activating macrophages and 

keratinocytes, further recruiting immune cells (73). In the past, psoriasis was considered a 

primarily Th1/Tc1 and IFN-γ-driven disease, supported by Th1 and Tc1 cell increases in 

psoriatic plaques (70, 71). However, more recent studies have shown that the IL-23/IL-17 axis 

plays a decisive role (76), as IL-23, in association with IL-6 and other cytokines, drives the 

differentiation and expansion of IL-17 producing cells (77). IL-17, in turn, acts on 

keratinocytes, and stimulates them to produce chemokines such as CXCL1, CXCL2, CXCL5, 

and CXCL8, which recruit neutrophils, and CCL20, which attracts CCR6+ T cells. In addition, 

IL-17 stimulates the production of antimicrobial peptides like LL-37 and S100 proteins 

(S100A7/8/9/15), further fuelling the inflammatory response (78). Together, IL-17, and TNF-

α, promote IL-23 production in keratinocytes (75), creating a feedback loop that drives 

sustained keratinocyte proliferation and continuous immune cell recruitment characteristic of 

psoriasis.   

 The immune reactions described here provide a brief overview of the complex 

molecular and cellular mechanisms underlying the formation and progression of psoriatic 

plaques. The discovery of these pathways was also of high importance for the development of 

targeted therapies. The discovery of TNF-α inhibitors, such as infliximab and etanercept, 

marked a significant breakthrough in psoriasis treatment (80,81). Later, the discovery of IL-

23/IL-17 axis paved the way for new routes in biologics research, providing highly effective 

therapies targeting IL-23 and IL-17, such as ustekinumab and secukinumab (82). However, 

while these biologic therapies have transformed the treatment of moderate and severe forms of 

psoriasis, a subset of patients do not respond to them, underscoring the need for a better 

understanding of the heterogeneity of the psoriasis immunopathogenesis in order to allow for 

more personalised treatment (83,84).  
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1.5.2. T cells in psoriatic lesions 

 

 Psoriasis is undoubtedly recognised as a T cell-mediated pathology, with a complex 

network of T cell subtypes central to its pathogenesis. While the exact trigger for psoriatic 

plaque formation remains unclear, key players include tissue-resident memory T (TRM) cells, 

as well as infiltrating effector T helper (Th) and cytotoxic (Tc) cells. In addition, regulatory T 

cells (Tregs), natural killer T (NKT), mucosal-associated invariant T (MAIT), and gamma delta 

T (γδ T) cells, though less studied, add to the complexity of the inflammatory response (85).  

 TRM cells are considered significant in sustaining chronic inflammation within psoriatic 

plaques, as evidenced by the recurrence of lesions at the same sites after therapy 

discontinuation (86–88). In human skin, CD4+ Th cells predominantly reside in the dermis, 

while CD8+ Tc cells are concentrated in the epidermis (85). IL-17-producing 

CD8+CD69+CD103+ Tc cells, linked with more severe and persistent disease, highlight the 

importance of cytotoxic TRM cells in psoriasis (87,89,90). Furthermore, Th17, Th1, and Tc1 

cells have been extensively studied as these immune players are major sources of IL-17, IFN-

γ, and TNF-α (74,91,92).  

 The increased activation of T cells in psoriasis, alongside its proposed autoimmune 

aspects, have prompted numerous research groups to seek out the autoantigens that drive 

autoreactive T cell responses. These studies have led to the identification of several candidate 

autoantigens, namely LL-37, ADAMTSL5, PLA2G4D, and keratin 17 (62–64,93,94). These 

proposed autoantigens, however, possess distinct molecular characteristics and are released by 

different cell types. For example, LL-37 and ADAMTSL5 are of peptide origin, with LL-37 

largely produced by keratinocytes, while ADAMTSL5 is expressed in melanocytes. In 

addition, PLA2G4D is an enzyme elevated in psoriatic mast cells, and keratin 17, highly 

expressed in lesional epidermis, is associated with molecular mimicry due to high structural 

homology with M protein released by S. pyogenes. This diversity of autoantigens reflects the 

heterogeneity of the psoriatic immune response and suggests the absence of a singular, 

universal autoantigen. Furthermore, the variability in patient reactivity to these antigens fuels 

an ongoing debate as to whether psoriasis is primarily an autoimmune disease driven by 

specific autoantigen-T cell interactions or an autoinflammatory condition where innate immune 

activation may secondarily lead to autoreactive processes (65,78). 

TCR sequencing has provided insights into T cell specificity in psoriatic lesions, 

revealing shared TCRα, TCRβ, and TCRγ clonotypes among psoriasis patients, but absent in 

healthy controls (95), and oligoclonal T cell populations in therapy-resolved lesions (96), 



Ocje
na

 ra
da

 

u t
ije

ku

9 
 

suggesting common drivers of psoriatic inflammation. However, polyclonal T cell infiltrates 

in untreated lesions indicated that many T cells in psoriatic lesions originate from the 

circulating pool and relocate to the site of inflammation (95,96). Single-cell transcriptomic 

profiling of cutaneous T cells further revealed a cytotoxic signature in psoriatic plaques, with 

elevated levels of GZMA, GZMB, PRF1, CD8A, GZMK, and GNLY, along with increased 

expression of chemotactic factors CCL3, CCL4, CCL5, and CCL20, all correlating with disease 

severity (97). These lesional T cells perpetuate chronic inflammation by mediating tissue 

damage and recruiting additional immune cells. 

 

1.5.3. Circulating T cells in psoriasis 

  

 To migrate from the bloodstream into the skin, circulating T cells use a specific set of 

chemokine receptors. This “skin-homing barcode” that directs T cells toward the skin includes 

CCR4, CCR6, CCR8, CCR10, and CXCR3 (98). In addition, cutaneous lymphocyte antigen 

(CLA), a glycoprotein formed by the post-transcriptional modification of platelet selectin 

glycoprotein ligand-1, PSGL-1, promotes T cell interaction with endothelial E- and P-selectins, 

facilitating skin infiltration (99). CLA serves as a biomarker of T cells involved in cutaneous 

pathologies and is expressed on approximately 15% of αβ T and 30% of γδ T cells in 

circulation, and on up to 90% of T cells in the skin (98,100–105). Notably, the frequency of 

CLA+ cytotoxic CD8+ T cells is increased in the peripheral blood of psoriasis patients, 

correlates with disease severity (78,104,106,107) and suggests a key role in early plaque 

initiation (108).  

 Recirculation is a key concept in understanding the behaviour of CLA+ T cells in 

psoriasis. Studies have demonstrated that circulating CLA+ T cells correlate with disease 

severity and therapeutic outcomes. For instance, monoclonal antibody targeting CD11a, 

involved in T cell extravasation, has been shown to increase CLA+ cells in the peripheral blood 

by preventing T cell redistribution into the skin (109,110). In contrast, systemic anti-TNF-α 

therapies (104) and localised UVB therapy have been shown to significantly decrease CLA+ 

cell proportions (111). Collectively, findings underscore the importance of skin-blood 

recirculation in psoriasis-related inflammation, although direct mechanistic evidence for CLA+ 

T cell recirculation remains limited.  Recent studies have provided insight into T cell 

migration dynamics in psoriasis. Phenotypic analysis of peripheral T cells and gene expression 

profiling in psoriatic plaques revealed that the proportion of CLA+ CD4+ memory T cells 
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expressing chemokine receptors such as CCR6, CCR4, and CXCR3 negatively correlates with 

disease severity. In parallel, transcriptomic levels of lymph node-homing CCR7 and the CLA-

encoding gene SELPLG increased in psoriatic lesions suggested a dynamic movement of T 

cells between skin and bloodstream (112). Moreover, animal model studies have shown that 

CD4+ TRM cells can downregulate CD69, enabling them to exit primary skin sites. Of note, 

CD4+ CLA+ CD103+ T cells found in peripheral blood shared phenotypic, transcriptional and 

clonotypic features with those in the skin, underpinning the notion of recirculation. These cells, 

in addition, showed the ability to repopulate secondary skin sites and re-express CD69 (113), 

suggesting that such recirculation of pathogenic T cells in psoriasis may lead to the formation 

of new lesions.  

 While CLA plays a crucial role in T cell migration into the skin, not all T cells in 

psoriatic plaques express CLA, indicating that CLA is not essential for skin infiltration (108). 

This was recently confirmed by a single-cell TCR-coupled sequencing study which found that 

clonally expanded T cells in the skin lesions matched those of the circulating CLA+ fraction, 

but also revealed significant clonotypic overlap between CLA– and lesional T cells, suggesting 

that non-CLA+ T cells also contribute to the inflammatory process in psoriasis. In addition, 

CLA– T cells exhibited a higher degree of clonality, further emphasising the systemic nature 

of the disease (68). These findings were corroborated by studies comparing T cell clonotypes 

in peripheral blood and lesional skin from psoriasis vulgaris and atopic dermatitis patients, 

where psoriasis patients showed a greater overlap between peripheral and lesional clonotypes, 

with upregulation of genes associated with TNF-α and IFN-γ responses, cell adhesion, and 

cytolytic potential (97).  

 In addition to the single-cell sequencing, several studies have identified elevated levels 

of inflammatory T cells, including Th17, Th22, Th1 cells and Tregs (106,107,111,114–116), 

in the peripheral blood of psoriasis patients. In addition, bulk TCR-seq analyses revealed 

distinct TCR motifs in psoriasis patients, along with subtle differences in V gene usage and 

CDR3 nucleotide length (117), underscoring the need for further investigation of the peripheral 

T cell receptor repertoire in psoriasis. Moreover, the premature immunosenescence of 

peripheral T cells driven by chronic inflammation has been hypothesised in a study where a 

higher proportion of terminally differentiated or senescent CD8+ TEMRA cells was found, 

particularly in patients with a longer disease (78). In addition, perforin expression was found 

notably elevated in circulating cytotoxic CD8+ T cells of psoriasis vulgaris patients, especially 

in severely affected individuals (114,117).  
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 To summarise, psoriasis results from a complex interplay of various T cell subsets at 

different stages of disease progression. Autoreactive T cells likely initiate inflammation in 

psoriatic lesions, while tissue-resident memory T and IL-17-producing T cells sustain chronic 

inflammation. Furthermore, recirculating T cells contribute to spreading inflammation beyond 

the skin by linking local and systemic immune responses (Figure 2). Although unconventional 

T cells, such as MAIT and γδ T cells, have been implicated in psoriasis, their roles remain 

primarily explored in animal models or using a limited number of phenotypic markers in human 

studies (105,107,119,120).  

 

  

Figure 2. T cell-mediated interactions in psoriatic plaque formation and systemic 

inflammation. This schematic shows the key cellular and molecular interactions in psoriatic 

plaque formation, focusing on the role of skin-infiltrating and circulating T cells. Plasmacytoid 

dendritic cells (pDCs) release type I interferons (IFN-α, IFN-β) in response to LL-37-self-DNA 

complexes (72), activating myeloid dendritic cells (mDCs) to secrete TNF-α, IL-23, IL-12. 

These cytokines drive the Th1 and Th17 differentiation, leading to IFN-γ and IL-17 secretion, 

which amplify keratinocyte activation and chemokine release (CXCL1, CXCL2, CXCL5, 

CXCL8, CCL20). Skin-homing T cells expressing CLA, CCR4, CCR8, CCR10, and CXCR3, 

migrate to the skin, exacerbating inflammation. CD69 downregulation facilitates recirculation 

of T cells into the bloodstream, contributing to systemic inflammation (113). Peripheral T cells 

show heightened activation, effector functions, and signs of accelerated senescence 
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(78,97,115). Overlap between lesional and circulating CLA⁺/CLA⁻ T cell clonotypes suggests 

recirculation of activated T cells between the skin and blood stream (68). Created with 

Biorender. 

 

 

1.6. Characteristics, functions and roles of unconventional T cells 

 

 The immune system is traditionally divided into two main arms: innate and adaptive 

immunity. However, a third component, unconventional T cells, blurs the line between these 

classifications. These cells exhibit the spectre of features from both innate and adaptive ends, 

with significant phenotypic and functional diversity across its subsets. 

 Unconventional T cells include γδ T cells, which express a distinct γδ T cell receptor 

(TCR) and αβ TCR-expressing invariant natural killer T (iNKT) and mucosal-associated 

invariant T (MAIT) lymphocytes. Together, these subsets constitute approximately 10–30% of 

peripheral T cells and are enriched in the epithelial and mucosal surfaces of the liver, 

respiratory tract, digestive system, and reproductive organs (121,122).  

 Unlike conventional αβ T cells, which rely on previous antigen exposure to generate 

memory and drive responses, unconventional T cells are poised for rapid effector functions. 

Upon encountering an antigen, they can respond swiftly without prior sensitization, similar to 

cells of the innate immune system. In addition, unconventional T cells can be stimulated by 

cytokines independently of TCR-antigen interaction, further aligning them with innate-like 

immunity.   

 Despite their innate-like properties, the presence of TCRs enables unconventional T 

cells to mount specific antigen responses. In contrast to adaptive αβ T cells, which are restricted 

to recognising peptide antigens presented by major histocompatibility complex (MHC) 

molecules, unconventional T cells can be activated beyond the peptide-MHC interaction. In 

particular, they detect a completely different set of antigens, including lipids, phosphoantigens, 

or bacterial-derived molecules, presented by distinct non-polymorphic (non-MHC) antigen 

presenting molecules (3,4). This non-redundant mode of antigen recognition makes 

unconventional T cells unique and functionally significant in immune responses.  

 It is not surprising that the unique immunobiology of unconventional T cells has 

attracted increasing interest in various fields of research, including diseases like psoriasis, 

where their distinct responses may play an important role in pathogenesis 

(105,107,119,120,125). 
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1.7.T cell receptors  

 

 T cell receptors (TCRs) are molecules expressed on the surface of T cells, consisting of 

either an α and β chain (αβ TCRs) or a γ and δ chain (γδ TCRs). Each TCR has a constant 

region, which defines its structure, and a variable region, responsible for antigen recognition. 

The variable region comprises three hypervariable complementary-determining regions 

(CDRs), CDR1, CDR2, and CDR3. CDR1 and CDR2 interact with antigen presenting 

molecule, while CDR3 directly contacts the antigen and is the most variable part of the TCR 

(126), featuring conserved cysteine at the C-terminal and phenylalanine at the N-terminal.  

 Functional variable regions of TCRs are generated during T-cell development in the 

thymus through a process of V(D)J recombination. This somatic recombination process 

involves the rearrangement of variable (V), diversity (D), and joining (J) gene segments. The 

α and γ chains are encoded by V and J genes, while the β and δ chains are assembled through 

V, D, and J segments recombination. The genes are located at distinct loci, namely TRA, TRB, 

TRG, and TRD.   

 In addition to the random combination of V(D)J gene segments, the V(D)J 

recombination also includes junctional diversity - deletion or insertion of palindromic 

sequences (P nucleotides) and non-templated nucleotides at the junctions between the V, D, 

and J regions. This process, together with chain pairing, generates an estimated range of 1x1015 

to 1x1020 distinct αβTCRs, far exceeding the estimated 5x1011 T cells in the human body (11–

13). The final product of V(D)J recombination, a unique V(D)J nucleotide sequence in the 

CDR3 region, is defined as a clonotype and the collection of all clonotypes in an individual is 

referred to as the TCR repertoire (14).    

 The TCR repertoire can alter significantly during disease, reflecting responses to 

infections, cancer, or inflammation, including autoimmunity. TCR repertoires also change due 

to physiological changes in the body, the most notable of which is aging. Specifically, the 

proportion of naïve T cells declines with advancing age, leading to a less diverse TCR 

repertoire, fuelled further by the higher content of hyperexpanded clonotypes from experienced 

memory cells (15).   

 TCR repertoire analysis can provide valuable insights into the composition of TCR 

repertoires in diseases, and hence improve understanding of disease aetiology, especially in 

diseases with unknown antigenic triggers. Nowadays, high-throughput next generation 

sequencing (NGS) technologies offer the simultaneous analysis of millions of TCRs, serving 

as a window into the previously unreachable complexities of TCR repertoires (128). 
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1.8. γδ T cells 

 

 Since their discovery in the 1980s (132,133), γδ T cells have gained attention for their 

multifunctional capacities in immune surveillance, tissue repair, antimicrobial defence, 

anticancer immunity, and involvement in various diseases. In healthy adults, they comprise 

0.5–10 % of peripheral CD3+ T cells, with frequencies influenced by age, gender and disease. 

A defining feature of γδ T cells is their unique TCR, composed of γ and δ chain, which allows 

the sensing of phosphoantigens (pAg), lipid molecules, and stress-induced proteins (134–139). 

However, the full spectrum of antigens these cells recognise remains enigmatic (124). In 

addition, unlike αβ T cells, γδ T cells usually lack CD4 or CD8 co-receptors, though cytotoxic 

subsets may express CD8.   

 Human γδ T cells can be classified by the variant of the δ chain they express, with Vδ1+, 

Vδ2+, and Vδ3+ being the most studied subsets. While often considered innate-like, recent 

advances in γδ T cell immunobiology, supported by single-cell sequencing and detailed 

phenotypic profiling, have revealed that not all γδ T subsets exhibit innate-like behaviour (140–

142) (Figure 3). Specifically, Vδ1+ and Vγ9−Vδ2+ subsets align more closely with adaptive-

like responses, including greater TCR repertoire diversity, clonotypic expansion in response to 

viral infections (e.g. CMV), and lack of TCR motifs linked with pAg sensing (141,143–145). 

In contrast, the predominant peripheral blood subset, Vγ9Vδ2 cells, typically conforms to 

innate-like immunobiology, expressing PLZF and possessing an invariant TCR associated with 

pAg reactivity (140,146–148).  

 
Figure 3. Classification of T cells based on their innate-like and adaptive-like properties. 

While Vδ2+ T cells co-expressing the Vγ9 chain cluster with innate-like MAIT and iNKT cells, 

Vδ1+ and Vγ9−Vδ2+ exhibit features that align more closely with conventional adaptive T cells. 
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1.8.1. The characteristics of γδ T cell receptors 

 

 According to the ImMunoGeneTics information system (IMGT), the human TRG locus 

on chromosome 7 contains 14 variable genes, of which only TRGV2, TRGV3, TRGV4, 

TRGV5, TRGV8, and TRGV9 are functional, while others are pseudogenes. The locus also 

includes 5 joining (TRGJP1, TRGJP, TRGJ1, TRGJP2, and TRGJ2) and two constant 

segments (TRGC1 and TRGC2). The TRD locus, nested within the TRA locus on chromosome 

14, contains eight TRDV genes: TRDV1, TRDV2, TRDV3, TRAV14/TRDV4, TRAV29/TRDV5, 

TRAV23/TRDV6, TRAV36/TRDV7, TRAV38/TRDV8, with the last five dual annotated V 

segments used to generate both the α and δ chains. Furthermore, three TRD (TRDD1, TRDD2, 

and TRDD3), and four TRDJ (TRDJ1, TRDJ2, TRDJ3, TRDJ4) alleles contribute to the TCRδ 

chain (Figure 4) (149).   

 Although γδ T cells have fewer variable Vγ and Vδ genes than αβ T cells, they can 

generate an estimated 1017-1018 different TRG/TRD combinations (145,150). However, the 

diversity of human γδ TCRs appears constrained, as shown by the predominance of Vγ9Vδ2 

cells in peripheral blood. These cells feature TCRs with semi-invariant characteristics, with 

specific chain pairings adapted for pyrophosphate antigen reactivity. TCRγ chains derived from 

TRGV9 and TRGJP segments show constrained diversity and are highly “public”, i.e. 

commonly found in many healthy individuals. Conversely, Vδ2 chains show greater CDR3 

diversity, typically formed through the recombination of TRDV2, TRDD3, and TRDJ1 genes, 

often with a hydrophobic amino acid (Val, Leu, Ile) at the fifth position from the C-terminus 

cysteine (140,141,147,151).   

 The TCR repertoires of Vδ1+ and Vγ9–Vδ2+ cells, in contrast, exhibit much higher 

diversity. Vδ1 clonotypes feature more flexible and typically longer CDR3 regions due to 

increased nucleotide addition, resulting in a highly private repertoire with minimal overlap 

between individuals. Unlike Vγ9Vδ2 TCRs, Vγ-Vδ1 pairings are not restricted to a specific 

gamma variant, and Vγ9 chains that form TCR of Vδ1 cells usually do not express JγP variant 

(140,141,143).   

 In summary, the TCR repertoires of Vδ1+, Vγ9+Vδ2+, Vγ9–Vδ2+, and Vδ3+ cells show 

distinct structural properties, arising from both the differences in the gene segments used for 

their construction and variations in the introduction of non-templated and palindromic 

sequences. These distinctions are further associated with variations in the “publicness” and the 

potential for clonotypic focusing. Moreover, these variations in TCRs not only tailor their 
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antigen specificities but are also linked to specific phenotypic signatures of different γδ T cell 

subsets and their functional states. 

 

Figure 4. The schematic illustration of the γδ T cell receptor assembly.  

 

1.8.2. γδ T cell subsets 

 

 Recent insights into the link between T cell receptor variants, phenotypic traits, and 

clonal expansion have greatly advanced our understanding of γδ T cell heterogeneity. Despite 

shared roles in rapid response, immunosurveillance and effector potentials, γδ T cell subsets 

display distinct phenotypic and clonotypic traits, tissue distributions, activation requirements, 

and antigen recognition mechanisms. The following sections will outline the defining 

characteristics of the most common and best characterised γδ T cell subsets.  

1.8.2.1. Vγ9Vδ2 subset 

 

 The Vδ2+ γδ T cell population comprises two distinct subtypes, distinguished by the 

expression of Vγ9 chain. Innate-like Vγ9Vδ2 T cells are the most abundant circulating γδ T 

cells, accounting for 50–90% of peripheral population. They respond to microbial 

phosphoantigens, such as (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), a 
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metabolite of the non-mevalonate isoprenoid biosynthesis pathway found in many bacteria and 

protozoa (152). Vγ9Vδ2 T cells can also recognise isopentenyl pyrophosphate (IPP), an 

endogenous molecule that accumulates in transformed or infected cells due to mevalonate 

pathway dysregulation (153). Importantly, Vγ9Vδ2 TCRs do not bind phosphoantigens 

directly but instead require interactions with butyrophilin (BTN) subfamily members BTN3A1 

and BTN3A2. In short, the accumulated pAgs bind the intracellular domain of BTN3A1, 

inducing a conformational change and association with BTN3A2, which is necessary for the 

activation of Vγ9Vδ2 TCR (154,155).   

 The Vγ9Vδ2 subset displays distinct innate-like characteristics, including a heightened 

responsiveness to cytokine-mediated (IL-12 and IL-18) activation, in line with their innate-like 

biology (140,141). These cells uniquely express high levels of CCR5 and show elevated CCR6 

and CD161 expression compared to other γδ T cell subsets (156,157). Vγ9Vδ2 T cells also 

frequently express IL7Rα, granzyme A and CX3CR1 (140).  

 Functional heterogeneity within the Vδ2 compartment has been observed, as reflected 

in variable responses observed in clinical trials of autologous Vγ9Vδ2 anti-tumour 

immunotherapies (158,159). Detailed analysis of peripheral Vδ2 cells has revealed four distinct 

subsets based on the CD28, CD27, and CD16 expression. These subsets, which vary in 

frequency between individuals, exhibit unique functional capacities. The most divergent 

subsets are CD27+CD28+CD16–, which constitute the majority of circulating Vγ9Vδ2 T cells, 

and CD27–CD28–CD16+, which represent a smaller portion of the population. CD28–CD27–

CD16+ cells are highly cytotoxic, expressing high levels of perforin, granzymes B and H, 

granulysin, KIR receptors, and CX3CR1. On the other end, CD28+CD27+CD16- cells produce 

more GzmK and express IL-7Rα, CCR2, CCR7, CCR6, CCR5, and IL-18Rα. These 

phenotypic differences align with functional capabilities, as exemplified by distinct efficacy 

against various cancer cell lines (160). Following HMB-PP stimulation, CD28+CD27+CD16- 

cells showed a tenfold higher expansion than CD28–CD27–CD16+ Vδ2 cells (160), consistent 

with distinct TCR characteristics observed between Vγ9Vδ2 subsets defined by CD27 

expression. Specifically, δ chains in the CD27⁻ subset lacked key pAg-sensing features, 

occasionally joined with the TRDJ3 gene, and contained non-hydrophobic amino acids at 

position 5 of the CDR3 region. Additionally, the CD27– subset displayed markedly lower 

CDR3δ diversity compared to CD27+ cells, indicative of clonal expansion (159).   
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1.8.2.2. Vγ9–Vδ2 subset 

 

 Vγ9–Vδ2 cells, which represent ~2-6% of peripheral γδ T cells, predominantly exhibit 

CD27hiCCR7+CD28+IL7Rα+ naïve-like phenotype. During clonal expansion, these naïve cells 

transition to an effector-like state, marked by the downregulation of CD27 and increased 

expression of chemokine receptor CX3CR1, as well as increased production of cytolytic 

granules granzyme A and granzyme B (140). The CD27hi to CD27lo transition upon CMV 

infection was paralleled by changes in transcriptional programs, with significant upregulation 

of T-bet, Hobit, and Blimp-1 transcriptional factors associated with effector functions (142). 

  

 Unlike Vγ9+Vδ2, Vγ9⁻Vδ2 cells lack the response to HMB-PP and are unresponsive to 

IL-12/IL-18 stimulation, which illustrates their adaptive-like behaviour and different antigen 

targets. In addition, the highly private TCRγ repertoires and clonal expansion during acute 

CMV infections indicate their characteristics highly resemble those of Vδ1+ cells (147).  

 

1.8.2.3. Vδ1 subset 

 

 As previously described, Vδ1 T cells are marked by an adaptive-like immunobiology. 

The proportions of this subset in peripheral blood are typically lower than that of Vδ2 cells, 

presenting 10–30 % of γδ T cells. However, the Vδ2/Vδ1 ratio may decrease in certain 

conditions, such as during viral infections like CMV, or with aging (161,162). In addition, Vδ1 

T cells are more frequent in solid tissues, where they play important role in epithelial tissue 

immunosurveillance (163,164).   

 The Vδ1 T cells in peripheral blood exhibit either a naïve CD27hi or effector-like 

CD27lo/neg phenotype, with CD27hi profiles associated with unexpanded clonotypic variants, 

while CD27lo/neg phenotype is characteristic of clonally expanded cells that have undergone 

antigen-driven differentiation (141,156). In addition to CD27, naïve-like Vδ1+ T express 

markers such as IL7Rα, CD28, CCR7, and CD62L, and transcription factors like TCF7, LEF1, 

JAML, and MYC, which are vital for maintaining stem-like properties and self-renewal. 

Effector-like Vδ1+ cells, on the other hand, upregulate T-bet, and BLIMP-1, which are essential 

for effector functions and cytotoxicity. CD27neg effector Vδ1+ T cells also show higher levels 

of CD8, CD56, CD16, and TIGIT, along with increased Granzyme A/B, perforin, and CX3CR1, 

altogether indicating enhanced cytotoxic potential, tissue migration, and NK-like properties 

(141,142,156). Furthermore, the identification of over 1,000 differentially expressed genes 



Ocje
na

 ra
da

 

u t
ije

ku

19 
 

illustrates the profound molecular changes that Vδ1 T cells undergo as they shift from a naïve 

to an effector state (142).   

  Vδ1 T cells have demonstrated a remarkable versatility in their reactivity, displaying 

both antigen-dependent and antigen-independent reactivities toward diverse antigen-presenting 

molecules, but also molecules that do not serve a conventional antigen-presenting role. To date, 

Vδ1 T cells have been shown to recognise lipid-presenting molecules like CD1b (165), CD1c 

(166), and CD1d (136), either in an autoreactive or antigen-bound manner. Similarly, Vδ1 cells 

also demonstrated antigen-independent binding to MR1 (167), a molecule that presents 

microbial metabolites to MAIT cells. In addition, like Vδ2 cells, Vδ1 cells express NKG2D 

receptors through which they respond to stress-inducible molecules such as MICA and MICB 

(168).   

 In summary, human Vδ1+ cells portray unique blend of adaptive and unconventional 

characteristics which are reflected in the private and focussed TCR repertoires, combined with 

the flexible, rapid, and non-MHC restricted unconventional immune monitoring.  

 

1.8.2.4. Vδ3 subset 

 

 Unlike Vδ2 and Vδ1 subsets, Vδ3 lymphocytes are rare in peripheral blood, which has 

led to far less research on this subset. Nevertheless, Vδ3 cells have been found at higher 

proportions in the liver (163) and gut epithelia (169), where they are believed to play important 

roles in antimicrobial responses, which is supported by their expansion and upregulation of 

cytotoxic phenotypes in individuals with infections like CMV (170), HIV (171) and hepatitis 

C (57).   

 Although the phenotypic characteristics of Vδ3 cells have not been extensively 

characterised, a few studies suggested their phenotypes resemble those of Vδ1 and iNKT cells. 

For example, in a flow cytometry study investigating the roles and phenotypes of peripheral γδ 

T cells during malaria infection, Vδ3 cells did not form a distinct population, but instead 

clustered with Vδ1 cells, indicating their similarities. Vδ3 cells displayed either naïve CD27+ 

CD127+ or CD27neg, CCR7neg, CD45RA+CD16+ effector-like profile. However, when 

compared to Vδ1 cells, the Vδ3 subset demonstrated a higher frequency of CD94 and CCR6 

expression. In another study, Vδ3 cells exhibited variable expression of NK-associated 

receptors like CD56, CD161, CD94, and NKG2D. In addition, following the recognition of 

CD1d, activated Vδ3 cells produced pro-inflammatory cytokines including TNF-α, INF-γ, and 
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IL-17(173).  

 Aside from the reactivity to CD1d, a subset of Vδ3 cells have showed antigen-

independent MR1 reactivity, another feature shared with Vδ1 cells (167,174). This 

autoreactivity, together with the findings of increased proportions of Vδ3 cells in autoimmune 

disease like SLE (60) may suggest their involvement in autoimmunity. However, further 

investigations are needed to elucidate the functionalities, phenotypes, and antigen specificities.  

 

1.8.3. γδ T cells in psoriasis 

 

 The involvement of γδ T cells in psoriasis has been defined in many studies, presenting 

them as major producers of IL-17, through which they significantly contribute to skin 

inflammation. However, most of these findings stem from psoriasiform murine models, where 

psoriasis-like lesions are induced by topical application of imiquimod (120,125,176). Although 

these lesions display pathohistological homology to those seen in humans, such as epidermal 

thickening and immune cell infiltration (177), this model lacks certain key elements for 

studying of the role of T cells in psoriasis, especially γδ T cells. In particular, murine skin 

comprises γδ T cells called dendritic epidermal T cells (DETC) which make about 50–70% of 

epidermal T compartment. In contrast, human skin does not have a direct equivalent to DETCs 

and contains relatively low proportions of γδ T cells in the skin (<10 % of cutaneous T cells) 

(96,105). In addition, as the psoriasis does not develop in mice naturally, the antigen 

specificities and, more importantly, systemic effects of the disease reflected in circulating T 

cells could not be investigated.   

 Human studies investigating the contribution of γδ T cells in psoriasis are relatively 

scarce, however, there is a consensus on the involvement of the Vγ9Vδ2 subset. It has been 

found that the proportions of Vγ9Vδ2 cells among circulating CD3+ T cells are significantly 

decreased in psoriasis patients, with this reduction being particularly pronounced in individuals 

with more severe forms of the disease. Interestingly, when dissecting Vγ9Vδ2 cells based on 

the CLA expression, only CLA+ circulating cells were found to be contracted in psoriatic 

patients, while the frequencies of CLA– cells remained unchanged. Moreover, Vγ9Vδ2 cells 

were enriched in both psoriatic lesions and non-lesional skin compared to healthy controls. 

Additionally, peripheral CLA+ Vγ9Vδ2 cells were found to produce pro-inflammatory 

cytokines such as IFN-γ, TNF-α, and IL-17, although IL-17-secreting cells comprised only 0.4 

% of all CLA+ Vγ9Vδ2 cells (105).   
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 A recent study confirmed that Vγ9Vδ2 cells were significantly less frequent in the 

blood of PV patients, with an inverse correlation to PASI score, and higher proportions of Vδ2 

cells in psoriatic lesions (119). This study further yielded the concept that heightened Vγ9Vδ2 

activation in lesions was linked to a substantial up-regulation of BTN3A1 on monocytes. 

Further phenotypic analysis revealed an acquisition of a “more experienced” character of 

Vγ9Vδ2 in psoriasis patients, marked by a decrease in CD27+CD45RA– populations and an 

expansion of the CD27–CD45RA+ subset. Interestingly, the RNA-sequencing of peripheral 

Vγ9Vδ2 cells revealed over 2000 differentially expressed genes, with genes associated with 

inflammatory response, TNF-mediated signalling, T cell activation and proliferation being 

upregulated. Regarding cytokine production, peripheral Vγ9Vδ2 cells produced IFN-γ and 

TNF-α, while IL-17 production was minimal (less than 0.01% of Vδ2 cells). In contrast, 

immunofluorescence analysis of skin biopsies estimated that about 40% of cutaneous Vδ2 cells 

express IL-17, indicating their functional plasticity in psoriatic lesions (119). Another research 

on γδ T lymphocytes in psoriasis supports this finding by demonstrating that about 15% of in 

vitro IL-23-stimulated dermal γδ T cells produce IL-17 (120).  

 In contrast, a recent study of peripheral γδ T cells in psoriasis found no reduction in 

Vδ2 proportions but revealed sex-based differences. Specifically, altered γδ T cell proportions 

were seen only in male patients, with an expansion of Vδ2+γδ TCRhi and Vδ1–Vδ2– γδ TCRint 

cells among diseased individuals compared to controls. In addition, RT-qPCR transcriptomic 

profiling revealed lower expression of RUNX3, IL18R, and PLZF in bulk γδ T cells (178). 

 A recent study examining γδ TCR repertoires in skin samples from psoriasis patients 

found higher diversity of TRG/TRD clonotypes, with no significant differences in the V, D, or 

J gene usage in CDR3 regions. Additionally, immunostaining of psoriatic lesions confirmed 

prior findings of high γδ T cell infiltration in affected skin, which positively correlated with 

PASI scores (179). 

 In summary, the composition and blood-to-skin redistribution of γδ T cells, particularly 

Vγ9Vδ2 cells, appear to be altered in psoriasis, implicating these cells in the pathogenesis of 

the disease. Recent studies indicate that the proportions of Vδ1 cells remain stable in psoriasis, 

and therefore the phenotypic and functional characteristics of this subset, as well as other γδ T 

cell populations such as Vδ3+, have not been probed. On a similar vein, while the involvement 

of Vγ9Vδ2 cells in psoriasis has been appreciated, an in-depth characterisation of their 

transcriptomic and phenotypic profiles would provide critical insights into their specific 

contributions to the underlying immune perturbations in the disease. 
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1.9. MAIT cells 

 

Mucosal-associated invariant T (MAIT) cells are a population of innate-like T cells 

highly abundant in human liver and various epithelial and mucosal sites, including the skin, 

intestine, respiratory, and urogenital tracts (180,181). In peripheral blood, MAIT cells typically 

account for an average of 2% of the total T cell population, with reported ranges varying from 

0.1% to 10% (181–185). MAIT cells are defined by an invariant TCRVα7.2 chain and 

conserved ability to recognize bacterially derived intermediates of riboflavin (vitamin B2) 

biosynthesis displayed by the monomorphic MR1 (MHC class I-related protein) molecule 

(186,187). These cells are crucial in antimicrobial immunity, responding to a broad range of 

bacterial and fungal ligands. Their activation is primarily driven by the presentation of 

microbial metabolites, such as 5-OP-RU (5-(2-oxopropylideneamino)-6-D-ribitylaminouracil), 

a potent MR1 ligand that effectively stimulates MAIT cells (188,189). In contrast, other MR1-

presented molecules, such as 6-formylpterin (6-FP), a derivative of vitamin B9 (folate), 

generally fail to elicit MAIT cell activation (187).   

 In addition to their invariant TCR, MAIT cells are characterised by high expression 

levels of the C-type lectin-like receptor CD161 and the transcription factors PLZF and RORγt, 

which contribute to their innate-like properties and their capacity for rapid cytokine production. 

They also express high levels of receptors for the pro-inflammatory cytokines IL-12 and IL-

18, important in TCR-mediated activation and MR1-independent innate responses 

(181,184,190,191). Circulating MAIT cells express high levels of CD127 (IL-7Rα), CD95 

(Fas), NKG2D, CD26, and chemokine receptors such as CCR2, CCR5, CCR6, and CXCR6, 

which likely guide their trafficking to mucosal and inflamed tissues (181,182).  

Based on the expression of CD8 and CD4 co-receptors MAIT cells can be classified 

into distinct subsets: CD8⁺, CD4⁺, double-negative (DN, CD4⁻CD8⁻), and double-positive (DP, 

CD4⁺CD8⁺). The majority of MAIT cells (~70-80%) express CD8, while a smaller proportion 

(~15%) are DN. CD4+ MAIT cells are comprising only a small fraction of the population 

(~5%), with the DP subset being equally or even less common (180–182,184,185,190,192).

 The proportion of MAIT cells in peripheral blood exhibits significant age-dependent 

variation, with frequencies peaking around 25–30 years and subsequently declining in later 

decades, reaching very low levels in the elderly (184,185,193–195). This decline is most 

pronounced in the CD8+ subset (184,185,193–195), while the frequency of DN MAIT cells is 

more variable, with some studies reporting stable levels (185,195) and others showing a gradual 

decrease with age (184). The frequency of CD4+ MAIT cells also displays inconsistent 
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findings, with studies reporting an age-associated increase (185,195), or no clear correlation 

with age (184). Alongside the reduction in MAIT cell frequency, there is a shift in cytokine 

production from a Th1-dominant response to an increased Th2-like profile, evidenced by a 

higher IL-4/IFN-γ ratio in CD8+ and DN subsets (185). Despite the overall decrease in 

frequency, MAIT cells retain key effector functions with age, as indicated by higher baseline 

levels of GzmB, IFN-γ, and CD107a (195). Interestingly, the frequencies of MAIT cells are 

positively correlated with those of Vδ2+ cells, suggesting that both populations may be 

similarly influenced by genetic or environmental factors (184).  

 

1.9.1. Heterogeneity of MAIT subsets 

 

Due to their invariant TCR, which is highly specific for MR1-bound riboflavin 

metabolites, and a conserved set of surface markers, MAIT cells initially appeared to constitute 

a homogenous population. However, studies from the early 2010s, along with more recent 

advances in single-cell transcriptomics, proteomics, and refined functional assays, have 

revealed substantial heterogeneity within the MAIT cell population. This heterogeneity is 

reflected in phenotypically distinct subsets, characterised by variations in CD8/CD4 

expression, diverse functional profiles, and transcriptomic programs, indicating specialized 

roles in immune responses (182,184,196).   

 For example, CD8+ MAIT cells show higher basal levels of IL-12R and IL-18R than 

DN cells, along with increased expression of co-stimulatory molecules CD2, CD9, and the 

inhibitory receptor PD-1. Furthermore, CD8⁺ MAIT cells are characterised by strong type 1 

effector functions, producing slightly higher levels of IFN-γ and TNF-α than DN cells, and 

possess significant cytotoxic potential through elevated levels of granzyme B, granulysin, and 

perforin. They also express higher levels of cytotoxicity-associated receptors CD94A/NKG2A 

and NKG2D and transcriptional factors T-bet and Eomes, aligning with a robust effector profile 

(182,184,196,197). Despite similar cytotoxic functions, transcriptomic analyses have revealed 

that CD8+ and DN subsets differ by approximately 600 genes, with CD8+ MAIT cells 

displaying elevated expression of genes such as KLRK1, NKG7, CCL5, and IL12RB2 

(182,196). In contrast, DN MAIT cells display higher levels of PLZF and increased propensity 

for apoptosis, along with an elevated RORγt/T-bet ratio and increased IL-17 production upon 

stimulation, consistent with type 3 immune profile (196).  

