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Background

Orally administered small-molecule drugs including tyrosine kinase 2 (TYK2) inhibitors and phosphodiesterase 4 (PDE4) inhibitors are new candidates for systemic therapy in plaque psoriasis. However, no previous articles evaluated the benefit and risk profile of TYK2 and PDE4 inhibitors in psoriasis.





Objectives

The objective of this study was to compare the efficacy and safety of oral small-molecule drugs, including TYK2 and PDE4 inhibitors, in treating moderate-to-severe plaque psoriasis.





Methods

PubMed, Embase, and Cochrane library were searched for eligible randomized clinical trials (RCTs). Response rates for a 75% reduction from baseline in Psoriasis Area and Severity Index (PASI-75) and Physician’s Global Assessment score of 0 or 1 (PGA 0/1) were used for efficacy assessment. Safety was evaluated with the incidence of adverse events (AEs). A Bayesian multiple treatment network meta-analysis (NMA) was performed.





Results

In total, 13 RCTs (five for TYK2 inhibitors and eight for PDE4 inhibitors) involving 5274 patients were included. The study found that deucravacitinib at any dose (except for 3 mg QOD), ropsacitinib (200 and 400 mg QD), and apremilast (20 and 30 mg BID) had higher PASI and PGA response rates than placebo. In addition, deucravacitinib (3 mg BID, 6 mg QD, 6 mg BID, and 12 mg QD), and ropsacitinib (400 mg QD) showed superior efficacy than apremilast (30 mg BID). In terms of safety, deucravacitinib or ropsacitinib at any dose did not lead to a higher incidence of AEs than apremilast (30 mg BID). The ranking analysis of efficacy revealed that deucravacitinib 12 mg QD and deucravacitinib 3 mg BID had the highest chance of being the most effective oral treatment, followed by deucravacitinib 6 mg BID and ropsacitinib 400 mg QD.





Conclusions

Oral TYK2 inhibitors demonstrated satisfactory performance in treating psoriasis, surpassing apremilast at certain doses. More large-scale, long-term studies focusing on novel TYK2 inhibitors are needed.





Systematic review registration

PROSPERO (ID: CRD42022384859), available from: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022384859, identifier CRD42022384859.
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Introduction

Psoriasis is a chronic, systemic, immune-mediated, inflammatory disorder of skin affecting 2-3% of the global population (1). Characterized by scaly, erythematous patches and/or plaques, plaque-type psoriasis constitutes around 80% of the psoriasis cases (2). Psoriasis significantly impairs the physical and psychological conditions of patients and reduces their health-related quality of life (3). Additionally, psoriasis is associated with the risk of various comorbidities, such as cardiometabolic diseases, gastrointestinal diseases, kidney diseases, malignancies and infections (4).

Various inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-12, interleukin (IL)-17, IL-22, and IL-23 and interferon (IFN)-γ, contribute to the immunopathogenesis of psoriasis (5, 6). Treatment options for psoriasis range from conventional therapies, including topical and systemic therapies, to biological therapies. Although biological therapies offer superior efficacy and safety compared to traditional systemic therapies, their use is limited due to loss of response over time, high costs, and problems related to parenteral administration, highlighting the unmet need in psoriasis treatment (7–10). Oral small-molecule inhibitors are a novel group of agents with low molecular weight (<1000 Dalton) that can affect intracellular signaling pathways through the modulation of cytokines (11–13). The promising prospects of oral small molecules in the management of psoriasis is attributed primarily to their simplified synthesis processes, low manufacturing costs, easy administration, and favorable safety profile (12–14).

Currently, oral small molecules available for psoriasis treatment include phosphodiesterase 4 (PDE4) inhibitors and Janus kinase (JAK) inhibitors. PDE4 and JAK are two important classes of molecules involved in the inflammatory process of psoriasis, and are viewed as viable targets for psoriasis therapy (15–17). Apremilast is the only approved oral PDE4 inhibitor by the U.S. Food and Drug Administration (FDA) for psoriasis treatment and is helping to fill an important treatment gap in psoriasis (18, 19). Regarding JAK inhibitors, the limited specificity and therapeutic index of JAK1, 2, and 3 inhibitors have hindered their use in psoriasis treatment. As an alternative, tyrosine kinase 2 (TYK2) inhibitors with enhanced selectivity are recently being investigated as a promising approach (19, 20). Deucravacitinib, an oral, selective TYK2 inhibitor, was granted approval by the FDA in 2022 for treating moderate-to-severe plaque psoriasis in adults (21). Several additional TYK2 inhibitors, including brepocitinib and ropsacitinib, were also under development for treating psoriasis (22–24).

