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Background

The phosphodiesterase 4 (PDE4) inhibitor apremilast downregulates the production of IL-23 and other pro-inflammatory cytokines involved in the pathogenesis of psoriatic arthritis (PsA).





Aim

To investigate the effects of apremilast on the production of cytokines by peripheral blood monocyte-derived macrophages, innate-like lymphocyte cells (ILCs), mucosal-associated invariant T (MAIT) cells, γδ T cells, natural killer (NK) cells, and NKT-like cells from patients with PsA manifesting different clinical responses to the treatment.





Methods

Peripheral blood samples were obtained from patients with PsA at baseline and after 1 and 4 months of apremilast therapy (n = 23) and 20 controls with osteoarthritis. Cytokine expression in peripheral blood monocyte-derived macrophages and ILCs/MAIT/γδT/NK/NKT-like cells was tested by RT-PCR and FACS analyses, respectively; cytokine levels in culture supernatants and sera were analyzed by ELISA.





Results

PsA monocyte-derived macrophages exhibited higher expressions of IL-23, IL-1β, and TNF-α, compared with OA controls, more profoundly in patients responding to apremilast. There were 17/23 (74%) PsA patients who were classified as responders to apremilast at 4 months, and a baseline serum IL-23 >1.4 pg/mL was associated with the responder status (AUCROC 0.79; sensitivity 100%, specificity 68%). Of note, apremilast led to a significantly reduced expression of IL-23 in peripheral blood monocyte-derived macrophages; IL-17 in ILC1 and in T cells of responder patients; IFN-γ in γδ T lymphocytes.





Conclusion

An enhanced myeloid inflammatory signature characterizes PsA monocyte-derived macrophages, and serum IL-23 levels represent candidate biomarkers for PsA response to apremilast.
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Introduction

Psoriatic arthritis (PsA) is a chronic inflammatory disease with a heterogeneous clinical presentation encompassing different disease phenotypes, including arthritis, enthesitis, dactylitis, and axial involvement, often following skin and nail psoriasis (1). The pathogenesis of PsA is sustained by the interaction of both innate and adaptive immune mechanisms, involving innate cell subsets such as monocytes–macrophages, γδ T cells, natural killer (NK) cells, invariant NK-T (iNKT) cells, innate-like lymphocyte cells (ILCs), and mucosal-associated invariant T (MAIT) cells (2). These interactions are mediated and sustained by different cytokine pathways, and IL-23 is considered one of the most relevant early disease mediators as supported by the IL-23 signature in synovial tissue correlating with the degree of synovitis (3). IL-23 is secreted by activated macrophages, monocytes, and dendritic cells at distant sites (e.g., skin and gut) (3) and elicits the production of IL-17 in target cells, including T cells, γδ T cells, ILC3, and MAIT CD8+ cells (4).

Apremilast is a targeted synthetic disease-modifying antirheumatic drug (tsDMARD) that has proven to be effective in the treatment of PsA (5–7) by inhibiting phosphodiesterase 4 (PDE4) and preventing the hydrolysis of cyclic adenosine monophosphate (cAMP) to AMP to ultimately modulate multiple signaling pathways (8) in T cells, monocytes, and macrophages (9–11). The inhibition of PDE4 downregulates the production of pro-inflammatory cytokines, such as TNF-α, IFN-γ, and IL-23, from peripheral blood monocytes and T cells, while increasing IL-10 (12–15).

We herein report ex vivo data on the effects of apremilast on cytokine expression by peripheral blood mononuclear cells in patients with PsA and the correlation of baseline immunological markers with the different clinical responses to PDE4 inhibition. The cytokine analyses were performed in (a) monocyte-derived macrophages, representatives of the myeloid compartment; (b) conventional T cells, as emblems of adaptive immunity; (c) innate-like lymphocyte subsets (ILCs, MAIT cells, γδ T cells, NK, and NKT-like cells).





Materials and methods




Subjects

Patients with PsA fulfilling the CASPAR criteria (16) were enrolled if they had active disease according to the Disease Activity of Psoriatic Arthritis (DAPSA) index (17) and had not received previous bDMARD or tsDMARD therapy. Patients started apremilast 30 mg BID according to standard practice and current recommendations and were then followed up for 4 months. Concomitant therapies with glucocorticoids (maximum daily dosage 10 mg of prednisone equivalents) or methotrexate (maximum dosage 15 mg weekly) were allowed for patients at a stable dose for the previous 3 months. After 4 months, patients with PsA were classified as responders to apremilast if they had reached minimal disease activity (MDA) (18, 19). Patients with knee osteoarthritis (OA) were enrolled as controls.

Peripheral blood samples (30 mL) were collected for all subjects at baseline; for patients with PsA, peripheral blood sample collection was repeated also 7 days, 1 month, and 4 months of apremilast treatment.





Monocyte isolation and differentiation

Patient peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque density gradient centrifugation. Cells were subsequently washed twice with phosphate-buffered saline (PBS), counted in Trypan blue excluding dead cells (>90% viable), resuspended in freezing medium containing 90% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO), aliquoted into cryovials and stored in Mr. Frosty, kept at −80°C for 24 h, and, finally, stored in liquid nitrogen cryo-containers until used.

