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1. LIST OF ABBREVIATIONS 
 
2-DG 2-deoxyglucose 

ACLE acute cutaneous lupus erythematosus 

ACR American College of Rheumatology 

AE adverse event 

AIM2 absent in melanoma 2 

ANOVA Analysis of Variance 

BCR B-cell receptor 

BDCA2 blood dendritic cell antigen 2 

BLyS B-lymphocyte stimulator 

CCLE Cancer Cell Line Encyclopedia 

cGAS-STING cyclic GMP-AMP synthase - stimulator of interferon genes 

CHLE chilblain lupus erythematosus 

CI confidence interval 

CINeMA Confidence in Network Meta-Analysis 

CLASI Cutaneous Lupus Erythematosus Disease Area and Severity Index 

CLASI-A Cutaneous Lupus Erythematosus Disease Area and Severity Index – 
Activity  

CLASI-D Cutaneous Lupus Erythematosus Disease Area and Severity Index – 
Damage  

CLE cutaneous lupus erythematosus 

DAMP damage-associated molecular pattern 

DC dendritic cell 

DLE discoid lupus erythematosus 

DMR differentially methylated region 

DNA deoxyribonucleic acid 

DNase deoxyribonuclease 

dsDNA double-stranded DNA 

EULAR European League Against Rheumatism 

FDA U.S. Food and Drug Administration 

GC germinal center 
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GEO Gene Expression Omnibus 

GLUT glucose transporter 

GTPase guanosine triphosphatase 

HIF-1α hypoxia-inducible factor 1-alpha 

IFN-I type I interferon 

IFN-γ interferon gamma 

IFN-κ interferon kappa 

IFN-λ interferon lambda 

IFNAR interferon-α/β receptor 

IFNLR interferon lambda receptor 

IL-12 interleukin 12 

IL-17 interleukin 17 

IL-1β interleukin 1 beta 

IL-22 interleukin 22 

IL-23 interleukin 23 

IL-6 interleukin 6  

IRF5 interferon regulatory factor 5 

ISG interferon-stimulated gene 

ITGAM integrin alpha M 

JAK Janus kinase 

LE lupus erythematosus 

LEP lupus erythematosus profundus/panniculitis 

LET lupus erythematosus tumidus 

MD mean difference 

MDA5 melanoma differentiation-associated protein 5 

MHC major histocompatibility complex 

MINORS Methodological Index for Non-Randomized Studies 

mRNA messenger ribonucleic acid 

mTOR mechanistic target of rapamycin 
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MxA Myxovirus resistance protein A 

NET neutrophil extracellular trap 

NMA network meta-analysis 

OR odds ratio 

OXPHOS oxidative phosphorylation 

PASI Psoriasis Area and Severity Index 

pDC plasmacytoid dendritic cell 

PICO Population, Intervention, Comparator, Outcome 

PKM2 pyruvate kinase M2 

PRISMA Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses 

PROSPERO International Prospective Register of Systematic Reviews 

PRR pattern recognition receptor 

PSMB8 proteasome subunit beta type-8 

QoL quality of life 

RCT randomized controlled trial 

RIG-I retinoic acid-inducible gene I 

RNA ribonucleic acid 

RoB2 Cochrane Risk-of-Bias tool 

ROS reactive oxygen species 

SAE serious adverse event 

SCLE  subacute cutaneous lupus erythematosus 

SLE systemic lupus erythematosus 

SNP single nucleotide polymorphism 

SUCRA surface under the cumulative ranking plots 

SYK spleen tyrosine kinase 

TAP1 transporter associated with antigen processing 1 

TCR T-cell receptor 

Teff effector T cell 

Tfh follicular helper T cells 
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Th1 T helper cell 1 

Th17 T helper cell 17 

Th2 T helper cell 2 

TLR Toll-like receptor 

TNF tumor necrosis factor-α 

Treg regulatory T cell 

TREX1 three prime repair exonuclease 1 

TYK2 tyrosine kinase 2 

UV ultraviolet 

UVB ultraviolet B 
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2. STUDENT PROFILE 
 
2.1. Vision and mission statement, specific goals 
 
My vision is to improve the quality of life for patients with cutaneous 

lupus erythematosus (CLE) by advancing our understanding of its 

pathophysiology and optimizing its clinical management. 

 
My mission is to deepen our understanding of CLE pathogenesis, identify potential 

novel therapeutic targets, and synthesize emerging clinical evidence to improve 

therapeutic decision-making. 

 
My specific goals are to investigate the role of alterations in immunometabolism, 

particularly glucose metabolism, in CLE pathogenesis and to establish an 

evidence-based efficacy and safety ranking of novel therapies to optimize the clinical 

management of CLE. 

 
2.2. Scientometrics 
 
Number of all publications: ​ 4 

Cumulative IF: ​ 44.7 

Av IF/publication: ​ 11 

Ranking (SCImago): ​ D1: 2, Q1: 1, Q2: 1 

Number of publications related to the subject of the thesis: ​ 2 

Cumulative IF: ​ 13.6 

Av IF/publication: ​ 6.8 

Ranking (SCImago): ​ D1: 1, Q2: 1 

Number of citations on Google Scholar: ​ 70 

Number of citations on MTMT (independent): ​ 36 

H-index (Google Scholar): ​ 5 

H-index (MTMT):​ 3 

The detailed bibliography of the student can be found on page 99. 
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2.3. Future plans 
 
My future professional goals are gaining clinical expertise in the diagnosis and 

management of autoimmune skin diseases, with a continued focus on CLE. Alongside 

clinical practice, I plan to remain actively involved in research and to apply emerging 

scientific evidence into everyday patient care.  
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3. SUMMARY OF THE PH.D. 
 
CLE is an autoimmune disease in which the overactivation of the type I interferon 

(IFN-I) pathway drives and sustains cutaneous inflammation. The heterogeneous and 

potentially severe skin manifestations may lead to permanent scarring, and a subset of 

patients face the risk of progression to systemic lupus erythematosus (SLE), profoundly 

affecting their quality of life. A substantial proportion of patients also fail to respond 

adequately to available therapies. Despite its considerable clinical impact, the precise 

immunopathogenesis of CLE remains poorly understood, and managing refractory cases 

is particularly challenging given the absence of comparative efficacy and safety data on 

novel therapies and a lack of consensus on their use in everyday practice.  

Although alterations in immunometabolism have been implicated in the pathogenesis of 

several systemic and cutaneous autoimmune and inflammatory diseases, its role in CLE 

remains poorly characterized. The first study investigated the role of glucose 

metabolism in CLE through immunohistochemical analysis of glucose transporter 1 

(GLUT1) and IFN-I marker myxovirus resistance protein A (MxA) in lesional skin. 

Both GLUT1 and MxA were significantly elevated in CLE samples compared to 

healthy controls. Keratinocyte GLUT1 expression showed a significant positive 

correlation with MxA expression and with Cutaneous Lupus Erythematosus Disease 

Area and Severity Index – Activity (CLASI-A) scores, a validated measure of cutaneous 

disease activity. These findings were supported by consistent SLC2A1-MX1 

co-expression across multiple independent transcriptomic datasets. In the second study, 

we conducted a systematic review and network meta-analysis evaluating the efficacy 

and safety of novel biologics and small molecules in CLE. Deucravacitinib, a selective 

tyrosine kinase 2 (TYK2) inhibitor, was the most effective therapy, with patients over 

eight times more likely to achieve a 50% reduction in disease activity compared to 

placebo. Litifilimab and anifrolumab also demonstrated statistically significant 

superiority over placebo. The safety profile of these novel therapies was comparable to 

placebo, with the exception of baricitinib. To our knowledge, this is the first work to 

establish a link between altered glucose metabolism, IFN-I pathway activation, and 

disease activity in CLE, thereby contributing to a better understanding of its 

immunopathogenesis. The first head-to-head comparison of novel therapeutic agents 
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presented here further supports the optimization of evidence-based clinical 

decision-making in CLE.  
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4. GRAPHICAL ABSTRACTS OF THE STUDIES 
 
4.1. Study I 
 

 
Graphical abstract of Study I 

Abbreviations: CLE = cutaneous lupus erythematosus; IFN-I = type I interferon; 

GLUT1 = glucose transporter 1; MxA = Myxovirus resistance protein A 

 
4.2. Study II 
 

 
Graphical abstract of Study II 

Abbreviations: CLE = cutaneous lupus erythematosus; SLE = systemic lupus 

erythematosus; CLASI-A = Cutaneous Lupus Erythematosus Disease Area and Severity 

Index – Activity; AE = adverse event; SAE = serious adverse event; OR = odds ratio 
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5. INTRODUCTION 
 
5.1. Overview of the topic 

 
5.1.1. What is the topic? 

 
Our research focuses on the immunopathogenesis and clinical management of CLE. 

Specifically, it explores the role of glucose metabolism in driving the activation of the 

type I interferon (IFN-I) pathway and its contribution to overall disease activity. In 

parallel, we compare the efficacy and safety of novel therapies in CLE. 

 

5.1.2. What is the problem to solve? 

 
Despite recent advances in targeted therapies for SLE and lupus erythematosus (LE) 

with mucocutaneous involvement, the management of CLE remains a challenge. Nearly 

40% of affected patients fail first-line therapy, and 20% are resistant to multiple lines of 

treatment (1, 2). To date, no therapies have been specifically approved for this disease, 

and novel treatments for SLE are not yet incorporated into CLE guidelines. There is no 

consensus or enough clinical experience regarding the integration of these novel 

interventions into everyday clinical practice, which further complicates therapeutic 

decision-making. Comparative data on the efficacy and safety of these treatments is also 

absent. Besides the challenges of CLE management, the underlying molecular 

pathology of the disease has not yet been fully characterized, which is essential for 

identifying novel therapeutic targets and developing effective therapies. 

 
5.1.3. What is the importance of the topic? 

 
CLE is an autoimmune skin disease that imposes a significant, frequently 

underestimated burden on both individuals and healthcare systems. The symptoms 

might heal with irreversible scarring despite adequate treatment, and a subset of patients 

faces the additional risk of progression to a multi-organ disease. Despite this profound 

disease burden, fundamental gaps remain in both the pathophysiological understanding 

and the clinical management of CLE. Addressing these gaps, therefore, represents both 

a scientific and a clinical necessity.  
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5.1.4. What would be the impact of our research results? 

 
The impact of this research is twofold: it addresses critical gaps in both the 

pathophysiological understanding and the clinical management of CLE. Elucidating the 

role of glucose metabolism in the activation of the IFN-I system, one of the most 

prominent drivers of inflammation in CLE, and its contribution to disease severity may 

deepen our understanding of CLE immunopathogenesis and thereby facilitate the 

identification of novel therapeutic targets. Furthermore, a head-to-head comparison of 

existing novel therapies regarding their efficacy and safety profiles may aid clinical 

decision-making when selecting a therapy for CLE patients, and could contribute to the 

update of regional and international treatment recommendations.  
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5.2. The clinical characterization and disease burden of CLE 
 
Cutaneous lupus erythematosus (CLE) is an autoimmune disease characterized by the 

overactivation of the IFN-I system and a broad spectrum of clinical manifestations. 

These symptoms can range from localized cutaneous symptoms to disseminated skin 

lesions and multi-organ involvement (SLE). The annual incidence of CLE is estimated 

at 2.9 to 4.3 cases per 100,000 individuals. Nearly a quarter (24%) of patients already 

have an established diagnosis of SLE at the time of their initial CLE presentation. While 

many cases remain localized to the skin, prospective longitudinal studies reveal that one 

in five patients (18.7%) will progress to systemic disease within three years of their 

initial diagnosis (3-6). 