 The CD4+ MAIT subset, though rare, shows a unique profile with reduced type 1 
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effector functions and decreased cytotoxic potential, as indicated by lower production of IFN-

γ and TNF-α and an almost absent expression of cytotoxic markers (e.g., CD69, CD56, 

NKG2A, NKG2D, NKG7, GzmA, GzmK, GzmB, perforin) compared to CD8+ and DN 

populations (182,184,198). Furthermore, transcription factors linked to effector function like 

Eomes, PLZF, and RORγt are expressed at lower levels in CD4⁺ MAIT cells. Instead, CD4+ 

MAIT cells exhibit higher levels of CD25 (IL-2Rα), CD127 (IL7R), CTLA4, CCR4, CCR7, 

CD62L, and TNFRSF4 (OX40), and display enhanced ability to produce IL-2, suggesting 

distinct costimulatory signals, potentially greater sensitivity to IL-2 signalling, and tissue-

homing potential (182,184,198).  

 The TCR repertoire of MAIT cells also shows distinct characteristics according to the 

phenotype defined by the expression of CD8/CD4 costimulatory molecules, with reports 

indicating greater diversity within CD8+ MAIT cells compared to their DN counterparts 

(196,199). In particular, the TCRβ chain of CD8+ MAIT cells encompasses a broader range of 

TRBV segments and a higher number of unique TCRα and TCRβ clonotypes compared to DN 

subset, indicating a more diverse antigen recognition potential. Despite differences in 

clonotypic diversity, both CD8+ and DN subsets share overlapping clonotypes within their 

TCRα and TCRβ repertoires, indicating a conserved capacity for antigen recognition 

(196,199).  

 While murine MAIT cells comprise distinct MAIT1 and MAIT17 subsets (200), recent 

comprehensive research of human blood and liver MAIT gene signature has revealed that 

analogous human MAIT subsets could not be detected. Specifically, human MAIT cells were 

found to possess the ability to produce IL-17 under dual TCR and cytokine stimulation 

conditions, displaying a unique gene expression profile compared to IL-17⁻ cells. However, 

the largely similar transcriptional and functional profiles of IL-17+ and IL-17⁻ cells, along with 

overlapping TCR repertoires and no significant differences in TRAJ and TRBV usage, indicate 

that IL-17 producing MAIT cells represent an activation state rather than a distinct subset (199).  

 

1.9.2. MAIT T-cell receptor characteristics 

 

In contrast to the extensive diversity of T-cell receptors found in conventional αβ T 

cells, MAIT cells exhibit a more restricted TCR repertoire due to their semi-invariant TCRα 

chain. In conventional αβ T cells, the TCRα chain is generated through recombination of 54 

functional TRAV gene segments with 61 functional TRAJ variants (201). By contrast, in MAIT 
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cells, the TCRα chain is mainly formed by TRAV1-2 recombination with TRAJ33, with less 

frequent pairings involving TRAJ12 and TRAJ20, very rare associations with other joining 

segments, and minimal junctional variability (184,190,199) (Figure 5). Crystallographic 

studies have revealed that the recognition of riboflavin metabolites by the MAIT TCR is 

primarily mediated through a direct interaction between the conserved Tyr95α residue within 

the J region of the CDR3α loop (202,203), with this interaction being critical for MR1 binding. 

Meanwhile, sequence variations in CDR3β loop subtly modulate antigen recognition in an 

antigen-dependent manner (186,188). The MAIT TCRβ chain provides greater diversity, 

although with a significant bias to TRBV6 and TRBV20 gene families (190,204). Initially, 

MAIT cells were thought to express a limited range of TCRβ chains, however, advances in 

TCR sequencing have revealed a broader array of TRBV genes that contribute to increased 

variability within the MAIT TCR repertoire (190,199,205,206).  

 MAIT cells also exhibit distinct αβ chain pairing patterns. For example, TCRα chains 

containing TRAJ12 or TRAJ20 preferentially pair with TRBV6-4 TCRβ chains, while TRAJ33 

TCRα chains pair more frequently with TRBV20-1 or TRBV4 TCRβ chains (190,199,206). 

Due to the restricted nature of the MAIT TCRα repertoire, many MAIT cells share identical 

CDR3α sequences but differ in their TCRβ chains, which are more variable. Consequently, 

CDR3α sequences are often shared across different donors, while TCRβ clonotypes tend to 

remain largely private, contributing to individual uniqueness of MAIT TCR repertoires (199).  

The emerging understanding of MAIT cell diversity is further expanded by the 

identification of MR1-autoreactive and folate-reactive MAIT cells in peripheral blood which 

exhibit greater TCR diversity and antigen specificity than previously appreciated. While some 

of these cells express the conventional MAIT-specific TRAV1-2 chain, others lack this variant 

and are thus referred to as ‘atypical MR1-restricted’. These atypical MR1-restricted cells are 

rare in the peripheral blood (~0.01-0.05% of CD3+ T lymphocytes) (192,207), display 

phenotypic heterogeneity, more diverse TCRα and TCRβ chains than canonical MAIT cells, 

and lack the canonical Tyr95a residue (186).  

In summary, the MAIT TCR repertoire, though semi-invariant, exhibits considerable 

diversity, especially in TCRβ usage and CDR3β composition. This variability potentially 

broadens the scope of antigen recognition and MR1-restricted reactivity by MAIT cells, raising 

new questions about the range of antigens that MAIT cells may detect and respond to. 
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Figure 5. The schematic illustration of the MAIT T-cell receptor assembly.  

 

1.9.3. TCR-dependent and cytokine-induced modes of MAIT cell activation  

 

MAIT cells can be activated through TCR-dependent antigen recognition or through 

cytokine signalling, particularly via IL-12 and IL-18, independent of direct antigen engagement 

(Figure 6). Upon activation, MAIT cells rapidly produce type 1 cytokines (IFN-γ, TNF-α) and, 

under specific conditions, type 3 cytokines (IL-17, IL-22). They also display potent cytotoxic 

activity mediated by the expression of cytolytic molecules such as perforin and granzymes 

(GzmA, GzmK, GzmB). In their resting state, MAIT cells predominantly express GzmA and 

GzmK, with low levels of perforin and granulysin, and minimal or absent GzmB expression 

(181,182,190,208,209).   

 TCR and cytokine-mediated activation induce distinct signalling pathways that lead to 

specific transcriptional and functional profiles. TCR stimulation triggers a rapid, 

polyfunctional response, with elevated expression of TNF-α, IFN-γ, IL1-7A and IL-22. In 

contrast, cytokine-driven activation produces IFN-γ with a delayed response (210). TCR 

engagement promotes pro-inflammatory cytokine genes (IL1B, IL2, IL6, IL10, IL17A, IL17F, 
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IL21, IL22), transcription factors (EGR1, EGR2, RORγt, ZBTB16), chemokines (CCL3, 

CCL4, CCL20), and co-stimulatory molecules (CD25, and TNFRSF9), supporting immune 

cell recruitment, proliferation, and effector function (199,210). In contrast, cytokine-driven 

activation preferentially induces genes such as BATF, STAT1, IKZF1, IFNG, and IL26. 

Notably, genes like GZMB, TBX21, NFATC1 and STAT4, are upregulated in both activation 

contexts, reflecting a core MAIT cell response (199,210). 

 

Figure 6. TCR-dependent and cytokine-induced modes of MAIT cell activation. TCR-

dependent activation occurs through MR1-antigen presentation, leading to the upregulation of 

transcription factors RORγt, PLZF, T-bet, and Blimp-1, and multiple cytokines, while cytokine-

induced activation involves upregulation of T-bet and Blimp-1, resulting in predominant IFN- 

γ secretion. Created with Biorender. 

 

1.9.4. MAIT cells in psoriasis 

 

Accumulating evidence implicates MAIT cells in autoimmune and inflammatory 

diseases, with studies frequently reporting reduced frequencies in peripheral blood and 

increased presence in lesional tissues (192,211,212). However, results vary, with some studies 

finding no overall frequency changes but rather shifts in subset composition or functional 

capacities (192). Whether changes in MAIT cell numbers and functions in autoimmune 

diseases reflect MR1-mediated self-antigen recognition or cytokine-driven responses within 

the inflammatory milieu remains unclear. 

The role of MAIT cells in psoriasis, however, remains largely underexplored, with only 

a few studies addressing their involvement in the disease. Early research relied on surrogate 
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markers for MAIT cell identification (107), while more recent studies have employed MR1-

tetramer based approaches, albeit with modest sample sizes (205) or limited phenotypic 

markers (178).  

 The first targeted investigation of MAIT cell presence and characterisation in psoriatic 

lesions was conducted in 2014 (107). This study identified MAIT cells within psoriatic plaques, 

defined as CD3+CD8+CD161+IL18Rα+, though at frequencies comparable to those found in 

healthy skin. This finding was later supported in a study investigating various cutaneous 

inflammatory diseases, which reported a slight, yet statistically insignificant increase in MAIT 

cells within psoriatic lesions compared to healthy skin (213). Notably, however, lesional MAIT 

cells were found to produce IL-17, a characteristic rarely observed among MAIT cells in 

normal skin (107). In addition, a higher proportion of circulating MAIT cells expressed CLA 

compared to conventional CD8+ αβ T cells, suggesting a potential enrichment in their skin-

homing capacity.   

 A more recent study examining circulating MAIT cells of psoriasis patients found no 

significant differences in the frequency of total circulating MAIT cells, nor within the largest 

CD8+ and DN populations when compared to healthy controls. However, male psoriasis 

patients exhibited significantly lower proportions of CD4+ and DP MAIT cells. At the 

transcriptional level, circulating MAIT cells of PV patients displayed reduced levels of EOMES 

and CCR6, alongside upregulation of RORC, suggesting a potential shift toward a Th17-like 

phenotype (178).   

 Further investigation of the TCRβ repertoire of circulating MAIT cells revealed TRB 

repertoires in psoriasis patients undergo significant age-related reshaping, characterised by 

heightened clonal expansion, an effect not observed in age-matched healthy controls. 

Additionally, the identification of psoriasis-enriched clonotypes, with overlap to previously 

reported clonotypes in peripheral blood as well as lesional and non-lesional skin, pointed to a 

potential presence of psoriasis-specific clonotypes and plausible recirculation of MAIT cells 

between lesional skin and peripheral blood (205).  

 Overall, while these studies have provided foundational insights into the involvement 

of MAIT cell in psoriasis, particularly regarding numeric and phenotypic alterations, the 

functional implications and underlying mechanisms driving these changes remain poorly 

understood. To address these gaps, larger, more comprehensive studies are needed to confirm 

frequency alterations, uncover transcriptomic signatures, and enable detailed phenotypic 

characterisation. 
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2. AIMS AND HYPOTHESES 

 

Psoriasis vulgaris is a common, chronic, inflammatory skin disease characterised by 

multifaceted aetiology that encompasses genetic, environmental and immune components. Due 

to a range of associated comorbidities and signs of systemic inflammation, psoriasis is 

increasingly recognised not merely as a localised skin condition, but as a systemic disorder 

with broader implications for overall health.  

Among the diverse immune cells implicated in the pathogenesis of psoriasis, T cells have 

emerged as central players. While the roles of conventional T cell subsets in initiation, 

progression and amplification of the inflammatory processes are well-established, the specific 

contributions of unconventional T cells, such as mucosal-associated invariant T (MAIT) cells 

and γδ T cells, remain poorly understood. Although these cell populations have been implicated 

in the pathogenesis of psoriasis, research in human subjects remains limited, often relying on 

a modest range of markers for their characterisation.  

To address these gaps, this study aims to provide a comprehensive analysis of MAIT and 

γδ T cells, including their phenotypic, transcriptomic, and T cell receptor (TCR) repertoire 

profiles. This detailed characterisation seeks to deepen our understanding of their roles in 

disease pathophysiology and contribute to guiding future research efforts. 

Building on previous findings regarding the characteristics of unconventional T cells in 

psoriasis and other autoimmune/autoinflammatory diseases, this study hypothesizes that: 

1. The proportions, phenotype and gene expression profiles of circulating MAIT and γδ T 

cells, specifically markers related to activation, differentiation, migration and effector 

function, will differ significantly between patients with psoriasis and healthy controls. 

2. The TCR repertoire of these unconventional T cells will display distinct clonal patterns 

in psoriasis patients compared to healthy individuals. 

3. These differences will correlate with anthropometric and biochemical characteristics, 

as well as indicators of disease severity. 
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3. MATERIALS AND METHODS 

 

3.1. Subjects 

 

Peripheral blood samples from patients with psoriasis vulgaris and healthy control subjects 

were collected as part of the Croatian Science Foundation (CSF) project “NGS analysis of 

MAIT and γδT cell transcriptome: phenotype, function and TCR repertoire in the aetiology of 

psoriasis vulgaris” (CSF-UIP-2019-04-3494, PI: Assoc. Prof. Stana Tokić). A total of 101 

samples used in this case-control study (66 psoriasis vulgaris patients and 35 healthy 

examinees) were obtained between February 2020 and December 2023.  

Participants were recruited at the Department of Dermatology and Venereology, University 

Hospital Osijek during routine diagnostic procedures. Eligible patients were treatment-naïve 

adults over 18 years of age with a confirmed diagnosis of psoriasis vulgaris, verified through 

both clinical and histopathological assessment. The control group comprised healthy adults, 

matched by age and gender to the psoriasis cohort, who were selected during routine 

dermatological consultations for benign, non-infectious, and non-allergic skin conditions. 

To ensure the validity of the study and avoid confounding factors, exclusion criteria for 

both groups included the presence of autoimmune, malignant, or infectious diseases, as well as 

any allergic reactions within six weeks prior to sample collection.  

Before sample collection, participants were given detailed oral and written explanations of 

the study's objectives, methods, and expected outcomes. They were also informed of their right 

to withdraw from the study at any point. All participants provided written informed consent 

prior to their involvement in the study. Each participant was assigned a unique coded 

identification number to maintain data confidentiality throughout the collection, processing, 

and data analysis. Ethical approval was obtained from the Ethics Committee of the Faculty of 

Medicine in Osijek (Certificate No. 2158-61-07-19-126, October 11, 2019) and the Ethics 

Committee of the Clinical Hospital Centre Osijek (Certificate No. R2-12487/2019, September 

12, 2019). 

For all participants, demographic data (name, age, and gender) were recorded, and 

anthropometric measurements (height and weight), were taken to calculate body mass index 

(BMI). A detailed medical history was also obtained, including the age of psoriasis onset, 

presence of comorbid conditions, and current medication use. For psoriasis patients, disease 
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severity was assessed using the Psoriasis Area Severity Index (PASI) (9,214), while the impact 

on quality of life was evaluated with the Dermatology Life Quality Index (DLQI) (10). 

As part of the diagnostic evaluation, the following diagnostic tests were conducted: 

complete blood count, high-sensitivity C-reactive protein (hsCRP), erythrocyte sedimentation 

rate (ESR), cholesterol, and triglyceride levels. In addition, serological markers for 

Mycobacterium tuberculosis (QuantiFERON-TB Gold test), hepatitis B (anti-HBs, HBsAg, 

anti-HBc IgG, anti-HBc IgM, HBeAg, anti-HBe), hepatitis C (anti-HCV), and cytomegalovirus 

(anti-CMV IgG/IgM) were analysed. 

 

3.2. Peripheral blood mononuclear cell (PBMC) collection, cryopreservation, and 

thawing 

 

Peripheral blood samples (20 ml) were drawn from fasting subjects in the morning and 

collected in heparin-coated tubes. The samples were immediately processed for PBMC 

separation using Lymphoprep gradient density medium (Stemcell Technologies, Vancouver, 

Canada). Lymphoprep, with a density of 1.077 g/mL, is specifically formulated to separate 

lymphocytes and other mononuclear cells from whole blood through density gradient 

centrifugation. During centrifugation, the density gradient formed by Lymphoprep allows for 

the separation of blood components: denser granulocytes and erythrocytes pass through the 

Lymphoprep medium, while less dense lymphocytes and monocytes remain at the interface 

between the Lymphoprep medium and plasma. This interface is then carefully collected to 

isolate PBMCs. 

 

PBMC isolation and cryopreservation protocol:  

Whole blood was diluted with an equal volume of saline solution (0.9% NaCl). 

Subsequently, up to 20 ml of the diluted blood was gently layered onto 15 ml of Lymphoprep 

medium. The tubes were then centrifuged at 800 × g for 25 minutes at room temperature, with 

the centrifuge set to break-off. Following centrifugation, the PBMC layer, which formed at the 

interface between the Lymphoprep medium and the plasma, was carefully collected and 

transferred into a new 15 ml tube (Figure 7). Phosphate-buffered saline (PBS) was added to the 

PBMCs to approximately 15 ml. A subsequent centrifugation was performed at 400 × g for 10 

minutes at room temperature. The supernatant was discarded, and the PBMC pellet was 

resuspended in 5 ml of PBS. The number and viability of the cells were determined using the 
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LUNA-II Automated Cell Counter (Logos Biosystems, South Korea), following the 

manufacturer’s protocol. Briefly, cell suspension was mixed with Trypan blue dye at a 1:10 

dilution ratio, and 10 µl of this mixture was used for cell counting. Following this, the 

resuspended PBMCs were centrifuged again at 400 × g for 5 minutes to pellet the cells. The 

PBMC pellet was then resuspended in pre-chilled (4°C) cryopreservation medium (10% 

dimethyl sulfoxide (DMSO [Sigma Aldrich, Germany]) in foetal bovine serum [Sigma Aldrich, 

Germany]), in aliquots of 4-5 × 106 cells per vial. 

Cryovials were placed in a Mr. Frosty container (Thermo Fisher Scientific, USA) at -80°C 

for 48 hours before being transferred to a liquid nitrogen tank for long-term storage.  

 

 

 

Figure 7. Separation of PBMCs from blood using Lymphoprep. The left panel shows a 

blood sample layered onto the Lymphoprep medium before centrifugation. The right panel 

shows the separation after centrifugation, with PBMC layer outlined. Author’s work. 

 

PBMC thawing protocol: 

Cryopreserved PBMCs were rapidly thawed in a 37°C water bath and subsequently 

transferred to a 15 ml Falcon tube. For each millilitre of thawed cell suspension, 4 ml of pre-

warmed (37°C) supplemented RPMI-1640 medium (10% foetal bovine serum [FBS], 1% 

sodium pyruvate [Capricorn Scientific, Germany], and 0.01M HEPES [Sigma Aldrich, 

Germany]) was added. The cell suspension was then centrifuged at 350 × g for 5 minutes to 

pellet the cells. The resulting cell pellet was resuspended in 5 ml of MACS buffer (1x PBS, 

0.075% EDTA, and 0.05% BSA). The number and viability of the cells were determined using 

the LUNA-II Automated Cell Counter (Logos Biosystems, South Korea). 
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3.3. Flow cytometry 

 

Cryopreserved PBMCs (1 x 106 cells) were used for γδ T and MAIT cell 

immunophenotyping. To identify MAIT cells, the cells were stained with a combination of 

anti-CD3ε, MR1-5-OP-RU-loaded tetramer and anti-TCRVα7.2 antibodies. MAIT cells were 

then further characterised based on CD4 and CD8 expression, classifying them into CD4+, 

CD8+, CD4-CD8- double negative (DN) or CD4+CD8+ double positive (DP) subsets. CD3 and 

pan-γδTCR antibodies were used to identify γδ T cells, while Vδ2+, Vδ1+, and Vδ1- Vδ2- 

subpopulations were distinguished by TCRVδ2 and TCRVδ1 antibodies, respectively. 

Antibodies used are listed in Table 1.  

 

Staining protocol: 

For the staining procedure, 0.5 x 106 cells were aliquoted into 1 ml of PBS, and 0.25 µl of 

Live/Dead Fixable Near IR Dead fluorescent dye (ThermoFisher Scientific, USA) was added 

to stain dead cells. The cells were incubated for 15 minutes at +4°C in the dark, followed by a 

wash with 1 ml of PBS and centrifugation at 350 × g for 5 minutes. The supernatant was then 

removed. To block non-specific binding, 2.5 µl of human FcR blocking agent (TruStain FcX, 

Biolegend, USA) was added, and the cells were incubated for 5-10 minutes at room 

temperature in the dark. For the staining of γδ T cells, an antibody cocktail including CD3, γδ 

TCR, TCRVδ1, and TCRVδ2, was added to an aliquot of cells. MAIT cells were stained 

through a two-step process. First, 20 µl of a 1:100 dilution of the MR1-5-OP-RU tetramer was 

added, followed by incubation at + 4°C in the dark for 20 minutes. After this, 80 µl of a MAIT 

cell antibody cocktail containing CD3, CD4, CD8, and TCRVα7.2 was added, and incubation 

continued under the same conditions for an additional 20 minutes. After incubation, the cells 

were washed twice with 2 ml of PBS and centrifuged at 350 × g for 5 minutes.  

 

Table 1. Antibodies used in γδ T and MAIT cell immunophenotyping. 

Antibody Fluorochrome Clone Source / manufacturer Dilution Panel 

MR1-5-OP-RU 

loaded tetramer 
APC - 

NIH Tetramer Core 

Facility, as permitted to 

be distributed by the 

University of Melbourne 

(189) 

1:100 MAIT 
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TCRVα7.2 PE 3C10 Biolegend 1:100 MAIT 

CD4 PE-Cy7 SK3 eBiosciences 1:200 MAIT 

CD8 PerCP 
RPA-

T8 
eBiosciences 1:200 MAIT 

CD3 FITC 
UCHT1 

gamma 

Department 

of Immunology and 

Biotechnology, 

University of Pécs, 

Hungary 

1:250 
MAIT and 

γδ T 

γδTCR PE-Cy7 B1 BioLegend 1:100 γδ T 

TCR Vδ1 APC TS8.2 eBiosciences 1:100 γδ T 

TCR Vδ2 PerCP/Cy5.5 B6 BioLegend 1:200 γδ T 

  

 The cells were acquired on BD FACS Canto II cytometer (FACS Canto II, Becton 

Dickinson, San Jose, CA, USA) at the Szentágothai Research Centre in Pécs, Hungary.  

 Compensation parameters were established based on single-stained controls, while gating 

strategies were optimized using fluorescence-minus-one (FMO) controls and MR1-6-FP 

isotype controls. Data analysis was performed using OMIQ Platform (Dotmatics, USA). The 

representative gating strategies are depicted in figures below (Figures 8 and 9).  

 The median viability of thawed PBMC samples, as assessed by flow cytometry, was 98.7% 

(IQR: 97.28-99.5%). 
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Figure 8. Representative gating strategy of MAIT cells. First, lymphocyte population was 

selected based on forward scatter (FSC) and side-scatter (SSC) properties. Then, FSC-area vs. 

FSC-height settings were used to exclude doublets and aggregates. Live cells were detected 

based on the absence of staining with viability dye that penetrates dead cells and binds their 

free amines. CD3+ T cells were further gated based on a positive CD3 labelling, and MAIT 

cells were defined by dual staining with MR1-5-OP-RU tetramer and TCRVα7.2. MAIT cells 

subsets were subsequently defined based on the CD4 and CD8 expression. The sample 

acquisition was conducted using BD FACS Canto II cytometer and data analysis performed 

using the OMIQ Platform. 
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Figure 9. Representative gating strategy of γδ T cells. CD3+ T cells were gated from live, 

single lymphocytes using the same gating methods previously described for MAIT cells. γδ T 

cells were then identified by labelling with γδTCR antibody and were further classified based 

on the expression of TCR Vδ1 and TCR Vδ2. The sample acquisition was conducted using BD 

FACS Canto II cytometer and data analysis performed using the OMIQ Platform. 

 

3.4. Fluorescence-activated cell sorting of peripheral MAIT and γδ T cells 

 

  MAIT and γδ T cells typically comprise between 1% and 20% of peripheral T cells, 

depending on factors such as age, gender, disease status, and the physiological condition of 

individual (144,161,185,194,215,216). To explore the transcriptomic profiles of these T cell 

subsets through bulk RNA-sequencing, it was necessary to enrich them from PBMCs. This was 

achieved via fluorescence-activated cell sorting (FACS).  

 Two-way FACS sorting was conducted using the same staining settings as those 

employed for flow cytometry. Briefly, MAIT cells were identified and sorted as CD3+ 

TCRVα7.2+ MR1-5-OP-RU-tet+ lymphocytes, while γδ T lymphocytes were selected based on 

positive staining with CD3 and γδTCR antibodies. The sorted cells were collected directly into 

500 µl of TRI reagent (Sigma Aldrich, Germany) for immediate RNA extraction. The sorting 
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process was performed using a Bio-Rad S3e cell sorter (Bio-Rad Laboratories, USA) at the 

Department of Immunology and Biotechnology, Medical School Pécs, Hungary. 

 On average, 13.6 x 106 (range: 5.65 x 106 - 24.4 x 106) thawed PBMCs were used for 

sorting, yielding a median of 142, 591 (interquartile range (IQR): 71, 655 – 249, 979) γδ T cells 

and 37, 266 (IQR: 12, 408 - 69, 909) MAIT cells. The gating strategies and compensation 

controls were based on previously validated protocols, using fluorescence-minus-one (FMO) 

and single-stain controls, respectively. 

 To ensure accuracy and post-sort purity, the sorted MAIT and γδ T cell were collected 

into 100% FBS and analysed using a flow cytometer (DxFLEX, Beckman Coulter, USA). The 

median purity of sorted MAIT and γδ T cell populations exceeded 95%, with median values of 

95.88% (IQR: 94.12% - 97.7%) for MAIT cells and 95.62% (IQR: 89.33% - 96.95%) for γδ T 

cells. 

 

3.5.RNA extraction  

 

 Total RNA was extracted from flow-sorted cells collected in TRI reagent using Direct-

zol™ RNA MicroPrep kit (Zymo Research,USA), following manufacturer’s instructions.  

 

RNA extraction protocol: 

 The cells were initially sorted into 500 µl of TRI reagent. For samples with a high yield 

of sorted cells, the cells were sorted in multiple tubes were used to prevent over-dilution of the 

TRI reagent. To prepare the sample for RNA extraction, 100% ethanol was added to the TRI 

reagent in a 1:1 ratio (500 µl), and thoroughly mixed. Next, 700 µl of this solution was 

transferred to a column and centrifuged at 13,000 x g for 30 seconds. The flow-through was 

discarded, and the process was repeated by transferring additional 700 µl portions to the column 

until the entire sample had been processed. Following this, the column was transferred to a new 

tube, and the flow-through was discarded. For purification, 400 µl of Direct-zol™ RNA 

PreWash was added to the column. This was followed by centrifugation at 13,000 x g for 30 

seconds, with the flow-through being discarded. The washing step was repeated once. 

Subsequently, 700 µl of RNA Wash buffer was added to the column, and centrifugation was 

carried out for 1 minute. After the wash, the column was transferred to a new 1.5 ml RNase-

free tube. Finally, 7 µl of DNase/RNase-free water was added to the column, and a final 

centrifugation at 13,000 x g for 30 seconds was performed to elute the RNA. RNA samples 

were stored at -80 °C until further use.  
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 RNA quantification was performed using the DeNovix QFX Fluorometer (DeNovix 

Inc., USA) and the Qubit RNA High Sensitivity Assay kit, according to the manufacturer’s 

guidelines. Briefly, the reagent solution was prepared by adding Qubit™ RNA HS reagent to 

Qubit® RNA HS Buffer in a 1:200 ratio. For each RNA measurement, 1 μl of RNA sample 

was resuspended in 199 μl of the reagent solution. A calibration curve was generated by 

measuring two standards, Qubit™ RNA HS Standards 1 and 2, which were prepared by mixing 

10 μl of each standard with 190 μl of the reagent solution. 

 The RNA yield from sorted MAIT cells ranged from 2.15 ng to 286.16 ng, with a 

median value of 38.7 ng (IQR: 23.85 ng - 64.95 ng). For sorted γδ T cells, the RNA yield varied 

from 8.83 ng to 1342.32 ng, with a median value of 84.67 ng (IQR: 41.4 ng - 162.9 ng). 

 

3.6. Amplicon-based bulk RNA sequencing 

 

In order to explore transcriptomic alterations in γδ T and MAIT cells in patients with PV, 

a targeted, amplicon-based RNA sequencing was employed. Specifically, the commercially 

available Immune Response Panel kit from Illumina was used, designed to simultaneously 

analyse the expression of 395 immunologically relevant genes. This method allows for a 

detailed examination of immune-related gene activity, encompassing key molecular processes 

such as cell activation, effector functions, adhesion, migration, and differentiation. 

Additionally, it provides insights into T cell receptor (TCR) signalling pathways, the 

expression of antigen-presenting molecules, and the regulation of immune responses through 

co-stimulatory and inhibitory receptors, along with chemokine and cytokine receptors. 

 

3.6.1. Library preparation 

 

To investigate the immunotranscriptomes of MAIT cells and γδ T lymphocytes, a total of 

48 sequencing libraries were prepared. Specifically, 24 libraries (12 from patient samples [PV] 

and 12 from healthy controls [HC]) were constructed for MAIT cells, and additional 24 

libraries (12 PV and 12 HC) were prepared for γδ T cells. The Immune Response Panel kit is 

suitable for RNA inputs ranging from 1 to 100 ng, with a standard recommendation of 10 ng 

of high-quality RNA. Sequencing libraries were prepared following the protocol outlined in 

the AmpliSeq for Illumina Immune Response Panel Reference Guide (v06, February 2019). 
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Library preparation protocol:  

The selected RNA samples were diluted with nuclease-free water to a final volume of 7 μl, 

using 20 ng of RNA from γδ T cells and 10 ng from MAIT cells as input for cDNA synthesis. 

A reverse transcription master mix was prepared by combining 5X AmpliSeq cDNA Reaction 

Mix and 10X AmpliSeq RT Enzyme Mix, with 3 μl of this master mix added to each RNA 

sample and mixed thoroughly. The reverse transcription (RT) program was initiated on the 

thermal cycler. 

Reverse transcription (RT) program: 

 Temperature (°C) Time (min) 

Reverse transcription (RT) 42°C 30 min 

Enzyme inactivation 85°C 5 min 

Hold 10°C - 

 

For amplification of target regions, 4 μl of 5X AmpliSeq HiFi Mix, 4 μl of 5X AmpliSeq 

Immune Response Panel, and 2 μl of Nuclease-free water were added to each cDNA sample, 

and the amplification program (AMP) was run.  

 

Amplification program (AMP): 

 Temperature (°C) Time (min) Number of cycles 

Initial denaturation 99°C 2 min 1 

Denaturation 99°C 15 sec 
20 

Annealing/Extension 60°C 4 min 

Hold 10°C - - 

 

To digest primer dimers and partially digest amplicons, 2 μl of FuPa Reagent was added to 

each target amplification reaction, and the FUPA program was executed on the thermal cycler. 

FUPA program: 

 Temperature (°C) Time (min) 

Digestion Step 1 50°C 10 min 

Digestion Step 2 55°C 10 min 

Digestion Step 3 62°C 20 min 

Hold 10°C Up to 1 hour 
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Next, ligation of Index 1 (i7) and Index 2 (i5) flow cell adapters was performed to uniquely 

index each library for dual-index sequencing. This was achieved by sequentially adding 4 μl 

of Switch Solution, 2 μl of AmpliSeq UD Indexes for Illumina, and 2 μl of DNA Ligase. The 

LIGATE program was then run on the thermal cycler. 

 

LIGATE program: 

 Temperature (°C) Time (min) 

Adapter Annealing 22°C 30 min 

Ligation Reaction 68°C 5 min 

Ligation Extension 72°C 5 min 

Hold 10°C Up to 24 hours 

 

For library cleanup, 30 μl of MagSi-NGSPREP Plus beads (Magtivio, Netherlands) were 

added to each library, followed by vortexing and brief centrifugation. After a 5-minute 

incubation at room temperature, the plate was placed on a magnetic stand until the solution 

cleared. The supernatant was carefully removed and discarded, and the wells were washed 

twice with 150 μl of 70% ethanol. The plate was then sealed, briefly centrifuged, and returned 

to the magnetic stand. 

In the second amplification step, 50 μl of amplification master mix (45 μl of 1X Lib Amp 

Mix and 5 μl of 10X Library Amp Primers) was added to the beads, and the AMP_7 program 

was run. 

 

AMP_7 program: 

 Temperature (°C) Time (min) Cycles 

Initial denaturation 98°C 2 min 1 

Denaturation 98°C 15 sec 
7 

Annealing/Extension 64°C 1 min 

Hold 10°C Up to 24 h - 

 

The second cleanup involved two rounds of purification using MagSi-NGSPREP Plus 

beads. In the first round, high molecular-weight DNA was captured by the beads and discarded, 

while the library and primers remained in the supernatant and were transferred to a fresh plate. 

In the second round, the libraries were captured by the beads, while the primers remained in 
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the supernatant. The bead pellet, containing the libraries, was saved and eluted. The plate was 

briefly centrifuged and unsealed, after which 25 μl of MagSi-NGSPREP Plus beads were added 

to each well containing ~50 μl of the library. Following a 5-minute incubation, the supernatant 

(~75 μl) was transferred to a new plate, and 60 μl of MagSi-NGSPREP Plus beads were added. 

After incubation and clearing, the supernatant was discarded, and the wells were washed with 

ethanol, dried, and re-eluted in 30 μl of Low TE buffer. Finally, 27 μl of the library supernatant 

was transferred to a new PCR plate for further quality control analysis. 

 

3.6.2. Library quantification and size assessment 

 

To evaluate the quality and yield of the synthesized sequencing libraries, both 

concentrations and fragment sizes were evaluated. Quantitative PCR (qPCR) was employed to 

measure the library concentrations, while agarose gel electrophoresis was used to determine 

fragment sizes. 

 

3.6.2.1. qPCR quantification 

 

Library quantification was carried out using the KAPA Library Quantification Kit for 

Illumina® platforms (Kapa Biosystems, USA), following the manufacturer’s guidelines. The 

KAPA SYBR FAST qPCR Master Mix, used in the KAPA Library Quantification Kit, contains 

primers specifically designed to target the Illumina P5 and P7 adapter sequences ligated to the 

ends of successfully prepared sequencing libraries. By using these primers, only DNA 

fragments that have been properly ligated with these Illumina adapters are amplified and 

quantified. This makes qPCR-based quantification more specific and accurate compared to 

fluorometric methods (such as Qubit), which measure the total DNA content in the sample, 

including any unused adapters, primer dimers, or other non-library DNA fragments. The 

quantification process is based on the amplification of a set of six pre-diluted DNA standards 

that are used to generate a standard curve. The concentrations of diluted library samples are 

then calculated against the standard curve, using absolute quantification. Libraries with 

concentrations greater than 0.0002 pM can be quantified, regardless of the library type, 

preparation method, or Illumina sequencing platform. 
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qPCR quantification protocol: 

Two microliters from each library were serially diluted twice (1:100) in 10 mM Tris-HCl 

(pH 8.0), resulting in a final dilution of 1:10000, to bring the sample concentration within the 

range of the KAPA standards (0.0002–20 pM). The qPCR mixture comprised 12 μl of KAPA 

SYBR FAST qPCR Master Mix, 4 μl of PCR-grade water, and 4 μl of the diluted library, 

resulting in a total volume of 20 μl. All qPCR reactions were run in triplicate using QuantStudio 

5 real-time PCR instrument (Thermo Fisher Scientific, USA), with data analysis performed 

using QuantStudio Design & Analysis Software v 1.5.2 (Thermo Fisher Scientific, USA). 

 

KAPA quantification qPCR program: 

 Temperature (°C) Time (min) Cycles 

Initial denaturation 95 °C 5 min - 

Denaturation 95 °C 30 s 35 
Annealing/Extension 60 °C 45 s 

Hold 4 ° C ∞ - 

 

3.6.2.2. Agarose gel electrophoresis  

 

 The size of NGS libraries plays a critical role in both the efficiency and accuracy of the 

sequencing process, as each sequencing platform has an optimal library size range that ensures 

optimal performance. For example, Illumina platforms typically require fragment sizes 

between 200-600 bp. Assessing library size prior to sequencing is essential to confirm the 

success and consistency of the library preparation, ensuring that fragments fall within the 

desired range. Moreover, library size assessment is needed for further molarity calculations.  

 

Agarose gel electrophoresis protocol: 

Library fragment sizes were assessed via 1.5% agarose gel electrophoresis. The gel was 

prepared by dissolving 0.75 g of agarose (Bio-Rad, USA) in 50 ml of 1X TBE buffer, and 

adding 5 μl of SYBR Safe gel stain (Thermo Fisher Scientific, USA). For sample loading, 4 μl 

of each library sample was mixed with 1 μl of DNA stain (6x MassRuler Loading Dye, 

Fermentas Life Sciences, USA). A 5 μl of 50 bp DNA ladder (Takara, Japan) was included as 

a size marker. The gel was run at 150 V for 25 minutes, and fragment sizes were estimated 

relative to the DNA marker. 
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The average library size was approximately 300 base pairs. The molarity of the libraries 

was next calculated using the following formula: 𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 (𝑛𝑀) =

 
𝑛𝑔/μlx 106 

660
𝑔

𝑚𝑜𝑙
 𝑥 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒 (𝑏𝑝)

 . 

In accordance with the manufacturer's protocol, the libraries were further diluted to a final 

concentration of 2 nM. Following this, they were denatured and diluted in line with the MiniSeq 

System Denature and Dilute Libraries Guide, Protocol A: Standard Normalization Method 

(v08, September 2020). Only the libraries with a concentration higher than 0.2 nM/μl were 

used for sequencing. 

 

3.6.3. Library denaturation and dilution 

 

 Library denaturation and dilution are essential in preparing NGS libraries for optimal 

hybridization to the flow cell. During denaturation with NaOH, the double-stranded DNA is 

converted into single strands, which will attach to the flow cell surface. Proper dilution adjusts 

the library concentration to the appropriate concentration, ensuring optimal cluster density for 

sequencing. 

 

Library denaturation and dilution protocol: 

For library denaturation and dilution, equal volumes (10 μl) of each 2 nM library were 

pooled into a 1.5 ml tube. Denaturation was achieved by combining 10 μl of the pooled libraries 

with 10 μl of 0.2 M NaOH and incubating at room temperature for 5 minutes. Following 

denaturation, 10 μl of 200 mM Tris-HCl (pH 7.0) was added to neutralize the NaOH. To 

achieve a final concentration of 20 pM, 970 μl of prechilled HT1 buffer was added to the 

denatured library pool. The 20 pM library solution was further diluted to a final loading 

concentration of 1.5 pM, which falls within the recommended range of 1.1–1.9 pM. 

Simultaneously, PhiX control was prepared for sequencing. PhiX is an adapter-ligated 

library derived from a well-characterized bacteriophage, commonly used in next-generation 

sequencing as a control to monitor cluster generation, sequencing, and alignment. Initially, a 

10 nM PhiX stock was diluted to 4 nM. PhiX was then denatured by mixing 5 μl of PhiX with 

5 μl of 0.1 M NaOH and incubated at room temperature for 5 minutes. After denaturation, 5 μl 

of 200 mM Tris-HCl (pH 7.0) was added to neutralize the NaOH, and the denatured PhiX was 

diluted to a final loading concentration of 1.5 pM.  
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Finally, a mixture consisting of 495 μl of the diluted libraries and 5 μl of PhiX control, 

resulting in a PhiX spike-in of 1%, was pipetted into the reagent cartridge for sequencing. 

 

3.6.4. Sequencing 

 

 High-throughput paired-end sequencing with a read length of 2 × 150 bp was carried 

out on MiniSeq Illumina platform using the MiniSeq High-Output Reagent Kit (Illumina, 

USA). The sequencing process included FASTQ file generation, demultiplexing, and adapter 

trimming. 

