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Editorial on the Research Topic
 Targeted immunological therapies in dermatology




Cutaneous inflammation, particularly for chronic inflammatory diseases such as eczema and psoriasis are traditionally treated with corticosteroids to control ongoing inflammation. However, prolonged usage of steroids can lead to various side-effects such as thinning of skin, stretch marks or easy bruising. Prolonged suppression of the immune system may also result in secondary infections, driving more inflammation. Next-generation targeted immunological therapies can thus provide an alternative way for us to treat cutaneous inflammation in a more precise manner; these therapies are often wide-ranging in nature, encompassing biologics, small-molecule inhibitors, or RNA-based therapeutics.

Our Research Topic has two key focuses: firstly, we explore how the immune environment and response could contribute to disease pathogenesis; secondly, we dive into the different immunotherapies available for cutaneous diseases, and their associated efficacies, toxicities, and safety profiles.

In the first half of the topic, Chen et al. review how interplay between keratinocytes, the epithelial immune microenvironment and nerves may contribute to psoriasis pathogenesis. Separately, Yamamura et al. also undertake a comprehensive review of cytokines involved in pathogenesis of atopic dermatitis in both mice and humans, simultaneously taking into account publicly available negative clinical trial data to evaluate the importance of certain cytokines clinically.

Wang et al. further explore how actinic keratosis can be caused by factors such as chronic inflammation, oxidative stress, immunosuppression and human papillomavirus infection in addition to mutagenesis and prolonged ultraviolet radiation exposure. At the same time, Lim et al. use in vivo optical coherence tomography imaging of patients suffering from idiopathic itch to identify the cause as partial sweat duct obstruction, which resolves partially with retinoid treatment.

In the second half, the articles delve into the plethora of immunotherapies available for hair loss for alopecia areata and androgenetic alopecia; psoriasis and melanoma, discussing the associated efficacies, toxicities, and safety profiles. Hair loss is associated with collapse of immune privilege of the hair follicle, and Toh and Wang discuss how immunosuppression using Janus kinase (JAK) inhibitors, statins and a low dose of interleukin-2 to expand T regulatory populations can be used to restore immune privilege in the hair follicle. Identifying latent infections such as tuberculosis, hepatitis or human immunodeficiency in patients suffering from alopecia areata is also crucial prior to initiating JAK inhibitor treatment, and Huang et al. conduct a retrospective screening study in Changsha, China to identify understand the frequency of such infections in the patient population.

To evaluate the efficacy of different immunotherapies for genital warts, condyloma acuminatum, which arises from human papillomavirus infection, Liu and Qi carry out a network meta-analysis comparing 8 different randomized controlled trials, subsequently concluding that treatment with the Bacillus Calmette-Guerin (BCG) vaccine is most efficacious, which could be due to the induction of the T helper 1 response to BCG which can aid in eliminating viral infection. Simultaneously, Ito et al. carry out a single-center retrospective study in Japan to understand how safe extended interval dosing of anti-programmed death-1 (PD-1) therapy is in Asian patients with melanoma by analyzing the immune-related adverse events. The long-term efficacy and safety of anti-interleukin-23 monoclonal antibody, guselkumab, for plaque psoriasis treatment was also assessed in a single-center retrospective trial in Chinese patients by Zheng et al.. Lastly, EGFRI are likely to induce skin irritation in the form of papulopustular rash through increased cytokine secretion to induce an inflammatory infiltrate. Hence, to obtain a better understanding of cutaneous toxicity associated with epidermal growth factor receptor inhibitors (EGFRI), Dan et al. carried out a disproportionality analysis on data from the FDA adverse event reporting system database (FAERS) for different types of EGFRIs and found that most adverse events occur within the first few days to 2 months.

This Research Topic highlights the transformative potential of targeted immunological therapies in treating cutaneous diseases. By delving into the mechanisms of disease pathogenesis and exploring innovative treatments like JAK inhibitors and monoclonal antibodies, the featured research underscores a shift toward more precise and effective interventions. These advancements promise not only reduced side effects but also enhanced efficacy in certain conditions, heralding a new era in dermatological care.
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The skin is the outermost barrier that separates the human body from the external environment. In psoriasis, immune cells reside within or infiltrate the epidermis to form the epidermal (epithelial) immunological microenvironment (EIME) and engage in complex interactions with keratinocytes, nerves, and microbiota. The proposed hypothesis is that psoriasis is a chronic inflammatory disease mainly mediated by a specific inflammatory environment composed of keratinocyte–neuro–immune cell units (KNICUs). These KNICUs arise from the interaction between activated epidermal keratinocytes, nerves, immune cells, and the skin microbiota, forming a complex interaction framework. Multiple units gather to complete the circulatory and amplified loops, consequently serving as a group army to initiate and maintain psoriasis.
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Highlights

- The immune and non-immune responses of the skin are composed largely of the EIME in the epidermis of psoriasis.

- Neuro-immune cell units (NICUs) have emerged as important structures in complicated processes such as inflammation in psoriasis.

- Keratinocytes are a trigger of inflammation in psoriasis.

- Psoriasis is mediated by a specific inflammatory environment composed of keratinocyte–neuro–immune cell units (KNICUs).



1. Introduction

The skin is the body's outermost barrier against environmental stressors, such as physical, chemical, and microbial agents. Within the skin, immune cells are present, encountering and responding to a myriad of inflammatory challenges (1). These cells are found in the epidermis, dermis, and subcutaneous fat. The epidermis comprises various cell types, such as keratinocytes, melanocytes, Langerhans cells (LCs), and other immune cells. Among those cells, LCs are considered the main skin-resident immune cells and antigen-presenting cells (APCs), located in the interfollicular epidermis and the epithelium of the hair follicles, while T cells, mainly CD8+ T cells, dendritic cells (DCs), and macrophages, are also involved in the network of APCs in recent research (2, 3). γδ T cells and CD8+ resident memory T cells (TRMs) are believed to be two specific T cells. CD8+ TRM cells comprise non-circulating cells and have been identified to be caused by skin inflammation, which can be found in the stratum basal and stratum spinosum; these cells have also been discovered in the non-lymphoid organs, including the skin, where they can persist for an extended period of time (1). Immune cell populations in the skin predominantly consist of DCs and macrophages. However, the specific subtypes of DCs and their precise roles in the development of diseases are not yet fully understood. Subset-defining markers could be achieved by advances in single-cell separation technology.

Another evolving theory is that the skin immune responses are composed largely of the EIME in the epidermis of psoriasis. Epidermal cells not only secrete their cellular contents but also detect foreign and danger signals and then produce specific immune responses (4). Subsequent DC responses are also significant for inflammation (5). In addition, the epidermis and other factors, especially the microbiota and the peripheral nerves, contribute to the components of EIME in chronic inflammatory diseases (6).

Psoriasis is a chronic immunogenetic skin disease that affects ~1–3% of the population worldwide (7–9). However, the pathogenesis of psoriasis is still unknown. Historically, a prevailing theory indicates that excessive thickening of the epidermis in psoriasis is related to the abnormal proliferation of keratinocytes (10). Recently, neuroinflammation has been believed to be an important pathogenic element. Besides, the epidermis was considered the earliest stage of an inflammatory process (11), such as the pathogenic IL-17 loop. Keratinocytes are not only progenitors of the barrier but also participants in the innate immune system in the epidermis (1).

In contrast, the dermis is where immune cells and non-immune components interact (6, 12). However, recent research has identified the significance of keratinocytes as sensors of danger through the inflammasome systems in psoriasis (2). Furthermore, keratinocytes express several different pattern recognition receptors and produce a larger number of cytokines.

Neuro-immune cell units (NICUs) are anatomical units that exist at the interface of the immune and nervous systems, both in the states of health and when suffering from a disease (13). Clinical studies have identified that the peripheral nerves play a key role in the development of psoriatic lesions and that the injection of botulinum toxin type A is an effective treatment for psoriatic patients (14). In imiquimod-induced mice, skin inflammation was reduced by inhibiting the TRPV1+ sensory nerves (15). Besides, silencing sensory neuron-expressed transient receptor potential channel 4 (TRPC4) can induce psoriatic itch in the same mouse model (16).

Therefore, it is necessary to consider that the inflammatory reactions in the epidermis could be the center of immune responses and, together with NICUs, can be taken as one complete cycle to initiate the pathogenesis of psoriasis. The interaction of the epithelial tissue, immune system, and nerve systems completes each inflammatory loop, forming the huge circulatory inflammatory cycles in psoriasis.



2. Subsections


2.1. Epidermal (epithelial) immunological microenvironment

The skin is composed of the epidermis, dermis, and subcutaneous fat. It is presumed that the immune responses of the skin are determined and tightly associated with EIME in the epidermis and papillary dermis. There are two functional phases of EIME in the epidermis. First, keratinocytes are the body's barrier and can recognize dangers and external agents. Second, keratinocytes can amplify the immune reactions through EIME and produce cytokines that stimulate subsequent inflammation (6). Similarly, cytokines secreted by the immune cells can also affect the activation of non-immune cells, which together form an inflammatory network cycle.

Recent studies have reported three types of APCs present in the epidermis: LCs, inflammatory dendritic epidermal cells (IDECs), and monocyte-derived LC-like cells (17). IDECs and LC-like cells have been shown to be present in both steady and inflammatory states, but they increase more under inflammatory conditions such as atopic dermatitis and psoriasis (17). However, some studies have illustrated that LC is one type of dendritic epidermal cell, which includes four types. Among these, aLC/migLC (active LCs/migratory LCs) from the psoriatic skin showed higher expression of inflammation-associated molecules (18). Epidermal DCs are CCR2+ DCs, which are exclusively confined to psoriatic lesions and express different defining markers from dermal DCs (19). Other DCs found that CD1c+CD11b+ epidermal conventional type 2 DCs (cDC2s), CD141+ cDC1s, and BDCA2+ plasmacytoid DCs (pDCs) also played a significant role in psoriatic epidermis by using cyTOF (20). Thus, dendritic-like cells in psoriatic lesions are still inconsistent.

A review proposed that epithelial TRAF6, a type of ubiquitin E3 ligase, was associated with the immune responses and drove the inflammatory loops of IL-17 in the type 17 EIME in psoriasis, which also indicated the disordered homeostasis of epidermal NF-κB and MAPK signaling pathways. These were crucial for organizing the psoriatic EIME (4). Besides, neutrophil accumulation in the epidermis was the most important contributor to psoriatic EIME (6). The epidermal immune environment was more important and coincided with the inflammation occurring during psoriasis. EIME plays a dominant role in psoriasis, including psoriatic CD1c+CD11b+ epidermal cDC2s, CD141+ cDC1s, and BDCA2+pDCs (20). However, the specific role of immune cells and keratinocytes in psoriatic EIME is still not fully understood.



2.2. Immune cells in psoriatic skin
 
2.2.1. DCs and epidermal DCs

A significant increase in DCs has been discovered both in the epidermis and the dermis in psoriatic lesions. DCs are typically classified into four groups: epidermal LCs, cDCs, plasmacytoid DCs (pDCs), and monocyte-derived DCs. Some types of DCs, such as TNF- and iNOS-producing DCs (Tip-DCs), slanDCs, and pDCs, are typically absent. However, in psoriatic skin, these DC types have been observed to primarily infiltrate the dermal component, but little is known about the specific classified types of DC in the epidermis of psoriasis (21). DCs have been believed to play a pivotal role in connecting innate immunity with adaptive immunity, which expresses TLRs and can sense danger signals from external agents. Besides, DCs are the source of IL-23 and TNF-a, which appear to have a central role in psoriasis pathogenesis (21). TLR stimulation can lead to the activation and maturation of DC, which are identified by the expression of costimulatory molecules and the secretion of cytokines (21).

Immune cell populations in the skin are dominated by DCs and macrophages (3). In an imiquimod-induced mouse model, in which MYD88 was only expressed by CD11c+ immune cells, the mice exhibited distinct psoriatic phenotypes compared to wild-type mice. These findings suggest that CD11c+ DCs are significant in psoriatic mice (22). Similarly, CD207− DCs could produce IL-23 to stimulate dermal T cells to secrete IL-17 and IL-22 (23).

eDCs are CCR2+ DCs. They exceeded the number of LCs. The lesion would display an accumulation of neutrophils, the proliferation of keratinocytes, and the activation of T cells (19). These eDCs are capable of secreting IL-1β, IL-23, and TNF. Furthermore, research conducted by others has revealed the phenotypic and functional properties of eDCs and resident LCs in psoriasis. These cells play a role in amplifying the epidermal microenvironment through the secretion of IL-17 cytokines (24). eDCs have been observed to establish direct contact with hyperproliferative keratinocytes, a phenomenon that is strictly confined to active disease. Among the specific groups of eDCs involved, there may be cDC2s, CD141+ cDC1s, and BDCA2+pDCs (20). However, research on these eDC subsets in the context of psoriasis is still limited, emphasizing the need for further in-depth research in this area.



2.2.2. Langerhans cells

A growing body of evidence has brought the identity of LCs into question, suggesting that they may originate from macrophage subsets rather than DC lineages, as previously presumed (17). LCs are currently reported as a specialized lineage of tissue-resident macrophages (25). However, the specific role that LCs play in the pathogenesis of psoriasis remains controversial (21, 23, 26–29). One study illustrated that LCs have an anti-inflammatory role during the process of psoriatic disease (21).

Other studies have reported that the migration of LC in non-lesional psoriatic skin is dependent on the IL-17 stimulation of keratinocytes. The inhibition of IL-17 has been found to restore normal LC migration. Besides, LCs have been shown to produce IL-23 and are required for the development of IMQ-induced psoriasis-like lesions (27). These studies, along with others, indicate that LCs may be truly involved in the pathogenesis of psoriasis (30, 31).



2.2.3. Dendritic epidermal T cells

In the normal murine epidermis, the shape of several cell populations is included, including DETCs and epidermal lymphoid cells (ELCs) (32). DETCs are intraepithelial γδ T cells, which are identified by expressing Vγ5Vδ1 and have restrictive functions (33). The abilities of DETCs include inflammation modulation, cutaneous neoplasia protection, and skin wound healing (34, 35). The population of DETCs increases throughout adulthood until it reaches its peak, after which it remains stable (36). In the epidermis, DETCs could recognize a specific self-antigen that is restricted to damaged, stressed, or transformed keratinocytes (37). It is well-established that DETCs are potent IFN-γ-producing cells and that DETCs produce IL-17A upon TCR activation and in response to skin injury (38).

Human γδ T cells were only a small proportion of the total T cells in the dermis (2–9%) and the epidermis (1–10%), while in mice, DETCs account for more than 90% of epidermal T cells. DETCs are believed to negatively regulate αβ T cell-induced inflammation, thus contributing to local immune surveillance and immunoregulation, whereas αβ T cells promote skin tumor responses (39).



2.2.4. Tissue-resident memory T cells

TRMs are a novel non-circulatory T-cell subset that provides protective memory responses, maintaining long-term residence in the barrier tissues. Cutaneous CD8+ TRMs reside in the epidermis and can last for approximately 1 year, whereas lung TRMs only last for 1 month. They are also considered to mediate autoimmune diseases such as vitiligo (40). The definition of TRMs is the expression of CD69 in the absence of CD62L and the expression of TRM-associated molecules such as CXCR6 and CD103 or the transcription factor Hobit (41). The characterized marker of TRMs is CD44+ CD62L− CD69+. TRMs can be distinguished from circulating lymphocytes by characteristically expressing CD69. Recent articles have reported that skin TRMs in mice persist for more than 1 year. However, lung TRMs last for only a few months (1). Although CD8+ TRMs have been well-defined, CD4+ TRMs, especially skin-resident memory Th17 cells, are still being identified. TRMs start a tissue-wide state of alert when recognizing their cognate antigen. They have the ability to recruit other immune cells to the site of infection (41).

In psoriasis, the skin affected by the condition displays an accumulation of IL-17-producing CD49a− TRMS (42). TRMs derived from the skin are enhanced in the circulation of patients with PsA compared to patients with psoriasis alone (43).




2.3. Keratinocytes in psoriasis

The previous pathogenesis of psoriasis was presumed to, in accordance with inflammatory exudates in the dermis, be mainly composed of neutrophils, dendritic cells, T cells, and macrophages (44). The functions of the dermal immune cells have been widely explored, but the roles of epithelial cells have not been fully understood. Thus, we conclude that the two main roles of keratinocytes in psoriasis are as follows:


2.3.1. Keratinocyte responses in psoriasis

The epidermis has been reported to be involved in determining the type of immune responses (6). Within the epidermis, keratinocytes, which are components of the innate immune system, express specific receptors and secrete cytokines. These cytokines include IL-6, IL-10, IL-18, IL-33, other IL-1 family members, thymic stromal lymphopoietin (TSLP), and tumor necrosis factor (TNF). Keratinocytes release these cytokines when the skin is inflamed (45). In addition, keratinocytes produce innate inflammatory mediators such as antimicrobial peptides (AMPs). AMPs have been found to be present at high levels in psoriatic lesions, which is related to the lack of skin infection in these patients. Moreover, keratinocytes can produce the cathelicidin antimicrobial peptide LL37 and thus break the self-tolerance mechanisms in psoriasis patients (2).



2.3.2. Keratinocytes as a trigger of inflammation in psoriasis

Several studies have demonstrated that interlukin-17 (IL-17)-induced skin inflammation is targeted at keratinocytes (46). Th17 cytokines could activate keratinocytes in the inflammatory psoriasis loop and promote the release of more mediators such as CCL20. The production of neutrophil chemokines (CXCL1 and CXCL2) is one of the important roles of keratinocytes (47). In the pathogenesis of psoriasis, the DC responses might be stimulated by the abnormally dying keratinocytes in the stratum corneum. In addition, epidermal keratinocytes express several types of TLRs (48). TLR7 can be activated by stimulating TLR3 in keratinocytes, which is the most important signaling pathway in imiquimod-induced mice (49). Inhibiting the formation of isoleucyl-TRNA synthetase (IARS) in the epidermis may block the infiltration of immune cells in patients with psoriasis (50). A recent study by Moos et al. confirmed that the crosstalk between T cells, which produce IL-17, and keratinocytes facilitated the immune and non-immune responses that drove epidermal hyperplasia and cutaneous inflammation, which were critically dependent on keratinocytes. Since reduced inflammatory responses occurred only in mice with a specific deletion of IL-17RA in keratinocytes (10, 51), more and more evidence has shown that keratinocytes may trigger the progression of psoriasis (52). However, the specific role of other immune cells in psoriasis is still unknown.




2.4. Interactions between the nerve and immune system in the epidermis

Cutaneous innervation is critical in the peripheral nervous system (53). Epithelial neuro-immune cell units (NICUs) refer to specific anatomical locations. Neuronal and immune cells in NICUs can colocalize and functionally interact to regulate tissue pathology and physiology. NICUs have become an important structure for complicated processes such as inflammation, wound repair, and angiogenesis (13). In fact, in the epidermis, there is a colocalization of NICUs. Some studies have indicated that keratinocyte proliferation could result from cell–cell communication between keratinocytes and nerves by adding nerves to an HSE (54). Moreover, cutaneous nerve fibers interact with epidermal keratinocytes and immunocytes in the progression of psoriasis (55). Interactions between neurons and immune responses are mostly mediated by soluble factors such as neurotransmitters, neuropeptides, and cytokines due to keratinocytes having receptors such as neurotransmitters (e.g., acetylcholine, dopamine, adrenaline), neuropeptides, and neurotrophins, which are closely related to the psychoneuroimmunologic mechanisms (56).



2.5. Interactions between keratinocytes and nerve systemin in psoriasis

Cutaneous nerves consist of sympathetic and several sensory fibers, and the role of each fiber type remains unclear (15). The skin organ acts as both a sensory interaction place and a barrier. It is not only innervated by abundant sensory nerves but also by a smaller number of autonomic nerve fibers. Neurons form mesh-like bundles in the dermis, and there are abundant ends of nerves in the epidermis. A large fraction of dermal DCs' close contact with neurons in whole-mount immune staining indicate that neurons may regulate DC functions. To date, the functions of peripheral neurons in regulating immune responses in the skin have been unknown. However, through research involving the genetic and pharmacological ablation of TRPV1-expressing sensory neurons, it has become evident that neurons play a vital role in regulating cutaneous immune responses. This research has provided valuable insights into the regulatory role of neurons in the skin's immune system. For instance, after the pharmacological inhibition of TRPV1+ sensory nerves, significant suppression of mouse skin inflammation induced by the TLR7 ligand by imiquimod occurs (15). Following nerve deletion, IL-23-producing DCs in the dermis are reduced in imiquimod-induced inflammatory skin, and thus, the IL-17-releasing γδ T cells are clearly decreased (57). TRPV1+ sensory nociceptors directly recognize fungal agents in the Candida albicans infection model and then release calcitonin gene-related peptide (CGRP). Moreover, the production of IL-23 by CD301b+ DCs could be upregulated by CGRP, which in turn drives dermal γδ T cells to produce IL-17A (1). These results illustrated the possible interaction between keratinocytes and neurosystemin in psoriasis patients.




3. Discussion

Based on the participation of EIME and NICUs in the pathogenesis of psoriasis, we proposed the concept of KNICUs in the epidermis, which could contribute to the establishment of an inflammatory environment where a large number of KNICUs interact with each other and subsequently perpetuate an inflammatory cycle in psoriasis. To substantiate this assumption, we need to fully understand the intrinsic mechanisms of KNICUs in all psoriasis types and phases, as shown in Figure 1.
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FIGURE 1
 Skin anatomy and formation of keratinocyte–neuro–immune cell units, KNICUs. In psoriasis lesional skin loss, resident immune cells are largely activated. Dermal immune cells are immersed in the epidermis, with epidermal nerve fiber distribution increasing, which results in the abnormal proliferation of cells and the release of inflammatory factors. These cytokine factors, immune cells, and nerve fiber receptors—the three factors of the epidermis—form cell–neuro–immune cell units (keratinocyte–neuro–immune cell units, KNICUs). These constitute a complex feedback loop and cascade amplification effect, which plays a vital role in the development of psoriasis.


In the past two decades, the pathogenesis of psoriasis has closely correlated with the functions of keratinocytes. Increasing evidence revealed that keratinocytes act as executors to actively participate in an immune-micro network interconnected by cytokines (56). The importance of keratinocytes in psoriasis leads to several new treatments and also raises new questions. For example, is it sufficient to target keratinocytes alone to induce psoriatic inflammation?

In the mouse model, TRPV1+ neuron activation in the skin was enough to initiate local type 17 immunity that augmented local host defense in mice, and type 17 innate immune responses achieved regional anticipatory immunity through the nerve (58). In addition, TRPV1 knockout mice treated with IMQ suggest a significant reduction in skin inflammation and barrier defects (59). The evidence showed that the interaction between nerves and immune cells is tightly associated with imiquimod-induced mice. However, the role of type 17 cytokines in the positive feedback loop of sensory nerves in psoriasis is still not fully understood.

We may obtain a deeper understanding of the mechanisms of cutaneous immune responses and of the pathogenesis of psoriasis by evaluating these points. Immune cells could express receptors for molecules derived from neuronal cells to respond to neuronal signals. Moreover, reciprocally, receptors for immune-derived cytokines and neurotransmitters are expressed by neurons. Hence, immune cells and neurons may interact with keratinocytes in psoriasis. Cytokine factors, immune cells, and nerve fiber receptors, the three factors of the epidermis, may form cell-neuro-immune cell units (keratinocyte-neuro-immune cell units, KNICUs). These constitute a complex feedback loop and cascade amplification effect, which are important to the development of psoriasis.
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Background: Chronic pruritus of unknown origin (CPUO) is poorly understood and lacks effective treatment options.

Objectives: We aimed to elucidate abnormalities in the sweat apparatus of patients with CPUO, and to assess efficacy and safety of treatment with systemic retinoids.

Methods: An initial case–control study included 20 affected patients and five healthy controls, for whom heat and sweating were induced, either through a standardized exercise protocol or ingestion of hot water. In vivo high-definition optical coherence tomography, whole-body starch-iodine testing, and skin biopsy for immunofluorescence staining were done to evaluate for sweat duct obstruction. A subsequent retrospective cohort analysis included 56 patients with CPUO, seen at an Itch subspecialty clinic of a single tertiary referral centre, who failed conventional treatments and were treated with isotretinoin and/or acitretin from May 2014 to November 2020. Treatment response to retinoids was defined as a sustained reduction in itch score of ≥2/10. Safety was assessed by proportion stopping treatment due to side effects.

Results: In vivo imaging in 19 (95%) patients revealed features of partial keratinaceous sweat duct obstruction with statistically significant luminal dilatation compared to controls. Immunofluorescence studies of three patients’ paired lesional/non-lesional biopsies revealed dermcidin accumulation within sweat glands coupled with dermcidin leakage in itchy skin. Fifty-six patients (mean [SD] age 55.2 [17.5] years, 69.6% male) were treated with systemic retinoids. Mean (SD) duration of itch was 116.3 (140.4) months and mean (SD) itch score was 8.2 (1.8). Forty-one (73.2%) initially received isotretinoin, and 15 (26.8%) acitretin. At three months, mean itch score reduced by 2.38 (95% CI -3.2 to −1.6, p < 0.0001). Thirty-eight (67.9%) had a sustained response. Eight (14.81%) achieved an itch score of 0 or 1, with four stopping treatment for a mean (SD) of 318.5 (291.2) days without relapse. Eight (14.3%) stopped or switched retinoid due to adverse effects, with similar incidences between both retinoids, the commonest being dryness.

Conclusion: Based on novel findings from physiological imaging studies identifying partial keratinaceous sweat duct obstruction in CPUO, we instituted systemic retinoid treatment to address the underlying pathology. In patients who failed conventional therapies, the treatment appears effective and safe.

KEYWORDS
 acitretin, dermcidin, imaging, isotretinoin, pruritus, retinoids, sweat


Introduction

The point prevalence of chronic pruritus, defined as itch lasting for longer than six weeks, is estimated to be 13.5% in the general adult population, with the highest prevalence amongst the elderly (1). In 8–15% of affected patients, no causation or known associations are found, and these patients are diagnosed to have chronic pruritus of unknown origin (CPUO) (2). The pathogenesis of CPUO is poorly understood and there is a paucity of effective treatment options. A systematic review revealed an absence of evidence for efficacious interventions, such as topical emollients, cooling lotions, corticosteroids, antidepressants, antihistamines, anticonvulsants, and phototherapy (3). The medical and psychosocial morbidity of this disease cannot be over-emphasized, with 18.5% of patients reporting suicidal ideations due to pruritus in the course of their disease (2). Thus, it is imperative to identify the key pathogenic mechanisms and to uncover effective treatments for CPUO.

In our previous study on isolated hypohidrosis, where patients are unable to sweat on more than 40% of the body surface area, we found the presence of hypo-refractile material below the stratum corneum together with dilated sweat ducts that were not present in healthy individuals using high-definition optical coherence tomography (HD-OCT) (4). These findings suggested that the sweat ducts were obstructed with consequent pooling of sweat in the epidermis. Subsequent histological analysis of patients’ skin biopsies revealed keratinaceous deposits in the superficial sweat ducts. More than 85% of these patients responded to treatment with systemic retinoids and remained well long term after stopping retinoid treatment, which was directed toward resolving the keratinaceous obstruction at the sweat orifices. Interestingly, more than 40% of these patients experienced itch, suggesting that itch could be associated with sweat orifical obstruction. Retinoids are known to reduce hyperkeratosis accounting for sweat duct obstruction, and have been demonstrated to reverse hypohidrosis and improve thermoregulation in congenital ichthyoses (5). This provides the scientific basis upon our investigation into the use of retinoids to resolve sweat duct blockage in itch.

Numerous previous studies have found the association between itch and sweat duct blockage. In 1947, Sulzberger published a finding of a blocked acrosyringium in a patient suffering from atopic dermatitis (AD), postulating that the blockage of the sweat duct is associated with the AD disease process (6). Similarly, parakeratotic plugging of the sweat duct was observed in lesional AD skin, with ductal distension following thermal initiation of sweating. More recently, Haque et al. and Allen et al. showed sweat duct blockage was caused by biofilm forming bacteria Staphylococcus epidermidis and is linked to miliaria, with 100% of 36 AD skin samples having blocked sweat ducts containing bacteria, together with associated inflammatory infiltrates (7, 8). Indeed, a commonly reported trigger of itch is the exposure to heat or initiation of sweating, during which there is stimulation of the sympathetic nervous system (9). Together, these studies suggest that obstruction of the acrosyringia can result in subclinical miliaria, inciting itching and scratching (8).

In our preliminary studies with non-invasive in vivo imaging using high-definition optical coherence tomography (HD-OCT) of individuals with CPUO, similar features of sweat duct obstruction were observed, akin to those observed in our patients suffering from hypohidrosis (4). We were therefore interested to study the relation between sweat duct abnormalities with reduction of sweat duct blockage using systemic retinoids. Hence, we aimed to elucidate abnormalities in the sweat apparatus of patients with CPUO using HD-OCT and immunofluorescence studies in biopsies from such patients and to investigate the efficacy and safety of treatment in CPUO patients using systemic retinoids to reduce sweat duct blockage in a retrospective cohort analysis. Supplementary Figure S1 depicts the respective studies performed on the subjects in our study.



Materials and methods


Clinical in vivo imaging

Patients with CPUO first underwent baseline noninvasive in vivo skin imaging using HD-OCT (Skintell®; Agfa, Belgium). Each image volume captures a 1.8 × 1.5 mm area of skin to a depth of 0.5 mm, in which slice and en face images can be simultaneously visualized, allowing for 3-dimensional assessment of the skin. Heat and sweat induction were subsequently performed by getting patients to exercise on a stationary bicycle for 20 min in a temperature- (30–33°C) and humidity-regulated (65–75%) room. For subjects who were unable to perform the exercise, heat stimulation was performed by asking them to drink hot water in a warm room (28–30°C), until they started sweating on any part of their body.

Subsequently, all the patients underwent repeat in vivo skin imaging using HD-OCT (Skintell®; Agfa, Belgium). These images were compared to HD-OCT skin images obtained from five healthy volunteers obtained at baseline and post-exercise. Four to six measurements of sweat duct lumen diameter and wall thickness were obtained for all participants, with the mean values for each subject recorded. One-way analysis of variance was used to assess for statistical differences in the means of the different patient groups.

Patients who could perform the cycling exercise also underwent a whole-body starch-iodine test, as described in our previous publication (10). This test is able to accurately identify if individuals are able to sweat on all skin areas. The presence of hypohidrosis is defined by the inability to sweat affecting >40% of body surface area, as previously described (11).

Three of the CPUO patients underwent two skin biopsies each, one obtained from an itchy region and another from an adjacent non-itchy region. Skin biopsies were cryosectioned and processed for indirect immunofluorescence staining with mouse monoclonal antibody (G-81) labeling for dermcidin (Santa Cruz), an anti-microbial peptide produced in sweat glands and imaged using the EVOS slide scanner (Thermo Scientific) at 20x magnification.