 
According to the widely accepted Düsseldorf classification, the cutaneous 

manifestations of CLE are categorized primarily based on clinical, histological, 

serological, and genetic findings (7, 8). This system distinguishes acute cutaneous lupus 

erythematosus (ACLE), subacute cutaneous lupus erythematosus (SCLE), and chronic 

cutaneous lupus erythematosus, a heterogeneous subgroup encompassing discoid lupus 

erythematosus (DLE), lupus erythematosus profundus/panniculitis (LEP), and chilblain 

lupus erythematosus (CHLE) (Table 1). Most recently, intermittent cutaneous lupus 

erythematosus (ICLE) was introduced as a new distinct subtype to specifically 

encompass lupus erythematosus tumidus (LET). 

 

Table 1. Düsseldorf classification of cutaneous lupus erythematosus 

 
Acute cutaneous lupus erythematosus (ACLE) 

Subacute cutaneous lupus erythematosus (SCLE) 

Chronic cutaneous lupus erythematosus 

-​ Discoid lupus erythematosus (DLE) 

-​ Lupus erythematosus profundus/panniculitis (LEP) 

-​ Chilblain lupus erythematosus (CHLE) 

Intermittent cutaneous lupus erythematosus (ICLE) 

-​ Lupus erythematosus tumidus (LET) 
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DLE is the most prevalent subtype of CLE. This form typically affects the face, scalp, 

and ears. Lesions present as well-circumscribed, disc-shaped erythrosquamous plaques 

with adherent scaling and infiltrated hyperpigmented borders. The central areas 

characteristically show atrophy, telangiectasia, and hyperkeratosis. DLE lesions resolve 

with residual hypopigmentation and scarring (Figure 1) (9).  

Another major clinical subset of CLE is SCLE, which predominantly affects 

photoexposed skin. It occurs in two morphological variants, annular and 

papulosquamous. The annular variant presents as polycyclic scaly lesions with central 

clearing, whereas the papulosquamous form features psoriasiform papules and plaques. 

In contrast to DLE, SCLE lesions resolve without scarring, leaving residual, 

vitiligo-like hypopigmentation (Figure 2) (10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Different clinical presentations of discoid lupus erythematosus 

(A) Scarring alopecia. (B) DLE plaque on the face. The images are from the archive of 

the Department of Dermatology, Venereology and Dermatooncology, Semmelweis 

University. 
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Figure 2. Different clinical presentations of subacute cutaneous lupus 

erythematosus 

The images are from the archive of the Department of Dermatology, Venereology and 

Dermatooncology, Semmelweis University. 

 

 

The Cutaneous Lupus Erythematosus Disease Area and Severity Index (CLASI) is a 

standard, validated instrument for the quantification of disease severity (11). This 

scoring system assesses cutaneous involvement, integrating both the anatomical 

distribution and the morphological characteristics of the lesions. It consists of two 

domains, activity (CLASI-A), scoring the presence of erythema, scaling, mucosal 

lesions, and non-scarring alopecia, and damage (CLASI-D), measuring scarring and 

cutaneous atrophy. In recent clinical trials, the CLASI50 has been used as a 

standardized outcome measure to represent a clinically significant response to 

treatment, defined as the proportion of patients achieving at least a 50% reduction in 

their baseline CLASI score following the given intervention (12). 

 
CLE imposes a substantial psychosocial burden. Patients report quality of life (QoL) 

impairments comparable to those of severe cardiovascular and metabolic diseases (13). 

Chronic lesional damage plays a central role in decreased QoL, as higher damage scores 

are directly associated with negative effects on body image (14). Although effective 
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treatment can meaningfully improve emotional and functional QoL, therapy resistance 

remains a major clinical challenge (15).  
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5.3. Immunopathogenesis of CLE 
 
The pathomechanism of CLE is characterized by a self-amplifying pro-inflammatory 

cycle driven by hyperactivation of the IFN-I pathway. This leads to an anti-epithelial 

cytotoxic immune response in lesional skin, resulting in the release of cellular debris 

and pro-inflammatory mediators, and subsequent reactivation of innate immune 

pathways. The central feature of this vicious cycle is the crosstalk between the adaptive 

and innate immune systems: effector mechanisms of the adaptive immune response 

continuously re-engage innate immune pathways, sustaining their parallel activation in 

affected skin and perpetuating the inflammatory cascade (16).  

The initial activation of this pro-inflammatory cycle occurs in genetically predisposed 

individuals upon exposure to external trigger factors. Several single nucleotide 

polymorphisms (SNPs) have been identified to increase susceptibility to CLE, including 

sequence variations in major histocompatibility complex (MHC) class I and II alleles, 

the tumor necrosis factor-α (TNFα) promoter, TYK2, interferon regulatory factor 5 

(IRF5), or integrin alpha M (ITGAM) (17-20). Additional SNPs associated with 

increased CLE risk have been implicated in key pathological processes, including IFN-I 

pathway activation, antigen presentation, antibody production, clearance of cellular 

debris, apoptosis, and leukocyte migration (21). Thus far, a single monogenic variant of 

CLE has been described: a rare familial form of CHLE caused by loss-of-function 

mutations in the three prime repair exonuclease 1 (TREX1) gene (22). Complementing 

this genetic predisposition, epigenetic modifications have increasingly been recognized 

as additional contributors to disease susceptibility. Genome-wide DNA methylation 

profiling of CD4+ T cells in SLE patients with cutaneous involvement revealed 

DLE-specific hypomethylated differentially methylated regions (DMRs) within 

transporter associated with antigen processing 1 (TAP1) and proteasome subunit beta 

type-8 (PSMB8), two genes implicated in antigen processing and presentation (23). 

Among external trigger factors, ultraviolet (UV) radiation is the most extensively 

studied. Photosensitivity is reported in up to 82% of CLE patients, and lesions 

predominantly affect sun-exposed skin areas in up to 93.4% of cases (24). Consistent 

with these observations, higher disease activity has been associated with direct 

UV-induced disease flares (25). UV radiation has been shown to induce keratinocyte 

apoptosis through multiple distinct cellular mechanisms, including reactive oxygen 
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species (ROS)-mediated mitochondrial membrane damage, the ligand-independent 

activation of Fas/Fas Ligand membrane death receptors, and direct structural 

deoxyribonucleic acid (DNA) damage (26). These findings are further underscored by a 

prospective gene expression study demonstrating the upregulation of interferon pathway 

and MHC-related genes in the skin of CLE patients, but not in healthy individuals, 

following UV irradiation (27).  

Alongside UV radiation, cigarette smoking is another prominent environmental trigger 

in CLE. Active smokers have significantly higher CLASI scores compared to 

non-smoking patients, and they need higher therapeutic dosages of antimalarials for 

adequate symptom control, as smoking directly attenuates the efficacy of these agents 

(28, 29). Mechanistically, smoking promotes multiple pro-inflammatory processes 

relevant to CLE pathogenesis, including elevated serum levels of pro-inflammatory 

cytokines, enhanced apoptosis, neutrophil extracellular trap (NET) formation via 

neutrophil activation, and the release of phototoxic microparticles (30). 

Beyond environmental triggers, certain medications represent a well-established 

etiological factor for LE. Drug-induced SLE has long been associated with 

procainamide, hydralazine, and quinidine use (31). SCLE in particular can be triggered 

by a broader range of agents, including calcium channel blockers, diuretics, 

angiotensin-converting enzyme (ACE) inhibitors, proton pump inhibitors, antifungals, 

and statins (32). Notably, monoclonal antibodies have increasingly been implicated in 

the development of SCLE over recent years, most prominently TNF-α inhibitors and 

immune checkpoint inhibitors (33). 

These trigger factors induce keratinocyte apoptosis and the subsequent release of 

nuclear components. Beyond the observed accumulation of apoptotic keratinocytes in 

CLE lesions following UV stimulation, impaired clearance of cellular debris has also 

been identified (34). This defective clearance has been linked to multiple contributing 

mechanisms, including reduced phagocytic activity and deficient enzymatic DNA 

degradation due to mutations in deoxyribonuclease (DNase)-encoding genes such as 

DNase I and DNase III (35). Consequently, apoptotic cells not adequately removed by 

macrophages may undergo secondary necroptosis, resulting in the release of 

pro-inflammatory mediators and potential autoantigens, including nuclear-derived 

materials and other damage-associated molecular patterns (DAMPs) (36). These 
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endogenous immunostimulatory nucleic acids drive the activation of pattern recognition 

receptors (PRRs) on antigen-presenting cells (APCs) and keratinocytes (37). In 

plasmacytoid dendritic cells (pDCs), Toll-like receptors 7 and 9 (TLR7/9) are the 

majority of expressed PRRs for the recognition of nucleic acid motifs presented as 

autoantibody-bound immune complexes (38). In keratinocytes, besides TLRs, nucleic 

acid sensing is mediated by multiple cytosolic PRRs: the retinoic acid-inducible gene I 

(RIG-I)-like receptors melanoma differentiation-associated protein 5 (MDA5) and 

RIG-I, and the cyclic GMP-AMP synthase - stimulator of interferon genes 

(cGAS-STING) pathway, both driving IFN-I activation (39, 40). Of note, 

inflammasome activation by cytosolic double-stranded DNA (dsDNA) receptor absent 

in melanoma 2 (AIM2) has also been reported in keratinocytes (41). Upon PRR 

activation, keratinocytes and pDCs produce excessive amounts of type I and type III 

interferons — notably interferon kappa (IFN-κ) and interferon lambda (IFN-λ) — 

alongside other pro-inflammatory cytokines and chemokines (42, 43). These interferons 

signal through their cognate receptors: type I IFNs through the heterodimeric IFN-α/β 

receptor (IFNAR), comprising IFNAR1 and IFNAR2 subunits, and type III IFNs 

through interferon lambda receptor (IFNLR) (44). Activation of both receptors leads to 

the phosphorylation of Janus kinase 1 (JAK1) and TYK2, initiating downstream 

JAK-STAT signaling and inducing the expression of a wide range of IFN-stimulated 

genes (ISGs) (45). Among these, MxA (encoded by MX1) is a cytoplasmic guanosine 

triphosphatase GTPase, whose expression directly correlates with IFN-I activity (46, 

47). ISG upregulation enhances antigen detection and innate immune signaling, 

amplifies cytokine production in keratinocytes through an autocrine feedback loop, and 

drives the expression of IFN-regulated chemokines, including CXCL9, CXCL10, and 

CXCL11 (48). Through CXCL10, type I IFNs recruit CXCR3-expressing T helper cell 

1 (Th1) CD4+ T cells, cytotoxic CD8+ T cells, pDCs, and macrophages into lesional 

skin (49, 50). CD8+ T cells exert cytotoxic effects via the perforin/granzyme B 

pathway, which leads to keratinocyte apoptosis and the subsequent release of cellular 

debris (51, 52). Recruited Th1 lymphocytes further produce TNF-α and the type II 

interferon, interferon gamma (IFN-γ). Both perpetuate the inflammatory cascade by 

upregulating CXCR3 expression, promoting Th1 differentiation from naïve T cells, and 

polarizing macrophages toward the pro-inflammatory M1 phenotype (53, 54). Both 
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IFN-γ and TNF-α have been shown to play pivotal roles in keratinocyte necroptosis, 

resulting in interface dermatitis, the hallmark histopathological feature of CLE. It is 

characterized by immune cell infiltration and vacuolar degeneration of the basal 

keratinocyte layer and the formation of colloid bodies (Civatte bodies) derived from 

apoptotic and necroptotic keratinocytes (55, 56). 