 

3.6.5. Sequencing run quality control assessment 

 

After sequencing, the Sequencing Analysis Viewer Software (SAV) v2.1 (Illumina, USA) 

was used to evaluate the quality metrics of the sequencing run. SAV is a specialised tool 

designed for quality control, providing a visual interface to assess data generated from Illumina 

sequencing platforms. It offers insight into various QC metrics, of which the Qscore (or Phred 

quality score) distribution is particularly critical. This metric indicates the reliability of base 

calls at different positions in the reads, and a high-quality Qscore distribution (≥ Q30 for more 

than 80 % reads) ensures confidence in the accuracy of the sequencing data.  

In addition to Qscore distribution, the number of bases sequenced, cluster density, 

percentage of reads passing the filter, and the proportion of reads per sample were assessed to 

evaluate the overall quality and performance of sequencing runs. The number of bases 

sequenced indicates sequencing depth and coverage, with higher base counts enhancing the 

reliability of the analysis. Cluster density, defined as the number of clusters of DNA fragments 

generated per unit area on a flow cell, is crucial for optimal run quality, as it affects the 

percentage of reads passing the filter, Q30 scores, and total data output. While underclustering 

can preserve data quality but reduce output, overclustering may lower Q30 scores, introduce 

artifacts, and decrease overall output. The percentage of reads passing the filter (PF%) indicates 

the proportion of high-quality clusters retained after Illumina's chastity filter. Finally, the 

proportion of reads per sample helps ensure data balance, as a lower proportion in one sample 

may indicate issues such as poor library quality or sequencing artifacts. 
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3.6.6. RNA-seq alignment  

 

The RNA-seq alignment pipeline was developed using the Galaxy platform (217). Initially, 

raw FASTQ files containing RNA-seq reads were imported into Galaxy and subjected to 

quality control using FastQC. FastQC provides comprehensive quality control metrics for 

sequencing data by evaluating various several key metrics. It checks the quality scores of each 

base in the reads, summarises overall sequence quality scores to determine if a significant 

portion of reads falls below acceptable threshold, and examines the base composition at each 

position to reveal any biases or contamination. It also analyses the distribution of GC content 

to detect potential sequencing biases, reports the proportion of ambiguous bases ('N') indicate 

issues with base calling, and assessed sequence duplication levels. Overrepresented sequences 

that may suggest contamination are also flagged. 

Following quality assessment, the reads were pre-processed using Cutadapt to remove low-

quality sequences or adapters, with a minimum length cutoff of 20 bp and Q20 quality cutoff. 

This way, all reads shorter than 20 bp or with quality score below Q20 were discarded. The 

cleaned reads were then aligned using the STAR aligner (218), with the GRCh38 reference 

genome sourced from the UCSC Genome Browser. STAR employs a two-step alignment 

process: seed searching and clustering. It initially identifies the longest exact matches between 

read sequences and the reference genome, termed Maximal Mappable Prefixes (MMPs), 

treating these as 'seeds.' The aligner sequentially searches for additional matches in the 

unmapped portions of the reads. When exact matches are not found, STAR extends or soft clips 

sequences to handle mismatches or contaminants, ultimately stitching seeds together based on 

alignment quality. 

After alignment, the resulting alignment files (BAM files) were processed using 

featureCounts to quantify gene expression levels. FeatureCounts generates a count table that 

contains the information on the number of reads mapped to each gene across each sample. This 

matrix was subsequently used in downstream analysis. All evaluated metrics indicated the 

quality of both sequencing runs. 

 

3.6.7. Differential gene expression and enrichment analyses  

 

The R package Deseq2 was applied to analyse differential gene expression (DEG) in PV 

samples relative to healthy controls. Deseq2 is specifically designed for high-dimensional 

RNA-seq count data, performing differential expression analysis based on a negative binomial 
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distribution model. The package provides robust normalization, visualization, and differential 

analysis by employing empirical Bayes methods to estimate priors for log fold change and 

dispersion, and to calculate posterior estimates for these quantities (219). 

Before proceeding with the analysis, the read counts across samples were assessed to 

identify potential outliers, specifically samples with read depths that significantly deviated 

from the others. Samples exhibiting anomalously low read counts were removed to ensure the 

accuracy and robustness of the analysis. 

The analysis was performed using the standard functions provided by the DESeq2 package. 

Before executing the DEG analysis, the low-abundant transcripts were removed to enhance the 

accuracy and reliability of the results. Transcripts with less than 10 reads, in at least 5 samples 

within a group (PV or HC) were filtered-out. 

The final output of the DESeq routine provides several key metrics for each gene, including 

the baseMean, which represents the average normalized expression across all samples, the 

log2FoldChange (log2FC) which quantifies the difference in gene expression between two 

conditions, the p-value to assess the significance of these changes, and the adjusted p-value 

(padj), calculated using the Benjamini-Hochberg (BH) method to account for multiple testing. 

To identify patterns and biological functions associated with differentially expressed genes, 

enrichment analysis was conducted using various gene sets and pathway analyses. This 

included Gene Ontology (GO) term enrichment (220,221), functional annotation through the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) (222), and analysis of Hallmark and 

Reactome gene sets from the Molecular Signatures Database (MSigDB) (223,224). GO term 

enrichment analysis evaluates which biological processes (BP), molecular functions (MF), or 

cellular components (CC) are overrepresented in a set of differentially expressed genes. KEGG 

functional annotation links genes with specific metabolic and signalling pathways. 

Additionally, Hallmark gene sets represent well-defined biological states or processes, while 

Reactome gene sets provide curated pathways and reactions. 

The analyses were carried out using clusterProfiler, AnnotationDbi, and msigdbr packages, 

while visualisation of the results was enabled using ComplexHeatmap, enrichplot, pathview, 

and ggplot function.  
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3.7. Immune repertoire sequencing 

 

To investigate the distinct characteristics of T cell receptor repertoires in peripheral MAIT 

and γδT cells in psoriasis, high-throughput TCR sequencing was performed. This methodology 

provides a thorough analysis of various aspects of TCR repertoires, including diversity, 

preferential gene usage, and detailed CDR3 metrics such as length variations, insertions, and 

convergence. Additionally, TCR sequencing provides insights into V(D)J pairing, clonotype 

overlap, and clonotype publicness, i.e. sharing of clonotypes between samples, amongst others. 

The robustness of TCR sequencing lies in its ability to capture a comprehensive view of TCR 

repertoire dynamics, revealing how T cell populations are shaped by disease processes. 

 

3.7.1. TCR-seq library preparation 

 

 For library preparation, the Archer® Immunoverse™-HS TCR kit was used. This kit 

enables simultaneous sequencing of the CDR3 regions from the α-, β-, γ-, and δ-chains of TCR 

receptors. TCR sequences are selectively enriched during the cDNA synthesis step, thus 

minimizing the interference of non-immune cell genetic material and ensuring that the analysis 

focuses specifically on the TCR repertoire. The Immunoverse panel employs anchored 

multiplex PCR (AMP) chemistry in conjunction with molecular barcoded (MBC) adapters. 

AMP chemistry utilizes unidirectional gene-specific primers (GSPs) to amplify both known 

and novel mutations within the TCR sequences. To ensure accurate sequencing and analysis, 

MBC adapters are used to tag each DNA molecule with a unique barcode and a common region 

prior to amplification. This tagging enables precise deduplication and correction of PCR 

sequencing errors, thereby improving the accuracy of the TCR repertoire analysis. 

 

Library construction protocol: 

 Sequencing libraries were prepared following the Archer® Immunoverse™-HS TCR 

Protocol (November 2022). All reagents were provided in designated reaction tubes, each 

containing lyophilised components pre-formulated for the specific reaction. 

 A total of 40 RNA samples extracted from MAIT cells and 40 RNA samples from γδ T 

cells were used for library construction. Specifically, 25 ng of RNA from MAIT cells and 50 

ng of RNA from γδ T lymphocytes were used in the cDNA synthesis reactions, exceeding the 

recommended minimum input of 20 ng of RNA. 
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 In the initial step, TCR-specific RT priming was performed to selectively synthesise 

TCR cDNA using TCR-specific primers. RNA samples were diluted with nuclease-free water 

to the desired concentrations, resulting in a final reaction volume of 20 μl. These diluted RNA 

samples were then transferred to TCR Specific RT Priming tubes, which were then placed in a 

thermal cycler for 5 minutes incubation at 65°C.  

 Following the RT priming, a two-step cDNA synthesis was carried out. In the first step, 

20 µL of RT priming product was transferred to First Strand cDNA Synthesis tubes. The 

synthesis reaction was conducted according to the specified thermal cycling program. 

 

First Strand cDNA Synthesis program:  

 Temperature (°C) Time (min) 

Reverse transcription 50 30 

Enzyme inactivation 80 20 

Hold 4 Hold 

 

 After the first-strand synthesis completion, 20 µL of nuclease-free water was added to 

each tube, doubling the volume to 40 µL. This mixture was then transferred to Second Strand 

cDNA Synthesis tubes, and the second strand was synthesized by running the appropriate 

thermal cycler program. 

 

Second Strand cDNA Synthesis program:  

 Temperature (°C) Time (min) 

Second strand synthesis 16 60 

Enzyme inactivation 75 20 

Hold 4 Hold 

  

To ensure that the cDNA was suitable for downstream adapter ligation, an end repair 

reaction was performed to correct any "ragged" or non-blunt ends that may have arisen during 

the synthesis process. The 40 µL of cDNA was mixed with lyophilised End Repair reagents 

and incubated at 25 °C for 30 minutes in a thermal cycler.  

 

 To purify the cDNA and remove small fragments or reaction by-products, a bead-based 

cleanup was performed. First, 100 µL of resuspended AMPure beads were added to each 
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sample. After thorough mixing and a five-minute incubation at room temperature, the samples 

were placed on a magnetic stand for four minutes to pellet the beads. The supernatant was 

carefully removed, and the beads were washed twice with 200 µL of 70% ethanol, ensuring 

complete removal of the supernatant between washes. After air drying the beads for five 

minutes, the DNA was eluted in 20 µL of 10 mM Tris-HCl (pH 8.0), followed by a two-minute 

incubation on the magnet to separate the beads from the eluted DNA.  

 Following the cleanup, the ligation of MBC adapters was performed. This was achieved 

by first transferring 20 µL of purified DNA to Ligation Step 1 tubes and incubating for 15 

minutes at 37°C to prepare cDNA ends for efficient ligation with the adapters. Then, 20 µL of 

10mM Tris-HCL (pH 8.0) was added to each reaction, and the 40 µL of cDNA mixtures were 

transferred to tubes containing MBC adapters. The MBC adapters included P5 index tag for 

multiplexed tracking of samples. Subsequently, the entire reaction mixture was transferred to 

Ligation Step 2 Tubes, mixed with reagents and incubated at 25 °C for 15 minutes.  

 To remove unligated adapters and by-products, the cleanup step was performed using 

Ligation Cleanup Beads. The entire volume of the Ligation Step 2 reaction was mixed with the 

50 µL of pre-washed beads, incubated at room temperature for five minutes, and the process 

was repeated. The samples were spun down, placed on a magnet, and the supernatant was 

discarded. The beads were washed twice with 200 µL of Ligation Cleanup Buffer and once 

with 200 µL of nuclease-free water. After each wash, the supernatant was removed, ensuring 

all liquid was discarded. Finally, DNA was eluted by resuspending the beads in 36 µL of 5 mM 

NaOH.  

 To enrich the libraries specifically for TCR products, 36 µL of the eluted DNA was 

combined with First PCR reagents and 4 µLof the Immunoverse GSP mix. The mixture was 

then placed in a thermal cycler.  

 

First PCR program:  

 Temperature (°C) Time (min) Cycles 

Initial denaturation 95 3 1 

Denaturation 95 0.5 
24 

Annealing 65 3 

Extension 72 3 1 

Hold 4 Hold 1 
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 This was followed by the cleanup step with MagSi-NGSPREP Plus beads. The 48 µL 

of beads was added to each reaction, mixed thoroughly, and incubated at room temperature for 

five minutes. The samples were then placed on a magnet for four minutes to pellet the beads, 

and the supernatant was discarded. The beads were washed twice with 200 µL of 70% ethanol, 

with each wash followed by a 30-second incubation and removal of the ethanol. After air-

drying the beads, DNA was eluted in 44 µL of 10 mM Tris-HCl (pH 8.0). After placing the 

tubes on the magnet for two minutes, 42 µL of the purified eluate was transferred to a new PCR 

tube. 

 

 The second PCR was then conducted to incorporate the Index 1 (P7 index) tag. In this 

step, 40 µLof the purified first PCR eluate was added to a Second PCR tube, and the Second 

PCR program was started on the thermal cycler.  

 

Second PCR program:  

 Temperature (°C) Time (min) Cycles 

Initial denaturation 95 3 1 

Denaturation 95 0.5 
8 

Annealing 65 3 

Extension 72 3 1 

Hold 4 Hold 1 

 

 The final step included cleanup with MagSi-NGSPREP Plus beads, as described 

previously. This resulted in 18 µL of purified TCR libraries.  

 

3.7.2. Library quantification and size assessment 

 

The libraries were quantified using qPCR (KAPA Library Quantification Kit) and their sizes 

determined using 1.5 % agarose gel electrophoresis, as detailed in the previous chapter. The 

molarity of libraries was calculated applying the previously described formula, and the libraries 

were diluted to 2 nM concentrations prior to denaturation and dilution step. 
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3.7.3. Library denaturation and dilution 

 

 The denaturation and dilution of sequencing libraries were performed according to the 

Protocol A: Standard Normalization in NextSeq 500 and NextSeq 550 Sequencing Systems 

Denature and Dilute Libraries Guide (December 2022). 

 

Denaturation and dilution protocol: 

 

 First, 10 µl of each 2 nM libraries were pooled together and thoroughly mixed. To 

denature the pooled libraries, 10 µL of pool was combined with 10 µL of 0.2M NaOH and 

incubated at room temperature for 5 minutes. Following incubation, 10 µL of 200 mM Tris-

HCl (pH 7) was added to neutralize the reaction, and 970 µL of prechilled HT1 buffer was then 

added, resulting in a final concentration of 20 pM denatured libraries. To dilute this further, 97 

µL of the 20 pM denatured library solution was mixed with 1203 µL of HT1, yielding 1.3 ml 

of a 1.5 pM library solution. Simultaneously, the PhiX control was prepared by diluting 10 nM 

PhiX to 4 nM, followed by denaturation with 5 µL of 0.2 M NaOH. After a 5-minute incubation 

at room temperature, 5 µL of 200 mM Tris-Hcl (pH 7.0) was added. Next, 985 µL of HT1 

buffer was added to the denatured PhiX, generating 1 ml of 20 pM PhiX solution. This was 

then diluted to 1.5 pM by mixing 97 µL of denatured PhiX with 1203 µL of prechilled HT1. 

Finally, 1040 µL of denatured and diluted library solution was combined with 260 µL of the 

diluted Phix to achieve a 20 % PhiX spike-in.  

 

3.7.4. Sequencing  

 

 Paired-end sequencing with a read length of 2 × 150 bp was performed on the Illumina 

NextSeq 550 platform at Sestre milosrdnice University Hospital Center using the NextSeq 

500/550 Mid-output kit. The sequencing workflow included adapter trimming, demultiplexing, 

and FASTQ file generation. 
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3.7.5. Sequencing run and sample quality control 

 

The quality of the sequencing run was evaluated using the Illumina SAV (Sequencing Analysis 

Viewer) software, as detailed in the previous section. Each FASTQ file was additionally 

examined using FastQC within the Galaxy platform. 

 

3.7.6. TCR sequencing alignment and clonotype assembly 

 

To align TCR sequences, MiXCR, a specialised tool for the analysis of TCR and BCR 

receptor repertoires from NGS data (225), was used. MiXCR processes FASTQ files by 

aligning raw sequencing reads against a built-in reference database of V, D, J, and C gene 

segments, performs error correction to improve accuracy, and assembles CDR3 sequences to 

identify and characterize clonotypes effectively. The alignment process begins by aligning the 

raw sequencing data to the reference gene segments. For paired-end data, MiXCR merges 

overlapping sequences using subsequence or alignment-aided overlap methods. It also trims 

low-quality nucleotides and corrects barcode sequences. MiXCR performs CDR3 

reconstruction by assembling the V, D, and J segments into full-length CDR3 sequences. It 

enhances accuracy through two layers of error correction: quality-guided mapping to address 

sequencing errors and a heuristic clustering to correct PCR errors. The output from MiXCR 

provides detailed information on clonotype frequency, which indicates the abundance of each 

TCR clonotype within the sample,V(D)J gene segment usage, which provides insights into the 

diversity of gene segments utilised, and CDR3 nucleotide and amino acid sequences. 

MiXCR is a command-line tool that offers a broad range of alignment options tailored to 

different wet-lab conditions, such as the library preparation and sequencing methods. Since 

MiXCR does not support preset for Archer Immunoverse, the analyze function with “generic-

amplicon-with-umi” preset was used to execute alignment and clonotype assembly. 

 

3.7.7. TCR repertoire analysis 

 

The clonotype tables generated by MiXCR were used as input for further analysis. This 

included utilization of the VDJTools (226) command-line platform and the immunarch (227) 

R package to conduct comprehensive downstream analyses, such as evaluating clonotype 

diversity, expansion, and the distribution of T-cell receptor gene segments. 
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Initially, the Correct function in VDJTools was used to filter residual erroneous clonotypes 

by merging low-abundance clonotypes with similar high-abundance ones. This function 

identifies clonotype pairs with up to a specified number of mismatches and merges them if 

their size ratio falls below a set threshold. This correction is performed without altering the 

original data, ensuring accurate comparison and removal of erroneous clonotypes only after the 

procedure. 

Then, using FilterNonFunctional command was used to remove non-coding clonotypes, 

including those with stop codon or frameshift in their receptor sequences. Additionally, the 

FilterBySegment function was applied to discard clonotypes with pseudogene segments (e.g. 

TRGV10), retaining only those with known functional V/D/J segments (positive selection) or 

removing those lacking specified V/D/J segments (negative selection). 

The clonotype tables generated through these pre-filtering steps were used for downstream 

analyses with VDJTools and immunarch. 

Several key functions from VDJTools were used to analyse various aspects of TCR 

repertoire characteristics. The CalcBasicStats routine provided fundamental sample statistics, 

including read counts, the number of clonotypes, and the average CDR3 length. The 

CalcSegmentUsage function was used to determine the usage patterns of Variable (V) and 

Joining (J) gene segments. To assess the distribution of CDR3 nucleotide lengths, 

CalcSpectratype function was applied. Additionally, PlotFancyVJUsage was used to display 

the V-J pairing frequencies within individual repertoires. For diversity analysis, 

CalcDiversityStats provided various repertoire diversity metrics, such as D50 value, Efron-

Thisted estimate, and Shannon-Wiener index. The output from JoinSamples function was used 

to explore public, i.e., shared clonotypes across samples. Furthermore, for calculating the 

Jaccard overlap index, repOverlap function from immunarch was employed, while 

trackClonotypes was used for visualisation of clonotype and gene usage across samples.  

 

3.8. Spectral flow cytometry analysis  

 

 To get comprehensive and more detailed insights into the phenotypes of circulating 

MAIT and γδ T cells in PV at the single-cell protein expression level, spectral flow cytometry 

was employed. Utilising a broad range of surface and intracellular markers, the spectral flow 

cytometry analysis aimed to explore the functional and activation profiles of these cells, as well 

as their trafficking patterns, cytotoxic potentials, and levels of exhaustion.  
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 A total of 34 samples (20 from PV patients and 14 from healthy controls) were stained 

using two high-resolution panels. The first panel was designed to label 34 surface markers, 

including T cell lineage markers (CD45, CD3), MAIT cell markers (TCRVα7.2, MR1-5-OP-

RU-loaded tetramer, CD4, CD8), and γδ T cell markers (γδTCR, Vδ1, Vδ2, Vδ3, Vγ9). 

Additional markers were used to assess various aspects such as functional status, activation, 

chemotaxis, trafficking and adhesion, NK-like functions, and exhaustion, comprising CD27, 

CD28, CD45RA, CD127, CD25, CD69, CD38, HLA-DR, CCR6, CCR7, CD11a, CD103, 

CXCR3, CXCR5, CX3CR1, CLA, CD16, CD56, CD94, CD161, CD57, and PD-1.  

 The second panel was focused on a more in-depth investigation of the effector and 

cytotoxic potentials of γδ T populations. This panel combined surface markers (CD3, CD4, 

CD8a, αβTCR, CD16, CD56, CD11a, CD27, CD28, CD45RA, CX3CR1, PD-1, CD127 (IL-

7Rα), γδTCR, Vδ1, Vδ2, Vδ3) with intracellular labelling of proliferation markers (Ki67), 

transcription factors (T-bet, EOMES, TOX, BLIMP-1), and cytotoxic molecules (granzyme A, 

granzyme B, granzyme K, granulysin, perforin). The antibodies used in both panels are listed 

below (Tables 2 and 3). 

 Samples were processed using high-parameter spectral analyser Sony ID7000 at the 

University of Warwick Medical School, United Kingdom, and data analysis was performed 

using the OMIQ platform. 

 

Table 2. Antibodies used for surface staining 

Antibody Fluorochrome Clone Source / manufacturer Dilution 

CD4 Spark UV387 SK3 Biolegend 1:100 

CD45 BUV395 HI30 eBioscience 1:100 

CD16 BUV496 3G8 BD Bioscience 1:200 

CD56 BUV563 NCAM16.2 BD Bioscience 1:100 

CD25 BUV615 2A3 BD Bioscience 1:100 

CD11a BUV661 G-25.2 BD Bioscience 1:1000 

CD3 BUV805 UCHT1 BD Bioscience 1:30 

PD-1 BV421 EH12.1 Biolegend 1:50 

CD94 BV480 HP-3D9 BD Bioscience 1:200 

αβTCR VioBlue REA652 Miltenyi Biotec 1:100 

CD57 BV510 QA17A04 Biolegend 1:100 

HLA-DR BV570 L243 Biolegend 1:100 

Va7.2 BV605 3C10 Biolegend 1:30 

CCR7 BV650 G043H7 Biolegend 1:50 

CD45RA BV711 HI100 Biolegend 1:200 

CD69 BV750 FN50 Biolegend 1:100 
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CXCR3 BV786 G025H7 Biolegend 1:50 

Vδ1 FITC REA173 Miltenyi Biotec 1:200 

CXCR5 RB545 RF8B2 BD Bioscience 1:200 

CD103 BB700 Ber-ACT8 BD Bioscience 1:100 

CLA PerCP Vio700 REA1101 Miltenyi Biotec 1:50 

Vδ3 AF555 P11.5B Beckman Coulter 1:300 

MR1-tet PE  

Monash Biomedicine 

Discovery Institute, Monash 

University, Clayton, Australia 

(189) 

1:50 

CD127  Spark YG 581 A019D5 Biolegend 1:100 

CD27 PE-Dazzle594 M-T271 Biolegend 1:200 

Vγ9 PE-Cy5 IMMU 360 Beckman Coulter 1:400 

CX3CR1 PE-Cy7/vio770 2A9-1 Biolegend 1:150 

CD8a Pe-Fire 700 SK1 Biolegend 1:200 

CD28 PE-Fire 810 CD28.2 Biolegend 1:50 

CD161 APC W18070C Biolegend 1:100 

CCR6 Alexa Fluor 647 11A9 BD 1:50 

Vδ2 VioBright R720 REA771 Miltenyi Biotec 1:20 

γδTCR APC-Vio 770 REA591 Miltenyi Biotec 1:100 

CD38 APC-Fire 810 HIT2 Biolegend 1:200 

 

Table 3. Antibodies used for intracellular staining 

Antibody Fluorochrome Clone 
Source / 

manufacturer 
Dilution 

CD4  Spark UV387 SK3 Biolegend 1:100 

CD16 BUV496 3G8 BD Bioscience 1:200 

CD56 BUV563 NCAM16.2 BD Bioscience 1:100 

CD11a BUV661 G-25.2 BD Bioscience 1:1000 

CD3  BUV805 UCHT1 BD Bioscience 1:30 

αβTCR VioBlue REA652 Miltenyi Biotec 1:100 

CD27  BV605 M-T271 BD Bioscience 1:300 

CD45RA BV711 HI100 BioLegend 1:200 

CX3CR1 BV750 2A9-1 BD Bioscience 1:50 

PD-1 BV786 EH12.1 BD Bioscience 1:50 

Vδ1 FITC REA173 Miltenyi Biotec 1:200 

Vδ2 PerCP Vio700 REA771  Miltenyi Biotec 1:50 

Vδ3 AF555 P11.5B Beckman Coulter 1:300 

CD127  Spark YG 581 A019D5 Biolegend 1:100 

CD8a Pe-Fire 700 SK1 Biolegend 1:100 

CD28  PE-Fire 810 28.2 Biolegend 1:100 

γδTCR APC-Vio770 REA591 Miltenyi Biotec 1:50 
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Ki67 BUV395 SolA15 eBioscience 1:100 

Granzyme B RB545 GB11 BD Bioscience 1:200 

Granzyme K RB780 G3H69 BD Bioscience 1:50 

Perforin PeCP Cy5.5 dG9 Biolegend 1:30 

EOMES Pe-eFlour610 WD1928 eBioscience 1:50 

T bet PE-Cy5 4B10 eBioscience 1:100 

Granzyme A PE-Cy7 CB9 eBioscience 1:100 

TOX PE TXRX10 eBioscience `1:50 

Granulysin APC DH2 Biolegend 1:100 

BLIMP-1 R718 6D3 BD Bioscience 1:50 

 

3.8.1. Surface staining protocol 

 

PBMCs were thawed in 3 ml of pre-warmed RPMI medium and centrifuged at 400 x g for 

4 minutes. The cells were transferred to a 96-well plate, washed and centrifuged again. Next, 

50 µl of Zombie NIR™ Fixable Viability Dye (Biolegend, USA) was added at 1:400 dilution, 

and the cells were incubated on ice for 15 minutes. After incubation, the cells were washed 

with 150 µl of FACS buffer, followed by the application of an Fc block, which was incubated 

for 5 minutes at room temperature in the dark. For surface staining, a mix of MR1-tetramer and 

CCR7 (10 µl) was first added and incubated at room temperature for 30 minutes. After washing, 

an antibody cocktail containing the remaining surface marker antibodies was added (50 µl) and 

the cells were incubated on ice for 20 minutes, followed by another wash with FACS buffer. 

For fixation, the cells were resuspended in 100 µl of intracellular fixation buffer (Thermo 

Fisher Scientific, USA) and incubated on ice for 10 minutes. Finally, the cells were washed 

with 130 µl of FACS buffer and resuspended in 150 µl of FACS buffer for further analysis. 

 

3.8.2. Intracellular staining protocol 

 

Thawed and washed PBMCs were transferred to 96-well plate and incubated with a Zombie 

NIR™ Fixable Viability Dye (1:400) for 15 minutes on ice, followed by a wash. Then, an Fc 

block was applied and incubated for 5 minutes at room temperature in the dark. The cells were 

then labelled with 50 µl of a surface antibody cocktail for 15 minutes on ice and washed with 

FACS buffer. For intracellular staining, components of eBioscience™ Foxp3 / Transcription 

Factor Staining Buffer Set (Thermo Fisher Scientific, USA) were used. The cells were 

resuspended in 100 µl of Fix/Perm buffer (diluted 1:4) and incubated on ice for 15 minutes, 
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followed by a wash with 100 µl of Perm buffer (1:10 dilution). Intracellular staining was carried 

out by adding 50 µl of an intracellular antibody cocktail diluted in Perm buffer (1:10) and 

incubating at room temperature for 30 minutes. The cells were then washed with 150 µl of 

FACS buffer and resuspended in 150 µl of FACS buffer for analysis. 

3.8.3. Spectral reference library 

 

Spectral flow cytometry differs from conventional flow cytometry by capturing the full 

emission spectrum of each fluorochrome, rather than detecting signals within individual 

channels. This allows the simultaneous detection of multiple fluorochromes, even those with 

overlapping emission spectra, by combining signals from all detectors into a comprehensive 

spectral profile. 

To effectively separate fluorophores with overlapping emission spectra, a spectral 

reference library must be constructed. The library contains the unique spectral signatures of all 

fluorochromes used in an experiment and is crucial for the process of spectral unmixing, where 

mathematical algorithms separate combined signals into individual fluorophores.  

To prepare spectral reference libraries, single-color controls were prepared by staining 

compensation beads (Invitrogen™ UltraComp eBeads, Thermo Fisher Scientific, USA) with 

each antibody used in the staining panel.  

 

3.9. Statistical analysis 

 

 The normality of the numerical variables was assessed using the Shapiro-Wilk test. 

Non-parametric tests were used when data did not follow a normal distribution, and parametric 

tests were used otherwise. The Mann-Whitney U test and Student’s T-test were used to 

compare differences between the test and control groups, while Fisher's exact test was applied 

for contingency tables. Spearman’s rank correlation coefficient (ρ) was used to assess variable 

correlations. Multiple comparisons were adjusted using the Benjamini-Hochberg procedure. 

Descriptive statistics were presented as medians and interquartile ranges (IQR). The statistical 

significance was set to p < 0.05. All analyses were conducted in R using the stats library.  

 For graphical representation, R software v4.2.0 in the RStudio v2024.04 (RStudio Inc., 

USA) environment was used, along with the ggplot2, ggpubr, ggstatsplot, treemap, 

ComplexHeatmap, cowplot, and RColorBrewer packages. In addition, BioRender and 

Microsoft PowerPoint v2408 were used to create illustrations, while Inkscape (Brooklyn, New 

York, USA) was used for final figure editing. 
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4. RESULTS 

4.1.Investigation of the proportion and composition of circulating γδ T cell compartment  

 

 The proportions of γδ T cells and their Vδ1+, Vδ2+, and Vδ1–Vδ2– subsets in peripheral 

blood were analysed by flow cytometry in a set of 96 PBMC samples, comprising 63 samples 

from psoriasis vulgaris (PV) patients and 33 from healthy controls (HC). Upon assessing basic 

anthropometric and clinical metrics, psoriasis patients were found to have higher body mass 

index (BMI) scores and elevated leukocyte counts (within the reference range of 3.4–9.7 x 

109/L), as well as a greater proportion of smokers and CMV negative examinees compared to 

healthy controls. There were no differences in age, sex distribution, hsCRP, or CMV IgG levels 

between the two groups. The psoriasis group was characterised by heterogeneity in terms of 

severity, onset, and duration. Positive correlations were observed between PASI score and 

hsCRP levels (Sperman’s rho ρ = 0.51, p = 6 x 10-4), as well as between PASI and psychological 

burden measured by the DLQI questionnaire (ρ = 0.67, p = 7.34 x 10-9). Additionally, psoriasis 

patients who reported smoking displayed significantly higher leukocyte count (Me (IQR): 8.15 

(7.33-10.38) vs. 6.6 (5.75-7.95) x 109/L, p=0.008, Mann-Whitney U test) and PASI scores 

(19.05 (9-23.4) vs. 8.2 (4.95-17.8), p=0.029) compared to non-smoking psoriasis participants. 

Detailed descriptive statistics of the participants’ characteristics are presented in Table 4.  

Table 4. Study subjects. 

 PV (N = 63) HC (N = 33) P 

Age 43 (33 – 56) 37 (29 – 43) 0.164* 

Sex (M/F) 47/16 24/9 1** 

BMI 30.2 (25.5 – 32.9) 27 (25.7 – 29.6) 0.043* 

hsCRP (mg/L) 1.65 (0.71 – 3.79) 1.2 (0.7 – 2.39) 0.422* 

L (N x109/L) 7.6 (6.4 – 9.7) 6.4 (5.1 – 7) 0.001* 

CMV IgG (U/mL) 96.5 (42.9 – 126) 109 (89.7 – 129) 0.188* 

CMV IgG (pos/neg) 47/14 27/1 0.031** 

Smoker (yes/no) 24/27 6/26 0.010** 

PASI 16.1 (7.1 – 22) - - 

DLQI 10 (4 – 16) - - 

Disease onset (years) 31 (19 – 44) - - 

Disease duration (years) 9 (5 –17)  - - 

Continuous data are shown as median (interquartile range). BMI - body mass index, hsCRP – 

high sensitivity C-reactive protein, L – leukocyte count, CMV – cytomegalovirus; PASI – 

psoriasis area and severity index, DLQI – dermatology life quality index * Mann-Whitney U 

test, ** Fisher's Exact Test 
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 The analysis of peripheral γδ T cells distribution revealed no statistically significant 

differences between affected and healthy individuals. The proportions of Vδ1+, Vδ2+, and Vδ1–

Vδ2– subsets were consistent across both groups (Table 5). As anticipated, Vδ2+ cells 

constituted the majority of peripheral γδ T cells, followed by Vδ1+ and Vδ1–Vδ2–, with median 

percentages of 74.8 (Q1–Q3: 53.05–88.03) %, 14.15 (6.67–25.98) %, 6.89 (3.02–15) %, 

respectively (Figure 10).  

  

Table 5. The distribution of peripheral γδ T cells in PV and HC samples 

 PV (N = 63) HC (N = 33) P 

% γδTCR+ of CD3+ 2.82 (1.51-4.64) 4.12 (2.26 – 6.22) 0.099 

% Vδ2 of CD3 1.68 (0.93-4.11) 2.31 (1.28 – 5.2) 0.107 

% Vδ1 of CD3+ 0.32 (0.15-0.69) 0.41 (0.3 – 1.47) 0.062 

%Vδ1-Vδ2- of CD3+ 0.2 (0.09-0.43) 0.17 (0.12 – 0.35) 0.966 

% Vδ2 of γδTCR+ 73.1 (49.7-88.1) 77.9 (56 – 83.8) 0.663 

% Vδ1 of γδTCR+ 13.9 (5.82-26.05) 14.7 (9.71 – 24.7) 0.447 

% Vδ1-Vδ2- of γδTCR+ 7.2 (3.47-19.7) 6.46 (2.81 – 11.8) 0.312 

Data are shown as median with interquartile range. Mann-Whitney U test  

 

 

Figure 10. Vδ2+ cells dominate the peripheral γδ T cell population, followed by Vδ1+ and 

Vδ1-Vδ2- subsets, with no significant case-control differences. N (PV) = 63, N(HC) = 33 

 

 In both psoriasis and control group, the proportion of total γδ T cells within CD3+ T 

lymphocyte population, as well as the percentage of Vδ2+ cells in both total CD3 and γδ T 

cells, declined with advancing age (Figure 11 B). In psoriasis patients, this reduction in Vδ2+ 

cells was accompanied by a weak increase in the Vδ1+ subset (Figure 11 A), whereas healthy 

individuals exhibited a slight expansion of the Vδ1–Vδ2– population (Figure 11 C). Moreover, 
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CMV IgG levels positively correlated with the proportion of Vδ2neg populations (Vδ1–Vδ2– 

and Vδ1+), coinciding with the decline of Vδ2+ subset in both groups (Figure 11 D). The 

decrease in the Vδ2/Vδ1 ratio with advancing age and CMV IgG levels is in line with previous 

reports on the effect of age and CMV infection on reshaping of the γδ T cell population 

(121,162,228,229). No significant associations were found between PASI, DLQI, hsCRP, or 

disease duration and γδ T proportions. In addition, smoking status did not affect the distribution 

of the peripheral γδ T cell compartment. 

 

 

Figure 11. Age and CMV IgG levels influence γδ T cell compartment composition. A) Vδ1+ 

cell proportions increase with age in psoriasis (PV). B) Vδ2+ cell frequencies decrease with 

age in PV patients C) Advancing age is associated with higher proportions of Vδ1-Vδ2- cells 

in healthy controls. D) CMV IgG levels positively correlate with increased proportions of the 

Vδ2neg subset.  

 Next, the analysis explored sex-based differences in the composition of γδ T cells. 

Notably, distinct variations emerged when focusing on male participants only. Specifically, 

male PV patients exhibited significantly lower levels of total γδ T cells and Vδ2+ cells in CD3+ 

T compartment compared to healthy men (Figure 12).  
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Figure 12. Male psoriasis patients show reduced γδ T cell proportions compared to 

healthy men. Proportions of A) total γδ TCR+ and B) Vδ2+ cells within CD3+ T cells are 

significantly lower in male psoriasis patients (PV) compared to healthy male controls (HC). 

Mann-Whitney U test 

 

 In addition, the analysis revealed that healthy women displayed significantly lower 

proportions of γδ T and Vδ2+ cells in total CD3+ T cells compared to healthy men (Figure 13 

A and B). In contrast, female psoriasis patients did not demonstrate significant differences in 

the proportions of γδ T or Vδ2 subset compared to affected men (Figure 13 C and D). 

Furthermore, there were no significant differences in the proportions of γδ T cells subsets 

between healthy and psoriasis-affected women.   

 To determine whether the decline of Vδ2+ proportions observed in male psoriasis 

patients was influenced by confounding factors like age, further analyses were carried out. 

While no difference in median age was found between psoriasis group and healthy controls (p 

= 0.164), the psoriasis cohort contained a higher proportion of men aged over 60. Therefore, 

further analysis was restricted to participants under the age of 60. In this newly formed age-

balanced group, the results remained consistent, showing significantly lower levels of γδ T and 

Vδ2+ cells within the CD3+ T population in psoriasis male patients, suggesting this decrease is 

disease-driven (Figure 14). 
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Figure 13. Lower proportions of γδ T cells and Vδ2+ subset in healthy women compared 

to men, with no significant differences in psoriasis patients. Proportions of γδ T cells in 

women (F) vs men (M) in A) healthy and C) psoriasis patients. Proportions of Vδ2+ cells in 

women (F) vs men (M) in B) healthy and D) psoriasis patients. Mann-Whitney U test. 

Figure 14. Reduced proportions of γδ T cells and Vδ2+ subset in male psoriasis patients 

persists in an age-balanced cohort (≤ 60 years). A) Percentage of γδ T and B) Vδ2+ cells 

within the CD3+ T cell compartment. Mann-Whitney U test 
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4.2.Profiling of γδ TCR repertoires  

 

4.2.1. Sequencing quality metrics and participant characteristics 

 

The composition of peripheral γδ T-cell receptor (TCR) repertoires in psoriasis patients 

was investigated to explore how the diversity and clonality of γδ TCR repertoires are shaped 

in the disease. This was achieved using 40 RNA samples (25 psoriasis vulgaris patients [PV] 

and 15 healthy controls [HC]) extracted from flow-sorted γδ T cells, with successful library 

construction achieved for 39 samples (24 PV + 15 HC).  

 The sequencing run and all sequenced libraries passed the initial quality control criteria, 

however, upon reviewing the read counts and the proportions of TRG/TRD reads in each 

sample, four samples with ‘outlier’ properties were found. Specifically, two samples were 

excluded due to an extremely low number of total clonotypes (< 60), and additional two 

samples were filtered out because their sequences were predominantly composed of TRA/TRB 

CDR3 transcripts (> 67 %). Importantly, there was no significant correlation between the 

number of sequences and the observed clonotype count for either TRG or TRD clonotypes, 

assuring that the read count did not influence clonotype diversity. A summary of the sequencing 

metrics is provided in Table 6. 