Retrospective study on retinoid treatment

In relation to our preliminary findings, we had routinely instituted treatment of CPUO using systemic retinoids for patients who have failed conventional therapies, in the attempt to regulate abnormalities in keratinization at the skin surface (12, 13). We performed a retrospective cohort analysis of all patients with a diagnosis of CPUO, managed in our subspecialty Itch Clinic, treated with systemic retinoids over a 6.5-year period between 16 May 2014 and 6 November 2020. Twenty of these patients had undergone in vivo skin imaging, as described in the section above, based on their willingness to undergo additional investigations. We included only patients with at least 6 weeks of itch and no clinically evident primary dermatological abnormalities (except for scratch-induced skin lesions). All patients had failed treatment with topical emollients and steroids, and at least three types of antihistamines from different generations at three to four times the recommended daily dosage. The patients had been treated with isotretinoin and/or acitretin off-label for their itch. We excluded patients who were unable to provide a numerical itch score, those diagnosed with a primary dermatosis or systemic disease accounting for their pruritus, and those who did not return for at least one follow-up visit after starting systemic retinoids.

Patient demographics, disease characteristics, verbalization of suicidal ideation, retinoid treatment doses and duration, and adverse effects due to itch were collected. To assess the efficacy of retinoid treatment, we evaluated the itch score of each patient at each follow-up visit. The itch score reflects the patient’s average intensity of itch over the prior 3 days on a 0–10 numerical rating scale. We defined treatment response as a reduction in itch score of two points or more, which is sustained during the treatment course. The itch score value of two was selected in accordance with the previously determined Minimal Clinically Important Difference in numerical rating of chronic itch (14). Safety was assessed by the number of patients who stopped either or both retinoids due to side effects.

All variables were summarized descriptively using counts and percentages for categorical variables and mean with standard deviation and median with range/interquartile range for continuous variables. Two sample t-test for continuous data and Fisher’s exact test for categorical data were used to assess the difference. To evaluate how itch scores changed over time after retinoid treatment, a linear mixed-effects model was employed. The model for itch scores included time (t), number of retinoids used, baseline itch score, sex, race, and age when retinoid started as fixed effects, whereas a random intercept for subjects was included to account for within-subject correlations. A value of p less than 0.05 was considered statistically significant. Statistics were generated using R version 3.5.3. This study was approved for exemption under the application 2021/00785 from the National Healthcare Group Domain Specific Review Board.




Results


High-definition optical coherence tomography demonstrates sweat duct dilation and acrosyringial wall thickening after exposure to heat and sweating in subjects with CPUO

In order to visualize irregularities in the sweat duct apparatus, 20 subjects with CPUO underwent HD-OCT skin imaging and heat induction. Fifteen of these patients underwent heat induction by exercise and five, due to being elderly, underwent heat induction through ingestion of hot water in a warm room. HD-OCT identified features of sweat duct obstruction in 19 out of the 20 subjects (Figure 1; Supplementary Video S1), and these features were significantly more prominent post sweat-induction compared to baseline. These abnormalities were not found in healthy individuals. The most prominent features were dilation of the lumen and thickening of the wall of the acrosyringium, which is the spiraling intra-epidermal portion of the sweat duct. This was evidenced by larger sweat duct lumen diameters in affected patients after exercise and hot water stimulation, compared to healthy controls (respective means 37.2 μm and 37.3 μm vs. 22.3 μm, p < 0.01 and < 0.05 respectively) (Figure 2A). Concurrently, sweat duct wall thickness was increased in affected patients after exercise stimulation as compared to healthy controls but this did not reach statistical significance (means 17.5 μm vs. 14.7 μm, p = 0.21) due to high variability in sweat duct walls (Figure 2B).

[image: Figure 1]

FIGURE 1
 High-definition optical coherence tomography (HD-OCT) of sweat ducts. (A) In vivo HD-OCT slice view image of a healthy individual’s abdominal skin. Sweat ducts are not normally visualized, except in images of the palms and soles. Scale bar; 200 μm. (B) A spiraling sweat duct within the epidermis (acrosyringium) in a patient with CPUO at rest. Scale bar; 100 μm. (C) Post-exercise slice image revealing a curved tubular structure in the epidermis representing a dilated acrosyringium. Scale bar; 100 μm. (D) In the corresponding en face image of (C), tubular structures with thickened walls (one in crosshair), with a surrounding hypo-refractive bordering region indicative of fluid collection can be observed. Scale bar; 200 μm. (E) These dilated sweat ducts may present as subcorneal fluid collections, and the dilated sweat duct here is seen to extend into the dermis. Scale bar; 100 μm. (F) Three-dimensional rendering demonstrating a dilated and tortuous acrosyringium (yellow structure) in the epidermis. Scale bar; 30 μm. A more comprehensive view is available in Supplementary Video S1.


[image: Figure 2]

FIGURE 2
 Measurements of sweat duct lumen and wall thickness from HD-OCT images. (A) Sweat duct lumen diameter (μm) after induction of heat and sweating in subjects with CPUO and healthy controls. *denotes p < 0.05, **denotes p < 0.01. (B) Sweat duct wall thickness (μm) after induction of heat and sweating in subjects with CPUO and healthy controls. *denotes p < 0.05.


The sweat duct dilation was found to form a collection of fluid under the stratum corneum. On the en face views, a surrounding hypo-refractive bordering region indicative of fluid accumulation could be observed. The dilation of the sweat ducts and exudation of fluid to the surroundings indicate presence of obstruction of the sweat orifice at the stratum corneum, which is comprised of keratin. We conducted the whole-body starch-iodine sweat testing for the 15 subjects who had exercised and found that they do not have generalized hypohidrosis. We thereby posit that partial, instead of complete, sweat duct obstruction occurs in patients with CPUO.



Immunostaining demonstrated sweat component accumulation within sweat glands with leakage into the skin

In order to further investigate associated pathology occurring in the sweat glands, we carried out immunostaining for dermcidin in skin biopsies of itchy versus non-itchy skin areas in three CPUO patients. Dermcidin is an antimicrobial peptide which is exclusively and constitutively expressed in eccrine sweat glands, and positive staining may be taken as a surrogate for the presence of sweat components (15). Immunostaining demonstrated accumulation of dermicidin in the sweat glands located within the dermis, together with leakage in some cases (Figure 3). Together with the HD-OCT findings above, we theorize that accumulated sweat leaks into the epidermis, irritating intra-epidermal nerve fibers, resulting in itch. Similarly, accumulated sweat which leaks into the dermis could potentially irritate nociceptive/pain nerve fibers, resulting in the prickly sensation that patients often concurrently experience.

[image: Figure 3]

FIGURE 3
 Immunofluorescence staining of sweat glands in a skin biopsy of non-itchy and itchy skin in a patient with CPUO. Scale bar; 50 μm. Images are representative of phenomena in three patients. The skin biopsies were cryosectioned to 10 μm thickness, fixed with paraformaldehyde and immunolabeled for nucleus (DAPI; blue), and dermcidin (magenta). Dermcidin, an antimicrobial peptide present in sweat, can be found accumulated within the secretory sweat glands (arrowheads) with some leakage (asterisk).


Based on these findings indicating keratinaceous partial obstruction of sweat orifices, we treated patients with CPUO with oral retinoids, in the attempt to regulate abnormalities in skin surface keratinization (12, 13), followed by evaluating the change in itch severity experienced.



Analysis of retinoid efficacy and safety

A total of 56 patients were included in the final analysis, and the baseline characteristics of our study population are as outlined in Table 1. Most of our patients were older, male, and Chinese. The mean duration of itch before their first visit at the Itch Clinic was 116.3 months, and mean itch score at presentation was severe at 8.2. The lower limbs were the most common areas affected. To understand associated comorbidities, we also collected data on suicidal ideation and peripheral eosinophilia. Four (7.1%) patients voluntarily verbalized suicidal ideation due to itch. Thirteen (23.2%) patients had peripheral eosinophilia.



TABLE 1 Baseline characteristics.
[image: Table1]

Nine patients were treated only with acitretin, 19 only with isotretinoin, and 28 were treated with both retinoids over the course of their follow-up (Table 2). The mean (SD) duration of retinoid treatment was 671.9 (397.6) days. Figure 4 and Supplementary Table S1 show the changes in itch scores after starting retinoids. There was a significant reduction in itch score over time, noticeable at 3 months of treatment, during which there was a mean reduction in itch score of 2.38 points (p < 0.0001), with the effect being sustained throughout treatment. Thirty-eight patients (67.9%) responded to treatment, defined as having an itch score two points or more lower than baseline, sustained during treatment. A total of eight patients (14.8%) achieved an itch score of 0 or 1 (Supplementary Table S2). Of these, four patients had stopped treatment for a mean of 318.5 days with sustained resolution of itch. Eight patients (14.3%), three on acitretin (8.11%) and five on isotretinoin (10.6%), stopped or changed retinoids due to adverse effects, the most common being dryness (Table 2).



TABLE 2 Treatment data.
[image: Table2]
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FIGURE 4
 Change in itch scores after systemic retinoid therapy (graphical representation).





Discussion/conclusion

Management of CPUO remains challenging, and at present, there exists no consistently effective treatment in the literature. Our results indicate that one cause of CPUO is partial sweat duct obstruction, likely by keratinaceous deposits at the skin surface, with corresponding sweat accumulation and leakage into the dermis, and this is evident through the dilatation of the sweat duct upon heat induction observed through in vivo HD-OCT imaging, coupled with accumulation and leakage of sweat components into the dermis in immunostaining studies. Correspondingly, in our retrospective cohort, treatment of CPUO patients with retinoids to reduce hyperkeratinization, which could be linked to sweat duct obstruction led to a mean reduction in itch score of 2.38 points (p < 0.0001) at 3 months after starting treatment, with sustained effect throughout treatment. Thirty-eight patients (67.9%) responded to treatment, while eight patients (14.3%) achieved no or almost no itch. The results suggest that retinoids can be an effective therapeutic option for CPUO who have failed conventional treatment. By the end of the analysis period, four (7.1%) patients had exhibited a durable disease-free period after stopping treatment, suggesting that the systemic retinoids play a role in address the underlying pathology, rather than providing temporary control such as that conferred by immunosuppressant agents. Moving forward, we should assess for the presence of sweat duct pathology in patients with CPUO and consider the use of retinoids if detected. A low retinoid treatment dose, such as 10 mg daily, appears appropriate. Other clinical implications of the role of sweat gland dysfunction in CPUO would be the need for patient education to maintain a cool environment, wear loose fitting garments and avoid drugs known to induce hypohidrosis.

Isotretinoin and acitretin appear similar in terms of side effect profile. Of note, pregnancy is contraindicated for 3 years after taking acitretin, limiting its use in females of childbearing age, which made up a minority of the patients (8.93%) in our study population (16). The use of isotretinoin would be preferred in this subpopulation.

In our patient cohort with recalcitrant CPUO disease, 32.1% did not respond to either acitretin or isotretinoin. One reason may be the need to address existing secondary inflammation, in addition to the underlying cause. We postulate that the leakage of sweat into the skin, resulting from partial sweat duct obstruction, may trigger the innate immune cells, which include mast cells, basophils, and eosinophils. In our study, we found that 23.2% of our CPUO patients had blood eosinophilia. This is in keeping with a recent retrospective cross-sectional study of patients with chronic pruritus, in which eosinophilia was present in 17.9% of patients with normal-appearing skin and 39.7% of patients presenting with severe chronic secondary scratch lesions (17). Eosinophils are involved in host defense against exogenous antigens and pathogens, and their role in stimulating nerve cells and contributing to pruritus has been demonstrated in several studies (18). Subsequent to triggering of the innate immune system, activation of the adaptive immune system is expected to occur, with the primary involvement of the T-helper 2 pathway. Thus far, immuno-modulatory agents involving antagonism of the interleukins-4, −13 and − 31 and the Janus kinase-signal transducer and activator of transcription pathway have been shown to be useful for controlling itch in various studies (19, 20). However, itch can recur after stopping such treatment because the underlying cause of itch was not addressed. Addition of such immune-modulatory agents to the treatment of underlying structural abnormalities in keratinization may help further optimize treatment outcomes.

CPUO is a disease with significant psychosocial burden. In our study population, 7.1% of patients voluntarily verbalized suicidal ideation due to itch. Expression of suicidal ideation has been associated with a four-fold increased risk for subsequent completed suicides, highlighting the importance of managing pruritus in this group of patients (21).

The limitations of our study are the lack of placebo control due to its retrospective nature, subjective reporting of itch score by patients and the high proportion of patients (60.7%) who remained on systemic retinoids at the conclusion of the study period. A prolonged period of follow-up, especially after cessation of retinoids, will be necessary to assess the proportion of patients with a durable disease-free period. We have only evaluated the use of acitretin and isotretinoin in this study, and other systemic retinoids have not been assessed.

In conclusion, based on the novel findings from physiological imaging studies identifying partial keratinaceous sweat duct obstruction in CPUO, we instituted systemic retinoid treatment to address the underlying pathology. In patients who failed conventional therapies, treatment with isotretinoin or acitretin appears to be an effective and safe therapeutic option.
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1. Introduction

Immunotherapy for skin conditions has a long and successful history. While the main strategy for treating inflammatory conditions is local or systemic immunosuppression, immunotherapy aims to stimulate parts or all of the immune system to bring about a therapeutic response. The immune system contains multiple, redundant avenues of checks and balances, and some immune cells have immunomodulatory or regulatory roles. These cells are targeted by immunotherapy in inflammatory skin conditions. Immunotherapy is effective in treating some hair loss disorders, supporting recent findings that the hair cycle is influenced by immune cells (1, 2).

The normal hair cycle consists of sequential growth (anagen), regression (catagen) and rest (telogen) phases. In humans, the anagen phase (9–10 years) reflects the growing hair shaft, while the end of telogen (2–3 months) is marked by hair shedding. When the hair cycle is disrupted, premature anagen-to-catagen transition results in majority of hair follicles (HFs) entering telogen and shedding concurrently, causing significant, noticeable hair loss.

The immune system is closely associated with the HF, with macrophages and mast cells described in the perifollicular dermis (3, 4). Skin-resident macrophages clear apoptotic cell fragments following catagen (5) and may also interact with hair follicle stem cells (HFSC) to maintain quiescence during telogen (1). The dynamic nature of the hair cycle results in a constant flux of antigens, both self and non-self, from the manufacture of the hair shaft and the infundibular connection to the outside world, respectively. To protect the hair bulb from inappropriate immune attack, the HF has evolved a status of relative “immune privilege” (IP). This was demonstrated elegantly by Billingham et al. decades ago showing that the presence of HFs in allografts was sufficient to prevent immune rejection of melanocytes in transplantation experiments on guinea pigs (6). Various mechanisms have since been proposed for the IP of the HF, with the most prominent one being a downregulation of MHC Class I expression (7). Hair loss disorders are associated with disruptions and changes in the immune milieu of the HF (8, 9), and conversely, immunotherapy has been utilized to promote HF regrowth and regeneration.



2. The immune system interaction with the hair follicle niche

With evidence of immune cells being associated with the HF, it is reasonable to hypothesize that changes in immune cell composition and activity around HFs can affect HFSC and the hair cycle. However, the direct influence of immune cells in promoting hair regrowth and regeneration in humans is still unknown. In mice, regulatory T-cells (T-regs) promote anagen re-entry via Notch signaling (10), and macrophages may release Wnt factors to stimulate anagen under certain conditions (11). Wound-induced HF neogenesis (WIHN) is another phenomenon in rodents whereby brand-new HFs arise from scar tissue of a wound. Cotsarelis and Ito showed that relatively large wounds in the back skin of mice initially heal without HFs, but these scars are soon populated by de novo HFs via WIHN (12). Small cutaneous wounds in mice upregulate Wnt and Shh pathways (13), while larger wounds recruit dermal γδ-T-cells (14) and M2 macrophages (15) to promote WIHN. While the mouse's fur coat and human scalp hair differ in their stage of hair cycle, fundamental processes and pathways are likely conserved, and human HFs may respond in a similar manner to microtrauma.

In humans, crude immune stimulation has been shown to induce hair growth. Friction and irritation are known causes of hypertrichosis, and excessive hair growth occurs after limb fixation with plaster cast application (16, 17), and on burned skin borders (18). Allergic contact dermatitis to wig adhesives is reported to have a therapeutic effect in alopecia areata (AA) (19), forming the basis of topical immunotherapy for AA. Contact dermatitis introduces “antigenic competition” which recruits suppressor T-cells and macrophages, producing an immunomodulatory environment and dampening the autoimmune attack on HFs (20). These reports point to a role for microtrauma to elicit a permissive environment for hair regrowth and regeneration.

Newer treatment modalities for AGA harnessing the effects of microtrauma include platelet-rich plasma (PRP), microneedling and ablative and non-ablative lasers, which aim to reproduce the effects of wounding in areas of alopecia. In PRP, intra-dermal injection of activated platelets release growth factors near HFs (21), including transforming growth factor-β (TGF-β), epidermal growth factor, basic fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and insulin-like growth factor-1, which support the anagen phase of the hair cycle. The efficacy of PRP appears operator- and protocol-dependent, but has been shown in systematic reviews to promote hair regrowth modestly (22). In randomized, split-scalp studies of PRP vs. sham injections, hair density also increased among the controls, suggesting microtrauma alone may stimulate hair regrowth (23). Indeed, several groups have demonstrated that microneedling may be effective in treating AGA (24) and AA (25). Both ablative and non-ablative settings of Er:YAG lasers have been used in AGA and AA, with promising results (26–28).

The efficacy of these treatments supports the hypothesis that the microenvironment of HFSC can be manipulated to promote hair regrowth. Immune cells are likely involved in the process of microtrauma. The treatments above, however, are non-specific. They induce an irritant, allergic or wounding response that varies between patients, resulting in inconsistent effectiveness. We are still in the process of understanding this process, and fine tuning the procedures and patient selection to obtain the best possible clinical outcomes.



3. Targeted immunotherapy for hair regrowth

Targeted immunotherapy in promoting hair regeneration is expected to grow with understanding of the detailed control of the human hair cycle. The first mode of targeted immunotherapy has been applied for AA, as we know most about its immunopathology.


3.1. Immunosuppressive therapies with stimulatory action in other parts of the immune system or HFSC
 
3.1.1. JAK inhibitors

Janus kinase (JAK) inhibitors have revolutionized therapeutics in dermatology, successfully utilized in many inflammatory skin conditions including atopic dermatitis. The JAK-STAT pathway is an integral component of AA pathophysiology, downstream of interferon-gamma (IFN-γ) and interleukin (IL)-15 signaling.

Baricitinib is the first FDA-approved drug for AA in 2022. In two concurrent phase III randomized controlled trials (BRAVE-AA1 and BRAVE-AA2), baricitinib achieved SALT scores <20 at 52 weeks with a good safety profile (29). Baricitinib, which inhibits JAK1 and JAK2 signaling is effective in long-standing AA resistant to traditional therapies (30), besides being safe and effective in pediatric AA (31). Increasingly specific JAK inhibitors (JAK1 ivarmacitinib, JAK3 ritlecitinib, and JAK1/Tyk2 beprocitinib) (29, 32) are investigated for use in AA, making treatment more targeted.

Topical JAK inhibition not only reverses hair loss in AA mice, but also induces the telogen-to-anagen transition in disease-free C56Bl/6 mice (33). This suggests that the JAK-STAT pathway is also involved in normal hair cycles (34), leading to the discovery of a distinct subset of TREM2+ macrophages that maintain HFSC quiescence by secreting oncostatin M (1). Pharmacological, immunological and genetic inhibition of these macrophages sufficiently induced anagen in mice. Whether a similar mechanism is present in the human HF niche is unknown, but STAT3 is upregulated in AGA scalps (35).

The Wnt/β-catenin signaling pathway is the major pathway in activating DPCs, which are crucial in the hair bulb and bulge interaction for anagen initiation. Treatment of HFs with ruxolitinib, a JAK1/2 inhibitor, stimulates the expression of β-catenin mRNA, upregulating Wnt/β-catenin signaling. Further, proinflammatory cytokines of AA, namely IFN-γ-induced caspase-1, IL-1β, IL-15 and IL-18 are also suppressed by JAK1/2 inhibition (36). JAK inhibition in AA thus may have more than an immunosuppressive role, and may have immunotherapeutic roles in stimulation of DP and/or HFSC.

In IFN-treated dermal papilla (DP) culture, ruxolitinib was also shown to downregulate MHC class I expression, contributing to partial IP restoration. In addition, ruxolitinib stimulated several growth factors, including FGF7, that supported DP cell survival which translates to a hair growth-permissive microenviroment independent of its immunosuppressive properties (36).

The in vivo effects of JAK inhibition have yet to be evaluated, partly due to the challenges in analyzing and quantifying the hair cycle, as follicular units are asynchronous and hair cycle phases last months to years. Existing JAK inhibitors also penetrate skin insufficiently (37).

Other challenges to JAK inhibition include disease recurrence after discontinuation and balancing long-term usage against side effects of infections, marrow suppression, transaminitis, and lipid abnormalities (38).



3.1.2. Statins

Statins have been proposed for treating various dermatologic conditions characterized by ingress of activated leukocytes into the skin, including AA (39). In a pilot study, a combination of simvastatin and ezetimibe reduced hair loss and resulted in stable remission in AA mice model, with an increase in FOXP3+ T-regs (40). Simvastatin may improve AA through multidirectional pro- and anti-inflammatory activities. These include increasing Th2 cytokine secretion, upregulating T-reg cells in mice (39), downregulating Th1 cytokine secretion via JAK-STAT pathway modulation (41), inhibiting leukocyte activation, adhesion and migration (42), activating Wnt/β-catenin signaling pathway (43), and downregulating reactive oxygen species production (44). However, larger placebo-controlled trials are still required, as these findings were not always reproducible by other authors (45).




3.2. Biologic therapies

Monoclonal antibody therapy is not as well established for AA as for dermatological conditions like psoriasis and eczema. Most TNF inhibitors are ineffective for AA, while dupilumab was found to be modestly effective in a Phase IIa trial (46). Although AA is associated with atopic dermatitis and psoriasis, treatment for the latter does not always improve AA (47), and may sometimes worsen hair loss (48).

The contrasting effects of biological therapies and JAK inhibitors in AA suggest that current targets of monoclonal antibodies (TNF-α, IL-17, IL-23 and IL-4 signaling) may support the HF immune privileged microenvironment, and an unbalanced blockade of these pathways leads to cytokine imbalance and AA (49). JAK-inhibition is more focused on immune mechanisms that share JAK-STAT pathways, which are more frequently associated with “active” T-cell directives on the HF.

Nivolumab is an anti-PD1 (programmed cell death-1) monoclonal antibody effective in many cancers, including melanoma. It releases the inhibition of autoreactive T-cells, allowing immune system clearance of tumor cells. This same mechanism has been reported to cause AA in these patients (50). The PD-1/PD-L1 pathway has also been implicated in T-cell exhaustion accompanying response to AA treatment with JAK-inhibitors (51). Exploring this pathway in AA may lead to new targets for biological therapy.



3.3. IL-2 complex treatment

A pilot study using low dose IL-2 to expand T-reg populations in severe AA showed initial promise (52). T-regs suppress autoreactive NKG2D+ T-cells that attack HFs and promote hair regrowth by inducing anagen. In mice models, intradermal injection of IL-2/anti-IL-2 antibody complex (IL-2c) efficiently stimulates T-reg proliferation by 8- to 10-fold in the skin. T-regs have also been shown to promote anagen via Jagged-1 expression (10).

A prospective randomized control study with low dose IL-2 was conducted which showed limited efficacy of this treatment (53). In murine models, while the fold ratio of CD8 T-cells over T-regs was also markedly reduced post-IL-2c treatment, CD8 T-cells remained around HFs, including NKG2D+ T-cells, in established AA mouse models (54). Despite no significant reduction in IL-10 or TGF-β secretion, the expanded T-regs were not sufficient to inhibit CD8 T-cell proliferation in established AA, resulting in neither anagen induction nor AA reversal. Further studies are warranted to investigate the role of IL-2/IL-2c in the treatment of AA. Early IL-2c therapy has been hypothesized to be effective in acute AA, which may slow disease progression but may require adjunctive treatments for more chronic, established cases.



3.4. Prevention or restoration of IP collapse

AA develops when the IP of the HF collapses, due to ectopic MHC class-1 expression induced by IFN-γ (55). Ex vivo- application of TGF-β1, α-MSH and the drug FK506 (Tacrolimus) have been found to suppress MHC Class I expression in cultured HF organ cultures, likely through suppressing mRNA transcription (56). α-MSH, which also has immunosuppressive properties, is also increased in AA lesional scalp post-UVA phototherapy (57). While systemic calcineurin inhibitors like ciclosporin have been effective in treating severe recalcitrant AA, topical tacrolimus/FK506 has proven to be less reliable (58), and exploring this method of restoring HF IP may further expand our immunotherapy repertoire.



3.5. Harnessing microtrauma

For AGA, there is currently a wide variety of modalities for inducing microtrauma to promote hair regrowth, including fractional lasers and microneedling. While these may be non-targeted, they enable more targeted drug delivery when combined with topical treatments like minoxidil or PRP. Release of growth factors with microtrauma [such as PDGF, VEGF, β-catenin, Wnt3a and Wnt10b (59)] has been postulated to lead to angiogenesis, dermal thickening, adipogenesis and HF stem cell activation to promote anagen.

Identifying the key factors and signaling pathways that promote microtrauma-induced hair regrowth will pave the way to the next phase of targeted immunotherapy to treat hair loss. Inclusion of these growth factors, or PRP, into customized microneedles is currently explored as a delivery method for treating AGA (60). These factors, as well as other signaling molecules like nucleic acids, membrane receptors or co-factors, can be packaged in exosomes to deliver a targeted signal of hair regeneration (61, 62).




4. Conclusion

Targeted immunotherapy (Figure 1) is a promising form of therapy for hair regrowth and regeneration, targeting immune cells that support and influence the hair cycle. Refining our current methods of immunotherapy will make these treatments more accessible to a wider population of patients suffering hair loss, with potentially fewer side effects. Further studies and controlled trials are required before they can be incorporated into clinical practice. If successful, targeted immunotherapy will provide hope for patients struggling with or have failed traditional treatments.


[image: Figure 1]
FIGURE 1
 Summary of immunotherapy for hair loss disorders. (A) Current forms of immunotherapy are crude and non-targeted. Microtrauma produced by microneedling or PRP treatments are effective in promoting HF regeneration in AGA, and topical immunotherapy causing allergic contact dermatitis is an established treatment for AA. (B) Potential avenues for developing targeted immunotherapy for hair loss disorders. Some immunosuppressive treatments may have mechanisms of action independent of their suppressive effects, or direct stimulatory roles on the HF itself, like JAK inhibitors. JAK inhibition may have immunotherapeutic roles on the HF via upregulating the Wnt- β-catenin signaling pathway in DPCs, increasing FGF7 release which supports DP survival, and downregulation of MHC Class I expression in the HF, partially restoring IP. Stimulation of T-regs in the vicinity of the HF has both an immunomodulatory, as well as a direct pro-anagen effect on the HF. Targeted factors and signaling molecules can be packaged and delivered with bespoke microneedle patches or systems to mimic the effects of microtrauma to stimulate HF regrowth and regeneration.
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Introduction: Although there is growing evidence supporting the effectiveness of Janus kinase (JAK) inhibitors in treating alopecia areata, the high rate of recurrence following drug discontinuation has led to prolonged treatment courses and raised concerns about long-term safety. In clinical practice, caution should be exercised while using JAK inhibitors for various indications, and a comprehensive pre-treatment screening.

Methods: This study presents an analysis of screening data collected from real-world settings before the initiation of Janus kinase inhibitors in patients with alopecia areata. Investigators collected retrospective medical data characterizing patients’ screening data. Data on demographic and clinical data, including age, sex, disease duration, severity of alopecia tool scale, history of prior treatment, and treatment regimen were recorded.

Results: In this cohort (N = 218), JAK inhibitors were initiated for 163 of 218 (74.8%) alopecia areata patients. The numbers of patients positive for antinuclear antibodies, hepatitis B surface antigen, hepatitis C virus antibodies, human immunodeficiency virus antibody, treponema pallidum hemagglutination assay, and thyroid-stimulating hormone were 32 (32/176), 10(10/218), 0 (0/218), 0 (0/218), 3 (3/218) and 9 (9/176), respectively. The number of patients with T-cell spot positive or imaging of the chest indicating tuberculosis was 37 (37/218).

Disccusion: Our data provide additional information on the safety profile of JAK inhibitors in patients with alopecia areata. As such, it is necessary and crucial to screen for JAK inhibitors before it is used, particularly for individuals with a high risk of tuberculosis, hepatitis B, and other infections.

KEYWORDS
 alopecia areata, Janus kinase inhibitors, screening, tuberculosis, hepatitis


Introduction

Alopecia areata (AA) is a common autoimmune dermatosis characterized by nonscarring hairless patches that can involve most commonly the scalp or any hair-bearing part of the body (1), affecting approximately 0.1 to 0.2% of the population (2). With a recurrent or persistent course, AA can cause a severely reduced quality of life (3).

Although multifactorial in etiology, the mechanisms leading to AA are not fully understood but likely involve a combination of genetic predisposition and environmental triggers, which may disturb the immune balance of the follicle niche and destroy the immune privilege, eventually leading to the auto-immune attack of the follicle bulb cells mediated by T cells (4). Evidence from the studies on mouse models of AA has shown that the positive feedback loop of interferon (IFN)-gamma and interleukin (IL)-15 activate target immune cells and amplify the inflammatory response via the JAK–STAT signaling pathway (5).

The management of AA is notoriously challenging, with high rates of therapeutic failures or relapses. However, in the past decade, the JAK inhibitors have revolutionized the treatment of AA. Among them, baricitinib and ritlecitinib have been approved by the US FDA as standard therapies for treating severe alopecia areata cases (6–8). They have improved the overall therapeutic outcomes of AA treatment and allowed patients to pursue a hair-normal life, especially for patients who have previously failed other systemic treatments (9). Unfortunately, due to drug availability and other reasons, the choice of JAK inhibitors in China is quite less. Currently, the only approved treatment for AA in China is baricitinib. Moreover, aside from the impressive treatment effects, clinicians still expressed concerns about the potential activation of latent infectious issues resulting from JAK inhibitors use, including tuberculosis (TB), hepatitis B virus (HBV), human immunodeficiency virus (HIV), etc.

To standardize the clinical application of JAK inhibitors, a consensus statement, formulated by 29-person experts in multiple disciplines, was published in 2020 (10). It recommends pre-treatment screening including routine laboratory tests (full blood count and blood biochemistry), hepatitis virus testing for HBV and hepatitis C virus (HCV), HIV testing, tuberculosis infection testing before initiation of JAK inhibitors. However, no data on the screening under JAK inhibitors in real-world settings have been available to date, and the evidence is lacking on the necessity of screening in patients prior to administering this class of small molecule drugs. Here, we conducted a retrospective study to describe the screening data before the initiation of JAK inhibitors for AA and aim to provide supporting evidence for the standardization of the clinical use of JAK inhibitors.



Methods

We conducted a retrospective study of all patients with AA prepared to treat with JAK inhibitors at our institution between February 2021 and October 2022. The study was approved by the institutional research ethics boards of Xiangya Hospital, Central South University (Changsha, China); approval number: 202303043.