B cells also contribute to CLE pathogenesis. APCs drive the maturation and clonal 

expansion of naïve B cells, which, following repeated autoantigen presentation, 

differentiate into plasma cells. This process is facilitated by follicular helper T cells (Tfh) 

residing in the germinal centers of lymph nodes (57). Peripherally, mature B cells 

cluster with T cells and dendritic cells, forming ectopic lymphoid structures adjacent to 

cutaneous lesions. These tertiary lymphoid organs provide a sustained pro-inflammatory 

microenvironment that drives chronic inflammation, as B cells themselves can function 

as autoantibody- or cytokine-producing cells, active APCs, or co-stimulatory activators 

of T cells (58). While the precise role of B cells in CLE lesion development remains 

incompletely understood, their contribution to pathogenesis may be subtype-specific, as 

recent studies have revealed distinct infiltrating immune cell patterns across different 

CLE subtypes. B cell numbers and cluster formation were significantly higher in DLE 

compared to SCLE (59, 60).  

Besides the well-established contributions of the adaptive and innate immune system, 

the role of keratinocytes in CLE pathogenesis has been increasingly reconsidered in 

recent years. Rather than serving as passive targets of cytotoxic injury, these cells are 

now recognized as active participants in cutaneous immune responses. They have been 

shown to function as immune cells, participating in antigen processing and presentation, 

producing a range of cytokines and chemokines, and regulating innate immune 

responses (61). Notably, intensive crosstalk has been identified between keratinocytes 

and multiple dermal cell populations, including fibroblasts, myeloid cells, and T 

lymphocytes. Ultraviolet B (UVB) radiation-triggered, IFN-I-primed keratinocytes 

activate neighboring fibroblasts via TNF-α, interleukin 6 (IL-6) and interleukin 1 beta 

(IL-1β), inducing the production of CCL2, CCL7 and CCL8 chemokines in vitro, which 

drives the recruitment of CD14+ myeloid cells. These cells in turn secrete type-I 

interferons and other pro-inflammatory cytokines, facilitating the recruitment of 
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cytotoxic T cells to the dermal-epidermal junction and sustaining the pro-inflammatory 

loop beyond the resolution of the initial trigger (62, 63). 

Collectively, these findings highlight the active immunological role of keratinocytes in 

CLE and add a further layer of complexity to an already multifaceted pathomechanism. 

A deeper understanding of the precise roles of the implicated cell types and cytokines 

within this complex network of cellular crosstalk is needed to fully characterize the 

mechanisms sustaining chronic cutaneous inflammation.  
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5.4. The role of immunometabolism in the pathogenesis of CLE 
 
The research of immunometabolism has expanded considerably over the past 

decade. This field explores the intricate crosstalk between metabolic regulation and 

immune cell function. Distinct immune cell populations employ highly specific 

metabolic programs to meet their bioenergetic and biosynthetic demands to sustain 

survival, proliferation, and effector responses. Beyond their canonical role in ATP 

generation, these metabolic pathways produce intermediate metabolites that act as 

signaling molecules and can directly modulate immune cell function. This homeostatic 

balance is tightly regulated, and its alterations have been increasingly recognized as a 

key driver of immune-mediated pathologies. The role of such metabolic reprogramming 

in disease pathogenesis has been extensively documented across a broad spectrum of 

disorders, including malignancies, metabolic diseases, and systemic autoimmune 

conditions (64). 

The activation and proliferation of immune cells during an inflammatory response are 

associated with a substantial increase in energetic demand. Glycolysis and oxidative 

phosphorylation (OXPHOS) are the two principal pathways that supply this energy. 

While OXPHOS is considerably more efficient — yielding 36 ATP molecules per 

glucose molecule compared to only 2 via glycolysis — it requires mitochondrial 

biogenesis, making it a comparatively slow and complex process to upregulate. 

Glycolysis, by contrast, can be rapidly induced by the direct activation of glycolytic 

enzymes and is therefore the preferred metabolic pathway when immune cells are 

activated. This metabolic switch toward glycolysis enables the rapid generation of ATP 

and biosynthetic intermediates necessary to support cell growth, proliferation, and 

effector functions (65). 

A critical rate-limiting step of glycolysis is the transport of glucose across the plasma 

membrane. This process is mediated by the glucose transporter (GLUT) protein family, 

encoded by the solute carrier family 2 (SLC2A) genes, consisting of 14 distinct isoforms 

that facilitate the diffusion of substrates, including glucose, fructose, urate, and 

myoinositol. Within this family, GLUT1 (SLC2A1) is the ubiquitously expressed 

isoform, regulating basal glucose uptake in most mammalian cells (66, 67). 

Enhanced glycolysis is a hallmark of immune cell activation in a broad range of cell 

types. Upon activation, CD4+ T cells undergo rapid growth, proliferation, and 
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differentiation into regulatory (Treg) and effector (Teff) subsets. Notably, the metabolic 

state plays a decisive role in cell fate determination: a glycolytic shift selectively 

promotes the differentiation and expansion of Teff cells, whereas the differentiation of 

Treg cells — characterized by low GLUT1 expression and a predominant reliance on 

fatty acid oxidation — remains unaffected (68, 69). Mature effector T cell subsets — 

particularly Th1, T helper cell 2 (Th2), and T helper cell 17 (Th17) — exhibit markedly 

elevated GLUT1 expression upon T-cell receptor (TCR) activation, and depend on 

glycolysis as their primary catabolic pathway (70). Consistent with this, GLUT1 

deficiency in both mouse and human T cells has been shown to impair glucose uptake 

and glycolytic flux, and to attenuate cell growth and proliferation and decrease survival 

(71). Additionally, GLUT1-deficient Th1 and Th17 cells demonstrated diminished 

capacity to produce cytokines, reducing their capability to induce an inflammatory 

reaction in vivo. Beyond these CD4+ T cell subsets, CD4+ Tfh are also highly 

glycolytic, and inhibiting glycolysis in these cells led to a significant reduction in their 

numbers (72). Parallel to the metabolic dichotomy observed between Treg and Teff 

subsets, CD8+ memory T cells preferentially utilize fatty acid oxidation, whereas 

activated CD8+ effectors are highly glycolytic (73, 74). Similarly, in B cells, B-cell 

receptor (BCR) activation leads to increased GLUT1 expression, and inhibition of 

glycolysis prevents BCR-triggered protein synthesis and cell growth (75).  

GLUT1 upregulation also plays a pivotal role in innate immune cell function. In 

macrophages, TLR activation and M1 polarization are characterized by a pronounced 

glycolytic shift, and GLUT1 deletion has been shown to impair macrophage activation 

and phagocytic capacity (76). Similarly, in dendritic cells (DC), restricting glycolytic 

substrate availability abrogates maturation and cytokine production and reduces their 

capacity to prime T cell responses (77, 78). 

In addition to supporting immune cell activation and effector function, metabolic 

reprogramming has emerged as a key determinant of immune cell phenotype. Inhibition 

of pyruvate kinase M2 (PKM2), a key glycolytic enzyme and upstream regulator of 

hypoxia-inducible factor 1-alpha (HIF-1α), has been shown to shift macrophage 

polarization from the pro-inflammatory M1 toward the pro-reparatory M2 phenotype 

(79). Analogous observations have been reported in T cells, where glycolytic inhibition 

by 2-deoxyglucose (2-DG) promoted the conversion of Th17 into Treg cells (68). These 
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findings establish a direct connection between cellular metabolism and immune 

phenotype. Specifically, glycolysis and HIF-1α activation are associated with 

pro-inflammatory functions, while OXPHOS and fatty acid oxidation are characteristic 

of an anti-inflammatory phenotype (69). Beyond glucose and fatty acid metabolism, 

upregulation of the pentose phosphate pathway and amino acid metabolism has also 

been implicated in regulating the effector functions of immune cells. The specific 

metabolic pathways of major immune cell subsets are summarized in Table 2. 
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Table 2. Characteristic metabolic pathways of major immune cell subsets 

Immune cells Metabolic pathways 

CD4+ effector T cells (Th1, Th2, Th17) 

-​ glycolysis (69) 

-​ amino acid metabolism (80) 

-​ fatty acid synthesis (81) 

CD8+ effector T cells 
-​ glycolysis (74) 

-​ fatty acid synthesis (82) 

Follicular helper T cells -​ glycolysis (72) 

B cells 
-​ glycolysis (75) 

-​ fatty acid synthesis (83) 

M1 pro-inflammatory macrophages 

-​ glycolysis (76) 

-​ pentose-phosphate pathway (84) 

-​ amino acid metabolism (85) 

-​ fatty acid synthesis (86) 

Dendritic cells 
-​ glycolysis (78) 

-​ fatty acid synthesis (87) 

Regulatory T cells 
-​ OXPHOS (88) 

-​ fatty acid oxidation (69) 

CD8+ memory T cells 
-​ OXPHOS (89) 

-​ fatty acid oxidation (73) 

M2 macrophages 
-​ OXPHOS (90) 

-​ fatty acid oxidation (91) 

 
 
Similar to immune cells, keratinocytes rely predominantly on GLUT1 for glucose 

uptake, as evidenced by a 95% reduction in keratinocyte glucose transport in GLUT1 

knockout mice (92). GLUT1 expression is further upregulated upon keratinocyte 

activation, playing an essential role in enhanced proliferation, as observed during 

wound healing and UVB-induced epidermal hyperplasia (93, 94). Accordingly, GLUT1 

deletion prevented the physiological epidermal hyperplasia observed following UV 

irradiation and in wound healing, and impaired keratinocyte proliferation and migration 

within the wound site (92). GLUT1 deficiency also prevented the development of 

imiquimod- and interleukin 23 (IL-23)-induced psoriasiform hyperplasia and cutaneous 
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inflammation. Consistent with this, pharmacological GLUT1 inhibition reduced 

keratinocyte proliferation, decreased inflammatory cell infiltration in skin biopsies from 

imiquimod-pretreated mice, and suppressed inflammatory gene expression in samples 

from psoriatic skin lesions. Interestingly, despite impaired proliferation and signs of 

metabolic and oxidative stress in GLUT1 -/- primary keratinocytes in vitro, normal skin 

development was unaffected in GLUT1-deficient mice. These findings suggest a 

metabolic adaptation via alternative pathways in vivo and indicate that basal epidermal 

homeostasis does not strictly require GLUT1-mediated glucose uptake. Instead, GLUT1 

appears to be selectively indispensable for the elevated metabolic demands of activated 

and rapidly proliferating keratinocytes, which makes it a promising therapeutic target in 

hyperproliferative and inflammatory skin diseases. 

Consistent with findings from murine models, GLUT1 expression is upregulated in skin 

biopsies from patients with psoriasis (95, 96). Importantly, GLUT1 expression 

positively correlated with epidermal thickness, inflammatory cell infiltration density, 

and the Psoriasis Area and Severity Index (PASI) score — a validated instrument for the 

measurement of clinical disease activity (97). Beyond psoriasis, increased GLUT1 

expression has been reported across a spectrum of inflammatory and autoimmune skin 

disorders, including chronic spongiotic dermatitis, vitiligo, oral lichen planus, and 

atopic dermatitis (98-101). 

Beyond the systemic diseases outlined above, dysregulated glucose metabolism has 

been implicated in the pathogenesis of SLE (102). Autoreactive CD4+ T cells from both 

SLE patients and lupus-prone mice exhibit elevated metabolic activity, and glycolysis is 

their predominant catabolic pathway (103). Consequently, inhibition of glycolysis 

reduced CD4+ T cell activation, proliferation, and IFN-γ production, effectively 

ameliorating the autoimmune phenotype. In addition, direct GLUT1 inhibition restricted 

CD4+ T cell clonal expansion and favorably modulated T cell polarization by 

suppressing Th1 and Th17 lineages, while promoting Treg differentiation (104). This 

highly glycolytic phenotype extends to autoreactive Tfh cells (72). In murine lupus 

models, inhibition of glycolysis suppressed Tfh expansion, leading to a downstream 

reduction in germinal center (GC) B cells and anti-dsDNA IgG autoantibody titers. 

