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Editorial on the Research Topic 
Autoimmune and Inflammatory Rheumatic Diseases: Identifying Biomarkers of Response to Therapy With Biologics

The scope of this research topic was to provide an updated overview of the advances in the identification of new biomarkers of response to biologic drugs in autoimmune and inflammatory rheumatic diseases.
The use of biologic agents in autoimmune and inflammatory rheumatic diseases, has greatly increased in recent years, providing new treatment options to conventional anti-inflammatory and immunosuppressive strategies. Biologic drugs very often show selectivity of action towards specific targets and are currently used to induce disease remission or treat specific organ involvements in various inflammatory and autoimmune diseases. Given the variability in biological and clinical response between patients and the lack of knowledge in the mechanisms influencing individual responses, it has become urgent to identify biomarkers of response to therapy, especially to individuate patients who may potentially benefit from these therapies. This also in view of the possible role of biomarkers as indicators of personalized treatment. This research topic contains description of various diseases treated with biological drugs in 11 articles: 4 reviews, 1 systematic review, 5 original research papers, and 1 clinical trial.
Systemic lupus erythematosus (SLE) is one of the most severe among autoimmune rheumatic diseases characterized by complex and not well known pathogenesis and involvement of a high number of body organs. A study included in this research topic from Piantoni et al. (Front. Pharmacol. 2021 May 21; 12:666971) has reported the characterization of circulating peripheral B and T lymphocytes and the evaluation of soluble B-cell related factors belonging to the TNF/TNFR superfamily in a cohort of clinically active SLE patients treated with belimumab. It was found that the baseline BAFF serum levels are the strongest predictor of response to belimumab after 12 months of therapy.
Rheumatoid arthritis (RA) is another common autoimmune rheumatic disease characterized by involvement at joints and, in more severe cases, of different organs with increased mortality. RA has been dealt with in four papers of our research topic. A phase Ib/IIa clinical trial from Tang et al., has investigated the pharmacokinetics and pharmacodynamics of WBP216, a long half-life fully human monoclonal antibody against interleukin (IL)-6, in a limited number of Chinese RA patients to optimize the dosage regimen for future clinical trials (Front Pharmacol. 2021 Feb 18; 12:617265). Another study from Li et al. aimed to illustrate the regulation of Treg cells by arsenic trioxide (As2O3) in the pathogenesis of early RA. The researchers identified significantly modulated pathways and/or functional categories of genes regulating metabolism in Treg cells, a finding that might be important in the treatment-naïve RA (Front Pharmacol. 2021 May 24; 12:656124). Alternative approach with respect to conventional anti-inflammatory and immunomodulatory drugs is presented in the review from Cai et al. which summarized the roles of the main enzymes and their derivatives involved in the pathogenesis of RA and explored the explicit and potential targeted actions of herbal medicinal products with anti-RA activity (Front Pharmacol. 2021 Mar 16; 12:626342). A new perspective in RA treatment can be inferred by the data reported in the paper from Xiao et al. In this study, an animal model of RA, the collagen-induced arthritis (CIA) model, has been used to evaluate alterations in the gut microbial communities in the ileum and cecum of CIA and control rats including microbial richness, diversity and taxa as well as the expression of IL-1β and IL-17A in the ileum and cecum of CIA rats. The ileal microbiota of CIA rats presented main alterations together with significant increase in IL-1β and IL-17A mRNA expression, consistently with the immune-mediated inflammatory features of CIA (Fron Pharmacol. 2020 Nov 24; 11:587,534).
A review from Choida et al. (Front Pharmacol 2021 Feb 2; 11:635,823.) presented the results of a comprehensive search in the literature to identify clinical, serological, genetic, cellular, and imaging biomarkers that can assist clinicians in efforts to personalize disease-modifying anti-rheumatic drugs (DMARDs) prescription and adjust treatment strategies for Juvenile idiopathic arthritis (JIA) patients, with particular attention to studies investigating etanercept treatment in the most severe JIA phenotype. The conclusion of this study is that, although there are no ideal biomarkers in JIA, serological biomarkers with potential clinical utility have been identified and strategies of combining biomarkers of response to biologics in JIA is suggested.
A narrative review by Silvagni et al. (Front Pharmacol. 2021 Jun 15; 12:672515) provided an up-to-date overview of targeted therapies and treatment response biomarkers in psoriatic arthritis. This review focused on TNF-α-, IL-23/IL-17-, and JAK/STAT-dependent signal transduction axes, in the optics to define the relationship among different activated proinflammatory processes suitable for targeting by different currently available drugs.
Dermatomyositis (DM) is a rare autoimmune disease defined as an idiopathic inflammatory myopathy characterised by cutaneous manifestations. The study from Li et al. (Front Pharmacol. 2021 Sep 17; 12:727901), identified the profiles of noncoding RNAs, both lncRNAs and miRNAs, carried in exosomes (EXOs) from peripheral neutrophils of DM patients. This revealed a high number of upregulated and downregulated noncoding RNAs in DM neutrophil EXOs. The study also explored their potential functional roles and utility as new biomarkers and therapeutic targets.
A study from Lu et al. (Front Pharmacol. 2021 Mar 16; 12:635654) has evaluated the efficacy of tocilizumab (TCZ) in adult patients with refractory immune-mediated necrotizing myopathies and investigated possible predictive biomarkers of the response to treatment with TCZ. Baseline serum IL-6 and muscle IL-6 mRNA levels and the percentage of CD56-positive muscle fibres have been found useful to predict the response to TCZ treatment in these patients.
Non-infectious uveitis (NIU) is believed to be an immune-mediated ocular inflammation frequently associated to systemic autoimmune diseases such as JIA. The systematic review from Li et al. (Front Pharmacol. 2021 Apr 26; 12:673984) summarised the current evidence from randomised controlled trials regarding the efficacy and safety of adalimumab (ADA) treatment in NIU. Metanalysis performed on seven randomized controlled trials (RCTs) confirmed that ADA considerably lowered the risk of treatment failure or visual loss as compared to placebo, leading to the conclusion that ADA is both effective and safe in treating NIU.
Biologic therapies are employed in many inflammatory and immune mediated diseases, such as psoriasis, a chronic inflammatory disease characterised by erythematous scaly plaques frequently accompanied by systemic damages. The review from Shi et al. explored the most life-threatening associations between psoriasis and cardiometabolic comorbidities (cardiovascular diseases, obesity, diabetes mellitus, and metabolic syndrome), emphasizing benefits and precautions of biologic therapy in the management of psoriatic patients with cardiometabolic comorbidities and outlining the positive effects of different biologics on cardiovascular biomarkers (Front Pharmacol. 2021 Nov 4;12:774808).
In conclusion, this research topic explored and summarised many different aspects of therapies with biological treatments in inflammatory and immune mediated diseases. The effects of monoclonal antibodies (belimumab, ADA, TCZ, etanercept, and WBP216) as well as chemical compounds (arsenic trioxide) and medicinal herbs have been evaluated in addition to the investigation of different aspects influencing autoimmune and inflammatory diseases ranging from non-coding RNA in EXOs to gut microbial communities’ activity.
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Rheumatoid arthritis (RA) is a common autoimmune disease characterized by chronic inflammation and a multifactorial etiology. We previously showed that gut microbiota dysbiosis in the rat ileum is involved in the development of collagen-induced arthritis (CIA). The gut microbiota in the distinct gastrointestinal tract (GIT) plays region-specific roles, but information on the different roles of the microbiota in distinct GIT compartments of CIA rats is limited. This study aimed to evaluate the region-specific differences in the gut microbial communities and certain gut-associated immunologic factors in the ileum and cecum of CIA rats. Ileal and cecal digesta were collected from CIA and control rats for microbiome analysis. We determined the microbial richness, diversity and taxa as well as the expression of interleukin (IL)-1β and IL-17A in the epithelium and lamina propria of the ileum and cecum mucosal layers. The CIA-induced microbiota alterations in the ileum differed from those in the cecum. The ileal microbiota were more markedly influenced in CIA, as revealed by sharp reductions in the abundances of the families Enterococcaceae, Lactobacillaceae and Streptococcaceae and the genera Lactobacillus and Lactococcus. Moreover, significant increases in IL-1β, and IL-17A mRNA expression were detected in only the ileal epithelium and lamina propria of the mucosal layer. Therefore, the microbial characteristics in the ileum were consistent with the immune-mediated inflammatory features of CIA, suggesting that the ileal microbiota might better represent the CIA-induced inflammatory responses than the cecal microbiota and that these responses might partially impact the progression of RA by regulating intestinal mucosal immunity.
Keywords: gut microbiota, intestinal mucosal immunity, rheumatoid arthritis, ileum, cecum, collagen-induced arthritis
INTRODUCTION
Rheumatoid arthritis (RA), one of the most frequently occurring autoimmune diseases, is characterized by synovial inflammation, joint cartilage and bone destruction. The onset and progression of RA is believed to require both genetic and environmental factors (Forbes et al., 2016). The role of the gut microbiota in the occurrence and development of RA is increasingly being appreciated. Recently, numerous studies have shown that dysbiosis of the gut microbiota community might function as a crucial environmental factor that triggers the pathogenesis of RA (Liu et al., 2013). The gut microbiota plays a pivotal role in the maintenance of immune system homeostasis, particularly the barrier function of the intestinal mucosa, and an imbalanced interaction between the gut microbiota and the host intestinal mucosal immune system can increase the risk of immune-mediated inflammatory disease (Maynard et al., 2012; Honda and Littman, 2016). We previously found that the intestinal immune response is actively involved in the pathogenesis of collagen-induced arthritis (CIA) in rats, and Peyer’s patch (PP) cells, which are an important component of the intestinal mucosal immune system, could induce immune tolerance to enhance CIA treatment (Xiao et al., 2009). The balance between the immune response and immunologic tolerance in the intestinal tract is important for the maintenance of homeostasis. Bagchi et al. showed that the intestinal mucosal immune response is enhanced in CIA rats, showing increased ratios of CD4+/CD8+ cells in the epithelium and lamina propria of the small intestine (Wang et al., 2015). Gut-associated lymphoid tissue, which consists of PPs, intestinal intraepithelial lymphocytes (IELs), lamina propria lymphocytes (LPLs) and mesenteric lymph nodes, is the largest lymphoid organ of the human body and is crucial for human health (Chandran et al., 2003), and PPs and other immunocytes of considerable proportions are mainly distributed along the ileum (Ishii et al., 2010).
The gastrointestinal tract (GIT) of vertebrates is in contact with numerous commensal microbiota and exogenous antigens, and the microbial communities are integral to the maintenance of intestinal morphology and nutrient digestion and metabolism and are critical modulators of host immune homeostasis (Donaldson et al., 2018; Mao et al., 2018). The distinct components of the intestine should be regarded as separate entities due to their different regulatory properties in mucosal immunity (Mann et al., 2016). We previously found obvious differences in CD4+ and CD8+ T cell alterations in PPs, IELs and LPLs between normal and CIA mice, which suggests that the correlations between enteric immune responses and CIA in diverse compartments might differ (Xiao et al., 2006). Different locations in the GIT provide different nutrient and physicochemical conditions for the gut microbiota community. A previous study suggested that the functional heterogeneity of each GIT niche gives rise to regional-specific differences in the gut microbiota (Martinez-Guryn et al., 2019). Our previous study showed that the ileal microbial community of rats with CIA differed from that of the control group (Li et al., 2020). The ileum mainly functions to digest food, absorb nutrients, and develop intestinal mucosal immunity to protect against pathogens (Williams et al., 2015). The cecum is an important site of water and electrolyte absorption, digesta retention and microbial fermentation. The ileum and cecum, which are part of the small and large intestines, respectively, have distinct structures, physiological functions and bacterial loads. Therefore, these areas might exhibit striking differences in their bacterial colonization and related immunologic factor modulation in RA. Because the CIA model shares many clinical, histopathological and immunological features with RA patients, it is always used to investigate novel approaches for the prevention of RA (Zhao et al., 2018). However, only a few previous CIA-related experimental studies have focused on distinguishing gut microbiota dysbiosis in the ileum from that in other intestinal compartments, and information regarding the correlation of the gut microbiota in distinct compartments with mucosal immune responses is scarce. Interleukin (IL)-1β and IL-17A are important inflammatory cytokines implicated in the pathogenesis of RA, and blockage of these molecules alleviates the severity of CIA in mice (Wu et al., 2016). Moreover, some anti-IL-17A monoclonal antibodies could improve RA signs and symptoms in RA patients, and no strong adverse safety signals were noted (Genovese et al., 2010; Genovese et al., 2014). In this study, we evaluated alterations in the gut microbial communities in the ileum and cecum of CIA rats via the high-throughput sequencing of bacterial 16S rRNA and compared the mRNA protein expression of IL-1β and IL-17A in the ileum and cecum of CIA rats.
MATERIALS AND METHODS
Animals
Eighteen adult male Sprague-Dawley rats (190 ± 10 g) were all obtained from the Research Institute of Experimental Animals, Chinese Academy of Medical Science (animal license number: SCXK (Beijing) 2014-0013). The rats were maintained under specific pathogen-free conditions in a conventional animal housing facility at the experimental animal center of China-Japan Friendship Hospital (experimental animal room license number: SCXK (Beijing) 2016-0043) under a 12-h light/12-h dark cycle with 45–65% humidity and a temperature of 20–22°C. Rats were housed in 545 × 395 × 200 mm cages with a maximum of five animals per cage and given free access to the same standard diet and sterile water. Rats were acclimated and cohoused for a 1 week period before the experiments started.
Induction of Collagen-Induced Arthritis and Animal Grouping
The rats were randomly divided into two groups, the control group (n = 8) and the CIA group (n = 10). Arthritis was induced through an intradermal tail vein injection of 100 μg of bovine type II collagen (Chondrex) in a 1:1 emulsion mixed with an equal amount of incomplete Freund’s adjuvant (Chondrex). Seven days later, a booster injection of the same preparation was administered at the base of the tail. Every 3 days after the booster immunization, the rats were assessed for arthritis severity according to the arthritis index (AI). The AI scores, which range from 0 to 4, are defined as follows: 0) normal; 1) detectable arthritis with slight erythema; 2) significant erythema and swelling; 3) severe erythema plus edema from joint to digit; and 4) maximal edema with arthrolysis. The total arthritis score was then calculated as the sum of the scores of each hind paw. On the 10th day after the primary immunization, the ankle joints were not swollen in one rat, which was excluded. Animals in both the normal and CIA groups were given the same deionized water and standard diet for another 4 weeks.
Bacterial DNA Extraction, Amplification and Sequencing
At the end of the experiment (38 days after the primary immunization), the rats were sacrificed via anesthesia, and the intestinal contents of the ileum and cecum were harvested, immediately shock-frozen in liquid nitrogen and stored at −80°C for further analysis. Microbial genomic DNA from the ileal and cecal digesta samples was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The quantity and quality of extracted DNAs were measured using a NanoDrop instrument and FastQC software. The PCR products were purified by silane magnetic beads of an appropriate size, and the purified amplicons were sequenced using a Qubit fluorometer (version 2.0, Invitrogen) according to standard protocols. The V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR using the primers 341F and 805R in 25-μL reaction volumes, which included 0.15 μl of 2G Robust DNA polymerase (5 U/μl; KAPA). The PCR thermal cycle was 95°C for 5 min followed by 25 cycles of 95°C for 30 s, annealing at 55°C for 30 s, 72°C for 60 s and a final extension at 72°C for 10 min.
High-Throughput Sequencing and Microbiome Analysis
We mainly used Quantitative Insights Into Microbial Ecology (QIIME) software for the quality-based filtering of the raw sequences. The universal primer pair was designed to target highly conserved regions of bacterial DNA, and high-throughput sequencing of bacterial 16S rRNA gene marker amplicons encoding the V3 and V4 regions was performed on the Illumina HiSeq 2500 PE250 platform by BioMiao Biological Technology (Beijing) Co., Ltd. The paired-end reads were detected by HTQC (version 1.92.3) to remove ambiguous base sequences and merged into a complete read; the chimeric sequences were identified and removed using Mothur (version 1.38.1).
After the detection of chimeras, the remaining high-quality sequences were analyzed and clustered into operational taxonomic units (OTUs) based on a nucleic acid similarity cutoff of 97% using the QIIME software package and the Usearch612 pipeline. The OTUs were then annotated using the Ribosomal Database Project classifier to obtain the taxonomic assignments, and the Python Nearest Alignment Space Termination method was adopted to align the representative sequences against the Greengenes 16S rDNA database. The relative abundances (%) were estimated at the phylum, class, order, family and genus levels. The data were then processed to calculate the α- and β-diversity and thus assess the differences between the groups. The α-diversity analysis (including the Shannon, Simpson, Chao1, and observed species indices) and the ß-diversity analysis (UniFrac distance) were performed using QIIME.
Real-Time PCR
Partial gut tissue samples of the ileum and cecum were collected from rats of each group and processed on ice immediately after dissection. The ileum and cecum were opened longitudinally, washed three times with saline and stored at −80°C. The relative mRNA expression levels of IL-1β and IL-17A in the tissue homogenates obtained from the ileum and cecum were determined by real-time quantitative PCR, and GAPDH was used as an endogenous control. Briefly, total RNA was extracted using TRIzol reagent (Invitrogen), and the obtained RNA was used to generate cDNA using a Reverse Transcription System (Promega) according to the manufacturer’s directions. Real-time quantitative PCR was performed using 2 × SYBR Green qPCR Mix (Aidlab Biotechnologies Co., Ltd.). Denaturation was performed at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. The following primers were used: IL-1β, forward ACA​GCA​GCA​TCT​CGA​CAA​GAG​C and reverse CCA​CGG​GCA​AGA​CAT​AGG​TAG​C, and IL-17A forward TGT​GTC​AAT​GCG​GAG​GGA​AAG​C and reverse CAC​ACC​CAC​CAG​CAT​CTT​CTC​G. The relative gene expression levels were calculated by the 2−△△Ct method.
Immunohistochemistry
Partial tissue samples of the ileum and cecum were harvested after the contents were collected, flushed with physiological saline, dissected longitudinally and fixed in formaldehyde. The tissues were subsequently embedded in paraffin, and sections of 4 μm thickness were cut from the paraffin-embedded tissues. IL-1β, and IL-17A were immunolocalized in tissues according to the manufacturer’s instructions. The paraffin sections were dewaxed using routine methods, incubated with 3% H2O2 for 10 min and treated with primary antibodies against rat IL-1β (Santa Cruz Biotechnology) and IL-17A (Abcam, Cambridge, MA, United States) at 37°C for 1 h. The sections were then incubated with poly-HRP anti-rabbit IgG for 10 min at room temperature, stained with 3,3-diaminobenzidine (Fuzhou Maixin Biotech. Co., Ltd.) and counterstained with hematoxylin.
Statistical Analysis
The statistical analyses were performed using SPSS 20.0 software. The normality of variable distribution was analyzed using the Shapiro-Wilk test. The microbial diversity data that exhibited a normal distribution were assessed using the independent-sample t-test procedure. The Mann-Whitney test was used to assess the variables with a non-normal distribution. Data were expressed as means ± SEMs. Differences were considered significant if p ≤ 0.05. The ß-diversity was visualized using principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS). The OTU relative abundance values were analyzed using the linear discriminant analysis effect size (LEfSe) algorithm to identify taxa, and the effect size of each differentially abundant feature was estimated by linear discriminant analysis.
RESULTS
Collagen-Induced Arthritis Rats Exhibit Different Diversities and Community Structures in the Ileum and Cecum
Significant differences in the severity of ankle joint swelling were found between the control and CIA groups (Supplementary Figure S1). A total of 3,346,939 V3-V4 16S rRNA sequence reads were obtained from 17 samples (control group n = 8; CIA group n = 9). Although no significant differences in the OTUs or Chao1 richness estimators were found between the ileum and cecum in the control groups, the ileum and cecum of healthy rats showed obvious differences in bacterial diversity (Supplementary Figure S2). Following CIA treatment, the rats displayed significant differences in the microbial richness values in the ileum and cecum, as demonstrated by the Shannon and Simpson indices (Figures 1C,D). No significant differences in the OTUs or Chao richness estimators were found between the ileum and cecum in the CIA groups (Supplementary Figures S1A,B). As shown in Figure 1E, the PCoA results based on ß-diversity revealed separation of the microbial community in the ileum from that in the cecum, and the divergence in the distribution of the microbiota was also significant (ANOSIM, R = 0.578, p < 0.01). Additionally, similar visual separation was achieved by NMDS ordination (Figure 1F). In summary, the ileal and cecal communities of the CIA group showed obvious differences in bacterial diversity and community. After CIA treatment, Firmicutes (77.99%), Bacteroidetes (13.93%) and Proteobacteria (6.99%) were the three predominant phyla in the ileum, and based on their relative abundances, Firmicutes (81.41%) and Bacteroidetes (16.67%) remained the two predominant phyla in the cecum (Figure 1G).
[image: Figure 1]FIGURE 1 | The microbial communities in the ileum and cecum of the collagen-induced arthritis (CIA) group were obtained by 16S sequencing. The rats were induced with bovine collagen II on days 0 and 7 and sacrificed via anesthesia 6 weeks after the primary immunization. (A) Analysis of the observed species in the ileal and cecal microbial communities. (B) Analysis of the Chao richness estimators of the ileal and cecal microbial communities. (C) Analysis of the Simpson diversity indices of the ileal and cecal microbial communities. (D) Analysis of the Shannon diversity indices of the ileal and cecal microbial communities. (E) Community structure as determined by principal coordinate analysis. (F) Nonmetric multidimensional scaling ordination of the microbiome. (G) Phylum relative abundances of the microbiota in each sample of CIA rats. The values are presented as the means ± SDs. *p < 0.05 and **p < 0.01 compared with the ileum.
Collagen-Induced Arthritis Rats Exhibit Alterations in Ileal and Cecal Microbial Richness and Composition
In the ileum, the CIA rats exhibited significant increases in the observed species and Chao1 indices compared with those of the healthy rats (Figures 2A,B). However, in the cecum, although CIA rats also tended to exhibit increased OTUs and Chao1 values compared with those of the control rats, no significant difference was found between the two groups (Figures 2G,H). Additionally, no significant differences in the microbial diversities in the ileum and cecum were observed between the CIA and healthy rats, as demonstrated by the Shannon and Simpson indices (Figures 2C, D, I, J).
[image: Figure 2]FIGURE 2 | Ileal and cecal microbiota alterations in collagen-induced arthritis (CIA) rats compared with control rats based on the α- and β-diversity. (A–D) Alterations in the observed species, Chao richness estimator, Simpson diversity and Shannon diversity indices of the ileal microbial community. (E,F) Principal coordinate analysis (PCoA) and partial least squares discriminant analysis (PLSDA) of the ileum as determined by the unweighted UniFrac distance in CIA and control rats. (G–J) Alterations in the observed species, Chao richness estimator, Simpson diversity and Shannon diversity indices of the cecal microbial community. (K,L) PCoA and PLSDA of the cecum as determined by the unweighted UniFrac distance in CIA and control rats. The values are presented as the means ± SDs. *p < 0.05 compared with the control group.
The PCoA results provided a visual separation of the microbial communities in the ileum between the CIA and control groups (Figure 2E), which indicated that CIA tended to affect the microbial community in the ileum of rats. Moreover, the PCoA results also revealed a visual separation of the microbial community in the cecum between the CIA and control groups (Figure 2K). However, the results were not significantly different between the ileum and cecum. Similar visual separation results were also obtained with partial least squares discriminant analysis (PLSDA) (Figures 2F,L).
Collagen-Induced Arthritis Alters the Relative Abundances of the Microbiota at the Family Levels
To account for the differences in microbial diversity, we further identified the bacteria at the family and genus levels. We selected families with a relative abundance >1% in at least one group, as shown in the heat maps presented in Figures 3A,C. The family-level analysis showed that the abundances of 16 and 19 families were significantly changed in the ileum (Supplementary Figure S3A) and cecum (Supplementary Figure S3B) of the CIA group, respectively. Among the families with a relative abundance greater than 0.5% in at least one group, Enterococcaceae (p < 0.01), Lactobacillaceae (p < 0.05) and Streptococcaceae (p < 0.05) presented significantly lower abundances in the ileum of the CIA group than in that of the control group (Figure 3B). However, in the cecum, the abundance of the bacterial family Peptostreptococcaceae (p < 0.05) was significantly increased after CIA induction (Figure 3D).
[image: Figure 3]FIGURE 3 | Comparison of the family-level compositions of the ileal and cecal microbiota communities in the control and collagen-induced arthritis (CIA) groups. (A) Heat map of the relative abundances at the family level. (B) Significantly changed microbial families found in the ileum. (C) Heat map of the relative abundances at the family level. (D) Significantly changed microbial families found in the cecum. The values are presented as the means ± SDs. *p < 0.05 and **p < 0.01 compared with the control group.
Collagen-Induced Arthritis Alters the Relative Abundances of the Microbiota at the Genus Levels
The genus-level changes in genera with a relative abundance greater than 0.5% in at least one group are shown as a heat map in Figures 4A,C. At the genus level, the abundances of 28 and 30 genera were changed significantly in the ileum and cecum of the CIA group, respectively. CIA induction significantly reduced the abundances of Lactobacillus, Lactococcus, unclassified Enterococcaceae Enterococcus (p < 0.05) and other genera of Enterococcaceae (p < 0.01) in the ileum but increased the abundance of Clostridium in the ileum (p < 0.05, Figure 4B). Lactobacillus, Lactococcus, and Clostridium were the three most abundant genera in the ileum that exhibited significant changes in abundance after CIA induction (>1.5% in at least one group). Among these genera, Lactobacillus was the most abundant (21.15% in the control group and 10.48% in the CIA group). In the cecum, unclassified Clostridiales, unclassified Lachnospiraceae and Oscillospira were the three most abundant genera in both the control and CIA groups, but no significant differences in the abundances of these genera were found. Interestingly, all the genera that exhibited changes in the cecum presented an extremely low relative abundance (<0.5%). In summary, these results indicate that CIA induction significantly changed the gut microbiota communities, particularly in the ileum digesta. Thus, the LEfSe algorithm was then used to further identify specific bacterial taxa that are characteristic of the ileum of the CIA group but not in that of the control group. Consequently, the abundances of 23 taxa were found different between the CIA and control groups. The abundances of 15 taxa were increased in the control group, and those of eight taxa were increased in the CIA group (Figure 4D).
[image: Figure 4]FIGURE 4 | Comparison of the genus-level microbial communities in the ileum and cecum of the control and collagen-induced arthritis (CIA) groups and taxa-level changes in the ileal microbiota. (A) Heat map of the relative abundances at the genus level. (B) Significantly changed microbial genera found in ileal digesta. (C) Heat map of the relative abundances at the genus level. (D) The linear discriminant analysis effect size algorithm revealed taxonomic changes in the ileal microbiota. The bar plot shows the significantly altered taxa (p < 0.05) based on the effect size [linear discriminant analysis score (log10) > ±2). The values are presented as the means ± SDs. *p < 0.05 and **p < 0.01 compared with the control group.
The Relative mRNA and Protein Expression of Interleukin-1β, and Interleukin-17A Is Increased in the Ileum of the Collagen-Induced Arthritis Group
Proinflammatory cytokines and autoantibodies are involved in the upregulation of inflammatory responses. IL-1β and IL-17A are markers of inflammatory responses in the intestine. To evaluate whether mucosa-mediated inflammatory cytokine production differs between the ileum and cecum, we assessed the mRNA expression of IL-1β, and IL-17A in the ileum and cecum of the CIA and control groups by real-time PCR. Interestingly, significantly increased mRNA levels of IL-1β, and IL-17A were found in only the ileum after CIA induction (Figures 5A,E). No significant difference in IL-1β, and IL-17A mRNA expression in the cecum was found between CIA and control rats (Figures 5C,G). The protein expression in the epithelium and lamina propria of the mucosal layer was detected by immunohistochemistry as shown in Figure 5 (right panel).
[image: Figure 5]FIGURE 5 | The relative mRNA and protein expression of interleukin (IL)-1β and IL-17A was upregulated in the mucosal layer of ileum of the collagen-induced arthritis (CIA) group. The mRNA expression was determined relative to the mean value of the control group. (A,B) The relative mRNA and protein expression of IL-1β in the mucosal layer of the ileum. (C,D) The relative mRNA and protein expression of IL-1β in the mucosal layer of the cecum. (E,F) The relative mRNA and protein expression of IL-17A in the mucosal layer of the ileum. (G,H) The relative mRNA and protein expression of IL-17A in the mucosal layer of the cecum. The data are presented as the means ± SEMs. *p < 0.05 and **p < 0.01 compared with the control group.
DISCUSSION
RA is a systemic autoimmune disease that results in joint inflammation, cartilage damage and bone destruction, and researchers have become increasingly interested in studying the interplay of gut microbiota dysbiosis and the pathogenesis of RA (Maeda and Takeda, 2017). Microbial analyses of fecal samples have been used in a variety of studies to explore this relationship because these samples can be conveniently obtained and are thought to represent all gut microbial alterations of the host. However, the GIT is a multiorgan system, and each of its regions exhibits functional heterogeneity to regulate digestion, nutrient absorption, immunity and metabolism. These properties give rise to regional differences among the extensive gut microbial compositions in the diverse GIT segments of the host (Martinez-Guryn et al., 2019). A previous study revealed that in healthy conditions, the lower GIT is composed of distinct microbial populations along the small intestine, cecum and colon, and the small intestine exhibits lower microbial diversity than the cecum and colon (Donaldson et al., 2016). Differences in the gut microbiota between the ileum and cecum have been found in studies of diverse species. Through terminal restriction fragment length polymorphism (T-RFLP) and 16S rRNA sequence analyses, Gong et al. found that the microbial community in the ileum was less diverse than that in the cecum of broiler chickens (Gong et al., 2002). Yu et al. demonstrated that early antibiotic exposure exerts varying effects on the microbial communities in the ileum and cecum, and this treatment has more substantial effects in the ileum than in the cecum by altering the diversity, richness and structure of the genera (Yu et al., 2018). In a study of aged rats, Lee et al. revealed that the ß-diversity of the microbiota composition in the ileum was higher than that in the cecum, but the microbiota a-diversity was lower in the ileum than in the cecum. Lactobacillaceae were found at higher abundances in the ileum than in the cecum, whereas Ruminococcaceae and Lachnospiraceae were more abundant in the cecum (Lee et al., 2018). The microbial properties are affected by CIA induction, and the gut microbiota in different locations of the GIT exist in different physicochemical, nutrient and immune-related conditions. A previous study demonstrated that the changes induced by CIA in the gut microbial communities of mice differ between ileal and colonic microbes (Doonan et al., 2019). Interestingly, when transferred into germ-free mice, fecal ileal samples from only arthritic mice immunized with “arthritogenic” collagen type II + complete Freund’s adjuvant increased gut permeability, while those from the other regimen did not (Tajik et al., 2020). Therefore, the measurement of only fecal samples might not be sufficient for exploring the onset and development of CIA, which are mediated by the numerous gut microbiota in the host. Characterizing the microbial alterations in distinct intestinal compartments of CIA rats might provide more representative samples for exploring the pathogenesis of arthritis. In the present study, we compared the specific differences in the microbiota that colonize the ileum and cecum of CIA rats and detected the regulation of certain gut-associated immunologic factors.
The main functions of the large intestine are to extract water and salt from solid wastes, whereas the small intestine mainly functions to absorb nutrients and minerals from the diet. The ileum and cecum, which are part of the small and large intestines, respectively, contain microbial populations with different structures. Herein, 16S rRNA gene sequencing showed that the microbiota in the ileal digesta of healthy control rats was significantly less diverse than that in the cecum, as demonstrated by the Shannon and Simpson indices, and this finding appears to be consistent with that obtained in a previous study (Donaldson et al., 2016). In CIA rats, less bacterial diversity was also found in the ileum than in the cecum based on the Shannon and Simpson indices. A previous study indicated that the α-diversity of the gut microbiota in fecal samples of CIA rats did not differ from that of control rats (Shan et al., 2018). In this study, a comparison of the ileal microbiota of CIA rats with control rats revealed that CIA induction significantly increased the richness indices, but the diversity indices did not show significant differences. Furthermore, both the richness and diversity indices of the cecum samples of the CIA group were not significantly different from those in the control group. Consequently, the alterations in the ileal and cecal bacteria induced by CIA exhibited a-diversity-based differences. In addition, the structure of the gut microbiota might periodical change in the CIA rat model, as demonstrated by long-term experiments performed by Peng et al., (2019). Jeong Y et al. found that the phylum Bacteroidetes is enriched in early RA patients (Jeong et al., 2019), and Rogier et al. found that the abundance of the family Lactobacillaceae, which belongs to the Firmicutes family, is reduced during the preclinical phase of arthritis (Rogier et al., 2017). At the phylum level, three predominant bacteria in the ileum were herein altered in CIA rats compared with the control group. Firmicutes (81.49%), Proteobacteria (15.20%) and Bacteroidetes (2.41%) were the three major groups in the ileum of the healthy control group. After CIA induction, the three predominant bacterial phyla in the ileum changed to Firmicutes (77.99%), Bacteroidetes (13.93%), and Proteobacteria (6.99%). However, the three dominant bacterial phyla in the cecum of the CIA group did not differ from those in the control group. At the family level, the abundances of the families Enterococcaceae, Lactobacillaceae and Streptococcaceae were significantly reduced in the ileum of the CIA group compared with the control group ileum. In the cecum, the abundance of the family Peptostreptococcaceae was significantly increased after CIA induction.
At the genus level, CIA induction influenced the ileal microbiota by substantially decreasing the abundances of Lactobacillus and Lactococcus. Lactic acid bacteria constitute a representative intervention for reducing autoimmunity and thus recovering immune homeostasis. The genus Lactobacillus, which belongs to the family Lactobacteriaceae, is the predominant genus in the small intestine. Some strains of Lactobacillus might exert beneficial effects on the immunomodulation of the immune response during CIA progression. Esvaran et al. showed that the oral administration of Lactobacillus species, such as L. fermentum PC1, to CIA mice could significantly decrease joint inflammation by increasing the production of the cytokines IL-4 and IL-10 and decreasing IL-12 production (Esvaran and Conway, 2019). A previous study suggested that L. acidophilus can protect rats from arthritis symptoms (Amdekar and Singh, 2016). Hosoya et al. showed that L. helveticus SBT2171 suppresses the excessive proliferation of LPS-stimulated mouse T lymphocytes and B lymphocytes and exerts an immunosuppressive effect in vivo, which indicates a possible mechanism for the alleviation of CIA (Hosoya et al., 2014). Yamashita et al. demonstrated that both the oral administration and intraperitoneal inoculation of L. helveticus SBT2171 attenuated CIA-related inflammatory symptoms, and intraperitoneal inoculation even decreased the numbers of CIA-exacerbating immune cells, including B cells and CD4+ T cells, and downregulated the production of IL-6 and bovine type II collagen-specific antibodies in CIA mice (Yamashita et al., 2017). Liu et al. found that pretreatment of CIA mice with L. salivarius UCC118 or L. plantarum WCFS1 isolated from RA patients markedly reduced the Th17 cell fraction, increased the Treg fraction, and enhanced the antiarthritic and anti-inflammatory effects; the former even notably increased the serum levels of the anti-inflammatory cytokine IL-10 (Liu et al., 2016). The abundance of the genus Lactococcus in the ileum of the CIA group was also markedly lower than that in the control group. The oral administration of an adapted recombinant strain, L. lactis, which was engineered to express murine IL-35, inhibits IL-17 and IFN-γ and increases IL-10 production derived from CCR6+ and CCR6− Foxp3+ or − CD39+ CD4+ T cells to suppress the incidence and progression of CIA (Maddaloni et al., 2018). The feeding of arthritic mice with food-based Lactococcus engineered to express CFA/I fimbriae prevents arthritis by inducing CD39+ Tregs to secrete TGF-β and IL-10 and thus inhibit TNF-α production and neutrophil influx into the joints (Maddaloni et al., 2015). Although the relative abundances of ileal Lactobacillus and Lactococcus were significantly reduced in the CIA group, a significantly increased abundance of Clostridium was observed. Some species of Clostridia are commensal, whereas others are pathogenic. The abundance of Clostridium III is higher in RA cohorts than in healthy controls, as revealed in a comparative study (Forbes et al., 2018). Different intestinal Clostridium species (C. perfringens, C. histolyticum, C. clostridioforme, C. leptum, C. sporosphaeroides and Blautia coccoides) evoke distinct responses regarding the production of cytokines, including TNF-α, IL-8 and IL-10, by human mononuclear cells and might subsequently influence immune responses (Tuovinen et al., 2013).
Considerable evidence indicates that the gut microbiota regulates the mucosal immune system, including multiple types of immunocytes that contribute to the development of RA (Lucchino et al., 2019). The results from experimental animal studies indicate that gut microbiota dysbiosis serves as a potential trigger of enteric mucosal immune responses and can thus lead to the development of CIA (Jubair et al., 2018). Given the different changes in the bacterial load between the ileum and cecum of CIA rats, we investigated whether the mRNA expression of immunological factors, specifically IL-1β and IL-17A, in these two compartments was altered by CIA induction to broaden our understanding of the interplay between gut microbiota and immunity in CIA rats. Interestingly, the mRNA expression of IL-1β and IL-17A in the epithelium and lamina propria of the mucosal layer of the ileum and cecum also showed differential regulation of the enteric mucosal immune responses between the CIA and control groups. The published data have shown that CIA induction increases the levels of the proinflammatory cytokines IL-1β and IL-17A (Chen et al., 2019; Hui et al., 2019). IL-17A is the primary cytokine of Th17 cells (Maddur et al., 2012), and IL-1β can induce IL-17A secretion from CD4+ T cells, which have been implicated in the pathogenesis of RA (Yang et al., 2008). A recent study showed that partial elimination of the gut microbiota by broad-spectrum antibiotics during the establishment of CIA regulates the mucosal T helper cell balance and inhibits IL-17A mRNA in the terminal ileum, which is a main site for microbiota-induced T cell regulation, whereas the expression of IL-17 in colon tissue is not affected by CIA. These researchers also analyzed the percentage of local Th17 cells in joint-draining lymph nodes and found that it was markedly higher in CIA mice at the preclinical phase than in the control mice (Rogier et al., 2017). Dendritic cells (DCs) have the unique ability to polarize specific types of T cell responses due to the production of polarizing cytokines. Mann et al. suggested that ileal DCs play a more inflammatory role than colonic DCs because more ileal DCs produce the proinflammatory cytokine IL-1β than colonic DCs (Mann et al., 2016). Thus, we detected the expression of IL-1β and IL-17A in the ileal and cecal epithelium and lamina propria of the mucosal layer. Higher levels of IL-1β and IL-17A expression were found in the ileal epithelium and lamina propria of the mucosal layer, but no significant differences in their expression in the cecal epithelium and lamina propria of the mucosal layer were found between the CIA and healthy control groups. Because all the changed bacterial families and genera in the cecum presented extremely low relative abundances, differences in bacteria with an extremely low abundance in the cecum might not be responsible for the progression of CIA. However, the ileal microbiota was more markedly influenced, as demonstrated by sharp reductions in the abundances of the family Lactobacillaceae and the genera Lactobacillus after CIA. In addition, because the microbial profile of the cecal digesta sample was not closely correlated with the gut-associated immunologic factors IL-1β and IL-17A, the changes in the ileal bacteria might be more reflective of the impact on CIA development than the alterations in the cecal bacteria. However, further studies need to explore the different species in these genera that exhibit significant changes in the ileal digesta and the effects of their diverse metabolites. In addition, the neighboring intestinal immunomodulatory cells that located in distinct intestinal mucosa may be the most likely intermediary by which the gut microbiota can influence the occurrence and development of RA (Xu et al., 2020), so the mechanisms by which the dysbiosis of microbiota and their metabolites in distinct intestinal positions affect intestinal Th17 cells and other related immunocyte responses should be investigated.
CONCLUSION
In summary, this work demonstrates that the different alterations in bacterial taxa in the ileum and cecum and the expression of the Lactobacillus 16S rRNA gene in the ileum exhibit the most marked changes after CIA. The features of the ileal microbial community identified by differential abundance analysis are consistent with the immune-mediated inflammatory features of CIA, which suggests that the ileal microbiota might better represent the CIA-induced inflammatory responses than the cecal microbiota. These findings might be partially related to the altered induction of excessive mucosal IL-1β and IL-17A expression in the ileum, which highlights the interactions between the microbiota and CIA. The alterations in the abundances of specific bacteria in the ileum of the host further emphasize the potential effects on CIA development. These taxa might serve as biomarkers for the detection and diagnosis of RA in the clinic and might also be common components of RA etiology in different tissues. The potential effects of these observed changes on the intestinal mucosal system in RA need to be further investigated in the future.
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Background: Juvenile idiopathic arthritis (JIA) is the most common chronic inflammatory arthritis of childhood, characterized by various clinical phenotypes associated with variable prognosis. Significant progress has been achieved with the use of biologic treatments, which specifically block pro-inflammatory molecules involved in the disease pathogenesis. The most commonly used biologics in JIA are monoclonal antibodies and recombinant proteins targeting interleukins 1 (IL-1) and 6 (IL-6), and tumor necrosis factor α (TNF-α). Several biomarkers have been investigated in JIA.
Aims: To assess the level of evidence available regarding the role of biomarkers in JIA related to guiding clinical and therapeutic decisions, providing disease prognostic information, facilitating disease activity monitoring and assessing biologic treatment response in JIA, as well as propose new strategies for biologic therapy-related biomarker use in JIA.
Methods: We searched PubMed for relevant literature using predefined key words corresponding to several categories of biomarkers to assess their role in predicting and assessing biologic treatment response and clinical remission in JIA.
Results: We reviewed serological, cellular, genetic, transcriptomic and imaging biomarkers, to identify candidates that are both well-established and widely used, as well as newly investigated in JIA on biologic therapy. We evaluated their role in management of JIA as well as identified the unmet needs for new biomarker discovery and better clinical applications.
Conclusion: Although there are no ideal biomarkers in JIA, we identified serological biomarkers with potential clinical utility. We propose strategies of combining biomarkers of response to biologics in JIA, as well as routine implementation of clinically acceptable imaging biomarkers for improved disease assessment performance.
Keywords: juvenile idiopathic arthritis, serological biomarkers, imaging biomarkers, cellular biomarkers, biologics
INTRODUCTION
Juvenile idiopathic arthritis (JIA) is a heterogeneous group of diseases, with onset before the age of 16. JIA has been divided into seven subtypes with distinct clinical presentations, according to the International League of Associations for Rheumatology (ILAR) classification criteria (Petty et al., 1998). More specifically, the categories are systemic-onset JIA (SJIA), persistent or extended oligoarticular JIA, polyarticular rheumatoid factor (RF) positive and polyarticular RF negative JIA, enthesitis-related arthritis (ERA), psoriatic arthritis (PsA) and undifferentiated arthritis. There is a variety of composite scores and outcomes to quantify and monitor the disease activity in JIA (McErlane et al., 2013). The Juvenile Arthritis Disease Activity Score (JADAS) is a composite score consisted of the physician and patient/guardian global assessment (visual analogue scale 0–10 cm), the number of active joints and the normalized values of C-reactive protein (CRP) or erythrocyte sediment ratio (ESR) out of 10 (Consolaro et al., 2016). The American College of Rheumatology (ACR) Pediatric response criteria (ACR Pedi 30/50/70 and 90) evaluate 30, 50, 70, and 90% improvement in response to treatment, respectively (Giannini et al., 1997; Ruperto et al., 1998). They include two additional core outcome variables to JADAS: the number of limited joints and functional ability, measured by the Childhood Health Assessment Questionnaire (CHAQ). There are established definitions for inactive disease, clinical remission on treatment (inactive disease for ≥6 months) and off treatment (inactive disease for ≥12 months) (Wallace et al., 2004), as well as for flares (Brunner et al., 2002). However, these definitions do not work equally well for all JIA subtypes because of the heterogeneity of patients’ clinical presentation, and alternative definitions have surfaced and used as outcomes in research studies (Heiligenhaus et al., 2012; Consolaro et al., 2016; Zanwar et al., 2018).
The emergence of biologic treatments has changed the prognosis for many JIA patients, whose condition did not improve adequately on conventional synthetic disease modifying anti-rheumatic drugs (csDMARDs), mainly methotrexate, or experienced side effects because of them. TNF-α inhibitors, such as etanercept (human dimeric fusion protein which functions as a decoy receptor and binds to soluble TNF-α), adalimumab (human monoclonal antibody -mAb- which binds with high affinity both soluble and membrane-bound TNF-α) and infliximab (chimeric mAb which blocks both soluble and trans-membrane TNF-α) are widely used in JIA. In fact, etanercept is one of the most frequently prescribed biologics for JIA in many countries, including the United Kingdom (Geikowski et al., 2014; Kearsley-Fleet et al., 2020). Other biologics include tocilizumab (humanized mAb which blocks both soluble and trans-membrane IL-6), anakinra (human IL-1 receptor agonist which blocks IL-1 type 1 receptor) and canakinumab (human mAb against IL-1β), abatacept (human cytotoxic T-lymphocyte-associated protein 4 immunoglobulin fusion protein, acting as T-cell co-stimulatory blockade) and rituximab, a chimeric anti-CD20 mAb causing B-cell depletion. The efficacy of biologics varies depending on the disease subtype, although there is lack of head-to-head clinical trials between different biologics (Davies et al., 2017). Despite the positive short-term outcomes in numerous studies (Ungar et al., 2013), many patients switch biologics due to primary inefficacy, loss of response or adverse effects. Data from biologic registries in the United Kingdom, suggest that 23% of patients receive at least two biologic drugs, 5% at least three and 1% four or more biologic drugs within a median observational period of 2.2 years (Kearsley-Fleet et al., 2020). The retention rate of biologics declines with time, from 92.9% in the first year of treatment to 68.1% at 4 years, according to a Portuguese registry (Mourao et al., 2016). About one third of JIA patients retained their first anti-TNF treatment in 10 years, according to a local registry (Favalli et al., 2017). In addition, tapering or discontinuation of biologic treatment is a reasonable option in the context of clinical remission. Unfortunately, in many cases treatment requires to be resumed, due to worsening disease control. Therefore, there is a great need for biomarkers to guide clinical decisions, such as commencing, switching or tapering biologic DMARDs (bDMARDs).
Biomarkers are characteristics that are objectively measured and indicate the presence or severity of a disease state. Therapeutic biomarkers reflect biological, pathogenic or pharmacologic processes as indicators of a therapeutic effect, whilst surrogate markers are biomarkers that serve as a substitute for a clinically meaningful endpoint and can provide evidence to help predict the effect of a therapeutic intervention (Hunter et al., 2010). In this review, we present the results of a comprehensive search of the literature via PubMed in order to identify clinical, serological, genetic, cellular and imaging biomarkers which can assist clinicians in their efforts to personalize bDMARDs prescription and adjust treatment strategies for JIA patients in a judicious manner. As the largest body of evidence regarding potential biomarker utility is related to treatment with etanercept in JIA, and SJIA represents the most severe JIA phenotype, we will be dedicating particular attention to studies investigating this specific treatment and disease type.
BASELINE CLINICAL CHARACTERISTICS OF JIA AS PREDICTORS OF RESPONSE TO BIOLOGIC TREATMENTS
There have been multiple studies, comprising large number of patients, which assessed the baseline characteristics as predictors of response to etanercept, which has been one of the best studied biologic treatments in JIA (Table 1). Various patient characteristics, such as lower CHAQ scores reflecting better functional levels (Otten et al., 2011a; Geikowski et al., 2014; Kearsley-Fleet et al., 2016), lack of concurrent steroid treatment (Geikowski et al., 2014; Kearsley-Fleet et al., 2016) and younger age (Solari et al., 2013; Geikowski et al., 2014; Kearsley-Fleet et al., 2016) appeared to be favourable characteristics for successful treatment with etanercept. Patients with SJIA were less likely to have a positive response to etanercept, compared to other JIA types (Otten et al., 2011a; Geikowski et al., 2014), whereas the persistent oligoarticular type was associated with the highest response rate to etanercept (Alexeeva et al., 2017). Interestingly, shorter disease duration was a positive predictor of therapeutic benefit (Kearsley-Fleet et al., 2016; Mo et al., 2020) in contrast to the number of DMARDs used before the initiation of etanercept treatment, which was associated negatively with treatment response (Otten et al., 2011a). Taken together, these findings support the use of etanercept early in the disease course for non-systemic JIA.
TABLE 1 | Baseline clinical, serological and therapeutic characteristics as predictors of response to etanercept in JIA.
[image: Table 1]Data from 62 polyarticular JIA patients who completed a long extension clinical trial of adalimumab, suggested that the achievement of JADAS-27 (assessing 27 joints) clinical remission was more likely in early responders, who met either the ACR Pedi 50 or above response criteria or JADAS-27 threshold for inactive or low disease activity at 4, 8, 12 and 16 weeks (Lovell et al., 2020). Patients with ERA who had raised body mass index (BMI) were less likely to achieve inactive disease after 1 year irrespective of treatments, including biological agents; 19/72 of ERA patients were on anti-TNF treatment (Makay et al., 2016).
THERAPEUTIC DRUG MONITORING AND ANTI-DRUG ANTIBODIES AS BIOMARKERS OF EFFICACY AND TOXICITY OF BIOLOGIC TREATMENTS IN JIA
The clinical utility of TDM and measurement of ADA has been investigated intensively in patients with inflammatory bowel disease (IBD), predominantly in relation to infliximab and adalimumab (Papamichael et al., 2019). Monitoring of trough concentrations and ADA can be 1) proactive, in order to titrate dosing, with a view to improving clinical outcomes and drug survival, or 2) reactive, to guide decisions upon the emergence of secondary loss of response (SLR). For example, a retrospective study in ulcerative colitis showed that patients who developed SLR on adalimumab or infliximab, despite adequate trough levels, had longer duration of response when switched to a different class of biologics compared to receiving a different anti-TNF-α agent (Yanai et al., 2015).
The formation of ADA is documented with all the licensed biologic treatments in JIA. However, the relation between ADA and treatment failure or adverse effects, the persistent or transient nature of ADA, as well as their prevalence in relation to treatment duration, vary across the different biologics (Doeleman et al., 2019). For instance, antibodies against etanercept, abatacept and canakinumab are non-neutralizing and are not linked with loss of efficacy (Mori et al., 2012; Sun et al., 2016; Doeleman et al., 2019; Verstegen et al., 2020). Similarly, despite the increased prevalence of ADA in patients treated with anakinra (82% at 12 months), the majority of patients develop non-neutralizing antibodies and do not lose treatment response (Lovell et al., 2000; Ilowite et al., 2009). In comparison, adalimumab and infliximab ADA are associated with reduced trough levels and loss of efficacy (Ruperto et al., 2010; Skrabl-Baumgartner et al., 2015; Marino et al., 2018; Brunelli et al., 2020). Although the prevalence of tocilizumab ADA is low in JIA, 43% of patients with neutralizing ADA experienced treatment failure compared with 6% of JIA patients with no detectable ADA (Brunner et al., 2015). Concomitant use of methotrexate has a protective role against the development of adalimumab ADA [risk ratio 0.33; 95% Confidence interval (95% CI) 0.21, 0.52] (Doeleman et al., 2019). The above findings regarding adalimumab were also reported in relation to patients receiving this drug for JIA-associated uveitis (Skrabl-Baumgartner et al., 2019). In addition, the risk of infusion reactions in patients treated with tocilizumab, infliximab or rilonacept increased in the presence of ADA (Ruperto et al., 2007; Lovell et al., 2013; Yokota et al., 2014).