The diagnosis of AA was confirmed by at least two dermatologists based on typical skin manifestations and results of dermoscopy. Patients with atypical manifestations (such as diffuse alopecia areata) were included only if confirmed by histologic findings. Patients with the unavailability of complete data were excluded. Patients who were pregnant or breast feeding or attempting to become pregnant were also excluded. All patients underwent screening including complete blood count, serum biochemical parameter, hepatitis B surface antigen (HBsAg), hepatitis C virus (HCV) antibodies, human immunodeficiency virus(HIV)antibody, treponema pallidum hemagglutination assay (TPHA), antinuclear antibodies (ANA), thyroid-stimulating hormone (TSH), T-cell spot (T-spot) test, and chest computed tomography (CT) or chest x-ray film at baseline. Treatment was initiated based on shared decision-making between the patient and the medical specialist and regular follow-up laboratory testing (including complete blood count, lipid profiles, and liver and renal functions) was conducted in patients who continued treatment.

For each patient, demographic and clinical data, including age, sex, disease duration, extra-scalp manifestation, severity of alopecia tool (SALT) scale (11), history of prior treatment, and treatment regimen were recorded.


Statistical analysis

Descriptive statistics were summarized as number, percentage, mean and standard deviation (mean ± SD), and median and range.




Results

Of 232 patients evaluated, 218 patients were included in the study. Their characteristics are shown in Table 1. The sex distribution of study patients was 81 men (37.2%) versus 137 women (62.8%), median age was 29.0 years (IQR 20.0–40.5). The disease duration ranged from 2 to 277 months, with 59 patients more than 60 months. Except for 2 patients with<25% hair loss, most patients met the diagnostic criteria of moderate to severe AA, among which 61 patients were dignosed as alopecia totalis or alopecia universalis. In all, patients with body hair loss and nail involvement represented 109(50.0%) and 29(13.3%), respectively. In addition, systemic steroids and immunosuppressive agents were formerly used by 110(50.5%) and 10(4.6%), respectively.



TABLE 1 Patient characteristics.
[image: Table1]

Abnormal screening results were shown in Table 2. All patients were screened for infection-related examinations. A total of 31 (14.2%) patients presented positive for T-spot, among which only 1 patient showed signs indicating tuberculosis on chest radiograph. Of those presented negative for T-spot (n = 187), 6 patients showed signs of tuberculosis infection on chest radiograph. However, no patients reported tuberculosis infection-related clinical manifestations. Figure 1 shows the age distribution of patients screened for tuberculosis infection. The infection rate was 0, 11 and 43% in the groups with <18, 18–40 and >40 age groups, respectively. Moreover, the number of patients positive for HBsAg, HCV, HIV, and TPHA were 10 (4.6%), zero (0%), zero (0%), and 3 (1.4%), respectively. Five of the ten patients who were HBsAg positive had HBV DNA quantification positive. With regard to the TPHA-positive patient, syphilis serum antibody titers were not detected.



TABLE 2 Abnormal screening results and treatment options of 218 patients.
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FIGURE 1
 Screening abnormality rates for tuberculosis (%) in different age groups.


A total of 176 patients were screened for immunity-related examinations. ANA was positive in 32 patients (18.2%), of which 26, 5 and 1 patients had antibody titers of 1:80, 1:160 and 1:320, respectively. Among the patients with antibody titers of 1:80, the numbers of speckled, nucleolar and speckled-nucleolar patterns were 20, 4 and 2, respectively. Anti-double-stranded DNA (ds-DNA) antibody positivity was detected only in one patient with an antinuclear antibody titer of 1:320, who was subsequently diagnosed with systemic lupus erythematosus. Thyroid-stimulating hormone (TSH) abnormalities were detected in 9 patients (5.1%), of which 8 patients had a significant increase in TSH.

Chest imageological examinations were screened in all patients. The number of positive results was 17 (7.8%). Of these, the results were pulmonary inflammation, tuberculosis infection, pulmonary 4A nodules, pulmonary 4B nodules and pulmonary hypertension in 5, 7, 1, 3 and 1 patient, respectively.

Treatment options were also shown in Table 2. JAK inhibitors, conservative management, oral corticosteroids, immunosuppressive agents and withdrawl were initiated for 163 (74.8%), 25 (11.5%), 4 (1.8%), 12 (5.5%) and 14 (6.4%), respectively. Among those received JAK inhibitor, the most commonly prescribed targeted therapies were Tofacitinib (n = 148), followed by Baricitinib (n = 10), Abrocitinib (n = 3), and Jaktinib (n = 2). Despite the rapid development of novel JAK inhibitors, tofacitinib remains an effective and the longest-used JAK inhibitor for AA. As such, we often tend to prescribe tofacitinib. The detailed information on the approval status of the above drugs is provided in Supplementary Table S1. What’s more, 36 patients abandoned JAK inhibitor due to signs indicating tuberculosis. Another reason patients discontinued JAK inhibitors is long-term security considerations.



Discussion

Driven by the lack of study describing the screening data of JAK inhibitors, we evaluated the blood examination and chest imaging screening data before initiation of JAK inhibitors for AA, providing supporting evidence for standardizing the clinical application of JAK inhibitors in practice. Overall, JAK inhibitors were initiated for 163 of 218 (74.8%) AA patients. The most common reasons for patients failing screening were tuberculosis and hepatitis B. Notably, we followed a possible association between AA and lung cancer. The chest CT screened 4 patients with lung-RADS category 4 nodules, 1 of whom was ultimately diagnosed with lung adenocarcinoma.

Latent tuberculosis infection (LTBI) is a state in which the host presents with immunoreactivity to tuberculosis antigens but without clinical and radiologic evidence of tuberculosis disease (12). It is estimated that the lifetime risk of reactivation in people with LTBI is 5–10%, while some drugs can aggravate this process (13). Notably, JAK inhibitors may reactivate latent tuberculosis by inhibiting macrophage function and causing granuloma structure dissolution. Chen et al. investigated the rate of reactivation of tuberculosis development in rheumatoid arthritis patients undergoing oral tofacitinib therapy (14). Among 28,099 patients undergoing the therapy, 79 (0.28%) patients developed active tuberculosis. Fifty three of the 79 patients were T-spot negative before treatment, while 5 were T-spot positive and developed tuberculosis in the case of combined isoniazid treatment. The 2015 American guideline for the treatment of rheumatoid arthritis suggests that patients with T-spot positive can start immunosuppressants after completion of at least 1 month treatment for anti-tuberculosis (15). China ranks as having the third-highest tuberculosis burden of any country in the world which can reasonably explain our findings (16). In the present study, 13.76% (30/218) of patients with AA were detected as LTBI. This rate was slightly lower than that in a previous LTBI report in the general population in the rural regions of China (LTBI rate is 18.8% (3,955/21022)) (17). However, we should emphasize that the 13.76% does not represent the prevalence of LTBI in AA becasue the majority of patients receiving other treatment were not screened for TB in real-life experience. Amony the 30 patients of LTBI, only 1 patient who refused LTBI prophylaxis treatment received tofacitinib treatment and reexamination of chest CT showed no obvious changes after 6 months. Despite the disease tends for AA to be prevalent in younger patients, the data that observed in larger, long-term studies of patients with rheumatoid arthritis strongly suggest a link between activation of tuberculosis and JAKi (18, 19). In additional, our data showed that the proportion of tuberculosis infections detected among patients over 40 years is 43%, which decreased to 11% in the 18–40 age group. As such, we recommend screening for TB infections on a routine basis before treatment with JAK inhibitors, especially for people over 40 years. These patients should also be closely monitored during the JAK inhibitors therapy to identify new tuberculosis infection or reactivation of latent tuberculosis (19, 20).

Hepatitis B virus (HBV) infection is a major global health issue, with 257 million chronically infected individuals and 887 000 HBV-related deaths in 2015 (21). In patients have previously had HBV infection, hepatitis can develop due to reactivation of the virus by the use of immunosuppressants (22). Thus, it is recommended that hepatitis B virus surface antigen (HBsAg) or hepatitis B virus core antibody (HBcAb) should be performed before treatment. Wang et al. had investigated the long-term outcome of reactivation of HBV (rHBV) development in rheumatoid arthritis patients undergoing tofacitinib therapy. Two of the 64 (0.03%) HBcAb positive patients developed rHBV, while 2 of the 6 (33%) HBsAg positive developed rHBV. It is worth noting that combined antiviral therapy could signifficantly reduce viral reactivation. In this study, only 1 patient with HBsAg positive/HBV DNA negative were treated with oral tofacitinib combined with entecavir and no HBV reactivation was observed during the follow-up.

Previous studies have shown a link between AA and autoimmune diseases, in particular thyroid diseases, suggesting the same genetic background and pathogenesis of these diseases (23). However, the latest meta-analyses agree that (24, 25) AA is not correlated with thyroid dysfunction and routine screening for thyroid diseases is not recommended. A retrospective study on children with AA screened for thyroid function also support this view (26). Among all included subjects, 9 patients (5.1%) presented an abnormal TSH serum level, of which 8 patients showed an elevated TSH concentration. This is consistent with a previous study by Thomas et al. (27). Antinuclear antibodies (ANA) are a group of autoantibodies targeting various antigen components within cells, which can be characterized in a variety of autoimmune diseases (28). However, there is no consensus on the relationship between ANA and AA. In this study, the number of ANA positive patients was 32, among whom only 1 patient was subsequently diagnosed as systemic lupus erythematosus. Considering the experience on clinical practice and our cohort data, it is reasonable to screen for thyroid function abnormalities and other autoimmune disease in patients with AA. What’s more, it is not clear whether ANA or thyroid antibodies have an effect on the progresis of AA.

Currently, only a few studies have evaluated the association between AA and malignancy. A cohort study from Taiwan showed that the total cancer incidence of AA patients was slightly lower than that of the general population, especially in male patients (standardized incidence rate was 0.89). But the incidence of some types of malignancies, such as lymphoma (standardized incidence rate was 1.55), breast cancer (standardized incidence rate was 2.93), and urinary malignancies (standardized incidence rate was 2.95), was significantly higher, suggesting that there may be organ tendency between AA and cancer (29). However, a cohort study from Korea showed that the cancer incidence of AA patients is slightly higher than that of the general population (HR1.043; 95% CI1.022–1.065). After standardized age, sex and comorbidity, there are still significant differences in the risk of thyroid cancer, bladder cancer and prostate cancer (30). Further supporting evidence comes from another study showed the risk of cancer-related death of AA was higher than that of the general population. Especially, patients with alopecia universalis had a significantly higher risk of lung carcinoma-related death (HR2.16; 95% CI, 1.41–3.33) (31). In this study, a 32-year-old female with a lung-RADS category 4B nodule was diagnosed with lung adenocarcinoma after a biopsy. Our fingdings, along with previous research, suggest a possible association between AA and malignancy. Notably, JAK inhibitors may theoretically increase the risk of tumor occurrence or progression. However, there is currently no agreement on the cancer screening strategy before JAK inhibitors.

This study has some limitations, including a small sample size, a single-center study, and a single disease population. However, our study is the first to describe the screening data under JAK inhibitors, which has important implications for the awareness of the safety of JAK inhibitors. Additionally, other laboratory tests such as complete blood count, routine urinalysis, fasting blood glucose and blood biochemistry were not described. Moreover, we did not collect comprehensive data about other risk factors associated with cardiovascular risk (e.g., obesity, current smoking history, and family history of coronary heart disease of premature onset) and family history of malignancy. However, the study population is largely composed of young or middle-aged individual who are less affected by biases related to comorbidities. Future larger studies are needed to evaluate the cost–benefit of such a screening approach.



Conclusion

In summary, we evaluated the screening data before initiation of JAK inhibitors for 218 AA patients in the real-world setting. The numbers of patients positive for ANA, HBsAg, HCV antibody, HIV antibody, TPPA and TSH were 32 (32/176), 10(10/218), 0 (0/218), 0 (0/218), 3 (3/218) and 9 (9/176), respectively. The number of patients with T-spot positive or pulmonary CT indicating tuberculosis was 37 (37/218). In developing countries, it is crucial to screen for JAK inhibitors before use, particularly for individuals with a high risk of tuberculosis, hepatitis B, and other infections.
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Background: The treatment of condyloma acuminatum (CA), especially the very persistent and recurrent CA, is currently the focus of our research. Immunotherapies have recently been shown to be well-tolerated and effective in treating warts, particularly refractory warts. However, there is still a lack of corresponding evidence-based medical evidence on the effectiveness of different immunotherapies in treating warts. The difference between network meta-analysis and meta-analysis is that network meta-analysis can be used to compare multiple treatments by combining direct and indirect evidence to assess the interrelationship between all treatments. We intend to compare the efficacy of different treatments for CA using a network meta-analysis.

Methods: PubMed, Cochrane Library and Embase from inception to June 1st, 2023 were searched using a computer. All articles on immunotherapies for CA were included. Stata MP17.0 software was used for data analyses.

Results: A total of 8 randomly-controlled trials involving 493 patients were included. Result showed that all treatment measures had a significant efficacy compared with the regular saline group (BCG (bacillus Calmette-Guérin vaccine) OR = 96.00, 95%CI: 10.35–890.58; MMR (measle, mumps and rubella vaccine) OR = 29.69, 95%CI: 7.47–118.04; Candida antigens OR = 27.34, 95%CI: 8.64–86.52; PPDs (purified protein derivatives) OR = 23.33, 95%CI: 6.75–80.60; VD3 OR = 21.36, 95%CI: 4.34–105.16 and purified protein derivatives (general) OR = 13.14, 95%CI: 3.38–51.12). The area under the curve (SUCRA) ranking results showed that the bacillus Calmette-Guérin vaccine had the highest total efficiency, which was 88.2%, with the rest in the order of measle, mumps and rubella vaccine, which was 68.9%, Candida antigens, which was 63.6%, purified protein derivatives, which was 52.9%, vitamin D3, which was 49.0%, purified protein derivatives (general), which was 27.4%, and saline, which was 0%.

Conclusion: In summary, we found that the bacillus Calmette-Guérin vaccine was superior to other treatments in terms of efficacy according to the SUCRA value.

KEYWORDS
 acuminatum, HPV, immunotherapy, BCG, MRR, Candida antigen, PPD, vitamin D3


1 Introduction

Condyloma acuminatum (CA) is a cauliflower-shaped wart that appears on the genital area due to human papillomavirus (HPV) infection, which is most common among young people and is more common among women than men (1). Sexual transmission is the primary transmission mode of CA; the incubation period varies from 1 to 12 months, with an average of 2–3 months. There are also cases of auto-inoculation and vertical transmission. 90% of CA is caused by 2 low-risk subtypes, 6 and 11 (2), while some are also associated with other subtypes, such as 16, 18, 31, 33, and 35. Due to the moist environment of the genital area and excessive folds in the cavity, viruses have an easy chance to hide with a low spontaneous clearance by the body; warts are widely spread, which have a high recurrence rate. Some high-risk types, such as 16 and 18, may also lead to the development of cervical cancer, which imposes a specific psychological burden on the population. Currently, the treatment of CA, incredibly stubborn CA, is the focus of our research.

Traditional treatment modalities include chemical cautery, electrocautery, cryotherapy, surgical excision and laser removal, which can cause various adverse effects, such as pains, disfigurement and infections. In contrast, through immunotherapies, warts can be removed from the skin surface and the viruses can be eliminated by enhancing cell-mediated immunity. Recently, the intra-focal immunotherapy is a new treatment modality, such as measle, mumps and rubella (MMR) vaccines, purified protein derivatives (PPDs), the bacillus Calmette-Guerin (BCG) vaccines and the Candida antigens, which are well-tolerated and effective in the treatment of CA, particularly stubborn CA. MMR and PPDs have been reported to be most effective in achieving a complete clearance and long-term maintenance with reduced recurrence rates at the same site compared to other treatment modalities (3).

The exact mechanism of the intralesional immunotherapy has yet to be entirely understood, through which cell-mediated immunity to the HPV virus can be enhanced. The preliminary view is that the induction of a delayed hypersensitivity is the primary mechanism. Using immunotherapies, immediate cellular immunity can be increased by inducing a systemic T-cell-mediated response that increases the release of Th1 cytokines (IL-1 and IFN-γ) and the downregulation of Th2 cytokines (IL-10), leading to the clearance of warts (4). Hadeer et al. (5) found an elevated IL-18 level after PPD injection in warts, suggesting that this cytokine may play a role in PPD-induced wart clearance. Aktas (6) observed a complete remission among 70% of patients after 1 month of focal treatment with vitamin D; Shah (7) injected MMR vaccines locally into warts and found a complete remission among 72% of patients. Some researchers have found that immunotherapies have other advantages; for example, after a topical injection, warts further away from the injection site and those inside the mucosa that were not injected were found to shrink. They suggest that this may be due to a systemic immune response to local antigens, resulting in a widespread clearance of the HPV virus, which provides an excellent treatment idea for removing warts from problematic areas.

Although there is a wide range of immunotherapies available for treating CA, most are compared with saline placebo, and there is a lack of a direct comparison among the various immunotherapies. Many studies have demonstrated that network meta-analysis can analyze the data from randomized clinical trials to compare the effectiveness of multiple treatments simultaneously without disturbing each treatment. This study aimed to use a network meta-analysis to compare various immunotherapeutic treatments, so as to analyze their effectiveness in treating CA and provide more evidence for our future treatment.



2 Method

This study follows the extension statement on preferred reporting items for systematic reviews and meta-analyses (PRISMA) for reporting systematic reviews incorporating network meta-analyses of health care interventions.


2.1 Data sources and searches

PubMed, Cochrane Library and Embase were searched from databases from inception to June 1st, 2023 using a computer. All articles on immunotherapies for CA were included. A combination of free and subject words was used when searching the databases. Two researchers independently screened the literatures by title, abstract and full-text review, who discussed to resolve disputes they had encountered.



2.2 Selection criteria

The studies were screened for the following inclusion criteria: (1) Study type: randomly-controlled trials (RCTs); (2) Study population: patients diagnosed with CA; (3) Interventions: various immunotherapies, including MMR vaccines, PPD antigens, BCG vaccines, Candida antigens; (4) Outcome indicators: complete clearance rate of immunotherapies.

The studies were also screened for the following exclusion criteria: (1) Duplicate publications; (2) Literatures with only titles and abstracts; (3) Non-English literatures; (4) Academic conference literatures, secondary studies such as reviews or meta-analyses; (5) Literatures with unclear data or information descriptions.



2.3 Data extraction and quality assessment

We used standard data extraction forms to extract information, which included authors, year of publication, sample size, adequate sample size, interventions, follow-up time and outcome measures. We used standard criteria (Cochrane risk of bias tool) to assess the inherent risk of bias in trials. Two investigators independently undertook data extraction and quality assessment using a standardized approach. Any disagreement between the two investigators was resolved through consultations with each other.



2.4 Data analyses

First of all, we did pair-wise meta-analyses using StataMP 17. The odds ratio (OR) with a confidence interval (CI) of 95% was adopted as a representative measure of dichotomous outcomes. The statistical significance was set as p < 0.05. Secondly, a random-effects model network meta-analysis (NMA) was performed to calculate estimates for the efficacy of different interventions against CA. For the outcome, we used a network graph to compare all treatments. Treatment strategies for each outcome were ranked according to the surface under the cumulative ranking curve (SUCRA) probabilities, SUCRA is a method for ranking the strengths and weaknesses of interventions, and a higher SUCRA probability of each simulation indicates a higher chance of being the best treatment regimen. We performed a cluster analysis to find the optimal intervention considering efficacy, and the interventions located in the upper left corner were superior to others.




3 Results


3.1 Retrieval results of literatures

According to the purpose of the study, 676 related articles were initially searched. After screening titles/abstracts and removing duplicate studies, the full text of 18 potentially-eligible studies was obtained. Ultimately, 8 randomized clinical trials were included in the quantitative data synthesis. Figure 1 illustrates the systematic literature search.

[image: Figure 1]

FIGURE 1
 Search flow diagram.




3.2 Basic characteristics of the included studies

A total of 493 patients were included in the 9 RCTs; the treatments involved were local injection of MMR vaccines, local injection of Candida antigens, local injection of normal saline, local injection of PPD vaccines, systemic injection of PPD vaccines, local injection of vitamin D3 and local injection of BCG vaccines (4, 8–15). The basic information of the literatures is shown in Table 1. Characteristics of included studies; MMR, measle, mumps and rubella vaccines. PPDs, purified protein derivatives. BCG, bacille Calmette-Guerin vaccines. VD3, vitamin D3.



TABLE 1 Characteristics of included studies.
[image: Table1]



3.3 Risk of Bias

Among the included articles, the random number table was used in 1 of them, random sampling was used in another, coin toss was used in another different from the above 2, and the remaining 5 studies were grouped according to the principle of randomization, but the specific random method was not described; 2 articles were single-blind, 1 was double-blind, and the blindness was not mentioned in the remaining 5 articles; the results of publication biases in studies contributing to outcomes are displayed in Figure 2. The risks of bias were generally low.

[image: Figure 2]

FIGURE 2
 Risk of Bias Summary.




3.4 Network meta-analysis


3.4.1 Evidence network map

All the 8 included articles reported a complete clearance, involving 8 treatments, and their sample sizes and direct study evidences are shown in Figure 3. The node size indicates the number of patients randomized to a particular agent. The width of the line indicates the number of trials comparing two treatments. It was found that the samples of Candida antigens ranked the highest in this NMA.

[image: Figure 3]

FIGURE 3
 Network geometry.




3.4.2 Consistency test

Through an analysis of inconsistency tests on outcome results, it was found that the results of direct and indirect evidences for outcomes were consistent, which should be based on a consistency model (p > 0.05).



3.4.3 Results of the network meta-analysis

We used the frequentist method to analyze network meta, with OR as the effect size, and 95% CI inclusion 1 indicated that there was no statistic significance between the two groups. The frequentist method is based on a probabilistic interpretation of frequency, interpreting probability as a stable value of frequency after a large number of repeated trials. Using the frequency method can compare the advantages and disadvantages of treatments by means of a two-by-two comparison. Table 2 shows that all treatment measures have a significant efficacy compared with the standard saline group (BCG OR = 96.00, 95%CI: 10.35–890.58; MMR OR = 29.69, 95%CI: 7.47–118.04; Candida antigens OR = 27.34, 95%CI: 8.64–86.52; PPDs OR = 23.33, 95%CI: 6.75–80.60; VD3 OR = 21.36, 95%CI: 4.34–105.16 and PPDs (general) OR = 13.14, 95%CI: 3.38–51.12).



TABLE 2 Results of network meta-analysis for primary outcomes.
[image: Table2]

Table 2 the median of the posterior distribution based on 50,000 simulations was reported as odds ratio (OR), and the corresponding 95% credible intervals (CI) were obtained using the 2.5th and 97.5th percentiles of the posterior distribution, after adjusting for multiple arm trials. Treatments are reported in order of ranking of efficacy.

The frequentist method was used to rank for complete clearance probabilistically; efficacy rankings are based on cumulative SUCRA, with larger areas leading to better outcomes; results show that BCG vaccines 88.2% > MMR vaccines 68.9% > Candida antigens 63.6% > local injection of PPD vaccines 52.9% > vitamin D3 49.0% > systemic injection of PPD vaccines 27.4% > saline 0% in Figure 4.

[image: Figure 4]

FIGURE 4
 The frequentist method was used to rank for complete clearance probabilistically; efficacy rankings are based on cumulative SUCRA, with larger areas leading to better outcomes. Use this figure as an example, BCG has the largest area under the curve, indicating that it has the best treatment effect.






4 Discussion

This is the first NMA to compare the efficacy of all immunotherapies for CA, with 8 RCTs involving 493 patients included in the study. All treatment modalities showed a statistically-significant efficacy compared to placebo. According to the SUCRA results, the BCG vaccines are the most effective for CA among these immunotherapies.

Current medical treatments for CA are mostly topical with stimulant drugs such as imiquimod or cryotherapy to remove warts directly. Although the warts can be removed quickly, the recurrence rate is high, and the results are poor for specific areas such as the intravaginal, intra-urethral and intra-anal areas. The photodynamic therapy is often used to reduce the recurrence rate, but patients often have difficulty tolerating the pains associated with the treatment. Immunotherapies have recently been used to treat warts by injecting an immune extract directly into the warts to achieve their removal. In 1 study, the MMR vaccines were administered topically to 20 children with condyloma warts, 73% of whom showed a complete remission and no recurrence 6 months after the treatment (8). Mild erythema, edema and flu-like symptoms may occur during treatment, which rapidly subside after the administration of NSAIDs, which can provide more excellent relief to patients. Some reduction in warts without immunization has been found in some studies, which may be because local antigens stimulate the body to produce a systemic immune response. Intradermal forearm injections of PPD antigens were used in 1 study to treat 40 pregnant women with CA (11), 74% of whom had a complete wart clearance, reconfirming that antigenic treatment can act on distant warts with a good efficacy. Immunotherapies cannot be used to differentiate between HPV types and their high effectiveness against all types of warts. So topical immunotherapies can be an excellent treatment for areas where traditional lasers and cryotherapies are complicated options, such as the perineal area. Although local injections of immune extracts are commonly used to treat refractory warts, the choice of immunotherapy methods and the dose used are still challenging.

All immunotherapy treatments were more effective than saline, which was statistically significant. Immunotherapies have proven to be effective, which are a new option for our future treatment of refractory CA. In our results, BCG is more effective than immunotherapies. However, it is believed in other literatures that PPD and MMR vaccines may be considered first-line treatments for warts (16). Our analysis may be due to the fact that the literatures do not include randomly-controlled trials of BCG for CA; our literatures show that MMR and PPD treatment is second only to BCG. To some extent, it also confirms the better efficacy of MMR and PPD treatment.

BCG is a live attenuated vaccine made from an artificially cultured suspension of non-toxic bovine Mycobacterium tuberculosis, which contains live, attenuated mycobacterium bovis and maintains a sufficiently high level of immunogenicity; the immune response it causes is a direct antigen–antibody reaction with a significant local response. However, PPDs are protein derivatives derived from mycobacterium tuberculosis, which causes cross-reactivity and a weak local response. This may also explain the superiority of BCG injections (77.8%) over PPD injections (23.8%).

The results show that local PPD injections (45.9%) are more effective than systemic PPD injections (23.8%); likely, PPDs are not immunogenic enough to elicit a strong systemic immune response to clear warts, but only cause a solid local immune response.

Different immunotherapies can be chosen based on patients’ response to the antigens. A small quantity of antigens may be injected intradermally into the forearm of the test hosts for testing before immunotherapies, readings after 48–72 h and the sensitivity observed in the presence of erythema or hard nodules. If a patient shows little or no response to the antigens, the skin test is considered negative, indicating that the patient is likely to be unresponsive to the antigens and the treatment plan should be changed. However, as a novel therapy, immunotherapies have not yet undergone extensive clinical studies; more investigators and subjects need to be involved to further evaluate their efficacy and safety.

Laser and photodynamic therapies have gradually become main methods for reducing photodynamic recurrence. However, the guidelines state that the intralesional antigen immunotherapy has been used for the treatment of warts, and through conventional destructive therapies in combination with immunotherapies, the recurrence of genital warts can be significantly reduced (1). So for stubborn warts or areas where laser treatment is not convenient, we can take immunotherapies or combine them with lasers and drugs for a better treatment of warts.

There are some limitations in this study: (1) In addition, in some of the included trials, whether blinding was used was not mentioned or their randomization and allocation concealment processes were not adequately reported. The quality of the study is not described in great detail, especially in terms of allocation concealment, which is not clear from all the literatures. To reduce biases and make the results more reliable, researchers should follow the CONSORT reporting standards to improve the quality of reporting; (2) This study was focused on the analysis of the efficacy of immunotherapies on CA, which did not include comparative trials of other treatment methods, and immunotherapy approaches were relatively too new to be involved in a larger number of literatures compared to traditional treatments. (3) Due to the lack of data, we did not compare the ranking of the adverse effects or relapse rates among the various immunotherapies, which should also serve as an essential basis for the choice of treatment.

In summary, BCG has an excellent efficacy in the treatment of CA. Perhaps in the future, lasers or cryotherapy can be used to remove warts first, followed by local immunotherapies to achieve better results and reduce recurrence. Due to the quantitative and qualitative limitations of this study, future clinical studies with larger sample sizes, multiple centers and a higher quality will be needed to validate this conclusion.
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Background: Anti-programmed death-1 (PD-1) antibodies are the mainstay for the treatment of unresectable or high-risk melanoma. However, real-world data on the safety profile of their extended-interval doses (EDs) are limited, particularly in Asian patients with melanoma.

Materials and methods: In this single-center retrospective study, we analyzed the risks of immune-related adverse events (irAEs) among 71 Japanese patients (36 males; mean age, 65.0 years) who received anti-PD-1 monotherapy for melanoma at our institute. Patients who were administered ipilimumab prior to anti-PD-1 monotherapy were excluded. Patients were divided into three groups: canonical-interval dose (CD) group (n = 50, body weight-based dosing or 240 mg Q2W for nivolumab and body weight-based dosing or 200 mg Q3W for pembrolizumab), ED group (n = 14, 480 mg Q4W for nivolumab and 400 mg Q6W for pembrolizumab), and dose-switch (DS) group (n = 7, upfront CD followed by ED).

Results: The CD group received nivolumab more frequently in the metastatic setting. There were no significant differences in baseline characteristics among the three groups, including in sex, age, primary tumor site, tumor subtype, and follow-up period. irAEs occurred in 36.6% (26 patients) of all patients (32.0% of the CD group, 35.7% of the ED group, and 71.4% of the DS group), while severe (grade ≥ 3) irAEs occurred in only two patients, both of whom were in the CD group. Most of the irAEs occurred during the first 6 months of anti-PD-1 therapy and, interestingly, all of the irAEs in the DS group occurred before the switch (during the CD). There was no significant difference among the three groups in the probability of irAE estimated by the Kaplan–Meier method.

Conclusion: These findings may highlight the safety of ED of anti-PD-1 monotherapy in the treatment of Asian patients with melanoma.

KEYWORDS
 acral melanoma, Asian population, nivolumab, PD-1, pembrolizumab


1 Introduction

Since the first introduction of immune checkpoint inhibitors (ICIs) for malignant melanoma, they have revolutionized the management of melanoma and led to dramatic improvements in patient survival (1–3). The application of ICIs has rapidly expanded to other cancers, hematologic malignancies, and sarcomas. Programmed death-1 (PD-1) is a key molecule of immune checkpoints and its inhibitors are now the mainstay of melanoma treatment in both metastatic and adjuvant settings (1–7). Clinical practice guidelines recommend anti-PD-1 therapy alone or with other drugs (e.g., ipilimumab) as first-line treatment for unresectable melanoma and high-risk advanced melanoma, particularly for BRAF wild-type melanoma (1–3). Melanoma subtypes differ between Caucasian and Asian populations, with Caucasians having more sunlight-related melanomas and Asians having more acral and nail melanomas (8–10). There are different genetic backgrounds for these subtypes, which can lead to differences in their biological behavior and response to antitumor therapy (11–15). There is evidence suggesting that acral melanoma is refractory to ICIs, and even non-acral cutaneous melanoma has a worse prognosis in Asians than in Caucasians under ICI therapy (16). These results indicate that response to ICIs varies depending on the tumor subtype and ethnicity.