Crucially, this metabolic intervention was highly selective. It impaired autoreactive Tfh 

cells and autoantibody-producing B cell differentiation, while pathogen-specific GC B 
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cell responses remained intact, and protective humoral immunity was preserved. In 

recent years, alterations in immunometabolism have emerged as a critical driver in the 

pathogenesis of both systemic and cutaneous autoimmune and inflammatory diseases, 

promoting the aberrant activation of innate and adaptive immune cells as well as 

keratinocytes. Despite these paradigm-shifting discoveries, the precise pathomechanism 

underlying CLE remains to be elucidated. In particular, it has yet to be determined 

whether immune cells and keratinocytes undergo a similar metabolic rewiring and 

glycolytic shift during CLE pathogenesis, representing a significant gap in our current 

understanding of the disease. 
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5.5. Therapeutic strategies in CLE: from conventional to targeted approaches 
 
The therapeutic landscape of CLE is actively evolving from conventional systemic 

immunosuppressants toward novel, targeted interventions. Despite this advancement, 

the management of the diverse cutaneous manifestations of this disease remains 

complex. The clinical evidence supporting these treatments is limited, and the 

establishment of standardized, evidence-based regimens continues to be a profound 

clinical challenge. Currently, the management of CLE relies on a limited number of 

guidelines published in 2021, with a notable absence of recently updated protocols (2, 

105, 106). Beyond this, practitioners must extrapolate from broader SLE guidelines 

addressing mucocutaneous involvement (107-109).To date, there are no U.S. Food and 

Drug Administration (FDA)-approved therapies explicitly indicated for CLE. Novel 

agents are evaluated almost exclusively within systemic lupus cohorts and while these 

trials frequently report significant improvement in cutaneous symptoms, skin-specific 

responses have largely been assessed as secondary endpoints (110). The recent adoption 

of the CLASI score as a primary endpoint now allows for targeted evaluation of 

cutaneous efficacy, robust comparative efficacy and safety data, however, remain 

unavailable. The emerging therapies have not been incorporated into CLE guidelines, 

leaving clinicians with few evidence-based options when patients do not respond to 

standard therapeutic regimens. Nearly 40% of patients fail first-line therapy, with 

substantial heterogeneity across subtypes, and up to 20% remain resistant to multiple 

lines of treatment. There is therefore a critical unmet need to refine therapeutic 

strategies in CLE (1, 2). 

According to the aforementioned guidelines, first-line therapy for CLE and SLE with 

mucocutaneous involvement consists of antimalarials in combination with topical 

and/or systemic glucocorticoids, as clinically indicated. For localized treatment, topical 

calcineurin inhibitors serve as a valuable, steroid-sparing alternative, particularly for 

facial lesions. In cases of severe or disseminated cutaneous involvement, systemic 

glucocorticoids are recommended in addition to antimalarials and topical treatment. For 

patients with an inadequate response to first-line therapy, methotrexate or 

mycophenolate mofetil may be introduced as second-line agents (2, 105, 106). 

Recently, the therapeutic landscape of LE has expanded. Several novel biologics and 

small molecules have been investigated, targeting key signaling pathways implicated in 
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SLE and CLE pathogenesis. Anifrolumab, a monoclonal antibody targeting IFNAR 

subunit 1, blocks IFN-I signaling, a major driver of LE inflammation (111-113). Further 

upstream, litifilimab targets blood dendritic cell antigen 2 (BDCA2) on pDCs, 

suppressing the release of IFN-I, IL-6, and TNF-α — cytokines that collectively 

regulate T-, B-, and natural killer cell activity (114-116). B cells are also targeted by 

several distinct agents: belimumab inhibits B-lymphocyte stimulator (BLyS) to induce 

apoptosis in autoreactive B cells, while rituximab specifically depletes CD20+ B cells, 

sparing stem cells and mature plasma cells (117-122). Targeting the immunological 

crosstalk between T and B cells, dapirolizumab pegol, an anti-CD40 ligand monoclonal 

antibody, disrupts T cell-B cell interactions and, thereby, prevents B cell proliferation, 

differentiation, and autoantibody production (123). 

Directly targeting pro-inflammatory cytokines provides another therapeutic avenue. 

Ustekinumab blocks interleukin 12 (IL-12) and IL-23 and prevents CD4+ T cells from 

differentiating into Th1 and Th17 subsets, while suppressing the secretion of IFN-γ, 

interleukin 17 (IL-17), and TNF-α (124, 125). Other targeted anti-cytokine therapies 

include TNF-α inhibitor etanercept and IL-6 inhibitor sirukumab (126, 127). Sirukumab 

simultaneously impairs B cell differentiation, autoantibody production, and Th17 

expansion. Beyond direct cytokine blockade, intracellular signaling pathways have also 

become major pharmacological targets. Deucravacitinib, a highly selective TYK2 

inhibitor, exerts broad inhibitory effects on cellular responses to IFN-I, IL-6, IL-12, 

IL-17, interleukin 22 (IL-22), and IL-23 (128). Similarly, JAK inhibitors — including 

baricitinib (JAK1/2), tofacitinib (JAK1/2/3), filgotinib (JAK1), and upadacitinib (JAK1) 

— block the signal transduction of pivotal cytokines in LE pathogenesis, including 

IL-12, IL-23, and IFN-α (129-134). Lanraplenib, a spleen tyrosine kinase (SYK) 

inhibitor, suppresses signaling cascades downstream of activated immunoreceptors 

across B cells, monocytes, macrophages, and neutrophils (133). Iberdomide modulates 

the cereblon E3 ubiquitin ligase complex to facilitate the targeted degradation of the 

Ikaros and Aiolos transcription factors, consequently inhibiting B cell proliferation, 

plasmablast differentiation, and autoantibody secretion (135, 136). Most recently, 

enpatoran, a dual TLR7 and TLR8 inhibitor, has emerged as a promising therapeutic 

agent, blocking key upstream drivers of IFN-I activation and suppressing 

pro-inflammatory signaling in myeloid cells, B cells, and neutrophils (137, 138). 
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These rapidly evolving targeted therapies mark a new era in the pharmacological 

management of autoimmune diseases. To fully realize the clinical potential of these 

agents, a deeper understanding of the localized molecular mechanisms driving 

cutaneous inflammation is needed, and a rigorous synthesis of emerging clinical 

evidence to guide therapeutic decisions is equally required.  

35 
 



6. OBJECTIVES 
 
6.1. Study I – Investigating the role of glucose metabolism in CLE 
 
The precise pathomechanism underlying CLE and its distinct clinical subtypes remains 

incompletely understood, and the exact molecular mechanisms driving its various 

clinical presentations are still unclear. While dysregulated immunometabolism has been 

established as a key driver of inflammation in SLE, its role in CLE is entirely 

unexplored (102-104). Specifically, it remains to be elucidated how alterations in 

glucose metabolism influence keratinocyte function and the overactivation of the innate 

and adaptive immune responses in the CLE. Understanding these pathways is key to the 

development of targeted therapies for this disease. The aim of this study, therefore, was 

to characterize the role of glucose metabolism in CLE pathogenesis, with a specific 

focus on the expression of GLUT1 transporters and their correlation with the 

overactivation of the IFN-I system and disease activity. Our second objective was to 

compare alterations in glucose metabolism between DLE and SCLE — the two most 

prevalent subtypes of CLE — to further define the pathomechanistic similarities and 

differences underlying their distinct clinical presentations. 

 
6.2. Study II – Investigating the efficacy and safety of novel therapeutic options in 
CLE 
 
Numerous targeted therapies have been evaluated in LE, however, studies comparing 

their efficacy and safety profiles in CLE are currently lacking. The available evidence is 

largely derived from SLE cohorts with heterogeneous disease manifestations, which 

limits its direct applicability to CLE and LE with predominant mucocutaneous 

involvement. Consequently, the selection of novel therapeutic agents in clinical practice 

remains largely empirical. CLE-specific comparative studies are urgently needed to 

inform evidence-based international treatment recommendations. Therefore, this study 

aimed to comprehensively evaluate and compare the efficacy and safety of novel 

therapeutic options in CLE.  
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7. METHODS 
 

7.1. Study I 
 
7.1.1. Patient selection and sample collection 
 
The study cohort consisted of 51 CLE patients (26 SCLE, 25 DLE) admitted to the 

Department of Dermatology, Venereology, and Dermatooncology, Semmelweis 

University, Budapest, Hungary. All participants were free of systemic 

immunosuppressive therapy and untreated for CLE at the time of biopsy. Samples were 

collected from active, untreated lesional skin. An additional 8 samples were obtained 

from perilesional skin excised alongside benign melanocytic nevi from healthy 

individuals and served as controls. 

Concurrent with tissue sampling, clinical disease severity was assessed for each patient 

using the activity domain of the CLASI score.  

All protocols involving human participants were conducted in strict accordance with the 

ethical standards set forth by the 1964 Declaration of Helsinki and its later amendments. 

Ethical approval was issued by the Regional and Institutional Committee of Science and 

Research Ethics at Semmelweis University (Approval ID: 75/2024; Date of approval: 

May 14, 2024). 

 
7.1.2. Immunohistochemistry 
 
4 µm thick sections were cut from 4% formaldehyde-fixed, paraffin-embedded skin 

biopsy blocks and mounted on glass slides for immunohistochemical staining. Standard 

deparaffinization was performed before heat-induced epitope retrieval. For this, slides 

were placed in 0.1 M citrate buffer (pH 6.0) in an electric pressure cooker and heated 

for three consecutive 7-minute cycles. Samples were then allowed to cool gradually to 

room temperature. Once cooled, the tissue sections were incubated overnight with the 

primary antibodies (monoclonal rabbit GLUT1 antibody [Abcam, EPR3915, ab115730] 

prepared at a 1:400 dilution and monoclonal rabbit MX1 antibody [Cell Signaling 

Technology, D3W7I, 37849S] with a 1:200 dilution). The slides were subsequently 

incubated with NovoLink post-primary reagent (Leica Biosystems) for 30 minutes, 

immediately followed by incubation with the NovoLink Polymer detection system 

(Leica Biosystems) for an additional 30 minutes. Chromogenic development was 
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performed using a 3,3'-diaminobenzidine (DAB) peroxidase substrate (Dako), and 

standard hematoxylin was used for nuclear counterstaining. Finally, whole-slide digital 

imaging was performed by digitizing the stained sections with a Pannoramic Scan 

apparatus (3D Histech, Budapest, Hungary) with Carl Zeiss objective lens (numerical 

aperture = 0.83; Carl Zeiss MicroImaging Inc., Jena, Germany). 

 
7.1.3. Evaluation of immunohistochemistry 
 
Histopathological grading was performed by two independent dermatopathologists, 

whose individual scores were averaged to yield a final expression score for each biopsy. 

For GLUT1, positivity was defined as a membranous staining pattern in the epidermis. 

GLUT1 expression was assessed across the full thickness and length of the epidermis. 

For MxA, cytoplasmic staining was considered positive, and expression was graded in 

both the epidermis and dermal infiltrating lymphocytes. Expression levels were 

quantified using a semi-quantitative four-tiered scoring system: 0 (absent), + (mild; less 

than 25% of cells stained), ++ (moderate; 25–75% of cells stained), and +++ (strong; 

more than 75% of cells stained). 

 
7.1.4. In silico correlation analysis of SLC2A1 and MX1 mRNA expression 
 

We analyzed three publicly available transcriptomic datasets to 

evaluate SLC2A1 and MX1 messenger ribonucleic acid (mRNA) expression. We 

accessed the Cancer Cell Line Encyclopedia (CCLE) dataset from cBioPortal on August 

21, 2025. Only complete cases were analyzed (n = 877) (139-142). The GSE109248 

dataset was retrieved from the Gene Expression Omnibus (GEO) on July 22, 2025. 