Table 6. γδ TCR sequencing metrics 

 PV (N = 20) HC (N = 15) P 

TRG reads 631,219 (443,787 – 726,651) 511,311 (346,524 – 571,758) 0.067 

TRD reads 248,937 (160,673 – 351,775) 267,126 (169,681 – 294,735) 0.498 

TRG/TRD reads (%) 89.2 (84 – 92.7) 81.6 (75.7 – 89.5) 0.116 

TRG clonotypes 748 (351 – 1738) 1235 (897 – 1617) 0.170 

TRD clonotypes 497 (157 – 1192) 772 (534 – 1224) 0.204 

Data are shown as median with interquartile range. Mann-Whitney U test  

 The baseline characteristics of the participants are summarised in Table 7. In brief, 

psoriasis patients exhibited a higher leukocyte count in their whole blood count (WBC) 

measurements, though the values remained within the normal reference range (3.4 – 9.7 x 

109/L). No statistically significant differences were observed between psoriasis patients and 

healthy controls with respect to age, gender distribution, CMV status, CMV IgG levels, BMI, 

or hsCRP levels. 
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Table 7. Baseline subjects’ characteristics 

 PV (N = 20) HC (N = 15) P 

Age 41 (32 – 55) 34 (29 – 37) 0.129* 

Sex (M/F) 13/7 11/4 0.721** 

BMI 30.12 (27.29 – 32.72) 26.59 (25.88 – 28.24) 0.089* 

hsCRP (mg/L) 1 (0.58 – 2) 1.39 (0.81 – 2.28) 0.625* 

L (N x109/L) 7.5 (6.58 – 8.53) 5.5 (4.8 – 6.75) 0.001* 

CMV IgG (U/mL) 105.5 (66.75 – 124.5) 106 (89.95 – 121) 0.751* 

CMV IgG (pos/neg) 17/3 14/1 0.619** 

PASI 8.6 (5.3 – 21.7) - - 

Disease duration (years) 8 (3 – 15) - - 

Continuous data are shown as median (interquartile range). BMI - body mass index, hsCRP – 

high sensitivity C-reactive protein, L – leukocyte count, CMV – cytomegalovirus; PASI – 

psoriasis area and severity index * Mann-Whitney U test, ** Fisher's Exact Test 

 

4.2.2. Clonotype data preprocessing 

 

 The preprocessing of sequencing data included the removal of erroneous and non-

coding clonotypes. Despite this, TRG clonotype tables still contained some pseudogene 

sequences (e.g. TRGV10), and TRAV-incorporating variants were occasionally assembled into 

TRD clonotype tables. To reduce the noise, only clonotypes containing either of six functional 

TRGV variants (TRGV2, TRGV3, TRGV4, TRGV5, TRGV8, TRGV9) and TRD clonotypes 

containing either of eight TRDV genes were included. This filtering process did not 

significantly impact the overall composition of the clonotype tables, with 99.1 ± 1.9% TRD 

and 97.5 ± 4.1% TRG sequencing reads retained for downstream analysis. Furthermore, the 

presence of pseudogene-containing TRG clonotypes was not significantly different between 

diseased and healthy participants (P = 0.93, Mann-Whitney U test).   

 Since TRG and TRD repertoires consist of diverse clonotypic variants with distinct 

structural and functional properties, the analysis was performed on both total CDR3γ and 

CDR3δ clonotype repertoires, as well as those stratified by variable segment usage. Clonotypes 

were categorized based on TRGV or TRDV variants, focusing specifically on the three most 

common TRDV variants (TRDV1, TRDV2, TRDV3) and six TRGV variants (TRGV2, 

TRGV3, TRGV4, TRGV5, TRGV8, TRGV9). For age-associated correlation analyses, the 

four oldest PV patients were removed to eliminate the interpretation bias as no appropriate age-

matched healthy controls were available for comparison. Due to the limited number of CMV-

negative participants (4 out of 35 individuals), a robust statistical comparison between CMV-
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positive and CMV-negative groups was not feasible. Instead, to assess the impact of immune 

response intensity to CMV, correlation analyses using CMV IgG values were performed on the 

31 CMV-positive participants.  

4.2.3. Gene usage analysis 

 

 The composition of TCR repertoires was investigated with respect to the frequencies of 

TRGV/TRDJ, and TRDV/TRDJ gene segments used in the formation of TCRγ and TCRδ 

clonotypes, respectively. As expected, the TRGV9 variant was predominantly expressed in the 

majority of TRG repertoires, followed by lower expression levels of TRGV4, TRGV2, 

TRGV8, TRGV3, and TRGV5 variants (Figure 15 A). Among the joining variants, TRGJP 

was the most expressed, followed by TRGJ1, TRGJP1, TRGJP2, and TRGJ2 (Figure 15 B). 

The case-control comparison revealed no significant differences in the usage of TRGV or 

TRGJ segments (Table 8). The clonotypes containing paired TRGV9-TRGJP variants were the 

most common across most repertoires, however, some repertoires contained increased 

proportions of clonotypes formed by other rearrangements, such as TRGV9-TRGJ2, TRGV4-

TRGJ2, TRGV2-TRGJ2, TRGV5-TRGJP2, and TRGV8-TRGJ2 (Figure 16).  

Table 8. The TRGV / TRGJ segment usage frequencies in psoriasis and healthy 

repertoires. 

 PV (N = 20) HC (N = 15) P 

TRGV9 83.18 (74.19 – 88.22) 88.29 (74.17 – 91.98) 0.559 

TRGV4 2.04 (0.49 – 5.38) 3.41 (1.75 – 5.61) 0.317 

TRGV2 2.57 (1.14 – 7.03) 2.40 (0.73 – 3.35) 0.359 

TRGV8 2.48 (1.24 – 6.08) 2.61 (1.69 – 3.85) 0.726 

TRGV3 1.10 (0.35 – 4.11) 0.87 (0.42 – 4.31) 0.751 

TRGV5 0.62 (0.19 – 1.66) 0.58 (0.31 – 3.77) 0.726 

    

TRGJP 61.42 (50.66 – 70.74) 68.14 (43.06 – 74.56) 0.803 

TRGJ1 16.07 (9.87 – 18.20) 17.63 (15.17 – 24.91) 0.113 

TRGJP1 7.88 (4.47 – 15.40) 4.73 (3.28 – 8.46) 0.211 

TRGJP2 5.62 (2.36 – 17.85) 6.79 (3.61 – 13.03) 0.494 

TRGJ2 0.01 (0 – 0.23) 8.15 x 10-5 (0 – 1.13) 0.692 

Data are shown as the median percentage with interquartile range. Mann-Whitney U test  
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Figure 15. Circulating TCRγ repertoires are predominantly composed of TRGV9 and 

TRGJP segment-containing clonotypes, with variable TRGV and TRGJ segment usage 

observed across both psoriasis patients (PV) and healthy controls (HC). A) TRGV segment 

usage and B) TRGJ segment usage 

 

 



Ocje
na

 ra
da

 

u t
ije

ku

67 
 

 

Figure 16. Heatmap of TRGV-TRGJ gene pairing frequencies in TCRγ repertoires 

highlighting the predominance of TRGV9-TRGJP clonotypes and variability in other 

rearrangements across samples. Data were clustered using Euclidean distance based on 

TRGV-TRGJ segment usage. Z-scores represent the relative frequency of each TRGV-TRGJ 

clonotype within individual samples. Dendrograms illustrate hierarchical clustering of both 

samples and gene segments. 

 Although there were no significant differences in segment usage between healthy and 

psoriasis-affected participants, a positive correlation was observed between the proportion of 

TRGV4 clonotypes and the duration of psoriasis (Figure 17). More specifically, the frequencies 

of clonotypes containing TRGV4-TRGJ2 (ρ = 0.669, P = 0.001) and TRGV4-TRGJP (ρ = 

0.503, P = 0.024) rearrangements were increasing with disease duration, along with TRGV5-

TRGJP1 (ρ = 0.470, P = 0.036) clonotypes. Interestingly, the TRGV2-TRGJP1 clonotypes 

expression increased with age in healthy repertoires (ρ = 0.548, P = 0.035) but decreased 

significantly with advancing age in psoriasis cohort (ρ = -0.756, P = 7 x 10-4).  
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Figure 17. Proportion of TRGV4 segment-containing clonotypes increases with disease 

duration. Spearman’s correlation analysis 

 

 The TRD repertoires predominantly consisted of TRDV2 clonotypes, followed by 

TRDV1 and TRDV3 variants, with the latter two occupying significant portions in some 

repertoires (Table 9). The TRDV4 – TRDV8 segments were infrequently expressed, generally 

accounting for less than 1% of the repertoire, although in certain samples these clonotypes were 

found at relatively higher frequencies than expected (Figure 18 A). The TRDJ1 variant was the 

most prominently expressed joining segment, whereas TRDJ2, TRDJ3, and TRDJ4 were 

expressed to a lesser extent (Table 9, Figure 18 B). Consequently, the TRDV2-TRDJ1 

clonotypes emerged as the most dominant across all repertoires, with TRDV2-TRDJ3, 

TRDV2-TRDJ2, TRDV1-TRDJ1, and TRDV3-TRDJ1 rearrangements making up a smaller 

yet significant portions of the repertoires (Figure 19). No significant differences in TRDV/J 

gene usage composition were observed between psoriasis patients and healthy controls, 

however there was a modest negative correlation between the duration of disease and the 

proportion of TRDV2-TRDJ3 rearranged clonotypes (ρ = - 0.499, P = 0.025). 
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Table 9. The TRDV and TRDJ segment usage frequencies in psoriasis and healthy 

repertoires. 

 PV (N = 20) HC (N = 15) P 

TRDV2 73.61 (68.97 – 93.36) 87.19 (64.89 – 94.67) 0.881 

TRDV1 9.36 (2.43 – 22.38) 8.91 (2.89 – 28.08) 0.751 

TRDV3 3.67 (0.55 – 11.16) 1.18 (0.5 – 4.02) 0.516 

TRDV5 0.24 (0.13 – 0.46) 0.62 (0.18 – 0.79) 0.167 

TRDV8 0.29 (0.04 – 0.61) 0.18 (0.02 – 0.60) 1 

TRDV4 0 (0 – 0.06) 0 (0 – 0.02) 0.554 

TRDV6 2x10-3 (0 – 0.03) 0 (0 – 0.01) 0.628 

TRDV7 0 (0 – 0.02) 0 (0 – 0.02) 0.899 

    

TRDJ1 93.40 (90.51 – 94.30) 92.60 (89.47 – 94.26) 0.414 

TRDJ3 4.93 (2.75 – 7.32) 4.35 (3.80 – 6.16) 0.907 

TRDJ2 1.78 (0.62 – 2) 1.46 (1.36 – 2.62) 0.414 

TRDJ4 0.11 (0.07 – 0.20) 0.12 (0.05 – 0.24) 0.665 

Data are shown as the median percentage with interquartile range. Mann-Whitney U test 

 

Figure 18. Circulating TCRδ repertoires are predominantly composed of TRDV2 and 

TRDJ1 segment-containing clonotypes- A) TRDV segment usage and B) TRDJ segment 

usage 
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Figure 19. Heatmap of TRDV-TRDJ gene pairing frequencies in TCRδ repertoires, 

highlighting the predominance of TRDV2-TRDJ1 clonotypes and variability in other 

rearrangements across samples. Data were clustered using Euclidean distance based on 

TRDV-TRDJ segment usage. Z-scores represent the relative frequency of each TRDV-TRDJ 

clonotype within individual samples. Dendrograms illustrate hierarchical clustering of both 

samples and gene segments. 

 

 The expression of TRDV1, TRDV2, and non-TRDV1/2 gene segments was evaluated 

in relation to the corresponding flow cytometry data. A moderate association was observed, 

indicated by Lin’s concordance correlation coefficient (CCC) of approximately 0.7, suggesting 

a favourable alignment between TRDV transcript levels and protein expression as measured 

by flow cytometry (Figure 20).  
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Figure 20. Lin’s concordance correlation coefficient (CCC) suggests a favourable 

alignment between TRDV transcript levels and corresponding γδ T cell subset 

proportions. A) TRDV1, B) TRDV2, and C) non-TRDV1/2 transcript levels correlate with the 

proportions of TCRVδ1+ TCRVδ2+, and Vδ1-Vδ2- cells, respectively. γδ T cell subset 

proportions were measured by flow cytometry based on TCRVδ1 and TCRVδ2 chain 

expression. 

 

4.2.4. TRG and TRD CDR3 region metrics 

 

 The characteristics of TRG and TRD repertoires were examined using several metrics 

to capture their diversity and complexity, including the count of unique clonotypes, as an 

indicator of overall diversity and the average length of CDR3 regions, which influences antigen 

specificity and binding. In addition, the average clonotype frequency was assessed to 

understand the distribution of clonotypes. Convergence, defined as the generation of identical 

amino acid sequences from different nucleotide sequences, was also analysed. Junctional 

diversity was measured by the number of nucleotides inserted at V-D and D-J joints, along 

with the number of nontemplated nucleotides (NDN) introduced by terminal deoxynucleotidyl 

transferase (TdT), to evaluate structural variability.  

 Upon examination of the clonotypic characteristics in both TRG and TRD variants, no 

statistically significant differences were observed between the two groups (Table 10). The 

further analysis across individual TRD and TRG clonotype variants also did not reveal any 

significant differences in case-control comparison. 
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Table 10. Basic TRG and TRD repertoire characteristics  

  PV (N = 20) HC (N = 15) P 

TRG 

Clonotypes (N) 723(416 – 1325) 872 (633 – 1189) 0.726 

Clonotype frequency (%) 0.14 (0.08 – 0.25) 0.11 (0.09 – 0.16) 0.726 

Clonotype geomean frequency (%) 0.017 (0.012 – 0.022) 0.019 (0.016 – 0.023) 0.286 

CDR3 length (nt) 46.9 (46.2 – 47.8) 47.6 (45.9 – 47.6) 0.987 

NDN size 3.7 (3.4 – 4.7) 3.4 (2.9 – 3.9) 0.051 

Convergence 1.133 (1.109 – 1.199) 1.121(1.089 – 1.173) 0.803 

TRD 

Clonotypes (N) 856 (445 – 1442) 874 (636 – 1297) 0.653 

Clonotype frequency (%) 0.12 (0.07 – 0.23) 0.11 (0.08 – 0.16) 0.653 

Clonotype geomean frequency (%) 0.029 (0.019 – 0.035) 0.026 (0.022 – 0.029) 0.726 

CDR3 length (nt) 49.3 (47.9 – 50.6) 49.2 (48.1 – 50.5) 0.987 

Inserted nucleotides (N) 6.9 (5.9 – 8.7) 6.9 (6.3 – 8.9) 0.881 

NDN size 15.9(15.3 – 17.8) 16.5 (15.5 – 18.5) 0.751 

Convergence 1.028 (1.018 – 1.037) 1.024(1.019 – 1.039) 0.537 

Data are shown as median with interquartile range. Mann-Whitney U test  

 

 The spectratyping analysis revealed the distinct distribution of CDR3 lengths within 

the TRG and TRD clonotypes. TRG clonotypes were characterised by CDR3 regions ranging 

from 7 to 23 amino acids (AA), with a significant proportion (~70%) falling within the 13–17 

AA range (Figure 21 A). Among the TRG variants, TRGV9 clonotypes displayed a broader 

CDR3 length distribution, spanning from 10 to 20 AA, with most clonotypes (approximately 

80%) concentrated between 15 and 18 AA (Figure 21 B). In contrast, TRGV4 and TRGV8 

clonotypes showed more restricted CDR3 lengths, predominantly between 11 and 15 AA, 

indicating less variability in these variants (Figure 21 C and D). 
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Figure 21. TRG clonotypes show broad CDR3 length distribution, with TRGV9 

exhibiting a wider range TRGV4 and TRGV8 clonotypes, and no significant case-control 

differences. Spectratypes of A) all TRG clonotypes, B) TRGV9, C) TRGV4, and D) TRGV8 

clonotypes. N(PV) = 20, N(HC) = 15. 

 

 For TRD clonotypes, the CDR3 regions ranged from 11 to 26 AA, with the majority 

(~60%) clustering between 14 and 17 AA (Figure 22 A). This distribution was primarily driven 

by the dominant TRDV2 clonotypes, which had a relatively narrow CDR3 length range of 13 

to 22 AA (Figure 22 C). In comparison, TRDV1 and TRDV3 clonotypes demonstrated a more 

complex bimodal distribution. The TRDV1 clonotypes were primarily concentrated between 

14 and 17 AA, with a secondary peak of longer clonotypes ranging from 19 to 25 AA (Figure 

22 B). Similarly, TRDV3 clonotypes displayed a dominant population with CDR3 lengths of 

13 to 15 AA, alongside a secondary peak ranging from 17 to 23 AA (Figure 22 D). The length 

distribution patterns were not significantly different between psoriasis patients and healthy 

controls. 
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Figure 22. Spectratypes of TRD clonotypes show a broad CDR3 length distribution, with 

TRDV1 and TRDV3 exhibiting distinct bimodal patterns, compared to the more 

restricted distribution of TRDV2 clonotypes. Spectratypes of A) total TRD, B) TRDV1, C) 

TRDV2, and D) TRDV3 clonotypes. N(PV) = 20, N(HC) = 15. 

 

 The correlation analysis between basic repertoire characteristics and clinical parameters 

of the examinees revealed a significant decline in the number of unique clonotypes with 

increasing PASI scores, observed in both TRG and TRD repertoires (Figure 23). The age in 

psoriasis group was furthermore negatively associated with clonotype count in both TCRγ and 

TCRδ repertories, a relationship not observed in healthy controls (Figures 24 and 25). In 

addition, the convergence, defined as the presence of distinct nucleotide sequences which give 

rise to the same amino acid sequences in the CDR3 region, significantly decreased with the 

advancing age of psoriatic patients, in both TRG (ρ = -0.55, P = 0.028) and TRD (ρ = -0.69, P 

= 0.003) clonotypes.  
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Figure 23. The number of unique TCRγ and TCRδ clonotypes decreases significantly 

with increasing PASI score. Spearman’s correlation analysis between PASI score and A) 

total TRG, B) TRGV9, C) total TRD, and D) TRDV2 clonotypes.  

  When stratifying TRG clonotypes based on the TRGV variant expressed, a negative 

correlation between unique clonotype count and the age of psoriasis patients was observed in 

all clonotypic variants except for TRGV5. Interestingly, this trend was absent in healthy 

controls, who even exhibited an increase in clonotype count with advancing age across all 

TRGV9neg variants (Figure 24). In addition, the advancing age of psoriasis patients also 

negatively correlated with the mean CDR3 length of TRGV9 clonotypes (ρ = -0.67, P = 0.005). 

Of interest, the number of unique TRGV9 clonotypes correlated negatively with disease 

severity, as indicated by the PASI score (Figure 23). The PASI score also demonstrated a 

positive association with the mean CDR3 length of TRGV8 clonotypes (ρ = 0.511, P = 0.021), 

while disease duration correlated negatively with the geometric mean frequency of TRGV4 

clonotypes (ρ = -0.545, P = 0.016). 
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Figure 24. The number of unique TRG clonotypes, including TRGV-9/8/4/2/3 clonotypes, 

declines significantly with age in psoriasis patients, while this trend is absent or opposite 

in healthy controls. Spearman’s correlation analysis. N(PV) = 16, N(HC)=15. 

 TRD clonotypes of psoriasis patients displayed a similar age-dependent dynamic, with 

significant decline of clonotype count across both total and individual TRDV clonotype 

variants. In contrast, the diversity of healthy TRD repertoires did not follow the same trend, 

moreover, the number of TRDV1 clonotypes was higher in older healthy subjects (Figure 25). 

The CDR3 length of TRDV1 was also affected by the age of psoriasis patients, as indicated by 

a positive correlation (ρ = 0.611, P = 0.027). Moreover, the PASI score influenced diversity 

within the TRD repertoire, particularly affecting TRDV2 clonotypes (Figure 23), but not 

TRDV1 or TRDV3. Interestingly, the proportion of Vδ2+ cells within γδ T cell compartment, 

as assessed by flow cytometry, did not decline with increasing PASI scores (ρ = -0.09, P = 

0.74) or advancing age (ρ = -0.36, P = 0.17), suggesting the reduced TRDV2 clonotype count 

was not a result of the diminished proportion of Vδ2+ cells, but rather reflects a contraction in 

clonotypic diversity within the Vδ2+ population itself. 



Ocje
na

 ra
da

 

u t
ije

ku

77 
 

 

 

Figure 25. The number of unique TRD clonotypes, including TRDV-2/1/3 clonotypes, 

declines significantly with age in psoriasis patients, while this trend is absent or opposite 

in healthy controls. Spearman’s correlation analysis. N(PV) = 16, N(HC)=15. 

 

4.2.5. Assessment of clonal distribution and diversity metrics  

 

 The absolute number of unique clonotypes serves as a general metric for comparing 

individual TCR repertoires, however, a higher clonotype count does not necessarily reflect a 

greater abundance of rare variants or reduced presence of expanded clonotypes but can be 

affected by variations in sequencing depth between samples. To obtain a more nuanced 

understanding of the repertoire composition shifts, clonotypes were classified into four 

frequency groups: hyperexpanded (>5%), large (0.5–5%), medium (0.05–0.5%), and small 

(<0.005%).  
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 Since TRGV9 and TRDV2 clonotypes dominate the peripheral blood repertoire, this 

frequency-based approach primarily detects shifts in these major variants. Consequently, 

changes in less frequent clonotypes, whose distribution across repertoires can vary widely, may 

be overlooked, especially if these shifts do not significantly impact the overall repertoire 

distribution. To address this, a complementary diversity index assessment was conducted. For 

the purpose of this analysis, clonotypes were filtered by their variable domain segments, 

forming independent repertoires for each variant, thus allowing the detection of diversity shifts 

within each clonotypic variant, regardless of their original frequency in the overall repertoire. 

 The diversity metrics used to estimate the number of rare clonotypic variant were Efron-

Thisted and Chao1 indices, with higher values indicating a greater abundance of low-frequent 

clonotypes. Furthermore, the Shannon-Wiener and Inverse Simpson indices were included, 

accounting for both clonotype richness (total unique clonotypes) and evenness (distribution of 

their frequencies). The Shannon-Wiener index is more sensitive to low-frequency clonotypes, 

while the Inverse Simpson index emphasizes the dominance of expanded clonotypes, providing 

complementary insights. The D50 metric was also incorporated to measure the number of 

clonotypes that cumulatively account for 50 % of the total sequences, serving as an indicator 

of clonal expansion. Lower values of the Shannon-Wiener and Inverse Simpson indices 

indicate a higher proportion of dominant or expanded clonotypes, while higher values reflect a 

more even distribution of clonotypes. Similarly, the D50 index ranges from 0 to 0.5, where 

lower values indicate higher clonality and higher values indicate more diversity. 

Diversity of TCRγ clonotypes 

 The diversity metrics for total TRG repertoires did not show significant differences 

between healthy and psoriasis-affected examinees. However, TRGV4 (Me [IQR]: 0.11 [0.06 – 

0.13] vs. 0.05 [0.03 – 0.09], PV vs HC, P = 0.039) and TRGV8 (0.12 [0.08 – 0.14] vs. 0.07 

[0.03 – 0.09], PV vs HC, P = 0.013) clonotypes demonstrated higher D50 values in the PV 

repertoires, suggesting TRGV4 and TRGV8 clonotypes in psoriasis samples may represent a 

more diverse set of clonotypic variants. 

 Analysis of TRG repertoire diversity with lower-bound estimators such as Chao1 and 

the Efron-Thisted estimator showed a decline corresponding to higher PASI scores, which was 

additionally associated with a reduced proportion of ‘small’ clonotypic variants (Table 11). In 

a similar manner, the Shannon-Wiener and Inverse Simpson indices exhibited modest negative 

correlations with PASI scores, confirming the presence of a higher proportion of 
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hyperexpanded clonotypes (Table 11). These patterns of diversity reduction and clonal 

expansion were evident in specific TRGV subtypes, including TRGV9, TRGV2, TRGV4, and 

TRGV8, as assessed by diversity indices. Notably, an increase in the proportion of TRGV9 

clonotypes was observed in the ‘hyperexpanded’ group, alongside a corresponding decrease in 

the representation of ‘small’ clonotypic variants (Table 11). Conversely, other TRGV variants 

did not display significant changes across any of the four defined clonotype frequency groups. 

These results thus indicate that disease severity impacts the loss of diversity within all TRGV 

clonotypic variants, with the most pronounced effect being the expansion of TRGV9 

clonotypes. 

Table 11. Statistically significant correlations between PASI score and diversity indices or 

frequency groups in total TRG and individual TRGV repertoires 

 Index or frequency group ρ P 

TRG 

Efron-Thisted -0.533 0.015 

Chao1 -0.566 0.009 

Shannon-Wiener -0.493 0.027 

Inverse Simpson -0.457 0.04 

Small -0.545 0.013 

Hyperexpanded 0.549 0.012 

TRGV9 

Efron-Thisted -0.524 0.018 

Chao1 -0.517 0.019 

Shannon-Wiener -0.475 0.034 

Inverse Simpson -0.519 0.019 

Small -0.516 0.020 

Hyperexpanded 0.587 0.006 

TRGV2 Efron-Thisted -0.466 0.038 

TRGV8 Shannon-Wiener -0.478 0.033 

TRGV4 
Shannon-Wiener -0.513 0.025 

Inverse Simpson -0.649 0.003 

Spearman’s rank correlation coefficient. 

  Interestingly, disease duration was associated with a reduction in the diversity of 

TRGV4 clonotypes, as evidenced by the negative correlation with D50 values (ρ = -0.538, P = 

0.018). Furthermore, a strong positive correlation was observed between disease duration and 

the proportion of TRGV4 clonotypes within the ‘medium’ frequency compartment (ρ = 0.702, 

P = 8 x 10-4), indicating that the previously documented increased usage of TRGV4 clonotypes 

and the corresponding decrease in D50 values predominantly occur within the ‘medium’ 

frequency range. 
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 In addition to disease severity and duration, age had a substantial impact on the diversity 

of TRG clonotypes in psoriasis patients. Strong negative associations were observed between 

age and the diversity of total TRG clonotypes, particularly in the TRGV9, TRGV2, and TRGV8 

subtypes, as displayed by decreasing Efron-Thisted index (Figure 26). Moderate inverse 

relationships were also observed between age and the diversity of TRGV3, TRGV4, and 

TRGV5 clonotypes (Table 12). These age-related declines were consistent across both lower-

bound estimators (Chao1 and Efron-Thisted) and Shannon-Wiener and Inverse Simpson 

indices, coinciding with a reduction in the proportion of rare (‘small’) clonotypic variants 

(Table 12). While elevated frequencies of hyperexpanded clonotypes with age of PV patients 

were evident in the analysis of total TRG repertoires, this pattern was not observed within 

individual TRGV variants, reflecting the fact that hyperexpanded compartments among 

different individuals are composed of distinct TRGV clonotypic variants.  

 Of interest, the same age-associated diversity correlations were again not present in 

healthy controls. In fact, TRGV2 clonotypes of healthy participant showed an opposite trend, 

with higher proportions of ‘small’ clonotypes as age increased (ρ = 0.524, P = 0.044), aligned 

with Efron-Thisted (ρ = 0.548, P = 0.035) and Chao1 indices (ρ = 0.578, P = 0.024). 

 

Figure 26. TRGV9, TRGV2, and TRGV8 repertoire diversity, assessed by the Efron-

Thisted index, declines significantly with age in psoriasis patients, whereas healthy 

controls show significant diversity enrichment in TRGV2 clonotypes. Spearman’s 

correlation analysis. N(PV) = 16, N(HC)=15. 
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Table 12. Statistically significant correlations between age and diversity indices or 

frequency groups in total TRG and individual TRGV repertoires of psoriasis patients 

 Index ρ P 

TRG 

Efron-Thisted -0.887 4.77 x 10-6 

Chao1 -0.884 5.66 x 10-6 

Shannon-Wiener -0.828 7.57 x 10-5 

Inverse Simpson -0.711 0.002 

Small -0.829 7.16 x 10-5 

Medium -0.652 0.006 

Hyperexpanded 0.644 0.007 

TRGV9 

Efron-Thisted -0.805 1.66 x 10-4 

Chao1 -0.853 2.71 x 10-5 

Shannon-Wiener -0.789 2.77 x 10-4 

Inverse Simpson -0.676 0.004 

Small -0.816 1.16 x 10-4 

Medium -0.733 0.001 

TRGV2 

Efron-Thisted -0.857 2.21 x 10-5 

Chao1 -0.881 6.45 x 10-6 

Small -0.720 0.002 

TRGV8 

Efron-Thisted -0.832 6.39 x 10-5 

Chao1 -0.832 6.39 x 10-5 

Shannon-Wiener -0.541 0.031 

Inverse Simpson -0.501 0.048 

Small -0.797 2.2 x 10-4 

TRGV3 

Efron-Thisted -0.635 0.008 

Chao1 -0.689 0.003 

Small -0.564 0.023 

TRGV4 

Efron-Thisted -0.652 0.006 

Chao1 -0.668 0.005 

Shannon-Wiener -0.509 0.044 

Small -0.626 0.009 

TRGV5 

Efron-Thisted -0.566 0.022 

Chao1 -0.566 0.022 

D50 0.518 0.039 

 

Diversity of TCRδ clonotypes 

 Similar negative associations between PASI scores and repertoire diversity metrics 

were evident in TRD repertoires. Moderate correlations were found among the Efron-Thisted, 

Chao1, Inverse Simpson, and Shannon-Wiener indices with disease severity, both in the total 

TRD clonotypes and within TRDV2 clonotypes. These finding indicate that disease-related 

alterations in the repertoires lead to a reduction in the abundance of rare clonotypic and an 
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increase in the prevalence of dominant ones. In addition, TRDV3 repertoires demonstrated a 

negative relationship with the Shannon-Wiener and Inverse Simpson metrics, suggesting that 

patients with more severe forms of the disease tend to contain less diverse, more expanded 

TRDV3 clonotypes (Table 13). These trends were accompanied by a loss in the abundance of 

‘small’ TRD clonotypes within the dominant TRDV2 fraction, but not TRDV1 or TRDV3, 

highlighting that the loss of rare TRDV2 variants is the primary factor reshaping the repertoires 

in patients with severe disease.  

Table 13. Statistically significant correlations between PASI score and diversity indices or 

frequency groups in total TRD and individual TRDV repertoires 

  Index ρ P 

TRD 

Efron-Thisted -0.519 0.019 

Chao1 -0.495 0.027 

Shannon-Wiener -0.529 0.017 

Small -0.530 0.016 

TRDV2 

Chao1 -0.537 0.015 

Efron-Thisted -0.524 0.018 

Shannon-Wiener -0.463 0.040 

Small -0.513 0.021 

TRDV3 
Inverse Simpson -0.602 0.006 

Shannon-Wiener -0.589 0.008 

 

 Furthermore, longer disease duration was moderately associated with an increase of 

D50 index among TRDV1 variants (ρ = 0.561, P = 0.013) and the increased proportion of 

TRDV3 clonotypes within the ‘medium’ frequency category (ρ = 0.498, P = 0.029). 

 Similar to the trends observed in TRG clonotypes, age significantly influenced shifts in 

TRD repertoires, leading to a marked reduction in ‘small’ clonotypic variants within the 

TRDV2 and TRDV3 compartments, associated with an increased proportion of hyperexpanded 

clonotypes in total TRD repertoires, particularly TRDV2 variant. In addition, strong negative 

correlations were observed between all assessed diversity metrics and the advancing age of 

affected individuals, present in total both total TRD, and within the TRDV2 and TRDV3 

repertoires (Table 14, Figure 27), whereas in TRDV1 clonotypes, only a moderate relationship 

was observed between Chao1 and patients’ age. The corresponding age-related changes were 

not observed in healthy repertoires (Figure 28). The immune response to CMV, assessed here 

by CMV IgG values, demonstrated a modest yet statistically significant negative correlation 

with TCRδ diversity in TRDV2 (ρ = -0.571, P = 0.019) and TRDV3 (ρ = -0.534, P = 0.029) 
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clonotypic subsets, as indicated by the Inverse Simpson index. Interestingly, no significant 

association was observed between CMV IgG levels and TRDV1 clonotype diversity, despite 

prior evidence that TRDV1 clonotypes expand in response to CMV infection (5,6). 

Table 14. Statistically significant correlations between age and diversity indices or 

frequency groups in total TRD and individual TRDV repertoires of psoriasis patients 

 Index ρ P 

TRD 

Efron-Thisted -0.856 2.37 x 10-5 

Chao1 -0.841 4.49 x 10-5 

Shannon-Wiener -0.800 2.01 x 10-4 

Inverse Simpson -0.624 9.72 x 10-3 

Small -0.834 6.03 x 10-5 

Medium -0.566 0.022 

Hyperexpanded 0.638 0.008 

TRDV1 Chao1 -0.540 0.038 

 

TRDV2  

Efron-Thisted -0.838 5.06 x 10-5 

Chao1 -0.815 1.19 x 10-4 

Shannon-Wiener -0.741 0.001 

Inverse Simpson -0.579 0.019 

Small -0.813 1.29 x 10-4 

Medium -0.542 0.03 

Hyperexpanded 0.583 0.018 

TRDV3 

Efron-Thisted -0.642 0.010 

Chao1 -0.626 0.013 

Shannon-Wiener -0.626 0.013 

Inverse Simpson -0.542 0.037 

Small -0.756 4.58 x 10-4 
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Figure 27. TRDV1, TRDV2, and TRDV3 repertoire diversity, assessed by the Efron-

Thisted index, declines significantly with age in psoriasis patients, whereas healthy 

controls show significant diversity enrichment in TRDV1 clonotypes. Spearman’s 

correlation analysis. N(PV) = 16, N(HC)=15. 

 

Figure 28. Representative treemaps illustrating greater TCRδ clonal focusing in psoriasis 

vulgaris (PV) patients (A, B) compared to age-matched healthy controls (HC) (C, D). A) 

26-year-old PV patient, B) 54-year-old PV patient, C) 29-year-old HC, and D) 55-year-old 

HC. Each rectangle represents a clonotype, with size corresponding to its relative frequency 

in the repertoire. 
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 The assessment of diversity metrics and frequency-based segregation of clonotypic 

groups indicates psoriasis is associated with enhanced clonal focusing and reduced TRG and 

TRD diversity, particularly with a greater disease severity, duration, and age, suggesting a 

disease-induced reshaping of the γδ TCR repertoires. Notably, the cumulative frequencies of 

the top ten TRD clonotypes occupied over 70% of the repertoire space exclusively in psoriasis 

patients, especially those with high PASI scores (Figure 29). Similarly, the top 10 TRG 

clonotypes accounted for over 80% of the repertoires in these patients. However, caution is 

warranted in interpreting hyperexpansion within TRG clonotypes as the high prevalence of 

specific Vγ9 clonotypes may not indicate clonal expansion, but rather suggest that these 

clonotypes could have resulted from multiple independent convergent recombination events, 

each pairing with various Vδ2 chains (140). 

 

 

Figure 29. Cumulative frequencies of the ten most abundant TCRδ clonotypes occupy 

more repertoire space in psoriasis (PV) patients (A, B) compared to age-matched healthy 

controls (HC) (C, D). A) 43-year-old PV patient with PASI score 27.5, B) 54-year-old patient 

with PASI score 25.2 C) 43-year-old HC, and D) 55-year-old HC.  
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4.2.6. Analysis of public and disease-associated clonotypes 

 

 A total of 27,073 unique TCRδ clonotypes were identified across all samples, with 

15,740 unique clonotypes found in the repertoires of psoriasis vulgaris (PV) patients and 

12,647 in healthy controls (HC). Similarly, 15,364 unique TCRγ clonotypes were detected, 

with 9,906 in PV and 7,528 in healthy repertoires.   

 As expected, most TRD clonotypes were private, with 2,031 (7.5%), shared across all 

samples, of which 1,314 (4.8%) clonotypes were found in both PV and HC groups. In addition, 

985 (7.8%) clonotypes were shared exclusively among PV patients, while 744 (5.9%) 

clonotypes were shared only among healthy individuals. Consistent with previous findings, 

clonotypes containing the TRDV2 segment predominated among shared (public) clonotypes, 

whereas TRDV1 and TRDV3 clonotypes were infrequently shared, typically appearing in only 

two repertoires. Clonotype overlap was further evaluated using the Jaccard index, which 

quantifies the proportion of clonotypes shared between two samples relative to the total number 

of unique clonotypes observed in both samples. The median Jaccard index value for TRDV2 

clonotypes in PV group was 0.01 (IQR range: 0.006–0.017), while only four pairs of samples 

exhibited a Jaccard index greater than 0 for TRDV1 clonotypes (Figure 30). In addition, one 

TRDV5 clonotype was found to be shared between two donors, whereas other TRDV variants 

were strictly private. The top 10 most frequently observed clonotypes were rearranged with 

Jδ1 and featured a hydrophobic amino acid at the fifth position in the CDR region (Figure 30), 

with the germline-encoded CACDTLGDTDKLIF being the most prevalent, aligning with 

previous reports (159,230).   

 Interestingly, two clonotypes were found to be present in six (30%) psoriasis repertoires 

while being absent in the healthy controls. However, the identification of clonotypes in four 

healthy individuals (26.7%) that were not present in any psoriasis samples raises questions 

about the uniqueness of these findings, thereby reducing the likelihood that these two 

clonotypes can be definitively associated with psoriasis. This conclusion was further supported 

by a Fisher’s exact test, which, after correcting for multiple comparisons, revealed no clonotype 

was significantly more or less prevalent in psoriasis patients than in healthy controls.   
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Figure 30. Public TRD clonotypes occupy low frequencies of individual repertoires, with 

TRDV2 clonotypes exhibiting public profiles in contrast to the private nature of TRDV1 

clonotypes. A) Proportion of the 10 most frequent TRD (TRDV2) clonotypes across all 

samples. Heatmap of pairwise Jaccard index for B) TRDV2 and C) TRDV1 clonotypes in the 

PV group. 

 

 TRG clonotypes displayed a higher degree of publicness, with 18.8% (2,886/15,364), 

shared among study participants and 2,070 (13.5%) shared between at least one PV and one 

HC repertoire. The proportions of shared clonotypes were comparable within the PV group 

(1,724/9,906, 17.4%) and HC group (1,270/7,528, 16.9%). TRGV9 clonotypes were the most 

widely shared (Figure 31, median Jaccard index: 0.072 [IQR: 0.054, 0.086]), with the 
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CALWEVQELGKKIKVF and CALWEVRELGKKIKVF clonotypes present in all 

repertoires, consistent with previous studies documenting the widespread abundance of these 

clonotypic variants (1,7). Clonotypes with TRGV2, TRGV3, TRGV4, TRGV5, and TRGV8 gene 

segments were also commonly shared, although displaying lower Jaccard index values.   

 A comparison with a publicly available dataset of TCRγ sequences from lesional, non-

lesional, and healthy human skin (95) revealed noteworthy overlaps with clonotypes identified 

in the peripheral blood of psoriasis patients within our cohort. Namely, 297 clonotypes were 

shared with those from lesional skin, four of which exhibited significantly higher representation 

in the psoriatic peripheral repertoires compared to healthy controls (Table 15). However, these 

findings lost statistical significance following correction for multiple comparison. Conversely, 

five clonotypes were found to be more prevalent in healthy repertoires compared to psoriatic 

ones, but again, the significance was lost after multiple comparison correction. These 

observations hint a potential link between lesional and peripheral TCRγ clonotypes in psoriasis, 

however, larger studies involving paired peripheral blood and skin samples will be essential to 

clarify the biological relevance of these clonotypes. 
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Figure 31. Public TRD clonotypes occupy significant portions of individual repertoires, 

with TRGV9 clonotypes exhibiting the highest degree of sharing. A) Proportion of the 10 

most frequent TRG (TRGV9) clonotypes across all samples. Heatmap of pairwise Jaccard 

index for B) TRGV9 and C) TRGV4 clonotypes in the PV group. 
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Table 15. Clonotypes with differential presence in psoriatic versus healthy repertoires 

Clonotype TRGV TRGJ 
PV 

occurence 

HC 

occurence 

Match 

(95) 

Fold 

change 

CALWENELGKKIKVF TRGV9 TRGJP 11/20 2/15 
lesional 

skin 
4.1* 

CALWEVQPELGKKIKVF TRGV9 TRGJP 9/20 1/15 
lesional 

skin 
6.8* 

CATWEYYKKLF TRGV5 TRGJ2 6/20 0/15 
lesional 

skin 
NA 

CALWEVGYYKKLF TRGV9 TRGJ2 6/20 0/15 
lesional 

skin 
NA 

CALWGKQELGKKIKVF TRGV9 TRGJP 8/20 0/15 - NA 

       

CALWEEIQELGKKIKVF TRGV9 TRGJP 3/20 9/15 - 4** 

CALWEAYYKKLF TRGV9 TRGJ2 3/20 8/15 
lesional 

skin 
3.6** 

CALWASQELGKKIKVF TRGV9 TRGJP 1/20 8/15 - 10.7** 

CALWEAPPQELGKKIKVF TRGV9 TRGJP 1/20 6/15 - 2.7** 

CALWEEMQELGKKIKVF TRGV9 TRGJP 0/20 6/15 - NA 

The comparison was conducted using available sequences from Harden et al. (95) The fold 

change is expressed as either * PV occurrence / HC occurrence or ** HC occurrence / PV 

occurrence. NA values were assigned when no occurrences were observed in the group being 

compared. 
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4.3. Exploring the transcriptomic landscape of circulating γδ T cells  

 

 Transcriptomic profiling of circulating γδ T cells was conducted using commercially 

available panel designed to investigate 395 different immunologically relevant genes. This 

approach provided comprehensive overview of a wide range of immune response markers, 

including molecular indicators of activation, effector functions, adhesion, migration, 

differentiation, TCR signalling, antigen-presenting molecules, as well as chemokine and 

cytokine receptors. The immunotranscriptome of peripheral γδ T cells was analysed using 24 

sequencing libraries, prepared from RNA extracted from flow-sorted γδ T cells of 12 psoriasis 

patients and 12 healthy controls. The sequencing run and individual samples passed the quality 

control criteria, with an average Phred score of >30 being 95.71 ± 0.51% of the bases and the 

average alignment rate of 79.98 ± 7.63%. One sample from the healthy control group was 

excluded from further analysis due to a low total read count (<64,000), which deviated 

significantly from the other samples. Basic sequencing characteristics are summarised in the 

table below. 