Two anti-PD-1 inhibitors, nivolumab and pembrolizumab, have been approved for use in treating melanoma in Japan (2, 17). Nivolumab was initially used for every 2 weeks (Q2W) at a body weight-based dosing or a flat dosage of 240 mg, and later for its extended-interval dose (ED) of 480 mg every 4 weeks (Q4W). Pembrolizumab, on the other hand, was initially used for every 3 weeks (Q3W) at a body weight-based dosing or a flat dosage of 200 mg, and subsequently approved for its ED [400 mg every 6 weeks (Q6W)]. The approval of these drugs was based on pharmacokinetic data obtained from prior studies (18–21). While ED with anti-PD-1 antibodies would be convenient by reducing clinical visits, administering ED may be associated with increased risks for immune-related adverse events (irAEs). To date, only limited real-world evidence of the safety of ED has been obtained, particularly for Asian patients with melanoma (22–26). Is ED of anti-PD-1 monotherapy safe for Asians with melanoma? Is it necessary to initiate anti-PD-1 monotherapy with the canonical-interval dose (CD) and later switch to ED to reduce irAEs? This single-center retrospective study was conducted to answer these questions. Interestingly, no clear increase in irAEs or severe (grade ≥ 3) irAEs was observed in our cohort treated with ED compared with CD.



2 Methods


2.1 Ethics statement

We conducted this retrospective study in accordance with the concepts enshrined in the Declaration of Helsinki. This study was approved by Kyushu University Institutional Ethics Committee (30-363; 27 November, 2018). Written informed consent was received from the patients prior to their inclusion in the study.



2.2 Patients

The study included a total of 71 patients with malignant melanoma who received anti-PD-1 monotherapy (nivolumab and/or pembrolizumab) in a metastatic or adjuvant setting at the Department of Dermatology, Kyushu University (Fukuoka, Japan), between July 2014 and March 2023. Patients who received anti-CTLA4 therapy (monotherapy or in combination with anti-PD1 antibody) prior to anti-PD-1 monotherapy were excluded. Patients who received other anti-tumor treatments, including BRAF/MEK inhibitors, cytotoxic chemotherapy, and interferon β, prior to anti-PD-1 monotherapy were included. No patients underwent simultaneous anti-PD-1 plus any of these anti-tumor therapies including BRAF/MEK inhibitor therapy. At least three experienced dermatopathologists confirmed the diagnosis of all patients.

The following clinical and demographic data on all patients were retrieved from the patients’ clinical records and analyzed: age at the initiation of anti-PD-1 monotherapy, sex, primary tumor site, tumor subtype, type of anti-PD-1 antibody, lines of treatment, types of irAEs and their grades (CTCAE v.5.0), and timing of irAEs. Two authors (T.I. and Y.K.-I.) independently reviewed the records of all patients included in this study and any discrepancy in the results that they recorded was resolved through discussion.

Patients were divided into three groups, namely, CD group, ED group, and dose-switch (DS) group. The CD group included patients who received the original doses of nivolumab (2 mg/kg Q3W, 3 mg/kg Q2W, and 240 mg Q2W) and pembrolizumab (2 mg/kg Q3W and 200 mg Q3W) throughout the course of anti-PD-1 monotherapy. The ED group included patients receiving ED (480 mg Q4W for nivolumab and 400 mg Q6W for pembrolizumab) from the beginning to the end of anti-PD-1 monotherapy. The DS group consisted of patients who started with CD and later switched to ED.



2.3 Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8.3 (GraphPad Software, San Diego, CA, United States). To analyze the relationship among the three groups, chi-squared test and Kruskal–Wallis test were used for categorical and continuous variables, respectively. The Kaplan–Meier method and the log-rank test were used to estimate the probability of irAE. Patients who did not experience any irAE were censored at the last follow-up. A p-value of less than 0.05 was considered to indicate statistical significance.




3 Results


3.1 Patient clinicopathological data

Baseline characteristics of all 71 patients are shown in Table 1. All patients were Japanese (36 males and 35 females), with a mean age of 65.0 years (median, 69; range 30–86). Primary tumors were located on the skin of the extremities (43.7%), followed by non-skin lesions such as mucosa or viscera (25.4%), trunk skin (14.1%), head and neck skin (8.5%), and those of unknown origin (8.5%). Non-acral cutaneous melanoma was the predominant subtype (36.6%), followed by acral melanoma (28.2%), mucosal melanoma (14.1%), and uveal melanoma (7.0%). Melanoma of unknown origin or unclassified type was found in 14.1%. Nivolumab monotherapy or pembrolizumab monotherapy was performed in 47.9 and 49.3% of the patients, respectively. Two patients received both nivolumab and pembrolizumab monotherapy in a sequential setting. Approximately 65% of patients received the therapy in a metastatic setting (49.3% as 1st line, 11.3% as 2nd line, and 2.8% as 3rd line or more) and 36.6% of patients in an adjuvant setting. The mean follow-up periods after the initiation of anti-PD-1 therapy were 91.8 weeks (median, 68 weeks; range 4–443 weeks) for all patients, 91.5 weeks (median, 52 weeks; range 4–443 weeks) for the CD group, 73.4 weeks (median, 91 weeks; range 6–134 weeks) for the ED group, and 131.0 weeks (median, 130 weeks; range 14–259 weeks) for the DS group. There was no significant difference in the follow-up period among the three groups (p = 0.224).



TABLE 1 Baseline characteristics.
[image: Table1]

Comparing the three groups (CD, ED, and DS), there were no significant differences in sex, age, primary tumor site, or tumor subtype (Table 1). Nivolumab was more frequently used in the CD group and pembrolizumab was more frequently used in the ED group and the DS group. In addition, a metastatic setting was more common in the CD group and an adjuvant setting was more common in the ED group and the DS group. There were significant differences in the AJCC tumor stage (8th edition) and treatment cycles among the three groups.



3.2 Adverse events

Comprehensive profiles of irAEs are summarized in Table 2. In total, 26 events of any grade occurred in the follow-up period, namely, 11 endocrinopathy-related events (thyroid dysfunction, adrenal dysfunction, and diabetes), along with 7 cutaneous, 2 pneumonitis, 2 fatigue, 1 hepatitis, 1 musculoskeletal, 1 ocular, and 1 gastrointestinal irAEs. Cutaneous irAE included 4 maculopapular rash, 1 psoriasiform dermatitis, 1 vitiligo, and 1 edema. Notably, only two severe (grade 3) irAEs (type 1 diabetes and hepatitis) occurred in all patients. Anti-PD-1 monotherapy was discontinued in two patients due to an irAE (grade 3 type 1 diabetes in one patient and grade 2 edema in the other), and the most common reason for terminating anti-PD-1 therapy was disease progression. The patient who experienced grade 3 hepatitis resumed the anti-PD-1 therapy after a temporary interruption. No patient switched back to CD.



TABLE 2 Adverse events.
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In the CD group, a total of 16 irAEs including the two severe irAEs occurred, while no severe irAEs occurred in the ED group or the DS group. Interestingly, all five irAEs in the DS group occurred before the switch and no irAEs were identified during the subsequent ED period (escalation window).



3.3 Probability of irAE

Since most patients experienced only one irAE event or a second irAE at nearly the same timing as the first, we created Kaplan–Meier curves to compare the risk of irAEs among the groups (Figure 1). There was no significant difference in the probability of irAE (free of irAEs of any grade) among the three groups (Figure 1A). Considering the severe irAEs (grade ≥ 3), no significant difference was found among the three groups as well (Figure 1B). Most of the irAEs occurred during the first 6 months after the initiation of anti-PD-1 monotherapy (mean, 18.8 weeks; median, 12 weeks; range, 2–79 weeks).

[image: Figure 1]

FIGURE 1
 Kaplan–Meier curves of the probability of immune-related adverse events (irAEs) among canonical-interval dose group, extended-interval dose group, and dose-switch group. (A) Any grade of irAEs. (B) Severe (grade ≥ 3) irAEs.





4 Discussion

In this retrospective study, we found that ED had safety comparable to that of CD. Overall, 32.0% of patients treated with CD experienced an irAE of any grade, while the corresponding value was 35.7% for the ED group. Severe irAEs of grade 3 or more occurred exclusively in the CD group. Most of the irAEs occurred during the first 6 months after the initiation of anti-PD-1 therapy. All of the irAEs in the DS group occurred before the switch to ED.

The use of ICIs has significantly impacted the clinical practice of medical oncology. Despite their first introduction as traditional body weight-based dosing regimens, simulation pharmacokinetics studies showed that weight has only a minor effect on the distribution of ICIs; therefore, flat ICI doses became standard (27–29). Data from clinical trials also indicate that ICIs with ED (pembrolizumab 400 mg Q6W and nivolumab 480 mg Q4W) offer similar outcomes and safety as CD schedules (200 mg Q3W and 240 mg Q2W, respectively) (18, 20, 21).

However, there have been scarce real-world data on the safety profile of ED, particularly for Asian patients with melanoma (22–26). A retrospective study in Japan examined 45 patients with non-small cell lung cancer treated with pembrolizumab. All patients started at the CD and switched to ED after a median of six cycles of CD. New irAEs or the deterioration of existing ones occurred in 37.8% within three cycles of ED after switching, and the authors concluded that the ED may induce new irAEs (particularly pneumonitis) during the first few cycles after the switch, even in patients who had received stable treatment at CD (22). Another study from Japan retrospectively investigated the safety of ED of nivolumab and pembrolizumab across 69 patients with various solid cancers (including 21 melanomas) (23). Among 60 patients who switched to ED, 13 patients (21.7%) developed irAEs after the switch, seven of whom (53.8%) did so during the first ED cycle. These two studies may highlight the potential safety risk of ED.

In contrast, some recent reports have suggested that ED has a comparable safety profile to CD (24–26). A single-center analysis in the Netherlands compared the safety and efficacy between CD (n = 88) and ED cohorts (n = 117) with non-small cell lung cancer. Toxicity leading to dose reduction or discontinuation of treatment was not increased in the ED cohort (treatment was permanently discontinued due to irAEs in 4.3% of those on ICI treatment with ED) (24). Another study multicentrically recruited patients (n = 91) to analyze the safety of ED of ICIs for non-small cell lung cancer (25). After a median follow-up of 10.7 months on ICIs, only 4.3% of patients discontinued the treatment permanently, while 16% interrupted the treatment due to irAEs. More recently, a large cohort study on 812 patients with solid cancer (including 456 melanomas) was reported (26). Patients had received at least one cycle of monotherapy with ED after switching from CD or were treated upfront with ED. Out of 550 patients who started ICIs with CD and switched to ED, 225 (41%) developed irAEs of any grade and 17 (3%) those of grade 3 or more during CD, whereas irAEs of any grade and grade 3 or more were experienced by 155 (36%) and 20 (5%) patients after switching to ED, respectively. A lower probability of any grade irAEs was associated with switching to ED (adjusted odds ratio, 0.83; 95% confidence interval, 0.64–0.99; p = 0.047), whereas no significant difference was noted for ≥grade 3 events (adjusted odds ratio, 1.55; 95% confidence interval, 0.81 to 2.94; p = 0.18). The authors concluded that switching ICI treatment from CD and ED did not increase the incidence of irAEs. Our data, suggesting the unnecessity of dosing switch, align well with these studies (22–26). However, the reason behind the conflicting results (22–26) regarding the safety of extended dosing is unclear. One potential explanation could be the different irAE profiles among the cancers, such as frequent pneumonitis in lung cancer and vitiligo in melanoma.

ED may have several potential disadvantages such as less monitoring for clinical progression, negative impact on detecting irAEs. Increased economic cost is another potential disadvantage because the treatment will be stopped upon disease progression regardless of when the last dose was received, potentially leading to drug waste in the bloodstream, more likely in the ED group than the CD group (30). Occasional case reports of severe irAEs after dose switch have been published (31). Careful monitoring can help overcome these potential disadvantages and highlight clear benefits of ED.

Besides the potential biases inherent in the retrospective nature of this study and its small sample size especially in the ED and DS groups, a limitation of this study was the inability to analyze the efficacy profile of ED due to the significant involvement of adjuvant therapy. In addition, caution should be taken when interpreting our results due to the frequent use of ED in the adjuvant setting.

In conclusion, we have provided further insights into the safety profile of ED in the treatment of melanoma. Based on our data, the risk of irAEs was not increased with ED compared with CD. Dose switch with upfront CD followed by ED may not be necessary to reduce irAEs. With careful monitoring, especially during the early phase of anti-PD-1 monotherapy, the use of ED should be a safe and convenient strategy for treating melanoma in both adjuvant and metastatic settings.
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Background: Randomized controlled trials indicated guselkumab, the first anti-interleukin-23 monoclonal antibody, is efficacious in plaque psoriasis. However, guselkumab's performance in real life is scarcely examined, especially in China.

Objectives: This work aimed to assess the long-term effectiveness of guselkumab in actual clinical practice in China.

Methods: A retrospective study was performed for plaque psoriasis cases administered guselkumab in Shanghai Skin Disease Hospital between January 2020 and September 2022.

Results: A total of 37 patients were included (29 men, 78.4%), with a mean follow-up period of 72.3 ± 26.7 weeks (range of 12–108 weeks). At baseline, clinical examination revealed a mean PASI of 12.3 ± 7.1, a mean BSA of 17.1 ± 18.1, and a mean DLQI of 7.7 ± 4.3. Twenty-two (62.9%) and 17 (48.6%) cases achieved PASI 90 and PASI 100 responses at week 28. From weeks 60 to 92, >80% of cases achieved PASI 90 and PASI 100 responses. Regarding safety, no cases of serious AEs were recorded. A total of nine cases (24.3%) had different abnormal results in HBV markers, and two were T-SPOT positive. There was no hepatitis B virus or tuberculosis outbreak in these patients.

Conclusion: This real-life study confirmed the long-term efficacy and safety of guselkumab in daily clinical practice.

KEYWORDS
Chinese patients, efficacy, guselkumab, plaque psoriasis, real-life, safety


1 Introduction

Guselkumab represents an anti-interleukin (IL)-23 monoclonal antibody that reduces inflammation in psoriatic lesions by directly inhibiting IL-23/Th17 signaling (1). It is approved for the treatment of moderate-to-severe plaque psoriasis in cases eligible for systemic therapy or phototherapy (2). In a 48-week phase III, randomized, double-blind, placebo-controlled, active-comparator trial, the safety and efficacy of guselkumab combined with adalimumab or placebo were assessed in adults with moderate-to-severe plaque psoriasis. At week 16, 85.1% of cases administered guselkumab achieved an Investigator Global Assessment (IGA) of 0/1, and 65.9 and 6.9% in the adalimumab and placebo groups, respectively (P < 0.001). Psoriasis Activity Severity Index 90 (PASI 90) was achieved at week 16 in 73.3% of cases administered guselkumab, and 49.7 and 2.9% in the adalimumab and placebo groups, respectively (P < 0.001) (3). In real life, a retrospective study assessed patients with moderate-to-severe psoriasis administered guselkumab in the Psoriasis Care Center of Dermatology at the University Federico II of Naples between June 2019 and December 2021 (4). A total of 44 patients were included (28 men, 63.6%; mean age of 59.0 ± 10.2 years). Significantly improved PASI and body surface area (BSA) were detected at each follow-up (PASI decreased from 13.9 ± 8.1 to 0.9 ± 0.7 at week 52, and BSA decreased from 24.3 ± 19.6 to 1.3 ± 1.4, both p < 0.001). Only three (6.8%) cases discontinued guselkumab treatment for secondary inefficacy. No cases of serious adverse events were recorded. Real-life studies seem to confirm guselkumab's efficacy and safety in a real-world setting, while cases in China have been rarely assessed (5).

Thus, we carried out a single-center, retrospective trial to assess the long-term efficacy and safety of guselkumab in Chinese patients, and some of whom were previously administered one or more biologic agents in a real-life setting.



2 Materials and methods

A retrospective study was carried out to assess patients with moderate-to-severe psoriasis administered guselkumab in the Psoriasis Care Center of Dermatology at the Shanghai Skin Diseases Hospital between January 2020 and July 2022. Inclusion criteria were (a) diagnosis of moderate-to-severe plaque psoriasis by a dermatologist for at least 6 months and (b) guselkumab administration for at least 12 weeks.

For each case, the following data were collected at baseline: age, sex, psoriasis duration, BSA, PASI, Dermatology Life Quality Index (DLQI), body mass index (BMI), comorbidities, family history of psoriasis, and past and current psoriasis therapies.

At each follow-up visit (weeks 4, 12, 28, 44, 60, 76, and 92) psoriasis severity indexes (PASI and BSA) were assessed as well as adverse events (AEs). At baseline and follow-up, routine blood tests [blood count with formula, transaminases, creatinine, azotemia, glycaemia, erythrocyte sedimentation rate, C reactive protein, total cholesterol and triglycerides levels, protein electrophoresis, Hepatitis B Virus (HBV) markers, anti-Hepatitis C Virus (HCV) markers, and mycobacterium tuberculosis T cell enzyme-linked immunospot tuberculous test (T-SPOT)] were collected. This study followed the Declaration of Helsinki, and all patients provided signed informed consent.



3 Statistical analysis

Statistical analysis was carried out to examine the statistical significance of clinical improvement. Clinicodemographic data were analyzed using descriptive statistics. Continuous data are mean ± standard deviation, and categorical variables are number and proportion. The Mann-Whitney U-test and the t-test were performed to compare values obtained at different times during treatment for categorical and continuous variables, respectively. P < 0.05 was considered statistically significant. GraphPad Prism 8.0 was used for data analysis.



4 Results

A total of 40 patients administered guselkumab in our department were enrolled. A final number of 37 (92.5%) cases (29 men, 78.4%) were included in the study (Table 1). Mean patient age was 44.1 ± 10.6 years (range of 24–65 years), and the mean disease duration was 16.8 ± 10.5 years. A family history of psoriasis was found in 8.1% of cases (3/37). A total two patients (5.4%) also had psoriatic arthritis. Regarding comorbidities, the most common were abnormal HBV markers (9, 24.3%), followed by obesity (7, 18.9%), T-SPOT positive (2, 5.4%), dyslipidemia (2, 5.4%), hypertension (1, 2.7%), diabetes (1, 2.7%), hyperuricemia (1, 2.7%), and abnormal kidney function (1, 2.7%) (Table 1). A total of 23 cases (62.2%) had previous treatment with at least one conventional systemic treatment, including methotrexate, cyclosporine, and narrow band (Nb)-ultraviolet B (UVB) phototherapy, while 12 (32.4%) had previous exposure to one or more biologic agents. A total of nine (24.3%) patients had failed anti-tumor necrosis factor-α (anti-TNFα), four (10.3%) had failed secukinumab, and two (5.4%) had failed ustekinumab (Table 1).


TABLE 1 Baseline patient data.

[image: Table 1]

At baseline, clinical examination revealed a mean PASI of 12.3 ± 7.1, a mean BSA of 17.1 ± 18.1, and a mean DLQI of 7.7 ± 4.3. Regarding PASI, a statistically significant improvement in PASI value was detected at week 4 (7.0 ± 4.9, p < 0.001), with a PASI score improvement of 43.1%. At week 12, a PASI 75 response was achieved by 21 (56.8%) patients, with PASI < 3.0 in 20 (54.1%) subjects. From weeks 44 to 92, >90% of patients had achieved a PASI 75 response. Especially, at weeks 60 and 76, a PASI 75 response was found in 96.3 and 95.5% of cases, respectively. At week 28, a PASI < 3.0 response was achieved by 27 (77.1%) patients. From weeks 44 to 92, >85% of patients had achieved a PASI < 3.0 response. Similarly, at weeks 60 and 76, a PASI < 3.0 response was found in 92.6 and 90.9% of cases, respectively. A total of 22 (62.9%) and 17 (48.6%) patients reached PASI 90 and PASI 100 responses at week 28. PASI 90 and PASI 100 responses were found in >80% of cases between weeks 60 and 92. At week 76, a total of 20 (90.9%) patients had achieved PASI 90 and PASI 100 responses. A statistically significant improvement was also found for BSA at each follow-up (10.1 ± 11.0 at week 4, p < 0.001; 2.7 ± 5.6 at week 28, p < 0.0001; 1.5 ± 6.9 at week 60, p < 0.0001; up to 1.9 ± 6.4 at week 92, p < 0.0001) and DLQI at each follow-up (4.4 ± 3.3 at week 4, p < 0.001; 1.2 ± 2.6 at week 28, p < 0.0001; 0.3 ± 1.2 at week 60, p < 0.0001; 0.6 ± 1.7 at week 92, p < 0.0001). All psoriasis index results are detailed in Table 2 and Figure 1.


TABLE 2 Psoriasis assessment at baseline and weeks 4, 12, 28, 44, 60, 76, and 92.
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FIGURE 1
 Guselkumab's efficacy in psoriasis patients. (A) Changes in mean PASI, BSA, and DLQI scores. (B) Percentages of mean PASI score improvement. (C) Rates of patients achieving PASI 75, PASI 90, and PASI 100 responses at different times.


Till now, 11 patients (29.7%) have interrupted the treatment. One case was lost to follow-up at week 20, one needed chemotherapy and interrupted the treatment at week 36, two voluntarily withdrew from the treatment at week 44, one was operated on and had to end the treatment at week 68, and one left to study abroad and stopped the treatment at week 68. A PASI 100 response was found in 83.3% of cases between weeks 20 and 36. However, the patient who lost follow-up had achieved a PASI 90 response at week 12. Another five patients interrupted the treatment between weeks 28 and 52 due to inefficacy. One patient with previously failed treatment with TNF inhibitors and ixekizumab discontinued the treatment at week 28, and three cases previously administered TNF inhibitors discontinued the treatment between weeks 44 and 52 (Table 3). A PASI 75 response was achieved by two cases at week 20, indicating an ineffective rate of 13.5% in this study.


TABLE 3 Detailed information from some ineffective patients.
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Moreover, bio-experienced cases (patients who have had any biologics input) (10 men, 83.3%; mean age of 45.2 ± 8.5 years, range of 35–65 years) showed a PASI superior to the bio-naïve cases (patients who have not had any biologics input) (19 men, 76%; mean age of 43.6 ±11.6 years, range of 24–65 years) at baseline (13.4 vs. 11.6, p = 0.485). From weeks 4 to 28, bio-experienced cases had less pronounced PASI score improvement than the bio-naïve group (35.1 vs. 46.6%, at week 4; 64.2 vs. 75%, at week 12; 71.6 vs. 90.5%, at week 28). However, no differences were detected between the two groups after week 28. Additionally, less bio-experienced patients achieved PASI 75 and PASI < 3.0 than the bio-naïve cases at weeks 12 and 28, and differences in PASI 90 and PASI 100 were found at weeks 12, 28, 44, and 60 (Figure 2). In this study, the ineffective rate was higher in the bio-experienced patients (33.3%) compared with bio-naïve patients (4%).


[image: Figure 2]
FIGURE 2
 Guselkumab's efficacy between the bio-naïve and bio-experienced cases. (A) Changes in mean PASI scores. (B) Percentages of mean PASI score improvement. (C) Rates of cases achieving a PASI 75 response at different times. (D) Rates of cases achieving a PASI 90 response at diverse times. (E) Rates of cases achieving a PASI 100 response at diverse times. (F) Rates of cases achieving a PASI < 3.0 response at diverse times.


Furthermore, this study population had high body mass index values (overweight + obese > 43.2%). Cases with BMI ≥ 25 group (15 men, 93.8%; mean age of 42.3 ± 10.4 years, range of 24–61 years) showed higher PASI scores than those with BMI < 25 group (14 men, 66.7%; mean age of 45.5 ± 10.8 years, range of 33–61 years) at baseline (14.3 vs. 10.8, p = 0.167). From weeks 12 to 92, cases with a BMI < 25 had more pronounced PASI score improvement compared with the BMI ≥ 25 group. The BMI < 25 group achieved PASI 75, PASI 90, PASI 100, and PASI < 3.0 responses to a greater extent than the BMI ≥ 25 group from weeks 28 to 92 (Figure 3).
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FIGURE 3
 Guselkumab's efficacy between the BMI ≥ 25 group and the BMI < 25 groups. (A) Changes in mean PASI scores. (B) Percentages of mean PASI score improvement. (C) Rates of cases achieving a PASI 75 response at different times. (D) Rates of cases achieving a PASI 90 response at diverse times. (E) Rates of cases achieving a PASI 100 response at diverse times. (F) Rates of cases achieving a PASI < 3.0 response at diverse times.


Regarding safety, nine patients (24.3%) had different abnormal results in HBV markers at baseline. A total of five cases were anti-HBc positive; two were anti-HBe and anti-HBc positive; one was HBsAg and anti-HBc positive; and one was HBsAg, anti-HBe, and anti-HBc positive. HBV-DNA was normal at baseline. At present, except for one patient who discontinued the treatment for inefficacy, the remaining patients have completed the follow-up. A total of two cases were T-SPOT positive. However, they had no history of tuberculosis or abnormal manifestations of chest computed tomography. There was no hepatitis B or tuberculosis outbreak during follow-up. No cases of serious AEs, injection site reactions, candida infection, malignancy, or cardiovascular events were reported.



5 Discussion

Biologic application in psoriasis has improved beyond expectations in the therapeutic response in cases with moderate-to-severe psoriasis, with excellent safety features (6). PASI 90 and PASI 100 responses are considered the treatment goals in moderate-to-severe psoriasis, suggesting complete or nearly complete clearance, generally related to significant improvement in health-related quality of life. As a human monoclonal antibody targeting the p19 subunit of IL-23, guselkumab was the first antibody of its class to be approved for treating moderate-to-severe plaque psoriasis in adults (7–10). In this study, guselkumab was administered as a 100-mg subcutaneous injection at weeks 0 and 4, and then at 8-week intervals. The current patients had a mean PASI of 12.3 ± 7.1 and a mean disease duration of 16.8 ± 10.5 years at baseline, which corroborated the mean baseline PASI of 13.7 with an average evolution time for their psoriasis of 20 years reported by Rodriguez Fernandez-Freire L et al. in Spain (11). This study achieved a PASI 75 response below that reported in a previous study (12 weeks); differences were also detected in PASI 90 and PASI 100 responses at week 12 between the two populations. However, there were no differences in PASI 75, PASI 90, or PASI 100 responses following 36 weeks of treatment. Differences in guselkumab's efficacy at the early stage might depend on regions, but more data are required for confirmation. Moreover, a previous study population had a high BMI (overweight + obese > 89.1%) (11). In the present study, the ratio was 43.2%. However, no relationship between treatment effectiveness and weight was found. In this work, patients had a mean follow-up period of 72.3 ± 26.7 weeks (range of 12–108 weeks). The results suggested that guselkumab has excellent long-term effectiveness.

Furthermore, there were 12 cases with previously failed treatment with other biologic agents in this study; we found that less bio-experienced cases achieved a PASI 75 response than bio-naïve cases at 12 and 28 weeks. A total of five patients interrupted the treatment for inefficacy, including four who had previous treatment with other biologic agents. One case with previously failed treatment with both TNF inhibitors and ixekizumab discontinued the treatment at week 28; meanwhile, three cases previously administered TNF inhibitors discontinued the treatment at weeks 44–52. Similarly, Hung et al. (12) reported that previously administered anti-IL-17 cases had less substantial PASI improvement than biologic-naïve cases at the early stage, suggesting that biologic treatment may reduce guselkumab's effectiveness. However, Bonifati et al. (13) examined 9 patients who switched to guselkumab upon anti-IL-17 failure, demonstrating a significant PASI improvement after 3 months of treatment. In a short-term trial of 55 patients (11), 27 cases previously administered anti-IL-17 still had confirmed guselkumab's effectiveness. In addition, guselkumab discontinuation for inefficacy was found in only one patient. Finally, the effectiveness and safety of guselkumab were examined in 44 patients with previously failed anti-IL-17 treatment in a real-life setting up to 52 weeks (4). Significantly improved PASI [PASI decreased from 13.9 ± 8.1 to 0.9 ± 0.7 (p < 0.001) at week 52] and BSA [BSA from 24.3 ± 19.6 to 1.3 ± 1.4 (p < 0.001)] were detected, and only three cases (6.8%) discontinued the treatment for secondary inefficacy. These data indicated biologic exposure could not influence guselkumab's efficacy.

The safety of guselkumab was confirmed since no cases of serious AEs were reported. In this study, nine cases had different abnormal results in the HBV markers, and two cases were T-SPOT positive. However, there was no hepatitis B or tuberculosis outbreak in the examined patients. In agreement, randomized controlled trials and real-life studies have reported that guselkumab has an excellent safety profile (4, 14, 15). The most common adverse event was infection, mostly respiratory tract infections. No patients discontinued the treatment for AE in this study.

The specific pathogenesis of psoriasis remains undefined, although the IL-23/IL-17 axis is considered to play an important role (1). Particularly, IL-23 is a dimer comprising a specific subunit, p19, and a p40 subunit, which is also found in IL-12. These cytokines may activate two T-cell types, including helper T-cell types 1 and 17, which release psoriatic cytokines such as IL-17, interferon-γ, TNF-α, and IL-22 (16, 17). This may explain why some patients previously administered anti-IL-17 still showed an excellent response to guselkumab. Certainly, further investigation is required to help the clinician select the best treatment option based on the patient's particularities, ensuring the highest odds of achieving and maintaining expected clinical outcomes.
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Epidermal growth factor receptor inhibitors (EGFRIs) induced cutaneous toxicity is a common adverse event (AE), although it is not as severe as major cancers, we still need to pay enough attention to them. Therefore, it is necessary to evaluate the diversity of EGFRI class drugs. The objective of this study was to conduct a scientific and systematic investigation into the correlation between EGFRI and cutaneous toxicities. The data accessed from the FDA adverse event reporting system database (FAERS) encompass a time frame spanning from January 2013 to March 2023. By utilizing reporting odds ratios (RORs), information components (ICs), proportional reporting ratios (PRRs), and chi-squared (χ2), the relationship between drugs and adverse reactions was evaluated through disproportionality analysis. Within the FAERS database, a total of 29,559 skin adverse events were recorded. A robust indication of the correlation between EGFRI and elderly patients (≥65 years) was identified. Among EGFRIs, erlotinib accounted for the largest proportion of skin adverse events (39.72%). Rash, dry skin, and pruritus ranked top among all preferred terms, and signals such as rash, skin lesions, and acneiform dermatitis were detected in every single drug. Clinicians should guide patients customize the treatment plan for each patient.
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1 Introduction

Epidermal growth factor receptor (EGFR) belongs to the receptor tyrosine kinase family (ErbB) that regulates tumor cell differentiation, survival, and proliferation. The EGFR family is also known as the EGFR tyrosine kinase family, which includes four receptor tyrosine kinases, such as EGFR/HER1, ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4. Among them, EGFR is the first cell surface receptor found to be directly related to tumorigenesis. EGFR is also known as HER1, ErbB1, mutation, or overexpression generally cause tumors. Human epidermal growth factor receptor 2 (HER-2), a receptor that exists on the surface of breast cancer cells and is closely related to the occurrence and development of breast cancer (1–4). Epidermal growth factor receptor inhibitors (EGFRIs) are now well established as effective agents for the treatment of various cancers (5), which include monoclonal antibodies(mAbs): cetuximab, necitumumab, and panitumumab; tyrosine kinase inhibitors (TKIs): afatinib, dacomitinib, erlotinib, gefitinib, and Osimertinib; and Tyrosine multikinase inhibitors: lapatinib and vandetanib (6–8).