(143, 144). Keratinocyte bulk ribonucleic acid (RNA)-sequencing data were extracted 

from the ARCHS4 database on November 14, 2025 (145). We then manually filtered 

these samples to primary, untreated keratinocytes to avoid confounding from genetic 

modifications or pharmacological pretreatments. Data preprocessing and normalization 

were done in Python using the pandas, json, and ARCHS4py modules. 

 
7.1.5. Statistical analysis 
 
Statistical analyses were conducted using GraphPad Prism version 10.5.0 for Windows 

(GraphPad Software, Boston, MA, USA; www.graphpad.com). Associations between 
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continuous variables were assessed using Spearman rank correlation for non-parametric 

data and Pearson correlation for normally distributed variables. Group comparisons 

were performed using one-way analysis of variance (ANOVA). For all analyses, p < 

0.05 was considered statistically significant.  
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7.2. Study II 
 
7.2.1. Study design and protocol registration 
 
The methodological framework for this systematic review and meta-analysis was 

developed in strict adherence to the Cochrane Handbook for Systematic Reviews of 

Interventions. Prior to data extraction, the study protocol was registered in the 

International Prospective Register of Systematic Reviews (PROSPERO) (identifier: 

CRD42023485291). To ensure the capture of rapidly emerging clinical data, a minor 

deviation from the original protocol was introduced to permit the inclusion of 

peer-reviewed scientific letters. All analyses and subsequent findings are reported in 

compliance with the 2020 Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) statement. 

 
7.2.2. Systematic literature search strategy and eligibility criteria 

 
A systematic literature search was conducted on November 25, 2023, across three major 

scientific databases: PubMed (MEDLINE), EMBASE, and the Cochrane Central 

Register of Controlled Trials (CENTRAL). The search key and the number of records 

retrieved from each database are detailed in the Supplementary Material of the original 

publication (146).  

The PICO (Population, Intervention, Comparator, Outcome) framework was used to 

define the eligibility criteria for study inclusion: patients with CLE or SLE with 

mucocutaneous involvement (P), biologic therapy or small molecule (I), placebo or 

reported pre- and post-intervention outcomes in the absence of a comparator arm (C), 

efficacy and safety profile (O). The CLASI score, adverse events (AEs), and serious 

adverse events (SAEs) were the investigated outcomes. All included studies had to 

report cutaneous efficacy using any validated form of the CLASI score, including 

absolute CLASI changes or the CLASI50. Only the activity domain (CLASI-A) was 

considered in the analysis. Eligibility was restricted to peer-reviewed original research 

articles. Review articles, editorials, abstracts, and comments were excluded. As noted in 

the protocol deviation above, letters to the editor were additionally considered eligible 

given their potential to contain reportable clinical outcome data.  
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7.2.3. Study selection and data extraction 
 
Following database searches, all retrieved records were imported into EndNote 20 for 

reference management and systematic duplicate removal (147). Subsequently, a 

two-phase screening process was carried out by two independent reviewers in 

accordance with the predefined selection strategy: title and abstract screening, followed 

by full-text assessment. Both phases were conducted using Rayyan Systems 

(Cambridge, MA, USA) (148). Disagreements at any stage were resolved by a third 

independent investigator. Inter-reviewer agreement at the full-text selection stage was 

excellent (Cohen's Kappa = 0.91). 

Relevant data were independently extracted by two investigators using a standardized 

form. The following variables were recorded for each eligible study: study details (first 

author, year of publication, trial identification number if applicable, study design, and 

study timeframe), intervention parameters (therapeutic agent, dosing regimen, and route 

of administration), baseline clinical characteristics (cohort size, patient demographics, 

baseline CLASI-A scores, concurrent SLE diagnoses, CLE subtypes, and concomitant 

baseline medications), and study endpoints (follow-up duration, proportion of CLASI50 

responders, adverse events, and serious adverse events). Where data were presented 

exclusively in graphical format, numerical values were extracted using 

WebPlotDigitizer (149). To prevent statistical error due to overlapping patient 

populations, duplicate cohorts were identified, and only data from the publication 

reporting the largest sample size were analyzed. 

 
7.2.4. Quality assessment 
 
The quality assessment of the included studies was performed by two independent 

reviewers. Risk of bias assessment was carried out using study design-specific tools, in 

accordance with the principles of the Cochrane Collaboration: randomized controlled 

trials were evaluated using the revised Cochrane Risk-of-Bias tool (RoB2) (150), 

non-randomized and single-arm studies were assessed with the Methodological Index 

for Non-Randomized Studies (MINORS) (151), and case series and case reports were 

appraised using the Joanna Briggs Institute Critical Appraisal Tools (152, 153). 

Subsequently, the Confidence in Network Meta-Analysis (CINeMA) framework was 

used to grade the overall certainty of evidence (154, 155). 
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7.2.5. Statistical analysis 
 
We used two complementary approaches for quantitative data synthesis. First, we 

performed a network meta-analysis (NMA) using odds ratios (OR) and mean 

differences (MD) as effect sizes. In the NMA, we conducted two parallel analyses. In 

the first, all doses of each therapeutic agent were pooled. In the second one, individual 

dosing regimens were analyzed separately. 

We then performed a traditional pairwise meta-analysis, using proportions and MDs 

from baseline as effect size measures.  

In the NMA, network geometry was assessed for each outcome in advance by 

constructing network plots to evaluate node connectivity (156). Disconnected treatment 

arms were excluded following consensus among the authors. To account for multi-arm 

trial correlations, random-effects network models were applied, assuming a common 

heterogeneity variance across the entire network (157). Treatment hierarchies were 

established using P-scores and surface under the cumulative ranking (SUCRA) plots 

(158). Results are presented as forest plots, P-score rankings, SUCRA plots, and direct 

evidence plots. 

For the standard meta-analysis, proportion-based outcomes were modeled using 

random-intercept logistic regression (159, 160). Between-study heterogeneity (τ²) was 

estimated via maximum likelihood, and individual study 95% confidence intervals (CIs) 

were calculated using the Clopper-Pearson method (161). For continuous outcomes, 

MD was calculated as the difference between follow-up and baseline values, pooled 

using the inverse variance weighting method, and τ² was estimated with the restricted 

maximum likelihood estimator and the Q-profile method (157, 158). 

All analyses were performed in R (version 4.2.3; R Core Team, 2023) using the netmeta 

and BUGSnet packages (162, 163). Further methodological details are provided in the 

Supplementary Material of the original publication (146).  
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8. RESULTS 
 
8.1. Study I 
 

8.1.1. Demographic and clinical characteristics of the study cohort 
 

Lesional skin biopsies were obtained from 51 patients with confirmed CLE, of whom 

26 had SCLE and 25 had DLE. 98% of the patients were female, and the cohort had a 

mean age of 66 ± 18 years. Concomitant SLE was diagnosed in 19.6% of the patients 

(10/51). The SLE diagnosis was established according to the 2019 European League 

Against Rheumatism (EULAR)/American College of Rheumatology (ACR) 

classification criteria (164). Among patients with concurrent SLE, the most frequently 

documented extracutaneous manifestations were leukopenia, followed by arthritis and 

hypocomplementemia. Mean baseline cutaneous disease activity, as measured by the 

CLASI-A score, was 9.8 ± 6.8 in the SCLE group and 6.0 ± 3.2 in the DLE group. All 

patients were untreated for CLE and free of systemic immunosuppressive therapy at the 

time of biopsy in order to eliminate pharmacological confounding factors. 

Comprehensive demographic and clinical characteristics of the cohort are presented in 

Table 3. Where applicable, concomitant medications with potential immunomodulatory 

or immunometabolism-modulating properties, namely metformin, statins, montelukast, 

and sulfasalazine, are also noted in Table 3 (165-168). 

 

Table 3. Baseline characteristics of the study population 

Patient 

number 
Age Sex 

CLE 

subtype 

Autoantibody 

profile 

SLE 

(1 = yes, 

0 = no) 

LE 

extracutaneous 

manifestations 

CLASI-A 
Medications at 

time of biopsy* 

1 38 F DLE 
ANA, 

anti-chromatin 
1 

arthritis, 

proteinuria 
7 - 

2 51 M DLE 

ANA, 

anti-SSA/Ro, 

anti-chromatin 

0 proteinuria 7 - 

3 55 M DLE - 0 - 6 - 

4 55 F DLE anti-chromatin 0 arthritis 4 - 

5 62 F DLE anti-sp100 0 - 6 montelukast 

6 70 F DLE anti-chromatin 0 arthritis 10 - 

7 24 F DLE - 0 - 10 - 

8 36 F DLE 
ANA, 

anti-dsDNA, 
1 - 1 - 
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anti-histone, 

anti-nucleosome

, anti-CL, 

anti-β2-GPI 

9 56 F DLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-dsDNA, 

anti-Scl-70, 

anti-chromatin 

1 - 2 - 

10 59 F DLE 

ANA, 

anti-chromatin, 

anti-cytoplasm 

0 - 3 - 

11 72 F DLE - 0 HC 5 
sulfasalazine, 

metformin 

12 68 F DLE 

ANA, 

anti-SSA/Ro, 

anti-dsDNA, 

anti-RNP/Sm, 

RF, 

anti-chromatin, 

anti-cytoplasm, 

anti-β2-GPI 

1 
leukopenia, 

arthritis 
11 - 

13 58 F DLE ANA 0 - 6 - 

14 47 F DLE ANA 1 
arthritis, 

leukopenia 
6 - 

15 41 M DLE - 0 - 14 - 

16 53 M DLE ANA 0 - 6 - 

17 75 F DLE ANA 0 - 11 - 

18 39 F DLE anti-SSA/Ro 0 - 9 - 

19 28 F DLE - 0 - 4 - 

20 78 F DLE - 0 - 3 - 

21 57 M DLE - 0 - 3 - 

22 66 F DLE 
anti-SSA/Ro, 

anti-Scl-70 
0 - 5 - 

23 77 M DLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-cytoplasm 

0 - 3 - 

24 55 F DLE ANA 0 - 4 - 

25 77 F DLE ENA, anti-SSB 0 HC 4 - 

26 86 F SCLE 

ANA, 

anti-SSA/Ro, 

anti-SSB, RF 

0 - 10 - 

27 80 F SCLE 

ANA, 

anti-SSA/Ro, 

anti-SSB 

0 leukopenia 19 - 

28 69 F SCLE 
ANA, 

anti-chromatin 
0 - 17 - 
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29 90 M SCLE 

ANA, 

anti-chromatin, 

anti-cytoplasm 

0 leukopenia 7 - 

30 55 M SCLE 

ANA, 

anti-chromatin, 

anti-cytoplasm 

0 - 9 - 

31 80 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, RF, 

anti-chromatin, 

anti-cytoplasm 

1 leukopenia, HC 9 - 

32 49 F SCLE 

ANA, 

anti-SSA/Ro, 

anti-dsDNA, 

anti-RNP/Sm, 

RF, 

anti-chromatin 

1 

fever, 

leukopenia, 

arthritis, HC 

22 - 

33 82 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, 

anti-dsDNA, 

anti-nucleosome

, anti-chromatin, 

anti-cytoplasm, 

anti-CL, 

anti-β2-GPI 

1 - 21 rosuvastatin 

34 87 F SCLE - 0 - 4 
metformin, 

atorvastatin 

35 58 M SCLE 
ANA, 

anti-chromatin 
0 - 6 - 

36 86 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB 

0 - 4 - 

37 96 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, RF 

1 leukopenia, HC 12 atorvastatin 

38 86 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-cytoplasm 

0 leukopenia 20 - 

39 72 F SCLE 
ANA, 

anti-chromatin 
0 HC 4 - 

40 64 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB 

0 - 1 - 

41 78 F SCLE 
ANA, 

anti-SSA/Ro, 
0 - 4 - 
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anti-SSB, 

anti-β2-GPI 

42 78 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, 

anti-chromatin 

0 - 5 - 

43 82 F SCLE 

ENA, 

anti-SSA/Ro, 

anti-cytoplasm 

0 leukopenia 19 - 

44 88 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, 

anti-dsDNA 

1 - 21 atorvastatin 

45 78 F SCLE 
ANA, 

anti-SSA/Ro 
0 - 4 simvastatin 

46 47 M SCLE - 0 - 13 - 

47 88 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-Scl-70, 

anti-chromatin, 

anti-cytoplasm 

0 - 6 - 

48 72 M SCLE - 0 - 6 - 

49 46 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB 

0 - 2 - 

50 84 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB, 

anti-chromatin 

0 leukopenia 10 - 

51 82 F SCLE 

ANA, ENA, 

anti-SSA/Ro, 

anti-SSB 

0 - 2 atorvastatin 

* This table only list medications with potential immunomodulatory or immunometabolism-modulating 

properties and it does not represent a comprehensive medication record. 