Table 16. Basic sequencing metrics 

 PV (N = 12) HC (N = 11) P* 

Sequencing reads 
2,718,052 (1,757,418 – 

4,008,349) 

1,383,464 (1,109,603 – 

2,740,868)  0.045 

> Q30 bases (%) 95.96 (95.59 – 96.01) 95.86 (95.62 – 95.89) 0.309 

Aligned reads (%) 83.55 (75.63 – 89.75) 80 (77.9 – 81.45) 0.424 

Data are shown as median with interquartile range. *Mann-Whitney U test  

 No significant differences were observed between the two groups regarding age, sex 

distribution, BMI, hsCRP, CMV serostatus or CMV IgG levels, however, psoriasis patients 

exhibited a higher leukocyte count. Descriptive statistics for the characteristics of the 

participants are presented in Table 17.  

Table 17. Baseline subjects’ characteristics 

 PV (N = 12) HC (N = 11) P 

Age 38 (32 – 44) 37 (31 – 39) 0.578* 

Sex (M/F) 9/3 8/3 1** 

BMI 28.47 (26 – 31.46) 26.59 (26.31 – 28.24) 0.559* 

hsCRP (mg/L) 1.10 (0.6 – 2.5) 1.4 (1.2 – 2.28) 0.307* 

L (N x109/L) 7.05 (6.38 – 9.78) 5.40 (4.65 – 6.9) 0.021* 

CMV IgG (U/mL) 101 (34.75 – 122) 110 (96.93 – 125) 0.306* 
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CMV IgG (pos/neg) 8/3 10/0 0.214** 

PASI 7.4 (5.03 – 24.3) - - 

Disease duration (years) 7.5 (5.5 – 10.5) - - 

Continuous data are shown as median (interquartile range). BMI - body mass index, hsCRP – 

high sensitivity C-reactive protein, L – leukocyte count, CMV – cytomegalovirus; PASI – 

psoriasis area and severity index * Mann-Whitney U test, ** Fisher's Exact Test 

 

 The composition of the γδ T cell compartment did not differ between the healthy and 

diseased groups, indicating that any observed transcriptional differences were not attributable 

to variations in the relative abundance of the Vδ1, Vδ2, or Vδ1-Vδ2- subsets (Table 18). 

Table 18. γδ T cell compartment composition 

 PV (N = 12) HC (N = 11) P 

Vδ2 of γδ T (%) 74.15 (44.75 – 95.98) 80.6 (68.7 – 88.8) 0.712 

Vδ1 of γδ T (%) 9.44 (2.79 – 16.15) 14 (7.58 – 27.15) 0.372 

Vδ1- Vδ2- of γδ T (%) 6.08 (2.05 – 15.4) 3.98 (2.59 – 5.97) 0.309 

Data are shown as median (interquartile range). Mann-Whitney U test 

 

4.3.1. Analysis of differentially expressed genes 

 

 For the differential expression analysis using DESeq2, an initial pre-filtering step was 

applied to remove transcripts with low counts, retaining those with at least 10 counts in a 

minimum of five samples in either the psoriasis or control group. After this filtering, a total of 

300 genes remained for the differential expression analysis.  

 The analysis identified 36 differentially expressed genes in peripheral γδ T cells of 

psoriasis patients in psoriasis patients, with 30 upregulated and 6 downregulated (Figure 32). 

The upregulated genes included activation markers (CD3D/E/G, CD247, ZAP70, CD48, 

IL2RB) and type-1 immune profile (TBX21, IRF1, GADD45G), associated with enhanced 

effector and cytolytic functions (PRF1, GZMA, NKG7, SRGN), increased tissue migration 

potential (KLF2, SELL, CXCR4, ITGAL) and improved survival (CD47, HLA-E, CORO1A). 

The downregulated genes were primarily associated with antiviral responses (MX1, OAS3, 

IFI44L) and activation (ICOS, IL2RG). 
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Figure 32. Differential gene expression in peripheral γδ T cells from psoriasis patients 

versus healthy controls. The volcano plot shows log2 fold change (X-axis) and -log10 

adjusted p-value (Y-axis). Genes significantly upregulated (log2FC > 1, adj. p-value < 0.05) 

are in dark red, with less significant upregulated (log2FC > 0, adj. p-value < 0.05) genes in 

light red. Similarly, significantly downregulated genes (log2FC < –1, adj. p-value < 0.05) are 

in dark blue; less significant downregulated genes (log2FC < 0, adj. p-value < 0.05) are in 

light blue. Non-significant genes are grey. Dashed lines indicate thresholds for fold change 

and adjusted p-value. 

 

4.3.2. Gene ontology (GO) analysis  

 

 Gene ontology (GO) analysis of the upregulated genes revealed significant enrichment 

in biological processes related to cell migration, activation, and differentiation (Figure 33). 

Most of the upregulated genes were associated with cellular components localized to the 

plasma membrane, particularly as part of the T cell receptor (TCR) complex or immunological 

synapse, as well as within cytolytic granules. Furthermore, GO analysis identified two 

significant enriched molecular functions: T cell receptor binding and major histocompatibility 

complex (MHC) binding activities (Figure 34). 
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Figure 33. GO-BP enrichment analysis of upregulated genes in psoriasis. Rows represent 

enriched Gene Ontology Biological Process (GO-BP) terms, while columns correspond to 

upregulated genes associated with these terms. The colour intensity reflects the fold change of 

each gene. 
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Figure 34. Gene Ontology (GO) enrichment analysis of upregulated genes. Dot size 

represents the gene ratio, which is the proportion of upregulated genes within each GO 

category. GO categories are grouped into BP (Biological Process), CC (Cellular Component), 

and MF (Molecular Function). Dot colour reflects the adjusted p-value. 

 

4.3.3. Gene set enrichment analysis  

 

The upregulated genes were mostly enriched within KEGG pathways related to 

“Natural killer cell mediated cytotoxicity” (Gene ratio: 6/20, adjusted p value: 2.53 x 10-4) 

(Figure 35) and the “T cell receptor signalling pathway” (Gene ratio: 5/20, adjusted p value: 

6.34 x 10-4). In addition, comparison with the Biocarta gene set showed enrichment in the 

cytotoxic T lymphocyte (CTL) pathway (Gene ratio: 6/14, adjusted p value: 8.3 x 10-9) and 

TCR pathway (Gene ratio: 6/14, adjusted p value: 4.93 x 10-6) (Figure 36).  
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Figure 35. Gene Set Enrichment Analysis (GSEA) for the KEGG “Natural Killer Cell 

Mediated Cytotoxicity” pathway. The top panel shows the running enrichment score (y-

axis) across a pre-ranked list of genes (x-axis), with peaks indicating significant enrichment 

of pathway-associated genes. The bottom panel displays the ranked list metric, where the x-

axis represents gene ranks based on differential expression, and the y-axis corresponds to the 

log2 fold change. 

 

Figure 36. Cnet plot linking genes to enriched KEGG and Biocarta pathways. Nodes 

represent genes (coloured by log2 fold change) and pathways (grey), with edges showing the 

association of each gene with one or more pathways. 
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 Interestingly, examination of upregulated gene expression patterns across individual 

samples revealed that the signature of these genes was particularly pronounced in a subset of 

the psoriasis group (Figure 37). This distinction was further supported by principal component 

analysis (PCA), where samples PV-4, PV-5, PV-6, PV-7, PV-8, and PV-9 formed a distinct 

cluster, while the remaining psoriasis samples were dispersed among the healthy control group 

(Figure 38). 

 

Figure 37. Heatmap of differentially expressed genes in psoriasis patients and healthy 

controls. Rows represent genes ranked by descending log2 fold change (log2FC), while 

columns represent individual samples. Colour intensity indicates the Z-score of gene 

expression. The dendrograms at the top reflects hierarchical clustering of samples, while the 

colour bar indicates sample grouping (PV: psoriasis vulgaris, HC: healthy controls). 

"AveExpr" denotes the average expression level of each gene. 
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Figure 38. Principal component analysis (PCA) of psoriasis and healthy control samples. 

PCA plot showing the distribution of psoriasis vulgaris (PV) and healthy control (HC) samples 

based on gene expression profiles.  

 Upon examining the characteristics of patients in ‘PV-A group’ (samples showing 

significant upregulation), and the ‘PV-B group’, no significant differences were observed in 

age, PASI score, disease duration, sex, CMV status, or proportions of γδ T subsets within the 

γδ T compartment. However, to determine whether the differences observed in PV vs. HC 

comparisons were primarily driven by the PV-A group, patients were stratified into two groups 

and analyses were performed comparing PV-A vs. HC, PV-B vs. HC, and PV-A vs. PV-B.

  

 The PV-A vs. HC analysis revealed significant differences in gene expression. All 

genes identified as upregulated in the initial PV vs. HC comparison remained upregulated in 

the PV-A vs. HC analysis, along with an additional 20 elevated transcripts (Figure 39). The 

number of downregulated genes also increased, although MX1 and OAS3 were not among 

them. Notably, the significance of these findings was strengthened, for instance, the adjusted 

p-value for ZAP70, decreased from 0.001 to 3.78 x10-23, and the log2fold change increased 

from 2 to 3.01. Conversely, there were no statistically significant differentially expressed genes 

in the PV-B vs. HC comparison, indicating that the differences observed when comparing total 

PV vs. HC are primarily driven by the PV-A group. While many of the upregulated genes in 

the PV-A vs. HC analysis also appeared in the PV-A vs. PV-B analysis, some genes like SELL, 
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CD247, POLR2A, SRGN, NKG7, CD3D, CD3G, and STAT6 were not differentially express, 

implying that these transcripts are present at elevated levels in the PV-B group relative to HC, 

but not high enough to achieve statistical significance. Overall, the intergroup analysis was 

performed to discern the unique transcriptomic signature of the PV-A group, however due to 

the lack of clear biological explanations for the observed variations within the PV group and 

the small sample sizes of both PV-A and PV-B groups, further interpretation of these results 

remains uncertain. 

 

 
Figure 39. Differentially expressed genes in γδ T cells from the PV-A subgroup of 

psoriasis patients versus healthy controls. The volcano plot shows log2 fold change (X-axis) 

and -log10 adjusted p-value (Y-axis). Genes significantly upregulated (log2FC > 1, adj. p-

value < 0.05) are in dark red, with less significant upregulated (log2FC > 0, adj. p-value < 

0.05) genes in light red. Similarly, significantly downregulated genes (log2FC < –1, adj. p-

value < 0.05) are in dark blue; less significant downregulated genes (log2FC < 0, adj. p-value 

< 0.05) are in light blue. Non-significant genes are grey. Dashed lines indicate thresholds for 

fold change and adjusted p-value. 
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4.4. γδ T cell profiling through high-dimensional spectral flow cytometry 

 

 The phenotypic profiles of circulating γδ T cells were further analysed using high-

dimensional spectral flow cytometry. This approach incorporated a combination of surface and 

intracellular staining panels, enabling the detailed characterisation of cell subsets, activation 

states, and functional markers. For this purpose, peripheral blood mononuclear cells (PBMCs) 

from a total of 31 participants were included, comprising 12 healthy controls and 19 psoriasis 

patients. The study groups were balanced with respect to anthropometric and clinical 

characteristics. Detailed baseline characteristics of the study participants are presented in Table 

19. 

Table 19. Subjects’ baseline characteristics 

 PV (N = 19) HC (N = 12) P 

Age 47 (36 – 55) 55 (38 – 64) 0.440* 

Sex (M/F) 10/9 9/3 0.274** 

hsCRP (mg/L) 1.02 (0.53 – 2.94) 1.6 (1.00 – 3.17) 0.373* 

L (N x109/L) 7.80 (6.25 – 8.90) 7.0 (6.75 – 8.45) 0.982* 

CMV IgG (U/mL) 118 (70.7 – 142.6) 96.4 (77.1 – 133) 0.862* 

CMV IgG (pos/neg) 15/4 9/0 0.273** 

PASI 8.6 (6.7 – 12.6) - - 

Disease duration (years) 11.5 (4 – 16.5) - - 

Continuous data are shown as median (interquartile range). hsCRP – high sensitivity C-

reactive protein, L – leukocyte count, CMV – cytomegalovirus; PASI – psoriasis area and 

severity index, * Mann-Whitney U test, ** Fisher's Exact Test 

 

The proportion of γδ T cells and their subsets were comparable between psoriasis 

patients and healthy controls, showing no significant differences in their distribution. However, 

a significant positive correlation between the proportion of Vγ9Vδ2⁻ cells and age present in 

healthy participants (ρ = 0.73, P=0.007, Spearman’s rho), was absent in psoriasis group (ρ = 

0.12, P=0.62). Interestingly, a notable sex-specific difference was observed within the psoriasis 

group: women exhibited significantly higher proportions of γδ T cells (Me[IQR]: 4.49 [3.91 – 

11.2] % vs. 3.09 [2.28 – 3.60] %, P = 0.037, women vs. men, Mann-Whitney U test) and the 

Vγ9Vδ2 subset (2.68 [2.09 – 4.44] % vs. 1.35 [0.91 – 2.10] %, P = 0.016) within the CD3⁺ T 

cell compartment, whereas men contained higher frequencies of Vδ1 cells (51.15 [29.33 – 59.5] 

% vs 13.5 [4.64 – 24.8] %, P = 0.030, men vs. women) within the γδ T cells.  
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4.4.1. γδ T cell subclusters  

 

The analysis of γδ T cell clusters using opt-SNE, a dimensionality reduction method 

optimized for high-dimensional single-cell data, revealed distinct segregation of these cells 

based on δ-chain expression into the major Vδ2 and Vδ1 populations. Furthermore, subclusters 

within the Vδ1, Vδ2, and Vδ3 populations were distinguished by the co-expression of the Vγ9 

chain (Figure 40). This segregation underscores the functional and phenotypic diversity of γδ 

T cells associated with δ- and γ-chain expression, consistent with previous findings 

(140,141,156). 

 

Figure 40. γδ T cells clusters segregate based on Vγ9 and δ chain expression. A) Opt-SNE 

visualization of γδ T cells reveals clustering primarily driven by δ and Vγ9 chain expression. 

Fluoresecence signal intensity for B) Vδ1, C) Vγ9, and D) Vδ2 populations. The data 

represents a combined overlay analysis of all samples. 
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4.4.2. Skin-homing potential of circulating γδ T cells 

 

The skin-homing potential of circulating γδ T cells was evaluated by the expression of 

CLA, cutaneous lymphocyte antigen. The highest percentage of CLA+ cells was observed in 

Vγ9Vδ2 population, with significantly lower levels observed in the Vδ3⁺ and Vδ1⁺ subsets, 

suggesting that Vγ9Vδ2 cells possess the highest skin-homing potential among γδ T cell 

subsets (Figure 42). Although CLA+ cells did not form a distinct cluster of cells on opt-SNE 

plot, they predominantly grouped with cells expressing markers associated with a naïve-like 

phenotype, such as CD28, CD27, and CD127 (Figure 41). Direct comparison of CLA+ and 

CLA- cells further supported this observation, demonstrating that the CLA+ cells were enriched 

for tissue-homing and naïve-like markers (CD27, CD28, CD127, CD161, and CXCR3), and 

contained significantly fewer cytotoxic-effector-like markers such as CD57, HLA-DR, 

CX3CR1, and CD16 (Figure 42). When comparing psoriasis patients to healthy controls, the 

frequency of CLA⁺ γδ T cells was similar between the groups. However, within the psoriasis 

cohort, women exhibited significantly higher proportions of CLA⁺ γδ T cells within the T cell 

population compared to men (Me [IQR]: 0.75 [0.51 – 0.94] vs. 0.33 [0.25 – 0.59], P = 0.025, 

women vs. men, Mann-Whitney U test). 
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Figure 41. CLA⁺ Vγ9Vδ2 T cells are predominantly naïve-like. A) Opt-SNE plot showing 

fluorescence intensity of CLA expression across γδ T cells. B) The distribution of CLA⁺ Vγ9Vδ2 

cells aligns primarily with the naïve-like compartment (CD27⁺ CD28⁺), with a smaller 

association to the effector-like phenotype (CD27⁻CD28⁻CD16⁺). C) Representative gating 

strategy delineating naïve-like (CD27⁺ CD28⁺) and effector-like (CD27⁻CD28⁻CD16⁺) subsets 

within Vγ9Vδ2 T cells. 

 

Figure 42. CLA expression on γδ T cells is enriched in Vγ9Vδ2 cells and associated with 

tissue-homing and naïve-like phenotypes. A) CLA expression is the highest in Vγ9Vδ2 γδ T 

cells compared to Vδ3⁺ and Vδ1⁺ subsets. CLA⁺ γδ T cells show increased expression of B) 

tissue-homing CXCR3 and C) naïve-like marker CD28, with reduced levels of terminal 

differentiation and effector markers D) CD57 and E) HLA-DR. Dashed lines connect paired 

CLA⁺ and CLA⁻ samples from the same donors. Statistical significance was assessed using 

Friedman’s test (A) and Wilcoxon signed-rank test (B–E). 
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4.4.3. Phenotypic characterisation of γδ T Cells 

 

A total of 28 surface markers were used for a detailed characterisation of γδ T cells. 

Given the significant heterogeneity among γδ T cell subsets, subsequent analyses were 

performed using stratification on the most dominant circulating Vγ9Vδ2+ and Vγ9Vδ2- 

populations, of which the latter was further subdivided into Vδ1+ and Vδ3+ cells.  

4.4.3.1. Phenotypic characterisation of Vγ9Vδ2 cells 

 

A case-control comparison of markers expressed on Vγ9Vδ2 cells revealed no 

statistically significant differences between healthy and psoriasis-affected participants. 

However, significant correlations emerged between disease characteristics and the expression 

of several marker on these cells. The percentage of CD56-expressing Vγ9Vδ2 cells showed a 

significant positive correlation with disease duration (ρ = 0.531, P = 0.019, Spearman’s rho), 

as did the frequency of CD56+ CLA+ Vγ9Vδ2 subset (ρ = 0.472, P = 0.041). Conversely, the 

frequencies of CD27+ CLA+ Vγ9Vδ2 cells decreased with disease duration (ρ = - 0.566, P = 

0.012), suggesting a shift from a naïve-like state toward higher cytolytic potential with 

prolonged disease. Furthermore, a significant association was found between PASI scores and 

the proportion of CD56+ CLA+ Vγ9Vδ2 cells (ρ = 0.553, P = 0.017), further underscoring the 

potential importance of this subset in disease.   

 Sex-based differences were also identified in the composition of circulating CLA⁺ 

Vγ9Vδ2 T cells. Female psoriasis patients exhibited significantly higher proportions of CD56+, 

CD45RA+, CCR7+, CXCR5+, and CX3CR1
+ CLA+ Vγ9Vδ2 cells within the T cell 

compartment, reflecting a combination of enhanced cytotoxic capacity, memory-like 

characteristics and migration potential. In contrast, male patients demonstrated higher 

proportions of CD28⁺ CLA⁺ T cells, suggesting a more naïve or co-stimulation-dependent 

phenotype. Furthermore, the percentage of CD56+ CLA+ Vγ9Vδ2 cells increased significantly 

with PASI score in male patients, while in female patients this subset increased with longer 

disease duration (Figure 43 A, C). Moreover, disease duration had differential effects on the 

Vγ9Vδ2 subset: in male patients, it was negatively associated with the frequency of CD27+ 

Vγ9Vδ2 cells, reflecting a loss of naïve-like cells, while in females it associated with an overall 

decrease of Vγ9Vδ2 cells (Figure 43 B, D).   
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Figure 43. Differential relationships between PASI scores, disease duration, and Vγ9Vδ2 

T cell subsets in male and female psoriasis patient. In male patients: A) higher PASI scores 

positively correlate with the frequency of CD56⁺CLA⁺ Vγ9Vδ2 T cells within the Vγ9Vδ2 

compartment, while B) longer disease duration negatively correlates with the frequency of 

CD27+ Vγ9Vδ2 cells. In female patients: C) longer disease duration positively correlates with 

the frequency of CD56⁺CLA⁺ Vγ9Vδ2 T cells within the Vγ9Vδ2 compartment, while D) the 

percentage of Vγ9Vδ2 cells within CD3+ T cell compartment declines. Spearman’s correlation 

coefficient. 

The observed associations between the proportion of CD56+ Vγ9Vδ2 cells and both 

disease duration and PASI scores, along with sex-based differences, prompted further 

characterisation of CD56+ Vγ9Vδ2 cells. These cells exhibited a distinct co-expression profile 

compared to their CD56⁻ counterparts, highlighting phenotypic and functional divergence. 

Specifically, CD56⁺ Vγ9Vδ2 cells showed significantly higher expression of CD57, CD16, 

HLA-DR, CD25, CD11a, and PD-1, markers associated with activation, cytotoxicity, immune 

regulation, and terminal differentiation. In contrast, CD56⁻ Vγ9Vδ2 cells displayed elevated 

levels of CD28, CD27, and CD127, consistent with a more naïve-like phenotype (Figure 44). 

In addition, analysis of intracellular cytotoxic granules and transcription factors revealed that 

CD56+ cells demonstrate significantly higher proportions of perforin expression (Me[IQR]: 
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59.4 [46.5 – 68.4] % vs. 36.2 [26.4 – 49.6] %, CD56+ vs. CD56-, P=1.31 x10-5, Paired Wilcoxon 

test), along with elevated levels of T-bet, and granzyme B, while CD56− cells showed higher 

expression of granzyme K and Eomes. 

 

 

 

Figure 44. CD56+ Vγ9Vδ2 cells exhibit elevated expression of cytotoxic effector markers 

and reduced expression of naïve-like markers. Bar plots show the percentages of A) CD57, 

B) CD16, C) HLA-DR, D) CD28, E) CD27, and F) CD127 positive cells in CD56+ (pos) and 

CD56- (neg) Vγ9Vδ2 subsets. Representative fluorescence intensity plots illustrate the 
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distribution of G) CD57, H) CD16, I) CD28, and J) CD27 expression on CD56+ and CD56⁻ 

Vγ9Vδ2 T cells. 

 

4.4.3.2. Phenotypic characterisation of Vγ9Vδ2neg cells 

 

In addition to its relevance in Vγ9Vδ2⁺ cells, CD56 also emerged as an interesting 

marker in Vγ9Vδ2⁻ subset. The frequency of CD56⁺ Vγ9Vδ2⁻ cells increased significantly with 

the age of psoriasis patients, a trend entirely absent in healthy group (Figure 45 A). Similar to 

previous observations in the Vγ9Vδ2⁺ population, female patients had significantly higher 

frequencies of CD56-expressing CLA⁺ Vγ9Vδ2⁻ cells compared to their male counterparts 

(Figure 45 C). Interestingly, the relationship between CD56 expression within Vγ9Vδ2⁻ cells 

and PASI scores varied by gender. In female patients, the proportion of CD56⁺ CLA+ in 

Vγ9Vδ2⁻ cells positively correlated with PASI scores (Figure 45 B), whereas in male patients, 

an inverse trend was observed, with the frequency of CD56⁺ Vγ9Vδ2⁻ cells within the CD3⁺ T 

cell population declining as PASI scores increased (ρ = -0.686, P = 0.041). Moreover, CD103, 

an integrin that mediates epithelial adhesion by binding to E-cadherin, was increasingly 

expressed on Vγ9Vδ2⁻ cells with increasing PASI scores, particularly in male patients (ρ = 

0.678, P = 0.044), while disease duration was positively associated with elevated CD161 

expression on CLA+ Vγ9Vδ2⁻ cells in female patients (ρ = 0.706, P = 0.003).  
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Figure 45. Age, PASI, and gender influence frequencies of CD56⁺ Vγ9Vδ2ⁿᵉᵍ T Cells. A) 

The frequencies of CD56⁺ Vγ9Vδ2ⁿᵉᵍ T cells correlate significantly with the age of psoriasis 

patients. Female patients show B) a significant positive correlation between CD56+ CLA+ 

Vγ9Vδ2ⁿᵉᵍ frequencies and PASI score and C) significantly higher frequencies of CD56⁺ 

Vγ9Vδ2ⁿᵉᵍ T cells compared to male patients. Spearman’s correlation coefficient (A, B), Mann-

Whitney-U test (C).  

 

4.4.3.3. Phenotypic characterisation of Vδ1 cells 

 

The analysis of Vδ1 T cells revealed no significant differences in the overall profiles of 

these cells between healthy controls and individuals with psoriasis. However, sex-related 

distinctions were observed again in psoriasis cohort. Male patients demonstrated both a higher 

overall abundance of Vδ1 cells and an increased percentage of CX3CR1+ Vδ1 cells (Figure 46 

A, B, C), while female patients exhibited higher prevalence of CXCR3+ and CD8+ CLA+ Vδ1 

cells. Further analysis indicated that the expression of CD103 on circulating Vδ1 cells 

positively correlated with PASI scores, especially in affected men. In addition, in men, PASI 

scores showed a significant negative correlation with the frequency of HLA-DR-expressing 

CLA+ Vδ1 cells, while in female patients, longer disease duration was associated with reduced 

percentages of CD94+, PD-1+, and CD25+ cells within the CLA+ Vδ1 population (Figure 46 E, 
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F). In addition, age-related changes in psoriasis patients further highlighted an increase in 

CCR7+ CLA+ Vδ1 cells (Figure 46 D), alongside a decrease in CD38+ CLA, both trends not 

evident in heathy controls. 

 

Figure 46. Gender-based phenotypic differences in Vδ1 cells of psoriasis patients. A) opt-

SNE plot of γδ T cells, with Vδ1+ cells highlighted in dark blue. Fluorescence intensity plots 

showing B) higher CX3CR1 expression in Vδ1+ cells of male patients compared to C) female 

patients. D) The proportion of CCR7+ cells in CLA+ Vδ1+ increase significantly with age of 

psoriasis patients. Disease duration associates with E) increased percentage of CD94+ and 

F) decreased percentage of CD25+ Vδ1cells in female, but not male patients. 

 

1.1.1.4. Phenotypic characterisation of Vδ3 cells 

 

The analysis of Vδ3 cell characteristics revealed that psoriasis patients had significantly 

higher percentages of CD38+ CLA+ cells within Vδ3+ population (Figure 47 A), while CD103+ 

cells in the CLA+ Vδ3 fraction were lower compared to healthy controls (Me [IQR]: 0.28 [0 – 

4.81] vs. 6.79 [2.57 – 16.7], P = 0.013, PV vs HC, Mann-Whitney U test). Among the Vγ9Vδ2⁻ 
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population, the percentage of CD56+ Vδ3+ cells increased with PASI scores (ρ = 0.479, P = 

0.044), suggesting that Vδ3+ cells contribute to the previously observed trends in the Vγ9Vδ2⁻ 

subset.   

 Sex-specific differences were also evident. Female patients displayed a strong positive 

correlation between PASI scores and the percentage of CD56+ Vδ3+ cells in Vγ9Vδ2- subset 

(ρ = 0.75, P = 0.025), as well as higher proportions of CD56+ CLA+ Vδ3 cells compared to 

males (Figure 47 B), mirroring the findings observed in Vγ9Vδ2+ and collectively analysed 

Vγ9Vδ2- cells. In contrast, male patients showed a significant decrease in PD-1+ CLA+ Vδ3 

cells with increasing PASI scores (ρ = -0.703, P = 0.035). Additionally, CD8+ CLA+ Vδ3 cells 

were positively associated with disease duration in males (ρ = 0.701, P = 0.035), accompanied 

by increased expression of CD25+ (Figure 47 C) and CD103+ (ρ = 0.756, P = 0.018) in the total 

Vδ3 population. In female patients, PASI scores were positively correlated with the levels of 

CD16+ (Figure 47 D) in the Vδ3 population, as well as CD103 (ρ = 0.679, P = 0.044) on CLA+ 

Vδ3+ cells. Disease duration was also associated with an increased percentage of CD38+ CLA+ 

Vδ3 cells in females (ρ = 0.688, P = 0.041). Together, these findings highlight distinct 

phenotypic profiles of Vδ3 cells in psoriasis patients, pointing to potentially heightened 

activation states and notable sex-associated differences, with female patients exhibiting higher 

expression of cytotoxicity-associated markers. 

 

Figure 47. Distinct phenotypic characteristics of Vδ3 cells in psoriasis patients. A) 

Psoriasis patients exhibit significantly higher proportions of CD38+ CLA+ cells within the Vδ3 

compartment. B) Female psoriasis patients display higher frequencies of CD56+ cells in the 
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CLA+ Vδ3 subset. C) Disease duration associates positively with the percentage of CD25+ Vδ3+ 

cells in male patients, while D) CD16+Vδ3+ proportions increase with PASI scores in female 

patients. 

 

4.4.4. Transcriptional factors and cytolytic granules  

 

The intracellular (IC) staining analysis was performed to assess the cytolytic capacities 

(GzmA/B/K, perforin, granulysin), transcriptional regulation of effector differentiation (T-bet, 

Eomes, Blimp-1), exhaustion-related regulation (TOX), and proliferation (Ki67) of γδ T cells. 

Transcriptomic data previously revealed increased expression of T-bet, perforin, and granzyme 

A in psoriasis patients, which were corroborated by intracellular staining. Specifically, IC 

staining confirmed elevated T-bet and perforin expression, while the overall percentage of 

GzmA⁺ γδ T cells in psoriasis patients was only marginally higher compared to healthy controls 

and did not reach statistical significance (Figure 48). However, a subset of psoriasis patients 

exhibited higher proportions of GzmA+ γδ T cells than any healthy participant, mirroring the 

transcriptomic data, where subset of patients contributed to significant case-control differences. 

In addition, psoriasis patients showed increased frequencies of perforin-expressing γδ T, with 

differential T-bet expression primarily confined to the Vδ2+ subset. Notably, when analysing 

the entire γδ T cell population, no significant difference in T-bet expression was observed, 

suggesting that Vδ2⁺ γδ T cells were the primary contributors to the differences observed in 

RNA-seq analyses. Furthermore, significant correlations were identified between the 

percentages of T-bet+, Eomes+, GzmA+, GzmB+, GzmK+, TOX+ and perforin+ within the Vδ2- 

cells and the age of psoriasis patients, whereas these cytotoxic-effector markers showed no 

age-related trends in healthy controls (Table 20, Figure 49). These findings suggest that age-

associated changes in Vδ2⁻ γδ T cells may promote the acquisition of cytotoxic and effector-

like phenotypes, potentially amplifying inflammatory responses in psoriasis. 
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Figure 48. Elevated T-bet and perforin expression in γδ T cells in psoriasis patients, with 

marginally increased granzyme A levels. Violin plots depict the percentages of A) T-bet⁺, B) 

perforin⁺, and C) granzyme A⁺ γδ T cells in healthy controls (HC) and psoriasis patients (PV). 

Mann-Whitney U test (A, C), Student-t test (B). 

 

Table 20. Statistically significant correlations between age and marker expression in 

psoriasis patients. 

Marker Vδ2⁺ correlation (ρ, P) Vδ2- correlation (ρ, P) 

Granzyme A ρ = -0.503, P = 0.039 ρ = 0.672, P = 0.03 

Granzyme B ρ = -0.637, P = 0.06 ρ = 0.624, P = 0.007 

Granzyme K - ρ = 0.807, P = 9.15 x 10-5 

Granulysin - - 

Perforin - ρ = 0.625, P = 0.009 

T-bet - ρ = 0.629, P = 0.007 

Eomes - ρ = 0.554, P = 0.21 

TOX - ρ = 0.554, P = 0.21 

Ki67 - - 

The table presents the Spearman’s correlation coefficients (ρ) and corresponding P values for 

statistically significant correlations between age and the percentage of marker-positive Vδ2⁺ 

or Vδ2⁻ cells within the γδ T cell population of psoriasis patients. Correlations with no 

statistical significance (p ≥ 0.05) are denoted by (-). 
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Figure 49. Age-associated increase in cytotoxic granule expression and effector markers 

in Vγ9Vδ2⁻ cells of psoriasis patients. The proportion of Vγ9Vδ2⁻ cells expressing A) GzmK, 

B) GzmA, and C) T-bet within the γδ T cell compartment increases significantly with age in 

psoriasis patients, but not healthy controls. Sperman’s correlation coefficient. 

 

4.5. Proportion and composition of circulating MAIT cell compartment  

 

 The frequencies of mucosal-associated invariant T (MAIT) cells, defined as CD3+MR1-

5-OP-RU-tet+TCRVa7.2+ cells, and their CD8+, double-negative (DN, CD4–CD8–), CD4+, and 

double-positive (DP, CD4+CD8+) subsets were evaluated in the same cohort used to examine 

the γδ T cell compartment. This cohort included 96 participants: 64 psoriasis patients and 32 

healthy controls. While demographic and clinical features were largely similar, psoriasis 

patients exhibited higher BMI, elevated leukocyte counts, and a greater prevalence of smoking 

and CMV seronegativity. Baseline characteristics are detailed in Chapter 4.1., Table 4. 

The median percentage of MAIT cells in CD3+ compartment was 1.92 (Q1–Q3: 0.88 – 

3.52) %, aligning with previous reports (181–185). As expected, the CD8+ MAIT subset was 

the most prevalent, occupying median 68.2 (Q1–Q3: 58.2 – 77.8) % of MAIT cell population, 

followed by the DN subset (23.1 [15.5 – 36.8] %) and less frequent CD4+ (2.3 [1 – 5.1] %) and 

DP (1.26 [0.69 – 2.49] %) populations (Figure 50).  

 The case-control comparison showed no significant differences in the proportion of 

MAIT cells within CD3+ T lymphocytes, nor in the composition of the MAIT cell subsets. 

Interestingly, however, the proportion of CD4+ MAIT cells within the T cell pool was 

significantly lower in psoriasis patients compared to healthy controls (Table 21).  
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Figure 50. Distribution of MAIT cell subsets in psoriasis patients and healthy controls. 

CD8+ MAIT cells are the most abundant, followed by DN (CD4–CD8–), and less represented 

CD4+ and DP (CD4+CD8+) subsets, with no significant differences between healthy controls 

(HC) and psoriasis patients (PV). 

 

Table 21. The distribution of peripheral MAIT cells in PV and HC samples 

 PV (N = 63) HC (N = 32) P 

% MAIT of CD3+ 1.86 (0.75 – 3.26) 2.41 (0.95 – 3.65) 0.341 

% CD8+ MAIT of CD3+ 1.07 (0.38 – 2.43) 1.52 (0.65 – 2.26) 0.361 

% DN MAIT of CD3+ 0.45 (0.16 – 0.91) 0.46 (0.22 – 0.69) 0.777 

% CD4+ MAIT of CD3+ 0.03 (0.01 – 0.08) 0.07 (0.03 – 0.13) 0.016 

% DP MAIT of CD3+ 0.02 (0.01 – 0.05) 0.03 (0.01 – 0.07) 0.084 

    

% CD8+ of MAIT  70.3 (56.65 – 77.5) 67.2 (59.55 – 80.63) 0.825 

% DN of MAIT  25.7 (15.75 – 37.5) 20.95 (14.53 – 33.48) 0.438 

% CD4+ of MAIT 2.09 (0.82 – 4.49) 2.9 (1.26 – 5.41) 0.202 

% DP of MAIT 1.23 (0.55 – 2.23) 1.29 (0.89 – 2.92) 0.245 

Data are shown as median with interquartile range. DP – CD4+CD8+, DN – CD4–CD8–. 

Mann-Whitney U test  

 

 In line with previous reports(184,185,193,195), the frequency of MAIT cells declined 

with advancing age in both psoriasis-affected and healthy individuals. This age-associated 

reduction was evident in the proportions of predominant CD8+ and DN populations of MAIT 

cells within the CD3+ T compartment (Figure 51), whereas the frequencies of CD4+ and DP 

populations did not show significant association with age. In the PV group, significant negative 

correlations were observed between hsCRP levels and the percentage of MAIT cells, as well 
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as their CD8+ and DN clusters within CD3+ T cells (Figure 52). A moderate negative 

association was also identified between the PASI score and the percentage of DN MAIT cells 

in the CD3+ T cell pool (ρ = -0.311, P = 0.015). 

Given the significant positive correlation between age and hsCRP levels in PV patients 

(ρ = 0.518, P = 5.28 × 10⁻⁴), further analysis was conducted to assess whether age and hsCRP 

exert independent or interactive effects on MAIT cell proportions. A generalized linear model 

(GLM) with a gamma distribution and a log link function was used to evaluate the individual 

effects of age and hsCRP on MAIT cell proportions. The model was specified as: log(Y)=β0

+β1Age+β2hsCRP, where Y represents the percentage of total MAIT, CD8+ MAIT, or DN 

MAIT cells within the CD3+T cell population. Both age and hsCRP were found to be significant 

negative predictors of total MAIT (age: β = -0.028, P = 0.006; hsCRP: β = -0.123, P = 0.003), 

CD8+ subset (age: β = -0.029, P = 0.008; hsCRP: β = -0.149, P = 0.001), and DN subset (age: 

β = -0.029, P = 0.008; hsCRP: β = -0.149, P = 0.001) proportions. To explore potential 

interactive effects of age and hsCRP on MAIT cell proportions, an interaction term (Age × 

hsCRP) was added to the model: log(Y)=β0+β1Age+β2hsCRP+β3(Age × hsCRP). The 

interaction was not found to be significant for total MAIT cells or the CD8+ subset. However, 

it was significant for the DN cluster (β = -0.005, P = 0.039), suggesting a combined effect of 

age and hsCRP on the proportion of DN MAIT cells. Altogether, these results indicate that 

while age and hsCRP independently predict the proportions of total MAIT cells and CD8+ 

MAIT cells, their combined effects are significant for the DN subset, highlighting distinct 

impacts of systemic inflammation and aging. 
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Figure 51. Negative associations between increasing age and the proportion of MAIT 

cells. Negative correlation between age and A) total MAIT, B) CD8+ MAIT, and C) DN MAIT 

within the CD3+ T cell compartment. Sperman’s correlation coefficient. PV (N=63), HC 

(N=32). 

 

Figure 52. Negative associations between increasing hsCRP levels and the proportion of 

MAIT cells in psoriasis. Negative correlation between A) total MAIT, B) CD8+ MAIT, and C) 

DN MAIT within the CD3+ T cell compartment. hsCRP levels are presented on a logarithmic 

scale. Sperman’s correlation coefficient. PV (N=42), HC (N=25). 
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 Upon sex-based stratification, significant differences were observed between healthy 

and diseased male participants. Namely, psoriasis patients exhibited a significantly lower 

proportion of total MAIT cells compared to healthy examinees (Me [IQR]: 1.43 [0.7–2.74] vs. 