Systemic therapy is an important treatment for psoriasis. Though the molecular mechanisms underlying treatment efficacy are distinguished, oral small-molecule PDE4 and TYK2 inhibitors provide similar advantages in terms of patient convenience, reduced healthcare costs, and improved quality of life (20). No previous studies have ever compared the benefit and risk profile of oral inhibitors of PDE4 and TYK2 in psoriasis treatment. With evidence from randomized controlled trials (RCTs), we aimed to perform a network meta-analysis (NMA) to assess the efficacy and safety of oral PDE4 and TYK2 inhibitors in treating moderate-to-severe plaque psoriasis.





Methods

This systematic review and network meta-analysis was reported following the guidelines of Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) for RCTs. Additionally, the study protocol was registered at PROSPERO (ID: CRD42022384859).




Data source and search strategy

A systematic search was conducted by two independent investigators (Y.X. and Z.L.) across the PubMed, Embase, and Cochrane library databases until May 10, 2023. The detailed search strategies used by the investigators across different databases are displayed in Supplementary Table S1. To expand the scope of relevant data, we performed searches on studies and reviews without any constraints on publication, language, region, or references. After eliminating the repetitive studies, the titles and abstracts of the identified records underwent an initial screening and any discrepancies that arose between the investigators were resolved through discussions with a senior investigator (L.G.).





Study selection

Studies were considered eligible for inclusion if they met the following criteria: (1) studies that enrolled patients with moderate-to-severe plaque psoriasis; (2) studies that aimed to compare the efficacy or safety profile of any type of oral TYK2 inhibitors or PDE4 inhibitors to placebo; (3) studies that recorded efficacy outcomes including Psoriasis Area and Severity Index (PASI) scores or Physician’s Global Assessment (PGA) scores or safety outcomes including the incidence of adverse events (AEs), with corresponding time points; (4) RCTs. Exclusion criteria were: (1) studies that did not report efficacy outcomes of PASI scores or safety outcomes; (2) studies of observational studies or other types of clinical trials, and studies without complete original data, such as editorials, comments, reviews, protocols, and conference presentations; (3) studies of repetitive publications from the same study group.





Data extraction

Two investigators (Y.X. and Z.L.) independently conducted the data extraction process and cross-checked the extracted data. The information extracted as baseline characteristics included: study name, study design, type of intervention, the number of patients, sex, age, BMI, disease duration, treatment duration, and outcome measure. In this study, the primary endpoint for efficacy was 75% improvement in the Psoriasis Area and Severity Index (PASI-75) from baseline. The Physician’s Global Assessment achieving “clear” or “almost clear” (PGA 0/1) was also analyzed for efficacy assessment. The incidence of AEs was assessed for safety. Therefore, the number of patients who achieved PASI-75 and PGA 0/1 at the end of the trial and the number of AEs were extracted. Any discrepancies between the investigators during the process of data extraction were resolved through discussions with a senior investigator (L.G.).





Statistical analysis

All statistical analyses were conducted using the GeMTC package in R software (version 4.0.3). We performed a Bayesian multiple treatment network meta-analysis (NMA) with fixed effects and non-informative priors. An initial burn-in of 20,000 simulations was executed, followed by an additional 50,000 simulations to generate the outputs in each analysis. The convergence of simulations was confirmed with the potential scale reduction factor (PSRF) and Gelman-Rubin-Brooks plots (25). Fixed-effect models were used for the analysis, and additional random-effect models were also applied to evaluate the robustness of the models. Odds ratio (OR) with 95% credibility intervals (CIs) were used to compare the efficacy and safety profile of TYK2 inhibitors, PDE4 inhibitors and placebo in the treatment of plaque psoriasis. The rank of medications with corresponding dosages for each outcome was conducted using the surface under the cumulative ranking curve (SUCRA). For each outcome, SUCRA values range from 0 (being the worst without uncertainty) to 1 (being the best without uncertainty). A two-tailed P value of 0.05 was considered statistically significant.






Results




Characteristics of the included studies

The systematic search across multiple databases yielded 890 records, of which 775 articles remained after removing duplicates. Screening of titles and abstracts led to the exclusion of 750 articles, leaving 25 records for full-text review. Of these, 13 were considered eligible for the final analysis, comprising eight articles on oral PDE4 inhibitors (26–33), and five articles on oral TYK2 inhibitors (23, 24, 34–36). The flow of literature selection is presented in Figure 1.




Figure 1 | Flow diagram of the search and screening of the literature.