Abbreviations: CLE = cutaneous lupus erythematosus, DLE = discoid lupus erythematosus, SCLE = 

subacute cutaneous lupus erythematosus, SLE = systemic lupus erythematosus, LE = lupus 

erythematosus, CLASI-A = Cutaneous Lupus Erythematosus Disease Area and Severity Index, ANA = 

antinuclear antibody, ENA = extractable nuclear antigen antibodies, anti-SSA/Ro = anti-Sjögren’s 

syndrome-related antigen A, anti-SSB = anti-Sjögren’s syndrome-related antigen B, anti-dsDNA = 

anti-double-stranded DNA, RF = rheumatoid factor, anti-CL = anti-Cardiolipin, anti-β2-GPI = 

anti-β2-glycoprotein I, HC = hypocomplementaemia 
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8.1.2. GLUT1 and MxA expression in lesional CLE skin 

To characterize glucose metabolism and IFN-I activation in CLE lesional skin, 

immunohistochemical analysis of GLUT1 and MxA was performed on skin biopsies 

from 51 CLE patients (26 SCLE, 25 DLE) and 8 healthy controls (Figure 3). 

Significantly elevated keratinocyte GLUT1 expression was found in both SCLE and 

DLE samples compared to healthy controls (SCLE: p = 0.0344; DLE: p = 0.0356; 

Figure 3A-D). There were no significant differences in epidermal GLUT1 expression 

between the two subtypes (p = 0.998). We next assessed MxA expression, a 

well-established surrogate marker of IFN-I pathway activation. MxA expression was 

significantly higher in both keratinocytes (p = 0.0031) and dermal infiltrating 

lymphocytes (p = 0.0059; Figure 3E–L) in all CLE samples compared to healthy 

controls. We also observed a significant positive correlation between keratinocyte and 

lymphocyte MxA expression within individual biopsies (r = 0.602, p < 0.001). 

Interestingly, MxA expression in either keratinocytes (p = 0.6844) or lymphocytes (p = 

0.9493) did not differ significantly between SCLE and DLE samples. The expression 

profiles of keratinocyte GLUT1, alongside keratinocyte and lymphocyte MxA across all 

samples, are summarized in Figure 4A.  
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Figure 3. Immunohistochemical analysis of GLUT1 and MxA expression in 

lesional CLE skin 

(A–C) Representative images of GLUT1 immunohistochemistry in CLE skin lesions, 

showing mild (A; +), moderate (B; ++), and strong (C; +++) 

expression. (D) Keratinocyte GLUT1 expression scores stratified by study group. 

(E–G) Representative images of MxA immunohistochemistry in keratinocytes in CLE 

skin lesions, showing mild (E; +), moderate (F; ++), and strong (G; +++) 

expression. (H) Keratinocyte and lymphocyte MxA expression scores stratified by study 

group. (I–K) Representative images of MxA immunohistochemistry in dermal 

infiltrating lymphocytes in CLE skin lesions, showing mild (I; +), moderate (J; ++), and 

strong (K; +++) expression.  (L) Healthy control. Magnification: 20× for all images, 

except panel B (40×). Statistical analysis: ordinary one-way ANOVA with Dunnett’s 

multiple comparisons test. Significance levels: ns p > 0.05, * p < 0.05, ** p < 0.01.  

Abbreviations: HC = healthy control; DLE = discoid lupus erythematosus; SCLE = 

subacute cutaneous lupus erythematosus; ns = non-significant. 
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Figure 4. Expression profiles and correlations of GLUT1 and MxA across our 

patient cohort and public transcriptomic datasets 

(A) Heatmap of GLUT1 and MxA expression levels across all CLE samples. (B) 

Correlation matrix of Spearman's correlation coefficients (r) among keratinocyte 

GLUT1, keratinocyte and lymphocyte MxA expression, and CLASI-A scores (*p < 

0.05). (C–F) Scatter plots of SLC2A1 and MX1 mRNA co-expression across publicly 

available transcriptomic datasets: (C) Cancer Cell Line Encyclopedia (CCLE) dataset, 

877 cell lines; (D) GSE109248 dataset with gene expression profiles of ACLE, SCLE, 

DLE, and healthy controls (n = 23, p > 0.05); (E) ARCHS4 database, 

keratinocyte-specific bulk RNA-sequencing data from over 2,900 samples; and (F) 

ARCHS4 database, restricted to primary untreated keratinocytes. 

Abbreviations: ACLE = acute cutaneous lupus erythematosus; CLASI-A = Cutaneous 

Lupus Erythematosus Disease Area and Severity Index — Activity domain; CCLE = 
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Cancer Cell Line Encyclopedia; DLE = discoid lupus erythematosus; SCLE = subacute 

cutaneous lupus erythematosus; ns = non-significant.  
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8.1.3. Correlations of GLUT1 expression, IFN-I activity, and disease activity 
 
The observed upregulation of GLUT1 in lesional CLE skin prompted us to investigate 

whether enhanced glucose uptake is mechanistically linked to the hallmark IFN-I 

pathway overactivation of the disease, measured by keratinocyte and dermal infiltrating 

lymphocyte MxA expression. Keratinocyte GLUT1 expression showed a significant 

positive correlation with both keratinocyte MxA (r = 0.41, p = 0.003) and lymphocyte 

MxA expression (r = 0.483, p < 0.001). We then performed a subtype-specific analysis. 

Keratinocyte GLUT1 positively correlated with keratinocyte MxA (r = 0.4426, p = 

0.0236) and lymphocyte MxA (r = 0.6529, p < 0.001) in SCLE samples. In DLE, both 

correlations were also significant (keratinocyte MxA: r = 0.4073, p = 0.0433; 

lymphocyte MxA: r = 0.433, p = 0.0306). 

We next asked whether GLUT1 upregulation also affects the overall activity of the 

disease. Keratinocyte GLUT1 expression correlated significantly with CLASI-A scores 

(r = 0.47, p < 0.001), as did keratinocyte MxA expression, albeit more modestly (r = 

0.278, p = 0.048). Lymphocyte MxA expression, however, did not reach statistical 

significance in this regard (r = 0.242, p = 0.087). The complete correlation matrix is 

presented in Figure 4B. 

 
8.1.4. In silico validation of SLC2A1 and MX1 co-expression across independent 

transcriptomic datasets 

 
Having established a significant correlation between keratinocyte GLUT1 and MxA 

expression, we sought to determine whether this relationship is reflected at the 

transcriptomic level across independent datasets. Spearman correlation analysis of 

SLC2A1 and MX1 mRNA expression across 877 cancer cell lines from the CCLE 

dataset revealed a significant positive correlation (r = 0.3098, p < 0.001; Figure 4C). 

When applied to the GSE109248 dataset, comprising bulk RNA sequencing data from 

skin biopsy samples of ACLE, SCLE, DLE, and healthy controls (n = 23), the 

correlation did not reach statistical significance (Figure 4D). 

We next examined the ARCHS4 database of publicly available keratinocyte 

RNA-sequencing data to interrogate this relationship in a keratinocyte-specific context. 

In over 2,900 keratinocyte samples, SLC2A1 expression significantly correlated with 

MX1 expression (r = 0.5368, p < 0.0001; Figure 4E). When we restricted the analysis to 
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primary, untreated human keratinocytes, the correlation remained significant (r = 

0.2251, p = 0.0003; Figure 4F).  
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8.2. Study II  
 
8.2.1. Search results, study selection, and study characteristics 
 
The systematic database search retrieved a total of 18,280 records. Following the 

removal of duplicate records, title and abstract screening were performed on the 

remaining 12,522 articles. Of these, 53 publications met the predefined selection criteria 

and were included in the final analysis (111-116, 123-125, 127-136, 169-202). The 53 

included articles represented a diverse distribution of study designs: 18 randomized 

controlled trials (RCTs) (111-116, 123-125, 127-133, 135, 136), 24 observational 

studies, case series, or case reports (134, 169-191), 4 post-hoc analyses (199-202), 3 

errata or formal corrections (192-194), 2 secondary subgroup analyses of primary trials 

(195, 198), and 2 long-term trial extensions (196, 197). Because 3 of the included 

articles each reported data from two distinct clinical trials (115, 127, 133), the total 

number of individual RCTs available for assessment increased to 21. These 21 trials 

were subsequently allocated to either quantitative synthesis or descriptive review: 15 

RCTs were included in the NMA (111-115, 124, 125, 128, 130, 131, 133, 136), whereas 

the remaining 6 were evaluated via qualitative synthesis within the systematic review 

(123, 127, 129, 132, 135). 

A parallel evaluation strategy was applied to the non-randomized literature. Of the 24 

observational studies, case series, and case reports, 23 provided sufficient data for 

pooling in the conventional pairwise meta-analysis (134, 169-187, 189-191), while 1 

(188) was included in the qualitative assessment only. The complete study selection 

process is illustrated in the PRISMA flowchart (Figure 5). 

Detailed characteristics of the included studies and the baseline clinical and 

demographic characteristics of the patient populations are fully documented in the 

original published article (Table 1) and its accompanying Supplementary Material 

(Supplementary Tables S2 and S3) (146).  
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Figure 5. PRISMA 2020 flow diagram of the systematic literature search and study 
selection workflow 
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8.2.2. Efficacy of novel therapeutic interventions in CLE 
 
In all included RCTs, novel therapeutic agents were uniformly compared against a 

placebo. The network of direct and indirect treatment comparisons included in the 

efficacy analysis is mapped in Figure 4 of the original publication (146). 

Deucravacitinib was the most effective therapy for reducing CLE disease activity. 

Patients receiving deucravacitinib were eight times more likely to achieve a 50% 

reduction in disease activity compared to placebo (OR: 8.28, 95% CI: 2.22–30.91). 

Litifilimab and anifrolumab also outperformed placebo. The odds of achieving 

CLASI50 were more than 2.5 times higher with litifilimab than with placebo (OR: 2.54, 

95% CI: 1.20–5.40). Anifrolumab was associated with a more than two-fold higher odds 

of reaching the CLASI50 (OR: 2.25, 95% CI: 1.23–4.14).  

In head-to-head indirect comparisons, deucravacitinib, litifilimab, and anifrolumab each 

demonstrated significantly superior efficacy compared to ustekinumab (OR: 10.72, 95% 

CI: 2.42–47.6; OR: 3.29, 95% CI: 1.18–9.19; OR: 2.92, 95% CI: 1.16–7.36, 

respectively). Conversely, baricitinib was significantly less effective when compared to 

deucravacitinib (OR: 0.11, 95% CI: 0.03–0.49) and litifilimab (OR: 0.37, 95% CI: 

0.14–0.99). Complete results of the network meta-analysis, including all pairwise 

comparisons, are presented in the league tables available in the Supplementary Material 

of the original publication (Table S4) (146). Treatment effect estimates and the 

probability rankings for each intervention are presented in Figures 6a and 6b, 

respectively. 