In conclusion, there is a potential clinical role of monitoring ADA and trough concentrations, especially in patients receiving adalimumab and infliximab monotherapy (Doeleman et al., 2019). However, detecting biologic drug trough levels is not always practical, especially for patients who self-administer their medication subcutaneously as their blood tests should be coordinated prior to their next dose administration. Moreover, establishing concentration thresholds for therapeutic benefit is challenging, because results are likely to vary depending on the selected assays, clinical endpoints, or even type of JIA.
POTENTIAL ROLE OF MEASURING PROINFLAMMATORY PROTEINS IN SERUM AS BIOMARKERS OF THERAPEUTIC RESPONSE TO BIOLOGIC TREATMENTS IN JIA
The myeloid-related S100 proteins (low molecule proteins named S100 as they are soluble in 100%, i.e., saturated, ammonium sulfate at neutral pH): S100A12 and the S100A8/S100A9 complex (also known as myeloid-related protein 8/14–MRP8/14 or calprotectin) are proinflammatory proteins secreted by myeloid cells. This family of proteins have been widely investigated in the rheumatological field and have shown significant utility as biomarkers to predict disease severity, response to treatment and disease flare in conditions including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and JIA (Soyfoo et al., 2009; Nordal et al., 2016). Their efficacy as potential biomarkers for response to treatment in JIA was initially investigated in patients treated with methotrexate monotherapy. A prospective study of 87 patients, with all types of JIA represented, demonstrated that patients with higher MRP8/14 levels before initiating methotrexate were more likely to have a better response from treatment at 6-months follow-up (Moncrieffe et al., 2013). Similarly, a multi-centre study, including 88 patients from three national biologic registries who received etanercept or adalimumab as their first biologic treatment, showed that baseline MRP8/14 levels were significantly higher in responders compared to non-responders (Anink et al., 2015). Treatment response was defined as achieving at least ACRPedi50 response within 6 months of treatment. Levels above 1,193 ng/ml predicted treatment efficacy of anti-TNF biologic with 66% sensitivity, 81% specificity and an area under the curve (AUC) of 0.76. Furthermore, there was a greater reduction in the levels of MRP8/14 in patients who achieved inactive disease vs. those who did not. In the same patient cohort, S100A12 baseline levels were also higher in patients who met the treatment response criteria (Gohar et al., 2018). A concentration above 213 ng/ml predicted a minimum ACRPedi50 response with 58.6% sensitivity and 80.6% specificity (AUC = 0.734). Moreover, the mean S100A12 levels decreased significantly after 4 weeks of etanercept treatment in 21 patients with polyarticular and oligoarticular JIA (Foell et al., 2004). When tested alone or incorporated into multivariate models, S100A8/S100A9 proteins have shown higher predictive power when determining treatment response than clinical variables such as ESR or CRP (42, 44). However recently, a Dutch study involving 123 patients with early non-systemic JIA, mostly RF negative polyarticular subtype, reported no difference in baseline MRP8/14 levels between responders (patients who achieved at least a ACRPedi50 response) and non-responders, though patients in this study received different DMARDs (Barendregt et al., 2020). Another observational study which measured the baseline levels of MRP8/14 in 152 non-systemic JIA patients before starting anti-TNF treatment, demonstrated that patients who reached inactive disease at 12 months had higher levels compared to patients who did not (Alberdi-Saugstrup et al., 2017). However, a cut-off concentration of 500 ng/ml was associated with very low sensitivity of predicting inactive disease and discontinuation due to lack of efficacy (22 and 39% respectively), with specificities of 80 and 83% respectively. At the same time, the selected cut-off level could not predict treatment response based on any of the ACR Pedi criteria.
Long-lasting efficacy is a desirable outcome of biologic treatment in JIA. A potentially promising biomarker for long-term retention of treatment with etanercept is the change in TNF-α levels, as documented in a cohort of 41 non-systemic JIA patients with a median follow-up of 90 months (Kahn et al., 2016). Patients who experienced benefit and remained on treatment had more increase in their TNF-α levels at 6 weeks post-treatment onset than those who did not. TNF-α was detected in serum as complexes between etanercept (acting as decoy TNF-α receptor) and soluble TNF-α. This might not apply to other anti-TNF agents, as another study found that TNF-α and interleukin-17 (IL-17) levels during the first 6 months of treatment were significantly higher amongst JIA patients treated successfully with etanercept (n = 6) compared to adalimumab (n = 7) (Walters et al., 2016).
CELL BIOMARKERS AS PREDICTORS OF RESPONSE TO BIOLOGIC TREATMENT
In RA, there is evidence of an increased percentage of regulatory T-cells (Treg) in responders to adalimumab compared to non-responders, therefore the Treg subpopulation has been suggested as a potential biomarker of response (McGovern et al., 2012; Nguyen et al., 2018). A study in polyarticular JIA, including 30 patients treated with etanercept, methotrexate and prednisolone, explored the different Treg subsets in patients with active vs. inactive disease status and found that patients with active disease had a higher percentage of human leukocyte antigen-D related (HLA-DR) + Treg cells compared to patients with inactive disease (Rossetti et al., 2017). Interestingly, these Treg clonotypes were more closely related to synovial rather than circulating Treg cells and remained suppressive. Moreover, polyarticular and oligoarticular JIA patients on remission were found to have a significantly lower increase in the percentage of switched memory B-cells compared to active patients, during treatment with TNF inhibitors and methotrexate. On the other hand, patients on methotrexate alone had a similar rise in the frequency of this cell subset, irrespective of disease activity (Marasco et al., 2018), suggesting that switched memory B-cells could be a potential biomarker of response to biologic treatment in JIA.
GENETIC AND TRANSCRIPTOMIC BIOMARKERS OF RESPONSE TO BIOLOGIC TREATMENT IN JIA
Various genetic biomarkers have been investigated to assess their potential as predictor biomarkers of clinical response in JIA, with the majority of studies focused on response to methotrexate treatment as first line therapy in JIA (Hinks et al., 2011; Ramsey et al., 2019). Human leukocyte antigen B27 (HLA-B27) positivity in JIA patients was associated with double the odds of not being in clinical remission of treatment at the end of 8 years follow-up irrespective of treatment (Berntson et al., 2013). Despite previous studies identifying numerous single nucleotide polymorphisms (SNPs) at distinct loci associated with systemic JIA, only the high expression of IL1RN (the gene encoding IL1 receptor antagonist) alleles correlated strongly with lack of response to anakinra therapy (Arthur et al., 2018).
Analysis of gene expression profiles from SJIA achieving the adapted ACR JIA response criteria following initiation of treatment with canakinumab (including IL-1β, IL-1 receptors (IL1-R1 and IL1-R2), IL-1 receptor accessory protein (IL1-RAP), and IL-6) found the strongest clinical response was observed in patients with higher baseline expression of dysregulated genes and a strong early transcriptional response (Brachat et al., 2017). This suggests that successful treatment with canakinumab led to downregulation of innate immune response genes.
However, gene transcriptional profiling of peripheral blood mononuclear cells (PBMCs) of patients with polyarticular JIA with active disease vs. remission (on methotrexate monotherapy or methotrexate combined with biologic treatment) revealed underlying biologic differences which seem to represent a disease signature, as even JIA patients with well controlled disease had persistent transcriptomic differences compared to healthy children (Knowlton et al., 2009; Moncrieffe et al., 2010). The hepatocyte nuclear factor 4 alpha (HNF4α), which is expressed by T cells and granulocytes, emerged in another study as a key factor in controlling genes associated with JIA remission on treatment (including biologic therapies) (Jiang et al., 2013).
IMAGING BIOMARKERS OF RESPONSE TO BIOLOGIC TREATMENTS
Imaging is most commonly used to confirm diagnosis, evaluate disease activity and response to therapy (Magni-Manzoni et al., 2009; Muller et al., 2009; Rebollo-Polo et al., 2011; Brown et al., 2012; Bugni Miotto e Silva et al., 2014). There is very little published on the use of imaging biomarkers to predict response and outcome of therapy. Ultrasound and magnetic resonance imaging (MRI) are the most commonly used imaging modalities/biomarkers to assess disease as they are sensitive to identifying inflammation and use non-ionizing radiation.
As far as ultrasound is concerned, one study with 42 JIA patients used a comprehensive (44-joint) power Doppler ultrasound (PDUS) assessment at 0, 3 and 6 months of starting additional DMARD or biologic treatment, in order to measure treatment response. A reduced 10-joint PDUS was deducted and found to have good sensitivity to change at 6 months of treatment (Collado et al., 2013). Another prospective study reported that the number of ultrasound positive joints (out of 28) decreased significantly after 24 weeks treatment with etanercept. The same study concluded that a higher number of ultrasound positive joints at baseline was seen in patients who achieved ACRPedi50 response compared to patients who did not, and that it was an independent predictive factor of response (odds ratio – OR = 1.438, 95% CI: 1.091–1.897) (Zhou and Gu, 2019). On the other hand, there are conflicting results as to whether positive ultrasound findings in JIA patients with inactive disease can predict flares, although it should be noted that a minority of patients were on biologic treatment in these studies (Magni-Manzoni et al., 2013; Miotto et al., 2017; De Lucia et al., 2018; Zhao et al., 2018).
Conventional MRI has been used in clinical trials to assess treatment response in RA (Woodworth et al., 2017), psoriatic arthritis (NCT03783026) and axial spondyloarthritis (van der Heijde et al., 2018). More specifically, the Outcome Measures in Rheumatology Clinical Trial (OMERACT) RA MRI score (RAMRIS), which evaluates the wrist and second to fifth metacarpophalangeal joints for osteitis, synovitis, erosions and joint space narrowing, is a valid biomarker in RA. It has demonstrated responsiveness, as early as 2 weeks post treatment (Conaghan et al., 2014) and is predictive of radiographic progression (Baker et al., 2014; Conaghan et al., 2014; Conaghan et al., 2019).
In a similar way, the Juvenile Arthritis Magnetic Resonance Imaging Score (JAMRIS) derives from MRI knee examination. Synovial hypertrophy, a component of the score, changed significantly in 15 consecutive JIA patients who were treated for 12 months with DMARDs and/or TNF-α blockers (Hemke et al., 2013). The Spondyloarthritis Research Consortium of Canada (SPARCC) scoring system for the assessment of sacroiliac joints has also been evaluated in juvenile spondyloarthritis; the standardized response mean calculated from paired MRI examinations before and after treatment (18/35 on biologic treatment) was moderate (Panwar et al., 2019). Moreover, a retrospective analysis of serial MRI scans of the sacroiliac joints in ERA patients, before and after initiation of TNF inhibitors, using again the SPARCC score, showed reduction of inflammation after treatment, but progression of structural damage (Bray et al., 2019). In addition to the aforementioned semi-quantitative scores, apparent diffusion coefficient (ADC) is a potential quantitative MRI biomarker for sacroiliitis (Vendhan et al., 2016). A study in patients with ERA treated with biologics showed that the reduction in ADC values after biologic treatment was greater in responders vs. non-responders (Bray et al., 2017).
There are inherent limitations in the usefulness of semi-quantitative scores as biomarkers of treatment response. The main drawback of ultrasound and MRI derived inflammation scores is that they are based on subjective interpretation of images by radiologists, which introduces bias and measurement error. This is more complicated when children are assessed, as the distinction between true inflammation and skeletal immaturity is challenging. On the other hand, quantitative imaging biomarkers are less operator-dependent and therefore have better reproducibility. Importantly, they offer a numerical value to facilitate comparison between serial scans. Although further work is needed for the technical and clinical validation of such biomarkers (Barendregt et al., 2019; Hall-Craggs et al., 2019; European Society of Radiology, 2020), they provide an opportunity for more robust measurement of treatment response and the ability to establish thresholds that guide clinical treatment.
VARIOUS PREDICTOR BIOMARKERS FOR SUCCESSFUL WITHDRAWAL OF BIOLOGICS TREATMENT IN JIA
The ultimate goal for patients with JIA, as with other chronic diseases, is to achieve remission off medications, with obvious benefits for the patient as well as society, through improved productivity and reduced costs of health care. A systematic review of treatment withdrawal in JIA patients in remission described that the frequency of flares ranged from 30 to 100% in different studies (Halyabar et al., 2019). Data from a Canadian inception cohort showed that the probability of flare (defined as no longer fulfilling the criteria of inactive disease) within 12 months of attaining inactive disease was 42.5% and that of requiring treatment intensification was 26.6% (Guzman et al., 2016). After treatment withdrawal the corresponding numbers were 31.7 and 25%, although specifically for SJIA the risks were significantly lower, 6.2 and 3%, respectively. The identified risk factors for flares were RF positive polyarthritis, positive antinuclear antibodies (ANA) and features of severe disease before achieving inactive disease status, such as joint count over four or use of biologic treatment. In terms of long-term prognosis, results from the Nordic JIA study, an inception cohort study, suggested that only 32.8% (108/329) of participants achieved clinical remission (CR) defined as inactive disease without medications for 12 months, after 18 years of follow-up (Glerup et al., 2020). Patients with persistent oligoarticular and systemic-onset JIA achieved CR at the highest rate (54.2 and 53.8% respectively), in contrast to ERA, where only 8.1% of patients were successful. The systemic-onset category demonstrated also the highest probability of maintaining remission off biologic treatment, in comparison with other categories, in a multi-centre retrospective analysis (Simonini et al., 2018). In terms of the polyarticular JIA phenotype, a prospective study revealed that a significantly higher proportion of patients with RF positive polyarticular disease (7/17 or 40%) on anti-TNF therapy failed to maintain clinically inactive disease (CID) at 6 months, compared to patients with extended oligoarticular (1/18 or 6%) and RF negative polyarticular JIA (19/102 or 18%) (Lovell et al., 2018). Out of 107 patients who remained inactive for 6 months, 67 (63%) flared within 8 months of discontinuation of the biologic. Older age at disease onset, (hazard ratio–HR 0.92; 95%-CI 0.85–0.99), shorter disease duration (HR 1.12; 1.04–1.21), shorter duration from disease onset to achieving CID (HR 1.1; 95% CI 1.01–1.20) and shorter CID duration prior to discontinuation of biologic therapy (HR 1.16; 95%1.01, 1.33) were associated with a reduced likelihood of flaring. In a retrospective analysis which included only RF negative polyarticular and oligoarticular JIA types, positive ANA, male sex and raised CRP were identified as risk factors for flaring after discontinuation of etanercept, but could account only for 14% of the variability of the prediction (Aquilani et al., 2018). Shorter duration of etanercept treatment (6.1 vs. 15.8 months) before discontinuation and faster attainment of CID were recorded in patients who did not relapse after discontinuation of etanercept, compared to relapsers (Su et al., 2017). However, data from the Dutch Arthritis and Biologicals in Children (ABC) registry depicted the opposite association, which is that shorter duration of treatment (28.6 vs. 45 months) was recorded in the 15/39 patients who flared after stopping etanercept treatment as in remission (Otten et al., 2011a). In addition, data from a German biologic registry, showed that 11.7% of patients achieved drug-free remission at a mean follow-up of 9.1 years (Minden et al., 2019). In this study, they discovered that patients who initiated biologic treatment (etanercept in 91% cases) within 2 years of disease onset had higher chance of achieving remission off drugs (defined as clinical JADAS-10 score, assessing up to 10 active joints ≤1) at last follow-up, compared to others who started treatment between 2 and 5 years (OR: 0.28; 95% CI 0.12–0.64) or after 5 years (OR: 0.12; 95% CI 0.05–0.27) of disease onset. The researchers also demonstrated that earlier biologic treatment (<2 years) was associated with a higher proportion of patients with no functional limitations and optimal well-being in young adulthood compared to late treatment (>5 years). Furthermore, shorter disease duration (0.5 vs. 1.1 years) was associated with a successful gradual discontinuation of adalimumab in 29/35 patients with ERA, who had attained inactive disease and been on treatment for at least 2 years (Papailiou S et al., 2020). In contrast to the hopeful results of this retrospective study, data from the ABC registry revealed that despite the high rates of good response to etanercept in psoriatic JIA patients, 5/6 patients who ceased treatment at 22 months flared at a median of 2 months (Otten et al., 2011b). Finally, longer retention of the first biologic, as well as increased frequency of treatment suspension due to remission was observed in patients aged less than 16 years at the initiation of biologic therapy, as per data from a Spanish biologic registry (Bethencourt Baute et al., 2018).
As far as laboratory markers are concerned, the S100 proteins have been reported to not only predict response to biologic treatment, but also the risk of flaring post methotrexate and biologic treatment withdrawal (Foell et al., 2010; Anink et al., 2015). MRP8/14 above 720 ng/ml predicted flares within 6 months of discontinuation of etanercept in 26 patients with non-systemic JIA with an AUC of 0.75 (Anink et al., 2015). Moreover, higher levels of vascular endothelial growth factor (VEGF) and S100A12 were found in 9/22 of patients who relapsed after achieving remission, defined as absence of arthritic findings, disease activity score assessing 28 joints in RA (DAS-28) < 2.6, low CRP and matrix metalloproteinase-3 (MMP-3), on methotrexate and/or biologic treatment (Yamasaki et al., 2016). More specifically, S100A12 > 177 ng/ml and VEGF >158 pg/ml predicted relapse with 92.3 and 76.9% sensitivity, respectively and 77.8% specificity for both markers. Furthermore, raised levels of S100A12 during inactive disease was found to predict relapse with an AUC of 0.77 (Foell et al., 2004). On the other hand, two subsequent studies did not replicate these findings. In the first study, MRP8/14 or S100A12 were not significantly different between 39 patients with extended oligoarticular of polyarticular disease who flared within 8 months of anti-TNF treatment withdrawal and 67 patients who remained clinically inactive off biologic treatment (Hinze et al., 2019). In the other study, MRP8/14 was tested in two cohorts of non-systemic JIA patients, including 88 patients (27 on anti-TNF treatment) with inactive disease after 12 months of treatment (Barendregt et al., 2020). Levels of MRP8/14 did not predict the development of joint inflammation defined as an active joint count ≥1 at 6 or 12 months post treatment cessation on either cohort. A summary of evidence regarding MRP8/14 in non-systemic JIA created by the authors of the last study uncovered the discrepancies that exist between the published predictive models, which might be explained by the inconsistent definition of outcomes, dissimilar representation of JIA subtypes and treatments, as well as different assays used to measure serological biomarkers (Barendregt et al., 2020). With regards to systemic-onset JIA subtype, a study with 15 patients who stopped anakinra treatment after achieving an adapted ACRPedi90 response at 3 months, demonstrated that S100A12 levels were significantly raised in eight patients who relapsed later (Vastert et al., 2014). There is also limited evidence that higher MRP8/14 levels can predict relapse after anakinra withdrawal, based on two patients flaring and two who remaining inactive (Holzinger et al., 2012). Levels of the autoantibody targeting the oncoprotein DEK (anti-DEK) were found to be significantly elevated in 30 patients with polyarticular JIA who flared within 8 months after ceasing anti-TNF treatment, compared to 59 patients who did not flare. The difference in the anti-DEK levels between the groups was significant based on samples taken after patients flared, whilst anti-DEK levels at the time of discontinuation could not predict the outcome (Mor-Vaknin et al., 2018). Finally, an increased population frequency of an inflammatory CD4 memory subset (CD3+CD4+CD45RA−TNFα+) predicted relapse at 8 months after discontinuation of biologic therapy (AUC = 0.939) in polyarticular JIA patients with inactive disease prior to treatment cessation (Leong et al., 2019).
POTENTIAL CLINICAL USE OF BIOLOGIC TREATMENT-RELATED BIOMARKERS IN SJIA
Biologic treatments have improved significantly the outcomes in SJIA. Controlling disease activity in SJIA is especially important, as active disease is associated with a higher risk for development of macrophage activation syndrome (MAS), which is a life-threatening complication. The treatment choices include the use of non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, methotrexate, anakinra, canakinumab, tocilizumab and TNFα blockers. There is no consensus on the treatment strategy, although anakinra is the biologic of choice when there are features of MAS (Ringold et al., 2013; Specialised Commissioning Team, 2015). Therefore, biomarkers predictive of response are needed to inform treatment decisions, in order to reduce the risk of complications related to the disease, but also diminish drug-related toxicity, particularly from steroids.
Several studies have reported clinical and laboratory findings that are associated with the achievement of inactive disease, the majority of them concerning therapy with anakinra (Table 2). Several biomarkers have been identified as useful in predicting the response to treatment with anakinra: early initiation of treatment increased the odds of achieving inactive disease and high neutrophil count at baseline was associated with good clinical response, whereas increased number of active joints at baseline was a negative prognostic factor for clinical improvement on treatment. Early treatment response appears to predict long-term response to both IL-1 and IL-6 blockers.
TABLE 2 | Predictors for biologic treatment response in SJIA.
[image: Table 2]The proinflammatory proteins MRP8/14 and S100A12 can be useful as diagnostic and therapeutic prognostic: both markers rise in active disease. The diagnostic accuracy of MRP8/14 exceeded the accuracy of established inflammatory markers such as CRP and ESR (Holzinger et al., 2012), whereas S100A12 can help differentiate between SJIA and other causes of systemic inflammation (Wittkowski et al., 2008). Moreover, their values decreased sharply in patients who displayed significant clinical improvement with treatment, such as fulfilling the ACRPedi90 criteria of response or the Wallace criteria of inactive disease (Holzinger et al., 2012; Vastert et al., 2014). Importantly, low levels during inactive disease were associated with successful tapering of anakinra, whilst levels of MRP8/14 above a cut-off were predictive of relapse (based on limited number of patients) (Holzinger et al., 2012; Vastert et al., 2014).
DISCUSSION
There have been previous reviews exploring the broad subject of biomarker identification in JIA (Consolaro et al., 2015; Gohar et al., 2016; Shoop-Worrall et al., 2019). This review exposed a diverse group of potential biomarkers, including inherent patient characteristics, clinical, laboratory, genetic, transcriptomic and imaging features, which are associated with short-term and long-term therapeutic goals, such as the attainment of inactive disease on biologic treatment and the sustainment of clinical remission after treatment withdrawal.
The JIA clinical phenotype, as defined by the ILAR classification is an important prognostic factor for long-term disease outcome as patients with persistent oligoarticular and systemic JIA subtypes are more likely to achieve remission without medications. However, JIA phenotype also influenced the response to biologic treatment as patients with persistent oligoarticular JIA had a higher chance to respond to etanercept than patients with polyarticular subtypes, whereas RF positive polyarticular category was associated with a higher risk of flares on anti-TNF treatment. As discussed above, longer disease duration at the onset of biologic treatment, higher CHAQ scores, concurrent steroid administration and previous use of multiple DMARDs are negative predictive factors of response to anti-TNF agents, suggesting that the timing of initiation of biologic treatment is crucial. Biologic treatment initiation early in the disease course was associated not only with better clinical response to etanercept and anakinra (the latter for patients with SJIA), but also with a higher chance of treatment discontinuation due to remission and better functional outcomes in young adulthood. This is an important observation as this is a factor that can be influenced by clinicians, whereas the same does not apply for the age of disease onset and JIA subtype. Moreover, clinical improvement within weeks from biologic initiation in patients with SJIA, but also in polyarticular JIA patients on adalimumab, is predictive of a future well-controlled disease.
All things considered, it should be noted that there is limited information about clinical predictors of response to biologics other than etanercept and anakinra, as there is longer experience with these biologic treatments in JIA, which is reflected in the available information from national JIA registries. This is also the reason for focusing our review on detailing biomarkers of response to etanercept across various JIA phenotypes and to anakinra in SJIA.
Nonetheless, there is no doubt that data from national registries have deepened our understanding about long-term outcomes of patients with JIA and have allowed us to assess the efficacy and safety of various biologic treatments and discover predictors of treatment success. There is immense potential from the development of national registries. Their growth will ensure that more extensive data can be collected, as efficiently as possible, while also expanding the collaboration and data sharing between nations as treatment recommendations and access to biologic treatment differ world-wide. One of the major challenges is ensuring that data collection is continued without interruptions during transition of JIA patients to adult care. The COVID-19 Global Rheumatology Alliance is a recent example of successful international collaboration resulting in the accumulation of important knowledge related to the risk of COVID-19 infection in immunosuppressed patients, which has informed the management of rheumatology patients during the pandemic (Robinson and Yazdany, 2020).
In terms of laboratory tests, MRP8/14 and S100A12 have emerged as the most promising biomarkers for predicting treatment response to methotrexate and bDMARDs, as well as indicating whether there is an increased risk of flare during inactive disease, which might deter clinicians from tapering treatment. However, not all studies have confirmed their ability to predict flares for non-systemic JIA patients and there was a small number of SJIA patients included. Moreover, the added value of MRP8/14 to the prediction model for treatment response based on clinical features alone was small; R2 increased from 0.50 to 0.54 (Anink et al., 2015), raising further questions about their clinical utility. Further prospective studies with larger number of patients are needed to ratify these encouraging results. The findings from the interventional study PREDICT-JIA, which used S100A12 and high sensitivity CRP for treatment withdrawal stratification are expected in the near future (ISRCTN69963079).
More studies are also required to delineate the pharmacokinetics of biologics and examine whether the proactive measurement of trough levels, along with dose titration can improve patient outcomes and drug retention or support a safer tapering strategy. The presence of neutralizing ADA appears to be linked with potential loss of efficacy or infusion reactions, in the cases of adalimumab, infliximab and tocilizumab. However, many questions remain unanswered, such as if proactive monitoring of ADA and trough levels can reduce the risk of loss of response due to dose titration, or if in the light of secondary inefficacy, drug level and immunogenicity to biologic agents can aid the choice of the subsequent biologic treatment.
As far as imaging is concerned, there is paucity of validated imaging biomarkers in JIA, compared to RA. This might be explained by the different distribution of joint inflammation in JIA, often involving multiple large joints, which are more difficult to image, compared to the small joints of hands or feet alone often affected in RA. In addition, it is less feasible to organize scans for younger children with JIA. An imaging technique which offers whole-body coverage could be a logical option for assessment of JIA patients with different clinical presentation for the detection of subclinical synovitis. Whole-body MRI (WBMRI) with contrast has been used to assess for musculoskeletal inflammation in studies for RA, PsA and ankylosing spondylitis (AS) (Axelsen et al., 2014; Poggenborg et al., 2015), therefore we propose that this imaging technique could potentially have wide imaging biomarker utility across all JIA phenotypes. The value of MR imaging has been better appreciated in ERA. The presence of sacroiliitis on MRI is not only diagnostic, but helps to shape therapeutic decisions, as axial inflammation responds better to bDMARDs than conventional therapy. Moreover, improvement of sacroiliitis with treatment can be detected by MRI, suggesting that MRI is a sensitive to change imaging biomarker for response to biologic treatment. More recently, the use of quantitative imaging MRI techniques to objectify change in inflammation offers additional benefits (Hall-Craggs et al., 2018). More specifically, these measures are objective and reproducible as they are less dependent on the radiologist experience.
Ultrasound examination of multiple (eight) large joints using Power Doppler (PD) was feasible for assessment of patients with JIA, taking on average 30 min to complete (Zhao et al., 2018). Ultrasound should be able to provide a clear distinction between chronic synovitis defined as hypoechoic synovial hypertrophy commonly found in patients with longstanding disease and joint damage, and active synovitis, diagnosed by the presence of PD signal within the joint. However, in the above studies (Magni-Manzoni et al., 2013; De Lucia et al., 2018; Zhao et al., 2018), researchers compared clinical findings in JIA with positive ultrasound findings, which included gray scale and/or PD signal abnormalities. Interestingly, Magni-Manzoni et al. reported that PD signal was seen more frequently in the patients who stayed inactive than in patients who flared during follow-up (Magni-Manzoni et al., 2013). In comparison with adults, physiological intra-articular vascularity is a common finding in young people who are still to complete their growth, which makes the interpretation of joint inflammation in the context of JIA more challenging. In order to minimize over-reporting of active synovitis, the ultrasound OMERACT initiative amended the definitions of ultrasound-detected joint pathology in children (Collado et al., 2018). Although there is some evidence that ultrasound can detect reduction in joint inflammation after treatment, further research is needed to validate ultrasound as a tool to guide clinical management in patients with clinically inactive disease.
In conclusion, specific clinical features, serum proinflammatory proteins, selected cellular subsets and newly emerging transcriptomic signatures, in addition to imaging outcomes have been identified as potential positive or negative prediction markers of response to biologic treatment, as well as achievement of remission without treatment. Further research studies are needed to develop and validate individual or composite biomarkers with clinical applicability that could improve biologic treatment management in patients with JIA, as well as personalized treatment strategies. We propose some potential predictive biomarkers related to biologic treatment response in JIA which could be associated with patient benefit and optimization of treatment strategies (Figure 1).
[image: Figure 1]FIGURE 1 | Potential predictive biomarkers of response to biologic treatment.
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WBP216 is an innovative IL-6 antibody, presenting high affinity to IL-6 and a long half-life (40–60 days). To optimize the dosage regimen for future clinical trials, pharmacokinetics (PK) and pharmacodynamics (PD) of WBP216 would be firstly characterized in Chinese rheumatoid arthritis (RA) patients. PK, CRP and DAS28 data of WBP216 were collected from 26 RA patients in a single ascending dose study. Non-linear mixed effects modeling was used for a population PK/PD analysis. A two-compartment model with a sequential zero-first order absorption and a first order elimination best described PK behavior of WBP216. Apparent systemic clearance was 0.015 L/h, central volume was 8.04 L. CRP as the fast-decreasing endpoint and DAS28 as the slow-reacting endpoint were both fitted well through an indirect response model. The baseline of ALT and free IL-6 were found associated with PK/PD parameters during covariates exploration. Simulation results confirmed that a loading dose regimen either of administration at weeks 0, 2, and 6 or doubling the maintenance dose level, followed by maintenance dosing of 75–150 mg every 8 weeks, was expected to provide a best risk/benefit ratio in future clinical studies. We hope this first PK/PD study of WBP216 in Chinese RA patients will help in the clinical development of WBP216 in future and provide a reference to the dosage optimization of similar antibodies with long half-life.
Clinical Trial Registration:CTR20170306
Keywords: population pharmacokinetic, population pharmacodynamic, antibody, rheumatoid arthritis, dose optimization, model
INTRODUCTION
WBP216 is an IgG1 antibody that binds and neutralizes IL-6 and is designed as a biologic anti-rheumatic drug. Rheumatoid arthritis (RA) is featured by progressive articular disability, systemic inflammation, and high morbidity, which stem from a complex interaction between various inflammatory cells and cytokines (McInnes and Schett, 2011; Smolen et al., 2016). Biological therapies are recommended for treating RA refractory to synthetic chemical drugs (Newsome, 2002). IL-6 is one of major pro-inflammatory cytokines involved in RA pathogenesis. Inhibition of the IL-6 signaling pathway helps to reduce inflammation and pain in patients with RA (Ohsugi and Kishimoto, 2008; Raimondo et al., 2017). Tocilizumab, as an anti interleukin 6 receptor (IL-6R) monoclonal antibody, is launched in 2009 for the indication of RA, whose successful clinical use has proved the key role of IL-6 in RA pathogenesis (Choy et al., 2002).
WBP216 is a fully humanized monoclonal antibody that has showed its significant efficacy in treatment of RA in phase Ⅰ trial. WBP216 has a strong affinity for interleukin 6 (IL-6), with an affinity constant in the picomolar range. WBP216 prevents the interaction of IL-6 and its receptor, thus reducing pro-inflammatory activity. Unlike regular IgG1 antibodies, WBP216 includes YTE mutations in the fragment crystallization (Fc). These mutations increase the ability of the Fc fragment to bind the neonatal Fc receptor (FcRn) (Oganesyan et al., 2009), which protect WBP216 from intracellular degradation, and thereby extending its half-life to >40 days and bringing some different pharmacokinetic (PK) characters. Thus, WBP216 has the potential to relieve RA effectively and for a sustained period.
Due to the blockade of IL-6 signaling, WBP216 can directly inhibit the hepatic production of C-reactive protein (CRP) directly (Bastida et al., 2019) and the erythrocyte sedimentation rate (ESR). Thus, the levels of inflammatory markers (CRP and ESR) rapidly decrease after the initiation of IL-6 blocker treatment, even prior to any improvement in swollen or tender joint counts. Therefore CRP alone is not sufficient to assess efficacy. According to the American College of Rheumatology (ACR) response criteria, the disease activity score based on 28 joint (DAS28) in its two versions employing ESR or CRP are most frequently used in clinical trials and also in clinical practice. DAS28 includes assessment of swollen/tender counts for 28 joints and patient/evaluator physician global assessment, and usually decreases slowly after RA treatments compared to CRP and ESR (Smolen et al., 2003). Hence, rapidly and slowly decreasing pharmacodynamic (PD) biomarkers should be assessed together to comprehensively evaluate RA medications.
Population PK/PD modeling and simulation has proven to be a useful approach in facilitating drug development (Budha et al., 2015). We report here the population PK/PD analysis of WBP216 PK and serum CRP and DAS28-ESR data in RA patients from phase Ⅰa, and model-based simulation results. The goal of this modeling and simulation is to optimize dose levels, dosing intervals and loading dose regimens for such a long half-life antibody in Phase Ⅰb/IIa, a multiple ascending dose (MAD) study, which will help to improve the drug development efficiency. Moreover, a population PK/PD analysis in this phase can lead to a better understanding of PK/PD characteristics of WBP216. PK/PD data obtained directly from RA patients instead of healthy volunteers allows to recommend more accurate dosing regimens that can provide significant CRP and DAS28-ESR reduction while minimizing the frequency of subcutaneous injections.
Therefore, we aimed to establish a population PK/PD model of WBP216 using phase Ia PK/PD data in RA patients and then use the model to make phase Ib/IIa dose regimen decision in this study. To our knowledge, this is the first report of the PK/PD of WBP216 in Chinese RA population. Our study will provide valuable information for the development and application of WBP216 in clinic.
METHODS
Study Population and Data
Briefly, phase Ⅰa (CTR20170306) was a multi-center, randomized, double-blinded, single ascending dose study of WBP216 in RA patients. The study protocol was designed in full compliance with Good Clinical Practice and the Declaration of Helsinki and approved by the independent ethics committee of Peking Union Medical College Hospital and Beijing hospital (Beijing, China). Subjects eligible to take part in this study were RA patients diagnosed over 6 months, treated with basic RA medications (e.g., methotrexate and leflunomide) stably for at least 28 days, aged from 18 to 70 years and with a body mass index (BMI) of 19–30 kg/m2. All subjects signed the Informed Consent Form before their participation.
A total of 36 subjects were enrolled into 5 dose cohorts (10, 30, 75, 150 or 300 mg) respectively and randomized to receive WBP216 or placebo subcutaneously, with 3 subjects receiving active WBP216 and 1 subject receiving placebo in the lowest dose cohort (i.e., 10 mg) and with 6 subjects receiving WBP216 and 2 subjects receiving placebo in other each dose group. Serum samples were collected at pre-dose and 0.083, 0.5, 1, 3, 7, 14, 21, 28, 42, 56, 84, 112, 168 days post-dose to obtain total WBP216 concentration and CRP data. Total WBP216 was assayed by validated methods whose linear calibration ranges were 39.1–10,000 ng/ml for WBP216. The CRP and ESR measurements were conducted by the clinical laboratory center of the hospitals. The LLOQ for CRP and ESR are 0.01 mg/L and 1 mm/h, respectively. DAS28-ESR and ACR scores were estimated by doctors at baseline and on days 7, 28, 56, 84, 112, 140 and 168, with 112/140 days measurements only for the 75–300 mg groups. If any anti-drug antibody (ADA) measurement was positive in any subject during the trial period, this subject was described as ADA positive.
Characterization of WBP216 PK Properties
The YTE mutations in the Fc fragment of WBP216 may result in non-standard extended PK properties, which is one of our study focus. In order to explore the PK characteristics, PK parameters were firstly calculated based on individual plasma concentration-time-profiles using non-compartment analysis (NCA) by validated Phoenix WinNonlin version 8.1 software (Pharsight Corporation, Mountain View, CA, USA). PK parameters through NCA were then analyzed and explored using WinNonlin or PRISM (GraphPad 8.0.1, San Diego, CA, USA). A power model (Eq. 1) proposed by Gough et al. was applied to assess the dose proportionality (Kevin Gough, 1995).
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in which Y denotes PK parameters such as area under curve (AUC) or maximum concentration (Cmax). This approach assumes that the underlying relationship between log(Y) and log(dose) is linear. β = 1 indicates total dose proportionality. In our study, a less stringent criterion was used (Hummel et al., 2009), given the small sample size in phase Ⅰ across multiple dose groups. The estimate of β together with CI falling completely within the range of [0.5–2] was quantified as dose proportionality.
Population PK and PD Model Development
The relationship between drug exposure and response was evaluated using nonlinear mixed effects models (Phoenix NLME, version 8.1, Certara). First-order conditional estimation, extended least squares method (FOCE-ELS) was used to estimate pop PK/PD model parameters. The final structural model was determined by the objective function value (OFV) and Akaike information criterion (AIC). A sequential modeling strategy was used for fitting the models to the phase Ⅰa data. The population PK model was first developed and then the individual post hoc parameters from the final PK model were used to predict the individual WBP216 concentrations to drive the drug effect on CRP or DAS28 time profiles using appropriate PD models.
We tried one, two or three-compartment PK model with a first order, saturate or sequential zero-first order absorption compartment. The elimination phase was also analyzed by fitting to first order, saturate elimination or target-mediated-drug-disposition (TMDD) models. Based on the mechanism of action, an indirect-response model was chosen as a starting point for PD model development for CRP or DAS28. A linear model, an Emax model or a sigmoidal Emax model (Hill equation) were applied to characterize the relationship between WBP216 serum concentrations and those disease activity measures.
Inter-individual variability (IIV) was assumed to follow a log-normal distribution and was described using exponential model (Eq. 2).
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where Pij represents the individual value of the parameter for the ith parameter in the jth individual, θi depicts the population typical value for the ith parameter, and ηij represents random effect in jth individual sampled from a normal distribution with a mean of zero and variance of ω2.
The residual unexplained variability of WBP216 concentration and PD observation was described by a proportional or additive error model, respectively (Eqs 3, 4).
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where Yobs and Ypred are the observed and predicted serum concentration in plasma or disease activity measures. And ε1 is the proportional and ε2 is the additive component of the residual error model, respectively. Both of ε1 and ε2 are assumed to be normally distributed in the range of (0, σ2).
After collinearity diagnostics and correlation analysis, possible covariates including weight, age, sex, baseline serum albumin (ALB), alanine amiotransferase (ALT), creatinine clearance (CLcr), total bilirubin (TBIL), free IL-6, ADA (negative or positive) etc. were tested on both PK and PD parameters. Continuous covariates were described using the power function and categorical covariate were modeled by exponential function, see Eqs 5 and 6.
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where Effecti is the multiplicative factor for covariate i, Covij is the covariate value for individual j, Covmedian is the median covariate value, and θcovi is the exponent or parameter for covariate i model.
Potential covariates were incorporated into the base model one by one using stepwise forward inclusion. When OFV decreased by 6.63 (at p < 0.01), the covariate was selected for inclusion to develop a full model, followed by the backward elimination. The covariates were subtracted one at a time in a stepwise manner as well once OFV increased above 10.83 (at p < 0.001, df = 1), until all remaining covariates in model were statistically significant.
Model Evaluation
During the process of models building, the goodness of fit (GOF) of different models was compared on the basis of OFV and AIC. GOF was graphically evaluated by inspecting plots of the individual or population predicted vs. observed values, and plots of the conditionally weighted residuals (CWRES) vs. population predictions or time.
Models were also validated internally using prediction-corrected visual predictive checks (pcVPC) as well (Bergstrand et al., 2011). On the basis of 1,000 times pcVPC simulation, the 90% prediction interval (PI) was compared with the 90% interval of the prediction-corrected observations. Bootstrap analysis was also performed for the final model along with a total of 500 data sets resampling randomly from the original data set (Ette, 1997). We reported the calculated 90% confidence interval (CI) of model parameters from successfully minimized runs.
Simulations for Phase Ib Dose Selection
Simulation was conducted in Phoenix NLME (version 8.1, Certara, USA) based on a Monte-Carlo simulation approach. Up to 100 Phase Ib trials were simulated using the uncertainty distribution in parameter estimates. 27 patients in each simulated trial were simulated using the IIV log-normal distribution in both PK and PD parameters. The distribution of covariates still leveraged those of phase Ⅰa data set. Serum CRP levels and DAS28 were simulated for a range of maintenance doses (30–300 mg) under three different dosing frequencies: every 4 weeks (Q4W), every 8 weeks (Q8W), and every 12 weeks (Q12W). The duration of drug effect was simulated up to week 72 with weekly virtual PD sampling. It was assumed that the PK/PD relationship based on the Phase Ⅰ study lasting 24weeks could be extrapolated to longer term studies.
Tocilizumab has proven its successful clinical efficacy, so it was used as the reference for comparison of clinical endpoints. Since mean CRP is decreased by around 90% and mean DAS28 could be reduced by over 56.5% using the recommended dosage of tocilizumab (ACTEMRA® HIGHLIGHTS OF PRESCRIBING INFORMATION; U.S. Food and Drug Administration), ∆CRP≥90% and ∆DAS28 ≥ 56.5% were set as our target efficacy to optimize WBP216 phase Ⅰb maintenance dose levels and dosing frequencies.
WBP216 would take a long time to achieve steady state exposure and efficacy because of its slow elimination rate constants. Because RA patients would require a rapid pain relief, a loading regimen of WBP216 would be necessary. Hence, we simulated two categories of loading regimen to achieve steady state exposure: Firstly, WBP216 was given in a more intensive frequency at an initial three-administrations, including 0–4–8th week, 0–2–4th week or 0–2–6th week; The second simulation used a loading dose, that doubled the confirmed maintenance dose level.
RESULTS
Clinical Data Summary
Up to 36 RA patients took active medicine and placebo in a ratio of 3:1, respectively, wherein 27 patients received WBP216. One of the subjects in the 75 mg group showed a huge fluctuation of CRP level after 21 days from administration, very different from other subjects. The CWRES of there CRP samples were also greater than six during CRP model exploration. This subject was considered as an outlier and excluded from this PK/PD model analysis. Descriptive statistics (baseline values) of potential covariates of 26 patients tested in the PK/PD analysis were summarized in Table 1. A total of 391 PK samples were obtained during the phase Ⅰa and PD data consisted of 384 CRP samples and 241 DAS28 samples. Since fewer than 10% of PK samples were below the lower limit of quantification (LLOQ), they were handled by M1 method (Keizer et al., 2015). PK concentrations whose corresponding ADA was positive were all above the LLOQ, so they were not discarded.
TABLE 1 | Descriptive statistics of the demographic characteristics, laboratory data and disease activity (baseline values) of the RA patients included in the population PK/PD model (n = 26).
[image: Table 1]Inspection of WBP216 PK Properties
We performed an NCA analysis for different dose groups before population PK model development to understand the PK properties fully because of the unique YTE mutations in WBP216. Figure 1 showed that mean apparent clearance (CL/F) tended to increase with increasing dose, contrary to the clearance change pattern of TMDD, which generally has a high clearance in lower dose groups (Mager, 2006). Large variability of CL/F among individuals was observed in both 75 and 300 mg dose groups. High individual variability of apparent volume (V/F) was also observed in higher dose levels (75–300 mg). Like CL/F, V/F presented an increasing trend over dose levels. The phenomenon of CL/F and V/F changing with dose levels was speculated to result from the changes of either the actual increased CL and V or decreased bioavailability (F). To clarify the real reason, the half-life of WBP216 was analyzed. Half-life (t1/2 = 0.693*V/CL) is considered not to be impacted by F. In this analysis of half-life, the value of t1/2 distributed evenly in five dose groups, and the mean t1/2 remained almost the same in different groups, except for the 150 mg group, likely caused by lower CL/F and higher V/F value in this group. Those changing trends of CL/F, V/F and t1/2 suggested that the decrease of F with doses was probably the cause of the increase of CL/F and V/F. Mean t1/2 is 40–60 days, indicating the potential for a long dosing interval in therapeutic use. The power model fitted ln (AUC) over ln (dose) data well (Figure 1D). Parameter β was calculated as 0.652 with 90% confidence interval (CI), [0.43, 0.87], part of which fell outside the lower limit of prespecified range [0.5, 2] (Hummel et al., 2009). This dose-dependent study indicated little lower than proportional increases in exposure (AUC).
[image: Figure 1]FIGURE 1 | Characterization of WBP216 pharmacokinetic properties. Apparent clearance vs. dose groups (A), Apparent volume vs. dose groups (B), Comparison of half-life in different dose groups (C). The short horizontal line represents the mean value of CL/F, V/F and t1/2, respectively, in five dose groups. Dose proportionality assessment using power model (D). The dashed lines are the connection of those mean value; The solid line denotes the expected mean value and the shaded region denotes the 90% confidence interval.
Population PK/PD Model Development
According to AIC value and goodness of fit (GOF) plots, the selected final proposed PK/PD model structure is shown in Figure 2. The WBP216 serum concentrations were best described by a two-compartment PK model with sequential zero-first order absorption and first order elimination (see Eqs 7–9). An indirect-response model with an drug Emax inhibition of the CRP or DAS28 zero order rate production constant (Kin) best described the disease measures (see Eqs 10, 11). Residual variability was characterized by a proportional error model for serum concentration, CRP and DAS28. All PK/PD model parameters are summarized in Table 2.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
Wherein Adepot, A1, A2 representing WBP216 amounts in absorption depot, systemic central and peripheral compartments respectively, were equal to zero when t = 0. C1 and C2 were the concentration in central and peripheral compartment, respectively and equal to zero before dosing. Response was CRP or DAS28, and was equal to its baseline value before drug administration.
[image: Figure 2]FIGURE 2 | The proposed PK/PD model structure. Parameters are abbreviated as follows: SC = subcutaneous injection; Td = time of zero order release; Ka = first order absorption rate; C1 = concentration in central compartment; V1 = central volume; CL = clearance from central compartment; C2 = concentration in peripheral compartment; V2 = volume of peripheral compartment; Q = clearance between central and peripheral compartments; Emax = maximum drug efficacy; EC50 = concentration needed for 50% of Emax; Kin = zero order rate constant for response production; Kout = first order rate for response loss.
TABLE 2 | Summary of final population pharmacokinetic and pharmcodynamic model parameters in rheumatoid arthritis patients.
[image: Table 2]The final PK model fitted the observed concentration data better by assuming that after WBP216 was subcutaneously administered, drug was released from the injection site at a zero order rate to a depot compartment, and was then absorbed to a central compartment. Td is the period of zero order release and Ka denotes the first order absorption rate. The reason of selecting such a more complex absorption model will be discussed later. Based on the mechanism of action, WBP216 neutralizes IL-6 and inhibits CRP production, and further slow down disease progression, so it is plausible to set the drug inhibition on response production rate, Kin (Sharma and Jusko, 1998). As shown in Table 2, the relative standard errors (RSE%) for almost all fixed-effect parameters were ≤30.9%. The uncertainties for random-effect parameters were <27%. Overall, the precision of parameters estimates was acceptable. Parameters showed various inter-individual variability, ranging from 17 to 128.4%. Emax for CRP was set to 1 since its value was always very close to 1 in all tested runs. Emax for DAS28 was also fixed to 1, thus leading to a straightforward convergence of the model. All applicable shrinkage was below 18.1%, which was smaller than reported cut-off value 30% and could assure accurate IIV estimates and avoidance of misleading diagnostic plots (Savic and Karlsson, 2009).
The correlation diagnosis chart of various covariates was presented in Supplementary Figure S1. The potential impacts of demographics and laboratory data baseline on PK/PD parameters of WBP216 were tested using a stepwise covariate modeling procedure. Those statistical significant covariate effects were identified and retained in the final model: ALT on CL, baseline free IL-6 on EC50,CRP and Kin,CRP (see Eqs 12–14 and Supplementary Table S2). Continuous covariates were described using the power function, centered by the median value. Apparent clearance decreased with increasing ALT with exponent −0.833, which explained around 18% of CL/F inter-individual variability (IIV). Higher baseline free IL-6 levels could result in increased Kin,CRP (exponent 0.695), while lead to its EC50,CRP reduction (exponent −0.772). Baseline free IL-6 accounted for 59.2% IIV of Kin,CRP and 55.6% IIV of EC50,CRP. No covariates were found statistically significant in parameters for DAS28. Covariate associated parameters are also presented in Table 2.
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Model Diagnosis and Evaluation
Goodness-of-fit (GOF) plots for the final PK model in serum are shown in Figure 3. Plots of the population- and individual- predicted concentration vs. observed concentrations demonstrate no major bias. The conditionally weighted residuals (CWRES) were symmetrically distributed about zero axis and most points laid within the acceptable range (−2 to 2), suggesting that little to no bias accompanied with concentration or time. The GOF plots for CRP and DAS28 model were presented in Supplementary Figures S2 and S3, respectively, which also performed well in visual diagnostic.
[image: Figure 3]FIGURE 3 | Goodness-of-fit plots for the final population pharmacokinetic (PK) model. Population-predicted concentration vs. observed concentrations (ug/L) (A), Individual-predicted concentration vs. observed concentrations (B), The conditional weighted residuals (CWRES) over time after dose (h) (C), CWRES against population predicted concentration (D). The blue lines are the smoothed LOESS regression lines and the red lines represent LOESS regression to the absolute values of the dependent variable with its negative reflection.
The predictive performance was evaluated internally by pcVPC. Plots of pcVPC were presented in Figure 4. We can see that the 5th, 50th and 95th percentiles of prediction-corrected observations and predicted data were fairly consistent, especially a better match for DAS28. The 95th percentile of predicted PK data through VPC is a slight under-prediction and the CRP model over-predicted drug inhibition at 5th percentile slightly, which will be discussed in the part of discussion. Despite these small deviations, the 90% prediction interval of simulated data covered most of the observations. The bootstrap results are also shown in Table 2. The typical values of parameters and IIV estimates in the final model were pretty close to the median values from bootstrap validation, and fell within 90%CI of bootstrap parameters completely, which indicated high stability and precision of the final model.
[image: Figure 4]FIGURE 4 | Prediction-corrected visual predictive check (pcVPC) results for PK/PD model. WBP216 serum concentrations vs. time within 24 weeks (A), CRP against time within 24 weeks (B), DAS28 over time within 24 weeks (C). Open diamonds represent observation points. Red dash/solid lines denotes 5th, 50th, and 95th percentiles for prediction-corrected observations; black dash/solid lines are 5th, 50th, and 95th percentiles for prediction, respectively.
Overall, the good performance of GOF, pcVPC plots and bootstrap estimations reconfirmed that the final PK/PD model was adequately developed and the predictive performance was sufficient to capture PK/PD observations.
Simulations for Phase Ib/IIa Dose Selection