Table 1 presents a summary of the characteristics of the studies and patients included in the NMA. The sample size of the 13 included RCTs ranged from 40 to 1020, with 12 (92%) containing more than 100 patients. The included studies were composed of one Phase IV study, six Phase III studies, five Phase II studies, and one Phase I study. Particularly, large Phase III study data were available for deucravacitinib and apremilast. The five articles on oral TYK2 inhibitors were mostly published between 2021 and 2022, with three focusing on deucravacitinib and two on ropsacitinib. The eight studies concerning the oral PDE4 inhibitor were published between 2012 and 2022, and all of them investigated the efficacy and safety profile of apremilast. All of the 13 eligible studies enrolled adult patients with moderate-to-severe plaque psoriasis, and 10 of them had a treatment duration of 16 weeks (77%).


Table 1 | Characteristics of included studies in this meta-analysis.



The Cochrane Collaboration’s tool for assessing the risk of bias in randomized trials was used to evaluate the quality of the studies. As a result, all of the trials included were deemed to have an acceptable risk of bias and were qualified for further analysis. More details on the quality assessment can be found in Figure S1.





Network meta-analysis of PASI response

Except for one study (26), the other 12 eligible studies provided data on the number of patients who attained a PASI-75 response after the duration of treatment. A network plot was generated to visualize the networks of comparisons between different treatments regarding PASI-75 response (Figure 2A).




Figure 2 | Network of included studies with the available direct comparisons. The size of the nodes is proportional to the number of patients to receive the treatment. The width of the lines is proportional to the number of trials comparing the connected treatments. (A) For PASI-75 response direct comparisons; (B) for PGA 0/1 response direct comparisons; (C) for AEs direct comparisons.



The result of the NMA revealed that, in comparison to placebo, the low-dose groups of oral TYK2 and PDE4 inhibitors did not exhibit superior efficacy. However, when administered at sufficient dosages, the oral TYK2 and PDE4 inhibitors displayed significantly greater PASI-75 response rates than placebo. Notably, apremilast 20 or 30 mg BID, ropsacitinib 200 or 400 mg QD, and deucravacitinib at all dosages except for 3 mg QOD exhibited significantly greater efficacy than placebo. Moreover, when compared to apremilast 30 mg BID, the NMA demonstrated that oral TYK2 inhibitors, specifically deucravacitinib 3 mg BID, deucravacitinib 6 mg QD, deucravacitinib 6 mg BID, deucravacitinib 12 mg QD, and ropsacitinib 400 mg QD, displayed significantly higher efficacy, as shown in the forest plot (Figure S2). Figure 3A presents the pairwise comparisons of PASI-75 response rates between TYK2, PDE4 inhibitors, and placebo. This finding highlights the potential of novel TYK2 inhibitors as an effective oral medication for the treatment of psoriasis.




Figure 3 | Pairwise comparisons by OR and corresponding 95% CI. (A) For the PASI-75 response; (B) for the PGA 0/1 response; (C) for the incidence of AEs.



According to the efficacy ranking analysis, among all the TYK2 and PDE4 inhibitors included in our study, deucravacitinib 12 mg QD demonstrated the highest cumulative probability of achieving a PASI-75 response (SUCRA value = 0.946). This was followed by deucravacitinib 3 mg BID (SUCRA value = 0.887), deucravacitinib 6 mg BID (SUCRA value = 0.863), and ropsacitinib 400 mg QD (SUCRA value = 0.835) (Figure 4A).




Figure 4 | Surface under the cumulative ranking curve (SUCRA) probabilities of different medications for efficacy and safety outcomes. (A) For the PASI-75 response; (B) for the PGA 0/1 response; (C) for the incidence of AEs.







Network meta-analysis of PGA response

With data from 12 studies, the NMA was conducted to evaluate the efficacy of different oral treatments on achieving a PGA 0/1 response. The comparison networks for PGA 0/1 response is illustrated in a network plot (Figure 2B). This NMA result revealed that deucravacitinib at all doses, apremilast 20 or 30 mg BID, and ropsacitinib 200 or 400 mg QD were significantly more effective than placebo in treating psoriasis. Additionally, deucravacitinib 3 mg BID, deucravacitinib 6 mg QD, deucravacitinib 6 mg BID, and deucravacitinib 12 mg QD displayed greater efficacy than apremilast 30 mg BID, as shown in the forest plot (Figure S3). Figure 3B presents the pairwise comparisons of PGA 0/1 response rates between the TYK2, PDE4 inhibitors, and placebo. The consistency of results between NMA based on PASI-75 or PGA 0/1 response was mostly observed, with some subtle statistical differences.