 
Dose-stratified analyses, in which individual dosing regimens were examined separately 

rather than pooled, yielded results consistent with those of the primary analysis. These 

findings are presented in the Supplementary Material of the original publication (Figure 

S1) (146). 

 
A traditional pairwise meta-analysis was performed to pool data from observational 

studies, case series, and case reports. Among the evaluated therapies, anifrolumab 

demonstrated the most pronounced reduction in CLASI-A scores (MD: 14.83, 95% CI: 

9.67–19.99). Consistent with this finding, the highest proportion of patients achieving a 

CLASI50 response was also observed in the anifrolumab group (P: 0.98, 95% CI: 

0.86–1.00). 
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Tofacitinib also demonstrated statistically significant efficacy in reducing CLE disease 

activity (MD: 13.61, 95% CI: 3.13–24.08). Additionally, treatment with belimumab was 

associated with a statistically significant, though more modest, reduction in disease 

activity scores (MD: 3.94, 95% CI: 1.90–5.97). The comprehensive results and 

corresponding forest plots are provided in the Supplementary Material of the original 

publication (Figure S2) (146).  
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Figure 6. Efficacy of novel therapies in CLE 

(a) Forest plot of the odds of achieving a CLASI50 response when treated with a novel 

therapeutic agent compared to placebo. (b) P-score plot representing the probability of 

each therapy ranking as the most effective across the network. 

Abbreviations: OR = odds ratio, CI = confidence interval, CLASI50 = Cutaneous Lupus 

Erythematosus Disease Area and Severity Index-50  
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8.2.3. Qualitative synthesis of non-pooled efficacy data 
 
Six RCTs (123, 127, 129, 132, 135) and one observational study (188) did not provide 

sufficient data for quantitative pooling and were assessed qualitatively. 

Several of these studies indicated positive therapeutic trends. Baricitinib at 2 mg/day 

was associated with a significant reduction in CLASI-A scores in SLE patients with 

cutaneous involvement compared to placebo, whereas the 4 mg/day dose did not yield a 

statistically significant change (129). In another trial, patients treated with iberdomide 

showed a trend toward improvement in CLASI-A scores from baseline at week 12, 

while only minimal changes were observed in the placebo group (135). Dapirolizumab 

pegol similarly demonstrated a significantly greater improvement in disease activity 

from baseline at week 48 compared to placebo (123). 

Data from the non-randomized studies closely mirrored these positive clinical 

outcomes. In a single qualitatively assessed observational study, all three patients 

receiving anifrolumab achieved a clinically meaningful reduction in CLASI-A scores 

(188). In contrast, certain targeted therapies failed to demonstrate superior efficacy over 

control arms. Two publications reporting the outcomes of three RCTs found no 

statistically significant differences in CLASI-A scores between intervention and placebo 

groups for either tofacitinib or sirukumab (127, 132). 

 
8.2.4. Analysis of adverse events 
 
Across all included RCTs, the most frequently documented complications were urinary 

tract infections, mild upper respiratory tract infections, and nasopharyngitis. 

The network meta-analysis revealed no statistically significant differences in the odds of 

experiencing an AE between the novel therapies and placebo. Treatment effect estimates 

and the corresponding p-score plots ranking therapies by AE probability are presented 

in Figures 7a and 7b, with all pairwise comparisons available in the league tables in the 

Supplementary Material of the original publication (Tables S5 and S6) (146). 

Dose-stratified safety analyses yielded results consistent with those of the primary 

analysis (Figure S4 of the original publication). 

Pooled data from observational studies, case series, and case reports revealed 

considerable heterogeneity in reporting rates of AEs across the different studies and 

therapeutic agents. Although proportions of AEs were numerically higher for 
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belimumab and anifrolumab, these differences did not reach statistical significance, 

indicating a broadly comparable safety profile across the evaluated therapies (original 

article Figure S5) (146). 

 
8.2.5. Analysis of serious adverse events 
 
The most frequently reported serious adverse events across the included studies were 

serious infections, major cardiovascular events, malignancies, and venous 

thromboembolism. Our network meta-analysis revealed no statistically significant 

differences between the majority of novel interventions and placebo, with the notable 

exception of baricitinib, which was associated with a significantly higher odds of SAEs 

compared to placebo (OR: 5.26, 95% CI: 1.11–24.94). The forest plot and the 

corresponding P-score plot, which depict the probability that each therapy has the 

highest SAE rate, are presented in Figures 7c and 7d. 

Dose-stratified analyses validated these findings. Patients receiving baricitinib at both 

doses of 2 mg and 4 mg exhibited the highest SAE rates across all treatment groups 

(Figure S6 of the original publication) (146). In the pairwise meta-analysis of 

observational study data, the pooled proportion of SAEs was numerically higher among 

patients treated with anifrolumab than among those treated with other therapeutic agents 

(Figure S7 of the original publication). 

 
The network of direct and indirect treatment comparisons for AEs and SAEs is shown 

in Figure 4 of the original publication (146). 

 
8.2.6. Qualitative synthesis of non-pooled safety data 
 
Qualitative synthesis of the non-pooled safety data revealed no significant differences in 

the incidence of AEs or SAEs between tofacitinib-treated patients and those receiving 

placebo (132). In contrast, an increased incidence of both AEs and SAEs was linked to 

sirukumab treatment (127). 
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Figure 7. Adverse events and serious adverse events of novel therapies in CLE 

(a) Forest plot illustrating the odds of experiencing any adverse event for each 

investigated therapeutic agent compared to placebo. (b) P-score plot depicting the 

probability of each treatment ranking as the safest regarding any adverse event. (c) 

Forest plot showing the odds of experiencing a serious adverse event for each novel 

intervention compared to placebo. (d) P-score plot representing the probability of each 

treatment ranking as the safest regarding serious adverse events. 

Abbreviations: OR = odds ratio, CI = confidence interval, CLASI50 = Cutaneous Lupus 

Erythematosus Disease Area and Severity Index-50, AE = adverse event 
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8.2.7. Quality assessment 
 
Most included RCTs were classified as having a low risk of bias, and the remaining 

trials demonstrated a moderate risk. Non-randomized studies, case series, and case 

reports were all rated as low to moderate risk. A comprehensive study-by-study 

breakdown of the risk of bias assessments is detailed in the Supplementary Material of 

the original publication (Tables S7–S13) (146). 

Across all treatment comparisons, the certainty of evidence ranged from low to high. 

Downgrading was primarily driven by imprecision and incoherence within the evidence 

network. The detailed evaluation of certainty of evidence for therapeutic efficacy 

(CLASI50) and safety (AE and SAE) endpoints is presented in the Supplementary 

Material of the original publication (Tables S14–S16) (146). 
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9. DISCUSSION 
 
9.1. Summary of findings, international comparisons 
 
9.1.1. Study I 
 
Dysregulated immunometabolism – particularly the rewiring of glucose metabolism 

toward a highly glycolytic state – has been increasingly implicated in the pathogenesis 

of a broad spectrum of conditions. In autoimmune diseases, this has been characterized 

in rheumatoid arthritis (203), multiple sclerosis (204), inflammatory bowel disease 

(205), and SLE (206), where glycolytic reprogramming of immune cells has been 

shown to drive and sustain chronic inflammation. A similar glycolytic shift has been 

described in metabolic disorders, including obesity (207), type 2 diabetes mellitus 

(208), and non-alcoholic fatty liver disease (209), as well as in malignancy (210). In the 

context of inflammatory skin diseases, GLUT1 upregulation and enhanced glycolytic 

activity have been most extensively characterized in psoriasis, where GLUT1 

expression has been shown to positively correlate with disease activity (97). Our study 

addressed the analogous but previously unexplored question of whether a similar 

metabolic reprogramming occurs in CLE lesional skin. 

We observed a statistically significant increase in GLUT1 expression in lesional 

keratinocytes from CLE patients compared to healthy controls. The upregulation of 

glucose transporters was consistent across both SCLE and DLE subtypes. These 

observations suggest that enhanced keratinocyte glucose uptake might represent a 

shared metabolic trait of active CLE, irrespective of subtype. An earlier study also 

documented elevated GLUT1 expression in CLE lesional skin, although the cohort 

consisted predominantly of ChLE cases. The analysis of a rare clinical presentation 

limits the generalizability of these findings to more prevalent subtypes of CLE (211).  

To characterize the activation of the IFN-I pathway in CLE lesional skin, we next 

assessed MxA expression in both keratinocytes and dermal infiltrating lymphocytes. 

MxA was significantly elevated in both cell populations compared to healthy controls. 

These results align with previously published data of elevated MxA expression in CLE 

skin (60). Notably, we did not observe a significant difference in MxA expression 

between SCLE and DLE samples in either cell population, which is consistent with the 

subtype-independent pattern observed for GLUT1. We also identified a significant 
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positive correlation between GLUT1 expression and MxA expression in both 

keratinocytes and infiltrating lymphocytes. This correlation suggests that enhanced 

glucose uptake is mechanistically linked to the hallmark inflammatory cascade of CLE. 

We validated these findings through correlational analyses of publicly available 

transcriptional databases. SLC2A1 and MX1 mRNA expression correlated significantly 

across cancer cell lines and keratinocyte datasets, which suggests a possible 

co-regulation of the two genes. The absence of a statistically significant correlation in 

the GSE109248 dataset of different CLE subtypes and healthy controls is likely due to 

the restricted sample size paired with the limitations inherent to bulk RNA sequencing. 

Bulk transcriptomic profiling of skin biopsies captures an averaged signal across 

heterogeneous cell populations. Cell-specific associations may therefore be masked, 

unlike in cell line datasets or immunohistochemical analyses. 

The significant positive correlation between keratinocyte GLUT1 expression and 

disease activity, measured by the CLASI-A score, further supports the clinical relevance 

of our findings. The association between enhanced glucose uptake and disease activity 

suggests that glycolytic reprogramming might be an active contributor to cutaneous 

inflammation in CLE. A previous study has shown that pharmacological GLUT1 

inhibition suppresses inflammatory gene expression in psoriatic skin and reduces 

inflammatory cell infiltration in murine models (92). These preclinical findings raise the 

possibility that targeting GLUT1 could be beneficial in CLE. 

Keratinocyte MxA expression also correlated with disease activity, albeit more 

modestly. Lymphocyte MxA expression did not correlate significantly with the 

CLASI-A scores. The lack of positive correlation between the activation of the IFN-I 

pathway in dermal infiltrating lymphocytes and disease activity may reflect the 

predominant role of keratinocytes as major drivers of the local inflammatory 

microenvironment in CLE lesional skin. This is consistent with the emerging 

recognition of these cells as active contributors to cutaneous inflammation rather than 

passive targets of cytotoxic injury  (62, 63). Activated keratinocytes and immune cells 

have been shown to share common metabolic programs, including an elevated 

glycolytic state and increased expression of key metabolic regulators such as 

mechanistic target of rapamycin (mTOR) and HIF-1α (212). Our findings suggest that a 

similar metabolic reprogramming may also occur in CLE lesional skin. 

63 
 



 
9.1.2. Study II 
 
The clinical management of CLE remains a profound challenge. There have been recent 

advances in the understanding of the different molecular mechanisms driving cutaneous 

inflammation, yet the precise pathomechanism of the disease has not been fully 

characterized. A substantial proportion of patients remain resistant to available 

therapies, and this is further complicated by the several subtypes of CLE that respond 

differently to treatment (1, 2). The FDA has yet to approve a therapy with a specific 

indication for CLE, and clinical practice relies largely on guidelines that have not been 

updated in recent years. A growing number of novel targeted therapies have been 

investigated in CLE and SLE with mucocutaneous involvement, however, direct 

comparative efficacy and safety data are scarce. Consensus on the integration of these 

novel therapies into treatment guidelines for CLE remains limited.  