Based on the observations, we chose dose levels of 30, 75 and 150 mg as potential maintenance doses so as to rapidly reach the target effect (mean ∆CRP≥90%; ∆DAS28 ≥ 56.5%, i.e. ∆DAS28 ≥ 3 when average baseline DAS28 is 5.3) at steady state, equivalent to tocilizumab (ACTEMRA® HIGHLIGHTS OF PRESCRIBING INFORMATION; U.S. Food and Drug Administration). Then, simulations of those different maintenance dose levels and three varying dose frequencies Q4W, Q8W and Q12W were performed, respectively. Figure 5 showed the Monte-Carlo simulations of CRP and DAS28 changing from baseline over time under different dose regimens using the final PK/PD model. Consistent with observations, the simulation results showed that CRP would decrease very rapidly to the nadir within the first week, while DAS28 changed slowly and reached a plateau after 24 weeks. Multiple dose regimens could decrease the mean CRP levels more than 90% from baseline and reduce DAS28 by more than 3 units, except for 30 mg Q8W, 30 mg Q12W, 75 mg Q12W scenario. The optimal regimens, in terms of achieving mean ∆CRP≥90% and ∆DAS28 ≥ 3, seemed to be 75 and 150 mg as maintenance doses administered every 8 weeks. Approximately 81% and 92% of virtual patients achieved DAS28-ESR <2.6 (the cutoff of RA remission defined by EULAR), when dosed at 75 mg Q8W and 150 mg Q8W, respectively. The 30 mg dose level did not achieve target efficacy when dosed every 8 or 12 weeks. Dosing every 4 weeks was a bit over-dosing and inconvenient to use in clinical practice, however, Q12W dosing frequency resulted in larger fluctuation in efficacy, especially in CRP, and led to a lower proportion of patients nearby target reference line no matter what dose level.
[image: Figure 5]FIGURE 5 | Simulated CRP and DAS28 changes over time under nine dose regimens using final population PK/PD model. The percent change from baseline CRP against time (A), The decrease from baseline DAS28 over time (B). The solid line denotes the 50th percentile of model simulation results and the shaded region presents the 80% prediction interval. Dashed lines show −90% and −3 therapeutic targets for CRP and DAS28, respectively.
EULAR (European league against rheumatism) response criteria state (Broeder et al., 2002; Wells et al., 2009) (see Supplementary Table S1): moderate responders were patients with an improvement of >0.6 and a present DAS28 score of <5.1, or an improvement of >1.2 and a present DAS28 score of >5.1. We predefined that once patients start having a moderate response to WBP216, they would begin to feel pain relief intuitively. Patients’ time needed to reach at least moderate response are summarized in Figure 6. The results showed that over half of patients got pain relief within around 10 days, while 12/26 patients did not reach moderate response until at least 28 days from drug administration. WBP216 caused a gradual increase in clinical efficacy during the phase Ⅰa period, which was consistent with the patients’ reports of slow onset of drug action.
[image: Figure 6]FIGURE 6 | The time required to reach moderate response of 26 subjects in phase Ⅰa trial. Each bar represents one subject.
Therefore, in order to allow patients to benefit from WBP216 therapy more quickly, loading dose regimens were designed. On the basis that the optimal dosing frequency was Q8W during maintenance therapy, we simulated four kinds of “loading dose schedules”, Figure 7 showed examples of varying loading schedules followed by a maintenance dose level of 150 mg Q8W: (1) Loading dose at weeks 0, 4 and 8 followed by Q8W still took more than 8 weeks to reach steady state exposure. (2) Loading dose at weeks 0, 2 and 4 followed by Q8W caused a steep WBP216 concentration increase, exceeding the peak concentration achieved by the maximum dose level (300 mg) in phase Ⅰa, which may raise potential safety concerns. (3) Dosing at weeks 0, 2 and 6 followed by Q8W would reach plateau exposure at the second drug administration. (4) A loading dose of 300 mg, doubling the maintenance dose level, resulted in steady state instantly at the first dosing. Hence, the last two loading dose schedules are highly recommended for future clinical trials of WBP216. The simulated DAS28 profiles under the optimized loading dose regimen (3) and (4) were presented in Supplementary Figure S4, showing that the target efficacy was reached three weeks in advance.
[image: Figure 7]FIGURE 7 | Simulation for pharmacokinetic profiles according to four different loading schedules with 150 mg Q8W as maintenance regimen. The solid line denotes the 50th percentile of model simulation results and the shaded region represents the 80% prediction interval. Dashed lines are maximum concentration at steady state (Cmax,ss).
DISCUSSION
We developed a population PK/PD model that characterized the relationship between WBP216 serum concentrations and the changes in CRP and DAS28. This is the first report of the PK/PD of WBP216 in Chinese RA patients.
Rheumatoid arthritis is a complex autoimmune-mediated inflammatory disease involving both genetic and environmental factors (Smolen et al., 2016). Many factors in RA patients such as the disease process, complications, and concomitant medications could cause significant PK and PD differences between patients and healthy volunteers. Different from some IL-6 (R) antibodies that have been developed PK/PD models based on first-in-human studies with data from healthy volunteers (Xu et al., 2011), our modeling and simulation study in RA patients directly could avoid the aforementioned confounding factors and recommend more accurate dose regimens for phase Ib/IIa trials.
A two-compartment PK model with sequential zero-first order absorption and first order elimination fitted the PK data well. During the process of characterizing PK properties, we found the bioavailability of subcutaneous administration decreased gently with increasing dose levels. This atypical absorption may because large antibodies from the SC site are transported through the tissue interstitium and into the lymphatic system slowly accompanied by tissue metabolism and hydration etc (Richter et al., 2012; Jung et al., 2018). Adopting a base PK model structure with sequential zero-first order absorption (OFV = 4,935) performed significantly better than a traditional two-compartment model with first order absorption rate (OFV = 5,088) or a saturated absorption model of adding the Michaelis–Menten equation to bioavailability (OFV = 5,026). Although the NCA analysis suggested a slight trend of absorption saturation, it seemed not obvious enough to fit a typical M–M equation best in absorption phase. Linear clearance was sufficient to describe WBP216 elimination rather than a linear plus Michaelis–-Menten elimination of tocilizumab (Abdallah et al., 2017), probably because WBP216 binds to free IL-6 while tocilizumab binds the IL-6R involving complex internalization. The typical CL/F (0.015 L/h) from model estimates was slightly smaller than CL/F of sirukumab (0.019 L/h, corrected by F) (Xu et al., 2011), a IL-6 antibody, but the estimated V1/F (8.1 L) of WBP216 seemed to be larger than 4.1 L in sirukumab and 5.6 L in tocilizumab. Therefore WBP216 has a longer half-life. PK parameters showed high inter-individual variability, however, only ALT was identified as a covariate accounting for 18% of the variability of CL/F. CL/F was negatively correlated with ALT with exponent −0.833. Chunze Li etc. also reported that clearance of trastuzumab emtansine correlated significantly with baseline albumin and AST (Li et al., 2017). And the clearance of another IL-6 antibody, siltuximab, was found to be impacted negatively by ALT as well in its poplulation PK analyis containing 460 participants (Nikanjam et al., 2019). It is generally accepted that a therapeutic antibody is unlikely to be impacted by functional hepatic impairment (Dirks and Meibohm, 2010). We did not have sufficient data to explain this phenomenon. Dose adjustment for hepatic dysfunction was undetermined, and this would require a large target population to validate this point further. Some studies reported that weight was an important factor affecting CL/F (Abdallah et al., 2017) or V1/F (Li et al., 2018). Our study did not find this covariate, perhaps because of limited sample size with narrow weight range (61.5 ± 7.9 kg) in this phase Ⅰa trial and the stringent covariate entry/elimination criteria set. In addition, only 3/27 patients exhibited ADA positive (Table 1), so ADA was correspondingly identified as a non-significant covariate influencing pharmacokinetic behaviors. All ADA samples of the outlier subject were detected negative, which could not impact ADA conclusion after exclusion.
We did not adopt the strategy of modeling the PK and PD data concurrently because the high variability of CRP or DAS28 would affect the estimate precision of PK parameters. An indirect response model with inhibition on response production was applied for both CRP and DAS28 endpoints based on WBP216’s mechanism of action. Fast decreasing CRP is able to reflect the binding IL-6 ability of WBP216 directly since hepatic production of CRP is mainly mediated by IL-6 (Vermeire et al., 2004), while slow changing DAS28 tracks RA-related clinical efficacy closely. Unlike some early clinical studies that only focused on a fast-decreasing biomarker (i.e., CRP) (Xu et al., 2011; Mayer et al., 2015; Li et al., 2018), we evaluated both fast- and slow-decreasing endpoints simultaneously to understand the efficacy of WBP216 comprehensively. As Table 2 shown, whatever Kin,CRP or Kout,CRP had greater value than those of DAS28, hinting high turnover rate of CRP. Kin,DAS28 0.003 h−1 and Kout,DAS28 6*10−4 h−1 were very closed to reported values of tocilizumab (Kin,DAS28 0.0037 h−1; Kout,DAS28 7.2 × 10−4 h−1) (Bastida et al., 2019). While Levi et al. reported Kin,DAS28 0.011 h−1 and Kout,DAS28 15.8 × 10−4 h−1 using data from 4 phase III studies of tocilizumab, which was almost 2 fold of our estimated DAS28 parameters (Levi et al., 2013). The differences in above reports may because the DAS28 baseline of subjects was about 5.3 in our and Bastida’s studies instead of 6.8 in Levi’s research. The EC50,CRP (194.37 ug/L) for CRP was fairly smaller than that of DAS28 (1,576.3 ug/L), which indicated a higher concentration was needed for half-maximally decreasing DAS28. Covariates analysis showed that baseline free IL-6 was expected to be positively correlated with Kin,CRP, since CRP production is mainly stimulated by IL-6 in body. However, no covariates were discovered affecting Kin and Kout of DAS28. Baseline of free IL-6 was negatively associated with the EC50 for CRP. The addition of baseline free IL-6 in model was able to explain 59.2% and 55.6% of IIV for Kin,CRP and EC50, CRP respectively. Those limited sample size and narrow demographic or laboratory data may not provide fairly accurate covariate impacts on PK/PD parameters but they provided a reference for future covariate analysis in larger population.
The final population PK/PD model was evaluated by GOF plots, pcVPC and bootstrap. Slight deviations were observed in the 95th percentile of serum concentration and 5th percentile of CRP between respective predicted and prediction-corrected observations (Figure 4). It was noteworthy that one of patients in 300 mg group had extremely high PK exposure, over three fold of other subjects, which raised the 95th percentile of the observed concentration significantly. WBP216 was able to inhibit CRP to a very low level, almost close to zero, while the lower limit of quantitation of CRP can only reach 0.01 mg/L. Our model is expected to have a higher uncertainty near zero because of high IIV and residual errors, so the model predicted a lower CRP 5th percentile value than that of observed data. However, this slight deviation did not affect overall predictive ability since the 90% prediction interval of simulated data covered the majority of the observations.
WBP216 is the IL-6 monoclonal antibody with the longest half-life (40–60 days) by far. By comparison, the half-life of tocilizumab is reported as 11–13days and siltuximab as around 21day, leading to a dosing regimen of once every three or four weeks in clinical practice (ACTEMRA® and SYLVANT®, HIGHLIGHTS OF PRESCRIBING INFORMATION; FDA). According to our simulation results (Figure 5), the long half-life of WBP216 would allow it to be optimally administered once every 8 weeks. Dosing every 4 weeks did not offer any advantage since excess drug exposure would occur. Although the simulation results showed 150 mg Q12W seemed also acceptable, the Q8W dosing frequency was able to maintain a more stable change in CRP and DAS28. A score of DAS28-ESR<2.6 defines RA remissions (Anderson et al., 2012; Smolen et al., 2016). In our simulations with the baseline DAS28 around 5.3, when dosing 75 mg Q8W and 150 mg Q8W, approximately 81% and 92% of virtual patients were able to achieve DAS28-ESR <2.6 after 24 weeks therapy, respectively. So both of dose levels (75 and 150 mg) will deserve to be tested in future clinical studies.
A few subjects in phase Ⅰa complained of getting limited relief until one or two months after drug administration (Figure 6). This prompted us to design four loading schedules used for simulation. An initial loading regimen of dosing at weeks 0, 2 and 6, followed by a maintenance regimen of Q8W, achieved steady state at the second administration, which was consist with dosage regimen of infliximab (RENFLEXIS, HIGHLIGHTS OF PRESCRIBING INFORMATION; FDA). Another good loading dose option is to double the maintenance dose level. The simulated DAS28 profiles under the two optimized loading dose regimen did show that three weeks were saved to reach the target efficacy with the maintenance dose of 150 mg Q8W (Supplementary Figure S4).
Although ACR20/50/70 endpoints were also measured in this early clinical study, there was no obvious dose-dependent relationship in the probability of achieving ACR20/50/70 efficacy in this phase Ia study. The combination of both early biomarkers (CRP and DAS28) helped to build the PK/PD relationship. A population PK/PD approach proved again useful in integrating all available PK/PD data during early clinical phases. Our study provided a relatively complete paradigm to accelerate clinical development for similar drugs as well.
The limitations of the model are as follows: (1) Baseline ALT and free IL-6 considered to be statistically significant were observed as covariates. Nevertheless, the limited number of patients in our study and the strict entry criteria set for the clinical trial may result in ambiguous covariate effects. Therefore, the confirmation of covariate effects should be kept in mind in future studies, which will have more data of target population added in. (2) In order to design dose regimen for a MAD study, it was assumed that the PK/PD relationship based on 36 patients in the Phase Ia study lasting 24weeks can be extrapolated to a larger target population and a longer term study. Attention should be paid to this model hypothesis when drawing conclusions from the simulation results. Patients with different disease states, disease progression, drug resistance and combination may invalidate this hypothesis.
In summary, a population PK/PD model was first successfully established for WBP216. Fast-decreasing (CRP) and slow-decreasing (DAS28) biomarkers were modeled concurrently to assess efficacy of WBP216 fully. For WBP216 with an exceptionally long half-life (40–60 days), two kinds of loading dose regimens are recommended for the next clinical studies. We expect that the modeling and simulation will be valuable for dose selection during future clinical trials, and provide a reference for the PK/PD studies of similar antibodies.
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Objective: To evaluate the efficacy of tocilizumab (TCZ) in adult patients with refractory immune-mediated necrotizing myopathies (IMNMs) and investigate possible predictive biomarkers of the response to treatment with TCZ.
Methods: Patients with refractory IMNM were enrolled in this open-label pilot observational study and received intravenous TCZ treatment. The clinical response was assessed after 6 months of TCZ treatment according to the 2016 American College of Rheumatology–European League Against Rheumatism (ACR–EULAR) response criteria for adult dermatomyositis and polymyositis. Muscle biopsies were performed to investigate muscle fiber regeneration by immunohistochemical staining of CD56. Serum levels of interleukin (IL)-6 were measured using a multiplex bead-based flow fluorescent immunoassay. The levels of muscle IL-6 mRNA were detected by real-time polymerase chain reaction.
Results: A total of 11 patients with refractory IMNM were enrolled in the study, including 3 anti-3-hydroxy-3-methylglutaryl-CoA reductase- and 8 anti-signal recognition particle-positive patients. Seven (63.6%) of these patients achieved clinically significant responses according to the 2016 ACR–EULAR myositis response criteria. Responders had higher baseline serum IL-6 and muscle IL-6 mRNA levels and percentage of CD56-positive muscle fibers than non-responders. Baseline serum IL-6 levels and the percentage of CD56-positive muscle fibers were positively correlated with total improvement score after 6 months of TCZ treatment. Furthermore, muscle fiber necrosis and muscle fiber size variation decreased in repeated muscle biopsies in five responders.
Conclusion: Patients with refractory IMNM may respond to TCZ. Baseline serum IL-6 and muscle IL-6 mRNA levels and the percentage of CD56-positive muscle fibers may predict the response to TCZ treatment in these patients.
Keywords: immune-mediated necrotizing myopathy, tocilizumab, treatment, biomarker, interleukin-6
INTRODUCTION
Immune-mediated necrotizing myopathies (IMNMs) are a novel subgroup of idiopathic inflammatory myopathies (IIMs) characterized by significantly elevated serum creatine kinase (CK) levels, severe proximal muscle weakness, and resistance to conventional therapy (Dalakas, 2015; Allenbach et al., 2018b). Anti-3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and anti-signal recognition particle (SRP) antibodies have been recognized as serum biomarkers for IMNM (Allenbach et al., 2018b). Despite intense immunosuppressant treatment, the outcomes of IMNM are worse than those of other IIM subtypes, such as dermatomyositis (DM) and polymyositis (PM). Recent studies have indicated that approximately half of anti-HMGCR- and anti-SRP-positive patients with IMNM still have marked muscle weakness 2 years after aggressive treatment (Pinal-Fernandez et al., 2017; Tiniakou et al., 2017). Therefore, there is a need to discover novel and targeted therapeutics, such as biologics, to improve the prognosis of these patients and investigate the potential targeting mechanism involved in the pathogenesis of the disease.
Interleukin (IL)-6, a pleiotropic cytokine that regulates muscle function, is produced and released locally by skeletal muscle fiber in different pathological conditions. Under physiological conditions, IL-6 maintains muscle homeostasis and positively regulates muscle function (Baeza-Raja and Muñoz-Cánoves, 2004; Serrano et al., 2008). In contrast, it negatively regulates the muscle phenotype under some pathological stimuli (Munoz-Canoves et al., 2013). Pelosi et al. have reported that the treatment of C2C12 myoblasts with recombinant IL-6 significantly inhibits the differentiation of C2C12 myogenic cells (Pelosi et al., 2014). Interestingly, the inhibition of IL-6 activity by an anti-IL-6 receptor (IL-6R) antibody promotes muscle fiber regeneration in both cardiotoxin-induced muscle injury and dystrophin/utrophin double-knockout mice (Fujita et al., 2014; Wada et al., 2017). Allenbach et al. recently demonstrated that upregulated IL-6 expression and impaired muscle regeneration are detected in the muscles of patients with anti-HMGCR and anti-SRP myopathies, which suggests that the IL-6 pathway may be involved in the pathogenesis of IMNM (Allenbach et al., 2018a).
In this pilot study, we evaluated the efficacy of tocilizumab (TCZ), a recombinant anti-IL-6R monoclonal antibody, on both clinical and histological parameters in patients with refractory IMNM and investigate the potential role of IL-6 in the pathogenesis of IMNM.
METHODS
Patient Selection
Patients with refractory IMNM were enrolled in this study. The inclusion criteria were as follows: 1) anti-SRP- or anti-HMGCR-positive and 2) disease worsening after treatment with high-dose glucocorticoids (equivalent of prednisone 1.0 mg/kg/d for at least 1 month) and at least one immunosuppressant, including azathioprine (AZA), methotrexate (MTX), cyclosporine (CSA), tacrolimus (TAC), or intravenous immunoglobulin (IVIG) at a known effective dose for at least 3 months. Disease worsening was defined as 1) manual muscle testing (MMT) decreasing by ≥ 20% and worsening of physician global activity by ≥ 2 cm on a 10 cm visual analog scale (VAS), 2) worsening of global extramuscular activity by ≥ 2 cm on a 10 cm VAS, or 3) worsening of any three of six International Myositis Assessment and Clinical Studies (IMACS) core set measures (CSMs) by ≥30% (Tjarnlund et al., 2018).
The exclusion criteria were cancer-associated myositis, other connective tissue disease overlap myositis, infection-, drug-, or toxin-induced myopathies, and muscle histopathological findings suggestive of muscular dystrophy, metabolic myopathy, or congenital myopathy.
Study Design
This study was a 6-month one-arm open-label pilot study. The patients were administered 8 mg/kg intravenous TCZ infused every 4 weeks for six rounds, following a standard dosing protocol. The dose of prednisolone was reduced following a standardized reduction schedule. Stable doses of other immunosuppressive or immunomodulatory agents, including AZA, MTX, CSA, TAC, and IVIG, were administered after TCZ administration.
Outcome Assessment and Response Criteria
The 2016 American College of Rheumatology–European League Against Rheumatism IIM response criteria for adult DM/PM were used to evaluate the outcomes of patients (Aggarwal et al., 2017). Total improvement score (TIS), which is the sum of the improvement scores in each of the IMACS CSMs and provides a quantitative assessment of improvement for each patient, were calculated 3 and 6 months after TCZ treatment. A TIS of ≥20, 40 and 60 represents minimal, moderate, or major improvement, respectively. A response was defined as a TIS ≥20 at 3 or 6 months.
Overall safety and tolerability of TCZ during the entire treatment period were assessed by adverse events (AEs) and severe AEs (SAEs).
Detection of anti-HMGCR and anti-SRP Antibodies and Serum IL-6 Levels
The levels of anti-HMGCR antibodies were measured using an enzyme-linked immunosorbent assay (Raybiotech, China) according to a previously described method (Ge et al., 2015). Levels of antibodies against SRP were determined using immunoblotting (EUROLINE, Lubeck, Germany) in accordance with the standard methods (Euroline Myositis Profile 3 immuno line-blot; Euroimmun). The levels of IL-6 in patients’ serum were measured using the multiplex bead-based flow fluorescent immunoassay (Raisecare, Qingdao, China) according to the manufacturer’s instructions.
Muscle Biopsies and Immunohistochemical Analysis
Muscle biopsies were performed at the baseline and after 6 months. The specimens were frozen in isopentane prechilled with liquid nitrogen and stored at -80°C until processing. Hematoxylin and eosin staining, combined eosin and dystrophin immunostaining (NCL-DYS1, Leica, United Kingdom), and immunohistochemical staining of NCAM/CD56 (ab6123, Abcam, United Kingdom) were performed on 8-μm frozen sections as previously described (Arouche-Delaperche et al., 2017; Allenbach et al., 2018a). The half area of each section was quantitative analyzed. For each patient, the total number of muscle fibers and necrotic and regenerating muscle fibers was manually determined. The Feret diameter of each muscle fiber outlined by the immunostaining of dystrophin was automatically measured using ImageJ v1.51u. Myofiber necrosis, defined as pale and/or hyalinized muscle fibers combined with the loss of sarcolemmal integrity/coarse appearance, was evaluated on combined eosin and dystrophin immunostaining (Aggarwal et al., 2017). NCAM/CD56-positive fibers represent regenerating muscle fibers.
RNA Extraction and Quantitative Real Time-Polymerase Chain Reaction (qPCR)
Total muscle RNA was extracted using TRIzol reagent (Thermo, Waltham, United States). RNA was reverse-transcribed into cDNA using a PrimeScript™ RT reagent kit with gDNA Eraser (Takara, Dalian, China). qPCR was performed using the TB Green Fast qPCR mix in a 7,500 Real-Time PCR system (Applied Biosystems, Singapore) according to the manufacturer’s instructions. The expression levels of IL-6 were normalized to those of GAPDH.
The primers used were as follows: IL-6: forward 5′-GAA​AGC​AGC​AAA​GAG​GCA​CT-3′ and reverse 5′-AGC​TCT​GGC​TTG​TTC​CTC​AC-3′; GAPDH: forward 5′-CCT​CCT​GCA​CCA​CCA​ACT​GCT​T-3′ and reverse 5′-GAG​GGG​CCA​TCC​ACA​GTC​TTC​T-3′.
Statistical Analysis
Statistical analysis was performed using SPSS 22.0. Differences between responders and non-responders were compared using the Mann-Whitney U test. To compare the parameters before and after TCZ treatment, a paired-samples t-test was used. The correlation between clinical outcome and biomarkers was analyzed using Spearman’s rank correlation. p < 0.05 was considered significant.
RESULTS
Baseline Characteristics of Patients
A total of 11 patients were enrolled in this study. The mean age of disease onset was 42 years (range, 34–81 years) and seven females and four males were included. Eight were anti-SRP-positive and three were anti-HMGCR-positive. All patients had muscle weakness and significant CK level elevation. Among these patients, 54.5% had complications with dysphagia, 18.2% had interstitial lung disease, and 9.1% had a skin rash. All patients were initially treated with high-dose glucocorticoids and/or immunosuppressants for more than 3 months before enrollment (Table 1).
TABLE 1 | Baseline demographics and clinical characteristics of patients with IMNM.
[image: Table 1]Clinical Response to Tocilizumab Treatment
Seven (63.6%) of these patients achieved the threshold of a minimal clinically significant improvement after 3 months of treatment with TCZ and were classified as responders. Four (36.4%) were non-responders and none worsened 6 months after TCZ treatment. Four (36.4%) and three (27.3%) patients attained a moderate and major improvement after 3 months of treatment with TCZ, respectively. At 6 months, seven (63.6%) patients achieved a major improvement. The median TIS was 50 and 75 at 3 and 6 months in all patients, respectively. All six IMACS CSMs except extramuscular global activity improved at 3 and 6 months compared with the baseline for the whole patient population (Table 2).
TABLE 2 | Six IMACS core set measures in patients with IMNM at the baseline and after 3 and 6 months of treatment with tocilizumab.
[image: Table 2]Biomarkers for Predicting the Outcomes
The serum IL-6 levels of responders at the baseline were higher than those of non-responders (p = 0.008; Figure 1A). In all patients, serum IL-6 levels were higher after 6 months of treatment than at the baseline (median 14.5 pg/ml, range 9.2–25.4; Figure 1B) but there was no difference between responders and non-responders. There was a positive correlation between the baseline serum IL-6 level and TIS after 6 months (Figure 1C).
[image: Figure 1]FIGURE 1 | Serum levels of interleukin (IL)-6 and its association with the clinical response of patients with immune-mediated necrotizing myopathy before and after treatment with tocilizumab (TCZ). (A) Serum levels of IL-6 between responders and non-responders at the baseline. (B) Serum levels of IL-6 of patents before and after 6 months of treatment with TCZ. (C) Correlation of serum IL-6 levels of patients at the baseline and the total improvement scores (TIS) after 6 months.
Responders had a higher baseline muscle IL-6 mRNA level and percentage of CD56-positive muscle fibers than non-responders (Figures 2A,B). There was a positive correlation between TIS after 6 months of TCZ treatment and the baseline percentage of CD56 positive fibers in all patients (Figure 2B).
[image: Figure 2]FIGURE 2 | CD56-positive muscle fibers and muscle interleukin (IL)-6 mRNA levels in patients with immune-mediated necrotizing myopathy. (A) Percentage of CD56-positive muscle fibers between responders and non-responders at the baseline. (B) Muscle IL-6 mRNA levels between responders and non-responders at the baseline. (C) Correlation of the percentage of CD56-positive myofibers at the baseline and the total improvement scores (TIS) after 6 months.
Repeated muscle biopsies were performed in five patients who responded to treatment with TCZ. After 6 months of treatment, the percentage of necrotic muscle fibers decreased from 2.36 ± 0.76 to 0.6 ± 0.39% (p = 0.0028; Figures 3A,B). The percentage of regenerating muscle fibers in post-treatment muscle biopsies was significantly lower than that in pre-treatment muscles (5.98 ± 2.12% vs. 1.16 ± 0.7%, p = 0.0007; Figures 3C,D). The percentage of myofibers with a Feret diameter of less than 40 µm significantly decreased after treatment with TCZ, leading to a redistribution of muscle fibers with a Feret diameters between 40 and 100 µm (Figures 3E,F).
[image: Figure 3]FIGURE 3 | Histopathological changes in muscle biopsies in the responder group (n = 5; 4 anti-SRP-positive, 1 anti-HMGCR-positive) before and after 6 months of treatment with tocilizumab. (A,C) Hematoxylin and eosin staining (A) and immunohistochemical staining of CD56 (brown)(C) in muscle biopsy of one anti-SRP-positive patient before (PRE) and after (POST) treatment with tocilizumab. (B,D) Changes in the percentage of necrotic myofibers (B) and CD56-positive muscle fibers (D) before and after treatment with tocilizumab among five responders. (E) Combined eosin and dystrophin immunohistochemical staining in muscle biopsy of one anti-SRP-positive patient before (PRE) and after (POST) treatment with tocilizumab. (F) Quantification of the percentage of muscle fibers with different Feret diameter and their distribution before and after treatment with tocilizumab (Scale bar, 20 µm).
Safety Data
There were 10 transient AEs in five patients, namely, mild hypofibrinogenemia without bleeding (n = 2), antifungal cream-treated tinea corporis (n = 1), oral antibiotic-treated respiratory tract infection (n = 2), allergic rash (n = 2), and leukocytopenia (n = 3). Only hypofibrinogenemia was considered to be related to TCZ. All these AEs were mild and none resulted in TCZ dose reduction or withdrawal. There were no SAEs.
DISCUSSION
In this preliminary study, we demonstrated that 7 out of 11 patients with refractory IMNM responded well to treatment with TCZ, and 63.6% achieved a major improvement according to the new response criteria for myositis improvement after 6 months of TCZ treatment. Furthermore, baseline serum IL-6 levels, muscle IL-6 mRNA levels, and the percentage of regenerating muscle fibers (CD56-positive myofibers) may be effective markers to predict the response to TCZ treatment. Additionally, muscle biopsies indicated that the redistribution of muscle fibers with a Feret diameter between 40 and 100 µm after TCZ treatment suggest a positive effect of TCZ treatment on the regeneration of muscle fibers.
TCZ has been widely used in the treatment of various refractory autoimmune disorders, such as giant cell arteritis and rheumatoid arthritis (Smolen et al., 2008; Stone et al., 2017). Three previous case reports have suggested that IL-6 blockade is effective in IIM (Narazaki et al., 2011; Kondo et al., 2014; Beaumel et al., 2016). In this prospective study, we demonstrated that an IL-6R antagonist was effective in the clinical improvement of patients with refractory IMNM. In the muscle biopsy, we compared baseline IL-6 mRNA levels between responders and non-responders. Interestingly, the baseline muscle IL-6 mRNA levels in responders were higher than those in non-responders, which suggests that muscle IL-6 mRNA may be a useful marker for the prediction of therapeutic response. However, there was no correlation between the change in muscle IL-6 mRNA levels before and after TCZ treatment, which may be related to the small number of muscle biopsies after treatment. In the future, we will further investigate the relationship between muscle IL-6 mRNA and TCZ action in paired and large samples to estimate the role of IL-6 in IMNM.
In this study, we focused on the characteristics of repeated muscle biopsies in five patients who responded well to TCZ treatment. Before TCZ treatment, all patients received aggressive therapy. Although previous immunomodulatory therapy resulted in a significant decrease in CK levels in these patients, the patients continued to clinically deteriorate with muscle weakness and a very low MMT-8 score. Previous studies have established that there is a discrepancy between decreased CK levels and worsened muscle strength in patients with muscular disorders. A common explanation for this phenomenon is that muscle strength improvement could be delayed by muscle fiber regeneration. A previous study demonstrated that muscle remodeling occurs up to 30 days after a single electrical stimulation (Mackey et al., 2011). In these five patients, the average duration of routine immunotherapy before the first muscle biopsy was 5 months, which was sufficient to complete the process of muscle regeneration. However, we still observed the prominent and excessive regeneration of muscle fibers with a significant decrease in muscle fiber diameter. In previous basic research, these pathological features were reported when myoblast fusion was disturbed during muscle regeneration (Hindi et al., 2017). In this study, we detected a higher level of muscle IL-6 mRNA and percentage of regenerating muscle fibers in responders than in non-responders. Moreover, we observed a positive correlation between the percentage of CD56-positive myofibers and clinical improvement score, and muscle fibers with a Feret diameter between 40 and 100 µm were redistributed and regenerated after TCZ treatment. Taken together, these results suggest that long-lasting elevated IL-6 levels may lead to severe muscle weakness via the reduction of myoblast fusion during muscle regeneration. Blocking the IL-6 signal using TCZ could recover muscle regeneration and improve muscle performance in patients with IMNM.
However, there are limitations to this study. First, the open-label design of this study may have affected the objective evaluation of the disease by physicians and patients. Second, owing to the small number of patients included in this study and lack of a control arm, caution is required in the interpretation of the results.
In conclusion, TCZ treatment may be beneficial for patients with refractory IMNM. The response to TCZ can be predicted by baseline serum IL-6 and muscle IL-6 mRNA levels and the percentage of CD56-positive muscle fibers in these patients. Additionally, this study provides new insights into the role of IL-6 in the pathogenesis of IMNM. In the future, a randomized placebo-controlled trial of IL-6 blockade involving more patients with IMNM is needed to confirm our results.
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Rheumatoid arthritis (RA) acts as one of the most common, agnogenic and chronic inflammatory-autoimmune disorder which is characterized by persistent synovitis, cartilage destruction, and joint deformities, leads to a wide range of disabilities, and increased mortality, thus imposing enormous burdens. Several drugs with anti-inflammatory and immunomodulatory properties such as celecoxib, diclofenac and methotrexate are being selected as conventional drugs in the allopathic system of medicine for the treatment of RA in clinic. However, there are some serious side effects more or less when using these drugs because of their short poor bioavailability and biological half-life for a long time. These shortcomings greatly promote the exploration and application of new low- or no-toxicity drugs for treating the RA. Meanwhile, a growing number of studies demonstrate that several herbs present certain anti-inflammatory and anti-arthritic activities through different enzymes and their derivatives, which indicate that they are promising therapeutic strategies when targeting these mediators based on herbal medicinal products in RA research. This review article summarizes the roles of the main enzymes and their derivatives during the pathogenesis of RA, and clearly clarifies the explicit and potential targeted actions of herbal medicinal products that have anti-RA activity. Our review provides timely and critical reference for the scientific rationale use of herbal medicinal products, with the increasing basic research and clinical application of herbal medicinal products by patients with RA.
Keywords: rheumatoid arthritis, herbal medicinal products, inflammatory, immune, enzyme, enzyme derivatives
INTRODUCTION
Rheumatoid arthritis (RA) is one of the most common agnogenic and chronic inflammatory-autoimmune disorder that major targets the synovium, joints, and cartilage, which causes irreversible joint damage, and causes severe extra-articular manifestations and complications (Fert-Bober et al., 2020). During the occurrence and development of rheumatoid arthritis, both environmental and genetic are important factors involved (Scherer et al., 2020). In the initiation phase of rheumatoid arthritis, there is the autoreactive T cells activation, the T cell mobilization and recruitment along with other leukocytes into the disease area, including joints, synovium, and cartilage (Fang et al., 2020). For the moment, these leukocytes produce multiple enzymes, various inflammatory cytokines and mediators such as phospholipase A2 (PLA2), prostaglandins (PG), and diverse cytokines (interleukins, tumor necrosis factor, etc), which induce the synovial and joint inflammation and finally cause the damage in joint tissue through triggering different signaling cascades intracellular and extracellular (McInnes and Schett, 2011; Hong et al., 2020). Therefore, targeting these enzymes and their derivatives is a potential therapeutic strategy for the treatment of rheumatoid arthritis. In recent years, using the well-defined biochemical and pharmacological inhibitors to suppress rheumatoid arthritis in experimental animal models have been reported many times (Croia et al., 2019). Interestingly, studies find that many of these enzymes, derivatives and related signaling pathways can be targeted and intervened by several medicinal products, for instance, herbal medicinal products which belong to the traditional medicine or complementary and alternative medicine (Mateen et al., 2016; Wang et al., 2020). Therefore, this review article summarizes the roles of main enzymes and their derivatives of inflammation during the occurrence and pathogenesis of RA, to provide insight into how the herbal medicinal products that target these enzymes and their derivatives may lead to the prevention of RA.
In this review, the herbal medicinal products we discuss below are examined through many experiments for their anti-inflammatory, anti-arthritic and immunoregulatory activities. Reviewing the related literature, we find that the in vitro researches are performed by those cultured defined cell types, including chondrocytes (Feng and Qiu, 2018), macrophages (McHugh, 2017; 2019), and fibroblasts (Croft et al., 2019), while the in vivo studies are based on multiple well-established experimental RA models, such as collagen-induced arthritis (CIA) (Kim et al., 2015; Li et al., 2017), adjuvant-induced arthritis (AIA) (Pan et al., 2017; Wang et al., 2017), as well as streptococcal cell wall-induced arthritis. In these studies, specific purified compounds, extractives and monomer derived from the herbal medicinal product are appended to the cultured cells in the case of inflammatory stimulants such as interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and lipopolysaccharide (LPS) for the in vitro experiments. The cells used for studies are taken from mice, rats or from the authoritative cell lines (Cheng et al., 2020; Yang et al., 2020). For the in vivo tests, the herbal medicinal products are investigated as an extract or a purified bioactive compound (Xiong et al., 2019). During the in vivo research, the intraperitoneal injection and oral administration are considered as the two-principal means of intervention (Bao et al., 2019). The parameters for assessing the RA model situation and the herbal medicinal products therapeutic efficacy are consisted of clinical criteria for grading such as phenotypic (weight change, paw volume), biochemical changes, histopathological analysis and RA biomarkers, et al.
THERAPEUTIC ENZYMES AND THEIR DERIVATIVES IN RA
As we know, RA is a common and agnogenic chronic inflammatory disorder. And meanwhile, inflammation is a kind of physiological stress reaction of the organism response to different external stimulus and internal anomaly such as infection, trauma, and immune reactions (Cronstein et al., 2020). During the initial period and perpetuation of inflammatory reaction, there are a variety of enzymes and their derivatives act in concert (Spel and Martinon, 2020). In this article, we discuss the detailed characteristics of these major enzymes and their derivatives including phospholipase A2 (PLA2), cyclooxygenase (COX) and prostaglandins (PGs), lipoxygenase (LOX), matrix metalloproteases (MMPs)/tissue inhibitors of metalloproteases (TIMPs), nitric oxide synthase (NOS) and nitric oxide (NO), as well as indoleamine 2, 3-dioxygenase (IDO), and demonstrate the targeting of these spots by natural herbal and synthetic products resulting in the prevention of RA (Table 1). Also, we try to clarify the mechanisms of these enzymes and their derivatives involved in the RA progression.
TABLE 1 | List of herbal medicinal products involved in targeting the enzymes in rheumatoid arthritis.
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PLA2 is a kind of intensively studied hydrolase which can catalyze-hydrolyze the membrane phospholipids at the position of sn-2 thereby producing the lysophospholipid and fatty acid products (Martin et al., 2020). Then, the produced free fatty acid (FFA) can be broken down into various importance biological lipid mediators, and the lysophospholipid products also play vital roles in the corresponding biological processes and physiological activities (Duchez et al., 2019). PLA2 is of high pharmaceutical value protein because it can be responsible for the arachidonic acid release from membranes, and subsequent transformation of fatty acid to leukotrienes and prostaglandins, which plays important roles in the subsequent inflammatory response (Magrioti and Kokotos, 2013). In organisms, there are more than 14 different species of PLA2 enzymes, which may play different or similar roles in many biological processes. Among these 14 isoforms, four main subtypes of PLA2 include the cytosolic phospholipase A2 (cPLA2), calcium-independent phospholipase A2 (iPLA2), secreted phospholipase A2 (sPLA2), and the platelet activating factor acetyl hydrolase/oxidized lipid lipoprotein-associated phospholipase A2 (LpPLA2) are widely studied and identified by researchers (Kozaki et al., 2015; Sodergren et al., 2015). cPLA2 is one of the main subtypes produced in the inflammation area and also the only one PLA2 with a catalyzed-hydrolysis peculiarity for arachidonic acid (AA) at the position of sn-2 in phospholipids (Hartz et al., 2019). As AA is the precursor of eicosanoids, so, cPLA2 can be considered as the pivotal enzyme involved in the production of eicosanoids and therefore, is an important enzyme in some inflammation diseases, e.g., RA (Sommerfelt et al., 2015). In addition to the above functions, cPLA2 can boost the enzymatic activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in monocytes and neutrophils to produce the superoxides during the process of inflammation (Raichel et al., 2008). Therefore, inhibiting the cPLA2 could simultaneously decrease the activities of multiple lipid materials, which facilitate the neutrophils recruitment to the inflammation area, and accelerate the superoxides production and release. Several studies show that cPLA2 is expressed in RA synovium (Malaviya et al., 2006), and has been performing significant roles during the progression of inflammatory in several models of arthritis (Courties et al., 2011). In the rheumatoid arthritis synovial fibroblasts (RASFs) of human, the expression level of cPLA2 is increased by proinflammatory cytokines such as TNF-α and IL-1β (Chi et al., 2011). Then, the elevated cPLA2 acts as an important regulator of those key players including interleukin-8 (IL-8), prostaglandin E2 (PGE2), stromelysin-1 (matrix metalloproteinase 3, MMP3) and COX2 in the pathology of RA, which results in the destruction, angiogenesis of bone and cartilage and the neutrophil recruitment (Sommerfelt et al., 2013). Common research has long held that the cartilage and bone degradation are the two major hallmarks of RA, therefore reduction or prevention of these destructive processes should be a central therapeutic objective. Also, in murine collagen induced arthritis, cPLA2 is also recognized to be one of the vital regulators of the neutrophil recruitment and inflammatory reaction, which highlights the promising biological relevance of cPLA2 in synovitis and arthritis (Raichel et al., 2008). Given all the evidence above, regulating and intervening the enzymatic activity of cPLA2 by specific cPLA2 inhibitors and then promoting the normalization of downstream signals probably be considered as a promising alternative or supplement strategy to the current therapeutic methods for the treatment of RA. Recent research finds that herbal extracts and their purified compounds can selectively suppress the production of cPLA2 and eventually prevent the inflammatory process. Therein, a study demonstrates that PG201 is an extract from a mixture contained 12 different herbs by ethanol. While PG201 reduces the protein expression of cPLA2, it does not affect the mRNA expression level of cPLA2, which leads to the decreased production of PGE2, thus declining the concentrations of IL-1β, IL-6 and CC chemokine ligand-2 (CCL2) in supernatant and synovial tissues, eventually plays important anti-inflammation and anti-arthritic activity in LPS induced inflammatory cells (Raw264.7 cell) and RA rat model (Shin et al., 2003; Choi et al., 2012). All these effects mainly dependent on that PG201 can substantially reduce the activator protein-1 (AP-1) and cyclic adenosine monophosphate-responsive element-binding (CREB) protein transcription factors’ DNA-binding activities, rather than nuclear factor-κB. Similarly, several fatty acids also can be hydrolyzed by sPLA2 at the position of sn-2 in the substrate phospholipid. However, the detailed mechanism of sPLA2 in the generation of eicosanoid is not clear in mammalian cells (Takada and Fujita, 2017). According to a study, the mice expressing sPLA2 enzyme (sPLA2 transgene) developed a deteriorated arthritis, which seemed more severe of arthritis than that of in mice lacking sPLA2. Since lipidomic analyses underlined the important roles of sPLA2 during the production of diverse PGs, especially PGI2, one possibility is that sPLA2 may aggravate the arthritis through increasing the levels of those eicosanoids. Meantime, the results of a primary study indicated that sPLA2 is induced production and activation in the process of inflammation and has been in a high level in the synovial fluid of RA patients (Dore and Boilard, 2019). So far, a number of studies focusing on this subject have no more accurate conclusions, and clinical trials of sPLA2 against RA cannot reach a satisfactory effect (Krizaj, 2014). But one study shows that the ethanol extract of Boerhaavia diffusa, a popular medicinal herb, concentration-dependently inhibits the sPLA2 enzymes to different degrees. Then, the inhibition of sPLA2 enzymes will neutralize the indirect hemolytic activity, mouse paw edema, and other RA symptoms induced by sPLA2 (Giresha et al., 2017). Also, both the Chinese herbal drug Salvia miltiorrhiza extract and the Indian synthetic herbal compounds 2-hydroxy-4-methoxy benzoic acid (HMBA) show a good inhibitory effect on sPLA2 induced toxicities (Gomes et al., 2012; Chen et al., 2017). Although results show good effects, some critical issues still exist and further investigations should to be done to verify the exact active ingredients. In view of the above findings, cPLA2 and sPLA2 are two valuable therapeutic targets, hence targeting the PLA2 enzyme mediator herbal products (such as PG201, Boerhaavia diffusa, Salvia miltiorrhiza extract and HMBA) development is likely to be a potential therapeutic strategy during the process of RA treatment.
Cyclooxygenase (COX) and Prostaglandins (PGs)
Cyclooxygenase is an important enzyme that produces eicosanoids which regulate multiple pathological and physiological process. It converts AA into prostaglandin H2 (PGH2). Then, the PGH2 can be further catalyzed by different synthases to produce 5 main bioactive prostaglandins including PGD2, PGE2, PGF2, PGI2, and thromboxane A2 (TXA2) (Qureshi and Dua, 2020). Early studies have confirmed that there are two main subtypes of cyclooxygenase that are found in the human body (Nokhbehsaim et al., 2020). The first one is known as cyclooxygenase-1 (COX-1), which is considered as a beneficial enzyme and constitutively expressed in many kinds of tissues and cells, and acts as part of normal cellular housekeeping, such as maintaining the stomach’s lining, whereas the inducible enzyme named cyclooxygenase-2 (COX-2), in contrast, is induced by some particular conditions such as mitogenic and inflammatory stimuli, etc (Leng et al., 2018). Both types of COX make a class of compounds including prostaglandins, which produce signals that are short-lived and only affect nearby cells, or the same cells produce them. Long ago before regulation of COX-2 gene expression had been recorded in synovial tissues of both human and rodent. In the experimental arthritis, the expression level of COX-2 has been confirmed to increase in consistent with the clinical disease development and closely correlated with the infiltration of synovial mononuclear cell (Masferrer et al., 1994). In the human synovial tissues from RA, osteoarthritis (OA) and non-arthritic traumatic injury patients, the significantly express signal of COX was captured in a distinct structure called the synovial lining layer and multiple cell types including subsynovial synoviocytes, mononuclear inflammatory cells and vascular endothelial cells (Crofford, 1997). And the level of COX-2 was proved to be closely correlated with the infiltration degree of mononuclear cell, which provided a measurement manner for the synovial inflammation (Sano et al., 1992). During the occurrence and development of arthritis, the inflammatory cytokines such as IL-1β and TNF-α can induce the expression of COX-2 in synovial fibroblasts via stimulating the NF-κB and mitogen-activated protein kinase (MAPK) signals. Subsequently, COX-2 promoted the generation and accumulation of prostanoids in the synovium tissue (Nakano et al., 2020). Among the variety of prostaglandins, PGE2 and thromboxane A2 (TXA2) are the two powerful inflammation bioactive substances that contribute to the development of RA. In the course of RA, PGE2 causes the vasodilatation and subsequently brings about the neutrophils recruitment to the affected progression of joints (Peng et al., 2019). The neutrophils recruitment in joints is attributed to the generation of IL-17 induced by IL-23, as well as the damaged production of interferon-γ (IFN-γ) and IL-12. Furthermore, PGE2 regulates the degradation of matrix to influence the destruction of cartilage (Jiang L. et al., 2020). Under the inflammation condition, PGE2 can also induce the angiogenesis through accelerating the vascular endothelial growth factor (VEGF) production. Besides, research finds that PGE2 can not only promote the intension of inflammatory pain by also enhancing the sensitization of bradykinin and histamine-induced nociceptive stimuli, but also accelerate the plasma extravasation induced edema during the RA disease. In the meantime, studies have been shown that the effect of IL-1, IL-6 and TNF-α on bone resorption is mainly by a PGE2 dependent way (Jia et al., 2019). Extracts from a famous Chinese herbal called Tripterygium wilfordii Hook. F (TWHF) have been demonstrated effectively when treating the patients with inflaming and autoimmune diseases, for example, RA. In the subsequent experiments, researchers found that the chloroform/methanol extract (T2), ethyl acetate extract (EA) extract and the triptolide component could suppress the production of PGE2 via blocking the COX-2 upregulation in RASF of RA in a dose-dependent pattern (p < 0.05) in joint tissues of CIA mice (Tao et al., 1998; Lin et al., 2007). These alterations indicated that TWHF possesses promising immunosuppressive and anti-inflammatory activities on RA. In LPS stimulated neuroinflammation, treatment with Myricetin, a natural flavanol, can attenuate the expression of COX-2, which remarkably inhibits the generation of PGE2, IL-1β, and TNF-α, and eventually ameliorate the neuroinflammation (Jang et al., 2020). In human chondrocytes stimulated by IL-1β, Myricetin could increase the ration of p-Akt/Akt to activate the PI3K/Akt signaling pathway. Then, the activated pathway enhances the Nrf2/HO-1 pathway activation to abolish the NF-κB mediated inflammation, eventually suppresses the expression of COX-2 and inhibits the generation of inflammation mediators such as PEG2, IL-6 and TNF-α to ameliorate the development of OA (Pan et al., 2019). The above results supporting Myricetin can be regarded as a potential anti-RA herbal product by targeting the COX-2 and related PGE2 in the further research. Also, Xanthones extracts derived from Swertia chirayita, a famous Chinese herb, show a good anti-inflammatory property by inhibiting the expression of COX-2 and PGE2 in murine macrophage cells, which can be considered as a potential anti-RA herbal product for further study (Hu et al., 2019). Therefore, it is a beginning point for finding more products to decrease the level of PGE2 through suppressing the activity or expression of COX-2 during RA treatment. TXA2, the other product derived from COX, acts as a paracrine/autocrine hormone to induce the human platelets with as fast irreversible aggregation. It is also a potent smooth muscle contraction inducer by binding to its specific receptor, TXA2 receptor (Kashiwagi et al., 2019). Research shows that the biosynthesis of TXA2 at the molecular level in RA patients is obviously stronger than that of in healthy control subjects, suggesting its role in RA development. Further studies indicate that TXA2 binds to its receptor to active several intracellular signaling, which causes the transcription factor NF-κB activation, and subsequently increases the levels of IL-1 and TNF-α, leading to the synovial cell pathology in RA (Wang et al., 2015). Therefore, targeting TXA2 provides a potential therapeutic strategy during the RA treatment by herbal medicinal products.
Lipoxygenase (LOX) and Leukotrienes (LT)
Lipoxygenase (LOX) is a kind of non-heme iron-containing dioxygenases that can catalyze the oxidation of fatty acid. Until now, the main subtypes of LOX, such as 5-LOX, 12-LOX, and 15-LOX, have been validated by several studies, which can stereospecifically combine with atom of oxygen at carbon atom 5, 12, or 15, respectively (Mackel et al., 2020). That much had been shown many times before: LOX transduction system is one major signaling pathways during inflammatory process of RA and that the synovial fluid of RA patients has a multitude of leukotrienes (Gheorghe et al., 2009). Studies show that 5-LOX and 15-LOX are primarily existing in the synovium of RA and OA, and therein 15-LOX is a lipid-per oxidizing enzyme that predominantly expressed in eosinophils, macrophages, fibroblasts and most articular tissues, including cartilage, synovium, and bone and its products are found in human synovial fluids, while 5-LOX is mainly located in the lining/sublining macrophages, neutrophils, and mast cells (Colamorea et al., 1999; Klein et al., 2004). In the human body, IL-13 induces the expression of 15-LOX in blood monocytes, while IL-4 stimulates the 15-LOX in RA synovial cells, monocytes, mast cells and dendritic cells. Then, 15-LOX converts AA to 15-hydroperoxy-eicosatetraenoic acid (15-HETE), which undergoes further conversion to form the15-hydroxyeicosatetraenoic acid (Wan et al., 2020). In the RA joint, the intermediate 15-HETE suppresses the generation of leukotriene B4 (LTB4) to regulate the leukocytes infiltration. Also, 15-HETE inhibits the mitogenesis of T-lymphocyte and the secretion of eosinophil leukotrienes C4 (LTC4), to prevent the neutrophil migration, and inhibit superoxide anion production and degranulation from activated neutrophil, which leads to the down-regulation of the inflammatory process in RA joints, indicating that 15-LOX has a protective effect on RA through forming the anti-inflammatory lipoxins (Wan et al., 2019). Some research shows that the expression of 15-LOX is elevated by IL-1β and TNF-α in RASF, while knockout of 15-LOX significantly reduces the cartilage destruction and inflammatory arthritis in C57/B6 mice induced by Freund’s Complete Adjuvant H37Ra (FCA; containing the 1 mg/ml Mycobacterium tuberculosis H37Ra) (Wu et al., 2012). Besides, treating with 15-(S)-HETE can also promote the osteoclasts differentiation (Kronke et al., 2009). The above studies indicate the indispensable role of 15-LOX during the arthritis pathogenesis, thus providing a valuable target for drug discovery and development when treating inflammatory arthritis. In RA, 12-LOX represents a similar anti-inflammatory enzyme operative, while the 5-LOX subtype catalyzes the synthesis of leukotriene B4 (LTB4) from arachidonic acid, and it is known to accelerate the pathogenesis of RA in contrast with 15-HETE. To confirm the role of 5-LOX in RA, RASF are pretreated with two kinds of 5-LOX inhibitors MK-886 (5 mM) and NDGA (5 and 10 mM) for 1 h. For the next 6 h, cells are treated with TNF-α (10 ng/ml). Researchers find that pretreatment of 5-LOX inhibitors can significantly decrease the TNF-α-induced IL-6 protein level and the expression of monocyte chemotactic protein-1 (MCP-1)/CCL-2, and the results are similar to those of 5-LOX knockdown (Lin et al., 2014). Furthermore, in vivo study demonstrates that 5-LOX inhibitor can alleviate the TNF-α induced phenotypic changes and even systemic inflammation. The alterations induced by 5-LOX inhibitors and 5-LOX knockdown suggest a valuable therapeutic strategy targeting 5-LOX for treating the RA (Chen et al., 2006).