PBMCs were thawed and left resting in complete RPMI medium for 24 h in low binding plates, inside the incubator. The following day, PBMCs were magnetically labeled with CD14+ beads (Miltenyi Biotec) and enriched with MS columns placed in OctoMACS (Miltenyi Biotec) according to manufacturer protocol to isolate monocytes by positive selection. Monocytes were recounted, and 0.2–0.3 × 106 eluted CD14+ cells were seeded in a 24-well flat-bottom plate in complete media with 20 ng/ml of GM-CSF (Miltenyi Biotec) for M1 differentiation or 20 ng/ml of M-CSF (Miltenyi Biotec) for M2 differentiation, for 3 days. Then, 20 ng/ml of IFN-γ (BioLegend) and LPS (Miltenyi Biotec) for M1 and 20 ng/ml of IL-4 and IL-13 for M2 were added, respectively, and cells were cultured for other 4 days (Supplementary Figures S1A, B) (20). Afterward, supernatants were collected, and cells were lysate by adding 1 ml RNAzol RT RNA Isolation Reagent (#R4533 Sigma-Aldrich) and then mixed with gentle pipetting. The lysate was transferred to 2-ml Eppendorf tubes, incubated at room temperature for 5 min, to allow the complete dissociation of nucleoprotein complexes, and then stored at −70°C until RNA isolation was performed. Supernatants were also stored at −70°C until further use.





Cytokine gene and protein expression in M1 and M2 monocyte-derived macrophages

To isolate the total RNA of M1 and M2, frozen lysate samples were thawed at room temperature and isolated according to the manufacturer’s protocol. Shortly, we added RNase-free water to precipitate DNA, proteins, and polysaccharides, which were then centrifuged, and supernatants were collected and transferred to a new tube. Isopropanol was used to precipitate total RNA, and 75% ethanol was used for washing pellet. The pellet of RNA was resuspended in RNase-free water, and the quality of extracted RNA was measured by a NanoDrop spectrophotometer. The RNA samples were then stored at −70°C until used.

We retro-transcribed RNA samples using high-capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems™ by Thermo Fisher). From each sample, different volumes of RNA were transferred in DNA/RNA/protein-free tubes (0.2 ml), and a retro-transcription mix was added following the kit instructions, to obtain 1 μg of DNA each. Custom TaqMan TM Gene Expression Assay (Thermo Fisher) was used for the qPCR to assess gene expression following the manufacturer’s protocol. GAPDH was used as housekeeping gene as control in all the reverse transcription (RT)-qPCR experiments. For M1, we analyzed IL-1β, IL-23, and TNF-α expression, while for M2, we analyzed IL-10, IL-1Ra, and TGF-β.

Supernatants from each experimental condition of M1 and M2 were analyzed for the same cytokines, i.e., IL-1β, IL-23, and TNF-α, and IL-10, IL-1Ra, and TGF-β, respectively, using commercially available ELISA kits (DuoSet, R&D Systems) based on the manufacturer’s protocols; all analyses were performed in duplicate. Shortly, the specific antibody for the particular cytokine was coated on a 96-well plate. Once standards and samples were pipetted into the wells, the protein present in the supernatant bound to the well tanks to the immobilized antibody, and then the HRP-conjugated streptavidin was pipetted to the wells. The wells were washed multiple times at specific steps of each ELISA. A TMB substrate solution was added to the wells, and color developed in proportion to the amount of the cytokine bound. Once the stop solution was added, this changed the color from blue to yellow, and the intensity of the color was measured at 450 nm. Serum levels of IL-23 and IL-17 were measured by ELISA (Invitrogen) in 20 patients with PsA before starting apremilast treatment.





Lymphocyte phenotype and cytokine expression

T and innate-like cell phenotype and cytokine production of peripheral blood mononuclear cells (IL-17, IFN-γ, IL-10, and IL-9) was analyzed by flow cytometry, as detailed hereafter. Shortly, 1 × 106 cells/well were seeded in a round-bottom 96-well under two conditions: unstimulated and stimulated with PMA 50 ng/ml and ionomycin 1 µg/ml and BFA for 2 h before staining in different time points of the therapy with apremilast.

Mononuclear cells were, thus, collected and stained at room temperature for membrane markers, 37°C for receptors and after permeabilization/fixing for intracellular markers using fluorochrome-conjugated monoclonal antibodies (mAbs) for identifying T cells (CD3+ CD56− γδTCR−), NKT-like cells (CD3+ CD56+ γδTCR−), NK cells (CD3− CD56+), γδ T cells (CD3+ CD56− γδTCR+), MAIT cells (CD3+ Vα7.2TCR+ CD161+), ILC1 (lineage marker cocktail (CD3, CD14, CD16, CD19, CD20, CD56)-CD127+CRTH2−cKit−), ILC3 (lineage marker cocktail (CD3, CD14, CD16, CD19, CD20, CD56)-CD127+CRTH2−cKit+), CD69, IL-17, IL-9, IFN-γ, and IL-10.

The T cell/NKT-like/γδT, NK cell panel included BV650 anti-human CD3, BV786 anti-human CD8, anti-human PE-cy7 CD56, anti-human γδ TCR APC, FITC anti-human IFN-γ, anti-human IL-9 PE-CFS594, and anti-human IL-10 BV421.

The MAIT cell panel included BV650 anti-human CD3, BV570 anti-human CD4, BV786 anti-human CD8, PE-Cy5 anti-human CD161, FITC anti-human Vα7.2TCR, PerCP-Cy5.5 anti-human CD45RO, PE anti-human IL-17, PE-CF594 anti-human CCR7, and PE-Cy7 anti-human CD69.