EGFRI has shown significant curative effect, changing the prospects for non-small cell lung cancer (NSCLC) (9), metastatic colorectal cancer (10), breast cancer (11), thyroid cancer (12), and rectal cancer (rectal cancer) (13). In the IPASS study, first-line treatment with gefitinib significantly prolonged progression-free survival in patients with lung adenocarcinoma compared with paclitaxel plus carboplatin (14). The National Comprehensive Cancer Network (NCCN) has recommended mAbs for the first-line treatment of patients with wild-type RAS metastatic colorectal cancer (mCRC) (15). EGFRI can also be combined with other drugs to treat cancer, such as the combination of EGFRI and immune checkpoint inhibitors (ICI) in the treatment of non-small cell lung cancer (NSCLC) (16).

However, a first-line cohort study of icotinib in 152 patients with EGFR-mutated advanced NSCLC reported a major safety profile, with rash and paronychia occurring in 43.4 and 5.9% of patients (17), respectively. The indications of EGFRIs continue to expand to different cancers and different stages of the disease. Skin diseases can be divided into early and late stages, with the former being better known and usually easier to prevent and treat. Later in treatment, other skin toxicities such as xerosis and eczema, with accompanying pruritus, may occur (18). And due to its specific mechanism of action, cutaneous toxicity has become the most common adverse drug reaction (ADR) of EGFRIs, which usually leads to a decrease in the quality of life of patients. Gefitinib-induced cutaneous toxicity led to dose discontinuation in 6.9% of patients (19). In one survey, 10% of patients admitted to skipping doses due to side effects (20). More attention and awareness of adverse event-induced EGFR inhibitor-related cutaneous adverse events is needed for prevention and treatment.

FAERS is a free and public voluntary database for collecting post-marketing drug adverse event information and is often used to carry out signal mining research on drug adverse events. The FAERS database can receive more than one adverse event information report about drugs and medical equipment every year. The adverse drug event information is spontaneously reported by drug manufacturers, hospital medical staff, pharmacists, and other professionals, as well as patients. Therefore, the information in the FAERS database is from the real world. Real-world safety data on EGFRI-related skin AEs are currently lacking, and there are inherent differences in activity and dermal toxicity among EGFRIs. This study outlines the safety profile of EGFRI through pharmacovigilance analysis and provides guidance for clinicians and patients so as to be familiar with how to prevent or improve skin AEs.



2 Methods


2.1 Data extraction

This study retrospectively mined and analyzed the skin toxicity AEs of EGFRI in FAERS from 1 January 2013 to 31 March 2023 through data mining, and a total of 41 quarterly report documents were screened, although a large proportion of these data comes from the United States, Europe, and the Asia-Pacific region, which also account for a large proportion. The following seven types of files make up the FAERS database: patient demographic and administrative information (DEMO), drug/biological information (DRUG), adverse events (REAC), patient outcomes (OUTC), reporting sources (RPSR), reporting drug therapy start and end dates (THER), and indications (INDI). These tables can be considered distinct domains. For instance, the tables within DEMO belonging to different years and quarters can be categorized as a single domain. Once the structure is standardized, tables from the same domain can be merged together. By integrating the data of specific years and quarters in each domain to facilitate subsequent management and analysis. In addition, there is a special file category named DELETED, which include the information about the CASEID of expurgated reports. These files exist in several certain quarters. All types of documents can be accessed from the FDA website.1

According to the recommendation of FDA, we removed duplicate records by two steps: (1) selecting the greater PRIMARYID when the CASEID and EVENT_DT were the same and (2) selecting the latest EVENT_DT when the CASEID were the same. Then selected the drugs whose “ROLE_COD” fields are “PS” (Primary Suspect). Upon completing the screening process, we proceed with selecting six major file categories: DEMO, DRUG, REAC, OUTC, THER, and INDI. These categories serve as individual tables that can be linked through the common primary keys “PRIMARYID” and “CASEID” to consolidate patient and medication information. The DEMO, REAC, and OUTC tables are merged using the aforementioned primary keys. Additionally, the DRUG, INDI, and THER tables possess primary keys such as “DRUG_SEQ,” “INDI_DRUG_SEQ,” and “DSG_DRUG_SEQ,” respectively. Although these primary keys serve the same purpose, they have different variable names across the tables. By unifying the primary keys in these three tables, they can be merged together so that, the two large tables are merged into a single consolidated table for comprehensive analysis. This merging process is based on the two primary keys, “primaryid” and “caseid.” Finally, removed the wrongly uploaded report according to the CASEID in the DELETED folder (see Figure 1). SAS 9.4 (SAS Institute Inc., Cary, NC, United States) was used to integrate and process the raw data, and RStudio software was used to calculate the signal value for each group of clinical characteristics and visualize.

[image: Figure 1]

FIGURE 1
 The flow diagram of selecting EGFRI-associated AEs from FAERS database.




2.2 Target drugs and AEs

Our search in the FAERS database was conducted specifically for FDA-approved EGFRIs available on the market, encompassing mAbs (cetuximab, necitumumab, and panitumumab), TKIs (gefitinib, erlotinib, afatinib, dacomitinib, and osimertinib), VEGF/VEGFR inhibitors (vandetanib), and EGFR inhibitors/HER2 inhibitors (lapatinib) (Supplementary Table S1) by using trade and generic names listed in the National Center for Biotechnology Information (NCBI).

Adverse events with EGFRI-induced cutaneous toxicity in the FAERS database were defined as cases where the treatment regimen included drugs in the EGFRIs class and a skin-related adverse reaction in the SOC classification occurred. The SOC consists of six High Level Group Terms (HLGT), which includes epidermal and dermal conditions (MedDRA code 10014982), pigmentation disorders (MedDRA code 10035023), skin and subcutaneous tissue disorders NEC (MedDRA code 10040790), skin and subcutaneous tissue infections and infections (MedDRA code 10040792), skin appendage conditions (MedDRA code 10014982), and skin neoplasms malignant and unspecified (MedDRA code 10040785). All PTs were selected under the six HLGTs. Furthermore, the FAERS database recorded a single adverse event report for EGFRI in relation to cutaneous toxicity as one instance of data, despite the possibility of multiple adverse event reports being filed for the same patient, owing to the database’s structural and variable characteristics.



2.3 Time to onset

We analyzed the occurrence time of EGFRI-induced cutaneous toxicity. The occurrence time is the interval between START_DT (the time start therapy) and EVENT_DT (adverse event occurrence date). Incorrectly entered reports were excluded according to two exclusion criteria: (1) The value of START_DT or EVENT_DT is miss, (2) EVENT_DT is incorrect (START_DT later than EVENT_DT). The Kaplan–Meier curve can present the first quantile time, the median time, and the third quantile time and can be used to describe the changes in the incidence of AE. Discriminate the statistical difference in AE occurrence time between different EGFRI drug treatment regimens, mainly using the Kruskal–Wallis test and Wilcoxon rank-sum test to calculate.



2.4 Statistical analysis


2.4.1 Disproportionality analysis

Disproportionality analysis is one of the most basic data mining methods for adverse drug reaction monitoring, which can also be called case-non-case analysis. Disproportionality analysis compared selected ADR proportions for a single drug or drug class with the same ADR proportions reported for other drug groups (21). There are two primary types of proportional imbalance methods that exist nowadays. One method is based on frequency, called the frequency method, and the other is based on Bayes’ theorem, also known as the Bayesian method. The former method, comprising the reporting odds ratio method and the proportional reporting ratio method, offers the advantages of low computational complexity, low time consumption, and independence from the need for a priori information in the model. Additionally, it exhibits resilience to non-selective underreporting of drugs or adverse drug reactions, thus not impacting the calculated ROR values in comparison with the patient population experiencing ADRs. However, it cannot be calculated when the denominator is zero, and it is easily affected by individual values. When the frequency is small, the statistics fluctuate greatly. The advantages and disadvantages of the PRR method are similar to those of the ROR method, but there is a fundamental difference. The ROR method calculates the statistic as the odds ratio (OR), while the PRR method calculates the relative hazard ratio (RR). The chi-squared test can be used in conjunction with the PRR method. The BCPNN method not only considers the information of probability asymmetry but also considers the information of the overall sample, which is more flexible and stable than the frequency method. In addition, since the model variable is not settled, the prior distribution corresponding to the variable will use a different distribution according to the change of the data, so there is no restriction on conditions for usage. Given the absence of a universally accepted “gold standard,” it is important to recognize that each method possesses its own unique set of advantages and disadvantages concerning its applicability and feasibility in varying scenarios. Therefore, in practical applications, the four methods should be combined to comprehensively evaluate the results of pharmacovigilance signals.

The detailed information for calculating the AE reports of the target drug and other drugs can be found in 2 × 2 Matrix Table (Table 1). In order to investigate potential correlations between EGFRI and cutaneous toxicities, four data mining methods were employed: the reporting odds ratio (ROR) method (22), proportional reporting rate (PRR) method, chi-squared (χ2) method (23), and the Bayesian confidence propagation neural network’s (BCPNN) information component (IC) method (24).



TABLE 1 2*2 matrix table for EGFRI-induced dermatologic toxicities.
[image: Table1]


2.4.1.1 Reporting odds ratio method

The ROR can be calculated using the following formula

[image: image]

Calculating the standard error of ln (ROR) and 95% confidence interval for the ROR involves the following steps

[image: image]
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2.4.1.2 Proportional reporting rate (PRR) method

The PRR measure can be expressed as

[image: image]



2.4.1.3 Chi-squared (χ2) method

The χ2 can be expressed as

[image: image]

where O represent the observed count ([image: image]), and E represent the expected count [[image: image]].



2.4.1.4 BCPNN method

The calculation of its variance can be derived from Bayes’ theorem as

[image: image]
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where

[image: image]

and [image: image]; [image: image], [image: image], [image: image], [image: image], C is the total number of reports in the database, Cij the number of combinations between an EGFRI drug (i) and the dermatologic toxicities drug reaction (j), Ci the total number of reports on EGFRI drugs (i) in the database and Cj the total number of reports on the dermatologic toxicities ADR (j) in the database.

The calculation of IC can be obtained as.

[image: image]

There are diverse criteria for signal detection; ROR025 and IC025 represent the lower limit of the 95% confidence interval of ROR and IC. The signal was defined as positive if ROR025 was greater than 1 or IC025 was greater than 0. Besides, the signal was defined PRR is not less than 2 and chi-squared is not less than 4. Three or more cases should be met for all the criteria.






3 Results


3.1 Descriptive analysis

After processing, the FAERS database recorded a total of 37,504,238 data between 2013 and 2023. Among these records, a total of 189,324 adverse events attributed to EGFRIs were reported, with 29,559 reports specifically associated with cutaneous toxicity. Demographic information about the patients is summarized in Table 2.



TABLE 2 Demographic information of EGFRI-induced adverse events.
[image: Table2]

In all reported cases of cutaneous toxicity induced by EGFRI, females accounted for a higher percentage than males (57.67% versus 36.65%). But by further analysis, signal was only detected in males (ROR025 = 1.45, IC025 = 0.35, PRR = 1.31, χ2 = 776.80). Significant differences were found among various subgroups in the study, indicating a greater proportion of elderly (> 65 years old, 33.67%) compared with non-elderly (29.92% for adults, 0.05% for adolescents, and 0.06% for children), and the difference is statistically significant (ROR025 = 2.16, IC025 = 0.81, PRR = 1.81, χ2 = 3480.90), which probably be attributed to degenerative changes in the elderly. Other serious medical events, hospitalization, and life-threatening emerged as the most commonly reported outcome events. Other serious medical events (ROR025 = 1.44, IC025 = 0.33, PRR = 1.25, χ2 = 569.19), hospitalization (ROR025 = 1.22, IC025 = 0.24, PRR = 1.23, χ2 = 175.60), life-threatening (ROR025 = 1.24, IC025 = 0.30, PRR = 1.34, χ2 = 34.18), and death (ROR025 = 2.09, IC025 = 4.63, PRR = 4.48, χ2 = 3846.70) indicate the life-threatening nature of potential EGFRI-related cutaneous toxicity. The United States (57.32%) represented the most frequently mentioned regions or countries, with Japan (11.20%), China (2.90%), France (2.16%), and Germany (1.93%) behind.

For all reports concerning EGFRI-related cutaneous toxicity, age and sex were analyzed separately for each class of EGFRI to investigate their relationship (Table 3). Signals were detected for all single agents in the elderly population, with a greater proportion of signals detected in males compared with females among all single drugs.



TABLE 3 The signals of cutaneous adverse events in EGFRI-related age and sex groups.
[image: Table3]

Across all EGFRI regimens, discernible differences were identified in specific adverse events associated with cutaneous toxicity. The top reported reports were rash (8,040 cases, 27.20%), dry skin (1934 cases, 6.54%), itching (1722 cases, 5.83%), acne like dermatitis (1,274 cases, 4.31%), acne (1,198 cases, 4.05%), alopecia (1,102, 3.73%), paronychia (1,004, 3.40%), erythema (809, 2.74%), skin lesions (651, 2.20%), skin exfoliation (611, 2.07%), and skin toxicity (591, 2.00%) (Table 4). Collectively, these comprised 64.07% of the total.



TABLE 4 Distribution of dermatologic toxicities related to EGFRIs drugs.
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3.2 Cutaneous toxicity AE profile in treatment protocols

Overall, while not all EGFRIs exhibited associations with cutaneous AEs, signals were identified when analyzing each drug individually in relation to cutaneous toxicity AEs. Among the analysis of all EGFRIs and individual EGFRIs, erlotinib and panitumumab similarly demonstrated the most robust statistical association with EGFRI-related cutaneous AEs according to the value of IC025, ROR025, and PRR (χ2). Panitumumab has higher IC025, ROR025, and PRR than erlotinib, but erlotinib has more counts and higher χ2 than panitumumab (Table 5).



TABLE 5 Signals for overall and each class of EGFRIs drugs with dermatologic toxicity AEs.
[image: Table5]

IC025, PRR, and ROR025 between PTs for drugs and adverse events are depicted in Figures 2–4, respectively. Erlotinib had the broadest range of cutaneous AEs, with 74 PTs monitored for signals ranging from blood blister (IC025 = 0.06, ROR025 = 1.26, PRR = 2.53) to dermatitis acneiform (IC025 = 5.16, ROR025 = 43.80, PRR =48.64). A total of 51 PTs were found to be significantly associated with afatinib treatment, ranging from eyelid disorder (IC025 = 0.04, ROR025 = 20.3, PRR = 5.44) to paronychia (IC025 = 6.83, ROR025 = 221.43, PRR = 171.51). A total of 48 PTs were found to be significantly associated with cetuximab, ranging from nail bed disorder (IC025 = 0.02, R0R025 = 4.50, PRR = 14.03) to radiation skin injury (IC025 = 6.09, R0R025 = 264.61, PRR = 260.27). A total of 70 PTs were monitored as signals for panitumumab ranging from skin hyperpigmentation (IC025 = 0.10, R0R025 = 1.31, PRR = 2.63) to dermatitis acneiform (IC025 = 6.74, R0R025 = 168.01, PRR = 182.12). Lapatinib had 32 PTs monitored as signals ranging from photosensitivity reaction (IC025 = 0.07, ROR025 = 1.24, PRR = 2.38) to onychalgia (IC025 = 3.23, ROR025 = 47.70, PRR = 67.91). Osimertinib had 25 PTs monitored as signals ranging from Stevens–Johnson syndrome (IC025 = 0.34, ROR025 = 1.36, PRR = 2.10) to paronychia (IC025 = 4.59, ROR025 = 36.50, PRR = 32.12). And PTs detected in gefitinib, vandetanib, dacomitinib, and necitumumab were 21, 16, 11, and 6, respectively. Signs of rashes, skin lesions, and acneiform dermatitis were detected in all drugs.

[image: Figure 2]

FIGURE 2
 Adverse events (AEs) related to dermatologic toxicity associated with epidermal growth factor inhibitor (EGFRI) drugs exhibited signals indicated by reporting odds ratios (RORs). PT, preferred term. The lower end of the 95% confidence interval of ROR, denoted as ROR025, served as a threshold for identifying signals. ROR025 greater than 1 was deemed a signal.


[image: Figure 3]

FIGURE 3
 Signals were observed for epidermal growth factor inhibitor (EGFRI) drugs in relation to detailed adverse events (AEs) associated with dermatologic toxicity. PT, preferred term. The lower end of the 95% confidence interval of IC, denoted as IC025, served as the threshold for identifying signals. IC025 greater than 0 was deemed a signal.


[image: Figure 4]

FIGURE 4
 Signals were observed for epidermal growth factor inhibitor (EGFRI) drugs in relation to detailed adverse events (AEs) associated with dermal toxicity. PT, preferred term; PRR not less than 2 was deemed a signal.




3.3 Time to onset

In total, 7,933 EGFRI-related cutaneous toxicity AEs were reported. Displayed in Figure 5 are the Kaplan–Meier curves, illustrating the onset time of adverse events (AEs) for different EGFRIs. The corresponding risk table, situated at the bottom of Figure 5, presents the number of individuals followed at each time point. Significantly different AE onset times among the various EGFRIs were observed following the Kruskal–Wallis test, with a value of p of less than 0.0001.

[image: Figure 5]

FIGURE 5
 AE reports of EGFRI-induced dermatologic toxicities in Kaplan–Meier curves and risk tables.


The median time to onset was 25 days, accompanied by an interquartile range (IQR) spanning from 7 to 108 days. Detailed information regarding the time to onset of cutaneous toxicity AEs for each specific EGFRI can be found in Table 6. Necitumumab exhibited the shortest median time to AE onset, recorded at 9 days with IQR of 5–16 days. Conversely, gefitinib demonstrated the longest median time to AE onset, reported as 57 days, with an IQR of 14–182 days.



TABLE 6 The occurrence time of skin AEs for EGFRIs.
[image: Table6]

Based on the Wilcoxon rank-sum test, pairwise comparisons were conducted to assess difference among different drugs. In terms of the time to onset of AEs, panitumumab demonstrated a significantly shorter duration than gefitinib, but not significantly shorter than vandetanib and erlotinib. Conversely, lapatinib was significantly shorter than osimertinib and cetuximab. As for dacomitinib, it did not show a significant difference compared with erlotinib (Figure 6).

[image: Figure 6]

FIGURE 6
 Time interval disparities analysis between durations of EGFRIs-related dermatologic AEs.





4 Discussion

We analyzed EGFRI-related adverse events in the FAERS database by ROR, PRR, chi-squared, and BCPNN methods and identified associations and specificities between EGFRI and related skin toxicity AEs to delineate the safety profile. Launch dates for EGFRIs vary, with gefitinib first being on the market in 2003. However, based on clinical use, second- and third-generation tyrosine kinase inhibitors are currently the most used and widely available, which are listed after 2012. Redundant data in the analysis amplify the likelihood of probability errors in the results. Encompassing both currently utilized and previously marketed EGFRIs, we conducted pharmacovigilance studies utilized over 30 million records to investigate EGFRI-related skin toxicity within a specific time period.

Most clinical trials of EGFRIs assessed clinical outcomes, although some assessed AEs but not in sufficient detail, and only the grading degree and brief descriptions of these AEs have been provided. The published phase III studies did not include detailed information on the prevention of cutaneous toxicity. On the other side, the impact on pathology-related QoL is so far unclear. Prior investigations have presented evidence indicating that EGFRI escalates the risk of toxicity at the organ system level, encompassing pulmonary toxicity (25)and cardiotoxicity (26).

The analysis of AE time intervals reveals that for most EGFRI-related skin toxicity AEs, they occur within the first few days to 2 months after administration. Subsequently, based on the Kaplan–Meier curves, the incidence rate gradually descends. Adverse events persist in patients throughout the subsequent treatment, extending for months or even years (27). The median time from post-administration to AE occurrence, representing the point at which the AE incidence reaches 50%, was similar for cetuximab, lapatinib, and osimertinib, occurring on day 7 after administration. However, considering the third quartile time, which indicates the time required for AE incidence to reach 75% after administration, cetuximab required 50 days, osimertinib took 64 days, and lapatinib necessitated the longest duration at 154 days. It signifies that the risk of skin-related AEs in long-term use of lapatinib is low, possibly owing to its metabolic mechanism. Lapatinib has a broad metabolic distribution, and although multiple metabolite forms are excreted, only one can inhibit EGFR (28). Among mAbs, panitumumab exhibited the longest duration, the median time to AE onset was 42 days for panitumumab and cetuximab had shorter median times of 9 and 19 days, respectively. This observation may be attributed to the fact that panitumumab belongs to the IgG2 isotype and primarily functions by blocking EGFR without participating in immune mediation. On the contrary, IgG type 1 antibodies like cetuximab mediate cytotoxicity mediated by cell that is antibody-dependent (29, 30). In addition, despite being the latest mAbs drug selected for this study, necitumumab exhibited the earliest onset time of AEs, with the first quartile time observed on day 5 after administration, and the third quartile time recorded on day 16. Remarkably, the elder had a significant signal associated with cutaneous toxicity AEs (IC 025 = 0.81, ROR 025 = 2.16, PRR = 1.81, χ2 = 3480.90). The studies indicate an increased susceptibility among the elder to the development of skin AEs after treatment with EGFRI. According to previous investigations, more frequent and severe cutaneous toxicity was observed in elderly patients (31), which may be due to differences in pharmacogenomics or pharmacodynamics in the elderly. EGFRI drugs are mainly metabolized by CYP3A4, CYP3A5, and CYP1A1 in the cytochrome P450 enzyme family (32, 33), age-related changes may impact these metabolic pathways, leading to decreased activity observed in some elderly (34, 35). Patients taking EGFRI drugs, which are predominantly prescribed for NSCLC, may exhibit gender differences that are influenced by their distinct indications, EGFR has a greater mutation probability in female with NSCLC (36, 37).

In addition, rash and acneiform dermatitis had the strongest adverse reaction signal and the most widespread distribution. EGFRI-induced rashes vary in severity. The frequency and severity of rashes increased with antibodies compared with low-molecular-weight TKIs, which can be attributed to the process of antibody-mediated receptor internalization. This is a pivotal mechanism to abolish activation of receptor and may lead to enhanced inhibition of the EGFR signaling pathway (38). Dermatitis acneiform, characterized as a major cutaneous toxicity event, exhibits a signal across 10 drugs, with the most pronounced signal observed for panitumumab (IC025 = 6.75, ROR025 = 168.01, PRR = 182.12, χ2 = 68808.86). Controversially, previous studies using several different EGFR drugs have demonstrated a link between rash and clinical efficacy. Skin rash appears to be a surrogate marker of clinical benefit (39). However, as described elsewhere, additional analyzes are required to describe the correlation between rash occurrence and overall treatment response (40). In addition to the commonly mentioned adverse reactions in the instructions of EGFRI drugs, some new signals have been identified. Afatinib and erlotinib have been associated with drug eruptions, while cetuximab, erlotinib, and panitumumab have been linked to skin radiation lesions. Furthermore, lip blistering has emerged as a new signal for afatinib and cheilitis for cetuximab. Gefitinib has been linked to PRIDE syndrome and recall phenomenon. Osimertinib has been associated with toxic epidermal necrolysis and epidermolysis bullosa acquired 3. Panitumumab has been associated with intestinal fistula and perioral dermatitis. However, the cases of these signals are rare and the influence of other drugs or alternative therapies should be considered.

The mechanism by which EGFRI induces skin irritation has been described differently. Low-molecular-weight TKIs block phosphorylation of the cytoplasmic domain, while mAbs competitively inhibit ligand binding to the extracellular domain, exerting their activity (41). Drug-mediated blockade of EGFR leads to growth arrest and apoptosis in EGFR-dependent cells for survival by inhibiting downstream pathways, including mitogen-activated protein kinase pathway, MAPK for Abbreviation, phosphatidylinositol 3-kinase-Protein Kinase B pathway, PI3K-Akt for Abbreviation. And there are two pathways involving the stress-activated protein kinase pathway, one is protein kinase C, and the other is Janus kinase-signal transducer and activator of transcription, Jak–STAT for Abbreviation (42). Some skin AEs are considered to be triggered by impact of EGFR on basal keratinocytes. Suppression of signaling pathways mediated by EGFR exerts multiple effects on keratinocytes. It results in growth arrest and apoptosis induction, decreasing cell migration, enhancing cell attachment and differentiation, and triggering inflammation (43). ERK 1 (extracellular signal-regulated kinase 1) and ERK 2 were found to mediate releasing cytokine of epithelial cells (41). This may coordinate the recruiting and activating of leukocyte, including neutrophils, lymphocytes, and monocytes, With the increased release of effector cytokines, chemokine production is amplified and leukocyte recruitment is enhanced, triggering the occurrence of papulopustular rash and paronychia as a consequence (44). Collectively, the aforementioned studies provide evidence supporting the pathogenesis of skin rash and acneiform dermatitis.

Analyzing spontaneous reporting systems is a useful way to identify potential signals, and the FAERS database is one of the largest sources of data. However, our study currently has the following limitations: First, the accurate assessment of an event can be influenced by the variability in information completeness across different reports. And FAERS post-marketing data are spontaneous reports and cannot fully reflect the incidence of adverse events. Second, filling in the information in the FAERS database is affected by the patient’s subjective wishes. For example, the current condition is relatively mild, and some patients may not choose to report. In addition, due to the lack of follow-up/censored data, only the correlation between EGFRI and cutaneous adverse events can be determined, and it is difficult to establish causality. Finally, only cutaneous toxicities have been explored, the link of EGRFI to other organ systems has not been explored furthermore. In the future, we will compare other system organ class AE signals of EGFRIs to strengthen the study.



5 Conclusion

The correlation between EGFRI and skin AEs was thoroughly evaluated using the FAERS database and data mining methods in this study. Overall, significant associations were detected between EGFRIs and cutaneous AEs, with relatively notable signals for several of the EGFRI drugs. Part of the results align with prior research. Rash and acneiform dermatitis exhibited an association with all drugs, and paronychia was associated with most drugs (except vandetanib). As a clinician, when using EGFRIs clinically, it is necessary to educate and empower patients, especially elderly patients, to prevent and report toxicity in a timely manner, pay attention to the development of cutaneous toxicity AE and intervene when necessary. In particular, rash, an adverse reaction that may be underrecognized and undertreated, should be discussed with the patient about how the rash affects quality of life and how to manage it appropriately. These more common adverse reactions require communication and evaluation with the patient. To determine whether it is necessary to stop the drug or take other measures. In addition to rash, other skin-related AEs should be paid more attention to. Although there are fewer newly discovered signal cases, they still need to be paid attention to. Customizing a specific treatment plan for each patient is essential due to the variations in the onset and duration of each EGFRI drug, as well as the differences in AEs observed across different various groups.
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Advancements in elucidating the pathogenesis of actinic keratosis: present state and future prospects
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Solar keratosis, also known as actinic keratosis (AK), is becoming increasingly prevalent. It is a benign tumor that develops in the epidermis. Individuals with AK typically exhibit irregular, red, scaly bumps or patches as a result of prolonged exposure to UV rays. These growths primarily appear on sun-exposed areas of the skin such as the face, scalp, and hands. Presently, dermatologists are actively studying AK due to its rising incidence rate in the United States. However, the underlying causes of AK remain poorly understood. Previous research has indicated that the onset of AK involves various mechanisms including UV ray-induced inflammation, oxidative stress, complex mutagenesis, resulting immunosuppression, inhibited apoptosis, dysregulated cell cycle, altered cell proliferation, tissue remodeling, and human papillomavirus (HPV) infection. AK can develop in three ways: spontaneous regression, persistence, or progression into invasive cutaneous squamous cell carcinoma (cSCC). Multiple risk factors and diverse signaling pathways collectively contribute to its complex pathogenesis. To mitigate the risk of cancerous changes associated with long-term UV radiation exposure, prompt identification, management, and prevention of AK are crucial. The objective of this review is to elucidate the primary mechanisms underlying AK malignancy and identify potential treatment targets for dermatologists in clinical settings.
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1 Introduction

AK, is a harmless growth within the epidermis that is becoming more common nowadays. The main presentation is characterized by atypical epidermal keratinocyte proliferation and chronic UV radiation resulting in red, scaly papules or plaques. It is well recorded that AK is frequently present on areas of skin that are exposed to the sun, including the face, scalp that is balding, and the back of the hands, particularly in older males with fair skin (1). AK is among the most frequently assessed skin disorders by dermatologists, with an estimated incidence of nearly 40 million and an annual cost exceeding $1 billion (USD) in the USA in 2004. The causes of AK are still unknown, and less attention is given to AK compared to other types of skin cancer (2). Previous studies have shown that AK can develop in three ways: spontaneous resolution, persistence, or progression to invasive cSCC. Its complex pathogenesis involves multiple risk factors and diverse signaling pathways. Therefore, it is crucial to promptly diagnose, treat, and prevent AK in order to reduce the risk of developing cSCC due to chronic UV radiation exposure (2). Extensive research has been conducted to investigate various mechanisms and pathways associated with AK signaling. The purpose of this assessment is to elucidate the seven primary processes of AK leading to cancerous transformation. Its aim is to mitigate the risk of malignant transformation and provide clinical dermatologists with potential treatment objectives.

The objective of this analysis was to examine recent research and gain a comprehensive understanding of the main causes of AK. Furthermore, the review highlighted the limitations of previously conducted studies, offering valuable insights for future research directions.



2 UV radiation exposure

The primary cause of AK is the accumulation of excessive ultraviolet radiation from the sun. This excessive UV radiation can disrupt complex regulatory pathways involved in cell growth and differentiation, leading to various pathological alterations in epidermal keratinocytes. AK is formed when dysplastic intra-epidermal keratinocytes proliferate, and this proliferation is enhanced by factors such as DNA damage, inflammation, immunosuppression, and mutagenesis. Additionally, exposure to UV radiation stimulates the production of arachidonic acid, pro-inflammatory cytokines, adhesion molecules, and mediators derived from mast cells (1, 3, 4). In addition, being exposed to UV radiation can function as a promoter of tumors, starting events that lead to cancer, resulting in changes to genes, and even hastening the advancement of AK to cSCC (5). AK seems to exhibit an intermediate level of mutational burden compared to both normal skin that is habitually exposed to sunlight (photodamaged skin) and cSCC (6). The alteration of UV is not related just to epidermal keratinocytes but also to fibroblasts, the suppression of the Notch effector CSL (also referred to as RBP-Jj) in dermal fibroblasts alone is adequate to trigger the activation of cancer-associated fibroblasts (CAFs) and subsequently lead to the development of tumors derived from keratinocytes. This phenomenon has been observed in stromal fibroblasts present in premalignant AK lesions as well as in situ SCCs (7). Numerous studies have suggested that canonical DNA bases poorly absorb UVA radiation (315–400 nm), leading to indirect DNA damage. Moreover, exposure to UVA radiation results in the production of reactive oxygen species (ROS) like superoxide anions, hydroxyl radicals, and hydrogen peroxide, which initiate oxidative harm in nucleic acids, membrane lipids, and proteins. Abnormal cell growth can be caused by the impairment of regular pathways for transmitting cellular signals. Additionally, UVA radiation causes the creation of 8-hydroxyguanine adducts, resulting in characteristic changes from thymine (T) to guanine (G) known as signature transitions (4). On the other hand, DNA can easily absorb UVB radiation (280–315 nm) and result in direct damage to DNA. Recent research has shown that UVB radiation causes cytosine-containing cyclobutane pyrimidine dimers and pyrimidine-pyrimidone 6–4 photoproducts, leading to C- > T and CC- > TT signature transitions that significantly interfere with normal replication and transcription processes. In a study conducted on mice, both continuous and intermittent regimens of chronic UVB treatment resulted in the development of skin tumors in all cases, demonstrating a 100% incidence rate. While the progression of this process was delayed upon discontinuation of chronic UVB exposure intermittently, it was not entirely prevented. This suggests that prolonged avoidance of UVB exposure merely postpones the timeline of tumor development (8). Moreover, c-Jun N-terminal Kinases (JNKs) and p38 Mitogen-Activated Protein Kinases (MAPKs) are activated by environmental stresses, pro-inflammatory cytokines, DNA damage, and oxidative stress, leading to the initiation of various intracellular signaling pathways such as stress adaptation, proliferation, differentiation, and apoptosis. Additionally, p38 MAPK serves as the precursor kinase for Mitogen and Stress Activated protein Kinase (MSK1) and phosphorylated H2AX (γ-H2AX), both of which play a role in the development of UVB-induced skin cancer (4). UV damage hastens the accumulation of mutations. With minimal damage, the skin’s appearance typically remains normal for most individuals. However, as damage progresses, individuals with fair skin typically demonstrate heightened sensitivity to ultraviolet radiation due to lower melanin content in their skin. Consequently, when exposed to sunlight, fair-skinned individuals are more prone to photodamage, thereby elevating the risk of developing AK. The rate of malignant transformation to SCC per individual AK lesion per year has been estimated to range from 0.025 to 20%, usually falling below 1%. However, up to 60% of SCCs originate from pre-existing AKs, justifying the need for therapy (10, 11). The events mentioned above concurrently contribute to the acceleration of AK’s progression to cSCC (Table 1).