Several studies show that many agents can inhibit the activity of LOX, which displays a significant inhibitory effect against joint inflammation. Among them, some herbal products have attracted people’s attention. Bacopa monniera Linn is described in the ayurvedic materia medica, as a therapeutically useful herb for the treatment of inflammation (Viji and Helen, 2008). In the carrageenan-induced rat paw edema model, Bacopa monniera Linn and its methanolic extract can significantly inhibit the activity of 5-LOX, while increasing the 15-LOX activity. Then, the decline in 5-LOX and elevation of 15-LOX activity leads to the decreased LTB4 production, which shows a significant effect in decreasing edema and the inflammation process. The result indicates that Bacopa monniera Linn and its methanolic extracts may be a potential herbal product for treating joint inflammation and even RA when targeting LOX (+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffeate (HOEC) is an important herbal ingredient product isolated from Incarvillea mairei var, which has long been used as folk medicine for the treatment of inflammatory related diseases in China. Research found HOEC as an inhibitor of 5-LOX and 15-LOX in vitro to significantly inhibit both the two LOXs, thus suppressing the LOX related pathway in the beginning of arthritis. The inhibition of LOX pathway reduced the production of LTC4 and 15-HETE, but had little effect on LTB4 expression, eventually alleviating the clinical symptoms of arthritis, such as synovial hypeplasia, multiple cartilage destruction and pannus (Yang et al., 2018). These alterations suggest that treatment of herbal product HOEC exhibit a significant anti-RA effect by targeting the LOXs, which should be paid attention to and further studied. Also, a major herbal compound named sec-O-glucosylhamaudol (SOG), which is derived from Saposhnikovia divaricata (Turcz.) Schischk, has been reported to have anti-5-LOX activity, suggesting that SOG might have therapeutic effects on inflammatory disease, such as acute lung injury and RA (Zhao et al., 2016; Liu et al., 2020). Based on the above findings, targeting the lipoxygenase may be a great therapeutic strategy in treating inflammatory disease including RA and these herbal medicinal products will develop into effective medicines for RA treatment with the deepening and development of research.
Matrix Metalloproteases (MMPs)/Tissue Inhibitors of Metalloproteinases (TIMPs)
Under the environment of RA, mononuclear/macrophages are activated to produce various cell factors and inflammatory mediators (Siouti and Andreakos, 2019). Among these mediators, the inflammatory factors such as IL-1β and TNF-α activate and accelerate the generation of matrix metalloproteases (MMPs), which will significantly increase the total activities of MMPs indirectly. The enzyme family can irreversibly promote the degradation of extracellular matrix (ECM) ingredients, including the collagen and fibronectin in the place of articular cartilage and bone (Viana et al., 2020). The major components of cartilage are type II collagen and proteoglycans, while type I collagen primarily constitutes the bone. Studies indicate that the process of MMPs mediated collagen degradation is the rate-limiting step during the damage of cartilage and bone. In the joints area, synovial cells produce the MMP-1, while MMP-13 synthesized by chondrocytes acid reside in cartilage (Li and Li, 2019; Nishi et al., 2019). Under the circumstances, MMP-13 degrades many substances including collagen, proteoglycan molecule and aggrecan. In a clinical study, researchers found the expression levels of MMP-1 and MMP-13 are increased in RA patients, and the baseline levels of serum MMP-1 and MMP-13 are correlated with disease progression, which can be used for predicting the radiographic and functional outcome in the early RA (Green et al., 2003). Regulated upon activation, normal T cell expressed and secreted (RANTES)/CCL5 is a chemokine produced by the majority of cell types, such as synovial fibroblasts, chondrocytes and activated T cells, etc. that participate in the pathogenesis of RA. In human RASFs, a study demonstrated that RANTES/CCL5 can induce the expression of MMP-1 and MMP-13, thus destroying the native collagen structure (Agere et al., 2017). Besides, RASFs produced MMP-1 and MMP-13, and the increased levels of these two MMPs in synovial fluid and tissue biopsies of RA patients offer some solid evidence for their function in tissue destruction (Yoshihara et al., 2000; Miller et al., 2009). In the inflammatory arthritis mice model and SFs, Firestein et al. proposed that JNK signaling pathway can mediate the production of multiple cytokines such as IL-1β and TNF-α, and these cytokines subsequently induced the MMP-1 and MMP-13 expression (Han et al., 2001). In recent studies, researchers used JAK inhibitor or anti-TNF-α as intervention means and the results showed the obvious efficacy in ameliorating the tissue destruction, which was partly relation with the downregulation of MMP-1 and MMP-13 (Catrina et al., 2002; Boyle et al., 2015). The findings above indicated that MMP-1 and MMP-13 play a certain role in the RA progression, which should be considered as promising therapeutic target when treated with anti-RA agents, including herbal medicinal products. In the meantime, research also showed that the expression of other MMPs, such as MMP-2, MMP-3, MMP-9, MMP-12, and MMP-14, is obviously elevated in RA. And these enzymes degraded the components of non-collagenous protein of matrix, which results in the complete joint damage (Wang X. et al., 2019). Besides, MMPs also play a pivotal role in the angiogenesis progress, which is one of the critical components of the inflammatory arthritis pathogenic process (Withrow et al., 2016). Taken together, suppressing the activities of pathogenic MMPs in the section of joint, bone, and synovial cells can prevent or significantly decrease the joint and bone destruction, thereby alleviating the pain of arthritis patients and benefiting with an improved quality of life. Several studies report that TIMPs 1-4 are the natural inhibitors of MMPs, and they can diminish the pro-inflammatory cytokines and tissue damage in the joint (Hyc et al., 2016). Therefore, plenty of effort has been invested in finding and designing the effective suppressant and herbal products of MMPs’ activity and/or synthesis that display great anti-RA activity in several arthritis animal models. So far, there have been some herbal medicinal products that show good treatment results in treating the arthritis, especially RA. Total glucosides of paeony (TGP), a Chinese herbal product with extensive popularity, shows the obvious inflammation and pain inhibiting effects in a rat model of RA. Then, an in-depth study finds that part of its anti-RA effect is attributed to the suppression of the TNF-α and IL-1β production via macrophage-like synoviocyte (MLS), and that of MMP-1 and MMP-3 by FLS (Li et al., 2019). Moreover, this interdependent inhibition effect on different inflammatory enzymes and mediators can be explained by the fact that IL-1β and TNF-α regulates the expression and activity of MMP-1 and MMP-3 (Can et al., 2020). The anti-RA clinical application of Pavlin is well validated by the results acquired by above studies. Likewise, in a separate study, researchers find that Triphala guggul, an ayurvedic herbal medicinal product, shows a certain inhibition of key enzymes including hyaluronidase, collagenase and MMPs, which are involved in the tissue damage in RA (Sumantran et al., 2007). Tanshinone IIA (Tan IIA), the primary phytochemical extracted from a famous Chinese herbal Salvia Miltiorrhiza Bunge, is reported to be capable of promoting the RA-FLS apoptosis and inhibit arthritis progression in an AIA mouse model (Wang Z. et al., 2019). Moreover, RA patients treated at clinic with Tan IIA showed significant improvements in their clinical symptoms. After exploring, a researcher found that Tan IIA could effectively inhibit the increased mRNA expression of multiple matrix metalloproteinases (including MMP2, MMP3, MMP8, and MMP9) and proinflammatory factors in RA-FLSs stimulated by induced by TNF-α, resulting in the inhibition of inflammatory reactivity and end of knee joint destruction, which indicates the promising therapeutic role in the treatment of RA and shows potential to improve the life quality of RA patients (Du et al., 2020). Besides, Celastrol, Ikarisoside, and AKBA (mastic acid active ingredient) suppress the activity of MMP9, one of the transcription factor NF-κB-mediated genes (Choi et al., 2010; Xiao et al., 2018). Ursolic acid inhibits the expression of MMP-9, while the catechins extracted from green tea shows a good inhibitory effect on the expression and activity of MMP1 and MMP13 (Fechtner et al., 2017; Radhiga et al., 2019). PG201, the aforementioned new herbal drug, was reported to amplify the expression of TIMP-2, thus elevating the ration of TIMP2/MMP2 in synovial tissue and fluid in CIA rabbits and mice. For the arthritis progression, down-regulation of MMPs and up-regulation of TIMPs could prevent the collagen and proteoglycan release from cartilage to relieve the cartilage destruction and degradation (Park et al., 2005). Encouragingly, PG201 (Layla, PMG Pharmaceutical) for treating OA had received the new drug application (NDA) approval in March 2012 (Yoo et al., 2014; Kim et al., 2016). Therefore, targeting the MMPs/TIMPs system may be a brilliant therapeutic strategy in treating the RA and these herbal medicinal products will develop into great medicines for RA treatment to a large degree.
Nitric Oxide Synthase (NOS) and Nitric Oxide (NO)
Nitric oxide (NO) is a kind of radical gas with molecules synthesized from the guanidino group of l-arginine by nitric oxide synthase (NOS), which plays important roles in human body, including anti-tumor, anti-bacterial, wound healing, and vasodilation effects (Gartside et al., 2020). However, things always have two sides. When the level of endogenous NO is excess, severe inflammatory diseases such as inflammatory periodontal disease and joint disease including RA set in (Zaichko et al., 2020). NOS contain different isoforms: inducible macrophage type NOS (iNOS), endothelial cell NOS (ecNOS) and brain NOS (bNOS) (Gartside et al., 2020). Under the stimulation of a variety of immunological factors, pro-inflammatory cytokines can induce the non-hematopoietic cells, like fibroblasts, to produce the iNOS. Similar to that of NO, the production of iNOS may have either a toxic effect or a protective effect. Studies using non-selective NOS inhibitors showed the suppression of arthritis in rats, thus suggesting positive inhibitory effects of iNOS in acute and chronic joint inflammation, which indicate the possibility of direct NO toxic effects in RA (Stefanovic-Racic et al., 1994). In antigen-induced arthritis (AiA) mouse, Andreas et al. found that the development of AIA is related to the overexpression of iNOS in synovial microcirculation of knee joint, the elevated NO production and the increased leukocyte adhesion/infiltration in synovium (Veihelmann et al., 2001). Meantime, in the C57/Bl6 mice with AIA, the iNOS expresses, after stimulation, up to ten times more NO than the two constitutive forms of NOS (Schmitt-Sody et al., 2007). When detailed mechanisms are explored, researchers found that the activation of NF-κB in multiple arthritis models including RA, CIA and AIA is necessary for both the initiation and development of inflammation (Makarov, 2001). Overexpression of NF-κB has been reported to target the transcriptional process of iNOS mRNA, thus increasing the levels of iNOS gradually, which will catalyze and produce NO in arthritis models (Tak and Firestein, 2001). Under the inflammatory condition of RA patients, overexpression of iNOS is essential for the increased NO production (Aktan, 2004). At this point, researchers find that NO can stimulate the generation of pathogenic cytokines such as IL-1β, TNF-α, IFN-γ, and collagenase (Zaichko et al., 2020). Also, NO induces certain chemokines that contribute to the disease progression in RA. After decreasing the production of NO by inhibiting NOS, the arthritic symptoms were reduced. The above results demonstrate that suppressing the activity of iNOS could decrease the level of NO, eventually revealing an anti-arthritis effect, especially in RA, CIA and AIA. Based on these findings, the study of herbals shows that anti-oxidants extracted from a number of herbals can scavenge the NO and other free radicals. Besides, some herbals-derived compounds can suppress the activity of iNOS. Daphne genkwa is a herb with important anti-inflammatory effects. Some research showed that flavonoid is the main active ingredient. In LPS-induced RAW264.7 macrophages, T lymphocytes and fibroblast-like synoviocytes, Daphne genkwa can obviously inhibit the NF-κB pathway and down-regulate the expression of iNOS mRNA, which leads to the decreased expression of iNOS protein. After that, the decreased iNOS will reduce the secretion levels of NO and IL-6 in inflammatory RA-FLSs (Sun et al., 2020). According to one study, oral administration of POEa and POEe (ethyl acetate and ethyl ether extract of P. orientale, respectively) to rats can ameliorate the adjuvant arthritis (AA), and this is associated with decreased generation of various inflammatory mediators, including NO by macrophage (Gou et al., 2018). In another study, Celastrus aculeatus exerts its anti-inflammatory and anti-arthritis activity as tested in the AA model. After treating with Celastrus ethylacetate extract, rats show a significant decrease of the NOS expression and the NO levels both in serum and culture supernate of antigen-stimulated draining lymph node cells (Bai et al., 2014). Besides, Celastrol, as an ingredient of Celastrus and other celastraceae family of herbals, has been shown to modulate the expression of iNOS (Kannaiyan et al., 2011). Therefore, targeting the iNOS may be a potential therapeutic strategy in treating the RA and these herbal medicinal products will develop into great medicines for RA treatment.
Indoleamine 2, 3-Dioxygenase (IDO)
Tryptophan is an essential amino acid that is critical for normal cell survival and proliferation, and obviously important for the development and functioning of many organs in the human body (Hu et al., 2020). Some studies found that tryptophan can be catabolized by indoleamine 2, 3-dioxygenase (IDO) to form the kynurenine, which can induce the apoptosis of T cells (Jiang X. et al., 2020). IDO, as the only one rate-limiting enzyme outside the liver that catalyzes tryptophan to kynurenine, is expressed in dendritic cells (DC) and activated macrophages, but not in the T cells. IDO positive DCs exert a significant role in the induction and maintenance of peripheral tolerance through the generation/activation of regulatory T cells (Treg) and consumption of self-reactive T cells. A study from Ozkan reports that the serum concentration of tryptophan markedly decreases, while the levels of kynurenine significantly increase in RA patients, indicating the integral role of IDO in RA disease (Merlo et al., 2017). Meanwhile, the concentration of kynurenine is higher in synovial fluid of RA than that of in OA patients and correlates with proinflammatory cytokines such as IL-1β, IL-6, and IL-8 expression (Bertazzo et al., 1999). Subsequently, IDO overexpression has been detected in the RA synovial, as well as in OA synovial. Under the inflamed synovium microenvironment, the expression of IDO was evaluated at a mRNA level in human FLS isolated from RA patients (Massalska et al., 2019). Some studies have found that IDO expression showed a direct effect on RA-related chondrocytes proliferation and collagen II in the matrix that suggests a possible effect on the MMPs (Chang et al., 2018). In the RA model, IDO could markedly diminish the accumulation of pathogenic Th1 and Th17 cells in the arthritic joints, thereby alleviating the severity of this disease. But with the deepening of the research, some results also show that inhibiting the activity of IDO may recede instead of aggravate RA. In-depth mechanism study finds that the IDO activity can be regulated by CD4+ CD25+ Treg and interferon-γ (IFN-γ). Moreover, the over-expression of enzyme tryptophanyl-tRNA-synthetase (TTS) in cytoplasmic can load the tryptophan into its specific tRNA, to form the chromoyl-tRNA complex, and this complex can antagonize the IDO-mediated deprivation of tryptophan, which will diminish the accumulation of T cells in arthritic joints and eventually recede the RA (Kim et al., 2018). Therefore, targeting the IDO could be a promising therapeutic strategy. So far, there has been no direct evidence that herbal medicine can alleviate the RA progression through targeting the IDO. However, in the depression-like model of rat, ethanol extracts from Hemerocallis citrine can attenuate the upregulation of proinflammatory cytokines and IDO (Liu et al., 2014). Meantime, Feiji Recipe, a compound of Chinese herbal medicine product, can significantly reduce the expression of IDO in C57BL/6 orthotopic mouse model (Luo et al., 2018). As of now, herbal products have not been studied much for their ability to modulate RA via altering IDO activity, but fortunately it also provides us with the great opportunity to apply the herbal products in the basic research and clinical treatment of RA in the future.
CONCLUSION
Targeting the enzymes and their derivatives is likely to become a potential therapeutic strategy in the treatment of RA and these targeted herbal medicinal products would develop into great medicines for RA treatment. The major benefit of using these herbal products and their active ingredients due to their limited or almost no undesirable side effects. Hence, the interdisciplinary efforts of researchers are intended to explore the detailed biology functions of existing herbal products, to screen and identify novel herbal products, and to define the exact molecular mechanisms should be reinforced. These actions would facilitate and boost the discovery, screening, and development of safe and effective herbal products for treating RA and other inflammation, and autoimmune-mediated disorders.
[image: Figure 1]FIGURE 1 | Schematic model representing the anti-rheumatoid arthritis (RA) effects of herbal medicinal products on therapeutic enzymes and their derivatives targets in RA. Additional abbreviations: 15-HETE: 15-hydroperoxy-eicosatetraenoic acid; COX-2: cyclooxygenase-2; PLA2: phospholipase A2; IDO: indoleamine 2, 3-dioxygenase; IFN-γ: interferon gamma; IL-1: interleukin-1; LTB4: leukotriene B4; LTC4: leukotrienes C4; LOX: lipoxygenase; MMP: matrix metalloproteinase; NOS: Nitric oxide synthase; NO: nitric oxide; PGE2: prostaglandin E2; Tan IIA: tanshinone IIA; TGP: total glycosides of paeony; TNF-α: tumor necrosis factor α; TXA2: thromboxane A2.
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Background: Patients with noninfectious uveitis (NIU) are at risk of systemic side effects of long-term glucocorticoid therapy and uncontrolled inflammatory complications. In urgent need to identify more aggressive therapies, adalimumab (ADA) may be the right choice.
Objectives: To summarize the current evidence from randomized controlled trials (RCTs) regarding the efficacy and safety of ADA in the treatment of NIU.
Methods: We searched Pubmed, Embase, Web of Science, Cochrane Library databases, and Clinical Trials Registry for qualifying articles from their inception to November 19, 2020, with no language restriction. Randomized controlled trials comparing ADA with conventional routine treatment in noninfectious uveitis patients of any age, gender, or ethnicity were included. The primary outcome was the time to treatment failure (TF). The secondary outcomes were the change in best-corrected visual acuity (BCVA), change in the anterior chamber (AC) cell grade, change in vitreous haze (VH) grade, and adverse events (AEs).
Main results: The six studies comprised 605 participants in all, and the sample size of each study ranged from 16 to 225. The overall pooled results of the primary outcome (HR = 0.51; 95% CI, 0.41 to –0.63) showed that ADA nearly halved the risk of treatment failure compared to placebo for NIU patients. The pooled mean difference of change in BCVA was -0.05 (95% CI, −0.07 to −0.02). The pooled mean difference of change in AC cell grade and VH grade was −0.29 (95% CI, −0.62 to −0.05) and −0.21 (95% CI, −0.32 to −0.11), respectively. The incidence of AEs in the ADA group was numerically higher than that of AEs in the placebo group (2,237 events and 9.40 events per patient-year, equivalent to 1,257 events and 7.79 events per patient-year).
Conclusion: This meta-analysis of six RCTs further confirmed that ADA considerably lowered the risk of treatment failure or visual loss, and moderately reduced AC cell grades and VH grades with slightly more AEs, as compared to placebo. ADA is both effective and safe in treating NIU.
Systematic Review Registration: [https://clinicaltrials.gov], identifier [CRD42020217909].
Keywords: adalimumab, noninfectious uveitis, anti-TNF-α, treatment, meta-analysis
INTRODUCTION
Noninfectious uveitis (NIU) encompasses a heterogeneous collection of ocular disorders related to different etiologies, characterized by intraocular inflammation in the absence of infection (Airody et al., 2016; Dick et al., 2016). It is generally believed that noninfectious uveitis is an immune-mediated ocular inflammation frequently accompanied by systemic autoimmune diseases such as juvenile idiopathic arthritis, Behcet syndrome, or ankylosing spondylitis (Cordero-Coma and Sobrin, 2015; Schwartzman and Schwartzman, 2015). The mean prevalence of uveitis in Europe is 144.85 in 100,000 people, while NIU approximately accounts for 70% of uveitis (Llorenç et al., 2015). Simultaneously, the gross prevalence of NIU in American adults is roughly calculated to be 121/100,000 (Dick et al., 2016). It is estimated that the risk of blindness or low vision in patients with NIU is ten times higher than that in people without NIU (Durrani et al., 2004). NIU accounted for approximately 20% of legal blindness in developed countries, causing a massive burden to society (Nussenblatt, 2005; Wakefield and Chang, 2005; Jabs et al., 2013).
The treatment principle of NIU is to control intraocular inflammation, prevent relapses of inflammation, and reduce drug-related side effects. Currently, corticosteroids and immunosuppressants remain the mainstay of treatment drugs, which sometimes fail to control inflammation and frequently cause well-known ocular and systemic adverse effects (Sen et al., 2014; Miloslavsky et al., 2017; Niederer et al., 2017; Suhler et al., 2017). Therefore, it is urgent to identify more effective and safer therapies that target specific immune response mediators to achieve and maintain inflammation remission. Moreover, adalimumab (ADA) may be the one (Suhler et al., 2013; Levy-Clarke et al., 2014).
Adalimumab (Humira®; AbbVie Inc.) is a full-length human monoclonal antibody that uniquely targets TNF-α and counteracts its biological activity (Burmester et al., 2013; Airody et al., 2016; Balevic and Rabinovich 2016). Currently, ADA is the only biologic that has been proven effective to NIU by randomized-control, double-blind phase Ⅲ studies (Jaffe et al., 2016; Nguyen et al., 2016). Consequently, the United States, European countries, Japan, and China have successively approved ADA to treat NIU. Although it received approval in these countries, ADA has not yet been widely used worldwide.
The most recent systematic review on the ADA for NIU dates back to 2018 (Ming et al., 2018), while several relevant articles have been published after that. Moreover, all the existing systematic reviews on this topic are mainly based on observational studies and rarely include randomized controlled trials (RCTs) which lead to their low quality of evidence. So we herein conducted a systematic review with meta-analysis to synthesize the currently accessible evidence from RCTs to assess ADA’s efficacy and safety in NIU.
ARTICLE TYPES
A Systematic Review and Meta-Analysis of RCTs.
MANUSCRIPT FORMATTING
Methods
This meta-analysis was conducted following the Preferred Reporting Items for Systematic Review and Meta-analysis statements (Shamseer et al., 2015), with the protocol registered in the Prospero database (CRD42020217909).
Study Design and Interventions
The main inclusion criteria are as follows: 1) randomized controlled trials comparing ADA with conventional routine treatment (such as local and systemic corticosteroids, immunosuppressants) in patients of any age, gender, or ethnicity with a diagnosis of NIU; 2) the mean follow-up duration was more than three months; 3) sample size greater than 10; 4) AC cell grade and VH grade were evaluated by Standardization of Uveitis Nomenclature (SUN) criteria (Jabs, Nussenblatt, and Rosenbaum, 2005). We excluded studies that met any of the following conditions: 1) duplicate reports on the same study; 2) inadequate data or information; 3) control group was not placebo.
Data Sources and Search Strategy
Pubmed, Embase, Web of Science, Cochrane Library, and Clinical Trials Registry were searched for relevant literature from their inception to November 19, 2020, regardless of language. If necessary, the researchers were contacted for more data. The search was limited to abstract/keyword/title fields. The search terms included uveitis, iridocyclitis, retinitis, retinal vasculitis, panuveitis, uveit*, adalimumab, ADA, Humira, TNF, TNF-a, anti-tumor necrosis factor-alpha, randomized controlled trial, and clinical trial. The Boolean operators appropriately connected these keywords. Study design types were restricted to randomized controlled trials (RCTs).
Study Selection and Exclusion Processes
According to the inclusion criteria, two reviewers (Biao Li and Haoran Li) independently assessed the relevant studies for eligibility. Any disagreements were resolved through discussion among ourselves.
Outcomes Assessment
The primary outcome was the time to treatment failure (TTF), a rigorous composite outcome composed of four components (new ocular inflammatory lesions, BCVA, AC cell grade, and VH grade). “Treatment failure” was defined by the presence of one or more of the following factors: 1. new active, inflammatory lesions relative to baseline; 2. a two-step increase in anterior chamber cell or vitreous haze grade; 3. a worsening of best-corrected visual acuity by 15 or more letters on the Early Treatment Diabetic Retinopathy Study chart, relative to the best state previously achieved, in at least one eye; 4. sustained non-improvement with entry grade of ≥3; 5. use of concomitant medications not allowed; and 6. intermittent or continuous suspension of study treatment (adalimumab or placebo) for a cumulative period of longer than four weeks. The secondary efficacy outcomes included change in BCVA (logMAR), change in AC cell grade, and VH grade (according to SUN). The safety outcome was the number and the rate of adverse events (per patient-years).
Data Extraction
Two authors (Biao Li and Haoran Li) extracted the data from the included publications into standard forms independently and cross-checked them to ensure accuracy. Differences were settled by discussion and transferred to a third author if needed. The information captured included: first author’s last name, published date, number of patients in each group, demographic data, follow-up time, and definitions of endpoints. If the same registered trial data appeared in multiple articles, the article with the latest or most comprehensive data was included.
Data Analysis
Two reviewers (Biao Li and Li Zhang) independently evaluated the quality of the included studies using the recommended Cochrane Collaboration tool for assessing the risk of bias, which consists of seven types of risks of bias: random sequence generation; incomplete outcome data; allocation concealment; selective reporting; blinding of participants and personnel; blinding of outcome assessment; for-profit bias. Disagreements were settled by discussion and transferred to a third author if needed. We conduct our statistical analysis using review manager version 5.3 software according to the intention to treat analysis method. The evaluation of outcomes was done per eye, except TF and AEs, mainly pooled per patient. For continuous endpoints such as BCVA, AC cell grade, and VH grade, we preferentially retrieved mean differences with 95% CI. When meta-analysis was not proper for certain types of data we narratively summarize the relevant results.
The heterogeneity of the pooled results was assessed by Cochrane’s Q test and Higgins’ I2. If apparent heterogeneity existed (p<0.1 or I2 > 50%), the pooled results were estimated using the random-effects model. Alternatively, the fixed-effects model was adopted. Besides, we deleted each study to assess each study’s impact on the overall risk estimate to examine the results’ robustness. Subgroup analysis was initially planned according to the type of uveitis, study location, follow-up time duration, and participants’ age. Unfortunately, we do not have enough sample size to perform these analyses.
We originally planned to examine the publication bias of included studies by funnel plots and Egger’s test. Unfortunately, we lack enough studies to conduct these analyses.
Confidence in Cumulative Evidence
The GRADE system was used to access the evidence’s quality of every efficacy outcomes. GRADE system scored the evidence of each outcome in five aspects: limitations of the study design and execution, inconsistency, indirectness, imprecision of results, and publication bias. Accordingly, we classify ADA treatment’s recommendation level as very low, low, medium, or high.
Results
Study Selection
Our literature search yielded 918 articles (Pubmed: 335; Embase: 292; Web of Science: 161; Cochrane Library: 113; ClinicalTtrials.gov: 17). After removing duplicates, 616 articles remain. Of these, 568 were excluded after screening for the titles and abstracts. After the full-text examination of the remaining 48 articles, five articles (6 trials, there was one article containing the data of two RCTs) met inclusion criteria for our meta-analysis (Figure 1).
[image: Figure 1]FIGURE 1 | Flow diagram.
Study Characteristic
All six studies used intention-to-treat analysis to evaluate efficacy and safety outcomes. Six hundred thirty-six patients were enrolled in six studies, including 318 in the ADA group and 287 in the control group. The sample size ranged from 16 to 225. Overall, 61.23% (368/601) of patients were female, with the sex distribution favored females in each of the six studies. The mean age varied from 8.90 to 50.90 years old, and the mean uveitis duration was between 43.75 and 94.56 months. Table 1 summarises the characteristics of the six selected RCTs.
TABLE 1 | Characteristics of the included RCTs.
[image: Table 1]Quality Assessment
We judged for-profit bias in all six studies as high risk since five of the included studies were sponsored by pharmaceutical companies (AbbVie), while the remaining one studies had participants who received remuneration such as speaker’s fees from AbbVie.
Since only outcome assessors were blinded in Mackensen’s study, the risk of performance bias was considered high, and the detection bias was assessed as low risk. In the other five studies, the risk regarding blinding were all considered low risk since the methods of blinding patients, doctors, and outcome assessors were described in detail. The remaining four types of risk of bias were all considered low risk in six studies because the corresponding evidence can be found in the article. As prospective trial registrations were accomplished in all studies and their prespecified outcomes were reported, selective reporting was considered low risk. Figure 2 demonstrates the risk of bias in each study.
[image: Figure 2]FIGURE 2 | Risk of bias summary.
Synthesis of Results
The pooled results included the time to treatment failure, change in AC cell grade, change in VH grade, and change in BCVA (logMAR). Table 2 demonstrates the relevant results of the including studies.
TABLE 2 | Summary of the results of individual studies.
[image: Table 2]Time to Treatment Failure
The hazard ratio (HR) to treatment failure was reported in five studies. All studies reported the HRs ranging from 0.25 to 0.57, except for the VISUAL Ⅰ  Japan (HR = 1.2, 95% CI, 0.41–3.51). The pooled results of all the five studies (HR = 0.51; 95% CI, 0.41–0.63) showed that ADA nearly halved the risk of treatment failure compared to placebo. Heterogeneity was not significant by the Q statistic (6.49 on 4 df, p = 0.17) and by I2 (38%). (Figure 3)
[image: Figure 3]FIGURE 3 | Forest plot of time to treatment failure.
Change in BCVA (logMAR)
A total of five studies involving 856 patients presented the change in BCVA (logMAR) after the intervention. The mean difference of the change in BCVA ranged between −0.08 and 0.04 (p <0.05). The pooled estimate mean difference favored patients who received ADA (MD = −0.05, 95% CI, −0.07 to −0.02, p = 0.0004). The Q statistic (2.91 on 5 df, p = 0.71) and I2 (0%) indicated low heterogeneity in the pooled studies. (Figure 4)
[image: Figure 4]FIGURE 4 | Forest plot of BCVA.
Change in AC Cell Grade
Of the six studies evaluating change in AC cell grade, five studies found that the ADA group’s AC cell grade improved significantly more than the placebo group, while one trial reported the opposite result. The mean difference was ranging from −0.79 to 0.22 (p <0.05). The pooled mean difference was −0.29 (95% CI, −0.62 to 0.05), not showing a significant difference between ADA and placebo groups. Both the Q statistic (38.58 on 5 df, p < 0.01) and by I2 (87%) demonstrated significant heterogeneity, which indicated that a random-effects model was preferable.
Additionally, we excluded each study's estimates to examine each study’s influence on the overall results. After excluding VISUAL Ⅰ Japan, the overall results have changed a lot that the diamond marker does not intersect with 0, showing that the AC cell grade was significantly better in the ADA group than the placebo group (MD = −0.39, 95% CI: −0.72, −0.06).
In VISUAL I Japan, AC cell grade was numerically higher in the ADA group (MD = 0.22; 95% CI, −0.17, −0.61) since one patient in the placebo group did not experience treatment failure from the beginning to end. Given the small sample size, this patient strongly impacted all the outcomes including AC cell grade. (Figure 5)
[image: Figure 5]FIGURE 5 | Forest plot of AC cell grade.
Change in VH Grade
Five studies reported Change in VH grade, and the mean difference was ranging from −0.54 to −0.13 (p <0.05). The pooled mean difference in VH grade change was −0.21, with a 95% CI (−0.32, −0.11), suggesting that the VH grade improved significantly more in the ADA group than the control group. Heterogeneity was low by the Q statistic (3.70 on 4 df, p = 0.45) and by I2 (0%). After removing any one study, the pooled results did not change significantly, and the estimates in each case were well within the confidence range of the overall estimate. (Figure 6)
[image: Figure 6]FIGURE 6 | Forest plot of VH grade.
Safety
All six RCTs have safety information with 601 patients. A total of 3,494 AEs occurred during 406.5 patient-years, and the overall incidence of AEs was 8.60 events per patient-year. There were 2,237 AEs in the ADA group, and the overall incidence was 9.40 events per patient-year, numerically higher than those of the 1,257 total events and 7.79 events per patient-year in the placebo group. Table 3 shows the results of the safety. Six studies reported a total of 59 serious adverse events, of which 66% (39) occurred in the ADA group, indicating that the risk of serious adverse events in the ADA group was twice that of the placebo group.
TABLE 3 | summary of safety result.
[image: Table 3]The most common AEs were injection-site reactions and allergic reactions. The AEs reported in six studies were similar to those reported in previous studies and no new AEs occurred.
Risk of Bias Across Studies
It cannot be performed due to the small sample size.
Discussion
Summary of Main Findings
This meta-analysis of six RCTs including 605 patients systematically reviewed ADA’s efficacy and safety in NIU. The results show that ADA almost halved the risk of NIU patients’ treatment failure by significantly improving BCVA and reducing the AC cell grade and VH grade. The incidence of ADA-related AEs was generally low, and the safety profile was similar to other reports in previous studies. Significant differences favoring ADA over placebo was seen for two secondary endpoints (change in BCVA and VH grade). Outcomes regarding AC cell grade in the ADA group were numerically superior to that in the placebo group.
GRADE
According to the GRADE, the certainty of the evidence concerning four efficacy outcomes were all judged as moderate. Table 4 shows the summary of GRADE’s. Moderate-quality evidence shows that ADA considerably lowered the risk of treatment failure or visual impairment, moderately reduced AC cell grades and VH grades in NIU.
TABLE 4 | GRADE’s summary of finding.
[image: Table 4]Comparison to Prior Reviews
The efficacy and safety results mentioned above were consistent with those of a meta-analysis by Shuai Ming et al. Their review included 20 non-RCTs and three RCTs. In contrast, our study included six RCTs and excluded non-RCTs, leading to a higher quality of evidence.
A similar article entitled “Anti-TNF Drugs for Chronic Uveitis in Adults—A Systematic Review and Meta-Analysis of Randomized Controlled Trials” has been published by Leal et al. on May 24, 2019. Leal’s study included three RCTs concerning two drugs: adalimumab and etanercept, with a sample size of 458. In comparison, our meta-analysis included six studies related to one single drug (ADA) with a sample size of 605. Moreover, the efficacy analysis was not conducted in Leal's study because of the significant heterogeneity between interventions. Our study pooled the six studies for efficacy analysis using uniform outcome measures such as BCVA, change in AC cell grade, and VH grade (SUN). This review is the first meta-analysis including only RCTs to summarize the current evidence regarding ADA’s efficacy and safety in NIU, with strengths in the relatively higher quality of evidence and multicomponent primary endpoint.
Limitations
The principal limitation is that high heterogeneity was observed in our analysis. Differences in types of uveitis, patient’s age, concomitant medications, and outcome measures may contribute to the heterogeneity. It is important to note that we did not restrict participants’ age, so we recruited both adult and pediatric patients in this meta-analysis. In adults, ADA’s main indications in NIU are intermediate, posterior forms of uveitis and panuveitis. In children with uveitis, ADA’s main indication is JIA-associated uveitis and idiopathic uveitis, which is mainly anterior uveitis. We originally planned to conduct subgroup analysis in this article based on the location and type of uveitis, but due to the small sample size and the inability to extract relevant data from some studies, we gave up the subgroup analysis. In the future, more studies on the treatment of single uveitic disease with ADA are needed.
Besides, it is well known that RCT is not an ideal type of study to identify safety results because the relatively small sample size and short follow-up time make it challenging to identify rare adverse events. Therefore, the RCTs included in this review are not sufficient to study AEs thoroughly.
A further limitation was that the four VISUAL trials were sponsored by one pharmaceutical company (AbbVie) and the remaining two studies had participants who received remuneration such as the speaker’s fees from AbbVie, which may seriously affect the results.
Implication
In the future, independent non-company sponsored RCTs are needed to further provide more objective and robust evidence. Besides, it is necessary to further compare ADA with conventional immunosuppressors regarding efficacy and safety in NIU.
CONCLUSION
This meta-analysis of six RCTs comparing ADA with placebo for NIU further confirmed that ADA considerably lowered the risk of treatment failure or visual impairment, and moderately reduced AC cell grades and VH grades with slightly more AEs.
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Background: Patients with systemic lupus erythematosus (SLE) show increased serum levels of tumor necrosis factor (TNF)/TNF receptor (R) superfamily member, e.g. BAFF (B lymphocyte stimulator). Belimumab, a monoclonal antibody against soluble BAFF, is used for treatment of SLE. Although B cells are the main target, a BAFF-dependent T-cell activation pathway also plays a role. High levels of anti-DNA antibodies and low complement at baseline are known predictors of response to Belimumab.
Objectives: To explore the association of circulating lymphocytes and serum levels of B- cell related TNF/TNFR superfamily members with response to Belimumab in SLE patients.
Methods: Twenty-one SLE patients received Belimumab. Clinical evaluation and laboratory tests were performed at baseline, at 6 and 12 months. TNF super-family members (BAFF, APRIL, sBCMA, sCD40L, sTACI, TWEAK) were tested by high-sensitivity ELISA in all patients, and lymphocyte immunophenotyping was performed by flow cytometry in ten subjects. SLE-disease activity was assessed by SLEDAI-2K score. Linear regression modeling was used to investigate parameters influencing SLEDAI-2K and anti-dsDNA antibody titers over time and for predictive models.
Results: Clinical improvement was observed in all patients. A global reduction of circulating B cells, especially naïve, was detected, without variation in the T-cell compartment. All TNF family members decreased, whereas APRIL remained constant. The increase in serum levels of C3 (p = 0.0004) and sTACI (p = 0.0285) was associated with a decrease of SLEDAI-2K. The increase of C4 (p = 0.027) and sBCMA (p = 0.0015) and the increase of CD8+ T cells (p = 0.0160) were associated with a decrease, whereas an increase of sCD40L in serum (p = 0.0018) and increased number of CD4+ T cells (p = 0.0029) were associated with an increase, in anti-dsDNA antibody titers, respectively. Using stepwise forward inclusion, the minimal model to predict SLEDAI-2K response at 12 months included BAFF (p = 3.0e − 07) and SLEDAI-2K (p = 7.0e − 04) at baseline. Baseline APRIL levels also showed an association, although the overall model fit was weaker.
Conclusion: In our real-life cohort, baseline serum levels of BAFF were the best predictor of response to Belimumab, confirming post-hoc results of the BLISS study and suggesting the utility of this particular biomarker for the identification of patients who are more likely to respond.
Keywords: systemic lupus erythematosus, belimumab, biomarkers, TNF/TNFR superfamily-related factors, adaptive immunity
INTRODUCTION
An imbalance of B- and T-cell activity and differentiation was described as a crucial pathogenetic event in systemic lupus erythematosus (SLE) (Nagy et al., 2005). The pivotal role of autoantibodies was accepted as one of the main events in SLE and all factors which are involved in their development were studied as potential triggers of the disease (Nagy et al., 2005). BAFF (B-cell activating factor), also known as BLyS (B lymphocyte stimulator), is a member of Tumor necrosis factor/Tumor necrosis factor receptor (TNFS/TNFR) superfamily, also including APRIL (a proliferation-inducing ligand), their common receptors TACI (transmembrane activator and calcium-modulator and cyclophilin ligand interactor) and BCMA (B cell maturation antigen), CD40 ligand (CD40L) and TWEAK (TNF-related weak inducer of apoptosis). These factors, which show a high degree of structural homology with TNF, are described to be widely involved in the pathogenesis of SLE and in other systemic autoimmune diseases and they are newly identified as possible target of therapies (Ware, 2013).
Experimental data on SLE mouse models showed that BAFF and APRIL act in a concert to support humoral memory (Samy et al., 2017). BAFF is crucial for the development of self-reactive B cells from the transitional stage, which are more dependent on BAFF for their survival than memory B cells (Lesley et al., 2004; Samy et al., 2017). APRIL seems to act at a later stage, promoting the establishment of long-lived plasma cells (Belnoue et al., 2008). Both are involved in B-cell activation and class-switch recombination. BAFF and APRIL bind to TACI and BCMA, while BAFF additionally binds to a third receptor, BAFF-R. These receptors are expressed on the membrane and shed by B lineage cells during their differentiation (Darce et al., 2007) and BAFF-R and BCMA are described to be expressed also by T cells (Ng et al., 2004). CD40L ligand is the molecule which binds CD40, a stimulatory receptor expressed on dendritic cells, macrophages and B cells. It is crucial in IgG immunoglobulin class switching (Peters et al., 2009). CD40L is also fundamental as co-stimulatory molecule displayed on the membrane of T cells during the early phase of activation (Grewal and Flavell, 1996). CD40/CD40L blockade has been successful in preventing or stabilizing SLE nephritis in murine models (Kalled et al., 1998). TWEAK, produced by a large amount of myeloid and immune cells, is a factor acting primarily on tissue cells. In fact, its receptor, the fibroblast growth factor-inducible 14, is highly expressed on non-hematopoietic cells and up-regulated by injury-associated factors (Burkly, 2014). Dysfunction of TWEAK or its receptor has been described in the pathogenesis of lupus nephritis (Zhao et al., 2007).
Several drugs blocking the above factors were tested in clinical trials for their use in selected SLE patients. Only Belimumab, a fully humanized monoclonal IgG1λ antibody neutralizing soluble BAFF, has been approved for treatment of clinically active SLE (Navarra et al., 2011). A pooled subgroup analyses of Belimumab trials over 52 weeks of treatment (BLISS-52) demonstrated a greater therapeutic benefit in patients with increased disease activity at baseline, as measured by Safety of Estrogens in Lupus Erythematosus National assessment-Systemic Lupus Erythematosus Disease Activity Index (SELENA-SLEDAI) (Furie et al., 2011), anti-double strand (ds) DNA positivity, low complement or corticosteroid treatment (Navarra et al., 2011). As suggested by the post-hoc analyses of the Belimumab trials (BLISS-52 and BLISS-76) (Zhao et al., 2007; Burkly, 2014), baseline BAFF levels were proposed to be potentially useful in identifying SLE patients in which Belimumab might be expected to be more successful (Roth et al., 2016).
The objective of the present study is to characterize circulating peripheral B and T lymphocytes together with the evaluation of soluble B-cell related factors belonging to the TNF/TNFR superfamily in a real-life cohort of clinically active SLE patients treated with Belimumab, in order to explore the potential role of these pathogenetic factors as predictors of response to therapy.
PATIENTS AND METHODS
Patients
Twenty-one consecutive patients with SLE, classified according to the revised American College of Rheumatology (ACR) criteria (Hochberg, 1997), and treated with Belimumab according to common clinical practice, were enrolled in this study. Written informed consent was obtained from all patients. Their main clinical, laboratory and demographic features, obtained from clinical records, are presented in Table 1. 76% of patients took immunosuppressants: seven were on treatment with mycophenolate mofetil at the median dose (10th–90th percentile) of 2 (1.6–2) g/die, four with methotrexate at 15 (12–15) mg/week, four with azathioprine at 100 (75–100) mg/die, one with cyclosporine at 250 mg/die. SLE Disease Activity Index 2000 (SLEDAI-2K) score was used to determine disease activity (Romero-Diaz et al., 2011).
TABLE 1 | Demographic, clinical and laboratory features of SLE patients at baseline.
[image: Table 1]The study was approved by the local institutional ethics committee (approval number 2793) and conducted in accordance with the Declaration of Helsinki.
Laboratory Parameters
Peripheral blood samples of 21 patients were obtained at the start of the study (T0) and every six months of treatment (T6 and T12). Only one dosage of the TNF/TNFR superfamily members at T12 of one patient was missing (Figure 1).
[image: Figure 1]FIGURE 1 | Serological levels of the TNF Superfamily members at different time points in each subject. BAFF, B cell activating factor; APRIL, a proliferation-inducing ligand; sTACI, soluble transmembrane activator and calcium-modulator and cyclophilin ligand interactor; sBCMA, soluble B cell maturation antigen; sCD40L, soluble CD40 ligand; TWEAK, TNF-related weak inducer of apoptosis.
Anti-dsDNA autoantibodies were determined by FARR assay (Kodak Clinical Diagnostics, Amersham, United Kingdom) and C3 and C4 levels by nephelometry (Siemens Healthcare, Deerfield, IL, United States).
BAFF, APRIL, sTACI, sBCMA, sCD40L, and TWEAK levels were measured by respective commercially available ELISAs (human Duo Set; R&D Systems, Inc., Minneapolis, MN, United States), according to manufacturer’s guidelines.
Flow Cytometry
In the first ten enrolled subjects, lymphocyte immunophenotyping was performed by flow cytometry.
One hundred microliters of whole blood were stained for 30 min at 4°C using monoclonal antibodies conjugated with fluorochromes (Beckman Coulter Inc., Fullerton, CA, United States) to identify B and T-cell surface markers by flow cytometry (Cytomics NAVIOS, Beckman Coulter), as previously described (Piantoni et al., 2018; Regola et al., 2019). Absolute cell count was determined by single platform analysis using Flow-Count beads (Beckman Coulter), according to manufacturer’s guidelines.
Statistical Analysis
Data are expressed as median (10th–90th percentile). Comparisons between groups were made with Mann-Whitney test or Wilcoxon signed-rank test, when appropriated. Spearman rank test was used to evaluate the correlations between quantitative variables. Chi-square test or Fisher’s exact test were applied for comparison between qualitative variables. Robust Mixed linear regression modeling (R package: robustlmm Koller (2016)) was used to investigate parameters influencing SLEDAI-2K and anti-ds DNA antibody titers over time. Adjustment for intra-individual effects was done by including patient ID as a random intercept in the linear regression model. Absolute numbers of CD19+, CD4+, CD8+, CD4+CD28− and T regulatory cells as well as leukocytes and serum levels of C3, C4, BAFF, APRIL, sTACI, sBCMA, sCD40L, TWEAK and anti-dsDNA antibodies were included in the initial model. Model selection was done by stepwise backwards exclusion. The time variable was kept in all models. Predictive linear models were built by stepwise forward inclusion using the same basic model structure. Statistical analysis was performed by using the software package GraphPad Prism six software and R software package version 4.0.3. [R Core Team (2020), R Foundation for Statistical Computing, Vienna, Austria]. p-values (p) ≤ 0.050 were considered as statistically significant.
RESULTS
Clinical and Laboratory Features of Systemic Lupus Erythematosus Patients Treated With Belimumab
Twenty-one patients received Belimumab intravenously at standard regimen (10 mg/kg at 0–15–30 days and then every 4 weeks).
Enrolled patients were 2 males and 19 females with a median age of 41 (31–58) years. The disease duration at time of Belimumab start was 10 (2–23) years. The baseline SLEDAI-2K score was 6 (4–10), the anti-dsDNA level was 26 (7–128) UI/ml, and their C3 and C4 level was 72 (52–97) and 9 (6–18) mg/dl, respectively. No significant differences were found between the whole group of patients and the subgroup of patients tested for lymphocyte immunophenotyping (Table 1).
During Belimumab treatment there was a significant improvement in SLEDAI-2K activity index, while no significant change was observed in anti-dsDNA, C3 and C4 levels. Prednisone dosage was progressively reduced, while concomitant immunosuppressive therapies remained unchanged (Table 2).
TABLE 2 | Comparisons of the clinical and laboratory features of 21 SLE patients at different time points.
[image: Table 2]Analysis of Changes in B- and T-Cell Compartment During Belimumab Treatment
After treatment with Belimumab, B lymphocytes decreased in patients with SLE, both in percentages (T0, T6 and T12 = 8.1, 3.8 and 3.1 % of CD19 on total lymphocytes) and absolute numbers (T0, T6 and T12 = 82.3, 17.3 and 21.1 cell/μl). In particular, there was a decrease of naïve B cells (T0, T6 and T12 = 45.5, 25.1 and 19.1% of CD19 on total lymphocytes; T0, T6 and T12 = 20.8, 1.5 and 1.4 cell/ul) while percentage switched memory B cells increased (T0, T6 and T12 = 18.4, 41.4 and 48.9% of CD19 on total lymphocytes; T0, T6 and T12 = 13.3, 5.8 and 6.0 cell/ul).
The percentage and the absolute number of unswitched memory and transitional B cells did not change significantly.
Comparing distributions of CD4+, CD8+, regulatory T cells, and naïve, central memory, effector memory, terminal differentiated effector memory, CD28 negative subsets among CD4+ and CD8+ T cells, before and after therapy with Belimumab, we did not observe any significant changes over time (Supplementary Table S1). These results confirmed our previous observation in a larger cohort (Regola et al., 2019).
Analysis of Serum Level Changes of Tumor Necrosis Factor Superfamily Biomarkers During Belimumab Treatment
The following biomarkers belonging to the TNF/TNFR superfamily were tested in serum of the 21 enrolled patients: BAFF, APRIL, sTACI, sBCMA, sCD40L, and TWEAK (Table 3).
TABLE 3 | Serum Levels Changes of TNF related Biomarkers during belimumab treatment.
[image: Table 3]Serum levels of BAFF (T0, T6 and T12 = 444.8, 366.5 and 334.7 pg/ml), as well as sTACI (T0, T6 and T12 = 1,096.5, 782.3 and 777.6 pg/ml) significantly decreased over time.
Serum levels of APRIL remained stable over time (T0, T6 and T12 = 2,053.3, 2,085.5 and 2,117.6 pg/ml).
sBCMA serum levels decreased, but significantly only between 6 and 12 months following start of Belimumab treatment (T0, T6 and T12 = 7,982.7, 7,954.4 and 7437.8 ng/ml). On the other hand, changes in sCD40L were observed mostly in the first 6 months of therapy (T0, T6 and T12 = 1,817.3, 1243.1 and 1,326.5 pg/ml).
Serum levels of TWEAK, after an initial increase, significantly decreased one year after initiation of Belimumab treatment (T0, T6 and T12 = 1,381.3, 1,446.8 and 1,365.2 pg/ml).
Serological levels of the TNF/TNFR Superfamily members at different time points in each subject are shown in Figure 1.
Correlation Between Baseline Number of B- and T-Cell Subsets and Serum Levels of Tumor Necrosis Factor Superfamily Members, and Their Change Over Time
The percentage of CD19 + cells at baseline showed a correlation with baseline levels of sBCMA (r = 0.7, p = 0.02) and TWEAK (r = 0.86, p = 0.002) (Supplementary Table S2).
A significant correlation between the percentage of variation of CD19+ and the decrease of sTACI (r = 0.7, p = 0.02) and TWEAK (r = 0.8, p = 0.002), respectively, was found at 12 months of follow-up.
No correlation was found between TNF/TNFR superfamily members and the number of T-cell subsets (and their respective variations) (data not shown).
Determination of Parameters Associated With SLEDAI and Anti-dsDNA Antibody Changes During Belimumab Treatment
Regression analysis confirmed that SLEDAI-2K decreases with duration of Belimumab treatment, with an average reduction of 2.9 (+/− 0.51) at T6 and 3.3 (+/− 0.52) points at T12 (Table 4). In addition, an increase in serum levels of C3 and sTACI was associated with SLEDAI-2K. On average SLEDAI-2K was 0.5 (+/- 0.1) points lower with every 10 mg/dl increase of C3. For sTACI, this association was weaker with SLEDAI-2K reduced by 0.02 (+/− 0.01) points for every 100 pg/ml increase in sTACI (Table 4). When including time after treatment initiation as an interacting factor into the model, the association with C3 remained, however, the association with TACI was not significant anymore (Supplementary Table S3).
TABLE 4 | Results of robust mixed linear regression model for predictors of SLEDAI-2K. Individual Patient ID was included as random effect in the model. Predictor values were measured at all timepoints.
[image: Table 4]Further mixed linear regression analysis revealed that month into treatment did not significantly change anti-dsDNA serum titers (Table 5). However, an increase of serum C4, sBCMA and/or absolute cell number of CD8+ T cells was associated with a decrease, whereas an increase of CD40L and/or number of CD4+ T cells was associated with an increase in anti-dsDNA antibody titers (Table 5).
TABLE 5 | Results of robust mixed linear regression model for predictors of anti-dsDNA antibody titer. Individual Patient ID was included as random effect in the model. Predictor values were measured at all timepoints.
[image: Table 5]In a last step, we explored possible predictive models using baseline parameters to estimate percent improvement of SLEDAI-2K after 12 months of therapy. Using stepwise forward inclusion, the minimal model to best describe response to Belimumab after 12 months included BAFF serum level and SLEDAI-2K at baseline. The model predicted more than half of the change in SLEDAI-2K at T12 (R2 = 0.61; Adj. R2 = 0.56, p < 0.01, Table 6). Every increase in serum BAFF of 100 pg/ml at baseline results in a reduction of SLEDAI-2K after one year of treatment of 1.8% (95% CI: 1.4–2.2%) on average. In addition, for every SLEDAI-2K increase of one point at baseline, SLEDAI-2K at T12 into Belimumab treatment decreases about 4.6% (95% CI: 2.6–6.5) (Table 6). Since correlation analysis showed high interdependence of all measured members of the TNF superfamily members, we also determined if BAFF as a predictor of response can be substituted by any of the other determined TNF family members. As shown in Supplementary Table S3 most of the TNF family members will not suffice as predictors for SLEDAI response after 12 months, however, baseline APRIL serum level also showed a significant association, although the overall model fit was slightly weaker than using serum baseline BAFF as predictor (Supplementary Table S4).
TABLE 6 | Linear regression model to predict percent improvement of SLEDAI-2K after one year, dependent on SLEDAI-2K at baseline and BAFF levels measured at baseline.
[image: Table 6]DISCUSSION
Belimumab, a monoclonal antibody targeting BAFF, has been approved since 2011 as an add-on therapy in adult SLE patients who have an active disease despite standard treatment. Its efficacy and safety were demonstrated in four randomized controlled trials for prolonged use of the drug (Ruiz-Irastorza and Bertsias, 2020). In our cohort, the drug showed its beneficial effects in reducing disease activity over a 12-month-period, as demonstrated by the reduction of the SLEDAI-2K index. However, the variations of anti-dsDNA titer and complement levels were not significant, which was in contrast to previous reports (Furie et al., 2011; Navarra et al., 2011). This difference may be related to the selection of patients who had a mild serological activity at baseline. In general, the main indication for adding Belimumab in our patients was actually to reduce steroid dose. In fact, the well-known effect in reducing cumulative exposure to glucocorticoids was evident as early as 6 months into therapy.