The ILC panel included lineage marker in APC, BV421 anti-human BV421, PE-cy5 anti-human c-kit, BV605 anti-human CRTH2, PE anti-human IL-17, FITC, and anti-human IFNγ.

AquaZombie was used as live–dead marker in all panels.





Statistical analysis

Continuous variables are presented as means and standard deviation (SD) or medians and interquartile range (IQR), according to the data distribution. These variables were compared by t-test or Mann–Whitney non-parametric test for unpaired samples, while t-test or Wilcoxon non-parametric test was used for paired samples. The statistical analysis was performed with GraphPad Prism (version 10); p-values < 0.05 were considered statistically significant.






Results




Patient characteristics and clinical response to apremilast

A total of 23 patients with PsA (43% women) were enrolled with a median age of 56 years (IQR 47–61), with a median disease duration of 48 months (IQR 24–120). There were 14 out of 23 patients who had skin psoriasis (61%) and 6 (26%) with nail disease. Relevant clinical and laboratory parameters included a median tender joint count (TJC) of 2 (IQR 0–5), a swollen joint count (SJC) of 1 (IQR 0–2), C-reactive protein content of 0.41 mg/dL (IQR 0.17–0.50), and DAPSA content of 15 (IQR 10.7–17.5). Of note, methotrexate was being taken at a stable dose by 6/23 (26%) patients (median 10 mg every week, IQR 7.5–12.5), and 3/23 (13%) were on systemic glucocorticoids (median daily dose 7.5 mg, range 5–10). There were 20 patients with knee OA (median age 61 years, IQR 57–68; 10/20 women) who were enrolled as controls. Baseline characteristics of patients and controls are reported in Supplementary Table S1.

At the 4-month follow-up, a significant reduction in TJC [0 (IQR 0–2)], SJC [0 (IQR 0–1)], and DAPSA [7 (3.1–17.2)] was observed in the whole cohort of patients with PsA, while serum CRP remained stable from the baseline values [0.5 mg (IQR 0.0–0.7)] (Supplementary Table S1). The use of methotrexate did not influence these observations when compared with apremilast monotherapy (data not shown).

There were 17 out of 23 patients with PsA (74%) who were classified as responders, likely due to the limited prevalence of enthesitis and the high frequency of oligoarticular involvement; very low disease activity (VLDA) was reported in 6/23 (26%) patients. Of note, response to apremilast was independent of baseline clinical and biochemical parameters, nor did concurrent therapies influence the response to the drug (Supplementary Table S1).





Inflammatory cytokine expression in monocyte-derived M1 macrophages

Compared with OA, the gene expression of IL-23 in M1 macrophages was higher in PsA at baseline (p = 0.003) and showed a progressive decrease after 4 months of apremilast therapy (Figure 1; Supplementary Table S2). The gene expression and supernatant levels of TNF-α and IL-1β did not differ significantly between PsA and OA, nor did they significantly change during the follow-up with apremilast treatment (Figure 1; Supplementary Table S2).




Figure 1 | Gene expression (reported as fold change) and supernatant levels (pg/mL) of inflammatory cytokines (IL-23, TNF-α, and IL-1β) from monocyte-derived M1 macrophages. Data are reported for OA controls and patients with PsA at the baseline condition (T0), after 7 days (T7D), 1 month (T1M), and 4 months (T4M) of treatment with apremilast. *p < 0.05 comparing OA controls and PsA patients at baseline.



When stratifying the analysis based on the clinical response to apremilast, responders showed higher levels of inflammatory cytokines at baseline compared with non-responders. This myeloid inflammatory signature was driven by higher levels of IL-23 (p not significant), TNF-α (p = 0.03), and IL-1β (p = 0.03) (Figure 2; Supplementary Table S3). However, during the 4-month follow-up, only the expression of IL-23 showed a trend toward a decrease in responders (Figure 2; Supplementary Table S3). On the other hand, increased supernatant levels of the inflammatory cytokines were observed in non-responders at the 4-month evaluation (p not significant) (Figure 2; Supplementary Table S3).




Figure 2 | Gene expression (reported as fold change) and supernatant levels (pg/mL) of inflammatory cytokines (IL-23, TNF-α, and IL-1β) from monocyte-derived M1 macrophages in patients responding and not responding to apremilast. Data are reported for the baseline condition (T0), after 7 days (T7D), 1 month (T1M), and 4 months (T4M) of treatment with apremilast. *p < 0.05 comparing responders vs. non-responders.







Regulatory cytokine expression in monocyte-derived M2-macrophages

At baseline, the expression of regulatory molecules from M2 macrophages was enhanced in OA controls compared with PsA; this was particularly evident for IL-10, despite not reaching significance (Supplementary Figure S2; Supplementary Table S4). A significant increase in the levels of TGF-β was observed in the supernatant during treatment with apremilast (p = 0.023) (Supplementary Figure S2; Supplementary Table S4).

No significant change in regulatory cytokines was observed when stratifying patients with PsA according to their clinical response to apremilast. However, IL-10 tended to decrease in responders, while both IL-10 and TGF-β tended to increase in non-responders (Supplementary Figure S3; Supplementary Table S5).





Baseline serum IL-23 and the response to apremilast

Baseline levels of serum IL-23 were higher in responder PsA [3.93 pg/mL (0.0–7.7)] compared with non-responders [1.2 pg/mL (0.0–9.9)]. A baseline serum concentration of IL-23 exceeding 1.4 pg/mL predicted the response to apremilast at 4 months with moderate accuracy (AUCROC 0.79; sensitivity 100%, specificity 68%) (Figure 3).