2.53 [1.71–3.77], P = 0.021, PV vs. HC, Mann-Whitney U test), as well as reduced 

representation of CD8+ (0.98 [0.34–2.15] vs. 1.83 [1.22–2.85], P = 0.039), CD4+ (0.03 [0.01–

0.08] vs. 0.07 [0.03–0.13], P = 0.015) and DP (0.02 [0.01–0.04] vs. 0.03 [0.02–0.07], P = 0.026) 

MAIT cell subsets within the CD3+ T cell population. Given that, unlike in the PV group, there 

were no participants older than 60 years in the healthy group, a follow-up analysis was 

conducted on a reduced, age-matched cohort to control for potential age-related biases. This 

reanalysis confirmed a significantly lower proportion of DP and CD4+ MAIT cell populations 

within the CD3+ T lymphocyte pool (Figure 53), whereas the differences in the total proportion 

of MAIT cells and the CD8+ MAIT cell subset loss statistical significance. No significant 

differences were observed in the comparison of MAIT cell frequencies between healthy and 

affected female participants. Interestingly, however, healthy women displayed significantly 

lower proportions of MAIT and CD8+ MAIT cells within the CD3+ T cell population, a finding 

not observed when female and male psoriasis patients were compared. Of note, there were no 

significant differences in age between men and women in either healthy or psoriasis group. The 

significant differences observed in male participants, along with the reduced percentages of 

MAIT cells in healthy women, resembled patterns seen in γδ T cell proportion analyses. As 

previous studies have reported MAIT cell frequencies are similar to those of Vδ2+ γδ T cells 

(184), a correlation analysis was conducted between the proportions of γδ T and MAIT cells. 

This analysis revealed a positive correlation between the percentage of CD8+ MAIT cells and 

Vδ2+ γδ T cells within the CD3+ T cell population across all samples (ρ = 0.304, P = 0.003) 

and in the PV group (ρ = 0.318, P = 0.012), however the same trend was not present in healthy 

participants.  
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Figure 53. Male psoriasis patients show reduced CD4+ and DP MAIT subsets proportions 

compared to healthy men. Proportions of A) CD4+ and B) DP (CD4+CD8+) subsets within 

CD3+ T in male psoriasis patients (PV) versus healthy male controls (HC). Based on an age-

matched cohort of participants under 60 years old. Mann-Whitney U test. 

 

4.6.Characterisation of the TCR repertoire in circulating MAIT cells 

 

4.6.1. Sequencing quality metrics and participants’ characteristics 

 

 To assess the TCR repertoire of circulating MAIT cells, sequencing libraries were 

constructed from 40 RNA samples (27 psoriasis vulgaris patients [PV] and 13 from healthy 

controls [HC]) obtained from flow-sorted cells. Of these, 39 libraries met the recommended 

concentration threshold and were sequenced.  

 All sequenced libraries and the overall sequencing run, satisfied quality control 

requirements, including read accuracy, sequence length, and coverage depth. The read count 

and clonotype number did not exhibit correlation pattern, ensuring the clonotype counts were 

not affected by sequencing depth. However, upon closer investigation of clonotypic 

characteristics, one sample was excluded from analysis due to significant deviations in basic 

CDR3 features and skewed gene usage, likely resulting from extreme clonotype expansion 

attributable to the participant’s age (an 84-year-old male). A sequencing metrics summary is 

provided in Table 22. 
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Table 22. MAIT TCR sequencing metrics 

 PV (N = 26) HC (N=12) P 

TRA reads 823,018 (686,289–963,435) 730,345 (607,655–814,321) 0.582 

TRB reads 911,458 (724,957–1,079,960) 1,098,755 (877,019–1,764,067) 0.081 

TRA/TRB reads (%) 91.59 (89.92–93.15) 92.51 (90.87–94.22) 0.484 

TRA clonotypes 485 (356–716) 392 (280–604) 0.541 

TRB clonotypes 1643 (1102–2448) 1377 (949–2068) 0.623 

Data are shown as median with interquartile range. Mann-Whitney U test  

 

 There were no statistically significant differences between the psoriasis and healthy 

control group in terms of age, sex distribution, BMI, hsCRP levels, leukocyte count, CMV IgG 

levels, or CMV IgG serostatus. Additionally, no significant differences were observed in the 

phenotypic characteristics of MAIT cells, as assessed by flow cytometry based on the surface 

expression of CD4/CD8 coreceptors. Baseline characteristics of the 38 participants whose TCR 

repertoires were analysed are summarised in Table 23.  

Table 23. Study participants’ characteristics 

 PV (N = 26) HC (N = 12) P 

Age 36 (29 – 47) 33 (29 – 46) 0.949* 

Sex (M/F) 19/7 11/1 0.393** 

BMI 29.43 (25.67 – 32.22) 27.45 (26.24 – 30.18) 0.627* 

hsCRP (mg/L) 0.88 (0.56 – 1.66) 1.4 (0.65 – 1.99) 0.389* 

L (N x109/L) 7.4 (6.3 – 8.1) 6.35 (5.43 – 7.13) 0.079* 

CMV IgG (U/mL) 89.7 (5 – 116) 92.95 (72.3 – 106.6) 0.609* 

CMV IgG (pos/neg) 19/7 10/0 0.084** 

PASI 9 (5.1 – 23) - - 

Disease duration (years) 9 (5 – 15) - - 

Continuous data are shown as median (interquartile range). BMI - body mass index, hsCRP – 

high sensitivity C-reactive protein, L – leukocyte count, CMV – cytomegalovirus; PASI – 

psoriasis area and severity index * Mann-Whitney U test, ** Fisher's Exact Test 

 

4.6.2. Pre-filtering of clonotypes and sample cohorts 

 

 Clonotype filtering based on variable domains was applied to identify clonotypic 

transcripts encoding the canonical MAIT TCRVα7.2 chain, as well as the most prevalent 

clonotypes in TCRβ chains. MAIT cells are specifically defined by the TRAV1-2 gene segment 

within the TCRα chain, distinguishing them from other MR1-reactive (186,207,231) cells, 
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which commonly express non-TRAV1-2 variants. Therefore, TRAV1-2 clonotypes were 

extracted and analysed alongside the full TRA repertoire to distinguish MAIT-specific profiles. 

The TCRβ repertoire of MAIT cells, although diverse, exhibits a preferential enrichment in 

TRBV6 and TRBV20 gene families. To capture the most common TCRβ features of MAIT 

cells while preserving a comprehensive view of TRB diversity, analyses were performed across 

the complete TCRβ repertoire and individually focused on the most frequently represented 

TRBV segments (TRBV20-1, TRBV6-1, TRBV6-2, TRBV6-4, and TRBV4-2). 

 For age-related correlation analyses, the three youngest psoriasis patients (younger than 

any participant in healthy cohort) were excluded to minimize age-related variability and 

enhance comparability between the psoriasis and control group. In addition, as only one female 

participant was present in healthy control group, contrasting seven in PV group, additional 

analyses were carried out on male subjects only, to account for potential sex-related biases. 

 

4.6.3. Gene usage composition in TRA and TRB repertoires 

 

 The TRA repertoires exhibited substantial diversity, with 47 distinct TRAV gene 

segments contributing to the construction of TCRα chains. As expected, the canonical TRAV1-

2 variant was predominant, accounting for a median of 77 % of repertoires, ranging from 61 to 

94 % across samples. Other frequently observed TRAV variants included TRAV2, TRAV12-

1, TRAV13-2, and TRAV1-1 (Table 24, Figure 54 A). Although 47 distinct TRAV segments 

were identified, only 16 were present in over 90% of samples, of which TRAV1-2, TRAV13-

2, and TRAV4 were consistently detected in all repertoires. Similarly, the TRAJ gene segments 

displayed broad diversity, with 55 distinct segments utilized in the construction of CDR3a 

loops. The TRAJ33 variant was the most prevalent, followed by TRAJ20 and TRAJ12 (Table 

24, Figure 54 B), in line with the preferential pairing of these variants with the canonical 

TRAV1-2 segment. Unlike the TRAV gene distribution, 30 of the 55 TRAJ segments were 

present in more than 90 % of the repertoires, with TRAJ33 and TRAJ20 appearing in all 

samples. Correspondingly, the TRAV1-2-TRAJ33 recombination was the most frequent 

pairing, followed by TRAV1-2-TRAJ12, and TRAV1-2-TRAJ20 (Figure 55). No significant 

differences in TRAV or TRAJ gene usage were observed in case-control comparisons.  
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Table 24. The frequencies of top 5 most frequent TRAV/TRAJ gene segments. 

 PV (N = 26) HC (N = 12) P 

TRAV1-2 77.65 (67.78 – 80.9) 74.85 (71.12 – 81.46) 0.765 

TRAV2 4.39 (2.98 – 6.22) 3.99 (2.68 – 6.04) 0.789 

TRAV12-1 1.22 (0.71 – 1.88) 1.69 (0.92 – 2.07) 0.695 

TRAV13-2 1.33 (0.53 – 1.88) 0.8 (0.49 – 1.7) 0.695 

TRAV1-1 1.21 (0.6 – 1.75) 0.79 (0.54 – 1.59) 0.54 

    

TRAJ33 64.73 (55.38 – 70.95) 62.96 (57.79 – 67.51) 0.962 

TRAJ20 5.16 (3.92 – 6.52) 6.67 (4.26 – 7.0) 0.323 

TRAJ12 4.79 (2.82 – 6.95) 5.72 (2.78 – 7.69) 0.519 

TRAJ3 1.56 (0.76 – 2.5) 0.85 (0.63 – 1.85) 0.252 

TRAJ10 0.97 (0.63 – 2.27) 0.91 (0.56 – 1.32) 0.388 

Data are shown as the median percentage with interquartile range. Mann-Whitney U test  

 

 

Figure 54. The distribution of the top 10 most frequently observed A) TRAV and B) 

TRAJ gene segments across all samples.  
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Figure 55. Chord diagram of the top 10 most frequent TRAV and TRAJ variants pairings 

in A) pooled PV samples, B) pooled HC samples.  

 

In clonotypes containing the canonical TRAV1-2 variant, 47 distinct TRAJ gene 

segments were found. Consistent with the invariant nature of MAIT TCRα chain, the TRAV1-

2 segments predominantly paired with TRAJ33 (Me [IQR]: 84.65 [76.25–88.03]), followed by 

TRAJ20 (6.28 [4.35–7.51]), and TRAJ12 (6.14 [3.48–9.48]), whereas other TRAJ variants 

were infrequently recombined, comprising less than 3% of TRAV1-2 clonotypes (Figure 56). 

These findings align with previous single-cell sequencing analyses of MAIT TCRα TRAV1-2 

receptors (184,199). 

 

Figure 56. Chord diagram of the top 10 TRAJ gene segment paired with TRAV1-2 

variant. Based on a composite of clonotype data from all participants. 
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The TRB repertoires comprised 59 distinct TRBV and 13 TRBJ gene segments, with a 

notable skewness toward specific TRBV variants. TRBV20-1, TRBV6-4, TRBV6-2, TRBV6-

1, and TRBV4-2 were the most frequently represented, collectively comprising over 60% of 

all TRBV variants within the MAIT TCRβ repertoire, consistent with prior findings (199,205). 

Among the TRBJ gene segments, those from the TRBJ2 familiy were the most frequently 

incorporated, with TRBJ2-1 predominating, followed by TRBJ2-7, TRBJ2-2, TRBJ2-3, 

TRBJ2-3, and TRBJ1-1 (Figure 57). While no statistically significant differences emerged in 

comparison of TRBV segment usage, the TCRβ repertoires of psoriasis patients displayed 

higher usage of TRBJ2-7. However, this trend did not remain significant after applying 

multiple testing correction (Table 25). The most frequently observed TRBV-TRBJ pairings 

included TRBV6-4-TRBJ2-1, TRBV20-1-TRBJ2-1/1-1/2-7, and TRBV6-2-TRBJ2-1 (Figure 

58). Analysis of the rearrangement frequencies between the top 10 TRBV segments and all 

TRBJ segments revealed significant enrichment of specific pairings in the psoriasis group 

compared to healthy controls. Notably, TRBV6-4-TRBJ2-4 (Me [IQR]: 0.019 [0.009–0.055] 

vs. 0 [0–0.006] %, P = 0.003; PV vs. HC), TRBV6-2-TRBJ1-5 (0.675 [0.203–1.046] vs. 0.117 

[0.102–0.265] %, P = 0.005), and TRBV6-2-TRBJ1-1 (0.622 [0.348–0.965] vs. 0.263 [0.102–

0.417] %, P = 0.013), showed higher representation in psoriasis patients, though these 

differences did not remain significant after multiple test correction. Further examination of 

joining segment frequencies paired with the five most common TRBV variants (TRBV20-1, 

TRBV6-4, TRBV6-2, TRBV6-1, TRBV4-2), revealed significant case-control differences 

(Table 26). Specifically, TRBV6-4 clonotypes of psoriasis patients contained higher 

frequencies of TRBJ2-4 and TRBJ1-5, whereas TRBV6-1 clonotypes exhibited reduced 

pairing with TRBJ2-4 and TRBJ2-6 compaired to healthy repertoires. In addition, TRBV6-2 

clonotypes in patients paired more frequently with TRBJ1-5, and TRBV20-1 showed a higher 

preferential pairing with TRBJ2-7 segment and reduced rearrangement with TRBJ2-1 

compared to healthy controls (Figure 58). These findings demonstrate alterations in TRBV-

TRBJ pairing frequencies in psoriasis, suggesting potential disease-associated shifts in the 

TCRβ repertoire. 
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Figure 57. The frequency of top 10 A) TRBV and B) TRBJ segments across all samples. 

 

Table 25. The frequencies of top 10 most frequent TRBV and top 5 TRBJ gene segments. 

 PV (N = 26) HC (N = 12) P* P** 

TRBV20-1 26.19 (16.62 – 30.36) 24.97 (20.63 – 25.5) 0.626 0.987 

TRBV6-4 20.75 (15.75 – 23.78) 18.48 (13.13 – 21.62) 0.540 0.987 

TRBV6-2 10.12 (6.54 – 14.58) 7.24 (4.33 – 12.72) 0.265 0.987 

TRBV6-1 7.80 (5.83 – 10.34) 6.31 (4.02 – 8.76) 0.128 0.987 

TRBV4-2 3.97 (2.94 – 5.33) 3.75 (2.83 – 4.69) 0.561 0.987 

TRBV4-3 3.61 (2.84 – 5.22) 4.15 (0 – 8.94) 0.987 0.987 

TRBV29-1 2.70 (1.19 – 3.31) 3.60 (2.62 – 6.00) 0.106 0.987 

TRBV28 2.16 (1.28 – 3.27) 1.54 (0.56 – 3.28) 0.561 0.987 

TRBV15 1.79 (1.32 – 2.52) 1.47 (0.85 – 2.32) 0.405 0.987 

TRBV6-5 1.86 (1.33 – 2.16) 1.25 (0.85 – 1.61) 0.062 0.925 

     

TRBJ2-1 38.29 (33.09 – 42.48) 42.67 (38.53 – 50.45) 0.071 0.331 

TRBJ2-7 10.86 (9.61 – 14.33) 8.02 (5.01 – 10.58) 0.01 0.067 

TRBJ2-2 9.46 (7.72 – 13.41) 8.64 (7.82 – 10.34) 0.388 0.679 

TRBJ2-3 8.94 (6.99 – 11.95) 10.17 (7.79 – 12.67) 0.480 0.699 

TRBJ1-1 9.99 (6.42 – 12.69) 8.01 (6.38 – 9.86) 0.338 0.676 

Data are shown as the median percentage with interquartile range. * Mann-Whitney U test ** 

Benjamini-Hochberg correction 
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Figure 58. Comparison of TRBV-TRBJ pairing frequencies between psoriasis and 

healthy repertoires reveals overall similarity with distinct psoriasis-specific alterations. 

Chord diagram of pairings between the top 10 TRBV and top 10 TRBJ variants in A) pooled 

PV (N=26) and B) pooled HC (N=12) samples.  

 

Table 26. Statistically significant differences in TRBJ pairing frequencies for the four 

most common TRBV variants 

 PV (N = 26) HC (N = 12) P 

TRBV6-4-TRBJ2-4 0.099 (0.031 – 0.341) 0 (0 – 0.023) 0.007 

TRBV6-4-TRBJ1-5 1.546 (0.721 – 3.185) 0.648 (0.289 – 1.305) 0.043 

TRBV6-1-TRBJ2-4 0.094 (0 – 0.375) 0.473 (0.155 – 0.758) 0.028 

TRBV6-1-TRBJ2-6 1.801 (0.818 – 2.727) 3.830 (2.321 – 5.299) 0.025 

TRBV6-2-TRBJ1-5 6.315 (2.341 – 9.086) 3.434 (0.576 – 5.396) 0.034 

TRBV20-1-TRBJ2-1 31.174 (24.111 – 37.326) 40.296 (32.939 – 46.422) 0.029 

TRBV20-1-TRBJ2-7 21.016 (13.599 – 25.963) 13.646 (9.870 – 18.532) 0.034 

Data are shown as the median percentage with interquartile range. Mann-Whitney U test  

 

4.6.4. CDR3α and CDR3β region characteristics in MAIT TCR 

 

 The basic repertoire features were assessed through several key metrics such as the 

count of unique clonotypes for overall diversity, average length of CDR3 regions for antigen-

binding specificities, and average clonotype frequency to evaluate distribution. Convergence, 

reflecting identical amino acid sequences from different nucleotide sequences, was analysed, 

along with junctional diversity parameters like nucleotide insertions at V-D and D-J junctions 

and the presence of non-templated nucleotides (NDN) to capture structural variability.  
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 A case-control comparison revealed no significant differences in CDR3α features, 

either within TRAV1-2 clonotypes or across the entire TCRα repertoire. Similarly, TCRβ 

repertoire analysis showed no significant differences in clonotypes containing TRBV6-4, 

TRBV6-2, TRBV6-1, TRBV20-1, or TRBV4-2 segments, nor in the overall TRB repertoire 

(Table 27).  

 Spectratyping of TCRα clonotypes showed a broad range of CDR3 lengths, spanning 

from 9 to 18 amino acids, with a prominent peak at 12 AA (Figure 59 A). Further analysis 

revealed that this 12-AA peak was primarily due to TRAV1-2 clonotypes (Figure 59 B), 

consistent with previous findings (206,232). The CDR3 length distributions were similar 

between psoriasis patients and healthy controls. TCRβ clonotypes ranged from 11 to 20 amino 

acids, with most concentrated between 13 and 16 AA, peaking at 15 AA (Figure 60 A). 

TRBV6-4 and TRBV20-1 clonotypes dominated the 13-15 AA range, with CDR3 lengths 

spanning 13-17 and 12-18 AA, respectively (Figure 60 B, C). TRBV4-2 clonotypes had a 

narrower distribution, primarily between 14 and 17 AA, with the majority being 15 and 16 AA 

(Figure 60 D). Similar to TCRα repertoires, no significant differences in CDR3β length were 

observed between diseased and healthy participants. 

Table 27. Basic TRA and TRB repertoire characteristics  

  PV (N = 26) HC (N = 12) P 

TRA 

Clonotypes (N) 485 (356 – 716) 421 (312 – 641) 0.765 

Clonotype frequency (%) 0.21 (0.14 – 0.28) 0.24 (0.16 – 0.32) 0.765 

Clonotype geomean frequency (%) 0.05 (0.04 – 0.08) 0.04 (0.04 – 0.06) 0.987 

CDR3 length (nt) 36.96 (36.78 – 37.30) 36.71 (36.35 – 37.17) 0.128 

NDN size 1.96 (1.78 – 2.18) 1.96 (1.49 – 2.19) 0.672 

Convergence 1.205 (1.162 – 1.266) 1.224 (1.204 – 1.228) 0.371 

TRB 

Clonotypes (N) 1643 (1102 – 2448) 1640 (1018 – 2186) 0.888 

Clonotype frequency (%) 0.06 (0.04 – 0.09) 0.06 (0.05 – 0.09) 0.888 

Clonotype geomean frequency (%) 0.02 (0.01 – 0.03) 0.016 (0.015 – 0.018) 0.187 

CDR3 length (nt) 43.62 (43.42 – 43.87) 43.77 (43.43 – 43.90) 0.583 

Inserted nucleotides (N) 4.04 (3.71 – 4.29) 4.28 (3.92 – 4.85) 0.227 

NDN size 12.32 (11.81 – 12.77) 12.43 (11.61 – 12.66) 0.789 

Convergence 1.010 (1.008 -1.013) 1.010 (1.007 – 1.018) 0.561 

Data are shown as median with interquartile range. NDN- number of nontemplated 

nucleotides Mann-Whitney U test  
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Figure 59. Spectratyping of TCRα clonotypes reveals a dominant 12-amino acid CDR3 

region, primarily from TRAV1-2 clonotypes, with similar profiles between psoriasis 

patients and healthy controls. A) Spectratype of all TCRα clonotypes, B) Spectratype of 

TRAV1-2 clonotypes. 

 

 

Figure 60. TCRβ clonotypes from psoriasis patients and healthy controls show no 

differences in CDR3 length, with the TRBV20, TRBV6, and TRBV4 families 

predominantly contributing to the 13-16 amino acid range. Spectratype of A) all TCRβ, B) 

TRBV6-4, C) TRBV20-1, and D) TRBV4-2 clonotypes 
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 Analysis of the relationship between clinical parameters and clonotype characteristics 

revealed several significant correlations. In psoriasis patients, a moderate negative correlation 

was observed between PASI score and the mean number of non-templated nucleotides in TCRα 

clonotypes (ρ = -0.49, P = 0.013). Further investigation demonstrated a decline in the total 

count of TCRα and TRAV1-2 clonotypes, which was observed exclusively in male patients, 

along with a decrease in the CDR3α length of TRAV1-2 clonotypes (Figure 61). Disease 

severity also displayed a negative trend with the total number of TCRβ clonotypes in male 

psoriasis patients exclusively, accompanied by a significant reduction in the length of TRBV6-

1 clonotypes, driven by a decrease in mean insert size (ρ = -0.518, P = 0.028). Among the five 

most dominant clonotypic variants, only TRBV6-4 clonotypes displayed a reduction in 

clonotype number with increasing PASI scores in male patients (Figure 62).  

 

 

Figure 61. PASI scores in male psoriasis patients correlate negatively with TRA clonotype 

count and CDR3 length. PASI scores correlate negatively with A) total TRA clonotype count, 

B) TRAV1-2 clonotype count, and C) TRAV1-2 mean CDR3 length. Spearman’s correlation 

coefficient  
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Figure 62. PASI scores correlate negatively with TRB clonotype count and CDR3 length 

in male psoriasis patients. PASI scores correlate negatively with A) total TRB clonotype 

count, B) TRBV6-4 clonotype count, and C) TRBV6-1 mean CDR3 length. Spearman’s rank 

correlation coefficient. 

The TCRβ repertoire showed age-related changes in both psoriasis-affected and healthy 

participants, with more pronounced effects in the psoriasis cohort. Namely, the number of 

unique TCRβ clonotypes significantly declined with age in psoriasis patients, while a similar, 

non-significant trend was seen in healthy individuals (Figure 63 A). Analysis of TRBV subsets 

revealed significant age-associated reductions in TRBV4-2 (ρ = -0.534, P = 0.009), TRBV6-2 

(ρ = -0.491, P = 0.017), TRBV20-1 (ρ = -0.541, P = 0.008), and TRBV6-4 (ρ = -0.631, P = 

0.001) clonotypes in psoriasis, with TRBV6-4 also showing a similar decline in healthy 

participants (ρ = -0.604, P = 0.037). Interestingly, psoriasis patients exhibited a notable age-

related decrease in TCRβ clonotype convergence (Figure 63 B), defined as distinct nucleotide 

sequences encoding identical amino acid sequences. This reduction, absent in healthy 

participants, was especially marked in TRBV6-4 clonotypes (Figure 63 C). Collectively, these 

results suggest that aging has a greater impact on the MAIT TCRβ repertoire in psoriasis 

patients, leading to reduced clonotype diversity and convergence. 
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Figure 63. Age-related reduction in TRB clonotype count and convergence in psoriasis 

vs. healthy controls. A) Unique TRB clonotype count decreases significantly with age in 

psoriasis patients (PV) while the decline in healthy controls (HC) remains non-significant. 

Convergence shows a marked age-related decline in psoriasis patients in B) all TCRβ 

clonotypes, and C) TRBV6-4 subset. Spearman’s rank correlation coefficient. 

 

4.6.5. Clonal distribution and diversity metrics of TCRα and TCRβ repertoires 

 

The structural complexity of the TCRα and TCRβ repertoires was analysed using a 

framework similar to that applied for γδ TCR repertoires, incorporating both diversity indices 

and frequency-based clonotypic classification. Clonotypes were stratified into 

‘hyperexpanded’ (>5%), ‘large’ (0.5–5%), ‘medium’ (0.05–0.5%), and ‘small’ (<0.005%) 

categories to identify major shifts in repertoire composition, while diversity indices provided a 

detailed insights into repertoire dynamics. Specifically, Efron-Thisted and Chao1 indices were 

used to estimate the richness and presence of rare clonotypes, while the Shannon-Wiener, 

Inverse Simpson, and D50 indices were applied to assess the clonotype distribution, 

dominance, and clonal expansion.  

TCRα repertoires 

 In the analysis of TCRα repertoires diversity, no statistically significant differences 

emerged between psoriasis patients and healthy participants. Within the psoriasis cohort, 

however, age exhibited negative correlations with Efron-Thisted, Chao1, Shannon-Wiener and 

Inverse Simpson indices, reflecting a reduction in the number of rare clonotypic variants and 
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an increase in dominant clonotypes (Table 28). Interestingly, these age-associated reductions 

were not present in age-matched healthy controls. When the clonotypes were examined within 

specific frequency groups, these age-associated trends were not observed, which suggests that 

age may influence TCRα repertoire composition more subtly, compatible with the restricted 

and relatively invariant nature of MAIT TCRα chains. Further analysis of TRAV1-2 

clonotypes, a characteristic feature of MAIT cells, displayed only a modest negative correlation 

between age and Shannon-Wiener index in psoriasis patients, with a gradual reduction 

specifically within the ‘medium’ clonotype group. In healthy controls this age-associated 

decrease was more evident in the ‘small’ clonotype group (ρ = -0.685, P = 0.014). Disease 

duration or disease severity, as measured by the PASI score, did not show significant 

associations with TCRα repertoire diversity in psoriasis patients. Taken together, age-related 

reductions in TCRα repertoire diversity were more pronounced in psoriasis, suggesting age-

associated shifts in PV are not mirrored in healthy aging. 

 

Table 28. Statistically significant correlations between age and diversity indices or 

frequency groups in total TRA and TRAV1-2 repertoire of psoriasis patients 

 Index or frequency group ρ P 

TRA 

Efron-Thisted -0.560 0.005 

Chao1 -0.545 0.007 

Shannon-Wiener -0.577 0.004 

Inverse Simpson -0.430 0.041 

TRAV1-2 
Shannon-Wiener -0.427 0.042 

Medium -0.547 0.007 

Spearman correlation analysis, N (PV) =23; excluding the three youngest patients, N(HC)=12  

 

TCRβ repertoires 

 The TCRβ repertoires showed more pronounced age-associated reshaping compared to 

TCRα repertoires. In psoriasis patients, age was significantly linked to an increase in 

hyperexpanded TCRβ clonotypes, unlike in healthy group (Figure 64). This expansion was 

accompanied by a reduction in the ‘small’ and ‘medium’ clonotype groups, suggesting a shift 

towards clonal dominance (Table 29). This shift was further supported by significant declines 

in Shannon-Wiener and Inverse Simpson indices, while negative correlations with Efron-

Thisted and Chao1 indices highlighted a loss of low frequent clonotype species. Furthermore, 

in male psoriasis patients, the frequency of hyperexpanded clonotypes also showed a moderate 
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correlation with higher PASI scores (ρ = 0.475, P = 0.04), suggesting that clonal expansion 

may, to some extent, be associated with linked severity in this subgroup. Examining specific 

TRBV clonotypes, age was associated with increased hyperexpanded clonotypes within 

TRBV6-4, TRBV6-2, and TRBV20-1 clonotypes in the PV cohort, although these associations 

were less robust than those observed in the overall TCRβ repertoire (Table 29). Consistent with 

the trend toward clonal dominance, negative correlations were also noted between age and 

diversity indices (Shannon-Wiener and Inverse Simpson) within these clonotypes, with 

TRBV20-1 showing the strongest age-related decline in diversity (Figure 65). Interestingly, 

age-related reductions in diversity were also seen in TRBV6-4 clonotypes among healthy 

controls, as evidenced by declines in Efron-Thisted (ρ = -0.590, P = 0.043) and Chao1 (ρ = -

0.604, P = 0.037) indices, suggesting that constriction in rare TRBV6-4 clonotypic variants 

may be a normal aspect of ageing. Overall, the TCRβ repertoires in healthy controls did not 

exhibit significant age-associated diversity changes, underscoring the distinct age-related 

repertoire alterations in psoriasis compared to healthy individuals. 

 

 

Figure 64. Frequency of hyperexpanded TCRβ clonotypes increases with age in psoriasis 

patients. A) Spearman’s correlation shows a significant positive association between age and 

hyperexpanded TCRβ clonotypes frequency in psoriasis (PV), B) Stacked bar plot illustrating 

clonotype frequency categories ('small' (<0.005%), 'medium' (0.05–0.5%), 'large' (0.5–5%), 

and 'hyperexpanded' (>5%)) across psoriasis patients, ranked by age. 
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Table 29. Statistically significant correlations between age and diversity indices or 

frequency groups in total TRB and TRBV variants -filtered repertoires of psoriasis 

patients 

 Index or frequency group ρ P 

TRB 

Efron-Thisted -0.483 0.020 

Chao1 -0.448 0.032 

Shannon-Wiener -0.676 3.95 x 10-4 

Inverse Simpson -0.672 4.46 x 10-4 

Small -0.479 0.021 

Medium -0.625 0.001 

Hyperexpanded 0.717 1.2 x 10-4 

TRBV4-2 

Efron-Thisted -0.494 0.019 

Chao1 -0.465 0.029 

Medium -0.547 0.007 

TRBV6-2 

Efron-Thisted -0.487 0.019 

Chao1 -0.491 0.017 

Shannon-Wiener -0.461 0.027 

Inverse Simpson -0.427 0.042 

Medium -0.491 0.017 

Large -0.482 0.020 

Hyperexpanded 0.544 0.007 

TRBV6-4 

Efron-Thisted -0.618 0.002 

Chao1 -0.631 0.001 

Shannon-Wiener -0.584 0.003 

Inverse Simpson -0.486 0.019 

Small -0.489 0.018 

Medium -0.676 4 x 10-4 

Hyperexpanded 0.591 0.003 

TRBV20-1 

Efron-Thisted -0.508 0.013 

Chao1 -0.541 0.008 

Shannon-Wiener -0.666 5.22 x 10-4 

Inverse Simpson -0.625 0.010 

Small -0.429 0.041 

Medium -0.650 7.84 x 10-4 

Hyperexpanded 0.563 0.005 

Spearman’s rank correlation coefficient. N (PV) =23; excluding the three youngest patients, 

N(HC)=12  
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Figure 65. Age-related decline in TCRβ clonotype diversity in psoriasis patients. 

Spearman’s correlation analysis shows a significant negative association between age and 

Shannon-Wiener diversity index in psoriasis (PV) and weaker or non-significant correlations 

in healthy controls (HC) across A) the complete TCRβ repertoire, B) TRBV6-4, and C) 

TRBV20-1 clonotypes 

4.6.6. The analysis of public and disease-associated TCRα and TCRβ clonotypes 

 

 A total of 12,196 unique TCR α clonotypes were identified across all samples, with 

8,913 found in PV samples and 3,944 across healthy repertoires. As anticipated, TCRα 

clonotypes were frequently shared among study participants, with 8.76 % (1069/12196) 

classified as public clonotypes, appearing in at least two repertoires. The degree of publicness 

was comparable between the groups, with 8 % (713/8913) shared clonotypes in PV and 7.33 

% (289/3944) in healthy group. The ten most frequent clonotypes, present in at least 37 of 38 

repertoires, accounted for substantial portions of individual repertoires, cumulatively 

representing more than 40 % of TCRα sequences (Figure 66 A). Publicness was further 

assessed using the Jaccard index (JI), which measures the proportion of shared clonotypes 

between two samples relative to their total clonotype counts. The analysis revealed a median 

JI value of 0.054, indicating that approximately 5% of TCRα clonotypes were shared between 

samples (IQR: 0.048 – 0.057) (Figure 66 B). The frequency of shared TRAV1-2 clonotypes 

was significantly higher, with a median JI value of 0.113 (IQR: 0.101 – 0.119) (Figure 66 C). 

Five clonotypes were found in all repertoires, characterised by conserved TRAV1-2-TRAJ33, 

or, in one case, TRAV1-2-TRAJ20 recombination, and a CDR3 length of 12 amino acids, a 
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hallmark feature of MAIT cells (184). Several clonotypes were detected exclusively in subsets 

of psoriasis patients and absent in healthy controls; however, a similar pattern of unique 

clonotypes was also observed in healthy repertoires, indicating no definitive association of 

specific clonotypes with psoriasis, underscoring the lack of disease-specific MAIT TCRα 

clonotype signatures.  

 TCRβ repertoires demonstrated greater diversity than TCRα repertoires, with 60,379 

unique clonotypes detected across all samples: 42,267 in psoriasis patients and 20,343 in 

healthy controls. TCRβ repertoires were slightly more private, with public clonotypes 

comprising 6.22 % (3757/60379) of all clonotypes, 5.28 % (2230/42267) in PV samples, and 

4.33 % (880/20343) in healthy repertoires. Furthermore, the top 10 ten most shared clonotypes 

(present in at least 20 out of 38 samples) occupied only small proportions of individual 

repertoires, typically less than 1%, reflecting the high diversity and predominantly private 

nature of MAIT TCRβ repertoires (Figure 67 A). The median Jaccard index for TRB 

clonotypes was 0.008 (IQR: 7.58 x 10-3 – 0.010), indicating that, on average, 0.8 % of 

clonotypes were shared between any two samples. Among the individually analysed TRBV 

groups, TRBV20-1 clonotypes exhibited the lowest median Jaccard index (Me [IQR]: 0.005 

[0.004 – 0.006]) (Figure 67 B). In contrast, TRBV6-4 clonotypes displayed the most public 

character with a median Jaccard index of 0.017 (IQR: 0.013 – 0.021) (Figure 67 C). The Jaccard 

index for TRBV4-2, TRBV6-1, and TRBV6-2 clonotypic variants was similar, around 0.006, 

indicating limited clonotype sharing. No significant differences were found in Jaccard index 

values across the total TCRβ repertoire or within the most frequently expressed TRBV variants. 

However, Jaccard index negatively converged with age in psoriasis patients, but not in healthy 

controls, in total TCRβ (ρ = -0.677, P = 3.9 x 10-4), TRBV6-4 (ρ = -0.692, P = 2.56 x 10-4), 

TRBV6-2 (ρ = -0.681, P = 3.5 x 10-4), TRBV20-1 (ρ = -0.589, P = 0.003), and TRBV4-2 (ρ = 

-0.643, P = 0.001) clonotypes, pointing to a significant reduction in shared clonotypes with 

advancing age, which may partially explain the negative association between age and 

convergence described earlier.   

 Several clonotypes were more frequently present in a higher number of psoriasis 

patients (at least 30%) and were either absent or rarely found in healthy controls. One such 

clonotype, CASSDSGGSYNEQFF, previously identified in our earlier MAIT TCRβ repertoire 

study as commonly shared among psoriasis patients, was detected in 15 psoriasis samples but 

only in two healthy repertoires in the current analysis. Additionally, several clonotypes that 

were more prevalent in psoriasis samples in this analysis had also been reported in previous 

studies examining the peripheral blood and skin of psoriasis patients (68,95,97,233), 
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suggesting possible disease-specific clonotypic patterns. Furthermore, four clonotypes 

classified as ‘psoriasis-exclusive’ in our earlier study were again more common in psoriasis 

samples than in healthy controls (4–5/26 in PV vs. 1/12 in HC), with the 

CASSVTSGGADTQYF clonotype maintaining its PV-exclusive status, appearing in four 

psoriasis samples and remaining absent in all healthy repertoires. However, Fisher’s exact test 

did not identify any clonotype as significantly enriched in either cohort, suggesting limited 

statistical power to establish specific clonotypic variants as disease associated. In addition, 

some clonotypes found to be enriched in healthy repertoires but previously reported in lesional 

skin (95) or CLA+ fractions of circulating cells (68) in psoriasis patients complicate the 

interpretation of disease-specific overlaps (Table 30). Given these complexities, it is important 

to note that the observed overlap between MAIT clonotypes in this study and those reported in 

prior studies may reflect similarities with TCRβ clonotypes of conventional T cells rather than 

true MAIT cell repertoires, warranting caution in interpretation. 

 

Figure 66. MAIT TRAV1-2 clonotypes are highly shared across repertoires and occupy 

significant portions of individual repertoires. A) stacked barplot of the proportion of the top 
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10 most frequently shared TRAV1-2 clonotypes across individual repertoires. Heatmap of 

Jaccard index showing clonotype sharing across B) all TRA and C) TRAV1-2 variants. 

 

 

Figure 67. Low-frequency distribution and differential sharing of public MAIT TCRβ 

clonotypes. A) Proportion of the top 10 most shared TCRβ clonotypes across individual 

repertoires. Jaccard index heatmap depicting clonotype sharing patterns for B) TRBV20-1 and 

C) TRBV6-4 variants. 
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Table 30. TCRβ clonotypes with differential presence in psoriatic (PV) versus healthy 

(HC) repertoires 

Clonotype TRBV TRBJ 
PV 

frequency 

HC 

frequency 
Ref. 

Fold 

chang

e 

CASSDSGGSYNEQFF TRBV6-4 TRBJ2-1 15/26 2/12 

(68) †,  

(205) 

‡ 

3.5* 

CASSDSSGGYNEQFF TRBV6-4 TRBJ2-1 12/26 1/12 - 5.5* 

CASSQDRGGQETQYF TRBV4-2 TRBJ2-5 8/26 0/12 - NA 

CASSGTNTGELFF TRBV6-4 TRBJ2-2 7/26 0/12 
(68) §, 

(97) # 
NA 

CSVGTGETEAFF TRBV29-1 TRBJ1-1 7/26 0/12  NA 

CASSQDQGSGANVLTF TRBV4-3 TRBJ2-6 2/26 7/12 - 7.6** 

CASSQRTSGGGTDTQYF TRBV4-3 TRBJ2-3 0/26 4/12 (95) § NA 

CASSYSEGSGANVLTF TRBV6-5 TRBJ2-6 0/26 4/12 - NA 

CASSYSSYNEQFF TRBV6-2 TRBJ2-1 1/26 5/12 (68)† 
10.8*

* 

The fold change represents the ratio of PV to HC prevalence (*PV frequency / HC frequency) 

or the inverse ratio for HC prevalence (**HC frequency / PV frequency). ‘NA’ indicates cases 

where no occurrences were observed in the comparison group. †Clonotypes identified in CLA+ 

circulating T cells, ‡Clonotypes enriched in circulating psoriasis MAIT TCRβ, § Clonotypes 

found in lesional skin, #Clonotypes found in circulating T cells. 