The present systematic review and meta-analysis provides the first comprehensive 

head-to-head comparison of novel therapeutic agents in CLE. By synthesizing data from 

53 publications, including 21 RCTs, alongside observational studies, case series, and 

case reports, this study provides an extensive comparative analysis of the efficacy and 

safety of novel therapies in CLE. 

Deucravacitinib, an allosteric TYK2 inhibitor, was the most effective of all investigated 

novel therapies. Patients receiving deucravacitinib were more than eight times more 

likely to achieve a CLASI50 response than those on placebo. TYK2 inhibition 

suppresses multiple cytokine signaling pathways, including IFN-I, IL-6, IL-12, IL-17, 

IL-22, and IL-23. All of these are implicated in SLE and CLE pathogenesis, which may 

explain the superior efficacy of deucravacitinib (213-216). Beyond its inhibitory effects 

on cytokine signaling, TYK2 inhibition has been shown to restore the Tfh/Treg imbalance 

observed in SLE, while modulating Th1, Th17, B cell, and myeloid cell function (217, 

218). Additionally, deucravacitinib has been reported to suppress the expression of a 

broad range of pro-inflammatory genes in T cells isolated from CLE skin biopsies and 

in ex vivo CLE skin samples (219). Crucially, this superior efficacy of deucravacitinib 

was accompanied by a favorable safety profile, since there were no significant 

differences in the odds of AEs or SAEs compared to placebo. Although pan-JAK 

inhibitors have been recently associated with an elevated risk of major cardiovascular 
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events, venous thromboembolism, and malignancies, TYK2 inhibition does not 

modulate hematopoietic or thrombopoietic signaling pathways (220, 221). This 

selectivity may explain the favorable safety profile of deucravacitinib compared to 

broader JAK inhibition. 

Besides deucravacitinib, litifilimab and anifrolumab also demonstrated significant 

superiority over placebo. Both agents target the IFN-I pathway, the most extensively 

characterized driver of inflammation in CLE and SLE. Anifrolumab directly blocks 

IFN-I signaling through IFNAR1 inhibition, while litifilimab suppresses IFN-I, IL-6, 

and TNF-α release by targeting BDCA2 on pDCs (222-224).  

Among the therapies investigated in this analysis, belimumab and anifrolumab are the 

only two that have been incorporated into current SLE treatment guidelines. The 2023 

updated EULAR recommendations for SLE suggest the use of both agents in patients 

with extrarenal disease, non-major organ involvement, and significant mucocutaneous 

manifestations (107). The 2025 ACR guidelines for the management of SLE 

recommend belimumab and anifrolumab in moderate-to-severe mucocutaneous 

involvement refractory to first-line therapy. A preference for anifrolumab is noted based 

on the more extensive clinical experience on its use, the rapid onset of its effect, and 

superior response rates (108). Despite the encouraging evidence on anifrolumab, it is 

not yet incorporated into any CLE guidelines. Litifilimab and deucravacitinib are not 

included in any available treatment recommendations for SLE or CLE. 

The inferior performance of baricitinib compared to deucravacitinib and litifilimab 

warrants careful consideration. Patients treated with baricitinib had significantly lower 

odds of achieving the CLASI50. The highest SAE rate was observed in patients treated 

with baricitinib. These results are consistent with the class-wide pharmacovigilance 

concerns that have emerged for JAK inhibitors, suggesting that the risk-benefit profile 

of baricitinib may be less favorable compared to other available novel agents in CLE 

(225, 226). 

 
9.2. Strengths 
 
9.2.1. Study I 
 
To the best of our knowledge, this study is the first to characterize the relationship 

between upregulated glucose uptake, the activation of the IFN-I system, and clinical 
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disease activity in CLE. A large, well-documented patient cohort supports the validity 

of these findings. Our results from the immunohistochemical analysis are further 

supported by consistent results across multiple independent transcriptomic datasets. The 

restriction of all samples to active, untreated lesional skin from patients free of systemic 

immunosuppressive therapy at the time of biopsy minimizes potential pharmacological 

confounding factors and enhances the interpretability of the results. 

 
9.2.2. Study II 
 
This systematic review and meta-analysis carries several strengths. To the best of our 

knowledge, this is the first head-to-head comparison of novel therapeutic agents in 

CLE. The application of a network meta-analysis enables a multi-treatment comparison 

of novel biologics and small molecules, generating an evidence-based ranking of 

efficacy and safety across the investigated interventions. The inclusion of a large and 

diverse patient population enhances the generalizability of our findings to everyday 

clinical practice.  
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9.3. Limitations 
 
9.3.1. Study I 
 
Our main limitation is that immunohistochemistry provides a semi-quantitative 

assessment of protein expression and does not capture the dynamic nature of the 

metabolome within lesional tissue. Less prevalent CLE subtypes were not included in 

the analysis, which limits the generalizability of our findings across the full clinical 

spectrum of the disease. Another of our limitations is that sun exposure history, smoking 

status, and disease duration were not adjusted for in the analyses. All of these factors 

may independently influence GLUT1 expression and disease activity. 

 
9.3.2. Study II 
 
One of the main limitations of this study is that the evidence base relies predominantly 

on indirect comparisons. Comparative trials of novel therapies in CLE are currently 

absent, which limits the certainty of our comparative efficacy outcomes. We also 

observed significant variations in the reporting of the CLASI outcome, which restricted 

the data available for quantitative pooling. This might introduce inconsistency across 

the findings. Another limitation is that the majority of included studies did not report 

data stratified by CLE subtype. The lack of this data prevented subgroup analyses based 

on different clinical presentations of the disease. Finally, it should be noted that the 

evidence base for deucravacitinib currently consists of a single phase 2 trial. Larger 

phase 3 studies are needed to confirm these findings.  
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10. CONCLUSION 
 
10.1. Study I 
 
To our knowledge, this is the first study to establish a link between upregulated glucose 

metabolism, IFN-I pathway overactivation, and clinical disease activity in CLE. Our 

results may advance our understanding of cutaneous immunometabolism and CLE 

pathogenesis. These findings might also highlight novel therapeutic targets and 

anti-inflammatory strategies that modulate metabolic pathways. 

 
10.2. Study II 
 
Deucravacitinib, anifrolumab, and litifilimab were the most effective novel therapies in 

reducing CLE disease activity. This robust efficacy was achieved with a favourable 

safety profile. Deucravacitinib may therefore represent a valuable option for patients 

with treatment-resistant CLE. Given the extensive clinical experience with anifrolumab 

and the robust efficacy demonstrated by deucravacitinib, both therapies might warrant 

inclusion into future CLE-specific treatment guidelines.  
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11. IMPLEMENTATION FOR PRACTICE 
 
11.1. Study I 
 
Our study expands the knowledge of immunometabolism in CLE. While the role of 

immunometabolism in this disease had not been characterized before, several studies 

are already investigating the efficacy of targeting metabolic pathways as an 

anti-inflammatory strategy in other conditions (167). Novel interventions that modify 

the metabolic state of immune cells or keratinocytes might therefore prove effective in 

CLE. The significant upregulation of GLUT1 in CLE lesional skin also raises the 

possibility that GLUT1 expression could serve as a biomarker of disease activity and 

response to specific therapies. The identification of reliable biomarkers for treatment 

response could contribute to a personalized therapeutic approach in CLE. 

 
11.2. Study II 
 
The early incorporation of emerging clinical evidence into updated treatment guidelines 

is essential to ensure that patients with CLE have access to the most effective and safe 

therapeutic options (227, 228). Deucravacitinib showed superior efficacy in our 

analysis. It is not yet approved for SLE or CLE and is absent from both the 2023 

EULAR and 2025 ACR guidelines for SLE, as well as from existing CLE treatment 

guidelines. Should these findings be validated in larger, dedicated CLE trials, 

deucravacitinib and TYK2 inhibition as a broader therapeutic strategy may represent a 

significant advancement in the management of LE with mucocutaneous involvement. 

The continued use of anifrolumab in clinical practice is supported by its significant 

efficacy and a favorable safety profile. Anifrolumab should be considered for inclusion 

in future CLE guidelines.  
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12. IMPLEMENTATION FOR RESEARCH 
 
12.1. Study I 
 
Further investigation of other metabolic pathways in CLE lesional skin would be 

valuable, including amino acid and fatty acid metabolism. Such analyses would 

comprehensively map the interplay between the metabolome and the immune system 

and explore their contribution to CLE disease activity. Single-cell sequencing and 

precision metabolomics approaches, such as liquid chromatography-mass spectrometry, 

could uncover these relationships at the cellular level. Including less prevalent CLE 

subtypes in future studies would provide a more comprehensive insight into the 

alterations of immunometabolism across the full clinical spectrum of the disease. 

Finally, the comparison of glucose metabolism between lesional and non-lesional skin 

from CLE patients would be of particular interest to clarify whether aberrant glucose 

metabolism drives the development of cutaneous lesions, sustains active inflammation, 

or both. 

 
12.2. Study II 
 
Skin-specific outcomes, such as the CLASI, are currently used as secondary endpoints 

in most SLE trials. Their adoption as primary endpoints in future RCTs would enable 

direct assessment of cutaneous efficacy and could support approval of novel therapies 

for CLE-specific indications. Unified, validated outcome measures across trials would 

also improve the comparability of results and allow for a more robust quantitative 

synthesis in future meta-analyses. Future trials should uniformly report the CLE 

subtypes of included patients. This would make subtype-specific analyses possible and 

help determine whether the response to treatment differs across clinical presentations. 

Beyond trial design, several additional research implications emerge from the present 

analysis. Given that deucravacitinib demonstrated the most robust efficacy in this 

analysis based on a single phase 2 trial, confirmation from dedicated phase 3 trials in 

CLE is urgently needed. Finally, long-term follow-up data on both efficacy and safety 

are needed for the majority of the investgated novel therapies. Most of the available 

evidence is derived from trials with relatively short follow-up, limiting the assessment 

of sustained treatment response and long-term safety.  
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13. IMPLEMENTATION FOR POLICYMAKERS 
 
CLE imposes a significant burden on both patients and healthcare systems. The 

relapsing course of the disease, permanent scarring, and treatment resistance 

significantly decrease the quality of life of affected individuals. Policymakers should 

therefore make the effective management of CLE a priority. 

Some patients with isolated CLE will develop SLE over time, and this risk is not always 

adequately recognized. Standardized screening for systemic involvement is needed to 

prevent delayed diagnosis and organ damage. Although follow-up protocols exist in 

most healthcare settings, the interdisciplinary management of CLE is inconsistent. The 

management of patients with refractory disease or concurrent systemic involvement 

requires close collaboration among dermatology, rheumatology, and other relevant 

specialties to ensure that patients receive adequate and personalized treatment. 

Updated, CLE-specific treatment guidelines that reflect the growing evidence on novel 

targeted therapies are urgently needed. Professional societies play a key role in the 

synthesis of emerging clinical evidence and its translation into clear, regularly updated 

recommendations. Regular guideline updates would standardize clinical practice and 

ensure that patients have access to the most effective therapeutic options. 
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14. FUTURE PERSPECTIVES 
 
Advanced research technologies are rapidly developing. These advances may uncover 

the precise cellular and molecular drivers of cutaneous inflammation in CLE and lead to 

the identification of novel therapeutic targets. The recognition of immunometabolism as 

a driver of autoimmune pathogenesis opens a previously unexplored avenue for 

therapeutic intervention that may complement or enhance existing targeted strategies.
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