Figure 3 | Comparison between baseline serum levels of IL-23 (pg/mL) between responders and non-responders to apremilast treatment (A). ROC curve for baseline serum IL-23, using the cutoff of 1.4 pg/mL (B).



Of note, serum levels of IL-23 were independent of other demographic or clinical variables, including sex, age, disease duration, TJC and SJC, DAPSA, and CRP values. Moreover, the use of methotrexate was not associated with serum levels of IL-23 (Supplementary Table S6). Excluding patients on concomitant methotrexate therapy, responders still had higher values of serum IL-23 [3.93 pg/mL (IQR 0.00–5.14)] compared with non-responders [1.17 pg/mL (IQR 0.58–3.54); p = 0.6]. No difference was still found when excluding patients on glucocorticoid therapy [3.95 pg/mL (1.53–7.69) vs. 5.91 pg/mL (0.00–13.9); p = 0.75] (data not shown). Serum levels of IL-17 did not differ among patients responding and not responding to apremilast (data not shown).





Modulation of T and innate-like lymphocytes by apremilast

At baseline, the production of IL-17 was enhanced in ILC1, ILC3, and MAIT cells from patients with OA compared with PsA (Supplementary Tables S7, S8); however, the expression of this cytokine was higher in responders, compared with non-responders. Treatment with apremilast reduced the production of IL-17 from ILC1 (Figure 4A; Supplementary Table S9) and from T cells (Figure 4B) in responders, with no significant effect on MAIT cells (Supplementary Table S10).




Figure 4 | Production of IL-17 from ILC1 (A) and T cells (B) at baseline (BSL), after one (T1M) and 4 months (T4M) of apremilast treatment in responders and non-responders. For Panel A: *p < 0.05 comparing baselines for responders vs. non-responders at T4M. **p < 0.05 comparing baseline and T1M. For Panel B: *p < 0.05 comparing baseline and T1M; **p < 0.05 comparing baseline and T4M.



At baseline, γδ T cells produced more IFN-γ in the peripheral blood of patients with PsA compared with OA (Supplementary Table S11). The production of this cytokine was more abundant in patients responding to apremilast, being sustained by different lymphocyte subsets, and significantly impaired by apremilast in γδ T cells (Figure 5A; Supplementary Table S12).




Figure 5 | Production of IFN-γ from γδ T cells at baseline (BSL) was higher in responders compared with non-responders (#p < 0.05) and significantly decreased after 4 months (T4M) of treatment with apremilast only in responders (**p < 0.05) (A). Production of IL-10 from NKT-like cells was higher in responders compared with non-responders at baseline (#p < 0.05) and at T4M (##p < 0.05) (B).



At baseline, IL-10 was more expressed from γδ T cells, NK, and NKT-like cells of patients with PsA compared with OA (Supplementary Table S11), particularly in responders (Figure 5B). A trend toward reduction was observed with apremilast in both responders and non-responders, while no relevant change was described regarding IL-9 (Supplementary Table S12).






Discussion

Current recommendations for the management of PsA do not support the use of any predictor of the response to treatments, including the small-molecule apremilast (1, 21). Despite demonstrating efficacy in randomized clinical trials and real-life studies (22), the 3-year retention rate of apremilast is approximately 60%, with half of discontinuations due to primary or secondary inefficacy (22). As confirmed in our cohort, no clinical or conventional laboratory tool can predict the response to apremilast in patients affected by PsA (23).

We herein propose that serum IL-23 may predict the response to apremilast in patients with PsA, with excellent sensitivity and acceptable specificity. Although further validation on independent prospective cohorts is necessary to establish more specific cutoff values, the significance of our results is underscored by the fact that they remained unaffected by concurrent therapy with methotrexate. In agreement with our results, it was previously demonstrated that serum IL-23 does not correlate with the clinical and laboratory parameters of disease activity in patients with spondyloarthritis (24–26). In patients with PsA, higher serum levels of IL-23-related cytokines (i.e., IL-22 and IFN-γ) correlate with the response to guselkumab, an anti-IL-23 agent (27, 28), while conflicting results have been reported on ustekinumab, an inhibitor of both IL-23 and IL-12 (29).

We further demonstrated that serum IL-23 reflects a myeloid inflammatory signature sustained by macrophage activation. Compared with OA controls, monocyte-derived macrophages from patients with PsA exhibited higher expressions of IL-23, IL-1β, and TNF-α. Such inflammatory signature was more pronounced in patients responding to apremilast, in whom it was modulated by the drug, compared with non-responders, in which it increased throughout the follow-up. Tissue-resident innate immune cells, including macrophages and dendritic cells, are indeed primary sources of IL-23 (30). The production of IL-23 from myeloid tissue-resident cells can elicit a prompt response in innate-like cells, such as γδ T cells and ILCs, that secrete large amounts of pathogenic inflammatory cytokines in a “trained immunity” model (31–33).

In our study, we found that γδ T cells are the major producers of IFN-γ in patients with PsA, similar to what was previously reported in spondyloarthritis (34, 35). While γδ T cells have been largely explored in PsA for their production of IL-17 (36, 37), these cells are also sources of IFN-γ under both physiological and pathological conditions (38). Of relevance, we found that the production of IFN-γ by γδ T lymphocytes of patients with PsA is strikingly modulated by apremilast in responders but not in non-responders, and the effect is sustained during the follow-up. This observation implements previous evidence on the role of apremilast in modulating inflammatory cytokine production from innate-like cells, such as the NKT population, as well as classical T lymphocytes (39).