A cumulative ranking analysis by PGA response was performed, and the results indicated that deucravacitinib 12 mg QD (SUCRA value = 0.944) and deucravacitinib 3 mg BID (SUCRA value = 0.948) had the highest chance of being the most effective oral treatment options, which were followed by deucravacitinib 6 mg BID (SUCRA value = 0.845) and ropsacitinib 400 mg QD (SUCRA value = 0.717) (Figure 4B).





Network meta-analysis of AEs

All RCTs included in this study provided information on AE incidence during the treatment. Networks of comparisons for AEs between TYK2, PDE4 inhibitors, and placebo can be found in Figure 2C. Based on the NMA, it was observed that apremilast 20 mg QD, apremilast 20 mg BID, apremilast 30 mg BID, deucravacitinib 6 mg QD, deucravacitinib 6 mg BID, and deucravacitinib 12 mg QD had a higher incidence of AEs when compared to placebo. The NMA additionally suggested that ropsacitinib or deucravacitinib with all dosages did not show higher risk for AEs compared to apremilast 30 mg BID, as indicated in the forest plot (Figure S4). The pairwise comparisons of the incidence of AEs between TYK2, PDE4 inhibitors, and placebo are displayed in Figure 3C.

The analysis of safety ranking revealed that patients treated with apremilast 10 mg BID had the least chance of AE occurrence among the oral medications (SUCRA value = 0.872), followed by deucravacitinib 3 mg QD (SUCRA value = 0.692) and ropsacitinib 50 mg QD (SUCRA value = 0.649) (Figure 4C).





Sensitivity analyses

In order to assess the robustness of the NMA results, we conducted sensitivity analyses. The results were consistent with both fixed-effect and random-effect models, as presented in Supplementary Table S2. This indicates that our conclusions are robust and reliable across the range of studies analyzed.






Discussion




Principle findings

The NMA findings revealed that deucravacitinib, except for the 3 mg QOD dose, ropsacitinib 200 and 400 mg QD, and apremilast 20 and 30 mg BID, resulted in significantly higher PASI-75 and PGA 0/1 response rates compared to placebo. In addition, deucravacitinib at 3 mg BID, 6 mg QD, 6 mg BID, 12 mg QD, and ropsacitinib 400 mg QD showed better efficacy response than apremilast 30 mg BID, which is the recommended maintenance dosage for most psoriasis patients who are treated with apremilast (37). In terms of AEs, deucravacitinib and ropsacitinib at any dose did not demonstrate a higher incidence of AEs than apremilast 30 mg BID. The ranking analysis based on PASI and PGA revealed that deucravacitinib 12 mg QD and deucravacitinib 3 mg BID had the highest chance of being the most effective oral treatment, followed by deucravacitinib 6 mg BID and ropsacitinib 400 mg QD. Overall, these findings suggested that, like apremilast, a PDE4 inhibitor that has been widely used as a systemic drug for psoriasis since its approval in 2014, TYK2 inhibitors also have the potential to serve as a type of novel medications for the systemic treatment of psoriasis, holding substantial promise in filling the existing treatment gaps.





Comparison with previous studies

To the best of our knowledge, this systematic review and network meta-analysis represents the first study to assess and compare the efficacy and safety profile of oral PDE4 and TYK2 inhibitors in the treatment of plaque psoriasis. A previous meta-analysis compared the efficacy and safety of JAK inhibitors in treating plaque psoriasis, and concluded that tofacitinib had a better performance in efficacy and safety than peficitinib, solcitinib, baricitinib, abrocitinib and deucravacitinib (38). However, the FDA declined to approve tofacitinib 10 mg BID for plaque psoriasis treatment owing to enhanced risk of AEs, leading Pfizer to discontinue its development for this indication (20). Furthermore, the aforementioned network meta-analysis included only one Phase II clinical trials concerning deucravacitinib (35), while our study additionally incorporated two large-scale Phase III clinical trials from 2022 to provide a more comprehensive comparison of its efficacy against apremilast and placebo (34, 36).

Our result was in consistency with the two large and recent Phase III clinical trials that compared the efficacy and safety of deucravacitinib 6 mg QD with apremilast 30 mg BID and placebo, in which the researchers demonstrated that deucravacitinib 6 mg QD was associated with higher PASI-75 (58.4% vs. 35.1%) and PGA 0/1 (53.6% vs. 32.1%) response rate at week 16 (34, 36). Our study further indicated that deucravacitinib, in various combinations of dosage and administration frequency (3 mg BID, 6 mg QD, 6 mg BID, and 12 mg QD), continued to exhibit superior efficacy assessed by PASI-75 and PGA 0/1 response rate when compared to apremilast 30 mg BID. Another Phase IIb clinical trial demonstrated that ropsacitinib (200 mg QD and 400 mg QD) had better efficacy assessed by PASI-75 response compared to placebo (46.7% vs. 13.3%, 73.2% vs. 13.3%, respectively), however, it was not compared with the efficacy of apremilast at 30 mg BID (23). Similarly, our findings revealed that ropsacitinib (200 mg QD and 400 mg QD) was superior in efficacy of PASI response versus placebo (OR: 6.82, 95%Cl: 2.55–20.51; OR: 23.73, 95%Cl: 9.21–69.63), and further indicated that ropsacitinib 400 mg QD had higher PASI response rate than apremilast 30 mg BID (OR: 3.97, 95%Cl: 1.48–11.84).