Despite the fact that the post-hoc analysis of trial data showed a greater response in patients with high clinical or serological disease activity (van Vollenhoven et al., 2012), no biomarker has been validated yet for the routine management of patients who are candidate for Belimumab. To address this issue, we considered TNFSF/TNFRSF related factors which had the potential to serve as biomarkers for SLE disease assessment and monitoring of immunomodulatory therapy. In fact, the detection of these factors, which play a role in the pathogenesis of SLE regulating crosstalk between immune cells, could be easily standardized, being measured in peripheral blood in a reproducible way. Among others, circulating levels of BAFF and APRIL, which have an important role in selection, maturation and survival of B cells, are a matter of interest for SLE because their production is enhanced in response to B cell activation through Toll-like receptor (TLR)-9, interferons (IFNs), interleukin (IL)-10 and granulocyte colony-stimulating factor (G-CSF), all involved in SLE pathogenesis (Koyama et al., 2005; Petri et al., 2008; Salazar-Camarena et al., 2016). In addition, an increase in BAFF levels has been described in association with increased disease activity and anti-dsDNA antibodies (Petri et al., 2008). In our study, BAFF progressively reduced over one year of therapy with Belimumab associated with clinical improvement in patients, and a weak correlation with reduction of naïve and transitional B cells, as suggested by the mechanism of action of Belimumab and as reported by us before (Regola et al., 2019). Such correlation was not confirmed in the present study, reinforcing the concept that the main effect of Belimumab on subpopulations could act through the blocking of membrane BAFF, and not of the soluble form (Regola et al., 2019). The post-hoc analysis of phase III randomized clinical trials showed that BAFF levels ≥ 2 ng/ml at enrollment were an independent prognostic factor for an increased risk of moderate and severe lupus flares in patients randomized to receive standard therapy only (Petri et al., 2013). Another analysis from the same study found that patients with BAFF serum levels ≥ 2 ng/ml at baseline had higher response parameters than those with lower BAFF levels, in the Belimumab arm (Petri et al., 2013). In the same way, it was demonstrated that serum BAFF levels ≥ 1.2 ng/ml predicted an increased probability and shorter time to reach response in a cohort of Swedish SLE patients (Parodis et al., 2017). According to this, we demonstrated an association between higher baseline BAFF serum levels and a greater reduction in SLEDAI-2K score after 12 months of therapy, reinforcing the evidence that determination of BAFF levels at the beginning of therapy, together with evaluation of clinical disease activity, could be useful in predicting response to the drug. In our study, BAFF levels decreased during Belimumab therapy, in contrast with what was demonstrated in another report in which BAFF levels increased with time (Parodis et al., 2017). A possible explanation of this observed dissimilarity between studies could be related to the possible different pre-analytic processing of samples which may have caused a modification in the structure of the BAFF molecule, influencing its detection. To better address this aspect, further investigations are necessary to identify if the detected serum BAFF represents only the active form of the molecule or even the inactive form which is complexed with the drug. It has also to be clarified if the proportion of circulating BAFF is representative with the amount that is compartmented in the tissues or expressed on membranes, in order to better identify possible clinical associations.
As an alternative biomarker, although weaker associated with response than BAFF, we showed that baseline serum level of APRIL could also be useful. In the APRIL-SLE clinical trial, BAFF levels above the median at baseline were correlated with an increased risk of British Isles Lupus Assessment Group (BILAG) A or B flare (Gordon et al., 2003) in the placebo group (Isenberg et al., 2015) and patients with high baseline serum values of both BAFF and APRIL showed the greatest effect size. While there are some studies that demonstrated a direct correlation between BAFF and anti-dsDNA serum levels (Stohl et al., 2003; Petri et al., 2008), conflicting results were reported about the possible correlation between APRIL levels and SLE disease activity in terms of activity indices or autoantibody levels (Stohl et al., 2004; Koyama et al., 2005). Furthermore, the reverse trend displayed by APRIL as compared to BAFF confirms the possibility that these two factors could play an opposite role in SLE (Morel et al., 2009).
TACI and BCMA, the common receptor of BAFF and APRIL, were described to be involved in immunoglobulin class switching (He et al., 2010) and in promoting plasma cells survival (O’Connor et al., 2004), respectively. Recent studies demonstrated that the soluble form of these receptors, sTACI and sBCMA, act as decoy receptors with a role in immunomodulatory pathways, being the result of a proteolytic shedding partially dependent on ligand binding and receptor interactions (Meinl et al., 2018). Circulating sTACI, identified as a potential biomarker in autoimmune diseases, is shed from the membrane of activated B cells and plasma cells (Hoffmann et al., 2015). It functions as an immunoregulator, because its decoy function reduces BAFF- and APRIL-mediated survival of different B cell subpopulations (Salazar-Camarena et al., 2020). The reduction of B-cell hyperactivation after therapy with Belimumab could explain the parallel decrease of sTACI, that was demonstrated to be increased in SLE patients in correlation with disease activity (Hoffmann et al., 2015). According with its potential clinical value, we showed that variation in sTACI was related to the improvement of the clinical condition of our patients, as measured by SLEDAI-2K. However, its independent contribution is weak, as demonstrated by our model. Recently, the expression of BCMA on B cells was shown to decrease in active SLE (Salazar-Camarena et al., 2016), however the soluble form, sBCMA, was increased in serum and correlated with disease activity and anti-dsDNA levels (Salazar-Camarena et al., 2020). BCMA was found to be expressed also on the surface of T cells regulating their expansion within the lymph node germinal centers (GC) (Coquery et al., 2015). Recently, it was also demonstrated that the decoy function of circulating sBCMA is only relevant for APRIL and not for BAFF, especially in conditions of over-production, such as in SLE (Coquery et al., 2015). Confirming the relevance of sBCMA as marker of B-cell activation (Laurent et al., 2015; Vincent et al., 2019), we showed an association with autoantibody titers.
The interaction between CD40 on B cells and its ligand (CD40L) which is transiently expressed by T cells and released in soluble form by activated CD4+ T cells, is another crucial event that takes place in GC with a role in enhancing humoral response (Basso et al., 2004). It plays a central role in SLE, considering the importance of T-cell dependent humoral immune responses in its pathogenesis (Nagy et al., 2005). Soluble CD40L (sCD40L) in serum or its expression in tissues is upregulated in SLE patients, and often associated with disease severity (Yazdany and Davis, 2004). As shown for sBCMA, its circulating levels revealed an association with anti-dsDNA titers in our cohort, confirming previous findings (Stohl et al., 2003; Petri et al., 2008).
TWEAK is a circulating trimeric molecule which exerts its effect at tissue level. Its relevance in SLE is linked to the constitutive presence in kidneys, with an upregulation during injuries (Schwartz et al., 2006). The lack of association between serum TWEAK levels or their change over time, and clinical or serological parameters of our patients, could be explained by the fact that patients were not enrolled during an acute phase of a nephritis. Its reduction over time in this cohort is unclear and, apparently, without a biological significance. Further evaluations of this tissue-specific parameter could be performed in the future on a specific subset of patients, considering the potential antiproteinuric effects of Belimumab that have emerged from the latest studies (Dooley et al., 2013; Kang et al., 2017).
Some correlations were found between circulating number of B cells and the TNFSF/TNFRSF related factors at baseline. It suggested their inter-relation, but the lack of correlation with specific B-cell subsets may be explained with the presence of other factors which are involved in the maturation and function of B-cells during the disease course. Indeed, the partial evaluation of potentially involved circulating factors, the lack of complementary functional studies, along with the limited number of enrolled patients and the lack of a control group, are limitations of this real-life observational study.
However, our analysis of B- and T-cell compartment modifications during Belimumab therapy sheds a light on the potential usefulness of peripheral B-cell immunophenotyping in SLE patients, confirming our previous results (Regola et al., 2019) and the evidence showed by other researchers in that field (Ramsköld et al., 2019). In particular, it was showed that the long-term longitudinal evaluation of B cells could have important implications in the evaluation of a cellular response to the treatment, that could lead to clinical improvement (Ramsköld et al., 2019). Despite these suggestions, the routinely monitoring of circulating cells could be difficult to be introduced into clinical practice, also on the basis of a lack of evidence in predicting response. In conclusion, only the determination of baseline BAFF serum levels might be useful and feasible to predict the response to therapy, as an add-on biomarker to those already tested in clinical practice.
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Objective: Early treatment-naïve rheumatoid arthritis (RA) has defective regulatory T (Treg) cells and increased inflammation response. In this study, we aim to illustrate the regulation of Treg cells in pathogenesis of early rheumatoid arthritis by arsenic trioxide (As2O3).
Methods: We studied the effects of As2O3 on gene expression in early treatment-naïve RA Treg cells with single cell RNA-seq (scRNA-seq). Treg cells were sorted from peripheral blood mononuclear cells (PBMCs) and purified by fluorescence-activated cell sorting (FACS) and cultured with or without As2O3 (at 0.1 µM) for 24 h. Total RNA was isolated and sequenced, and functional analysis was performed against the Gene Ontology (GO) database. Results for selected genes were confirmed with RT-qPCR.
Results: As2O3 exerts no significant effect on CD4+ T-cell apoptosis under physical condition, and selectively modulate CD4+ T cells toward Treg cells not Th17 cells under special polarizing stimulators. As2O3 increased the expression of 200 and reduced that of 272 genes with fold change (FC) 2.0 or greater. Several genes associated with inflammation, Treg-cell activation and differentiation as well as glucose and amino acids metabolism were among the most strongly affected genes. GO function analysis identified top ten ranked significant biological process (BPs), molecular functions (MFs), and cell components (CCs) in treatment and nontreatment Treg cells. In GO analysis, genes involved in the immunoregulation, cell apoptosis and cycle, inflammation, and cellular metabolism were enriched among the significantly affected genes. The KEGG pathway enrichment analysis identified the forkhead box O (FoxO) signal pathway, apoptosis, cytokine–cytokine receptor interaction, cell cycle, nuclear factor-kappa B (NF-κB) signaling pathway, tumor necrosis factor α (TNF-α), p53 signaling pathway, and phosphatidylinositol 3′-kinase (PI3K)-Akt signaling pathway were involved in the pathogenesis of early treatment-naïve RA.
Conclusion: This is the first study investigating the genome-wide effects of As2O3 on the gene expression of treatment-naïve Treg cells. In addition to clear anti-inflammatory and immunoregulation effects, As2O3 affect amino acids and glucose metabolism in Treg cells, an observation that might be particularly important in the metabolic phenotype of treatment-naïve RA.
Keywords: rheumatoid arthritis, arsenic trioxide, regulatory T cell, T helper 17 cell, single cell RNA-seq
INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by inflammatory synovitis and progressive destruction of joint cartilage and bone, leading to swelling, pain, stiffness, and loss of function (Han et al., 2008; Smolen et al., 2016). T cells are a critical regulator in the pathogenesis of RA as they accumulate in the lesions of joints, resulting in tissue-destruction and sustaining chronic inflammation (Goronzy and Weyand, 2017).
The pathological mechanism of RA remains unclear; however, it has been reported that the imbalance between T helper 17 (Th17) and regulatory T cells (Tregs) underlines the pathogenesis of RA, Th17 cells have proinflammatory effects, and the proportion of Th17 cells is higher in RA patients, and the content is positively correlated with the activity of RA disease (Niu et al., 2012; Jin et al., 2018; Li et al., 2019). Tregs, however, have immunosuppressive function and play an important role in the induction and maintenance of self-tolerance. The reduced content and dysfunction of Tregs are closely related to the occurrence and development of RA. Moreover, the connection of the Treg/Th17 cells imbalance is relevant for the development and/or progression of RA, which is in turn associated with the autoimmunity, chronic inflammation, and articular destruction in joints of RA patients (McInnes and Schett, 2007; Su et al., 2019). Previous literatures demonstrated that Treg cells mainly mediate the anti-inflammatory responses by producing IL-10 and transforming growth factor (TGF-β) suppression cytokines and maintain the state of autoimmune tolerance (Wang et al., 2017). IL-17 can induce proinflammatory cytokines production, chemokines (such as CCR6), and matrix metalloproteinases (such as MMP13), which result in tissue invasion and destruction as well as damage of articular cartilage and bone (Koenders et al., 2006; Miossec and Kolls, 2012). Tregs injected into collagen induced arthritis (CIA) mice can control the inflammatory responses and alleviate pathological damage (Safari et al., 2018). Thus, improving the Treg/Th17 cells balance shows some promise for the treatment of RA.
A couple of genome-wide association studies (GWAS) have previously been performed comparing RA either to osteoarthritis or to healthy donors (Stahl et al., 2010; Eyre et al., 2011). Two larger studies have utilized microarray and RNA-seq, respectively, to compare RA and healthy individuals CD4+ T cells, identifying a number of differentially expressed genes involved in differentiation, immune response, apoptosis, cell cycle regulation, and cellular metabolism (Sumitomo et al., 2018). Recent research has yielded biological therapies and small molecules to target signaling pathways and pathogenic components involved in inflammation and immunity, but in spite of these reasonably successful treatments, very few RA patients are able to achieve and stay in a state of drug-free remission. Innovative strategies are needed to obtain new insights into mechanisms which underline disease pathogenesis and to identify new treatments.
In current studies, As2O3 has shown substantial efficacy in treatment of patients with newly diagnosed or relapsed acute promyelocytic leukemia (APL) and other type of cancer and those characterized by the proliferation of immature immune cells, due to its substantial ability to induce apoptosis and mitogen activated protein kinase (MAPK) expression (Zhang et al., 2001). Furthermore, As2O3 exerts therapeutic effects on lymphoproliferative and severe autoimmune disease manifested in MRL/lpr mice (Bobé et al., 2006). Additionally, our previous accumulating data revealed that As2O3 contributes the balance of Treg/Th17 cells and affects both of their related signal cytokines pathways in treatment-naïve RA and CIA (Li et al., 2019a; Li et al., 2019b). Furthermore, we have discovered that As2O3 significantly suppress angiogenesis and induced fibroblast like synoviocytes (FLS) apoptosis in CIA and RA (Mei et al., 2011; Zhang et al., 2017). Moreover, our previous experiments found that A2O3 with vitamin D rescues the defective VDR-PPAR-γ functional module of autophagy synergistically in RA (Wang et al., 2019).
RA patients have an increased susceptibility to metabolic syndrome during the progression of their disease, associated with disruption of lipid and glucose metabolism (Cojocaru et al., 2012). There is also evidence on metabolic derangements in RA, and impairments in, for example, glycolysis, amino acids metabolism, oxidative stress, and mitochondrial respiration have been reported (Weyand and Goronzy, 2017; Falconer et al., 2018). Glycolysis deprivation was found to impair Th17 differentiation dramatically, while defective glycolysis supported the development of Treg cells. Replacement of glucose with galactose, treatment with 2-DG (an inhibitor of hexokinase, the first rate-limiting enzyme of glycolysis), and lack of crucial regulators of T-cell glycolytic metabolism, all resulted in diminished Th17 development but enhanced Treg-cell differentiation (Shi et al., 2011; Kalim et al., 2018; Kono et al., 2018; Cluxton et al., 2019). Conversely, inhibition of fatty acid oxidation results in diminished differentiation to Th17 cells, but increased development of Tregs (Gualdoni et al., 2016). Due to their established effects on these metabolic pathways in other cell types, As2O3 could plausibly affect RA pathogenesis via affecting Treg metabolism.
In the present study, we set out to study the effects of the As2O3 on gene expression in treatment-naïve RA Treg cells. The aim was to identify significantly modulated pathways and/or functional categories of genes that might be important in the pathogenesis of RA.
MATERIALS AND METHODS
Early Treatment-Naïve RA Patient Collection
Treatment-naïve RA patients were obtained from the first affiliated hospital of Harbin Medical University, Department of Rheumatology. Recruited RA patients adhered to the Helsinki Declaration. All the three early treatment-naïve RA patients were seropositive for rheumatoid factor (RF) and or/anti-citrullinated peptide antibodies (ACPA), fulfilled 2010 ACR/EULAR criteria for RA and had active disease with a DAS28 > 3.2. The three early treatment-naïve RA patients were collected for RNA-seq and six treatment-naïve RA patients were collected for validation by qRT-PCR (Table 1). All the RA patients fulfilled the ACR criteria, according to clinical and radiological imaging (Aletaha et al., 2010). All participants gave written informed consent according to the Declaration of Helsinki. Ethics approval for the study was obtained from Harbin Medical University Research and Ethics Committee, Henan Provincial People’s Hospital Research and Ethics Committee, Zhengzhou University Research and Ethics Committee.
TABLE 1 | General information of early treatment-naïve RA patients used for scRNA-seq and qRT-PCR analysis.
[image: Table 1]Apoptosis Assay
Naïve CD4+ T cells were isolated from early treatment-naïve RA patients and cultured in the presence or absence of As2O3 with anti-CD3/CD28 activation and IL-2 exists. The detailed procedures as described in our previous study (Li et al., 2019).
Flow Cytometry
For intracellular cytokine detection, cells were stimulated with the corresponding Cell Activation Cocktail (with Brefeldin A) (Biolegend, San Diego, CA) for 6 h. The detailed procedures described in our previous study (Li et al., 2019).
Cytokine Quantification
The cytokines IL-17A and IL-10 (D1700 and D1000, respectively, purchased from R&D systems, Minneapolis, United States) and MMP13 (E-EL-H0134c, Elabscience Biotechnology, Wuhan, China) were determined using enzyme-linked immunosorbent assay (ELISA). The ELISA was performed according to the manufacturer’s instructions.
Immunofluorescence Staining
Cultured cells were fixed in 4% paraformaldehyde, followed by penetrating and blocking serum for 1 h, Rabbit anti-STAT3 (ab68153, Abcam, Cambridge, MA, United States) and Rabbit anti-Foxp3 (BA 2032–1, Boster, Wuhan, China) were used as the primary antibody. Samples were washed three times and incubated with FITC secondary antibodies (PV6001, ZSGB-BIO, Beijing, China), and DAPI (Sigma) was used for staining nuclei. Images were captured using a microscope (Leica, Mannheim, Germany).
Single Treg Cell Sorting
Treg cells were purified from PBMCs by high-speed cell sorter system (Moflo XDP, Beckman coulter, United States). The detailed procedures are described in our previous literature (Li et al., 2019). The working schematic model is shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Overview of Treg-cell isolation by cell sorter. (B) Volcano Plots include all differential expressed genes absolute value log2-fold change >0.5. Red nodes represent upregulation and blue nodes represent downregulation in treatment Treg cells compared to nontreatment Treg cells.
RNA Quantification and Qualification
RNA degradation and contamination were monitored on 1% agarose gels. RNA purity was checked using the NanoPhotometer spectrophotometer (IMPLEN, CA, United States). RNA concentration was measured using Qubit RNA Assay Kit in Qubit 2.0 Flurometer (Life Technologies, CA, United States). RNA concentration and integrity were assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States).
GO and KEGG Enrichment Analysis of Differentially Expressed Genes
To assess the function of identified DEGs, the functional analysis and clustering tool from Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 was used to perform Gene Ontology (GO) function enriched analysis based on DEGs obtained from RA Treg cells. GO enrichment analysis of DEGs was implemented by the GOseq R package, in which gene length bias was corrected. DAVID provides a comprehensive set of functional annotation tools for investigators to understand the biological meaning based on a large list of genes (http://david.ncifcrf.gov/). For any given gene list, DAVID tools can identify enriched biological themes (GO terms), discover enriched functional-related genes cluster, and visualize genes on BioCarta and KEGG pathway maps (Huang et al., 2009). Therefore, DAVID was carried out to identify the enriched GO functions including the biological processes (BPs), molecular functions (MFs), and cell components (CCs). KEGG Orthology Based Annotation System (KOBAS 2.0) (http://kobas.cbi.edu.cn) was employed to identify biological pathways from the identified DEGs involved in the diseases. It performs statistical tests to identify statistically significantly enriched pathways and diseases using biological knowledge from five well-known pathway databases and GO (Xie et al., 2011). Thus, the KOBAS 2.0 was used to identify the enriched KEGG pathway based on adjusted p values. KEGG pathways including five or more DEGs genes were considered as the biologically meaningful analysis.
Validating RNA-Seq Data Using Real-Time PCR
Total RNA was extracted from Treg cells according to the instructions of RNA extraction kit (Trizol Reagent, Invitrogen, Carlsbad, CA, United States). cDNA obtained from the reverse transcriptase reaction and subjected to quantitative RT-qPCR using SYBR Green PCR Master Mix (Bio-Rad, California, United States) and using the ABI Prism 7500 Sequence detection system (Applied Biosystems). Primers for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cyclin-dependent kinase inhibitor 3(CDKN3), sushi domain containing 4 (SUSD4), histone cluster 4 H4 (HIST4H4), ubiquitin-specific peptidase 7 (USP7), histidine ammonia lyase (HAL), protein tyrosine phosphatase, non-receptor type 13 (PTPN13), DNA fragmentation factor subunit beta (DFFB), receptor interacting serine/threonine kinase 1 (RIPK1), and methyltransferase like 3 (METTL3) were purchased from Takara. The primer and concentrations were optimized according to the manufacturer’s instructions in SYBR Green PCR Master Mix Protocol. Relative expression levels of the nine selected genes were calculated by using the 2−ΔΔCt method. The detailed following methods were performed according to our previous literature (Zhang et al., 2017).
Statistical Analysis
Statistical significance was determined using GraphPad Prism Software (Version 6 for Windows; GraphPad Prism, San Diego, CA, United States). Simple comparisons were made using unpaired, two-tailed Student’s t-test for parametric data or Mann–Whitney test for nonparametric data, as indicated. Multigroup comparisons of the means were carried out by one-way analysis of variance test with post hoc contrasts by Tukey test. p values of 0.05 or less was considered statistically significant. All data are presented as mean ± S.E.M. Transcripts with significantly differential expressions of Treg cells by As2O3 were identified using hypergeometric test. The resulting p-values were adjusted using the Benjamini and Hochberg’s method for controlling the false discovery rate (FDR). DEGs were identified by applying the Benjamini and Hochberg method with adjusted p values of <0.05. DAVID v6.7 was used to carry out GO function enriched analysis based on the DEGs. KOBAS 2.0 was used to identify the enriched KEGG pathway based on the adjusted p values using Benjamini and Hochberg method.
RESULTS
As2O3 Modulates IL-2 Production From PBMCs Without Affecting Viability
The immunomodulatory activity of As2O3 on PBMCs cells responses was also determined by the reduction of the growth factor IL-2 compared with IL-2-producing anti-CD3/CD28 activated PBMCs (Figure 2A). This effect was not due to an induction of the cell death, as assessed by annexin V staining that was used as a marker for apoptosis in combination with propidium iodide (PI), to distinguish between apoptotic and necrotic cells. After treatment 24 h, As2O3 treatment of PBMCs did not induce cell apoptosis, ruling out the potential cytotoxic role of As2O3 (Figures 2B,C). The decrease of IL-2 did not result in a significant decrease in PBMCs proliferation.
[image: Figure 2]FIGURE 2 | As2O3 suppress IL-2 expression from activated CD4+ T cells without affecting their viability. PBMCs (1 × 106 cells per well) were left untreated or treated with As2O3 (0.5 µM) for 30 min. Cells were then stimulated with anti-CD3/CD28 for 8 h. Subsequently, cells were stained on the surface and intracellularly, and analyzed by flow cytometry. (A) Percentage of intracellular production of IL-2 from CD4+ T cell is shown as means ± SEM of six independent experiments. (B,C) Cell apoptosis of CD4+ T cells after activated with anti-CD3/CD28 through staining for annexin V and PI was detected by flow cytometry analysis. Data are means ± SEM of six independent experiments. #p < 0.05, ##p < 0.01 vs nonactivated PBMCs cells; *p < 0.05, **p < 0.01 vs PBMCs nontreated with As2O3 (one-way ANOVA).
As2O3 Critically Affect Th17 and Treg Differentiation and Related Signal Cytokines
Th17 and Treg subsets are both derived from naïve CD4+ T cells in peripheral blood upon antigen stimulation and specific polarizing cytokines. Because As2O3 dampened the inflammatory response of IL-17–producing cell from PBMCs, we next investigated whether As2O3 could directly affect their differentiation from naïve CD4+ T cells into Th17 cells lineages. To obtain this aim, a standard naïve CD4+ T cells differentiation assay was performed by polyclonal stimulation with anti-CD3/CD28 and specific polarizing cytokines in the presence of As2O3 (Figure 3A).
[image: Figure 3]FIGURE 3 | As2O3 affects Treg and Th17 cells differentiation. (A,B) Schematic representative of Th17 and Treg-cell differentiation. (C,D) ELISA of IL-17A and MMP13 in supernatants of Th17 cells polarized, IL-10 and TGF-β release in supernatants of Treg-cell production in the presence or absence of As2O3 (0.5 µM), measured after 24 h of restimulation with anti-CD3/CD28. (E,F) RT-qPCR analysis of the expression RORγt for Th17 cells, of STAT5 in Treg cells. Cycling threshold (CT) values are normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are represented as means ± SEM of six independent experiments. #p < 0.05, ##p < 0.01 vs. nonpolarized CD4+ T cells; *p < 0.05, **p < 0.01 vs. Th17 cells nontreated with As2O3 (one-way ANOVA).
Under specific polarizing conditions, highly purified naïve CD4+ T cells displayed significantly higher amounts of intracellularly produced and extracellularly released IL-17 and MMP13, as compared to nonpolarized (Th0) cells (Figure 3C), in particular, in non-skewed Th0 cells, which produce low level IL-17 and MMP13. However, As2O3 significantly reduced Th17 generation, acting both on intracellular production and extracellular release from Th17 cells, suggesting that As2O3 affects not only Th17 cells induction but also specific functional properties. To address whether Th17 polarization was associated with the acquisition of their typical features, we also measured the mRNA encoding for the transcription factor RORγt known to be critical for their differentiation. As we expected, Th17 condition induced the highest expression of their specific transcription factors. The presence of As2O3 during Th17 polarization led to decreased RORγt in Th17 cells (Figure 3E). These findings support a pivotal role of As2O3 in hindering de novo Th17 differentiation.
In light of the role of As2O3 in resolving inflammation and because Treg cells is an important cell subset involved in modulating and maintaining self-regulation of the immune system, we also investigated whether As2O3 could affect the generation of induced Treg cells. This cell subset develops from naïve CD4+ T cells upon antigen stimulation and transforming growth factor-β (TGF-β) exposure. To obtain this aim, highly purified naïve CD4+ T cells were cultured under Treg-inducing conditions in the presence of As2O3 (Figure 3B). We found that As2O3 potentiated Treg differentiation, with As2O3 enhancing STAT5 expression compared to control Treg cells (Figure 3F). As2O3-induced de novo generation of Treg cells was also paralleled by their capacity to increase their suppressive cytokines IL-10 and TGF-β1 (Figure 3D), suggesting that As2O3 affect not only Treg induction but also specific functional properties.
As2O3 Promotes CD4+CD25+ Treg Cells Proliferation
To investigate the effect of As2O3 on CD4+CD25+ Treg cells proliferation, CD4+CD25− T and CD4+CD25+ Treg cells were isolated from PBMCs in treatment-naïve RA patients (Figure 4A). CD4+CD25+ Treg cells generally represent anti-inflammatory subtype. To examine whether As2O3 directly affect CD4+CD25+ Treg-cell proliferation, CD4+CD25+ Treg cells were cultured with physical condition anti-CD3/CD28 stimulation, as well as As2O3 was added in the well for 3 days. Interestingly, we noticed that As2O3 dramatically increased the proportion of CD4+CD25+ Treg cells compared with without As2O3 treatment of CD4+CD25+ Treg cells (Figure 4B). To address whether As2O3 affects CD4+CD25+ Treg-cell polarization was associated with the acquisition of their typical features, we also measured the mRNA encoding for the transcription factor known to be critical for their differentiation Foxp3. As expected, As2O3 induced higher expression of Foxp3 compared with CD4+CD25+ Treg cells alone (Figure 4C).
[image: Figure 4]FIGURE 4 | As2O3 increased CD4+CD25+ Treg-cell proportion by regulating Foxp3 expression. (A) CD4+CD25+ Treg cells and CD4+CD25− T cells were isolated from PBMCs in treatment-naïve RA patients. The purity of obtained cells was ≥99% confirmed by flow cytometry. (B) Histograms represent the proportion of CD4+CD25+ Treg cells from treatment-naïve RA patients in absence or presence of As2O3 (0.5 μM) and with or without anti-CD3/CD28 activation in vitro. (C) qRT-PCR for detection of Foxp3 from purified CD4+CD25+ Treg-cell subsets. The statistical analysis was performed using one-way ANOVA. Data are represented as the mean ± SEM in six independent experiments. #p < 0.05, ##p < 0.01 vs nontreatment cells; *p < 0.05, **p < 0.01 vs. CD4+CD25− T cells from treatment-naïve RA patients.
As2O3 Affects the Phenotype of Treg and Th17 Cells
To examine the effect of As2O3 in the phenotypic characteristics of Treg cells, we used flow cytometry to assess the expression of Foxp3 and surface markers known to be associated with either Th17 or Treg cells. CCR6 is human Th17 cell marker. The expression of CCR6 was slightly but significantly lower in CD4+CD25+ Treg cells than in CD4+CD25− Treg cells (mean fluorescence intensity (MFI): 2.18 ± 0.24 vs 3.84 ± 0.27, p < 0.05), whereas the expression levels of the Treg-associated regulatory molecule CD127 and Foxp3 were significantly higher in CD4+CD25+ Treg cells than in CD4+CD25− Treg cells (MFI: 58.4 ± 2.65 vs 20.2 ± 1.7 and 22.2 ± 1.02 17.6 ± 2.5, respectively). Interestingly, we noticed that As2O3 downregulated CCR6 expression, while upregulated CD127 and Foxp3 expression in CD4+CD25+ Treg cells (Figures 5A,B). These results show that As2O3 enhances Treg-cell immunosuppression by regulating phenotype of Treg and Th17 cells.
[image: Figure 5]FIGURE 5 | As2O3 affect phenotype of CD4+CD25+ Treg cells. (A) Histogram represent that surface expression of CCR6, CD127, and intracellular expression of Foxp3 were measured in CD4+CD25− T cells, CD4+CD25+ Treg cells and coculture in the presence or absence of As2O3. (C) The expression levels of the surface and intracellular markers were quantified as mean fluorescence intensity (MFI). The statistical analysis was performed using one-way ANOVA. Data are represented as the mean ± SEM in six independent experiments. #p < 0.05, ##p < 0.01 vs. nontreatment cells; *p < 0.05, **p < 0.01 vs. CD4+CD25− T cells from treatment-naïve RA patients.
As2O3 Inhibited Nuclear Translocation of STAT3 in Early Treatment-Naïve RA Patients
We studied the effects of As2O3 on STAT3 in Th17 and Foxp3 in Treg cells by immunofluorescent staining. We determined the effects of As2O3 on STAT3 and Foxp3 function by observing nuclear translocation. As shown, STAT3 in nucleus was reduced by As2O3 treatment (Figure 6A), while the Foxp3 was increased (Figure 6B).
[image: Figure 6]FIGURE 6 | As2O3 increased gene expression of transcription factor Foxp3 for Treg cell while decreased STAT3 for Th17 cell from treatment-naïve RA patients. (A,B) PBMCs were extracted and cultured with anti-CD3/CD28 in presence or absence of As2O3 for 24 h. Representative images of anti-STAT3 and anti-Foxp3 fluorescence (red), nuclear DAPI (blue), and merged with the bright field (Merge) in vehicle and As2O3 treatment. Scale bars: 100 μm As2O3 decreased the apparent STAT3 fluorescence intensity while increased that of Foxp3 compared with vehicle group. STAT3 and Foxp3 levels were detected and quantified by the fluorescence microscopy. The statistical analysis was performed using one-way ANOVA. Data are represented as the mean ± SEM in six independent experiments.
Pathway Enrichment Analysis
The pathway enrichment analysis identified 22 differentially expressed pathways. Considering that the biological functions identified and previous study results for Treg cells, eight potential critical pathways participate in regulation of Treg-cell function by As2O3 from early treatment-naïve RA patients (Table 2). One upregulated enriched pathway found to be involved in FoxO acetylation which affects Foxp3 transcription and Treg-cell development. Seven downregulated enriched pathways were also determined, including apoptosis, cytokine–cytokine receptor interaction, cell cycle, PI3K-Akt signaling pathway, nuclear factor kappa-B signaling pathway, calcium signaling pathway, and p53 signaling pathway (Table 2).
TABLE 2 | KEGG pathways enriched in treatment Treg cells of early treatment-naïve RA patients.
[image: Table 2]Differentially Expressed Genes
After normalization and correction for multiple testing, 100 genes were upregulated more than 2.0-fold in As2O3-treated cells compared to control cells, and 136 downregulated by the same factor (FC<-2.0). In total, 472 genes were found to be differentially expressed in As2O3-treated vs. control Treg cells in a statistically manner (FDR-corrected p value <0.05). We have identified 472 DEGs including 200 upregulated genes and 272 downregulated genes in treatment Treg cells compared to nontreatment Treg cells with As2O3 (Figure 1B). Twelve most strongly up- and downregulated genes are listed in Table 3.
TABLE 3 | Eight most strongly up- and downregulated genes in As2O3-treated RA Treg cells relative to control.
[image: Table 3]The list of the most strongly upregulated genes include genes involved in the regulation of cell proliferation, immunoregulation, apoptosis, and amino acids and glycolysis metabolism. Among the most strongly downregulated genes are those linked to cell proliferation and differentiation, extracellular signal activation, and inflammation.
GO Function Enrichment Analysis
We selected nine significantly overrepresented BPs, including regulation of mitotic cell cycle, regulation of DNA recombination, and protein ubiquitination. There were nine significantly overrepresented MFs, including peptide transporter activity, RNA binding, glycogen synthase activity, kinase activator activity, and phosphatase activity. We also detected five significantly overrepresented CCs, including mitochondrial chromosome, cyclin E1–CDK2 complex, and DNA helicase complex (Figure 7). In summary, the significantly overrepresented BPs, MFs, and CCs were dramatically different between nontreatment Treg and treatment Treg cell with As2O3.
[image: Figure 7]FIGURE 7 | Differential expressed genes (DEGs) profiles of Gene Ontology (GO) terms (biological process, molecular function, and cellular component) in treatment Treg cells and nontreatment Treg cells from early treatment-naïve RA patients. (A) Top ten ranked biological process significantly affected by As2O3.. (B) Top ten ranked molecular function significantly affected by As2O3.. (C) Top ten ranked cellular components significantly affected by As2O3.
Genes Involved in Inflammation and Immunoregulation
As chronic inflammatory autoimmune disease and changes in Treg cell frequency and dysfunction are central features in the pathogenesis, we set out to separately study genes linked to these processes (Table 4). Several proinflammatory factors such as hypoxia inducible factor 1 alpha subunit (HIF1α, fold change −8.4), matrix metallopeptidase 3 (MMP3, fold change −3.2), C-C motif chemokine receptor 6 (CCR6, fold change −7.6), and SMAD family member 3 (SMAD3, fold change −4.8) were significantly downregulated by As2O3, while the anti-inflammatory peroxisome proliferator activated receptor gamma (PPARγ, fold change 6.4) and interleukin 10 (IL-10, fold change 2.6) were upregulated. Genes affecting immune response, such as forkhead box O1 (Foxo1, fold change 11.8) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4, fold change 4.6), were similarly upregulated.
TABLE 4 | Selected genes linked to inflammation and immunoregulation in As2O3-treated RA Treg cells relative to control.
[image: Table 4]Amino Acid and Carbohydrate Metabolism
RA is also known to be associated with metabolic syndrome. We separately studied genes for proteins participating in the main pathways of amino acid and carbohydrate metabolism (amino acid biosynthesis, glycolysis) (Weyand and Goronzy, 2017; Falconer et al., 2018). As2O3 did not have a marked (fold change>2.0) effect on any of these genes, with the single exception upregulation of acyl-CoA thioesterase 4 (ACOT4) (fold change 2.9).
qRT-PCR Validates Differential Expressed Genes
Five upregulated genes (CDKN3, SUSD4, USP7, HAL, and HIST4H4) and four downregulated gene (DFFB, PTPN13, RIPK1, and METTL3) in early treatment-naïve RA patients were selected for RT-qPCR. The nine selected genes expression were consistent between RNA-seq and RT-qPCR analysis, confirming the accuracy of our data (Figure 8).
[image: Figure 8]FIGURE 8 | Histogram indicates the expression change of the nine selected genes detected by RT-qPCR (black bars, n = 6) and scRNA-seq (white bars, n = 3). The results showing the scRNA-seq analysis and RT-qPCR were consistent with expression change of the nine identified genes.
DISCUSSION
In this study, we have presented a comprehensive analysis of the frequency, phenotype, cytokine profile, and gene expression profile of CD4+CD25+CD127low Treg and Th17 cells from CD4+ T cells of PB from patients with early treatment-naïve RA patients.
Our findings have indicated that As2O3 increased CD4+CD25+ Treg-cell expression significantly in PBMCs of early treatment-naïve RA patients.
We report in this article for the first time, to our knowledge, that As2O3 can modulate CD4+CD25+ Treg-cell differentiation and affect its function, thus improving immune dysfunction. Audrey et al. reported that As2O3 increased the antitumor immune response through the depletion of Treg numbers mediated by oxidative stress in tumor-bearing mice (Thomas-Schoemann et al., 2012). Furthermore, our previous studies revealed that As2O3 could induce RA FLS apoptosis through NF-κB signaling pathway (Mei et al., 2011), inhibiting angiogenesis via modulating TSP-1-TGF-β-CTGF-VEGF functional module (Zhang et al., 2017) and rescuing the defective VDR-PPARγ functional module of autophagy (Wang et al., 2019). We also systematically reviewed that As2O3 is a feasible treatment option based on its ability to protect against inflammation (Zhang et al., 2018). Therefore, it is becoming increasingly clear that As2O3 might take part in the control of immune response by promoting the differentiation of CD4+CD25+ Treg cells and related phenotype expression.
Based on our previous findings, we conducted scRNA-seq analysis elicited the exact therapeutic mechanism of Treg cells by As2O3 in early treatment-naïve RA patients. As2O3 was found to affect the expression of a large number of genes in early treatment-naïve RA Treg cells. Among the most strongly affected genes were several involved in inflammation, immunoregulation, and amino acid and carbohydrate metabolism.
Immune imbalance along with autoimmune dysfunction is a central feature of RA. In our data, As2O3 reduced the expression of well-known Th17 transcription factor such as signal transducer and activator of transcription 3 (STAT3). In addition, As2O3 downregulated the expression of hypoxia-inducible factor 1 alpha subunit (HIF1α). As the relative expression of Treg/Th17–related cytokines during the course of RA, the effects of As2O3 on immune balance are likely to depend on the phase of the disease process.
RA has been reported to be associated with Treg/Th17 cell imbalance (Li et al., 2019a; Li et al., 2019b). Activation of the Foxo signaling pathway appears to counteract these effects and particularly, forkhead box O1 (Foxo1) has been shown to enhance Treg-cell differentiation and stability (Kerdiles et al., 2010). Interestingly, the expression of Foxo1 was strongly upregulated by As2O3 in the present data. Furthermore, As2O3 strongly enhanced the expression of Runx3, which has been shown to regulate Foxp3 expression (Loo et al., 2020).
These genes were predicted to target Foxo signaling pathway that play a major role in Treg-cell formation and function. Foxo induces the transcription factor Foxp3 expression. Single-cell RAN-seq revealed that the upregulated pathway mainly involves the Foxo signaling pathway–related protein acetylation and deubiquitination in Treg cell from early treatment-naïve RA patients by As2O3. The downregulated pathway mainly involves apoptosis activated by DNA fragmentation factor, cyclin E1, ATPase plasma membrane Ca2+ transporting 4, mitochondrial ribosomal protein, ubiquitin protein ligase in intracellular membrane, and extracellular region. Considering above of the findings, metabolic disorder and epigenetic modification may involve in the regulation of Treg cell by As2O3 from early treatment-naïve RA patients.
The highly conserved role of Foxo transcription factor in cell cycle inhibition and apoptosis has been extensively studied in the past decade. Previous literature has uncovered that Foxo transcription factors in T-cell fate specification, especially with regard to Treg-cell differentiation play a critical role by integrating PI3K-Akt and TGF-β-SMAD signaling pathways (Kerdiles et al., 2010). Preclinical studies demonstrated that dysfunctional differentiation of naïve T cell in RA patients is critically induced by insufficient of the histone acetyltransferase, which leads to the deficiency of Foxp3 acetylation and subsequently Foxp3 degradation (Su et al., 2019). Other researchers have previously shown that Foxp3 deubiquitination partially but significantly increase Treg cells and that partial rescue of Treg-cell development (Zhao et al., 2015). Therefore, we gain a hypothesis that As2O3 may affect Treg-cell function by enhancing Foxo acetylation and attenuating ubiquitination subsequently orchestrate a program of Foxp3 gene expression and Treg-cell differentiation. Thirteen identified MFs imply that As2O3 promotes Treg-cell differentiation and enhanced function may partially affect its epidemic modification. Foxo transcription factor genetic program controls aspects of Treg-cell differentiation and that are dispensable for the maintenance for Foxp3 expression and Foxp3+ cells expansion in response to homeostatic or inflammatory cues. Substrate-binding F-box protein SKP2 binds to ubiquitin ligase induces Foxo ubiquitination and subsequent proteasome degradation of Foxo (Huang and Tindall, 2011). This study revealed that As2O3 perhaps increase Treg differentiation and development by enhance Foxo acetylation and inhibit Foxo ubiquitination.
Our previous studies revealed that As2O3 at low concentration (0.1–0.5 µM) primarily promote Treg-cell differentiation and does not induce its apoptosis. RNA-seq analysis showed that As2O3 inhibits apoptosis which manifested tightly to the inactivation of cytokine–cytokine receptor interaction, cell cycle, PI3K-Akt signaling pathway, NK-κB signaling pathway, calcium signaling pathway, and p53 signaling pathway. Our data suggested that As2O3 perhaps attenuates DNA fragmentation factor subunit beta (DFFB) activity subsequently inhibit apoptosis (Han et al., 2020). Furthermore, As2O3 interaction may prevent apoptosis-inducing factor oxidation in mitochondria exposed to stress and undergoing apoptosis (Bano and Prehn, 2018). As2O3 tampered released NF-κB dimers activated through various posttranslational modifications and translocate to the nucleus where they bind to specific DNA sequences and inhibit transcription of target genes (Hayden and Ghosh, 2008).
An interesting example is pyruvate dehydrogenase kinase 1 (PDK1), which was one of the genes most strongly downregulated by As2O3. As this gene inactivates pyruvate dehydrogenase and prevents pyruvate convert into lactate or acetyl-CoA, inhibition of PDK1 during Th17-cell polarization by dichloroacetate (DCA) is sufficient to block Th17-cell differentiation (Bantug et al., 2018). Several genes promoting amino acid synthesis and transport, such as solute carrier family 1 member 5 (SLC1A5), which encodes a glutamine transporter and limits Th17-cell generation while promote Treg-cell generation (Nakaya et al., 2014), were also downregulated. However, genes coding for the enzymes participating in the major pathways of carbohydrate and amino acid metabolism (glycolysis and amino biosynthesis) were not significantly affected. Of the RA-associated glycolysis metabolism genes, glucose transporter (GLUT1) is a central mediator of carbohydrate metabolism. Its expression has been shown to be increased in RA (Falconer et al., 2018), and GLUT1 was found to be downregulated by As2O3 in the present study.
Cell cycle kinase, serine–protein kinase (ATM), is involved in the amino acid metabolism. T cells from RA that have low levels of ATM commit to the Th1 and Th17, rather than Treg (Weyand and Goronzy, 2017). These are examples of As2O3-induced normalization of the expression of carbohydrate and amino acid metabolism–related genes in RA Treg cells.
CONCLUSION
In conclusion, As2O3 was found to cause a major phenotype switch in RA Treg. This is the first study investigating the genome-wide effects of As2O3 on the gene expression of treatment naïve Treg cells. In addition to promoting apoptosis, inhibiting angiogenesis, restoring immune imbalance, suppressing inflammation. As2O3 was also found to affect glucose-amino acid metabolism related genes. Since, targeting metabolism may be the potential therapeutic for treatment-naïve RA patients.
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Psoriatic arthritis (PsA) is a chronic inflammatory immune-mediated disease with a burdensome impact on quality of life and substantial healthcare costs. To date, pharmacological interventions with different mechanisms of action, including conventional synthetic (cs), biological (b), and targeted synthetic (ts) disease-modifying antirheumatic drugs (DMARDs), have been proven efficacious, despite a relevant proportion of failures. The current approach in clinical practice and research is typically “predictive”: the expected response is based on stratification according to clinical, imaging, and laboratory data, with a “heuristic” approach based on “trial and error”. Several available therapeutic options target the TNF-α pathway, while others are directed against the IL-23/IL-17A axis. Janus kinase inhibitors (JAKis), instead, simultaneously block different pathways, endowing these drugs with a potentially “broad-spectrum” mechanism of action. It is not clear, however, whether targeting a specific pathway (e.g., TNF-α or the IL-23/IL-17 axis) could result in discordant effects over other approaches. In particular, in the case of “refractory to a treatment” patients, other pathways might be hyperactivated, with opposing, synergistic, or redundant biological significance. On the contrary, refractory states could be purely resistant to treatment as a whole. Since chronic synovitis is one of the primary targets of inflammation in PsA, synovial biomarkers could be useful in depicting specific biological characteristics of the inflammatory burden at the single-patient level, and despite not yet being implemented in clinical practice, these biomarkers might help in selecting the proper treatment. In this narrative review, we will provide an up-to-date overview of the knowledge in the field of psoriatic synovitis regarding studies investigating the relationships among different activated proinflammatory processes suitable for targeting by different available drugs. The final objective is to clarify the state of the art in the field of personalized medicine for psoriatic disease, aiming at moving beyond the current treatment schedules toward a patient-centered approach.
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INTRODUCTION
Psoriatic arthritis (PsA) is a chronic systemic immune-mediated inflammatory disease belonging to the spondyloarthritis (SpA) spectrum. PsA occurs at frequencies ranging from 6% to 42% of patients with skin psoriasis, according to different studies (Scher et al., 2019; Zabotti et al., 2020), or affects family members of psoriatic patients (Gladman et al., 2005). Skin disease is considered the main risk factor for PsA development, and although the occurrence of joint disease is not predictable, an incidence risk of approximately 20% is approximated after more than 30 years of skin psoriasis, with higher rates in the context of nail, scalp, or inverse psoriasis; this risk is also affected by the severity of the cutaneous manifestations. In the context of PsA, involvement of the joints, entheses, and skin is challenging for clinicians, and dactylitis, nail dystrophy, uveitis, and spine manifestations represent clinical endotypes susceptible to different management approaches. Progressive damage accrual, along with inflammatory manifestations of the disease, is highly disabling for patients, with impacts on quality of life and healthcare costs (Singh and Strand, 2009). Comorbidities associated with repercussions related to cardiovascular risk, such as obesity and metabolic syndrome, are intrinsic parts of psoriatic “disease”.
This clinical heterogeneity is reflected in complex pathophysiology, knowledge of which is crucial to hypothesizing a therapeutic approach targeting the ongoing pathological process (Veale and Fearon, 2018; Scher et al., 2019; Russell et al., 2021). Infiltration of both innate and adaptive immune cells in different target organs and tissues results in significant production of different proinflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, IL-22, IL-23, IL-17A, and IL-18, inducing further inflammatory mediators release and damage progression. New evidence in PsA pathogenesis has provided further insights into the molecular pathways involved in either cutaneous or articular manifestations of the disease, and genetic, epigenetic, environmental, cellular, and molecular aspects have been clarified, driving the development of different targeted therapies (Jadon et al., 2020). From a clinical point of view, drugs targeting different molecules primarily involved in chronic inflammation, such as TNF-α, the IL-23/IL-17A axis, or Janus kinases/signal transducers and activators of transcription (JAK/STATs), are now available (Gossec et al., 2016, 2020; Singh et al., 2018). This multiplicity of treatment options poses relevant questions about how to best interfere with different proinflammatory processes in individual PsA patients because clinicians lack reliable tools to select the best therapeutic pathway to target to optimize clinical response. A priori, tissue-specific biomarkers are the most promising candidates to stratify patients based on the actual ongoing pathogenic process and are suitable for targeting by pharmacological treatments, as demonstrated by some attempts in other chronic inflammatory joint diseases, such as rheumatoid arthritis (RA) (Humby et al., 2021). Despite important discoveries in this field, there are still great obstacles to the goal of “personalized arthritis medicine’ in the context of PsA (Jadon et al., 2020).
The main aim of this narrative review is to provide an up-to-date overview of the knowledge in the field of psoriatic synovitis, focusing specifically on studies investigating the relationships among activated proinflammatory immune pathways, following hyperactivation of TNF-α, the IL-23/IL-17A axis, or JAK/STAT-dependent inflammation. Moreover, we will summarize the most robust and innovative evidence on the synovial membrane as a biomarker of response to treatment in PsA patients.
Targeted Therapies for Psoriatic arthritis
Bedside data on the efficacy of treatments for PsA come from randomized controlled trials (RCTs) and observational studies, as well as systematic literature reviews (SLRs) (Kerschbaumer et al., 2020) informing current clinical practice guidelines (Coates et al., 2016; Gossec et al., 2016, Gossec et al., 2020; Singh et al., 2018). First-line pharmacological treatment strategies include nonsteroidal anti-inflammatory drugs (NSAIDs) and/or local injection of glucocorticoids (GCs). Conventional synthetic (cs) disease-modifying antirheumatic drugs (DMARDs) (e.g., methotrexate (MTX)) are selected in the case of elective peripheral joint involvement, while PsA patients refractory to csDMARDs should be treated with biological (b) DMARDs or oral targeted synthetic (ts) DMARDs. Current treatment guidelines suggest the use of JAK inhibitors (JAKis) in the case of bDMARD treatment failure or when other biologics are contraindicated. Since the amount of data on JAKis adoption in PsA will increase in the coming years, the positioning of these drugs might be revised when treatment recommendations are updated. This stepwise approach is generally accepted worldwide. Currently available bDMARDs for the management of PsA, which were designed based on the growing knowledge of disease pathogenesis, include 5 different TNF inhibitors (TNFis) (infliximab (IFX), etanercept (ETA), adalimumab (ADA), certolizumab pegol (CTZ), golimumab (GOL)), and their available biosimilars, the anti-IL-12/IL-23 p40 common subunit antibody ustekinumab, the anti-IL-17A antibodies secukinumab (SEC) and ixekizumab (IXE), and the selective T-cell co-stimulation modulator abatacept. Additionally, apremilast, tofacitinib, and upadacitinib are the only oral tsDMARDs available for PsA approved by the Food and Drug Administration (FDA) and European Medicine Association (EMA). The first inhibits phosphodiesterase-4 (PDE4). Tofacitinib blocks JAK1 and JAK3, with a functional effect on JAK2 (Mease et al., 2017a; Gladman et al., 2017), while upadacitinib is a selective JAK1 inhibitor (Mease et al., 2021b). Moreover, other drugs for the systemic management of PsA are in different phases of development. The anti-IL-23 biologics risankizumab (Clinical trial registration, KEEPsAKE 1, 2021; Clinical trial registration, KEEPsAKE 2, 2021), tildrakizumab (Clinical trial registration, INSPIRE 1, 2021; Clinical trial registration, INSPIRE 2, 2021), and guselkumab (Mease et al., 2020a; Deodhar et al., 2020) and the anti-IL17 receptor (IL-17R) antibody brodalumab (Mease et al., 2021a), which is already approved for psoriasis management, are under investigation in PsA, and the bispecific immunoglobulin bimekizumab, which targets IL-17A and IL-17F, is also being studied (Ritchlin et al., 2020a). Among tsDMARDs, filgotinib is promising (Clinical trial registration, PENGUIN 1, 2021; Clinical trial registration, PENGUIN 2, 2021). Table 1 summarizes the drugs for the management of PsA that are currently approved or in different phases of development.
TABLE 1 | b/tsDMARDs that have been approved or are in different phases of development for the systemic management of PsA.
[image: Table 1]Among the high number of drugs registered for the management of PsA in recent years, the majority of available therapeutic options act against the TNF-α pathway, while others are directed against the IL-23/IL-17A axis, and JAKis virtually encompass the intersections of a number of pathways based on their potential “broad-spectrum” mechanism of action, blocking different type I and II cytokines (e.g., IL-6, IL-23, IL-22, and interferons (IFNs)). This wide availability of drugs enables interference with the most important cytokines and nodes involved in disease pathogenesis, with the clinical aim of reducing signs and symptoms of the disease and preventing joint/bone damage and disability accrual. From a pathogenetic point of view, instead, the possibility of interfering with single or multiple crossroads directly involved in disease susceptibility and synergism could reduce inflammation in its entirety at the site of the disease (i.e., the skin, entheses, and synovium), decelerating the progression to more advanced stages of illness.
In regard to bedside application, the choice of the preferred bDMARD as a first-line biological treatment in patients with peripheral arthritis and selection of the correct strategy after failure of the first bDMARD (historically a TNFi) are aspects of interest, despite available evidence supporting clinical decisions being scant (Silvagni et al., 2019; Chimenti et al., 2020). Indeed, after almost 20 years of TNFi availability in the field of PsA, the capability to treat PsA with this class of drugs in the clinic has been reinforced by long-term efficacy and safety data (Fagerli et al., 2018; Haugeberg et al., 2018). TNFis are usually considered among first-line biological treatment strategies in different clinical settings, while experience with recently developed anti-IL-17A agents is obviously lower. However, similar efficacy rates have been shown between TNFis and non-TNFis in RCTs, with higher responses in first-line treatment strategies (McInnes et al., 2013; Mease et al., 2017b) than in second-line options (Ritchlin et al., 2014; McInnes et al., 2015; Mease et al., 2015; Nash et al., 2017). Moreover, the recent European League Against Rheumatisms (EULAR) recommendations suggested preferring an anti-IL-17A or anti-IL-12/23 agent in cases with relevant skin involvement (Gossec et al., 2020), and this remains, at present, the only acknowledgment of personalized systemic treatment in this context. However, in the 2018 American College of Rheumatology (ACR) guidelines, TNFis are conditionally suggested as the first-line treatment strategy over anti-IL-17A and anti-IL-12/23 antibodies (Singh et al., 2018) on the basis of the more robust amount of clinical data.