Apremilast led to a significant reduction in the production of IL-17 by ILC1 and conventional T cells in responder patients, but not in ILC3 and MAIT cells, possibly due to the lack of IL-9 inhibition, being IL-9 involved in IL-23 independent IL-17 production in innate immune cells (40).

While our data provide insights into both the pathogenesis of PsA with relevant clinical–pathophysiological correlates, we are also aware of the limitations of our study. First, the small sample size limits the generalizability of our findings; our results should be confirmed on larger patient cohorts, particularly for the validation of serum IL-23 as a biomarker to predict the response to apremilast. Second, our cohort was predominantly composed of patients with oligoarthritis, while enthesitis and dactylitis were less represented, and the disease duration was heterogeneous at the time of enrollment. Similarly, the prevalence of skin psoriasis reported in our cohort was lower than that reported in literature, possibly due to the sample size and to the strict collaboration with the dermatology department which function as the leading providers of treatment in patients with predominant skin involvement, albeit in full collaboration with our Department. Third, concurrent treatment with systemic glucocorticoids might have partially influenced our results. Despite that data on serum levels of IL-23 remained unchanged after removing patients taking concurrent therapies, validation on a larger cohort of naïve patients (vs. experienced to other drugs) would serve as a proof of concept. Fourth, responders and non-responders to apremilast were defined bona fide based on previous literature, but more homogeneous response criteria would be of use. Indeed, according to the adopted definition, we observed a high prevalence of responders to apremilast, while only 26% reaching VLDA, which is comparable with previous studies. Such heterogeneity may reflect limitations including the small sample size, the predominance of oligoarticular phenotype in patients treated with apremilast also following the EULAR recommendations (21), the low prevalence of enthesitis and dactylitis, and the less strict response criteria. Finally, while we assessed the changes induced by apremilast on peripheral blood cells, confirmation on synovial fluid and/or tissue samples of synovium or enthesis would tailor the precision medicine approach to the treatment of patients with PsA. In particular, it would be relevant to study how apremilast modulates the expression of IL-23 on synovial/entheseal macrophages. Last, we may only hypothesize that the partial decoupling between IL-23 and IL-17 in some types of innate immune cells should be further investigated, even if it could be possibly due to the lack of IL-9 inhibition, with IL-9 being involved in IL-23 independent of IL-17 production.

In conclusion, our data support the immunological bases of apremilast response in PsA. In fact, we report that an IL-23 signature predicts the response to apremilast and characterizes monocyte-derived M1 macrophages in patients with PsA, and high baseline levels of all myeloid cytokines (IL-1β, TNF-α, and IL-23) are associated with the response to apremilast. A decreased expression of pro-inflammatory cytokines was observed in monocyte-derived macrophages (IL-23), ILC1 and T cells (IL-17), and γδ T cells (IFN-γ) of patients with PsA responding to apremilast, while the lack of response was linked to a progressive increase in the inflammatory signature.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by IRCCS Humanitas Research Hospital ethics committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

MDS: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. AT: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. NI: Data curation, Formal Analysis, Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. FM: Investigation, Writing – original draft, Writing – review & editing. RMR: Investigation, Writing – original draft, Writing – review & editing. RR: Investigation, Writing – original draft, Writing – review & editing. GG: Writing – original draft, Writing – review & editing. MC: Writing – original draft, Writing – review & editing. AC: Formal Analysis, Investigation, Writing – original draft, Writing – review & editing. DR: Writing – original draft, Writing – review & editing. NL: Writing – original draft, Writing – review & editing. CS: Funding acquisition, Methodology, Project administration, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Financial support for this research was unconditionally provided by Amgen as part of the grant Amgen 20207131.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors received funding and consultation fees from Amgen.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1455134/full#supplementary-material




References

1. Coates, LC, Soriano, ER, Corp, N, Bertheussen, H, Callis Duffin, K, Campanholo, CB, et al. Group for Research and Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA): updated treatment recommendations for psoriatic arthritis 2021. Nat Rev Rheumatol. (2022) 18:465–79. doi: 10.1038/s41584-022-00798-0

2. O’Brien-Gore, C, Gray, EH, Durham, LE, Taams, LS, and Kirkham, BW. Drivers of inflammation in psoriatic arthritis: the old and the new. Curr Rheumatol Rep. (2021) 23:40. doi: 10.1007/s11926-021-01005-x

3. Nerviani, A, Boutet, MA, Tan, WSG, Goldmann, K, Purkayastha, N, Lajtos, TA, et al. IL-23 skin and joint profiling in psoriatic arthritis: novel perspectives in understanding clinical responses to IL-23 inhibitors. Ann Rheumatic Diseases. (2021) 80:591–7. doi: 10.1136/annrheumdis-2020-218186

4. Schett, G, Rahman, P, Ritchlin, C, McInnes, IB, Elewaut, D, and Scher, JU. Psoriatic arthritis from a mechanistic perspective. Nat Rev Rheumatol. (2022) 18:311–25. doi: 10.1038/s41584-022-00776-6