TABLE 1 Common mutated genes of AK.
[image: Table1]



3 Inflammation

The development of squamous cell carcinoma is strongly associated with chronic inflammation. This inflammation can be caused by inflammatory diseases such as AK resulting from exposure to ultraviolet radiation. The inflammatory state activates signals like nuclear factor kappa B (NF-kB) and mitogen-activated protein kinases (MAPKs), which encourage tumor growth. It also leads to the release of pro-inflammatory cytokines, prostaglandins, and reactive oxygen species (ROS). Inflammation and cancer development are closely linked to pathological processes influenced by inflammasomes, autophagy, and sirtuins (12). Recent research suggests that up to 25% of identified tumors have a significant inflammatory component, highlighting the substantial impact of persistent inflammation on the likelihood of acquiring AK (12).

The probability of developing skin tumors is higher due to chronic inflammation, which can occur through two pathways. The first pathway is caused by exposure to UV light and its associated activities. The second pathway is intrinsic and is triggered by genetic changes, including mutations in oncogenes (such as RAS oncogenes), tumor suppressor genes (such as adenomatosis polyposis coli (APC) and TP53), and DNA repair genes (such as MSH-2, MSH-6, and PMS-2). These genetic mutations can lead to cell transformation and the independent proliferation of transformed cells. Moreover, inherent imperfections can potentially cause changes in the immune system, resulting in the generation of substances that cause inflammation and contribute to the development of an inflammatory environment within tumors. Unfortunately, this can also accelerate the progression of the disease (12). Additionally, research has found that Staphylococcus aureus (S. aureus) could potentially be involved in the onset of AK and the progression from AK to SCC by inducing chronic inflammation. This inflammatory response may involve the production of nitric oxide and cytokines, which contribute to the process of carcinogenesis (25). Moreover, it has been demonstrated that the staphylococcal alpha-toxin can stimulate various cytokines and NF-kB. This provides additional evidence to support the hypothesis that S. aureus plays a causative role in the initiation of AK and its progression to SCC (26).



4 Oxidative stress

Increasing evidence suggests that oxidative stress is a crucial factor in the formation of skin cancer due to sunlight exposure (27). Reactive nitrogen and oxygen species (RNS and ROS) are produced during various pathological processes, such as DNA damage and lipid oxidation, and are considered significant contributors to the development of tumors in AK and other related conditions (1). Oxidative stress, caused by a weakened antioxidant defense system, plays a role in skin cancer-related aging and cancer formation (28). Different types of tumors generate large amounts of ROS, both inside and outside cells. The in vivo generation of reactive ROS can promote aggressive cancer cells, hinder anti-proteases, damage nearby tissues, and encourage tumor heterogeneity, invasion, and metastasis. As a result, malignant tumors maintain higher basal levels of reactive oxygen species compared to normal cells, perpetuating a harmful cycle. It is worth noting that while elevated levels of ROS may lead to oxidative stress and cellular demise, reduced levels of superoxide and H2O2 can facilitate the G1 → S cell cycle progression in various cellular models. The pathophysiological implications of extracellular ROS should also be considered. Superoxide dismutases (SODs) have been reported to play a crucial role as the primary defense mechanism against injury caused by ROS. These enzymes facilitate the dismutation of the superoxide anion free radical (O2-) by catalyzing its conversion into molecular oxygen and H2O2. This enzymatic action effectively reduces the levels of O2-, mitigating cellular damage associated with excessive concentrations of this radical (29). The malignant transformation of AK is highly correlated with an increased level of oxidative status and a significant quantity of ROS (Table 2).



TABLE 2 Epidemiological Literature on AK and cSCC: References from the Past Decade.
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5 Mutagenesis

AK shares similarities with cSCC at the genomic level, exhibiting mutations in 44 driver genes. These genes include TP53, NOTCH1, NOTCH2, FAT1, and KMT2C, among which TP53 is the most commonly mutated gene (30). Other genes that are mutated include the ras genes, c-myc proto-oncogenes, p16INK4a tumor suppressor genes, and genes associated with telomerase activity. However, due to the complexity of these genetic alterations, only a few of them have been identified in current research. The following genes are some of the typical genes among the mutated gene family.


5.1 TP53

Skin cancer is frequently associated with genetic abnormalities in the TP53 gene, such as AK (31, 32). TP53 mutations are found in more than 50% of human cancers, including keratinocytic skin cancers. These mutations usually manifest as a CC- > TT base change and are thought to arise during the early stages of long-term sun-induced skin cancer development. To indirectly indicate mutations, TP53 expression has been detected through immunohistochemical methods in various studies (33, 34). Khorshid et al. more than 50% of tumor cells expressed TP53, which was associated with mutations (34). Karagece found TP53 expression in all AK cases, including non-dysplastic areas on H&E slides. The collective findings suggest that TP53 plays a critical role in the early stages of skin cancer development, which is likely triggered by prolonged exposure to UV radiation (35).



5.2 MYC

The MYC gene family, consisting of MYC (also known as C-Myc), MYCN (N-Myc), and MYCL1 (LMYC), plays a significant role in promoting epidermal differentiation, cell proliferation, apoptosis, and the development of specific human cancers. One common cytogenetic abnormality observed in the progression from AK to cSCC is the amplification of the MYC gene, which is located in the 8q24 chromosome band. Multiple lines of evidence suggest that MYC may contribute to the lack of differentiation and accelerate the progression from low-grade AK to advanced stages of cSCC. Mutations in the MYC gene that affect DNA replication can lead to a mutator phenotype, triggering a process that enhances proliferation advantage (31).

In AK, MYC amplification may lead to further genomic rearrangements. As a driver gene, MYC can contribute to genomic instability (32). MYC can play a critical role in the transition from a benign pre-cancerous lesion to its malignant form when it carries genetic abnormalities. MYC numerical abnormalities are more common in advanced and undifferentiated stages of the disease, suggesting its involvement in the development of a more aggressive phenotype (31).



5.3 TSG

Emerging evidence indicates that the Tumor Suppressor Gene (TSG) plays a vital role in various cellular processes, such as DNA damage repair, cell division inhibition, apoptosis induction, and metastasis suppression. The TSG family encompasses several members, including TP53, p16, p14, APC, MSH2, among others. The inactivation or loss of TSG function is a crucial factor in promoting tumor development (36, 37). Previous studies have suggested that a single copy of TSG can regulate cell growth, while complete inactivation or loss of both alleles is required for tumor formation (17, 36). Additionally, recent findings propose that tumorigenesis is also influenced by the functional deactivation of TSGs through cellular mechanisms such as transcriptional regulation, abnormal cellular localization, and proteasomal degradation (31).

The significance of TSG in the development of skin cancer through exposure to UV radiation has been well-documented. This is evident from the high prevalence of TP53 mutations observed in sun-exposed skin over prolonged periods, as well as in AK and cSCC. Additionally, the disruption of the TSG cluster comprising p14ARF, p15INK4b, and p16INK4a on chromosome 9p21 has been found to promote carcinogenesis. In addition, the skin surrounding AK lesions, which is exposed to sunlight and appears healthy in terms of morphology, showed changes in the expression of p14ARF, p15INK4b, p16INK4a, and TP53 mutations, as documented in Kanellou et al. (31).



5.4 The genes IRF4, MC1R and TYR

Mutations in the IRF4 gene, located on chromosome 6p25.3, have a significant impact on melanin synthesis and the host immune response. Down-regulation of IRF4 leads to reduced expression of TYR, a key enzyme in melanin production. Moreover, it adversely affects the toll-like receptor signaling pathway, which is responsible for triggering adaptive immunity. This suggests that a decrease in IRF4 expression may increase vulnerability to AK by weakening the body’s ability to combat abnormal keratinocytes and melanocytes. MC1R, located on chromosome 16q24.3, is a crucial pigmentation gene that regulates eumelanin synthesis by encoding the melanocortin 1 receptor. The rs1805008(T) SNP limits MC1R’s ability to bind with its ligand, resulting in limited melanin synthesis. Melanocytes with loss of function MC1R exhibit reduced DNA repair function after UV exposure, a known cause of skin cancer. This likely contributes to the effects of MC1R on AK, which are independent of pigmentation. TYR, located on chromosome 11q14.3, is responsible for producing the essential enzyme tyrosinase, which plays a crucial role in melanin synthesis. Genetic variations in the TYR gene can lead to reduced enzyme activity, resulting in a lightly pigmented appearance. The risk of developing AK may be higher due to a specific type of genetic variation in the TYR gene, which weakens the immune response to melanocytes. This genetic variation is strongly associated with the aforementioned lightly pigmented phenotype and is identified by the rs1393350(A) single nucleotide polymorphism.

A recent investigation has revealed that the genes IRF4, MC1R, and TYR may have multiple effects, impacting both pigmentation and oncogenic functions. This dual impact may increase the risk of AK. The study also discovered a significant correlation between SNPs and the genes IRF4 locus, SLC45A2, HERC2, MC1R, and TYR. AK is significantly influenced by independent risk factors such as sex, age, and the genes IRF4, MC1R, and TYR. Age and gender were responsible for the majority of AK variance (15%), while the three significant SNPs IRF4, MC1R, and TYR collectively accounted for 2.6%. These findings align with those commonly observed in genome-wide association studies of complex human systems (38–40).

Single-cell RNA sequencing (scRNA-seq) technology provides a powerful method to investigate changes in gene expression at the individual cell level. In a recent scRNA-seq study, researchers identified a group of important candidate genes that may be associated with the development and progression of AK. The study revealed a significant increase in the expression of acetaldehyde dehydrogenase 3A1 (ALDH3A1) and insulin-like growth factor binding protein 2 (IGFBP2) in AK tissues, specifically in epidermal keratinocytes. Interestingly, neither Squamous Cell Carcinoma in situ (SCCIS) nor cSCC showed a significant upregulation of ALDH3A1 and IGFBP2, and ALDH3A1 was even found to be downregulated in cSCC. This suggests that ALDH3A1 and IGFBP2 play a distinct role in skin precancerous lesions. The increased expression of ALDH3A1 and IGFBP2, particularly in basal cells, is likely to contribute to the development of AK and may act as key driver genes in the transition from photoaged skin to AK (41).




6 Immunosuppression

The immune cells responsible for suppressing the immune response, known as T regulatory cells (Tregs), play a crucial role in the progression of tumors by inhibiting the immune system’s ability to fight tumor cells. The expression of the Foxp3 transcription factor by these cells is highly correlated with the transition from AK to cSCC. Specifically, Tregs producing interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β) hinder the activation of CD4 T cells and dendritic cells, promote growth, and produce various cytokines.

The initial events in UV-induced immunosuppression include the release of platelet-activating factor (PAF) and the conversion of the photoreceptor trans-urocanic acid (tUCA) to the immunosuppressive cis-urocanic acid (cUCA). During UV-induced oxidative stress, PAF receptors activate cytokine transcripts by generating PAF, a phospholipid. PAF and cUCA not only regulate immunosuppression but also impact DNA damage by inhibiting nucleotide excision repair and facilitating the creation of 8-oxo-deoxyguanosine. Additionally, PAF and cUCA promote the production of reactive oxygen species (ROS), which links genetic damage, DNA repair, and immunosuppression.

To summarize, the development of cSCC from AK is highly associated with the rise in Tregs, whereas the release of PAF and the conversion of tUCA to cUCA are two initial occurrences in UV-induced immunosuppression (Table 3).



TABLE 3 Mechanistic Insights into AK Progression to cSCC: References from the Past Decade.
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7 Impaired apoptosis

Apoptosis is crucial in regulating skin development, homeostasis, and carcinogenesis by balancing epidermal proliferation and removing mutated or potentially cancerous cells. Exposure to UV radiation can lead to the death of skin cells and the development of cancerous growths, as stated in reference (49). Furthermore, UV radiation can cause damage to the DNA of keratinocytes, leading to harmful effects that are not yet fully understood in the process of apoptosis. This is due to the appearance of molecules that either promote or hinder apoptosis (16). The processes described are heavily influenced by the TP53 gene, which functions as a tumor suppressor. TP53 plays a crucial role in activating apoptosis and facilitating cell cycle arrest. Activation of TP53-related genes leads to delayed cell cycle progression, DNA repair, and apoptosis. It also initiates mechanisms for the removal of DNA damage in response to UV-induced damage (49). As mentioned before, the TP53 molecule that encourages programmed cell death is heavily involved in the development of skin cancer and also hinders apoptosis in cells that have DNA damage. Studies suggest that other molecules, such as Human TNF-related apoptosis inducing ligand (TRAIL) and Fas-ligand (FasL), which promote apoptosis, can bypass the immune system (16).

Keratinocytes trigger the process of apoptosis through intrinsic and extrinsic pathways that are regulated by various factors such as MAPKs, JNK, p38, and p53. These factors may be influenced by both environmental and constitutional factors. Apoptosis resistance may occur if there is any deregulation in the critical steps of apoptotic pathways. The deregulation of proteins like Bcl-2, death receptors, and death ligands is often caused by processes such as TP53 inactivation, EGFR overexpression, COX-2 overexpression, and MAPKs overexpression (43).



8 HPV infection

In recent years, there has been growing evidence that HPV plays a significant role in the development of AK and cSCC, along with chronic UV irradiation, immunosuppression, and genetic predispositions. A cross-sectional investigation using skin swabs found a correlation between the presence of AK and HPV species 1 and 2 from the Betapapillomavirus genus. In fact, individuals with AK or cSCC, or AK alone, had a higher number of HPV types per sample compared to healthy participants (44). Besides, four novel human betapapillomaviruses of species 2 designated HPV-107, −110 and − 111, and FA75[KI88-03], preferentially found in AK (45). The selective detection of HPV DNA at sites exposed to sunlight could stem from enhanced promoter activity following UV irradiation, coupled with a reduction in apoptosis (46). In particular, the suppression of apoptosis in response to UV-induced damage by the E6 protein from various cutaneous HPV types might significantly contribute to giving genetically damaged keratinocytes a survival edge, leading to the development of AK and cSCC (47). Epidermodysplasia verruciformis-associated HPVs (EV-HPVs) might also play a crucial role in the emergence of AK, as indicated by serological studies, and are implicated in the pathogenesis of SCC (48). In EV-associated cSCCs, a variety of betaHPV types, notably HPV5 and HPV8, are identified. These types are also associated with the onset of actinic keratoses and cSCC in individuals from the general population (49–52). In addition, Bolatti et al. observed a greater prevalence of HPV and higher viral loads in AK compared to cSCC. They also identified a higher prevalence of gammaHPV in AK when compared to betaHPV and alphaHPV types. As a result, it appears challenging to specifically designate high-risk cutaneous HPV types, suggesting that multiple cutaneous HPV types may contribute to tumorigenesis (53). Interestingly, a case study employing the off-label use of the 9-valent HPV vaccine for the management of AK demonstrated regression of AK lesions starting within months of the initial injection. This resulted in the clearance of thousands of lesions even before completing the entire vaccination protocol (54).



9 Summary and perspectives on AK studies

There are three possible outcomes for AK: spontaneous disappearance, persistence, or progression to invasive cSCC (11, 14, 55). However, accurately predicting the development of AK lesions is challenging due to current limitations in diagnosis (2). The natural history of AK typically involves high turnover rates, with many lesions developing, regressing, and recurring over time (14). Research indicates that thicker AK lesions have a higher likelihood of progressing to cSCC (56). Several risk factors contribute to this progression. The most significant constitutional risk factors for AK include old age, male gender, fair skin, immunosuppression, and a previous history of AK. Additionally, chronic sun exposure is the most significant environmental factor contributing to AK (13, 57–60). Individuals with HPV infection or chronic lymphocytic leukemia who have undergone solid-organ transplantation are at a greater risk of developing cSCC compared to the general population (61–66). In summary, AK can progress to cSCC and serves as a pre-cancerous lesion (49). The development of cSCC involves molecular pathways, including genomic instability caused by TP53 mutations induced by UV radiation (67).

Compared to other types of solid tumors, the development of cSCC involves multiple genetic mutations, which may have potential therapeutic implications (68). Additional genetic alterations occur in tumor suppressor genes such as CDKN2A and NOTCH (69), as well as in oncogenes such as RAS (68). The accumulation of these gene mutations activates various signaling pathways, including NF-kB, MAPK, and PI3K/AKT/mTOR pathways (70, 71), leading to the overexpression of the epidermal growth factor receptor (EGFR). A recent study found no significant correlation between numerical gains in EGFR and tumor depth or size. However, the study suggests that EGFR numerical aberrations occur during the early stages of cancer development. Currently, there is no available literature assessing the predictive role of EGFR cytogenetic aberrations in the treatment of metastatic or recurrent SCC with tyrosine kinase inhibitors. Furthermore, the effectiveness of anti-EGFR drugs in treating AK remains unexplored. Nevertheless, reports indicate that patients undergoing treatment with erlotinib experience inflammatory flare-up reactions resulting in partial destruction of AK. In summary, a significant proportion of in situ SCC already exhibit EGFR numerical gains, but these alterations do not appear to contribute to the progression from low-grade SCC to more aggressive phenotypes (71). Studies have revealed that several signaling pathways, which are activated in cSCC, exhibit pre-existing activation in AK, thereby supporting AK as precursor lesions of cSCC.

Through comprehensive genome-wide SNP microarray and expression microarray analyses, pathways such as NF-kB1 and the tumor necrosis factor pathways have been identified. It is noteworthy that both NF-kB1 and the tumor necrosis factor pathways are classic proinflammatory signaling pathways. Another investigation sheds light on the involvement of the MAPK pathway and apoptosis-related genes in the pathogenesis of cSCC and AK. These findings underscore the participation of pathways related to cell cycle regulation, apoptosis, inflammation, and epidermal differentiation in the development and progression of cSCC from AK (15, 19). A recent study discovered dysregulation of TGFβ signaling that varies depending on the progression stage, ranging from normal skin to AK to cSCC. One group of TGFβ-associated genes consistently showed increased activity throughout the progression, while another group exhibited decreased activity. These findings indicate the potential involvement of TGFβ signaling in the transition from AK to cSCC (20). The study of signaling pathways can offer potential targets for future treatments of AK and cSCC. Furthermore, it has been observed that epigenetic alterations may occur during the progression of AK and cSCC. Several studies have investigated the use of DNA methylation arrays to assess AK (21–35). It has been proposed that during the transition from normal skin to AK and cSCC, there may be an increase in E-cadherin promoter hypermethylation (35). Furthermore, the malignant potential of AK has been highlighted by observing AK methylomes exhibiting typical cancer-related characteristics, including CpG island promoter hypermethylation and hypomethylation of lamina-associated domains (21). DNA methylation signature could discriminate different stages of disease ranging from premalignant AK to low-risk invasive and high-risk non-metastatic and metastatic CSCC in the future.

Genetic alterations, such as TP53 mutations, ras gene mutations, c-myc proto-oncogene mutations, p16INK4a tumor suppressor gene mutations, and telomerase activity, are closely associated with the development of AK. The progression of AK lesions is difficult to predict, but thicker lesions are more likely to progress into cSCC (3). Environmental and constitutional risk factors for AK include chronic sun exposure, advanced age, male gender, fair skin, immunosuppression, previous history of AK, and HPV infection. EGFR overexpression is linked to various pathways, including NF-kB, MAPK, and PI3K/AKT/mTOR. These pathways can be activated by UV-induced TP53 mutations, CDKN2A and NOTCH alterations, and RAS mutations (72–78).

This review has certain limitations that should be considered. Firstly, the current research on the pathogenesis of AK is not comprehensive enough. Secondly, our findings were drawn from existing literature and evaluations, underscoring the imperative for additional enhancements in assessment methods within the field to attain a more comprehensive understanding of the pathogenesis of AK. However, we hypothesize that AK has the potential to progress to cSCC, and timely intervention in the signaling pathways could lead to successful treatment. It is crucial to protect the skin from sunburn damage, as UV radiation is the primary cause of AK. Technological advancements have facilitated the identification of more genes associated with AK, offering potential targets for treatment. We speculate that with research providing deeper understanding of AK pathogenesis, it could be diagnosed more accurately in the future and treated with more effective medications.



10 Conclusion

In conclusion, AK is a skin disorder that is increasingly prevalent and has the potential to progress to cSCC. The development of AK involves various intricate mechanisms, which offer potential avenues for treatment. Timely diagnosis, treatment, and prevention of AK are of utmost importance. Further research is needed to enhance our comprehensive understanding of this disease.
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The pathogenesis of atopic dermatitis (AD) is understood to be crucially influenced by three main factors: dysregulation of the immune response, barrier dysfunction, and pruritus. In the lesional skin of AD, various innate immune cells, including Th2 cells, type 2 innate lymphoid cells (ILC2s), and basophils, produce Th2 cytokines [interleukin (IL)-4, IL-5, IL-13, IL-31]. Alarmins such as TSLP, IL-25, and IL-33 are also produced by epidermal keratinocytes, amplifying type 2 inflammation. In the chronic phase, not only Th2 cells but also Th22 and Th17 cells increase in number, leading to suppression of filaggrin expression by IL-4, IL-13, and IL-22, which further deteriorates the epidermal barrier function. Dupilumab, which targets IL-4 and IL-13, has shown efficacy in treating moderate to severe AD. Nemolizumab, targeting IL-31RA, effectively reduces pruritus in AD patients. In addition, clinical trials with fezakinumab, targeting IL-22, have demonstrated promising results, particularly in severe AD cases. Conversely, in murine models of AD, several cytokines, initially regarded as promising therapeutic targets, have not demonstrated sufficient efficacy in clinical trials. IL-33 has been identified as a potent activator of immune cells, exacerbating AD in murine models and correlating with disease severity in human patients. However, treatments targeting IL-33 have not shown sufficient efficacy in clinical trials. Similarly, thymic stromal lymphopoietin (TSLP), integral to type 2 immune responses, induces dermatitis in animal models and is elevated in human AD, yet clinical treatments like tezepelumab exhibit limited efficacy. Therapies targeting IL-1α, IL-5, and IL-17 also failed to achieve sufficient efficacy in clinical trials. It has become clear that for treating AD, IL-4, IL-13, and IL-31 are relevant therapeutic targets during the acute phase, while IL-22 emerges as a target in more severe cases. This delineation underscores the necessity of considering distinct pathophysiological aspects and therapeutic targets in AD between mouse models and humans. Consequently, this review delineates the distinct roles of cytokines in the pathogenesis of AD, juxtaposing their significance in human AD from clinical trials against insights gleaned from AD mouse models. This approach will improve our understanding of interspecies variation and facilitate a deeper insight into the pathogenesis of AD in humans.
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1 Introduction

Atopic dermatitis (AD) is a chronic, relapsing inflammatory dermatosis characterized by pruritic, erythematous, and edematous lesions. Predominantly manifesting in early childhood, the condition exhibits a variable incidence across different ages. The clinical presentation of AD is marked by episodic exacerbations and remissions, with affected individuals frequently presenting with xerosis, which exacerbates the itch-scratch cycle (1). The pathogenesis of AD is currently understood to be crucially influenced by three main factors: dysregulation of the immune response, barrier dysfunction, and pruritus (2). The underlying immune dysregulation in AD is characterized by an overactive T helper cell type (Th) 2 response. Additionally, mutations in the filaggrin gene, which plays a vital role in skin barrier function, are a primary cause of barrier dysfunction (3). Approximately 10–30% of AD patients exhibit mutations in the filaggrin gene (4). A meta-analysis of a genome-wide association study (GWAS) and GWAS revealed 31 loci associated with AD, including four loci with secondary independent signals (5). Several AD risk loci supported existing findings, including the role of skin barrier and type 2 inflammation in AD pathogenesis. In addition, it notes the identification of rare protein-coding variations contributing to AD heritability, including in genes such as interleukin (IL) 4 receptor (R), IL13, Janus kinase (JAK)1, JAK2, and TYK2, plus novel candidate genes.

In the lesional skin of AD, various innate immune cells, including Th2 cells, type 2 innate lymphoid cells (ILC2s), and basophils, produce Th2 cytokines (IL-4, IL-5, IL-13, IL-31). Alarmins such as thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 are also produced by epidermal keratinocytes, amplifying type 2 inflammation (6). These cytokines further decrease the expression of barrier-associated proteins such as filaggrin, loricrin, and involucrin, leading to impaired barrier function (7).

Pruritus is one of the most prominent features of AD, although the mechanisms underlying AD-associated pruritus are not as well understood as those for barrier dysfunction and immune activation. Recently, several cytokines, including TSLP, IL-4/13, and IL-31, have been reported to be involved in AD-associated pruritus, and biological agents targeting these cytokines have been shown to improve pruritus in AD patients (8).

While numerous mouse models have been utilized to study AD and have significantly contributed to our understanding of the disease, it is important to note that the roles of various cytokines may not be completely identical between mice and humans. We searched PubMed and ClinicalTrials.gov from database inception to September 2023. Searches were adapted for each database, using keywords that included a combination of terms related to atopic dermatitis and clinical trial. We targeted biological agents undergoing phase 2 trials for AD. We searched for papers involving cytokines targeted by biological agents and relevant to the pathophysiology of AD, dividing the papers into mouse and human data (Table 1). In this review, we discuss the role of cytokines in the pathophysiology of separately for humans and mice and summarize their effects in clinical trials (Figure 1).


TABLE 1 Clinical trials and their outcomes in atopic dermatitis treatment.
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FIGURE 1
Pathogenesis and Therapeutic Targets of Atopic Dermatitis: Insights from Mouse Models and Human Specimens. The barrier dysfunction that occurs in the early stages of AD facilitates the penetration of allergens into the skin, and damaged keratinocytes produce cytokines such as TSLP, IL-25, and IL-33. These cytokines activate Th2 cells and ILC2s, leading to the production of Th2 cytokines. Additionally, TSLP matures Langerhans cells (LCs) in the epidermis and induces Th2 cells. During the acute phase, the skin barrier continues to deteriorate further. Damaged keratinocytes release various chemokines such as CCL17/thymus and activation-regulated chemokine and CCL22/macrophage-derived chemokine, as well as cytokines like TSLP, IL-1β, IL-25, and IL-33. These mediators activate ILC2 and Th2 cells at the lesion site. ILC2 cells produce IL-5 and IL-13, while Th2 cells produce IL-4, IL-13, IL-31, and IL-5. In the chronic phase, not only Th2 cells but also Th22 and Th17 cells increase in number, leading to suppression of filaggrin expression by IL-4, IL-13, and IL-22, further deteriorating the epidermal barrier function. Additionally, IL-4 and IL-13 suppress the production of AMPs, weakening the barrier function against microbes. Th17 and Th22 cells also produce IL-22, which induces epidermal thickening.




2 Non-lesional skin

The barrier dysfunction that occurs in the early stages of AD facilitates the penetration of allergens into the skin, and damaged keratinocytes produce cytokines such as TSLP, IL-25, and IL-33. These cytokines activate Th2 cells and ILC2s, leading to the production of Th2 cytokines (9). Additionally, TSLP matures Langerhans cells (LCs) in the epidermis and induces Th2 cells (10).

Thus, in AD, subclinical inflammation is present even in the non-lesional skin at the initial stages of the disease, characterized by an increased expression of Th2 cytokines (IL-4, IL-13, IL-31, TSLP, IL-5) mediated by Th2 cells and other immune cells.

A decrease in the diversity of the microbial community on the epidermis and a relative increase in Staphylococcus aureus (S. aureus) have also been observed, which further amplify the Th2 immune response (11). This complex interplay of factors contributes to the exacerbation of AD symptoms and the perpetuation of the inflammatory state (12).


2.1 IL-33

IL-33, a member of the IL-1 family, is a multifaceted cytokine that affects various cell types including Th2 cells, mast cells, basophils, eosinophils, macrophages, dendritic cells (DCs), and ILC2s. It is primarily produced by epithelial cells, fibroblasts, and endothelial cells. IL-33 binds to a heterodimeric receptor consisting of ST2 (also known as IL-1RL1) and the IL-1 Receptor Accessory Protein (IL-1RAcP), leading to the activation of the NF-kB and mitogen-activated protein kinases (MAPK) (Extracellular signal-Regulated Kinase (ERK), p38, c-Jun N-terminal kinase (JNK)) signaling pathways (13). Full-length IL-33, released from epithelial cells, is cleaved into its active form by various proteases and allergens (14). The IL-33 receptor, ST2, is expressed on immune cells such as Th2 cells, mast cells, eosinophils, and basophils. Consequently, IL-33 acts as a sensitive sensor to protease allergens, promoting the proliferation, activation, and recruitment of Th2 cells (15).


2.1.1 Roles in mouse AD model

In a mouse AD model, IL-33 overexpression in the skin of IL-33 Transgenic (Tg) mice spontaneously activated ILC2s and induced a pruritic dermatitis like AD, suggesting that IL-33 is involved in the onset of AD (16). The inflammation induced by IL-33 in this model depends on a natural immune response mediated by ILC2s in coordination with basophils (17). Treatment with αIL-33 Antibody (Ab) in a Dinitrochlorobenzene (DNCB)-induced AD mouse model improved AD-like symptoms, reduced eosinophil and mast cell infiltration, and decreased serum Immunoglobulin E (IgE) levels (18). Additionally, propionate, a metabolic product of sebum, suppressed skin inflammation in a calcipotriol (MC903), a calcium analog of vitamin D3, -induced AD-like dermatitis mouse model by inhibiting IL-33 production in keratinocytes (19).



2.1.2 Roles in human AD

In human AD, serum IL-33 levels correlate with clinical severity (20), and expressions of IL-33 and its receptor components, ST2 and IL-1RAcP, are increased in lesional skin. Skin lesions from AD patients, after application of house dust mite (HDM) or staphylococcal enterotoxin B (SEB), also showed increased expressions of IL-33 and ST2 (21). Pathogenic factors from S. aureus directly promote IL-33 production from human keratinocytes and destroy skin barrier functions, suggesting that these factors from S. aureus adhering to the skin may initiate type 2 inflammation via IL-33 in AD (22). In vitro stimulation of human basophils with IL-33 induces the production of IL-4 and IL-13 (23). IL-33 also activates human eosinophils, promoting their adhesion and survival (24, 25).