 

 

 

4.7. Transcriptomic features of circulating MAIT cells 

 

Transcriptomic profiles of circulating MAIT cells were assessed using a commercial 

panel targeting 395 genes associated with T cell activation, effector functions, adhesion, 

migration, differentiation, TCR signalling, antigen-presentation, and migration. The 

sequencing libraries were prepared from 24 RNA samples obtained from flow-sorted MAIT 

cells of 12 psoriasis patients and 12 healthy controls. Of these, 23 libraries met concentration 

thresholds and were successfully sequenced. Both the sequencing run and individual samples 

passed quality control metrics, with an average Phred score >30 for 93.48 ± 0.38 % of bases 

and an average alignment rate of 76.09 ± 5.55 %. Two healthy control samples were excluded 

from downstream analysis due to low total read counts (138,589 and 215,844), which were 

significantly below the average read count of 1,431,200. Detailed sequencing characteristics 

are provided in Table 31.  
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Table 31. Basic sequencing metrics 

 PV (N = 11) HC (N = 10) P* 

Sequencing reads 
1,520,573 (1,241,288 – 

1,764,770) 

1,663,668 (1,287,420 – 

1,845,607) 
0.499 

> Q30 bases (%) 93.59 (93.36 – 93.70) 93.37 (92.85 – 93.51) 0.227 

Aligned reads (%) 77.59 (73.47 – 81.27) 74.96 (72 – 78.94) 0.414 

Data are shown as median (interquartile range). Mann-Whitney U test 

The baseline characteristics of the subjects showed no significant differences between 

the PV and HC groups, however, psoriasis patients in this cohort demonstrated a higher 

leukocyte count. Descriptive statistics participant characteristics are provided in Table 29. 

Table 32. Baseline subjects’ characteristics 

 PV (N = 11) HC (N = 10) P 

Age 37 (31.5 – 35) 35 (33 – 40) 0.777 

Sex (M/F) 8/3 8/2 1 

BMI 27.72 (23.95 – 30.49) 26.44 (26.08 – 27.14) 0.778 

hsCRP (mg/L) 0.9 (0.55 – 1.29) 1.4 (0.7 – 2.37) 0.223 

L (N x109/L) 6.5 (6.05 – 8.45) 5 (4.63 – 6.4) 0.037 

PASI 5.4 (4.9 – 8.1) - - 

Disease duration (years) 6 (3 – 10) - - 

Continuous data are shown as median (interquartile range). BMI - body mass index, hsCRP – 

high sensitivity C-reactive protein, L – leukocyte count, PASI – psoriasis area and severity 

index * Mann-Whitney U test, ** Fisher's Exact Test 

In addition, the composition of the MAIT cell compartment did not differ between the 

healthy and diseased groups (Table 33). 

Table 33. MAIT compartment composition 

 PV (N = 11) HC (N = 11) P 

% CD8+ of MAIT  70.1 (66.8 – 76) 71.4 (66.9 – 82.4) 0.751 

% DN of MAIT  25.8 (22.7 – 27.9) 18.9 (15.2 – 28.9) 0.245 

% CD4+ of MAIT 1.5 (0.6 – 3.1) 1.9 (1.2 – 3.3) 0.342 

% DP of MAIT 0.9 (0.5 – 1.2) 1.1 (0.6 – 1.5) 0.418 

Data are shown as median (interquartile range). Mann-Whitney U test 

 

4.7.1. Analysis of differentially expressed genes 

 

Differential expression analysis using DESeq2 began with an essential pre-filtering step 

to exclude low-count transcripts. Transcripts were retained if they had a minimum of 10 counts 
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in at least five samples within either the psoriasis or control group. This filtering process 

reduced the dataset to 298 genes, which were subsequently analysed for differential expression.  

The analysis found no statistically significant differences in gene expression in MAIT 

cells between psoriasis samples and healthy controls. However, further examination uncovered 

genes strongly linked to age and clinical markers of the disease. Notably, psoriasis patient age 

showed strong positive links with the expression of CD70, TNRFSF9, CDKN2A (Figure 68), 

and CXCR5, while EIF2AK2 had a strong negative association. The age-related rise in 

CDKN2A, which encodes p16INK4a, a widely recognised marker of cellular senescence (234–

236), underscores the potential for aging-related immune dysregulation to manifest earlier in 

MAIT cells in the context of psoriasis. In addition, the associations of CD70 and TNRFSF9 

with age suggest that these genes reflect persistent immune activation, characteristic of the 

chronic inflammatory state observed in psoriasis. Interestingly, gene expression dynamics also 

reflected changes in disease severity. For example, GZMB (granzyme B), a key effector 

molecule involved in cytotoxicity, demonstrated a significant decline in expression with 

increasing PASI scores, accompanied by reductions in HLA-DRB1 and lowly-expressed 

CXCR2 (Figure 69).  

 

Figure 68. The expression of CD70, TNFRSF9, and CDKN2A increases with age in 

psoriasis patients. Correlation plots demonstrate the Spearman’s rank correlation between 

patients’ age and the expression levels of A) CD70, B) TNFRSF9, and C) CDKN2A. The y-axis 

represents regularized log (rlog) normalized gene counts. 
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Figure 69. The expression of GZMB, HLA-DRB1, and CXCR2 declines with PASI scores. 

Correlation plots demonstrate the Spearman’s rank correlation between PASI scores and the 

expression levels of A) GZMB, B) HLA-DRB1, and C) CXCR2. The y-axis represents 

regularized log (rlog) normalized gene counts. 

 

4.8. Characterisation of MAIT cells using high-dimensional spectral flow cytometry 

 

 The phenotypes of circulating MAIT cells were examined through high-dimensional 

spectral flow cytometry, enabling precise characterisation of their subsets, with respect to 

activation, cytotoxic, effector functions and tissue migration potentials. The analysis was 

performed on the same set of peripheral blood mononuclear cell (PBMC) samples used for the 

γδ T cell analysis. The study groups did not differ in any anthropometric and clinical 

characteristics, as outlined in Table 18, chapter 4.4.  

 MAIT cells (MR1-5-OP-RU-tet+TCRVα7.2+), were of similar frequencies in psoriasis 

patients and healthy control (Me [IQR]: 1.42 [0.472 – 3.005] vs 1.33 [0.501 – 2.003], PV vs 

HC, P=0.792, Mann-Whitney U test), comprising a median of 1.42% of circulating T cells. The 

composition of the MAIT cell compartment was also similar between groups, with CD8+ being 

expectedly the most abundant subset, followed by DN (CD4–CD8–), CD4+ and DP 

(CD4+CD8+) subsets. In addition, phenotypic analysis confirmed constitutive expression of 

CD161, CD28, and CD127, consistent with prior reports (184) (Figure 70). 
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Figure 70. MAIT cells predominantly consist of the CD8+ subset and constitutively 

express CD28, CD127, and CD161. A) opt-SNE plot showing MAIT cell subsets categorized 

as CD8+, CD4+, double-positive (DP), or double-negative (DN). Fluorescence intensity levels 

of B) CD28, C) CD127, and D) CD161. 

4.8.1. Characterisation of skin-tropic CLA+ MAIT subset 

 

The median percentage of MAIT cells expressing CLA (cutaneous lymphocyte 

antigen), was 9.55 %, with no significant differences observed between psoriasis patients (PV) 

and healthy partcipants (HC). Interestingly, the proportions of CLA+CD8+ cells within the 

MAIT compartment showed a significant positive correlation trend with age in healthy controls 

(ρ = 0.66, P = 0.02), but this trend was not observed in psoriasis group (ρ = -0.098, P = 0.689). 

Instead, the proportions of CLA+ cells in psoriasis patients were significantly associated with 

PASI scores, with the strongest correlation observed in DP subset, while CD4+ subset did not 

display significant correlation trend (Figure 71).  
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Figure 71. The percentage of CLA+ cells positively correlate with PASI score in all MAIT 

subsets, without statistical significance for CD4+. Spearman’s correlation coefficient 

 

Within MAIT cell subsets, rare CD4+ and DP (CD4+CD8+) subsets had the highest 

proportions of CLA+ cells, whereas the DN (CD4-CD8-) subset exhibited the lowest expression 

(Figure 72 A). No significant differences in the percentage of CLA+ cells were detected across 

subsets when comparing PV and HC groups. Further analysis of the unique characteristics of 

CLA+ MAIT cells, compared to CLA- cells, revealed distinct phenotypic differences. CLA+ 

MAIT cells express higher levels of CD45RA, CD103, CXCR3, and PD-1, while showing 

lower levels of CD69 and CD127 (Figure 72). These findings indicate that ciculating CLA+ 

MAIT cells exert characteristics related to migration to inflamed epithelial tissues (via CXCR3 

and CD103) and may exhibit a less activated or regulated state (lower CD69 and CD127, and 

higher PD-1), reflecting functional adaptations for tissue-specific immunity. 
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Figure 72. CLA expression on MAIT cells is the highest in CD4+ and DP subsets and 

reflects a tissue-migratory phenotype. A) CLA expression across MAIT subsets. CLA⁺ MAIT 

cells show increased expression of B) CD45RA C) CD103, and D) CXCR3, with reduced levels 

of E) CD69. Dashed lines connect paired CLA⁺ and CLA⁻ samples from the same donors. 

Friedman’s test (A) and Wilcoxon signed-rank test (B–E). 

 

4.8.2. Phenotypic characteristics of MAIT cells in psoriasis 

 

The comparison of MAIT cell phenotypes between psoriasis patients and healthy 

controls revealed that MAIT cells in psoriasis patients comprise higher proportions of CD27+ 

Me [IQR]: 78.3 [70.3 – 87.05] % vs. 68.9 [59.2 – 72.9] %, P = 0.024; PV vs. HC, Mann-

Whitney U test) and CD69+ cells (Figure 73 A), including within the CLA subset. In addition, 

a closer examination of individual molecule expression in relation to PASI score revealed that 

PD-1 on CLA+ cells increased significantly with disease severity (Figure 73 B), whereas the 

expression of CCR7+ within CLA+ cells declined (ρ = -0.649, P = 0.004, Spearman’s rho). 
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Interestingly, the expression of CD56 on CLA+ cells showed a significant positive correlation 

with PASI scores in female but not male patients, suggesting sex-based trends resembling those 

observed in γδ T cells. Given the previously recognised heterogeneity of MAIT cell 

compartment, further analysis was conducted on MAIT subsets to identify subset-specific 

perturbations associated with PV. 

 

 
 

Figure 73. CD69 expression is elevated in MAIT cells of psoriasis patients, with PD-1 

CLA+ cells correlating with disease severity, and CD56+ expression showing sex-specific 

trend. A) The frequency of CD69+ cells in psoriasis (PV) versus healthy controls (HC). B) The 

percentage of PD-1+ CLA+ MAIT cells increases with PASI scores. C) CD56 expression on 

CLA+ MAIT increases with PASI scores in female patients only. Mann-Whitney U test (A), 

Spearman’s rank correlation coefficient (B, C). 

 

 

4.8.2.1. Phenotypic characteristics of CD8+ MAIT subset in psoriasis 

 

As CD8+ MAIT subset is the most dominant, it was expected that the previously described 

trends observed across the entire MAIT cells would largely reflect the dynamics within the 

CD8+ compartment. Indeed, CD8+ MAIT cells in psoriasis patients exhibited higher levels of 

CD69 (8.2 [4.4 – 13] % vs. 3.6 [2.1 – 6.2] %, P = 0.016; PV vs. HC) and CD27 (79.6 [68.5– 

85.3] % vs. 67.7 [47.8 – 73.5] %, P = 0.039) within the CLA+ subset, along with an increase in 

CXCR3 expression (1.9 [1.3– 2.9] % vs. 0.9 [0.6 – 1.8] %, P = 0.026). In addition, the 

proportion of PD-1+CLA+ (Figure 74 B) and CD56+CLA+ (ρ = 0.701, P = 0.001) cells in CD8+ 

MAIT subset increased significantly with PASI scores, with again more prominent trend 

observed in female patients. Additionally, it was observed that the proportions of CD27+CLA+ 
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cells increase significantly with PASI scores in male patients (ρ = 0.862, P = 0.003), while in 

female patients the same was true for CCR7+ (ρ = 0.797, P = 0.01) in CD8+ MAIT subset. 

 

4.8.2.2. Phenotypic characteristics of DN (CD8–CD4–) MAIT subset in psoriasis 

 

 The proportions of PD-1+ CLA+ cells in the DN subset, like those in the CD8+ subset, 

increased significantly with PASI scores (Figure 74 B). However, no significant differences 

were observed between psoriasis patients and the healthy group. Similar to previously 

described findings, sex-based differences were also evident in DN subset. In female patients, 

PASI scores showed a significant positive correlation with the CD38-expressing CLA+DN 

MAIT cells (ρ = 0.842, P = 0.004), whereas in male patients PASI scores associated negatively 

with the CCR7 (ρ = -0.904, P = 8.27 x 10-4) and CD94 (ρ = -0.795, P = 0.01) CLA+ DN cells. 

 

4.8.2.3. Phenotypic characteristics of DP (CD8+CD4+) MAIT subset in psoriasis 

 

 The percentage of CD69+ cells within the DP compartment was also significantly 

higher in PV patients (11.3 [7.2–21.7] % vs. 7.1 [3.0–11] %, P = 0.028; PV vs. HC). 

Additionally, there was a notable increase in HLA-DR expression within the CLA+ DP subset 

in PV patients (9.7 [0–15.5] % vs. 0 [0–2.1] %, P = 0.028; PV vs. HC). The DP subset showed 

significant shifts with disease severity, as evidenced by strong positive correlations between 

PASI scores and the frequency of PD-1+ (Figure 74 B), CD27+ (ρ = 0.743, P = 6.31 x 10-4) 

CD127+ (ρ = 0.739, P = 6.94 x 10-4), and CD11a+ (ρ = 0.739, P = 7.07 x 10-4) CLA+ DP cells. 

Interestingly, the association between PASI scores and PD-1 expression was notable only in in 

male patients. Conversely, in female patients, the reshaping of DP compartment appeared to 

be more closely associated with disease duration, as shown by very strong correlations between 

the percentage of PD-1+CLA+ DP cells, along with CXCR3+ and CD69+ CLA+ cells within the 

DP compartment with disease duration. Interestingly, PD-1 showed the highest expression on 

CLA+ cells within the DP subset compared to the CD8+ and DN subsets (Figure 74 A). 



Ocje
na

 ra
da

 

u t
ije

ku

147 
 

 

Figure 74. The percentage of PD-1+ CLA+ cells correlates with PASI scores in CD8, DN, 

and DP subsets, with DP subsets showing the highest expression. Statistical significance 

was assessed using Friedman’s test (A) and Spearman’s correlation coefficient (B). 

 

1.1.1.4. Phenotypic characteristics of CD4+ MAIT subset in psoriasis 

 

 The CD4+ MAIT subset displayed no significant differences or trends indicative of a 

strong involvement in the disease. This may be explained by the previously described 

distinctions of the CD4+ subset compared to the CD8+ and DN subset, which exhibit greater 

cytotoxic potential. However, in female patients, the expression of CD16 (ρ = 0.81, P = 0.015) 

and CD69 (ρ = 0.862, P = 0.005) on CLA+ cells increased with PASI scores, suggesting this 

subset may, at least partially, be influenced by disease severity in affected women, reflecting 

heightened activation and cytotoxic potential.  

 

Altogether, these results describe an elevated activation state in MAIT cells of psoriasis 

patients, as reflected by increased expression of CD69. In addition, the positive associations 

between the frequency of CLA+ cells and PASI scores suggest higher capacity of these cells 

for blood-skin recirculation, with upregulation of the co-inhibitory receptor PD-1 on these cells 

pointing to a role in immune regulation and reflecting prior activation. In addition, the observed 

sex-associated differences offer new insights into the differential shaping of the MAIT cell 

compartment in psoriasis, however the trends reported here would require validation through 

larger cohort studies to confirm their significance and broader applicability. 
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5. DISCUSSION 

5.1. Lower levels of circulating γδ T and Vδ2+ T cells in male psoriasis patients 

 

 The investigation into the proportions of γδ T cells and their subsets revealed a 

significant reduction in γδ T and Vδ2+ cell frequencies exclusively in male psoriasis patients, 

a pattern not evident in the total sample analysis. This reduction in Vδ2+ cell proportions is 

consistent with previous studies that reported decreased Vγ9Vδ2 cell frequencies within the 

peripheral CD3+ cell population of psoriasis patients (105,119). However, these findings have 

been characterized as inherent to the disease group, with no reported associations with sex 

differences. While the reduced proportions of Vδ2+ cells in our cohort appears strictly 

associated with the male population, this interpretation should be approached with caution due 

to baseline differences in the control group. Notably, female controls displayed significantly 

lower γδ T and Vδ2+ cell proportions within CD3+ population compared to their male 

counterparts, which could have masked case-control distinctions when all samples were 

analysed together. Female patients did not show significantly different proportions of γδ T 

cells, or their subsets compared to healthy women or affected men, however, their average 

proportions were slightly elevated, suggesting potential differences that warrant further 

investigation. Importantly, the number of women in our cohort was three times lower than that 

of men, thus a focused study with a balanced male-to-female ratio is needed to confirm whether 

the observed reduction in γδ T and Vδ2+ cells is indeed restricted to male patients. 

 It is also important to note that in a study by Laggner et al., the reduction in the 

proportion of circulating Vγ9Vδ2 cells was attributable primarily to the skin-homing CLA+ 

fraction, with no significant difference observed in the frequencies of Vγ9Vδ2 CLA– subset 

(105). This finding suggested enhanced recruitment of Vγ9Vδ2 cells in affected skin, which 

was further supported by the observation of significantly higher percentages of Vδ2 cells in the 

lesional skin compared to healthy skin, a result also reported by Zhou et al (119).  

  Based on these findings, the observed reduction in Vδ2+ cells within male patients may 

reflect increased trafficking of these cells from the bloodstream to cutaneous lesions, however, 

future studies incorporating CLA marker and paired skin-blood analyses will provide a clearer 

understanding of the underlying mechanisms driving the altered frequencies of Vδ2+ cells. 
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5.2. The TCR repertoires of circulating γδ T cells alter with disease severity and age of 

psoriasis patients 

 

 A significant reduction in repertoire diversity, associated with both disease severity and 

age, emerged as the primary finding in the investigation of circulating γδ TCR repertoires of 

psoriasis patients. This reduction was primarily driven by a depletion of rare clonotypic 

variants, juxtaposed with an expansion of dominant clonotypic variants.   

 Disease severity, assessed by the PASI score, showed an inverse correlation with the 

number of unique clonotypes in both TCRγ and TCRδ repertoires, particularly affecting the 

dominant TRGV9 and TRDV2 variants. This decline in TRGV9 and TRDV2 diversity resulted 

from an increase in hyperexpanded clonotypes alongside a reduction in low-frequent ones. 

Moderate negative associations with PASI score also emerged for TRGV4, TRGV2, TRGV8, 

and TRDV3 clonotypes, while other clonotypic groups appeared unaffected by disease 

severity. Although previous studies have not included TCR repertoire analyses, findings by 

Zhou et al. might have indicated increased clonal expansion of Vγ9Vδ2 cells (119). Namely, 

circulating Vγ9Vδ2 cells of psoriasis patients exhibited skewed phenotypic profiles, with 

decreased CD27+CD45RA- and enriched CD27⁻CD45RA⁺ cell frequencies, with these subsets 

showing significant negative and positive association with disease severity, respectively. This 

loss of CD27 expression has been linked to clonotypic amplification of Vγ9Vδ2 cells 

(140,159), implying that the phenotypic changes reported by Zhou et al. may reflect clonotypic 

expansions. Given that Vγ9Vδ2 cells are the predominant γδ T cell subset in peripheral blood, 

the observed loss of TRGV9 and TRDV2 clonotypic diversity may indicate a selective 

expansion of specific Vγ9Vδ2 clonotypes, potentially aligning with Zhou et al.’s findings. 

However, this interpretation should be approached with caution, as bulk RNA sequencing does 

not provide information on the pairing of γ and δ chains.  

 The age of psoriasis patients showed an even more pronounced effect on the contraction 

of TCRγ and TCRδ repertoires, most notable in the TRGV9 and TRDV2 repertoires, though 

detectable across all clonotypic variants. Interestingly, the age-related reshaping of γδ TCR 

repertoires in psoriasis patients differed significantly from that observed in age-matched 

healthy participants, indicating chronic inflammation or other disease-related factors may drive 

an alternate reorganisation of γδ TCR clonotypes in psoriasis. Specifically, while the counts of 

TRGV2 and TRDV1 clonotypes increased significantly with age in healthy controls, consistent 

with previous reports (237), psoriasis patients exhibited a significant decrease in the diversity 

of TRGV2, TRDV1, and other TRGV and TRDV variants with advancing age, attributed 



Ocje
na

 ra
da

 

u t
ije

ku

150 
 

primarily to a marked loss of low-frequency variants.  

 Disease duration also influenced TRG and TRD repertoires, with longer disease courses 

associated with a higher percentage of TRGV4 clonotypes, particularly TRGV4-TRGJ2 and 

TRGV4-TRGJP rearrangements. In addition, a negative correlation between disease duration 

and D50 values for TRGV4 clonotypes, along with an increase in medium-frequency TRGV4 

clonotypes (0.05–0.5% of the repertoire), suggested that expansion within this frequency range 

contributes to gradual TCR repertoire remodelling. Similarly, although to a lesser extent, 

prolonged disease was associated with an increase in medium-frequency TRDV3 clonotypes. 

These repertoire shifts, previously unreported, may result from repeated exposure to skin-

associated antigens, persistent inflammatory signalling, or potentially from increased migration 

of TRGV4 clonotypes from skin lesions into the bloodstream. However, other mechanisms 

may also drive this observed expansion, warranting further investigation to clarify the factors 

influencing TRGV4 dynamics in disease progression.  

 The observed contraction in TRGV9 and TRDV2 repertoires with increasing age and 

disease severity resembles the features of ‘late-stage differentiated’ CD27⁻CD28⁻ CD16+ 

Vγ9Vδ2 cells (159). Specifically, CD27⁻ subsets show significantly fewer clonotypes and 

lower diversity in their TCRδ repertoires compared to their CD27+ (CD27+CD28+) counterparts 

(140,159), suggesting that patients with more severe disease and advanced age may have a 

higher representation of cytotoxic γδ T cells. Furthermore, seven PV patients with a high 

cumulative frequency of the top 10 clonotypes showed low Jaccard index values for TRDV2 

clonotypes (PV-2, PV-10, PV-11, PV-13, PV-18, PV-19 and PV-21), aligning with Vyborova 

et al.'s reports indicating that the loss of common public sequences accompanies the transition 

from a CD27+ to a CD27⁻ phenotype (159). Thus, it is plausible that the alterations in TCR 

repertoire observed in our patient cohort reflect a shift toward a ‘late-stage’ differentiated state. 

In further support of this hypothesis, phenotyping using spectral cytometry showed an 

increased percentage of cytotoxic CD56⁺ γδ T cells with both age and disease severity. 

Together, these findings suggest that disease progression and aging may drive γδ T cells toward 

a cytotoxic phenotype coupled with restricted TCR diversity. However, future studies utilizing 

single-cell sequencing that integrates TCR profiling and transcriptomic analysis are essential 

to clarify the link between γδTCR repertoire contraction, phenotypic differentiation, and 

disease severity. 
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5.3. Circulating γδ T cells in psoriasis patients display differential transcriptomic 

signatures attributable to patient subgroup heterogeneity 

 

 The upregulated genes in the γδ T cells of the psoriasis cohort indicate an increased 

activation, enhanced effector state, a type-1 immune response signature, increased migratory 

capacity, cytotoxic potential, and improved survival. The activated profile is reflected in the 

elevated expression of genes involved in T cell receptor (TCR) signalling, including CD3 

complex components (CD3E, CD3G, CD3D, and CD247) and the tyrosine kinase ZAP70. 

Increased expression of CD48, a signalling lymphocyte activation marker (SLAM) family 

member, further confirms the activated state of γδ T cells. CD48 is upregulated in activated 

cells (238), particularly under inflammatory conditions driven by cytokines like IFN-α, IFN-β, 

and IFN-γ (239) and enhances TCR signalling through Lck, promoting the production of IL-2 

(240). In addition, the increased expression of IL2RB, encoding the IL-2 receptor beta chain, 

suggests enhanced responsiveness to IL-2 and IL-15, as IL-2Rβ is a shared subunit of these 

receptors. Both IL-2 and IL-15 promote the type 1 cytotoxic γδ T cell differentiation by 

upregulating key effectors like perforin and transcription factors T-bet and Eomes, important 

for IFN-γ production and Th1 polarization (241).  

 Complementing this, TBX21, which encodes T-bet, was significantly increased, further 

reflecting the effector profile of γδ T cells. T-bet is constitutively expressed in Vγ9Vδ2 cells 

and upregulated upon the TCR-induced transition of Vδ1+ cells from a naïve state (142). In 

parallel, the upregulation of IRF1, a transcription factor induced by IFN-γ and needed for Th1 

differentiation, points to a coordinated transcriptional network promoting a type-1 immune 

response. The increased production of IFN-γ is further supported by the upregulation of 

GADD45G, a member of the growth arrest and DNA-damage-induced 45 family, which is 

induced during T cell activation and known to enhance IFN-γ production (242,243). Moreover, 

the elevation of IFITM1 and ISG20, both IFN-γ-induced genes, further highlights the 

downstream effects of IFN-γ signalling.   

 The cytolytic potential of γδ T cells was also enhanced, as evidenced from the 

upregulation of cytotoxic hallmark genes, including PRF1 (perforin), GZMA (granzyme A), 

SRGN (serglycin), and NKG7 (natural killer cell granule protein 7). The expression of cytotoxic 

genes PRF1, GZMA, and NKG7 is closely associated with the effector profiles of γδ T cells 

(140,142) and is consistently identified as a signature of upregulated genes in T cells from 

psoriasis patients (97,118,244).    

 Moreover, the transcriptional signature of peripheral γδ T cells in psoriasis suggests a 



Ocje
na

 ra
da

 

u t
ije

ku

152 
 

heightened potential for migration to inflamed tissues, as demonstrated by the upregulation of 

KLF2, SELL, and CXCR4. Krüppel-like factor 2 (KLF2) is crucial for lymphocyte trafficking, 

as it maintains expression of SELL (CD62L or L-selectin), which mediates the T cell homing 

to secondary lymphoid tissues (245,246). KLF2 also modulates the expression of transcription 

factors T-bet, GATA3, and Blimp-1 (247). Upregulated CXCR4, a chemokine receptor, 

enhances migratory capacity by directing γδ T cells toward CXCL12, which is abundant in 

inflamed tissues (248). Notably, CXCR4 expression was found elevated in both active and 

resolved (244) psoriatic skin lesions, predominantly in the dermis (249), and was found to be 

constitutively expressed on dermal γδ T cells (120). Furthermore, increased ITGAL expression, 

encoding CD11a indicates enhanced motility of γδ T cells in this condition, as CD11a is needed 

for adhesion to endothelial and epithelial cells (250).  

 In addition, γδ T cells from psoriasis patients exhibit upregulation of genes associated 

with cell survival and protection, including CORO1A, CD47, and HLA-E. Coronin-1A 

(CORO1A) enhances T cell survival by modulating immune synapse dynamics and promoting 

intracellular Ca²⁺ mobilization, which supports activation and cytokine production (251). CD47 

serves as a “don’t eat me” signal by inhibiting phagocytosis through interaction with the SIRPα 

receptor on phagocytes (252), while HLA-E engages with the inhibitory receptors 

CD94/NKG2A on natural killer (NK) cells and certain T cell subsets, delivering anti-lysis 

signals that protect γδ T cells from NK cell-mediated cytotoxicity (253).   

 Furthermore, the upregulation of TUBB (beta-tubulin) suggests enhanced cytoskeletal 

dynamics, necessary for processes such as proliferation, cytokine production, and motility. 

Concurrently, increased expression of POLR2A, encoding the RNA polymerase II complex, 

reflects elevated transcriptional activity aligned with amplified immune activation and effector 

functionality. Furthermore, GPR18 (G-Protein Coupled Receptor 18), typically expressed on 

intraepithelial γδ T cells, was also upregulated. GPR18 has been associated with epithelial 

retention (254) and effector memory T cell maintenance (255), thereby in this context 

potentially indicating an activated or memory-like phenotype primed for tissue migration. 

Similarly, MIF (Macrophage Migration Inhibitory Factor), a pro-inflammatory mediator often 

upregulated in inflammatory conditions such as psoriasis, rheumatoid arthritis, and 

inflammatory bowel disease (256), suggests a role in amplifying inflammatory responses. The 

increased expression of CD52, a therapeutic target in multiple sclerosis, implies potential 

immunoregulatory functions, as new evidence indicates it may inhibit antigen-specific 

activation by disrupting TCR-MHC interactions (257). Upregulation of PTPN7 (Protein 

Tyrosine Phosphatase, Non-Receptor Type 7) may also serve as a feedback regulator, 
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modulating the amplitude of immune responses by negatively regulating T cell activation 

pathways to prevent overactivation (258). Lastly, the upregulation of STAT6, typically 

associated with Th2 differentiation, introduces a contrasting profile to Th1 markers, suggesting 

nuanced immune response dynamics.  

 The downregulation of IL2RG (interleukin-2 receptor gamma chain), a key component 

of several interleukin receptors (IL-2R, IL-4R, IL-7R, IL-9R, IL-15R, and IL-21R) (259), 

coupled with reduced ICOS expression, a co-stimulatory molecule essential for T cell 

activation and differentiation (260), suggests diminished T cell activation. However, this 

downregulation could potentially reflect a shift in γδ T cells from a state of high dependence 

on cytokine and co-stimulatory signals to a more specialized, self-sustaining effector state, 

suggesting a reduced reliance on extensive activation signals. In addition, the downregulation 

of MTOR, a central regulator of cell growth, metabolism, and memory CD8 T-cell 

differentiation (261,262) further supports this notion of altered cellular dynamics. This decline 

is accompanied by the downregulation of MX1, OAS3, and IFI44L, genes known to play roles 

in antiviral responses (263–265), suggesting a diminished capacity to manage viral infections. 

However, it is important to consider that these differences may also reflect upregulated antiviral 

profiles in the transcriptomes of healthy individuals, underscoring the dynamic nature of 

immune responses across different physiological contexts.  

 This distinct set of upregulated genes resonates with those identified in earlier studies 

focused on psoriasis-associated T cell responses. Among the genes found to be upregulated 

here, CD247, GZMA, CXCR4, and CD52 have previously been shown to be elevated in 

peripheral T cells in psoriasis, while ISG20, IFITM1, PRF1, GZMA, NKG7, and SELL were 

similarly upregulated in T cells from psoriatic lesions (97). Interestingly, the persistent 

elevation of CD48, GZMA, IRF1, CXCR4, and ISG20 even after clinical improvement (244), 

suggests their potential role in maintaining sustained inflammatory activity in psoriasis. 

Moreover, the heightened activation state and type-1 immune signature identified in this study 

align with prior research showing that peripheral γδ T cells in psoriasis patients exhibit 

hyperactivation characterised by enhanced IFN-γ and TNF-α production, along with gene 

enrichment in pathways related to T cell activation, proliferation, and IFN-γ response (119). 

Collectively, the alignment of the γδ T cell transcriptomic profile with findings from previous 

studies, particularly concerning the sustained elevation of key genes post-treatment, suggests 

the active role of γδ T cells in the chronic inflammatory processes of psoriasis. 



Ocje
na

 ra
da

 

u t
ije

ku

154 
 

 The transcriptomic profile observed in the psoriasis cohort indicates an enrichment of 

effector-like gene signatures in γδ T cells, aligning with previously observed expression 

patterns in Vδ1 effector (GZMA, PRF1, NKG7, IL2RB, CD3D, CD3G, CD3E, CD247, ITGAL, 

TBX21)(142), and innate-like Vγ9Vδ2 effector cells (GZMA, PRF1, NKG7, IL2RB, TBX21, 

CD247, CD48) (140,266). Given that Vγ9Vδ2 and Vδ1 cells are dominant in peripheral blood, 

it is plausible that the observed transcriptomic differences arise primarily from the effector 

subsets of these populations. However, as the analysis encompassed the total γδ T cell 

population without detailed phenotypic characterization, distinguishing the specific 

contributions of γδ T cell subsets remains challenging. Accordingly, single-cell resolution 

studies are necessary to uncover the distinct transcriptomic changes within these subsets and 

clarify their roles in the pathophysiology of psoriasis. 

 The heterogenous response within the psoriasis group, with differential expression 

primarily attributed to a specific subset of patients, suggests diverse immune dynamics of γδ T 

cells in the disease. The overlap of differentially expressed genes (DEG) between the PV-A vs. 

HC and total PV vs. HC analyses, alongside the absence of overlap in the PV-B vs. HC 

comparison, confirmed that the PV-A group is primarily responsible for the differential 

expression observed. However, the increased number of DEGs should be interpreted with 

caution, as these results might be inflated due to high variability in gene expression, particularly 

given the small sample size of five patients in PV-A group. In addition, while the results suggest 

significant deviations in one segment of the PV group, the available patient data do not provide 

an explanation for these findings. Nevertheless, previous studies have uncovered “hidden 

heterogeneity” within psoriasis vulgaris patients by identifying diverse molecular and cellular 

profiles which have enabled the categorization of patients into distinct subtypes according to 

varying inflammatory signatures, disease severity, and different responses to therapeutic 

interventions (267–271). In light of this evidence, it can be hypothesized that the involvement 

of γδ T cells in psoriasis vulgaris is also heterogenous and may vary not only between patients 

but also within the same individual over the course of their disease. Therefore, further 

investigation with a larger sample size and longitudinal tracking of disease progression and 

therapeutic response might provide deeper insights into the significance of the heterogenous 

profiles of circulating γδ T cells observed here. 
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5.4. Phenotypic and functional profiling of γδ T cells in psoriasis highlights CD56 as a 

marker of sex- and disease-driven alterations 

 

 The multi-dimensional profiling of γδ T cells using spectral flow cytometry has 

provided deeper insights into the phenotypic and functional profiles of γδ T cell subsets in 

psoriasis. While initial case-control comparisons did not reveal significant differences, a more 

nuanced disease-driven effect was uncovered when disease duration, severity and sex were 

taken into the equation. Notably, CD56 or neural cell adhesion molecule (NCAM), emerged as 

a key marker, with its expression correlating positively with both disease severity (PASI) and 

duration. Intriguingly, CD56 expression was consistently higher in female patients across both 

Vγ9Vδ2+ and Vγ9Vδ2⁻ subsets. In these subsets, CD56 levels were associated with disease 

duration (Vγ9Vδ2+) and PASI scores (Vγ9Vδ2⁻) in females, while in male patients CD56 

expression increased on Vγ9Vδ2⁺ T cells as disease worsened. In addition, CD56 expression 

on Vγ9Vδ2⁻ cells increased with age in psoriasis patients, a trend absent in healthy aging, 

suggesting a disease-specific effect.  

CD56⁺ γδ T cells exhibited distinct functional profiles. The Vγ9Vδ2⁺ CD56⁺ subset 

demonstrated heightened cytotoxic potential, characterised by co-expression of CD16, 

perforin, and granzyme B. These cells also expressed activation and late-stage differentiation 

markers, such as CD57, HLA-DR, CD25, CD11a, PD-1, and T-bet, aligning with prior studies 

characterising CD56⁺ T cells as potent cytotoxic effectors with enhanced Th1-like responses 

and IFN-γ production (272–276). Interestingly, CD56 expression in γδ T cells is significantly 

upregulated in response to isopentenyl pyrophosphate (IPP), a phosphoantigen derived from 

the mevalonate pathway, which accumulates in metabolically stressed cells. Furthermore, IL-

15, a cytokine implicated in psoriasis pathogenesis (277,278) has been shown to enhance CD56 

expression in γδ T cells (274–276). These observations point to a potential mechanism where 

prolonged IL-15 stimulation and IPP accumulation in hyperproliferative keratinocytes drive 

the upregulation of CD56 in γδ T cells, particularly in the context of psoriasis severity and 

duration. However, this hypothesis requires further validation, as the mechanistic interplay 

between IL-15, IPP, and CD56 expression in psoriasis have not been defined.  

Sexual dimorphism also emerged as a significant feature of γδ T cells in psoriasis, with 

female patients consistently exhibiting higher CD56 expression across γδ T cell subsets, 

reinforcing prior findings that women generally have greater effector responses, higher Th1 

cytokine production, and enhanced cytotoxic T cell activity (51–53). Elevated expression of 
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CX3CR1 and CXCR5 on CLA⁺ Vγ9Vδ2⁺ T cells further support greater cytotoxic potential in 

female patients. An additional intriguing observation was the increased expression of CXCR3 

on CLA⁺ Vδ1 cells in females. This X-linked gene, which may escape X-chromosome 

inactivation (282), has been associated with autoimmune diseases that disproportionately affect 

women (283). Its increased expression has been associated with IFN-γ signalling and Th1-

dominant immune responses (56), and as CXCR3+ T cells are enriched in psoriatic lesions 

(285), these finding may suggest that CXCR3⁺ CLA+ Vδ1 cells contribute to autoinflammatory 

processes in female patients.  

Altered CD103 expression on Vγ9Vδ2– cells also emerged as a disease-associated 

feature. CD103, known as the αE integrin, binds to E-cadherin on epithelial cells, facilitating 

the entry of T cells into the skin (286). The CD103 expression was significantly lower among 

circulating CLA+ Vδ3+ cells in psoriasis patients, plausibly suggesting enhanced homing of 

these cells to the skin. Conversely, its increased expression with disease severity may reflect 

the enhanced recirculation of previously skin-resident T cells, consistent with earlier findings 

that circulating CD4⁺ CLA⁺ CD103⁺ cells originate from former skin-resident CD69⁺CD103⁺ 

populations (113). In addition to these CD103 dynamics, the Vδ3 subset in PV exhibited an 

increased proportion of cells expressing the activation marker CD38, which was almost entirely 

absent in healthy samples. Moreover, CD16 and CD25 also showed increased expression with 

disease duration or severity, suggesting that the Vδ3 subset may be involved in disease 

progression. These findings point to a potentially distinct and underexplored role for Vδ3 cells 

in psoriasis, which warrants further exploration, particularly given their poor characterisation 

in current literature.   

An intriguing finding of this study was the identification of previously undescribed 

phenotype of CLA⁺ γδ T cells. These cells exhibited increased expression of co-stimulatory 

molecules CD28 and CD27, alongside lower levels of CD57 compared to their CLA⁻ 

counterparts, suggesting a non-immunosenescent and highly active state. The expression of 

CD27 and CD28 highlights their enhanced functional capacity, as these molecules are 

associated with improved survival and responsiveness to stimulatory signals. This phenotype 

aligns with findings in αβ T cells, where CLA⁺ cells have been identified as non-ageing, 

maintaining consistent telomere length and sustained CD28 expression over time, in contrast 

to CLA⁻ cells, which show declining CD28 expression and progressive exhaustion with age 

(287). This phenotype is particularly relevant in the context of psoriasis, where the persistence 

of activated and exhaustion-resistant CLA⁺ T cells likely contribute to chronic inflammation 
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and disease maintenance. Additionally, CLA⁺ γδ T cells were found to express higher levels of 

CXCR3, a chemokine receptor associated with Th1 responses and enhanced skin-homing 

capacity. This is consistent with the known enrichment of CLA⁺ and CXCR3⁺ cells in psoriatic 

lesions (102,285), supporting the idea that CLA⁺ γδ T cells may contribute to sustaining the 

inflammatory environment within psoriatic skin. 

 Importantly, the elevated expression of T-bet and perforin in γδ T cells of psoriasis 

patients, previously identified at the transcriptomic level, was validated by intracytoplasmic 

staining, confirming the transcriptional findings at the protein level. While the expression of 

granzyme A was not statistically significant, it was elevated in psoriasis patients, with a subset 

of patients exhibiting levels surpassing those observed in any healthy control, reflecting the 

within-patient heterogeneity observed at the transcriptomic level. Interestingly, the expression 

of cytotoxic and effector markers such as granzymes, perforin, T-bet, Eomes and TOX 

increased significantly with age in Vγ9Vδ2– cells of psoriasis patients, but remained unchanged 

in healthy controls, suggesting a distinct immune aging trajectory in psoriasis, potentially 

contributing to disease persistence and severity with advancing age. 