5. Kavanaugh, A, Mease, PJ, Gomez-Reino, JJ, Adebajo, AO, Wollenhaupt, J, Gladman, DD, et al. Treatment of psoriatic arthritis in a phase 3 randomised, placebo-controlled trial with apremilast, an oral phosphodiesterase 4 inhibitor. Ann Rheum Dis. (2014) 73:1020–6. doi: 10.1136/annrheumdis-2013-205056

6. Cutolo, M, Myerson, GE, Fleischmann, RM, Lioté, F, Díaz-González, F, Van den Bosch, F, et al. Randomized, controlled trial of apremilast in patients with psoriatic arthritis: results of the PALACE 2 trial. J Rheumatol. (2016) 43:1724–34. doi: 10.3899/jrheum.151376

7. Edwards, CJ, Blanco, FJ, Crowley, J, Birbara, CA, Jaworski, J, Aelion, J, et al. Apremilast, an oral phosphodiesterase 4 inhibitor, in patients with psoriatic arthritis and current skin involvement: a phase III, randomised, controlled trial (PALACE 3). Ann Rheum Dis. (2016) 75:1065–73. doi: 10.1136/annrheumdis-2015-207963

8. Taskén, K, and Aandahl, EM. Localized effects of cAMP mediated by distinct routes of protein kinase A. Physiol Rev. (2004) 84:137–67. doi: 10.1152/physrev.00021.2003

9. Houslay, MD, Schafer, P, and Zhang, KYJ. Keynote review: phosphodiesterase-4 as a therapeutic target. Drug Discovery Today. (2005) 10:1503–19. doi: 10.1016/S1359-6446(05)03622-6

10. Shepherd, MC, Baillie, GS, Stirling, DI, and Houslay, MD. Remodelling of the PDE4 cAMP phosphodiesterase isoform profile upon monocyte-macrophage differentiation of human U937 cells. Br J Pharmacol. (2004) 142:339–51. doi: 10.1038/sj.bjp.0705770

11. Bjørgo, E, and Taskén, K. Role of cAMP phosphodiesterase 4 in regulation of T-cell function. Crit Rev Immunol. (2006) 26:443–51. doi: 10.1615/CritRevImmunol.v26.i5.40

12. Eigler, A, Siegmund, B, Emmerich, U, Baumann, KH, Hartmann, G, and Endres, S. Anti-inflammatory activities of cAMP-elevating agents: enhancement of IL-10 synthesis and concurrent suppression of TNF production. J Leukoc Biol. (1998) 63:101–7. doi: 10.1002/jlb.63.1.101

13. Claveau, D, Chen, SL, O’Keefe, S, Zaller, DM, Styhler, A, Liu, S, et al. Preferential inhibition of T helper 1, but not T helper 2, cytokines in vitro by L-826,141 [4-[2-(3,4-Bisdifluromethoxyphenyl)-2-[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)-phenyl]-ethyl]3-methylpyridine-1-oxide], a potent and selective phosphodiesterase 4 inhibitor. J Pharmacol Exp Ther. (2004) 310:752–60. doi: 10.1124/jpet.103.064691

14. Schafer, PH, Parton, A, Gandhi, AK, Capone, L, Adams, M, Wu, L, et al. Apremilast, a cAMP phosphodiesterase-4 inhibitor, demonstrates anti-inflammatory activity in vitro and in a model of psoriasis. Br J Pharmacol. (2010) 159:842–55. doi: 10.1111/j.1476-5381.2009.00559.x

15. McCann, FE, Palfreeman, AC, Andrews, M, Perocheau, DP, Inglis, JJ, Schafer, P, et al. Apremilast, a novel PDE4 inhibitor, inhibits spontaneous production of tumour necrosis factor-alpha from human rheumatoid synovial cells and ameliorates experimental arthritis. Arthritis Res Ther. (2010) 12:R107. doi: 10.1186/ar3041

16. Taylor, W, Gladman, D, Helliwell, P, Marchesoni, A, Mease, P, Mielants, H, et al. Classification criteria for psoriatic arthritis: development of new criteria from a large international study. Arthritis Rheumatol. (2006) 54:2665–73. doi: 10.1002/art.21972

17. Mease, PJ. Measures of psoriatic arthritis: Tender and Swollen Joint Assessment, Psoriasis Area and Severity Index (PASI), Nail Psoriasis Severity Index (NAPSI), Modified Nail Psoriasis Severity Index (mNAPSI), Mander/Newcastle Enthesitis Index (MEI), Leeds Enthesitis Index (LEI), Spondyloarthritis Research Consortium of Canada (SPARCC), Maastricht Ankylosing Spondylitis Enthesis Score (MASES), Leeds Dactylitis Index (LDI), Patient Global for Psoriatic Arthritis, Dermatology Life Quality Index (DLQI), Psoriatic Arthritis Quality of Life (PsAQOL), Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-F), Psoriatic Arthritis Response Criteria (PsARC), Psoriatic Arthritis Joint Activity Index (PsAJAI), Disease Activity in Psoriatic Arthritis (DAPSA), and Composite Psoriatic Disease Activity Index (CPDAI). Arthritis Care Res (Hoboken). (2011) 63 Suppl 11:S64–85. doi: 10.1002/acr.v63.11s

18. Gossec, L, McGonagle, D, Korotaeva, T, Lubrano, E, de Miguel, E, Østergaard, M, et al. Minimal disease activity as a treatment target in psoriatic arthritis: A review of the literature. J Rheumatol. (2018) 45:6–13. doi: 10.3899/jrheum.170449