Information regarding the comparative effectiveness of drugs with different modes of action in PsA is steadily increasing. Indirect evidence from RCTs and observational studies cautiously suggests a higher efficacy for IL-17A inhibition at the cutaneous level, with respect to joint involvement, while the use of TNFis has produced more comparable rates of response between the skin and joints (Boutet et al., 2018). This was confirmed by network meta-analyses. TNFis demonstrated substantially higher ACR responses (i.e., articular symptoms) than other biologics and tsDMARDs, although the differences were numerically low (Gladman et al., 2020; Ruyssen-Witrand et al., 2020), and the effect of prior exposure to bDMARDs did not result in higher efficacy for other drugs with different mechanisms of action. On the contrary, both TNFis (except for etanercept) and anti-IL17A agents produced consistent cutaneous responses (i.e., Psoriasis Area Severity Index (PASI) response) compared to placebo. Recently, head-to-head RCTs directly comparing different active treatment strategies have provided relevant practical information. In the EXCEED trial (McInnes et al., 2020), 853 active bDMARD-naïve PsA patients were randomly assigned to the anti-IL-17A SEC (300 mg monthly) or the TNFi ADA, with the primary objective of demonstrating the superiority of SEC over ADA at 52 weeks (ACR20 response). The primary endpoint was not reached; however, SEC demonstrated an efficacy profile similar to that of ADA (odds ratio [OR]: 1.30, 95% confidence interval [95% CI]: 0.98–1.72) with no new safety signals with respect to registration RCTs. In the SPIRIT-H2H trial (Mease et al., 2020b; Smolen et al., 2020), the primary objective was the simultaneous achievement of joint and skin responses (ACR50 and PASI100) with IXE compared to ADA. IXE was superior to ADA in terms of the combined skin and joint primary endpoint (p = 0.036 at 24 weeks, p < 0.001 at 52 weeks) and non-inferior to ADA in ACR responses. Additional RCTs compared TNFis with non-TNFis, and although these trials were not designed to primarily evaluate the comparison, numerical differences in terms of efficacy endpoints, at least for the peripheral joints involvement, were not clinically meaningful (Mease et al., 2017b; Coates et al., 2017). Table 2 highlights the differences in clinical responses between TNFis and non-TNFis in phase III RCTs in PsA comparing different treatment arms.
TABLE 2 | Main differences in clinical response between TNFis and non-TNF b/tsDMARDs in PsA phase III RCTs directly comparing the treatment arms.
[image: Table 2]In line with these results, the decision on the biologic to adopt in each PsA patient is substantially empirical, and guidelines are not restrictive in this sense, with even more elusive data on the sequencing of therapies. EULAR recommendations (Gossec et al., 2020) suggest a preferred option for an anti-IL-17A or anti-IL-12/23 agent over TNFis and JAKis in cases with severe skin involvement, while the 2015 Group for Research and Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA) guidelines tried to enlist specific treatments for individual clinical domains (e.g., axial, enthesis, dactylitis, and peripheral joint) and in cases with selected comorbidities (Ogdie et al., 2020). However, individual treatment decisions remain based on “heuristic” approaches, being not tailored to the biological features of the disease. Based on these issues, this approach exposes patients to possible primary inefficacy, unexpected side effects or several failed biological treatments before achieving clinical amelioration. As almost 40% of patients do not appropriately respond to their first-line biological treatment (Ritchlin et al., 2020b), the search for predictive biomarkers able to depict treatment response a priori is one the major unmet needs in the field, and addressing this need includes a global reconsideration of RCT development, aiming to tailor treatment decisions at the “single-patient” level (Miyagawa et al., 2018; Leijten et al., 2019; Pitzalis et al., 2020).
Treatment Response Biomarkers in Psoriatic Arthritis
As underlined above, determining biomarkers related to early diagnosis, damage, prognosis, and treatment response is one of the major unmet needs in the field of PsA; as such, it is included in the research agendas of the most relevant international treatment guidelines (Ogdie et al., 2020). Biomarkers are currently defined as measurable indicators of disease status. Despite the growing number of studies aimed at identifying diagnostic, prognostic, and treatment selection biomarkers (Generali et al., 2016; Mahendran and Chandran, 2018; Mahmood et al., 2018), no validated biomarkers are yet available for clinical use in PsA (Scher et al., 2019). Special interest lies in identifying peripheral blood, synovial fluid (SF), and synovial membrane biomarkers of response to drugs with different mechanisms of action (Jadon et al., 2020).
Genetic Biomarkers
Genetic biomarkers to predict clinical response, mostly to TNFis, have been investigated in both psoriasis and PsA (O’Rielly et al., 2019). Early reports require confirmation in defined clinical subsets, with homogenization of inclusion criteria in clinical presentation, course of the disease, and the genotyping and molecular expression of specific cells and tissues. Polymorphisms in the TNFAIP3 (Ovejero-Benito et al., 2019), TNF-α 308A, IL-6 174 (Fabris et al., 2016), and TNF489A (Murdaca et al., 2014) alleles were related to the clinical efficacy of different TNFis in observational studies. Genetic and epigenetic modifications have also been exploited to highlight the treatment response to other bDMARDs, such as ustekinumab, but the evidence is mostly available in psoriasis rather than PsA (Ovejero-Benito et al., 2018; Dand et al., 2019). Since the amount of research data will increase as the availability of new b/tsDMARDs increases, the amount of genetic biomarker data will rise accordingly. However, PsA is a multifactorial disease, and genetic predisposition accounts for only a portion of the pathogenic process, with environmental factors significantly influencing the course of this disease (Veale and Fearon, 2018). Thus, it is not surprising that genetic biomarkers have not yet entered clinical practice.
Serum Biomarkers
Since serum biomarkers are the most easily accessible measures, a relatively high number of studies have focused on serum levels of different proinflammatory molecules, clearly demonstrating increased levels of IL-17A, IL-23, IL-6, IL-1β, IL-21, transforming growth factor (TGF)-β, TNF-α, and interferon-gamma (IFN-γ) in the serum and SF of patients with SpA, including PsA, compared to those of controls (Londono et al., 2012; Raychaudhuri and Raychaudhuri, 2017). Among biomarkers of response to treatment, baseline C-reactive protein (CRP), IL-6 (Muramatsu et al., 2017), matrix metalloproteinase 3 (MMP-3) (Chandran et al., 2013), low-molecular-mass hyaluronan (Hellman et al., 2019), and C3 levels (Chimenti et al., 2012) were found to be predictive of TNFi therapy response in prospective studies (Gratacós et al., 2007; Kristensen et al., 2008; Scrivo et al., 2020). Lower IL-6 levels were associated with clinical response to ustekinumab (Muramatsu et al., 2017). Longitudinal decreases in the plasma concentrations of IL-6, vascular endothelial growth factor (VEGF), MMP3, and chitinase-3 like-1 (YKL-40) (Pedersen et al., 2010) and increases in serum cartilage oligomeric matrix protein (COMP) (Chandran et al., 2013) levels were linked to clinical response to TNFis. Moreover, from a panel of 92 serum proteins, pyridinoline, adiponectin, prostatic acid phosphate (PAP), and factor VII were identified as predictors of response to golimumab in a prospective observational study (Wagner et al., 2013). However, the serum concentrations of metabolites are influenced by several factors, and although PsA is a systemic condition, none of these biomarkers have been validated in clinical trials. Therefore, their roles are mostly mechanistic rather than decisional.
Peripheral Blood Cellular Biomarkers
Within the cellular compartment, several studies have demonstrated elevated frequencies of IL-17-positive T-cells in patients with PsA (Leipe et al., 2010; Dolcino et al., 2015), with even higher numbers in the SF (Raychaudhuri et al., 2012; Menon et al., 2014). Peripheral T-cell phenotyping was exploited in one of the first attempts to apply a precision medicine approach in PsA. Miyagawa et al. (2018) directly compared, across a proof-of-concepts open-label study, two different treatment strategies in a population of patients with active PsA and an insufficient response to MTX (26 patients in a strategic treatment group versus 38 in a standard administration group following EULAR recommendations). Before starting therapy, FACS analysis of peripheral blood lymphocytes was performed to phenotypically characterize circulating T cells. Patients with a higher T helper 1 (Th1) cell status received the anti-IL-12/IL-23 antibody ustekinumab, while those with a higher Th17 cell level were treated with the IL-17A blocker SEC. A TNFi or SEC was given if the peripheral blood T-cell population was enriched in both the Th1 and Th17 clusters, while only the TNFi was administered when both were downregulated. This tailored approach with specific interventions based on distinct T-cell phenotypes and presumed activated proinflammatory pathways resulted in better clinical outcomes at 6 months. Specifically, low disease activity measured by the Simplified Disease Activity Index (SDAI) and Disease Activity Score on 28 joints (DAS28) and ACR20 responses were achieved more often in the group of PsA patients receiving a tailored approach than in the conventional treatment approach group, in which no relevant biologic-dependent treatment decision was made. Similar outcomes were not obtained for cutaneous manifestations, for which the proportions of patients achieving PASI75 and PASI90 were not significantly different between the groups. According to the authors, it was the strategy itself that contributed to the achievement of a favorable response to treatment, instead of the type of bDMARD selected. This study, even if preliminary, is a forerunner in the application of a biomarker-driven approach to address conditions such as PsA.
Synovial Biomarkers
The analysis of cells and pathways in synovial tissue reveals findings that are not always exhibited by peripheral blood sampling. The anatomical proximity of the synovial membrane to the hypothesized inflammatory source emphasizes the putative roles of synovial biomarkers and their early modifications after treatment initiation. When chronic inflammatory arthritis occurs in the context of psoriatic disease, histological features include marked hyperplasia of the intimal lining layer containing fibroblast-like synoviocytes (FLSs) and macrophages and infiltration of the synovial sublining by both innate and adaptive immune cells, which are responsible for inflammatory mediator release, neoangiogenesis induction and cartilage and bone destruction. Inflammatory infiltrates in PsA consist of different immune cells, including macrophages, mast cells, polymorphonuclear (PMN) cells, and lymphocytes (B cells, T cells, and plasma cells), responsible for the significant production of different proinflammatory cytokines, including TNF, IL-1β, IL-6, IL-22, IL-23, IL-17A, and IL-18 (van Kuijk and Tak, 2011; Veale and Fearon, 2018) (Figure 1). Based on these observations, tracing inflammatory cells driving synovial inflammation in patients with undifferentiated inflammatory arthritis helped in the identification of tissue-dependent markers for predicting the development of defined chronic arthritis, such as PsA, within 1-year of follow-up (Alivernini et al., 2018). PsA synovitis partially differs from RA, as it is characterized by prominent neoangiogenesis with tortuous, immature, and elongated vessels (Kruithof et al., 2005a; Fromm et al., 2019); numerous macrophages in the lining (but not the sublining) layer (Rycke et al., 2005; Ambarus et al., 2012); and an increase in IL-17-positive infiltrating mast cells (Noordenbos et al., 2012). The presence of clonally expanded populations of CD8 T cells resistant to effective treatment (Curran et al., 2004; Penkava et al., 2020) suggests an antigen-driven T-cell response promoting inflammation. Although lymphoid aggregates and plasma cells are generally less represented in PsA than in RA (Alivernini et al., 2019; Nerviani et al., 2019), follicle-like structures found in the synovial tissue of treatment-naïve PsA patients are active, as shown by the presence of CD21pos or CD23pos follicular dendritic cells, together with the expression of activation/proliferation markers such as Ki67 and Bcl6, and are associated with the presence of autoantibodies in PsA patients at disease onset (Frasca et al., 2018). Moreover, consistent remodeling of bone metabolism is found in PsA, with bone neoformation markers interconnected with catabolic markers (allowing the presence of erosions along with new-bone growth) (Rahimi and Ritchlin, 2012; van Tok et al., 2018). The research utility of synovial biomarker discovery relies on the development of short-term clinical trials testing new drugs in early stages of pharmacological development (Gerlag and Tak, 2008; Codullo and McInnes, 2011), limiting the full period of the study to the time course of small proof-of-principle trials (“to-go-or-not-to-go”) (Sande et al., 2011). With this design in mind, studies investigating predictive synovial biomarkers of response to treatments have identified, in PsA, a reduction in sublining macrophages after effective TNFi treatment (Goedkoop et al., 2004a; Cañete et al., 2004; Rycke et al., 2005; Kruithof et al., 2006; van Kuijk et al., 2008; Pontifex et al., 2011). However, CD3pos T-cell and MMP (MMP-3 and MMP-13) reductions appear to be the most sensitive biomarker variations associated with an effective treatment response to TNFis (Goedkoop et al., 2004a; van Kuijk et al., 2008; Pontifex et al., 2011; van Kuijk and Tak, 2011). Recent studies have used protein profiles generated from proteomic analysis of powdered synovial tissues to compare patients with a response to ETA and ADA therapy with nonresponders (Ademowo et al., 2016; Collins et al., 2016). Different sets of biomarkers have been proposed, involving acute-phase proteins, annexins, cytoskeletal proteins, the hypoxia response, angiogenesis, and apoptotic signaling. Again, validation of baseline synovial predictive biomarkers to demonstrate superiority for a biomarker-driven approach with respect to recommended treatment algorithms has not been undertaken to date.
[image: Figure 1]FIGURE 1 | Schematic representation of the main pathogenic processes driving PsA development and chronicity. PsA is a heterogeneous chronic disease, with skin, entheseal, and synovial tissue involvement occurring in different proportions across patients under genetic and environmental triggers. For skin manifestations, activated dendritic cells secrete predominantly IL-23, which in turn induces the differentiation of naïve T cells into Th17 cells. IL-17 is responsible for keratinocyte activation and subsequent perpetuation of skin inflammation. At the entheseal level, resident and infiltrating entheseal myeloid cells produce IL-23, which is responsible for lymphocyte activation and the inflammatory response, as well as bone damage. Psoriatic synovitis, on the contrary, is characterized by tortuous and immature neoangiogenesis, with antigen presentation by dendritic cells and macrophages leading to lymphocyte activation. As a result, the synovial inflammatory infiltrate is rich in activated lymphocytes, mast cells, and macrophages. Polyfunctional T cells are responsible for the production of several types of proinflammatory cytokines (e.g., TNF-α, IL-17A, GM-CSF, and IFN-γ) in the synovial membrane and synovial fluid. The proinflammatory cytokine milieu further activates fibroblast-like synoviocytes, chondrocytes, osteoblasts, and osteoclasts, resulting in bone damage.
On the contrary, studies investigating the synovial impact of drugs, mostly TNFis, have helped elucidate the effects of these drugs at the synovial level. TNFis, as an example, do not enhance apoptotic markers in either RA (Smeets et al., 2003) or PsA (Goedkoop et al., 2004a), but they are able to decrease inflammatory cytokine levels, interfere with inflammatory cell homing from the peripheral circulation via a reduction in chemokine and adhesion molecule production, and reduce neovascularization of the tissue (Baeten et al., 2001; Kruithof et al., 2005b; Gerlag and Tak, 2008). Researchers have found decreases in VEGF (Cañete et al., 2004), von Willebrand’s factor, αVβ integrin, and the adhesion molecules ICAM-1 and VCAM-1 (Baeten et al., 2001; Cañete et al., 2004; Goedkoop et al., 2004a, Goedkoop et al., 2004b) after TNFi treatment. Conversely, synovial mechanisms of the response to IL-17A blockers are not as widely understood. Van Mens et al. (2018) focused on longitudinal synovial modifications following SEC administration. After 12 weeks, there was a significant decrease in CD15pos neutrophils and in CD68pos macrophages in the sublining layer, with an increase in IL-17A-positive mast cells and reductions in IL-6, MMP-8, CCL-20, and IL-17A mRNA expression (Mens et al., 2018; Chen et al., 2019). The in vitro administration of an anti-IL-17A agent to FLS cultures was effective in reducing IL-17A-induced IL-6 production, with no differences between PsA and RA FLS (Frommer et al., 2019). SEC was also tested in vitro in SF mononuclear cell (SFMC) cultures and cocultures of FLS and peripheral blood mononuclear cells (PBMCs), producing a reduction in the release of monocyte chemoattractant protein 1 (MCP-1) after 48 hours (Nielsen et al., 2020). Finally, the adoption of a blocker of IL-17-receptor A (IL-17RA) was tested in PsA FLS cultures, highlighting reductions in IL-6 and IL-8 release into supernatants after stimulation with IL-17A (Raychaudhuri et al., 2012). In addition, the cellular effects of abatacept at the articular level (Szentpetery et al., 2017) have been longitudinally investigated in 14 patients starting abatacept or placebo treatment. Global synovitis and vascularity scores were significantly reduced after abatacept treatment compared with placebo treatment. The authors did not find significant changes in synovial CD3, CD8, or CD31 expression during the study period, while there was a significant reduction in FOXP3-positive CD4pos regulatory T cells (Tregs).
Despite all these promising findings, these is not enough evidence to allow genetic, serum, cellular, or synovial biomarkers to be included in treatment decision-making in clinical practice, mainly because most studies were performed to assess only one class of drugs, without stratifying patient groups based on different treatment responses. Moreover, explanations for the effect of a single drug might be more complex than simply targeting a soluble molecule or receptor, given the heterogeneity of drugs in terms of structures and pharmacokinetics (Humby et al., 2017). Therefore, the main treatment selection rules remain mostly empirical, and treatment outcomes, both in RCTs and in clinical practice, remain essentially based on clinical measures.
TNF-α-, IL-23/IL-17-, and JAK/STAT-Dependent Signal Transduction Axes
Moving toward the bench side, the availability of efficacious drugs that directly target specific proinflammatory cytokines means, from a biological point of view, that interfering with TNF-α, IL-23/IL-17A axis, or JAK/STAT-dependent inflammation could disrupt several downstream signal transduction axes, with subsequent positive effects at the systemic and local levels. Knowledge of these signal transduction axes is, therefore, important to understand how each cytokine/node is dependent on or independent from others (Figure 2).
[image: Figure 2]FIGURE 2 | Downstream signal transduction mechanisms following TNF-α, IL-17A, or JAK/STAT-coupled receptor activation. Type I and II cytokines (e.g., IL-23, IL-22, IL-6, and type I, II, and III IFNs) bind JAK/STAT-associated receptors. JAK proteins are associated with the cytoplasmic domain of these receptors, and when cytokines bind to the receptor, JAKs undergo autophosphorylation and phosphorylate other JAKs. STATs recognize JAKs, bind their cognate receptors and become phosphorylated by JAKs. STATs then translocate to the nucleus, bind DNA and activate the transcription of target genes for the interferon response, proinflammatory mediator production, and ECM degradation. IL-17A binds IL-17R, a transmembrane heterodimer of IL17RA and IL-17RC. This binding induces Act-1 activation, which in turn activates TRAF6 and, accordingly, NF-kB. NF-kB migrates to the nucleus and induces target gene transcription. TNF-α, either in its soluble or transmembrane form, binds TNFR1 or TNFR2. After binding, in the classical proinflammatory axis induced by TNF-α-dependent cellular activation, TAK1 engages NEMO. NEMO activation results in the phosphorylation of specific serine residues in inhibitory proteins of NF-κB (IκBs) by IKK-1 and IKK-2, leading to IκB polyubiquitination and proteasome-dependent degradation. This process releases NF-κB proteins, which translocate to the nucleus and induce target gene transcription. Taken together, these mechanisms result in an interferon response, proinflammatory chemokine and cytokine release, and extracellular matrix degradation. Abbreviations: TNF-α, tumor necrosis factor-alpha; IL, interleukin; JAK/STAT, Janus Kinase/signal transducer and activator of transcription; ECM, extracellular matrix; IL-17R, IL-17 Receptor; Act1, NF-kappa-B activator 1; TRAF6, TNFR-associated factor 6; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNFR, tumor necrosis factor-alpha receptor; TAK1, transforming growth factor-alpha-activated kinase 1; NEMO, NF-κB essential modulator; IKK, inhibitor of IκB kinase; IκBs, inhibitory proteins of NF-κB. This image was created with © BioRender 2021.
TNF-α
TNF-α is a key cytokine in the pathogenesis of SpA, and skin manifestations, as well as enthesis, joint, and spine involvement, represent the epiphenomenon of hyperactivated TNF-α-dependent inflammation as a result of innate and adaptive immune response activation (Palladino et al., 2003; Tracey et al., 2008; Croft and Siegel, 2017). TNF-α is part of the TNF superfamily, and its activities in health and pathology are pleiotropic. Many different immune and nonimmune cell types can produce this cytokine, including fibroblasts and keratinocytes. TNF-α can be found in either a soluble form or a transmembrane (tm) form bound to cells. The soluble form (sTNF-α) is released after enzymatic cleavage of the cell surface–bound precursor (tmTNF-α) by TNF-alpha-converting enzyme (TACE) (Higuchi and Aggarwal, 1994). Both sTNF-α and tmTNF-α are biologically active. TNF-α binds two distinct receptors: type I (TNFR1, also known as p55 and CD120a) and type II (TNFR2, also known as p75 and CD120b). Both receptors are transmembrane glycoproteins with multiple cysteine-rich repeats in the extracellular N-terminal domain. Signal transduction mediated by TNF-α receptor activation can alternatively lead to activation of nuclear factor kappa-B (NF-κB) or to apoptosis, depending on the metabolic state of the cell (Kuwano and Hara, 2000; Hayden and Ghosh, 2014). It is relevant to note that tmTNF-α can also act as a signal transducer and not only as a ligand. In this case, binding to tmTNF-α by TNFRs, or even TNFis, can induce reverse signaling and trigger cell activation or cytokine suppression and apoptosis in tmTNF-α-expressing cells. TNFR1 is constitutively expressed on virtually all nucleated cell types, whereas TNFR2 is inducible and preferentially expressed on endothelial and hematopoietic cells (Sedger and McDermott, 2014). The cytoplasmic region of TNFR1 contains a death domain that couples TNFR1 to either of 2 distinct signaling pathways via binding of the adapter protein TNFR-associated death domain. The first pathway leads to the activation of nuclear factor kappa-B1 (NF-κB1), a family of transcription factors that controls many inflammatory genes, while a distinct signaling pathway leads to caspase-8- and caspase-3-dependent apoptosis. In a “network concept” of the role of TNF-α in inflammation, TNF-α is considered an early and important trigger and mediator of downstream mechanisms, with a variety of feedback loops managing chronicity. However, it is not the only key cytokine involved in inflammatory pathways at the basis of chronic inflammatory arthritis development and perpetuation.
IL-17
IL-17-dependent signaling has been identified as a key modulator of synovial inflammation and joint destruction in various arthropathies, and its role in PsA pathogenesis, not only in skin manifestations (Robert and Miossec, 2019), is crucial (Doyle et al., 2012; Raychaudhuri et al., 2012; Raychaudhuri and Raychaudhuri, 2017). In particular, IL-17 is essential for increased expansion of Th17 cells, amplification and perpetuation of enthesitis, promotion of bone resorption via stimulation of receptor activator of nuclear factor-kB ligand (RANKL) expression, and modulation of inflammatory pain. The IL-17 family is composed of 6 different forms. IL-17A is the most active form, with 30-fold higher activity than IL-17F. IL-17A can also be part of an active heterodimer with IL-17F, which is thought to have intermediate activity between IL-17A and IL-17F. Cellular production of IL-17 is complex, and different cells are involved in its production. Naïve CD4pos T cells that differentiate into Th17 cells in response to stimulation by IL-23 are considered the main producers of this cytokine, but other cell types (e.g., CD8pos T cells, γδ T cells, NK cells, mast cells, polymorphonuclear cells, and group 3 innate lymphoid cells) consistently contribute to its production (Blijdorp et al., 2018; Chen et al., 2019). IL-17 receptor is a receptor complex formed by IL-17RA and IL-17RC (a heterodimeric transmembrane IL-17RA and IL-17RC complex). The binding of IL-17 to IL-17R leads to Act1 engagement, activation of the TNFR-associated factor (TRAF) 6 protein and subsequent NF-κB-mediated transcription of proinflammatory cytokines, among which IL-22 increases IL-17 function and activates osteoclasts and IL-21 promotes the differentiation of follicular Th cells. Conversely, IL-17E, also called IL-25, can bind another receptor formed by IL-17RA and IL-17RB, blocking downstream Th1/Th17 activation and, in contrast, increasing Th2 activity.
JAK/STAT-Dependent Signaling
In contrast, JAK/STAT-dependent signal transduction mediates the responses to a variety of different type I and II cytokines (Schwartz et al., 2016). It is relevant to note that neither TNF-α nor IL-17A signals via JAK/STAT-coupled receptors. However, IL-23, one of the key cytokines involved in Th17 polarization, and the IL-17-dependent downstream cytokines IL-22 and IL-21 bind to JAK/STAT-associated receptors. Type I cytokines include common gamma-chain cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21), common beta-chain cytokines (IL-3, IL-5, and granulocyte–macrophage colony-stimulating factor [GM-CSF]), IL-6, IL-23, and IL-12. Among type II cytokines, type I, II, and III IFNs and IL-10-related cytokines (IL-10, IL-22, and IL-20) are involved. JAK/STAT-coupled receptors have an extracellular cytokine-binding domain and a cytoplasmic domain that associates with JAKs. JAKs comprise four different proteins (JAK1, JAK2, JAK3, and tyrosine kinase 2 [TYK2]); when cytokines bind to the extracellular portion of their receptors, JAKs start working as phosphotransferases, transferring a phosphate group from ATP to tyrosine residues in their substrates. JAKs can transfer a phosphate group to themselves (autophosphorylation) or to other JAKs (transphosphorylation). Once JAKS are phosphorylated, they are recognized by STATs. The primary function of STATs relies on transmitting signals from type I and II cytokine receptors to the nucleus. There are currently seven known STATs: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. Prior to activation, STATs reside in the cytosol, but after cytokines bind to receptors, STATs bind to their cognate receptors and are phosphorylated by JAKs. After this modification, STATs translocate to the nucleus, where they bind DNA and activate the transcription of target genes, resulting in activation of key interferon response genes, production of proinflammatory cytokines and chemokines that perpetuate synovial inflammation, and activation of products that destroy the extracellular matrix (ECM) (e.g., MMPs), mediating cartilage and bone damage. Different JAK and STAT proteins can transmit signals from specific cytokines; however, a certain degree of functional promiscuity exists.
Among cytokines crucial in driving Th17 polarization, IL-23 is composed of two subunits, p19 and p40, which are linked by a disulfide bond. While the p19 subunit is an element unique to IL-23, the p40 subunit is shared with IL-12. IL-23 binds to its receptor IL-23R, which is coupled with JAK2 and Tyk2, members of the JAK family, which in turn mediate the downstream phosphorylation of STAT3 and its subsequent migration to the nucleus.
Given the broad range of cytokines that bind to JAK/STAT-associated receptors, targeting cytokines involved in JAK/STAT signal transduction could mean interfering with wider immune pathways than targeting only TNF-α or IL-17A per se, even if neither TNF-α nor IL-17A signaling occurs via JAK/STAT-coupled receptors. However, it is not clear how deep and complex the connections among these immune pathways might be.
Relationships Among Different Proinflammatory “Immune Pathways” in PsA Synovitis
The clinical identification of patients refractory to specific targeting of TNF-α or the IL-23/IL-17 axis raises questions about the possibility of using a different available targeted therapy in refractory patients, with the aim of inhibiting the supposed “opposing” pathway. Few studies, however, have tried to investigate the specific clue regarding the connections between TNF-α and IL-23/IL-17 inflammatory effects in the context of PsA synovitis to clarify how targeting different nodes could modify their close interactions (Table 3).
TABLE 3 | Main studies investigating the relationships between TNF-α- and IL-23/IL-17A-driven proinflammatory pathways in psoriatic synovitis.
[image: Table 3]First Historical Highlights
In 2012, Noordenbos et al. (2012) investigated the role of mast cells in the pathogenesis of PsA synovitis. In their work, an analysis of paired synovial biopsy tissue samples obtained before and after 12 weeks of effective treatment with ETA demonstrated a significant decrease in the overall number of IL-17-positive cells, with no overall decrease in the number of IL-17-positive mast cells. The authors suggested that IL-17-positive mast cells could be resistant to clinically effective TNF-α inhibition. Similarly, Fiocco et al. (2010) demonstrated that PsA patients receiving intra-articular treatment with ETA showed reductions in the SF levels of different cytokines. As the main result of this study, post-treatment IL-1b, IL-6, and IL-22 levels were significantly reduced when compared with the corresponding baseline values, while IL-17A levels remained unchanged. In the same period, other researchers (Mitra et al., 2012; Raychaudhuri et al., 2012) investigated the effect of inhibiting the IL-17A axis in the PsA synovium. In a preliminary work, Raychaudhuri et al. (2012) cultured PsA FLS with IL-17A or TNF-α and found significant increases in IL-6 and IL-8 levels in both experiments. Blocking IL-17A activity with an IL-17RA blocker resulted in reductions in IL-6, IL-8, and MMP-3 production. In the work of Mitra et al. (2012), PsA-derived FLS cultured in the presence or absence of recombinant human IL-22, a proinflammatory cytokine that is produced by activated Th17 and Th22 cell subsets, induced FLS proliferation, an effect that was further enhanced when TNF-α was added to the culture. These studies have raised a relevant issue in the field of PsA concerning possible interference among multiple and different IL-mediated immune pathways using a “same targeted mechanism” drug. Conversely, they have cast doubts on the existence of different activated synovial proinflammatory immune processes in PsA patients, since a synergistic effect of IL-17A and TNF-α might be the most conceivable explanation.
Longitudinal Synovial Biopsy Studies
In fact, the recent availability of anti-IL17A agents for the clinical management of PsA provides an opportunity to explore the synovial effects of SEC in terms of interactions with TNF-dependent inflammation. In a recent report by Van Mens et al. (2018), the authors performed synovial biopsies before administering the anti-IL17A SEC to peripheral SpA patients, including PsA subjects, and found significant reductions in IL-17A, IL-6, and MMP-3 mRNA levels but not in TNF-α levels 12 weeks after the start of the new drug. Furthermore, Chen et al. (2019) demonstrated that the number of IL-17A-positive mast cells was increased after 12 weeks of SEC treatment in peripheral SpA patients (particularly when a clinical response was achieved), while that of IL-17A-positive non-mast cells was significantly reduced, suggesting different types of IL-17 metabolism in different types of immune cells.
In Vitro Culture Systems
Exploiting in vitro culture systems, other researchers have tried to solve the problem from another perspective. Frommer et al. (2019) demonstrated a synergistic effect for IL-17A and TNF-α in promoting IL-6 release into culture supernatants of PsA-FLS, while ADA and SEC were similarly effective in inhibiting IL-6 release. In 2016, another group of researchers (Gao et al., 2016; McGarry et al., 2017) performed studies investigating the synovial effect of the tsDMARD tofacitinib in PsA. In their works, the authors cultured PsA-derived FLS and whole-tissue synovial explants in the presence or absence of 1 µM tofacitinib citrate. Tofacitinib, deemed to have a wider synovial effect than TNF-α inhibitors and IL17A blockers, inhibited PsA-derived FLS invasion and migration and reduced IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1) release into supernatants compared with a vehicle control. In this work, however, the IL-17A levels in PsA synovial explant cultures were undetectable, while TNF-α levels were not investigated. Raychaudhuri et al. (2017) demonstrated that tofacitinib was able to reduce the number of IL-23-induced IL-17-positive memory T cells in PBMCs and SFMCs derived from PsA patients. As it is known that neither IL-17A nor TNF-α signals via the JAK/STAT pathway, one of the explanations for the link between tofacitinib treatment and IL-17-positive T-cell reduction is the inhibition of IL-23 activity (which signals via JAK/STAT-coupled receptors) by tofacitinib and the associated further reduction in IL-17A production by different downstream effectors. This interconnection among several cytokines remains crucial when considering the complex relationships among different inflammatory pathways. In fact, it has been demonstrated in RA that TNF-α and the IL-23/IL-17A axis produce synergistic effects on bone damage (Kirkham et al., 2006) and chemotactic activity toward T cells and dendritic cells in the synovium (Chabaud et al., 2001). One of the mechanisms thought to mediate IL-17A and TNF-α synergism involves inflammatory protein mRNA transcript stabilization, independent of TRAF-6-dependent signal transduction (Hartupee et al., 2009). The synergistic effect of IL-17 and TNF-α might be dependent on the cell type, as demonstrated in several cell cultures, including RA-FLS (Noack et al., 2019) and CD14pos myeloid cell populations in normal enthesis soft tissue and perientheseal bone (Bridgewood et al., 2019). Moreover, since several cellular elements are key characteristics of psoriatic synovitis, the adoption of more sophisticated in vitro models of chronic synovitis might be of value. Xu et al. (2020) co-cultured CD4 T cells isolated from PsA SF with allogeneic FLS and treated the in vitro system with ADA or SEC. SEC significantly reduced IL-17A and IL-6 release into the cellular supernatant, while ADA reduced TNF-α and MMP-3/13. Both drugs reduced IL-8 levels, while IFN-γ was not reduced by either of the treatments. In summary, although SEC and ADA showed overlapping activity affecting mediator release, a differential effect was demonstrated, with the anti-IL-17A agent mostly inhibiting inflammatory mediator release and TNF-α antagonism impacting structural mediators (e.g., MMPs).
Lessons from Genetics, Animal Models, Skin, and Systemic Counterparts
As it is not completely accepted that the synovium is the appropriate tissue to evaluate the etiopathogenesis of psoriatic disease, in which skin and entheseal manifestations account for a large part (Figure 1), and given the relative difficulty of obtaining samples of entheseal or bone tissue from live patients, researchers have tried to investigate the specific clue about the presence of different/opposing pathways in PsA using animal models of arthritis, as well as cutaneous biopsies, circulating cells, and genomic profiling studies. Belasco et al. (2015) analyzed paired PsA synovial tissue and skin samples. They demonstrated higher IL-23/IL-17-related gene expression in cutaneous biopsies, while TNF and IFN-γ-signatures were quite homogenously expressed in both sites. These findings point toward the existence of distinct phenotypic inflammatory activities that govern pathology in the skin compared with that in the joints but do not explain why a significant proportion of patients with polyarthritis become refractory to TNFis. Recently, these data were confirmed by Nerviani et al. (2020), who evaluated 14 matched synovial tissue and skin biopsies from PsA patients. The relative gene expression of TNF-α was homogeneous in both the skin and the synovium, while IL-23A, IL-12B, and IL-23R showed higher expression in lesional skin than in the synovium.
Studies of murine models of arthritis are helpful in understanding links between TNF- and IL-17-dependent inflammation and have shown that treating collagen-induced arthritis (CIA) mice with TNF-blocking agents results in a rebound increase in lymph node Th17 cells, with a converse reduction in synovial Th17 cells (Notley et al., 2008). Similar rebounds in splenic and lymph node Th17 cells were also demonstrated in genetic TNFR2 loss-of-function mice (Miller et al., 2015). The addition of IL-17A was able to induce an experimental model of arthritis independent of TNF (Koenders et al., 2005b; Koenders et al., 2005a, Koenders et al., 2006). Studies of murine models of psoriasis have similarly proven increases in cutaneous and serum IL-17A and IL-22 levels after TNF-α blockade (Ma et al., 2010). Whether these findings apply to patients with exacerbated skin psoriasis under TNFi treatment (Brown et al., 2017) is not known. The results obtained in mouse models of arthritis show promise for clarifying the relationships among different immune pathways but—at the same time—are challenging the assumption that these two cytokine subsets are mutually antagonistic. Again, these mouse models are not fully generalizable to humans, indicating the need for further research.
In fact, studies of human patients with skin psoriasis have failed to demonstrate rebounds in IL-17A and IL-22 at the cutaneous level after TNFi treatment (Zaba et al., 2007, Zaba et al., 2009; Johnston et al., 2014), despite an increase in circulating Th17 cells (Hull et al., 2015). Tissue resistance to IL-17A, mediated by downregulation of IL-17RC, was found to be an early modification after ETA treatment in psoriatic patients. Cutaneous expression of IL-17A-related genes was unchanged in cutaneous biopsies from refractory patients (Zaba et al., 2009). Similar results were obtained following ineffective tofacitinib treatment (Krueger et al., 2016). With particular regard to blood biomarkers, Kim et al. (2018) investigated the effect of systemic treatment with etanercept or tofacitinib in psoriatic patients on relevant proinflammatory and cardiovascular protein biomarkers. The main result of their work was that after 4 weeks of treatment, both tofacitinib and etanercept reduced IL-6, CCL20, and CXCL10 levels, but the IL-17A level was significantly reduced only in responders for either treatment. Recently, in a study by Miyagawa et al. (2018), systemic treatment with SEC resulted in a reduction in circulating Th17 cells and an increase in Th1 cells. The authors’ explanation of this rebound relied on the inhibition of the expression of IL-12 receptors on naïve T cells modulated by IL-17. The reduction in IL-17 levels after SEC treatment could revert this inhibitory effect, thus facilitating the expression of IL-12 receptors and inducing differentiation into Th1 cells. Nonetheless, this rebound was not associated with clinical worsening of disease.
Future Perspectives for Precision Medicine Approaches
Considering the synovial environment, Wade and coworkers (Wade et al., 2019; Canavan et al., 2020) investigated the presence of polyfunctional T cells in synovial tissues from PsA patients, hypothesizing that an effective treatment could interfere with this specific cluster of cells, which are able to produce a wide variety of different cytokines. The authors demonstrated that a significant proportion of synovial T-cell subsets were triple-positive for GM-CSF, TNF, and IL-17 or IFN-γ compared with matched blood subsets and that these polyfunctional T cells were positively correlated with disease activity (measured with the Disease Activity in PSoriatic Arthritis (DAPSA) score), while single cytokine-producing T cells were not. Moreover, in vitro administration of a phosphodiesterase 4 (PDE4) inhibitor (rolipram) to synovial cell cultures significantly reduced the number of polyfunctional triple-positive T cells. Additionally, CD8 T cells were found to be polyfunctional in PsA SF, producing IL-17A, IFNγ, TNF-α, GM-CSF, and IL-22 (Steel et al., 2020). These studies suggest that a single T-cell population might be able to orchestrate diverse inflammatory pathways, specifically at the synovial level, and treatments able to interfere with the activity of all of these pathways, or strategies based on the recognition of patterns of cytokine expression at the single-patient level, might be more effective than others targeting a single mechanism or determined empirically.
The possibility of translating this seminal evidence into clinical practice is fascinating. In a similar condition such as RA, a recent RCT, for the first time, exploited information derived from synovial histology and mRNA expression analysis to inform selected treatment decisions (Humby et al., 2021). The combination of peripheral T-cell phenotyping (Miyagawa et al., 2018) with single-cell analysis at target tissue levels might also be used to inform treatment schedules in the context of PsA. In particular, not only cutaneous samples but also the synovial membrane should be evaluated to identify, at a particular time point in the disease history, the most active pathway at the single-patient level. In addition, it is still not known how “big data” analytics (e.g., machine learning and artificial intelligence) might impact personalized medicine approaches, providing individual molecular and clinical data to be compared with population-based data (Ritchlin et al., 2020b). Since rapid evolution is expected in the near future, the possibility of obtaining data from international multicenter consortia involving different types of target tissues, along with a refined definition of clinical endotypes linked with drug response or sequential treatment history, might impact management schedules and timelines, definitely changing the “heuristic” strategy to a personalized “precision medicine” approach.
DISCUSSION AND CONCLUSION
The rules driving the treatment paradigm of “the right drug for the right patient at the right moment” in PsA have not been determined yet. At the bedside, many treatments with different mechanisms of action have been proven to be effective, and from a clinical point of view, it seems reasonable to think that TNF-α and IL-23/IL-17A inhibitors block different pathogenic processes, with JAKis inhibiting a wider number of cytokine nodes. However, it is unclear whether the clinical response to TNFis implicitly indicates a TNF-α-driven disease not amenable to IL-23/IL-17 targeting. Since biomarkers have not entered clinical practice to drive treatment decisions in PsA, the paradigms guiding therapy selection, and strategy adoption remain almost empirical. In contrast, at the bench, the analysis of cytokine downstream signaling pathways has revealed several axes that only appeared to be disconnected, and studies analyzing longitudinal synovial tissue modifications after the start of TNFis or IL-17A blockers, as well as in vitro models of PsA synovitis, genomic profiling studies, animal models, and skin or peripheral blood cell population analyses, have revealed much more complex interconnections. TNF-α and IL-17A demonstrate overlapping and synergistic activities, with differential variations depending on the type of cells analyzed, creating the possibility of “adaptation” to alternative key nodes at the tissue level. Again, the presence of polyfunctional cells pertaining contemporarily to alternative nodes might be central in driving disease aggressiveness and treatment resistance. Therefore, the analysis of tissue-derived samples might help in unveiling the interconnections among different nodes and selecting the most active node (or the driving pathway) suitable for targeting by available drugs to optimize an even more ambitious approach based on “precision medicine” in this highly challenging chronic disease, in accordance with a “patient-centered” perspective.
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Dermatomyositis (DM) is an idiopathic inflammatory myopathy characterized by cutaneous manifestations. We first identified the profiles of noncoding RNAs (lncRNAs and miRNAs) in peripheral neutrophil exosomes (EXOs) of DM patients and explored their potential functional roles. Bioinformatics analyses were performed with R packages. Real-time quantitative PCR was used to validate the altered RNAs in DM neutrophil EXO-stimulated human dermal microvascular endothelial cells (HDMECs) and human skeletal muscle myoblasts (HSkMCs). In DM neutrophil EXOs, 124 upregulated lncRNAs (with 1,392 target genes), 255 downregulated lncRNAs (with 1867 target genes), 17 upregulated miRNAs (with 2,908 target genes), and 15 downregulated miRNAs (with 2,176 target genes) were identified. GO analysis showed that the differentially expressed (DE) lncRNAs and DE miRNAs participated in interleukin-6 and interferon-beta production, skeletal muscle cell proliferation and development, and endothelial cell development and differentiation. KEGG analysis suggested that DE lncRNAs and DE miRNAs were enriched in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways. Many novel and valuable DE lncRNAs and DE miRNAs interacted and cotargeted in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways. Our study suggests that neutrophil EXOs participate in DM pathogenesis through lncRNAs and miRNAs in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways.
Keywords: dermatomyositis, neutrophil-derived exosome, lncRNA, miRNA, PI3K-Akt, MAPK, AMPK, FoxO
INTRODUCTION
Dermatomyositis (DM) is an idiopathic inflammatory myopathy with characteristic cutaneous manifestations and symmetrical progressive proximal weakness (Bohan and Peter, 1975a; Bohan and Peter, 1975b; Callen, 2000). The hallmark histopathological features of DM include perifascicular atrophy and inflammatory infiltration (by macrophages/neutrophils, CD20+ B cells, CD4+ T cells and plasmacytoid dendritic cells) in muscle (Dalakas, 2015; DeWane et al., 2019). Although the mechanism of DM is largely unknown, some factors are thought to contribute to DM pathogenesis, such as MHC polymorphisms, epigenetic modifications, type I interferon (IFN) signalling, myositis-specific antibodies and many other pathways, such as the phosphoinositol-3-kinase (PI3K)–v-akt murine thymoma viral oncogene homologue (Akt), mitogen-activated protein kinase (MAPK), adenosine monophosphate-activated protein kinase (AMPK) and Forkhead box O (FoxO) signalling pathways (Lahoria et al., 2016; Gao et al., 2017; Tartar et al., 2018; Gao et al., 2019).
In recent years, neutrophils have been recognized as participants in imbalances among autoimmune responses directed at tissue-specific antigens with the ability to inhibit and control these responses (Wahren-Herlenius and Dörner, 2013) and as intermediates between effectors and regulatory mechanisms (Navegantes et al., 2017). Neutrophils play pathogenic roles by releasing various molecules, such as proteases, cytokines, reactive oxygen species and exosomes (EXOs), extracellularly after triggering the immune complex (Glennon-Alty et al., 2018). Neutrophils also interact with macrophages, dendritic cells, B and T cells, and natural killer cells that produce IFN-γ, regulating the immune response (Jaillon et al., 2013). In DM patients, an increased baseline peripheral blood neutrophil-to-lymphocyte ratio is associated with pulmonary involvement, disease activity and worse overall survival (Yang et al., 2017; Gao et al., 2018a; Ha et al., 2018). In our previous study, proteinases and proteins in the neutrophil cytoplasm were found to play important roles in muscle inflammatory cell infiltration and vascular damage in DM patients (Gao et al., 2018b; Xiao et al., 2019). All of the above results suggest that neutrophils play important roles in the pathogenesis of DM; however, the detailed mechanisms need further research.
EXOs are extracellular vesicles (EVs) that are 30–150 nm in diameter and are secreted by most cells. EXOs express specific surface markers, including tumour susceptibility gene 101, integrins and tetraspanins (CD63, CD9, and CD81/82) (Yáñez-Mó et al., 2015). EXOs contain selective cargoes of RNAs, DNAs and proteins, which are valuable sources of intercellular signalling molecules, biomarkers and treatment targets (Li et al., 2018; Li et al., 2019). For example, serum EXOs can restore cellular function in vitro and can be employed for the treatment and noninvasive diagnosis of dysferlinopathy (Dong et al., 2018). In addition, EXOs released from inflamed myotubes induce myoblast inflammation and inhibit myogenic mechanisms while stimulating atrophic signals (Kim et al., 2018). Neutrophil-derived EXOs (neutrophil EXOs) also play important roles in immune responses (Rossaint et al., 2016). In generalized pustular psoriasis, proteomic analysis of neutrophil EXO contents has identified olfactomedin 4 as the critical differentially expressed (DE) protein that mediates autoimmune inflammatory responses (Shao et al., 2019). In the progression of asthma, neutrophil EXOs can modulate immune responses, enhance the proliferation of airway smooth muscle cells, and promote airway remodelling (Vargas et al., 2016). In chronic obstructive pulmonary disease (COPD), activated neutrophil EXOs predominate in lung fluids. These EXOs can degrade extracellular matrix by protecting surface neutrophil elastase from alpha-1 antitrypsin inhibition. Transferring activated neutrophil EXOs causes a COPD-like phenotype in murine lungs in which alveoli are destroyed via neutrophil elastase (Genschmer et al., 2019). In our previous study, neutrophil EXOs from systemic sclerosis patients were found to inhibit the proliferation and migration of human dermal microvascular endothelial cells (HDMECs) (Li et al., 2020a; Li et al., 2020b). Therefore, we hypothesized that neutrophil EXOs might lead to muscle damage in DM patients.
Recently, noncoding RNA regulatory mechanisms involving microRNAs (miRNAs, <50 nucleotides) and long noncoding RNAs (lncRNAs, >200 nucleotides) have been widely studied in the context of DM (Peng et al., 2016; Gao et al., 2019; Mazzone et al., 2019). Many miRNAs and lncRNAs are associated with disease activity and participate in the pathogenesis of DM (Satoh et al., 2005; Misunova et al., 2016; Peng et al., 2016). In juvenile DM (JDM) patients, the miRNAs of plasma EXOs are capable of altering transcriptional programmes within endothelial cells (Jiang et al., 2019). Here, we analysed the noncoding RNAs (lncRNAs and miRNAs) profiles of neutrophil EXOs from DM patients and sought insights into their predicted functional roles, such as their roles in pathogenetic mechanisms, and their potential utility as new biomarkers and therapeutic targets.
MATERIALS AND METHODS
Patients and Controls
We collected blood from 20 DM patients and 22 normal controls (NCs) who were all Han Chinese. Among these participants, 5 patients with DM as primary diagnosis and 5 age- and sex-matched NCs were selected for lncRNA and miRNA sequencing analyses. The clinical characteristics of 5 DM patients for neutrophil EXOs RNAseq are shown in Supplementary Table S1. All patients fulfilled the 1975 Bohan and Peter diagnostic criteria for DM and were enrolled at the Department of Rheumatology and Immunology at the Xiangya Hospital of Central South University (Bohan and Peter, 1975a; Bohan and Peter, 1975b). The clinical characteristics of the participants, including their demographic characteristics, serological characteristics, organ involvement and medications, are shown in Supplementary Table S2.
Isolation and Culture of Neutrophils
Peripheral whole blood samples (10 ml) were collected in EDTA anticoagulant-coated tubes and processed within 2 h. Neutrophils were isolated by density gradient equilibrium centrifugation using Histopaque-1077 and Histopaque-1119 (Sigma-Aldrich, St. Louis, United States) according to the manufacturer’s instructions. The neutrophil pellets were used for culture or stored at −80°C until analysis. For neutrophil culture, the cell pellets (cell viability>90%) were resuspended in the appropriate volume (2–5×106 cell/ml) of 1,640 medium (Gibco, Carlsbad, United States) supplemented with 10% EXO-free foetal bovine serum (FBS, Gibco), which was prepared by collecting the supernatant after ultracentrifugation of FBS at 150,000 × g for 3 h at 4°C (the same procedure was used for the EXO-free FBS described below). The neutrophils were incubated for 2 h at 37°C in a humidified atmosphere containing 5% CO2. The cell pellets and supernatants were collected separately for further analysis.
Isolation and Identification of Exosomes and EXO RNAs
We isolated EXOs from cultured neutrophil supernatants using an exoEasy Maxi Kit (Qiagen, Frederick, United States) according to the manufacturer’s instructions. The neutrophil EXOs were dissolved in 600 μl of eluting buffer and stored at −80°C until analysis. Neutrophil EXOs were identified as cup-shaped double-membrane structures by transmission electron microscopy (FEI Tecnai G2 Spirit Twin, Hillsboro, United States) via negative staining (Supplementary Figure S1A), were confirmed to express CD63 with a FACSCalibur flow cytometer (BD Biosciences, San Jose, United States) using EXOome-Human CD63 Isolation/Detection Dynabeads (Invitrogen, Thermo Fisher Scientific, Lithuania) and anti-human CD63-PE antibodies (12–0,639, eBioscience, United States) according to the manufacturer’s protocol (Supplementary Figure S1B) and were verified to meet the expected EXO size by dynamic light scattering with a Zetasizer Nano ZS instrument (Malvern Instrument, Marvin, United Kingdom) (Supplementary Figure S1C).
Total RNA was extracted from the neutrophil EXOs with TRIzol (Invitrogen Life Technologies, California, United States) according to the manufacturer’s protocol. An Agilent 2,200 TapeStation (Agilent Technologies, California, United States) and a Qubit® 2.0 Fluorometer (Life Technologies) were used to assess the quantity and integrity of the total RNA and the purified library products described below.
RNA Library Construction, Sequencing and Data Analysis
RNAs libraries were created with an NEBNext® Multiplex Small RNA Library Prep Set for Illumina (NEB, Ipswich, United States) for small RNA and an NEBNext® Ultra™ RNA Library Prep Kit for Illumina for lncRNA, according to the manufacturer’s instructions. Paired-end sequencing (PE150) with the Illumina 3,000 platform was performed (RiboBio Co.,Guangzhou, China). The number of lncRNAs and miRNAs detected in neutrophil EXOs are shown in Supplementary Table S3. The sequencing reads were preprocessed with fastQC software and Trimmomatic tools (v 0.36) to assess the read quality and to filter out poor-quantity reads, HISAT2 was used to map the reads to the human reference genome hg19; uniquely mapped reads were assigned to annotated genes with HTSeq (for lncRNAs) and the Burrows-Wheeler Aligner (for miRNAs). The miRDeep2 database was used to identify known mature miRNAs based on miRBase (v21) (www.miRBase.org) and to predict novel miRNAs. DESeq2 was used to identify the significantly DE lncRNAs (adjusted p < 0.05 and |log2(fold change)| > 1.5), while the R package edgeR was used to identify the significantly DE miRNAs (adjusted p < 0.05 and |log2(fold change)| > 1).
Bioinformatics Analysis for Differentially Expressed lncRNAs and Differentially Expressed miRNAs
LncRNAs regulate potential target genes through two major mechanisms: cis regulation and trans regulation. Target genes in cis were obtained by integrating the DE lncRNAs and their adjacent (within 10 kb) DE mRNAs. After extracting the sequences of the DE lncRNAs and DE mRNAs, both BLAST software (for initial screening) and RNAplex software (for re-screening) were used to identify potential target genes of the lncRNAs in trans. The target genes for selected miRNAs were predicted with the targetScan, miRDB, miRTarBase and miRWalk software programs. Moreover, the miRanda, PITA and RNAhybrid software programs were used to identify common elements between the lncRNAs and miRNAs and to predict the miRNAs associated with lncRNAs of interest.
The target genes of the DE lncRNAs and DE miRNAs were subjected to pathway analysis with the Gene Ontology (GO) (http://geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg) databases. GO and KEGG enrichment analyses were performed with the R package clusterProfiler (Yu et al., 2012). Interaction and coexpression networks for lncRNAs, miRNAs and mRNAs were constructed with Cytoscape software (http://apps.cytoscape.org/).
Cell Culture
HDMECs were obtained from Cell Biolabs (# CBR130858, San Diego, United States) and cultured in DMEM (Gibco) with 10% EXO-free FBS. Human skeletal muscle myoblasts (HSkMCs) were purchased from ScienCell and cultured in Skeletal Muscle Cell Medium (ScienCell, San Diego, United States) with 5% EXO-free FBS. All cells were cultured at 37°C in a 5% CO2 humidified incubator. Both HDMECs and HSkMCs were used when they reached 60–70% confluence and were then stimulated with 20% neutrophil EXOs (volume concentration, 160 µl of neutrophil EXO eluting buffer and 640 µl of medium) per well for 48 h in 24-well plates. Each experiment was repeated three times with three samples per group.
Validation Using Real-Time Quantitative PCR
Total RNA from neutrophils, HDMECs and HSkMCs was extracted using TRIzol according to the manufacturer’s instructions. For lncRNAs, cDNA was prepared using a PrimeScript™ RT Reagent Kit (Perfect Real Time, Takara, Japan). Real-time quantitative PCR was performed using TB Green PCR Master Mix (Takara, Japan) on a 7,500 Real-Time PCR System (Applied Biosystems, California, United States). GAPDH expression was used as the endogenous control. The gene-specific primers are shown in Supplementary Table S4. The relative expression of miRNAs was measured with a miDETECT A Track™ miRNA qRT-PCR Starter Kit (RiboBio.Co., Guangzhou, China) on the 7,500 Real-Time PCR System. The miRNA-specific primers and the Uni-Reverse Primer were purchased from RiboBio Co. (Guangzhou, China). The miRNA primers product information is shown in Supplementary Table S5. U6B small nuclear RNA was used as the endogenous control to normalize the sample data. Each group had more than six samples.