Underlying mechanism

Oral small-molecule PDE4 and TYK2 inhibitors appear effective and safe in treating psoriasis, but they work through different mechanisms of action. PDE4 is a major class of enzyme capable of hydrolyzing cyclic adenosine monophosphate (cAMP), a key “secondary messenger” that can modulate the cellular immune response by regulating the network of pro-inflammatory and anti-inflammatory cytokines (39). PDE4 inhibitors can elevate intracellular cAMP, which downregulates inflammation by blocking pro-inflammatory cytokines, including TNF-α, IL-23, and IFN-γ, and increasing anti-inflammatory cytokines, such as IL-10 (5, 11, 40, 41).

On the other hand, JAKs, comprising JAK1, JAK2, JAK3, and TYK2, function as important signal transducers in intracellular signaling pathways stimulated by cytokines (42). The binding of cytokines to their cognate receptors on the cell membrane induces the activation and phosphorylation of JAKs and the phosphorylation of intracellular receptor segments. This cascade results in the phosphorylation and dimerization of signal transducer and activator of transcription (STAT) proteins, which subsequently relocate to the nucleus and modulate gene transcription (43, 44). The above-mentioned JAK-STAT signaling plays a crucial role in various physiological processes: JAK1, 2, and 3 are involved in transmitting signals that regulate a broad range of systemic responses, such as hematopoiesis, myelopoiesis, lipid metabolism, and bone homeostasis. In contrast, TYK2 nearly exclusively participates in immune cytokine signaling pathways, particularly IFN-α, IL-12, and IL-23 (45, 46). Consequently, the clinical investigation of JAK1, 2, and 3 inhibitors for psoriasis therapy has been largely discontinued because of a low therapeutic index and increased safety concerns, including increased risk of infection, herpes zoster, neutropenia, and abnormal laboratory results; while TYK2 inhibitors, as a class of more selective JAK inhibitors, may become promising candidate for psoriasis treatment (20, 45, 47). Deucravacitinib, a type of TYK2 inhibitor, can potentially exhibit superior efficacy and safety compared to other JAK inhibitors in psoriasis treatment, possibly owing to its more specific and targeted mechanism of action in immune response.





Limitations

This study has several limitations. First, a relatively small number of patients using ropsacitinib were available for our analysis, leading to wider confidence intervals for the corresponding results. In addition, a clinical trial on brepocitinib was excluded from the analysis due to differences in study design and a small number of participants, resulting in an inability to compare the efficacy and safety profile of brepocitinib with other TYK2 and PDE4 inhibitors (22). Therefore, more large-scale clinical trials investigating novel TYK2 inhibitors like ropsacitinib and brepocitinib are needed. Secondly, most of the RCTs included had a treatment duration of 16 weeks, precluding assessment of the long-term performance of these oral small-molecule drugs. More long-term studies are necessary to learn the efficacy and safety of PDE4 and TYK2 inhibitors for psoriasis when being used for a long period of time. Finally, higher treatment goals such as PASI-90 and PASI-100 response rates and treatment effects in specific areas such as nails, scalp, and palms were not analyzed. Hence, studies focusing on difficult-to-treat areas with more comprehensive data on efficacy outcomes are in demand.






Conclusions

In conclusion, this NMA has validated the potential of orally administered small-molecule drugs, including PDE4 and TYK2 inhibitors, in the treatment of moderate-to-severe plaque psoriasis. Oral TYK2 inhibitors have displayed promising efficacy and safety profiles, surpassing oral PDE4 inhibitors at certain doses. Specifically, deucravacitinib at various doses (3 mg BID, 6 mg QD, 6 mg BID, 12 mg QD) and ropsacitinib (400 mg QD) were more effective than apremilast (30 mg BID) in treating plaque psoriasis, with no increased risk of AEs reported at any dosage. Therefore, TYK2 inhibitors have demonstrated satisfactory performance in treating plaque psoriasis, warranting further development and more long-term, large-scale clinical trials for novel TYK2 inhibitors.
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