19. Coates, LC, Strand, V, Wilson, H, Revicki, D, Stolshek, B, Samad, A, et al. Measurement properties of the minimal disease activity criteria for psoriatic arthritis. RMD Open. (2019) 5:e001002. doi: 10.1136/rmdopen-2019-001002

20. Zarif, JC, Yang, W, Hernandez, JR, Zhang, H, and Pienta, KJ. The identification of macrophage-enriched glycoproteins using glycoproteomics. Mol Cell Proteomics. (2017) 16:1029–37. doi: 10.1074/mcp.M116.064444

21. Gossec, L, Kerschbaumer, A, Ferreira, RJO, Aletaha, D, Baraliakos, X, Bertheussen, H, et al. EULAR recommendations for the management of psoriatic arthritis with pharmacological therapies: 2023 update. Ann Rheum Dis. (2024) 83(6):706–19. doi: 10.1136/ard-2024-225531

22. Ariani, A, Parisi, S, Del Medico, P, Farina, A, Visalli, E, Molica Colella, AB, et al. Apremilast retention rate in clinical practice: observations from an Italian multi-center study. Clin Rheumatol. (2022) 41:3219–25. doi: 10.1007/s10067-022-06255-3

23. Becciolini, A, Parisi, S, Del Medico, P, Farina, A, Visalli, E, Molica Colella, AB, et al. Predictors of DAPSA response in psoriatic arthritis patients treated with apremilast in a retrospective observational multi-centric study. Biomedicines. (2023) 11(2):433. doi: 10.3390/biomedicines11020433

24. Mei, Y, Pan, F, Gao, J, Ge, R, Duan, Z, Zeng, Z, et al. Increased serum IL-17 and IL-23 in the patient with ankylosing spondylitis. Clin Rheumatol. (2011) 30:269–73. doi: 10.1007/s10067-010-1647-4

25. Melis, L, Vandooren, B, Kruithof, E, Jacques, P, De Vos, M, Mielants, H, et al. Systemic levels of IL-23 are strongly associated with disease activity in rheumatoid arthritis but not spondyloarthritis. Ann Rheum Dis. (2010) 69:618–23. doi: 10.1136/ard.2009.107649

26. Przepiera-Będzak, H, Fischer, K, and Brzosko, M. Serum IL-6 and IL-23 levels and their correlation with angiogenic cytokines and disease activity in ankylosing spondylitis, psoriatic arthritis, and SAPHO syndrome. Mediators Inflamm. (2015) 2015:785705. doi: 10.1155/2015/785705

27. Schett, G, Chen, W, Gao, S, Chakravarty, SD, Shawi, M, Lavie, F, et al. Effect of guselkumab on serum biomarkers in patients with active psoriatic arthritis and inadequate response to tumor necrosis factor inhibitors: results from the COSMOS phase 3b study. Arthritis Res Ther. (2023) 25:150. doi: 10.1186/s13075-023-03125-4

28. Siebert, S, Coates, LC, Schett, G, Raychaudhuri, SP, Chen, W, Gao, S, et al. Modulation of interleukin-23 signaling with guselkumab in biologic-naive patients versus tumor necrosis factor inhibitor-inadequate responders with active psoriatic arthritis. Arthritis Rheumatol. (2024) 76(6):894–904. doi: 10.1002/art.42803

29. Siebert, S, Sweet, K, Dasgupta, B, Campbell, K, McInnes, IB, and Loza, MJ. Responsiveness of serum C-reactive protein, interleukin-17A, and interleukin-17F levels to ustekinumab in psoriatic arthritis: lessons from two phase III, multicenter, double-blind, placebo-controlled trials. Arthritis Rheumatol. (2019) 71:1660–9. doi: 10.1002/art.v71.10

30. McKenzie, BS, Kastelein, RA, and Cua, DJ. Understanding the IL-23-IL-17 immune pathway. Trends Immunol. (2006) 27:17–23. doi: 10.1016/j.it.2005.10.003

31. Riol-Blanco, L, Lazarevic, V, Awasthi, A, Mitsdoerffer, M, Wilson, BS, Croxford, A, et al. IL-23 receptor regulates unconventional IL-17-producing T cells that control bacterial infections. J Immunol. (2010) 184:1710–20. doi: 10.4049/jimmunol.0902796

32. Sutton, CE, Lalor, SJ, Sweeney, CM, Brereton, CF, Lavelle, EC, and Mills, KHG. Interleukin-1 and IL-23 induce innate IL-17 production from gammadelta T cells, amplifying Th17 responses and autoimmunity. Immunity. (2009) 31:331–41.

33. Petermann, F, Rothhammer, V, Claussen, MC, Haas, JD, Blanco, LR, Heink, S, et al. [amp]]gamma;δ T cells enhance autoimmunity by restraining regulatory T cell responses via an interleukin-23-dependent mechanism. Immunity. (2010) 33(3):351–63. doi: 10.1016/j.immuni.2010.08.013

34. Man, SL, Dong, P, Liu, W, Li, HC, Zhang, L, Ji, XJ, et al. Results of flow cytometric detection of gamma-deltaT cells in peripheral blood of patients with ankylosing spondylitis: a pilot study. Physiol Res. (2023) 72:819–32. doi: 10.33549/physiolres