Statistical Analysis
All data except for the RNA sequencing data were analysed with GraphPad Prism 5 software, and statistical significance was set as a two-sided p < 0.05. Numerical variables with a normal distribution are presented as the mean ± SEM and were analysed by unpaired t-test. Data with a nonnormal distribution are shown as the median and were assessed with the Wilcoxon rank sum test.
RESULTS
Differentially Expressed lncRNAs in Dermatomyositis Neutrophil Exosomes
We identified 379 DE lncRNAs in neutrophil EXOs in DM patients compared with NCs, including 124 upregulated and 255 downregulated lncRNAs [Supplementary Data S1]. The top 30 DE lncRNAs are shown in Table 1 and Supplementary Table S6. Bioinformatics analysis identified 1,392 target genes for the upregulated lncRNAs and 1867 target genes for the downregulated lncRNAs [Supplementary Data S2]. GO analysis of these target genes revealed that the regulation of interleukin-6 production, IFN-β production and skeletal muscle cell proliferation terms were enriched; KEGG analysis indicated that the FoxO signalling pathway, endocytosis and JAK-STAT signalling pathway were involved (Table 3 and Supplementary Tables S7, S8).
TABLE 1 | DE lncRNAs in the neutrophil exosomes of DM patients (Top 30).
[image: Table 1]Differentially Expressed miRNAs in Dermatomyositis Neutrophil Exosomes
We identified a total of 32 DE miRNAs between DM patients and NCs from the miRNA profiles of neutrophil EXOs, including 17 upregulated and 15 downregulated miRNAs (Table 2 and Supplementary Table S9). Bioinformatics analysis predicted 2,908 target genes for the upregulated miRNAs and 2,176 target genes for the downregulated miRNAs [Supplementary Data S3]. GO enrichment analysis suggested that both of these miRNA target genes were involved in actin filament organization, muscle tissue development, endothelial cell development and differentiation and activation of MAPK activity; KEGG analysis indicated that the PI3K–Akt, MAPK, AMPK, and FoxO signalling pathways, among others, were enriched (Table 3 and Supplementary Tables S10, S11).
TABLE 2 | DE miRNAs in the neutrophil exosomes of DM patients (n = 32).
[image: Table 2]TABLE 3 | GO and KEGG enrichment analysis for target genes of DE lncRNAs and DE miRNAs in DM neutrophil exosomes.
[image: Table 3]Interaction Relationships of Differentially Expressed lncRNAs and Differentially Expressed miRNAs in the Phosphoinositol-3-Kinase–Akt, Mitogen-Activated Protein Kinase, Adenosine Monophosphate-Activated Protein Kinase and FoxO Signalling Pathways
LncRNAs can regulate miRNAs in some cellular processes. Here, we analysed the relationships between the DE lncRNAs and DE miRNAs in DM neutrophil EXOs and found that 91 lncRNAs (58 downregulated and 33 upregulated lncRNAs) and 23 miRNAs (11 downregulated and 12 upregulated miRNAs) might interact with each other [Supplementary Figure S2]. From the GO and KEGG analyses above, we found that the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways were enriched for the predicted target genes of both DE lncRNAs and DE miRNAs. Thus, we analysed the lncRNAs, miRNAs and target genes involved in these four pathways. We found that 43 predicted target genes were able to be regulated by both lncRNAs and miRNAs. Finally, we obtained an interaction network that included 50 lncRNAs, 18 miRNAs and their 43 cotarget mRNAs (Table 4). Among the relationships, 3 of the lncRNA-miRNA pairs (in which the miRNAs were regulated by lncRNAs) were NR_046101.1–hsa-miR-3614-5p, ENST00000444868.2–hsa-miR-195-5p and ENST00000433036–hsa-miR-512-3p.
TABLE 4 | Co-target genes for DE lncRNAs and DE miRNAs in the PI3K-Akt, MAPK, AMPK, FoxO signaling pathways.
[image: Table 4]Analysis of Differentially Expressed lncRNAs and Differentially Expressed miRNAs in the Phosphoinositol-3-Kinase–Akt, Mitogen-Activated Protein Kinase, Adenosine Monophosphate-Activated Protein Kinase and FoxO Signalling Pathways in Neutrophils and Neutrophil EXO–Stimulated Human Dermal Microvascular Endothelial Cells and Human Skeletal Muscle Myoblasts
Skeletal muscle cells and endothelial cells are target cells in the pathogenesis of DM (Yáñez-Mó et al., 2015; Gao et al., 2018b; Gao et al., 2019). To further analyze the functions of neutrophil EXOs, we validated the expression of DE lncRNAs and DE miRNAs in neutrophils and in neutrophil EXO-stimulated HDMECs and HSkMCs. As shown in Figure 1 and Supplementary Figure S3, 10 DE lncRNAs (6 upregulated and 4 downregulated lncRNAs) and 10 DE miRNAs (5 upregulated and 5 downregulated miRNAs) involved in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways were chosen for validation analysis.
[image: Figure 1]FIGURE 1 | Expression levels of DE lncRNAs (A) and DE miRNAs (B) in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways validated by real-time quantitative PCR in neutrophils of DM patients and in HDMECs and HSkMCs after stimulation with DM neutrophil EXOs (*DM vs. NC).
Nine of the 10 DE lncRNAs (ENST00000510274.1, ENST00000609726.1, NR_110761.1, NR_125423.1, ENST00000592296.1, ENST00000584643.1, ENST00000428280.1, ENST00000591854.1 and NR_039978.1) were significantly DE in HDMECs-stimulated by neutrophil EXOs, ENST00000433036.1 was not. Eight of the lncRNAs were significantly DE in HSkMCs-stimulated by neutrophil EXOs, and five of them were DE in neutrophils. The results for most of them were consistent with the results of the lncRNA profile analysis (Figure 1A).
Among the 10 DE miRNAs, all of them (hsa-miR-3614-5p, hsa-miR-451a, hsa-miR-1268a, hsa-miR-486-3p, hsa-miR-424-5p, hsa-miR-122-5p, hsa-let-7f-1-3p, hsa-miR-1323, hsa-miR-195-5p, and hsa-miR-27b-3p) were expressed at substantially higher levels in the DM group than in the NC group for both neutrophils and HDMECs-stimulated by neutrophil EXOs. Among them, hsa-miR-3614-5p, hsa-miR-451a, hsa-miR-1268a, hsa-miR-486-3p, and hsa-miR-122-5p were significantly DE consistent with the results of the miRNA profile analysis. Among HSkMCs-stimulated by neutrophil EXOs, the expression levels of hsa-miR-451a and hsa-miR-486-3p were higher in the DM group than in the NC group, while those of hsa-miR-3614-5p, hsa-miR-1268a, hsa-let-7f-1-3p, hsa-miR-195-5p and hsa-miR-27b-3p, were lower (Figure 1B).
DISCUSSION
Increasing amounts of data have recently highlighted the potential contributions of EXOs to vascular injury and muscle damage in DM pathogenesis. In the current study, 10 DE miRNAs in plasma EXOs were identified JDM patients compared with NCs. JDM-derived plasma EXOs can be taken up by human aortic endothelial cells, and induce alteration in multiple genes (59 genes) in these cells, which suggests potential mechanisms by which plasmas EXOs can ultimately target vascular tissue in JDM (Jiang et al., 2019). In addition, DM plasma-derived EVs have been found to trigger proinflammatory cytokine (IFNβ, TNFα and IL-6) release and STING signalling pathway activation in circulating immune cells. The activated STING pathway is preferentially mediated by EV-dsDNA (Li et al., 2021). DE proteins have also been found in DM serum EVs. The number of serum Plexin D1+ EVs is positively associated with muscle pain or weakness in DM patients, and correlates with the levels of aldolase, white blood cells, neutrophils and platelets. In DM patients after treatment (in clinical remission), the serum levels of Plexin D1+ EVs are significantly decreased (Uto et al., 2021). As EXOs contain multiple RNAs, DNAs, lipids, and proteins, EXOs can be selectively taken up by any neighbouring or distant cells, and reprogram the recipient cells. Thus, they have extremely strong potential to be diagnostic biomarkers and therapeutic nanocarriers, and might also participate in multiple processes of DM pathogenesis.
In this study, the noncoding RNAs profiles were also changed in DM neutrophil EXOs. Functional analysis suggested that the DE lncRNAs and DE miRNAs might participate in interleukin-6 and IFN-β production, skeletal muscle cell proliferation and development, and endothelial cell development and differentiation, which are associated with DM histopathology. Our validation results and interaction analyses revealed that, many novel and valuable DE lncRNAs and DE miRNAs were cotargeted and altered in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways in the neutrophil EXO–stimulated HDMECs and HSkMCs. In the pathogenesis of DM, immune activation resulted in capillary destruction and leaded to ischemia and microinfarction, hypoperfusion, and perifascicular atrophy. Vascular endothelial cells injury was the initiating factor of DM pathogenesis, and then caused skeletal muscle damage. The functions and transcriptome levels of endothelial cells and skeletal muscle cells are different. So the reactions to neutrophil EXOs stimulation were not the same, leading to the expression of DE lncRNAs and miRNAs were not accordant. Several studies have demonstrated that many miRNAs of the PI3K–Akt–FoxO pathway participate in the posttranscriptional regulation of skeletal muscle genes, including miR-19b-3p, miR-99a-5p, miR-100-5p, miR-222-3p, miR-324-3p, and miR-486-5p (Urbánek and Klotz, 2017; Brown and Webb, 2018).
PI3K–Akt, MAPK and AMPK are major effectors of insulin metabolic action and are essential for glucose homeostasis (Schultze et al., 2012). Once the insulin/insulin-like growth factor (IGF) signalling pathway is stimulated, insulin and IGF receptors are autophosphorylated and recruit downstream PI3K–Akt, MAPK and AMPK signalling pathway members. PI3K is a lipid kinase that generates phosphatidylinositol triphosphate and subsequently activates Akt, a serine/threonine kinase that converts extracellular stimuli into a wide range of cellular responses. The MAPK family is also a protein serine/threonine kinase family that includes c-Jun N-terminal kinase (JNK), p38 MAPK and extracellular-regulated protein kinases. AMPK is mainly known as a conserved and ubiquitously expressed energy sensor (that senses increases in AMP:ATP and ADP:ATP ratios) in eukaryotic cells. In addition to their diverse functions in cellular metabolism, the PI3K–Akt, MAPK and AMPK pathways have also been widely involved throughout evolution in regulating physiological processes such as gene expression, mitosis, motility, proliferation, survival, apoptosis and differentiation, and they might be attractive therapeutic targets for diabetes, cancers and autoimmune diseases (Cargnello and Roux, 2011; Mayer and Arteaga, 2016; Olivier et al., 2018).
FoxO transcription factors are conserved regulators of a variety of cellular processes, including cell cycle regulation, redox balance, proteostasis, apoptosis, metabolism and DNA damage repair. In all species, FoxO transcription factors are subject to extensive posttranslational modification, including phosphorylation, acetylation, ubiquitination and methylation (Link, 2019). Such modification of FoxO activity can be regulated by the PI3K–Akt, MAPK and AMPK signalling pathways upon stimulation by growth factor signalling, oxidative and genotoxic stress, and nutrient deprivation (Brown and Webb, 2018). The complex PI3K–Akt, MAPK, AMPK and FoxO signalling networks play decisive roles in the maintenance of skeletal muscle homeostasis and regulate the differentiation, proliferation and regeneration of muscle cells (Wu et al., 2017; Tia et al., 2018), either together or separately.
According to studies on DM pathogenesis, skeletal muscle inflammation induces muscle atrophy by inhibiting PI3K–Akt–mediated myogenic signals, which are activated by AMPK, p38 MAPK, JNK, mTOR, and IGF-1 (Stitt et al., 2004; Li et al., 2005; Kim et al., 2017; Kim et al., 2018). In a mouse model of autoimmune myositis and in differentiated C2C12 myotubes, cellular immune stimulation and intracellular β-amyloid (Aβi) have been found to potentially independently drive muscle atrophy through the PI3K–Akt–FoxO pathways (Lee et al., 2012). Furthermore, EXOs released from inflammatory C2C12 myotubes likely contribute to inflammation-induced muscle atrophy (Kim et al., 2018). These findings suggest that the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways play remarkable roles in muscle inflammation and damage in DM, possibly even through EXOs.
At present, inhibitors of PI3K–Akt (mTOR and ETP-45658), AMPK (doxorubicin hydrochloride and dorsomorphin dihydrochloride) and MAPK (PD98059, PD184352 and PD0325901) are already being successfully used in the clinic for the treatment of diverse cancer types and inflammatory diseases; in contrast, the AMPK activator metformin is the only drug targeting protein kinase activity that is widely used today, demonstrating the dual roles of AMPK activation (Arana-Argáez et al., 2010; Farhan et al., 2017). The findings of the current study might provide important insights to aid in the search for new DM therapeutics.
CONCLUSION
This study identified the noncoding RNAs profiles of neutrophil EXOs. Bioinformatics analysis showed that the predicted target genes of DE lncRNAs and DE miRNAs were enriched in the PI3K–Akt, MAPK, AMPK and FoxO signalling pathways, which suggests their roles in the pathogenesis of DM. These molecules may be useful diagnostic and prognostic biomarkers in the future.
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Psoriasis is a chronic inflammatory disease characterized by erythematous scaly plaques, accompanied by systemic damage that leads to the development of multiple comorbidities. In particular, the association between psoriasis and cardiometabolic comorbidities, including cardiovascular diseases (CVDs), obesity, diabetes mellitus, and metabolic syndrome, has been verified in a considerable number of clinical trials. Moreover, the increased risk of cardiometabolic comorbidities positively correlates with psoriasis severity. Biologic therapy targeting inflammatory pathways or cytokines substantially improves the life quality of psoriasis patients and may affect cardiometabolic comorbidities by reducing their incidences. In this review, we focus on exploring the association between cardiometabolic comorbidities and psoriasis, and emphasize the benefits and precautions of biologic therapy in the management of psoriasis with cardiometabolic comorbidities. The pathogenic mechanisms of cardiometabolic comorbidities in psoriasis patients involve common genetic factors, lipid metabolism, insulin resistance, and shared inflammatory pathways such as tumor necrosis factor-α and interleukin-23/Th-17 pathways.
Keywords: psoriasis, biologics, cardiovascular disease, diabetes mellitus, obesity, metabolic syndrome
INTRODUCTION
Psoriasis is a chronic immune-mediated inflammatory disease characterized by erythematous scaly plaques that commonly develop on extensor surfaces. Its histopathological features are hyperkeratosis, parakeratosis, epidermal acanthosis, and the infiltration of immune cells. Psoriasis has been estimated to affect 2–3% of the world population and has deleterious effects on the quality of life of patients (Griffiths and Barker, 2007).
With recent advances in the understanding of psoriasis, the disease is increasingly being considered as a systemic inflammatory disorder rather than only involving the skin and joints. An increased risk of inflammatory comorbidities such as cardiovascular diseases (CVDs) and metabolic diseases, collectively called cardiometabolic comorbidities, has been reported in psoriasis patients. There is increasing awareness that cardiovascular risk factors would enhance the potential risks of cardiovascular morbidity and mortality in affected psoriasis patients (Neimann et al., 2006). Psoriasis is also typically related to metabolic diseases including obesity, diabetes mellitus, and metabolic syndrome, which manifests as a combination of central obesity, hypertension, insulin resistance, and dyslipidemia (Johnsson et al., 2012). The incidences of major adverse cardiovascular events (MACEs), a composite endpoint comprised of myocardial infarction, cerebrovascular accident, and cardiovascular death, have been reported to be higher in patients with severe psoriasis (Abuabara et al., 2010; Mehta et al., 2010; Ahlehoff et al., 2012). Indeed, with an increase in the severity of psoriasis, patients are prone to a higher risk of CVDs, suggesting that the prevalence of cardiovascular events positively correlates with psoriasis severity. Analogous positive trends have also been identified between metabolic disorders and psoriasis independent of obesity and other risk factors (Yeung et al., 2013).
There has been a continuous innovation in the management of psoriasis along with the advances in understanding of its pathogenic mechanisms and essential inflammatory pathways (Boehncke and Schön, 2015). Targeted immunotherapy, including the agonists of tumor necrosis factor-α (TNF-α), interleukin-(IL)-17 and IL-23, has achieved great success (Mahil et al., 2016). First-generation biologics involves a group of TNF-α inhibitors, including monoclonal antibodies adalimumab, infliximab, certolizumab-pegol, and golimumab as well as its fusion protein etanercept. Second-generation biologics are composed of IL-12/23 and IL-17 inhibitor family: anti–IL-12/23p40 antibody ustekinumab; anti–IL-23p19 antibodies guselkumab, risankizumab, and tildrakizumab; anti–IL-17A antibodies secukinumab and ixekizumab; and anti–IL-17 receptor a antibody brodalumab (Rønholt and Iversen, 2017). They have now become prevalent regimens for the induction and maintenance of curative effect in patients with severe psoriasis that a higher proportion of patients have achieved Psoriasis Area Severity Index 75 (PASI 75) and PASI 90 after long-time treatment (Papp et al., 2005; Reich et al., 2005; Saurat et al., 2008). Their rapid efficacy has greatly improved the life quality of psoriasis patients (Rønholt and Iversen, 2017).
Because of the frequent association between psoriasis and cardiometabolic disorders, the impact of psoriasis therapy on the risk of cardiometabolic comorbidities have aroused our attention. In the clinical trials aimed at investigating the efficacy and safety profile of biologic therapies for psoriasis, the number of MACE cases was generally higher in the biologic groups than in the placebo groups. However, the intergroup difference was not statistically significant. This prompted us to recognize the cardiovascular risk during the medication of biologics in psoriasis patients (D’Adamio et al., 2019). TNF-α inhibitors reduce the risk of cardiovascular events and improve the cardiovascular outcome in patients with psoriasis, (Lee et al., 2019a). IL-17A, another important biologic target of psoriasis, plays a vital role in the pathogenesis of both psoriasis, and atherosclerotic plaques that accumulating evidence supports a beneficial influence of its agonists on related cardiometabolic comorbidities (Roubille et al., 2015; Lockshin et al., 2018). On the other hand, cardiometabolic comorbidities also affect the therapeutic effects of biologics (Boyd and Kavanaugh, 2015). Therefore, the impact of biologic therapies on cardiometabolic comorbidities should not be ignored during the treatment of psoriasis.
In this review, we explored the association between biologics and cardiometabolic comorbidities in patients with psoriasis to determine optimal systemic management of psoriasis by early screening and intervention for cardiometabolic comorbidities. We discuss the overlapping mechanisms between psoriasis and associated cardiometabolic comorbidities, especially the shared inflammatory pathways between psoriasis and cardiometabolic diseases linked to a sequence of inflammatory cascade reactions driven by increased T helper 1 (Th1), Th17 lymphocytes and associated proinflammatory cytokines, including TNF-α, IL-1β, IL-17 and IL-23 (Davidovici et al., 2010). Other overlapping pathogenic mechanisms between psoriasis and comorbid cardiometabolic disorders have been proposed to be caused by common genetic factors (Lu et al., 2013), secretion of adipokines (Deng and Scherer, 2010; Robati et al., 2014), lipoprotein particles (Salahuddin et al., 2015), insulin resistance (Gyldenløve et al., 2015), angiogenesis (Malecic and Young, 2017), endothelial dysfunction (Karbach et al., 2014), and oxidative stress (Armstrong et al., 2011; Lockshin et al., 2018).
MANUSCRIPT FORMATTING
Risk of Cardiometabolic Diseases in Psoriasis
Psoriasis and Cardiovascular Diseases
The increased risk of MACEs in patients with psoriasis has been discussed for decades. Previous studies showed a markedly increased incidence of cardiovascular diseases among psoriasis patients (Miller et al., 2013). A prominent role of chronic inflammation in CVDs was firstly noted (Ridker et al., 1997). Subsequently, a prospective population-based cohort study in the United Kingdom discovered that there existed a higher cardiovascular risk in patients with systemic chronic inflammatory conditions including psoriasis (Gelfand et al., 2006; Ridker, 2010). The study prompted the process of defining the association between psoriasis and cardiovascular events. Gelfand et al reported that psoriasis was an independent risk factor for myocardial infarction (MI), especially in young individuals with severe psoriasis (Gelfand et al., 2006). Furthermore, a cohort study using the General Practice Research Database demonstrated that patients with severe psoriasis are at a higher risk of cardiovascular mortality after controlling for major cardiovascular risk factors, providing stronger evidence that severe psoriasis may be an independent risk factor for cardiovascular death (Mehta et al., 2010). However, the higher prevalence of conventional cardiovascular risk factors, which are comprised of smoking, diabetes, lipid abnormalities, and hypertension, in psoriasis patients has been confirmed in many observational studies (Stern, 2010). It is well-established that psoriasis increases the risk of MI and ischemic stroke, and more recent studies have linked psoriasis with an increased risk of other CVDs such as heart failure and atrial fibrillation (Ahlehoff et al., 2012; Khalid et al., 2014). The risk of cardiovascular events is also linked to a positive dose-response relationship with objectively-measured psoriasis severity and cumulative duration of psoriasis (Yeung et al., 2013; Egeberg et al., 2017).
Psoriasis and Obesity
For a long time, obesity has been considered as a cardiovascular risk factor along with other factors including smoking, hypertension, and hyperlipidemia. It has been shown to be more prevalent in psoriasis patients than in patients without psoriasis (Shapiro et al., 2012). The relationship between obesity and psoriasis is estimated to be interrelated that obesity correlates with an increased risk of psoriasis and psoriasis might conversely lead to the occurrence of obesity (Budu-Aggrey et al., 2019). A recent meta-analysis of prospective studies showed that the relative risk of the relevance between psoriasis risk and per 5-unit increment in body mass index (BMI), per 10-cm increment in waist circumference, per 0.1-unit increment in the waist-to-hip ratio, per 5 kg of weight gain was 1.19 (95% CI: 1.10–1.28), 1.24 (95% CI: 1.17–1.31), 1.37 (95% CI: 1.23–1.53), and 1.11 (95% CI: 1.07–1.16), respectively, concluding that risk of psoriasis increases with the degree of obesity measured by the four abovementioned aspects (Aune et al., 2018). As the severity of psoriasis has a positive correlation with weight gain, several studies investigated the impact of weight loss on psoriasis severity through low-energy diet or bariatric surgery (Jensen et al., 2013; Shelling and Kirsner, 2013; Debbaneh et al., 2014). They found that weight loss in overweight patients with psoriasis showed a declined trend of psoriasis severity manifested as a reduction of PASI and improved quality of life (Jensen et al., 2013; Shelling and Kirsner, 2013; Debbaneh et al., 2014). It is possible that psoriasis might develop first and bring about obesity. This view is supported by the substantial lipid abnormalities in psoriasis patients and the increased incidence of adiposity, especially central adiposity, following the development of psoriasis in children (Mallbris et al., 2006; Paller et al., 2013).
Psoriasis and Diabetes Mellitus
Diabetes mellitus, considered as one of the traditional cardiovascular-related risk factors that can contribute to cardiovascular morbidity and mortality, has been linked to psoriasis in many clinical trials and meta-analyses (Miller et al., 2013). In a Danish nationwide cohort study, the incidence rate of new-onset diabetes mellitus increased among patients with psoriasis compared with the population without psoriasis and was positively correlated with psoriasis severity after correcting for confounding factors such as age, sex, concomitant medication, comorbidity, and socioeconomic status (Khalid et al., 2013). This phenomenon was also identified in a meta-analysis of 44 observational studies that showed a higher risk of type 2 diabetes mellitus (T2DM) [odds ratio (OR): 2.10, 95% CI: 1.73–2.55] in patients with severe psoriasis (Wu et al., 2015). In addition to diabetes mellitus itself, its related systemic complications also show a positive relationship with moderate-to-severe psoriasis, the severity of which was objectively measured by the body surface area (BSA) affected, independently of other risk factors including obesity and smoking (Yeung et al., 2013). The risk of psoriasis development is higher in diabetes patients, which is associated with drug exposure in those treated with anti-diabetic therapies. An increasing risk of psoriasis is linked to the frequent use of insulin (adjusted OR: 1.29, 95% CI: 1.18–1.42, p < 0.001). On the other hand, a reduction in the risk of psoriasis is related to the frequent use of thiazolidinedione (TZD) (adjusted OR: 0.89, 95% CI: 0.81–0.98) compared with low-frequency TZD users (Wu et al., 2015). Conversely, concomitant medication during the treatment of psoriasis could also modulate the risk of T2DM incidence (Lee et al., 2014).
A Danish population-based twin study revealed that genetic and environmental factors play a role in the comorbidity of psoriasis and T2DM (Lønnberg et al., 2016). Pleiotropic susceptibility loci CDKAL1 contributes to the occurrence of psoriasis as well as diabetes mellitus (Wolf et al., 2008), which may upregulate inflammatory cytokines in psoriasis and thus promote insulin resistance, an independent risk factor of T2DM (Gelfand, 2016). A study indicated that insulin resistance or impaired insulin sensitivity exists in psoriasis patients with normal glucose tolerance, which may further result in the development of diabetes mellitus (Gyldenløve et al., 2015). Systemic inflammation may be a potential shared pathophysiologic pathway between psoriasis and diabetes mellitus. Inflammatory mediators such as TNF-α, IL-6, leptin, and adiponectin affect the regulation of insulin sensitivity by various interactions via signaling pathways between insulin receptors and cytokines or adipocytokines (Davidovici et al., 2010; Donath, 2014).
Psoriasis and Metabolic Syndrome
Metabolic syndrome is a comprehensive term for a cluster of interrelated metabolic disorders such as abdominal obesity, hypertension, insulin resistance, dysglycemia, and dyslipidemia (Eckel et al., 2010). It is associated with higher risks of cardiometabolic diseases, including coronary artery diseases and type 2 diabetes mellitus, and all-cause mortality (Gami et al., 2007). An increased prevalence of metabolic syndrome was confirmed in patients with psoriasis compared with general population in a meta-analysis of 12 observational studies (pooled OR: 2.26, 95% CI: 1.70–3.01) (Armstrong et al., 2013). A subsequent meta-analysis reached a similar conclusion after adjusting for confounders (pooled OR: 1.42, 95% CI: 1.28–1.65) (Rodríguez-Zúñiga and García-Perdomo, 2017), and showed that the risk of metabolic syndrome was closely related to psoriasis severity (Parodi et al., 2014). Dyslipidemia and hypertension are considered essential components of metabolic syndrome and had a higher prevalence among patients with psoriasis than in control groups in previous research (Kim et al., 2019; Snekvik et al., 2019). The potential risk of triggering psoriasis among patients with metabolic syndrome was found to increase in a prospective study; the association between individual components of metabolic syndrome and the incidence of psoriasis was also explored in this study (Kim et al., 2019). Some individual components such as a low level of high-density lipoprotein (HDL) cholesterol, a high level of triglycerides, and abdominal obesity promote psoriasis development (Snekvik et al., 2019). However, the conclusion about the impact of elevated blood pressure and fasting plasma glucose levels on the incidence of psoriasis remains controversial (Wu et al., 2014; Kim et al., 2017; Kim et al., 2019). Hence, more research is needed to determine the association between these factors.
Effect of Tumor Necrosis Factor-α Inhibitors on Cardiometabolic Outcomes in Psoriasis
Effect on Cardiovascular Diseases
Psoriasis accompanied by the occurrence of high-risk cardiovascular events is associated with the spread of inflammation through blood vessels by the interactions of cytokines. Various studies have demonstrated that the risk of cardiovascular comorbidities in psoriasis patients reduced after treatment with TNF-α inhibitors. TNF-α has been identified as a pivotal cytokine in the pathogenesis of both atherosclerosis and autoimmune diseases such as rheumatoid arthritis (RA) and psoriasis (McKellar et al., 2009). Treatment with TNF-α inhibitors in psoriasis patients could reverse early atherosclerosis at the initial stage presented as significantly reduced arterial intima-media thickness (IMT) values without irreversible atherosclerotic plaque (which indicates the development of subclinical atherosclerosis) and decreased signal intensity on β-2-(18F)-fluoro-2-deoxy-D-glucose-Positron emission tomography/computed tomography (FDG-PET/CT), implying less vascular inflammation (Jókai et al., 2013; Dey et al., 2017). However, a randomized controlled trial (RCT) showed that the target-to-background ratio (TBR) of carotid vessel walls, an indicator of vascular inflammation, had a modest increase after adalimumab treatment for 52 weeks (Bissonnette et al., 2017). Anti-TNF-α therapy also has a favorable effect on the improvement of arterial stiffness, measured by the gold standard aortic pulse wave velocity (aPWV), in patients with psoriatic arthritis (Angel et al., 2010). Despite that a recent systematic review showed no significant effect of TNF-α inhibitors on the subclinical indicators of atherosclerosis in inflammatory diseases including psoriasis, a positive effect of TNF-α biologics on the clinical outcomes of CVDs via alternate pathways, such as primary disease remission or reduced prothrombotic tendency, cannot be ruled out (Knowles et al., 2020).
The cardioprotective effect of TNF-α inhibitors that reduce the risk of MI compared with topical agents has been demonstrated in a retrospective cohort study (Wu and Poon, 2013a; Wu and Poon, 2013b). Coronary microvascular dysfunction as a result of systematic inflammation in psoriasis patients was ameliorated manifested as an increase in the coronary flow reserve (CFR) from 2.2 ± 0.7 to 3.02 ± 0.8 (p < 0.0001) after anti-TNF-α therapy (Piaserico et al., 2016). Psoriasis patients receiving biologic agents including TNF-α inhibitors showed almost no difference in the progression of asymptomatic coronary artery diseases (CAD) in a follow up, while CT imaging data suggested a significant increase in the procession of CAD in the control group (Herédi et al., 2016). Another study confirmed a decreased burden of non-calcified coronary plaques after anti-TNF-α therapy compared with the patients who did not receive biologic treatment (p < 0.01) (Elnabawi et al., 2019a). Clinical or subclinical cardiac dysfunction such as left ventricular diastolic dysfunction and right ventricular systolic dysfunction is slightly more prevalent in patients with psoriasis, which has been uncovered to be ameliorated upon TNF-α inhibitor therapy (Ahlehoff et al., 2016; Herédi et al., 2016).
Whether the risk of heart failure reduces or increases in psoriasis patients treated with TNF-α inhibitors has been discussed for a long time. It has been reported that TNF-α has detrimental effects on chronic heart failure (CHF). However, there is no conclusive evidence to prove the specific therapeutic effect of TNF-α inhibitors on CHF in psoriasis patients (Hori and Yamaguchi, 2013). Multiple clinical trials have demonstrated that etanercept does not affect hospitalization or mortality due to CHF (Mann et al., 2004; Campanati et al., 2020). A high dose of infliximab exacerbates the CHF condition in psoriasis patients with CHF (Chung et al., 2003). The dose-dependent association between the deterioration of CHF and the application of TNF-α inhibitors has prompted the cautious usage of this agent in patients with CHF (Campanati et al., 2020). The New York Heart Association recommends that TNF-α inhibitors are contraindicated in patients with class 3 or 4 CHF as well as those with class 1 or 2 CHF whose ejection fraction is lower than 50% (Menter et al., 2008).
Psoriasis patients with cumulative exposure to TNF-α inhibitors for 6 months had more than 11.2% reduction of cardiovascular event risk compared with those who received phototherapy [hazard ratio (HR): 0.89, 95% confidence interval (CI): 0.79–0.99, p = 0.048] in a large-scale observational cohort study (Wu et al., 2018). A similar conclusion was reached in another study that the risk of cardiovascular events in patients receiving TNF-α inhibitors was lower than those receiving methotrexate (Wu J. J. et al., 2017). A meta-analysis of five studies including 49,795 patients with plaque psoriasis or psoriatic arthritis also verified the efficacy of anti–TNF-α therapy in decreasing the incidence of cardiovascular events (Yang et al., 2016). Another meta-analysis of 38 RCTs involving 18,024 patients treated with biologic therapy including TNF-α inhibitors reported 10 cases of MACEs in nine RCTs. However, a pooled analysis showed no significant statistical difference in the incidence of MACEs in patients treated with biologic therapy compared with those treated with conventional therapy or placebo (OR: 1.45, 95% CI: 0.34–6.24) (Rungapiromnan et al., 2017). Therefore, more RCTs are needed to provide the basis for the selection and rational usage of biologic agents in order to minimize the cardiovascular risk in patients with psoriasis (Gelfand, 2018).
Effects on Cardiovascular Biomarkers
The risk of CVDs, including coronary heart diseases and peripheral arterial diseases, can be predicted and characterized by cardiovascular biomarkers such as C-reactive protein (CRP) and vascular endothelial growth factor, which are related to systemic inflammation and endothelial dysfunction (Heeschen et al., 2003; Melander et al., 2009). The serum levels of these factors decreased after TNF-α inhibitor therapy for over 24 weeks in a prospective study (Boehncke et al., 2011). Another study investigated six additional cardiovascular risk markers, including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1, E-selectin, matrix metalloproteinase-9, myeloperoxidase, and total plasminogen activator inhibitor-1. They are linked to BMI and waist-hip ratio, and participate in the onset and development of cardiometabolic diseases, especially metabolic syndrome, in psoriasis patients (Sigurdardottir et al., 2014).
Effects on Metabolic Disorders
An association between weight gain and TNF-α inhibitor has been reported. And, different types of TNF-α inhibitors were associated with distinct characteristics of weight gain among the patients (Saraceno et al., 2008). The efficacy and response of TNF-α inhibitors with fixed-dose medications such as etanercept are impaired in obese individuals (Clark and Lebwohl, 2008). Furthermore, the results from a prospective study suggested that successful weight loss (≥5% from baseline values) by concomitant dietary intervention in obese patients resulted in a higher rate of disease improvement defined as minimal disease activity in patients with psoriatic arthritis (Di Minno et al., 2014). Therefore, in order to treat psoriasis and associated obesity, appropriate diet, physical exercise as well as weight loss are necessary to improve the therapeutic effect of biologic agents (Dalamaga and Papadavid, 2019). The clinical response to infliximab or ustekinumab is not affected by body weight in the treatment of psoriasis patients, because they are dosed in a weight-based manner (Clark and Lebwohl, 2008; Dalamaga and Papadavid, 2019).
A retrospective cohort study among RA and psoriasis patients revealed a decreased risk of diabetes mellitus among patients treated with TNF-α inhibitors compared with those treated with other nonbiologic agents (Solomon et al., 2011). Studies concerning the effects of etanercept on insulin sensitivity, which is a pivotal factor during the onset of metabolic syndrome and diabetes mellitus, show that etanercept has a positive effect on improving fasting glucose levels by attenuating insulin resistance (Marra et al., 2007; Stanley et al., 2011). Contradictory results have been reported in a RCT that the application of etanercept failed to change insulin secretion and sensitivity in psoriatic patients (Martínez-Abundis et al., 2007). Insulin sensitivity has been improved by another TNF-α inhibitor adalimumab in psoriasis patients without diabetes (Pina et al., 2015).
There is evidence that TNF-α inhibitors may have favorable effects on certain conditions of metabolic syndrome in the management of psoriasis. However, further exploration is needed to more precisely determine the influence (Channual et al., 2009). The impact of anti–TNF-α treatment on the lipid profile of psoriasis patients has not been concluded so far. Recently, a prospective cohort study reported that TNF-α inhibitors are beneficial for regulating the metabolic state by decreasing the levels of total cholesterol and low-density lipoprotein cholesterol (Botelho et al., 2020), but no significant difference occurred after adalimumab treatment in another study (Bissonnette et al., 2013).
Effect of IL-12/23 Inhibitors on Cardiometabolic Outcomes in Psoriasis
Biologics targeting IL-23 include two types of monoclonal antibodies, namely anti–IL-12/23p40, including ustekinumab, briakinumab, and anti–IL-23p19, including guselkumab, tildrakizumab, and risankizumab. Multiple RCTs and pooled analyses have proven the safety of IL12/23p40 inhibitors; however, one of the anti–IL-12/23 compounds, briakinumab, was withdrawn from the market due to an increased cardiovascular risk since it caused frequent MACEs in the early phase (Gordon et al., 2012; Langley et al., 2013).
Clinical Evidence for the IL-12/23p40 Inhibitor Ustekinumab
The safety profile of another IL-12/23 inhibitor ustekinumab aroused concern after the withdrawal of briakinumab due to the high incidence of MACEs, and further studies aimed to evaluate the cardiovascular risk of this class of compounds. During a 3-years follow-up study, the combined MACE rate per 100 patient-years was 0.44 (95% CI: 0.27–0.67) in a pooled analysis of phase II/III clinical studies of ustekinumab on moderate-to-severe psoriasis, and the comparison of the standardized incidence ratios of psoriasis patients treated with ustekinumab with general population suggests that the effect of ustekinumab on MACEs is neither detrimental nor beneficial (Reich et al., 2011). A meta-analysis of 22 RCTs involving 10,183 psoriasis patients also showed no significant difference in the MACE rate between patients receiving anti–IL-12/IL-23 and placebo, with a Mantel-Haenszel risk difference of 0.012 events/person-year (95% CI: −0.001 to 0.026; p = 0.12) (Ryan et al., 2011), but a higher risk of MACEs in patients receiving IL-12/23 antibodies in comparison with placebo was found after the evaluation of the same trials using another statistical technique named the Peto OR method (Tzellos et al., 2013). The increased rate of MACEs in patients treated with anti–IL-23 therapy was confirmed in a meta-analysis of randomized clinical trials that mainly covered individuals with high cardiovascular risk (Ait-Oufella et al., 2019). A recent case-time-control study also identified a significant association between the initiation of treatment with ustekinumab and the early occurrence of severe cardiovascular events (OR: 4.17; 95% CI: 1.19–14.59) (Choi et al., 2020). Data from the PHOENIX 1 study of long-term ustekinumab treatment in patients with an extended duration of exposure showed a favorable safety profile and stable clinical response (Kimball et al., 2013). The influence of IL-12/23 inhibitors on cardiovascular safety was also compared with those of other biologics approved for the treatment of psoriasis in some trials, which reported a comparable risk of MACEs among ustekinumab, TNF-α inhibitors, and IL-17 inhibitors (Kimball et al., 2013; Ikonomidis et al., 2017; Gelfand, 2018). The risk of atrial fibrillation and MACEs did not substantially differ between treatment initiated with ustekinumab and TNF-α inhibitors in a cohort study (Lee et al., 2019a). However, in another analysis, ustekinumab showed a greater improvement in vascular, coronary and myocardial function, which was reflected in improved global longitudinal strain, left ventricular twisting, percent difference between peak twisting and untwisting at mitral valve opening (%untwMVO), and CFR as well as reduced circulating N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels (Ikonomidis et al., 2017). To investigate the effect of biological therapy on the characteristics of coronary plaque phenotypes that partly determine the risk of MI, 290 participants treated with biologics were included in a 1-year follow-up study performed with serial coronary computed tomography angiography and the collection of clinical and laboratory data, and an improvement in the high-sensitivity-c-reactive protein (hs-CRP) level and a reduction in the non-calcified plaque burden were observed in the anti–IL-12/23 treatment group, which was inferior to the effects of anti-TNF-α and anti–IL-17 in the prospective, observational study (Hjuler et al., 2016). The incidence of a lipid-rich necrotic core, which is a high-risk coronary plaque feature, was also found to decrease after 1 year of biological therapy, including anti–TNF-α, anti–IL-12/23, and anti–IL-17 therapy, compared with the nonbiologic therapy group (Poizeau et al., 2020). Similarly, anti–IL-12/23 and anti–IL-17 therapy was associated with a significant reduction in coronary inflammation measured by the perivascular fat attenuation index in a prospective cohort study (Hjuler et al., 2016).
Although anti–TNF-α therapy appears to increase the weight and BMI of patients, this effect does not appear in patients treated with anti–IL-12/23 therapy with weight-adjusted doses, suggesting that ustekinumab could be considered to treat overweight and obese patients with psoriasis (Wu et al., 2020). However, the significance of weight loss during the biological treatment of obese patients cannot be ignored because multiple studies have proven that a reduction in weight improves the clinical response to ustekinumab (Zhu et al., 2009; Gisondi et al., 2016). No significant change in the mean lipid levels after the biological therapy, including ustekinumab or placebo, for 1 year at follow-up was observed in another study (Hjuler et al., 2016). Similar results were also observed for BMI, lipid and glucose levels, which remained unchanged at the 1-year follow-up assessment of psoriasis patients treated with biologics (Elnabawi et al., 2019b).
Ongoing Research About IL-23p19 Inhibitors
Agents targeting the p19 subunit of the IL-23 cytokine pathway have been approved for treatment only for 3 years, so the data for the incidence of MACEs in the clinical trials for the safety profile of IL-23p19 inhibitors is not sufficient to determine its influence on the cardiovascular risk of psoriasis patients (Blauvelt et al., 2017; Papp et al., 2017). Three completed phase 3 trials of guselkumab in the treatment of psoriasis, including VOYAGE 1 (NCT02207231), VOYAGE 2 (NCT02207244), and NAVIGATE (NCT02203032) reported low rates (<1.5%) of MACE occurrence over the study period in all groups (Blauvelt et al., 2017; Reich et al., 2017; Langley et al., 2018). A pooled analysis of three RCTs on tildrakizumab, including a phase 2b study (NCT01225731) and reSURFACE 1 (NCT01722331) and 2 (NCT01729754), also reported low rates of MACEs (Blauvelt et al., 2018). A low incidence of MACE was also reported in two phase 3 trials of risankizumab vs ustekinumab: UltIMMa‐1 (NCT02684370) and UltIMMa‐2 (NCT02684357) (Gordon et al., 2018). A total of 109 studies on the efficacy and safety of the therapy for psoriasis involving biologic agents were included in a network meta‐analysis suggesting that no significant difference exists in the risk of MACE occurrence among guselkumab, tildrakizumab, ustekinumab, certolizumab, infliximab, adalimumab, and etanercept, versus placebo (Sbidian et al., 2017). More data are needed to confirm the effect of the anti–IL-23p19 agents on cardiovascular and metabolic risk.
Relationship Between IL-17 Inhibitors and Cardiovascular Risk in Psoriasis
IL-17 and Atherosclerosis
The existing data evaluating the effects of IL-17 inhibitors as newly-approved clinical biologic agents targeting IL-17 signaling on the risk of CVDs in psoriasis patients are insufficient. However, experimental data have shown that overexpression of IL-17A in keratinocytes of the murine model [K14-IL-17A (ind/+)] induced systemic vascular inflammation, arterial hypertension, and endothelial dysfunction, all of which can lead to an increased risk of CVDs (Karbach et al., 2014). IL-17A, which is involved in the development of psoriasis, is also implicated in the pathogenesis of CVDs, which suggests that IL-17A-mediated inflammation may become a potential overlapping pathological mechanism between psoriasis and its cardiovascular comorbidities (Lockshin et al., 2018). Research on atherosclerosis yielded conflicting results, suggesting that the IL-17 mainly produced by Th17 cells may promote or prevent atherosclerotic plaque development and stability, which are determined by specific inflammatory condition (Taleb et al., 2015). Atherosclerotic plaque stability is enhanced by the cytokine profile of increased IL-17 levels and decreased level of interferon-γ (IFN-γ) in the local microenvironment, whereas the increased production of IL-17 and IFN-γ has a synergistic pro-inflammatory effect in promoting disease progression (Taleb et al., 2015). Other studies also suggested that IL-17 maintained the stability of atherosclerotic plaques by promoting the generation of collagen and smooth muscle cells and downregulating the level of VCAM-1 (Taleb et al., 2009; Gisterå et al., 2013). However, the findings regarding the percentage of circulating Th17 cells and related cytokine IL-17A in patients with acute coronary syndromes are discordant that some reported increasing levels and others showed no significant difference in comparison with patients without coronary artery diseases (Cheng et al., 2008; Eid et al., 2009). The association between IL-17-mediated inflammation and atherosclerotic plaque conformation as well as the instability has yielded evidence for the hypothesis that psoriasis patients have a high risk of MI (Chen et al., 2010). Given the association between IL-17 and atherosclerosis in psoriasis, the effects of IL-17 inhibitors on cardiovascular comorbidities in the treatment of psoriasis should be evaluated carefully.
IL-17 Inhibitors and Cardiovascular Events
In phase III clinical trial programs of IL-17 inhibitors, a small section of patients experienced a few cases of MACEs (Langley et al., 2014; Griffiths et al., 2015; Lebwohl et al., 2015). Low levels of IL-17 in patients has been shown to be associated with a higher risk of recurrent MI and death in the related research (Simon et al., 2013). In a meta-analysis including 5,951 patients from 9 RCTs that compared the efficacy and safety of IL-17 inhibitors with placebo, six cases of MACEs were reported in 2,143 patients treated with IL-17 inhibitors whereas 700 patients treated with placebo reported only one MACE across four studies; however, no significant difference was observed between IL-17 inhibitors and placebo (Wu D. et al., 2017). Another meta-analysis of the effect of biologic therapy on the risk of MACEs showed 2 MACEs in 514 patients receiving IL-17 inhibitors among 8 MACEs in patients treated with various biologics (n = 12,596) and 2 MACEs in the placebo group (n = 5,092), and the pooled analysis of biologics and placebo, as well as various separate agents including TNF-α inhibitors, anti–IL-17A agents, or anti–IL-12/23 agents, did not show a significant difference in the risk of MACEs (Rungapiromnan et al., 2017). In a prospective, observational study of 215 psoriasis patients receiving biologic therapy recruited over a 1-year follow-up, an improvement in hs-CRP and HDL cholesterol level was observed in the anti–IL17-treated groups, and the most significant reduction (up to 12%) in coronary plaque burden appeared in the anti–IL-17 therapy group among all biologic-treated groups (Elnabawi et al., 2019a). Exposure-adjusted incidence rates of cardiovascular events were comparable between the secukinumab (300 mg/150 mg) group and etanercept group in the pooled analysis of 10 clinical trials over 52 weeks in 3,993 psoriasis patients (van de Kerkhof et al., 2016). In phase III clinical trials of brodalumab AMAGINE-1, five MACEs occurred, including two in patients treated with placebo and three in patients receiving constant 210 mg of brodalumab (Papp et al., 2016). Moreover, in the AMAGINE-2 and AMAGINE-3 studies, deaths occurred due to cardiovascular problems such as stroke and cardiac arrest (Lebwohl et al., 2015). A study evaluating the long-term safety of ixekizumab from 13 clinical trials reported 84 cases of MACEs among 5,697 psoriasis patients, with no significant increase in the cardiovascular risk or the incidence (Armstrong et al., 2020). Overall, data obtained primarily from pivotal clinical trials of short-term studies on anti–IL-17 therapy in patients with moderate-to-severe psoriasis plaque did not demonstrate an increased risk of CVDs. However, considering the limitations of these data, more long-term studies are necessary to determine the cardiovascular risk.
Prospective CARIMA trials (NCT02559622) that incorporated patients with moderate‐to‐severe psoriasis with or without severe CVD aimed to evaluate the influence of secukinumab on endothelial dysfunction over 52 weeks, and indicated a protective effect of secukinumab on CVD by improving the endothelial function and flow-mediated dilation in psoriasis patients (von Stebut et al., 2019). Recently prospective studies on the impact of IL-17 inhibitors on cardiovascular risk are ongoing such as Vascular Inflammation in Psoriasis (VIP) trials of secukinumab (VIP‐S; NCT02690701), which is evaluating the cardiovascular risk in psoriasis patients from many aspects, including aortic inflammation and cardiometabolic biomarkers.
IL-17 Inhibitors and Obesity
Inflammation propagation in obese adipose tissues is facilitated by IL-17A without impairing the adipogenesis and insulin response induced by the inflammatory environment (Pestel et al., 2020). In real-life cohorts including a majority of psoriasis patients with cardiometabolic comorbidities, real-world data of the baseline characteristics and clinical response to secukinumab suggested that patients with high BMI and obesity appeared to show a lower persistence of the curative effect and an adverse effect of PASI ≤3 response at week 78 (Rompoti et al., 2020). In contrast to the weight-enhancing effects of TNF-α inhibitor treatment, anti–IL-17 therapy as well as anti–IL-12/23 therapy appears to show no increase in body weight and BMI (Wu et al., 2020). Risk-benefit analyses of four RCTs that enrolled 2,403 patients with plaque psoriasis showed that patients with body weight less than 90 kg treated with 150 mg secukinumab and patients with body weight of 90 kg or more treated with 300 mg secukinumab had comparable efficacy and safety, suggesting that weight is a pivotal factor to be considered in dosing regimen recommendation (Lee et al., 2019b). However, another IL-17 inhibitor brodalumab showed no significant difference in efficacy and safety between nonobese and obese patients in post-hoc analysis of the AMAGINE-2 and AMAGINE-3 trials (Hsu et al., 2020). The impact of the IL‐17A inhibitor secukinumab on adipose tissue and cutaneous inflammation in patients with moderate‐to‐severe psoriasis is being explored prospectively in the ongoing ObePso‐S trial (NCT03055494) (Korman, 2020).
The findings from studies exploring the effect of biologic therapy on cardiometabolic syndrome in the treatment of psoriasis are summarized in Table 1.
TABLE 1 | Effect of biologics on cardiometabolic comorbidities.
[image: Table 1]Overlapping Mechanisms Between Cardiometabolic Diseases and Psoriasis
Laboratory research has explored mechanistic links between psoriasis and CVDs related to the inflammatory cascades integrated by activated immune cells and upregulation of proinflammatory cytokines and mediators that influence both psoriasis and atherosclerosis (Flammer and Ruschitzka, 2012). Activation of the innate immune system is considered to be indispensable to initiate the inflammatory cascade in psoriasis, and components of the innate immune system, including neutrophils, dendritic cells, macrophages, and pro-inflammatory cytokines such as TNF-α and IL-18 have been shown to exist in psoriatic adipose tissue. Deranged lipid distribution and impaired adipose function have been confirmed to accelerate the build-up of atherosclerotic plaques in cardiovascular diseases (Sajja et al., 2018). The critical T-cell differentiation into Th1 and Th17 cells, which is stimulated by IL-12 and IL-23 and leads to the release of cytokines such as TNF-α, IFN-γ, IL-17, and IL-22 in the process of adaptive immunity, overlaps between psoriasis and cardiometabolic diseases leading to augmented keratinocyte proliferation and angiogenesis (Lockshin et al., 2018). Another potential mechanism of insulin resistance can be induced by the chronic inflammatory state in psoriatic diseases, and both of them may contribute to the early stage of the formation of atherosclerotic plaques leading to cardiometabolic diseases by causing endothelial dysfunction and increased intima-media thickness in patients with psoriasis (Siegel et al., 2013). Adipokines, a group of proteins secreted by adipocytes, including leptin, visfatin, and resistin, promote the inflammatory condition in psoriasis patients by the correlation with immune cells and pro-inflammatory factors, which in turn results in the appearance of an abnormal serum adipokine profile in patients with psoriasis (Toussirot et al., 2014). Genetic and environmental factors play a role in the comorbidity of psoriasis and metabolic disorders (Lønnberg et al., 2016). For example, the pleiotropic susceptibility loci CDKAL1 contributes to the occurrence of psoriasis as well as diabetes mellitus (Wolf et al., 2008), which may upregulate the inflammatory cytokines in psoriasis promoting insulin resistance, an independent risk factor of T2DM (Gelfand, 2016). One study indicated that psoriatic patients with normal glucose tolerance show insulin resistance or impaired insulin sensitivity, which may further develop into diabetes (Gyldenløve et al., 2015). The inflammatory condition affecting the systemic circulation in psoriasis is regarded as a promoter of components of metabolic syndrome such as insulin resistance, vascular dysfunction, dyslipidemia, and the systemic inflammation also becomes an inducer of endothelial dysfunction, oxidative stress, and increased angiogenesis (Gisondi et al., 2018). Therefore, systemic inflammation may be the foremost shared pathophysiology pathways between psoriasis and cardiometabolic diseases, which awaits future exploration (Figure 1).
[image: Figure 1]FIGURE 1 | Psoriasis, cardiometabolic comorbidities, and their common inflammatory pathway.
Suggestions for the Management of Cardiometabolic Diseases in Psoriasis
Cardiovascular risks in psoriatic patients should be addressed with vigilance, and screening for the traditional cardiovascular risk factors and inflammatory markers such as CRP should be performed to predict the incidence of cardiovascular events (Kimball et al., 2008). Appropriate treatment options should be implemented considering the systemic condition of patients to reduce the risk and severity of cardiovascular disorders (Kristensen et al., 2015). Early determination of the cardiovascular risk in patients with psoriasis is recommended to facilitate effective management and prevent the occurrence of cardiovascular events in psoriatic patients, and precautions against cardiovascular events may also reduce the severity of psoriasis (Hu and Lan, 2017). The significance of weight control and monitoring should be emphasized because weight loss can improve the severity of psoriasis in obese patients and decrease the risk of cardiovascular events (Debbaneh et al., 2014). In the majority of studies, weight or BMI was a critical factor that negatively affected the therapeutic response to biologics and disease-modifying anti-rheumatic drugs; therefore, more attention should be paid to weight or BMI control during the treatment (Batalla et al., 2015). Screening the risk of diabetes mellitus in patients with psoriasis and implementation of preventive measures against the occurrence of diabetes mellitus should also receive importance, especially in patients with high affected BSA, since data shows that every 10% increase in BSA affected by psoriasis is accompanied by a 20% increase in diabetes risk (Wan et al., 2018). During the treatment of psoriasis, attention should be paid to the relationship between concomitant medications and the hazard of diabetes mellitus to select appropriate drugs for treatment, and blood glucose monitoring of patients should be strengthened (Lee et al., 2014). Given the mutual interaction of psoriasis and metabolic syndrome, preventive management of individual components of metabolic syndrome can also prevent the inflammation infiltrating into the skin to cause psoriasis. On the other hand, the significance of monitoring blood pressure, fasting plasma glucose level, HDL cholesterol, triglyceride level, and waist circumference to determine the development of metabolic syndrome after the diagnosis of psoriasis cannot be ignored. It is worth mentioning that there are certain other comorbidities and concomitant conditions, such as pediatric age group, pregnancy, and concomitant chronic infections, in addition to cardiometabolic comorbidities discussed in this review. All the comorbidities and concomitant conditions should also be considered when selecting optimal treatment for psoriasis patients to guarantee its safety and efficacy (Kaushik and Lebwohl, 2019a; Kaushik and Lebwohl, 2019b).
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CFSE diution assays)