 In summary, the profiling of γδ T cells uncovered significant disease- and sex-

associated dynamics in psoriasis, offering valuable insights into their potential contributions to 

disease pathogenesis. However, the study is limited by the low representation of female 

participants in the healthy cohort, which restricts the ability to fully investigate sex-driven 

responses. In addition, a greater representation of patients with severe disease, particularly 

among male participants, would strengthen the analysis of disease progression. Therefore, to 

validate these findings and gain a more comprehensive understanding, future research on larger 

cohorts and incorporated paired analyses of blood and skin samples will provide a more 

comprehensive understanding. 
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5.5. Decreased CD4+ and DP MAIT cells in peripheral blood of male psoriasis patients 

and inflammation-dependent decline of CD8+ and DN subsets  

 

The distribution of MAIT cells in the peripheral blood of psoriasis patients was generally 

comparable to that observed in healthy participants, with similar proportions across the CD8+, 

DN, CD4+, and DP subsets. However, when examining the proportions of these subsets within 

the CD3+ T cell compartment, psoriasis patients showed a significant reduction in CD4+ MAIT 

cells, particularly in male patients, who also exhibited significantly lower proportions of DP 

MAIT cells. These findings are consistent with previous study conducted on smaller cohort, 

which similarly reported that a reduction in CD4+ and DP MAIT cells was a characteristic 

feature of male psoriasis patients (1). Therefore, these results suggests that sex-specific factors 

may influence the distribution and function of MAIT cells in psoriasis, warranting further 

investigation the underlying mechanisms driving these differential patterns.  

The MAIT cell compartment is predominantly composed of CD8+ and DN subsets, 

which are recognised for their potent cytotoxic properties (184,198). In contrast, CD4+ and DP 

MAIT cells, which typically represent a smaller fraction (less than 5%) of the MAIT cell 

population, exhibit distinct functional characteristics. CD4+ MAIT cells are generally less 

cytotoxic than their CD8+ and DN counterparts and are marked by the increased expression of 

molecules such as CCR7, SELL, FOXP3, and CD25, indicative of enhanced tissue migration 

potential and shared phenotypic similarities with regulatory T cells (Tregs) (198). In addition, 

compared to other subsets, CD4+ MAIT cells produce significantly higher levels of IL-2, (184) 

a cytokine critical for maintaining Treg populations and promoting immunoregulation (3). 

Thus, the observed reduction in CD4+ MAIT cells may suggest a diminished capacity of these 

cells to contribute to immune homeostasis, potentially exacerbating the inflammatory milieu 

in psoriasis. It is also possible that the reduced presence of CD4+ MAIT cells in peripheral 

blood reflects their migration to inflamed skin, as observed in other autoimmune diseases 

where a reduction in circulating MAIT cells is accompanied by increased infiltration into 

lesional sites (192,212). Interestingly, MAIT cell numbers were previously not found to be 

enriched in psoriatic lesional skin (4), suggesting that the reduction in CD4+ and DP MAIT 

cells in peripheral blood may not solely be a consequence of tissue migration. However, no 

study to date has specifically investigated the frequencies of individual MAIT cell subsets 

within psoriatic skin, and given the low percentage of CD4+ and DP MAIT cells within the 

compartment, it is possible that, even if these cells preferentially infiltrate perturbed skin, their 

presence would not significantly alter the overall MAIT cell proportions in the lesional skin. 
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Furthermore, the reduction of circulating MAIT cells in autoimmune and chronic inflammatory 

conditions has been frequently associated with increased activation marker CD69 expression 

and activation-induced cell death (192,212). The CD69 expression was indeed elevated on the 

DP subset in psoriasis, however, whether activation-induced cell death or increased migration 

to the skin contribute to their reduced proportion in peripheral blood remains to be investigated.  

While the frequencies of total MAIT cells, CD8+ and DN subsets were not significantly 

different between psoriasis patients and healthy controls, their levels correlated negatively with 

high-sensitivity C-reactive protein (hsCRP), a marker of systemic inflammation. Consistent 

with the concept of inflammageing (289), a positive correlation between hsCRP levels and age 

was observed in both psoriasis patients and healthy controls, reflecting the chronic, low-grade 

inflammation associated with aging. Importantly, the association between elevated hsCRP 

levels and reduced proportions of total MAIT cells, as well as CD8+ and DN subsets, was 

specific to the psoriasis cohort, suggesting that systemic inflammation may have a pronounced 

impact on MAIT cells dynamics in psoriasis, possibly reflecting disease-specific immune 

dysregulation. 

In conclusion, the altered distribution of circulating DP and CD4+ MAIT cell subsets in 

psoriasis highlights their potential role in shaping disease progression, with sex-based 

differences emerging as a critical avenue for exploration. Moreover, the observed relationship 

between elevated hsCRP levels and reductions in CD8+ and DN MAIT cells raises intriguing 

questions about whether this decrease is driven by activation-induced depletion, impaired 

homeostatic maintenance, or a shift toward increased tissue residency. Addressing these 

questions could illuminate the role of MAIT cells in local and systemic inflammation, offering 

fresh perspectives on their contribution to the complex immunopathology of psoriasis. 
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5.6. Age-associated loss of diversity and convergence in MAIT TCR repertoires of 

psoriasis patients, with disease severity-related remodelling in male examinees 

 

 The MAIT TCRα and TCRβ repertoires of psoriasis patients did not exhibit significant 

differences in diversity, CDR3 length or variable (V) and joining (J) gene usage compared to 

healthy controls. However, detailed analysis revealed distinct patterns, suggesting underlying 

differences in repertoire organization. Specifically, psoriasis patients exhibited subtle 

enrichment of certain V-J gene segment pairings and more pronounced age-related alterations, 

with disease severity influencing repertoire composition primarily in male patients.  

On average, 77% of TCRα transcripts contained the TRAV1-2 segment, consistent with 

the canonical MAIT cell TCR usage. However, notable diversity in TCRα transcripts was 

observed, despite the high post-sorting purity and a gating strategy designed to isolate 

TCRVα7.2 (TRAV1-2)+ MR1-5-OP-RU-tet+ cells. This diversity may partly reflect the 

inclusivity of the sorting strategy, which could have allowed the capture of MR1-restricted 

cells lacking TRAV1-2 (186,290). Additionally, cells with low to intermediate MR1 binding 

intensity, included within the sorted population, have been reported to express dual TCRα 

receptors (291), further complicating the interpretation of TCR repertoire composition. 

Moreover, transcript-level data do not always correspond to surface protein expression, and 

non-TRAV1-2 transcripts may represent transcriptionally active but untranslated chains. 

Nevertheless, the proportional binding affinities of TRAV1-2 to TRAJ33, TRAJ12, and 

TRAJ20 variants align with prior reports (184,232), reducing the likelihood that the observed 

diversity arises from conventional non-MR1 binding subsets. 

 Age emerged as a significant determinant in shaping the MAIT TCRβ repertoires and, 

to a lesser extent, the TCRα repertoires, with a more pronounced impact in psoriasis patients 

compared to healthy individuals, consistent with our previous findings (205). Increasing age 

of psoriasis patients was associated with a marked decline in unique TCRβ clonotypes, an 

increase in hyperexpanded clonotypes and a reduced proportion of smaller, less dominant ones. 

These alterations were consistent across the most prevalent TRBV variants, including TRBV4-

2, TRBV6-2, TRBV6-4, and TRBV20-1, while TRBV6-1 clonotypes appeared resistant to age-

related changes. The loss of TCRβ clonotype diversity with age is well-documented in the 

general population and is attributed to cumulative antigen exposure and thymic involution, 

which skew the TCR repertoire toward expanded clonotypes (292,293). In healthy MAIT 

repertoires, similar age-related reductions were observed but often failed to reach statistical 
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significance, which may partly be due to the smaller sample size (N = 12 for healthy controls 

vs. N = 26 for psoriasis patients). However, the observed age-related decline in TRBV6-4 

clonotypes number in healthy controls may indicate that this reduction is a normal consequence 

of aging, independent of disease. 

By contrast, the significant reduction in TCRβ convergence with increasing age was 

specific to psoriasis patients, highlighting a distinct feature of MAIT repertoire remodelling 

under chronic inflammation. Convergent recombination, the process by which distinct 

nucleotide sequences produce identical CDR3 regions, enables genetically distinct T cell 

clones to recognise the same antigenic epitope, thereby contributing to the formation of public 

clonotypes shared across individuals. This decline in convergence suggests a diminished 

capacity in psoriasis patients to generate and maintain these shared clonotypes with age. 

Indeed, public clonotype frequency, quantified by Jaccard index, significantly declined with 

age in psoriasis patients, a trend absent in healthy participants. Collectively, these results 

suggest an accelerated reshaping of MAIT TCR repertoires in psoriasis, characterised by the 

loss of convergently recombined clonotypes. This loss likely reduces the proportion of public 

clonotypes, with a shift toward private repertoires marked by the expansion of antigen-specific 

clonotypes and a concurrent decline in rare variants. 

 Compared to γδ TCR repertoires, the associations between disease duration or severity, 

assessed by PASI score, and MAIT TCR repertoire metrics were either absent or considerably 

weaker, at least when the entire PV cohort was examined. However, significant correlations 

between PASI score and TRA and TRB clonotype counts were observed exclusively in male 

psoriasis patients, pointing to potential sex-based differences in the reshaping of the MAIT 

TCR repertoire. These findings, along with the observed male-specific reductions in CD4+ and 

DP MAIT subsets, indicate that sex hormones or sex-linked genetic factors may differentially 

impact MAIT cell biology in psoriasis, however, further studies are needed to dissect the 

underlying molecular drivers. 

In summary, these findings reveal a complex interplay between ageing, chronic 

inflammation, and sex-specific factors in shaping the MAIT TCR repertoire in psoriasis. These 

insights open new avenues for further research to uncover the mechanisms driving these 

changes, with expanded sample sizes and robust sex-based stratification necessary to validate 

and extend these findings. 
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5.7. Transcriptomic profiles of circulating MAIT cells in mild psoriasis show no distinct 

features compared to healthy controls but reveal perturbations linked to age and 

disease severity 

 

 The transcriptomic landscape of circulating MAIT cells in psoriasis patients showed no 

discernible differences compared to healthy participants. However, closer examination 

revealed significant associations between the expression of several genes and key clinical 

parameters, including patient age and disease severity as measured by PASI score. 

 The expression of three genes declined significantly with increasing PASI scores, with 

GZMB, encoding granzyme B, displaying the strongest trend. Granzyme B is typically 

expressed at low levels in resting MAIT cells (208) but is upregulated upon TCR- or cytokine-

driven activation (210). Studies have reported lower GZMB expression in IL-17-producing 

subset of MAIT cells (199), suggesting the observed decline in its expression might reflect a 

shift toward MAIT17 phenotype in more severe forms of psoriasis. However, as IL-17 

transcripts were almost entirely absent across the PV samples, the presence of a MAIT17 

phenotype can largely be excluded. Instead, the loss of GZMB may indicate functional 

impairment or stagnation of MAIT cells associated with increased disease severity. This 

interpretation is partially supported by the reduction in HLA-DRB1 expression, which encodes 

a key component of the HLA-DR molecule, a marker associated with late-stage activation. 

Furthermore, CXCR2 expression also declined with disease severity, however, given the 

minimal baseline expression of CXCR2 in MAIT cells, the functional relevance of this decrease 

is likely limited in this context. Taken together, these findings suggest that MAIT cells in severe 

psoriasis may have reduced functional capacity or activation, potentially contributing to 

immune dysregulation. However, the associations with disease severity should be interpreted 

with caution and require further validation, as the cohort primarily consisted of patients with 

mild disease, with only 2 out of 11 individuals meeting the criteria for severe disease. 

 Building on these findings, age-related gene expression patterns observed specifically 

in psoriasis patients reveal additional insights into potential mechanism of cellular senescence, 

even within the narrow age range of 22 to 51 years. Among these, the strongest positive 

correlation was observed with CD70, a ligand for CD27 primarily associated with antigen-

presenting cells but also upregulated on activated T cells, where it serves as a co-stimulatory 

molecule to enhance immune responses (294). Interestingly, CD70 overexpression has been 

linked to autoimmune conditions like rheumatoid arthritis (RA), systemic lupus erythematosus, 

Sjögren’s syndrome, and systemic sclerosis, underscoring its role in promoting 
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autoinflammatory responses (295). In RA, increased CD70 expression is particularly notable 

in CD4+CD28– cells, a subset associated with immune aging. This dysregulated expression of 

CD70 was associated with a lower TCR activation threshold, potentially driving self-reactive 

T cell activation and exacerbating autoimmune pathology (296). Furthermore, the age-

associated upregulation of TNFRSF9, encoding 4-1BB (CD137), another co-stimulatory 

receptor expressed by activated T cells, further exploits heightened activation and possibly 

exhaustion in MAIT cells in psoriasis. TNFRSF9 is strongly induced by TCR activation in 

MAIT cells (199,210), and has been linked to the expansion and differentiation of exhausted T 

cells (13). Further evidence of accelerated senescence in MAIT cells in psoriasis comes from 

the significant association between patients’ age and the expression of CDKN2A, the gene 

encoding the tumour suppressor p16INK4a. This protein plays a critical role in maintaining cell 

cycle arrest and is widely recognised as a biomarker of cellular ageing (234–236). Its 

upregulation in T cells is observed following repeated stimulations and is closely tied to the 

development of an exhaustion phenotype (236). Together, these findings suggest that age-

related changes in gene expression may compound the functional decline of MAIT cells in 

psoriasis, contributing to disease progression and immune dysregulation. 

Clear differences in MAIT cell phenotypes seen in case-control comparisons via 

spectral flow cytometry, contrasted with the lack of differences at the transcriptomic level, raise 

questions about factors that may have affected the transcriptomic analysis, including sample 

selection. The selection of RNA samples was limited by availability and concentration, 

resulting in a psoriasis cohort mostly consisting of patients with mild disease (9 out of 11 had 

PASI scores below 10) and a median disease duration of 6 years. These characteristics suggest 

the transcriptomic profiles of circulating MAIT cells may not display clear differences in early 

or mild disease stages. While contamination from co-sorted conventional or other MR1-

reactive subsets could also explain the lack of transcriptional differences, it is likely a minor 

factor compared to cohort composition, given the satisfactory post-sort purity. The narrow 

PASI scores and age range further limit the scope and interpretability of correlation analyses. 

However, the narrow age range hint at early senescence-related changes in psoriasis, though 

this requires validation in larger, more diverse sample sets. Therefore, future studies with 

broader PASI scores and age ranges are needed to better understand the transcriptomic and 

phenotypic profiles of MAIT cells in psoriasis and to explain the notable protein-level 

differences identified through spectral flow cytometry. 

 



Ocje
na

 ra
da

 

u t
ije

ku

164 
 

5.8. Circulating MAIT cells in psoriasis patients show CD69 upregulation and increased 

expression of CLA and PD-1 with disease severity 

 

The multi-dimensional phenotypic analysis of circulating MAIT cells in psoriasis 

provided novel insights into their activation and potential contributions to disease pathogenesis. 

Psoriasis patients exhibited a pronounced increase in the expression of early activation marker 

CD69, along with elevated levels of skin-homing cutaneous lymphocyte antigen (CLA) and 

the co-inhibitory receptor PD-1 in patients with more severe disease.  

The heightened expression of CD69 on MAIT cells, while not previously reported in 

psoriasis, aligns with findings from several studies investigating MAIT cells in other 

autoimmune disorders. Increased frequencies of CD69+ MAIT cells have been documented in 

systemic lupus erythematosus, autoimmune liver disease, inflammatory bowel disease, 

ankylosing spondylitis, systemic sclerosis, and multiple sclerosis (211,212,298). Similarly, the 

upregulation of CD69 on conventional T cells within psoriatic lesions has been associated with 

their persistent activation (299). Together, these findings establish CD69 as a consistent marker 

of MAIT cell activation across autoimmune and autoinflammatory diseases, and its 

identification in psoriasis provides novel evidence of circulating MAIT cell involvement in 

disease pathogenesis.  

The enrichment of CLA+ MAIT cells in patients with severe psoriasis highlights their 

increased capacity for skin homing, suggesting a role in disease pathophysiology. This pattern 

mirrors previous findings where the frequency of conventional CLA+ T cells correlated with 

PASI scores (106), supporting the hypothesis that MAIT cells actively participate in psoriasis 

immunopathology. In addition, the elevated proportion of circulating CLA+ MAIT cells may 

represent cells re-entering the bloodstream after contributing to local inflammation in psoriatic 

skin, reflecting dynamic trafficking between tissue and systemic compartments. Of particular 

interest is the strong correlation between the frequency of PD-1+ CLA+ MAIT cells and disease 

severity. PD-1, a co-inhibitory receptor commonly upregulated during T cell activation, 

becomes increasingly expressed with chronic antigen exposure, marking persistent activation 

(300). At advanced disease stages, the increased frequency of PD-1+ CLA+ MAIT cells likely 

reflects prolonged inflammatory stimulation. In addition, enhanced PD-1 expression can be 

interpreted as a regulatory mechanism to limit excessive activation, but it could also signal 

immune exhaustion. In other autoimmune diseases, PD-1 overexpression on MAIT cells has 

been linked to reduced cell numbers and impaired IFN-γ production, raising the possibility that 
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chronic activation leads to functional dysregulation or cell death (301–303). Interestingly, 

however, PD-1+CD8+CD103+ T cells enriched in psoriatic lesion were shown to produce 

significantly high levels of IL-17A, key driver of psoriasis pathogenesis. In addition, the 

number of these PD-1+ T cells, but not their PD-1-negative counterparts, correlated positively 

with PASI scores and decreased with treatment, suggests that PD-1+ cells are functionally 

active and contribute to inflammation in psoriasis. Similarly, PD-1+ CLA+ MAIT cells in 

circulation may represent a subset of chronically activated but functional cells, capable of 

driving systemic inflammation. These findings position PD-1+ CLA+ MAIT cells as potential 

biomarkers of systemic inflammation in psoriasis, though further studies are required to clarify 

their precise roles and functional status. 

Another intriguing observation is the parallel expression patterns of CD69, PD-1, and 

CLA across the rare double-positive (CD4+CD8+, DP) MAIT subset and the more common 

CD8+ and DN subsets. The high expression of CLA on DP MAIT subset suggests a strong 

propensity for skin homing, while the significant upregulation of HLA-DR further marks their 

activated state. In contrast, the CD4+ subset did not display similar changes, potentially 

reflecting their distinct functional roles and reduced pro-inflammatory activity (184,198). 

Interestingly, significant correlations between PASI scores and CD69+ or CD16+ CD4+ MAIT 

cells in female patients suggest possible sex-specific immune perturbations, however these 

observations, together with similar trends noted in other subsets, warrant further investigation 

in larger cohorts to better understand the biological basis of these sex-associated difference. 

 The expansion of CD56-expressing CD8+ MAIT cells with disease severity introduces 

a new perspective on their activation mechanisms. CD56+ MAIT cells are known to be more 

responsive to cytokine-driven activation than TCR-mediated stimulation (199,304), implying 

that their increase in severe psoriasis reflects an adaptation to the cytokine-rich inflammatory 

environment characteristic of the disease.  

 In summary, this study provides novel and previously unrecognised characteristics of 

circulating MAIT cells in psoriasis, providing compelling evidence of their contribution to 

disease pathogenesis. Future research should aim to elucidate the functional roles of these 

activated MAIT cells, particularly their contributions to cytokine production, immune 

regulation, and lesion development. Furthermore, a deeper understanding of the interplay 

between circulating and tissue-resident MAIT cells will be crucial for defining their precise 

roles in psoriasis pathophysiology. 
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6. CONCLUSIONS 

1. Male psoriasis patients exhibit a significant reduction in the proportions of γδ T and 

Vδ2+ γδ T cells within the circulating CD3+ T cell compartment compared to healthy 

men. 

2. The diversity of the T cell receptor (TCR) repertoire in circulating γδ T cells contracts 

significantly with higher disease severity (PASI scores) and patient age, driven by the 

loss of rare clonotypic variants alongside an expansion of dominant clonotypes.  

3. In psoriasis patients, age-related reshaping of γδ TCR repertoires differs significantly 

from the patterns observed in healthy controls, with the strongest decline in diversity 

occurring in the TRGV9 and TRDV2 repertoires. 

4. The proportion of TRGV4 clonotypes increases significantly with disease duration, 

most prominently within the medium-frequency range (0.05–0.5% of the repertoire). 

5. Circulating γδ T cells in psoriasis exhibit a transcriptome enriched with gene transcripts 

associated with activation, enhanced effector functions, greater migratory capacity, 

heightened cytotoxic potential, and improved survival. 

6. Transcriptional profile of circulating γδ T cells can vary between PV patients with no 

discernible clinical or anthropometric differences. 

7. The percentage of CD56+ cells within the Vγ9Vδ2 subset increases significantly with 

higher PASI scores, particularly in female patients, who also exhibit higher CD56⁺ cell 

percentages across both Vγ9Vδ2+ and Vγ9Vδ2– subsets. 

8. In the Vγ9Vδ2⁻ subset, the percentage of CD56⁺ cells, along with the expression of T-

bet, Eomes, Tox, perforin, and granzyme A/B/K, increase significantly with age in 

psoriasis patients, while remaining stable in age-matched healthy controls. 

9. CLA+ γδ T cells exhibit higher expression of co-stimulatory molecules (e.g. CD27, 

CD28) and lower levels of markers associated with terminal differentiation and prior 

activation/exhaustion (e.g. CD57, HLA-DR) compared to CLA– cells. 

10. The proportions of CD4+ and DP (CD4+CD8+) MAIT cell subsets within the CD3+ T 

cell population is significantly lower in male psoriasis patients compared to healthy 

male controls.  

11. The frequencies of CD8+ and DN (CD4–CD8–) MAIT subsets decline significantly with 

increasing hsCRP levels in psoriasis patients. 

12. Ageing in psoriasis patients is associated with a decline in unique TCRβ clonotypes in 

MAIT cells, driven by an increase in hyperexpanded clonotypes and a reduction in 
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smaller, less dominant ones. This patter is consistent across major TRBV variants 

(TRBV4-2, TRBV6-2, TRBV6-4, and TRBV20-1), except for TRBV6-1. 

13. In male psoriasis patients, disease severity is significantly associated with the 

contraction of the TCRβ repertoire in MAIT cells. 

14. Increasing age in psoriasis patients correlates with a significant reduction in TCRβ 

convergence, along with a decline in the Jaccard index, reflecting the loss of 

convergently recombined clonotypes and reduced publicness of the TCR repertoire. 

15. The transcriptomic landscape of circulating MAIT cells in psoriasis patients shows no 

discernible differences compared to healthy participants, most likely owing to mild 

disease phenotype across the majority of patients. 

16. The expression of several genes in MAIT cells is associated with PASI scores and age, 

suggesting a loss of functional capacity, immune exhaustion, chronic activation, and 

cellular senescence.  

17. The percentage of activated CD69+ MAIT cell subsets (CD8+, DN, and DP) is 

significantly increased in psoriasis patients compared to healthy individuals. 

18. The proportion of circulating CLA+ MAIT cell subsets (CD8+, DN, and DP),  including 

PD-1⁺CLA⁺ MAIT cells, increase significantly with disease activity.  

19. The DP MAIT cell subset contains the highest proportion of CLA+ cells and a 

significantly higher proportion of HLA-DR+ cells in psoriasis, while the CD56 

expression increases significantly with disease severity in the CD8+ subset. 
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8. SUMMARY 

 

Introduction: Psoriasis vulgaris is a chronic autoinflammatory dermatosis with systemic 

implications. Its pathogenesis involves a complex interplay of immune and non-immune cells, 

with T lymphocytes playing a central role in driving the formation of skin plaques and systemic 

inflammation. While the roles of conventional T cells are well-described, the phenotypes and 

functions of unconventional T cells, such as mucosal-associated invariant T (MAIT) and γδ T 

cells, remain poorly characterised, and their specific contributions to the disease are still 

elusive. This study aimed to address these gaps by comprehensively characterising circulating 

MAIT and γδ T lymphocytes. 

Methods: The proportions of γδ T and MAIT cells and their subsets were fist analysed using 

conventional flow cytometry. Circulating MAIT and γδ T lymphocytes were FACS sorted, and 

RNA extracted from these cells was used as input for sequencing. Transcriptomic profiles (395 

genes) were analysed through targeted amplicon-based RNA sequencing (Immune Response 

panel, Illumina), while TCR sequencing (Archer Immunoverse, Invitae) was used to assess 

TCR gene segment usage, diversity, and clonality of αβ and γδ TCR repertoires. Furthermore, 

detailed profiling of MAIT and γδ T cells was performed using spectral flow cytometry, 

analysing 34 surface and 10 intracellular markers. 

Results: Male psoriasis patients exhibited reduced proportions of γδ T and Vδ2+ cells, as well 

as CD4+ and DP MAIT subsets within the CD3+ T cell compartment compared to healthy men. 

The diversity of TCR repertoires in both MAIT and γδ T cells declined significantly with 

patient age, however, these alterations were more pronounced and disease-specific in the sγδ 

TCR repertoires, as similar changes were not observed in healthy controls. Disease severity 

and duration also influenced γδTCR repertoires across all patients, while the impact on TCRβ 

repertoires of MAIT cells was milder and restricted to male patients. Transcriptomic profiling 

revealed significant upregulation of genes associated with activation, cytotoxicity, and type-1 

effector functions in circulating γδ T cells, with heterogeneous patterns across patients. Protein-

level validation using spectral flow cytometry confirmed increased expression of T-bet and 

perforin, along with an expansion of CD56+ Vγ9Vδ2+ cells in patients with advanced disease. 

Sex-specific differences were also observed, with female patients displaying higher CD56 

expression in both Vγ9Vδ2+ and Vγ9Vδ2– subsets. Transcriptomic analysis of MAIT cells 

showed no significant difference between mildly affected psoriasis patients and healthy 
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controls. However, correlations between several gene expression patterns and PASI scores or 

patient age suggested features of exhaustion, chronic activation, and cellular senescence. Multi-

dimensional cytometric profiling revealed a significant upregulation of CD69 on circulating 

MAIT cells in psoriasis patients. In addition, the proportion of circulating CLA+ MAIT cells, 

including PD-1⁺CLA⁺ MAIT cells, increased significantly with disease activity across CD8+, 

DN, and DP subsets. 

Conclusion: This thesis uncovers novel, previously uncharacterised alterations in the 

frequencies, transcriptional landscapes, TCR repertoires, and phenotypic and functional 

properties of circulating MAIT and γδ T cells in psoriasis vulgaris. These perturbations are 

influenced by the presence of the disease, as well as its duration, severity, sex and age. The 

findings emphasize accelerated age-associated reshaping of TCR repertoires, heightened 

activation states, increased cytotoxic capacities and sex-specific differences across both MAIT 

and γδ T cell subsets. Altogether, these results suggest significant contributions of these 

unconventional T cells to disease pathogenesis, paving the way for further investigations. 
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9. SAŽETAK 

 

Uvod: Psorijaza vulgaris kronična je autoupalna dermatoza sa sustavnim implikacijama. 

Patogeneza ove bolesti temelji se na složenim interakcijama imunoloških i neimunoloških 

stanica, pri čemu limfociti T imaju ključnu ulogu u poticanju stvaranja kožnih plakova i 

sustavne upale. Iako su uloge konvencionalnih T stanica dobro istražene, fenotip i funkcije 

nekonvencionalnih T stanica, poput sluznici pridruženih invarijantnih T (MAIT) i γδ T stanica, 

još uvijek nisu dovoljno istraženi, a njihov specifičan doprinos bolesti ostaje nejasan. Ovaj rad 

usmjeren je na popunjavanje tih praznina sveobuhvatnom karakterizacijom cirkulirajućih 

MAIT i γδ T limfocita. 

Metode: Udio γδ T i MAIT stanica te njihovih subpopulacija analiziran je najprije 

konvencionalnom protočnom citometrijom. Cirkulirajući MAIT i γδ T limfociti izolirani su 

metodom FACS sortiranja, nakon čega je iz njih izdvojena RNA za daljnje sekvenciranje. 

Transkriptomski profili (395 gena) analizirani su ciljanim RNA sekvenciranjem amplikona 

(Immune Response panel, Illumina), dok je TCR sekvenciranje (Archer Immunoverse, Invitae) 

korišteno za procjenu uporabe genskih segmenata TCR-a, raznolikosti i klonalnosti αβ i γδ 

TCR repertoara. Nadalje, detaljna analiza MAIT i γδ T stanica provedena je spektralnom 

protočnom citometrijom, kojom su istražena 34 površinska i 10 unutarstaničnih markera. 

Rezultati: U muških pacijenata s psorijazom zabilježeno je smanjenje udjela γδ T i Vδ2⁺ 

stanica, kao i CD4⁺ i DP MAIT subpopulacija unutar CD3⁺ T stanične populacije u usporedbi 

sa zdravim muškarcima. Raznolikost TCR repertoara MAIT i γδ T stanica značajno se 

smanjivala s dobi pacijenata, međutim, te su promjene bile izraženije i specifične za bolest u 

γδ TCR repertoarima, budući da slične promjene nisu uočene kod zdravih kontrola. Trajanje i 

težina bolesti također su utjecali na γδTCR repertoare pacijenata, dok je utjecaj na TCRβ 

repertoare MAIT stanica bio blaži i ograničen na oboljele muškarce. Transkriptomsko 

profiliranje otkrilo je povišen izražaj gena povezanih s aktivacijom, citotoksičnošću i tip-1 

efektorskim funkcijama u cirkulirajućim γδ T stanicama, uz heterogene obrasce unutar skupine 

oboljelih. Na proteinskoj razini, spektralnom protočnom citometrijom potvrđena je povećana 

ekspresija T-bet i perforina, kao i ekspanzija CD56⁺ Vγ9Vδ2⁺ stanica kod pacijenata s 

uznapredovalom bolešću. Uočene su i spolno specifične razlike, pri čemu su oboljele žene 

izražavale višu ekspresiju CD56 u Vγ9Vδ2⁺ i Vγ9Vδ2– subpopulacijama. Transkriptomska 

analiza MAIT stanica nije pokazala značajne razlike između pacijenata s blagim oblikom 
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bolesti i zdravih kontrola. Međutim, korelacija između obrazaca ekspresije gena i PASI indeksa 

ili dobi pacijenata ukazala je na značajke iscrpljenosti, kronične aktivacije i staničnog starenja. 

Višedimenzionalnim citometrijskim profiliranjem otkrivena je značajno povišena ekspresija 

CD69 na cirkulirajućim MAIT stanicama u pacijenata s psorijazom, dok je udio cirkulirajućih 

CLA⁺ MAIT stanica, uključujući PD-1⁺CLA⁺ MAIT stanice, značajno rastao s progresijom 

bolesti u CD8⁺, DN i DP podskupinama. 

Zaključak: Ova studija otkriva nove, dosad neokarakterizirane promjene u učestalosti, 

transkriptomskim profilima, TCR repertoarima te fenotipskim i funkcionalnim svojstvima 

cirkulirajućih MAIT i γδ T stanica u psorijazi vulgaris. Uočene promjene povezane su s 

težinom i trajanjem bolesti, kao i dobi i spolom pacijenata. Rezultati naglašavaju ubrzano 

preoblikovanje TCR repertoara povezano s dobi, pojačanu aktivaciju te spolno specifične 

razlike unutar MAIT i γδ T staničnih podskupina. Sveukupno, ovi rezultati sugeriraju značajan 

doprinos ovih nekonvencionalnih T stanica u patogenezi psorijaze te otvaraju nove smjerove 

za daljnja istraživanja. 
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10. SUPPLEMENTARY MATERIALS 

10.1. List of abbreviations 

 

ADAMTSL5 – A Disintegrin and Metalloproteinase with Thrombospondin Motifs-Like 5 

BATF – Basic Leucine Zipper ATF-Like Transcription Factor 

BLIMP-1 – B-Lymphocyte-Induced Maturation Protein 1 

BUV – Brilliant Ultraviolet 

BV – Brilliant Violet 

BMI – Body Mass Index  

BP – Biological process 

BTN – Butyrophilin 

BTN3A1 – Butyrophilin Subfamily 3 Member A1 

BTN3A2 – Butyrophilin Subfamily 3 Member A2 

CC – Cellular Component  

CCL – C-C Motif Chemokine Ligand 

CCR – C-C Motif Chemokine Receptor 

CD – Cluster of Differentiation 

CDKN2A – Cyclin-Dependent Kinase Inhibitor 2A 

CLA – Cutaneous Lymphocyte-Associated Antigen 

CMV – Cytomegalovirus 

CORO1A – Coronin-1A 

CTLA4 – Cytotoxic T-Lymphocyte-Associated Protein 4 

CX3CR1 – C-X3-C Motif Chemokine Receptor 1 

CXCL – C-X-C Motif Chemokine Ligand 

DEG – Differentially expressed gene 

DETC – Dendritic Epidermal T Cells  

DLQI – Dermatology Life Quality Index 

DMSO – Dimethyl Sulfoxide 

DN – Double Negative 

DNA – Deoxyribonucleic Acid 
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DP – Double Positive 

EGR – Early Growth Response Protein 

EOMES – Eomesodermin 

ERAP – Endoplasmic Reticulum Aminopeptidase 

ESR – Erythrocyte Sedimentation Rate 

FACS – Fluorescence-Activated Cell Sorting 

FBS – Fetal Bovine Serum 

FITC – Fluorescein Isothiocyanate 

FMO – Fluorescence Minus One  

GADD45G – Growth Arrest and DNA Damage Inducible Gamma 

GATA3 – GATA-Binding Protein 3 

GNLY – Granulysin  

GO – Gene Ontology 

GPR18 – G Protein-Coupled Receptor 18 

GSEA – Gene Set Enrichment Analysis 

Gzm – Granzyme  

HBcAg – Hepatitis B Core Antigen 

HBeAg – Hepatitis B e Antigen 

HBsAg – Hepatitis B Surface Antigen 

HC – Healthy Control 

HCV – Hepatitis C Virus 

HEPES – 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic Acid 

HIV – Human Immunodeficiency Virus  

HLA – Human Leukocyte Antigen  

HMB-PP – (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate  

hsCRP – High-sensitivity C-Reactive Protein 

ICOS – Inducible T-Cell Costimulator 

IFI44L – Interferon-Induced Protein 44-Like 

IFIH1 – Interferon Induced with Helicase C Domain 1  

IFITM1 – Interferon-Induced Transmembrane Protein 1 
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IFNG – Interferon Gamma (IFN-γ) 

Ig – Immunoglobulin  

IKZF1 – IKAROS Family Zinc Finger 1  

IL – Interleukin  

IMGT – International ImMunoGeneTics Information System  

iNKT – Invariant Natural Killer T Cells  

IPP – Isopentenyl Pyrophosphate  

IRF1 – Interferon Regulatory Factor 1 

ISG20 – Interferon-Stimulated Gene 20 

ITGAL – Integrin Subunit Alpha L (CD11a) 

JAK2 – Janus Kinase 2  

JAML – Junctional Adhesion Molecule-Like Protein 

KEGG – Kyoto Encyclopedia of Genes and Genomes  

KIR – Killer-cell Immunoglobulin-like Receptors  

KLF2 – Kruppel-Like Factor 2 

KLRK1 – Killer Cell Lectin-like Receptor Subfamily K, Member 1 (NKG2D)  

LEF1 – Lymphoid Enhancer-binding Factor 1  

MAIT – Mucosal-associated Invariant T Cells  

MBC – Molecular barcode 

mDCs – Myeloid Dendritic Cells  

MF – Molecular Function 

MHC – Major Histocompatibility Complex  

MICA – MHC Class I Polypeptide-related Sequence A  

MICB – MHC Class I Polypeptide-related Sequence B  

MIF – Macrophage Migration Inhibitory Factor 

MR1 – Major Histocompatibility Complex Class I-related Protein 1 

MSigDB – Molecular Signatures Database  

MX1 – MX Dynamin-Like GTPase 1 

MTOR – Mechanistic Target of Rapamycin 

NaCl – Sodium Chloride 
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NF-kb – Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells  

NFATC1 – Nuclear Factor of Activated T-cells, Cytoplasmic 1  

NGS – Next-Generation Sequencing  

NIR – Near-infrared 

NK – Natural Killer Cells  

NKG2A – Natural Killer Group 2 Member A  

NKG2D – Natural Killer Group 2 Member D  

NKG7 – Natural Killer Cell Granule Protein 7  

NKT – Natural Killer T Cells  

OAS3 – 2'-5'-Oligoadenylate Synthetase 3 

OP-RU – 5-(E)-2-Isopentenyl-4-hydroxy-3-methyl-but-2-enyl pyrophosphate  

OX40 – Tumor Necrosis Factor Receptor Superfamily Member 4 (TNFRSF4)  

pAg - phosphoantigen 

PASI – Psoriasis Area and Severity Index  

PBMC – Peripheral Blood Mononuclear Cells 

PBS – Phosphate Buffered Saline 

PCR – Polymerase Chain Reaction 

PD-1 – Programmed Cell Death Protein 1  

pDCs – Plasmacytoid Dendritic Cells 

PE – Phycoerythrin  

PE-Cy – Phycoerythrin-Cyanine 

PD-1 – Programmed Cell Death Protein 1 

PLA2G4D – Phospholipase A2 Group IVD  

PLZF – Promyelocytic Leukemia Zinc Finger Protein 

POLR2A – RNA Polymerase II Subunit A  

PRF1 – Perforin 1  

PSGL-1 – P-selectin Glycoprotein Ligand 1  

PSORS – Psoriasis Susceptibility  

PTPN7 – Protein Tyrosine Phosphatase, Non-Receptor Type 7 

PV – Psoriasis Vulgaris  
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QC – Quality Control 

RA – Rheumatoid Arthritis 

RB – Rhodamine B 

RNA – Ribonucleic Acid  

RNA-seq – RNA Sequencing 

ROR – RAR-related Orphan Receptors  

RORC – RAR-related Orphan Receptor C  

RT-qPCR – Reverse Transcription Quantitative Polymerase Chain Reaction  

RUNX – Runt-related Transcription Factor 

SAV – Sequencing Analysis Viewer 

S100A7 – S100 Calcium-binding Protein A7 (Psoriasin)  

SELL – Selectin L (L-Selectin) 

SELPLG – Selectin P Ligand  

SIRP – Signal-Regulatory Protein 

SLAM – Signaling Lymphocytic Activation Molecule 

SLE – Systemic Lupus Erythematosus  

SRGN – Serglycin 

STAT – Signal Transducer and Activator of Transcription 

TAGAP – T-cell Activation GTPase-activating Protein  

TBX21 – T-box Transcription Factor 21 (T-bet)  

TCF7 – Transcription Factor 7  

TCR – T-cell Receptor  

TCR-seq – T-cell Receptor Sequencing  

TCRV – T-cell Receptor Variable Region  

TEMRA – Terminally Differentiated Effector Memory T Cells Re-expressing CD45RA  

TBE – Tris-Borate-EDTA 

TE – Tris-EDTA 

TIGIT – T-cell Immunoreceptor with Ig and ITIM Domains  

TNF-α– Tumor Necrosis Factor Alpha  

TNFAIP3 – TNF Alpha-induced Protein 3  
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TNFRSF4 – Tumor Necrosis Factor Receptor Superfamily, Member 4 (OX40)  

TNFRSF9 – Tumor Necrosis Factor Receptor Superfamily, Member 9 (4-1BB)  

TNIP1 – TNFAIP3 Interacting Protein 1  

TRA – T-cell Receptor Alpha Chain  

TRAJ – T-cell Receptor Alpha Joining Gene  

TRAV – T-cell Receptor Alpha Variable Region  

TRB – T-cell Receptor Beta Chain  

TRD – T-cell Receptor Delta Chain  

TRG – T-cell Receptor Gamma Chain  

TRM – Tissue-resident Memory T Cells  

TUBB – Tubulin Beta Chain 

TYK2 – Tyrosine Kinase 2  

UV – Ultraviolet  

ZBTB16 – Zinc Finger and BTB Domain-containing Protein 16 (PLZF)  
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