Despite these findings suggesting the involvement of IL-33 in the pathophysiology of human AD, clinical trials have yet to prove the efficacy of anti-IL-33 antibodies. In a phase IIa trial, a single systemic dose of etokimab, an IgG1 monoclonal antibody against IL-33, provided rapid and sustained clinical benefits in 12 adult patients with moderate to severe AD (26). However, a subsequent phase II placebo-controlled trial with 302 participants did not show the efficacy of etokimab compared to the placebo at 16 weeks, based on the Eczema Area and Severity Index (EASI) change rate. Additionally, a fully human IgG2 monoclonal antibody, astegolimab, did not show significant differences compared to placebo in a phase II trial (27). A randomized placebo-controlled phase II trial of astegolimab in adults with moderate to severe AD also failed to show efficacy (28). These results suggest that IL-33 may play a limited role in human AD compared to mouse models.




2.2 TSLP

Thymic stromal lymphopoietin binds to a heterodimeric receptor composed of the TSLP receptor (TSLPR) chain closely related to the IL-7 receptor (IL-7R) α chain and the common receptor γ chain (γc), exhibiting biological activity across a wide range of cell types. While TSLPR alone has a low affinity for TSLP, the affinity significantly increases when TSLPR and IL-7Rα bind together, forming a high-affinity binding site for TSLP and inducing signal transduction (29). TSLP is extensively studied as a master regulator of type 2 immune responses occurring at barrier surfaces such as skin, lungs, and intestines. TSLP produced by epithelial cells activates DCs expressing the TSLPR, leading to the induction of functional Th2 cells (30). Furthermore, in both acquired and innate immunity, basophils and ILC2s play crucial roles downstream of TSLP (31).


2.2.1 Roles in mouse AD model

In mouse models of AD, topical application of MC903 induces TSLP expression in epidermal keratinocytes, triggering AD-like dermatitis (32). Overexpression of TSLP in skin-specific manners results in a phenotype resembling AD, including infiltration of inflammatory cells in the dermis, development of eczematous lesions, a dramatic increase in Th2 CD4+ T cells expressing skin-homing receptors, and elevated serum IgE levels (33). LCs acting as antigen-presenting cells in the epidermal signaling pathway via TSLP-TSLPR play a crucial role in inducing Th2 immune responses in Ovalbumin (OVA)-induced mouse AD models (10). TSLP promotes peripheral basophil proliferation, and basophils expressing TSLPR restore Th2 immunity in mice (34). In the aforementioned MC903-induced mouse AD model, ILC2s play a significant role in inflammation onset (35). Additionally, IL-13 induces AD through a TSLP-dependent mechanism (36). Concerning pruritus in AD, injecting TSLP into the skin of mouse cheeks triggers scratching behavior dependent on IL-7Rα and primary afferent neurons. This response is due to the direct expression of TSLPR on primary afferent sensory neurons, requiring the Transient receptor potential cation channel subfamily A member 1 (TRPA1) ion channel for TSLPR activation (37). These data identify TSLP as a novel endogenous pruritogen, suggesting that keratinocyte-derived TSLP could be a therapeutic target for pruritus in AD. Overall, an increase in TSLP levels is known to be involved in the enhancement of Th2 immune responses (38).



2.2.2 Roles in human AD

In humans with AD, TSLP serum levels are significantly higher in both children and adults compared to healthy individuals (39, 40). TSLP is expressed in keratinocytes at acute and chronic AD lesion sites but not in non-lesion skin of AD patients, lesion sites of patients with nickel-induced allergic contact dermatitis (ACD), or cutaneous lupus erythematosus (41). In AD patients, circulating CD4+ T cells express higher levels of TSLPR compared to healthy individuals, and the levels of circulating TSLPR+ CD4+ T cells correlate with serum Thymus and activation-regulated chemokine/chemokine ligand 17 (TARC/CCL17) and IgE levels, as well as eosinophil counts (42). When inflammation in AD is exacerbated, S. aureus produces proteases and invades the dermis of AD patients, leading to increased production of type 2 cytokines such as TSLP, IL-4, and IL-13 (43). The cell wall components of S. aureus also signal through toll-like-receptor 2/6, inducing TSLP production in keratinocytes (44). These findings suggest that TSLP is involved in the pathogenesis of AD.

In clinical trials, tezepelumab, an anti-TSLP monoclonal antibody, demonstrated good safety and tolerability profiles, with linear pharmacokinetics in both healthy individuals and AD subjects (45). However, in a Phase II trial comparing tezepelumab and topical corticosteroids (TCS) combination therapy to placebo and TCS, although there were numerical improvements in the proportion of patients achieving EASI50 at week 12 and exploratory endpoints, and further improvement at week 16, no significant difference was observed (NCT03809663) (46). While tezepelumab has proven efficacy in asthma, its effects in AD were insufficient. These results suggest that targeting TSLP for the treatment of AD in humans may have limited potential.




2.3 IL-1α

The IL-1 family plays a crucial role in the proper functioning and control of the innate immune system, connecting innate and adaptive immune responses (47). This complex family consists of several cytokines, receptors, and co-receptors, all working together in balance to maintain homeostasis (47). Dysregulation of these processes can lead to tissue inflammation and contribute to the pathogenesis of common inflammatory skin diseases such as psoriasis, pustular sweat gland inflammation, and AD (47).

The IL-1 family of cytokines comprises 11 cytokine members, with 7 agonists (IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, IL-36γ) and 4 antagonists [IL-1 receptor antagonist (Ra), IL-36Ra, IL-37, IL-38] (48). Based on their structural and functional characteristics, these cytokines are further classified into four subfamilies: IL-1, IL-18, IL-33, and IL-36. Both IL-1α and IL-1β are pro-inflammatory cytokines. IL-1α is constitutively or inducible expressed in hematopoietic immune cells and other cell types such as intestinal epithelial cells and skin keratinocytes (49). IL-1α expression can be induced by inflammatory stimuli, leading to binding to IL-1R1 and the subsequent expression of inflammatory genes targeting type 1 or 17 immune responses. This results in the recruitment and activation of T cells, DCs, neutrophils, and monocytes/macrophages, further releasing inflammatory cytokines and chemokines, forming a self-amplifying inflammatory loop (50). On the other hand, IL-1β is primarily circulating, and its expression is inducible only in monocytes, macrophages, and DCs (50). The antagonist IL-1Ra competes with IL-1α and IL-1β for binding to the IL-1R1 receptor, exerting an anti-inflammatory effect (51).


2.3.1 Roles in mouse AD model

In a study exploring the anti-inflammatory effects of topical Tetracycline (TET) on AD in a mouse model, TET was found to suppress the expression of inflammatory cytokines, including IL-1β, in skin lesions. High levels of these cytokines were observed in the AD group, indicating a role for IL-1β in the inflammatory process of AD (52). Another study showed that skin and keratinocytes from mice with filaggrin deficiency had upregulated expression of IL-1β and IL-1RA mRNA (53).



2.3.2 Roles in human AD

Bermekimab, an inhibitor of IL-1α, showed promising results in a Phase II open-label trial with hidradenitis suppurativa (HS) patients, demonstrating a significant reduction in inflammatory lesions even after anti-tumor necrosis factor (TNF) therapy failure without severe drug-related adverse events (51, 54, 55). Contrasting efficacy has been reported for Canakinumab, a human monoclonal antibody targeting IL-1β, in case reports of HS (56, 57). While effective in severe cases of pustular psoriasis (58), it was reported ineffective in two patients with severe palmoplantar pustulosis (59).

From the above, it can be inferred that the IL-1 family is involved in the pathogenesis of inflammatory skin diseases, including AD. However, two Phase II trials on Bermekimab, an anti-IL-1αAb, for moderate to severe adult AD patients (NCT04990440 and NCT04021862) were discontinued due to lack of efficacy, suggesting a limited role of IL-1α in human AD.





3 Acute lesion

During the acute phase, the skin barrier continues to deteriorate further. Damaged keratinocytes release various chemokines such as CCL17/thymus and activation-regulated chemokine and CCL22/macrophage-derived chemokine, as well as cytokines like TSLP, IL-1β, IL-25, and IL-33 (60). These mediators activate ILC2 and Th2 cells at the lesion site. ILC2 cells produce IL-5 and IL-13 (61), while Th2 cells produce IL-4, IL-13, IL-31, and IL-5.

At the site of the lesion, there is an infiltration of CD4+ cells and an increase in the number of DCs, including LCs. DCs extend their dendritic processes beyond tight junctions to capture antigens. Furthermore, IL-4 and IL-13 promote IgE class-switching in B cells. In addition to these processes, various chemokines produced by keratinocytes at the inflammation site are involved in recruiting immune cells to the lesion. For example, eosinophils are activated by IL-5.

Regarding pruritus, IL-4 and IL-13 are suggested to act on IL-4Ra expressed on peripheral nerves, transmitting chronic pruritus through the Janus kinase (JAK) 1 signaling pathway. IL-31 acts on IL-31R expressed on peripheral nerves, eliciting pruritus (60). IL-31 is considered a primary cause of pruritus in AD. TSLP induces the expression of CD134 (OX40) ligand on DCs, which binds to OX40 on T cells, further stimulating the production of IL-4, IL-13, IL-5, and the pruritus-specific cytokine, IL-31.


3.1 IL-5

IL-5 plays a critical role in the development, survival, and proliferation of eosinophils (62). The primary producers of IL-5 are Th2 cells and ILC2, but mast cells, eosinophils, basophils, epithelial cells, and smooth muscle cells also produce IL-5 (62). IL-5 binds to a heterodimeric receptor composed of IL-5R subunit α (IL-5Rα) and the common subunit β (βc) (62). The βc subunit is also associated with IL-3Rα and the granulocyte-macrophage colony-stimulating factor (GM-CSF) Rα. In concert with IL-3 and GM-CSF, IL-5 promotes the proliferation, differentiation, and activation of eosinophils (62).


3.1.1 Roles in mouse AD model

In transgenic mice overexpressing IL-5, specifically in keratinocytes, there is an infiltration of eosinophils in the epidermis, displaying an AD-like phenotype (63). Additionally, these mice show a significant increase in the number of sensory neurons in the epidermis, suggesting a potential involvement of IL-5 in the branching of nerve cells in AD (63).



3.1.2 Roles in human AD

In humans, stimulation of peripheral blood mononuclear cells from children with AD using house dust mite extract resulted in IL-5 production correlating with the severity of AD (64). Moreover, infusion of the anti-IL-5Ab mepolizumab in AD patients significantly reduced eosinophil infiltration at the allergen injection site in the skin after 6 and 48 h and significantly reduced the number of tenascin-immunoreactive cells, a marker for repair and remodeling, after 48 h (65). These results suggest that IL-5 plays a significant role in the development of AD. However, mepolizumab did not demonstrate sufficient efficacy in AD patients (NCT03055195) (66), while it showed significant efficacy in specific subtypes of asthma patients (67, 68), suggesting that the role of eosinophils in the pathogenesis may differ between AD and asthma.




3.2 IL-4/13

IL-4 and IL-13 are representative cytokines of type 2 inflammatory responses and share many common functions. IL-4 is involved in Th2 differentiation and controls lymphocyte functions such as IgE synthesis in B cells. On the other hand, IL-13 is an effector cytokine that controls the construction of smooth muscle cells and mucus production in the airway epithelium in allergic asthma (69). Th2 cells, mast cells, eosinophils, and basophils all produce both IL-4 and IL-13 (70). ILC2s can produce IL-4, but generally at lower levels compared to their robust production of IL-13 (71).

IL-4 binds to either type 1 IL-4 receptor (IL-4R) or type 2 IL-4R. Type 1 IL-4R consists of IL-4Rα subunit and the common γ subunit of cytokine receptors. Type 2 IL-4R, on the other hand, consists of IL-4Rα and IL-13Rα1 chain (70). Therefore, type 2 IL-4R also functions as IL-13R. Hematopoietic/immune cells mainly express type 1 IL-4R, while type 2 IL-4R/IL-13R is ubiquitously expressed in non-hematopoietic cells and tissue-resident cells. Myeloid cells can express either type 1 or type 2 IL-4R. Because of the different distribution of IL-4R/IL-13R, IL-4 mainly functions in hematopoietic/immune cells, whereas IL-13 functions in non-hematopoietic cells and tissue-resident cells.

In the pathogenesis of AD, IL-4 and IL-13 are involved in (i) chemokine production, (ii) barrier function, (iii) pruritus, (iv) antimicrobial peptide (AMP) production, and (v) fibrosis. In terms of chemokine production, IL-4/IL-13 can induce various chemokines such as TARC/CCL17, CCL5, eotaxin-1/CCL11, and eotaxin-3/CCL26 either alone or in combination with other cytokines such as TNF-α or Interferon (IFN)-γ. These chemokines are highly expressed in the lesional skin of AD (72), and they recruit inflammatory cells such as T cells, eosinophils, and basophils to the skin lesions. In terms of barrier function, either IL-4 or IL-13 reduces the expression of barrier-associated molecules such as filaggrin, loricrin, and involucrin, leading to disruption of tight junctions and impaired ceramide production in the skin (73). IL-13 may directly or indirectly increase collagen deposition and fibrotic tissue remodeling (74), which is clinically observed in lichenified lesions of chronic AD.


3.2.1 Roles in mouse AD model

Various genetically modified mice have demonstrated the importance of IL-4 or IL-13 in the development of AD. For example, mice overexpressing IL-4 or IL-13 in keratinocytes exhibit xerosis and pruritic dermatitis, major characteristics of human AD, accompanied by a type 2 immune response (75–77). IL-4 plays a crucial role in the control of epidermal homeostasis and the natural barrier function (78). In IL-4 transgenic mice, hundreds of dysregulated factors have been identified before and after the onset of skin lesions, with a significant increase in the expression of factors such as C-X-C motif chemokine ligand 5 (CXCL5), IL-1β, IL-24, IL-6, oncostatin M (OSM), prostaglandin-endoperoxide synthase 2 (PTGS2), Formyl Peptide Receptor 1 (FPR1), and Regenerating Islet-Derived Protein 3 Gamma (REG3γ) (79). Moreover, IL-4 and/or IL-13 have been proven to directly induce scratching behavior in mice (80).



3.2.2 Roles in human AD

IL-4 and IL-13 inhibit the production of AMPs, human β-defensin (HBD)-2, and HBD-3 (81). This aligns with findings that AD patients exhibit lower expression levels of AMPs, such as cathelicidin (LL-37) and HBD-2 (82). These findings partially explain why AD patients are more susceptible to skin infections (83). IL-13 induces the expression of matrix metalloproteinase (MMP)-9 in human keratinocytes, acting on collagen IV in the basement membrane to promote cell movement and tissue remodeling (84, 85). In contrast, IL-13 downregulates MMP-13 expression in human fibroblasts, potentially leading to reduced collagen degradation and fibrosis observed in the thickened dermis of chronic lichenified AD lesions (86). Additionally, both mouse and human primary sensory neurons express receptors for IL-4 and IL-13 (87). Neurons pre-treated with IL-4 and IL-13 respond to sub-threshold concentrations of histamine and IL-31 (87).

Dupilumab, developed based on these findings, is a fully human monoclonal antibody against IL-4Rα. It binds to the IL-4Rα subunit of both type I and type II receptors, inhibiting both IL-4 and IL-13 mediated signaling pathways. It has shown significant efficacy in moderate to severe AD patients (88). The effectiveness of dupilumab has been demonstrated in studies involving adults and adolescents with AD (89, 90). Long-term administration in adolescents maintained effectiveness and showed a tolerable safety profile, highlighting the importance of continuous treatment for sustained efficacy (91). The q2w dosing regimen was found to be optimal for this age group (91). Dupilumab administration in younger AD patients (6 months to 11 years old) was effective and well-tolerated, with a safety profile consistent with that in older children and adults (92, 93).

A meta-analysis of 22 studies involving 3303 AD patients reported significant improvements in EASI scores and a high tolerance for dupilumab treatment, confirming its effectiveness in treating AD (94). Adverse events, such as conjunctivitis, were observed, but the treatment was generally well-tolerated (94). A 52-week retrospective study examined patients with moderate-to-severe atopic AD treated with dupilumab at labeled dosage (95). Patients were split into Group A (patients with significant comorbidities) and Group B (patients without significant comorbidities). Disease severity was measured using EASI, Pruritus-Numerical Rating Scale (P-NRS), and Dermatology Life Quality Index (DLQI) at baseline and weeks 4, 16, 24, and 52. The study included 263 patients, with 25 in Group A and 238 in Group B. Significant reductions in EASI, DLQI, and P-NRS were observed in both groups at each follow-up visit (p < 0.0001), with no notable differences between the groups. Safety outcomes were similar between the two groups. Serious side effects were not collected, and the main side effect was injection site reactions for both groups (Group A: 3, 12.0%; Group B: 41, 17.22%), followed by conjunctivitis (Group A: 2, 8.0%; Group B: 21, 11.34%). Another retrospective study demonstrated dupilumab’s effectiveness in treating adults with moderate to AD and chronic rhinosinusitis with nasal polyps (96). Using various measures, including EASI and 22-item Sino-Nasal Outcome Test, they observed significant improvements in both conditions at weeks 16 and 24. The long-term effectiveness and safety of dupilumab have been evaluated in patients with AD who also have comorbidities such as malignancy, severe renal insufficiency requiring dialysis, hepatitis B or C, AIDS, Parkinson’s disease, multiple sclerosis, or undergoing organ transplant (95). Based on this, targeted therapy against IL-4 and IL-13 is considered to have very high safety.

Other biological agents targeting the IL-13 signaling pathway, such as lebrikizumab and tralokinumab, have also demonstrated significant efficacy in adult AD patients (97). Tralokinumab has shown long-term efficacy and tolerability in adults and good tolerability in adolescents (98), supporting its value as a therapeutic for moderate to severe young AD (99). Lebrikizumab demonstrated rapid, dose-dependent effectiveness across a broad range of clinical symptoms in adults with AD and maintained a favorable safety profile in adolescents (100), significantly improving AD symptoms and quality of life (101).

IL-13 is considered a major mediator involved in the inflammation, epidermal barrier dysfunction, and pruritus associated with AD. Selective IL-13 inhibitors such as tralokinumab, lebrikizumab, and eblasakimab have shown promising efficacy in the treatment of moderate to severe AD (102). While their safety profiles are generally favorable, there is a heightened risk of conjunctivitis, necessitating monitoring (102). These findings collectively affirm the pivotal role of IL-4/13 in human AD.




3.3 IL-31

IL-31 is a member of the IL-6 cytokine family, predominantly produced by activated CD4+ T cells, particularly activated Th2 cells, as well as mast cells, macrophages, and DCs (103–107). The expression of IL-31 mRNA has been reported in various human tissues, including testes, bone marrow, skeletal muscle, and kidneys (103). The receptor for IL-31 is a heterodimer composed of IL-31 receptor A (IL-31RA) and OSM receptor (OSMR) (103). IL-31RA mRNA expression is observed in various tissues and cells, including testes, bone marrow, skin, dorsal root ganglia, activated monocytes, macrophages, DCs, eosinophils, basophils, and keratinocytes, while OSMR mRNA is broadly expressed in many tissues (107–109).


3.3.1 Roles in mouse AD model

In the mouse AD model, IL-31 is implicated in skin pruritus as evidenced in the Fluorescein Isothiocyanate (FITC) and Dinitrofluorobenzene (DNFB)-induced contact dermatitis model, though it does not appear to be involved in inducing local skin inflammation (110). Moreover, repeated administration of IL-31 also increased the expression of IL-31RA and OSMR β in dorsal root ganglia, suggesting an upregulation of IL-31RA expression in dorsal root ganglion (DRG) neuron cell bodies by IL-31 (111). This correlation is further supported by enhanced scratching behavior observed upon continuous subcutaneous injection of IL-31 in mice (111). Additionally, a single dose of IL-31 in mice induced strong pruritus upon skin and intrathecal injection, with concentrations significantly increased in the skin of mice with atopic-like dermatitis, leading to persistent scratching behavior (19). This implication of IL-31 in pruritus and the promotion of scratching behavior was further corroborated in Nishiki-nezumi Cinnamon/Nagoya (NC/Nga) mice with dermatological lesions, serving as a model for AD (112, 113). Furthermore, transgenic mice overexpressing IL-31 developed severe pruritus and skin lesions, suggesting a role for IL-31 in allergic dermatitis (103). In a contrasting observation, IL-31RA knockout mice showed increased OSM-induced cytokine levels during airway sensitization and challenge (114). Finally, the administration of anti-IL-31 antibodies was found to improve scratching behavior in NC/Nga mice (115).



3.3.2 Roles in human AD

IL-31, through the phosphorylation of signal transduction and activator of transcription (STAT)-1 and STAT-5, induces pro-inflammatory effects in activated human macrophages (116). The activation of ERK1/2 by IL-31 contributes to the underlying mechanism of Th1 cytokine IL-12 suppression in macrophages (116). Although IL-31 activates STAT-3 phosphorylation and enhances C-C motif chemokine 2 (CCL2) secretion in human primary keratinocytes, this phenomenon is not observed in AD keratinocytes with low TLR-2 expression, suggesting a potential link between the functional change of IL-31 and skin inflammation (117). Additionally, IL-31 is activated when the IL-31Rα receptor chain in primary human CD1c+ and monocyte-derived DCs is upregulated by IFN-γ stimulation, leading to a dose-dependent release of inflammatory mediators such as TNF-α, IL-6, CXCL8, CCL2, CCL5, and CCL22, causing skin inflammation (109). IL-31 is also present in eccrine sweat and activates keratinocytes to produce the inflammatory cytokine CCL2 (118). Human dorsal root ganglion neurons, many of which co-express TRP, Subfamily V, Member 1 (TRPV1), also express IL-31RA (19). Blocking TRPV1 in vivo interrupts IL-31 signaling (19). An increase in skin IL-31 may be associated with pruritus in diabetes mellitus (DM), and ongoing clinical trials aim to evaluate the systemic treatment effects on IL-31 and pruritus in DM (119). Staphylococcal superantigens have been shown to rapidly induce IL-31 expression in atopic patients (120), and administration of Fexofenadine significantly reduces serum IL-31 levels in AD patients (47).

Nemolizumab, developed based on these findings, is a humanized monoclonal antibody against the IL-31 receptor A (IL-31RA), administered subcutaneously, involved in pruritus and inflammation in AD. In a 16-week double-blind Phase III trial, Japanese AD patients with moderate to severe pruritus, insufficiently controlled by topical agents, were treated with subcutaneous nemolizumab in addition to topical agents. The results showed a reduction in pruritus compared to placebo plus topical agents (NCT03985943) (121). Further investigation into the long-term efficacy and safety of nemolizumab revealed continuous improvement in pruritus, AD signs, and QoL for up to 68 weeks when combined with topical agents, with a favorable safety profile (122). In another clinical trial with AD patients, nemolizumab rapidly and sustainably improved skin signs of inflammation and pruritus, with maximum effects observed at 30 mg, and the safety profile of nemolizumab was within an acceptable range. Nemolizumab significantly and rapidly improved inflammation, pruritus, and sleep in patients with a baseline EASI ≥16 (NCT03100344) (123, 124). Moreover, oral JAK inhibitors, which are also under development, have shown very promising effects on chronic pruritus through the Janus kinase 1/2 signaling pathway, a pathway involved with IL-4, IL-13, and IL-31 (125).

In summary, IL-31 plays a crucial role in the pathophysiology of human AD, particularly in its role in pruritus, highlighting its importance in the condition.





4 Chronic lesion

In the chronic phase, not only Th2 cells but also Th22 and Th17 cells increase in number, leading to suppression of filaggrin expression by IL-4, IL-13, and IL-22, which further deteriorates the epidermal barrier function. Additionally, IL-4 and IL-13 suppress the production of AMPs, weakening the barrier function against microbes. Th17 and Th22 cells also produce IL-22, which induces epidermal thickening.


4.1 IL-22

IL-22 is a cytokine produced by adaptive Th17 and Th22 cells, natural lymphocytes including γδT cells and type 3 innate lymphoid cells (ILC3), as well as myeloid cells including neutrophils. It belongs to the IL-10 family of cytokines (126). IL-22 is known to induce keratinocyte proliferation, and its serum levels are elevated in AD, with Th22 cells infiltrating the skin lesions of AD (127, 128). Additionally, the IL-22 receptor (IL-22R) is expressed on epithelial cells, including keratinocytes, but not on immune cells (129), suggesting that IL-22 signaling plays a crucial role in barrier function (130).


4.1.1 Roles in mouse AD model

In mouse AD models, in vivo injection of IL-22 into the skin induces keratinocyte proliferation and epidermal thickening (131). When antigen is applied to the skin of mice subjected to tape stripping, an alternative to scratching, an IL-22 response that promotes epidermal hyperplasia and keratinocyte proliferation is induced (132).



4.1.2 Roles in human AD

In human AD, there is a significant increase in IL22 mRNA expression and IL-22-producing T cells in the skin lesions (133–135). Serum IL-22 levels are also elevated in AD patients (127, 128). In vitro application of IL-22 to keratinocytes results in proliferation, and reconstituted human epidermis in a 3D matrix thickens (136, 137). In a clinical trial involving in vivo administration of fezakinumab to patients with moderate to severe AD, the IL-22 high-expression group showed much stronger improvement in transcriptomics mean values compared to the IL-22 high-expression placebo group and the IL-22 low-expression group (138).

From the above, it is suggested that IL-22 is involved in the pathophysiology of AD. In clinical trials, fezakinumab has demonstrated efficacy in adult patients with moderate to severe AD, with good tolerability (NCT01941537) (139). Specifically, larger and more significant differences were observed in the severe AD patient group.

In conclusion, IL-22 plays a crucial role in the pathophysiology of human AD, particularly in moderate to severe AD, demonstrating its significance in this condition.




4.2 IL-17A/25

IL-17A is pivotal for skin immunity, especially in inflammatory skin conditions like psoriasis, and it plays a vital role in the body’s defense against microbial pathogens. This cytokine is produced predominantly by Th17 cells, a unique lineage of proinflammatory T helper cells crucial for both autoimmune diseases and the regulation of innate immunity in epithelial cells, including keratinocytes, which form most skin cells. IL-17A, along with other cytokines secreted by Th17 cells, boosts the production of AMPs by human keratinocytes, strengthening the skin’s defense mechanisms against microbial invaders (140).

IL-25, also known as IL-17E, is a member of the IL-17 cytokine family. It is primarily produced by epithelial cells like keratinocytes but is also known to be produced by other immune cells such as T cells, DC, and ILC2 (141). IL-25 binds to a heterodimeric receptor composed of IL-25R and IL-17 receptor B (IL-17RB), also known as IL-17RA. The cellular targets of IL-25 include a variety of cells, such as T cells, ILC2, myeloid cell populations, invariant natural killer T (NKT) cells, fibroblasts, epithelial cells, endothelial cells, and mesenchymal cells (141).


4.2.1 Roles in mouse AD model

In murine models of AD, IL-17A has been found to mediate Th2-type immune responses, positioning IL-17A signaling as a potential therapeutic target in AD (142). Studies using mice have demonstrated that both IL-25 and IL-33 are crucial for the development of allergic dermatitis through the regulation of ILC2 (143). However, while skin-associated ILC2 responses and AD-like dermatitis in a murine AD model are critically dependent on TSLP signaling, they are not dependent on IL-25 signaling (35). This suggests that IL-25 derived from Th2 T cells could amplify allergic-type inflammatory responses by acting on other cell types (144). In murine models, the depletion of a specific type of neonatal-derived γδT cell from birth resulted in a spontaneous and pervasive form of AD that displayed many key features of human AD (145). In the Flaky tail murine model of AD-like dermatitis, IL-17A has been proven to be involved in the activation of macrophages that are in the process of adopting heterogeneous profiles of both M1 and M2 states in the skin (146). Lastly, IL-17A mediates Th2-type immune responses in murine models of AD (142).

This comprehensive analysis underscores the multifaceted role of IL-17A and IL-25 in skin immunity and AD, highlighting their potential as targets for therapeutic intervention.



4.2.2 Roles in human AD

In the context of AD, studies have demonstrated a marked increase in IL-17A levels in the serum of both adults and infants diagnosed with the condition. Importantly, this elevation in IL-17A levels has been found to correlate positively with the severity of the disease (147), suggesting a potential role in disease progression. Furthermore, a study has revealed that the interplay between specific genetic factors, such as the coexistence of the GG genotype of IL-17A rs2275913 and a mutation in the filaggrin gene (2282del4), can significantly heighten the risk of AD, highlighting the complexity of IL-17A’s role in AD and underscoring the need for further research to fully elucidate its mechanisms of action and potential as a therapeutic target (148).

Within the skin affected by AD, there has been observed an upregulation of both IL-25 and its receptor IL-17RB (149). This finding implies a potential involvement of the IL-25 signaling pathway in the pathogenesis of AD, though the precise impact of IL-25 on the skin barrier remains largely undefined. In vitro experiments have produced mixed results; for instance, IL-25 was found to decrease the expression of filaggrin mRNA in human keratinocytes cultured under high calcium conditions (149, 150), but this effect was not observed under other conditions (151). Furthermore, activated human eosinophils and basophils have been shown to produce IL-25 in vitro (149, 152). IL-25 has also been implicated in the pathophysiology of pruritus, a hallmark symptom of AD, through its ability to increase the expression of the pruritogenic substance endothelin-1 in cultured keratinocytes from both mice and humans, via the ERK1/2 or JNK pathways (153). Additionally, the administration of a specific probiotic strain, Lactobacillus plantarum IS-10506, resulted in the suppression of IL-4 and IL-17, accompanied by an alleviation of AD symptoms (154), further supporting the potential involvement of IL-17 in the pathology of AD.

However, it is crucial to acknowledge that the role of IL-17A in AD is intricate and multifaceted. Clinical trials with therapeutics targeting IL-17 pathways, such as MOR106 (Anti-IL-17C) and Secukinumab, have not demonstrated sufficient efficacy in AD patients (NCT02594098) (155, 156). Based on the preceding discussion, it can be inferred that the therapeutic targeting of IL-17 in human AD appears to offer constrained possibilities.




4.3 IL-23p19, IL-12/23p40

IL-23 is a cytokine belonging to the IL-12 family, uniquely composed of a specific p19 subunit and a shared p40 subunit with IL-12 (157). This cytokine is produced by various cells, including epidermal LCs, DCs, macrophages, and keratinocytes (158–160). IL-23 receptor (IL-23R) expression is found on several immune cells such as LC, DC, NK cells, NKT cells, γδT cells, and Th17 cells (161–163). IL-23 plays a critical role in promoting the polarization of Th17 cells (164, 165) and is essential for inducing the expression of IL-22 (131, 166).


4.3.1 Roles in mouse AD model

In the context of mouse AD models, IL-23 released from keratinocytes in response to endogenous TLR4 ligands upregulates endogenous IL-23 production in skin DC, which selectively express IL-23R. This, in turn, drives the IL-22 response in naïve CD4+ T cells, leading to epidermal thickening (132).