ELISA

FACS

ELISA

ELISA

ST single-cel suspension analysis
+FACS.

FACS

Main results

Longitudinal decreases in IL-1b, IL-6, and IL-22 levels in
the SF AND no variation in IL-17A.

Longitudinal decrease in IL-positive cells AND no
variation in IL-17-positive mast cells.

Longitudinal reductions in IL-17A, IL-6, COL-20, and
MMP-3 mRNA levels AND o variations in IL-8 or TNF-a
levels.

Longitudinal reduction in IL-17A-positive non-mast cells
AND increase in IL-17A-positive mast cells.

TNF-aand IL-17Ain vitro similarly increase IL-6, IL-8, and
MMP-3 production in FLS cultures, while the IL-17RA
blocker reduces the production.

IL-22 and TNF-a-induced FLS proiferation AND IL-22 +
TNF-a had a synergistic effect on FLS prolferation.
Ample effect of tofacitinib on in vitro cytokine production,
reducing IL-8, IL-6, MCP-1, and MMP-3. IL-17A not
detectable; TNF-a not evaluated

Tofacitinib reduced IL-23-induced CD4 + CD11a +
CD45RO + IL-17 + T cells.

IL-17A increases IL-6 release into FLS culture
supernatants; TNF-a had @ synergistic effect on
increasing IL-6 release AND SEC and ADA had similar
effects on IL-6 release inhibition.

SEC reduced IL-17A, IL-8and IL-6 release; ADA reduced
IL-8, TNF-a, and MMP-3/13.

Celis triple positive for GM-CSF, TNF-a, and IL-17 or IFN-
¥ were enriched in the PsA synovium compared to the
peripheral blood and correlated with disease activity AND
they were reduced by in vitro administration of rolipram.
IL-17-positive CD8 T cells triple positive for GM-CSF,
TNF-a, and IFN-y, were enriched in the SF compared
with the peripheral blood.

TNF-a, tumor necrosis factor-alpha; L, interleukin; SF, synovial fluid; IA, intra-articuler; ETA, etanercept; ST, synovial tissue; SEC, secukinumab; RT-PCR, real-time polymerase chain
reaction; mANA, messenger RNA; IHC, immunohistochemistry; FLS, fibroblast-like synoviocyte; IL-17RA, interleukin 17 receptor A; ELISA, enzyme-iinked immunosorbent assay; MVP,
matrix metalloproteinase; MTT, 3-(4,5-dimethyithiazol-2-y))-2,5-diphenyltetrazolum bromide; CFSE, carboxy fluorescein succinimiclyl ester; DMSO, dimethylsulfoxide; MCP-1, monocyte
chemoattractant protein-1; SFMCs, synovial fluid mononuciear cells; FACS, Hi-D fluorescence-activated cel sorting; ADA, adalimumab; PDE4, phosphodiesterase-4; GM-CSF,

granulocyte-macrophage colony-stimulating factor: IFN, interferon.
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DE: differentially expressed: DM: dermatomyositis: FC: fold changs.

log,(FC)
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1577
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-1.929
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p value
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0.000
0.000
0.000
0.000
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0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.001

IncRNAs
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bDMARDs Mechanism of action EMA/FDA approval or phase of development

Etanercept TNFi RA; PsA; PsO;

IA; AS/NrAS

Adalimumab TNFi RA; PsA; PsO; JIA; AS/nrAS; SH; CD/UG; chronic uveitis
Infiximab TNFI RA; PsA; PsO; AS/NMAS; CD/UC
Golimumab TNFi RA; PSA; JIA; AS/nrAS; UG
Certolizumab pegol TNFi RA; PSA; PSO; AS/NrAS
Ustekinumab 40 common subunit (IL-12 and IL-23) inhibitor PsA; PsO; CDUC
Secukinumab IL-17A inhibitor PsA; PsO; AS/NrAS
Ixekizumab IL-17A inhibitor PsA; PSO; AS/NTAS
Abatacept CD8O/CD86-mediated RA; PSA
Co-stimulation inhibitor
Risankizumab P19 subunit (IL-23) inhibitor PsO
PsA (phase Il trial completed and phase Il trials ongoing)
Tidrakizumab 19 subunit (IL-23) inhibitor PsO
PsA (phase Il trial completed and phase Il trials ongoing)
Gusetkumab P19 subunit (IL-23) inhibitor PsO
PsA (phase I-Ii trals completed)
Brodalumab IL-17RA inhibitor PsO
PsA (phase il tials completed)
Bimekizumab IL-17A and IL-17F bispecific antibody PSO (phase lib trial completed and phase Il trials ongoing)
PsA (phase llb trial completed and phase Il trials ongoing)
tsDMARDs Mechanism of action EMA/FDA approval or phase of development
Apremilast PDE4 inhibitor PsA; PSO; BD
Tofacitinib JAK1/3 inhibitor RA; PsA; UG
Upadacitinib JAKA inhibitor RA; PSA
Filgotinib JAKA inhibitor RA; PsA (ohase Il completed and phase Il trals active—not recruiting)

b/tsDMARDs, biologicaltargeted synthetic disease-modiying antirheumatic drugs; PsA, psoriatic arthritis; EMA, European Medicines Agency; FDA, U.S. Food and Drug Administration;
TINFT, tumor necrosis factor-alpha inhibitor; RA, rheumatoid arthritis; PsO, psoriasis; JIA, juvenile iclopathic arthrits; AS/nrAS, ankylosing spondylitis/nonradiographic axial spondyarthritis;
SH, suppurative hidradenitis: CD, Crohn’s disease;: UC, ulcerative colitis; IL, interleukin: IL-17RA, IL-17 receptor A: PDE4, phosphodiesterase-4: BD, Behcet's disease; JAK, Janus kinase.
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Study

EXCEED trial, Mclnnes et al.
(2020)

SPIRIT-H2H trial, Mease
et al. (2020b); Smolen et al
(2020)

Enthesial ClLearance In
PSoriatic Arthritis (ECLIPSA),
Araujo et al. (2019)

SPIRIT-P1 study, Mease
et al. (2017b); Coates et al.
(2017)

Oral Psoriatic Arthritis Trial
(OPAL) Broaden, Mease
et al. (20172)

Treatment arms

SEC 300 mg or ADA 40 mg

IXE 160/80 mg or ADA 40 mg

UST 45/90 mg or TNFi (open
label)

IXE 80 mg every 4 weeks, IXE
80 mg every 2 weeks, ADA
40 mg, or placebo

Tofacitinio 5 mg BID or 10 mg
BID, ADA 40 mg, or placebo

Population

Active bDMARDs-
naive PsA

Active bDMARDs-
naive PsA

Active bDMARDs-
naive PsA with active
enthesitis

Active csDMARDs-
IR PsA

Active csDMARDs-
IR PsA

Primary objective

Superiority of SEC vs ADA for
ACR20 at 52 weeks

Superiority of IXE vs ADA for
simultaneous achievement of
ACRS0 and PASI00 at 24 weeks

SPARCC = 0 at 24 weeks

Superiority of IXE vs placebo for
ACR20 at 24 weeks

Superiority of tofacitiib vs placebo
for ACR20 at 12 weeks

Results

Primary objective not met (SEC was
noninferior to ADA, SEC 67%; ADA 59%,
p =0.0239).

IXE was superior to ADA (XE 36%; ADA
28%, p = 0.036); results were maintained
at 52 weeks (IXE 39%; ADA 26%, p <
0.001).

UST was superior to TNFis (UST 74%;
TNFis 42%, p = 0.018) but not at the joint
levels (SUC + TJC = 0: UST 41%;

TNFis 34%).

IXE was superior to placebo, similar effect
compared to ADA (IXE 4 W 58%; IXE 2 W
62%; placebo 30%, p < 0.001;

ADA 57%).

Tofacitinib was superior to placebo,
similar effect compared to ADA (Tofa
5mg BID 50%; Tofa 10 mg BID 61%;
placebo 33%, p < 0.001; ADA 529%).

TNFis, TNF inhibitors; b/tsDMARDS, biological/targeted synthetic disease-modifying antirheumatic drugs; PsA, psoriatic arthritis; RCTs, randomized controlied trials; SEC, secukinumab;
ADA, adalimumab; ACR, American College of Rheumatology; ACR20, ACR response 20%; IXE, ixekizumab; PASI, Psoriasis Area Severity Index; UST, ustekinumab; W, week; SPARCC,
Spondyloarthritis Research Consortium of Canada: csDMARDs-IR, conventional synthetic DMARDs insufficient responders: BID, bis in die.
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Ref.

Geikowski et al. (2014)

Kearsley-Fleet et al.
(2016)

Otten et al. (2011a)

Mo et al. (2020)

Solari et al. (2013)

Alexeeva et dl. (2017)

Su et al. 2017)

Study design

Prospective observational multi-
centre

Prospective observational multi-

centre

Prospective observational multi-

centre

Retrospective single-centre

Retrospective single-centre

Prospective open-label

Retrospective single-centre

patients

863

496

262

87

173

197

Results

Baseline predictors of ACR Pedi 70 after 6 months of treatment were:

« High ESR (OR 1.02; 95% CI 1.01, 1.03)

« Lower CHAQ-DI (OR 0.70; 95% C1 0.56, 0.88)

 Lower age at start of treatment (OR 0.94; 95% Cl 091, 0.98)

 Treatment without corticosteroids (OR 0.68; 95% CI 0.49, 0.94)

 Any JIA type other than SJIA (OR 0.28; 95% Cl 0.16, 0.52), model AUC 0.646

Baseline predictors of ACR Pedi 90 after 1 year of treatment were:

@ Shorter disease duration (OR 0.91; 95% Cl 0.85, 0.97)

 Lack of concurrent steroid treatment (OR 0.57; 95% Cl 0.35, 0.93)

« History of chronic anterior uveitis (OR 2.26; 95% CI 1.08, 4.71)

Baseline predictors of excellent response, compared to intermediate or poor response after

15 months of treatment were:

« Lower CHAQ score (OR 0.49; 95% Cl, 0.33-0.74),

 Low number of DMARDS (including methotrexate) used before ntroduction of ETN (OR 0.64;
95% Cl, 0.43-0.95),

© Younger age of disease onset (OR 0.92; 95% Cl, 0.84-0.99).

A machine learning model to predit response (AUC 79.17%) included

@ Tender joint count

o Time interval (disease onset to treatment initiation),

 Lymphocyte count

o Weight

Predictors of inactive disease were:

« Age at disease onset<3.6 years [HR 1.61 (1.04-2.49)]

 Absence of wrist involvement [HR 2.19 (1.38-3.48)]

Cinical phenotype predicted response:

 More patients with persistent oligoarticular (65.5%) vs. RF negative polyarticular (23.4%) or
ERA (38.5%) achieved an excellent response to treatment at 1 year.

CID at 6 months post-treatment was not predicted by:

« Age of disease onset

« Gender

« JIA subtypes (only extended oligoarticular, polyartioular, SJIA included)

 Number of active joints at disease onset

 Duration from disease onset to starting treatment

 ESR, CRP, and CHAQ scores.

No difference in IL- 12p70, TNF-a, IL-10, IL-6, and IL-1§ levels before and 6 months post ETN

treatment, between the patients who achieved or not CID at 6 months

ACR, American college of theumatology; AUC, area under the curve; CHAQ-DI, childhood health assessment questionnaire disabilty index; Cl, confidence interval; CID, clinically inactive
disease; CRP, c-reactive protein; DAS, disease activity score; DMARDS, disease modilying anti-rheumatic drugs; ESR, erythrocyte sediment ratio; ETN, etanercept; ERA, enthesitis-
related arthritis; HR, hazard ratio; (95% confidence interval; IL, interleukin; ILAR, International League of Associations for Rheumatology; JADAS, juvenile arthitis disease activity score; JIA,

juvenile idiopathic arthritis: OR, odds ratio; Pedi, pediatric: RF, rheumatoid factc

'NF. tumor necrosis factor.
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Ref Medication Study design

Gattomo et al. (2008)  ANA Prospective

Nigrovic et al. (2011)  ANA Retrospective, multi-centre

Holzinger et al. 2012) ANA, ETN  Prospective

Vastert et al. (2014) ANA Prospective single-centre
Pardeo et al. (2015)  ANA Retrospective, single-centre
Saccomanno et. al.  ANA Retrospective single-centre
(2019)

Kearsley-Fleet et al. ANA, TCZ Prospective, mutti-centre
(2019)
Ter Haar et al. (2019) ANA Prospective, single-centre

Ruperto et al. (2018)  CAN Open-label, long-term
extension study

Bielak et al. (2018)  TCZ Prospective, multi-centre

N patients

22 (10 responders)

46

52 12 on biologics

20 (15 responders)

25 (14 responders)

62 (24 responders)

76

42 (321D at 1 year)

144 (96 early
responders)

46

Results

Complete responders had a lower number of active joints vs. non responders

(median 3.5 vs. 7) and a higher number of neutrophils (median 19.3 vs. 9.1 x

10%mm?),

Incomplete responders were younger at onset vs. complete responders

(median age 5.2 vs. 10.2 years), (OR 1.5 per year; 95% Cl 1.1-2.0)

 MRP8/14 decreased markedy in responders to biologic treatment (12/12)
and in responders (6/12) to methotrexate

© MRP8/14 detects flares vs. inactive disease with outstanding diagnostic
acouracy (AUC: 0.957 + 0.019)
*MRP8/14 > 740 ng/m can predict relapse in next 6 months (AUC: 0.91),
13/26 inactive patients relapsed

* S100A8/9 (MRP8/14), S100A12 and IL-8 decreased markedly in
responders (ACR Pedi 90) at 3 months

* Lower levels of IL-8, S100A12, S100A8/9 at 3 months in 7/15 patients with
IDwho succeeded to discontinue treatment within a year (significant only for
S100A12)

Eariier treatment from disease onset associated with ID at 6 months (median

1.9 vs. 24.5 months)

Predictors of complete clinical response at 1 year included:

eDisease duration <3.9 years (OR 6.78; 95% Cl 1.30-35.27),

eActive joint count <10 (OR 8.25; 95% CI 1.26-53.91),

eFerritin >444 ng/ml (OR 4.75; 95% Cl 1.16-19.50),

eSystemic manifestation score >3 (OR 6.44; 95% Gl 1.38-24.62), AUC: 0.83

Baseline characteristics not associated with response (ACR Pedi 90, MDA

or ID)

1D at 1 month after ANA treatment predicted ID at 1 year (OR 27; 95% C
4.17-539.74), AUC: 0.84

« Neutrophils>9 x 10%/L at baseline predict ID at 1 year (OR 38.67; 95% C
6.53-362.73), AUC: 085

Early responders (completed glucocorticoid tapering in part | of trial 2)

achieved greater decrease in JADAS during the study as compared with late

responders (mixed model; p < 0.01)

© 7/17 (41%) patients showing inactive disease at the last visit had aresponse
to TCZ within 5 weeks

 Polycyoiic course was associated with greater odds of clinical response (OR
7.0; 95% Cl 1.8-27.2) compared to monocyclic or polyarticular course of
SJA

ANA, Anakinra; ACR, American college of Rheumatology; AUC, area under the curve; CAN, canakinumab; C), confidence interval; ETN, etanercept; ID, clinically inactive dlisease; MDA,
minimal disease activity: MRP, myeloid-related protein: OR, odds ratio; Pedi, pediatric: SJIA, systemic juvenile idiopathic arthritis: TCZ, tocilizumab.
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Target
therapy

TNF-a
inhibitors

IL-12/
23p40
inhibitors

IL-17
inhibitors

IL-23p19
inhibitors

Biologics

Adalimumab
infliximab
certolizumab-pegol
etanercept

Ustekinumab
brigkinumab

Ecukinumab
ixekizumab
brodalumab

Guselkumab
tildrakizumab
risankizumab

Effect of biologics on

Cardiovascular diseases

Various studies have
demonstrated a reduced
cardiovascular risk Wu and Poon
(2013a), Wu and Poon (2013b),
decreased level of cardiovascular
bio-markers Boehncke et al.
(2011), Sigurdardotti et al.
(2014), and improved arterial
stiffness after treatment Angel
et al. (2010). Controversy exists
in the effect of vascular
inflammation Bissonnette et al
(2013), Bissonnette et al. (2017),
Dey et al. (2017).

Briakinumab was withdrawn
from the market due to the
increased cardiovascular risk
Gordon et al. (2012), Langley

et al. (2013). The effect of
ustekinumab on MACEs
demonstrated in several studies
is neither detrimental nor
beneficial Reich et al. (2011),
Ryan et al. (2011). Another
analysis reported a greater
improvement of vascular,
coronary, and myocardial
funotion after ustekinumab
treatment lkonormidis et al.
(2017).

IL-17 has the double effect of
promoting or preventing
atherosclerotic plaques Taleb
etal. (2015). IL-17 therapy didn't
demonstrate an increased risk of
cardiovasoular diseases in a few
short-term studies Wu et al
(2017b), Rungapiromnan et al.
(2017), Amstrong et al. (2020).
More long-term prospective
studies are ongoing.

Obesity

Observational data indicated
anincrease in weight gain after
treatment Saraceno et al.
(2008). A prospective study
indicated a better efficacy and
response of biologics after
weight loss Di Minno et al.
(2014). Infliximab (dosed on
weight) is not affected by
weight Clark and Lebwohl
(2008), Dalamaga and
Papadavid (2019)

Anti-IL-12/23 therapy appears
no increase in body weight
and BMI Wu et al. (2020).

IL-17 inhibitors appear no
increase in body weight and
BMIWu etal. (2020). Weight is
apivotal factor to influence the
efficacy and response of anti-
IL17 therapy Lee et al.
(2019b), Rompoti et al. (2020).

Metabolic syndrome

A prospective cohort study
reported TNF-ainhibitors are:
beneficial to reguiate
metabolic state by
decreasing levels of total
cholesterol and low-density
lipoprotein cholesterol
Botelho et al. (2020), but a
more precise impact needs
further exploration Channual
etal. (2009)

Diabetes mellitus

Gontradictory rests have been
reported that the effect of
etanercept on insulin sensitivity
Marra et al. (2007),
Martinez-Abundis et al. (2007),
Stanley et al. (2011). Adalimumab
improved insulin sensitivity in non-
diabetic patients affested by
psoriasis in a prospective study
Pina et al. (2015).

No significant change of mean lipid levels after ustekinumab
treatment for 1 year at follow-up was observed in a stucly Hiuler
etal. (2016). And similar results were also found in another study
that body mass index, lipids, or glucose remained unchanged at
1-year follow-up of psoriasis treated with biologics Einabawi et al.

(2019b).

Current clinical trials are not sufficient to draw conclusion about its impact on cardiometabolic risk of psoriasis patients, only can reflect
the cardiovascular safety in a short term.
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T0 T T12

(n=21) n=21) (n=21)
BAFF (pg/m)) 4448 (134.4-1001.2) 3665 (201.5-722.7) 334.7 (209.2-589.9)
APRIL (pg/mi) 20533 (1,369.2-3,407.9) 2,085.3 (1,346.8-3.268.5) 2,117.6 (1,368.1-3,862.2)
STACI (pg/m) 1,096.5 (397.3-6,599.9) 782.3 (181.7-4011.3) 777.6 (243.0-4,610.9)
SBCMA (ng/m) 7.982.7 (6,009.2-12,114.7) 7.954.4 (5,523.5-11,303.0) 7.437.8 (5.771.4-9,319.0)
SCDA40L (pg/mi) 1,817.3 (703.2-10,754.0) 1,243.1 (522.2-4,7215) 1,326.5 (522.2-5,999.5)
TWEAK (pg/m) 1,381.3 (938.9-10,656.5) 1,446.8 (815.5-6,671.6) 1,365.2 (812.0-6,151.8)

pTO
vs. T6

0.0547
0.1678
0.0003
0.0319
0.0005
0.0010

pTO
vs. T12

0.0215
0.4304
0.0006
0.0010
0.0136
0.0020

pT6
vs T12

0.8124
0.9273
0.0215
0.1054
0.0759
0.1327

Data are expressed as median (10th-90th percentile). In bold p < 0.050. BAFF: B cellactivating factor; APRIL: a proliferation-inducing ligand; sTACI: soluble transmembrane activator and
calcium-modulator and cyclophilin figand interactor: SBCMA, soluble B cell maturation antigen; sCD40L: soluble CD40 ligand: TWEAK: TNF-related weak inducer of apoptosis.
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Dependent: SLEDAI-2K

Predictors

(Intercept)
Month 6
Month 12
c3

STACI

Estimate

11.4386
-2.9902
-3.3201
-0.0574
-0.0002

Std. error

1.1960
0.5108
0.5197
0.0140
0.0001

t. value

9.5644
-5.8544
-6.3886
-4.1083
-2.3424

P

<0.001
<0.001
<0.001
0.0004
0.0285

MODEL FIT: AIC = 300.13, BIC = 315.02 Pseudo- (fixed effects) = 0.47 Pseudo-R®
(total) = 0.63. In bold p < 0.050. SLEDAI-2K score, systemic lupus erythematosus
disease activty index 2,000; STACI: soluble transmembrane activator and calcium-
modulator and cyclophilin fgand interactor: C3: complement factor 3.





OPS/images/fphar-12-666971/fphar-12-666971-t005.jpg
Dependent: anti-dsDNA antibody titer

Predictors Estimate Std. error t value Pvalue
(Intercept) 385.7107 76.5060 4.3880 0.0007
Month 6 37.1296 30.4093 1.2210 0.2369
Month 12 -29.3079 30.7385 -0.9535 0.3528
C4 -8.0294 21743 -3.6928 0.0027
sBCMA -0.0285 0.0076 -3.7340 0.0015
sCD40L. 0.0308 0.0086 3.5974 0.0018
#CD4 T cells 0.4038 0.1212 3.3317 0.0029
#CD8 T cells -0.4150 0.1558 -2.6639 0.0160

MODEL FIT: AIC = 384.81, BIC = 400.93 Pseudo-R? (fixed effects) = 0.76 Pseudo-R?
(total) = 0.87. In bold p < 0.050. SBCMA, soluble B cell maturation antigen; SCD40L,
soluble CD40 Ligand: C4: complement factor 4: # absolute number of cells.
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Dependent: Percent improvement of SLEDAIZK after one year

Baseline predictors Estimate 5% 95%  tval. p
(Intercept) -0438 20491 19614 -0038 9.7e- 01
BAFF 0018 0014 0022 8107 3.0 - 07
SLEDAI-2K 4.574 2.646 6.501 4.128 7.0e - 04

MODEL FIT: F (2,17) = 13.27, p = <0.01 R = 0.61 Ad. R? = 0.56. In bold p < 0.050.
SLEDAI-2K score, systemic Lupus Erythematosus disease activity index 2,000; BAFF:
B cell activating factor.
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Genes most strongly upregulated by As;03

Genes Name
CDKN3 Cycin-dependent kinase inhibitor 3
SUSD4 Sushi domain containing 4
HIST4H4 Histone cluster 4 Ha

PSAT1 Phosphoserine aminotransferase 1
PDK-3 Pyruvate dehydrogenase kinase
CRAT Carnitine O-acetyltransferase

UsP? Ubiquitin-specific peptidase 7

HAL Histidine ammonia lyase

Genes most strongly downregulated by As,05

Genes Name
DFFB DNA fragmentation factor suburit beta

PTPN13 Protein tyrosine phosphatase, nonreceptor type 13
RIPK1 Reoceptor interacting serine/threonine kinase 1
UBR5 Ubiquitin protein ligase E3 component n-recognin 5
PBRM1 Polybromo 1

METTL3 Methyitranserase lie 3

SLC45A4 Solute carrier family 45 member 4

FLON Foliculinum

aNominal p value was calculated by Fisher's exact test.

Function
Cell cycle

Immunity

Histone regulation

Amino acid synthesis

Glucose and fatty acid metaboism
Fatty acid metabolism
Ubiquitination metabolism
Histidine metabolism

Function
Reguiate Apoptosis
Reguiate apoptosis
Reguiate Apoptosis

DNA damage

Negative cell proliferation
RNA methylation

Anion transport

GTPase activation

Log,-fold change
1.8
7.6
55
48
42
37
34
25

Log,-fold change
-84
76
-6.4
-5.5
-52
-4
-33
24

Nominal p value®
49x 102
48x10°
32x102
43x102
46x 107
38x102
41x107?
18x102

Nominal p value®
49x10°
25x 102
46x 102
49x102
33x 102
6.1x102
49x102
47x10
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Inflammation and immunoregulation

Genes Name Log,-fold change Nominal p value®
Foxo1 Forkhead box O1 118 49x10?
Foxp3 Forkhead box P3 86 13x10°2
CD28 CD28 molecule 6.5 43x107?
PPARy Peroxisome proliferator activated receptor gamma 64 23x10°?
CD25 Interieukin 2 receptor subunit alpha 58 28x10°?
CTLA4 Gytotoxic T-lymphocyte associated protein 4 46 48x10°2
RUNX3 Runt related transcription factor 3 43 63x 102
STATS Signal transducer and activator of transcription & 37 46x10°2
TLRS Tol like receptor 8 28 25x10°2
IL-10 Interleukin 10 26 25x10°2
TGF-p Transforming growth factor beta 1 25 22x10°2
IL-15 Interleukin 15 21 41x10°2
STAT3 Signal transducer and activator of transcription 3 -94 6.1x10°2
RORc RAR-related orphan receptor G 49x10°2
HIF1a Hypoxia inducible factor 1 alpha subunit 46x10°2
CCR6 C-C motif chemokine receptor 6 31x102
CXCR3 G-X-G motif chemokine receptor 3 49x10°2
SOCS1 Suppressor of cytokine signaling 1 33x102
IFN-y Interferon gamma 49x10?
SMAD3 SMAD famiy member 3 47 %107
L6 Interleukin 6 47 %10
MMP3 Matrix metallopeptidase 3 26x10°
IL-17A Interleukin 17A 34x102

aNominal p value was calculated by Fisher's exact test.
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Clinical and laboratory characteristics of treatment-naive RA* for scRNA-seq and qRT-PCR

ScRNA-seq ART-PCR
Age, y 434452 44781
Sex (male/female) 12 15
Morning stiffness 2 (67) 5(83)
Serum theumatoid factor 3(100) 4(67)
Serum anti-CCP 3 (100) 5(83)
Bone erosions 133 2(33)
DAS28, mean + S.EM (range) 55+ 0.4 (4.2-85) 57+ 05 (40-8.9)
Swollen joint count, mean + S.EM (range) 52+ 18(2:8) 55+ 1.9 (2-16)
Tender joint count, mean + S.E.M (range) 49417 (2-10) 126 + 2.5 (2-24)
Disease duration (month), mean + S.EM (range) 52+16(1-12) 76+23(2:24)

“Patients were diagnosed as having rheumatoid arthrits (RA) if they met 24 of criteria listed. Except where indicated otherwise, values are the number (%) of patients. Anti-CCP = anti-cyclic
citrullinated peptide: DAS28 = Disease Activity Score in 28 joints.
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KEGG pathway Class
Upregulated in treatment Treg group -

FoxO signaling pathway Signal transduction
Downregulated in treatment Treg group =

Apoptosis Development

Cell cycle Development
Rheuratoid arthrits Immune disease
Nudiear factor-kappa B signaling pathway Signal transduction
Cytokine-cytokine receptor interaction Immune system

T cell receptor signaling pathway

"Nominal p value was calculated by hypergeometric test.

Signaling molecles and interaction

Number of genes (%)

26 (20.5)
46 (23.1)
35 (22.4)
28 (20.6)
24(265)
27 (23.2)
22(21.5)

badiustad p values was comeciad from nominal p values by Benjamini and Hochberg mulliols testing correction.

Nominal p value®

95x10°

34x10°
53x10°

Adjusted p value®

14x10°

44x1
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Herbal products

PG201

Boerhaavia diffusa
HMBA

Danshen extract
TWHF extract
Myricetin
Xanthones extract
Bacopa monniera
extract

HOEC

s0G

TGP

Celastrol

Ikarisoside
Ursolic acid

Catechins

POEa/POEe

Celastrus

ethylacetate extract
Celastrol

Hemerocalis citrine
Ethanol extract
Feiii Recie

Botanical source

12 herbs compound

Nyctaginaceae
tuberous root
Heridesmus indicus
R.BR

Root of Salvia
miltiorrhiza Bunge
Tripterygium wiffordii
hook F

Euphorbia
dracunculoides
Swertia chirayita

Bacopa monniera
Linn
Incarvillea mairei var

Saposhnikovia
divaricata (Turcz)
Schischk

Root of Paconia
lactifiora Pallas

Root bark of
Tripterygium wiffordii
Hook. f

Epimedium koreanum

Ocimum sanctum

Green tea derived
from the leaves of
Camellia sinensis
Polygonum
orientale L
Celastrus aculeatus
Merr

Root bark of
Tripterygium wilfordi
Hook. f
Hemerocalls citrine

12 herbs compound

Principle extracted

Ethanol extract

Ethanol extract

Ethanol extract

80% ethanol extract
Methanol extract;
Chioroform extract
Ethanol + water extract
Petroleum ether extract;
Ethyl acetate extract
Methanolic extract

80% ethanol extract
Ethyl acetate/n-butanol/
ethanol/water (1:1:0.1:2,
VAA)

Ethanol extract

Ethylacetate extract

Methanol extract
Methanol crude extract

Acetone extract;
Aqueous extract

Ethyl acetate extract;
Ethyl ether extract
Ethylacetate extract

Ethylacetate extract

Ethanol extract

Herbal mixture

Study
phase

Clinical
study

Preciinical
study
Precinical
study
Clinical
study
Precinical
study
Preclinical
study
Preclinical
study
Preclinical
study
Preclinical
study
Preclinical
study

Preclinical
study
Preclinical
study

Preclinical

study
Precinical

study
Precinical

study

Preclinical
study
Precinical

study
Precinical

study

Preclinical

study
Clinical

study

Subject

Raw 264.7 macrophage
cel;, DBAV1 mice; Rabbit
and OA patients

Swiss albino mice; Swiss
albino rat

New Zealand strain rabbit
BALBC mice

Human

Synovial fibroblast
BV2 cell Mice

Raw 264.7 macrophage
cel

Wistar rat. Rat
mononudear cells

Wistar rats

Raw 264.7 macrophage
cel

DBA/1 mice
Sprague-Dawley rat
Raw 264.7 macrophage
cell

Albino Wistar rat

Human synovial fioroblast

Sprague-Dawley rat
Sprague-Dawley rat

Wistar rat

Wistar rat

C57BL/6 mice

Target
enzyme

cPLA2

sPLA2
sPLA2
sPLA2
COX-2
COX-2
COX-2
5-LOX/
16-LOX
5-LOX/

16-LOX
5-LOX

MMP-1/
MMP-3
MMP-9
MMP-9
MMP-2/
MMP-9
MMP-2
iNOS
NOs

iNOS

DO

DO

Outcomes

Relieve RA

Relieve RA
Relieve RA
Relieve RA
Relieve RA
Relieve RA
Relieve RA
Relieve RA
Relieve RA

Relieve RA

Relieve RA

Relieve RA

Relieve RA
Relieve RA

Relieve RA

Relieve RA
Relieve RA

Anti-
inflammation

Anti-
inflammation
Regulate
immune

References

Park et al. (2005);
Yoo et al. (2014);
Kim et al. (2016)

Giresha et al.

(017)

Gomes etal. (2012)
Chen et al. (2017)
Tao et al. (1998);
Lin et al. (2007)
Pan et al. (2019)
Hu et al. (2019)
Viji and Helen
(2008)

Yang et al. (2018)

Zhao et al. (2016);
Liu et al. (2020)

Lietal. (2019); Can
etal. (2020)

Xizo et al. (2018)
Choi et al. (2010)
Radhiga et al.
(2019)

Fechtner et al.
(2017)

Gou et al. (2018)
Bai et al. (2014)

Kannaiyan et al
(2011)

Liu et al. (2014)

Luo et al. (2018)

COX-2, cyclooxygenase-2; CPLA2, cytosolic phospholipase A2; PG201, a multi-component phytopharmaceutical derived from 12 Oriental herbal medicines, Chaenomelis Fructus,

Achyranthis Radi, Acanthopanax Cortex, Cinnamomi Cortex, Gentianae Macrophylae Radix, Clematidis Radiix, Angelica Gigantis Radix, Cridli Rhizoma, Gastrodiae Rhizoma, Carthami
Fios, Saposhnikoviae Radlix, and Dipsaci Radiix; HMBA, 2-hydroxy-4-methoxy benzoic acid; HOEC, (+)-2-(1-hyaroxyl-4-oxocyclohexy) ethyl caffeate; IDO, indoleamine 2, 3-dioxygenase;
INOS, indlucible macrophage type NOS; LOX, lipoxygenase; MMP, matrix metalloproteases; NOS, nitric oxide synthase; OA, osteoarthritis; POEa/POEe: ethyl acetate and ethyl ether
extract of P. orientale; RA, rheumatoid arthritis; SOG, sec-O-glucosylhamaudol; SPLA2, secreted phospholipase A2; TGP, total glucosides of paeony; TWHE, tripterygium wilfordiiHook. F.
Note: Preclinical: Research involving animals and cells: Clinical study: Research involving human specimens.
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Variables® Al patients (n = 11)

Sex ratio, (F/M) 7/4
Anti-SRP positive, n (%) 8(72.7%)
Anti-HMGCR positive, n (%) 3(27.3%)
Age at symptom onset, years 42 (34-53)
Muscle weakness 11 (100%)
Max CK before any treatment, IU/L 7,411 (4,375-10,891)
Dysphagia, n (%) 6 (54.5%)
Interstitial lung disease, n (%) 2(18.2%)
Skin rash, n (%) 1(9.1%)
Duration of previous therapy, months 6(5-8)
Previous mediication

Inital treatment of high-dose glucocorticoid, n (%) 11 (100%)
Methotrexate, n (%) 6 (54.5%)
Azathioprine, n (%) 3(27.3%)
Cyclosporine, n (%) 1(9.1%)
Methotrexate and tacrolimus, n (%) 1(9.1%)
Addtional IVIG besides immunosuppressant, n (%) 4(36.4%)

"Presented as meolan (interquartie range).

IMNM, immune-mediated necrotizing myopathy; SRP, signal recognition particle;
HIMGCR, 3-hydroxy-3-methylglutary-CoA redluctase; CK, creatine kinase (normalrange:
26-200 IU/L): MIG, intravenous immunoglobuin.
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Variable® Baseline
Physician global activty, VAS (10 cm) 6.0 (5.7-6.5)
Patient global activity, VAS (10 cm) 7.0 (6.0-7.0)
MMT-8 (0-80) 49 (42-52)
HAQ (0-3) 1.6 (1.1-1.86)
CK, IUAL (26-200) 975 (730-1751)

Extramuscular activity, VAS (10 cm)

“Presented as median (nterquartie range).

IMNM, immune-mediated necrotizing myopathy; IMACS, International Myositis Assessment and Clinical Studies;

Assessment Questionnaire; CK, creatine kinase (reference: 26-200 IU/L).

20(1.5-22)

Month 3 Month 6

50(38-5.5) 30(1.5-6.5)
4.2 (4.0-6.0) 25 (23-6.0)
51 (49-68) 60 (53-65)
09 (0.6-1.3) 0.55 (0.3-0.89)
491 (185-702) 240 (86-416)
2.0(15-2.2) 2.0(1522)

VAS, visual analog scale; MMT-8, Manual Musce Test-8; HAQ, Health
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Demographic features
Women (1, %)
Age, years
Disease duration, years
SLE Manifestations

Cutaneous manifestations (malar rash and/or discoid rash, oral ulcers)

Articular involvement (arthritis/Jaccoud’s arthropathy)
Renal involvement
Hematological involvement
NPSLE
Serosits (pulmonary/pericardic effusion)
Antiphospholipid syndrome
SLEDAI 2K-score
Laboratory Parameters
Blood count of leukocytes (X107L) (v = 4-9)
Serum levels of C3 (mg/d) (v = 80-160)
Serum levels of C4 (mg/di) (v = 10-40)
Serum levels of anti-dsDNA (UV/mi) (v < 7)
aCL positivity (IgM and/or 1gG) (n, %)
Anti-b2GP! positivity (IgM and/or 1gG) (n, %)
LA positivity (n, %)
Treatment®
Dosage of prednisone (mg/day)
Use of hydroxychloroquine at 5 mg/kg/day (n, %)
Use of immunosuppressant drugs (1, %)

Data are expressed as median (10th-90th percentie), if not otherwise specified. NPSLE, neuropsychiatric systemic lupus erythematosus; SLEDAI-2K score, systemic lupus
erythematosus disease activity index 2000; C3 and C4: complement factor 3 and 4; Anti-dsDNA, anti-double-stranded DNA autoantibody; aCL, anti-cardiolipin antibodies; Ig,

Total
patients (n = 21)

19 (90)
41 (31-58)
10 (2-23)

18 (86)
19 (90)
11 (52)
11 (52)
5(24)
4019
3(14)

6(4-10)

6(2-9)
72 (52-97)
9(6-18)
26 (7-128)
6(29)
6(29)
6(29)

9(5-29)
15 (71)
16 (76)

immunoglobulin; Anti-b2GP, antibeta2-glycoprotein | antibodies; LA, lupus anticoagulant; nv, normal values.
aSeven patients were on treatment with mycophenolate mofetil, four patients with methotrexate, four with azathioprine, one with cyclosporine.

Patients with lymphocyte
immuno-phenotyping (n = 10)

8 (80)
39 (33-45)
12 (7-20)

9(90)
9 (90)
550
4 (40)
3(30)
330
20
6 (4-9)

6(5-8)
68 (53-90)
10 7-17)
37 (8-289)
2(20)
2(20)
3(30)

8(5-23)
7(70)
7(70)

05773
05671
0.4443

1.0000
1.0000
1.0000
0.7043
1.0000
0.6518
1.0000
0.5054

0.3859
0.6266
0.5965
0.6051
1.0000
1.0000
1.0000

0.6113
1.0000
0.4648
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Disease actiity
SLEDAI 2K-score
Laboratory Parameters

Serum levels of C3 (mg/d)) (v = 80-160)
Serum levels of C4 (mg/d)) (nv = 10-40)
Serum levels of anti-dsDNA (U/ml) (v < 7)

Treatment
Dosage of prednisone (mg/day)

TO T6

(n=21) (n=21)
6(4-10) 4(2-6)

72 (52-97) 74 (50-103)
9(6-18) 11(3-18)

26 (7-128) 28 (5-228)
9(5-29) 6(36-125)

T12
(n=21)
4(2-5)

73 (50-101)
11 (6-20)

28 (5-110)

4(3-105)

pTO
vs. T6

0.0007
0.9404
0.3480
0.5699

0.0030

pTO
vs. T12
0.0025
06789
01394
0.2114

0.0010

pTe
vs. T12

0.9045
0.6600
0.3486
0.3396

0.0468

Data are expressed as median (10th-90th percentie). SLEDAI-2K score, Systemic Lupus Erythematosus disease Activity Index 2000; C3 and C4: complement factor 3 and 4; Anti-
dsDNA, anti-double-stranded DNA autoantibody: nv, normal values. In bold p < 0.050.
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Time to treatment failure, HR BCVA (change) (logMAR), MD AC cell grade (change), MD VH grade (change), MD

VISUAL I main 050 (0.36, 0.70) -0.07 (0.1, -0.02) -0.29 (-0.51, 0.07) 027 (-0.43, -0.11)
VISUAL If main 0.57 (039, 0.84) ~0.04 (-0.08, 0.01) -0.14 (-0.37, 0.08) -0.13 (-0.28, 0.01)
VISUAL I Japan 1.20 (0.41, 3.54) 0.04 (022, 0.31) 0.22 (-0.17, 0.61) -0.41 (-1.15,0.34)
VISUAL Il Japan 0.45 (0.20, 1.03) -0.08 (-0.20, 0.04) -0.22 (-0.90, 0.46) -0.45 (-0.98, 0.07)
Mackensen 2018 NA NA -0.43 (-1.05,0.18) -0.54 (-1.22,0.14)
Ramanan 2019 025 (0.12, 0.51) -0.02 (-0.07, 0.02) -0.79 (-0.96, -0.63) NA

NA, not available; MD, mean difference; SD, standard deviation; HR, hazard ratio; BCVA, best-corrected visual acuity; AC, anterior chamber; VH, vitreous haze; logMAR, logarithm of the
minimum angle of resolution.
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AE summery

VISUAL 1 main
VISUAL 2 main
VISUAL 1
Japan

VISUAL 2
Japan
Mackensen
2018
Ramanan
2019

Sample size
(ADA/placebo)

217 (110/107)
225 (114/111)
16 (8/8)

32 (16/16)
25 (10/15)

90 (60/30)

ADA Placebo
AEs, AEs, SAEs, SAESs, AEs, AEs, SAESs, SAEs,
no. of events/ no. of events/ no. of events/ no. of events/
events  patient-years  events  patient-years  events  patient-years  events patient-years
657 10.524 18 0288 430 o717 6 0136
831 8790 13 0.138 642 9.050 10 0.141
28 12.101 1 0.431 25 7.962 0 0
48 6.743 1 0.140 16 7.344 1 0459
54 7.665 1 0.142 30 5475 0 0
619 10.600 5 0.086 114 7.210 3 0.190

ADA. adalimumab; AE, adverse event: SAE, serious adverse event.
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Adalimumab compared to Placebo for non-infectious uveitis

Patient or population: non-infectious uveitis
Setting:

intervention: Adaimumab

Comparison: Placebo

Outcomes No of participants Relative effect (95% CI) Anticipated absolute effects (95% CI) Certainty What
(studies) Difference happens

Time to treatment failure HR 0.51 (0.41 to 0.63) [Time to treatment [2E2e) -

No of participants: 667 (5 RCTs) failure] MODERATE
Change in BCVA (ogMAR) - - MD 0.05 lower (0.07 lower to 0.02 5o} -

Ne of participants: 580 (5 RCTs) lower) MODERATE
Change in AC cell grade - - MD0.29 lower (0.62 lower to 0.05 SBDO -

Ne of participants: 592 (6 RCTs) higher) MODERATE
Change in VH grade - - MDO0.21 lower (0.32 lower to 0.11 5z e) -

Ne of participants: 502 (5 RCTs) lower) MODERATE

“The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% Cl). C:
Confidence interval: HR: Hazard Ratio; MD: Mean difference

GRADE Working Group grades of evidence

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect

Moderate certainty: We are moderately confident i the effect estimate: The true effect s likely to be close to the estimate of the effect, but there is a possibillty that it is substantially difierent
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantialy different from the estimate of the effect

Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect
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VISUAL |
main

VISUAL II
main

VISUAL |
Japan

VISUAL I
Japan

Mackensen
2018

Ramanan
2019

Study, study
dates, setting,
type of
study, registration
number

« August 2010-August
2014

o 67 sites, 18 countries

© Multicenter, double-
masked, randomized
Placebo-controlied
Phase 3 trial

 NCT 01138657

o August 2010-May
2015

« 72 sites, 22 countries

o Muticenter, double-
masked, randomized
placebo-controlied,
phase 3 tral

* August 2010-August
2014

* 7 sites in Japan

© Multicenter, double-
masked, randomized
Placebo-controlled
Phase 3 trial

* NCT 01138657

o August 2010-May
2015

o 7 sites in Japan

« Multicenter, double-
masked, randomized
Placebo-controlled
Phase 3 trial

 NCT 01124838

o May 2007-August
2012

o 2 centers

« Randormized,
prospective, controlled
Two-center diinical trial

 NCT 00348153

o October 2011-June
2015

o 14 centers in the
United Kingdom

 Randomized, parale-
group, double-blind
Placebo-controlled
Multicenter clinical trial

« ISRCTN 10065623

Sample size
(ADA/placebo),
mean age, %
of females,
type of
uveitis, uveitis
duration

o n=217 (110/107),
age 42.65 (14.89)
years 57% female

® Active uveitis

« Intermediate 22%,
posterior 33%, pan
45%

 Bilateral 91%,
unilateral 9%

* 4553 (62.59)
months

® n=225(114/111),
age

4256 (13.43) years

57% female

® Inactive uveitis

© Intermediate 21%,
posterior 33%, pan
46%

* Biateral 96%,
unilateral 4%

*61.17 (65.97)
months

©n=16(8/8), age
509 (14.72) years,
59% female

® Active uveitis

« Intermediate 6%,
posterior 13%, pan
81%

© Biateral 87.5%
Uniateral 12.5%

*57.15 (75.70)
months

© n=32(16/16), age
46.8 (12.49) years,
59% female

o Active uveitis

« Intermediate 0%,
posterior 9%, pan
91%

« Biateral 91%,
unilateral 9%

* 4375 (38.19)
months

o n=25(10/15), age
36 years, 60%
female

o Active uveitis

o Anterior 60%,
posterior + pan
40%-

* 94.56 months

o n'=90(60/30), age
890 (3.88) years,
78% female

o Active uveitis

© Bilateral 28%,
unilateral 72%

* 63.96 (42.36)
months

diagnosis

o Idiopathic 37%

« Sarcoidosis 8%

« Behget's disease 7%

© VKH 12%

« Birdshot
chorioretinopathy
20%

 Muttifocal choroiditis
and panuveits 5%

« Other 10%

o Idiopathic 31% |

o Sarcoidosis 14%

o Behget's disease 7%

® VKH 23%

« birdshot
chorioretinopathy
13%

 mutifocal choroiditis
and Panuveiis 3%

o other 9%

® |diopathic 44%

o Sarcoidosis 38%

« Behget's disease
12%

© VKH 6%

o (diopathic 25%
o Sarcoidosis 31%

« Behget's disease 3%
 VKH 38%

o Other 3%

o JA: 8%

o Spondyloarthritis:
16%

© GPA/Behget's/
sarcoidosis: 20%

© HLA-B27B: 24%

JIA-associated
uveitis 100%

Intervention and
ccomparator

o Intervention: subcutaneous ADA,
80 mg loading dose followed by
40 mg dose eow

o comparator: placebo

o predisone burst for all at week O,
tapering to O by week < 15

o Intervention: subcutaneous ADA,
80 mg loading dose followed by
40 mg dose eow

« Comparator: placebo

 Prednisone burst for all at week 2,
tapering to O by week 15

o Intervention: subcutaneous ADA,
80 mg loading dose followed by
40 mg dose eow

o Comparator: Placebo

 Prednisone burst for all at week 0,
tapering to 0 by week 15

o Intervention: subcutaneous ADA,
80 mg loading dose followed by
40 mg dose eow

« Comparator: placebo

 Prednisone burst for all at week 2,
tapering to O by week 15

o Intervention: ADA (40 mg
subcutaneous injection eow)

« Comparator: blank

*® Both arms continued previous
immunosuppressive therapy and
received a corticosteroid bolus of
1 mg/kg bw, with a fixed
standardized tapering scheme

« Intervention: ADA (20 mg/0.8 mi for
patients weighing <30 kg or 40
mg/0.8 m for patients weighing
230 kg by subcutaneous injection
eow)

 Comparator: placebo

o All participants received a stable
dose of MTX

Outcomes

o Primary outcome: TTF
(worsening of one or more of AC
grade, VH grade, BOVA, or new
inflammatory lesions) at/ater
week 6, one or more eyes

o Secondary outcomes: BCVA,
change in VH or AC grade, %
change in CRT, time to MO,
change in VFQ-25 score, AEs

o Primary outcome: TTF
(worsening of one or more of AC
grade, VH grade, BOVA, or new
inflammatory lesions) at after
week 2, one or more eyes

« Secondary outcomes: BOVA,
change in VH or AC grade, %
change in CRT, time to MO,
change in VFQ-25 score, AEs

® Primary outcome: TTF
(worsening of one or more of AC
grade, VH grade BOVA, or new
inflammatory lesions) at/after
week 6, one or more eyes

« Secondary outcomes: BOVA,
change in VH or AC grade, %
changein CRT, time to MO,
change in VFQ-25 score, AEs

o Primary outcome: TTF
(worsening of one or more of AC
grade, VH grade, BGVA, or new
inflammatory lesions) at after
week 2, one or more eyes

o Secondary outcomes: BCVA,
change in VH or AC grade, %
change in CRT, time to MO,
change in VFQ-25 score, AEs

o Primary outcome: change in

visual acuity

« Secondary outcomes: extent of

macular edema, intraocuar
inflammatory

Activity (SUN), the number of
treatment arm switchers, the
cumulative systemic
corticosteroid dose, AEs

o Primary outcome: TTF
(muiticomponent score as
defined by set criteria based on
the SUN criteria)

* Secondary outcomes: number
of participants failing treatment,
BCVA use of corticosteroids,
safety, tolerabilty, compiiance

ADA, adalimumab; eow, every other week; AC, anterior chamber; AE, adverse event; CRT, central retinal thickness; JIA, juvenile idiopathic arthitis; LFP laser flare photometry; MTX,
methotrexate: SL: SUN. standardization of uveitis nomenclature: TTF. time to treatment failure: VH. vitreous haze.
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Covariates

Demographic
Sex-female, n (%)
Age (years)
Weight (kg)
Height (cm)

Laboratory data
Aloumin (ALB, g/L)
Alanine transaminase (ALT, U/L)
Total bilrubin (TBIL, pmolL)
Creatinine clearance (CLer, mi/min)
Positive ADA, n (%)
Free IL-6 (baseline, pg/mL)
CRP (baseline, mg/L)

Disease activity
DAS28 (vaseline)

Value (Mean + SD)

23 (88.5%)
49.7 +10.1
61.5+7.9
161.0+7.0

402434
141570
108+ 39
104.6 + 31.8
3(11.5%)
548+ 87.9
14.7+19.9

53+09
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Parameters

PK model
Ka (1/hr)

Td (hn)
CLF (L)
VIF ()
V2F (1)
QF (Uh)

Oaur-oL
Oer

CRP model
Kincre

(mg/(L"hr))
Kaucre (1/1)

EGsocrp
(ug/l)
Enmaxcrp
OBasefroelL-
6k
OpasofreolL-
5-£C50

Torp
DAS28 model

Kinpaszs (1/r)

Kou paszs
(1/hr)
ECsopaszs
(ug/L)
Emaxpas2s
Ooaszs

Definition

Subcutaneous absorption rate
constant
Release time of zero order rate

Clearance from central compartment
Volume of central compartment
Volume of peripheral compartment

Clearance between central and
peripheral compartment
Covariate about ALT on CL
Proportional error for serum
concentration

Zero-order constant for response
production

First-order rate constant for response
loss.

The concentration to achieve 50%
Ermax.crp

The maximun effect of drug
Covariate about baseline of free IL-6
on Kncre

Covariate about baseline of free IL-6
on ECso.cap

Proportional error for CRP

Zero-order constant for response
production

First-order rate constant for response
loss

The concentration to achieve 50%
Emaxpnszs

The maximum effect of drug
Proportional error for DAS28

Estimated value
(RSE%)
0.007 (208)
2.183 (29.0)
0.015 (12.4)
8039 (309)
10.298 (11.6)
0062 (209)
-0.833 (30.9)
0.119 (89)
0.185 (19.7)
0.026 (46)
194.37 (24.7)

1 (fixed)
0.695 (14.9)

-0.772 (17.6)
0523 (13.1)
0,003 (11.1)
0.0006 (11.5)
1,676.3 (15.6)

1 (fxed)
0.18 (12.0)

IV(RSE%)

54.1%
(133)
128.4%
1)
52.7%
(13.2)
117.1%
(11.1)
48.2%
©7.0)
NE

NA
NA

93.2%
(143
NE

113.0%
(16.6)

NE

17.0%
(128)
95.5%
(135)
NA
NA

Bootstrap of estimates.
median (90%C1)

0.007 (0.005, 0.01)
2.173 (1.221, 3.246)
0014 (0.011,0.018)
8.268 (5.024, 14.24)
10.141 (7.27, 12.124)
0.060 (0.048, 0.120)

-0.830 (-1.113, -0.196)
0118 (0.102, 0.137)
0.187 (0.071, 0.323)
0.026 (0.024, 0.029)

202.887 (124.151, 578.5)

NA
0.710 (0519, 0.855)

-0.773 (-1.021, -0.557)
0524 (0.422, 0.640)
0.003 (0.002, 0.004)

0.0006 (0.0004, 0.0009)

1,602.1 (1,014.4, 2,513.9)

NA
0.177 (0.143,0.217)

RSE%: relative standard errors; IV Inter-individual variability: 90% Cl: 90% confidence interval: NE: not estimate: NA: not applicable.

Bootstrap of IV
median (90%Cl)

50.7% (24.6%, 60.9%)
124.5% (73.5%,
194.8%)

50.3% (37.5%, 61.0%)
112.4% 90.5%, 132.4%)
45.8% (30.9%, 69.9%)
NA
NA
NA
86.9% (66.0%, 107.5%)
NA
107.9% (79.8%,
138.8%)

NA
NA
NA
NA
NA
16.5% (11.9%, 21.5%)

92.2% (55.9%, 120%)

NA
NA

Shrinkage

14.3%
16.9%
-0.4%
0.4%

18.1%

4.5%
NA
8.6%

NA

8.1%

16.4%
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