35. Chowdhury, AC, Chaurasia, S, Mishra, SK, Aggarwal, A, and Misra, R. IL-17 and IFN-γ producing NK and γδ-T cells are preferentially expanded in synovial fluid of patients with reactive arthritis and undifferentiated spondyloarthritis. Clin Immunol. (2017) 183:207–12. doi: 10.1016/j.clim.2017.03.016

36. Mortier, C, Gracey, E, Coudenys, J, Manuello, T, Decruy, T, Maelegheer, M, et al. RORγt inhibition ameliorates IL-23 driven experimental psoriatic arthritis by predominantly modulating γδ-T cells. Rheumatol (Oxford). (2023) 62:3169–78. doi: 10.1093/rheumatology/kead022

37. Akitsu, A, and Iwakura, Y. Interleukin-17-producing γδ T (γδ17) cells in inflammatory diseases. Immunology. (2018) 155(4):418–26. doi: 10.1111/imm.12993

38. Fahl, SP, Coffey, F, and Wiest, DL. Origins of γδ T cell effector subsets: a riddle wrapped in an enigma. J Immunol. (2014) 193:4289–94. doi: 10.4049/jimmunol.1401813

39. Mavropoulos, A, Zafiriou, E, Simopoulou, T, Brotis, AG, Liaskos, C, Roussaki-Schulze, A, et al. Apremilast increases IL-10-producing regulatory B cells and decreases proinflammatory T cells and innate cells in psoriatic arthritis and psoriasis. Rheumatol (Oxford). (2019) 58:2240–50. doi: 10.1093/rheumatology/kez204

40. Ciccia, F, Guggino, G, Ferrante, A, Cipriani, P, Giacomelli, R, and Triolo, G. Interleukin-9 and T helper type 9 cells in rheumatic diseases. Clin Exp Immunol. (2016) 185:125–32. doi: 10.1111/cei.12807




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 De Santis, Tonutti, Isailovic, Motta, Rivara, Ragusa, Guidelli, Caprioli, Ceribelli, Renna, Luciano and Selmi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Serum IL-23 levels reflect a myeloid inflammatory signature and predict the response to apremilast in patients with psoriatic arthritis

      

        		

          Background

        



        		

          Aim

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Subjects

          



          		

            Monocyte isolation and differentiation

          



          		

            Cytokine gene and protein expression in M1 and M2 monocyte-derived macrophages

          



          		

            Lymphocyte phenotype and cytokine expression

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Patient characteristics and clinical response to apremilast

          



          		

            Inflammatory cytokine expression in monocyte-derived M1 macrophages

          



          		

            Regulatory cytokine expression in monocyte-derived M2-macrophages

          



          		

            Baseline serum IL-23 and the response to apremilast

          



          		

            Modulation of T and innate-like lymphocytes by apremilast

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1455134-g002.jpg
25
g 20
=
&15
e
©
£ 10
3
25
0
6°@ bo‘l’ be‘" b“"(’ 6"‘9 6"’(’ be@ b°(,
PSRN S P N P
ST &S S
L LS L L E
SHIKIS SIS INPK
CEQ T & & ¢
Q Q & N
< < < <
500
400
Q &
% 300 z
E E
200 =
2 2
100
0
(o)
x'?Q &<
PO
&

»n
o

-
o

fold change TNFa
o o

0

& %
& & & & F S S
L L LLLL LS
G EE L E
S SO S S

3 QO & N
& < <& &

&
F obel

200000

150000

100000

50000

&
&S &S
K R R R R R KRR
QG 0‘5 o(@ 0‘0 é‘@ o‘ﬁ @‘@ o@
TR SN &K S

&

o

fold change IL-1f3
>

2
0
§ o &
FF & &F S & F S
L L L LLL LS
& &E & & FEE
Qo Ooo,\g%oo@oo
& < oF T &
A L N B
250
200
[--9%
T, 150
E *
3’100
2 —
50
0
I
& & & & & & & &
LS LLLLL LS
“‘w (“0 0‘0 (“0 é(@ o‘ﬁ ¢‘0 0‘0
C &L FF & ¢

SN





OEBPS/Images/fimmu-15-1455134-g004.jpg
Mean Fluorescence Intensity (MFI)

30000

20000

10000

ILC1IL-17

Mean Fluorescence Intensity (MFI)

*ok
15000 *

10000
5000
0

& & ‘§d§s Afs

v &
Q‘.’ KN &» v°° ~
Qﬁo KN





OEBPS/Images/fimmu-15-1455134-g001.jpg
20

15

fold change IL-23
=

250

200

150

pg/ml IL-23
g

[3)]
o

pg/ml TNFo

- -
o (3]

fold change TNFa
[3,]

100000

80000

60000

40000

20000

[=2]

fold change IL-1B
N L

200

150

pg/ml IL-1B
3

(3.
o






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1455134-g005.jpg
Mean Fluorescence Intensity (MFI)

10000

8000

6000

4000

2000

yoT IL-17

Mean Fluorescence Intensity (MFI)

10000
8000
6000

4000

NKT-like IL-10






OEBPS/Images/fimmu.2024.1455134_cover.jpg
’ frontiers | Frontiersin Immunology

Serum IL-23 levels reflect a myeloid
inflammatory signature and predict
the response to apremilast in
patients with psoriatic arthritis





OEBPS/Images/fimmu-15-1455134-g003.jpg
slL-23 (pg/mL)

ROC curve for siL-23

50

Sensitivity%

50 100
100% - Specificity%

C) C)
o“ée‘ o“ée‘
e® ®