4.3.2 Roles in human AD

In human AD, an upregulation of the Th17/IL-23 axis has been demonstrated (142, 167). IL-23 is released in human skin after scratching and polarizes human skin DC to drive the IL-22 response (132). Risankizumab, an antibody that binds to the p19 subunit of IL-23, inhibiting its action (168), has been approved for the treatment of moderate to severe plaque psoriasis, active psoriatic arthritis, and moderate to severe active Crohn’s disease in adults.

Despite these findings, IL-23, and by extension the IL-17/23 axis, appears to be an insufficient therapeutic target for AD. This is supported by clinical trials conducted with risankizumab (an anti-IL-23A Ab) in AD patients aged 12 and older (NCT03706040) (169), as well as with ustekinumab (an anti-IL-12/23p40 Ab) in adult AD patients (NCT01945086), both of which did not demonstrate efficacy. These results suggest that while IL-23 is implicated in the pathophysiology of inflammatory diseases, including AD, targeting the IL-17/23 axis may not be an adequate strategy for AD treatment.





5 Discussion and conclusion

The pathogenesis of AD is complex and multifactorial, involving immune response dysregulation, compromised barrier function, and pruritus. Cytokines are pivotal in this process, with Th2, Th22, and Th17 cells contributing to the disease’s progression. IL-4 and IL-13, both Th2 cytokines, are key players in atopic inflammation, exacerbating epidermal barrier dysfunction, pruritus, and promoting type 2 immune deviation (170). IL-31, a pruritogenic cytokine, is produced by type 2 T cells and amplifies the IL-31-mediated sensory nerve signal (170). IL-22, produced by Th22 cells, mediates keratinocyte proliferation, epidermal hyperplasia, and antimicrobial protein production, and is implicated in the pathogenesis of atopic dermatitis (171). The efficacy of targeted treatments such as Dupilumab, Nemolizumab, and Fezakinumab in clinical trials underscores the importance of IL-4, IL-13, IL-31, and IL-22 as therapeutic targets in both acute and severe phases of AD. However, challenges remain, as treatments targeting IL-33, TSLP, IL-1α, IL-5, and IL-17 have shown limited success in clinical trials (Figure 2). This disparity between therapeutic effectiveness in murine models and human patients highlights the need for a nuanced understanding of AD’s pathophysiology. JAK inhibitors have shown promising results in the treatment of AD, with improvements in objective and subjective scoring indices observed in patients receiving both topical and oral formulations (172, 173). They have been associated with higher rates of achieving EASI75, Investigator’s Global Assessment response, and pruritus numerical rating scale response (173). However, they also carry a higher risk of treatment-emergent adverse events (173). Upadacitinib and abrocitinib, both selective JAK1 inhibitors, have been identified as effective and well-tolerated agents for moderate-to-severe atopic dermatitis (174). Despite these positive findings, further research is needed to establish the long-term efficacy and safety of JAK inhibitors in atopic dermatitis (175). The strength of this paper lies in its comprehensive examination of the roles of various cytokines in AD, taking into account unpublished negative trial data from the ClinicalTrials.gov database. A limitation, however, is the inability to conclusively determine whether the ineffectiveness of certain cytokine targets in trials is due to the drug itself or the unsuitability of the cytokine as a therapeutic target for AD.


[image: image]

FIGURE 2
Cytokines that have been validated as therapeutic targets in human atopic dermatitis. Dupilumab, which targets IL-4 and IL-13, has shown efficacy in treating moderate to severe AD. Nemolizumab, targeting IL-31RA, effectively reduces pruritus in AD patients. Fezakinumab, targeting IL-22, have demonstrated promising results, particularly in severe AD cases. IL-33 has been identified as a potent activator of immune cells, exacerbating AD in murine models and correlating with disease severity in human patients. However, treatments targeting IL-33 have not shown sufficient efficacy in clinical trials. Similarly, TSLP, integral to type 2 immune responses, induces dermatitis in animal models and is elevated in human AD, yet clinical treatments like tezepelumab exhibit limited efficacy. Therapies targeting IL-1α, IL-5, and IL-17 also failed to achieve sufficient efficacy in clinical trials.


Future treatment strategies must consider the differences between mouse model analyses and clinical trials differences to effectively address the diverse manifestations of AD.
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Afatinib Cetuximab  Dacomitinib Erlotinib Gefitinib  Lapatinib  Necitumumab  Osimertinib ~ Panitumumab  Vandetanib

Age | Elderly Count 1501 1388 7 3548 475 7 47 935 1,590 120
group 1C025 126 081 012 058 130 015 0.69 111 0.90 020
ROR025 3.69 2.19 1.48 171 4.08 121 237 3.09 241 1.28
PRR (1) 2.53(1388.05) 1.86(550.06) 1.93(31.67) 1.54(669.17) 2.74(525.18) 1.20(26.17) 2.36(36.79) 2.32(699.79) 1.97(759.30) 1.41(14.26)
Adults  Count 1,098 1,648 19 2,137 275 991 w 499 1776 266
1C025 ~0.44 ~017 054 -140 076 0.03 ~089 -1.06 -0.17 0.19
ROR025 063 085 185 026 047 110 0.6 035 085 150
PRR () 0.79(58.91) 0.95(5.02) 1.38(12.76) 0.40(1951.25) 0.68(41.22) 1.10(10.23) 0.80(1.92) 0.53(207.52) 0.94(5.94) 1.34(22.94)
Sex Male Count. 947 2,468 88 3,954 261 33 78 465 2,203 233
group 1C025 0.02 L10 031 0.18 =0.15 =456 0.94 =049 0.83 0.70
ROR025 1.05 4.05 1.60 121 091 0.03 473 0.66 2.64 247
PRR(7) L0821 2.22(1647.55) 160019.78) 116(83.13) 1020015 0.06(507.43) 2.62(78.25) 078(30.07) 184(862.90) 192(107.40)
Female  Count 2,106 1,260 105 7,788 625 1879 19 1533 1,466 160
1c025 ~002 -1 —061 005 ~005 0.44 253 0.06 ~098 -107
ROR025 105 0.24 048 094 1.06 6.13 0.07 1.30 027 0.26
PRR (1) 1.05(4.98) 0.50(639.08) 0.84(3.24) 1.00(0.01) 1.07(3.18) 1.45(269.14) 0.28(35.02) 1.13(22.37) 0.54(578.82) 0.56(55.98)

IC, information component; 1025, the lower limit of the 95% confidence interval of IC; ROR025, the lower end of the

This table shows the signals of patients’sex and age with dermatologic toxicities using EGERIs. Count, number of records. ROR, reporting odds r:
95% confidence interval of ROR; PRR, proportional reporting ratio; ', chi-squared. Bold values: indexes that meet the criteria for signal detection.
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Dermatologic toxicities N Percentage

Rash 8,040 2720
Dry skin 1934 654
Pruritus 1722 583
Dermatitis acneiform 1,274 431
Acne 1,198 409
Alopecia 1,102 373
Paronychia 1,004 340
Erythema 809 274
Skin disorder 651 22
Skin exfoliation 61 207
Skin toxicity 591 200

Others 10390 3548
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(a) (b) (O] ()] ROR025

Total 29,559 159,765 2782327 34,858,945 229 105 211(17043.8)
Afatinib 3,157 19,586 2,810,304 34,997,549 193 085 1.87(1269.95)
3974 21,361 2,807,912 34997359 224 103 2.11(2321.60)
Dacomitinib 196 1,274 2,811,806 35,017,320 1.65 0.62 1.79(68.85)
Erlotinib 12,267 57,154 2,807,667 34,953,508 262 122 2.38(9720.43)
Gefitinib 922 9,345 2811142 35,009,187 115 017 121(33.05)
Lapatinib 2043 13,185 2810833 35,004,535 185 078 180(732.53)
Necitumumab 106 512 2,811,849 35,018,129 209 088 2.31(78.54)
Osimertinib 2,147 29,111 2,809,648 34,989,690 104 ~0.01 101(1.07)
Panitumumab 4294 19,167 2810531 34,996,604 270 125 2.46(3720.20)
Vandetanib 453 3,130 2811669 35,015,344 163 0.62 1.70(130.82)

(2) The number of skin AEs reported for EGFRIs. (b) The number of any other AEs reported for EGERIs. (c) The number of any skin AEs for other drugs. (d) The number of other AEs
reported for other drugs. ROR, reporting odds ratio; IC, information component; 1C025, the lower limit of the 95% confidence interval of IC; ROR02S, the lower end of the 95% confidence:
interval of ROR; PRR, proportional reporting ratios ', chi-squared. Bold values: indexes that meet the criteria for signal detectior
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Q1 Median Q3 IGR

Afatinib 4 9 2 2
Cetuximab. 7 19 50 3
Dacomitinib 27 54 123 %
Erlotinib 1 42 186 175
Gefitinib 14 57 182 168
Lapatinib 7 e 154 147
Necitumumab. 5 9 16 1
Osimertinib 7 2 64 57
Panitumumab 13 42 125 12
Vandetanib 13 38 119 106

Q1 refer to the first quartile time, Q3 refer to the third quartile time, all values are in days.
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1L-31 Nemolizumab Anti- IL-31 Humanized 215 (12 Years Week 16 Nemolizumab 60 mg Change in VAS score for NCT03985943 Phase 3 (117)
receptor monoclonal and older) q4w pruritus to Week 16: completed
—42.8/—21.4
Placebo q4w Change in VAS score for
pruritus to Day 15:
—30.4/—11.1
Change in EASI score :
—45.9/—33.2
1L-22 Fezakinumab Anti- [L-22 Monoclonal 60 (18 to Week 12 1LV-094 Percentage change in NCT01941537 Phase 2 (135)
75 Years) SCORAD: —18.8/—-11.7 completed
Placebo
1L-17 Secukinumab, Anti-IL-17A, Monoclonal 41 (18 Years and Week 16 Secukinumab Fold-change in NCT02594098 Phase 2 (1,51, 152)
MOR106 Anti-IL-17C older) (300 mg) via Epidermal thickness of completed
Lesional skin: 1.18/1.15
(for Extrinsic AD)
Placebo Fold-change in
Epidermal Thickness of
Lesional skin: —1/1.5 (for
Intrinsic AD)
IL-23p19 Risankizumab Anti-IL-23A Humanized 172 (12 Years Week 16 Risankizumab Percentage of NCT03706040 Phase 2 (165)
monoclonal and older) 300 mg participants achieving at completed
least EASI-75:
21.7/24.6/11.8
Risankizumab
150 mg
Placebo
IL-12/23 Ustekinumab Anti-IL-12 and Human 79 (20 to Week 12 Ustekinumab 90 mg Percent Change in EASI NCT01945086 Phase 2
-IL-23 monoclonal 65 Years) score: completed

—39.39/—38.62/—37.54

Ustekinumab 45 mg

Placebo
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Targeted Agent Mechanism | Description | Number of = Endpoint Intervention Results ClinicalTrials. Developmen: References
cytokines patient arm identifier status
(Age)
1L-33 Etokimab Anti-IL-33 Monoclonal 302 (18 to Week 16 Etokimab Percent change in EASI NCT03533751 Phase 2 (25)
75 Years) 600 mg/300 mg SC Score: —44.56 completed
Q4W (7.811)/—47.40
(6.091)/—55.70
(6.206)/—41.63
(6.707)/—49.38 (7.124)
Etokimab
300 mg/150 mg SC
Q4W
Etokimab
300 mg/150 mg SC
Q8W
Etokimab 20 mg SC
Q4W
Placebo
IL-33 Astegolimab Anti-IL-33 65 (18 to Week 16 A loading dose of Percent change of total NCT03747575 Phase 2 (26)
75 Years) 245 mg SC EAST score: completed
MSTT1041A, —58.24/—51.47
followed by 490 mg
of SC MSTT1041A
every 4 weeks
(Q4w)
Placebo
TSLP Tezepelumab Anti-TSLP Human 251 (18 to Week 16 Tezepelumab Number of participants NCT03809663 Phase 2 (44)
monoclonal 75 Years) 420 mg Q2W with IGA score of 0 or 1: completed
5(7.2%)/2(3.2%)/4(6.5%)/2(3.2%)
Tezepelumab
280 mg Q2W
Tezepelumab
210 mg Q4W
Placebo
IL-1a Bermekimab Anti-IL-1a Humanized 6 (18 to Week 16 Bermekimab Percentage of NCT04990440 Phase 2
monoclonal 65 Years) 1200 mg IV participants with completed
EASI-75:0/0/0
Bermekimab 800 mg
v

Placebo
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IL-5 Mepolizumab Anti- IL-5 Humanized 34 (18to 70 ears) | Week 16 Mepolizumab Number of participants NCT03055195 Phase 2 (64)
monoclonal 100 mg SC with IGA score of 0 or 1 completed
and at Least a 2- Grade
Improvement:
2(11.1%)/0(0%)
Placebo
IL-4 Dupilumab Anti-IL-4 Human 838 (18 Years Week 12 Dupilumab IGA 0 or 1 and reduction | NCT03720470 Phase 3 (86)
receptor o monoclonal and older) 300 mg + Oral (> =) 2 points rate: completed
placebo 36.5/48.4/36.6/14.0
PF-04965842 EASI response > =75
200 mg + Placebo percent (%)
injection improvement rate:
58.1/70.3/58.7/27.1
PF-04965842
100 mg + Placebo
injection
Placebo
740 (18 Years Week 16 Dupilumab IGA 0 or 1 and reduction NCT02260986 Phase 3 (87)
and older) qw + Topical (> =) 2 points rate: completed
corticosteroids 39/39/12
Dupilumab EASI response > =75
q2w + Topical percent (%)
corticosteroids improvement rate:
64/69/23
Placebo + Topical
corticosteroids
251 (12 to Week 16 Dupilumab 200 or IGA 0 or 1 and reduction NCT03054428 Phase 3 (88)
17 Years) 300 mg Q2W (> =) 2 points rate: completed
24.4/17.9/2.4
Dupilumab 300 mg EASI response > =75
Q4w percent (%)
improvement rate:
41.5/38.1/8.2
Placebo
294 (12 to Week 52 Proportion of patients NCT02612454 Phase 3 (89)
17 Years) achieving IGA 0/1 (%): completed

42.7
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Proportion of patients
achieving EASI 75 (%):
81.2

Mean % change in EASI
from PSBL: —83.5

Mean % change in

SCORAD from PSBL:
—65.0
367 (6 to Week 16 Dupilumab IGA 0 or 1 and reduction NCT03345914 Phase 3 (90)
11 Years) q2w + Topical (> =) 2 points rate: completed
corticosteroids :32/33/11
Dupilumab EASI response > =75
q4w + Topical percent (%)
corticosteroids improvement rate:
67.2/69.7/26.8
Placebo + Topical
corticosteroids
202 (6 Months Week 16 Dupilumab IGA 0 or 1 and reduction NCT03346434 Phase 3 ©1)
to 5 Years) q4w + Topical (> =) 2 points rate: 28/4 completed
corticosteroids
Placebo + Topical EASI response > =75
corticosteroids percent (%)
Improvement rate: 53/11
IL-13 Lebrikizumab Anti-IL-13 Humanized 212 (18 to Week 12 Lebrikizumab + TCS IGA 0 or 1 and reduction NCT02340234 Phase 2 (93)
monoclonal 75 Years) (> =) 2 points rate: completed
:33/19
Placebo + TCS EASI response > = 50
percent (%)
improvement rate: 82/52
280 (18 Years Week 16 Lebrikizumab IGA 0 or 1 and reduction NCT03443024 Phase 2 (96)
and older) 250 mg q2w (> =) 2 points rate: completed
:44.6/33.7/26.6/15.3
Lebrikizumab EASI response > =75
250 mg g4w percent (%)

improvement rate:
60.6/56.1/43.3/24.3
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Lebrikizumab

125 mg q4w
Placebo q2w
206 (12 to Week 52 Lebrikizumab IGA 0 or 1 and reduction NCT04250350 Phase 3 97)
17 Years) 500 mg loading (> =) 2 points rate: 62.6 completed
doses at baseline and
Week 2, followed by
250 mg Q2W
EASI response > =75
percent (%)
improvement rate: 81.9
EASI response > = 50
percent (%)
improvement rate: 94.4
IL-13 Tralokinumab Anti-IL-13 Human 130 (12 Years Week 16 Tralokinumab + TCS IGA 0 or 1 and reduction NCT05194540 Phase 3 (93)
monoclonal and older) (> =) 2 points rate: completed
27/12
Placebo + TCS EASI response > = 50
percent (%)
improvement rate: 73/52
794 (18 Years Week 16 Tralokinumab IGA 0 or 1 and reduction NCT03131648 Phase 3 94)
and older) 300 mg q2w (> =) 2 points rate: (ECZTRA1), completed
15-8/7-1 (ECZTRA1), NCT03160885
22-2/10-9 (ECZTRA2) (ECZTRA2)
Placebo q2w EASI response > =75
percent (%)
improvement rate:
25-0/12-7 (ECZTRA1),
33-2/11-4 (ECZTRA2)
301 (12 to Week 16 Tralokinumab IGA 0 or 1 and reduction NCT03526861 Phase 3 (95)
17 Years) 300 mg q2w (> =) 2 points rate: 17. completed
5/21.4/4.3
Tralokinumab EASI response > =75
150 mg q2w percent (%)

improvement rate:
27.8/8.6/6.4

Placebo q2w
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Cutaneous Cutaneous

toxicities AEs toxicities AEs
With EGFRIs With all other 1C025 ROR025 PRR (%)
drug
(29559) (2978563)
Sex Male 10,805(36.55%) 775,936(27.89%) 0.35 145 131(776.80)
Female 17,047(57.67%) 1,780,249(63.98%) -0.18 075 0.90(180.45)
TS 0(0.00%) 13(0.00%)
Unisex 0(0.00%) 20(0.00%)
Unknown 5(0.02%) 752(0.03%)
Miss* 1,589(5.33%) 216,711(7.68%)
Age Elderly 9,954(33.67%) 494,970(18.63%) 0.81 216 1.81(3480.90)
Adult 8,846(29.92%) 1,230,517(43.96%) -058 053 0.68(1302.52)
Adolescent 14(0.05%) 111,167(3.97%)
Child 17(0.06%) 49.713(1.78%)
Infant 2(0.06%) 3,779(0.14%)
Neonate 0(0.00%) 2004(0.07%)
Miss* 10,726(36.29%) 844,142(31.44%)
Outcome Other Serious 11,501(38.91%) 865,428(31.10%) 0.33 144 1.25(565.19)
Hospitalization 4.216(14.27%) 322919(11.61%) 0.24 122 123(175.60)
Life-threatening 414(1.40%) 29,162(1.04%) 0.30 124 134(34.18)
Disability 340(1.15%) 46,099(1.66%) ~0.63 071 0.69(44.97)
Death 1,518(5.18%) 32,041(1.15%) 209 463 4.48(3846.70)
R 320.1%) 4,893(0.18%) -121 043 0.62(7.55)
Congenital anomaly 20(0.07%) 1992(0.06%) -177 0.29 0.95(0.06)
Country Us 17,042(57.32%) 1,872,444(67.30%) -0.27 0.61 0.85(466.01)
» 3,399(11.20%) 49.843(1.79%) 253 679 6.34(14164.07)
oN 856(2.90%) 19,696(0.71%) 1.86 3.86 4.04(1857.719)
FR 637(2.16%) 76,5312.75%) ~048 071 0.77(41.24)
DE 569(1.93%) 53,631(1.93%) ~0.14 091 0.99(0.10)
BR 566(1.91%) 30.742(1.10%) 0.64 159 1.71(162.85)
co 510(1.72%) 11,095(0.40%) 191 3.96 4.27(1210.078)
T 462(1.56%) 33,427(1.24%) 018 114 125(22.21)

IC, information component; IC025, the lower end of the 95% confidence interval of IC; ROR, reporting odds ratio; ROR02S, the lower end of the 95% confidence interval of ROR; PRR,
proportional reporting ratio; 1, chi-squared. Bold values: index that meet the criteria for signal detection. *Unreported or lost reports.
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All patients Canonical-interval ~ Extended-interval Dose switch p value

(n=71) dose (n dose (n =14) (n=7)
Sex, n (%) 0369
Male 36(50.7) 28(56.0) 5(57) 3(429)
Female 35(49.3) 22(44.0) 9(64.3) 4(57.1)
Agey 0599
Mean (D) 65.0(14.0) 64.0(15.0) 65.2(125) 713(58)
Median (Min, Max) 69 (30, 86) 67 (30,88) 67 (43,83) 72 (63,80)
Primary site, n (%) 0.467
Head and neck 6(85) 5(10.0) 1.1 00
Trunk 10 (14.1) 5(10.0) 3014 2(28.6)
Extremities 31043.7) 23(46.0) 6(429) 2(28.6)
Non-skin 18(25.4) 14(28.0) 3014 10143)
Unknown 6(85) 3(6.0) 1(7.1) 2(286)
Tumor subtype, 1 (%) 0844
Non-acral cutaneous 26(36.6) 19(38.0) 5(357) 2(286)
Acral 20(28.2) 14(28.0) 4(28.6) 2(286)
Mucosal 10(14.1) 6(120) 3014 10143)
Uveal 507.0) 5(10.0) 0(0) 0
Others/unknown 10 (14.1) 6(12.0) 2(143) 2(286)
Tumor stage, n (%) <0.001
1 4(56) 00) 3014 10143)
m 15211 6(12.0) 6(429) 3(429)
w 52(73.2) 44(88.0) 5(357) 3(429)
Treatment, n (%) 0.004°
Nivolumab 34(47.9) 30(60.0) 3014 10143)
Pembrolizumab 35(49.3) 18 (36.0) 11(786) 6(85.7)
Sequential® 228) 2(40) 0(0) 0
Line of treatment, 1 (%) <0001
Istline® 36(50.7) 32(64.0) 2(143) 2(28.6)
2ndline® 8(113) 6(120) 17 10143)
3rd line or more® 2(28) 2(40) 0(0) 00
Adjuvant 25(35.2) 10(20.0) 11(786) 4(57.1)
Treatment cycles 0033
Mean (SD) 10.2(10.0) 9.5(82) 68(47) 220(192)
Median (Min, Max) 8(1,62) 7(1,42) 7(2,16) 15(3,62)
Follow-up period, w 0224
Mean (SD) 918 (91.3) 915 (101.7) 734 (44.4) 1310 (775)
Median (Min, Max) 68 (4,443) 52(4,443) 91(6,134) 130 (14, 259)

Switch from canonical interval dose to extended interval dose.
“Sequential use of nivolumab and pembrolizumab.

‘Compared between nivolumab and pembrolizumab.
‘Compared between metastatic and adjuvant setting,
Metastatic setting.
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All patients (n=71) Canonical-interval Extended-interval Dose switch?® (n=7)

dose (n =50) dose (n = 14)
Total events Total events Total events Total events Escalation
window®

Adverse event Anygde | Grade23 | Anygrade  Grade23 | Anygrade  Grade23 | Anygrade = Grade23  Anygrade = Grade23
Allevents,n (%) 26(36.6) 2(28) 16(320) 2(40) 5(35.7) 0 5(71.4) 0 0 0
Endocrinopathy n 1 5 1 3 3
Skin 7 5 1 1
Preumonitis 2 1 1
Fatigue 2 2
Hepatitis 1 v 1 i
Musculoskeletal 1 1
Ocular 1 1
Gastrointestinal 1 1

‘Switch from canonical interval dose to extended interval dose.

"Period after switch from canonical interval dose to extended interval dose.
“Type 1 diabetes, Grade 3

‘Grade 3.
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Included Age Treatment Effective Frequency Treatment Follow-  Outcome

studies (years) size duration measures

Once every

Ahmad 2020 (7) 1-12 MMR 15 n Eliminate or up to 5 times 6 complete clearance
2weeks
Once every
Candida antigen 15 12 Eliminate or up to 5 times 6 complete clearance
2weeks
intralesional Once every
10 1 Eliminate or up to 5 times 6 complete clearance
saline 2weeks
Once every
Noha Z 2022 (3) 21-63 PPD 40 2 Eliminate up to 4 times 6 complete clearance
2weeks
Once every
Candida antigen 0 25 Eliminate up to 4 times 6 complete clearance
2weeks
Once every
Anant 2022 (5) 10-50 MMR 50 31 S Eliminate or up to 3 times 6 complete clearance
weeks
Once every
VD3 50 27 Eliminate or up to 3 times 6 complete clearance
2weeks
Eliminate or up to 12
Bayoumy 2011 (10) | 20-35  PPD (general) 20 10 Oncea weeks 6 complete clearance
times
intralesional Eliminate or up to 12
20 0 Once a weeks 6 complete clearance
saline times
Once every
Nashwa 2023 (11) | 18-60 MMR 2 18 Eliminate or up to 5 times 6 complete clearance
2weeks
Once every
PPD ) 16 Eliminate or up to 5 times 6 complete clearance
2weeks
Once every
PPD (general) 23 13 Eliminate or up to 5 times 6 complete clearance
2weeks
Once every
Ayman 2020 (12) 39-63 | Candida antigen 30 2 ek Eliminate or up to 5 times 6 complete clearance
weeks
intralesional Once every
20 3 Eliminate or up to 5 times 6 complete clearance
saline 2weeks
Bahgat 2005 (13) 30-39 BCG 25 20 Onceaweek  Eliminate or up to 6 times 6 complete clearance
intralesional
} 25 0 Onceaweek | Eliminate or up to 6 times 6 complete clearance
saline
Once every
Nofal 2020 (1) 19-45 PPD 2 9 Eliminate or up to 5 times 6 complete clearance
2weeks
Once every
Candida antigen 32 12 Eliminate or up to 5 times 6 complete clearance

2weeks
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3.23(0.24, 44.43)

3.51(0.29,43.11)
4.11(0.32,52.66)
449 (0.29,69.52)
7.30(0.54,99.22)

96.00 (10.35, 890.58)

109 (037,3.21)
127 (0.44,3.67)
139 (0.63,3.08)
226(0.71,7.15)

29.69(7.47, 118.04)

0.92(0.31,272)
Candida antigen
117(0.61,2.23)
128(0.33,492)
2.08 (0.6, 6.58)

27.34(8.64, 86.52)

0.79(0.27,2.26)

085 (0.45,1.63)
PPD

109 (0.29,4.11)

177 (0.60,5.21)

2333 (6.75, 80.60)

0.72(0.32,1.60)

0.78(0.20, 3.00)

0.92(0.24, 3.44)
VD3
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History of biological treatments

Biological treatments No biological
treatments

Total number of patients (F/M) 37 (8/29) 12 (2/10) 25 (6/19)
Age (Mean SD, years) 4414106 452485 436+ 11.6
Disease course (Mean SD, years) 168+ 105 184109 167 £ 106
Involvement of the scalp, 7 (%) 21 (56.8%) 8 (66.7%) 13 (52%)
Involvement of nails, 1 (%) 20 (54.1%) 8 (66.7%) 12 (48%)
History of PsA, 1 (%) 2(5.4%) 1(8.3%) 1(4%)
Family history of psoriasis, 1 (%) 3 (8.19%) 2 (16.7%) 1(4%)
PASI score (Mean SD) 123+ 106 13482 11866
BSA score (Mean SD) 17.1£18.1 21.1£205 153 £169
DLQI score (Mean SD) 77£73 83+47 74£42

BMI, n (%)

Underweight 1(2.7%) 1(8.3%) 0(0%)

Normal weight 20 (54.1%) 6 (50%) 14 (56%)
Overweight 14 (37.8%) 5 (41.7%) 9 (36%)
Obese 2 (5.4%) 0 (0%) 2 (8%)

Comorbidities, n (%)

Positive HBV markers 9 (24.3%) 4(33.3%) 5 (20%)
Positive T-SPOT 2 (5.4%) 1(8:3%) 1(4%)

Dyslipidemia 2 (5.4%) 2 (16.7%) 0 (0%)

Hypertension 1(2.7%) 0(0%) 1(4%)

Diabetes 1(2.7%) 0(0%) 1(4%)

Hyperuricemia 1(2.7%) 1(8.3%) 0 (0%)

Abnormal kidney function 1(2.7%) 1(8.3%) 0 (0%)

Previous treatments, n (%)

Acitretin 11 (29.7%) 4(33.3%) 7 (28%)
Methotrexate 10 (27%) 4(33.3%) 6(24%)
UB-UVB 11 (29.7%) 3(25%) 8 (32%)
Etanercept 2 (5.4%) 2 (16.7%)
Adalimumab 4 (10.8%) 4(33.3%)
Infliximab 6(16.2%) 6(50%)
Secukinumab 4(10.8%) 4(33.3%)
Ustekunumab 2 (5.4%) 2 (16.7%)
Ixekizumab 1(2.7%) 1(8:3%)

BMI, body mass index; PASI, Psoriasis Area and Severity Index; BSA, body surface area; DLQI, dermatology life quality index; HBV, hepatitis B virus; SD, standard deviation; PsA, psoriatic
arthritis; UB-UVB, Narrow Band-UVB; T-SPOT, mycobacterium tuberculosis T cell enzyme-linked immunospot tuberculous test.
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28 (0] 92

PASI 123+7.1 7.0£5.0 3538 2037 1.0£24 08+£28 0.8%3.0 1£3.0

<005 p <0001 p < 0.0001 P <0.0001 P < 0.0001 p < 0.0001 P <0.0001
BSA 17.1+ 5272 52472 27457 14+60 152+£72 14+£56 14+£56

18.1

p <005 p <005 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p <0.0001
DLQI 77£73 17£20 17£20 12£26 03+£12 03£14 0414 04+14

p <0001 p <0001 P <0.0001 P <0.0001 p < 00001 P <0.0001 p <0.0001

PASI, Psoriasis Area and Severity Index; BSA, body surface area; DLQI, dermatology life quality index.
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Patient 1 Patient 2 Patient 5 Patient 6
Sex Male Male Female Female Male Female Male
Age (years) 48 40 45 36 35 40 35
Disease course 22 29 27 26 21 14 12
(years)
Involvement of Y £4 N N N g N
the scalp
Involvement of hé h 4 N N N Y N
nails
Family history of N N Y N N N N
psoriasis
BMI 29.4 229 208 19.8 16.3 32.7 252
HBV markers Anti-HBe(+) N N N N N N
Anti-HBc(+)
Positive T-SPOT N N N N N N N
Previous systemic ACI/MTX/ ACI/MTX/ INX N INX N N
Treatments ADA/INX ADA/SEC/IXE
BSA score (Week 50% 14% 6% 7% 6% 70% 10%
0)
DLQI score 14 ] 10 6 6 16 7
(Week 0)
PASI score Week 314 68 11 68 72 35 12
0
Week 12 18 24 10 34 3 16 7
Week 20 15 12 11 34 15 13 5
Wecek 28 16 usT 11 IXE 15 10.7 5
Week 44 Interrupt SEC 5.5 12 3
Week 52 UsT 13.6 3
Week 84 11 3

ACI, acitreting ADA, adalimumab; BMI, body mass index; BSA, body surface area; DLQI, dermatology life quality index; HBV, hepatitis B virus; INX, infliximab; IXE, ixekizumab; MTX,
methotrexate; PASI, Psoriasis Area and Severity Index; T-SPOT, mycobacterium tuberculosis T cell enzyme-linked immunospot tuberculous test; SEC, secukinumab; UST, ustekinumab.
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